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Protozoan parasites of the genusLeishmania synthe- 1990; Turco and Sacks, 1991; McConville et al., 1992; McConsize a complex lipophosphoglycan (LPG), which is the ville and Ferguson, 1993). LPG consists of a linear chain of
major cell surface macromolecule.The LPG from Leish- phosphorylated disaccharides, which are attached to
the memmania mq-orcontains P-D-ha,-terminatingside chains brane via a glycoinositol phospholipid and are capped with
that are involved in regulating the attachment of the neutral oligosaccharides. Most repeats are substituted with
parasite to the midgut epithelium
of its insect vector.An side chains consisting of 1-3 Gal residues that can be capped
arabinosesugarnucleotidedonorwas
identified in with a p-D-Arap residue (McConville et al., 1990; McConville
soluble extracts of L. mqjor promastigotes. This sugar and Ferguson, 1993). The extent of arabinosylation increases
nucleotide was biosynthetically labeled with
~-[2-%]Glc during metacyclogenesis (McConville et al., 1992) and may be
and with ~-[6-%]ha.
The labeled sugar nucleotide gen- important in regulatingthe detachment of promastigotes from
erated [SHIAraand GDP after mild acid hydrolysis.
The
and the subsequent anterior migraabsolute configurationof the arabinose was determined the insect midgut epithelia
of tion of virulent metacyclic forms (Pimenta etal., 1992).
after reduction and acylation with a pure enantiomer
Mosher's acid chloride. The pyranose ring configuration Thebiosynthesis of the phosphorylatedGalpl-4Mandiswas inferred from the ability
of GDP-Arato form borate sacharide repeat of LPG has been shown in Leishmania donocomplexes,andtheanomericconfigurationwas
de- vani to involve the transfer of Man-1-phosphate from GDPduced from the results of mild base hydrolysis experi- Man2 and Gal from UDP-Gal (Carver and Turco, 1992). UDPGal is likely to alsobe involved in biosynthesis of the Gal side
ments. Taken together these data suggest that the sugar
nucleotide has the structure GDP-a-D-Ara,. This sugar chains of L. major LPG. However nothing is known about the
nucleotide has not been previously described
from natu- activated donor of the uncommon D-Ara, residue, which has
ral sources andmay be unique to trypanosomatid pro- been described so far only in L. major and the related trypanotozoan parasites.Ara-1-PO, and GDP-Ara were
the only somatids Crithidia fasciculata (Gorin et al., 1979; Previato et
solublemetaboliteslabeledwith
[3H]Ara,and pulse- al., 1982)andEndotrypanumschaudinni(Previatoet
al.,
chase experiment data are consistent with them being 1993). In this report, we characterize GDP-a-D-ha,, the actiprecursors of the arabinosyl residues
of LPG.
vated donor for the Ara residue of L. major LPG.
EXPERIMENTALPROCEDURES
Leishmania major, a protozoan parasite of t h e Old World, is
Materials-All sugars, nucleotides, and sugar nucleotides were purthe causative agent of cutaneous leishmaniasis. The parasite
chased fromSigma. [2-3HlGlc, lot 2949032 (22.8
Ci mmol"), [6-3HlGlcN
has a digenetic life cycle between a mammalian host,in which (40.4 Ci mmol"), UDP-[4,5-3HlGal (39.3
Ci mmol"), UDP-[6-3HlGlcNAc
it is found as an intracellular amastigote,and the sandfly vec- (6.1 Ci mmol"), GDP-[3,4-3HlMan(26.4 Ci mmol"), and NaB3H, (5-15
tor Phlebotomus papatasi where
it is found in the midgut as the Ci mmol") were obtained from NEN (Little Chalfont, United Kingdom).
