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Neuronal Pentraxin Receptor, a Novel Putative Integral Membrane
Pentraxin That Interacts with Neuronal Pentraxin 1 and 2 and
Taipoxin-associated Calcium-binding Protein 49*
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We have identified the first putative integral mem-
brane pentraxin and named it neuronal pentraxin re-
ceptor (NPR). NPR is enriched by affinity chromatogra-
phy on columns of a snake venom toxin, taipoxin, and
columns of the taipoxin-binding proteins neuronal pen-
traxin 1 (NP1), neuronal pentraxin 2 (NP2), and taipoxin-
associated calcium-binding protein 49 (TCBP49). The
predominant form of NPR contains an putative NH.,-
terminal transmembrane domain and all forms of NPR
are glycosylated. NPR has 49 and 48% amino acid iden-
tity to NP1 and NP2, respectively, and NPR message is
expressed in neuronal regions that express NP1 and
NP2. We suggest that NPR, NP1, NP2, and TCBP49 are
involved in a pathway responsible for the transport of
taipoxin into synapses and that this may represent a
novel neuronal uptake pathway involved in the clear-
ance of synaptic debris.

We identified two taipoxin binding proteins for a presynap-
tic-acting snake venom neurotoxin, taipoxin, that blocks recy-
cling of synaptic vesicles (1, 2). Affinity chromatography of
solubilized rat brain membranes on columns of immobilized
taipoxin enriches two major proteins: (i) neuronal pentraxin 1
(NP1),! a neuronally secreted protein with homology to serum
pentraxins (2), and (ii) taipoxin-associated calcium-binding
protein 49 (TCBP49), a reticular calcium-binding protein (3).
NP1 has homology to previously identified pentraxins, such as
serum amyloid P protein and C-reactive protein, which are
elevated in the serum during acute phase response. Although
the exact functions of these previously identified pentraxins
are not known, they have been shown to bind, in a calcium-de-
pendent manner, a wide variety of ligands and have been
proposed to mediate the uptake of bacteria, toxins, and extra-
cellular debris (4, 5). Homology to serum pentraxins, as well as
the presence of a cleaved signal peptide and N-linked glycosyl-
ation sites, suggests that NP1 is secreted. The abundance of
NP1 mRNA and rarity of NP1 protein suggest that NP1 protein
has a rapid turnover. We have proposed that NP1 has a role in
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indicate this fact.

1 To whom correspondence should be addressed: Division of Neuro-
science, Baylor College of Medicine, One Baylor Plaza, Houston, TX
77030. Tel.: T13-798-5392; Fax: 713-798-3946; E-mail: mperin«ligand.
neusc.bem.tme.edu.

' The abbreviations used are: NP1, neuronal pentraxin 1; NP2, neu-
ronal pentraxin 2; TCBP49, taipoxin-associated calcium-binding pro-
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uptake at the syvnapse and that NP1 mediates the uptake of
taipoxin into neurons. By low stringency sereening, we identi-
fied an additional neuronal pentraxin (NP2) in human that has
547 amino acid identity with NP1 and is expressed in brain
and multiple other tissues 16). Potential homologs of NP2 have
been identified in guinea pig as a sperm acrosomal protein,
apexin/p30 (7, 8), and in rat as a neural activity-reguiated
pentraxin, narp (9). The second taipoxin-binding protein,
TCBP49. binds calcium via six EF-hand calcium binding motifs
and is localized to the lumen of reticular membranes in neu-
rons and glia (3). It contains the carboxyl-terminal sequence
HDEL which has been shown to occasionally mediate endoplas-
mic reticulum retention in mammalian cells (10-12). We have
suggested that NP1 binds to synaptic material and is taken up
into a compartment containing TCBP49 (2, 3). We have also
suggested that NP1 allows the internalization of taipoxin or a
taipoxin-NP1 complex and that this uptake plays a role in the
molecular mechanism of taipoxin toxicity.

To identify other proteins in such an uptake pathway, we
have chromatographed rat brain proteins on columns of immo-
bilized taipoxin, recombinant TCBP49, and glutathione
S-transferase-NP1/NP2 fusion proteins. Here we report the
identification, cloning, and cDNA sequence of a protein, neuro-

nal pentraxin receptor (NPR), that binds tightly to taipoxin,
TCBP49, NP1, and NP2 columns.

EXPERIMENTAL PROCEDURES

Materials —Taipoxin was purified from Oxyuranus scutellatus venom
by gel exclusion chromatography as described (13). 32P-Labeled nucle-
otides were obtained from NEN Life Science Products. Restriction and
DNA modification enzymes were from New England Biolabs and Pro-
mega. Sequenase was from U. S. Biochemical Corp. Protein molecular
weight standards were obtained from Bio-Rad and RNA and DNA
standards from Life Technologies, Inc. Peroxidase-labeled secondary
antibodies were from Cappel. All other chemicals and proteins were of
reagent grade and used without further purification.

Bacterial Expression and Purification of TCBP49, GST-NP1, and
GST-NP2—A piece of TCBP49 ¢DNA coding for the entire TCBP49
protein minus its NH,-terminal signal sequence was amplified by PCR
using a 5’ oligonucleotide (GGTGGCCATGGCCAGCAAGGCGGAG-
GAGCTG) that creates an Ncol site and initiator methionine codon at
nucleotide 293 of the cDNA, just 3" to the sequence coding for the signal
peptide, and a 3' oligonucleotide (CATAAATGTAGATCTGGTAG-
CAAACTACAAAAGGC) to create a BgllI site 3’ to the stop codon. After
restriction digest, the Ncol-BgllI PCR fragment was subcloned hetween
the Neol and BamHI sites of the bacterial expression vector pET 11d
(Novagen., Inc., Madison, WD), Bacteria containing this vector were
induced with isopropyl-g-n-thiogalactopyranoside (14), pelleted, resus-
pended in buffer thelow), and lysed by French press. ¢rTCBP4Y was
purified by taipoxin chromatography. Taipoxin was coupled to activated
CH-Sepharose 4B (Pharmacia Biotech Ince.) according to the commercial
protocol. The column was equilibrated in 20 my Hepes, pll 7.4, 100 mam
NaCl and Umy CaCl,, and rTCBPA9-containing bacterial supernatant
wirs apphed to the column in the same buffer with protease inhibitors.
Flow-through was collected and saved. The column was washed with
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cquihbration butler s TEBP 1Y was cluted with the sune hutfer contaan-
g L0 e EDTA and concentrated with accentrprep 300 Amrcon . This
procedure vields rTCOBP 1O that s 93-093 pure as judged hy Coomassie
staining.

