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Insect Stage-Specific Receptor Adenylate Cyclases Are Localized to
Distinct Subdomains of the Trypanosoma brucei Flagellar Membrane

Edwin A. Saada,? Z. Pius Kabututu,® Miguel Lopez,® Michelle M. Shimogawa,® Gerasimos Langousis,® Michael Oberholzer,?

Angelica Riestra,® Zophonias O. Jonsson,”* James A. Wohlschlegel,”° Kent L. Hill*°

Department of Microbiology, Immunology and Molecular Genetics, University of California, Los Angeles, California, USA®; Department of Biological Chemistry, University
of California, Los Angeles, California, USA®; Molecular Biology Institute, University of California, Los Angeles, California, USA®

Increasing evidence indicates that the Trypanosoma brucei flagellum (synonymous with cilium) plays important roles in host-
parasite interactions. Several studies have identified virulence factors and signaling proteins in the flagellar membrane of blood-
stream-stage T. brucei, but less is known about flagellar membrane proteins in procyclic, insect-stage parasites. Here we report
on the identification of several receptor-type flagellar adenylate cyclases (ACs) that are specifically upregulated in procyclic T.
brucei parasites. Identification of insect stage-specific ACs is novel, as previously studied ACs were constitutively expressed or
confined to bloodstream-stage parasites. We show that procyclic stage-specific ACs are glycosylated, surface-exposed proteins
that dimerize and possess catalytic activity. We used gene-specific tags to examine the distribution of individual AC isoforms. All
ACs examined localized to the flagellum. Notably, however, while some ACs were distributed along the length of the flagellum,
others specifically localized to the flagellum tip. These are the first transmembrane domain proteins to be localized specifically at
the flagellum tip in T. brucei, emphasizing that the flagellum membrane is organized into specific subdomains. Deletion analysis
reveals that C-terminal sequences are critical for targeting ACs to the flagellum, and sequence comparisons suggest that differen-
tial subflagellar localization might be specified by isoform-specific C termini. Our combined results suggest insect stage-specific
roles for a subset of flagellar adenylate cyclases and support a microdomain model for flagellar cyclic AMP (cAMP) signaling in

T. brucei. In this model, cAMP production is compartmentalized through differential localization of individual ACs, thereby
allowing diverse cellular responses to be controlled by a common signaling molecule.

frican trypanosomes, including Trypanosoma brucei and re-

lated species, are the causative agents of African trypanoso-
miasis, also known as sleeping sickness in humans and nagana in
animals. Sleeping sickness is recognized to be one of the world’s
most neglected diseases and poses a threat to 60 million people
living in sub-Saharan Africa (1). The disease is fatal if left un-
treated, and therapeutic treatments are antiquated, difficult to ad-
minister, and increasingly ineffective (2, 3). Due to its ability to
infect livestock, T. brucei also hinders economic growth and agri-
cultural development and as such represents a significant contrib-
utor to poverty in some of the most impoverished regions of the
world (4).

T. brucei is heteroxenous, requiring a tsetse fly vector and a
mammalian host in order to complete its life cycle. In both hosts,
the parasite must sense and respond to extracellular signals, but
very little is known about how trypanosomes accomplish this. In
other eukaryotes, the flagellum (synonymous with cilium) har-
bors membrane proteins and signal transduction pathways that
mediate cellular responses to changing extracellular signals (5). In
mammals, for example, ciliary receptor-guanylate cyclases, ion
channels, and G-protein-coupled receptors (GPCRs) control de-
velopment in response to external signals (5-7). The T. brucei
flagellar membrane is a direct interface with the host, and accu-
mulating evidence indicates that flagellar proteins of these para-
sites play important roles in mediating the interaction with the
host environment (8-15). For example, proteomic analysis of the
flagellum in bloodstream-form (BSF) T. brucei parasites identified
receptor and transporter proteins predicted to function in signal-
ing, as well as corresponding effector proteins (9). In addition,
recent forward genetic screens for downstream effectors in quo-
rum sensing and cyclic AMP (cAMP) signaling pathways in
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bloodstream-stage T. brucei parasites identified putative flagellar
proteins (16, 17).

Perhaps the best-characterized flagellar protein involved in
host-parasite interaction is expression site-associated gene 4
(ESAG4), a bloodstream-form-specific adenylate cyclase (AC)
that is localized along the length of the flagellar membrane (18).
ESAG4 contributes to virulence in mice and upon encountering
host cells is postulated to be activated to drive cAMP production,
which in turn inhibits host tumor necrosis factor alpha produc-
tion, thereby resisting the host’s early innate immunity attack
(15). Several other virulence factors are also localized to the T.
brucei flagellum, including glycosylphosphatidylinositol-phos-
pholipase C (11), calflagin (13), and metacaspase 4 (14). The pre-
cise role of these proteins in host interaction is not known, but
each is required for full virulence, as mice infected with corre-
sponding knockout or knockdown parasites show prolonged sur-
vival compared to mice infected with control parasites.

The flagellum is also important for parasite interaction within
the tsetse fly vector. For example, flagellum-dependent motility is
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required for transmission through the tsetse fly (19), and parasite
attachment to the fly salivary gland epithelium is mediated by
outgrowths of the flagellar membrane (10). Flagellum attachment
is a critical step in the transmission cycle, as it enables the parasite
to establish a permanent infection in the salivary gland and marks
the onset of differentiation into forms infectious for mammals
(20, 21). Little is known about flagellar membrane and matrix
proteins in insect-stage T. brucei (22), but one interesting family of
proteins is a set of adenylate cyclases encoded by genes related to
ESAG4 (GRESAG4) (23). T. brucei encodes approximately 65
GRESAGH4 proteins (15), some of which cross-react with anti-
ESAG4 antibodies and are localized along the flagellum in both
bloodstream and procyclic (fly midgut-stage) cells (18). Trypano-
somal ACs (ESAG4 and GRESAG4s) have a domain structure that
differs from the canonical architecture of mammalian adenylate
cyclases. Canonical ACs are multi-transmembrane-pass proteins
that have two catalytic domains on a single polypeptide and lack
direct receptor activity, relying instead on upstream GPCR signal-
ing pathways. Trypanosomal ACs, on the other hand, resemble
mammalian receptor-guanylate cyclases, having an intracellular
catalytic domain connected by a single transmembrane segment
to a large, extracellular, putative ligand binding domain (23, 24).
The trypanosome AC extracellular domain exhibits homology to
bacterial periplasm binding proteins, which bind small ligands to
direct chemotaxis and other cellular responses in bacteria (25-27).
Trypanosomes have no known GPCRs, and it has been suggested
that trypanosomal ACs function directly as receptors, similar to
the function of the mammalian receptor-guanylate cyclases that
they resemble (24, 28).

