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CRAM is a cysteine-rich acidic transmembrane protein, highly expressed in the procyclic form of Trypano-
soma brucei. Cell surface expression of CRAM is restricted to the flagellar pocket of trypanosomes, the only
place where receptor mediated endocytosis takes place in the parasite. CRAM can function as a receptor and
was hypothesized to be a lipoprotein receptor of trypanosomes. We study mechanisms involved in the presen-
tation and routing of CRAM to the flagellar pocket of insect- and bloodstream-form trypanosomes. By
deletional mutagenesis, we found that deleting up to four amino acids from the C terminus of CRAM did not
affect the localization of CRAM at the flagellar pocket. Shortening the CRAM protein by 8 and 19 amino acids
from the C terminus resulted in the distribution of the CRAM protein in the endoplasmic reticulum (ER) (the
CRAM protein is no longer uniquely sequestered at the flagellar pocket). This result indicates that the
truncation of the CRAM C terminus affected the transport efficiency of CRAM from the ER to the flagellar
pocket. However, when CRAM was truncated between 29 and 40 amino acids from the C terminus, CRAM was
not only distributed in the ER but also located to the flagellar pocket and spread to the cell surface and the
flagellum. Replacing the CRAM transmembrane domain with the invariant surface glycoprotein 65-derived
transmembrane region did not affect the flagellar pocket location of CRAM. These results indicate that the
CRAM cytoplasmic extension may exhibit two functional domains: one domain near the C terminus is
important for efficient export of CRAM from the ER, while the second domain is of importance for confining

CRAM to the flagellar pocket membrane.

African trypanosomes are protozoan parasites, causing
sleeping sickness in humans and nagana in cattle, both of which
are diseases endemic in large areas of tropical Africa. Trypano-
somiasis is not only a health threat; it also affects the economic
viability of these areas. Trypanosoma brucei has an intricate life
cycle alternating between a mammalian host and an insect
vector, the tsetse fly. In the bloodstream of the mammal, the
parasite is covered by a thick coat protein, the variant cell
surface glycoprotein (VSG). By undergoing antigenic variation
of the VSG coat, bloodstream-form trypanosomes escape host
immune attack (for reviews, see references 6, 14, 38, and 53).
When the fly takes a blood meal, T. brucei is transferred into
the midgut of the tsetse fly and differentiates into the procyclic
(or insect) form. As a result, its VSG coat is replaced by a
different coat protein (the procyclic acidic repetitive protein
[PARP] or procyclin [33, 39]). Both the VSG and PARP coat
proteins are anchored to the lipid bilayer via a covalently
attached lipid-glycosylphosphatidyl inositol (GPI) moiety (32).
In addition to the surface coat protein, several invariant sur-
face glycoproteins (ISGs) of unknown function are distributed
over the surface of bloodstream-form trypanosomes and are
shielded by the VSG (21, 59, 60). These are ISG65 and ISG75,
described by Ziegelbauer et al. (59), and ISG70 and ISG64,
described by Jackson et al. (21).

T. brucei, an extracellular organism, is dependent on host-
derived nutrients for its growth and development. Accumu-
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lated evidence demonstrates that cell surface receptors for
nutrient uptake, such as the low-density-lipoprotein (LDL)
receptor and the transferrin receptor, are located only at the
flagellar pocket of trypanosomes (12, 13, 16, 17, 28, 43, 45, 49).
The flagellar pocket is a deep invagination of the surface
plasma membrane, where the flagellum extends from the cell
(1, 23, 54-56). Because the hemidesmosome zone between
plasma and flagellar membranes closes the pocket, the flagellar
pocket forms a secluded extracellular surface domain; this
domain is not completely covered by the VSG coat protein,
and the microtubule network does not extend beneath the
membrane. In trypanosomatids, endocytosis and exocytosis oc-
cur exclusively at the flagellar pocket. All vesicular trafficking
between the cytoplasm and cell surface in these highly polar-
ized parasites is restricted to the flagellar pocket (8, 37). Ma-
terials endocytosed through the pocket are subsequently deliv-
ered to an endosome or lysosomal compartment. On the way
to the pocket, it appears that membrane-bound proteins, once
synthesized, travel from the endoplasmic reticulum (ER) to
Golgi/trans-Golgi network and then into the flagellar pocket
membrane. From the pocket, surface coat proteins and some
ISGs can rapidly spread over the entire cell surface, while
receptors for the uptake of macromolecules are retained in the
flagellar pocket. We are investigating how trypanosomes selec-
tively retain receptor molecules at the flagellar pocket, an issue
that has not been systematically analyzed and resolved.

The flagellar pocket of trypanosomes, representing ~0.43%
of the pellicle membrane (surface area, ~1 to 2 pm?). Accord-
ingly, the bloodstream form of 7. brucei can internalize a sur-
face area equivalent to that of the flagellar pocket membrane
every 1 to 2 min (12, 13). This internalization rate is consider-
ably higher than that reported for mammalian cells and may be
attributed to the specialized configuration of the pocket. Our
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FIG. 1. Physical maps of the CRAM locus in wild-type trypanosomes and CRAM mutant cell lines. (A) Schematic diagram of the structure of CRAM. The amino
acid sequence of three contiguous cysteine-rich 12-amino-acid repeats is listed underneath the repeat domain (the shaded box region). (B) Top, structure of the CRAM
locus in wild-type trypanosomes and plasmid pCRAM-BI1. The large boxed region represents the CRAM gene. The open white boxes at the 5’ and 3’ ends of the CRAM
gene represent the unique N- and C-terminal peptide regions, respectively; the shaded box represents the reptitive peptide region; the gray box represents the 3' UTR
of the CRAM gene. pPCRAM-B1, containing the ble gene flanked by the Asp70 intergenic region promoter (H23 [27]) and the Ba-tubulin intergenic region (51), was
used for gene replacement. In pPCRAM-BI, the 5’ targeting sequence containing the HindIII/EcoRV fragment derived from the 5’ flanking region of the CRAM locus
(black bar) and the 3’ targeting sequence encodes the Xhol/Pst] fragment of the 3’ flanking region of the CRAM locus (hatched bar). Middle, structure of the CRAM
locus in CRAM-B2 cell line and p3'’CRAM-X plasmids. One allele of the CRAM gene in the CRAM-B2 cell line was deleted and replaced by the H23-ble gene. The
p3’CRAM-X plasmids, containing the 4ph gene flanked by the PARP promoter and the Ba-tubulin intergenic region, were used for gene integration. The sequence
spanning the 3’ end of the CRAM gene was used as a targeting sequence. The black dot indicates the mutation carried in the 3’ coding region of each of mutated CRAM
genes. The HindllI site was used to linearize the plasmid for integration of the plasmid into the 3’ coding region of the CRAM gene. Bottom, structure of the CRAM
locus of cell lines containing a mutated CRAM gene. Abbreviations: PARP, the PARP gene promoter and its 3’ splice site (41); T, intergenic region of Ba-tubulin genes
(51); BSK+, the plasmid vector Bluescript SK+; HPH, the iph gene; BLE, the ble gene (purchased from CAYLA Inc.); double slashes, undetermined distance; H,
HindIll; E, EcoRI; P, Pstl; RV, EcoRV; X, Xhol. The 5" CRAM probe used in hybridizations is indicated at the top.

studies focus on the structural organization of the flagellar
pocket and the mechanisms involved in protein transport and
sequestration to the flagellar pocket. Thus far, two receptor
proteins located at the flagellar pocket of 7. brucei have been
well characterized: (i) the bloodstream-form transferrin re-
ceptor complex, which is a GPI-anchored protein (7, 28, 43,
49); and (ii) a cysteine-rich repetitive acidic transmembrane
(CRAM), which may be a lipoprotein receptor in trypano-
somes (24, 30, 58). Recently, Nolan et al. reported a new
bloodstream form, ISG100, which is an integral membrane
glycoprotein also localized at the flagellar pocket of blood-
stream-form trypanosomes (34). The function of the ISG100 is
not clear.

