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Summary. Polycional antibodies (Ab's) were raised against a 43-kDa component of a protein
complex that has ligand recognition sites similar to those of brain N-methyl-D-aspartate (NMDA)
receptors. The Ab's were used to immunopurify from brain synaptic membranes a 60-kDa glycine
(Gly), glutamate (Glu) and thienylcyclohexylpiperidine (TCP)-binding protein and to screen a rat
hippocampal cDNA expression library. A 1.85-kb clone, pGlyBP, coding for a protein of 470 amino
acids (52.7 kDa) was identified. Northern blot analyses performed on poly(A*) RNA from brain
revealed hybridization of the labeled cDNA probes to transcripts of 1.9 kb. E. coli transformed with
the pGyBP expressed a protein that was recognized by the anti-43 kDa Ab's and had recognition
sites for Gly, Glu and TCP. The cloned protein has 2 glycosylation sites, 3 hydrophobic domains,
4 cysteine-rich motifs (C-X,-C-X,5_,-C-X4_,,), and 2 regions homologous to the NR1 receptor protein.

© 1995 Academic Press, Inc.

A group of proteins purified from brain synaptic menbranes have ligand binding sites for
agonists, antagonists, and ion channel modulators of neuronal NMDA receptors (1). The role of this
complex of proteins in neuronal function is still not completely defined. Because of the importance
of glutamate (Giu) receptors in normal neuronal development and synaptic plasticity as well as in
pathological states in the nervous system (e.g. 2-6) warrants the pursuit of more complete knowledge
about the structure and function of the proteins associated with the isolated complex. Two proteins
in the complex were previously isolated, defined in terms of predominant ligand-binding sites
associated with each protein, and shown to be membrane glycoproteins with distinct immuno-
chemical identities (7-10). These are the Glu-binding (7,8) and the carboxypiperazinylphosphonic
acid (CPP)-binding protein (9,10). The cDNA for the Glu binding protein has a sequence that is not

homologous to any other proteins (11), including previously cloned Glu receptors, Glu-metabolizing
enzymes, or Glu transporters. Present efforts were focused on cloning the cDNA for another protein
in the previously isolated complex, a protein identified on the basis of sodium dodecy! suifate
polyacrylamide gel electrophoresis (SDS-PAGE) as a 40-43 kDa component of the complex (1).
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METHODS

Antiserum to the ~43 kDa Protein of the Complex Isclated from Brain Synaptic Membranes—Synaptic
membrane proteins were solubilized and chromatographed on an L-Glu-derivatized ReactiGel matrix
as described previously (1). The fraction eluted from the column by the introduction of 30 mm KCI
was enriched in the ~43 kDa protein and was used for the immunization of rabbits following
electroelution of individual proteins from SDS-PAGE. Antibody titers were estimated by ELISA and
the specificity of the antibodies was determined by immunoblots (8,10).

Immunopurification of Synaptic Membrane Proteins Recognized by the Anti-43 kDa Ab's—Immune
IgGs were purified and coupled to ReactiGel (Pierce Chemical) (8). Synaptic membranes were
solubilized in 10 mM potassium phosphate buffer, pH 7.4, containing 1% Triton X-100, 0.5% n-
octylglucoside, 10% glycerol, 10 mM e-aminocaproic acid, 0.1 mMm EGTA, 0.1 mM benzamide, and
10 mg/ml of a phosphatidylethanolamine:cholesterol mixture (4:1). Solubilized proteins were applied
to the IgG-ReactiGel columns (0.7 x 3 cm), the columns were washed extensively with solubilization
buffer in the absence of any detergents but in the presence of 200 mM KClI, and the proteins bound
to the matrix were specifically eluted with 1.0 M propionic acid, pH 3.0, and collected in tubes
containing 0.5 m! of 0.5 M Tris-HCI buffer, pH 10.