In vitro differentiation of bloodstream-form cells into procy-
clic cells and subsequent proliferation are associated with bursts of
cAMP production, suggesting that procyclic stage-specific cAMP-
dependent processes are important for parasite differentiation
(29-31). Trypanosomal adenylate cyclases exhibit sequence diver-
sity in their extracellular domains, which suggests a mechanism
for ligand-specific regulation of AC activity (24, 32), making these
proteins well-suited for directing cAMP signaling in response to
host-specific signals. To date, however, all GRESAG4 genes stud-
ied have been found to be expressed in both bloodstream-stage
and insect-stage cells (18, 23, 29, 33, 34), raising questions about
whether they are responsible for procyclic stage-specific regula-
tion of cAMP production. Here we report on the identification of
agroup of T. brucei adenylate cyclases whose expression is upregu-
lated in procyclic cells. We show that procyclic stage-specific ACs
are glycosylated, assemble into multimeric complexes, exhibit cat-
alytic activity, and are localized to the flagellum, where they are
surface exposed. Interestingly, individual ACs are located in dis-
tinct subdomains of the flagellum, indicating specialized func-
tions and trafficking mechanisms. Our studies provide the first
analysis of individual trypanosome adenylate cyclases within in-
sect-stage cells and support a model for the microdomain organi-
zation of cAMP signaling in the T. brucei flagellum.

MATERIALS AND METHODS

Cell culture and RNAi knockdown. Procyclic-form cells were used for all
experiments and cultured in Cunningham’s SM medium as previously
described (35). Transfections and selection of clonal lines by limiting di-
lution were done as described previously (35). The Flal-knockdown cell
line was generated by transfection of 2913 cells (36) with the p2T7-Flal
plasmid, as described previously (37). For knockdown of AC protein 1
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(ACP1), the RNA interference (RNAIi) target region, corresponding to
311 bp of the 3" untranslated region (UTR), was PCR amplified using the
following forward (F) and reverse (R) primers (restriction sites are in
italics): ACP1-RNAi-F (ATAAGCTTTCCTTCTGGCTTCGTCACTT)
and ACP1-RNAi-R (ATTCTAGATTCATCCCGGAACAAAACTC). The
resulting DNA was ligated into the p2T7-Ti-B RNAi vector (37). Insertion
was verified by sequencing by Genewiz, Inc. The p2T7-ACP1-RNAi vector
was linearized with NotI and transfected into 2913 cells, and stable trans-
fectants were selected with 10 pg/ml phleomycin. Transfected cells were
maintained in selective medium, and clonal lines were generated by lim-
iting dilution.

Proteomic identification of flagellar adenylate cyclases. Procyclic T.
brucei Flal-knockdown cells (37) were induced for 25 h with 1 pg/ml
tetracycline. After addition of 0.2 M sucrose to cells at a density of 4 X 10°
cells/ml, cells were sonicated for 6 min and spun at 2,000 X g for 5 min to
pellet cell bodies (this is referred to as the P1 fraction), leaving flagella in
the supernatant (this is referred to as the S1 fraction). The S1 fraction was
spun again at 2,000 X g for 5 min to remove debris and then subjected to
a high-speed centrifugation at 20,000 X g for 35 min. The pellet (the P2
fraction) was resuspended in phosphate-buffered saline (PBS), layered on
top of a 13-ml step gradient of sucrose (10, 20, 30, 40, 55, and 68%), and
then centrifuged at 245,000 X gfor 4 h at4°Cin a Beckman Optima L-90K
ultracentrifuge using an SW41 rotor. Fourteen fractions of approximately
1 ml each were collected from the top of the gradient and spun at 14,000 X
g for 1 h at 4°C to concentrate the samples for examination by phase-
contrast microscopy. Flagella were primarily found in fractions 8 and 9,
corresponding to the interface between the 40% and 55% sucrose layers.
To solubilize the membranes, this flagellum fraction was incubated for 10
min at room temperature with 0.1% NP-40 in PBS and then centrifuged at
10,000 X g for 10 min to separate the axoneme-containing pellet (P3
fraction) from the supernatant (S3 fraction) harboring flagellar mem-
branes and matrix proteins. Since NP-40 can degrade the quality of the
spectra obtained by mass spectrometry, proteins were precipitated from
the flagellum (S3) fraction by trichloroacetic acid (TCA), followed by two
washes with acetone. Cell bodies (P1 fraction) were disrupted by hypo-
tonic lysis (38), sonicated for 2 min, and incubated for 10 min at room
temperature with 0.1% NP-40 in PBS. Solubilized proteins were precipi-
tated by TCA and washed with acetone. TCA-precipitated proteins from
solubilized flagellum and cell body fractions were digested by the sequen-
tial addition of Lys-C and trypsin proteases (39, 40) and subjected to
analysis by use of the multidimensional protein identification technology
as described previously (9). Proteins were considered present in the anal-
ysis if they were identified by two or more peptides using a 5% peptide-
level false discovery rate (41-43).

The majority of proteins were uniquely identified by specific peptides
(unique, “U”). Proteins identified only by peptides shared with other
proteins were assigned to groups. The set of proteins identified in the cell
body fraction was subtracted from the combined flagellum fractions,
yielding a subtracted data set of 175 proteins arranged in 157 groups (see
Table S2 in the supplemental material). In situ tagging and immunofluo-
rescence localization analyses (44) were done for four proteins of the
subtracted data set. All of these localized to the cytoplasm or cell body
surface, but not the flagellum (not shown), indicating that the subtracted
data set contained substantial cell body contamination and precluding
analysis of the data set as a stand-alone flagellar proteome. Interestingly,
however, the subtracted data set included a group of six receptor-type
adenylate cyclases that were not found in previous analysis of blood-
stream-form flagellar membranes (9) (see Tables S1 and S2 in the supple-
mental material). These proteins were selected for further study. Sequence
comparisons were done by pairwise alignments using VectorNTT’s AlignX
module (Invitrogen) with sequences obtained from the TriTryp database
(91).

Quantitative real-time PCR. Cells were harvested at a density of ap-
proximately 5 X 10° cells/ml (procyclic culture form [PCF]) and 1 X 10°
cells/ml (BSF). For ACP1 knockdowns, cells were grown with or without
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tetracycline at 1 pg/ml for 72 h prior to harvesting. Total RNA was ex-
tracted using a Qiagen RNeasy kit, and quantitative reverse transcriptase,
real-time PCR (qRT-PCR) was performed as described previously (45).
Gene-specific primer sets were designed using the Trypanofan RNAit al-
gorithm (46) and the NCBI Primer-BLAST program (47). The primers
used were ACP1-F (CGTTGACTTCACGGCTTACA), ACP1-R (ACATT
TCGTTCTCCCACTGC), ACP2-F (GCCATGTCGTTGATTTCACA),
ACP2-R (CCAACCAGACCACAGACCTT), ACP4-F (AGCTTACGAGG
GCTGTGAAA), ACP4-R (AAATACACTGCCCCTTGTCG), ACP5-F (T
CTGCTTATGCAGGACGATG), ACP5-R (CCTCAAAAGTCTCGAGGT
GC), FS33-F (GCGCTAGCATAAGACGTGGT), FS33-R (GAACCGTTC
TCACACCAACA), 1SG65-F (CATGACAGAGGAGTGGCAGA), and
ISG65-R (CATGCTCGGTTGAAGCACTA). qRT-PCR was conducted
on a DNA Engine Opticon 2 real-time cycler (M] Research, Bio-Rad)
using iQ SYBR green Supermix (Bio-Rad) according to the manufactur-
er’s instructions. All analyses were performed in technical duplicate on at
least two independent RNA preparations, and values were normalized
against those for two stage-independent control genes, TERT and PFR2
(48), using the 27 AACT method (45, 49).

