
Identification and Characterization of a terminus as compared with that originally 
proposed (Fig. 1A). Kyte-Doolittle hydrop- 

Prostaglandin Transp0r ter athy analysis of the predicted NH2-terminal- 
1y extended protein revealed strong similar- 

Naoaki Kanai, Run Lu, Joseph A. Satriano, Yi Bao, ities to oatp, suggesting that the t \ ~ o  are 
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superfamily characterized by 12 membrane- 
Carrier-mediated prostaglandin transport has been postulated to occur in many tissues. spanning domains (Fig. 1B). 
On the basis of sequence homology, the protein of unknown function encoded by the To test directly whether the matrin F/G 
rat matrin FIG complementary DNA was predicted to be an organic anion transporter. cDNA encodes an organic anion transport- 
Expression of the matrin FIG complementary DNA in HeLa cells or Xenopus oocytes er, we transiently expressed oatp and matrin 
conferred the property of specific transport of prostaglandins. The tissue distribution FIG cDNAs in HeLa cell monolayers or in 
of matrin FIG messenger RNA and the sensitivity of matrin FIG-induced prostaglandin Xenopus oocytes (21). Expression of oatp 
transport to inhibitors were similar to those of endogenous prostaglandin transport. The resulted in the expected 5- to 20-fold in- 
protein-encoded by the matrin FIG complementary DNA is thus preferably called PGT crease in [35S]BSP uptake relative to back- 
because it is likely to function as a prostaglandin transporter. ground in both expression systems (22). Al- 

though PGs were not transported by oatp, 
they markedly inhibited BSP transport [in- 
hibition constant (K,) -14 pM (22)], sug- 

Prostaglandins (PGs) and throlnboxanes ATG codon at nucleotides 385 to 387, and gesting that prostanoids might interact with 
(Txs) play a-idespread physiological, patho- the protein \vas originally proposed to be a the binding site of oatp or related transport- 
physiological, and therapeutic roles in DNA binding protein (1 9).  Further analysis ers (matrin FIG). Indeed, expression of the 
health and disease ( I ) ,  Although PGs are shows that the A T G  codon at nucleotides lnatrin FIG cDNA in either HeLa cells or 
often assumed to traverse lne~nbranes by 88 to 90, ivithin the same open reading Xenop~cs oocytes \\,as associated with a rapid 
silnple diff~~sion, they are charged anions at frame (ORF), lies in a more favorable con- and marked increase in the transport of 
physiological pH and diffuse poorly across sensus for translation initiation (20), in PGE1, PGE2, and PGF,u (Fig. 2). In con- 
model biological membranes such as that of \vhich case the translated protein would be trast, the stable prostacyclin analog iloprost 
the rabbit erythrocyte (2-4). This limited extended by 99 amino acids at the NH,- and the prostacyclin metabolite 6-keto 
simple diff~~sion appears to be augmented, at 
least in some circumstances, by carrier-me- 
diated transport. For example, PGE1, PGE2, ~ i ~ .  1. (A) Complementary A 
and PGF:, are cleared rapidly on  passage DNA and deduced amino CCGG.V.GCCCG.V.GCACCGGAGTCCCGCAG~ACCTGACTCCGGCCTGTCACCP.CCP.CC.V. 1 C  

through the pullnonary circulation, whereas acid sequences corre- ? . G ~ ~ T A G G G G ? . C ~ T C G ~ C T ~ G G T ~ A C T A T G G G G C T ~ C T G ~ T C ~ G C ~ T G G A G C G C G C C P . G  1 2 0  

prostacyclin (PGI:) is not (5-8). Because spondng to the NH2-term- MetGlyLeuLfuLfuLysProGlyAlaA~gGln 11 

illtracellLllar enzymes (PG dehrdrogenases) nal regon of matrn FIG with GGCAGCGGCP.CCTCCTCGGTCCCAGP.CAGACGTTGTCCCCGCTCCGTCTTCAGCMCATT 18C 
the ATG codon beg lnn lng  at Gly~rGlyThrSerSer'Ja1Pr@A~pArgArgCysPr@ArgSeralPhfSfrAsIlf 3 1  

metabolize PGI, as well as PGE,, PGE,, and 
nucleotde 88 as the transla- PAGGTATTTGTTCTTTGCCATGGCCTGCT?.C?.GCTCTGCCAGCTGCTCT?.CAGCGCCTAC 2 4 0  