promastigote form (Molyneuxand Ashford, 1983). The promas- Alkaline phosphatase from calfintestine was obtained from Boehringer
(Mannheim, Germany) and (R)-(-1-a-methoxy-a-(trifluoromethy1)phentigoteformsacquireinfectivitythrough
a metacyclogenesis ylacetyl chloride (Mosher's acid
chloride)was from Aldrich.Schneider's
process during which morphological and biochemical changes Drosophila medium minus Glc was from Life Technologies, Inc. Silica
occur (Sacks, 1989). In particular, there is a significant thickGel 60 HPTLC and cellulose TLC plates were from Merck.
ening of the surface glycocalyx that correlates with an indried and
Preparation of 15-3HIAra-[6-3HlGlcN (100pCi)was
creased resistance to complement-mediated lysis, the ability
of treated with 20 mM ninhydrin in 25 mM citrate-NaOH, pH 4.7, for 40
min at 100 "C (yield about 60%)(Volk, 1960).The reaction mixture was
the promastigotes to detach from the vector midgut epithelium,
and promastigote migration to the mouth parts (Puentes
al.,et desalted through 200 p1 each of AG 50-X12 (H') over AG 3-X4 (OH-),
concentrated, and chromatographed on cellulose TLC as described be1990; Pimenta et al., 1991). The physical change in t h e glyco- low. Radioactivity was eluted from the cellulose with water, and the
calyx is believed to be due to stage-specific elongation and eluate was filtered at 0.2 pm.
modification of surface lipophosphoglycan(LPG)' (Sacks et al.,
Cells-Promastigotes of L. major VI21 were grown in Schneider's
Drosophila medium supplemented with 10% fetal calf serum. For bio* This work was supported by the Wellcome Trust. The costs of pub- synthetic labeling experiments, promastigotes in the logarithmic phase
lication of this article were defrayed in part by the payment of page of growth were harvested by centrifugation (5 min, 1800 x g ) , washed
charges. This article must therefore be hereby marked "advertisement" with labeling medium (Schneider's medium lacking Glc, yeast extract,
and fetal calf serum but supplemented with 2.5% bovine serum albuin accordance with 18 U.S.C. Section 1734 solely toindicate this fact.
min), resuspended at 2 x 10' cellsm" in labeling medium plus or
$ EMBO long-term fellow. To whom correspondence should be addressed. Tel.: 44-382-344301;Fax: 44-382-322583.
minus 2 mM D-ribose, and incubated for 30 min at 27"C. Label (10
5 Wellcome Trust senior research fellow. Present address: Dept. of pCi.rn1-I [2-3H]Glcor 2.5 pCi.ml" [~5-~H]Ara)
was added, and the incuBiochemistry, University of Melbourne, Parkville, Victoria, 3052, AUS- bation continued for an additional 1 h at 27 "C. The labeled cells were
tralia.
centrifuged (30 s, 5000 x g ) , and the pellet was immediately extracted
7 Howard Hughes international research scholar.
on iceas described below. In the pulse-chase experiment, aliquots of 10'
The abbreviations used are: LPG, lipophosphoglycan; HPTLC, high
performance thin layer chromatography; Ara-01, arabinitol; Man-ol,
Unless otherwise stated, the sugar always
is
the D-enantiomer in the
mannitol; Gal-01, galactitol; HPLC, high performance liquid chromatogpyranose ring configuration and the a anomeric configuration.
raphy; SAX, strong anion exchange.
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checked by spotting a small aliquot onto pH paper.
cells were removed after 1, 5, 15, 30, and 60 minof continuous labeling analysis. The pH was
