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SUMMARY

Using the polymerase chain reaction with degenerate
primers, three new members of the hsp70 gene family
of Trypanosoma brucei have been identified. A genomic
clone of one of these, gA, has been fully sequenced and
the corresponding gene product has been characterized
using antibody to recombinant gA fusion protein. gA is
the trypanosomal homologue of BiP, an endoplasmic
reticulum resident hsp70 gene family member, based on
four lines of evidence: (1) gA protein has 64% deduced
amino acid identity with rat BiP; (2) the deduced amino
acid sequence has a putative secretory signal peptide;
(3) the gA gene product is a soluble luminal resident of
atrypanosomal microsome fraction; (4) the gA polypep-
tide does not cofractionate with mitochondrial markers.
Trypanosomes are the most primitive eukaryote yet in
which BiP has been identified. The gA polypeptide has

been used as a specific marker for the direct visualiza-
tion of endoplasmic reticulum in trypanosomes by both
indirect immunofluorescence and cryoimmuno electron
microscopy. The endoplasmic reticulum is seen as a
tubular network that extends throughout the cell
excluding the flagellum. The C-terminal tetrapeptide of
gA is MDDL, which, together with the C-terminal
tetrapeptide (KQDL) of a trypanosome protein disulfide
isomer ase homologue (Hsu et al. (1989) Biochemistry 28,
6440-6446), indicates that endoplasmic reticulum
retrieval signals in trypanosomes may be as divergent
and heterogeneous as any seen in the other eukaryotes
yet studied.
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INTRODUCTION

African trypanosomes, parasitic protozoa of the Order Kine-
toplastida, are the causative agents of sleeping sickness in
humans and nagana in cattle. As judged by 18 S rRNA
sequence homology (Sogin et al., 1989), these organisms
are among the most primitive of the eukaryotic kingdom,
being as distant evolutionarily from yeast as they are from
vertebrates. Nevertheless, trypanosomes have provided the
first glimpse of eukaryotic processes that have alternatively
proven to be either ubiquitous, such as glycosyl phos
phatidylinositol membrane protein anchors (Doering et al.,
1990), unusual, such as trans-splicing (Boothroyd, 1989),
or even revolutionary, such as RNA editing (Simpson and
Shaw, 1989). The basic cell biology of these organisms,
however, has been understudied and, with the exceptions
of endocytosis (Balber, 1990) and glycosome biogenesis
(Opperdoes, 1990), little is known about protein trafficking
in trypanosomes. Although the export of one polypeptide,
the variant surface glycoprotein (VSG), has been studied in
detail (Bangs et a., 1986) and a few components of the

secretory machinery have been identified, including a puta-
tive protein disulfide isomerase homologue (Hsu et a.,
1989), a critica gap remains in our understanding of a
process that can be expected to play an important role in
host-parasite interactions.

The first steps in eukaryotic protein export occur during
and immediately following the translocation of nascent
secretory polypeptides into the endoplasmic reticulum. An
important participant in these steps is a protein known as
BiP (binding protein) or grp78 (glucose-regulated protein),
a soluble luminal resident of the endoplasmic reticulum
(ER). BiP is a member of the hsp70 family of heat shock
proteins and has been found in all eukaryotes examined to
date, including rats (Munro and Pelham, 1986), nematodes
(Heschl and Baillie, 1989), yeast (Rose et al., 1989; Norm-
ington et a., 1989) and the parasitic protozoan Plasmod -
ium falciparum. (Kumar and Zheng, 1992). It functions as
a molecular chaperone, assisting in the translocation of
secretory polypeptides into the ER (Vogel et a., 1990), in
the folding of trandocated polypeptides (reviewed by
Pelham, 1989) and in the correct assembly of macromole-
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cular secretory complexes such as immunoglobulin (Bole
et a., 1986). BiP facilitates these related processes by bind-
ing reversibly to exposed segments of substrate polypep-
tide chains (Flynn et a., 1989) and as a consequence of its
binding properties it may also serve to prevent the secre-
tion of aberrantly folded or assembled proteins (Bole et al.,
1986; Dorner et al.,1987). Its functions have been shown
to be essential, at least in yeast where gene knockout yields
a non-viable phenotype (Rose et al., 1989; Normington et
al., 1989).

BiP, like other soluble ER polypeptides, maintains its
subcellular localization by virtue of a tetrapeptide retention
signal at the extreme carboxyl terminus of the polypeptide.
This signal is typically KDEL in mammals (Munro and
Pelham, 1987) and HDEL in Saccharomyces cerevisiae
(Pelham et al., 1988). Other variations of the XDEL
seguence include DDEL in Kluyveromyces lactis (Lewis et
a., 1990), ADEL in Schizosaccharomyces pombe (Pidoux
and Armstrong, 1992) and SDEL in P. falciparum (Kumar
and Zheng, 1992). These retention signals serve as specific
ligands for a membrane-bound receptor, the ERD2 gene
product, that has been identified in S cerevisiae (Semenza
et a., 1990), K. lactis (Lewis et al., 1990) and more recently
in Homo sapiens (Lewis and Pelham, 1990). Receptor is
present in sub-stoichiometric amounts, relative to total
luminal ER proteins, and apparently recycles between the
ER and a compartment that is transitional between the ER
and the Golgi apparatus (Pelham, 1988, 1991) thereby
retrieving errant ER residents. Generally speaking, binding
is species-specific in that mammalian receptor will not bind
the S cerevisiae signal, nor will the yeast receptor function
with the mammalian retention signal, in experimental con-
structs (Pelham et al., 1988; Dean and Pelham, 1990; Lewis
and Pelham, 1992). Nevertheless, a limited amount of
sequence variation is tolerated, both naturaly (including
HDEL) and experimentally, in mammalian cells (Andres et
al., 1991; Robbi and Beaufay, 1991; Ozawa and Mura
matsu, 19923. The K. lactis ERD2 protein homologue is of
interest, since it will function with HDEL or DDEL
sequences, both of which are found on luminal ER proteins
in this species (Lewis et a., 1990).

We report here the cloning and characterization of a BiP
homologue in African trypanosomes, the most ancient
eukaryotic lineage in which this protein has yet been iden-
tified. This BiP homologue has been used as a specific
marker for the first direct visualization in trypanosomes of
the endoplasmic reticulum, which appears as a tubular net-
work that extends throughout the entire cell. The charac-
terization of a bona fide ER resident protein also allows the
identification of the putative retention sequences used by
trypanosomes. Surprisingly, the deduced carboxy-terminal
tetrapeptide of trypanosomal BiP is MDDL, a significant
divergence from the ER retention signals seen in other
eukaryotes. A gene previoudly identified in our laboratory
that encodes a protein homologous to protein disulfide iso-
merase, another luminal ER protein, has the deduced car-
boxy-terminal tetrapeptide KQDL (Hsu et al., 1989). Com-
bined, these results imply the use of multiple ER retention
signals in trypanosomes and argue for unusual latitude in
the ligand specificity of the trypanosomal receptor.

