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ABSTRACT We have cloned a developmentally regulated
gene from the parasitic protozoan Leishmania enriettii. The
mRNA from this gene accumulates to a much higher level in the
promastigote stage of the parasite life cycle that lives in the gut
of the insect vector than in the amastigote stage of the parasite
that lives inside the macrophages of the mammalian host. The
predicted protein encoded by this gene is homologous to the
human erythrocyte glucose transporter and to several sugar-
transport proteins from Escherichia coli. These structural
similarities strongly suggest that the cloned gene encodes a
membrane transport protein that is developmentally induced
when the parasite enters its insect vector. Regulated membrane
transporters may be required for the parasite to adapt to the
environment of the insect gut.

Leishmania are parasitic protozoa with a digenetic life cycle
(1). Amastigotes are forms of the parasite that live within the
macrophages of the mammalian host and are specifically
adapted for growth and survival inside the macrophage
lysosomes. These amastigotes are oval-shaped, nonmotile,
obligate intracellular organisms. When a sandfly bites an
infected host and takes a blood meal, it ingests the parasite-
laden macrophages. Once inside the insect gut, the amasti-
gotes are released from the macrophages and transform to the
other stage of the life cycle, the promastigote. These pro-
mastigotes are elongated, flagellated, motile organisms that
are specialized for colonization ofthe insect alimentary tract.
The life cycle is completed when an infected sandfly bites
another host and injects the promastigotes into the skin,
where they invade macrophages and transform back into
amastigotes.

Amastigotes and promastigotes are adapted to very differ-
ent physiological environments. The macrophage lysosomes
that host the amastigotes are acidic and are maintained at the
temperature of the warm-blooded host. In contrast the insect
gut has a pH close to neutrality, is lower in temperature than
the mammalian host, and may contain different nutrient
resources than the macrophage lysosome. A plausible hy-
pothesis is that the parasite will possess certain developmen-
tally regulated genes that are expressed exclusively or pref-
erentially in one stage of the life cycle and that are involved
in the adaptation of the microorganism to its changing milieu.
We report here the cloning of a developmentally regulated

gene that is expressed much more abundantly in the promas-
tigotes than in the amastigotes. From the sequence of this
cloned gene¶ we predict a protein product with significant
structural similarity to several known membrane transport
proteins, including the human erythrocyte glucose trans-
porter and two bacterial sugar-transport proteins. These
similarities suggest that the Leishmania gene also encodes a
transporter. The ligand for this putative transporter, although

presently unknown, may be utilized preferentially by the
parasite when it resides in the sandfly alimentary tract. This
cloned gene may be useful for investigating the molecular
mechanisms that control gene expression during the parasite
life cycle.

MATERIALS AND METHODS
Growth of Organisms and Nucleic Acid Preparation. Pro-

mastigotes of Leishmania enriettii were cultured in Schnei-
der's Drosophila medium containing 10% heat-inactivated
fetal bovine serum, and amastigotes were grown in male
Hartley guinea pigs, as described (2, 3). Genomic DNA and
both total and polyadenylylated RNA were isolated by pub-
lished methods (2, 3).

Construction and Screening of cDNA and Genomic Librar-
ies. A cDNA library was constructed in the vector Agtll by
the protocol of Huyhn et al. (4). Aliquots of this library were
plated and transferred to four replica nitrocellulose filters (5).
Two identical replicas were hybridized with rabiolabeled
cDNA probe (6) templated from promastigote polyadenylyl-
ated RNA, and the other two replicas were hybridized to
labeled cDNA probe templated from amastigote polyaden-
ylylated RNA. Autoradiograms of the filters were inspected
for plaques that hybridized to the promastigote cDNA probe
but not to the amastigote probe. Inserts from these cDNA
clones were subsequently subcloned (5) into the plasmid
vector pBluescript SK(+) (Stratagene). A size-selected ge-
nomic library was generated by digesting promastigote ge-
nomic DNA to completion with Cla I, isolating a size fraction
ranging from approximately 3.4 to 3.8 kilobases (kb) from an
agarose gel (7), and cloning this fraction into Cla I-digested
pBluescript SK(+). This library was screened (5) with the
radiolabeled (8) insert from the Pro-cl cDNA clone (see text).
DNA Sequencing. DNA sequencing was performed by the

enzymatic method of Sanger et al. (9), using [a-[35S]thio]-
dATP (New England Nuclear) and the Sequenase kit (United
States Biochemical). Deletions were performed with the
Erase-a-Base kit (Promega) as recommended by the manu-
facturer. The entire 3592-base-pair (bp) insert of the Pro-gl
genomic clone was sequenced from both strands, using
double-stranded plasmid DNA as template (10).

