








(TERT) of this enzyme in all three trypano-
somatids (table S7), along with a putative
homolog of telomerase-associated protein
TEPI1, which has been shown to interact with
telomerase in other cell types (37). We were
unable to identify other putative capping or
telomere repeat—binding proteins, but all three
trypanosomatids confain genes encoding two
proteins (JBP1 and JBP2) that bind the B-p-
glucosyl(hydroxymethyljuracil DNA base mod-
ification (also known as J) enriched at telomeres
in the bloodstream from 7. brucei and in other
trypanosomatids (38). JBP2 also has a snf2-
like helicase domain, which suggests a pos-
sible role in gene regulation.

DNA repair, recombination, replica-
tion, and meiosis. The genes that encode
many of the enzymatic components of DNA
repair were identified in the 7. cruzi (and
Tritryp) genomes (table S8), and thus, these
organisms appear able to catalyze most re-
pair pathways. Three pathways of direct re-
pair are apparent. Single homologs of 0-6
methylguanine alkyltransferase, for alkylation
reversal, and the AIkB dioxygenase, for oxida-
tive damage repair, are present in all three ge-
nomes. However, T. cruzi does not contain a
clear photolyase homolog, although T. brucei and
L. major do, presumably for photoreactivation.

Most components of the base-excision
repair pathway are conserved in the Tritryps.
In contrast, genes implicated in mechanisms
that prevent the effects of oxidative stress,
such as catalase and the Mut T homolog 8-
oxoguanine hydrolase, were not detected in any
of the three parasites. About half of the DNA
glycosylases described in other organisms are
identifiable. but only one has been experi-
mentally characterized (39). Trypanosomatids
contain most components of the eukaryotic
nucleotide excision repair pathway but may
share some biochemical novelties with the
less-characterized systems of plants and Plas-
modium falciparum. For example, although the
core XPB/RAD25 and XPD/RAD3 helicases,
as well as the XPG/RAD2, XPF/RADI, and
ERCC1 endonucleases, are discernible, many

Table 3. Retrotransposon copy numbers in the
Tritryp genomes. The copy number per haploid
genome is indicated, with the number of intact
copies in parentheses.

Retrotransposons Tb Tc Lm

LTR retrotransposons

VIPER (4.5 kb) 26 (0) 275 (0) 0
SIRE (0.43 kb) 10 (0) 480 (0) 0
Non-LTR retrotransposons
SLACS (6.3 kb) 4 (1) 0 0
CZAR (7.25 kb) 0 8 (% 0
ingi (5.2 kb) 115 (3) 0 0
RIME (0.5 kb) 86 (0) 0 0
L1Tc (4.9 kb) 0 320 (15) 0
NARTc (0.25 kb) 0 133 (0) 0
DIRE(4 to 5 kb) 73 (0) 257 (0) 52 (0)

*The number of intact copies was not determined.

other genes (including XPA/RADI14) are not.
The possible consequences of these differ-
ences are unknown. All three genomes ap-
pear to contain a complete complement of
genes for base mismatch repair.

Homologous recombination has been well
documented in the trypanosomatids, because it
is exploited for experimental genome manipu-
lation (40) and is a key mechanism for anti-
genic variation that 7. brucei uses for immune
evasion (4/). However, some genes for homol-
ogous recombination are notably absent, includ-
ing RADS52, which is critical for homologous
recombination in Saccharomyces cerevisiae
(42). Surprisingly, the enzymatic machinery
for nonhomologous end-joining is not readily
detectable in the trypanosomatids, although
homologs of KU70 and KUS80, the compo-
nents of the Ku heterodimer, were found and
are known to function in T. brucei telomere
length regulation (43). Thus, this enzymatic
pathway may have been lost or altered in the
trypanosomatids during evolution, as in P. falcip-
arum (44). Multigene families encoding DNA
polymerase x were discovered in the three
trypanosomatids. This enzyme is a low-fidelity,
exonuclease-deficient DNA polymerase in-
volved in translesion DNA synthesis.

The replication fork synthetic machinery of
kinetoplastid nuclear chromosomes appears to
resemble that in higher eukaryotes (table S9),
although the machinery for initiation of repli-
cation may differ significantly. Most strikingly,
Tritryps have a candidate gene for only one
of the six subunits of the origin recognition
complex, ORC1, which is also homologous to
CDC6. Also, there are no clear orthologs for the
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MCM10, CDT1, DBF4, and possibly CDC7,
proteins that play key roles in initiation of rep-
lication in S. cerevisiae and other eukaryotes
(45). On the basis of the proteins encoded in
the kinetoplastid genomes, replication initia-
tion may resemble that in the Archaea, which
also have only a single ORC subunit, ORC1/
CDC6 (46), and lack the collection of initiation
factors utilized by eukaryotes.