CRAM is abundantly expressed in procyclic-form trypano-
somes and expressed at a low level in bloodstream-form try-
panosomes (24). The CRAM protein has a predicted molecu-
lar mass of ~130 kDa (945 amino acids) consisting of, from N
terminus to C terminus, a putative N-terminal signal peptide
followed by the extracellular extension of a large domain of a
12-amino-acid cysteine rich repeat (66 repeats) followed by a
short unique peptide, a hydrophobic transmembrane domain,
and a hydrophilic cytoplasmic extension of 41 amino acids (Fig.
1A) (24). The extracellular cysteine-rich repeat of CRAM
shares high-level homology with the cysteine-rich repeat in the
complement C9 protein (48). This complement-like repeat is
also present in the binding domain of the LDL receptor, the
LDL receptor-related protein, and the very-low-density lipo-

protein receptor. Based on the structural similarity of CRAM
with mammalian lipoprotein receptors, we hypothesized that
CRAM might function as a lipoprotein receptor in trypano-
somes. Since the CRAM protein is present only in the flagellar
pocket membrane and in endocytic vesicles, targeting signals
and sorting systems must be involved in determining its sub-
cellular fate. We studied mechanisms involved in the presen-
tation and routing of the CRAM protein to the flagellar pocket
membrane by determining the amino acid sequences in CRAM
that are required for residence at the flagellar pocket of try-
panosomes. This study is a prerequisite to our understanding
of the structure of the specialized configuration of the flagellar
pocket and the unusual properties involved in the uptake of
macromolecules in trypanosomes. The data obtained now fa-
cilitate a detailed molecular analysis of proteins involved in
trafficking via the flagellar pocket.

MATERIALS AND METHODS

Trypanosome strains. The procyclic form of 7. brucei stock 427-60, originally
obtained from R. Brun, was maintained in SDM-79 medium at 25°C (9). The
culture-adapted bloodstream form of variant 118 clone 1 was maintained in
HMI-9 medium at 37°C (20). For all the experiments, early- to mid-log-phase
trypanosomes (the procyclic form at a cell density of 5 X 10° to 8 X 10° cells/ml;
the bloodstream form at a cell density of 1 X 10° to 2 X 10° cells/ml) were used.

Description of primary antibodies. Anti-CRAM and anti-Tb-29 were as pre-
viously described (24, 26). Anti-Bip was obtained from J. D. Bangs (2). Mono-
clonal antibodies (MAbs) to p67 and GLP-1 are described elsewhere (22, 29).
Rabbit- and rat-derived anti-TrpE were raised against the bacterial TrpE protein
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FIG. 2. Sequences of the C-terminal extension of CRAM in different cell lines. (A) DNA nucleotide and amino acid sequences of the transmembrane and
cytoplasmic domains of CRAM in wild-type trypanosomes and cell lines containing truncated CRAM cytoplasmic domain. Dotted lines indicate sequences of 100%
homology. Changes of nucleotide sequences in different cell lines are indicated by underlines, and the diagnostic restriction enzyme sites resulting from mutations are
indicated by typed-out sequences. (B) Comparison of the amino acid sequences of the transmembrane domain and the cytoplasmic domain of CRAM in the wild-type
trypanosome and cell lines CRAM-XCD, CRAM-XTM.CD, and CRAM-XTM. The transmembrane domain is underlined. Sequences derived from the ISG65 gene

are indicated by boldface.

(M. G.-S. Lee, unpublished data). The anti-procyclic antibody was generated
using ground procyclic trypanosome powder (Lee, unpublished).

Description of plasmid constructs and primers. PCR-based mutagenesis was
used to alter the DNA fragments encoding the various C-terminal extensions of
CRAM. Primers used for PCR-based mutagenesis were p40A-30mer (CGCAT
ATGACAACCGCGTTCTGGCGTTACC), p29A-18mer (AGATGCATCAGA
TTAGCA), p19S-21mer (GTCATATGCGACAACTAGGTT), p12S-36mer (GA
TGCATCTTTTGCCGTCCCCGTAACTTAAGCCTCA), p11S-30mer (TGAT
GCATCTTAGGCCTTCCCCGTAACTCA), p13A-29mer (CGGATCCTTTAC
GGTCACGCTTCATCTGA), and p14A-30mer (CGGATCCTTTACGGTCTC
GATTAATCTGAG), which resulted in mutations described in cell lines
CRAM-40, CRAM-29, CRAM-19, CRAM-14, CRAM-8, CRAM-4, and-
CRAM-2, respectively. To perform genetic studies of CRAM, we isolated
genomic clones encoding the 5-kb region located upstream of the CRAM gene
and the 2-kb region located downstream of the CRAM gene (Lee, unpublished).
Plasmid pCRAM-B1 (Fig. 1), used for inactivation of one CRAM allele by gene
replacement, consisted, from 5" to 3’, of the 5’ targeting sequence derived from
the EcoRV/HindIIl fragment of the 5’ flanking region of the CRAM locus, a
hsp70 intergenic region promoter (H23 [27]) driving the phleomycin resistance
(ble) gene, followed by an af-tubulin intergenic region and the 3’ targeting
sequence encoded the Xhol/PstI fragment of the 3’ flanking region of the CRAM
locus (Fig. 1). A series of p3’CRAM-X plasmids was used to modify the C-
terminal coding region of CRAM through integration events via homologous
recombination. These p3'CRAM-X plasmids contain the targeting DNA frag-
ment which extends from the last three repeats of the CRAM extracellular repeat
domain to the end of the 3’ untranslated region (UTR) (24) linked to the PARP
promoter driving the hygromycin resistance (hph) gene (25). The targeting DNA
fragment of p3’CRAM-X either encoded the wild-type CRAM C-terminal se-