Computer-Assisted Data Analysis. The homology search of
the National Biomedical Research Foundation (NBRF) data
base (October 1988) employed the FASTP algorithm (11), and
the RELATE algorithm (12) was performed on a Micro VAX II
using the software provided by the Wisconsin Genetic
Computer Group (13). For alignment ofthe protein sequences
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(12), we used the Micro Genie software package and a
General Electric personal computer.

RESULTS

Isolation of a Developmentally Regulated cDNA Clone. In
our initial experiments, we isolated developmentally regu-
lated clones by differentially screening (6) a promastigote
cDNA library with probes made from promastigote and
amastigote polyadenylylated RNA. Aliquots of a Agtll
cDNA library (4), constructed from promastigote polyade-
nylylated RNA, were transferred to replica filters and hy-
bridized in duplicate to radiolabeled (6) cDNA probes tem-
plated separately from promastigote and amastigote polya-
denylylated RNA. Plaques that hybridized intensely to the
promastigote probe but not to the amastigote probe were
selected as potential developmentally regulated clones. One
such cDNA clone, Pro-cl, contained a 985-bp insert that
hybridized to a single 3-kb band on a Northern blot of
Leishmania RNA (Fig. 1A, lane p). Hybridization of the
insert to equal amounts of promastigote and amastigote RNA
confirmed that this mRNA is strongly developmentally reg-
ulated. The amastigote hybridization signal was barely de-
tectable (Fig. 1A, lane a) under conditions that gave rise to an
intense signal in the promastigote lane. Rehybridization of
this Northern blot to a Leishmania rRNA clone (14) con-
firmed that both lanes of the blot contained equal amounts of
total RNA (Fig. 1B).

Isolation and Sequencing of a Genomic Clone Encoding the
Developmentally Regulated mRNA. Since the cDNA clone
was not full-length, a direct route to obtaining the structure
of the gene was to isolate a genomic clone homologous to the
developmentally regulated cDNA. Because no intervening
sequences have been found in any genes cloned from Leish-
mania or other related kinetoplastid protozoa, a genomic
clone would be likely to contain a contiguous sequence for
the protein-coding region of this mRNA.
Genomic Southern blots using the Pro-cl cDNA insert as

probe revealed that the sequence encoding this mRNA is
arranged in tandem repeats containing at least seven copies
of a 3.6-kb repeating unit (data not shown). This tandemly
repeated arrangement of genes is common among the kine-
toplastid protozoa and has been observed for several other
gene families in both Leishmania and the related trypano-
somes (15). To isolate a genomic clone representing one unit
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FIG. 1. Northern blot of promastigote (lane p) and amastigote
(lane a) RNA probed with the insert from the Pro-cl cDNA clone (A)
and with a Leishmania rRNA clone (14) (B). Each lane contained 5
pg oftotal RNA that had been resolved in a 1% agarose/formaldehyde
gel (5). Numbers at left indicate the molecular sizes in kilobases of
HindIII-digested phage A DNA markers. The Pro-cl probe from the
initial hybridization was removed by boiling the blot in distilled water,
and the filter was then rehybridized with the rRNA probe.
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of this repeat, we digested L. enriettii genomic DNA with the
enzyme Cla I, which cleaves at a single site within the tandem
repeat (data not shown), prepared a size-selected plasmid
library, and screened this library with the Pro-cl cDNA
insert. One genomic clone, Pro-gl, was studied in detail.
The sequence of the Pro-gl insert was determined in both

strands (Fig. 2). Translation of this sequence in all reading
frames predicts a single long open reading frame encoding a
567-amino acid polypeptide of 61,447 Da (Fig. 3). This pre-
dicted protein sequence is contained entirely within the region
of the genomic clone that hybridizes contiguously to the
mRNA, as determined by S1 nuclease mapping (20), and is
encoded by the strand that does not hybridize to the 3-kb
mRNA (data not shown).
Homology of Predicted Protein Sequence to Human Eryth-

rocyte Glucose Transporter and to Bacterial Transport Pro-
teins. An initial search of the NBRF protein data base (11)
revealed that the predicted protein sequence in Fig. 3 bore

1 AGTACTGTCT CTGCGTTGCC GGGTATGACG GCGCGATGAG GATGCTGAGC TGTAGAGTTG
61 CGTGCCCGCT CACTTCTCCC GCGCATCCAT GACCTGCCCG CTTCATTTGT CCCTCCGGTT

