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ABSTRACT. Flagella are constructed and maintained through the
highly conserved process of intraflagellar transport (IFT), which is a
rapid movement of particles along the axonemal microtubules of cilia/
flagella. Particles that are transported by IFT are composed of several
protein subunits comprising two complexes (A and B), which are con-
served among green algae, nematodes, and vertebrates. To determine
whether or not homologues to members of the IFT complex proteins
are conserved in Leishmania spp, we scanned genomes, transcriptomes
and proteomes of Leishmania species in a search for putative IFT fac-
tors, which were then identified in silico, compared, cataloged, and
characterized. Since a large proportion of newly identified genes in L.
major remain unclassified, with many of these being potentially Leish-
mania- (or kinetoplastid-) specific, there is a need for detailed analyses
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Intraflagellar transport complex in Leishmania 767

of homologs/orthologs that could help us understand the functional as-
signment of these gene products. We used a combination of integrat-
ed bioinformatics tools in a pathogenomics approach to contribute to
the annotation of Leishmania genomes, particularly regarding flagel-
lar genes and their roles in pathogenesis. This resulted in the formal
in silico identification of eight of these homologs in Leishmania (IFT
subunits, 20, 27, 46, 52, 57, 88, 140, and 172), along with others (IFTs
71, 74/72, and 81), as well as sequence comparisons and structural pre-
dictions. IFT, an important flagellar pathway in Leishmania, begins to
be revealed through screening of trypanosomatid genomes; this infor-
mation could also be used to better understand fundamental processes
in Leishmania, such as motility and pathogenesis.

Key words: Intraflagellar transport, Leishmania, Flagellar motility,
Intraflagellar transport complex, Genome screens, Bioinformatics

INTRODUCTION

Leishmania protozoa are responsible for a group of diseases, collectively known
as Leishmaniasis. They are trypanosomatid members of the order Kinetoplastida, which
contains other important uniflagellate pathogens, such as Trypanosoma cruzi and T. bru-
cei. Studies across eukaryotic systems indicate that flagella are constructed and maintained
through the highly conserved process of intraflagellar transport (IFT), for which many of
the proteins involved have yet to be identified (Haycraft et al., 2003). Well characterized in
the biflagellate Chlamydomonas, IFT is a rapid movement of particles along the axonemal
microtubules of cilia and flagella (Rosenbaum et al., 1999); it is a specialized bidirectional
transport process mediated by the ancestral and conserved IFT complex. Import and export
of proteins appear to be largely mediated by IFT particles that move along the axonemal dou-
blet microtubules, just beneath the flagellar membrane (Kozminski et al., 1995; Rosenbaum
and Witman, 2002; Cole, 2003); these are associated with either kinesin or dynein motor
proteins, recycling kinesin and discarding axoneme proteins back to the cytosol (Tull et al.,
2004). The main function of IFT is likely to be the delivery of axonemal substructures from
the basal body region to the distal end of the flagellum, where the axoneme is assembled
(Johnson and Rosenbaum, 1992; Piperno et al., 1996; lomini et al., 2001). The particles that
are transported by IFT are composed of several protein subunits (Piperno and Mead, 1997,
Cole et al., 1998). The functions of the individual subunits are not known, but the proteins
are conserved among green algae, nematodes, and vertebrates (Cole et al., 1998; Rosenbaum
et al., 1999). In Chlamydomonas, the IFT particles comprise two large complexes: complex
A is composed of six subunits (IFT-122A/B, -139, -140, -144/148, and IFT43); complex B
is composed of 11 subunits (IFT20, 27, 46, 52, 57, 74/72, 80, 81, 88, and 172) (Cole et al.,
1998). Morphologically similar particles were observed in trypanosomatids (Sherwin and
Gull, 1989), but it is unknown whether they represent the functional equivalent of the subu-
nits described in Chlamydomonas (Ersfeld and Gull, 2000).
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The recent development of robust molecular genetic and proteomic approaches (Aces-
tor et al., 2002; El Fakhry et al., 2002; Drummelsmith et al., 2003, 2004), coupled with ongoing
analysis of the genome sequences of L. major, L. infantum and L. chagasi, as well as the avail-
able related genomes of T. cruzi, T. brucei and T. gambiensi, provided us with plenty of data to
apply computational biology tools in order to improve the search for and the analyses of puta-
tive IFT factors in genomes, transcriptomes and proteomes of Leishmania species. Our goal
was to help annotate of Leishmania gene products, particularly those involved in the flagellar
apparatus and its role in pathogenesis. Genetic studies in Chlamydomonas have demonstrated
that the motility of [FT particles or individual IFT components requires the activity of kinesin-2
for anterograde movement and cytoplasmic dynein 1b for retrograde movement (Cole, 2003).
Previously we reported potential virulence factors of Leishmania spp that are also components
of the flagellar structure, or that are directly related to it (Oliveira et al., 2005); more recently
(Vasconcelos et al., 2007) we outlined some IFT-related factors (such as profilins, katanins and
kinesin homologues) that were assessed in silico and selected for possible roles in flagellar as-
sembly, disassembly and dynamics. Here, we have begun to explore flagellar proteins that are
conserved as specific components of the [FT complex in trypanosomatids.

MATERIAL AND METHODS
Biological databases and bioinformatics tools

A complete list of data sources and tool references (we used publicly available datasets
of individual or clusters of gene/protein data on Leishmania spp, mainly L. major and L. infan-
tum) are depicted in Table 1, which includes whole genome shotgun (WGS) strategy projects,
and cellular and flagellar proteome analyses of Leishmania and related eukaryotic organisms,
including C. reinhardtii, for specific flagellar genes. For database searches (Table 1), as previ-
ously described (Oliveira et al., 2005), programs such as variants of BLAST (Altschul et al.,
1997) and GlimmerHMM (Majoros et al., 2004) have been widely used for sequence similarity
searches, comparisons and gene predictions; the resulting data were built into a local dataset
that has evolved to be an organellar database (named FlagelLink - http://nugen.uece.br/flagel-
link/; Aratjo FF, Alcoforado WJO, Lira JD, Tavares DB, et al., personal communication) suit-
able for subsequent searches. External database search results for WGS/CDS and individual
remote sequence matches were included in our local dataset. We used MUSCLE (Edgar, 2004)
for global analysis of protein sequences through multiple alignments.

In silico survey

We took alignments created with FASTA/BLAST as input and computed alignment
tables, providing hierarchical and successive correlations between each two sets of sequences.
Given that ~70% of the genes in L. major genome have no significant similarity to existing
genes in sequence databases (Aggarwal et al., 2003) and that the number of experimentally
confirmed gene predictions in Leishmania was small, we had to extract a large number of
consensus sequences for each Leishmania species by examining for putative protein-coding
open-reading frames, combining gene prediction tools with semi-automated procedures (for
detailed workflow, see Oliveira et al., 2005). FASTA files for amino-acid sequences of coding
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Table 1. Sources of the various flagellum- or cilium-related data used (Organisms) and the sequence analyse tools
applied in this survey (Sequence source).

Organisms Sequence source (DNA/Protein) Bioinformatics tools™
Chlamydomonas http://genome.jgi-psf.org/chlre2 BLAST 2.2.10 www.ncbi.nlm.nih.
reinhardtii http://genome.jgipsf.org/chlre2/chlre2.home.html gov/BLAST/
http://labs.umassmed.edu/chlamyfp/index.php including blastn, megablast, blastp,
psi- and
phi-blast, rps-blast, blastx, tblastn,
bl2seq, and
cdart
Leishmania major www.genedb.org OmniBLAST
www.cri.crchul.ulaval.ca/proteome www.genedb.org/genedb/
seqSearch.jsp

Leishmania infantum

Trypanosoma cruzi

Trypanosoma brucei

Trypanosoma
gambiensi

Plasmodium
falciparum

Caenorhabditis
elegans

Danio rerio

Strongylocentrotus
purpuratus

Trichomonas
vaginalis

Mus musculus

Homo sapiens

Drosophila
melanogaster

Bos taurus

www.genedb.org

www.genedb.org
http://tcruzidb.org

www.genedb.org
http://www.ebi.ac.uk/pride - PRIDE (Proteomics
identification database)

www.genedb.org
www.genedb.org
http://www.wormbase.org

http://www.sanger.ac.uk/Projects/D_rerio

www.ncbi.nlm.nih.gov/genome/guide/sea_urchin

http://www.tigr.org/tdb/e2k1/tval/index.shtml

http://www.ncbi.nlm.nih.gov

http://www.ncbi.nlm.nih.gov

http://www.ncbi.nlm.nih.gov

http://www.ncbi.nlm.nih.gov

MUSCLE http://phylogenomics.
berkeley.edu/cgibin/
muscle/input_muscle.py

GLIMMER HMM
www.tigr.org/software/
GlimmerHMM/

UniProt/Swiss-Prot/trEMBL
knowledge database
www.ebi.ac.uk

GeneDB resources
www.genedb.org

NCBI/GenBank/Entrez resources
www.ncbi.nlm.nih.gov

Pfam/iPfam
www.sanger.ac.uk/Pfam

Clusters of orthologous groups of
proteins (COGs)
www.ncbi.nlm.nih.gov/COG

SMART
http://smart.embl-heidelberg.de

PROSITE
WWW.expasy.org/prosite

Gene ontology - resources
www.geneontology.org

BIND
http://bind.ca

TargetP
www.cbs.dtu.dk/services/TargetP

AMIGO
www.genedb.org/amigo/perl

AApplied to most of the sequences derived from the organism databases listed in Sequence Source.
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regions were downloaded from the sources detailed in Table 1. Briefly, we ran local BLASTP
(Altschul et al., 1997) in order to determine the sequence similarity among all coding regions.
Gene/open-reading frame identifiers were used to compare the sequence data with some avail-
able expression profiles of model organisms. Our screens included local BLASTP searches of
publicly available databases (NCBI non-redundant protein database, GeneDB database and
UniProt/Swiss-Prot/trEMBL knowledge database (accession numbers/identifiers are those
used in these three databases), searched against various collections of protein motifs and fami-
lies (listed in Table 1). Gene ontology terms were assigned, based on top matches to proteins
with gene ontology annotations from Swiss-Prot/tremble (www.expasy.org/sprot), AMIGO
after GeneDB (www.genedb.org/amigo/perl) and TargetP (www.cbs.dtu.dk/services/TargetP)
access. The functional assignment of these genes/gene products was inferred using an RPS-
BLAST search against conserved domain databases (Marchler-Bauer et al., 2005); information
was taken into account about subcellular localization (Emanuelsson et al., 2000), sequence and
structural features, domains/motifs conservation (von Mering et al., 2005; Letunic et al., 2006)
and in vitro characterization (Avidor-Reiss et al., 2004; Tull et al., 2004; Pazour et al., 2005).
Proteins annotated by Swiss-Prot as being encoded in an organelle functionally or structur-
ally related to the flagellar membranes, or containing an organelle transit peptide according to
TargetP (Emanuelsson et al., 2000), were specifically incorporated in our local database. For
in silico assessment of generally stored information about interactions and reactions, as well as
detailed information about molecular mechanisms and underlying ontologies, we used BIND
(Biomolecular Interaction Network Database) v3.7 at http://bind.ca (Alfarano et al., 2005).

RESULTS AND DISCUSSION
Leishmania genes homologous to the components of intraflagellar transport complex A and B

For the in silico identification of IFT genes/proteins in Leishmania, we adopted an ap-
proach that investigates all components of the machinery, including IFT particles and station-
ary elements, such as axonemes, basal bodies, and distal structures of flagella. For instance, we
used models described by lomini et al. (2001) and Parker and Quarmby (2003) for intraflagel-
lar particle recycling. Through this approach, we were able to distinguish several Leishmania
flagellar genes whose predicted proteins are either actin-, tubulin-, axoneme- or microtubule-
related and that could be directly assigned as components of the IFT complex in Leishmania
spp (Table 2). The functional assignment of IFT genes/gene products was inferred from local
and global alignments (see Material and Methods). We adopted minimum percentages of 30%
identity and 40% similarity expected for IFT family members, given that these are routinely
used parameters for assigning significant relationship among sequences.