In situ epitope tagging. In situ tagging was done by amplifying short
(300- to 600-bp) fragments of DNA homologous to the target gene’s open
reading frame (ORF) or 3" UTR and cloning these upstream of the 3X hem-
agglutinin (HA) tag or downstream of the puromycin resistance gene of the
pMOTag2H vector or the 3X Myc tag and phleomycin resistance gene of
pMOTag53M (44). The primers used, with restriction sites italicized, were
ACPlorfF (ATGGTACCACATGGCTGCCCGCACAGAG), ACPlorfR (AT
CTCGAGGTTTTCCTCCTTTGGGGTTGA), ACPlutrF (ATGGATCCGG
GTCGTAGGCATGCGCCAT), ACPlutrR (ATTCTAGAGGGGGAGCAG
GCGCCTCAAT), ACP2orfF (ATGGTACCTTGTGAATTGGGTCAGTCG
CA), ACP20rfR (ATCTCGAGTTCTCGTTCGCTGCTTGT), ACP2utrF (AT
GGATCCCATCAAGAAGGAAACCGAGTA), ACP2utrR (ATTCTAGATG
AACTAAATTGCAGTCTCCCA), ACP4orfF (GATGGTACCTGCGCGGA
CGGAAAATGTGACGAAC), ACP4orfR (GATCTCGAGAAACTTATCAA
AATCCGTGGTCCGATTGGGGA), ACP4utrF (GATGGATCCGGGTTTT
GGGGGGTTAATGGCACAA), ACP4utrR (GATTCTAGAATTTCACCGC
CGGAGACGTTGTTGA), ACP50rfF (ATGGTACCATGGCTGCGGGACG
GAGAG), ACP50rfR  (ATCTCGAGCCGCTGCGCTTCGGGGTTTC),
ACP5utrF  (ATGGATCCAAACCACTCCACGAACTAATGAC), and
ACP5utrR (ATTCTAGAGAAGGAGTGTTCCCTGCGATAA). For ACP1
and ACP2 truncations, the following primers for amplification of the ORF
were designed to eliminate the final 45 codons: ACP1AC45F (ATATGGTAC
CAGGGTTACGACTACTATGGTCA), ACP1AC45R (ATATCTCGAAACG
ACGTGTCCCACTTTTG), ACP2AC46F (ATGGTACCCCGTCAATGAGC
TTCAGAGACCCTAGCGAAGGAAAACTC), and ACP2AC46R (ATCTCG
AGCATATGAACGACATGGCCCACTTTTGTTGCTATACGCCGCATA
AC). All sequences were verified by direct sequencing at the UCLA
Sequencing and Genotyping Core Center. Tagging cassettes were excised by
restriction digestion, purified, and transfected into 2913 cells. Transfected
cells were maintained in selective medium, and clonal lines were gener-
ated by limiting dilution.

Southern blotting. Genomic DNA was isolated using a PureLink
genomic DNA kit (Invitrogen) according to the manufacturer’s instruc-
tions. Restriction enzyme digestions (New England BioLabs) were done
for 8 h, and samples were then separated on a 0.8% agarose gel. Gels were
treated for 15 min each in depurination buffer (0.25 M HCI), denatur-
ation buffer (0.5 M NaOH, 1.0 M NaCl), and neutralization buffer (1 M
Tris-HCI [pH 7.5], 3 M NaCl) and rinsed in distilled water. DNA was
transferred to a Hybond-XL membrane (GE Healthcare) using capillary
transfer overnight in SSC buffer (3 M NaCl, 300 mM Na;C,H;O,). The
membrane was cross-linked using 1,500 J of heat on a UV Stratalinker
cross linker (Stratagene). Digoxigenin-labeled probes were PCR gener-
ated using the following primers: PuroProbe_F (CACCGAGCTGCAAG
AACT), PuroProbe_R (CTCGTAGAAGGGGAGGTTG), ACP1_probeF
(ATTCTAGAGGGGGAGCAGGCGCCTCAAT), and ACP1_probeR (AT
GGATCCGGTCGTAGGCATGCGCCAT). Hybridization, washes, and
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detection were done according to the manufacturer’s instructions using
DIG EasyHyb buffer, CDP-Star substrate, and a PCR DIG-probe synthesis
kit (Roche, Inc.).

Cell fractionation and immunoblotting. To assay for an association
with detergent-resistant membranes (see Fig. 2A), cells were washed once
in PBS and lysed at either 4°C or 37°C in PBS with 1% Triton X-100 and
protease inhibitors (SigmaFAST cocktail; Sigma-Aldrich) as described
previously (50). Lysates were centrifuged for 20 min at 15,000 X gat either
4°C or room temperature to separate solubilized proteins (S) from the
insoluble pellet (P) fraction. Immunoblotting was done as previously de-
scribed (45).

Blue Native gel analysis and deglycosylation. Cells were harvested
and washed in PBS and then resuspended into PEME buffer (100 mM
PIPES [piperazine-N,N’-bis(2-ethanesulfonic acid)], 1 mM MgSO,, 0.1
mM EDTA, 2 mM EGTA, pH 6.9) with 1% NP-40 and protease inhibitors
(SigmaFAST cocktail; Sigma-Aldrich). Following a 10-min incubation at
room temperature, lysates were spun for 15 min at 13,000 rpm and 4°C.
Supernatants were transferred to new tubes and spun again for 10 min to
clear the debris, and the resultant soluble fractions were used. For Blue
Native gel analysis, NativePAGE sample buffer and 5% G-250 sample
additive (Invitrogen) were added, and samples were run on a Native-
MARK 4 to 16% bis-Tris native gel and transferred to a polyvinylidene
difluoride (PVDF) membrane per the manufacturer’s suggested protocols
(Invitrogen), followed by immunoblotting. For deglycosylation, the sol-
uble fraction was denatured and treated with peptide N-glycosidase F
(PNGase F; New England BioLabs) for 1 h at 37°C using the manufactur-
er’s suggested protocols, followed by SDS-PAGE and immunoblotting.

Immunoprecipitation. Cells were harvested, washed in PBS, and then
lysed in IP buffer (150 mM NaCl, 50 mM HEPES, 5 mM EDTA, 5 mM
EGTA, 1% NP-40, 10% glycerol, 1 X SigmaFAST protease inhibitors).
After 10 min on ice, lysates were centrifuged at 4°C for 30 min to remove
insoluble material. A fraction of the soluble fraction was retained, the rest
was added to EZview red anti-HA affinity matrix (Sigma-Aldrich), and
the mixture was incubated for approximately 3.5 h at 4°C on a nutator
mixer. Beads were collected by centrifugation and washed several times in
IP buffer. Input, unbound, and bead fractions were boiled in sample buf-
fer and analyzed by SDS-PAGE and immunoblotting.

