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Inhibition of p-serine accumulation in the Xenopus oocyte by
expression of the rat ortholog of human 3’-phosphoadenosine
5’-phosphosulfate transporter gene isolated from the neocortex

as p-serine modulator-1

Dai Shimazu, Naoki Yamamoto, Asami Umino, Sumikazu Ishii, Shin-ichiro Sakurai and Toru

Nishikawa

Section of Psychiatry and Behavioral Sciences, Tokyo Medical and Dental University Graduate School, Tokyo, Japan

Abstract

p-Serine in mammalian brains has been suggested to be an
endogenous co-agonist of the NMDA-type glutamate receptor.
We have explored the molecules regulating o-serine uptake
and release from the rat neocortex cDNA library using a
Xenopus oocyte expression system, and isolated a cDNA
clone designated as dsm-1 (p-serine modulator-1) encoding a
protein that reduces the accumulation of p-serine to the oocyte.
dsm-1is the rat orthologue of the human 3’-phosphoadenosine
5'-phosphosulfate transporter 1 (PAPSTT) gene. The hydro-
pathy analysis of the deduced amino acid sequence of the
Dsm-1 protein predicts the 10 transmembrane domains with a
long hydrophobic streich in the C-terminal like some amino
acid transporters. The dsm-7 mRNA is predominantly ex-
pressed in the forebrain areas that are enriched with p-serine

and NMDA receptors, and in the liver. The transient expression
of dsm-1 in COS-7 cells demonstrates a partially Golgi
apparatus-related punctuate distribution throughout the
cytoplasm with a concentration near the nucleus. dsm-1-
expressing oocytes diminishes the sodium-dependent and
-independent accumulation of p-serine and the basal levels of
the intrinsic p-serine and increases the rate of release of the
pre-loaded p-serine. These findings indicate that dsm-1 may,
at least in part, be involved in the p-serine translocation across
the vesicular or plasma membranes in the brain, and thereby
control the extra- and intracellular contents of p-serine.
Keywords: brain, p-serine modulator-1 gene, D-serine,
transporter, NMDA receptor, 3’-phsophoadenosine 5’-phos-
phosulfate, Xenopus oocyte.

J. Neurochem. (2006) 96, 30-42.

p-Serine, a co-agonist for the NMDA receptor (Danysz and
Parsons 1998), has now been well documented to be present
at high contents throughout life in mammalian brains by
using a variety of detection methods for chiral amino acids
(Hashimoto ef al. 1992a,b; Nagata ef al. 1992; Hashimoto
et al. 1993a,b,c; Nagata et al. 1994; Chouinard ef al. 1993;
Kumashiro et al. 1995), although amino acids had long been
assumed to exclusively exist as the homochiral L-form in
mammalian tissues in proteins and free amino acid pools
(Fujii 2002). Endogenous D-serine is predominantly concen-
trated in the brain (Hashimoto ef al. 1993¢) with an NMDA
receptor R2B  subunit-like distribution (Hashimoto et al.
1993c, 1995b; Kumashiro 1995; Schell et al. 1995, 1997),
whereas the peripheral tissues contain far lower levels of the
p-amino acid (Hashimoto ef al. 1993c, 1995b).

These neuroanatomical and functional relationships be-
tween Dp-serine and the NMDA receptor imply that endo-

genous D-serine may regulate the NMDA receptor-mediated
glutamate neurotransmission. This hypothesis is supported by
our in vivo microdialysis study demonstrating the presence of
extracellular D-serine in the NMDA receptor-rich brain
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regions (Hashimoto et al. 1995a). Furthermore, selective
depletion of the endogenous D-serine by p-amino acid
oxidase without changes in the levels of glycine, another
NMDA co-agonist, has indeed been shown to attenuate the
NMDA receptor functions in the rat hippocampal slice
preparations (Mothet et al. 2000).

