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Concanavalin A (ConA) Kkills the procyclic (insect) form of Trypanosoma brucei by binding to its major
surface glycoprotein, procyclin. We previously isolated a mutant cell line, ConA 1-1, that is less agglutinated
and more resistant to ConA Kkilling than are wild-type (WT) cells. Subsequently we found that the ConA
resistance phenotype in this mutant is due to the fact that the procyclin either has no N-glycan or has an
N-glycan with an altered structure. Here we demonstrate that the alteration in procyclin N-glycosylation
correlates with two defects in the N-linked oligosaccharide biosynthetic pathway. First, ConA 1-1 has a defect
in activity of polyprenol reductase, an enzyme involved in synthesis of dolichol. Metabolic incorporation of
[*H]mevalonate showed that ConA 1-1 synthesizes equal amounts of dolichol and polyprenol, whereas WT cells
make predominantly dolichol. Second, we found that ConA 1-1 synthesizes and accumulates an oligosaccharide
lipid (OSL) precursor that is smaller in size than that from WT cells. The glycan of OSL in WT cells is
apparently Man,GlcNAc,, whereas that from ConA 1-1 is Man,GlcNAc,. The smaller OSL glycan in the ConA
1-1 explains how some procyclin polypeptides bear a Man,GlcNAc, modified with a terminal N-acetyllac-

tosamine group, which is poorly recognized by ConA.

Trypanosoma brucei is a protozoan parasite that causes
sleeping sickness in Africa. Trypanosomes dwell in the blood-
stream of their mammalian host and are transmitted from one
mammal to another by a tsetse fly vector. The bloodstream
stage of the parasite can be obtained in the laboratory either
from infected rodents or from culture. The procyclic stage,
which is the subject of this study, inhabits the tsetse midgut and
is also easily cultured. Both stages have major glycosylphos-
phatidylinositol (GPI)-anchored glycoproteins that form a sur-
face coat. Bloodstream parasites are coated with a variant
surface glycoprotein that functions in immune evasion (6). The
coat of procyclic trypanosomes is composed of procyclins, gly-
coproteins of unusual structure that are important for parasite
development in the insect vector (3, 22, 32, 35).

There are two major forms of procyclin. EP-procyclins have
an N-terminal domain of 27 to 35 residues and a C-terminal
domain of 22 to 30 EP repeats followed by a single G. The
N-terminal domain of GPEET-procyclin has 21 residues, and
its C terminus has five or six GPEET repeats followed by
EPEPEPG (2, 5, 21, 30, 31, 37). In addition to the GPI an-
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chors, which are unique because of their exceptionally large
and heterogeneous glycan side chains (8, 37), EP- but not
GPEET-procyclin has a MansGlcNAc, glycan, which is un-
usual in that it has no microheterogeneity (11, 37).

We recently isolated two mutants of procyclic 7. brucei that
are defective in N-glycosylation (11). We selected these mu-
tants, ConA 1-1 and ConA 4-1, from chemically mutagenized
cultures by incubation with concanavalin A (ConA). ConA not
only agglutinates wild-type (WT) procyclic trypanosomes but
also kills them by an undefined cell death mechanism (26, 38).
Characterization of the N-glycans on ConA 1-1 (1, 11, 12)
revealed that its procyclin (mainly the product of the EPI-3
gene) has a hybrid-type N-glycan containing a terminal N-
acetyllactosamine (Fig. 1B shows its structure and a compari-
son with that of WT [Fig. 1A]). The ConA 1-1 N-glycan binds
ConA with affinity lower than that of the WT. Furthermore,
the occupancy of the ConA 1-1 procyclin glycosylation site is
significantly less than that of procyclin in WT cells, which is
virtually 100% (1). ConA 4-1 mutant cells, on the other hand,
despite expressing altered N-glycans with the same structure as
those found in ConA 1-1, are even more resistant to ConA.
The major reason for their high resistance is their predominant
expression of EP2-procyclin, the only member of the EP-pro-
cyclin family that lacks a site for N-glycosylation (1).

In this paper we explore the biochemical defects of ConA
1-1 that account for the alteration in its N-glycosylation. We
find that it has two defects: one in the reduction of polyprenol
to dolichol and the other in synthesis of the N-glycan precur-
sor. WT cells apparently synthesize Man,GlcNAc,-PP-doli-
chol, whereas ConA 1-1 makes a smaller precursor,
Man,GlcNAc,-PP-dolichol. Both defects could result in al-
tered glycosylation of procyclin.
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FIG. 1. Structure of procyclin N-glycans from WT and mutant try-
panosomes. (A) WT; (B) ConA 1-1 (1, 11, 12). “+/=" indicates het-
erogeneity in ConA 1-1 N-glycan.