Surface biotinylation and streptavidin purification. Surface biotiny-
lation was done as described previously (9). Cells were harvested and
washed in ice-cold PBS and then resuspended in 3 ml of cold 0.5 mg/ml
biotin (catalog no. 21331; Pierce) solution and incubated for 10 min on
ice. Tris (2 M, pH 6.8) was added to a final concentration of 100 mM to
block unreacted biotin, and the mixture was incubated on ice for 10 min.
Cells were pelleted, washed with cold PBS-100 mM Tris, and extracted
with 1% NP-40 in PBS with 100 mM Tris and SigmaFast protease inhib-
itors. After a 10-min incubation on ice, samples were centrifuged at 14,000
rpm for 10 min at 4°C to pellet insoluble material. A fraction of the su-
pernatant (the input) was retained, and the remainder was transferred to
a new tube with 50 wl of GE Healthcare streptavidin Sepharose high-
performance beads and incubated for 1 h at 4°C on a nutator mixer to
allow biotin-streptavidin binding. The beads were pelleted and washed as
described previously (9) and then resuspended and boiled in native sam-
ple buffer (bound samples) for analysis by immunoblotting.

Yeast complementation. For yeast complementation, adenylate cy-
clase open reading frames were subcloned into a modified version of the
Saccharomyces cerevisiae pRS315 expression vector (51), pRS315-GPDp-
CYCt, which contains a glyceraldehyde 3-phosphate dehydrogenase
(GPD) promoter to allow constitutive high expression, with a cytochrome
¢ isoform 1 (CYC1) terminator. The pRS315-GPDp-CYCt plasmid was
kindly provided by Giancarlo Costaguta and Gregory Payne (UCLA). The
S. cerevisiae wild-type adenylate cyclase (CYR1) coding sequence was am-
plified from the YCp50-CYRI plasmid (52), and full-length T. brucei ad-
enylate cyclase-coding sequences were amplified from genomic DNA us-
ing the following forward (F) and reverse (R) primers (restriction sites are
italicized): CYRIF (ATATGGATCCATGTCATCAAAACCTGATACTG
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GTTCG), CYRIR (ATATGTCGACTCAAGTTGATAAATCCTTTGCGT
TC), ACPIF (ATATACTAGTACTGCGATGAATATGCTTCACTTG),
ACPIR  (ATATCTCGAGGTCGACACGACCCTCAGTTTTCCTCC),
ACP2F  (ATATAAGCTTACTAGTATGAATATGCTTCACTTGGACG
AC), ACP2R (ATATCTCGAGGTCGACTTATTCTCGTTCGCTGCTTG
TG), ACP4F (ATATACTAGTATGAAAGCACCAGCCTTGC), ACP4R
(ATATCTCGAGTTAAAACTTATCAAAATCCGTGGTC), ACP5F (ATA
TACTAGTATGACCACCACGAAGGCTTCGTGTC), and ACP5R (ATA
TAAGCTTTCACCGCTGCGCTTCGGGGTTTC). Amplified coding se-
quences were cloned into the pRS315-GPDp-CYCt vector using the
corresponding restriction sites (italicized in the primer sequences), and
the resulting plasmids were transformed into the S. cerevisiae cyr1-2 mu-
tant (53) using standard methods (54). Transformants were selected and
maintained on SD-Leu selective medium as described previously (54).
Clonal strains were resuspended in PBS at an optical density at 600 nm of
1.0, and 5-fold serial dilutions were spotted onto yeast extract-peptone-
dextrose-rich medium agar plates, which were incubated at permissive
(22°C) or restrictive (35°C) temperatures.

Antibody production. Anti-ACP1 antibody against a synthetic pep-
tide corresponding to the C-terminal 15 amino acids of ACP1 (CAVGER
NVSTPKEEN), which is unique and distinguishes ACP1 from ACP2, was
generated by Pacific Immunology, Inc. Antibodies were raised in New
Zealand White rabbits, and ACP1-specific antibodies were affinity puri-
fied by the vendor using peptide coupled to agarose beads. Antibody spec-
ificity was determined by immunoblotting with total protein extracts
from ACP1 RNAi-knockdown cells grown with or without tetracycline.
For PFR antibodies, a fragment encoding the N-terminal 328 amino acids
of PFR2 (NCBI GenBank accession number XP_847327.1) was amplified
from genomic DNA and expressed using a pETDuet-1 system (Novagen).
Recombinant protein was purified using the manufacturer’s suggested
protocols and used to raise polyclonal antibodies in rabbits by Pacific
Immunology, Inc.

Immunofluorescence microscopy. Immunofluorescence on whole
cells was done as described previously (9). Monoclonal anti-HA antibody
HA.11 (Covance) was used at a 1:250 dilution and detected using donkey
antimouse secondary antibody coupled to Alexa Fluor 488 (Molecular
Probes) at 1:750. Polyclonal PFR antiserum was used at a 1:1,250 dilution,
polyclonal affinity-purified anti-ACP1 antibodies were used at a 1:500
dilution, and both were detected using donkey antirabbit antibody cou-
pled to either Alexa Fluor 488 or 594 (Molecular Probes) at a 1:750 dilu-
tion. Coverslips were mounted in VectaShield mounting medium with
DAPI (4',6-diamidino-2-phenylindole). Samples were imaged on a Zeiss
Axioskop II microscope (Zeiss, Inc.).

RESULTS

Identification of procyclic stage-specific adenylate cyclases. We
previously reported on the isolation of intact flagella and pro-
teomic analysis of flagellar membrane and matrix proteins from
bloodstream-form (BSF) T. brucei parasites (9). We attempted a
similar analysis using procyclic culture-form (PCF) T. brucei par-
asites, corresponding to insect midgut-stage parasites, but our
analyses indicated a high level of contamination by cellular pro-
teins, likely owing to the use of sonication to remove flagella from
cell bodies (see Materials and Methods). Among the proteins
identified, however, was a group of receptor-type adenylate cycla-
ses that were not detected in BSF flagellum preparations (see Table
S1in the supplemental material). These adenylate cyclases are part
of a previously described family of genes related to expression
site-associated gene 4 (GRESAG4), on the basis of their sequence
similarity to ESAG4 (23). ESAG4 is expressed only in BSF para-
sites, while previously examined GRESAG4 genes were found to
be constitutively expressed in both BSF and PCF parasites (18, 23,
29, 33, 34). We were therefore surprised to uncover a group of
GRESAG4 genes that were detected only in procyclic flagella, and
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we investigated these further. We termed these proteins ACP1
through ACP6, to reflect the fact that they were found in procyclic
culture-form, but not bloodstream-form, proteomic analyses.

The T. brucei genome includes approximately 65 GRESAG4
genes, with the protein encoded by each gene having a large extra-
cellular domain at the N terminus, followed by a single transmem-
brane region and a cytoplasmic catalytic domain (15). The cata-
Iytic domain is followed by a short C-terminal region of
approximately 150 to 175 amino acids. Sequence relationships
among trypanosomal ACs, including ACP1 to ACP6, have been
described previously (15, 55). The amino acid sequence diversity
among ACP1 to ACP6 was found to be the highest within the
N-terminal and C-terminal regions (Fig. 1B). Pairwise alignments
revealed that ACP1 and ACP2 are approximately 90% identical in
amino acid sequence throughout their length, with differences
lying primarily within the C terminus. The other ACs identified
exhibited considerable sequence differences between one another
(Fig. 1B).