MATERIALS AND METHODS

Trypanosomes and preparation of nucleic acids

Bloodstream form (clone MITat 1.4 expressing VSG 117) and pro-
cyclic culture form (corresponding to the insect stage of the par-
asite life-cycle and derived from MITat 1.4) trypanosomes of the
427 strain of Trypanosoma brucei brucei were used for all exper-
iments except for cryoimmuno-electron microscopy, when blood-
stream forms of the Wellcome CT strain of T. b. rhodesiense
(clone DuTat 1.1; Balber and Frommel, 1988) were used. Growth
and purification of bloodstream parasites and growth of procyclic
culture-form trypanosomes were as described previously (Bangs
et a., 1986; Dorn et d., 1991). DNA and poly(A)* mRNA were
purified from bloodstream forms of MITat 1.4 as described pre-
viously (Hobbs and Boothroyd, 1990; Bangs et al., 1992).

Synthethic deoxyoligonucleotides

The following synthetic deoxyoligonuclectides were used for
cloning and hybrid arrest experiments (restriction sites are under-
lined, parentheses indicate degeneracy):

JB8: 5CGCATCTAGATA(TC)TT(TC)AA(TC)GA(TC)GC-
(TCAG)CA(AG)(CA)G-3¢for PCR cloning of hsp70 homologues,
degenerate sense primer with Xbal site.

JBY: 56CAAAGCTTAC(TCAG)GC(TC)TC(AG)TC(TCAG)-
GG(AG)TT(AGT)TT-3¢for PCR cloning of hsp70 homologues,
degenerate antisense primer with Hindlll site.

JB25: 5¢GCCTATCACTTGTCTAGACCCGGGCATCGAC-
CTCGGCACA-3¢for PCR amplification of the gA coding region
for GST fusion, sense primer with Xmal site.

JB26: 5¢TCCACTGAGCAACTCTAGACCCGGGTTACA-
GAT-CGTCCATGGG-3¢for PCR amplification of the gA coding
region for GST fusion, antisense primer with Xmal site.

LU7: 56GCCTATCACTTGTCTAGACCCGGGTATCGAC-
CTCGGTACG-3¢ for PCR amplification of the hsp70 coding
region for GST fusion, sense primer with Xmal site.

LU9: 5¢6GGCACTGAGCAACTCTAGACCCGGGCTCGGG-
CATACCGCCAGG-3¢for PCR amplification of the hsp70 coding
region for GST fusion, antisense primer with Xmal site.

JB43: 56GTCAACATTCTTTTTCTTCTTCAGCATGTC-3¢
for hybrid arrest, antisense oligonucleotide to gA coding region
corresponding to amino acids 270-279.

JB44: 5¢6GTCCTTACCGGTGCGGGTTCTGAACTCAGT-3¢
for hybrid arrest, antisense oligonucleotide to pB1 coding region
analogous to JB43.

JB45: 5¢GCTGTCCACCTCCACACGCGCCTCGGGATG-3¢
for hybrid arrest, antisense oligonucleotide to gA coding region
corresponding to amino acids 304-313.

JB46: 56 TGCATCAATCGCAATGTTGGTGCTTGCTGA-3¢
for hybrid arrest, antisense oligonucleotide to pB1 coding region
analgous to JB45.

Cloning of the trypanosomal BiP gene

Genomic trypanosome DNA (MITat 1.4) was amplified by the
polymerase chain reaction (PCR) using the degenerate synthetic
oligonucleotides primers, JB8 and JB9. Cycle conditions were:
denaturation, 30 s at 95°C; annealing, 1 min at 55°C; elongation,
1 minat 72°C. Products of approximately 850 bp and 700 bp were
gel-purified and blunt-end cloned into the EcoRV site of pBlue-
script 11 SK- (Stratagene Inc., San Diego, CA). Recombinant plas-
mid DNA from ten transformants of Escherichia coli were used
as templates for PCR with primers JB8 and JB9. In each case
products of identical size to the original inserts, ~700 or ~850 bp,
were obtained. Clones fell into three distinct groups based on
restriction endonuclease analysis of their respective PCR products:
two groups with ~700 bp inserts, pA (pAl - pA3) and pB (pB1
- pB3); and one group with a ~850 bp insert, pC (pC1 - pC4).



Gel-purified PCR product (primers: JB8/JB9, template: pAl)
was used as a probe to screen agenomic T. brucei | phage library
(bloodstream stage MITat 1.4 DNA in | EMBL3, generously pro-
vided by Dr Tom Beals). Two positive plagues from secondary
screening gave 100% positive plaques in tertiary screens and were
therefore deemed clonal. One of these (I 5), containing the parental
genomic sequence (gA) of the pAl PCR clone, was selected for
subcloning and sequencing. Subclones of the gA sequence were
made directly from | 5 into pBluescript |1 SK-, including pl A4,
a 6 kb Xmal fragment containing both 5¢ and 3¢ non-coding
sequences flanking the entire coding region. Further deletion sub-
clones were made as necessary from primary subclones.

A Plaque and genomic DNA blotting

I Plague lifts were prepared on nitrocellulose filters and screened
according to Sambrook et al. (1989) using a high-stringency (0.1°
saline sodium citrate, 65°C) final wash (1" = 0.15 M NaCl/0.015
M sodium citrate).

Genomic DNA (3 ng) was digested with various restriction
endonucleases, fractionated electrophoretically on 0.8% agarose
gels and transferred to Nytran filters (Schleicher and Schuell, Inc.,
Keene, NH) as described (Hsu et a., 1989). Non-radioactive
probes were prepared with an ECL Random Priming Kit (Amer-
sham, Arlington Heights, IL) using gel-purified PCR products as
template and hybridization was carried out at 65°C according to
the manufacturer’s specifications. Stringency washes were as
described above and specific hybridization was detected with the
ECL Southern Detection System (Amersham) and Kodak XRP
film.

DNA sequencing

DNA sequence was determined by the dideoxy chain termination
method (Sequenase kit, United States Biochemical, Corp., Cleve-
land, OH) using subclones in pBluescript II SK- as double-
stranded templates. All gA coding sequence was determined on
both strands using primers complementary to either the pBlue-
script polylinker or known internal gA seguence.