quence (p3’CRAM-0) or contained point mutations which encoded truncated
CRAM C terminus: p3'CRAM-2, -4, -8, -14, -19, -29, and -40 (numbers indicated
deleted amino acids from the C terminus of CRAM [Fig. 2A]). In p3'CRAM-40,
p3'’CRAM-29, and p3'CRAM-19, only a single nucleotide change was intro-
duced (Fig. 2A). In p3'CRAM-14, p3'CRAM-8, p3' CRAM-4, and p3'CRAM-2,
in addition to converting the codon at amino acids -14, -8, -4, and -2, respectively,
to termination codons, additional mutations were introduced to the 3’ adjacent
nucleotides, which create a diagnostic restriction enzyme site in each clone (Stul,
Asel, Aflull, and BamHI in p3’CRAM-12, p3'CRAM-8, p3’CRAM-4, and
p3'CRAM-2, respectively). These additional restriction enzyme site polymor-
phisms facilitated the identification of correct transformed cell lines (Fig. 2A).
Three additional plasmids contain a large segment replacement in the CRAM C
terminus: (i) p3’'CRAM-XTM contains the ISG65 transmembrane domain re-
placing the CRAM transmembrane domain; (ii) p3’CRAM-XCD contains the
ISG65 cytoplasmic domain replacing the CRAM cytoplasmic domain; and (iii)
p3'CRAM-XTM.CD contains both the ISG65 transmembrane domain and cy-
toplasmic domain replacing those of CRAM (Fig. 3B shows the amino acid
sequences). The transmembrane domain and cytoplasmic extension of ISG65
were derived from the cDNA clone pSW14 (a gift from P. Overath) (59).
p3’'CRAMH23H and p3’CRAMH23B are insertion plasmids for activation of
the CRAM gene expression in bloodstream-form trypanosomes and contain,
from 5’ to 3', the 3’ coding region of CRAM, the hsp70 intergenic region (H23)
including the 3’ UTR of the hsp70 gene, the selectable marker (hph for
p3'CRAMH23H and ble for p3'CRAMH23B [see Fig. 5]), and the Ba-tubulin
intergenic region. p3’CRAMH23H-X plasmids including p3’CRAMH23H-4,
-19, -29, and -40 were used to introduce mutations at the CRAM C terminus
of bloodstream-form trypanosomes. All of the p3’CRAM-X and
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FIG. 3. Expression of CRAM in different procyclic cell lines. (A) Northern
blot analysis of the steady-state mRNA level of CRAM. Equal amounts (~20 pg)
of total RNA from the wild-type trypanosome (w), CRAM-B2 (a), CRAM-0 (b),
CRAM-2 (c), CRAM-4 (d), CRAM-8 (e), CRAM-14 (f), CRAM-19 (g),
CRAM-29 (h), CRAM-40 (i), CRAM-XTM (j), CRAM-XCD (k), and CRAM-
XTM.CD (1) cell lines were separated in 1% formaldehyde agarose gels. The blot
was hybridized to a 5" CRAM probe (Fig. 1). The final posthybridization wash
was performed in 0.1X SSC-0.1% SDS at 65°C. The bottom panels represent
hybridization with the B-tubulin gene probe, indicating that approximately equal
amounts of RNA were loaded in all lanes. (B to D) CRAM protein expression.
Total protein lysates (~2 X 107 trypanosomes) derived from wild-type trypano-
somes (W), CRAM-B2 (a), CRAM-0 (b), CRAM-2 (c), CRAM-4 (d), CRAM-8
(e), CRAM-14 (f), CRAM-19 (g), CRAM-29 (h), CRAM-40 (i), CRAM-XTM
(), CRAM-XCD (k), and CRAM-XTM.CD (1) cell lines were size separated in
6% polyacrylamide gels and electrophoretically transferred to nitrocellulose fil-
ters. The blots were probed with anti-CRAM antibody (24). The same blots were
later probed with anti-Tb-29 (B and D, bottom) (26) or the anti-procyclic anti-
body identifying two proteins of ~43 to 45 kDa (C, bottom) (the anti-procyclic
antibody was raised against the total procyclic proteins [Lee, unpublished]) to
demonstrate equal loading in all lanes.

p3'CRAMH23H-X plasmids were linearized at the HindIII site located in the
center of the targeting sequence and were electroporated into trypanosomes.

The trpE-CRAM fusion construct contained the PARP promoter and its 3’
splicing site driving the expression of the trpE-CRAM fusion gene which was
linked to the PARP-hph transcription unit for selection of transformed cell lines.
In the trppE-CRAM fusion gene, the N-terminal CRAM sequence spans from the
entire 5’ UTR of CRAM to the first cysteine-rich 12-amino-acid repeat; the
C-terminal CRAM-derived sequence encodes the 3’-end unique peptide region
including the transmembrane domain and the cytoplasmic domain and the
CRAM 3' UTR. The plasmid was linearized at the Miul site in the Ba-tubulin
intergenic region located downstream of the Aph gene. The plasmid was inte-
grated into the tubulin intergenic region in transformed cell lines.

MoL. CELL. BIOL.

DNA transformation. Linearized plasmid DNA (10 or 20 pg) was electropo-
rated into trypanosomes using a BTX electroporator as previously described (25,
41). For procyclic trypanosomes, 48 h after electroporation, phleomycin (3 g/
ml) and/or hygromycin B (40 pg/ml) were added to select stably transformed
trypanosomes. The individually transformed procyclic forms were cloned by
limiting dilution cloning with the addition of wild-type trypanosomes (10° cells/
ml). For bloodstream-form trypanosomes, 16 h after electroporation, phleomy-
cin (1 pg/ml) and/or hygromycin B (1 pg/ml) were added to select stably trans-
formed trypanosomes.

DNA isolation and Southern genomic blot analysis. Nuclear DNA was isolated
from trypanosomes as described elsewhere (52). Following digestion with restric-
tion endonucleases, DNA was separated on a 0.8% agarose gel and transferred
onto nitrocellulose filters. Filters were hybridized with 3*P-labeled 5" CRAM
probes. Posthybridizational washes were performed to a final condition of 0.1X
SSC (1x SSCis 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl
sulfate (SDS) at 65°C. All of the clonal trypanosome cell lines were first analyzed
by Southern blotting analysis to confirm that the correct integration event oc-
curred in each cell line. Then the C-terminal extension of the CRAM allele in
every selected mutant cell line described in the text was isolated by PCR ampli-
fications, and their nucleotide sequences were analyzed to confirm the presence
of the correct mutations.

RNA isolation and Northern blot analysis. All RNA samples were isolated by
GuanSCN lysis (10) and purified by centrifugation through CsCl cushions. RNA
samples were separated in 1% formaldehyde agarose gels and transferred to
nitrocellulose filters. Northern blots were hybridized with 3?P-labeled probes.
Following hybridization, filters were washed to a final stringency of 0.1X SSC-
0.1% SDS at 65°C.

Western blot analysis. Total cell lysates of 2 X 107 trypanosomes were size
separated in 6% polyacrylamide gels and electrophoretically transferred to ni-
trocellulose filters. The nitrocellulose filters were first blocked with 5% nonfat
milk in TBS (50 mM Tris [pH 7.5]-buffered saline). Antibody reactions were
performed in TBS with 0.2% Tween 20. Following the first antibody reaction and
washing, filters were treated with horseradish peroxidase-labeled goat anti-rabbit
immunoglobulin G (IgG; Sigma Chemical Co.). Following the second antibody
reaction and washing, the filter was reacted with an enhanced chemilumines-
cence detection system (Amersham Life Science).

Nucleotide sequence analysis. The DNA fragment spanning the mutated re-
gion of CRAM C-terminal domain in each transformed cell line was PCR
amplified with a sense primer specific for the CRAM C terminus (CRAM7.1S
[GTGGGGCTGTCGGCAGTTTTATTT] or CRAMG6.1S [AATGCAAAGGG
GAAAGGATCGAGC]) and an antisense oligomer specific for the hph gene
(Hph-3 [CAGAAACTTCTCGACAGACGTCG]) or an antisense primer spe-
cific for the PARP promoter sequence (PARP3A [CGACTCACCAATAAAAC
GAGCCGAC]) located downstream of the CRAM C-terminal domain in trans-
formed cell lines. Either the nucleotide sequences of amplified DNAs were
determined directly or DNA was first subcloned into M13, after which their
nucleotide sequences were analyzed.

Immunofluorescence microscopy. For total cell staining, trypanosomes were
harvested by centrifugation for 10 min at 400 X g and washed once with phos-
phate-buffered saline (PBS). Next, cells were suspended in 3.7% formaldehyde
(or 4% paraformaldehyde) in PBS (pH 7.4) for 10 min in ice and neutralized with
0.1 M glycine for 10 min. Following fixation, cells were spun down and washed
with PBS. Then cells were resuspended in PBS, dotted on slides, and fixed in cold
methanol and cold acetone for 5 min each. After rehydration in PBS for 5 min,
slides were incubated with the first antibody in the presence of 3% bovine serum
albumin and 0.05% Tween 20 in PBS for 1 h. Following the first antibody
reaction, slides were washed three times with PBS and then reacted with fluo-
rescein isothiocyanate (FITC)- or rhodamine-conjugated goat-derived anti-rab-
bit or anti-rat IgG (Cappel) for 1 h. After the last wash, 4',6-diamino-2-phe-
nylindole (DAPI) was applied in water at a concentration of 0.1 pg/ml for 1 min
at room temperature, after which the slides were briefly rinsed with water. The
cells were mounted under a coverslip with a mounting medium containing an
inhibitor that retards photobleaching (Kirkegaard & Perry Laboratories Inc.).
Cells were viewed and photographed under a Leica fluorescence microscope
using a 100X objective. Some of the images were directly captured by a charge-
coupled device (CCD) camera and analyzed by the MetaMorph program (Uni-
versal Imaging Co.). Confocal image analysis was performed with a Molecular
Dynamics confocal laser scanning microscope and ImageSpace software.