MATERIALS AND METHODS

Cell culture. WT procyclic 7. brucei (strain 427-60) was a gift of Mary Lee
(New York University). The ConA 1-1 mutant was obtained after mutagenesis
and selection with ConA (11). Cells were maintained at 27°C in SDM-79 medium
(4) supplemented with 10% fetal bovine serum (Life Technologies). Crithidia
fasciculata was cultured at room temperature in brain heart infusion (Difco
Laboratories, Inc.) containing 10 pg of hemin/ml.

Radiolabeling with mevalonolactone. WT or mutant trypanosomes in SDM-79
medium were diluted to a concentration of about 10° cells/ml. Cells were cen-
trifuged (4°C, 2,500 X g, 10 min) and resuspended in 40 ml of the same medium
containing 1.5 pM [5-*H]mevalonolactone (NEN Life Science Products, Inc.; 20
to 40 Ci/mmol) at either 25 or 50 p.Ci/ml (cell concentration, 1.5 X 10%/ml). Cells
were then incubated at 27°C for at least 36 h. After centrifugation they were
resuspended in 3 ml of methanol.

Analysis of total prenols. After saponification of the cell suspension, the
base-stable lipids were extracted into ether and neutralized, followed by enzy-
matic dephosphorylation (27). Lipids were then fractionated by size-exclusion
chromatography on a Toyopearl HW-40S (Tosohaas, Philadelphia, Pa.) column
as described previously (27) except that dolichol-11, polyprenol-11, coenzyme
Q,, cholesteryl oleate, and cholesterol (Sigma) were used as unlabeled internal
standards. Fractions from this column, which separates the larger prenols from
sterols, were pooled based solely on the elution of the internal standards. Prenols
were then analyzed by normal-phase silica high-pressure liquid chromatography
(HPLC) (27).

Analysis of phosphorylated and neutral prenols. [*’H]mevalonate-labeled try-
panosomes (5 X 10% cells) were extracted twice with 9 ml of chloroform-
methanol (2:1, vol/vol) to obtain neutral prenols, prenyl phosphate, and
monosaccharyl-phosphorylated prenols. The pellet was further extracted
three times with 3 ml of chloroform-methanol-4 mM MgCl, (10:10:3, vol/
vol/vol) to obtain oligosaccharide lipid (OSL). The chloroform-methanol
(2:1, vol/vol) extracts were applied to a DEAE-cellulose column equilibrated
in chloroform-methanol (2:1, vol/vol). Neutral lipids were washed off the
column in chloroform-methanol (2:1, vol/vol), and the phosphorylated lipids
were then eluted by addition of chloroform-methanol (2:1, vol/vol) containing
250 mM ammonium acetate. Salt in the latter fractions was removed by
partitioning with a 1/5 volume of saline. The neutral lipids, phosphorylated
lipids, and OSLs were dried under nitrogen and resuspended in 3 ml of
methanol. All lipids were then saponified by adding 1.5 ml of 60% KOH and
heating them at 100°C for 1 h. Internal standards consisting of pig liver
[**C]dolichol (a gift from W. J. Lennarz) and ['*C]dolichyl phosphate (a gift
from Adina Kaiden) were added to the neutral and phosphorylated lipid
samples, respectively. The mixture was cooled, and the lipids were extracted
with an equal volume of ether. The ether phases were neutralized by extrac-
tion with an equal volume of 5% acetic acid. The phosphorylated lipids were
treated with acid phosphatase (27). The long-chain prenols were separated
from other labeled lipids such as sterols and lower-molecular-weight prenols
by size-exclusion chromatography on a Toyopearl HW-40S column as de-
scribed previously (27) with cholesterol, cholesteryl oleate, pig liver dolichol,
undecaprenol, dolichol (Css), and ubiquinone-9 as internal standards. The
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identity of the prenol, as polyprenol or dolichol, was determined by adsorp-
tive HPLC (Dionex BioLC, Sunnyvale, Calif.) as described previously (33).
The data from the HPLC were normalized per 10® cells and for the recovery
of radiolabeled internal standard.