Peptides specific to ACP1 to ACP6 were not detected in a pro-
teomic analysis of flagella from bloodstream-form cells (9), sug-
gesting that these proteins are expressed only in the procyclic life
cycle stage. However, sequence similarities among the AC protein
family make it difficult to unambiguously identify specific iso-
forms using proteomics alone. For example, while one or more
peptides uniquely mapped to each of ACP1 and ACP3 to ACP6 in
the current study (see Table S1 in the supplemental material), the
five peptides that mapped to ACP2 also mapped to ACP1. We
therefore used quantitative reverse transcriptase, real-time PCR
(qRT-PCR) with gene-specific primers to directly determine the
developmental expression profile for ACP1 through ACP6. We
found that ACP1 and ACP3 to ACP6 were each expressed primar-
ily in procyclic-form parasites (Fig. 1C), while ACP2 expression
was similar in both life cycle stages. Notably, QRT-PCR also dem-
onstrated that expression of FS33, an AC identified in BSF flagella
(9) but not PCF flagella, was indeed upregulated in BSF cells (Fig.
1C). Thus, ACP1 and ACP3 to ACP6 show developmentally reg-
ulated expression distinct from that reported for all other
GRESAG4 genes studied to date.

In situ epitope tagging enables analysis of individual ACs.
The large size of the AC gene family, together with the extensive
sequence homology among individual genes, has complicated ef-
forts to analyze any single AC gene or protein. Our proteomic
analyses identified a small subset of ACs as being expressed in
procyclic cells, thereby allowing prioritization of individual genes
for direct analysis. We focused our studies here on ACP1, ACP2,
ACP4, and ACP5, while ACP3 and ACP6 are the focus of separate
work. To study each protein individually, in situ tagging (44) was
used to incorporate an HA epitope tag at the 3" end of each gene.
Western blot analysis of cell lysates demonstrated that a single
HA-tagged protein of the expected size was expressed in each
tagged cell line, and Southern blotting demonstrated integration
of the HA epitope tag at the expected locus in each case (see Fig. S1
in the supplemental material). Having established gene-specific
tags for each AC, we set out to characterize the individual proteins.

Biochemical analysis reveals that T. brucei ACs are surface-
exposed glycoprotein multimers. The cellular distribution of ad-
enylate cyclases in procyclic T. brucei has previously been exam-
ined only in conglomerate (18). The availability of gene-specific
epitope tags provided a unique opportunity to monitor the frac-
tionation and distribution of individual AC proteins. The ACs
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FIG 1 Procyclic stage-specific receptor adenylate cyclases. (A) The schematic shows the general architecture of T. brucei adenylate cyclases, including a signal
peptide (SP), a single-pass transmembrane domain (TM), and a cyclase catalytic domain (CYC), followed by a short intracellular C-terminal region. Within the
N-terminal region are one to two domains homologous to periplasmic binding proteins (PBPs) of bacteria. The average sequence identity among ACP1 to ACP6
is shown above each section. (B) Pairwise amino acid sequence identities within the N-terminal, catalytic, and C-terminal domains of ACP1 to ACP6 (P1 to P6).
(C) The chart shows the relative mRNA abundance in procyclic culture-form (PCF) and bloodstream-form (BSF) cells for the genes for adenylate cyclases ACP1
to ACP6 and FS33, as determined by qRT-PCR. ISG65 is a bloodstream-form-enriched gene (90) used as a control. The expression levels for each gene are

normalized to the levels for the life cycle stage expressing the genes at higher levels.

studied here were identified in detergent-solubilized cell fractions.
To determine whether this represented the entire cellular pool for
each protein, we performed Western blot analysis of detergent-
soluble and detergent-insoluble fractions. Each AC fractionated
exclusively in detergent-soluble supernatants, consistent with
what would be anticipated for membrane-associated proteins
(Fig. 2A). Some flagellar membrane proteins are associated with
detergent-resistant membranes (56). To determine whether this is
the case for ACs, we asked whether solubilization with Triton
X-100 at 4°C shifts ACs to the pellet fraction, as seen for proteins
in detergent-resistant membranes, such as calflagin (56). The AC
fractionation pattern was unchanged at 4°C and 37°C, indicating
that ACs are not associated with detergent-resistant membranes.
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T. brucei ACs are predicted to be surface exposed, and this has
been demonstrated for ESAG4 and FS33 in BSF parasites, as well
as for a group of AC proteins in conglomerate in procyclic cells (9,
18). We asked whether ACP4 and ACP5 were surface exposed
using surface biotinylation, followed by affinity purification with
streptavidin. Western blot analysis of bound and unbound frac-
tions demonstrated that each AC eluted with the bound, i.e., sur-
face-biotinylated, fraction, while the intracellular marker BiP
eluted in the unbound fraction (Fig. 2B). Therefore, ACP4 and
ACPS5 are exposed on the cell surface of procyclic-form T. brucei
parasites.

The calculated molecular masses of ACP1 and ACP2 are nearly
identical, 137.5 and 137.9 kDa, respectively (see Table S1 in the
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FIG 2 Trypanosomal adenylate cyclases are glycosylated surface proteins that dimerize. (A) Western blot analysis of the proteins in the soluble (S) and insoluble
pellet (P) fraction from cells extracted with Triton X-100 at the indicated temperature (4° or 37°C). Protein samples from cells expressing the indicated
HA-tagged ACP (ACP1, ACP2, ACP4, or ACP5) were probed with antibodies against HA, calflagin, and tubulin. (B) Cells expressing HA-tagged ACP4 or ACP5
were surface biotinylated, and protein extracts harvested as indicated in the schematic were subjected to Western blot analysis with antibodies against HA or BiP.
(C) Whole-cell lysates were prepared from 2913 control cells or cells expressing HA-tagged ACP1, ACP2, ACP4, or ACP5. Samples were untreated (—) or treated
(+) with PNGase F and then subjected to Western blot analysis with antibodies against HA or EIF4Al. (D) Whole-cell lysates prepared from 2913 control cells
or cells expressing HA-tagged ACP1, ACP2, ACP4, or ACP5 were separated by Blue Native gel electrophoresis and then transferred to a PVDF membrane and
probed with anti-HA antibodies. (E) Cells with two tagged alleles of ACP1 (ACP1-Myc/HA) or two tagged alleles of ACP2 (ACP2-Myc/HA) were used for
coimmunoprecipitation to test for homodimerization. In test samples, one allele of the indicated AC gene contains an HA tag and the other allele has a Myc tag.
Samples were immunoprecipitated with anti-HA antibody, and input (I), unbound (U), and bound (B) fractions were probed in Western blots with anti-HA or
anti-Myc antibody. As a negative control, ACP1-Myc lacks any HA tag and is not precipitated by anti-HA antibody (see Fig. S2 in the supplemental material). The
numbers below each lane indicate the relative number of cell equivalents analyzed. (F) Cells expressing ACP1-HA were mixed with cells expressing ACP1-Myc,
and the cells in the mixture were lysed and immunoprecipitated using anti-HA antibody. Input, unbound, and bound fractions were probed in Western blots
with anti-HA or anti-Myc antibody.

supplemental material). However, Western blots revealed signifi-
cant size differences between these proteins (see Fig. S1 in the
supplemental material), suggesting differential posttranslational
modifications. Trypanosomal ACs have a receptor-type structure
and are predicted to function in recognition of extracellular li-
gands. Glycosylation is a common feature of surface proteins and
can be critically important for receptor-ligand interactions (57).
Moreover, there are several putative glycosylation sites present in
both proteins, and all are predicted to be within the extracellular
N-terminal domains (data not shown). We therefore asked
whether glycosylation accounted for the size difference between
ACP1 and ACP2. To test for glycosylation, we used digestion with
peptide N-glycosidase F (PNGase F), which cleaves N-linked car-
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bohydrate groups. PNGase F treatment caused a significant reduc-
tion in size for each AC, as seen by SDS-PAGE (Fig. 2C). As a
control, the cytoplasmic protein EIF4AI (58) showed no change in
size with PNGase F treatment. Therefore, individual ACs are dif-
ferentially glycosylated, although some difference in size remains,
suggesting that additional modifications may be present.