Production of gA and hsp70 fusion proteins

pl A4 and pTb10.A were used as PCR templates with primer com-
binations JB25/JB26 (gA) and LU7/LU9 (hsp70), respectively.
pTbh10.A is a cloned EcoRI fragment, containing a single copy of
the T. brucei 2.5 kb hsp70 genomic repeat in the pGEM1 vector
(Muhich and Boothroyd, 1988). Since EcoRI cuts within thehsp70
coding region, the plasmid was first digested with EcoRI and then
religated to convert the insert to 2.5 kb closed circles with con-
tiguous coding regions for use as a PCR template.

The amplification products, in each case bearing unique Xmal
sites at both ends, were digested with Xmal, gel purified and lig-
ated into the Xmal cloning site of pGEX-2T (Pharmacia, Piscat-
away, NJ) to generate in-frame fusions of the coding regions with
glutathione S-transferase (GST). Expression of the resultant fusion
proteins in E. coli was dependent on both insert orientation and
lacZ induction.

Induction of fusion protein synthesis and lysis of induced bac-
teria was carried out according to the manufacturer’s specifica-
tions. Each fusion protein, found predominantly in the insoluble
fraction, was solublized in urea (Schloss et a., 1988) and rena-
tured by exhaustive dialysis against 50 mM Tris-HCI, pH 8.0, 500
mM NaCl, 10% (v/v) glycerol, 5 mM PMSF. Insoluble material
was removed by centrifugation (30,000 g, 30 min, 4°C, JA17
rotor, Beckman Instruments, Palo Alto, CA) and renatured fusion
protein was purified from the clarified supernatant by affinity chro-
matography on glutathione-agarose (Sigma) (Smith and Johnson,
1988).
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Production of anti-gA antibodies

New Zealand White rabbits were immunized with GST:gA fusion
protein using the RIBI adjuvant system (RIBI ImmunoChem
Research Inc., Halmilton, MT.) according to the manufacturer’s
instructions. For affinity purification, GST:gA and GST:hsp70
fusion protein were independently coupled (1 mg protein: 1 ml
beads) to cyanogen bromide-activated Sepharose (Pharmacia)
according to the manufacturer’s specifications. Antibodies to GST
determinants and cross-reacting hsp70 epitopes were depleted
from whole anti-GST:gA serum by adsorption to GST:hsp70-
Sepharose. Specific anti-gA antibodies were then affinity purified
from the depleted serum on GST:gA-Sepharose. Normal 1gG was
purified from preimmune serum by Protein A-Sepharose affinity
chromatography.

Affinity-purified rabbit anti-VSG antibody was prepared with
VSG117 purified by the procedure of Cross (1975). Mouse anti-
serum raised against GST fusion proteins containing the full length
of T.cruzi hsp70 and mtp70 were generous gifts from Dr David
Engman of Northwestern University, Chicago, IL. Mouse ascites
fluid containing monoclona antibody to purified 38 kDa subunit
protein (band 4) of Crithidia fasciculata cytochrome c reductase
was a generous gift from Dr Jeffrey Priest of the University of
Alabama at Birmingham.

Electrophoresis and immunoblotting

Protein samples were fractionated on SDS-PAGE gels and trans-
fered electrophoretically to nitrocellulose membranes (0.2 mm,
Schleicher and Schuell). Membranes were blocked with phos-
phate-buffered saline (PBS: 10 mM NaHPO4, 2 mM KH2PO4,
137 mM NaCl, 8 mM KCl, pH 7.4) containing 0.05% Tween-20
and probed with specific antibodies. After washing, specific bind-
ing was detected using an ECL Western Detection System (Amer-
sham) according to the manufacturer’s instructions. Prestained
molecular mass markers (Bio-Rad Laboratories, Hercules, CA),
used on all gels, were: phosphorylase b, 106 kDa; bovine serum
albumin, 80 kDa; ovalbumin, 49.5 kDa; carbonic anhydrase, 32.5
kDa; soybean trypsin inhibitor, 27.5 kDa.

Subcellular fractionation

A modification of the lysis procedure of Harris et al. (1990) was
used to disrupt procyclic trypanosomes. All operations were car-
ried out at 4°C and protease inhibitor cocktail (2 mg/ml each, apro-
tinin, leupeptin, antipain, pepstatin and chymostatin) was included
in al solutions except sucrose cushions or when fractions were
prepared for subsequent protease protection experiments. Pro-
cyclic trypanosomes were washed three times with PBS and resus-
pended at 0.5 10° to 1.0" 109ml in hypotonic buffer (1 mM
Hepes-KOH, pH 7.5, 1 mM EDTA). After a 10 min incubation
the lysate was passed through a 27 gauge needle three times and
then adjusted to isotonicity by the addition of 5 buffer to give
fina 1° lysis buffer (LB: 25 mM Hepes-KOH, pH 7.5, 100 mM
sucrose, 80 mM potassium acetate, 1 mM EDTA). Observation
by light microscopy at this point revealed that the cellswere totally
disrupted. The lysate was separated into low-speed pellet and
supernatant fractions (P1 and S1, respectively) by centrifugation
(10 min, 1000 g) and the pellet was resuspended in the origina
volume of LB. The Sl fraction was layered on a cushion of 2 M
sucrose in LB and centrifuged (40 min, 100,000 g, Beckman
TLS55 rotor). The resultant supernatant fraction (S2), containing
cytosol, was removed and the interface (P2), containing crude
microsomes, was resuspended in the original volume of LB.

Protease protection

Crude microsomal fraction (P2, 200 ni, 107 cell equivalents) was
treated (30 min, 4°C, fina volume 250 nm LB) with increasing
concentrations (0 to 200 ng/ml) of TPCK-treated trypsin (Sigma),
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in the presence or absence of 0.5% NP-40. Chicken egg white
trypsin inhibitor (Sigma type IV-O, 40 m, 5 mg/ml in LB) was
added and, after further incubation (5 min, 4°C), samples (100 m)
were acetone precipitated and analyzed by immunoblotting with
anti-gA antibody.

Alkaline carbonate treatment

Crude microsomal fraction (P2) was prepared and resuspended at
7.5 10° cell equivalents per ml in LB. A set of two aliquots (50
m) were diluted 10-fold with LB and another equivalent set was
diluted 10-fold with 110 mM NaxCOs. After incubation (30 min,
4°C), one member of each set received 167 mt of 4 M KCI and
the other recieved the same volume of distilled water. After fur-
ther incubation (30 min, 4°C), the samples were separated into
supernatant and pellet fractions by centifugation (40 min, 100,000
0, 4°C, TLSE5 rotor). Supernatants were removed, pellets were
resuspended in the original volume of LB, and samples (100 ni)
of each were TCA precipitated with 20 ng BSA as carrier. The
precipitates were rinsed with 70% ethanol and analyzed by
immunoblotting with anti-gA antibody.