For cell surface staining, fixed and nonpermeabilized trypanosomes were used.
Trypanosomes that were fixed only in 3.7% formaldehyde (or 4% paraformal-
dehyde) for 5 min in ice were dotted onto slides and then reacted with the first
antibody in the presence of 3% bovine serum albumin. For live cell staining, 107
trypanosomes were harvested, washed, and incubated with the first antibody in 1
ml at 4°C for 1 h. Following the first antibody reaction, trypanosomes were
washed twice with cold medium and once with cold PBS and spun down at 4°C.
Next, cells were fixed with 3.7% formaldehyde (or 4% paraformaldehyde) as
described above. After fixation, cells were dotted onto slides and reacted with the
second antibody as described.

Immunoelectron microscopy (immuno-EM). Procyclic- and bloodstream-form
trypanosomes were washed in PBS and then fixed in 4% paraformaldehyde in
piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES) buffer (200 mM PIPES, 0.5
mM MgCl, [pH 7.0]). Fixed cells were embedded in gelatin, and infiltrated into
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buffered polyvinylpyrrolidone (20%)-sucrose (2.3 M), as described by Russell et
al. (42). The blocks were trimmed, frozen, and sectioned in the presence of 5%
goat serum and 5% fetal calf serum in PIPES buffer. For double labeling exper-
iments, primary antibody incubation was followed by use of gold-conjugated
secondary antibodies as indicated in the figure legends. Finally, grids were
washed and embedded in polyvinyl alcohol-uranyl acetate.

RESULTS

Construction of trypanosome cell lines expressing different
versions of truncated CRAM or CRAM-ISG fusion genes. The
genome of 7. brucei contains two alleles of the functional
CRAM gene. We first deleted one allele of the CRAM gene and
then performed mutagenesis on the remaining allele. This will
prevent the wild-type CRAM allele from interfering with the
analysis of the subcellular localization of the mutated CRAM in
resulting cell lines. Since culture-adapted procyclic CRAM null
mutants survive and exhibit no obvious phenotypic changes
under normal culture conditions (58), we do not anticipate that
mutating CRAM will lead to abnormal cell growth. The top
part of Fig. 1B represents structures of the two polymorphic
alleles of the CRAM gene in wild-type trypanosomes. Due to
the presence of different numbers of 12-amino-acid repeats,
the two alleles of CRAM slightly differ in size (Fig. 1B). The
CRAM-B2 cell line contained only one functional allele of
CRAM; its second CRAM allele was replaced by the ble
gene via homologous recombination using the construct
pCRAM-B1 (Fig. 1B; see Materials and Methods). The
CRAM-B?2 cell line was chosen for further mutagenesis of its
remaining CRAM allele. We designed a series of integration
constructs referred to as p3’'CRAM-X plasmids that allow in-
troduction of mutations at the CRAM C-terminal region (Fig.
1B; see Materials and Methods). Two types of mutant cell lines
were established.

Type 1 cell lines contained point mutations that create a
termination codon at different positions in the CRAM C-ter-
minus resulting in C-terminally truncated CRAM proteins.
Cell line CRAM-0 is the control cell line, which was trans-
formed with plasmid p3’CRAM-0 encoding a wild-type
CRAM C terminus. Cell lines CRAM-40, CRAM-29, CRAM-
19, CRAM-12, CRAM-8, CRAM-4, and CRAM-2 express
CRAM shortened by 40, 29, 19, 14, 8, 4, and 2 amino acids,
respectively, from the C-terminal end (Fig. 2A).

Type 2 cell lines contained a large domain exchange at the
CRAM C terminus to compare the role of the transmembrane
and cytoplasmic domains of CRAM and ISG65 in the flagellar
pocket localization of proteins. ISG65 is a transmembrane
protein homogeneously expressed on the cell surface of blood-
stream-form trypanosomes (59) (see Materials and Methods
for details of the construction of cell lines and plasmids). Three
cell lines were established: (i) CRAM-XTM, containing the
ISG65 transmembrane domain replacing the CRAM trans-
membrane domain; (ii) CRAM-XCD, containing the ISG65
cytoplasmic domain replacing the CRAM cytoplasmic domain;
and (ili) CRAM-XTM.CD, containing both the transmem-
brane and cytoplasmic domains of ISG replacing those of
CRAM. The amino acid sequences spanning the CRAM C-
terminal domain of these three cell lines are described in Fig.
2B.

Clonal transformants were first characterized by Southern
blotting analysis. Cell lines exhibiting banding patterns ex-
pected for the correct integration event at the CRAM locus
were selected for further nucleotide sequence analysis to con-
firm that the correct mutation was generated in each cell line.
All cell lines analyzed exhibited a normal growth efficiency. We
found that in each batch of the transformants, only <50% of
the transformants contained the correct mutation, while the
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TABLE 1. Comparison of subcellular localization of
CRAM in cell lines

Subcellular localization of CRAM?

Cell line
Total cell staining Surface staining
Wild type FP (FP)
CRAM-0 FpP (FP)
CRAM-2 FP (FP)
CRAM-4 FpP (FP)
CRAM-8 ER UD
CRAM-14 ER UD
CRAM-19 ER UD
CRAM-29 ER, FP, F F, (FP, S)
CRAM-40 ER, FP, F F, (FP, S)
CRAM-XTM FpP (FP)
CRAM-XTM.CD ER UD
CRAM-XCD ER UD

“ Total cell staining represents the result of staining with fixed and permeabil-
ized trypanosomes; surface staining represents the result of staining with live
trypanosomes. FP, flagellar pocket; F, flagellum; ER, endoplasmic reticulum; S,
cell surface; UD, under detection level. Parentheses indicate that staining was
very weak and/or could be observed only in a subpopulation of trypanosomes on
each slide.

other >50% of the transformants contained the wild-type
CRAM C terminus. Since the mutations created are located
less than 290 bp away from the double-stranded break gener-
ated (the HindIII site), it is possible that the mismatch correc-
tion repair system has corrected the mutations during the re-
combinational event, as described for yeast (50).

Expression of the mutated CRAM genes in transformed try-
panosome cell lines. The level of mutated CRAM expression
in each transformed cell line was first compared to that of
wild-type trypanosomes and the CRAM-B2 cell line (contain-
ing only one CRAM allele) by Northern blot analysis (Fig.
3A). In wild-type trypanosomes, two closely migrating CRAM
mRNAs of ~3.2 kb were detected (24). The CRAM-B2 cell
line expressed only the larger CRAM mRNA. The mutated
CRAM mRNA:s in all transformed cell lines, generated with
p3'CRAM-X plasmids, are ~0.8 kb longer than the wild-type
CRAM mRNA. The CRAM mRNA expression levels among
these cell lines are about equal and equivalent to ~85% of that
observed in the CRAM-B2 cell line (the calculation was based
on the intensity of the autoradiograms and adjusted for the
amount of RNA loaded, as determined from the amount of
B-tubulin RNA). The bottom panels of Fig. 3A represent the
hybridization with the B-tubulin probe indicating the relative
amount of RNA loaded in each lane. Further hybridization
analysis with probes encoding the PARP promoter and the hph
gene indicated that the 3" end of the CRAM mRNA in trans-
formed cell lines expressing different versions of CRAM ter-
minated at the downstream PARP promoter region resulting in
the observed 0.8-kb-longer mRNAs (data not shown).