121 CTCTTTCGAC TCGCCCCCAC CCACACGCGC GGTAACACTT TCACTGCGCT GCAGCTCTCT
181 CAGCAAGTAA AACAAAACCA AGACCCCCGT TTTCAAGCTC TCGTTAGCCG TTGTTGCCGA
241 CGCCCCACTG CCCAACGCTG TGCCCACTCC CCGCTAGTCT GCCTTTTCTG CATCCAACCC
301 ACTGAGAGCA TTCACTAGAA TCAMAGCGA CAGGGTCGAG GTGAACGAGC GCCGCTCGGA

M
361 CTCTGTATCG GAGAAGGAGC CGGCCCGCGA CGATGCCAGG AAGGACGTCA CGGACGACCA
421 AGAGGACGCG CCGCCGTTCA TGACGGCGAA CAACGCCAGA GTCATGCTTG TGCAAGCGAT
481 CGGTGGCAGC CTGAACGGCT ACTCGATCGG CTTTGTCGGC GTGTACTCAA CGCTGTTTGG
541 CTACAGTACG AACTGCGCGA GCTTCCTCCA GGAGAACAGC TGCACGACGG TGCCCAACGC
601 TGACTGCAAG TGGTTTGTGA GCCCGACTGG CAGCAGCTAC TGTGGCTGGC CCGAGGTCAC
661 GTGCCGCAAG GAGTATGCTT ACTCCAGTCC TGCGGAGATG CCAGGTGCGC TTGCCCGGTG
721 CGAGGCAGAC TCGCGGTGCA GGTGGTCGTA CAGCGACGAG GAGTGCCAGA ACCCGTCGGG
781 CTACTCATCG TCGGAAAGCG GTATCTTTGC TGGCTCGATG ATTGCCGGCT GCCTGATCGG
841 CTCCGTCTTT GCTGGTCCGC TTGCGTCGAA GATCGGTGCG AGGCTCTCGT TCCTGCTCGT
901 TGGTCTCGTG GGTGTTGTGG CGTCGGTGAT GTACCACGCG TCGTGCGCGG CGGACGAGTT
961 TTGGGTACTG ATCGTCGGCC GCTTCGTGAT TGGTCTGTTC TTGGGCGTGA TCTGCGTTGC

1021 GTGTCCTGTG TACACTGATC AGAACGCGCA CCCGAAGTGG AAGCGCACGA TTGGCGTGAT
1081 GTTCCAGGTA TTCACGACGT TGGGCATCTT CGTCGCTGCG CTGATGGGCC TTGCGCTTGG
1141 CCAGAGCATC CGGTTTGATC ACGACGGAGA CCAGAAGGTG ATGGCGCGCA TGCAGGGCCT
1201 GTGCGTGTTC TCGACCCTGT TTAGTCTTCT GACGGTTGTG CTTGGGATTG TGACGAGGGA
1261 ATCGCGCGCA AAGTTCGACG GCGGTGAGGA GGGCCGCGCT GAGCTGAACC CGAGCGAGTA
1321 CGGCTACGTC GAGATGATCC CGCGACTGCT GATGGGCTGC GTGATGGCCG GCACGCTGCA
1381 GCTGACCGGC ATCAACGCTG TGATGAACTA CGCGCCGACG ATCATGGGCA GCCTTGGACT
1441 GGCACCGCTG GTGGGCAACT TCGTTGTGAT GCTGTGGAAC TTCGTGACGA CGCTTGCATC
1501 GATTCCGCTT TCGTATGTGT TCACGATGCG CCACGTGTTC CTGTTCGGCT CGATCTTCAC
1561 GTCGTGCATG TGCTTGTTCA TGTGCGGCAT TCCTGTGTAC CCTGGTGTGA GCAAGAAGCT
1621 GGAGGCGAAG AACGGCGTGG CCATCACCGG CATTCTGCTG TTCATTCTCG GCTTCGAGGT
1681 GTGCGTAGGC CCGTGCTACT ACGTGCTGAC GCAAGACATG TTCCCGCCGT CGTTCCGCCC
1741 GCGCGGCGCG TCGTTCACGC AGGTGGCTCA GTTCATCTTC AACCTGATCA TTAACGTGTG
1801 CTATCCGATT GCGACGGAAA GCATCTCTGG CGGCCCGTCT GGCAACCAGG ACAAGGGCCA
1861 GGCTGTTGCC TTCATCTTCT TCGGTGGCCT TGGGCTCATC TGCTTCGTTA TCCAGGTCTT
1921 CTTCCTGCAC CCGTGGGACG AGGAGCGTGA TGGCAAGAAG GTGGTCGCTC CGGCTATCGG
1981 GAAGAAGGAG CTGAGCGAGG AGTCCATCGG GAACAGGGCT GAGIfAGCCG AATGAGAGAG