Hybrid arrest in vitro translation

[35S]methionine-labelled trypanosome polypeptides were synthe-
sized using nuclease-treated rabbit reticulocyte lysates as directed
by the manufacturer (Promega, Madison, WI). Bloodstream form
(MITat 1.4) poly(A)* mRNA (2 ng, 10 m) was denatured (95°C,
2 min) in the presence of combined (JB43/JB45 or JB44/IB46;
25 mM each) antisense oligonucleotides and then snap-chilled on
ice. Transglation cocktail (40 m) was added and protein synthesis
was initiated by shifting to 30°C. After 60 min, transation was
terminated on ice and the reaction mixtures were diluted to 0.5
ml with TEN buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 5
mM EDTA) containing 1% NP-40, 1% BSA and clarified by cen-
trifugation (10 min, 16,000 g). One-tenth of the supernatant was
diluted to 0.5 ml for immunoprecipitation of VSG polypeptides;
the remainder was used for immunoprecipitation of gA polypep-
tides. Lysates were treated (2 h, 4°C) with 2 ng of antibody, either
anti-gA or affinity-purified rabbit anti-VSG 117, and Protein A-
Sepharose (50 M) was added (Phamacia, 8% (w/v) in TEN with
1% BSA and 1% NP-40). After incubation (2 h, 4°C), the pre-
cipitates were rinsed twice in wash buffer (TEN, 1% NP-40, 0.5
% sodium deoxycholate, 0.1 % sodium dodecy! sulfate) contain-
ing 1% BSA, 3 times in wash buffer and once in TEN. Precipi-
tates were analyzed by SDS-PAGE gel electrophoresis followed
by fluorography (Entensify, NEN, Research Products, Boston,
MA) with Kodak XAR-5 film.

Immunofluorescence assay

Immunoflourescence on fixed permeabilized cells was performed
by amodification of the procedure of Brickman and Balber (1993).
All operations were carried out on ice. After washing three times
in PBS containing 1 mM glycerol, procyclic trypanosomes were
incubated in PBS containing 4% formaldehyde and 0.04% glu-
taraldehyde for 1 h, and then washed once in PBS. Fixed cells
were quenched for 10 min in PBS containing 10 mM ammonium
chloride, washed once in PBS, resuspended (107 cells/ml) in pre-
immune 1gG or affinity-purified anti-gA antibody (10 ng/ml) in
PBS, 1% BSA, 0.1% NP-40 and incubated for 1 h. After wash-
ing threetimesin PBS, 5% normal goat serum, cells (107/ml) were
incubated for 1 h in a 1/50 dilution of fluorescein-conjugated goat
anti-rabbit 1gG (H+L) (Kirkegaard and Perry Laboratories, Inc.,
Gaithersberg, MD) in PBS, 5% normal goat serum, 1% BSA con-
taining 10 ng/ml Hoechst 33258 dye (bis-benzimide, Sigma, St
Louis, MO). Stained cells were washed three times in PBS, air
dried on poly-L-lysine-coated slides and mounted in Vectashield
(Vecta Laboratories Inc, Burlingame, CA). Fluorescence was visu-
alized under “ 100 oil immersion on an Olympus BO71 epi-fluo-

rescence microscope with a PM-10AD photomicrographic adap-
tor. Photomicrographs were taken with 100 and 400 ASA Kodak
T-MAX film.

Cryoimmuno-electron microscopy

The protocol of Griffiths et al. (1984) was followed with slight
modification. Thin sections of cryo-preserved bloodstream try-
panosomes, cut on a Reichert Ultracut cryomicrotome, were
floated on blocking buffer (1% BSA, 5% normal goat serum in
PBS) and then warmed to room temperature for 30 min. Sections
were incubated (30 min) in either anti-gA antibody or pre-immune
19G (142 mg/ml each), washed in PBS and then incubated (30
min) in goat anti-rabbit 1gG (H+L) antibody conjugated to 10 nm
gold particles (Amersham). Grids were washed with PBS and then
digtilled water, incubated (10 min, 4°C) with 2% methyl-cellu-
10se/0.3% uranyl acetate, and dried before being examined on a
Philips transmission electron microscope.

RESULTS

Cloning of T. brucei hsp70 homologues

Degenerate primers complementary to highly conserved
portions of the hsp70 gene family were used to amplify and
clone analogous regions of trypanosome hsp70 gene family
members. These primers were selected to flank an internal
4 amino acid sequence, SETL, that is conserved in many
known BiP genes including those of yeast, rat, Caenorhab -
ditis and Plasmodium (Rose et al., 1989; Normington et al.,
1989; Heschl and Baillie, 1989; Kumar and Zheng 1992).
Since al eukaryotes have multiple hsp70 gene family mem-
bers (yeast has at least 9; Lindquist and Craig, 1988) mul-
tiple PCR clones were expected from this strategy. Overall
homology, as well as the presence of the SETL sequence,
was expected to identify PCR clones derived from the try-
panosome BiP gene.

Ten PCR clones were identified and catagorized into
three groups based on restriction endonuclease analysis (see
Materials and Methods). Representatives of each group,
pAl, pB1l and pCl, were sequenced (Fig. 1) in order to
confirm relatedness to the hsp70 gene family and to iden-
tify that clone most likely to be derived from the try-
panosome BiP gene. All three are clearly of the hsp70 gene
family (Fig. 2). pC1 isapparently derived from the T. brucel
equivalent of the mitochondrial hsp70 (mtp70) gene previ-
oudy identified in the related trypanosomatid, T. cruz
(Engman et al., 1989), with which it has 92% amino acid
identity in the region of amplification. This cloneis approx-
imately 200 nuclecotides longer than the others due to
annealing of the JB9 primer at a related sequence down-
stream of the intended target. pB1 is derived from a hereto-
fore undescribed trypanosome hsp70 gene family member
and is unlikely to be a BiP homologue, on the basis of over-
all amino acid homology (57% identity with rat BiP) and
the presence of FSKI1 in place of SETL. The deduced amino
acid segquence of the pA clone has 72% identity with rat
BiP throughout the region of amplification and, in addition,
has the sequence SEKI in place of SETL. Collectively,
these data implicate pAl as most likely to be derived from
the trypanosome BiP gene. None of the PCR clones are
derived from the previously characterized trypanosomal
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Fig. 1. Sequences of T. brucei hsp70 genes. The nucleotide sequences of the gA genomic region (A), and the pB1 and pC1 PCR clones (B
and C, respectively) are presented. Upstream and downstream noncoding sequences are in lower case and all coding regions are in upper
case. Sequences corresponding to PCR primers JB8 and JB9 are underlined. The natural nucleotide sequence in the region corresponding
to the primers is known for gA only; the genomic sequences in these regions of pB and pC are likely to differ somewhat from those
shown. Numbering is relative to the deduced start codon for gA and to the end of the upstream primer for pB and pC. Triplet groups

represent codons of the deduced open reading frames.