Relative amounts of the CRAM protein produced in differ-
ent cell lines were compared by Western blot analysis. The
CRAM protein in wild-type procyclics was detected as a broad
band with a electrophoretic mobility at ~200 kDa, using anti-
CRAM antibodies (anti-P1-55 [24]) (Fig. 3B; we believe
CRAM protein to be glycosylated). The CRAM proteins in
the CRAM-B2 cell line (containing only one functional CRAM
gene) and in cell lines containing different versions of trun-
cated CRAM or CRAM-ISG65 fusion genes are expressed at
similar levels and exhibit a similar banding pattern as that
detected in the wild-type procyclic cell extract. We have not
been able to detect a significant difference between the levels
of the CRAM protein in transformed cell lines and in wild-type
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FIG. 4. Subcellular localization of CRAM in different cell lines. (A) Staining of fixed and permeabilized trypanosomes. Slides containing fixed and permeabilized
trypanosomes (a, CRAM-4 cell line; b1 to b3, CRAM-19 cell line; c1 to ¢3, CRAM-40 cell line) were first incubated with rat derived anti-CRAM and rabbit-derived
anti-Bip antibodies, followed by reaction with FITC-conjugated goat anti-rat IgG and rhodamine-conjugated goat anti-rabbit IgG. Then cells were stained with DAPI
at a concentration of 0.1 pg/ml for 1 min. The images were captured using a CCD camera and analyzed by the MetaMorph program (Universal Imaging Co.). The
images are presented in pseudocolors: green for FITC labeled CRAM; red for rhodamine labeled Bip; blue for DAPI staining, which identifies the nucleus and the
kinetoplast. (a, bl, and c1) Superimposed CRAM image and DAPI staining; (b2 and c2) Bip images; (b3 and c3) merging of matched CRAM images, Bip images, and
DAPI staining. The white arrows indicate the area which is strongly stained with anti-CRAM but not with anti-Bip in the cell line CRAM-40. (B) CRAM distribution
in the CRAM-40 cell line. (a) Confocal image of total cellular CRAM protein in a fixed and permeabilized CRAM-40 trypanosome. Different colors, arranged in the
order blue-green-yellow-red-white, indicate the relative intensity of fluorescence (white, highest intensity; blue, lowest intensity). (b) Live trypanosome staining of the
CRAM-40 cell line. The CRAM image and DAPI staining are superimposed. (c) Cell surface staining of fixed, nonpermeabilized CRAM-40 cells (c1, CRAM image;
c2, DAPI staining). After incubation first with rabbit-derived anti-CRAM antibody and then with FITC-conjugated goat anti-rabbit IgG, the cells were stained with

DAPL

procyclics. However, given the heterogeneous size distribution
of the CRAM protein, possibly resulting from glycosylation, it
is not excluded that the Western blot may fail to give an
accurate protein quantitation. A smaller size of the CRAM
protein was visualized in the wild-type procyclic trypanosome
in Fig. 3D. This smaller size of CRAM most likely resulted
from a small amount of degraded product or nonglycosylated
forms of CRAM. To ensure that similar amounts of protein
were loaded in all lanes, these Western blots were further
reacted with antibodies recognizing either the Tb-29 proteins
(26) (Fig. 3B and D, bottom) or two constitutively expressed
proteins of 43 to 45 kDa (Lee, unpublished) (Fig. 3C, bottom).
As demonstrated, these control proteins were present in sim-
ilar amounts in all lanes. These results indicate that the ex-
pression level of mutated CRAM proteins and the CRAM-
ISG65 fusion proteins in each transformed cell line is similar to
the wild-type CRAM in procyclic trypanosomes.

Subcellular localization of mutated CRAM proteins and
CRAM-ISG fusion proteins in transformed procyclic cell lines.
The effects of mutations in the CRAM cytoplasmic and trans-
membrane domains on the fate of the CRAM or CRAM fusion
proteins were examined by subcellular localization of CRAM
in each type of cell line, using indirect immunofluorescence
analysis. We first examined the overall distribution of CRAM
in each cell line, using formaldehyde- or paraformaldehyde-

fixed and permeabilized cells. Subsequently, the amount of
CRAM that spread onto the cell surface in each cell line was
examined by staining live trypanosomes with anti-CRAM an-
tibody at 4°C and by surface staining of fixed and nonperme-
abilized cells. The following immunofluorescence data are not
quantitative, and the relative amount of the CRAM protein in
each cell line was measured by Western blot analysis as de-
scribed above. For each type of CRAM mutant, at least five
individually transformed cell lines were examined. The results
are summarized in Table 1. Like the wild-type trypanosome,
the CRAM protein in CRAM-0, CRAM-2, and CRAM-4 cell
lines is exclusively located at the flagellar pocket, indicating
that deleting the last four amino acids of CRAM had no effect
on the subcellular localization of CRAM at the flagellar
pocket. A representative image from the CRAM-4 cell line
(Fig. 4A, a) represents the superimposition of the fluorescence
staining with anti-CRAM antibody (green) and the DNA spe-
cific dye DAPI (blue). The large and small blue dots locate the
position of nucleus and kinetoplast, respectively. The green
staining locates CRAM concentrated at the area of the flagel-
lar pocket which is immediately adjacent to the kinetoplast.
In cell lines CRAM-8 (data not shown), CRAM-14 (data not
shown), and CRAM-19 (Fig. 4A, bl), the CRAM protein is no
longer concentrated at the single area of the flagellar pocket
but is spread throughout the cell, excluding the nucleus and
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FIG. 4—Continued.

kinetoplast. Frequently, a reticulum or tubule structure can be
detected and in many cells, distinct perinuclear staining was
apparent. This pattern is similar to the ER, a tubular network
extending throughout the cell. When the cells were double
stained with anti-CRAM antibody and the anti-Bip antibody
(an ER-specific marker; a gift from J. D. Bangs) (2), it was
obvious that the majority of CRAM in cell lines CRAM-8,
CRAM-14, and CRAM-19 was colocalized with Bip at the ER.
One set of representative images from CRAM-19 is shown in
Fig. 4A, bl (costaining pattern with anti-CRAM and DAPI),
b2 (staining pattern with anti-Bip), and b3 (superimposition of
all images). This result suggested that shortening the CRAM

protein by 8 to 19 amino acids from the C terminus may have
affected the efficiency of transporting CRAM from the ER to
the flagellar pocket. Cell surface staining could not be ob-
served with these cell lines.

In cell lines CRAM-29 (data not shown) and CRAM-40
(Fig. 4A, cl to c3; Fig. 4B), the CRAM protein is still distrib-
uted throughout the ER and also spread onto the flagellum.
Additionally, CRAM is highly concentrated at the area imme-
diately adjacent to the kinetoplast—the flagellar pocket in
each individual cell.

The distribution of CRAM in the CRAM-40 cell line was
further confirmed by immuno-EM (Fig. 5). A significant pro-
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FIG. 5. Immuno-EM localization of the CRAM protein in the CRAM-40 cell line. Panel A was probed with rabbit anti-CRAM (18 nm) and mouse MAb Ali I-218
(12 nm) directed against p67, a lysosomal glycoprotein characterized by Kelley et al. (22). The label for CRAM is observed on the flagellum. Panel B was probed with
rabbit anti-CRAM (18 nm) and mouse MAb against GLP-1 (12 nm), a Golgi-associated transmembrane protein (29). An intense labeling with anti-CRAM appears
on the surface of the flagellar pocket, and some label for CRAM is seen to be on the surface. fp, flagellar pocket; f, flagellum; g, Golgi; L, lysosome. Scale bars, 0.5 pm.

portion of the gold particles were found on the surface of
flagellum (Fig. 5A) and at the flagellar pocket (Fig. 5B). We
also found some gold particles distributed on the surface (data
not shown). This result indicated that deleting >29 amino

acids from the CRAM C terminus may have restored to a
certain extent the ability of exporting CRAM from the ER to
the flagellar pocket and resulted in some CRAM protein es-
cape to the cell surface of flagellum (Fig. 4B, b).
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FIG. 6. Physical maps. (A) The CRAM locus in wild-type trypanosomes and bloodstream-form CRAM overexpressors. Top, structure of the CRAM locus in
wild-type bloodstream-form trypanosomes and plasmid p3'’CRAMH23H; middle, structure of the CRAM locus in cell line BS-CRAMH23H and plasmid
p3'’CRAMH23B; bottom, structure of the CRAM locus in cell line BS-CRAMH23HB. (B) Construction of bloodstream-form cell lines containing mutated CRAM. Top,
structure of the CRAM locus in cell line BS-CRAM-B that contained only one allele of CRAM and plasmid p3'CRAMH23H-X for introducing mutation into the
C-terminal domain of the CRAM; bottom, structure of the CRAM locus in bloodstream-form cell lines expressing mutated CRAM. Symbols and abbreviations are as

described for Fig. 1.