The prece of rat NPT CDNNA coding tor the entire NP protein annus
s N ternunal <ignal <equence was amphified by PR asieg a0 b
ohgonucieotide TCCTGGGANTTCGCGCCCAGGATTTCG) that cre-
wes an eoR<ite just s to the regton encoding the signal <sequence and
v oliconucleotide cAGAGAGAGGATGGOTCOANCGUACANGCAGG-

TGoothat ereates a Sall site 37 to the stop codon. Mter restriction

_estthe ZcoRESeT POR fragment was subcloned mto the bacteral

oresston vector pGEN KG 150 posttioming the ¢DNA downstream of
nd morame waith the glutathione S-transterase sene, To create the
GST-NP2 expression construct, a4 sinubar portion off NP2 coding se-
quence was amplitied by PCR using 57 and 37 olizonucleotides «GC-
CGUTGGATCCCAGGACAGCCCGLOGECCGG and GCCOTGGAAT-
TCCATGGCANCAGCCTGATCCC: to create BemHE and EcoRl sites,
respectively, tor insertion into the expression vector pGEX KT 160, For
protein expression, bacteria contaiing the pGENX KG-NP1 or pGEX
KT-NP2 plasmid were induced with isopropyvil-g-n-thiogalactopyrano-
side. The bacteria was pelleted and lvsed by French press in 20 ma
“lepes. pH 708 10 my EDTA contauning 0.25 ma phenyvimethyisulfonyl

aoride. 10 paml leupeptin and pepstatin. [nsoluble materiat contain-

1w most of the GST-NP1 and GST-NP2 proteins was pelleted. washed
i 20 mM Hepes, 10 my EDTAL and 17 Triton X-100. and pelleted. The
pellet was resuspended in 20 ml of 10 my Hepes, pH 7.6 5 ma EDTA,
and 8\t urea containing protease inhibitors and incubated with rotation
for 7 Insoluble material was removed by centrifugation, and the
super:.atant was dialyzed at 4 °C against 10 my Hepes. 3 my EDTA
until the final urea concentration was below 5 mai. The dialvzed mate-

‘rial was centrifuged. The supernatant contained the GST-NP1 or GST-

NP2 proteins at 90-95% purity as judged by Coomassie staining.
Identification of Taipoxin, TCBP49, NP1, and NP2 Binding Proteins
hv Affinity Chromatography —Taipoxin, rTCBP49, GST-NP1, and GST-
\P2 were coupled to activated CH-Sepharose tPharmaciar at approxi-
rately 2 mg of protein ml of column resin and final column volumes of
5-10 ml. Columns were equilibrated in 20 muM Hepes, pH 7.4, 100 m»
NaCl, 0.2% Triton X-100, 1 mm CaCl,. 15-20 rat brains were homoge-
nized in 200 ml 0.32 M sucrose, 1 mM EGTA containing protease inhib-
itors. To enrich for integral membrane proteins or proteins in secretory
or uptake pathways, a solubilized membrane preparation was used for
chromatography. Membranes were pelleted by a 150,000 x g, 1-h cen-
trifugation and then solubilized in 200 ml of 20 mm Hepes, 1% Triton
X-100, 1 mM EGTA. Insoluble material was removed by a second
150,000 X g centrifugation, and the supernatant was adjusted to 100
mM NaCl and 1 mM free Ca®* and then applied to the top of a column.
Columns were washed with 10 column volumes of equilibration buffer

. and then eluted sequentially with 2 column volumes each of the same

buffer containing 200 mM, 400 mm, 600 mM, 800 mM, and 1 M NaCl. To

. remove proteins bound tightly to the column in a calcium-dependent

manner, a final elution with 3 column volumes of buffer containing 1 M
NaCl and 10 mm EDTA was performed. Each eluate was concentrated
‘riprep 30 (Amicon) and then run on SDS-PAGE gels. Gels were
stal.. . with Coomassie Blue or specific antibodies by Western blotting.
Solubilized brain membranes were also chromatographed over a control
column of uncoupled Sepharose CL-6B (Pharmacia) using an identical
procedure.

Amino Acid Sequencing, cDNA Cloning, and Sequencing —The 55-
and 65-kDa proteins were purified by SDS-PAGE using a model 491
Prep Cell (Bio-Rad). Purified protein was concentrated and then
cleaved with CNBr. Cleaved peptides were separated by Tricine SDS-
PAGE and transferred to a solid support. Individual peptide bands were
cut out and subjected to automated amino acid sequencing. Degenerate
oligonucleotides were designed from the peptide sequences and used to
amplify a 332-base pair fragment of the desired ¢cDNA from a rat brain
cDNA library (Stratagene number 936501). The amplified fragment
was then uniformly *?P-labeled and used as a probe to screen the same
brain ¢DNA library. Several positive clones contained the amplified
fragment and contained sequences coding for other determined pep-
“ides. cDNAs were sequenced by the dideoxy nucleotide chain termina-
tion method. Sequence data were searched against GenBank™ and
SWISS-PRO data bases.