PGF?, (9) ,  selective PG clearance by the tion stali site, The ATG Lys~~.ialPhfJalLfuCysH;sGlyLeuLeuGlnLfuCysGlnLeuLeuTyrSerAlaTyr 5 1  

p~lllllollarr vascular bed lllust be attribut- codon at nucleotlde 385 TTC~AGAGCAGTCTCACCACkkTCGAG~GCGCTTTGGGCTCTCCAGCTCTTCCTCTGGT 30C 

able to differential transport across the plas- the translaton stari site orig. 
PhfLysSerSfrLfuThrThrIleGluLysArgPheG1yLeuSfrSfrSfrSerSfrGly 71 

lnelnbralle of pullnonary cells, Addi- inally proposed (79), (B) Hy- C T C A T C T C C P . G T T T G ~ ~ T G A G P . T C A G C ~ ~ C G C T P . C C C T C A T C ~ G C T A C T T C  36C 
LfuIlfSerSfrLeuAsnGluIleSerAsil.~laThrLeuIleIlePheIleSerTyrPhe 9 1  

tional evidence supports the presence of a 
dropathy a n a l y s i s  Of the GGCAGCCGGGTC.V.CCGCCCACGGATG 3 4 7  

specific PG transporter (or trallsporters) ill NH2-terminally extended G l y S e r A r g ' J a l A s n A r g P r o ? . r ~ e t  I C O  

the lung (IC-12). Many epithelia, includ- matrln FIG proteln (PGT) 
ing those in the liver, kidney, choroid plex- and oatp (78. 79) based on 

loo 200 
us, anterior uvea, and uterus, also engage in the Kyte-Doolittle algorithm 

active vectorial PG transport (1 3-1 7). " I t h  a Of l 3  PGT 
Studies with perfused kidney tubules indi- (33). Numbers at top 

refer to amino acids of PGT 
cate that such transport is a two-step pro- with the ATG codon at nu-  
cess, consisting of active, energy-dependent cleot,de 88 resi. oatp 

basolateral uptake folloa~ed by passive api- due 1 ;  numbers between 
cal secretion (1 3). plots nd~cate putat~ve mem- 

T h e  rat liver bro~nos~~lfophthalein brane-spanning regons. 
(BSP)-bile salt transporter, "oatp" (18) ,  

3 7 ' ~  amino acid the Table 1. Prostanold K, and inhibitor K values for PGT-mediated uptake into HeLa cell monolayers 
predicted proteill encoded by the rat ma- determ~ned by measurement of [3H]PGF2, transport during 1 mln at 27°C. 
trin F/G complementary DNA (cDNA) 
(19). Translation of the matrin FIG pro- Prostanoid K, (nM) Inhibitor K, ($4 
tein has heen thought to hegin at  the 

PGE, 70 i- 26 Bromcresol green 3.6 + 0.2 
PGE, 94'1 16 Bromosulfophthalein 5.8 i- 0.3 
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PGF,, were not transported to any signifi- 
cant degree (Fig, 2C), Transport of prostan- 
oids appeared to be specific because several 
other organic anions (glutathione, p-amino- 
hippurate, taurocholate, urate, unconju- 
gated and conjugated bilirubin, and estradiol 
glucuronlde) were not transported (22). 

To  test the h v ~ o t h e s ~ s  that the A T G  , L 
codon at nucleotide 88 is required for f ~ ~ n c -  
tional expression of prostanoid transport, 
we engineered a truncated cDNA that lacks 
A T G  88 but contains A T G  385 and the 
remaining shared ORF (21). Expression of 
the truncated construct alas associated with 
only background PGE, transport (Fig. 2A). 

Because PG transvort alas blocked bv 
anion transport inhibitors (22) and because 
the predicted protein has 12, rather than 7, 
hydrophobic domains, lnatrin FIG cDNA 
encodes a PG transporter and not a PG 
receptor (23). Thus, \Ire \\rill hereafter refer 

to the transporter as PGT (prostaglandin 
transporter). 