All characterized nucleotide cyclase catalytic domains operate
as dimers, with catalysis occurring at the dimer interface (59, 60).
Unlike conventional adenylate cyclases, which have two cyclase
domains on a single polypeptide, trypanosomal cyclases have only
asingle catalytic domain per protein (Fig. 1A). In vitro studies with
recombinant catalytic domains previously demonstrated that T.
brucei AC catalytic domains require dimerization for catalytic ac-
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FIG 3 Trypanosomal adenylate cyclases are catalytically active. A temperature-sensitive Saccharomyces cerevisiae adenylate cyclase mutant (cyr1-2) was trans-
formed with a yeast expression vector containing either the S. cerevisiae wild-type adenylate cyclase (CYRI) or the gene for T. brucei ACP1, ACP2, ACP4, or ACP5
(TbACP1, TbACP2, TbACP4, and TbACPS5, respectively). An empty vector was transformed as a control, and yeast viability was assessed at the permissive (22°C)

and restrictive (35°C) temperatures.

tivity (34, 59), but whether the full-length proteins form dimers in
vivo is not known. We therefore asked whether native T. brucei
ACs formed multimeric complexes by examining cell lysates using
Blue Native gels under nonreducing conditions. Western blots of
Blue Native gels showed that each of the ACs examined migrated
as multiple species ranging in size from approximately 160 kDa to
500 kDa, with the major species in each case being the one with the
larger molecular mass (>300 kDa) (Fig. 2D). The size of
the smaller species in each case agrees with the predicted size of the
monomeric protein, ~150 kDa. Therefore, AC proteins form
multimeric complexes under native conditions. The multimeric
complexes observed on Blue Native gels suggested dimerization,
but they could be due to interaction with proteins other than ACs
themselves. To test for dimerization directly, we generated doubly
tagged lines, in which one ACP1 allele was HA tagged and the
other was Myc tagged. We also did this for ACP2. Immunopre-
cipitation with anti-HA in each case demonstrated that the Myc-
tagged protein coprecipitated with the HA-tagged protein (Fig.
2E), while singly tagged ACP1-Myc was not precipitated with an-
ti-HA antibody (Fig. S2 in the supplemental material). Notably,
coimmunoprecipitation was observed only if the HA-tagged and
Myc-tagged proteins were expressed in the same cells. Using a
mixture of cells in which one half expressed HA-tagged protein
and the other half expressed Myc-tagged protein, coimmunopre-
cipitation was not observed (Fig. 2F). Although dimerization was
anticipated, this is the first direct evidence that ACs dimerize in
vivo.

To test whether the ACs identified here are catalytically active,
we tested their ability to rescue the growth of Saccharomyces
cerevisiae mutants that lack a functional adenylate cyclase. The
yeast cyrl-2 strain harbors a temperature-sensitive mutation that
disrupts function of the endogenous adenylate cyclase, CYR1, ren-
dering cyrl-2 yeast nonviable at the restrictive temperature due to
a cAMP deficiency (53). Expression of T. brucei ACP1, ACP2,
ACP4, or ACP5 restored the viability of the cyrl-2 mutant at re-
strictive temperatures (Fig. 3). Thus, each of these proteins indi-
vidually possesses adenylate cyclase catalytic activity in vivo.

Individual adenylate cyclases are localized to different do-
mains of the flagellar membrane. Subcellular distribution has not
been determined for most adenylate cyclases in T. brucei. Two
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individual ACs, ESAG4 (18) and FS33 (9), have been shown to
localize along the length of the flagellum in bloodstream-form
parasites. Immunofluorescence using pan-specific antibodies
showed localization along the length of the flagellum for a group
of GRESAG4 proteins in procyclic-form parasites, but individual
proteins were not examined in this life cycle stage and it is not known
to which specific GRESAG4 genes the labeling corresponds (18). The
availability of clonal lines, each having a single, uniquely epitope-
tagged AC protein, made it possible to examine the location of each
AC individually by immunofluorescence microscopy. Using immu-
nofluorescence with anti-HA antibody, we found ACP1, ACP2,
ACP4, and ACP5 to be localized exclusively to the flagellum (Fig. 4;
see also Fig. S3 in the supplemental material). Notably, the specific
distribution within the flagellum was different for individual ACs.
ACP1 and ACP4 were localized primarily to the distal tip of the fla-
gellum, whereas ACP2 was evenly distributed along the entire length
of the flagellum. ACP5 was concentrated at the flagellum tip, with a
weaker signal seen along the flagellum. The tip-specificlocalization of
ACP1 and ACP4 distinguishes them from trypanosomal ACs studied
previously and is, to our knowledge, a novel finding for a transmem-
brane protein in T. brucei.

Localization of individual trypanosomal ACs to distinct re-
gions indicates that different structural features must be present to
distinguish the tip of the flagellum from the length of the flagellum
in order to enable tip-specific targeting. To assess when such fea-
tures are established, we examined AC protein localization as a
function of the cell cycle. Trypanosome cultures grow asynchro-
nously, and morphogenetic markers are available to easily define
the cell cycle stage for any given cell in the population (61). Cells
that have completed kinetoplast division but not mitosis contain
two kinetoplasts and a single nucleus (2K1N). These cells possess
one fully formed flagellum and one newly forming flagellum,
whose tip connects to the side of the old flagellum (61). Anti-HA
immunofluorescence showed that 2KIN cells expressing
ACP1-HA or ACP4-HA have two spots of fluorescence, one cor-
responding to the tip of the old flagellum and one corresponding
to the tip of the newly forming flagellum (Fig. 5B). Therefore, any
cellular features required for flagellum tip-specific localization are
established prior to the completion of mitosis, while the nascent
flagellum is still growing.
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FIG 4 Trypanosomal adenylate cyclases localize to flagellum subdomains. (A) Trypanosomes expressing the indicated HA-tagged adenylate cyclase were
subjected to immunofluorescence. Cells were stained with anti-HA antibodies (green), and nuclear and kinetoplast DNA were visualized with DAPI (blue). (B)
Immunofluorescence analysis as described for panel A showing dividing cells. Cells have a single nucleus and two kinetoplasts, indicating that they have not
completed mitosis, and possess a mature flagellum (filled arrowhead) as well as a newly forming daughter flagellum (unfilled arrowhead).