Measurement of "H]Gly, ["HITCP, and L-"H]Glu Binding to the Isolated Proteins—The binding of
[°H]Gly, [’H]TCP and L-[’H]Glu was determined by the polyethyleneglycol—y-globulin precipitation
procedure (1,7,9). The final concentrations of [°’H]Gly and L-[’H]Glu in each assay were 100 nMm
{unless otherwise stated) and those of [’H]TCP were 50 nM. The final concentration of the displacing
ligands used to define non-specific ligand binding was 100 uM and that of agents used to activate
the [P’H]TCP binding entities was 50 pM, unless indicated otherwise. Specific [*H]Gly binding was
defined as the difference between the binding of Gly to the respective protein preparation in the
absence of 100 pyMm Gly or D-serine minus that in the presence of the displacing ligands. When
[’H]Gly was used as the ligand, the samples were pretreated with 100 pM™ strychnine in order to
prevent glycine binding to strychnine-sensitive sites (1). L-Glu (100 pM) was used to define the non-
specific binding ot L-[’H]Glu, and 100 M dizocilpine (MK-801) to define the non-specific binding ot
PH]TCP (1). All data were analyzed as described previously (1,7,9).

Screening of Hippocampal cDONA Librarles with the Anti-43 kDa Ab's—A hippocampal cDNA
expression library harbored in the phage AZap (provided by Dr. J. Boulter, Salk Institute) and plated
on E. coli XL-1 Blue strain was screened using the anti-43 kDa Ab’s according to procedures
described previously (11}). A 1:500 dilution of the anti-43 kDa antiserum (pre-reacted with proteins
from E. coli transformed with non-recombinant AZap) was used in screening the library. Phages
from positive plaques were replated and rescreened with the same antiserum until a homogeneous
population of immunopositive recombinant phages was obtained (4 re-screenings). Recombinant
phage DNA was isolated and the phage with the largest insert (~1.8 kb) was subcloned into pBS
(Stratagene) by manual excision. The phagemid harboring this cDNA insert, pGlyBP, was used to
transform E. coli (DH5a strain, Clontech).

cDNA Sequencing, Northemn Blot Hybridizations, and Protein Expression in Bacterla—The cDNA
insert of the phagemid pGlyBP was sequenced on both strands (11). The Segaid software package
was used to analyze the sequence data and the BLAST program to search the NCBI gene bank for
possible homologies. Isolation of total RNA from various tissues and brain regions and the Northern
blot hybridization reactions were carried out as described previously (11). Poly(A*)-RNA from each
population of total RNA was prepared using an oligo-dT-cellulose column (12). A Pstl fragment of
the pGlyBP insert (0.8 kb) in pBS vector was purified, labeled with [**P]-dATP by the random primer
labeling method (total activity of 5.2 x 10° dpm in 15 ml hybridization buffer), and hybridized to the
RNA transfer blots.

E. coli were transformed with either pGlyBP or pBS vector only. A 40 ml culture of
transformed E. coli was grown in LB medium that contained ampicillin and induced with 2.5 mm
IPTG for 1.5-2 h at 37 °C. E. coli cells were harvested by centrifugation, homogenized on ice and
subjected to 30 s periods of sonication in a bath sonicator, and the proteins extracted in buffer that
contained either 1% (v/v) Triton X-100 and 0.1% (v/v) Tween-20 or 2% (v/v) Triton X-114 in 10 mMm
potassium phosphate, pH 7.4. The suspension was transferred to microfuge tubes (1.5 ml) and
centrifuged at 28,300 x g for 45 min at 4 °C and the supernatant was aspirated and its volume
doubled to 3—4 ml by the addition of deionized, distilled H,0. This extract was passed through
BioBeads SM-2 (BioRad) to remove excess detergent associated with the proteins (13) or applied
to a Pharmalink matrix (Pierce) derivatized with 5,7-dichlorokynurenic acid (5,7-DCK) (14).
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RESULTS AND DISCUSSION

Reaction of the antl-43 kDa Ab’s with a 60 kDa Protein and Its Immunopurification from Synaptic
Membranes— Antiserum obtained following immunization of rabbits with the ~43 kDa protein reacted
selectively in ELISA assays with as little as 16 ng of the proteins in the partially purified complex and
dilutions of antiserum greater than 1:1000 produced positive reactions with 1 pg or less of the
proteins in the complex (15). The antiserum strogly labeled a synaptic membrane protein that had
an estimated size of 60 kDa (Fig. 1A). Prolonged storage of synaptic membranes at 4 °C led to an
increased number of protein bands of molecular size smaller than 60 kDa that were labeled by the
antiserum on immunoblots. This indicated that the protein of 43 kDa against which the antiserum
was raised was probably a degradation product of the 60 kDa protein. Immunopurification of
solubilized synaptic membrane proteins on ReactiGel matrices derivatized with the IgG fraction of
the antiserum led to the isolation of a 60 kDa protein (Fig. 78). The eluted protein was recognized
by the anti-43 kDa anti-serum (Fig. 78) and was also labeled by concanavalin A, an indication that
it represented a glycosylated protein (Fig. 18B).