The background uptake of PGE,, PGE,, 
PGFZu, TxB2, and 6-keto PGFlcy \\,as ex- 
tremely low in both expression systems. In 
contrast, the background uptake of arachi- 
donate (1  nM)  was high ( 2 4 0  fmoll~nin per 
lnilligram of protein in HeLa cells, 2 0 . 5  
fmol/30 lnin per oocyte). After PGT expres- 
sion, arachidonate transport was slightly 
above background in only one of three 
groups of oocytes and in neither of two 
separate HeLa cell transfections (22). Thus, 
arachidonate is probably not transported to 
a significant extent by PGT. 

A t  37"C, PGE,, PGE,, and PGF2, accu- 
mulation' by HeLa cell monolayers trans- 
fected with PGT cDNA saturated at a level 
150- to 500-fold that observed with mono- 
layers transfected with the control plasmid 
(22). At  27"C, initial uptake could be re- 

solved and was approximately linear over 5 
to 10 min (Fig. 2B). 'The rank order of 
PGT-mediated uptake rates over 1 min for 
HeLa cells at prostanoid concentrations (1 
nM)  well beloa~ the Michaelis constant 
(K,,) was PGEl -- PGE, = PGFZu > TxB, 
>> 6-keto PGF,, .= iloprost (Fig. 2C). 
Qualitatively similar results were obtained 
with oocytes (22), We determined the af- 
finity of PGT for prostanoid substrates by 
assessing the ability of unlabeled prostan- 
oids to inhibit PGF,, uptake (24) (Fig. 2D). 
The  affinity of PGT was high for PGE,, 
PGE,, and PGF,, (K, 5 l o p 7  M) ,  inter- 
mediate for TxB2, and low for 6-keto 
PGF1,, iloprost, and arachidonate (Table 
1) .  The rank order of affinities \\,as thus 
similar to that for uptake rates (Fig. 2C). 

Northern (RNA) blot analysis of rat total 
RNA (25) revealed transcripts of -4 kb in 
several tissues (Fig. 3A) and transcripts of 
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Fig. 2. (A) Uptake of [3H]PGE, into Xenopus oocytes injected w~th water, 
cRNA transcrbed from matrin F/G cDNA contanng the ATG codon at 
nucleotide 88 (PGT), or cRNA transcribed from a 5' truncated matrin F/G 
cDNA lacking ATG 88 but containing ATG 385 [matrin F/G(373-2095)l. 
Data are means2SEM of 8 to 10 oocytes. *P < 0.05 versus water-njected 
oocytes (analysis of variance). (B) Time course of [3H]PGE2 uptake into 
HeLa cells transfected with matrin F/G cDNA (PGT) or control plasmid 
(pBluescript KS, Stratagene). (C) One-minute PGT-mediated prostanoid 
uptake into transfected HeLa cell monolayers. Data are means 2 SD of 
three or four monolayers. *P < 0.05 versus PGE and PGF uptake (analysis 

of variance). (D) Double-reciprocal plot for PGT-medated PGF,* transport 
into transfected HeLa cells. The units of PGF,U concentration ([PGFZU]) and 
uptake are micromolar and p~comoles per mnute per mlligram of protein, 
respectively. In ths  particular experment, the Michael~s constant was 80 
n M .  (E) Effect of substitution of Na+ and CI- with choline and isethionate, 
respectively, on PGE, uptake into transfected HeLa cells. The measured 
Na+ concentration of the choline chloride solution was 1.2 mM. Data are 
means 2 SD of two monolayers. (F) Effect of extracellular pH on PGE, 
uptake into transfected HeLa cells. Data are means 2 SD for two to four 
monolayers for (B), (D),  and (F). 
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-2.4 and -5 kb in the brain. Analysis of 
polyadenylated [poly(A)+] RNA revealed 
smaller transcripts in the brain (-2.4 kb) 
and stomach (-0.8, -1.0, and -1.4 kb), as 
well as ileum, jejunum, and kidney (-1.5 
kb) (Fig. 3B). The matrin FIG cDNA is 2.75 
kb in length and lacks a 3' polyadenylation 
signal (19), so it may not represent a full- 
length clone. It is not clear whether the 
apparent enrichment for smaller transcripts 
after selection of poly(A)+ RNA represents 
higher degrees of polyadenylation. 