IFT has anterograde and retrograde components mediated by the plus (+) and minus (-)
end-directed microtubule motors, kinesin-2 and cytoplasmic dynein, respectively (heavy chain
and light chain) (Kozminski et al., 1995). Recently, we distinguished a few Leishmania proteins
that could be related to flagellar and intraflagellar pathways, particularly the L. major putative
Unc104-like kinesin (LmjF34.4260), a kinesin-2 subunit, and profilin and katanin homologues
(Vasconcelos et al., 2007). Here, we present the identification of gene products that are specifi-
cally IFT-related sequences in Leishmania spp (as listed in Table 2) and that were analyzed in
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Table 2. Comparison of intraflagellar transport (IFT) complex subunits experimentally characterized in
Chlamydomonas reinhardtii with the putative homologs of IFT gene products in Leishmania spp.

IFT (Aand B)  Predicted molecular mass Gene/protein length Current annotation  Sequence IDs
numbered (kDa)/and isoelectric point (bp/aa) at GeneDB/ of Leishmania
subunits (Ip-pH) proposed IFT genes on
denomination GeneDB
C. reinhardtii  C. reinhardti  Leishmania  C. reinhardti  Leishmania Leishmania Leishmania
A A A A A A A
IFT122 p122/5.8-6.0 - - - - -
IFT139 p139/5.9 - - - - -
IFT140 154.6/6.0 181.2/5.9 4589/1384  4968/1655 Hypothetical LmjF32.0310
protein/IFT140*  LinJ32.0680
IFT144 p144/5.7-5.8 - - - - -
B B B B B B B
IFT20 15.6/ 15.4/4.6 408/135 390/129 Putative IFT LmjF30.2000
protein/IFT20*  LinJ30.2000
IFT27 p27/ 20.9/8.3 615/214 561/186 GTP-binding LmjF29.0090
protein-like/ LinJ29.0090
IFT27*
IFT46 p46/ 40.0/4.1 1035/344 1092/362 Hypothetical LmjF30.1770
protein/IFT46* LinJ30.2110
IFTS2 50.3/ 73.2/4.9 1365/544 2019/672 Putative IFT LmjF19.0320
component/ LinJ19.0120
IFT52*
IFT57 46.5/ 33.7/4.4 1449/407 909/302 Hypothetical LmjF33.0620
protein/IFT57*  LinJ33.0590
IFT71 71.5/ 61.5/5.5 2743/641 1611/537 IFT-like LmjF22.1370
protein/IFT71* LinJ35.1280
IFT74/72 71.3/ 61.5/5.5 2414/641 1611/537 IFT-like LmjF23.1370
protein/IFT74/72*  LinJ35.1280
IFT81 77.1/ 81.9/5.3 2867/683 2160/719 Hypothetical LmjF34.0230
protein/IFT81* LinJ34.0220
IFTS88 86.3/ 91.2/6.5 2456/782 2436/812 Putative IFT88/ LmjF27.1130
IFTS88 LinJ27.1180
IFT172 197.6/ 200.0/6.4 5374/1755  5403/1801 Hypothetical LmjF21.0980
protein/IFT172*  LinJ21.0860

As originally described in Chlamydomonas, the IFT complex is composed of at least 17 different polypeptides (Cole et al.,
1998). A list of components of the IFT complex searched on genomes of Leishmania is shown, while those identified in
this study are marked with asterisks and homologs with highest similarities appear in bold rows. Although some of these
subunits were already annotated as putative IFT components (not numbered) at GeneDB, none of them have been reported
before in Leishmania spp and mostly not identified as individual, classified and numbered, IFT components.
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terms of their possible participation in IFT, a conserved process, which according to Sloboda
(2005) may also provide the basic elements of a signal transduction mechanism that functions
to provide the nucleus with information about the outside environment and even about the state
of the flagellum itself. Thus, IFT may function as the central component of a signal transduc-
tion system that controls flagellar gene transcription (Sloboda, 2005). As originally described
in Chlamydomonas, the IFT complex is composed of at least 17 different polypeptides (Cole et
al., 1998), although only the homologs of the classical components (IFT88, -57, 52-, and -20)
have been identified in all proposed models and also in human cells (Cole, 2003). Leishmania
spp homologs to members of the IFT complex proteins have not been reported so far and one
of the goals of our study was to determine whether or not they were conserved in Leishmania.
Using a combination of bioinformatics tools, we report here the consistent presence of these
homologs in two Leishmania genomes (Table 2), together with their sequence comparisons and
structural/functional predictions. Our attempt to unveil the IFT pathway in trypanosomatids,
through the annotation and analyses of gene products in their genomes, makes this survey a
contribution to the formal identification of Leishmania homologues to these IFT proteins.

Subunits of the intraflagellar transport complex A in Leishmania spp - IFT140

In C. reinhardtii, the IFT complex A is said to be a 550-kDa tetramer containing six
subunits, although only four of these have been clearly, unambiguously, isolated by all workers in
the field (IFT144, IFT140, IFT139, and IFT122); the other two complex A subunits (IFT43 and
IFT148) have not yet been confirmed unanimously by the different groups (Piperno and Mead,
1997; Piperno et al., 1998; Rosenbaum et al., 1999; Deane et al., 2001; Cole, 2003; Pazour et al.,
2005; Efimenko et al., 2006; Blacque et al., 2006). A weak self-association of complex A and a
weak association between complex A and B are known to occur (Cole et al., 1998). In our survey,
the only component of the complex A that we were able to detect was IFT140; two sequences
(GeneDB IDs: LmjF32.0310 and LinJ32.0680) displayed a significantly high similarity to the
C. reinhardtii IFT140 subunit (accession No. AAT95430): 38 and 41% identities, as well as 57
and 61% similarities, for LinJ32.0680 and LmjF32.0310, respectively (Figure 1). The complete
sequence of [FT140 genes in L. major and L. infantum (annotated as conserved, hypothetical pro-
teins) encodes a 1655-residue protein with a calculated molecular mass of 181.2 kDa and an Ip of
5.9 (Table 2). Full-length IFT140 in Chlamydomonas is 1384 amino acids long, and the protein is
known to have a typical WD-40 repeat domain presenting five copies of the repeat. Leishmania
IFT140 (Figure 1) possesses three copies of WD-40. The WD-40 domain is found in a number
of eukaryotic proteins that cover a wide variety of functions, including adaptor/regulatory mod-
ules in signal transduction, pre-mRNA processing and cytoskeleton assembly. It contains a GH
dipeptide 11-24 residues from its N-terminus and the WD dipeptide at its C-terminus, and it is 40
residues long, hence the name WD-40 (Smith et al., 1999; Marchler-Bauer et al., 2005).

Subunits of the intraflagellar transport complex B in Leishmania spp

IFT complex B is a 750-kDa complex containing subunits ranging from 20 to
172 kDa. There are 11 (IFT20, IFT27, IFT46, IFT52, IFT57, IFT74/72, IFT80, IFT81,
IFT88, and IFT172) well-characterized subunits of complex B (Cole, 2003), some of
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L. major G--KLSMD 1350
L. infantum G--KLSME 1350
L. braziliensis G--KLSME 1344
T. cruzi NCSNLSGE 1378
M. musculus KMTVSKDSKDMSEE 1187
H. sapiens KMTVAKDSSDLPEE 1186
C. reinhardtii TPBKN-AAVSAD 1107
L. major 1400
L. infantum 1400
L. braziliensis 1394
T. cruzi 1428
M. musculus RELLEQIANCCM 1237
H. sapiens RELLEQIADCCM] 1236
C. reinhardtii 1157
L. major A TDAST! 1450
L. infantum A TDAST 1450
L. braziliensis A TDANI 1444
T. cruzi 1478
M. musculus 1287
H. sapiens 1286
C. reinhardtii 1207
L. major A LEECIAI 1498
L. infantum A LEE:! 1498
L. braziliensis A LEDCIS! Gl 1492
T. cruzi A LNECVOVLERNRDAVYGGSSIMAKE| 1528
M. musculus LTEAYKCLSKA--KTKNPLDQETKL. 1335
H. sapiens LTEAYKCLAKA--KAKSPLDQETRL. 1334
C. reinhardtii MREAAKYVAKS--KND---BRBARVGVIND 1252
L. major RAEVLOQA] DSVIASCSDIT S8 1548
L. infantum RAEVLKA DSVIASCSDII S8 1548
L. braziliensis RAEVLKT) ESVIASCSDII 1542
T. cruzi RRDIVQQ KAKELT DLT H 1571
M. musculus KMTLVKREI -KESLRQCELLLEEP---- 1368
H. sapiens RMALVKRETI -KESIKQEELLLEEP---- 1367
C. reinhardtii RIAVAEQ RQLIG.NP—— —-QEALRVEDELLRAIPPNS 1289
L. major PPHDLIOQ| a FYF SNNALKVMESMSKHGADPQFE 1598
L. infantum PDHDLIQ i [FYF: SNNALKVMESMPKHGADPQFE 1598
L. braziliensis QLIH i FYF. PNNALKVMESMPKHGTDPQLE 1592
T. cruzi SANVLAAIRI YYYENDRSAKD--——=————————=————— 1603
M. musculus —----DLDSTI YGFLVEHHVQM-EEYQ YKYLIEMRKRLPSANMS 1413
H. sapiens —-—--DLDSTIRI YGFL EHYVRI—E YOTAYRFLEEMRRRLPLANMS 1412
C. reinhardtii ©---DLEAGIRIGDVYAEMVEYWYEA-RNPNEAYKATHAMRRRG--I11S 1333
L. major T| C] L. GVMMAGAPGAGWEGARKASTD; 1648
L. infantum T| Cl L. GVMTAGAPGAMWEGGRKASTD 1648
L. braziliensis C] L. GVMAGGAHGAGWEGDRNMGTD, 1642
T. cruzi oo -

M. musculus YYVIQRTVDTVHQ LGLLPPSRIMPERVRHNSMEDHKEVYEEVIEEVDND 1463
H. sapiens YYVSPQAVDAVHRGLGLPLP-RTVPEQVRHNSMEDARELDEEVVEEADDD 1461
C. reinhardtii PYLITRMVEDIYRS LGVALDMAEERRGPINLGLRESDAGAFVEEEVADED 1383

Figure 1. Comparative analyses of IFT140 homologs. Multiple sequence alignment of IFT140 gene products from
Leishmania major (LmjF32.0310), L. braziliensis (LbrM32_V2.0380), L. infantum (LinJ32.0680), Trypanosoma cruzi
(Tc00.1047053506215.19) sequences at GeneDB as compared to IFT140 from other species, including the murine
and human homologs (NCBI accession No. NP_598887.2 and NP_055529.2), as well as IFT140 in the green alga
Chlamydomonas reinhardtii (NCBI accession No. AAT95430.1). IFT140 is a very large complex A protein (1360 amino
acids); its N-terminal region contains five WD-40 repeat domains in C. reinhardtii and three in Leishmania spp (numbered
from WDI-5), while there are other putative WD-40 repeats along the IFT protein sequence that can be seen as underlined
boxes (pWD6-9). Dark gray shading indicates identical amino acids and lighter shading indicates similar amino acid
residues.

which can be dissociated to reveal a more stable set of proteins termed the subcomplex
B core, distinct from a subcomplex B periphery (Lucker et al., 2005). Since [FT74 and
IFT72 are nearly identical and are encoded by the same gene, they are often referred to
as IFT74/72 (Qin et al., 2004). Complex B subunits usually display prominent WD-40
and TPR (tetratricopeptide repeats), among other conserved domains. WD-40-containing
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proteins are thought to fold into a B-propeller structure and to coordinate multiprotein
complex assemblies (Smith et al., 1999). IFT particle assembly could serve as an example
for such complexes. TPR motifs occur as 3-16 tandem repeats per protein that are packed
in a parallel manner and form a superhelical structure for interaction with a diverse range
of target proteins (D’Andrea and Regan, 2003).