Deriuatization o f o - and L-Ara-Standards of [l-3Hl~-arabinitol and
and after5, 15, and 45 minof chase. Chase wasperformed after 15 min
by reduction of 5 pmol each of D-Ara
of pulse by transferring partof the cells to a vial containing unlabeled [l-3H]~-arabinitol were prepared
and L-Ara, respectively, in 15 pl of 1 N NH,OH with 5 pl of 30 mM
D-Ara (5 mM final).
Extraction of Nucleotides and Soluble Metabolites-Cell pellets were NaB3H, in 0.1 M NaOH for 2 h at room temperature. The reaction
extracted twice with 800 pl of chloroform/methanol/water (2:4:1, v/v) mixture wasacidified with 15 pl
of 1M acetic acid, desalted through
200
with vortexing and sonication ainDecon FS300 sonicating water bath. pl ofAG50-X12 (H+), freeze-dried, redried
twice from 50 pl of methanol,
The cell pellet volume was assumed to be water in adjusting the prodesalted through 100 pl each of AG 50-X12 (H') over AG 3-X4 (OH-),
portions of solvents for the first extraction. After centrifugation
(3 min
dried, and dissolved in 40% 1-propanol. Samples were submitted to
at 12,000 x g),the pooled supernatants were dried under nitrogen,
descending paper chromatographyon Whatman No. 3MM paper for 8 h
resuspended in 200 p1of water, and extracted twice with 400 pl of in 1-butanol/ethanol/water (4:1:0.6, v/v). Arabinitols, the main radioacwater-saturated 1-butanol. The aqueous phase was dried,
redissolved in tive products, migrated approximately 5 cm and were eluted from the
1 ml of water, and analyzed by HPLC.
paper with water.
Extraction and Analysis of LPG-Delipidated cell pellets were exBiosynthetically labeled GDP-Ara (9000 cpm) purified
by SAX HPLC
tracted twice with 400 pl of 9% aqueous 1-butanol with sonication. The was mixed with 1 nmol each of unlabeled D-arabinitol and L-arabinitol
pooled supernatants were taken to dryness,
redissolved in 5% l-propa- and submitted to mild acid hydrolysis, as described above, desalted
nol, 0.1 M ammonium acetate, and loaded onto a 1-ml octyl-Sepharose through 400 pl each ofAG 50-X12 (H') over AG3-X4 (OH-), dried,
column equilibrated in the same solvent. The
column was washed with redissolved in 20 pl of 1 N NH,OH, and reduced for 2 h a t room tem5 volumes of starting solvent and batch eluted with 2volumes of 40%
perature with 10 plof unlabeled 1M NaBH,. The reaction mixture was
1-propanol. The 40% 1-propanol eluate, containing LPG, was freeze- then treated as for the standards, except that paper chromatography
dried. [3H]Ara-labeled LPG was depolymerized (40 mM trifluoroacetic was omitted. Sample and standards were transferred into 1-ml glass
acid, 8 min, 100 "C), and the acid was removed by evaporation. The
vials withTeflon-lined caps, driedfrom 20 pl of ethanol, andredissolved
products were dissolved in 10 mM ammonium bicarbonate and applied in 10 p1of 10% dimethylaminopyridine in pyridine. Samples were deto a column (0.5 ml) of QAE-Sephadex A 2 5 equilibrated in the same
rivatized at 65"C with foursuccessive additions of 20 p1 of pyridine and
buffer. The column was washed with 4 ml of 10 mM ammonium bicar- 5 pl of 1 M Mosher's acid chloride in dry chloroform a t 1-h intervals.
bonate, and the phosphorylated repeats were
recovered by elution with Completeness of the reaction was checked by HPTLC on an aliquot of
2 mlof 1M ammonium acetate. The phosphorylated repeat fraction wasthe standards. The reaction was stopped by the addition of 300 pl of