The presence of PGT mRNA in tissues 
containing epithelia, but not in heart or 
skeletal muscle (Fig. 3A), suggests that 
PGT may mediate one of the steps in 
epithelial carrier-mediated PG transport 
(1 3-1 7). Replacement of extracellular 
Na+ with choline had no effect on PGE, 
transport into HeLa cells transfected with 
PGT cDNA (Fig. 2E), suggesting that 
PGT mediates passive transport rather 
than the active, Na+-dependent step (13). 
Similarly, changing the inwardly directed 
proton gradient by rapidly altering the 
extracellular pH had no effect on trans- 
port (Fig. 2F), indicating that PGT does 
not function as a PG/H+ cotransporter. 

GAPDHW- -- 
Fig. 3. Northern blot analysis of PGT mRNA 
abundance in rat tissues. (A) Total RNA. Lanes: 
1, brain; 2, stomach; 3, lung; 4, skeletal muscle; 
5, liver; 6, testis; 7, colon; 8, ileum; 9, jejunum; 
10, duodenum; 11, kidney; 12, eye; 13, uterus; 
14, heart. Each lane contained 55 pg of total 
RNA with the exception of lane 15, which con- 
tained 30 pg of lung total RNA. The positions of 
molecular size standards are shown in kilo- 
bases. 18S, 18s RNA. (B) Poly(A)+ RNA (2 pg 
per lane). Lanes: 1 ,  brain; 2, stomach; 3, ileum; 
4, jejunum; 5, kidney. GAPDH, glyceraldehyde- 
3-phosphate dehydrogenase mRNA. (C) Total 
RNA (55 pg per lane) from renal cortex, outer 
medulla, and papilla. 

Replacement of extracellular C1- with is- 
ethionate had no effect on transport (Fig. 
2E), which suggests that PGT is not a 
PG/C1 exchanger. 

We explored further a role for PGT in 
epithelial transport by examining the ef- 
fects of inhibitors. Indocyanine green, bro- 
mcresol green, indomethacin, furosemide, 
p-aminohippurate, and probenecid inhibit 
PG transport when applied to intact epithe- 
lia (1  1-16, 26-28). Of these agents, p- 
aminohippurate, indomethacin, and probe- 
necid had no effect on PGT-mediated 
PGF,, uptake into HeLa cells (Table l) ,  
which suggests that these three drugs act at 
a different step in overall transepithelial PG 
transport. For those agents that did inhibit 
PGT, the K, values were similar to those 
obtained for the lung, kidney, anterior uvea, 
and choroid plexus [bromcresol green, 2 to 
4 pM (1 1, 15, 16, 26, 27); indocyanine 
green, 16 pM (12); and furosemide, 25 to 
80 p,M (15, 27)]. Thus, the tissue distribu- 
tion of its mRNA, its sensitivity to known 
blockers of prostanoid transport, and its 
substrate selectivity indicate that PGT like- 
ly mediates one of the steps in the transepi- 
thelial transport of prostanoids. 

Although transepithelial PG transport 
has not been described in the renal papilla, 
renal papillary collecting duct cells are a 
site of abundant PGEz and PGF,, synthesis 
(29). Newly synthesized PGE, and PGF2, 
are preferentially released across the baso- 
lateral membrane of papillary (but not cor- 
tical) collecting duct cells in primary cul- 
ture (30). Similar sidedness has been de- 
scribed for the isolated rat colon (31). Such 
polarized prostanoid release suggests a car- 
rier-mediated process. A passive transporter 
such as PGT could facilitate PG efflux if PG 
concentrations in the cytoplasm were high- 
er than those in the plasma. PGT mRNA is 
readily detected in the rat colon (Fig. 3A), 
and, in the kidney, it is most abundant in 
the papilla (Fig. 3C). Although it is not 
known in which membranes PGT is ex- 
pressed in the renal papilla and colon, these 
results raise the possibility that PGT or 
similar transporters mediate the transloca- 
tion of newly synthesized polar prostanoids 
across plasma membranes in these organs. 