Consequently, together with the involvement of the
NMDA receptor in divergent higher brain functions and an
anti-schizophrenic property of p-serine (Tanii ef al. 1994;
Javitt 2004), the extracellular p-serine levels should be under
fine control by a specific molecular system. Neurochemical
studies have so far indicated the processes of biosynthesis
(Dunlop and Neidle. 1997; Takahashi et al. 1997), release
(Hashimoto et al. 1993c; Schell et al. 1995), uptake (Wako
et al. 1995; Hayashi et al. 1997; Yamamoto ef al. 2001;
Javitt ef al. 2002; Ribeiro et al. 2002), and degradation by
p-amino acid oxidase (Hashimoto ef al. 1993c¢; Urai ef al.
2002) for p-serine in the brain. Wolosker ef al. (1999)
reported the isolation of the serine racemase catalyzing
conversion of L- to D-serine with serine dehydratase activity
from rodent and human tissues. Interestingly, a sodium-
independent neutral amino acid transporter encoded by Asc-1
exhibits a high affinity for p-serine as well as L-serine
(Fukasawa et al. 2000), while p-serine has also been found
to be taken up into the brain tissues in a sodium-dependent
manner (Yamamoto et al. 2001; Javitt et al. 2002; Ribeiro
et al. 2002).

However, the exact molecules comprising the uptake and
release machinery for the regulation of the extracellular
p-serine and their relation to the p-serine metabolism in the
intracellular structures are largely unknown. Therefore, to
obtain insight into the p-serine carrier proteins or their
regulators, we have explored molecules that modify tritiated
or non-radiolabelled p-serine accumulation into the Xenopus
oocyte.

Materials and methods

Materials

Type I collagenase from Clostridium histolyticum was purchased
from Sigma-Aldrich (St Louis, MO, USA). PHIp-Serine (20~
25 Ci/mmol) and [->*P]dCTP (3000 Ci/mmol) were purchased
from Moravek Biochemicals Inc. (Brea, CA, USA) and Amer-
sham Biosciences (Piscataway, NJ, USA), respectively. [*H]p-
Serine was purified using columns packed with Dowex 1-X 8
(100200 mesh) resin as previously described (Matoba et al.
1997). All other chemicals were ultra-pure grade and commer-
cially available.

Animals

The animal experiments were performed in strict accordance with
the guidance of the Tokyo Medical and Dental University, and
approved by the Committee for Animal Experiment Ethics of the
University.
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Construction and screening of rat cerebral neocortex cDNA
library

From the male Wistar rat (PD 56) cerebral neocortex, poly(A)"
RNA was purified and size-fractionated by 5-20% sucrose density
gradient centrifuge at the SW41Ti rotor (Beckman, Palo Alto, CA,
USA) at 25 000 r.p.m. (107 000 g) for 12 h. Directional cDNA
libraries were constructed from these fractions using pSPORT1
SuperScript Plasmid System (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. Each library was
subdivided into 50 pools, each containing 10 000 clones. The
respective ¢cDNA pool was transcribed in vitro by T7 RNA
polymerase (mMMESSAGE mMACHINE, Ambion, Austin, TX,
USA), and used for microinjection into Xenopus oocytes.

Expression screening in Xenopus oocytes

The expression screening assay was performed using collagenase-
treated and manually defolliculated oocytes. The cells were
microinjected with 50 nL (1 ng/nL dissolved in Rnase-free H,0)
of poly(A)*" RNA, or in vitro transcribed cRNA as mentioned above.
The same volume of distilled HO was used for microinjection as a
control. The oocytes were incubated at 20°C in modified Barth’s
medium (MBM: 80 mm NaCl, 1 mm KCl, 0.33 mm Ca(NOs3),,
0.41 mm CaCl,, 0.82 mmM MgSO,, 2.4 mm NaHCO;, and 15 mMm
HEPES, pH 7.4) for 2 days before the assay.