freeze-dried, treated with alkaline phosphatase (4 units in 20 pl of 10 chloroform and 500 pl of saturated NaHCO,. The aqueous phase was
mM ammonium bicarbonate, 16 h, 37 "C), and reduced with
NaBH, (by discarded, and the organic phase was washed four times with
500 pl of
the addition of 5 pl of 1 N NH,OH and 10 pl of 1M NaBH,, 1 h, room water, evaporated under nitrogen, and then the residue wasdissolved
temperature). The neutral and reduced
LPG repeats were desalted
in toluene and applied toa 300-pl SilicaGel 60 column equilibrated in
through AG 50-X12 (H') (200 pl), dried, redried twice from methanol, toluene. Thecolumn was eluted with ml
4 of toluene, andthe eluate was
desalted through AG 50-X12 (H') over AG 3-X4 (OH-) (100 pl of each) taken to dryness. The sample was partitioned between water and toluand analyzed by Dionex HPLC as described previously (McConville et ene to remove residual silica, and the toluene phase was dried and
al., 1990). Alternatively,the acid-labile p-D-Arap residues were directly analyzed by Silica Gel 60 HPTLC. The overall yield of the radioactive
released from [3HlAra-labeled LPG by mild acid hydrolysis (40 mM
arabinitol derivative was about 30%.
trifluoroacetic acid, 1 h, 100 "C) (McConville et al., 19901, separated
ThinLayer Chromatography-Monosaccharides
were resolved on
from unhydrolyzed material by passage through AG 50-X12 (H') over cellulose TLC withthreesuccessivedevelopmentsinethylacetate/
AG 3-X4 (OH-), and analyzed by Dionex HPLC (see below).
pyridine/water (4:2:1, v/v) (Schneider et al., 1993). Unlabeled standards
Liquid Chromatography-Nucleotides, sugar nucleotides, and other (10 nmol each, except Man, 50 nmol) were detected by silver staining
negatively charged compounds were resolved
by HPLC (Merck-Hitachi (Chaplin, 1986). Mosher's acid derivatives of arabinitol were analyzed
L-6210) on a Partisil 10-SAX-250Acolumn (4.6 x 250 mm) (HiChrom, by Silica Gel 60 HPTLC using either ethyl acetatekoluene (2:8, v/v) or
Reading, United Kingdom) eluted a t 1.5 ml.min-' with a gradient of 5 toluene to assess completeness of the derivatization. Resolution of the
mM KH,PO, (Buffer A) to 0.5 M KH,PO, (Buffer B). The pHof buffer B diastereoisomers was obtained by developing the HPTLC 12 times in
was approximately4.4 and was not adjusted. The eluate was monitored
petroleum ethedtoluene (l:l, v/v). Tritiated samples were detected by
for UV absorbance a t 262 nm. The elution gradient was
as follows: 0% fluorography after spraying with En3Hance (DuPont NEN).
B for 4 min, then increase to9% B over 30 min, then to 46% B over 15
min, then to 100% Bover 10 min, and finally heldfor 25 min in 100%
RESULTS AND DISCUSSION
B prior to re-equilibration (Pels
Rijcken et al.,1990). Fractions (0.6 min,
0.9 ml) werecollected, and radioactivity was detectedby liquid scintilThe structure of the GDP-a-D-Ara sugar nucleotide isolated
lation countingof aliquots. The system was calibrated with a mixture
of from L. m a j o r and the chemical reactions used to support this
2.5 nmol each of phosphonucleosides and sugar nucleotides injected in structure are summarized in Fig. 7.
the same volume and buffer as the samples. For resolution of sugar
Isolation of a Novel G D P - c o n t a i n i n g S u g a r Nucleotidenucleotides containing the same nucleotidemoiety, the Partisil 10-SAX
Soluble metabolites of L. m a j o r V121 were extracted using an