Leishmania IFT20 and IFT57 homologues

In both L. major and L. infantum genomes, there are sequences that we could
identify as putative IFT20 genes: one hypothetical protein (GeneDB ID: LinJ30.1860)
and two unnumbered, IFT proteins (GneDB IDs: LmjF30.2000 and LinJ30.2000). The
complete sequences of these latter genes encode a predicted 130-residue protein with a
calculated molecular mass of 15.4 kDa and an Ip of 4.6. They have an overall range of
30-39% identity to the respective homolog in C. reinhardtii (UniProt ID: Q8LLVY9) and
70-82% identity with 7. brucei and T. cruzi orthologs (Figure 2). The hypothetical protein
LinJ30.1860 is, however, a different case, since it has a predicted 485-residue length with a
calculated molecular mass of 51.5 kDa and an Ip of 7.4. Despite this, the primary sequence
of LinJ30.1860 aligns with an overlapping region of LmjF30.2000 and LinJ30.2000 (data
not shown). Considering that the overall difference in extension (LinJ30.1860 is more
than three times longer than a canonical IFT20 sequence) and considering such divergent
predicted molecular features, we chose not to assign a regular IFT subunit name to it at
this time. However, this assignment is more reasonable for the other two gene products
(GeneDB IDs: LmjF30.2000 and LinJ30.2000). Figure 2 shows the multiple sequence
alignments of the predicted Leishmania IFT20 proteins, compared to several character-
ized IFT20 proteins (from murine, bovine, human, C. reinhardtii, C. elegans) and to the
ortholog in 7. brucei (GeneDB ID: Tb06.2N9.700). Both Leishmania putative IFT20 pro-
teins of 130 amino acid residues share high similarity when compared to IFT20 from
diverse organisms, including mammalian homologs. A segment encompassing residues
43-117 is predicted as a coiled-coil domain believed to be an interaction site with IFT57,
as reported by Baker et al. (2003).

The Unc104-kinesin homolog (GeneDB ID: LmjF34.4260) in Leishmania genome
illustrates a subunit of heterotrimeric kinesin-2, possibly as part of the IFT complex in an
ATP-regulated manner. IFT20 appears to function in bridging the two complexes by direct-
ly interacting with both IFT57 and KIF3B/Unc104 (Baker et al., 2003). In our searches,
we could find a sequence in both Leishmania genomes (GeneDB IDs: LmjF33.0620 and
LinJ33.0560). The sequences showed high similarity to the IFT57 homolog in C. rein-
hardtii, as depicted by alignments in Figure 3. Leishmania major IFT57 identified in our
study (Table 1) has a predicted protein length of 302 amino acids with a calculated mo-
lecular mass of 33.8 kDa and Ip of 4.4. The full-length IFT57 in Chlamydomonas is 429
amino acids, and in Danio rerio it is 407 residues, with a calculated molecular mass of 46.5
kDa. A secondary structure analysis of IFT57 was able to predict two immediately adjacent
coiled-coil domains near the C terminus, previously identified as a myosin-like domain
and a pseudo-death effector domain (Baker et al., 2003). We were able to predict the same
about the Leishmania IFT57 homologs, due to their high amino acid identity in these adja-

Genetics and Molecular Research 6 (4): 766-798 (2007) www.funpecrp.com.br



Intraflagellar transport complex in Leishmania 777

M. musculus MAKE1LGEAGLHEBELNK LRVLBBEVTQOTVELKEECKDEVDKIGOFOKT 50
B. taurus MAKBILAEAGLHEDELNK LRVLBBEVSQOT IELKEECKDEVDKIGQFQKT 74
H. sapiens MAKDTLGEAGLHEDELNKLRVLDBEVTQQT TELKEECKDEVDKIGQFOKT| 50
L. infantum --MDE--DRLIMEBSNGA TRMYPDBERYDELVK TVEVERRYVEKMDE[ERAL] 46
L. major --MBE- - DRLIMEBSNGAIRMYPBERY DELVK TVEVERRYVEKMDE[ERAL] 46
C. reinhardtii --MBav-DRGVYEBEDFHVR 1 LBV DRENASKSLODNTNVEINNIQNMOGL 47
C. elegans M-GBE---AGLEVBDENRLEL IBBDVAELLOSAQDKSSEFNDQLKNEQTT 50
. brucei MDDEKL----VMEBANGA1RMYBBERF DOLVK T TEVERRETTRMDEFKNT 46
M. musculus ficcLierfinoraREAENERVERTGAR------------- firiksTAKORE 87
B. taurus ficeLiErfiporaREAENERVRRTGAR------------- firiksTAKoRE 111
H. sapiens VMGGLIELYDQLAKERAENEKMKSLAVSprlectgaisahcKLCLSDSSDS- 100
L. infantum [FORTMATVORLGEA [EABRLRATG R -------------| NiWESESERRH 83
L. major [MORTVATVORLGEA IERERLKATGFR-—----------| NIVESEREERH 83
€. reinhardtii DRYNSAIDOOVER  BABRERATGLR------------- [RUAALSEERK] 84
C. elegans

1GGLIDSIEEFANVVETERIREMVE-2eddpyv11qnTIRELTVEKERL 105
T. brucei

fivorvsEiizorcka ErERERATGSR------------- firfieszaBERr 63
M. musculus 208001.0AL. TABRK TLERERVENEAT KB, BN EREDOF TFOK- - - - 132
B. taurus aofiooroar 1 ABRKMoLERERVENEAH CREA BN =BEDor 170K ----- 156
H. sapiens B¥iG----GTTGHRCSEL-TESKAERESTAATSSPNSRKENARRKVSG--- 148
L. infantum [RAVOEAQ T RERERQVBLDRY v ABYESURLVECRQ THF BRES0AKD---- 129
L. major [RAVQEAQ 1 REREKG TELDRYvAEYESIRIVEOEQ TEFQRESOAKD---- 129
C. reinhardtii [FrBrEQERVIABRO: BUERLOMEE QB TRVKCEQ LM IORIE DS SSCaay 134
C. elegans

B¥iE L BAVRK T -BREQDEC TQMMTEH-----------= === ----—=--- 129
T. brucei

BrvoBaovrERERG» Bl DRE 1 A B¥ DEERRVE By ERENSHASRE--- 130

FIGURE 2. Comparative analyses of IFT20 homologs. Multiple sequence alignment of IFT20 gene products
from Leishmania major (GeneDB ID: LmjF30.2000) and L. infantum (GeneDB ID: LinJ30.2000) sequences at
GeneDB as compared to IFT20 from several species, including a Mus musculus hypothetical protein (UniProt
ID Q61025), the bovine IFT20 (UniProt ID Q58CS6), the human IFT20 (NCBI accession No. AAH02640.1),
Chlamydomonas reinhardtii 1IFT20 (Uniprot ID Q8LLVY), Caenorhabditis elegans 1FT20 (hypothetical
protein, Uniprot ID Q8TAS52), and a putative IFT protein of Trypanosoma brucei (GeneDB ID: Tb06.2N9.70
0). Leishmania IFT20 sequences were aligned with all other sequences using MUSCLE (Edgar, 2004). Dark
gray shading indicates amino acid sequences identical to those in Chlamydomonas IFT20, whereas light gray
shading indicates either similar residues among all sequences or identical among trypanosomatids. Boxes on
residues (from 43-117) represent a predicted coiled-coil domain believed to be an interaction site with IFT57,
as reported by Baker et al. (2003).

cent coiled-coil domains (Figure 3). The entire extended coiled-coil region, including the
pseudo-death effector domainin IFT57, seems to be required for optimal interaction with
IFT20, as reported by Baker et al. (2003), another line of reasoning to be considered in our
functional assignments.
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D. rerio EDEEYEEEDGLDLDALKTRTN--GELSGS---RPAVVLESDMBAAEWNLEVERVLBOEKV 230

H. sapiens EETDNEE-NFIDLNVLKAQTYHLDMNETA---KQEDILESTTRAAEWSLEVERVLEBOEKV 252

C. reinhardtii QADDDEEEEGVYVDPGRGDAAGPGTPSASAAMDAEKAVLVSKVDPTLWKIELERVAPKLRI‘ 297

L. infantum — ———eeee e GAVSGNRSAKSBRDRE-——-——-- PTPKVDAEEWKMEVERVAPELOV| 39

L. major VVIDSDDDDEVEVRAVEENRSAKNBRDR ---[PTPRVDVEEWKMEVERVAPLLOV| 124
T. cruzi VMIESDDEEELYVRAT-GERLVEEDAGVE-—-—-—-— LESEINAEEWNLEVERVGRPELOV 236
D. rerio TIRTDNKDWR I HLDOMHOHQDGINTSLODARGCHFKLREDI SKTLEKVS SREKYLNTBLE 290
H. sapiens TIRTDNKDWR I BVDOMHOHRSGIHSALKETRGFEDKLENEI TRTLEKIS SREKY INNGLE 312

C. reinhardtii ‘TIAADSKDWRSHLDEAHQHKEVISKAWPDSKTSLERLRADLNGTLEKL TREKFLNEQEFE| 357

L. infantum ‘RQSS—LDDWRSRIESATVLLKAV'ENMYPDVKQMLERL'AGDMDKSRDRI KREQTLAQQFS| 98

L. major [ROSS5-LDDWRSRIESATVLLKAVENMYPDVROMEERLAGDMDKSRDRI[OKREQTLAOOES| 183
T. cruzi RSDA-LODWRSRIESAGVLLRAVEKMYPEVKOMLOHVADDLEKSRDRIQKREQTLAQQES 295
D. rerio HLISEMROAQSQENKVKELYQQASGGMTERTRILAEISEEBDKVROEMEEKGSSMSBGAR 350
H. sapiens NLVQE¥RAAQAQESEAKERYQQOGNGGMTERTRLLSEVMEEEBEKVKOEMEEKGSSMTBGAR 372

C. reinhardtii ‘SLMQQYRAARTTFTDVQETYNRKTEAVADRNQEMI—IRIGETLEE\/KAMMDEKGS*IADATPl 416

L. infantum [DOVEDYRVALRELNTSRDSANVAQQTVOOMTVELNG I SELEDQTRRDIAERQAKISDTTE 158

L. major [BOVEDYRVRLRELNTSRDSANVAOR TNOOMTVELNG I BELEDO TRRDI AERQARIBDTTE| 243
7. eruzl BoveDYRVKEREENES0DSANMASQs fE 0L s ABLNG L S6EEDGVKRGIEDREAKISBTTE 355
D. rerio VWKIROSTTRLKOEEE OlDVEMEVVEH TLEBAKLREKNNMTROMHETHLLEPNAQAY - -~ 407
H. sapiens LVKIKOSLTRLKOETVEMD TREGTVEHTLEGSKLKEKSNMTRNMHETVIPEPATGFY - -~ 429
C. reinhardtii VARIKTEIKQINKELHDMrVEEGVVSHTLEGLSLRNK----RLLOBOAALSDEEED---- 468
L. infantum  LIGVKERVIRVORETREMSLEEG! LoNGVERHIMKO -~ 194
L. major L TBVKEEVIR OB RIS REE T 1.oNGVEB KO TKARREGPTHEGTEMY SGBIMFS - 302
7. cruzi LMBVE DBV TRVRABEK OMS L REGVL0HAVEH YIMKOTKAKREG- LENGLGLDDWEE TESM 414

Figure 3. Comparative analyses of IFT57 homologs. Multiple sequence alignment of IFT57 gene products from
Leishmania major and L. infantum (GeneDB IDs: LmjF33.0620 and LinJ33.0560) compared to IFT57 with several
species, including Danio rerio (NCBI accession No. AAH95565.1), Chlamydomonas reinhardtii (NCBI accession
No. ABB72789.1), Trypanosoma cruzi hypothetical protein (NCBI accession No. EAN97996.1) and Homo sapiens
(NCBI accession No. CAG33532.1). Leishmania IFT57 sequences were aligned with all other sequences using
MUSCLE (Edgar, 2004). Dark gray shading indicates amino acid sequences identical to those in Chlamydomonas
IFT57, whereas light gray shading indicates either similar residues among all sequences or identical among
trypanosomatids. Boxes on residues (two segments from 263-333 and from 350-416 in C. reinhardtii IFT57)
represent predicted coiled-coil domains that have counterparts in L. major and L. infantum homologs.