Preparation of cell lysates and radiolabeling of OSL. Hypotonic lysates of WT
and ConA 1-1 trypanosomes were prepared as described previously (18) except
that the addition of tunicamycin was omitted during preparation of the mem-
branes. For labeling OSL and other glycolipids, we used a protocol designed for
synthesis of GPIs (18). Thawed cell lysates (0.4 to 0.8 ml) were washed twice with
10 ml of HKML buffer (50 mM HEPES [pH 7.4], 25 mM KCI, 5 mM MgCl,, 1
pg of leupeptin/ml) by centrifugation (5,800 X g for 10 min at 4°C). The mem-
branes (8 X 107 cell equivalents) were suspended in HKML buffer (final volume,
120 pl) and further incubated for 1 to 2 min at 27°C with 5 mM MnCl,-1 mM
dithiothreitol-1.2 mM ATP (tunicamycin at 1.6 pg/ml was added for some
experiments). The Man-containing glycolipids were pulse-labeled by transferring
the membranes (2 X 107 cell equivalents) into another tube (final volume, 20 pl)
containing GDP-[3,4-°*H]Man (Dupont; 15.5 Ci/mmol, 5 wCi/ml) and 2 mM
UDP-GIcNAc for 5 min. As indicated, the reaction was chased with 1 mM
nonradioactive GDP-Man for 20 min at 27°C. Reactions were terminated by
adding CHCl;-CH;O0H (1:1, vol/vol) to give a final CHCl;/CH;OH/H,O ratio of
10:10:3 (vol/vol/vol). Lipids were extracted for 10 min in a bath sonicator, and the
insoluble debris was removed by centrifugation. The organic supernatant was
dried under a stream of nitrogen, and the lipids were extracted by adding 100 pl
of n-butanol and 100 pl of water. After a quick centrifugation, the organic upper
phase was saved and the lower aqueous phase was reextracted twice with 100 .l
of water-saturated n-butanol. The pooled organic phases were then dried in a
Speed Vac concentrator and resuspended in 10 pl of CHCl;-CH;0H-H,O
(10:10:3, vol/vol/vol) for loading on thin-layer chromatography (TLC) plates.

TLC analysis. For the experiments shown in Fig. 3, [’H]Man-labeled lipids
were loaded onto a predried silica gel 60 TLC plate (Merck) and resolved using
the solvent CHCl,-CH;0H-H,O (10:10:3, vol/vol/vol). The plate was sprayed
with En*Hance (Dupont) and exposed to preflashed X-Omat X-ray film (Kodak)
at —80°C. For preparative TLC, labeled glycolipids were resolved in CHCl,-
CH;0H-0.25% KCI (55:45:10), a solvent system yielding better resolution of
mature OSL. Mature OSL was extracted from the silica with 200 wl of CHCI;-
CH;0H-H,0 (10:10:3, vol/vol/vol) followed by CH;OH-pyridine-H,O (2:1:2),
and glycolipids were subjected to mild acid hydrolysis and P4 analysis as de-
scribed below. For glycan analysis (Fig. 5), samples were fractionated on a
predried TLC silica gel 60 (Merck) by being run three times with n-butanol-
acetone-water (6:5:4). After development, plates were processed for autoradiog-
raphy as indicated above.

Mild acid hydrolysis. Dried [*H]Man-labeled lipids were resuspended in 100
wl of 0.1 M HCI and heated at 100°C. After 15 min the tubes were placed in
ice-water, and the released glycans were separated from glycolipids by extraction.
n-Butanol (100 wl) was added, and the sample was equilibrated twice with 100 pl
of water-saturated n-butanol. Glycans, in the aqueous phase, were dried in the
Speed Vac concentrator and dissolved in either 40% 1-propanol (for TLC anal-
ysis) or water (for P4 analysis).

In vivo labeling of C. fasciculata cells. Log-phase cells (10%) were harvested by
centrifugation and washed once in phosphate-buffered saline and once in RPMI
1640 (Gibco) containing 25 mM HEPES (pH 7.4), 10 pg of hemin/ml, 2% bovine
serum albumin, and 3 mg of glycerol/ml (medium A). Cells were then incubated
for 10 min at 27°C in 1 ml of medium A and then labeled with 100 pnCi of
[*H]Man (Dupont; 22.2 Ci/mmol) for 20 min with gentle shaking. The parasites
were then centrifuged for 30 s in a microcentrifuge, and the pellet was extracted
three times with 250 pl of CHCl;-CH;0OH-H,0 (10:10:3, vol/vol/vol). The lipids
were recovered by n-butanol-water partition as described above. Total labeled
lipids were subjected to mild acid hydrolysis, and the released N-glycans were
recovered as described above.