RNA Blotting and in Situ Hybridization —PolytA)’ -enriched RNA
was clectrophoresed, blotted onto nylon membranes, and hybridized
with uniformly **P-labeled DNA probes (17). In situ hybridization was
carried out essentially according to the procedure described by Wilkin-
son (181 ¢cRNA probes tantisense and sense) were prepared from NPR
¢DNA (nucleotides 660-1660 of NPR ¢cDNA) in pBluescript using 17
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and T3 poivierase. Hvirdized sections were washed moweaded con-
centrations of SSCtreated wath vibonuclease AL dehvdrated, dered, and
covered with photographie emulsion. Developed emulsions were dred
and counter-staaned with Hoescht nuclear stain,

Productionr of \rabodies Two antibodies were raised to NPRONPRL
to restducs 1724804 of NPR, carboxy] termunus of NPRY and NPR2 (o
vestdues 31 A7 post-transmembrane domainy were rised aginst svn-
thetie peptides coupled to kevhole Timpet hemoevamin as desertbed <19,
Anantibody to rat NP2 was rinsed agannst acsynthetic peptide irestdues
HLO 4300 carhoxyl terminus of NP2 NP antibodies were deserthed
previousiv o2

Construcezon o Recombrant NPR and \nalvsis of NPR Glveosvia-
on = NPR coding sequence, excluding the NHo-termmal transmem-
brane domaun, was amplified with 57 and 37 oligonucleotides VUAT-
ATATCCATCGCCAGCCCCGOGCGCGOCGOTGOCE and CAAGGGA-
GOGGATCCTGAATGAGGTGGCCCCTCATGCCTTAGOY designed to
create Neol and 3amHI restriction sites, vespectively. The 37 oligonu-
cleotide was desicned to create a construct that initiates translation at
amino actd 30 ot the mature protein. The amplified fragment was
subcloned into the Neol and BamHI sites of pET 11d. BL2UDES) cells
transformed with this vector were grown and induced with 1sopropyl-
3-n-thiogalactopyranoside.

To test tor NV-linked glyeosviation, aliquots of the GST-NP1 column
EDTA eluate containing approximately 25 pe of the NP1, NP2, and
NPR mixture were incubated at 37 ' overnight with or without 0.2
unit of endoglveosidase F/N-glycosidase F (Boehringer Mannheim). An
aliquot of” each reaction was run on SDS-PAGE gels, along with an
untreated sample and an aliquot of pET-NPR bacterial supernatant.

Gels were transterred to nitrocellulose and stained with NPR1 or NPR2
antibodies.

RESULTS

Chromatography on Taipoxin, rTCBP49, GST-NPI, and
GST-NP2 Columns Reveals a Novel Protein of 55-65 kDa—
Chromatography of solubilized brain membranes on taipoxin
columns greatly enriches NP1 and TCBP49, which can be
eluted by removing calcium with EDTA (2). To search for less
abundant proteins that might bind to taipoxin columns, we
repeated the chromatography of solubilized brain membranes
on a taipoxin column in the presence of 1 mm calcium and
eluted with a NaCl step gradient (200 mm, 400 mym, 600 mm, 800
mM, 1 M) in 20 mM Hepes, pH 7.4, 1 mM calcium chloride, 0.2%
Triton X-100. After the 1 M NaCl elution, the column was eluted
with 1 M NaCl containing 10 mm EDTA to disrupt interactions
dependent on divalent cations. Starting membranes, column
flow-through, and a similar proportion of each column fraction
were run on SDS-PAGE gels. Gels were stained with Coomas-
sie or transferred to nitrocellulose and incubated with antibod-
ies to NP1, NP2, and TCBP49 (Fig. 1). TCBP49 elutes in the
200 and 400 mym NaCl steps, while NP1 elutes in the final 10
mM EDTA step, suggesting that TCBP49 and NP1 have differ-
ent affinities for taipoxin. Calcium-dependent chromatography
of recombinant TCBP49 on taipoxin columns also enriches
rTCBP49, indicating that TCBP49 does bind to taipoxin in the
absence of NP1 (data not shown). We had previously suggested
that NP2 was not enriched on taipoxin columns (6), based on
the lack of immunoreactivity with an antibody to apexin (7, 8),
the probable guinea pig homolog of NP2. We reinvestigated the
potential enrichment of NP2 on taipoxin columns with an an-
tibody specific to the carboxyl terminus (residues 410-430) of
rat NP2/narp (9). Like NP1, NP2 is greatly enriched on
taipoxin columns, is not eluted off taipoxin columns with 1 M
NaCl, and is only eluted with EDTA (Fig. 1). [n addition to NP1
and NP2, this fraction also contains proteins that run as two
diffuse bands at 55 and 65 kDa. Preliminary peptide analysis
suggested that this was in fact a novel protein, which we have
now named neuronal pentraxin receptor or NPR. In Fig. 1,
these protein bands have been stained with antibody NPR1
described below. Similar chromatography on Sepharose (Fig. 1)
or Tris-conjugated CH-Sepharose (2) fails to enrich NP1, NP2,
NPR, or TCBP49.
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Fii. 1. Taipoxin affinity chromatography: TCBP49, neuronal pentraxins 1 and 2, and NPR are purified on taipoxin affinity
columns. Chromatography of Triton X-100-solubilized rat brain membranes on coiumns of immobilized taipoxin, rTCBP19. GST-NP1. and
GST-NP2 was as described under “Experimental Procedures.” Solubilized brain membranes (20 g, column tlow-through (20 ug', and v of each
column eluate 1200 mat, 400 mMm, 600 mm. 300 mat. 1 M NaCl, and 1 M NaCl containing 10 my EDTA) were electrophoresed on 107 SDS-PAGE, and
gels were stained with Coomassie or transferred to nitrocellulose membranes and immunoblotted with antibodies to TCBP49, NP1. NP2. and NPR.
The positions of NP1, NP2, NPR, and TCBP49 are marked with an asterisk or arrowheads. Control chromatography on plain Sepharose (40 of 1
M NaCl 10 my EDTA eluate, 75 pg) is shown in the last panel. Apparent molecular mass of stained bands on these particular gels are: NP1, 49

kDa; TCBP49. 53 kDa; NP2, 60 kDa: and NPR. 55 and 65 kDa.