Uptake assay of p-serine

The uptake of p-serine was traced with [*H]p-serine. Groups of 12—
20 oocytes were incubated at 26°C for 60 min in 1.5 mL of Frog
Ringer (FR: 120 mm NaCl, 2 mm KCl, 1.8 mm CaCl,, and 5 mMm
HEPES, pH 7.4) containing 10 mM of [*H]p-serine (Utsunomiya-
Tate et al. 1996) based on the preliminary data that the uptake of
[*H]p-serine was found to be linear for at least 4 h and to approach a
plateau 8 h after the start of the reaction. At the end of the
incubation, non-specific binding of the radiolabelled compound on
the cell surface was removed by six times of brief wash with each
10 mL of ice-cold FR solution. Individual oocytes were transferred
to a microtube and completely lysed in 100 pL of 0.2% sodium
dodecyl sulfate (SDS) in FR by intensive vortex mixing. One
millilitre of scintillation fluid (Packard Ultima Gold XR, Parkin-
Elmer, Boston, MA, USA) was added to each lysate solution, and
the radioactivity was determined by liquid-scintillation counting
(LS6500, Beckman). Some fractions induced a 1.5-2-fold increase,
while some other fractions a 20—40% decrease in the uptake activity
of p-serine into the oocytes. The positive fractions of cDNA library
were further sequentially subdivided into the next 50 pools, each of
500-1000 clones. After repeating the same step, one pool contain-
ing 100 clones exhibited decreased p-serine uptake reproducibly.
Then colonies from the positive pools were seeded individually into
the well of 96-well plate to produce a grid system. From the
combined testing of rows and columns for D-serine uptake activity, a
single positive colony was isolated.

Southern and northern blot analyses

Southern and northern hybridization analyses were performed as
previously described (Tsuchida e al. 2001.) For the Southern
hybridization, 1323 bases of 32P-labelled RNA probe for dsm-1
(probe 1, corresponding to nucleotide 6741997 in Fig. 1a) was
utilized. The hybridized filter was washed in 0.1 X saline sodium
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(a)
GUOGCCCHGGGGACTCACATTCCCCHGTCCCCCUTCCBUCLL: ACGCGGCTUGUUCATGGACGCCAGATGGTGEGCAGTAGTGGTACTCGLLACGLTCLH CTTCCTTGGCAGUAGGTGGAGA
\ll).\Rﬁ“A\’\\LATLPSLGAC(’-E
GTCACCCGAAGTCCCTCCRCAGTE ('T(ZGA('AL'AG(‘TGTGG('T('TTL'L'G("TTTTTGTTG!\ATGTACL‘T(;G(‘TATG('('A(i("l'TTATGGT,’\[’(‘T(GGCTACC TCCTGGTGUAGTACTTAAGALE
SPEAI’PUS\\TQL“LFRFLLK\'A(v\'ASF\l\‘FGYL!\'Q\'LRR
GAAGAACTACCTGGAGACAGGTAGGUGTCTCTGLTTCCCCL TGGTGAAAGCCTGTETATTTGGUAATGAGECCAAGGCCCLTGATGAGETTCITT “TAGUTCCCCGGACAGAGATAGCAGA
K\'\'lETGRGL\‘FPL\'K.A\L'\'FG?\'F,PRAPI)E\PI.APRTF.TAF.
,\T(‘CACC(‘CCT(TTGGCAGGTCCTGAl\GCTGGT("TTfTGTG[L'GCGGGK\CTC(AGGTGTCCTATCTGACTI'GGGGTGTACTGEr\GGAr\AGr\GTGATGAL‘L‘GECAFA‘.TATGGM(‘AL'AGC
STPS\TQ\'I.Kl.\’FCI\1\GI,Q\'S\'I,TWG\'|.QFR\'\|TGS\'G.«\1,‘\
CACATCACCAGGGGAGCATTTCACAGACTCALAATTCCTOGTGC TAATGAACCGEGTGCTGECALTGETILIGU AGGCCTCTACTGTATCCTACGCAAGCAGCCCUGTCATCRTGEALC