After their release from peripheral tis- 
sues, the gastrointestinal tract, and the re- 
nal papilla, PGE,, PGE,, and PGF2, are 
removed from the circulation by carrier- 
mediated transport in pulmonary, hepatic, 
and renal vascular beds, respectively (5-8). 
Because PGT mRNA is most abundant in 
the lung, liver, and kidney (Fig. 3), and 
because the rank order for prostanoid clear- 
ance by the lung (PGE, = PGE2 = PGF2, 
> TxB, > PGI, (5, 7, 10-12, 32) is the 
same as that of transport by PGT (Fig. 2C 
and Table I) ,  PGT may mediate the vascu- 
lar clearance of prostanoids. 

In summary, the substrate specificity, in- 
hibitor sensitivity, and distribution of PGT 
mRNA suggest that PGT may mediate the 
release of newly synthesized PGs from cells, 
the transepithelial transport of PGs, and the 
clearance of PGs from the circulation. The 
latter two functions would confer on PGT a 
primary role in defining PGE,, PGE,, and 
PGF,, as autocoids. Because these PGs are 
functionallv stable in blood for at least 2 min 
(5), they could potentially circulate and ac- 
tivate remote receptors if their actions were 
not terminated locally by carrier-mediated 
transport and enzymatic degradation. In- 
deed, when pulmonary PG clearance in in- 
tact animals is blocked by the sustained in- 
fusion of indocyanine green at concentra- 
tions equivalent to the Ki for PGT, vasodi- 
latory PGE passes through the pulmonary 
vascular bed to the arterial circulation and 
substantially reduces systemic blood pressure 
(12). Thus, PGT may be important in the 
maintenance of normal blood pressure. 
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A Neuropeptide Gene Defined by the Drosophila 
Memory Mu tan t amnesiac 

Mel B. Feany*? and William G. Quinn 

Mutations in genes required for associative learning and memory in Drosophila exist, but 
isolation of the genes has been difficult because most are defined by a single, chemically 
induced allele. Here, a simplified genetic screen was used to identify candidate genes 
involved in learning and memory. Second site suppressors of the dunce (dnc) female 
sterility phenotype were isolated with the use of transposon mutagenesis. One suppressor 
mutation that was recovered mapped in the amnesiac (amn) gene. Cloning of the locus 
revealed that amn encodes a previously uncharacterized neuropeptide gene. Thus, with 
the cloning of amn, specific neuropeptides are implicated in the memory process. 

T w o  genes essential for learning and Inem- 
ory in Drosophila have been cloned and 
sequenced. The dnc gene encodes a aden- 
osine 3',5'-monophosphate (CAMP)-spe- 
cific phosphodlesterase (1 ). A second muta- 
tion, rutabaga (rut), encodes a Ca2+- and 
calmodulin-sensitive adenylate cyclase (2, 
3). Both genes are components of the ad- 
enylate cyclase second messenger pathway, 
and the cloning of these two loci relied on 
knowledge of the biochemical activities of 
the gene products. However, full exploita- 
tion of the genetic potential to dissect learn- 
ing and memory lnechanis~ns requires a di- 
rect progression from the genetic mutation 
to the isolation of the gene. Such an ap- 
proach has been key in other areas of Dro- 
sophila research, but application of the same 
techniques to learning mutants is hampered 
by the labor intensive nature of behavioral 

testing. For example, mutagenesis by the 
lnobilization of transposable elements or by 
x-rays greatly facilitates clonlng of the dis- 
rupted genes. Unfortunately, the lower mu- 
tagenesis efficiencies when compared with 
chemical mutagens, combined with the dif- 
ficulty of direct behavioral screening, make 
these traditional approaches problematic. 

Table 1. Feriility of wild-type and mutant flies. 
Single female flies of the indicated genotypes 
were placed individually in culture vials, and the 
percentage of females laying eggs and the aver- 
age number of progeny produced after 18 days 
were recorded (n refers to the number of female 
flies assayed). The dncm" allele was used. 

Females Avg. no. of 
Genotype n laying progeny 2 

eggs (%) SEM 

Wild type 50 98 >40 
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