We further determined to what extent the CRAM protein
may have spread onto the cell surface due to the loss of dif-
ferent lengths of the cytoplasmic extension by comparison of
surface staining of live cell at 4°C and surface staining of fixed
and nonpermeabilized trypanosomes at room temperature.
Following live cell staining at 4°C, significant cell surface and
flagellum staining was observed only in CRAM-29 (data not
shown) and CRAM-40 cell lines (Fig. 4B, b). In these cells,
very light staining was found on the entire cell surface, while a
strong and punctuated staining was found on the flagellum.
Using live cell staining at 4°C on cell lines CRAM-0, CRAM-2,
CRAM-4, and CRAM-XTM and wild-type procyclic trypano-
somes, we observed that only a portion of trypanosomes had
very weak staining at the flagellar pocket, which is consistent
with the previous observation by fluorescence-activated cell
sorting analysis (note that the labeling efficiency at the flagellar
pocket of live trypanosomes at 4°C is very low [reference 24
and data not shown]). The amount of cell surface-localized
CRAM in cell line CRAM-40 was further evaluated by surface
staining of fixed and nonpermeabilized trypanosomes with an-
ti-CRAM (this method gives a better labeling efficiency) (Fig.
4B, cl and c2). The strong staining at the flagellar pocket and
a strong punctuated pattern nonhomogeneously spread over
the edge of the cell were revealed (Fig. 4B, c1). We did not
observe significant cell surface staining in cell lines CRAM-8,
CRAM-14, CRAM-19, CRAM-XTM.CD and CRAM-XCD.
Based on the subcellular localization of CRAM, we hypothe-
sized that the CRAM protein in cell lines CRAM-29 and
CRAM-40 may have lost sequences required for proper rout-
ing and retention at the flagellar pocket.

In the CRAM-XTM cell line, the CRAM protein is located
at the flagellar pocket as in wild-type trypanosomes, indicating

that replacing the transmembrane domain did not affect the
localization of the protein at the flagellar pocket (data not
shown). In the CRAM-XTM.CD and CRAM-XCD cell lines,
the majority of CRAM protein is still accumulated at the ER.
Thus, replacing the CRAM cytoplasmic domain with that of
ISG65 did not restore the ability to export CRAM from the ER
(data not shown). Currently, we do not know whether mutated
CRAM protein may be secreted and released into the culture
media.

Expression of CRAM in the bloodstream form of 7. brucei.
In bloodstream-form trypanosomes, the GPI-anchored trans-
ferrin receptor binding complex is localized at the flagellar
pocket. The mechanism of anchoring the transferrin receptor
complex at the flagellar pocket is unclear. It is possible that
other sorting systems may operate in each life cycle stage of the
parasite. We therefore compared the fate of the CRAM pro-
tein in procyclic-form and bloodstream-form trypanosomes.
CRAM is expressed at a 10-fold-lower level in bloodstream-
form than in procyclic-form trypanosomes (24). Because of the
low-level expression of CRAM in the bloodstream form, it has
been difficult to assess the cellular location of CRAM in blood-
stream-form trypanosomes. By replacing the 3" UTR of the
CRAM gene with that of the hsp70 gene via homologous re-
combination (for details, see Materials and Methods and Fig.
6A), CRAM expression in bloodstream-form trypanosomes
was up-regulated. Two bloodstream-form CRAM overexpres-
sors, cell lines BS-CRAMH23H and BS-CRAMH23HB, were
established. The BS-CRAMH23H cell line contains one allele
of the activated CRAM gene; in cell line BS-CRAMH23HB,
both alleles of CRAM are activated (Fig. 6A).

We measured the CRAM mRNA level in bloodstream-form
CRAM overexpressors (Fig. 7A). In wild-type procyclics, two
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FIG. 7. Expression of CRAM or truncated CRAM in different bloodstream-
form-transformed cell lines. (A) Northern blot analysis. Total RNAs from wild-
type procyclic trypanosomes (P), wild-type bloodstream-form trypanosomes
(BS), and BS-CRAMH23H (H), BS-CRAMH23HB (HB), BS-CRAM-40 (-40),
BS-CRAM-29 (-29), BS-CRAM-19 (-19), and BS-CRAM-4 (-4) cell lines were
separated in 1% formaldehyde agarose gels. The blot was hybridized to a 5’
CRAM probe (Fig. 1). The final posthybridization wash was performed in 0.1X
SSC-0.1% SDS at 65°C. The bottom panels represent hybridization with the
B-tubulin gene probe indicating the relative amount of RNA loaded in each lane.
(B) Western blot analysis. Total protein lysates (~2 X 107 trypanosomes), de-
rived from the wild-type procyclic trypanosomes (P), the wild-type bloodstream-
form trypanosomes (BS), and BS-CRAMH23H (H), BS-CRAMH23HB (HB),
BS-CRAM-4 (-4), BS-CRAM-19 (-19), BS-CRAM-29 (-29), and BS-CRAM-40
(-40) cell lines were size separated in 6% polyacrylamide gels and electrophoreti-
cally transferred to nitrocellulose filters. The blots were probed with anti-CRAM
antibody (24). The same blots were later probed with anti-Tb-29 (right) (26) or
the anti-procyclic antibody identifying two proteins of ~43 to 45 kDa (left) (Lee,
unpublished) to demonstrate equal loading of protein.

closely comigrating CRAM mRNAs of relatively high abun-
dance were measured (Fig. 7A, lane P). A very low level of the
CRAM mRNA was detected in the wild-type bloodstream
form (Fig. 7A, lane BS). In cell line BS-CRAMH23H, the
CRAM mRNA of a larger size was activated to a level
equivalent to that in the procyclic form. In cell line BS-
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CRAMH23HB, both sizes of the CRAM mRNA were acti-
vated to a level equivalent to those in wild-type procyclics (Fig.
7A, lanes H and HB, respectively). The relative amount of the
CRAM protein produced in each cell line was compared by
Western blot analysis (Fig. 7B). CRAM protein was detected
as a broad band of ~200 kDa with anti-CRAM antibodies in
the wild-type procyclic (Fig. 7B, lane P). Surprisingly, two sizes
of the CRAM protein were detected in bloodstream form
CRAM overexpressors; one is equivalent to that in the procy-
clic form, and the other one is much larger (Fig. 7B, lanes H
and HB). The overall amount of CRAM proteins in blood-
stream-form CRAM overexpressors is roughly similar to that
in the procyclic form. A very low level of CRAM proteins was
visualized in the cell extract derived from wild-type blood-
stream form (Fig. 7B, lane BS). We do not understand the
structural differences between the two sizes of CRAM proteins
in cell lines BS-CRAMH23H and BS-CRAMH23HB. How-
ever, all of the CRAM protein accumulated in a single area
close to the flagellar pocket of bloodstream-form CRAM over-
expressors, as demonstrated by the immunofluorescence anal-
ysis of fixed and permeabilized trypanosomes (Fig. 8a; confocal
images of BS-CRAMH23HB trypanosomes stained with anti-
CRAM antibody). A similar result was observed in the BS-
CRAMH23H cell line (data not shown). The localization of
CRAM in the BS-CRAMH23HB cell line was further exam-
ined at high resolution by immuno-EM (Fig. 9A, 9B). CRAM
predominantly located at the flagellar pocket and the Golgi in
the BS-CRAMH23HB cell line. This result indicates that a
similar sorting system may operate protein trafficking to the
flagellar pocket in both the bloodstream-form and procyclic-
form trypanosomes. Western blot analysis of the purified Golgi
fraction showed that the relative abundance of the two sizes of
CRAM protein were equally present in the Golgi fraction and
the total cell lysate (data not shown). This result indicated that
the Golgi did not preferentially retain a specific size class of
CRAM in bloodstream-form trypanosomes.