T SPGEMNFTDS @FLUVLWXRYL ALY VAGLYCTYTLRRZQPERHCEATP
CI\TGTACCGGTI\CTCCTTTGCCAGTCTGTCI\I\A\TGTG(TTI\GC!\GCTGGTGC(’\GT/\TGAI\GCACTTA\I\GWCGTCI\BCTTCCCTI\CCCI\Gl;TGLTGGCGAAGGC(TCCI\A\GG“GATT(T
MWYRGYSFASIELSYVILSS¥CQVEA LEFVSFPTQVLARASSRYV P
TGTCATG:\TG.-\TGGGAAK\GCTGGTGTCT(‘GGCGG‘\GﬁATGAACA[‘TGGG.‘\GT!\C(’[G!\CTGCGGGC(‘TCA‘[CTCCI\TT(}GAGTT.‘\G('ATGTTTCTTCTGTCGAGTGGAEC:\Gr\GC(‘CCE
¥ B W KGKLYSRRSYEHBYELYLTA €L 1 ST 6VSWFLILSS3CPEPRPR
G.\G[TCTCC;\GCC;\CCACACT(‘TCTGG(‘-TTGGTCCTAfTGGC.\GGCT.’\T:\TTG(.n\TTTG.\(.\GCTT(‘,\(‘CTC.‘\.’\,\LTGGC.\GG.’\TGfCCTG'I'TTGCCTAT.‘\!\G!\TGTC(‘;TCGGTGC,\G"\T
S SPATTLS&LYLLAGYTAF DS FTSYEQLALFEFAVRYSSYVQ ¥
GATGTTTGOGGTCAATTTATTCTCCTGTCTTTTCACAGTAGGCTCACTAC TGEAACAGGGEGCTCTCCTAGAGLGRGCCCCTTCATGGEGCGACACAGTGAATTTGL, ACTCCATGCCCT
MFGVNLFSCLFETY &S L L EQ GALLEGSGARTFMWGEREHRSEFA ‘L HoAlL

LLS\(SAF(QI.FIY\TIGQF(-A'\\F‘I]I\ITLhQA'.Ale.S
CTGCCCTCCTCTATGGICACACTG TCACTGTRGTGLOGECAC TGE6AGTAGUTRTGGTLT TTACTGCCCTCCTCCTCAGAGTC TATGUCCGAGHULGEAMGTAGCGOG0AAGAAGLLAGT
(‘LL\'(vllT\‘T\\'(-L'-LG\'A\'\'FTALLLR\'\'.\RGRKQRGRKR\'
GCCCACTGAGCCTGCAGTGUAGAAGG TR TGAATGAGGACCTCL ATTOCTCTCATCTGUTGAGGUAU TRGCTCAAGGGUAAATTATTTCTCAGTGTUTC, AGCAUACAGCAGAGGGTTGEAC
PTEPAY QKLY *

TCCTGOAGGCAGCCTCTTTOCCTTRCCT TAAGAGCCTCAUTTUACCARGTGAL, CTGTGOHTANTGCAGLGTTC
CAGCAGCAGGCTCATCCCCTTCTAACACCCACCCC TTGAGGUTGUCAGGLACL: AGUTGGEAAGTAAATT GTTTACAGGCUATGCAGTTACCUC TAGGGGUTAGTGAGAATGGTGL TGTGE
CAGAAGGGACAAAGGACTCCUCCCAGCCCAGTTGG CAGTGTTCCTTGAGEANGTTTTCCTTACTTGEAAATGTL TETGETCTATTTEATTAMACTCCAGCAGTEATTTIT
GG:\CCTGTGTTTTG(}TTCTGAGTTC»\G%:\GCACA\(TG(\,'T(TL'.—\TL'.\TL'TTLTH(T(*GGG:\G(‘(‘CA(-A(.Tl"IfTGAGTGTT,\l,"I TTACAAGGAGAGCAGGAC TETATAAMCTGCATE
:\TCTTT«\TTTTG(‘:\T:\CTTTT?\ATTT(‘AG\ACA:\(‘r\,\:\(‘AA«\AA:‘\-\f:\(’HTAAAA,’\v‘\AA?L\A.\v\\\,\.\.\
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Dsm-1 {(rat) 35
PAPST1 (human) 35
SLL (Drosophila) 60

- WEFRFYYNAAGYAS-FMVPGYLLVQYFRRKNYLETGRGLCFPLY—KACVFGNEPKASDEY 92
S WFLKLLYNCFGYSCVF-VPGFLTVKVVGRINYLERGNKTFLHKATNMC ITGRSGYDALDA 118

%, kE, ok dokk %,

R S N ko KK, L. ...