homologues of inducible and constitutively expressed
hsp70 (Lee et a., 1990). The reason for this is unclear but
could be due to the limited number of clones analyzed.
Using the pA1 sequence to screen a genomic library, a
| phage clone containing the parental sequence of the PCR
clone was identified and subclones encompassing the rele-
vant open reading frame were prepared and sequenced (Fig.
1). The results show that this genomic clone contains the
exact nucleotide sequence of the pA1l clone; it is therefore
designated as the genomic A (gA) coding region. The
deduced amino acid sequence (Fig. 2) of the complete open
reading frame of the protein indicates a polypetide of 653
amino acids (71.5 kDa) including an amino-terminal
hydrophobic sequence (~30 amino acids) that conforms to
the genera properties of secretory signal segquences (von
Heijne, 1990), as would be expected for a resident of the
ER. There are no canonical N-linked glycosylation sites.
The predicted polypeptide has overall amino acid identities
of 64% and 62% with rat and yeast BiP, respectively. The

high percentage identity with other BiPs, together with the
presence of a signa sequence, strongly suggest that thisis
the gene for the trypanosomal BiP homologue. If so, this
implies that the carboxy-termina tetrapeptide, MDDL,
functions as an ER retrieval signal in trypanosomes.

Genomic organization of the gA gene

Genomic organization in trypanosomes is typified by the
absence of cis introns (Boothroyd, 1989) and the frequent
tandem reiteration of identical protein coding regions (e.g.
hsp70; Lee et a., 1990). Such reiterations can be confirmed
by the generation of a common repeat-sized restriction frag-
ment by any restriction endonuclease that cuts once within
the repeat. In order to determine the gA genomic organiz-
ation, the pA1l sequence was used as a probe in Southern
analysis (Fig. 3). Five restriction enzymes that cut once
within the gA region (BamHI, BstEIl, EcoRl, Hindll, Xbal)
generate distinct restriction patterns with no common-sized
fragments arguing against a repeat structure. However, a
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627
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ratbip EEIVQ ..S. L. G G PPPTGEEDTSEKDEL

hsp70 EG CA..LS M.GM..
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Fig. 2. Alignment of deduced amino acid sequences. The deduced amino acid sequences of the gA, pB and pC regions are aligned with
the complete published sequences deduced for rat BiP (Munro and Pelham, 1986) and T. brucei inducible hsp70 (Lee et a., 1990) and the
portion of the T. cruzi mtp70 gene product (Engman, 1989) corresponding to the pC sequence. Alignment was performed to maximize
identity (indicated by dots) with the gA sequence. Dashes indicate gaps introduced to improve alignment and asterisks indicate
ambiguous residues in the published T. brucei hsp70 sequence. Amino acids corresponding to the internal gA sequence SEKI areinitalics
and the portion of the gA sequence amplified in the pA PCR clone (not shown) is underlined. Numbering is relative to the deduced

initiation methionine residue of the gA sequence.

pattern (most evident with EcoRI, Hindlll and Xbal) of two
bands of ~1" intensity and a single band of ~2" (or more)
intensity is apparent, indicating that there are multiple
copies of the gA gene per diploid genome. The simplest
interpretation is that the gA gene is present in at least two
loci, each with two alleles, and that one locus is heterozy-
gous.

The non-tandem nature of gA genomic organization
raises the question of whether the gA gene that we have
identified is in fact representative of all the copies of the
gene family. Digestion with enzymes (Ncol, Pstl, Sall,
Xbal/Hindlll) that cut at sites outside the pAl probe
sequence but within or near the coding region all generate
single fragments of sizes predicted from the gA segquence
(Fig.3). These results strongly indicate that all copies are
essentially identical throughout the coding region and that

the gA clone is representative of the gene family. In this
regard, it is worth noting that four of six nucleotides com-
prising the 3¢Ncol site fall within the first two codons of
the carboxy-terminal tetrapeptide, MDDL, arguing that the
proteins coded by al copies of the gA gene have at least
the first two residues of this putative tetrapeptide retention
seguence in common.

Production of specific anti-gA antibodies

Antibodies were prepared for use in characterizing the
polypeptide encoded by the gA gene to confirm that it is
expressed in trypanosomes and that it has the properties
expected of a BiP homologue. Using the glutathione-S-
transferase (GST) system, separate recombinant fusion pro-
teins encompassing the entire gA coding region except the
putative signal sequence (GST:gA), and an equivalent por-
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Fig. 3. Genomic organization of the gA region. (A) Restriction
map of the gA region. The coding region is boxed and the region
corresponding to the pA PCR cloneis shaded. (B) Genomic
Southern blot of digested T. brucei DNA using the pA region as
probe. The scale refersto size in kilobase pairs and dots indicate
the positions of faint bands detected by cross-hybridization of the
pA probe with genomic pB seguences (see text). Restriction
enzymes are: BamHI, B; BstEll, T; EcoRlI, E; Hindlll, H; Ncol, N;
Pstl, P; Sall, S; Smal, M; Xbal, X; Xhol, Xh.

tion of the trypanosome hsp70 gene (GST:hsp70) were pre-
pared. Rabbit anti-GST:gA serum was generated and anti-
bodies specific for GST and common hsp70 epitopes were
depleted from this serum by adsorption to GST:hsp70-
Sepharose. Specific anti-gA antibodies were affinity-puri-
fied from the depleted serum on GST:gA-Sepharose. This
procedure was designed to minimize the possibility of
detecting other trypanosomal hsp70 gene family members
due to conserved immunological epitopes.

When tested in immunoblot analysis, anti-gA antibodies
reacted with GST:gA, but not GST:hsp70, fusion protein
(data not shown) and specifically detected a single polypep-
tide of about 80 kDa in total cell extracts (Fig. 4) of both
cultured procyclic (lanes 1-4) and bloodstream try-
panosomes (lanes 5-8). No signal was detected when blots
were probed with pre-immune IgG (data not shown). Serial
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dilutions of the cell extracts indicate the level of expression
of the ~80 kDa polypeptide in bloodstream parasites to be
~3-fold higher than that in procyclics (compare lane 1 with
lanes 5 and 6). No difference in the levels of gA polypep-
tide were detected when two strains of bloodstream try-
panosomes expressing different VSGs (VSG117 and
VSG118) were compared (data not shown).