column was eluted at 1.5 ml.min" with a gradient of 5 mM Na,B,O,
(Buffer A')to 0.2 M Na,B,O, (Buffer B'). The pHof buffer B' was about acid-free protocol in order to minimize degradation of acid9.2 and was not adjusted. The elution gradient was
as follows: 2 min in labile
sugar
nucleotides. Parasites were extracted
with
0%B', then increase to100% B' over 40 min, and finally heldat 100% chlorofodmethanovwater,
and
water-soluble
metabolites
B' for 10 min before re-equilibration. The column was stored in 5 mM were separated from lipids by phase partitioning between waKH,PO, immediately after analyses in borate buffers werecompleted.
ter and 1-butanol. The water-soluble fraction of promastigotes
Tritiated neutral monosaccharides were resolved by Dionex HPLC
using a Carbopack PA1 column (4 x 250 mm) with isocratic elution at metabolically labeled with commercial [2-3H]Glcwas fractionated by anion-exchange chromatography (Fig. 1).Most com0.6 ml.min" in 15 mM NaOH (Schneider et al., 1993). Co-injected unlabeled monosaccharide standards (10
nmol each) were detected by
pounds eluting after 20 min were readily identified as nucleopulsed amperometric detection. Radioactivity was detected by liquid side di- and triphosphates, NADP, UDP-N-acetylhexosamine,
scintillation counting.
UDP-hexose, and GDP-hexose by co-chromatography with auChemical a n d Enzymatic Hydrolyses-Mild acid hydrolyseswere
1)and by their sensitivity or resistance
thentic
standards (Fig.
performed on the initial aqueous extracts and on relevant peak fracnucleotides incorporated
tions eluted from the SAX column in phosphate buffer. Samples were t o alkaline phosphatase. The fact that
adjusted to pH2.5, by the additionof 1N H,SO,, and heated for 15 min the label suggested that partof the L3H1Glchad been converted
at 100 "C. The pH of the hydrolysate was then adjusted to7-8 by the to ribose. Indeed, the amount of radioactivity associated with
addition of a mixture of 5 M NaOH and 1M acetic acid (2:1, v/v) in order
nucleoside di- and triphosphates was reduced by between 30
to allow subsequent digestion with alkaline phosphatase
(5 units, 6 h at and 80%when cells were labeled in thepresence of 2 mM ribose
37 "C).
(data not shown). A relatively minor UV-absorbing compound,
Base hydrolysis was performed a t 60 "C in 110 mM KH,PO,/NaOH
eluting shortly after GDP-Man, was consistentlylabeled to
buffer at pH 11.5, in the presence of 10 mM NaBH,. Aliquots of 115 pl
were removed after 0, 10,30,60, 120, and240 min, neutralized with 16 high specific activity (Fig. 1,compound X). This compound was
pl of 1 N acetic acid, and diluted to 1 ml with water prior to HPLC
resistant to alkaline phosphatase treatment (data notshown).
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FIG.1. Anion-exchangechromatography of L. mqJor nucleotide fraction. Promastigotes were metabolically labeled with commercial [2-3HlGlcin the presence of ribose. Nucleotides in the soluble
extract were separated by SAX HPLC. The U V trace and the eluted
radioactivity are shown in panels A and B, respectively. The peak
marked X did not co-chromatograph with any of the sugar nucleotide
standards. The peaks labeled 1-12 were identified by co-chromatography with authentic standardsas: peak 1 , GMP; peak 2 , UDP-HexNAc;
peak 3, UDP-Hex; peak 4 , GDP-Hex;peak 5,UDP and NADP; peak 6,
C D P peak 7, A D P peak 8, GDP; peak 9,U T P peak 10, C T P peak 11,
ATP peak 12, GTP.