The fate of truncated CRAM proteins in bloodstream-form
trypanosomes. We subsequently addressed the importance of
the C-terminal extension of CRAM in the presentation of the
CRAM protein at the flagellar pocket in bloodstream-form
trypanosomes. Following strategies described for the procy-
clic form, mutations were introduced into the CRAM gene
in a previously established bloodstream-form cell line, BS-
CRAM-B, that encodes only the smaller of the two CRAM
alleles (the larger CRAM allele was deleted [Fig. 6B] [58]).
Bloodstream-form cell lines BS-CRAM-40, BS-CRAM-29, BS-
CRAM-19, and BS-CRAM-4, were established and expressed
CRAM truncated by 40, 29, 19, and 4 amino acids, respectively,
at its C terminus.

The expression of truncated CRAM proteins in transformed
bloodstream-form cell lines was similar to those in blood-
stream-form CRAM overexpressors as examined by Northern
and Western blot analyses (Fig. 7). The subcellular localization
of truncated CRAM protein in these bloodstream-form cell
lines was examined by immunofluorescence assay. We found
that (i) the CRAM protein remained at a single area close to
the flagellar pocket in BS-CRAM-4 (data not shown); (ii) in
BS-CRAM-19 cell line, the CRAM protein was mainly re-
stricted inside the ER (data not shown); and (iii) in cell lines
BS-CRAM-29 (data not shown) and BS-CRAM-40 (Fig. 8b
and c), the CRAM protein was found at the ER, the flagellar
pocket, and cell surface. Figure 8b demonstrates the Confocal
image of the total CRAM distribution in cell line BS-CRAM-
40. We were not able to observe a significant signal by live cell
staining of the BS-CRAM-40 cell line with anti-CRAM and
anti-ISG65 antibodies (as a control). However, a significant
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FIG. 8. Subcellular localization of different versions of CRAM in bloodstream-form cell lines. Trypanosomes were first incubated with rabbit-derived anti-CRAM
antibody followed by reaction with FITC-conjugated goat anti-rabbit IgG. Then cells were stained with DAPI at a concentration of 0.1 wg/ml for 1 min. The images
were analyzed by a confocal microscope. Different colors, arranged in the order blue-green-yellow-red-white, indicate the relative intensity of fluorescence (white,
highest intensity; blue, lowest intensity). (a) Confocal image of the CRAM protein in the BS-CRAMH23HB cell line; (b) confocal image of total cellular CRAM protein
in the BS-CRAM-40 cell line; (c1 and c2) surface staining of fixed, nonpermeabilized BS-CRAM-40 cells (c1, CRAM image; c2, DAPI staining).

amount of surface staining was observed using fixed and non-
permeabilized trypanosomes: Fig. 8c shows that anti-CRAM
stains the flagellar pocket and the outer cell surface of BS-
CRAM-40 cells. The presence of CRAM on the surface of
flagellum and some area of the cell surface in BS-CRAM-40
was further confirmed by immuno-EM analysis (Fig. 9C). It is
possible that like the ISGs, the CRAM protein may be hidden
underneath the VSG coat in the BS-CRAM-40 cell line. In
summary, removing the putative sorting signal changed the
fate of the CRAM protein in bloodstream-form trypanosomes.
This result indicates that a similar protein sorting system may
exist in both procyclic-form and bloodstream-form trypano-
somes.

Can the N-terminal signal peptide of CRAM direct and
confine proteins to the flagellar pocket? To address whether
the N-terminal signal peptide may play a role in confining
protein to the flagellar pocket, we constructed a 5'CRAM-
ISG65 fusion gene in which the N-terminal region (of 109
amino acids) of the ISG65 was replaced by that of CRAM (54
amino acids from the CRAM N terminus). When the 5'CRAM-
ISG65 fusion gene was introduced into procyclic trypano-
somes, we observed that the ISG65 fusion protein did not
concentrate at the flagellar pocket but rather spread all over
the cell (data not shown). This result indicated that the N-
terminal signal peptide of CRAM is not sufficient to restrict
proteins at the flagellar pocket.

Validation of the function of the cytoplasmic domain of
CRAM on a transmembrane fusion protein. We further ad-
dress whether the cytoplasmic domain of CRAM is able to
retain another transmembrane protein at the flagellar pocket,
thus evaluating the role of the putative sorting signals on a
different protein. A fusion gene containing the bacterial #pE
gene flanked at its N terminus by the CRAM signal peptide
and at the C terminus by the CRAM transmembrane domain
and cytoplasmic extension was constructed and introduced into
the Ba-tubulin intergenic region (Fig. 10A). The TrpE-CRAM

fusion protein was expressed in the transformed cell line at the
predicted size of ~85 kDa (data not shown). The fate of the
TrpE-CRAM fusion proteins in stably transformed cell lines
was analyzed by immuno-EM (Fig. 10B). The result demon-
strated that the TrpE-CRAM fusion protein can indeed be
colocalized with the endogenous CRAM at the flagellar pocket
(Fig. 10B). However, we also found a significant amount of the
fusion protein restricted inside the ER, indicating that this
protein is not efficiently transported (data not shown). The
result was similar for cell lines expressing an ISG65-CRAM
fusion protein in which the signal peptide and the cytoplasmic
domain of the ISG65 were replaced by those derived from
CRAM (data not shown).

DISCUSSION

Using mutagenesis, we dissected each domain of the CRAM
protein and investigated its role in the targeting and retention
of CRAM at the flagellar pocket of trypanosomes. Based on
domain swapping experiments, we demonstrate that different
N-terminal signal peptides and transmembrane domains have
no influence on protein localization at the flagellar pocket.
Changing the amino acid sequence of the CRAM cytoplasmic
extension changes the fate of the CRAM protein in trypano-
somes. Based on deletional mutation analysis, it appears that
multiple functional domains may exist in the CRAM cytoplas-
mic extension. (i) The last four amino acids of CRAM are not
required for the transport and routing of the protein at the
pocket. (ii) Deletion up to amino acids —8 to —19 from the C
terminus resulted in the CRAM retained in the ER, indicating
that these amino acids are essential for protein export from the
ER. We tentatively refer to this domain as a transport signal.
(iii) Deletion of amino acids up to position —29 and —40 from
the C terminus resulted in some CRAM protein being spread
onto the cell surface and the surface of flagellum, though a
significant amount of the protein is still retained in the ER.
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FIG. 9. Immuno-EM localization of the CRAM protein in bloodstream-form CRAM overexpressor and BS-CRAM-40 cell line. (A and B) BS-CRAMH23HB
probed with rabbit anti-CRAM (18 nm) and mouse MAb Ali I-218 (12 nm) directed against p67, a lysosomal glycoprotein (22). The label for CRAM is observed at
the flagellar pocket and the Golgi in the BS-CRAMH23HB cell line. (C) The BS-CRAM-40 cell line probed with rabbit anti-CRAM (18 nm) and mouse MAb Ali I-218
against p67 (12 nm), showing that a significant amount of the CRAM protein was spread onto the surface in the BS-CRAM-40 cell line. fp, flagellar pocket; f, flagellum;

g, Golgi; L, lysosome; n, nucleus; s, surface. Scale bars, 0.5 um.