To confirm that the ~80 kDa polypeptide is the product
of the gA gene, we tested the ability of two antisense
oligonucleotides, complementary to portions of the pAl
sequence, to arrest the synthesis of gA polypeptide in in
vitro tranglations programmed with trypanosome poly(A)*
RNA. As contrals, antisense oligonucleotides complemen-
tary to analogous regions of the pB1 sequence were also
tested. Analogous sets of oligonucleotides were selected for
the uniqueness of their sequences, each being identical in
no more than 9 out of 30 nucleotides. pB1 was chosen as
the negative control, since this was the only trypanosome
sequence known to cross-hybridize with the gA sequence
under high stringency (Fig. 3 and data not shown). It
seemed, therefore, that a putative gB gene product would
be the most likely trypanosomal hsp70 homologue to cross-
react immunologically with anti-gA antibodies.

In vitro translation products generated in the presence or
absence of oligonucleotides were immunoprecipitated with
anti-gA antibody or, as a control for effect on overall trans-
lation, anti-VSG antibody and analyzed on SDS-PAGE
gels. A fluorograph of atypical experiment is presented in
Fig. 5. The oligonucleotide combination complementary to
gA sequences (JB43/JB45) dramatically reduced the level

procyclic bloodstream
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Fig. 4. Immunoblot analysis of T. brucei extracts with anti-gA
antibody. Serial dilutions of whole cell extracts of bloodstream
and procyclic trypanosomes were fractionated on SDS-PAGE
gels, transferred to nitrocellulose and probed with anti-gA
antibody. The number of cell equivalents (" 10 6) loaded per lane
areindicated. The scale refers to relative molecular massin kDa.
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of radio-labelled polypeptide detected by anti-gA antibody
(lane 2) as compared with the control trandation (lane 1).
The oligonucleotides complementary to pB sequences
(JB44/JB46) had no discernable effect (lane 3) on the syn-
thesis of this trandation product. Neither combination of
the oligonucleotides significantly impacted the level of
tranglation of an irrelevant polypeptide, VSG 117 (lanes 4-
6), nor was the profile of total trandation products affected
(data not shown).

These data clearly demonstrate that the polypeptide
detected by anti-gA antibody is not derived from the pB
genomic sequence. Rather, it appears that most, if not all
of it, is derived from the gA coding region, validating the
use of anti-gA antibody as a specific probe of the gA gene
product.

The gA polypeptide is a luminal microsomal
resident

We wished to determine the subcellular distribution and
topology of the gA polypeptide. Procyclic trypanosomes
were homogenized by a hypotonic shock procedure and the
resultant lysate was fractionated by differential centrifuga-
tion into low-speed pellet (P1) and supernatant fractions
(S1). The S1 fraction was further separated into pellet (P2,
crude microsomes) and supernatant (S2, cytosol) fractions
by high-speed centrifugation. Equivalent samples of all
fractions were analyzed by immunoblotting with a collec-
tion of specific antibodies, including anti-gA and anti-T.
cruzi hsp70 antibodies.

Following low-speed centrifugation, greater than 50% of
the gA polypeptide was detected in the supernatant fraction
(Fig. 6a, compare S1 and P1) and when this was subjected
to high-speed centrifugation most of the recovered signal
was detected in the resulting pellet (Fig. 6a, compare P2
and S2), suggesting that gA polypeptide is associated with
microsomal vesicles. The total recovery of gA polypeptide

anti-gA anti-VsG
[ a b c a b

45 K=
1 2 5 4 5 &

Fig. 5. Hybrid arrest in vitro trandation of the gA polypeptide.
Poly(A)* RNA from MITat 1.4 bloodstream trypanosomes was
trandated in vitro in the presence of antisense oligonucleotides
complementary to gA sequences (a), complementary to pB
sequences (b) or in the absense of any oligonuclectide (c).
Radiolabelled polypeptides were immunoprecipitated with either
anti-gA antibody (lanes 1-3) or anti-V SG117 antibody (lanes 4-6).
Precipitates were analyzed by SDS-PAGE and fluorography. The
scale refers to relative molecular massin kDa. Lanes 1-3 and
lanes 4-6, respectively, are from the same exposures and all lanes
are from the same gel.

in the S2 and P2 fractions (as a percentage of the S1 frac-
tion) varied somewhat, experimentaly, and, while the
recovery of gA in Fig. 6ais low, the ratio of gA in P2 rel-
ative to S2 is typical. The low recovery of gA is discussed
further below. Under identical conditions bona fide hsp70
fractionated almost exclusively to the high-speed super-
natant as would be expected for a cytosolic protein (Fig.
6b, S2). Based on the results of protease protection exper-
iments (see below), it is likely that the small amount of gA
polypeptide in the cytosolic fraction was released from
microsomes that were disrupted by the lysis procedure.

Fractions were also analyzed with antibody directed
against two mitochondrial markers, mtp70 of T. cruzi and
cytochrome c reductase of C. fasciculata, a related kineto-
plastid protozoan. mtp70, aluminal protein, was distributed
almost equally between the low-speed pellet and super-
natant fractions (Fig. 6¢, P1 and S1). However, the mtp70
detected in the low-speed supernatant (Fig. 6¢, S1) was
recovered exclusively in the cytosolic fraction (Fig. 6¢, S2)
and probably results from disruption of a portion of the
mitochondrial population. Cytochrome c reductase, an inte-
gral inner mitochondrial membrane complex, was found
amost exclusively in the low-speed pellet (Fig. 6d, P1) and
the small amount in the low-speed supernatant was recov-
ered in the microsomal fraction (P2) as expected. The frac-
tionation patterns of these two markers are both consistent
with each other and qualitatively different from that of the
0A polypeptide (Fig. 6a) eliminating the mitochondrion
from consideration as the site of gA locdization. In
addition, the differences in fractionation pattern and elec-
trophoretic mobility of the three hsp70 polypeptides
detected by these antibodies indicate that the anti-gA anti-
body does not cross-react to any significant extent with
either the cytosolic hsp70 or mtp70 homologues of T.
brucei.

The poor recovery of gA in the high-speed fractions in
Fig. 6b is troubling. This loss is probably not due to pref-
erential proteolysis of gA in the S2 fraction because ample
protease inhibitors were included in each step and the
recoveries of two other markers in the S2 fraction, hsp70
(Fig. 6b, compare S1 and S2) and mtp70 (Fig. 6¢, compare
S1 and S2), were not significantly affected. The most likely
explanation is poor recovery of microsomal fraction from
the sucrose cushion used in this experiment. In either case,
the immunolocalization experiments presented below fully
support the non-cytoplasmic localization of the gA polypep-
tide.