0

20

40

Tlme [mln]

60

Time [min]

FIG.2. Identification of the nucleotide moietyof compound X
as GDP. Biosynthetically labeledcompound X (Fig. 1)was rechromatographed by SAX HPLC before (panels A and B )and after(panels C and
Dl mild acid hydrolysis. The mild acid-hydrolyzed material was also
analyzed by SAX HPLC after digestionwith alkaline phosphatase(panels E and F ) . The elution positions of UDP, CDP, ADP, and GDP are
indicated by U , A, C , and G , respectively. UV absorbance at 262 nm is
shown in panels A, C, and E. Radioactivity was monitored by liquid
scintillation counting (panels B,D,and F ) .

Compound X was completely hydrolyzed by mild acid treatment to yield a neutral radioactive product and a negatively
charged UV-absorbing product (Fig. 2). The latter compound
co-chromatographed with authentic GDP and was sensitive to
alkaline phosphatase (Fig. 2). From these results, we deduce
that compound X is a sugar nucleotide consisting of a neutral pyranose configuration ( h a p contains cis-hydroxyl groups a t
labeled sugarin glycosidic linkagetotheP-phosphate
of C-3 and C-4 whereas Araf contains no cis-hydroxyl groups). The
guanosine diphosphate. Sucha structure is consistent with thestructure of the sugar nucleotide could therefore be refined t o
elution of compound X close to GDP-Man.
GDP-ha,.
The Novel Sugar Nucleotide Is GDP-Ara-Radioactivity reThe Arap Residue Is the a-Anomer-The anomeric configuraleased from compound X by mild acid hydrolysis co-chromato- tion of the h a p residue was inferredfrom the products of mild
graphed with authenticAra on both cellulose TLC and Dionex base hydrolysis in the presence of NaBH,. There are three
HPLC and was clearly resolved from a range of other neutral distinct mechanisms of base-catalyzed sugar nucleotide hymonosaccharides (Fig. 3). These resultsdefine the sugarnucle- drolysis, all of which are dependent on the presence of an hyotide as GDP-Ara.
phosphodiestergroup.
droxyl group at C-2 adjacenttothe
The Ara Residue Is in the Pyranose Ring Form-The ring When these groups are cis, the initial reaction products are
structure (pyranose or furanose) of the Ara residue was de- nucleoside monophosphate and a sugar 1,2-cyclic phosphate.
duced by anion-exchange chromatography in the presence of The latter product slowly undergoes ring opening to form a
borate ions. The presence of cis-hydroxyl groups ina monosac- mixture of aldose 1-phosphate and alditol 2-phosphate. UDPcharide promotes the formation of boronate complexes, which Gal and GDP-Glc are hydrolyzed by this mechanism, whereas
are negatively charged and therefore retarded by anion-ex- UDP-GlcNAc (which has no hydroxyl group at C-2) is base
change chromatography. Thus, while GDP-Man and GDP-Glc stable (Table I and Fig. 5 A ) . When the phosphodiester and the
co-chromatograph by conventional SAX HPLC eluted with C-2 hydroxyl groups are trans, there will be an equilibrium
phosphate buffer, GDP-Man (cis-hydroxyl groups at C-2 and mixture of trans diaxial and trans diequatorial forms, due t o
C-3) isretardedwithrespectto
GDP-Glc (no cis-hydroxyl the interconversion of the ,C1 and the'C, ring conformations of
groups) by SAX HPLC eluted with borate buffer. Chromatog- the sugar. Each
of these forms will undergo a different hydrolyraphy of GDP-[3H]Araby SAX HPLC in the presence of borate sis reaction. The trans diaxial form will hydrolyze via a 1,2ions showed that it eluted much closer to GDP-Man than to epoxide intermediate (Cawley and Letters, 1971)to yield a
GDP-Glc, strongly suggestingthat it contains cis-hydroxyl nucleoside diphosphate and an alditol. The trans diequatorial
groups3 (Fig. 4). This suggests that the Ara residue is in the form will hydrolyze via a 1,2-cyclic phosphate intermediate to
yield a nucleoside monophosphate and a mixture of aldose

Anion-exchange chromatographyin borate bufferproved to be useful to purify compound X extracted from promastigotes grown in complete mediumin thepresence of fetal calf serum. Indeed, when promas- The natureof this contamination has not been determined, but it eluted
tigotes were grown under these conditions, one or several compounds before compound X during asecond step of anion-exchange chromatogand therefore be removed (data not shown).
coeluted with compound X during anion exchange in phosphate
buffer. raphy in borate buffer could

Identification of GDP-Ara

A
200

TABLEI
Products of mild base hydrolysis in the presence of NaBH, of
GDP-Ara, and of other nucleotide sugars
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Characterized by their retention timeon SAX HPLC, susceptibility
or resistance to alkaline phosphatase andmild acid treatment, and by
comigration of the released neutral radioactivity with
aldose and alditol
standards on Dionex HPLC.
* Not determined.
Intermediate reaction product representing up to70% of the total
radioactivity in the early time points (see
Fig. 5).
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FIG.3. Identification of the monosaccharide moiety of compound X as Ara. Biosynthetically labeled compound X (Fig. 1) was
submitted to mildacid hydrolysis, and the
3H-labeled neutral monosaccharide product was analyzedby Dionex HPLC (panel A) and
cellulose
TLC (panel B ) . Radioactivity was detected
by liquid scintillation counting andfluorography, respectively. The elutionor migration positionsof
various neutral monosaccharide standards are indicated in both cases
Xyl, xylose; Fuc, fucose.
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FIG.4. Determination of the conformation of the Ara residue
in GDP-Ara by SAX HPLC in borate buffer. Biosynthetically labeled compound X (Fig. 1)was rechromatographedon SAX HPLC using
a borate buffer system. Radioactivity was detectedby liquid scintillation counting. The elution positions of co-injected unlabeled GDP-Glc
and GDP-Man internal standards, detectedby UV absorbance, are indicated.