To assess whether the HA epitope tag influenced protein local-
ization, we raised ACP1-specific antibodies and used these anti-
bodies to determine the location of the endogenous protein. To
test the specificity of the anti-ACP1 antibody, we generated a
gene-specific RNAi knockdown of ACPI. qRT-PCR demon-
strated that specific and efficient knockdown of ACP1 did not
affect the expression of ACP2 (Fig. 5A), which is the protein most
closely related to ACP1. Knockdown of ACP1 did not affect par-
asite growth or motility (not shown). Western blotting with anti-
ACP1 antibodies detected a single band of the expected size that
was lost following the induction of RNAi (Fig. 5B). Anti-ACP1
antibody failed to detect any signal in lysates from bloodstream-
form parasites, corroborating the qRT-PCR results demonstrat-
ing that ACP1 is a procyclic stage-specific protein. These results
further demonstrate that the antibody distinguishes ACP1 from
ACP2, as ACP2 expression is unaffected by ACP1 knockdown.
Immunofluorescence with ACP1-specific antibody showed that
endogenous ACP1 is located at the distal tip of the flagellum (Fig.
5C), as seen for the HA-tagged protein, and the tip signal is lost
upon RNAI induction against ACP1. Therefore, the HA-tagged
protein (Fig. 4) correctly reports the localization of the endoge-
nous protein.

Protein targeting to specific subcellular locations requires cis-
acting targeting sequences within the protein. ACP1 and ACP2 are
almost identical in sequence, except for their C termini, suggesting
that this region is important for specifying flagellar and/or subfla-
gellar localization. We therefore generated epitope-tagged dele-
tion mutants lacking the C-terminal 45 or 46 amino acids of ACP1
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(ACP1AC45) and ACP2 (ACP2AC46), respectively, to assess the
influence of these amino acids on flagellar localization. In both
cases, expression was reduced and the deletion mutants exhibited
a punctate distribution throughout the cell but were completely
absent from the flagellum (Fig. 6; see also Fig. S3 in the supple-
mental material), demonstrating that these residues are critical for
targeting to the flagellum.

DISCUSSION

Insect stage-specific adenylate cyclases. Our studies reveal a new
paradigm for trypanosomal ACs through identification of a group
of AC genes upregulated in the procyclic life cycle stage, indicating
a specific role within the tsetse fly. There are approximately 65
chromosome-internal adenylate cyclase genes in the T. brucei ge-
nome (55), but only a few of these have been studied directly.
Among the ACs identified here, ACP4 corresponds to previously
studied GRESAG4.2/4.3 (33, 55). ACPI and ACP2 correspond to
two ESAG4-like genes identified as being upregulated in BSF par-
asites following knockout of ESAG4 (55), though they were not
examined in PCF parasites. ACP3, ACP5, and ACP6 do not corre-
spond to previously studied GRESAG4 genes. Procyclic stage-spe-
cific expression is a novel finding, as all ACs examined previously
have been found to be either BSF specific, ESAG4 (23, 29) and
FS33 (Fig. 1) (9), or constitutively expressed, GRESAG4.1,
GRESAG4.2/4.3, and GRESAG4.4 (18, 23, 33, 34). Prior analysis
of GRESAG4.2/4.3, corresponding to ACP4, reported equal ex-
pression in BSF and PCF parasites by Northern blotting (23),
while our qRT-PCR analysis shows 6-fold upregulation of ACP4
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FIG 5 Endogenous ACP1 localizes to the flagellum tip. (A) mRNA levels for ACP1 and ACP2 were determined by qRT-PCR in ACP1-knockdown cells grown
in the absence (—) or presence (+) of tetracycline (Tet). (B) Total protein extracts were prepared from BSF cells and from procyclic ACP1-knockdown cells
(ACP1-KD) grown without (—) or with (+) tetracycline and then subjected to Western blot analysis using affinity-purified anti-ACP1 antibodies (top).
(Bottom) Total protein in the same samples visualized by Coomassie staining of SDS-polyacrylamide gels. (C) Immunofluorescence of ACP1-knockdown cells
grown without or with tetracycline and probed with affinity-purified anti-ACP1 antibodies. Nuclear and kinetoplast DNA are stained with DAPI (blue).

in PCF versus BSF parasites. We suspect that the discrepancy may
lie in the greater capacity for gene-specific analysis in qRT-PCR.
Additionally, earlier studies may have underestimated the poten-
tial for cross-reactivity in Northern blots, because the size and
extent of sequence similarity among the members of the AC/
GRESAG gene family were not known.

ESAG4 functions in manipulation of host immune responses
to trypanosome infection (15) and potentially in cytokinesis in
bloodstream-form parasites (55). However, the functions of chro-
mosome-internal GRESAG4 ACs and the reasons for expansion of
the AC gene family remain unknown. ACP1 and ACP2 are up-
regulated in bloodstream cells following the knockout of ESAG4,
compensating for the loss of ESAG4 (55). Thus, some ACs may
substitute for others under selective pressure. Nonetheless, our
data argue against a strictly redundant role for T. brucei ACs, be-
cause we see developmentally regulated expression profiles that
differ from the expression profiles described for ESAG4 and all
other GRESAG4 genes studied to date. Distinct functions for in-
dividual ACs are also supported by sequence diversity among dif-
ferent isoforms (28) and our finding here that individual isoforms
show distinct distributions along the flagellum.

Nonredundant functions for individual ACs in parasite-tsetse
fly interactions are also consistent with the observation that ex-
pansion of the AC gene family varies among different tsetse fly-
transmitted trypanosomes. T. vivax, for example, which develops
only in the fly mouthparts and foregut (62), has 14 AC genes (15).
In comparison, development of T. congolense and T. brucei occurs
not only in the mouthparts and foregut but also the midgut, with
T. brucei additionally advancing through the salivary glands (62).
Correspondingly, T. congolense and T. brucei have a larger cohort
of AC genes, with approximately 45 and 65 chromosome-internal
AC genes, respectively (15). Therefore, the size of the AC gene
family in different African trypanosomes directly correlates with
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the complexity of the parasite’s developmental cycle and tissue
distribution in the tsetse fly, consistent with the idea that ACs
function in tsetse fly-parasite interactions. The in vitro differenti-
ation of bloodstream-form parasites into procyclic forms and sub-
sequent proliferation are accompanied by spikes in cellular cAMP
levels (18,29), and procyclic stage-specific ACs provide a potential
source for this cAMP.