The resistance of membrane-associated gA polypeptide
to exogenously added protease was investigated. Crude
microsomes were treated with increasing amounts of trypsin
(O - 200 mg/ml) in the presence or absense of nonionic deter-
gent and then analyzed by immunoblotting (Fig. 7a). Treat-
ment with trypsin alone, at levels as high as 200 ng/ml, had
no effect on the amount of gA polypeptide detected.
Addition of NP-40, however, resulted in the trypsin-depen-
dent conversion of the gA polypeptide to fragments of about
45 and 29 kDa. The standard interpretation of these data is
that the gA polypeptide is physically protected from exoge-
nous protease by an intact membrane bilayer. It is likely
that the gA tryptic fragments correspond to the 44 kDa and
30 kDa chymotryptic fragments of mammalian hsc70
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Fig. 6. Subcellular fractionation of trypanosomes. Hypotonic
lysates (L) of procyclic trypanosomes were fractionated by
differential centrifugation into low-speed pellet (P1),
postmitochondrial supernatant (S1), crude microsomes (P2) and
cytosol (S2). Equivalent samples of each fraction were
electrophoresed on SDS-PAGE gels, transferred to nitrocellulose
and probed with anti-gA antibody (A), anti-T. cruz hsp70
antibody B), anti-T. cruzi mtp70 antibody (C) or anti-C.
fasciculata cytochrome ¢ reductase antibody (D). Cell equivalants
per laneare: (A) 1 10°6, (B) 1" 10°6; (C) 2 10°%; and (D) 5 107 .
The scale refers to relative molecular massin kDa.

(Chappell et a., 1987) and yeast BiP (Tokunaga et d.,
1992) that have been characterized as the ATPase and pep-
tide binding domains, respectively (Chappell et al., 1987).
The small amount of gA polypeptide found in the cytoso-
lic fraction is sensitive to trypsin (200 ng/ml) in the absence
of detergent (data not shown), consistent with the interpre-
tation that this signal represents gA polypeptide that has
been released from disrupted microsomes.

The topology of the gA polypeptide was further investi-
gated by alkaline carbonate treatment of crude microsomes
(Fig. 7b), a procedure that converts closed membrane vesi-
cles to open sheets (Fujiki et al., 1982). Lumina contents
that are either soluble or peripherally associated with mem-
branes are released by this procedure and are readily separ-
ated from membranes by centrifugation. When compared
with mock treatment (lanes 1 and 2), alkaline carbonate
released substantial amounts of gA polypeptide into the
supernatant fraction (lanes 3 vs 4), as would be expected
for a lumina protein. High-salt washing (lanes 5 vs 6) of
crude microsomes had no effect on the distribution of the
gA polypeptide, indicating that it is not associated viaionic
interactions with the cytoplasmic face of microsomal vesi-
cles. Sequential alkaline carbonate and high-salt treatment
(lanes 7 vs 8) released no more gA polypeptide than car-
bonate alone. In a similar assay, NP-40 releases the gA
polypeptide to the same extent as carbonate treatment (data
not shown). These data are consistent with the protease
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Fig. 7. Topology of the gA polypeptide. (A) Protease protection.
Crude microsomal fraction (asin P2 of Fig. 6), prepared from
procyclic trypanosomes, was subjected to treatment with either
protease (A) or alkaline carbonate (B). In each case, equivalent
samples of treated microsomes were fractionated by SDS-PAGE
and analyzed by immunoblotting with anti-gA antibody. Scales
refersto relative molecular massin kDa. (A) Microsomes were
subjected to treatment with the indicated amounts of exogenously
added trypsin in the presence (+; lanes 1, 3, 5, 7 and 9) or absence
(-; lanes 2, 4, 6, 8 and 10) of 0.5% NP-40. (B) Microsomes were
treated with either lysis buffer (mock), 0.1 M sodium carbonate
(carb.), 1 M KCI (KCI) or with 0.1 M sodium carbonate/1 M KClI
(carb./KCl) and then separated into soluble (S) or membrane
fractions (P) by high-speed centrifugation.

resistance of the gA polypeptide and argue that the gA
polypeptide is a soluble luminal resident of intact micro-
somal vesicles.

Immunolocalization of the gA polypeptide

The fractionation experiments demonstrate that the gA
polypeptide resides in a microsomal organelle but give no
indication as to its overall subcellular distribution. To
address this issue we used anti-gA antibody as a probe for
gA cytolocalization by both indirect immunofluorescence
assay (Fig. 8) and cryoimmunoelectron microscopy (Fig.
9).

For immunofluorescence, fixed permeabilized procyclic
trypanosomes were double-stained with Hoechst dye (Fig.
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Fig. 8. Immunofluorescence localization of the gA polypeptide.
Fixed permeablized procyclic trypanosomes were stained with
either anti-gA antibody or pre-immune 1gG followed by FITC-
conjugated goat anti-rabbit 1gG and Hoechst 33258. (A and B)
Same field of cellsvisualized for Hoechst staining (A) or staining
with pre-simmune 1gG (B). (C and D) Samefield of cells
visualized for Hoechst staining (C) or staining with anti-gA
antibody (D). (E) Higher magnification of selected cells visualized
for staining with anti-gA antibody. Bars, 5 nm.

8A and C) to identify the nucleus and the kinetoplast, the
prominent mitochondrial genome that is characteristic of all
kinetoplastid protozoa (Englund et al., 1982). This facili-
tates orientation within the trypanosome: the small well-
defined kinetoplast is toward the posterior end of the cell
(defined by direction of motility) near the flagellar pocket,
and the large, diffusely staining nucleus is midway between
the anterior and posterior ends. Anti-gA antibodies labelled
all cells with equal intensity (Fig. 8C and D) and the stain-
ing was specific as no labelling was detected in cells treated
with pre-immune 1gG (Fig. 8B vs D). Labelling was appar-
ent throughout the cells, excluding the nucleus and the fla-

gellum, and had a network-like or reticular pattern that
could be seen more clearly at higher magnification (Fig.
8E, right). Frequently, tubules could be detected as exten-
sions toward either end of cells (Fig. 8E, left and center)
and in some cells distinct perinuclear staining was appar-
ent (Fig. 8E, center). Immunofluorescence was also per-
formed, with similar results, using bloodstream try-
panosomes (not shown).

At the higher resolution of cryoimmunomicroscopy, anti-
gA antibody was observed to bind throughout the cells to
eptiopes associated with internal membranes (Fig. 9a and
b). These membranes typically appear as long extended cis-
ternae that have the morphology expected of endoplasmic
reticulum. Gold particles were frequently seen in the area
subtending the region of flagellar adherence (Fig. 9c) and
were occasionally seen at the nuclear membrane (Fig. 9b,
arrowhead). Labelling was highly specific; no staining was
detected with pre-immune I1gG (Fig. 9d). In addition, gold
was rarely seen on any other readily identifiable morpho-
logical structures (e.g. glycosomes, kinetoplast, flagella or
flagellar pocket). These results are completely consistent
with the immunofluorescence data and confirm the organel-
lar localization of the gA polypeptide.