c

3

!llL!zz
0

0

60

120

180

240

Time of hydrolysis [mln]

1-phosphate and alditol 2-pho~phate.~
The ratio of the final
products is dependent on the relative energies of the transition
states of the two reactions, which in turn is dependent on the
nature of the sugar. GDP-Man is hydrolyzed through these
mechanisms and thus yields three carbohydrate products:
mannitol, mannitol 2-phosphate, and Man-1-phosphate (Table
I and Fig. 5 B ) .
The results of the base hydrolysis of purified GDP-Ara, are
shown in Fig. 5C and Table I. GDP was the main UV-absorbing
product, and three 3H-labeled carbohydrate products were

FIG.5. Determination of the anomeric configurationof theAra
residue in GDP-Ara.UDP-[3H]Gal and GDP-f3H]Man standards, and
GDP-[3H]Arawere subjected tomild base hydrolysis in thepresence of
NaBH, (panelsA, B, and C , respectively). At various times, aliquotsof
the hydrolysates were separatedby SAX HPLC, and the ratiosof sugar
nucleotide (filledcircles),sugar 1,a-cyclic phosphate (open circles),
sugarmonophosphate
(open squares),andneutralsugar(filled
squares) were determined. The identities
of the sugarcyclic phosphate
and sugar monophosphates aredescribed in Table I. The GDP-[3HlAra
sample contained unlabeled internal standards
of GDP-Man and UDPGal, which released UV-absorbing GDP and UMP upon hydrolysis, respectively (not shown). In this particular sample, the t, of GDP-Man
was 90 min, and the tnof UDP-Gal was 8 min.

The ratio of aldose 1-phosphate to alditol 2-phosphate is 4:l upon
the opening of the l,2-cyclic phosphate when this is trans diequatorial. identified: arabinitol (75%), arabinitol 2-phosphate (5%), and
This ratio is reversed when the
1,2-cyclicphosphate intermediate is cis Ara-1-phosphate (20%).Generation of these products can only
(see TableI).
be explained if the Ara, residue is in the a anomeric configu-
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ration. The structureof the sugarnucleotide could therefore be
further refined to GDP-a-Ara,.
It isworth noting that GDP-ha, undergoes more rapid hydrolysis than GDP-Man (Table I). Presumably, the lack of an
exocyclic C-6hydroxymethyl group in h a p confers greater ring
flexibility and thus may potentiate the formation of the 1,2epoxide intermediate.
The Ara Residue Is in the D Configuration-The absolute
configuration of the Ara residue (D or L) was determined after
reduction of mild acid-released [3H]Ara to [3H]arabinitol and
derivatization with a pure enantiomer of Mosher's acid chloride. The Mosher's acid derivatives of D- and L-arabinitol are
diastereoisomers that can be resolved by Silica Gel 60 HPTLC.
The [3H]arabinitol derivative co-migrated with the authentic
D-arabinitol derivative and not with the
L-arabinitol derivative