The Tritryp mitochondrial DNA is a unique
network structure, known as kinetoplast DNA
(kDNA), composed of thousands of minicircles
and dozens of maxicircles topologically inter-
locked and replicated at a specific time in the
cell cycle (47). The complexity of this structure
dictates an unusual replication mechanism and
accounts for the substantial differences from
higher eukaryotes we observe. The Tritryp nu-
clear genomes encode six DNA polymerases
that have been localized to the mitochondria in
T. brucei (48, 49), whereas yeast and mamma-
lian mitochondria have only one, DNA poly-
merase y. There also appear to be multiple
DNA ligases (50) and helicases. The Tritryp
genomes reveal no candidate genes for mito-
chondrial primase, single-strand binding pro-
tein, or DNA polymerase processivity factors,
which suggests that these genes may have di-
verged from their prokaryotic or eukaryotic
counterparts. In contrast, the gene for mito-
chondrial RNA polymerase, which apparent-
ly plays a role in maxicircle replication (57),
resembles those from yeast and human. Fi-
nally, the Tritryp genomes provide no clues
to the mechanisms triggering the initiation of
kinetoplast DNA replication in a cell cycle—
dependent manner.
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Fig. 1. Evolutionary analysis of trypanosomatid myosins, in cormparison with myosins from Schizo-

for details.

saccharomyces pombe (Sp), C. elegans (Ce), and Homo sapiens (Hs). See supporting online material (78)
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Fig. 2. Schematic representation of MASP protein
structure and variability. The MEME algorithm (version
3.0) was used to identify motifs shared by members
of the MASP famiily. The relative numbers in each of
the defined subgroups are represented as a histo-
gram on the right. The N- and C-terminal conserved
domains and the central variable region are indicated
on the top. Because pattems of variable length cause
gaps and are split by MEME into two or more separate
motifs, the C-terminal conserved domain of MASP
isrepresented by two motifs separated by variably
repeated leucine and valine residues. The motif
consensus sequences are numbered in decreasing
order of statistical significance and color coded.
The MEME parameters, grouping methods, and
amino acid sequence corresponding to each of
the motifs are listed in the supporting online
material (78).

members of which are characterized by con-
served N- and C-terminal domains that en-
code a signal peptide and a GPI anchor
addition site, respectively, which suggests a
surface location in the parasite. The central
region of these proteins is highly variable
(Fig. 2) and often contains repeated sequence.
Because most members of this family are
located downstream of TcMUC [l mucins
(which they resemble structurally, if not at the
sequence level), we have named the family
mucin-associated surface proteins (MASPs).
Of the 1377 masp genes identified, 771 ap-
pear to be intact and encode both N- and
C-terminal conserved regions; 433 are pseudo-
genes. An interesting observation is the exis-
tence of chimeras (26) that contain the N- or
C-terminal conserved domain of MASP com-
bined with the N- or C-terminal domain of
mucin or the C-terminal domain from the TS
superfamily. The mechanism for the genera-
tion of such chimeric masp genes is unknown,
although previous studies have described mo-
saic genes formed by group II and III mem-
bers of the TS superfamily (65). Proteomic
data from four different 7. cruzi developmen-
tal stages revealed at least four distinct masp
genes in trypomastigotes and another in epi-
mastigotes (66). The low number of MASP
peptides detected by proteomic approaches
suggests that MASPs may contain extensive
posttranslational modifications. Alternatively,
masp genes may be expressed in intermediate
stages not represented in the proteome data
or may be expressed in a mutually exclusive
tashion, similar to the 7. brucei variant surface
glycoproteins (VSGs).

The gp63 family of surface metallopro-
teases is found in the three trypanosomatids
and has been implicated in virulence, host cell
infection, and release of parasite surface
proteins (67). Although L. major has only
four gp63 genes and two gp63-like genes, and
T. brucei has only 13, T. eruzi contains more
than 420 genes and pseudogenes. These
appear to be dispersed throughout the ge-
nome, although they sometimes occur in
tandem clusters. The reason for this massive
expansion of the gp63 gene family in T. eruzi
is not yet apparent.

Several common themes emerge from
genomic examination of Tritryp surface pro-
teins: Many are highly glycosylated, and the
proteins are members of large families con-
taining highly variable central domains. The
genes in 7. ¢ruzi and T. brucei are often lo-
cated in large haploid arrays. It is likely that
they have evolved to evade the host immune
response, and the presence of pseudogenes
may contribute to the diversity of the sequence
repertoire through recombination. Neverthe-
less, species-specific differences do occur, be-
cause T. brucei expresses only one VSG at
a time and has evolved a sophisticated sys-
tem to constantly change the expressed copy,

whereas 7. cruzi simultaneously expresses nu-
merous copies of the TSs, mucins, and proba-
bly MASPs and gp63s.

Implications for novel therapies. The
elucidation of critical pathways in DNA
repair, DNA replication, and meiosis and the
identification of numerous protein kinases
and phosphatases afforded by analysis of the
Tritryp genomes promise to provide novel
drug targets. Differences from the typical eu-
karyotic machinery for nucleotide excision/
repair, initiation of DNA replication, and the
presence of additional bacteria-like DNA
polymerases used in replication of the mito-
chondrial genome all provide potential points
of attack against the parasites. In addition, the
presence of several PKs with little similarity
to those in other eukaryotes present new pos-
sibilities for targeted drug development. The
surface TS activity, which is, in T. cruzi at
least, essential for incorporation of host sialic
acid into parasite glycoconjugates, is another
target for chemotherapeutic intervention, and
work is already well advanced in this area
(58). The elucidation of the complete reper-
toire of active 7. cruzi TSs should help in
this endeavor.
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