To investigate potential interactions between these taipoxin-
binding proteins, we performed similar chromatographies on
columns of immobilized TCBP49, NP1, and NP2. We expressed
TCBP49, NP1, and NP2 in bacteria so that these proteins could
be independently purified. Recombinant TCBP49 contains res-
idues 23-318, deleting the signal peptide. We expressed NP1
and NP2 as glutathione S-transferase fusion proteins to aid in
solubility. GST-NP1 and GST-NP2 proteins contain residues
19-432 of NP1 and residues 16-430 of NP2 fused at their
amino termini to glutathione S-transferase. Purified rTCBP49,
GST-NP1, and GST-NP2 were coupled to activated CH-Sepha-
rose 4B according to commercial protocols. Solubilized rat brain
membranes were chromatographed over these columns in the
presence of 1 mM free calcium under the same conditions as
chromatography over taipoxin columns. One major protein and
several minor proteins in the 10 mm EDTA eluate are promi-
nent by Coomassie Blue staining. The major protein is NP1
based on its size and immunoreactivity with three different
NP1 antibodies (Fig. 1 and data not shown). This supports a
direct calcium-dependent interaction between TCBP49 and NP1
in the absence of taipoxin. Chromatography on rTCBP49 also
results in substantial enrichment of NP2 and multiple NPR
bands, which elute with 10 mv EDTA. While we are looking at
interactions facilitated by calcium, we cannot rule out that e
interactions may also be mediated by other divalent cations.

Chromatography on GST-NP1 and GST-NP2 also results in
the enrichment of NP1, NP2, and NPR in the 10 mM EDTA
eluate (Fig. 1). TCBP49 is only slightly enriched by chromatog-
raphy on GST-NP1 and GST-NP2 columns and elutes at 200
mM NaCl. Given the high enrichment of NP1 and NP2 on
rTCBP49 columns, the lack of greater enrichment of TCBP49
on the GST-NP1 and GST-NP2 columns may reflect the lack of
glycosylation of bacterially produced GST-NP1 and GST-NP2.
Alternatively, the GST-fusion may interfere with TCBP49
interaction.

NPR [s an Additional, Putative Membrane-bound Member of
the Neuronal Pentraxin Family — The enrichment of the 55- and
65-kDa protein(s) on taipoxin columns allowed purification of
sufficient protein to obtain peptide sequence. Amino-terminal
sequencing of the 65-kDa band yiclded the sequence (MKFLA-

VLLAAGMLAFLGAVI(C/S)L/DIASVPLA). This sequence con-
tains a stretch of sufficient length (22-27 amino acids) and
hydrophobicity to encode a transmembrane domain. The amino
terminus of the 55-kDa band was blocked. The 55- and 65-kDa
bands were purified and separated and were each treated with
CNBr to obtain peptide fragments. CNBr digestion of the 35
and 65 kDa bands yielded similar peptides, suggesting the two
bands represented variants of the same protein, although each
digest contained a prominent unique peptide (data not shown).
The unique peptide of the digest of the 65-kDa band gave
sequence (LAFLGAVI(C/S)IIASVPLAASPARALP) that ex-
tended the sequence of 65-kDa band’s amino terminus. The
unique CNBr peptide from the digest of the 55 kDa band was
blocked. Sequences of additional peptides common to the two
digests were determined (DELEGQLLAKVLALEKERAALSH-
GSHQQRQEVEKELDALQGRVAELEHG; ELLINDKVAQL-
PLSLKDSNWHHI(C/S)IAWTTR). Amino acid sequence was
used to design degenerate oligonucleotides which were used to
amplify by PCR a 332-base pair fragment from a rat brain cDNA
library. The PCR fragment was sequenced and determined to
encode amino acid sequence between that encoded by the oligo-
nucleotides used for PCR. The PCR fragment was used to probe
a rat brain cDNA library to obtain several overlapping clones.
The longest cDNA obtained was approximately 5.5 kb in
length and contained an open reading frame of about 1.5 kb
(Fig. 2, GenBank™ number AF005099). As stated above, we
named the protein(s) encoded by this cDNA neuronal pentraxin
receptor or NPR. This cDNA does not contain an in frame stop
codon in the 147-nucleotide 5'-untranslated region. The deter-
mined amino-terminal amino acid sequence of the 65-kDa pro-
tein matches the deduced amino acid sequence of the open
reading frame except that the initial amino acid of the deter-
mined sequence is a methionine and in the deduced sequence is
a leucine. This suggests that the CTG at nucleotide 148 is used
as an initiator codon and codes for a methionine. The CTG at
nucleotide 148 is present in all clones analyzed and is present
in ¢cDNA of mouse NPR, which has 96% amino acid identity
with rat NPR (data not shown). The open reading frame con-
tains all determined amino acid sequence from both the 55- and
65-kDa proteins. Additionally, an antibody (NPR1) to the car-




SR WU

TR T

;

Newronal Pengraxin

[\)t'('('[mw‘

2191

Fic. 2. Nucleotide and translated
amino acid sequences of message for
rat NPR. The sequences are numbered to
the right. with the translated amino acid

ACT ACAAGCTGATG S

D
TOCATACCAS SACCGACAAL TUCGSE
2 G Q0 6T

sequence being shown in single-letter
code below the nucleotide =equence. The
ymino acid sequences obtained trom pro-
an fragments of a CNBr dizest are un-
erlined. The putative transmembrane
Jomain is indicated by the Jdashed under-

& boxyl terminus of this deduced amino acid sequence (residues

472-494) reacts with both the 55- and 65-kDa bands in the

poxin column EDTA eluate (Fig. 1). 3'-Untranslated se-
quence of the cDNA clone is 3.9 kb in length. In this regard the
message for NPR is similar to the message for NP1 (2). The
deduced amino acid sequence is 494 residues long (Fig. 2).
Hydropathy analysis reveals a single stretch of amino acids of
sufficient length and hydrophobicity to encode a transmem-
brane domain. This stretch of 22-27 residues starts with the
third residue of the protein. The deduced amino acid sequence
of NPR contains three potential N-linked glycosylation sites at
residues 42, 211, and 457.