Gel filtration. Glycans were analyzed by Bio-Gel P4 chromatography with an
Oxford Glycosystem GlycoMap and detected by liquid scintillation counting of
the fractions. The size of the glycans was determined as glucose units (GU),
relative to the elution positions of coinjected unlabeled p-Glc dextran oligomers
(Oxford Glycosystems), which were detected by monitoring the refractive index.

RESULTS

ConA 1-1 mutants have a defect in the conversion of poly-
prenol to dolichol. Since previous studies had shown that the
glycosylation defect in a line of ConA-resistant CHO cells
resulted from a lack of polyprenol reductase activity (13), we
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FIG. 2. Identification of the prenol in WT T. brucei and ConA 1-1. (A) Synthesis of dolichol from polyprenol by polyprenol reductase.
(B) Lipids, which were labeled during a 36-h incubation of growing cells with [*H]mevalonolactone, were extracted, saponified, and dephospho-
rylated. Prenols were then separated from sterols, and the prenols were analyzed on a silica column by normal-phase HPLC. The elution positions
of coenzyme Q, (CoQY), polyprenol-11 (P11), and dolichol-11 (D11) were determined by absorbance (4,,,) of internal standards. The elution
positions and the amounts of the radioactive products were determined by counting the entire fraction. The polar metabolites eluting at the

breakthrough have not been characterized.

thought that a similar defect might be present in ConA 1-1.
Polyprenol reductase converts polyprenol to dolichol by reduc-
ing the double bond in the isoprene unit proximal to the
hydroxyl moiety (Fig. 2A). Lack of polyprenol reductase might
contribute to an altered N-glycan structure, as it does in CHO
cells (16). To test this possibility, we incubated cultures of WT
and ConA 1-1 with [*H]mevalonolactone for four to five gen-
erations in order to achieve steady-state labeling of the prenyl
lipids. We then isolated the total prenol fraction and analyzed
the products by HPLC. We found that, whereas WT cells (Fig.
2B) synthesized predominantly (>95%) dolichol, ConA 1-1
had a striking defect in dolichol synthesis, making approxi-
mately equal amounts of dolichol and polyprenol (Fig. 2B). In
both parental and mutant cells, radioactivity coeluted with the
dolichol-11 internal standard, as expected from a previous
study of trypanosome prenols (17). Based on the elution time
of the radioactivity and internal standards, the prenol chain
lengths in the WT and mutant were identical.

Since ConA 1-1 cells produced both prenol lipids, we next
determined whether ConA 1-1 cells preferentially utilized doli-
chol or polyprenol for synthesis of oligosaccharide-PP lipid and
Man-P lipid. We used CHCl;-CH;OH (2:1, vol/vol) to extract
neutral and phosphorylated lipids (e.g., prenol, prenol ester,
prenyl phosphate, Man-P lipid, and small oligosaccharide-PP

lipids) and CHCl;-CH;OH-H,O (10:10:3) to extract larger
oligosaccharide-PP lipids. Identification of the prenols in these
fractions showed clearly that both WT and ConA 1-1 cells
almost exclusively utilized dolichol as the prenol for phosphor-
ylated lipids (Table 1).

The data in Table 1 illustrate another important phenotype
of the ConA 1-1 mutant. Whereas about 80% of the prenol
(dolichol) in WT cells is phosphorylated (as either oligosac-
charide-PP lipid, dolichyl phosphate, or Man-P-dolichol), only
about 23% of the prenol is phosphorylated in ConA 1-1 cells.
The majority of the neutral prenol in WT cells is dolichol,
whereas most of the neutral prenol in ConA 1-1 cells is poly-
prenol (Table 1). Thus, even though ConA 1-1 synthesizes both
dolichol and phosphorylated, glycosylated derivatives of doli-
chol, most of the polyprenol in these cells is not activated for
use in glycosylation reactions.

ConA 1-1 mutants make N-glycan precursors with an oligo-
saccharide smaller than that of the WT. The defect in poly-
prenol reductase could influence the glycan structure of the
OSL precursor, and this, in turn, could account for the altered
glycan structure on procyclin (16). We therefore studied the
OSL precursor to determine whether it differed in structure
between the WT and mutant cells. Our initial approach in-
volved synthesis of glycolipids in a cell-free system consisting of
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TABLE 1. Distribution of dolichol and polyprenol in phosphorylated and neutral prenols of parental and mutant cells”

Prenol (%)

Cell line Total Phosphorylated Neutral
Phosphorylated Neutral Dolichol Polyprenol Dolichol Polyprenol