(Fig. 6). The structure of the sugar nucleotide could therefore
be refined to GDP-a-D-ha, (Fig. 7).
GDP-Ara, Ara-1-PO, and LPG Are Biosynthetically Labeled
with [5-3H]~-Ara-When cells were labeled with [2-3HlGlc(see
Fig. 1) the GDP-Ara was found t o have a surprisingly high
specific activity as compared with the other sugarnucleotides.
However, we found by cellulose TLC and Dionex HPLC that
approximately 3% of the commercial Glc preparation was in
fact [3HlAra (most likely [1-3H]~-Ara),
suggesting that a large
proportion of the label in GDP-Ara came from this trace contaminant. Indeed, GDP-Ara could be easily labeled with synthetic [ 5 - 3 H ] ~ - h(Fig.
a
8).
Only one other soluble metabolite
was
labeled with
[Ek3H]Ara.This compound eluted very close to GMP but did not
display anymeasurable absorbance at 262 nm (data not
shown). This latter compound was sensitive to alkaline phosf phatase as well as to mild acid hydrolysis, yielding neutral Ara
in both cases. In addition, the compound yielded Ara when it
was firstreduced with NaBH, and thensubmitted to mild acid
hydrolysis but yielded arabinitol when submitted to the same
reactions in the reverse order. These data indicate that this
compound is Ara-1-PO,.No
apolar lipid was labeled with
[5-3H]Ara,making it very unlikely that dolichol phosphate-type
activated sugar donors are involved in the transferof arabinosyl residues to LPG (data not shown).
In addition to ha-1-PO4 and GDP-ha,LPG was biosynthetically labeled with [5-SH]Araunder the sameconditions. When
LPG was subjected to mild acid hydrolysis, under conditions
known to release the acid labile P-D-Ara, residues of LPG (McConville et al., 1990), greater than 80% of the radioactivity
became neutral and comigrated with Ara onDionex HPLC
(data not shown). Dephosphorylated and reduced repeats of the
LPG were also prepared. These radiolabeled oligosaccharitols
were resolved by Dionex HPLC into two components (in a ratio
of 4:1)that coeluted with authentic standards ofArapl-2Galpl0"
3Galpl-4Man-01 and Ara~l-2Gal~l-3Gal~1-3Gal~l-4Man-ol,
respectively. No radioactivity was detected at theelution posiD L
D XL
FIG.6.Determination of the absoluteconfiguration of the Ara tions of non-arabinosylated repeats (McConville et al., 1990).
residue in GDP-ha. [3H]-labeledAra wasreleased from GDP-Ara by These data demonstrate that theLPG was labeled only in its
mild acid hydrolysis, reduced, acylated with optically active Mosher's arabinosyl residues.
acid chloride, purified, and analyzedby HPTLC. This sample (lane X)
Ara-1-PO, and GDP-Ara Are Precursors of Arabinosyl Resiwas applied to the HPTLC plate together with identically processed
standards of ['HI~-arabinitol and ['HID-arabinitol (lanes D and L,re- dues in LPG-Promastigotes were labeled with [5-3HlAra for
spectively). Radioactivity was detectedby fluorography.
15 min and then eitherlabeled for a further 45 min or chased

.

OH'MaBH,
L

Arabinitol (75%)

L

+GDP

'

OH'MaBH4

Arabinitol-2-phosphate (5%)

+
Ara-1-phosphate (20%)

OH

HO

+GMP

FIG.7. Proposed structureof the GDP-a-D-Ara, sugarnucleotide.GDP-a-u-Ara, is shown in its 'C1 (top)and 'C, (bottom)conformations.
The products of mild acid hydrolysis (seeFigs. 2, 3, and 6), borate complexation (see Fig. 4), and mild basehydrolysis (see Fig. 5 ) are shown. The
structures shown insquare brackets are putative short-lived intermediates that have not been directly characterized.

Identification of GDP-Ara
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Summary-Ara,-containing sugar nucleotides are known to
occur in plants and brown algae (Feingold and Barber, 1990).
These sugar nucleotides are UDP-p-L-Ara, (described in plants
and brown algae) and ADP-p-L-Ara, and GDP-p-L-Ara, (described in certainspecies of brown algae). However, these molrather than D-Ara, and, to our
ecules are based on
to a few trypanosomatid
knowledge, the latter sugar unique
is
protozoan parasites. The small quantities of the novel sugar
nucleotide present in the L. major promastigote cell extracts
(approximately 0.8 nmoY1O1Ocells, based on UV absorbance)
prevented directchemical analysis by techniques suchas NMR.
However, the data presented here strongly suggest that the
structure of this sugar nucleotide is GDP-a-D-Ara, (Fig. 7).We
believe that thisis the firstdescription of this sugarnucleotide
or indeed of any activated D - A r a donor from natural sources.
This sugar nucleotide is used by the parasite to add the terminal p-~-Ara,,
residues found in L.major LPG. The identification
of this donor opens the way for its chemical synthesis and for
subsequent purification and characterization of the parasite
p-arabinosyltransferase(s).
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