We searched SWISS-PRO and GenBank™ data bases with
the deduced amino acid sequence for NPR. The sequence of
NPR has significant homology to the pentraxins and to neuro-
nal pentraxin 1 and 2 in particular (Fig. 3). NPR has 49%
amino acid sequence identity with rat NP1 and 48% identity
with human NP2. As with NP1 and NP2, the carboxyl-terminal
half of NPR has homology (22-25% identity) with the acute
phase pentraxinsg C-reactive protein and serum amyloid P pro-
tein (20, 21). NPR's homology to neuronal pentraxins 1 and 2 is
greatest in the carboxyl-terminal half of the protein (--63%
identity) but is still significant in the amino-terminal half of
the protein ¢ -30% identity). The homology includes the puta-
tive calcium binding residues (22), the pentraxin signature

A7
AGAACAGSGAT ACCTTGGSAS S
LN Be ) T L G 3

5 STCCTCCSCN TG

X 3 A A S
TTGGGGACT TAGAAGGSSS J

C TCTCACGGCT ICCCACTTCT

CAGAATGCCC TGCCCTGGAT

1300
AGTATCTCA TCCAATGTAG SGGTTAG 3TCCGTCCTC CTGGCAACAT 1390

. - S . GTCCCGCTGA TCTCACTAAT TCCAAGGACA TCCCCTGAGS ATCGTGGGTA 1980

lined and is contained within determined GETTCAGSCC TGTAGAAAGS ATGCCAGAGA TGTATGAGAC CAGATGCTCT 2070
ioe acid S od ami TAATCAGTTC TGCAGGGTCA TCCCCCTGES TECTCC TCCTCTCACA GTTTCTCTGT 2150
amino acid sequence. Th“t deduced amino T TTGAATGTTG AGTTCAAGCT TCCCTTCCCA GCCCCT AACAGCTAG GGACCAAGAC 250
» ' sequence is shown from the leucine CCCGGAGGET AAAGGGCTGT AAT TGTACCCACT CGTAACTTTG CCCACAGCAT CCTCCATG CCTGACACAG 2340
N . . GACCTGCTGG GTCACTCTAG CCTATCTTGA GAGCATCCAA AACAGAAGCA CACTATGACT TCCCTGCAG AGCCAGTTGC 1430

. 1by the CTG (which is underlined) at TAGCCACCA TATCATCTCT TTCTCCGTGG CCTTGGGAAG GATGGAGGAT SCTGGGACGS AGAATAGAGS ACTGAGTGAG AGAGAGAACC 2520
: Aami ACTTAGTTCC TATGACTTGC TGTGTGCCTT TCGGTAAAAA CCTACCCTCT CTGGGCCTCA CTTTCTCCTA GTTCCTACCA ACTTTCCTAA 2610
nucleotide 148. In th‘i deternv\med amino GAGCACAGAA GATTGTTAGA GCAGAGAGAG GCCATCCATT GTAAGCTCTT GCTGGTAGAA GATGGGAAAG AGCAGAGAGA GCGCAATTAA 2700
acid sequence of the 65-kDa NPR. thisis a CTTGACCAGG ATCAAAAAGC ACAACATGGC AGTTCGGCCT CTGAGTCCCT CCAAAGTGCT CCTCCCTGTG AATCACACTG CCTGTCCTTG 2790
A ) A N AGGCCTTGA GCCCAGCTCA AACCTGTGCA GGGAGGCACT TGAGAGGACA CATGCTTTTC AACAGGGCAC CAGAATCTCT TTAAGGGACA 2880
methionine. A putative downstream initi- ACCCAACACA TTGACAGCCT CAGGAGGTGA GGGAAAGAGC CCAGACAGGC AGCGGAGGAT GCAGGCCCCT GTTGGTCCTC TCCCCAAGTA 2970
. ; . ol sla- TAGGAGCAGT AGCAGGTCAG CTGAACAGTG GGTACTGGTG CTTCTGCCCC CCGACCCCTG ACACACTTTT GTCCTTCTCT GTGCTCTCCA 3060
ator ATG is also ur ldLrll'wd' The trans!a TGCCACTCGG CCCGAGACAT GACGCTGGAG AGGGCTGCGC CATGCCTGGG AATCGTGTCA AAGACTTGCC TCTGGCCTGT AGATCTGTGT 3150
tion stop codon is underlined. Potential ITCCATTTTG AGAGCAACTA CAGAGCTCGG CACCTCCATC CCCATCCCTC GGAGGTAGCT GCAGAGGCTT CACCCAGACC TGCTGAGATC 3240
. N-linked ol lati boxed CCGGTTGCCC AGTAACAACC AATGACATCA GCCCCAGTCT TGGGTCAAGT GTCTGTCGGT GAGGACACCG CTTGTTGCTG AGTGACAGCT 3330
:ites for N-linked glycosylation are boxed. CGAT™TCAGAA CTTAGACCTG GGGGACTCTG AGCCTCACCG GGCTCTTGCT ATTGTTCTAG AAGAGGCCTT TGCTATTTAT TGATTTAGAG 3420
CAGGCCTTGG GAAGACAGAG TCTTAGGAAG GATGCAGCAG AAACTGCCTC GTCATTTGAG CCCACCAGAC ACACCATCTC TGTCCTTCCT 3510