WT 814 204 98 *1 25+1 77 = 16 23+ 16

ConA 1-1 23+ 19 77 =19 917 9+7 35+9 65*+9

“ Cells were incubated at 27°C with [*H] mevalonolactone for at least 36 h. Labeled lipids were sequentially extracted into chloroform-methanol (2:1) and then into
chloroform-methanol-water (10:10:3) (for analysis of total prenol). Lipids extracted into chloroform-methanol (2:1) were resolved into phosphorylated and neutral
fractions by chromatography on a DEAE-cellulose column (for analysis of dolichol and polyprenol). All fractions were saponified, and the alkali-resistant lipids were
extracted into ether. Phosphorylated lipids were treated with acid phosphatase. Labeled lipids were fractionated by gel filtration chromatography, and the labeled
prenols were analyzed by normal-phase silica HPLC. The amount of radioactivity was normalized for cell number and in the majority of experiments for the recovery
of labeled internal standards. There were four determinations (three experiments) with WT cells and three determinations (three experiments) with ConA 1-1 cells.

washed trypanosome membranes. Incubation with UDP-
GlcNAc and GDP-[*H]Man radiolabels both OSL and GPI
precursors as well as their biosynthetic intermediates, and
these species can be resolved by TLC (18). As shown in Fig.
3A, synthesis of the most polar [PH]Man-labeled species
(marked OSL) was inhibited by tunicamycin. Since this species
accumulated during a chase with nonradioactive GDP-Man
and was sensitive to mild acid hydrolysis (data not shown), we
concluded that it was a candidate N-glycan precursor. The
major species synthesized in the presence of tunicamycin are
PP1 and P3, the well-characterized GPI anchor precursors of
procyclic trypanosomes (9, 10).

We next conducted a similar experiment to compare the
glycolipid products from WT and ConA 1-1 cells (Fig. 3B).

A.
Pulse: + - + -
Chase: - + -+
Tunic: - - + 4+
)
Dol-P-M— -
Manl
- Rl —
=l e —Man2
= - “SMan3
OSLI g e 40 & —
Ints [~ = —
& = = = —PP1
- ~x
OSL — Rt
OR—
1 2 3 4

Although OSL was synthesized as expected in the WT cell-free
system, it was not produced in the ConA 1-1 system. Instead, a
less polar species, designated mutant OSL, accumulated. Con-
sistent with mutant OSL being an N-glycan precursor, it was
the most polar [PH]Man-labeled species, it accumulated during
the chase, it was sensitive to mild acid hydrolysis, and its syn-
thesis was inhibited by tunicamycin (data not shown). Based on
all of these experiments, we tentatively concluded that mutant
OSL was an oligosaccharide-PP-dolichol whose structure dif-
fered from that of the WT.

Structural characterization of OSL from WT and ConA 1-1
cells. Since the TLC system in Fig. 3 could not distinguish
whether the WT and mutant OSLs differed in their lipid or in
their glycan component, we decided to study the glycans alone,
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FIG. 3. Cell-free synthesis of OSL. Glycolipids were synthesized in a cell-free system containing washed trypanosome membranes. The
membranes were incubated with GDP-[?’H]Man and UDP-GIcNAc and then chased with nonradioactive GDP-Man. In both cases, glycolipids were
extracted with organic solvents, fractionated by TLC, and detected by autoradiography. (A) Synthesis of glycolipids in WT membranes in the
absence or presence of 1.6 ng of tunicamycin/ml (Tunic). (B) Synthesis of glycolipids in WT and ConA 1-1 membranes under the same conditions
as shown in panel A, except that tunicamycin was omitted. Dol-P-M, dolichol phosphoryl-Man; PP1 and P3, GPI precursors; Manl, Man2, and
Man3, GPI biosynthetic intermediates (Ints) with the indicated number of Man residues; X, unknown species.
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i.e., free of the lipid. We labeled the glycans with [*H]Man in
cell-free systems like those in Fig. 3 and purified the OSLs by
TLC. The [*H]Man-labeled oligosaccharide from each OSL
was cleaved using mild acid hydrolysis and then subjected to
Bio-Gel P4 gel filtration (Fig. 4A) and TLC analysis (Fig. 5A).