The immunopurified 60 kDa protein exhibited two types of ligand binding activities, strychnine-
insensitive but D-serine-sensitive [°H]Gly binding, and L-Glu- and Gly-activated MK-801-sensitive
[P*HJTCP binding activity. The D-serine-sensitive [*H]Gly (100 nM) binding to the purified protein was
equal to 32.46 + 6.92 (S.E.M., n = 3) pmol/mg protein. MK-801-sensitive ["H]TCP (50 nM) binding
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FIG. 1. Immune labeling by the anti-43-kDa antiserum of a 60-kDa protein in synaptic membranes
and the purification of a 60-kD)a protein by Immuncaffinity chromatography. A, immune labeling of
synaptic membrane proteins (12 pg) with the antiserum to the 43 kDa. The molecular sizes of
standard proteins are shown on the left. B, purity, immunochemical reactivity, and reactivity with
concanavalin A of the protein fraction isolated through immunoaffinity chromatography on a
ReactiGel matrix derivatized with the anti-43-kDa antibodies (2 pg loaded per lane). Following SDS-
PAGE and electrotransfer onlo a nitrocellulose filter, each of the lanes on the filter was cut and
reacted either with Aurodye (lane a), or with antiserum to the 43-kDa protein (fane b), or with
concanavalin A-biotin (/ane c).
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to the immunopurified protein was not detectable unless the protein was pre-incubated with L-Glu
and Gly. In the presence of 500 pM L-Glu and 100 pM Gly, [°’H]TCP binding was equal to 35.17 +
6.8 (S.E.M., n = 3) pmol/mg protein. Preliminary studies performed with the immunopurified 60 kDa
protein indicated that this protein lost much of its ligand binding activity during exposure to propionic
acid. Nevertheless, results of the immunochemical studies indicated that the 43 kDa component of
the previously identified complex was a proteolytic fragment of a 60 kDa synaptic membrane
glycoprotein that had Gly, L-Glu, and TCP recognition sites.

Cloning of the cDNA for a Protein Recognized by the Anti-43 kDa Ab's— From 600,000 phage
plaques of a hippocampal cDNA library screened, 11 were identified as expressing a protein that was
immunoreactive with the antiserum. The sequence of the clone with the longest cDNA insert (1,851
base pairs) is shown in Fig. 2. This clone had one major open reading frame which coded for a
protein of 470 amino acids and a molecular size of 52.7 kDa (Fig. 2). The protein has no significant
homology to any Giu or Gly receptors, enzymes, or transport proteins and has only a 20% identity
to the previously cloned Glu-binding protein. Despite the low level of homology between this protein
and the NMDA receptor protein NR1 (11% homology), there were two regions of relatively high
homology (40%) between these two proteins (Fig. 3A). These two regions in NR1, and especially
the five residues indicated in Fig. 3A, have been identified as being important in maintaining Gly
binding and activation of the receptor-ion channels formed by NR1 homomeric expression (16). Four
identical residues are present in the homologous regions of GlyBP, an indication that these regions
may also contribute to the formation of a Gly binding site in GlyBP.