Leishmania IFT52 and IFT88 homologues

We identified one copy of putative IFT52 genes in both Leishmania genomes (GeneDB
IDs: LmjF19.0320 and LinJ19.0120) and IFT88 (GeneDB IDs: LmjF27.1130 and LinJ27.1180)
(Table 2). The complete sequence of IFT52 genes in L. major and L. infantum encodes a 672-
residue protein with a calculated molecular mass of 73.2 kDa and an Ip of 4.9. Leishmania
IFT52 gene products have 40-46% identity and 62-57% similarity to the respective homolog in
C. reinhardtii (UniProt ID: Q944U2) along the 672 amino acid length of the predicted proteins
(Figure 4). Their significant high identities (over 80%) with T. brucei and T. cruzi orthologs
(GeneDB IDs: Tb10.61.1590 and Tc00.1047053506211.40) help to reinforce their identifica-
tion in this study. Chlamydomonas IFT52 is 49% identical to a rodent protein called NGDS5 and
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to a C. elegans protein called OSM-6 (Cole et al., 1998; Deane et al., 2001), whereas L. major
IFT52 is 35.9% identical to murine NGDS5 and 36.9% identical to C. reinhardtii OSM-6 (Uni-
Prot ID: Q946G4), the latter a gene required for flagellar assembly in Chlamydomonas (Bra-
zelton et al., 2001) and for assembly of sensory cilia in nematodes (Cole et al., 1998). Many
mammalian and worm homologs of IFT subunits have been identified recently, while several
lines of evidence suggest important functional roles for IFT in ciliated/flagellated mammalian
cells (Baker et al., 2003; Cole, 2003).

L. major IFT52 MTEVTSPYRGRVKEMWPAPTAGVESEAAAAABBOTOOTRUGENVCROEPY
T. cruzi IFT52 HPTSN YAPGFQEKENPPRUBENVCRKELY
C. reinhardtii osm-6 B EEIR-STAIGISH
C. reinhardtii IFT52 MEEBGAEEVRTDHs TAKGESH

. musculus NGD5

. elegans osm-6

. major IFTS52

. cruzi IFT52

. reinhardtii osm-6
. reinhardtii IFT52
. musculus NGD5

. elegans osm-6

. major IFT52

. cruzi IFT52

. reinhardtii osm-6
. reinhardtii IFT52
. musculus NGD5

. elegans osm-6

MEK--ELRSTERENAYRKEVE

—————————————————————— MPPFSDEKMTNRS IGREUBIDOSKQQOT

HPNKEYREEARKLROGGEVEMN - KEDITEDRESAS DIVEF PABQTPESEE
HPNKEY¥KOBARRIKOVGENDMN - KEDIBEDRELD Y DIV EGS SQEKLTEE
THKAGEKOEFRRERS TYRPDKV DKDDEBEDIURS A HEIV L GGBKEKETAP
THKAGEKOEFRRERS TYRPDKV DKDDEBEDIURS A HFIV L GGBKEKETAP
TTNTEEKSHOKRERSNWK I0S L - KDETBSERY 1 GVKEWE TAGEREKETAA
SLISEERGVERERKS vLHHE1N- rEPENGEN GEED VR 1 POBKTSHGTG

DIAVIRQYVEGCESAMIBEGDEHGGQY S¥INKALDDWT ETTINE DEVVRE
DLTVIRDEVEHEESYEMEFEPEHCGRY SEENR TLDEWT B L Ne BCVRE
EVDMLKKEVKNEES 1 IEE s BEEEE « AcENENY FLEQFEMS TRNDAVVRE
EVDMLKKEVKNEES 1 IEil s B6EEE « A GENENY FLEQFEMS TRNDAVVRET
EFEVLKK¥LDSEED 1 LVMEGEGEE SRF DENINFLLEE Y GEMUNNDAVVEN
EIEATWKENEEGESIMEN SEEEEEROS - - - LNEMI AKYBEBUNKBST 1 BE

L. major IFTS52 il R EPREY Ci TN ETENRATNKARGKK I FGAVGGSPSSGFGVGAGSVG
T. cruzi IFT52 TNk FDEPREY CliA - EVENRATNKARGK SfiL.GA PGHOGDRG-GFMAGG——
C. reinhardtii osm-6 THYKGHEBREN L. T S DETHNEAVE TEABRS LNSNDD- - - - == == ====-~
C. reinhardtii IFT52 THYKYHEPRENL T S DETUNRAVE TEAGKS LNSNDD-—=——=—======-~
M. musculus NGDS iy YKYEEPRE L s DEVENR=E sRABGR A fircvID-- - - ————-—————
C. elegans osm-6 fiFLKYEDPRE 2 LA NCVINRAT A VARRRNfiS - - - --------------—-

. major IFT52

. cruzi IFT52

. reinhardtii osm-6
. reinhardtii IFT52
. musculus NGD5

. elegans osm-6

. major IFT52

. cruzi IFT52

. reinhardtii osm-6
. reinhardtii IFT52
. musculus NGD5

. elegans osm-6

- S EENGHE 0 B - EESSE - ANPNRBEAAR =7
DGPESHYEVEPHGHSFNYN - RBAVEINSSG - AYPINRBIARVAECSELY
FOCITGH - FVRBEGA <0 - < BAVEVESSE« | AVBNNREY CEVilA0P---
FOGIIGH - IVFBEGA IISVQ - < BAVEVISSE« | AVEMNREY CEVilBor---
NNEOAT TEVEPEG A TSV - KBAVAVESTE s v EPINRBIUAF 1 SKN -~
BN QB s FEFPYe il pfiNnRy s NESSEs s BB T SRBVARFHE TKLN -

EHLGRREOBKIL I 16801 BPDAWEEREENS TLAS I LED¥EDHK - - LKEN
EHNGOKKOBKBLLIESGL LMEBNECKEENEL L 1 TV L EDEMNHK - - vKEN
—————— EvERIAVLESCAVEDDKEDREENSK IMDF EEKFHK PHSKIOEN
—————— BvErEAVLESCAVEDBKWEDREENS K IMDF BEKBHEPHSK I OEN
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L. major IFT52 QIDADEPDITDYHHLPDTASLSERLRVAVEQ---HEELPRDFTQLFQLDL
T. cruzi IFT52 QIDADEPDITDYNHVPDTASLSERLRVAVEQ---QEELPRDETKLEQTES
C. reinhardtii osm-6 DIDAEEPDVSDLKLLPDTASLADKLKGCLQE---IDDVERDWESLEDDST
C. reinhardtii IFT52 DEIDAEEPDVSDLKLLPDTASLADKLKGCLQE---IDDVERDWESLEDDST
M. musculus NGD5 QIDAEDPEISDYTMVPDTATLSEQLRVCLOE---GDENPRDET TLEDLS T
C. elegans osm-6 TEDAAEPETINDY TNIPDHIHMSQQIKMCMYEGELDQATSSPEMKIMDEST
L. major IFTS52 EKIDIDKIRDVMVDTYSKESVKVEPLTLTPPEFOTPLPP VK PAVEEATHRD
T. cruzi IFT52 FKLDTDIIPEVIEAYNKLNVKOEPLTLIPPEFLTPLPPVKPAVFEPTHRD
C. reinhardtii osm-6 FKFDTIGLIPEAVSLYEKLGVKKGOLNLTPPSFETPLPPL.OPAVEPPTIRE
C. reinhardtii IFT52 EKFDTIGLIPEAVSLYEKLGVKKGOLNLIPPSFETPLPPLOPAVEPPTIRE
M. musculus NGD5 ¥OEDT TCLEKMIKAHEELNVKHEPLOEVOPOFEMPERPALO-———-——— LRS
C. elegans osm-6 HSENEKHWEMTERLYEAENL S PPPLTEVEROFELPMPRFrOPAVEPPTFQE
L. major IFT52 PPPPGLDLEDLDEFFAPERVRLSOLTNKCK - ADDVEYYI L OAAEVMEGVTK
T. cruzi IFT52 BPMLPALDLFDLDEFFAPEXK VRESOLTNKCK - PEDVOEYILOAAEILGVTK
C. reinhardtii osm-6 PPPPALELFDLDESFASETNRLASLTNKCHGEEDLEYYTIMEAGHILG- -~
C. reinhardtii IFT52 PPPPALELFDLDESFASETNRLASLTNKCHGEEDLEYYTIMEAGHILG- -~
M. musculus NGD5 S—————==—- ERVSGSCRELPWSCET

C. elegans osm-6 LPMPPLELEDLDEOFESSPEIOLSQLUANRSE -EEDLIFEIEKAGEITGISA

Figure 4. The Leishmania major IFT52 homolog. Multiple sequence alignment of IFT52 gene products from
L. major (GeneDB ID: LmjF33.0320) and Trypanosoma cruzi (GeneDB ID: Tc00.1047053506211.40) as compared
to IFT52 from Chlamydomonas reinhardtii (UniProt ID: Q944U2), which shows extensive sequence identity and
similarity with predicted proteins: Caenorhabditis elegans osm-6 (NCBI accession No. CAA03975), Mus musculus
NGDS5 gene product (NCBI accession No. AAA96241), and C. reinhardtii osm-6 (UniProt ID: Q946G4). Leishmania
IFT52 (GeneDB ID: LmjF19.0320) was aligned with all other sequences using MUSCLE (Edgar, 2004). Dark gray
shading indicates amino acid sequences identical to those in Chlamydomonas IFT52, whereas light gray shading
indicates either similar residues among all sequences or identical among trypanosomatids.

The complete sequence of the putative IFT88 genes in L. major and L. infantum
(GeneDB IDs: LmjF27.1130 and LinJ27.1180) encodes an 811-residue protein with a calculat-
ed molecular mass of 91.2 kDa and an Ip of 6.5. The Leishmania IFT88 proteins were aligned
with homologs in C. reinhardtii, T. brucei and D. rerio for comparison (Figure 5A). The analy-
sis revealed typical TPR domains, with a variable number of nine for LmjF27.1130 and 10 for
LinJ27.1180, as opposed to the normal 10 TPR motifs in C. reinhardtii (UniProt ID: Q9FPWO)
and 11 in 7. brucei (UniProt ID: AAP80732) (Figure 5B and C). There was a similar pattern
of protein architecture exhibited by Leishmania putative IFT88 homologs, when compared to
the well-established IFT88 proteins (in Chlamydomonas and D. rerio). The amino acid identity
and the conservation of functional domains of IFT88 homologs extend throughout the entire
length of the Leishmania 811-residue protein, which is slightly longer than the 782-residue
protein in C. reinhardtii IFT88. The similarity between the Leishmania and the green alga
protein throughout the full extent of the latter is also apparent in four regions of particularly
high similarity, all with at least 78% amino acid identity, encompassing a segment (residues
327-375 in C. reinhardtii or 332-377 in L. infantum) that includes nearly all residues of a site
known to interact with proline-rich segment-containing proteins, such as BAT?2, as predicted
by conserved domain databases (Marchler-Bauer et al., 2005).
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YAVHFNLAVQ YQONHQLYTEA LNTYNLIIRN VQFP TPR 1
GRLRVNMGNI YLAQONYLLA IKMYRKVLDE TPAA TPR 2
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PNALARIGSL YARDSDDVQA FHYYLEAYRY YQVN TPR 8
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WL GY A F A P
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NH; COOH

Figure 5. Sequence and structure of Leishmania putative IFT88 proteins, as predicted from the CDS deposited in
GeneDB (IDs: LmjF27.1130 and LinJ27.1180). A. Leishmania major and L. infantum IFT88 are homologous to
the Chlamydomonas reinhardtii (NCBI accession No. AAG37228.1), Danio rerio (UniProt ID: Q6RUQ9), and
to Trypanosoma brucei (GeneDB ID: Tb11.55.0006/UniProt ID: Q7YZY3 9TRYP) IFT88. Dark gray shading
indicates amino acid sequences identical to those in C. reinhardtii IFT52, whereas light gray shading indicates
either similar amino acid residues to that same sequence (accession No. AAG37228.1) or identical residues
among trypanosomatid orthologs. Chlamydomonas 1FT88 protein sequence (NCBI accession No. AAG37228.1)
was aligned with all other sequences using MUSCLE (Edgar, 2004). Tetratricopeptide repeat (TPR) segments are
marked with boxes and above numbers, while the segment (marked with asterisks) from residues 332-377 in L.
infantum represents a specific site for proline-rich-segment interaction in other proteins. B. Leishmania 1IFT88
proteins contain either 9 or 10 TPR. In this figure, L. infantum IFT88 (GeneDB ID: LinJ27.1180) is illustrated with
its 10 TPR. Residues matching the TPR consensus sequence (bottom) are indicated by bold font. C. The 10 TPR
(shaded boxes) are organized in a group of three in the NH -terminal half of the protein and a group of seven in the
COOH-terminal half of the protein.