In contrast to those from other trypanosomatid parasites (24),
the OSL glycan structure of WT T. brucei had not been deter-
mined previously. Gel filtration on Bio-Gel P4 demonstrated that
the WT glycan had a size of 12.5 GU, which is close to the
reported value (12.3 GU) for a Man,GIcNAc, glycan (39) (Fig.
4A). Similarly, TLC analysis (Fig. 5A, lane 3) revealed that it
migrated considerably faster than Glc;Many,GIcNAc,, the well-
characterized OSL species from WT K12 Chinese hamster ovary
(CHO) cells (Fig. 5A, lane 1). Instead, it comigrated with an R,
similar to that of Man,GIcNAc, (Fig. 5A, lane 2), the species
found in MI8-5, a CHO mutant defective in glucosylation of the
N-glycan precursor (28) and with an authentic nonradioactive
ManyGlcNAc, standard. The lack of OSL glucosylation is consis-
tent with OSL structures in other trypanosomatids (24). Taken
together, all these results indicate that the OSL in WT procyclic
T. brucei is ManyGlcNAc,-PP-dolichol (model in Fig. 6).

In contrast to the OSL glycan of WT cells, the ConA 1-1
mutant glycan eluted from the P4 column with an approximate
size of 10.7 GU (Fig. 4B). This finding raised the possibility
that the ConA 1-1 glycan is two hexoses smaller than that of
the WT. Supporting that possibility is the observation that the
glycan from ConA 1-1 OSL migrated on TLC with that from
the C. fasciculata OSL, known to have a Man,GIcNAc, struc-
ture (25) (Fig. 5B, compare lanes 3 and 4). To study the
structures of these glycans in more detail, we then used As-
pergillus saitoi o-mannosidase, an enzyme that selectively
cleaves Manal1-2 linkages. This enzyme cleaved the OSL gly-
can from C. fasciculata (lane 5) or ConA 1-1 (lane 6) to pro-
duce the same product, Man,GIlcNAc,.

DISCUSSION

Deficiency in polyprenol reductase. Our first objective in this
study was to evaluate whether a 7. brucei ConA mutant is
deficient in polyprenol reductase, as a defect in that enzyme
resulted in ConA resistance in CHO cells (13). It is well es-
tablished that the mutant CHO cells accumulate polyprenol,
the immediate precursor of dolichol, rather than dolichol itself,
and that they utilize polyprenol as the lipid carrier of oligosac-
charides involved in N-glycosylation. As a result of having the
incorrect lipid carrier, the major OSL intermediate in ConA-
resistant CHO cells is MansGIcNAc,-PP-polyprenol rather
than Glc;ManyGlcNAc,-PP-dolichol. They also synthesize less
OSL and transfer less glycan to protein. ConA-resistant CHO
cells also accumulate larger amounts of neutral polyprenol
relative to the level of neutral dolichol found in parental cells
(13, 16). We find that ConA 1-1 cells are also deficient in
polyprenol reductase activity, as they make equal amounts of
dolichol and polyprenol (Fig. 2B). This finding contrasts with
that for the CHO mutants, which make only polyprenol (16).
In CHO cells, which are functionally haploid in many loci (36),
the mutation is apparently in the one functional allele for
polyprenol reductase. 7. brucei, on the other hand, is function-
ally diploid at most loci. Therefore, if ConA 1-1 has a mutation
in one allele, it would presumably have half the normal level of
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FIG. 4. Bio-Gel P4 analyses of WT and ConA 1-1 OSL glycans.
[*’H]Man-labeled glycans (labeled in the cell-free system with GDP-
[PH]Man and isolated from hydrolysates of TLC-purified OSL) from
WT and ConA 1-1 cells were mixed with unlabeled dextran Glc oli-
gomers and analyzed by P4 gel filtration. Arrowheads indicate elution
positions of Glc oligomers, starting with Glc, on the right.

polyprenol reductase activity. Unfortunately, we could not
measure activity directly, as an in vitro assay for this enzyme is
not available. Previous cell fusion studies with mammalian cells
suggested that polyprenol reductase activity is a rate-limiting
step in dolichol synthesis (33). The same may be true in 7.
brucei, as ConA 1-1, presumably a heterozygote, makes equal
amounts of polyprenol and dolichol. Interestingly, human cells
with a similar phenotype, making both dolichol and polypre-
nol, have been isolated from patients with carbohydrate-defi-
cient glycoprotein syndrome type I (23).