The major hydrophobic domains in the cloned pGlyBP were confined to the NH,-terminal of
the protein (Fig. 38). One of these was within the first 23 amino acids of the protein, a region that
has some of the characteristics of a signal peptide. The structure of the protein within the second
and third hydrophobic regions was predicted by the Chou-Fasman calculations to be primarily that
of an o-helical (residues 41-61) and a B sheet (residues 96—106) conformation. Two canonical N-
glycosylation sites were identified in the sequence beyond the third hydrophobic domain (Fig. 2},
indicating that this region may be in the extracellular domain of cell membranes. Four repeats of
the structure C-X,-C-X,, ,-C-X;_;, were identified starting with residue 308 and terminating at 434
Fig. 2. The C-X,-C initial sequence of each repeat was followed by a domain of 16 to 20 amino
acids that contained several negatively charged residues, another cysteine, and a 5 to 11 amino acid
domain with one or more positively charged residues. The first C-X,-C sequence was preceded by
a proline-rich region (residues 285-299), possibly representing a hinge or folded region of the
protein. The predicted structure of the protein around the C-X,-C sequence of each repeat as well
as in the regions between the other cysteine residues was that of multiple turns. The structure of
the repeats in the GlyBP was similar, but not identical, to those of the Zn (or Fe)-binding motifs of
LIM and RING finger proteins (17,18,19,20), the Zn and Cd-binding motifs of variable surface
proteins of Giardia lamblia (21), or the Fe-binding domains of ferredoxin (22).

cDNA probes of the pGlyBP clone hybridized with a 1.9 kb poly(A*}-RNA from brain (Fig. 3C).
Heart and liver mRNA exhibited low but detectable levels of hybridization with the pGlyBP probe (Fig.
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GGCCAARCTGCAGAGCCAG 18
AAGTGAGAGAGGCAGACAGTGATSTCCGGAGACGGGGTGTCTCAGCGGAGCCAGAGCCCTTGACAGAGAR :3:3
GGCTTTGAGAGAAGCCAGCTCTGCCATCGACACCTTAGGCGARGCCTTGGTGGCTGGGGCCTATTCTARG 158
ATGTGGTCCTGTCGAGAAGATGCACTGCTGGCATTGTACAAGAGGCTGATGGAGATGCCTGTTGGAACCC 228
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AARCCTCAGTCTTTCAGGCTTCACTGAAACTGCTGAAGATGATAATTACACAGTATATTCCCAAGCACAAG 368
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TCTGGACATGTACAGACAGCACCCAGCCCTCACCCTGGAGCACCTTCCTCCAGACGACAGCACCACACGC 788
L DM Y R Q H P A LTULIEMHTLUZPUP DD S T T R 210
AGGAACCTTCTCTACAAAGCCATATTTGAGGGGTTTGCTAAGATAGATGGCAGGCCGACCGAGGCTGARG Bs58
R N L L ¥ X A I F E G F A K I D G R P T E A E G 234
GCAAGACCCAGARAAGAGTAGTCACAAAAGAAGCAGAARAAACAARAGAAAGAAGAGACGARGGCTCTACA 928
K T Q K R vV vV T K E A E K Q K K E E T K A L Q 257
GGGCCTGTCAGCAGCACCAAGAGAGACCCAGGCTGGAGTCCAGGAGARGGAGAATGAGGCTGTGAAGCTC 998
G L S A A PR ETQAGVYV Q E KEWNE A V K L 280

AAGAATCAAGACCCTCAAGGAAGGAAAGCTGCCCCACCTGACACTCCAGARATCCCAGATARCCACTATT 1068
K N Q P P Q GR KA AP P DTUPE I P DNIHK Y L 304

TGGATAATCTGTGCATCTTT TGTGGGGAGAGGAATGAGTCCTTCACAGAAGAGGGCCTGGACCTCCACTA 1138
D N L|C I F C G E R NE S F T E E G L D L H Y 327
*
CTGGAAACACTGCCTCATGCTGACCAGATGCGACCACTGCAGGCAGGTGGTTGAGATATCCAGCCTGACT 1208
IHKHCLMLTRCDHCRQVVEISSLT}350

GAACACCTGCTGACAGAGTGTGACAAAAGGGACGGGTTTGGGAAGTGCCCCCGCTGCAGTGAGGCTGTCC 1278
IEBLLTICDKRDGFGKCPRCSEAVP 374

CCAAGGAGGAGCTTCCTAGGCACATCAAAACTAAGGAATGCAACCCTGCCAAGTCGGAGAAGGTGGCAAR 1348
rKEELPRHIKTKECNPAKSEKVANI 397

CCGCTGTCCCCTGTGTCATGAGAACTTTGCTCCTGGAGAAGAGGCATGGARAGGTTCATCTGATGGGCTCT 1418
IRCPLCHINFAPGEEAWKVHLMGS|420

GCTGGCTGCACAATGAACCTGCGCARGACACACATTCTCTGCAAGGCTCCAGCCCCGCAGCARGGGARAG 1488
IAGCTMNLF.KTHILCXAPAPQQGKG 444

GCCCAATGGCGTCGAAGTCAGGCACCTCAGCACCCAAGGTTGGAAGCAAGATCCCCACCCCARAGGGAGG 1558
P M A 8§ X $ 6T S AP XKV G S K I P TP K G G 467