Functional consequences of tip-localized adenylate cyclases.
Previous studies showed flagellum localization for ACs in procy-
clic parasites, but the antibodies could not distinguish between
isoforms (18). By using gene-specific epitope tagging, we were
able to determine the unique distribution of individual AC pro-
teins. Surprisingly, we discovered distinct patterns of localization
for different isoforms. Most notably, ACP1 and ACP4 were local-
ized to the flagellum tip, which has not been reported for any
previously studied T. brucei AC. Hundreds of T. brucei flagellar
proteins have been described (9, 22, 63). However, aside from the
ACsreported here, only three flagellar tip proteins have been iden-
tified. These are two axonemal proteins, kinesin KIF13.2 (64) and
FLAMS (22), and one membrane protein, calpainl.3, which asso-
ciates with the membrane via acylation (65). KIF13.2 functions in
flagellum length control, while the functions of calpainl.3 and
FLAMBS are not known. Flagellum tip proteins in other organisms
play important functions in cell signaling. Examples include ver-
tebrate polycystins and Gli proteins that function in Ca** and
Hedgehog signaling, respectively (66—68). Examples in other pro-
tists include flagellar tip agglutinins in Chlamydomonas that me-
diate cell adhesion events associated with cAMP signaling and
mating (69, 70). Thus, identification of tip-localized ACs that
could modulate cAMP signaling in T. brucei is of great interest.

Unlike mammalian ACs, trypanosomal ACs are postulated to
function as receptors modulating signaling, with specificity con-
ferred by divergent N-terminal ligand binding domains (24, 28).
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FIG 6 C-terminal sequences are required for targeting to the flagellum. (A) Western blot analysis of whole-cell lysates from cells expressing the indicated
HA-tagged protein. Blots were probed with anti-HA or anti-tubulin antibodies. (B) Trypanosomes expressing the indicated HA-tagged deletion mutants were
subjected to immunofluorescence. Cells were stained with anti-HA antibodies (green) and anti-PFR antibodies (red). Nuclear and kinetoplast DNA were
visualized with DAPI (blue). (C) (Top) Schematic diagram illustrating amino acid sequence identities between ACP1 and ACP2, which are nearly identical except
for a short region at the C terminus. (Bottom) Alignment of the C termini of ACP1 to ACP6 (P1 to P6). ACP1 residues that differ from ACP2 are boxed, and
among these, those residues that are conserved between ACP1 and ACP4 are highlighted in gray.

Consistent with this idea, the AC N-terminal domain shares ho-
mology with bacterial periplasmic binding proteins (PBPs) that
function in chemotaxis and signaling through recognition of di-
verse ligands (Fig. 1) (25, 71). A receptor function for trypano-
some ACs remains speculative at present, but demonstration that
procyclic stage-specific ACs dimerize and are catalytically active
supports their function in cAMP production. Differential local-
ization would provide a mechanism to spatially restrict the cAMP
output from different AC isoforms, allowing them to interface
with distinct effector proteins. Thus, segregating individual iso-
forms to distinct flagellum subcompartments would allow two
different ACs to initiate specific responses, despite using a com-
mon output. Such an arrangement provides support for a mi-
crodomain model for cAMP signaling postulated for T. brucei and
observed in other eukaryotic cells, where the close proximity of
ACs, phosphodiesterases, and effectors confines cAMP signaling
to distinct foci (72-74). Importantly, the T. brucei cAMP-specific
phosphodiesterase PDEBI is distributed along the length of the
flagellum (75) and is thus positioned to act as a diffusion barrier,
limiting cAMP to the site of production by differentially localized
adenylate cyclases (74).

Protein localization to the flagellum tip is also interesting in the
context of parasite development because the tip initiates attach-
ment to the fly salivary gland prior to differentiation into metacy-
clic parasites infectious for mammals (20). The reorganization of
cytoskeletal filaments and the flagellum membrane at the site of
attachment (76), as well as subsequent cellular and molecular
changes that accompany differentiation into metacyclic parasites
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(20, 21), presumably involves signaling events triggered by flagel-
lum contact. Consistent with this idea, metacyclogenesis in T. con-
golense can be triggered in vitro via flagellum contact with plastic
surfaces (77). There is also a precedent for flagellum tip attach-
ment triggering cellular differentiation in the protist Chlamy-
domonas reinhardtii, whereby flagellum tip adhesion between two
gametes triggers a CAMP signaling cascade resulting in gamete
fusion (69, 70, 78). Recent ex vivo reconstruction of the T. brucei
mating cycle identified gamete-like cells that interact via their fla-
gella prior to fusion (79), raising the intriguing possibility that
flagellum-dependent interactions may be part of the T. brucei
mating cycle. The flagellum functions in mechanosensation in
other protists (80, 81) and may therefore function in contact-
mediated signaling in T. brucei. Surface-exposed adenylate cycla-
ses at the tip of the flagellar membrane are ideally positioned to
perceive and transduce responses to flagellum attachment. Tests
of this hypothesis will require tsetse fly infection experiments us-
ing trypanosomes lacking specific ACs. The insect stage-specific
ACs identified here present excellent candidates for testing this
idea, and the lack of any growth defect following RNAi knock-
down of ACP1 demonstrates that such experiments are now fea-
sible. Apart from host-parasite interaction, the flagellum tip is also
distinguished structurally from the rest of the flagellum and is the
site of flagellar structures important to cell division (82, 83). Thus,
tip-specific ACs are located in a unique region of the cell that plays
several important functions in parasite biology.

Flagellum tip-targeting signals. The C-terminal 45 and 46
amino acids are required for flagellar targeting of ACP1 and
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ACP2, respectively. Previous work showed that a 21-amino-acid
fragment near the C terminus of calpainl.3 is required for flagellar
targeting (65). We did not observe any obvious sequence similar-
ities between the C-terminal sequences of ACs and calpainl.3, nor
did we identify similarities to published targeting sequences in
flagellar membrane proteins of other organisms (84). Protein lo-
calization within specific flagellum subdomains is emerging as an
important aspect of flagellum biology (22, 85-87), but the se-
quences responsible for directing subflagellar targeting are un-
known (88, 89). In this regard, ACP1 and ACP2 in T. brucei offer
potential insights, because they are ~90% identical in amino acid
sequence and differences are primarily restricted to the C-termi-
nal region that is required for flagellum localization. This region is
expected to be intracellular and thus accessible to targeting ma-
chinery. Alignment of the C-terminal 42 amino acids of ACP1 and
ACP2 revealed differences at 31 positions (Fig. 6). Of these 31
positions, only 5 are conserved between ACP1 and the other tip-
localized AC, ACP4. Therefore, these 5 residues are likely to be
important for specifying subcompartment localization within the
flagellum. Notably, 3 of these 5 residues are conserved in ACP5,
consistent with the intermediate localization observed for ACP5;
i.e., it is enriched at the tip plus along the length. The localization
of ACP3 and ACP6 was not determined, but on the basis of the
sequence conservation within the putative tip-targeting domain
(Fig. 6), these proteins are likely to be tip localized or enriched at
the tip.

The flagellum and cAMP signaling in trypanosomes. Cyclic
AMP is important in T. brucei development and pathogenesis (15,
29, 32). ACs are the source of cAMP production and are therefore
critical for cAMP signaling. All of the adenylate cyclases so far
studied in T. brucei are concentrated in the flagellum, which also
contains cAMP-specific phosphodiesterases (75) and cAMP effec-
tors (16). Together, this indicates an important role for the flagel-
lum in T. brucei cAMP signaling. Future studies aimed at under-
standing AC function as well as mechanisms of targeting to the
flagellum and specific flagellum subcompartments offer opportu-
nities for understanding key aspects of trypanosome biology and
host-parasite interaction.
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