This result suggested that the amino acid sequences from —20
to —40 from the CRAM C terminus may be important for
holding the CRAM protein at the flagellar pocket. This region
is referred to as a putative flagellar pocket retention signal.
In all eukaryotes, membrane-bound proteins predominantly
originate in the ER and then are sorted and transported by
vesicles to their final destinations. Studies on the machinery of
vesicle transport in mammalian cells and yeast have established
some general rules that individual proteins are dependent on
the intrinsic signals that dictate their ability to enter or not
enter a given vesicle shuttle (for reviews, see references 18, 35,
40, and 44). These signals, called sorting signals, are discrete
peptide domains of 4 to 25 residues or conformationally de-
termined epitopes. A given protein can have multiple sorting
signals, each identifying the fate of the protein at consecutive

stages. A sorting signal which specifies movement is termed a
transport signal; the one which specifies lack of movement is
termed a retention signal. The transport signals can facilitate
the assembly of targeted molecules into transport vesicles by
interacting with secretory vesicle coat proteins (for examples,
COPI and COPII in mammalian cells and yeast) and thus
facilitate selective export of targeted molecules from the ER.
Additional mechanisms also control export from the ER. Re-
cent studies have indicated that after translocation across the
membrane of the ER, newly synthesized proteins must be
properly folded, assembled, and/or modified in order to be
competent for transport from the ER to their final destination.
On the other hand, misfolded, incompletely folded, and par-
tially assembled proteins are transport incompetent, retained,
and eventually degraded. This sorting process, called quality
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FIG. 10. Localization of the TrpE-CRAM fusion protein at the flagellar
pocket in transformed procyclic trypanosomes. (A) Diagram for the structure of
the trpE-CRAM fusion gene (see Materials and Methods for the detailed de-
scription of the plasmid). The construct was linearized at the Mlul site located at
the center of tubulin intergenic region (T) and then electroporated into trypano-
somes. (B) Immuno-EM localization of the TrpE-CRAM fusion protein in a
transformed procyclic cell line. The cell line was doubled labeled with rabbit-
derived anti-TrpE (15 nm of gold) (Lee, unpublished) and rat-derived anti-
CRAM (5 nm of gold). Both antibodies have labeled the lumenal face of the
flagellar pocket (fp). Scale bar, 0.5 wm.

control, prevents proteins departing from the ER until fully
folded (18). Thus the differences in the efficiency of folding/
assembly may also attribute to the variability observed in the
efficiency of protein export.

Based on knowledge obtained from study of other eu-
karyotes, we postulate that putative transport signals may exist
in the amino acids spanning —5 to —19 (or further upstream)
of the CRAM C terminus. With the loss of these signals, the
CRAM protein was probably either not properly folded and/or
unable to be selected by transport vesicles and was thus re-
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tained in the ER. We are currently performing experiments to
distinguish these possibilities. In cell lines CRAM-29 and
CRAM-40, a significant amount of CRAM protein is again
targeted to the flagellar pocket. These truncated CRAM pro-
teins presumably are able to enter a budding vesicle without
acquiring the putative transport signals. We postulate that this
event may occur due to the prevailing concentration of CRAM
in the ER of cell lines CRAM-29 and CRAM-40, allowing
transport by mechanisms similar to the process called bulk flow
(36, 57). Comparing the amino acid sequence of the CRAM C
terminus to the data bank, we found no obvious functional
motifs similar to those involved in protein sorting and trans-
port in higher eukaryotes. Interestingly, a 5-of-11 amino acid
homology was found in the —15 to —4 amino acid sequence of
the CRAM C terminus and the domain responsible for inter-
nalization in human LDL receptor (residues 801 to 812) and
LDL receptor-related protein (residues 4482 to 4493) (24).
Unlike PARP, VSG, and some ISGs that are homoge-
neously distributed on the entire cell surface of trypanosomes,
the truncated CRAM protein in cell lines CRAM-29 and
CRAM-40 does not distribute uniformly onto the entire cell
surface but covers predominantly the surface of the flagellum
in a punctuated pattern in procyclic trypanosomes. We cur-
rently do not understand how the truncated CRAM protein
selectively distributes to the flagellum in these cell lines. Nev-
ertheless, our results indicate that sequences immediately
downstream of the transmembrane domain (the putative re-
tention signal) of CRAM are important for localization of
CRAM to the flagellar pocket membrane. We hypothesize that
the putative flagellar pocket retention signal may be recog-
nized by proteins associated with the flagellar pocket, thus
resulting in the retention of CRAM at the pocket membrane.
Our current data do not exclude the possibility that the extra-
cellular repeated peptide domain and its downstream adjacent
unique peptide of the CRAM protein may play important roles
in the correct routing of the protein to the flagellar pocket.
Our studies address unanswered questions related to vesic-
ular trafficking in trypanosomes. Very little information is
available on protein sorting and transport in trypanosomes (4,
8, 11, 37). Vesicle coat protein homologs have not yet been
characterized. A recent report described the GPI-dependent
secretory transport in 7. brucei in which a GPI-minus VSG is
secreted from transformed procyclic trypanosomes with a
much reduced efficiency and a large amount of the GPI-minus
VSG accumulated in the ER (3). The authors hypothesized
that efficient transport of GPI-anchored proteins in procyclic
trypanosomes may be mediated in a positive manner by the
presence of a GPI moiety and that the delayed forward trans-
port was not due to misfolding or misassembling in the absence
of a GPI moiety (31). Hill et al. demonstrated that a structural
motif in the T-lymphocyte triggering factor may be involved in
the targeting of this factor to the anterior or cytoplasmic face
of the flagellar pocket via interaction with trypanosome cy-
toskeleton (19). Several mechanisms have been documented
for localization proteins to the flagellar membrane or the fla-
gellum (5, 15, 46, 47). Studies of glucose transporters in Leish-
mania enriettii demonstrated that a short stretch of amino acid
at the N-terminal domain of the isoform 1 glucose transporter
is essential for targeting to the flagellar membrane (46, 47).
Godsel and Engman showed that myristoylation and palmitoyl-
ation at the N terminus of the flagellar calcium-binding protein
of Trypanosoma cruzi are required for its flagellar localization
mediated through association with the flagellar plasma mem-
brane (15). The study of flagellar morphogenesis by Gull’s
laboratory identified two sequence domains required for tar-
geting and assembly of the paraflagellar rod proteins into the
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flagellum of trypanosomes (5). Protein sorting signals identi-
fied in the CRAM cytoplasmic domain do not resemble to
those involved in targeting proteins to the flagella of trypano-
somes.

The study of the fate of CRAM proteins in bloodstream-
form trypanosomes indicated that similar sorting systems exist
in both stages of the parasite, though unique properties during
transporting proteins from the Golgi to the pocket may still
operate in different life cycle stages of the parasite. In blood-
stream-form trypanosomes, the GPI-anchored transferrin re-
ceptor complex is localized at the flagellar pocket. When this
receptor complex was expressed in procyclic trypanosomes, it
did not exclusively localize to the flagellar pocket but was
expressed throughout the cell surface of the trypanosome (28).
The mechanism involving anchoring of the transferrin receptor
complex at the flagellar pocket of the bloodstream form is not
clear, though mechanisms similar to those proposed for
CRAM of the procyclic form may operate. In this event, a third
protein functioning as a routing protein may be involved in
holding the GPI-anchored transferrin receptor onto the flagel-
lar pocket of bloodstream-form trypanosomes. Alternatively,
other sorting mechanisms requiring novel sorting signals may
also be present.

In summary, our systematic dissection of sequences involved
in the localization of CRAM at the flagellar pocket of trypano-
somes has identified putative sorting signals at the CRAM
cytoplasmic extension. We will now use these putative sorting
signals as bait to further unravel the machinery of secretory
trafficking in trypanosomes.
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