0
2041 AGGGTGCACT GCTCTCTCCG GCTGCTCTCC CGTCCCGATC CAAGGGTCTC GTGTCCGTGA
2101 CAAGACGCGC CTTGGGGCGT GACGGTGGCT GTGACTCCGC TGACTTCGCC CGCGCATGCG
2161 GGCAGCGCCG CATTTCGCCG GCGCTCTTTT TGGTTGTCTT GCCTTCCATG AGACGCGTGG
2221 GCCGGTTTGC AATGCACGGA CTGCTGTGCG TGACAATATG TATACATAGG CGTGTGCTGC
2281 TGCGCCGCGT CGCTCTCTGC AGCTCAGATG TAGACACAGC GGTTTCGAGT TGTGGAGAAG
2341 GGACAGGGGT GTTGCTGCTG TCTTGGATCG GATACTCTTC TGCTTTCTTG CAGCGTGCCT
2401 CCCCTGCCCC CCGCTTCTGT GTCCCTCTCT TCCATAATCG CGCTCGCGAG GCGCTTCATG
2461 CCGCGTCGCG CGCCTGCCGA GCCGCATGGA CTGTGATACG GCGTAGGGGG TCGCCCCACG
2521 CGCCACAGCC ATGCGCCTTC TTCGACGCGC TTCCGTCCCT TTACCCCTTT ATCTTTAACA
2581 CACACAAAAA ACGCTCTTTT CGGTAATGAT ATTTTTTATG TGGTAACTGC CCCCGGGGCC
2641 CTCTTCTCCC CCTCCCCCCT CTGCGGCCCC TTTCGTTAGT GTCGGCTCGT GTGTGTGTGT
2701 GCCACATGCC CCCAATCGGG TGTGCTTTGC CCTTCCTTCG CTCCCGCCCA CAGAGGTGCT
2761 TCGCATGCTC TCTGTGCTTT GCTCTGCTCT TCTTGTCGGC GTTGCGCCCG CCCCTCACCC
2821 TCTTCTTCAA CCCCCCCTCC TGCGCGCGCC CCGCTCAGAC GCTTGTGCTC TTTGCAATAG
2881 GTGGAGCACG GCGCTGACGT TGTGTTACCT GGGGTCGGTG CTGGCGGTGC TGGCGGTGTT
2941 GGGGATGTGA GGTGCGGTGT GAGTGGGCGA GGGGCACGCA ACGAGCGCAA GGGGCGGCAG
3001 CATTCCAAAG ATGAAAAAAT GCAGCACCTT CTCTCTCTTT TCGCGTTGCG TGCGCAGGAT
3061 CACGGCGCTT TCGGACGAGA GCGATGCCGC TGCGAGCCGG CCATTTCCGC TGCACGCGGG
3121 CGCCGGTGCC CCTTGACGCG GGGTGAGGAG AGTGTGTGCG TAAAGGATGG ATGGTGGCTC
3181 TGTTTCACTC TGCCAAAAGT AAGTATAGAC GCGTATTTCT CTCTTCTGTT TACTTCCCTC
3241 GCCGCCTTCT CAGGTGACTT GCGGTCGCCA CGTGACGAGC CTCCGGAACA CCGCAGAGCG
3301 TGGGGCTGGC GCCCTCTCAT TTCACTCGTG TGAATGATGC GTATGAATCG CTTTCGCCGT
3361 ACCGCTTCTT TCTTCTCCCC CTTCAGGTGA CACTGTCACC ATGCCACCTG AACGGTTGCT
3421 GTGAGGCGGA AGGACACATC GCTACTCTCG CTGATTGTTC CTAGACTTGC CTGAGTGCTC
3481 GTAGTAGCTG TGAATGGCAA AGACGCGTCC CCTCCTCCTT ATGCGCTAGT TTGTACGGAG
3541 CGCCATGACA ATCTGCCGGT GTGCCGCGTT TGACAGTCGG GTGCGT