GCTTTGTCTC AGTGGTGATG AGAAAGGACA CCTCAGTCAC ATTCCCATGC CAGGTCATCC TGGTTAAACT TCCACCTCCC CACCCCCACC 3600

CCCACCCAGG AGGAAAAAAA TGGAGACACG GACTCATGGC TATGGGTATG GATGACTGGG GAAGGGGCGG CCTCTCTATT TCCAAAGTCC 3690

CCACCTGCTG TCACCTACTG TGCTATGGAT TTTGCCTGAG CACGTGGAGT GCCACTCAGT CTTCTGCCGC TCCTGAGCAC ATCCAACAAG 3780

ACAAGCCCTG AGCTGCCCCT GGGTCTGACG AAGATAGAAC TAGGCCGGCT AGATAGTCTT AGACACTGAA CCCGCAGAGT GCTGTATCCG 3870

CACCATCTGC GTTACCTCAC AGCACAGTTA CAAGACAAGA CTGTTCTTAG CCCTGTGATG CAGAAGAATG AGACTCGGGG AGGTAAAGTA 3960

ACTTGCCTGG TGTCAGTTGG CCAGCTGGGG ACAGCACGAT TTCTATTTGG AGGCAGATTA CATGCCTAAA GGACGGAGTC ATCTCCTTCA 4050

GAGTTCAGAA GGAGCAGAGG TGGGGTGTGG GGCTCGAGGC TGGGGAAGGG GTCTCTCATC TATCCCAGCC TCAGCCTCAG GGCTACTGCA 4140

GTCTTCAGGG CAAGAGAGGA GTATCTCCAG AGTGAACTCG GAAAGGCAGG GTGAAAGTGA TTCTTCCTCA GCCCCTGTTC TGGGCAAGGC 4230

CTAGGTCAGG TTCTCTAAGC TGTTTTCTGC CAGATTCCCC ACCTGTGAGG CATGGAGTGG CCTCTCCCAT GTCCCAAGGG ATTATCTTAA 4320

CAGTTACACA TGACCGGGGA CCACAGACTA AGGTGTGAGG ATCTGGGAGG TGGGGTTGGG GGTTGGCAAC TCAACCATCG GCTTGTAGAT 4410

GAGGAAGCTG AGGCCTAGCT TGGCACTCCC CTGACTGTCC TCTTCTCCAG GACCCAGAAG GCCACTCCCC TACCCCCAGA CTGGGTTTTA 4500

CCTACTAGTC CCAGCACCTT TGACGTGAGA AAACTGGAGA AGGGTCTCCT CCCAGATAAG GGACTAGTGT CCTCCTCGCC CCCAACTCCA 4590

GCTGCCTGCC ACCCCGGAAT TCCCTTCCTC ATACTCTGTC AAGCAATCCG ACTCCTCCCC ATCAGCACAG CCATCAGAGA CGTAGCTTGT 4680

TGGGGGCTCA ATCCGGGACA CGATCTCAGC CAAGTCAGTG AAGCCAGAGC TCGGGAAGGC AAGTATATCT TTTCATTAAG 4770

GTCTGTAGAC TCCGGTCTGT GAGCATTTTC TCAATGACTT CACCACGGGT CCAGCCTCCA AACACAGCCT TCCCATACTG GTAACCCACA 4860

TCATAGATCT GGTCAAACTT CCCGAAGTCC ATGGTCTTGA AGCAGTCAAT GGATGGACGA AGGTACTCGC AAT) AGACTTGACA 4950

ACTTCCAGCT GCCGCACACA GGACACATAC GCCAGGCGGG ACTGGATCTC AGCCATGTCT GGAACCTTTA CCAGGGGTTT 5040

AGCCGTTTCC ACAGGCAACC ACCAGCCAGA CAGGCTGTCC CCATAGGTGC TGAGATCCGT CTCATCCTGG CTTCCCACGT CGATGGCAAT 5130

GACCGTTTTG GCCCCCATGC TGCGGGCGAT ATCCGCTGGC AGGTTGTTGA TGTAGCCACC ATCCATGAGC AGGTGCCCAT CCTTCGGGTC 5220

GCACAGCGGG GCAGGTAGCC CGAGAGCGTC A GCACATAGCG CCACAGGGAG CCATCTTTGT T GGCGGATGCA 5310

GTGATGTCTG TGGTCACATT GAAGTAAGGC AGCCACAGGT CCTCGATCTG CTTGT ARGACACGGT GGATACTTCG GTTAAAGGCC 5400

GAGCCAGTAA ACATGGAGGT GACAGGATAT GTGAGGTCCA ATACAGGCTC CAGTACAGAA GTCATGCTCT TGGCCCACTC CCGGGCTCGE 5490

TGTTTGGTAC GACTGGCGCT GCGTTCCTCG GCATACAGGG CCCCAATGAA GGAAG s545

sequence (HXCXS/TWXS (23)), and one glycosylation site. It
has been suggested that larger pentraxins bind ligands via
their more conserved carboxyl-terminal halves and that their
amino-terminal halves confer unique functions upon these pro-
teins (24). If this proves to be correct, NP1, NP2, and NPR may
have similarities in ligand binding and distinct functions me-
diated by their amino-terminal domains.

NPR Message Is Brain-specific and Localized to Similar
Brain Regions as NP1 and NP2 —To determine the tissue dis-
tribution of NPR message, we probed Northern blots of rat
tissue poly(A)” RNAs with a labeled random-primed NPR
cDNA probe (Fig. 4). This NPR probe hybridizes to a single
5.5-kb mRNA. Overnight exposure of Northern blots reveals
strong signal in brain and cerebellum lanes. This indicates that
NPR mRNA is moderately abundant in neuronal tissues. One-
week exposure of Northern blots reveals minimal or no signal
in lanes of kidney, skeletal muscle, heart, liver, or testis
poly(A)' RNAs, suggesting that NPR expression is highly brain
specific. NPR ¢cDNA probe also hybridizes to a 5.5-kb mRNA in
nerve growth factor-induced and non-induced PC12 cells.