CCTCAAATCATGAGTTTCTGCAGAGGTGACTGGCAGACAGTATTGCANCCACAAAGCTCCACATCTCTGT 1628
L X § 470

GCTTGATTCAGGGAMGGAGCTACGTACCCCCAGCCCTTCATAATATCTAAGTGGATCACTCCTCARACCT 1698
TCACGTATAGAATAATATATT I TTATTGTTGCTGTTTGAGGGTTTATGTGCTAATTTGCCTTGTGTACAC 1768
TAATACAGTAAAGATCCGAAAGGACAAGAGARATGGAGCCTCCTTACCATAAGTGCTCCCARCCAATTTA 1838

TGAAAAAAATCCC 1851

FIG. 2. Nucleotide sequence of pGlyBP and deduced amino acld sequence of the protein. The
hydrophobic domains of this protein are underlined and the consensus N-glycosylation sites are
marked by an asterisk. The four cysteine-rich repeats near the C-terminal of the protein are boxed.

30), but the size of the mRNA's labeled differed from that of brain mRNA. The relative strength of
hybridization of the pGlyBP probe with samples of total RNA from the cerebral cortex, hippocampus,
cerebellum, and brainstem indicated fairly widespread expression of the cognate mRNA in rat brain
(Fig. 3D).

394



Vol. 216, No. 1, 1995 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

A
GlyBP 111 LFKEVRSLQLIP-SYLVQPLK
NMDAR1 338 LKIVTIHQE-PFVY-VKPTM

. . o
GyBP 140 SQVOLLARLLROLGTEGSGFTVDNVM———KFAVSALEHRVYE
NMDAR1 458 FCIDLLIKLARTMN-————FTYE-VHLVADGKFGTQ—E-RVNN

GlyBP 338 DHCRQV-VEISSLTEHLLTECDKRDGF
NMDAR1 677 DKFIYATVKQSSVDIYF RAR-GV

00)

Hydropathy index

100 2000 100 a0

C £ £ n £ £ w
F £ £ § 3 §
kb & & 3 % ¥ 3
9.49 —
7.46 —
4.40 —
2.37 —§
1.35— 4
5
0.24— ’
g
£
g : §
D : ¥ % 3
| -9 T =
s & & E
&) o] 8] a8