DISCUSSION

We have identified genes for three new members of the
hsp70 gene family in T. brucei, including the trypanosomal
homologue of BiP. This raises to five the total number of
known trypanosoma hsp70 homologues. Two of these
newly identified genes are represented by partial PCR
clones (pB and pC) and one is represented by a full-length
genomic clone (gA). The pB PCR clone is derived from a
novel hsp70 homologue that is different from either of the
two hsp70 genes previoudly identified in T. brucel, the
closely related heat-inducible and constitutive hsp70 genes
(Leeet al., 1990), and nothing is known concerning its func-
tion. The pC PCR clone is apparently derived from the T.
brucei homologue of MTP70, a mitochondrial hsp70 found
inT. cruzi. (Engman et al., 1989). mtp70 is physically asso-
ciated with the kinetoplast, the mitochondrial genome of
trypanosomes, and may be involved in the replication of
this complex DNA structure. It is also homologous to
Ssclp, a mitochodrial hsp70 in yeast that has been impli-
cated in protein import (Kang et al., 1990). Whether mtp70
aso functions in mitochondrial protein import in try-
panosomes is unknown.

The third gene, designated gA, has been characterized in
detail here and, on the basis of several independent lines
of evidence, we conclude that it is the trypanosomal homo-
logue of BiP. First, the deduced amino acid sequence shows
strong similarity (~64% identity) with BiP from other evo-
lutionarily distant eukaryotes. Second, the sequence pre-
dicts the presence of an amino-terminal sequence that has
the genera properties of a secretory signal peptide as would
be expected for an ER resident protein (von Heijne, 1990).
Third, cell fractionation and topology experiments (Figs 6
and 7) clearly indicate that the encoded polypeptide is a
soluble resident of intact microsomal vesicles and are con-
sistent with localization in the endoplasmic reticulum. In
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Fig. 9. Cryoimmunoel ectron microscopy. Cryosections of bloodstream trypanosomes were immunostained with either anti-gA antibody
(A-C) or pre-simmune 1gG (D). Flagellum, F; nucleus, N. Arrowhead indicates gold localized to the nuclear envelope. Bars, 0.2 nm.

addition, the fractionation pattern of the gA polypeptide is
qualitiatively and quantitatively distinct from that of both
mtp70 and cytochrome c reductase, ruling out the possibil-
ity that the gA polypeptide is a mitochondrial resident. The
gA polypeptide is referred to hereafter as BiP.

BiP in other eukaryotes, and presumably in try-
panosomes, is an essential part of the secretory machinery.
In thisregard, it is interesting that the level of BiP detected
in bloodstream parasites is several-fold higher than in pro-
cyclic (insect stage) trypanosomes. One possible explana-
tion of this is the enormous metabolic commitment of
bloodstream cells to the biosynthesis of VSG. A homod-
imer comprising 10-20% of total cell protein, this surface
antigen forms a uniform coat enveloping the entire cell that
is essential for the survival of the parasite in an immuno-
competent host (Cross, 1975). Procyclic trypanosomes also
have a maor surface antigen, procyclin, but this is a
monomer and is only ~1% of total cell protein (Clayton and
Mowatt, 1989). In addition, the doubling time of blood-
stream trypanosomes (~6 hours), and hence the rate at
which they must synthesize a new surface coat, is two to
three times faster than that of procyclics. The need to fold
and assemble so much protein correctly in so little time
may account for the elevated levels of BiP in bloodstream
trypanosomes.

The characterization of a resident of the endoplasmic
reticulum provides us with a specific marker for direct visu-
alization of this organelle in trypanosomes. Immunofiuo-
rescence assays (Fig. 8) show that, as in other eukaryotes,
the ER is a tubular membranous network that extends

throughout the cell, excluding the nucleus and flagellum,
and thisis confirmed by the general pattern of staining seen
in cryoimmunomicroscopy (Fig.9). In addition, we detect a
significant amount of anti-BiP staining in subpellicular
membranes in the region of flagellar attachment (Fig. 9c).
A unique quartet of subpellicular microtubules and an asso-
ciated single membrane cisternum, the flagellum-associated
reticulum, arise near the flagellar pocket and run the length
of the cell together, just beneath the pellicle where the fla-
gellum adheres to the trypanosome body (Taylor and God-
frey, 1969; Vickerman, 1969). Our results are consistent
with the suggestion of these authors that the flagellum-asso-
ciated reticulum is a speciaized extension of the endo-
plasmic reticulum. The functional significance of the attach-
ment of this cisternum to the cytoskeleton is not known.
The predicted carboxy-terminal tetrapeptide of try-
panosomal BiP is MDDL, indicating that this sequence
serves as an ER retrieval signal in trypanosomes, assuming
that a typica mechanism of ER retention is operative in
these lower eukaryotes. This is one of the most divergent
retrieval signal yet observed in nature, probably because
this is the most ancient eukaryotic lineage in which BiP has
been characterized. In addition, a deduced trypanosomal
amino acid sequence that is homologous to another ER res-
ident, protein disulfide isomerase, has the carboxy-terminal
tetrapeptide KQDL (Hsu et al., 1989). If this sequence is
truly that of an ER resident, it implies that at least two
retrieval signals must function in trypanosomes, MDDL and
KQDL. The natural use of multiple tetrapeptide retention
signals in other species has been observed (Pelham, 1989;
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Robbi and Beaufay, 1991; Ozawa and Muramatsu, 1993)
and trypanosomes may provide yet another example. Such
variation could represent acceptable tolerance in the
ligand:receptor interaction that is central to the process of
retrieval or it may be that trypanosomes ssimply utilize a
minimal signal, --DL, that is completely independent of the
residues in positions 1 and 2. Alternatively, trypanosomes
may have multiple receptors, each with a different tetrapep-
tide specificity. The presence of multiple retention recep-
tors in a single organism is not without precedent; two
ERD2 homologues, albeit with apparently identical ligand
specificity, have been identified in humans (Lewis and
Pelham, 1992; Hsu et al.,1992).

Our results alow for the first time the direct visuaiza
tion of the endoplasmic reticulum in this organism and pro-
vide a useful marker for the analysis of processes in which
this organelle plays a central role, such as protein secretion
and the biosynthesis of glycosyl phosphatidylinositol lipid
structures. The further characterization of markers for other
compartments of the secretory pathway, coupled with the
recent advent of technology for the expression of foreign
genes in trypanosomes will provide the tools necessary to
address issues of protein targeting that were previously
unassailable in this lower eukaryote.
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