We investigated the cellular distribution of NPR message in
the brain by in situ hybridization (Fig. 5). The highest hybrid-
ization is in the cerebellum and hippocampus. Like NP1, hy-
bridization to NPR message is abundant in the Purkinje and
granule neurons of the cerebellum and in CA3 neurons of the
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Fi. 3. Alignment of the amino acid sequence of NPR with NP1
and NP2. The sequences are numbered on the right. Identical residues
are hoxed. Putative calcium binding residues are shaded. The pentraxin
signature sequence is marked with an overfving bar. RNPR. rat neuro-
aal pentraxin receptor: RNPI, rat neuronal pentraxin 1 (2 HNP2,
human neuronal pentraxin 2 (6).
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Fic. 4. RNA blot analysis of message for NPR in rat tissues.
Poly(A) "-enriched RNA (5 pug) from rat brain, cerebellum, kidney, skel-
etal muscle, heart, liver, and testis, as well as the rat neurosecretory
cell line PC12 (uninduced and nerve growth factor-induced) were elec-
trophoresed, blotted, and probed with a *?P-labeled fragment of NPR
c¢DNA (nucleotides 910-1241). The top/left panel is a 1-day autoradio-
graphic exposure, the top/middle panel is 7 days, the two top/right
panels are 13 days (uninduced) and 7 days (induced), respectively. The
bottom panels shows hybridization of the same Northern to a cDNA
probe to glyceraldehyde phosphate dehydrogenase (GAPDH .

hippocampus. It is present at moderate levels in dentate gyrus
and CA1 neurons. Hybridization in the cerebral cortex is high-
est in layer 6 but is present diffusely in other layers. Hybrid-
ization to NPR probes is also present in the piriform cortex,
taenia tecta, and cingulate cortex. There is a lack of hybridiza-
tion in many midbrain regions, although at thig level of detec-
tion we cannot rule out that these neurons may express low
levels of NPR message. The pattern of hybridization to NPR
message in the brain is similar to that of NP1 (2) and NP2 (9),
although there are apparent differences in the pattern of hy-

Newronal Dentraxin Receptor

K1, 5. Distribution of NPR message in brain sections revealed
by in situ hybridization. Representative 7-pm sectons of rat brain
were hyvbridized to 7S-UTP labeled NPR-riboprobes - sutlined under
“Experimental Procedures.” Hybridization (detection 2 silver sains in
the emulsion is shown for a dark field image. NPR =essage is in the
cerebellum +A hippocampus (B), cervebral cortex € . angulate cortex
(D, and taenia tecta ErL In the cerebellum hybridizztion is seen in
Purkinje and granule neurons. In the hippocimpus there is strong
hybridization in CA3, moderate in the CAl, and !ow in the dentate
avrus (DG In the cortex, hybridization is strongest a layer 6 of the
neocortex and layer 2 of the olfactory cortex. Nucle: staining is not
shown.

0‘< 0<<
\Q Qb \0 \\5
e AR &
FHEEE ST
80 kDa
' . -n = NPR1 Ab
. - E (C-terminal)
49 kDa - -
80 kDa wwmx

.o ' NPR2 Ab
--. wm @0 gy (post TMR)
49 kDa 2 - -

lower contrast

FiG. 6. Deglycosylation of NPR by endoglycosidase F/glyco-
peptidase F. Endoglycosidase F/glycopeptidase F treatment reduces
the apparent molecular weight of all NPR immunoreactive proteins and
only a small proportion is reduced to the size of recombinant NPR
(residues 30-494). Aliquots of a column fraction containing NPR were
incubated overnight at 37 °C in the absence (NPR a/n) or presence
(NPR/endo F) of a mixture of endoglycosidase F zivcopeptidase F.
Native NPR or recombinant NPR was used as contross. Samples were
run on SDS-PAGE gels, transferred to nitrocellulose. and blotted with
either NPR1 (recognizes carboxyl terminus of NPR) ar NPR2 (recogniz-
es post-transmembrane region (post TMR) of NPR) antibodies.

bridization between CA3 and CALl regions of the hippocampus.
Hybridization to NP1 probe is highest in CA3 and very low in
CA1 (2). Hybridization to NPR probe is highes: in CA3 but is
still substantial in CAl. Reports of the hybricization of NP2
probe seem to suggest similar amounts in CA3 and CAl (9).
NPR Is Glycosvlated and Only a Small Proportion of Degly-
cosylated NPR Runs at the Apparent Molecuiar Veight of rNPR
Lacking Its Transmembrane Domain —To :nvestigate the dif-
ferences between the 553- and 65-kDa NPR hands, we tested
whether NPR is glycosylated as suggested by -he presence of
three consensus sites for N-linked glycosylation at residues 42,
211, and 457. We treated the EDTA cluate from a GST-NP1
column (containing NPR as deseribed above) with endoglycosi-
dase F and ran the treated cluate on SDS3-PAGE gels. As a
molceular size control we produced a recorcbinant protein con-
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asting of the o tre NPR sequence atter the apparent trans-
m cresidues 30 490 and included this protem
<. Proteins woere transferred to nitrocellulose
d staened a0 NPR antbodies cFigs 6o Blots were incubated

membrane dos

oan che <anie o

with an antie cv NPR1U that recognizes the carboxvl terminus
costdues 12 b of NPRY or o antibody NPR2 that recog-
cres rosidne- nmediately after the transmembrane sequence

T

of NPR Additionally, the peptide sequence
CUPR2 contaunsz one ot the three putative V-linked
Lveostation - es of the protem fresidue 420 55- and Ba-ka
NPR band- o recognized by both antibodies. However, while
NPR1 appea: ~ o recognize 53- and 85-kDa bunds cqually well,
NPR2 recoun. s the 33-kDa protein well, but only very poorly

recognioes

oo sed o

35-kDa protein. This may suggest that the 65-

Da protein - glveosylated at residue 42 while the 53-kDa
protein = not Both antibodies strongly recognizes the 35-kDa
srotein. <uoo-o-ting that this apparently smaller protein con-
Cans the i deduced amino acid sequence of NPR carboxyl-
crminai fo cbe proposed transmembrane domain. On incuba-

qon with oo loglveosidase F. both bands shift to lower
molecular werthts, suggesting that NPR does contain N-linked
sveosviation d consequently that all forms proceed through
tl wrotory pathway. However. NPR immunoreactivity re-
mains diffi-c and appears to contain several distinct bands
ranging from ipproximately 50 to 60 kDa in apparent molecu-
lar weizat,