FIG. 2. DNA sequence for the insert of the Pro-gl genomic clone.
Nucleotides are numbered at left. The long open reading frame
predicted from this sequence begins at the ATG codon [underlined
methionine (M) codon] starting at nucleotide 323 and ends with the
TGA opal (0) termination codon (underlined) that begins at nucleotide
2024. The complete amino acid sequence appears in Fig. 3. The ATG
at position 323 was chosen as the initiation codon because it is the first
ATG within the mRNA coding region and because the surrounding
sequence fits most closely the eukaryotic consensus initiation se-
quence (16) CCRCCATG, where A occurs at position 3 more fre-
quently than G. However, we cannot rule out the possibility that one
of the methionine codons at nucleotide 440 or 464 is the true initiator.
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LUP 1 MSDRVEVNERRSDSVSEKEPARDDARKDVTDDQEDAPPFMTANNAR
LIP 47 VMLVQAIGGSLNGYSIGFVGVYSTLFGYSTNCASFLQENSCTTVPNA

LTP 94 DC KW F VSPfT1MSY - - - C PWETCRKEYA1qSSPAEMPNLARCEA 0
HGC 1 MEMS KKL L - L A - G L 1p; - NAP-QK VfE E
AraE 1O LTj RJ L RD M NO FV S A

- A -[tL_-L-A PLP tT0B
XyIE 1 - - - M N T Q Y N IFSITLV- TLG - Wt - SJT-VESLNT

LIP 137 -S-RCR S.--I'3DEECQNP-SG-Y SjUESG G 1AGSM ]A CLt VPAHGr 43 -FY NQT VNHRWG I LPTTUTTLW G U- S
AraE 53 HIFHML T S- - - IW Q|E _ -- - V--M M - - - A- - I G A - L F
XylE 41 kNP W I - - - JC - I ~G -A L

LIP 178 PI- A S K I A L F1LVG5VG A M MYHAPICAAD - - - - - - - - - - - -
HGT 83 V F V N MJM N IAVJLMGlK[EK - - - - - - - - - - - -

AraE 79 NkWLURF L G |KY sIDMA G FlI|L LG IR A T -- - - - - - - - - - - - --
XylE 75 E YCI 0DI KIA jV Ii I G&JI W P E XFTSINPDNTVPVY

LIP 212 - FL VIC V A C V TDQNijHPKWKRTI MVOF
HGT 118 - --- Lo Y-C VT G F v V V S1TAFFAaT L H
AraE ill - AA A I Y T A L Ls MIii SENV M II Y
XylE 122 L A G Y V PF VY- I ]GUGdEUM L S EIAALWEA H IIlIiV F N

LIP 255 F F TfD V - - - - - - A L MOA-L -OIRFDHDGDOKVMARM-QG
HGT 161 2G [V V SIIIMXIA- ---- -QV J 1IM~K JL;IPLLSIIIF PU WC
AraE 154 WMV IQJVj-L-- ---- F V LI
XylE 168 FA I F Q1VYCVNYFIARSG ASWL Y FA S EC WF L

LUP 293 L C ST L L T V V L T-ESR -KF-G G
HGr 202 IV P I N N E E N R K K A D V-M i|E;J
ArE13S |V| L|P ||P |lLAE - K R H

I
E hlE MI|M D US E K A R EE N|E RAraE 193 N ELM JJWEAEEWN0I1K R

XylE 215 Y T V S - K Q EQ I M0N T L AB- Q A VQ ]H

LTP 324 G 9A E[DN P.S E Y G Y V M I &%LIDmQ1MG T L M;I1flp&EIff1HGT 248 SINQMMREKKVTIL| PSS A Y - PL S I1JFAraK 239 O--KXfQPQ W A---lJ KINRNvdRA VFLM A M M I I
XylE 260 JD H G R TW- - - --- - LMFGvGVCV M S I F g V L

LIP 364 MET G S| L - - - - APLVGNFV VPMLwNFOTP-LA S Y F T M - -IrI
HGr 294 S T SIE K RIV PVYFMGIS I HI Ad 0VI-II1MM ER|hI|I
AraE 281p|RII MF T T f E k- M I - L V LTFM FF0F V_
XylE 300 JE TAVS -DII A--LLQ-TI V I JR LfJRAL- I - MIF~

LIP 404 H V F FPFP-[CPI F T - FrM C F G PVYPGVSKS EKKN -- - Io-MTG
HGT 334 R L A II--JA- A - L L EMJI3W -M - YIRlJV A
AraE 327 11A L KI F[V L LVI - C- - _M-Q FDNG T3-SSGL W GM
XylE 342 &kIQ I A LG I M F S -- A F Y - T - - - -JA[3 - - - - - -~I IML L S