Although ConA 1-1 cells synthesize oligosaccharide-PP-
dolichol and Dol-P-Man (Fig. 3B), they have a lower fraction
of phosphorylated prenyl intermediates than do WT cells (Ta-
ble 1). A reduced amount of the dolichol intermediates could
be the cause of reduced protein glycosylation and the altered
oligosaccharide-PP lipid in ConA 1-1 (Fig. 3B). Unfortunately,
we could not provide proof that the phosphorylated dolichols
are at a lower concentration in the ConA 1-1 mutant because
of uncertainty of the specific radioactivities of the radiolabeled
lipids. In mammalian cells, an inhibitor of high-mobility-group
protein coenzyme A reductase (mevinolin or lovastatin) had
been used during the labeling protocol in order to ensure that
the specific activity of mevalonate was the same in different cell
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FIG. 5. Structural characterization of OSL oligosaccharides. [*"H]Man-labeled glycans were analyzed by TLC and autoradiography. (A) Lane
1, *H-labeled Gle;ManyGleNAc, from WT CHO cells (K12); lane 2, *H-labeled Mano,GlcNAc, from MI8-5 mutant CHO cells; lane 3, *H-labeled
OSL glycan from WT T. brucei. (B) *H-labeled OSL glycans from MI8-5 CHO cells (lane 1), WT T. brucei (lane 2), C. fasciculata (lanes 3 and 5),
and ConA 1-1 (lanes 4 and 6). Glycans in lanes 5 and 6 were treated with 4. saitoi a-mannosidase (ASAM), and those in lanes 3 and 4 were mock
treated. Positions of glycan standards (2 pg; Sigma) visualized by orcinol-H,SO, staining are indicated on the right. Cf, C. fasciculata glycan.

lines during the labeling reaction (34). Lovastatin, up to 50
1M, had no effect on the growth rate of parental 7. brucei cells,
and thus, it appeared that this drug was not taken up by these
cells or did not inhibit the production of mevalonate or that
prenol synthesis is not essential for growth. Thus, in our label-
ing experiments, we can compare the percentages of lipids in
the various fractions from different cell types but we cannot
compare the absolute amounts of lipids from one cell type to
another.

The reason for accumulation of neutral prenol in ConA 1-1
cells is not known. However, it is possible that the accumula-
tion is due to the substrate specificities of dolichol kinase,
which prefers dolichol over polyprenol (15). Dolichyl phospha-
tase seems to hydrolyze both polyprenyl phosphate (14, 15)
and dolichyl phosphate, and N-acetylglucosaminyl 1-phosphate
transferase (19) and mannosylphosphoryldolichol synthase
(20) both strongly prefer dolichyl phosphate over polyprenyl
phosphate.

The N-glycan precursor in WT and ConA 1-1 cells. The OSL
in WT cells appeared to be Many,GlcNAc,, rather than the
Glc;Man,GleNAc, found in higher eukaryotes. This assign-
ment was based on TLC of the product of the cell-free system
(Fig. 3) and the sensitivity of its synthesis to tunicamycin (Fig.
3). Furthermore, analysis of its oligosaccharide component
(produced by mild acid hydrolysis) by TLC (Fig. 5) and P4 gel
filtration provided evidence for the Man,GIcNAc, structure
shown in Fig. 6. A weakness of this conclusion is that a glucosyl
transferase in our cell-free system could have been inactivated,

even though we conducted some experiments in the presence
of 1.5 mM UDP-glucose (data not shown). We tried to radio-
label the OSL precursor with [*’H]Man in cultured trypano-
somes, in hopes that we could compare the in vivo OSL with
that produced in the cell-free system. However, we were un-
successful in this labeling reaction despite multiple attempts
under different conditions. Nevertheless, there are three rea-
sons why it is highly unlikely that the OSL precursor in procy-
clic T. brucei is glucosylated. These are (i) we reproducibly
produced Man,GlcNAc, in the cell-free system, (ii) none of
the trypanosomatids studied so far seem to glucosylate their
OSL precursors (24), and (iii) Alg6, whose product (UDP-
glucose OSL-glucosyltransferase) transfers the first aGlc to
OSLs (29), is apparently absent in the nearly complete 7.
brucei genome database.