Putative IFT172 homologs

IFT172 has been characterized as a typical WD-40 repeat protein, in which TPR motifs
are also present. The C. reinhardtii IFT172 (UniProt ID: Q5DMS57) is one of the longest proteins
of the IFT complex (with a 1755-residue length and a calculated molecular mass of 197.6 kDa).
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The L. major IFT172 homolog that we found in our searches (annotated as conserved hypotheti-
cal protein, GeneDB ID: LmjF21.0980) has a predicted length of 1801 amino acids, with a cal-
culated molecular mass of 200.0 kDa and an Ip of 6.4. The L. major IFT172 sequence has 44%
identity and 57% similarity to the respective homolog in C. reinhardtii, as can be seen in the full
alignment of IFT172 homologs in Figure 6. It displays the highest similarity exactly along the
residues that are believed to confer activity to the functional domains of the characterized protein
in C. reinhardtii (the TPR domains and the WD-40 repeats), as seen in Figure 7. The L. infantum

M. musculus M@rKHLRTLLSPOBGAAKVTCMAfiSONNAKFAVCTVBRVVLLYDEHBERR 50
A. mellifera MLLK¥LcNvMBOOBSENRVVSTViilsBNNLKEATASSBRS I YEEDENCVKR 50
C. reinhardtii MOLR¥FK SELBPABOYOK 1 TSL T2 BNNsREAAVS TBKVVYEEDENGEKR 50
C. reinhardtii ML REFKSELBPABOYOKT TSLTHAPNNSRERAVS TBK vV Y BEDENGEKR 50

L. infantum MGVOFYONEMKGOLGTARTQATICFSANNKREAVADATRHI QEEDEQEERR 50
L. major MGvoryYoNVMKGOLGTARTQATCFSANNKREAVADATREIOBEDEQGERR 50
M. musculus PRESTRPADVK Y GRKSYMVKGMAESPDSTRIATGYTONT I YV¥KIG--ED 98
A. mellifera BrFSERPIDSKFGKKSEVIKS IAESPDSTRIAVCYTHCHI YVEKIG--EQ 98
C. reinhardtii PREKTRAREANN-PNT¥ I IRAMAFSPDSTRLATAGSBNEVF I¥RLVDPDT 99
C. reinhardtii DKF EANN-PNTEIT LR1AQS FIFRLVDPDT 99
L. infantum PREAFRARSDKG-GRGEIVTGMTESPDS ST AT AGSBNEVEVERLG--1E 97
L. major SDKG-GRG¥IVTGMT SLLAIAQS FVERLG--LE 97
M. musculus fiGDRRVECNKE 1 §TSAVECLOMP- - -AEYV-- TVEGHAEGRVRLANTRIN 143
A. mellifera WGERKVEICNKERG S SPVECLINL---1EGP--I IVGEVDERVRVALVESQ 143
C. reinhardtii GAERKSTCNKE P@ACAVESLVIiP- - -KDRPNEVVEGHADERVRLGMLENN 146
C. reinhardtii GAERKS p@aCAVESLViiP-- -XKDRPNEVVEGEAD LGMLENN 146
L. infantum fiGE REKLs@TspicvviipNTsSoGVELIABATLDESfiKVEMLEAN 147
L. major fiGE Ls@rseff@cvviienTssoGvELIABATLDESKVEML 147
M. musculus KSsfit¥c--TE§yVVALTTNCSEKGILSEHABETIVRYFEDDE-BSCESQ 190
A. mellifera RaofiL¥r--AD§TTIALVSNIRETAFLSSHABES I IKYNLTDD-BNHEPS 190

C. reinhardtii RS vEc¥anPENSYVVALASSLNEONVISEEMBEA TWKENEPEEEGETPTS 196
C. reinhardtii RS vfic¥anPENSYVVALASSLNEONVISEEMBEA TWKENEPAEEGETPTS 196

L. infantum KSHVL¥S--HDHPAVSMCTSRDNTKILTGHLBETVY QY VEEETEDEAEVA 195
L. major KS§HVLES--HDHPAVSMCTSRDNTKILTEGHLBETVYQYVEEASEEBAEVA 195
M. musculus --GKLVNHPEPP¥AEARA TNSEVARG CBRRIVA¥GKEEHVLOTEDYSRDP 238
A. mellifera --GRICTHTVPARAHARTQSHE L BAGCBRRVIEYDTREK I VKTEDYSRE- 237
C. reinhardtii --sQLViHSEVPE SHGHE - scHARRENBNRVVEYDLNEREIRSEDYSNND 243
C. reinhardtii --soLViiHSEVP¥sHCHE - s CHABAGNBNRVVEY DLNERE IRSEBYSNND 243
L. infantum GAKRLF{HSEAPEMEARG- ESECERGTBCOVARY TPKSGOKPQVIPFDMK 244

Genetics and Molecular Research 6 (4): 766-798 (2007) www.funpecrp.com.br



L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera

C. reinhardtii

Intraflagellar transport complex in Leishmania

GAKRLFVHSEAPEVEARNG - £SECERGABCOVARY TPKSGOKPQVI PFDMK

OEREFHTAAASEGEESVVLGS Y DRLRVENWSPRRS IREEAKPKEIARLET
NEKEIAVACCSBSEQSIAIGSWDKIRILDWSPRRS IHEBEANTRSLPNFHT
EVREFTTCAFNPSGDTVVEGTYNRFYMY TFNIQRNDREBAGHKQIDNFEA
EVREEHTCAFNBSEDTVVFGTYNRFYMY TENIQRNDREEAGHKQI DRFEA
DVGSETGGVCNBSEOAVATAGREQIRIFDLNIRSHKWBEGTVVYLPHSEG
DYGSEHGGVCNBSEOAVATAGREQIRIFDLNIRSHKWEBEGTVVYLPHSEG

FTALARKRBESRLCAGTLCECHEQFDCELRRS I YKNKFE LI GPEOVEV
A1 SHRRPESRL L 1ESL.CEAVEOFE TVLKR TV IRESHEV ARG POV T
isAa sk PDESKMTVESMTEADMY DAGVKREMY KEKFEFTYVSKSATEV
fisBasfix PBESKMTVESMTEATDMY DAGVKRHMY KGK FEFTYVSKSATEY
FSAMOWKRDESRLVTESVTESTDVEDCELRRYRMRGA YEFTYVSHSQUTV

RLVTESVTEsiDVEDCELRRYRMREA YEETYVS HSOVIV

KNEsSETR-VVLKSH YEYEVEEVK I LoK - ERMLVEHES DEEHLGBLNTNR
RPENEENRPVIIRE0TEYEIEDVKVLGRS DNNVVARESREBHLABIEFNL
KTHKTEMR- 1vLKEVYEYEIERINI¥HE- -R¥L 1ARET v EEEMGBLDTCK
KTHKTEMR- IVLKSVYGYE1ERIN1¥HD- -RYL 1 BRET YEREMGBLDTCK
KREASETR-LvLo§yMEFEToRVENVEOE- - RELVAEESATERLGBLVSHK
KrREASETR-LVLOSYMEFE I ORVEVE OB - - R¥LVBHES ABrrreBLVSHK

LEE1ARQGSGENERY FEENENVEMIENAGET TLVEXGSsNDSEES VREE M
18E1 PlirEKTNTERF FEE Y PRVELTECSEEL T 1VEYGNNEAEGSVRTEA T
LSE1PfiD- SDESERFHEENERVEMVH Y AGETH I VEYGRNDVEGTERTEHM
LSBT PiiD- SDESERFHEENERVEMVH Y AGETH T VEYGRNDVEGTERTEHM
LSEVPHQ- LTEREKF TEDNEQ I CMVENVEELCLIEYEKNMIEGTERTEER
LEEVRQ- L TEREKF TEDNEQ 1 EMVENVEETCL 1 EYGKNV I EETERTEER

NPHLISVRIN---——————————————— ERCORGMEDN-————————-—
NPEVVEVRIN----———-—————— -] ERo1AGTPDI-----------
NpyLIBAVVQ---———————————————] EARGIASES-————————---
NevriBavvQ--------—--———--——-] ErRcIasEs--------—---

NABRISVRVLNPLASDTGAGAAGSGGAGGORREVNITTGSPIVPTPVIGS

NABERIEVRVLNPLASDAGAGAAGSGGAGGORREVSTTIGSPIVSTSVTGS

—————————— RRUBYEVE 1 kB1AHvBET G- -BYNIGTISHE SRVDWEEEN
__________ KRUAYHL s REVREVDET T- -G EvavT SEDVRVDWEEES
---------- RLBYE 151 0= 0BT =+ §s ELavnED XV BREEEN

Genetics and Molecular Research 6 (4): 766-798 (2007) www.funpecrp.com.br

343

343

344

344

456

457

458

458

490

490

494

495

498

785



C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii

L. infantum

J.J.S. Gouveia et al.

—————————— RxLEYE 1B 10T VREQDEMA PVESHLATVNEDTKVBREEEN 498
—————————— KxUAYE 151 0TvRE0DEMA PVESEHLATVNEDTKVBWEEEN 498
SGALDAYNSRCVIEVHIBROFIOEDBHRS - -EvSIARVPEESKIDWEEHD 538
SGALDAYNSRCVIAYHIBROTIOEDBERS - -EVSTARVPHESKIDWLBLD 538

ETGHKELERDRKLREHEYDIESCSKEMIENFES YVOiiiPESBVLVAGNEN 544
ETGHREHSRBKRAREWHSN-ELGGKELLETGVSFASTVLESBYVVAGTGO 544
ORGTHEEFRDKKRHEHEFSLEGOERFELENYEQYvOVPESDVIVAOSRN 548
ORGTHEEFRDKKRHEHIFSLEGOERFTLENYEQY VOV PGSOV IVAOSRN 548
FRASRLLFRDKOHOTYEYDISRQORTTLES YETYVOiVPRSDVAVAQSRL 588
FRASREEERDKOHOH YEYDISROOREHLHS YETYVOiiiPRSDVAVAQGSRL 588

SECVWYNIEABERVEMSSIREDVVGLERGGEKFEVMUTEGVTEVAY TEDE 594
THAVWYNVDAPEVATL 1 BVREDAIBVVRE DERES I THEELGGKVAYLEDE 594
NECVIY SVNKBDNVEMFBIKGEVVD T ERENHREEV IVDEG INTVSYALDE 598
NECV#WY SVNKBDNVEMFBIKGEVVDIERHNHREEVIVDEGINGVSYALDE 598
EECVWYNVESBERVE I vBIRGEVEGMERGNGKTEV IVDEGVSEVAYALDE 638
ELCVIWYNVESPERVE1VBIRGEVEGMERGNGKIEV IVDEGVSTVAYSLDE 638