LIP 444 I Lj LE C V PC-YYVWTQDMJI| PSFU[.--RASFTQV F I F
HGT 372 IIF G lFb;.hG PdI P F I VA- Lf S Q G P -A iG F S Toh
AraE 365 T M M CEO A V IUCU - --LKCRDF S T TTTT IViI
XylE 376 MWF foA( NCkVIJEjI- ~ NAIjOKAL-GMVKL LA

LTP 488 L rnNV - - - - - - - AT =jSNGPSGN0DKKQAVFI flfGLGLIC
HGT 416 FM Q Y - - L-8-QL - YV IwFVmL]-1I-0 Y-
AraE 409 M A L T L - - - - - - L-D[5 G A-AGTfl L A N I- A jVQ-I-F -

XylE 420 YF SW BMMMDKN SWLN]-AHFHN-GFSY Id0 CMGE0- o AAL-IM-W-

LTP 528 fl1V Q VF FL H PW EE R D fiKK VV A P A I G Kfl E L S - -E S IUNR AE -

HGT 451 K EFfNQR F JAS FRQ GASQOSD 5TPE LFHPL ADSOV
ArsE 444 WL NVki JRRKLMA UJEPFLRN IGV - - - - - - - - - - - - - -

XylE 461 KF JK JELIALE RET IKTQQTATL -

FIG. 3. Sequence homology among the predicted Leishmania
transport protein (LTP), the human erythrocyte glucose transporter
(HGT) (17), and the Escherichia coli arabinose-H+ (AraE) and
xylose-H+ (XylE) transporters (18). The LTP sequence (presented
in single-letter amino acid code) was aligned to maximize identity
with HGT. The other alignments are those reported in ref. 18. Boxes
represent identities between any two sequences. Dashes represent
gaps introduced to maximize alignment. The heavy lines indicate
predicted transmembrane domains of LTP and the lighter lines
indicate the predicted transmembrane regions of HGT, as deter-
mined by the algorithm of Klein et al. (19). The domain between
residues 366 and 400 of LTP represents two overlapping segments,
residues 366-384 (integral membrane segment) and 384-400 (possi-
ble integral membrane segment). Amino acids are numbered at left.

significant homology to the human erythrocyte glucose trans-
porter (17), a protein that mediates the facilitated diffusion of
glucose across the plasma membrane. A subsequent maximal
alignment of the Pro-gl protein sequence (hereafter referred
to as LTP, for Leishmania transport protein) with the se-
quence ofthe erythrocyte glucose transporter revealed 21.7%
identity between the two proteins over the 492-amino acid
area of match (Fig. 3). When conservative amino acid sub-
stitutions were considered, a level of similarity of 44.4% was
obtained, equivalent to the similarity of the glucose trans-

Proc. Natl. Acad. Sci. USA 86 (1989)

porter and several bacterial sugar-transport proteins (18),
which are believed to have similar secondary and tertiary
structures. Further, when the sequence of LTP was com-
pared with two of the bacterial sugar-transport proteins (the
arabinose-H' and xylose-H+ transporters from E. coli,
products ofthe araE and xylEgenes, respectively; alignments
are those reported in ref. 18), numerous identities arose
between LTP and each E. coli protein (Fig. 3). In addition,
there are 22 amino acids that are conserved in identity and
relative position in all four of these proteins, consistent with
the notion that these residues serve critical and related
functions in all of these proteins (18).
A number of specific regions of the LTP sequence are

noteworthy. Two blocks of sequence that are strongly con-
served between LTP and the erythrocyte glucose transporter
are Gly-Arg-Phe-Val-Ile-Gly and Gln-Leu-Thr-Gly-Ile-
Asn-Ala-Val (residues 219-224 and 353-360 of LTP). Simi-
larly, the (Arg/Lys)-Xaa-Gly-(Arg/Lys)2 sequence (residues
89-93 and 330-334 of the erythrocyte glucose transporter)
that is conserved and duplicated in the three known trans-
porters (18) is moderately well conserved at a single location
in LTP (residues 183-187 of LTP) as Lys-Ile-Gly-Ala-Arg.
However, several regions that are highly conserved among
the three known transporters are not conserved in LTP, most
notably Pro-Glu-Ser-Pro-Arg and Pro-Glu-Thr-Lys-Gly (res-
idues 208-212 and 454-458 or the erythrocyte glucose trans-
porter). The N-linked glycosylation site that has been as-
signed to Asn-45 of the human glucose transporter is not
conserved in the LTP sequence.
A statistical analysis of the degree of similarity between