In contrast, experiments like those mentioned in the previ-
ous paragraph (Fig. 3, 4, and 5) provide strong evidence that
the OSL precursor in ConA 1-1 cells has a truncated oligosac-
charide Man,GIcNAc, (see proposed structure in Fig. 6B).
This structure suggests that the second al-6-linked mannose
(marked by an asterisk in the WT glycan, Fig. 6A) is not added
to the growing oligosaccharide of the OSL. Without this man-
nose, and given the ordered pathway for assembly of the gly-
can, a terminal Mana1,2-Manal1,6 branch is not formed. This
would yield the Man,GIcNAc, structure shown. Subsequent
processing of this mutant oligosaccharide after transfer to pro-
cyclin would involve removal of the three a1-2-linked mannose
residues, resulting in the Man,GIlcNAc, intermediate shown in
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FIG. 6. Proposed structure and processing of WT and ConA 1-1 OSLs. After formation of WT OSL (containing ManyGlcNAc,) (A) and ConA
1-1 OSL (containing Man,GlcNAc,) (B), glycans are transferred to EP-procyclins. Whereas the WT glycan is efficiently transferred to procyclins,
those from mutants are only partially transferred, forming underglycosylated proteins. Subsequently, all the a1-2Man residues are removed from
glycans by specific mannosidases, forming procyclins bearing MansGlcNAc, (WT) or Man,GIcNAc, (ConA 1-1). Whereas WT glycans are not
further processed, most glycans in ConA 1-1 EP-procyclins are modified to hybrid types by the addition of an N-acetyllactosamine group to the
terminal a1-3Man residue. *, Man residue in WT whose transfer is defective in ConA 1-1. “(+/—)” indicates that some procyclin glycosylation sites

are unmodified in ConA 1-1 cells.

Fig. 6B. Final processing of this species would involve addition
of the terminal N-acetyllactosamine, forming the mature hy-
brid-type glycan detectable on ConA 1-1 procyclin (Fig. 6B).
Consistent with this processing model, mass spectrometry of
glycans from ConA 1-1 procyclin has revealed small amounts
of Man,GIcNAc, and Man,GIcNAc, species as well as the
major species containing terminal N-acetyllactosamine (11).
Furthermore, in addition to these procyclin species with the
three different glycans, about 50% of ConA 1-1 EP-procyclin is
not glycosylated at all (1). The fact that the vast majority of
ConA 1-1 procyclins either are nonglycosylated or have hybrid
glycans that are poorly bound by ConA explains the resistance
of ConA 1-1 cells to ConA Kkilling. This deficiency in glycosyl-
ation is not found in WT cells, where the procyclins are almost
100% occupied by a single MansGlcNAc, (1, 37). In fact, only
high-mannose oligosaccharides ranging from Man,GlcNAc, to
MansGlcNAc, (the major species) are found linked to total

glycoproteins from WT procyclic cells (12). Thus, in contrast to
bloodstream forms (40), procyclic trypanosomes do not nor-
mally process the MansGlcNAc, intermediate to make either
hybrid- or complex-type glycans. MansGIcNAc, glycan is the
natural substrate for the UDP-GIcNAc-glycoprotein GIcNAc
transferase type I in all systems studied so far, but that does not
seem to be the case for the trypanosome enzyme. Thus, it is
puzzling how procyclic cells are still capable of adding an
N-acetyllactosamine to a Man,GIlcNAc, N-glycan as found in
ConA 1-1 procyclins.

The fact that ConA 1-1 cells make an OSL with a
Man,GlcNAc, glycan instead of Man,GIcNAc, suggests that the
trypanosome homolog of ALGI12, which encodes a dolichyl-P-
Man:Man,GlcNAc,-PP-dolichyl a6-mannosyltranferase, might
be also altered by the mutagenesis strategy and/or the activity of
its product is affected by the dolichol deficiency.

Underglycosylation of procyclins could be explained if the T.



262 ACOSTA-SERRANO ET AL.

brucei oligosaccharyl transferase complex is inefficient in rec-
ognizing and transferring precursors with glycans shorter than
the Man,GIcNAc, present in WT cells. This situation differs in
other trypanosomatids, such as 7. cruzi trypomastigotes, which
can efficiently transfer into proteins N-glycans containing ei-
ther Man,GIlcNAc, or Man,GlcNAc, (7). Alternatively, as
mentioned above, underglycosylation could be explained sim-
ply by low levels of dolichol-containing OSL.

Conclusion. We found two biochemical defects in the ConA
1-1 mutant, one involving a deficiency in polyprenol reductase
activity and the other concerning the structure of the glycan in
the OSL. One possible interpretation of these results is that the
primary defect resides in the gene for polyprenol reductase and
that this deficiency causes an alteration in the structure of the
OSL, much as in the case with CHO cells (16). The dolichol
deficiency could affect OSL structure either directly or by re-
ducing the concentration of dolichol-P-Man, a substrate re-
quired for maturation of the OSL. Alternatively, there could
be two independent mutations in these heavily mutagenized
cells, one in polyprenol reductase and the other in a glycosyl
transferase involved in N-glycan precursor synthesis. Further
studies, probably involving genetic techniques, will be required
to distinguish between these possibilities.
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