FIG. 3. Homologous regions between GlyBP and NR1, hydropathy analysis of GlyBP, and Northern
blot analysls of MRNA in brain and other tissues. A, comparison of the sequence of GlyBP with that
of NR1. The key amino acids for glycine activation of NR1 are indicated by a dot. Residues that
are identical between the two sequences are shown in bold letters. B, the Seqaid DNA/protein
analysis program and a window of 15 residues were used for the analysis of the hydrophobicity of
the GlyBP according to procedures described previously (7). C, Northern blot analysis of 3-ug
aliquots of poly(A*)-RNA extracted from various tissues. A [*’P}-labeled, 0.8-kb Pstl restriction
fragment of the pGlyBP cDNA was used as the probe. D, Northern blot analysis of 10-pg aliquots
of total RNA exiracted from different regions of rat brain.
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Ligand-binding Characteristics of the Cloned and Expressed Protein— In extracts of proteins from E.
coli transformed with pGlyBP, a doublet of 58 and 61 kDa proteins was strongly labeled by the anti-
43 kDa Ab's {Fig. 4A). Proteins extracted from E. coli transformed with pGlyBP and induced with
IPTG had binding sites for both [’H]Gly and [°H]TCP (Table f). The interaction of glycine with these
proteins was not sensitive to strychnine but was partially inhibited by other ligands that bind to the
glycine sites of NMDA receptors, i.e. R-(+)-HA-966 and 5,7-DCK (Table I). The protein extracts had
low [PH]TCP-binding activity when such binding was measured in the absence of either L-Glu or Gly,
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FIG. 4. immune labeling with the antl-43-kDa antiserum of proteins expressed in E. coll ransformed
with the pGlyBP plasmid and characterization of glycine and TCP binding to the proteins expressed
in E. coll. A, immune labeling by the anti-43-kDa antiserum of the proteins in the soluble extract
(lane &) and the proteins purified by 5,7-DCK chromatography, i.e., the fraction eluted by the
introduction of 1 mM D-serine/NMDA. This fraction was extensively dialyzed against H,O at 4 °C,
precipitated with 10% (w/v} TCA, and a 6-ug aliquot was loaded onto the electrophoresis gel. 8 and
C, displacement by D-serine and R-(+)-HA-966 of [°H]Gly (100 nm) bound to the partially purified
proteins. The same protein fraction as described in A was extensively dialyzed and used in these
binding studies. Each point is the mean of triplicate determinations and the curve shown was fitted
to the data (1,8). For R-(+)-HA-966, optimal fitting was achieved under the assumption that HA-966
interacted competitively with two sites. D, activation by L-Glu, Gly, or both of the MK-801-sensitive
[*HJTCP binding to the same protein fraction described above. Activation of TCP binding was
achieved by preincubating the proteins for 30 min with 50 ym Gly, or 50 uM L-Glu, or 50 ym of both.
Each value is the mean (+ S.D.) from 2-5 preparations of proteins.
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Table | [*H]Gly and [*H]TCP binding to solubilized proteins extracted from E. coli transformed with
the pGlyBP plasmid and induced with IPTG

Radioligand Competing Ligand  Activating Ligand Ligand-binding Activity n
(100 um) (50 um) {pmol/mg protein)

[*H]Glycine none 43+12 3

HA-g66 19108 3

5,7-DCK 23+17 3

PHITCP none 0.5 2

L-Glu 17.6 2

Gly 10.5 2

L-Glu + Gly 12.5 2

Strychnine-insensitive [*H]Gly (100 nm) and MK-801-sensitive ["H]TCP (50 nm) binding to the
proteins were measured as described in "Methods". The values for [°H]Gly binding are the mean
+ SEM for the determinations shown (n).

but [PH]TCP binding was markedly enhanced when either Glu or Gly was present (Table 1). There
was no evidence of glycine or TCP-binding entities in protein extracts obtained from E. coli
transformed with pBS vector without the 1.85 kb insert.

The synaptic membrane 60 kDa protein has been highly enriched by chromatographic
separation of solubilized membrane proteins on 5,7-DCK-derivatized matrices (14). When the
bacterial proteins extracted with Triton X-114 were chromatographed on a 5,7-DCK Pharmalink
matrix, an ~60 kDa protein was highly enriched in the fraction eluted by the introduction of a solution
containing 1 mM D-serine-1 mm NMDA and this protein was strongly labeled by the anti-43 kDa Ab's
{Fig. 4A). Proteins isolated by 5,7-DCK chromatography exhibited high [*H]Gly binding capacity
(B
and K, = 20 pM) that were similar to those of the isolated brain protein (K, = 200 - 400 nM and

max = 62 nmol/mg protein) and two K;, values for glycine binding to these proteins (Kp, = 647 nm
Koz = 9 -34 pM) (14). Low concentrations of the glycine agonist D-serine caused activation and high
concentrations inhibited Gly binding to the expressed and partially purified proteins (Fig. 48). The
antagonist of Gly sites of NMDA receptors, R-(+)-HA-966, inhibited Gly binding to the same proteins
by interacting with high (K, = 366 nMm) and low (K, = §7 pm) affinity recognition sites (Fig. 4C). The
same proteins also contained MK-801-sensitive [°’H]TCP-binding sites that were activated by the
introduction of 50 pum of either Gly or L-Glu or both (Fig. 4D). These observations indicate that the
cloned GlyBP is a new form of a Gly-, L-Glu-, and TCP-binding protein, i.e. a protein that has some
of the ligand binding sites associated with NMDA receptors as well as the complex that contains the
Glu-binding and CPP-binding proteins (Kumar et al., 1994). The role of this newly identified Giu, Gly
and TCP-binding protein in neuronal function is currently being investigated.
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