The multip.e forms of NPR observed both before and after
sndoglyeosidase F treatment do not appear to represent sepa-
~ate cenes oo alternative splicing, as we have identified only
mne tvpe ol DNA and see only one message in Northern anal-
ysis. Additionally, the two major forms observed before en-
doglycosidase F treatment yield similar proteolytic products
and apparen:ly all forms are recognized by both carboxyl-ter-
minal (NPR!) and post-transmembrane domain (NPR2) anti-
bodies. As di-cussed, multiple forms of NPR are likely to be due
in part to differential glycosylation; however, they may also
represent proteolytic cleavage of the transmembrane domain or
use of alternative initiation sites. In other proteins initiating
with CTG. it has been found that this initiator codon is actually
used as an alternative to a downstream ATG initiation site
(25). Although no ATG codons are present in the 5’-untrans-
lated region of the NPR cDNA, a downstream ATG at nucleo-
tide 181 (methionine 12) could function as an initiation codon.
NDR | if initiated at methionine 12, would have a hydrophobic

.ain of 13-19 residues that is bounded only carboxyl-termi-
nally with charged residues. At present, additional experi-
ments are necessary to determine if variability in the molecular
weight of NPR is due to use of alternative initiation sites,
proteolytic cleavage of the putative amino-terminal transmem-
brane domain, or other post-translational modifications.

DISCUSSION

We have previously identified two major taipoxin-binding
proteins. NP1 and TCBP49 (2, 3), and suggested that they
mediate the uptake and activation of taipoxin, a presynaptic-
acting ncu-otoxin that blocks synaptic vesicle recycling (1, 2).
We have -hown that the addition of NP1 to glial cultures
renders them susceptible to taipoxin toxicity (2), supporting a
direet intoraction between taipoxin and NP1 and a role for NP1

i the nprake of taipoxin. Additionally, the enrichment of

rTCBP 19 n taipoxin columns suggests that TCBP49 also in-
teract~ i ectly with taipoxin (data not shown). We now show
that the~ two taipoxin-binding proteins are capable of binding
o ench ot er in the absence of taipoxin. Based on the homology
of NP1 o cute phase pentraxins proposed to be involved in the
uptake ot sathogens and cellular debris, we have hypothesized
hat 1hew proteins are components of a novel neuronal uptake
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pathway responsible for the elearance of svnaptic debris and
the uptake of taipoxin. Here we identfy additional proteins
that are likely constituents of this pathway. These include the
previously characterized pentraxin, NP20and a novel putative
mtegral membrane pentraxin that we have named NPR.

Chromatography of solubilized bram membranes on columns
of tmmobilized tarpoxin greatly enviches NPUOTCBP L and
223 minor proteins of apparent molecular masses between 50
and 65 kDa, One of these mmnor proteins is neuronal pentraxin
S or NP2 60, NP2 was identitied trom brain eDNA libravies by
low stringeney screening with NP1 probes and has also been
identified as a guinea pig sperm acrosomal protein, apexinpasl)
7. %), and as a neural activity regulated pentraxin, narp (9.
With specific antiserum to rat NP2, we show that NP2 is also
enriched on taipoxin columns. An additional minor protein
enriched on taipoxin columns runs at both 35 and 65 kDa, and
we now characterize it as NPR.

Northern analysis and in situ hybridization show that NPR
is expressed in neurons. NPR is expressed in the same brain
regions that express NP1 and NP2, All show the highest mes-
sage expression in cerebellum and hippocampus and lower
expression in the neocortex and pirriform cortex. The overlap of
expression of message for NP1, NP2, and NPR in brain may
reflect a functional interaction hetween these proteins. Mes-
sage for the apparent rat homolog of NP2. narp. has been
shown to be greatly up-regulated with high frequency stimula-
tion of the hippocampus (9). Potential activity-dependent reg-
ulation of NPR or NP1 has not been investigated: however,
NPR and NP1 normally have moderately abundant messages
of 5-6 kb, while NP2 has a low abundance message of 2.5 kb.

NPR protein. like NP1 and NP2, is rare. Two different NPR
antibodies fail to detect NPR in cortical and cerebellar homo-
genates or in brain membranes. The rarity of NPR protein
contrasts with the abundance of NPR message. This discrep-
ancy can be explained if NPR has a rapid turnover. Antibodies
specific to the carboxyl terminus and post-transmembrane por-
tion of NPR recognize both the 55- and 65-kDa NPR proteins.
This demonstrates that all NPR proteins contain residues 30-
494. The inability of antibody NPR2 (raised to a peptide con-
taining a glycosylation site) to recognize the multiple forms of
NPR equally well suggests that some of the NPR diversity is
due to differential glycosylation. However, deglycosylation of
NPR with endoglycosidase F yields multiple proteins of 50-60
kDa, suggesting that multiple NPR forms are not generated
solely by differential glycosylation. Edman degradation of the
65-kDa NPR yielded clear sequence whereas Edman degrada-
tion of the 55-kDa NPR was blocked, suggesting that the 55-
and 65-kDa NPR proteins have different amino termini. I NPR
proteins differ in the first 30 residues, such differences are
likely due to differential use of initiator codons or proteolytic
cleavage. If initiated at methionine 12, NPR would have an
amino-terminal hydrophobic domain of 13-19 residues. We
currently cannot determine if the 55-kDa form of NPR contains
residues 1-30, but endoglycosidase F cleavage produces only a
small proportion of protein that runs at a similar molecular
weight as recombinant NPR engineered to lack residues 1-30, its
transmembrane domain. Expression of NPR in transfected CHO
cells leads to cell surface exposure but not secretion.” suggesting
that transfected NPR contains a transmembrane domain.

NPR exhibits several properties consistent with a role in
uptake of NP1 and NP2. First, NPR, in at least the 65-kDa
form, has an uncleaved amino-terminal sequence of suffigient
length and hydrophobicity to be a transmembrane domain.
This putative transmembranc domain and the presence of N-

4 L. L. Kirkpatrick and M. S, Perin, manuscript in preparation.