GEEEEGTAIDDGNY TRATAFEE TEEMTBE FEAMRK TLSKLELEARGEHTE 644
SEEEEGTALHDNFFGKALLFEEDHADRBOAEAMRENVARNAMEARGHLFA 644
ABTYECARLEDOBYERRVO TEEPEEL TEEFEAOiMOL AR OBRLATNGEVER 648
AT vEGARL EDOBYERAVOTEEPEEL TBEFEAORMOLAEONLATNGEVER 648
SETEFRAAMEEREL DRACDLEERTSLSBGEEVMRS TLENVSLOEMKEFER 688
SETEERAAMEERPT.DRACDLEERT SLSBCEEVMINS TLANVSLOEMKEFEA 688

ERCFSALGHVARARFIUHE TNETADQVSREYGEEGE - -DFYQVRARLAMLE 692
ARCYARTCDVACEREEKNI IEIGERY SVETGHDPL--SNSDCWAKLAILN 692
ERGvARTGD I ARSRELHKVVKKAQOEAKE FGEDEH- - DAWSUREMMEQLN 696
ERC vARTED 1 ARSRELHKVVKKAQORAKEFGEDEE - - DAWSTREMMEOLN 696
ERCYAALGDVARVNATORTHOLAAKARADSADATEGYEHY TWLAELYMMS 738
ERCYAATGDVARVNATORTHOLAAKARVDSADTTEGYEHY THLAEL YMMS 738

EnvRLEBMI FEEONAVEERMDMYOELERWEEC IEVAEAKGHPALEKERRD 742
GELRTREATYEEONELNQALDMY QK YWHWEDAL T LHONREWSGLOEERDK 742
RowpvsESLLL.AQEKVDDAT TLYODNHRWEDATRVADS THHANABARKQD 746
RowpvsESLLLAQEKVDDAI TLYODNERWEDAIRVADS THHANABARKOO 746

ODFRREEQLFEENGRAEDEMOMWEEMNRFDESLATAESRELDDVANRRAR 788

Genetics and Molecular Research 6 (4): 766-798 (2007) www.funpecrp.com.br

786



Intraflagellar transport complex in Leishmania

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera

C. reinhardtii

ODFRREEQLFEENGRVEDAMOMWEEMNCEDE SLATAESRELDDVANRRAR

FvolfEMDTOOEERAGELOES 0GDGLART SE¥EKAGEPAKAARLVLTREEL
HETWELESEOTARBAAT LES TNP-RREVKEYEDARRBGRAARLAP——— -~
YHTRILETEOEEAGAVKEREGDY LAA T GEYEKGELPGRAAGVVMSTHNY
Y TWELETGOEEONGAVKEREGDY LAAT GEYLKGGLBGRAAQVVMSVHNV
¥raREMETRE YEKECEMREKDEK 1.1 DATNEVHRGETBARRAGVV S -iNEiL
Er2@EvETRGYEBCEMREK DEKEV DA INERERCETBARRRGVYS -fINNL

LANTEEVERETTARTRGEL YERAGDEFEK IRNPORBLECECKGNAFMKAV
———————————— VEBKITDLMELAGEHNLEKISEPLERATKCYSOAGVFARAL
NWDPABLDSELASHARAGLYERAGEHYEEMSRS SEAMOS¥RRGHAYRKAT
NWDPABLDSELASHARAGLYERAGEHYEEMSRS SEAMOS¥RRGHAYRKAT
KPEQOHLEATARAE FRAQVFEARGDF FDKLHMT DRAT DAFKRGHAF SREAV
KPEQQELEATARARFRAQVFEAREDFFDKLHMT DRAI DAYKRGHAF SRAV

ELARIAFBVEVVRLEEAWGDHEVOOKOL DAATNA Y TEARCS TRATERALG
EBSRKVDETsfiVELERDRGK HENS AGH Y PARINHF FEAGE TALELDERIN
DEARREFBAEV I 1 IEE-WGBWIV TOKoMDARTNA F TESEATLKATRARID
DLARREFBAEV 1 IEEEWGDWLVTOKOMDAAINHFIESCGATLKATKAANID
EYEKTEABOON(V P UEEAWGD Y LV SORAVEOATNAY NEAGK Y CKAVKAALD
EYAKTAABOONVS LEEAWGD YV SOKEVDORINH yNEAGK Y DRAVKAALD

ARGWKKAT YELDLGDRN-—————————— TASKEYPRVEOHYASLOEVETA
AROWREGLOEMQVIEDDDP—————-—~~, B1RKQCEKLAEYFASIGEKNLE
CROFARAACEIEVLDPR----——————- EAMPEFRRIBOHYETTEALEER
CROFARAAGEIEVLDPR-———-—————- EAMPEFRRIBOHEVETTEALEER

SROWERAAAELETESNGGVGSSGVPVDARARSAYORIAHEYEEVHOEAER
SROWARAAVELETESNGAVGSSGVPVDARTRSAYORTAHEYEEVEOFAER

ErHyTKGDRTKBAT DM¥ 1 ORGRWEQAHKLAMKCMRPEDVSVLY I TQAQEM
EKEFERSEDIKREVDVHIONENWNRAHEVALEFMESEEANET L TKHATAR
ErvYERADMARDAVEMFSRAGKWEAAORVARGELEE SEMRAFYRAKBAEF
ERYYERADMARDAVEMYSRAGKWEAAQRVARGELEE SEMRAFYRAKBAEF
Ex@vxcEavsPAVDMESRAGMTDHMY RVEORHLEQDKLVELFVS@AKOE
ExEvExcEavsPAVDMESRAGMTDHMY RVEQRHLEQDKLVELFVSQAKOH

ExQEKYREAERLEVTVE--EPBLAT TMFKKHKLEBDMIREVGKHEPDLLS
CEBGDIKHAEDLYLAIE - - KYBsETAMYRKAGRRADMIREVGKERPDLLE
B Rn < EEREK AN HAGEDDV B ATANY KRNK1FBOM T RIVTO¥RKEKVE

Genetics and Molecular Research 6 (4): 766-798 (2007) www.funpecrp.com.br

@

92

©

74

@

96

e

96

937

937

981

965

985

985

1037

1037

1029

1013

1035

787



C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus

J.J.S. Gouveia et al.

EnB:<EKEREKAYLAAGEEDV K MIANYKRNKMEHON I REUTO¥RKEK VP
ETxEBY2AARERT¥LKVN- - DABGATMMYRKNR DETNIMBREVOAYRSGYVV
ETKEBYAABERT¥LKVN- - DABGATMMYRKNR DETNMMBREVOAYRSGYVV

DEALHLGKEEEABGRLOBAEYHYLEAQEWRATIINVMYRS SGLREERYRVAR
TEHTHLAKEENDSEK PREAEE HY 1 AAGDWKGAVAAFRS ANVfE DALRVAR
EAfTL1AQ0HEVEGNL REAEKEFVEAKDIRS B¥oMyRovENoffE DELRVAR
EAHTLIAQQEEVEGNL REAEKHFVEARDIKS AVOMYRQVNOWE DALRVAR
Offfit ALAAGFOKEGNLKARE THF 1 BGKDH S REV sMYRDRDLEDDAVR I AR
OFHLALAAGFOKEGNLKARE THF IAGK DS RV SMYRDRDLEDDAVRIAR

AHGEANAHKHVA Y LWAKSLEGEAAVREINKLGELEATI DHEADNCSEEFE
ONAGNNAROGVAL IRARTLTPELAARBEMOLNYLDECLOLECETDLEDWE
VYGEBVNASKOVA Y AWAL TLEGDDGAOBHKRMEHL.DHATE YAVESGABAQR
VYGEBVNASKOVA Y AWAL TLEGDDGAOBHKRMEHLDHATE YAVE SGABAQR
VEGEANARRGYVVSREATVMDSEEGVREE--------------------—-
VHGEANAAROVVVSRATVMDSEEGVRBUGKFNETEAGTEARLESSKEDLE

FELSRLAFKHKAPE 1 HIK AN v IEDEGK - EARARF TR AGKPREAY LUFV
LEI 1KYGNTDOKKEVH Y RYAMABEDAGRE SEAEK BRI A= R TMERVOMY T
EEMTRAGAKHKLPEYHIKYAN FIEDECREAEAEAEETS ACKPKEAC DN YM
FEMTRAGAKHKLPEV HIK YAV  IEDEGR A EARARRT S AGKPREACBMYM

LOWAQLARPARVE YV YEK¥AMH y BB DERMAE DA FIK SERBREH 1 By v

HENGBvE ARORVAEHDEDSUARVEVGOARGAL B RoF oK BEGHL LREORE
HrrBwEAREDVEQS INQEATVOVEIARANEEAEAQDY SLAETLLLREHKE
ENQBWDARNR 1 AR Y DR TV SETEVSQARVAVERKONT PAEGERTKAKRE
ENGDWDARNR 1 AER Y BETMVSE1 VS 0ARVAVERKONL PREGERIKAKRE

v GRRAR BES ANIE Y CABNGRVF oooN Y RERRRIRE -

GLALNYFKERGLWS DAERI CKDEVBGOLEALGEEYER - - -EATKKGERGY
BEMI IEHEKKBEGMWSERABRVCRE¥LBSOEANLRRELGO- - ~KSASLAB---
EAALKMYRDARMWNDAERVAEQ¥LBTKVAEVOMELLSGOGAGGGSGEASA
EAALKMYRDARMWNDALRVAE QYL BTKVAEVEMEL 1. SEOEAGGGSGEASA

EGLVEQAROWEOAGER SREVDCHLKVRDSGSBGL - -MEKCMKAAELSIK

Genetics and Molecular Research 6 (4): 766-798 (2007) www.funpecrp.com.br

1035

1085

1085

1079

1063

1085

1085

1135

1135

1129

1113

1135

1135

1163

1185

1179

1163

1185

1185

1235

1229

1213

1235

1235

1285

1276

1257

1285

1285

1324

1324

788



M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii

L. infantum

Intraflagellar transport complex in Leishmania

EGLVEQAROWEQAGE¥SREVDCY¥LKVRDSGSEGL--MEKCHMKEAELSTK
ANAFEEARKWLEVGEVKABLDILILDPQAPRE------- SLIKEADILLH
DAVINKARGFERNNDYARATETHL.SLEAQDTSNODOLEHCHGORAQLATN
DAVINKARGFERNNDYARAIETHLSLFAQDTSNOBOLEHCHGORAQLAIN

NDPQKAGTVLEENSENOLAI DT¥LAAGPETVPDPATLANLEVREVKVAQK

FLPBORSLERMVRVVGPOETGIEKESABAEL Y LNLDLVREREDAF IEGEEW
0ADBETAAOfIGGDLGSREFSIBEYATEAQVFLOADRLEDEEDALAS IGEN
YOR- HRMEDWVNTVSEREOE IEREQANGE L HES I DBAQGEERAYCAGRLI
YOR- HRMRDFvNTVSERBOE IEREQARNGE L HES I DBAQGEERAYCAGRLW

HAR-NLLREWLRSATDKEKAAORYVERGKCLESCEBYRARENMYVOARKE

NEAKRVAKELDBRYEDEVDOHEKEFLKNOGKVBSLVG---VBVVEALDLE
ERBKRIVNELABN 1EP¥LEEK¥KEAMLRDBQIBKLVE---IBVDAGLETL
DRARTLAGTN-BTFSREIEDOENNYLLONOOABELABREEOHAQOATEMH

DRARTLAGTN-BTFSREIEDOENNYLLONOQABELASREEOHAQQATEMY

DMAEALAKRVSPELENFVKRATVODSISGESMKDAKVVEEMBPERAMKAY

VEQGOfDRC IETETKENYKILHKEVAL YATHEIREGGEAGAL AL YVEHGA
ANKGHiNQVFETENTEETOILHKEVAORAVOHLKGNT PLERLELYVKYGT
VARDEWAKVHELAAQQGPEVASNYALKHAERRFKOGDYAQAAGVFADHGT
VARDEWARVHELAAQQGPEVASNYALKHAERRFKQGDYAQAAGVFAQHGT

ISKADFANALRMARGRSPEEVQYVAGLOVOHHELRGEBPVECLEALNKSAM

PANB@-NENIYRRIFTDMVSSPGTNNAEAYHSWADERBVLSNECENLVKS
PPIQE-NENLYLQLSESVLNSEAYY---EYRYLALERTVLLNEWNNLKE-
TAQBG-YFELYRSIAGCVLHASOBBR - -NPVAEK S ERBMMY REVAVLREG
TA0BG- YFELYRSTAGGVLHASQBBR - -NPVAEK S ERBMMY REVAVLREG

DSDDFREYETWMSVAGKVIPLLPEBD- - - -AVATLHOPLHDGENKVDEM

--SEANSARHEEBEMMLLISHE¥YATRSAAQSIKQLETVAARESVSHLRET
----LESGLKFKEKKLLEVTH¥SAVKCGCNDY PVLSELVLKTSITELRYT
GGAGKYKVBTDAEQNYYLAARYI TCAAAAKEQGLKDIAAMNET SVERYVG

GGAGKYKVBTDAEONYYLAARYI TCAAAAKEQGLKDIAAMNETSVERYVG

Genetics and Molecular Research 6 (4): 766-798 (2007) www.funpecrp.com.br

1324

1300

1335

1335

1374

1374

1350

1384

1384

1423

1421

1397

1433

1433

1473

1471

1447

1483

1483

1523

1520

1492

1530

1530

1569

1568

1538

1580

1580

789



L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

M. musculus
A. mellifera
C. reinhardtii
C. reinhardtii
L. infantum

L. major

J.J.S. Gouveia et al.