pso-1 (vat) 03: PLA-PRTETAESTP-S-H—~-Q¥—1 KLYFCAAGLOVSYLTHGVLQERVNTGSYGATATSP 145
Fig. 1 Structure of dsm-1. (a) Nucleotide PAPSTL (human) 93 PLA-PRTEAAETTP-M-W—-—QA-LKLLECATGLOVSYLTRGYLQERVMTRSYGATATSE 145
sequence of dsm-1 cDNA. The amino acid SLL (Drosophila) 1191 GTSTADKDRPAASTAPKRTSSQEAYQLLYCFGGLMI SYLTWGVLQER IMTORYLAFTGES 178
sequence of the predicted open reading Sk Lk, ok, | oklkieekk, Rk kL
frame is shown below the nucleotide
sequence. The poly(A) signal sequence is Dsw-1 (rat) 146 : GEHFTDSQEL VLMNRYLALVVAGLYCTLRKQPR——~HGAPMYRYSFASLSKVLSSCUVE 202
indicated by the open box. (b) Hydro- PAPSTI (human) 146 CERFTDSQFLYLMNRVLAL [VAGLSCYLCKQPR-—HGAUMYRYSFASLSKVLSSHCOVE 202
SLL (Drosophila) 179: AR-FKDSQFLVESNRLLAFLVA-LAYLQWQ-PSPYRHRAPLYKYSYASFSN [NSARFOVE 235

phobicity plot of Dsm-1 protein. The hydro-
phobicity plot was obtained by the
computer-aided calculation based on the
Kyte—Doolittie analysis. {(c) Sequence
alignment of Dsm-1 protein with human
PAPST1 and Drosophila SLL. The asterisks
indicate the positions of amino acids iden-
tical among all the three proteins and the Dsm-1 (rat) 26
dots indicate the conserved amino acids PAPST1 (human) 26:

Dsw-1 (rat) 20

&

SLL (Prosophila) 231

(=3

SRS

1ALKFVSFPTQVLAKASKVIPVMMMGKLYSRRSYEHWEYLTAGLISIGVSMFLLSSCPEP- 261
PAPSTI (human) 903 : ALKFVSEPTQYLAKASKY I PYMUMGKLYSRRSY EHKEYLTATL 1S 1GYSMPLLSSGPEP- 261
: ALKFYNFPTQVLAKSCK L LPYMLMGK IMSKAKYESYE
sk, sheelsieiokek, |k, SRk ol ok sk, ek kel kel kL Uk LUk L

YVTALLISLGMIFFNSGS-3DSS 294

{RSSPAT-TLSGLVLLAGY T AFDSFTSNKQDALFA-YKMSSVQMMPGYNEFSCLIY GSLL :

RSSPAT-TLSGLILLAGY IAFDSFTSNWQDALFA-YKMSSVAMM

between two proteins. The membrane- SLL (Drosophila) 2962KA*SG\"TTLTGlFLLSM\"M\"I’DSFTI\NWQGSLFKS\"GMTPI.QMMCG\"NLFSSIFTGASLS 353

spanning regions predicted by the SOSsul
program (http:/sosul.proteome.bio.tuat.ac.

jp/welcomeE.html, Tokyo University of Dsu-1 (rat) 320 EQGALLEGARFMGRHSEFALHALLLSYCSAFGOLF I FYT IGQRGAAYFT L LHTLRQAIAL 379

. . PAPSTI (b 320+ EQGALLEGTREHGRHSGEAAHALLLS ICSACGQLF1FYT LGQRGAAVET 1 INTLRQAFAL 379

Agriculture and  Technology, Koganel, PSTI (human) QCALLLEGTRENGRHSGFAAHALL ACGQLF1EYT 1GQF QAFAL 37
SLL (Drosophila) 354 MOGGEMDSLAFATEHPKEVEDHYVLSYCSAVGQLF L YHT LDYFGPYYETIMTLRQAVAL 413

Tokyo, Japan) are shown as numbered

peaks in (b), and underiined in (c). This

cDNA sequence has been deposited at the Dsm-1 (rat) 480 : LLSCLLYGHTYT¥YGGLGYAYVETALLLRVYARGRE-QRGKKAVPTEPAVGKY 431

Centre for Information Biology and DNA PAPSTL (Luman) 3801 LLSCLLYGHTVTY¥GGLGYAVYFAALLLRY YARGRLKQRGKKAVPYESPVQKY 432

Data Bank of Japan (DDBJ) (accession SLL (Drosophila) 414: HLSCETYQHSTSLLGIFGVL IVFYATFLRYYCTQRLRA IRKRAEANKPRMAV— 465

no. AB197928). BT TR T O - = U RO . SR
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