LTP and these known transporters, performed using the
RELATE algorithm of Dayhoff et al. (12), revealed a high
degree of relatedness among the sequences. Table 1 shows
the segment comparison scores for pairwise comparisons of
the LTP sequence with various known transporters. The
value of -9 standard deviation units away from the mean for
the comparison of LTP with the erythrocyte glucose trans-
porter is well above the value of 4.75 that is required to group
two sequences within the same superfamily; this value also
predicts a probability of less than 10-19 that this relatedness
occurs by chance. By the same criterion, LTP is in the same
superfamily as the AraE and XylE proteins, but not the LacY
permease, which is known to be structurally different from
the AraE and XylE transporters (18). However, the se-
quences of the erythrocyte transporter, AraE, and XylE are
more closely related to each other than they are to LTP
(Table 1).
The indicated similarity between the LTP sequence and

these three known transport proteins strongly suggests that
the Pro-gl gene encodes a developmentally regulated mem-
brane transport protein.

Table 1. Comparison of LTP sequence with sequences of
human erythrocyte glucose transporter (HGT) and E. coli
transport proteins

Segment comparison score,
standard deviation units

Sequence LTP HGT AraE XylE LacY
LTP - 9.08 5.33 7.03 4.24
HGT 9.08 12.85 14.44 1.06
AraE 5.33 12.85 - 21.21 2.04
XylE 7.03 14.44 21.21 1.54
LacY 4.24 1.06 2.04 1.54
The sequences of the four known transporter proteins were

compared to LTP and to one another by using the RELATE algorithm
(12). The fragment length compared was 30 amino acids, and the
number of random runs per comparison was 100. Two proteins are
considered to be in the same superfamily if their segment comparison
score is >4.75 (12).
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Hydropathy Profile of the Predicted Protein Sequence and
Membrane Orientation. Mueckler et al. (17) have presented a
model for the orientation of the erythrocyte glucose trans-
porter in the plasma membrane based primarily upon the
hydropathy profile (21) of the protein sequence. In this
model, 12 hydrophobic stretches of 21 amino acids are
predicted to form membrane-spanning a-helices that pass
back and forth through the membrane and are connected to
each other by alternating hydrophilic regions. The amino- and
carboxyl-terminal regions are hydrophilic domains that are
believed to reside on the cytoplasmic side of the membrane
(17). There are two other long hydrophilic stretches, one
between hydrophobic helices 1 and 2, which is predicted to
be extracellular, and the other between helices 6 and 7 on the
cytoplasmic side of the membrane. The hydropathy profiles
of the bacterial transport proteins (18), as well as those of
other glucose-transport proteins whose genes have been
cloned recently (22-26), all conform to this general model.
The hydropathy plot of the LTP sequence (Fig. 4), deter-

mined by the method of Kyte and Doolittle (21), is similar to
those for the glucose transporter (17) and for the bacterial
transport proteins (18); there are 12 distinct peaks of hydro-
phobicity (numbered 1-12 in Fig. 4) that alternate with
hydrophilic regions. With the exception of peak 1, which is
less hydrophobic than the other domains, these peaks cor-
respond to regions of the sequence (heavy lines in Fig. 3) that
are predicted to be membrane-spanning a-helices by the
algorithm of Klein et al. (19). By analogy to the other known
transporters, we propose that peak 1 is probably also a
transmembrane domain, but this remains to be demonstrated.
There are also extended hydrophilic regions between hydro-
phobic peaks 1 and 2 and between peaks 6 and 7, which
correspond to the extracellular and intracellular loops, re-
spectively, in the model for the glucose transporter (17). Like
the mammalian and bacterial transport proteins, the LTP
sequence lacks an apparent amino-terminal signal sequence.
In contrast to the erythrocyte transporter, LTP contains
more extended hydrophilic regions at the amino terminus and
between several of the hydrophobic peaks. These larger
hydrophilic domains account for the larger size of the LTP
sequence (567 amino acids) compared to the 492-residue
erythrocyte transporter.

In general the regions of the erythrocyte transporter that
are predicted (19) to be transmembrane a-helices (narrow
lines in Fig. 3) overlap the predicted transmembrane regions
of LTP. The major exception is transmembrane segment 1 of
the erythrocyte transporter, which is not predicted by this
algorithm in LTP, as discussed above. In addition, the
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FIG. 4. Hydropathy plot for LTP was constructed using the
algorithm of Kyte and Doolittle (21) and a window size of nine
residues. Values above the zero baseline are hydrophobic, while
those below are hydrophilic. The numbers above hydrophilic peaks
indicate putative membrane-spanning domains (17).

precise location of the predicted helix termini differ between
the two proteins.