TQSGOKSEBIAKATALASVVETY YMSRKMETELNMPDFAVOEMLGHPRWI 1619

0LLPABKAFYEAG TARKEVEWE -~ -NVMAR T FENREDDLTDATEEGTL--D 1613
DVLLABRAYFERGTFERAVEKN - - - SEREVF ENHFEDLEECIEEGDS--T 1583
Br1rABRAFYERGLEWYBAGRK-- - NMAEVMENREEDL SDAMDEPBSSAR 1627
BripABRAFYERGLEWYBAGRK-- - NMAEVMENREEDL SDAMDEPBSSAR 1627

BrvAPBKAFY DAGMARKR SELEGMODVARL Y ENRAEBINERIDDEBTDSS 1669

ALDHSPEODTPIBFEV PLBAKQHV PEAQREEVR DWVETVEMBORLE---8 1660
VLDVDBLAVEDRFBMEVPLBETLSEE TEQREEVREWVEAVEMBOK IE---§ 1630
VIENADESDEDIBYDFTIBERA Y CEESOREDVRN L VEE 18MBRSSD---8 1674
VIENABESBEDTEYDETIPERA Y CEESOREDVRNL FEETSMBRSSD---§ 1674

GIDNTPEAAFBrBxkvYRLEKEPTHiPAQAMEENNNRVETVEIBNTAASDTR 1719

VEPRDE----- RGVYBASLVAASTEVRALE-ELITGYPILR-NKIEFRR- 1702

IfPTDH----- RGVYVGSLSAHSIESTNLOGEILEG¥BIRG-PIIRESE- 1673
SHALKACEHACEKPTYEANLTCHF CKEKY DE-BvVEGYB10S YDRVVERNE 1723
SEALKACEHCEKPTYEANLTCHFCKRK¥DE- EVVEGYBI0SYDRVVERNE 1723

TEPMVTDPENGELMFAGSVKS PHTGKVEPA -BAVEGYBVIGGGLTKCAQ- 1767

-BoxkABNKENANRFLMETKES -HSPVCODVLKBESOficBcLPSTEESFQ 1749

-GEHVTDRBDATELINTARQABODSNLNDI LAFEQERFETISNYSE--- 1718

GPELNETRBMINKWVERF GEDBVTGMOAABMY - - - ———————————— 1755
GPELNATRBMANKWVEARFGEDBYVTGMOEABMY ————————————————— 1755
- CHRPENQADWNKFVLTAKRCEWCGARBNBNFKYV-----—--------- 1800

790

Figure 6. Comparative analyses of full-length IFT172 homologs. Multiple alignment of the amino acid sequences
of IFT172 gene products from L. major (LmjF21.0980) and L. infantum (LinJ21.0860) at GeneDB as compared to

IFT172 from different organisms, including the murine IFT172 (Mus musculus hypothetical protein, intraflagellar
transport protein IFT172, NCBI accession No. AAH66096.1), the Apis mellifera TFT172 (intraflagellar transport

protein IFT172, NCBI accession No. XP_392886.2) and Chlamydomonas reinhardtii IFT172 (Uniprot ID Q5SDMS57
and NCBI accession No. AAT99263.1). Dark shading indicates identical amino acids and lighter shading indicates
similar amino acid residues. The rectangles denote the location of tetratricopeptide repeat domains (residues 899-932

and 1256-1281) and the WD-40 repeats are underlined (residues 7-44, 56-93, 102-143, 147-184, and 283-320).

IFT172 homologue (another conserved hypothetical protein, GeneDB ID: LinJ21.0860) has a
predicted protein length of 1163 amino acids, and it also has an overall 44% identity with a higher

(66%) similarity to the respective homolog in C. reinhardtii (UniProt ID: QSDMS57).
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Leishmania IFT27 and IFT46 homologues

IFT27 has been characterized as a Rab-like small G protein (Lucker et al., 2005) believed to
be instrumental in maintaining the stability of both IFT complexes. In addition to its role in flagellar
assembly, it appears to be unique among IFT polypeptides, in that its partial knockdown results in de-
fects in cytokinesis and elongation of the cell cycle; a more complete knockdown is lethal, as recently
reported by Qin et al. (2007). Based on their study, along with other studies about Neks (NIMA-re-
lated expressed kinases) and polycystins (Bradley and Quarmby, 2005), [FT27 is among the first cili-
ary/flagellar proteins known to be involved in cell-cycle control. The IFT27 sequence was annotated
as the FAP156 gene in the C. reinhardtii genome and the flagellar proteome (Pazour et al., 2005).
We used the downloaded sequence from Chlre3/scaffold 1:4778616-4780328 to perform a search
on Leishmania genomes at GeneDB and found two putative homologs annotated as GTP-binding
protein-like proteins: LmjF29.0090 and LinJ29.0090, with 37-38 and 52-53% identity and similarity,
respectively. The full alignment of Leishmania IFT27 homologues with 7. cruzi, T. brucei, D. rerio,
H. sapiens, and C. reinhardtii can be seen in Figure 8, which shows that Leishmania IFT27 homologs
contain at least four of the five Ras-GTPase consensus sequences that are essential for GDP/GTP
binding and GTPase activity (Bourne et al., 1991), despite their relatively shorter sequences (186
amino acids, as opposed to 214 amino acids in C. reinhardtii). Generally, Rab proteins associate with
cellular membranes through a prenyl (geranylgeranyl) group that is added after translation to a C-ter-
minal prenylation motif containing one or (more frequently) two cysteine residues. Chlamydomonas
IFT27 contains a prenylation motif (CRNY); however, none of the IFT27 orthologs in zebrafish,
mouse, or human contain such a motif (Qin et al., 2007), and Leishmania and T. cruzi sequences lack
this C-terminal motif, as demonstrated by their shortness, with about 28 residues.

Concerning IFT46, it has recently been reported, through analysis of two-hybrid yeast
assays, that [IFT46 and IFT52 are able to interact (Lucker et al., 2005), suggesting a more direct
role with IFT8S in its cargo function. We identified at least one copy of a putative IFT46 gene in
Leishmania genomes (GeneDB IDs: LmjF30.1770 and LinJ302110), which shows 38.9% iden-
tical and 55% similar residues along the 316 amino acid length of the Chlamydomonas IFT46
sequence (NCBI accession No. ABHO6907.1). The alignments are shown in Figure 9, which il-
lustrates the absence of any conserved domains or motifs; however, the overall similarity among
compared sequences is enough to assign an IFT subunit number to Leishmania gene products
LmjF30.1770 and LinJ302110.

Other intraflagellar transport subunits (IFT71, IFT74/72 and IFT81 homologues)

When compared to the subunits analyzed above, which showed more consistent similari-
ties and amino acid identities, there were a few other sequences that we could also distinguish
as putative IFT subunits. Such sequences, showing an overall lower similarity (but still signifi-
cant) to other components of the IFT complex, could also be found in Leishmania genomes.
Among them, there are two intraflagellar transport protein-like (GeneDB IDs: LmjF22.1370
protein/CHR22 tmp.1270 and LinJ35.1580) genes that showed similarity; they showed 22%
identity and 51% similarity to IFT71 subunit (UniProt ID: Q6RCE1) and 23% identity and
51% similarity to the IFT74/72 subunit (UniProt ID: Q84P51) of C. reinhardtii. In addition, we
observed that the hypothetical proteins (GeneDB IDs: LmjF34.0230 and LinJ34.0220) showed

Genetics and Molecular Research 6 (4): 766-798 (2007) www.funpecrp.com.br



J.J.S. Gouveia et al. 792

Murine MOLKHLRTLLS POBGARKVICMARSONNAKFAVCTVBRVVL LY DEHGERRDKESEKPADMK Y GRKSEMVKGMARSPDSTR TAT GO TBNI T YVEKIG--ED 98

A. mellifera ML LKELGRvMBOOBSENRVVS IV SBNNLKEA1AS SBRS T YEEDENCVKRBRF SERP I DSKFGKKSEVIKS IRESPDSTR IAVGOTHCEIYVEKIG--EQ 98

C. reinhardtii MOLREFKsHLBPABOYOK 1 TSLTfiABNNSREAAVS TBK vV Y EEDENGEKRDRE K FRAREANN - PNTH I IRAMAESPOSTR LA T AGSBNEVF I¥RLVDPDT 99

C. reinhardtii | ---RE¥FxsELBPABOYOK I TST.THABNN SREAAVS TBK vV v FDENGEKRDKE K BRAREANN - PNTHT T RAMAFSPDSTRLA 1 AGSBNEVEIFRLVDPDT 99

L. infantum MGvoryYoREMKGOLGTARTOATCFSANNKRIAVADATRH I OHEDEOGE |SDKG-GRGEIVTGMT] SLLATAGSBNEVEVERLG--LE 97

L. major MGvoryolivMKGOLGTARTOATCFSANNKREAVADATRH I OHEDEOGE SDKG-GRGEIVTGMT) SLUATAGSBNEVEVERLG--LE 97

Murine fCDREVECNKE 1§ saWicLolip- - -AEYV--TVECHAEBRVRLAN TRTNKS S 1M - -TEE ywBL TTNCSBKGILSEHABE TTVRY HEDDE-Bscso 190
A. mellifera GERKVECNKERDS SPWICL IWL - - - IEGP--IIVGEVDERVRVALVESORAOHLET--AD§TTIBLVSNIRETAFLS SHABES T IKYNLTDD-BNEEPS 190
C. reinhardtii GAERK sECNKE »@2CAVESLVi? - - - KDRPNEVVECEADBRVRLGMLENNKS vEC¥AHPENS Y VVBLASS LNBONV I SEEMBEA TwKENEPAEEGETPTS 196
C. reinhardtii GAERK SFGNKE B2 C AV S LV - - - KDRENEVVEGHEADERURL GMLENNKS v i cfia 1 PENE Y VVEL ASS LNEONVIS ATWKENECEEEBETPTS 196
L. infantum CERRAERER 1 s@TSPRECVViPNTS SQGVELIAFATLDESHKVEMLEANKS HVLES - - HDHPAVSMCTSRDNTKIL! TvyQyYvEEATEDEAEVA 195
L. major HGERRARRNRL s@rsplicvViieNTsSQGVELIABATLDESHKVEMLEANKSHVLES - - HDHPAVSMCTSRDNTKIL TvyQYvEEESEEEAEVA 195
Murine --GKLVNEPEPPEAHARA TN SEVERGCBRRIVARGKEEHVLOTEBY¥SR DPORREEE TAAASEGESVVLGS Y DRUBVENWS PRRS IRBEAKPKEIAN LET 288
A. mellifera --GrICTHTVPARAEANTOS HELERECBRRVIEY DTREK IVK TEDYSRE-NERE 1 AVACCSPSEOSIATGSWDKIRI L DWSPRRS INEEANTRSLPNFET 287
C. reinhardtii --SoLviHSEV ¥ sEGHE - s i ~BAENBNEvVEY DLNERE T RSED¥SNN DEVRERT T CAFNBSEDTVVFGT YNRFYMY TENIORNDRBEBAGHKQI DR F¥A 293
C. reinhardtii ~-SQLVUHSEVPY SHGHE - s i ARAENBNRVVEY DLNERE T RSEDYS NN DEVREET T CAFNBSE DTVVFGT YNRFYMY TENT QRN DEBAGHKQIDNEFA 293
L. infantum GAKRLFWHSEAPYMEANG - £ sHCERE TBcovARE TPKSGOK PQV T PFDMKDNGSEEGGVCNBSEEAVATAGREQIRIFDLNIRSHKWBEGTVVYLPHSEG 294
L. major GAKRLFHSEAPHMEANG - £SHCAREABCOVARE TPKSGOKPQV I PFDMKDNGSEEGGVCNBSGOAVATAGREQIRIFDLNIRSHKWBBEGTVVYLPHSEG 294
Murine fiTALARKRDESRLCAG T LCEGHEOFDCELRES T YKNKFE LN G PEOVEVKNE S SETR - VVLKE H YE YEVEEVKI LGK - ERELVAHES DEBELGBLNTNR 386
A. mellifera firH1 sHRRBESRL L 168 L.CBANE OFE TVLKR v 1RES HEvAMN G BV 1R PENEENR PV I IRE 0 T8 YE B DVKVLGRS DNNVVBRESREBNLABIEFNL 387
C. reinhardtii fisAa sk PDESKMTVESMTEANDMY DAGVKRHM Y KEK FEERYVS KS AVEVK THK TEME - TVLKS VY YE IEK 1N 1¥HE--RYL ARG T YEEEMGBLDTCK 390
C. reinhardtii fisBasfix PBESkMTvESMTEARDMY DAGVKR HMY KEK FEETYVS KSAVEVK THK TEVR - 1vLKSvYBYE IER IN ¥ HB - -R¥L 1BRE T YEBEMGBLDTCK 390
L. infantum FSEMOKRBESRLY 1E8VTEsiiDVEDCELRR Y RVREA YEEDYVS HEOVE VK REASETR - LVLOS yMEFE I ORVEVE OF - - R¥LVEEESABBELGBLVSHK 391
L. major FSBbHONKRIEBRL v B8V T8sYDVEDORLRR w8 YEVS HEOVEVK < SBR- LvL o8 vviEFH1 CRVAVECH- -RELVAHES M rrGBLVSHR 391
Murine LANTEEVEHE T TASTRGEL YERAGDEFEKI RN PORBLECE CKGNAFVKAVEEAR AFEVEY VR LUEEAWGE HIV 00K 0L DARTNA YEEARCSTRATERALG 892
A. mellifera =====—m—m-me Vilx 1 TDLMELBGER LEKISE PLERIKCE SOAGVEARBLER SRK VDB T SfivELER DG S 2 GH v DARTNH FifEAGE TA AL DEATN 874
C. reinhardtii NwDPABLDSHLASHAKAGLYERAGENYEHMSRS SEEMOSYRRGHA YRKA T DEARREFBAEY 1 I TEE-WEDWEY TOKOMDARTNE FEESEATLKAIKARIE 896
C. reinhardtii NwDPAHLDSELASHARAGLYERAGEE YEHMERS SEEMOSE¥RRGEAYRKA T DEARREFBAEN 1 I TEEEWEDWLY TOK OMDARTNAFIE SGATLKATKARID 896
L. infantum kPEQOBLEAFANAT rRAOVFEAREDFFDKL HMT DRET DAFKRGHAF SREVE YK TRAB 0OV PT] VIV SORHVDORTNHY NEAGK Y GRAVKAALE 937
L. major KPEQQHLEAFARAT KA QVFEAREDFFDKLHMT DRET DAFKRGHAF SRAVE vEK TRAB 0OV s EEAWED YN SOKEVE ORTNE Y NEAGK v DRAVKARLE 937
Murine BELSRLAFKERAPH 1 HIKYAN  IEDECKE - EARARRT R AGKPKEA L MF vENDBWE B ORVAEAHDEDSUAEVEVCOARCALEER DF OxBECGHLLRAORE 1029
A. mellifera LEITKYGNTDOKKEVH v R¥AN A BEDAGRE SERE<EBEKA=R TMER v Offy THTRBWEARE DVBOS 1NQEARVOVETARANERABAODY SIRE TLLLRAHKE 1213
C. reinhardtii FEMTRAGAKHKLPEVELKYAYN F LEDEGREAEAEAEFT SAGKPKEA CDMYMANQBWDAAMR IAER YDBTMY SE1EVSQARVAVERKQW L PAEGLETKAKRE1235
C. reinhardtii [FEMTRAGAKHKLPEVHEKYAN - DEDEGRE ~EABARET s AGKPKEA C DM yMANGDWDARNR TAER YDBTMY SE 1LV SQARVAVERROWLPREGEE IKAKRE1 235
L. infantum LowAQLARPARVE YV vHKY¥AN: vEF0E DErMEE D2AFEK SEKBREA 1By vEQHBF T CAMRVAENHDE s AVPHV CAANGRVWEQOCNY KEABARELRANAB1285
L. major

Figure 7. Comparative analysis of conserved domains in IFT172 homologs. Multiple alignment of the amino acid
sequences of IFT172 gene products from Leishmania major (LmjF21.0980) and L. infantum (LinJ21.0860) at GeneDB
as compared to I[FT172 from different organisms, including the murine IFT172 (Mus musculus hypothetical protein,
intraflagellar transport protein IFT172, NCBI accession No. AAH66096.1), the Apis mellifera IFT172 (intraflagellar
transport protein IFT172, NCBI accession No. XP_392886.2) and Chlamydomonas reinhardtii IFT172 (Uniprot
ID Q5DM57 and NCBI accession No. AAT99263.1). Dark gray shading indicates identical amino acids and light
gray shading indicates similar amino acid residues. The rectangles denote the location of tetratricopeptide repeat
domains (residues 899-932 and 1256-1281) and the WD-40 repeats are underlined (residues 7-44, 56-93, 102-143,
147-184, and 283-320).
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Figure 8. Comparative analyses of IFT27 homologs. Multiple alignment of the amino acid sequences of IFT27
gene products from Leishmania major (GeneDB ID LmjF29.0090/NCBI accession No. AAZ09460) and L. infantum
(GeneDB ID LinJ29.0090), as compared to IFT27 from Chlamydomonas reinhardtii (Chlre3/scaffold_1:4778616-
4780328, Chlamydomonas EST database ID Chlre3:129193), Trypanosoma cruzi putative GTP-binding protein
(GeneDB ID Tc00.1047053510647.60/NCBI accession No. AAR14145), T brucei small GTP-binding protein
(NCBI accession No. AAX81064), as well as with the Homo sapiens Rab protein (NCBI accession No. AAH00566)
and Danio rerio RabL4 family protein (NCBI accession No. AAH86752). Dark gray shading indicates identical
amino acids and lighter shading indicates similar amino acid residues. The boxes denote the location of G domains
required for GDP/GTP binding and GTPase activities (as reported by Bourne et al., 1991), which are conserved
across the Ras superfamily of small G proteins. Four counterparts of specific G domains, as there are five known in
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Figure 9. Comparative analyses of IFT46 homologs. Multiple alignment of the amino acid sequences of IFT46
gene products from Leishmania major (LmjF30.1770), L. infantum (LinJ30.2110), L. braziliensis (LbrM17_
v2.0910), Trypanosoma cruzi (Tc00.1047053511751.60), and T. brucei (Tb927.6.3100) at GeneDB, all compared
to Chlamydomonas reinhardtii IFT46 (NCBI accession No. ABH06907.1). Dark gray shading indicates identical
amino acids, whereas light gray shading indicates either similar residues among all sequences or identical among
trypanosomatids.

25% identity and 49% similarity to the C. reinhardtii IFT81 subunit (UniProt ID: Q68RJ5) and
30/58% to the D. rerio IFT81 (accession No. AAT39118). These observations are consistent
with reports that clarify the existence of the IFT complex B core or subcomplex, consisting
of a more stable set of proteins that includes IFT81, IFT74, and IFT72 (Lucker et al., 2005).
Combining two-hybrid and three-hybrid analyses, Lucker et al. (2005) showed that IFT81 can
be routinely cross-linked to either IFT74 or [FT72, whereas they were unable to distinguish be-
tween these two nearly identical proteins. They demonstrated how IFT81 and IFT74/72 inter-
act directly to form a higher order oligomer. We also made detailed alignments and respective
analyses of Leishmania genes homologous to these proteins (IFT81 and IFT74/72) (data not
shown); there was enough similarity to assign them as complex B subunits (Table 2).

Biological significance of the intraflagellar transport complex in Leishmania spp
A question of attributing functionality to sequence-conserved homologues

The presence of so many IFT subunits in the few Leishmania genomes screened until now
indicates that, although an IFT complex still needs to be confirmed in Leishmania, it is likely to be
similar to the one seen in Chlamydomonas. With the advances in genome-related research and the
computational biology advent, whose analyses have fundamentally changed the nature of research
strategies, there has been an explosion of new information on all types of proteins, including the
actin-related and flagellar-associated proteins, their regulation, their roles in signaling and also in
flagellar assembly and disassembly. Some of these proteins have close homologs in prokaryotic and
eukaryotic systems, indicating that the mechanisms behind these flagellar mechanisms are probably
similar across divergent species (Cole, 2003). The observation that most IFT complex components
have counterparts in Leishmania genomes (Table 2) provides insight into the possible interactions
between the IFT complex subunits and actin-related proteins, such as kinesin-2, reported to be in-
volved with the assembly and maintenance of all cilia and flagella in eukaryotic cells (Cole et al.,
1998). Knowledge about these flagellar proteins in Leishmania might support the recent suggestion
that kinesin-2 is needed in cell fusion in order to localize and transport flagellar agglutinins (Rosen-
baum et al., 1999; lomini et al., 2001). Our understanding of their significance remains limited,
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because they have not been genetically characterized regarding trypanosomatid flagellar activity.
The function of complexes A and B, as well as the contribution of basal bodies and distal structures
of flagella (Dentler and Rosenbaum, 1977) to IFT mechanisms, have not been identified, not even in
the advanced studies on Chlamydomonas. Although significant strides have been made in dissecting
the mechanisms of IFT, it remains a poorly understood process. For instance, the full complement of
its components is unknown, and the organization, regulation, and specific functions of the IFT ma-
chinery are incompletely understood (reviewed by Blacque et al., 2006). It is widely accepted that
gene function can be predicted by identifying, in silico, pairs of genes whose evolution is correlated
between organisms, or whose homologs are fused into a single gene in other organisms (Koonin and
Galperin, 2002). Although many genomes have been sequenced, the precise identification of genes
that are expressed is still a work in progress for most organisms, because the sequence features that
govern transcription, splicing and translation are not fully understood (reviewed by Carpenter and
Sabatini, 2004). However, functional categorization of genes that are found in genome screenings
(as we have done here) can demonstrate regulators of (or contributors to) cellular processes, as we
have attempted for IFT in Leishmania. Using a simple combination of computer methods for inter-
active database searches and refined multiple sequence alignments, we showed that gene products
related to IFT in Leishmania spp are highly conserved and can be regarded as components of the
IFT complex. Considering the very high sequence homology and structural similarities among the
putative Leishmania and Trypanosoma orthologs of IFT subunits and a number of other IFT com-
plex subunits from several species (Figures 2-5,7,9), we suggest that they are functional homologs
of [FT-complex components.
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