DISCUSSION
Parasitic protozoa typically possess multiple morphologi-
cally distinct life-cycle forms that are adapted to a particular
biological niche. There must exist developmentally regulated
genes whose expression is modulated during the transitions
between the life-cycle stages and whose gene products confer
upon the parasite its unique phenotype in each stage. To
understand these developmental transformations at the mo-
lecular level, it will be necessary to identify specific devel-
opmentally regulated genes and to study the mechanisms of
their regulation. We have cloned a gene from L. enriettii
whose mRNA accumulates much more abundantly in the
promastigote (insect) stage of the parasite than in the amas-
tigote stage that resides in the mammalian host.
The DNA sequence of this developmentally regulated gene

has been conceptually translated and generates a single
extended translational reading frame. Although we have no
direct evidence that this predicted protein is synthesized by
the parasite, a number of striking structural similarities
between this polypeptide and the sequences of several known
transport proteins strongly suggest that this is the correct
gene product. These similarities also imply a functional role
for the predicted protein as a membrane transporter.
The suggestion that this gene encodes a membrane trans-

port protein is supported by several observations: (i) amino
acid sequence similarity between the predicted protein and
three known transport proteins (Fig. 3) that extends over the
length of the maximally aligned sequences, (it) the presence
of22 amino acid residues (those in Fig.3 where the box covers
all four rows) that are identical in all four of the maximally
aligned sequences, (iii) a highly statistical significant rela-
tionship between the sequence of the predicted protein and
each of the three transporters, as judged by the RELATE
algorithm of Dayhoff et al. (12), and (iv) striking similarities
among the hydropathy profiles of all four proteins, including
the prediction of 12 alternating transmembrane segments
interspersed with several extended hydrophilic loops.
We have identified several differences between LTP and

the known transporters, including the absence in LTP of the
conserved peptide sequences Pro-Glu-Ser-Pro-Arg and Pro-
Glu-Thr-Lys-Gly, the absence of a predicted glycosylation
site, and the absence of one of the otherwise duplicated
(Arg/Lys)-Xaa-Gly-(Arg/Lys)2 sequences. Since we do not
know the function of these sequences in the known trans-
porters, we cannot determine the significance of their ab-
sence in LTP. However, it is notable that the E. coli citrate
transporter (18), which is structurally related to the erythro-
cyte transporter, AraE, and XylE, is also missing the two
conserved peptides.

Ultimately, a functional test will be required to prove the
hypothesis that this Leishmania gene encodes a membrane
transport protein. The recent demonstration (27) that the
human erythrocyte glucose transporter can be expressed
functionally in E. coli and can complement a deficiency in
glucose transport provides encouragement that a genetic test
can be accomplished. A successful genetic assay would also
provide proof for the identity of the ligand.

Several Leishmania transport systems have been charac-
terized biochemically and genetically, including those for
glucose (28), ribose (29), folate (30, 31), proline (32), and
nucleosides (33), but none of the genes for these transporters
has yet been cloned. The genes for two closely related
cation-transporting ATPases have been cloned from Leish-
mania donovani (34); the RNA from one of these two genes
accumulates to a higher level in amastigotes than in promas-
tigotes. Hence the genes for at least two Leishmania trans-
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port proteins are regulated differentially during the life cycle,
one being expressed preferentially in amastigotes (a cation
ATPase) and the other in promastigotes (LTP).
The biology of this parasite within the sandfly vector

suggests a reason for the existence of developmentally reg-
ulated transport proteins. Although parasites are initially
delivered to the female sandfly via a blood meal, the verte-
brate blood is soon digested, and the newly transformed
promastigotes are exposed to the environment of the insect
alimentary tract. The sandflies subsequently ingest sugar
meals from plants (35); several investigators have demon-
strated that these sugar meals are required by the parasite for
its further development to an infectious stage within the
sandfly (36). Sugar meals enhance the ability of laboratory
infected sandflies to successfully transmit the infection to a
mammalian host upon taking a second blood meal (37), and
the addition of sugars to cultures of promastigotes grown in
vitro induces the formation of various morphologically dis-
tinguishable subforms that normally populate the insect (38).
Thus the parasite is exposed to a different nutrient milieu in
the sandfly compared to the macrophage lysosome and may
require new transport proteins to utilize these different
metabolites and to proceed along its developmental program.

Recently a promastigote-specific gene that encodes a re-
ductase protein was cloned from Leishmania major (39, 40).
The genes for this reductase and for the putative transporter
described here may serve as valuable probes for investigating
the molecular basis of developmentally regulated gene
expression in Leishmania.
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