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The Genome Sequence of Trypanosoma cruzi,
Etiologic Agent of Chagas Disease
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Whole-genome sequencing of the protozoan pathogen Trypanosoma cruzi re-
vealed that the diploid genome contains a predicted 22,570 proteins encoded
by genes, of which 12,570 represent allelic pairs. Over 50% of the genome
consists of repeated sequences, such as retrotransposons and genes for large
families of surface molecules, which include trans-sialidases, mucins, gp63s,
and a large novel family (91300 copies) of mucin-associated surface pro-
tein (MASP) genes. Analyses of the T. cruzi, T. brucei, and Leishmania major
(Tritryp) genomes imply differences from other eukaryotes in DNA repair and
initiation of replication and reflect their unusual mitochondrial DNA. Although
the Tritryp lack several classes of signaling molecules, their kinomes contain a
large and diverse set of protein kinases and phosphatases; their size and di-
versity imply previously unknown interactions and regulatory processes, which
may be targets for intervention.

Trypanosoma cruzi causes Chagas disease in

humans. Acute infection can be lethal, but the

disease usually evolves into a chronic stage,

accompanied in 25 to 30% of cases by severe

debilitation and ultimately death. It is estimated

that 16 to 18 million people are infected, pri-

marily in Central and South America, with

21,000 deaths reported each year (1). T. cruzi

is normally transmitted by reduviid bugs via

the vector feces after a bug bite and also

after blood transfusion. Attempts to develop

vaccines for parasitic diseases have been fu-

tile, and there is a critical lack of methods

for diagnosis and treatment.

The taxon T. cruzi contains two defined

groups, T. cruzi I and T. cruzi II, as well as

additional groups yet to receive a designation

(2). T. cruzi I is associated with the silvatic

transmission cycle and infection of marsu-

pials (3). T. cruzi II consists of five related

subgroups, termed IIa, IIb, IIc, IId, and IIe (4),

and is associated with the domestic transmis-

sion cycle and infection of placental mammals
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(5). T. cruzi strain CL Brener is a member of

subgroup IIe and was chosen for genome se-

quencing because it is well characterized ex-

perimentally (6). T. cruzi is heterozygous at

many loci (7), with different-sized homolo-

gous chromosome pairs (8). Data from sever-

al laboratories (9–13) are consistent with its

being a hybrid between subgroup IIb and sub-

group IIc Ewhich itself is also apparently a

hybrid derived from T. cruzi I (12)^. The finding

of T. cruzi I sequences in the CL Brener strain

(14) further supports the role of multiple

progenitors in the evolution of T. cruzi hybrid

strains.

In this research article, we report on the

sequencing of the T. cruzi genome, with an

emphasis on our analysis of the Tritryp

kinome, DNA replication and repair machin-

ery, and organization of retroelements, as

well as surface proteins, in T. cruzi. Other

aspects of trypanosomatid biology and new

insights gained from sequencing the Tritryp

genomes are discussed in the accompanying

papers (15–17).

Genome sequencing, assembly, and
annotation. The sequence was obtained by

using the whole-genome shotgun (WGS) tech-

nique (table S1), because the high repeat con-

tent (950%) and hybrid nature of the genome

limited the initial ‘‘map-as-you-go’’ bacterial

artificial chromosome (BAC) clone–based ap-

proach. Assembly parameters were modified

to contend with the high allelic variation, and

postassembly generation of 2.5� genome se-

quence coverage of the Esmeraldo strain from

the progenitor subgroup IIb allowed us to dis-

tinguish the two haplotypes (18).

The current T. cruzi genome assembly con-

sists of 5489 scaffolds (containing 8740

contigs) totaling 67 Mb. On the basis of the

assembly results, the T. cruzi diploid genome

size was estimated to be between 106.4 and

110.7 Mb, which is larger than the previous

estimate of 87 Mb, based on densitometric

analysis of pulse-field gel-separated chromo-

somal DNA (19). Analysis of the 60.4-Mb

annotated dataset (Table 1 and table S3) re-

vealed that 30.5 Mb contain sequence found

at least twice in the assembly, which sug-

gests that they likely represent the two dif-

ferent haplotypes in the T. cruzi CL Brener

genome. Comparison of the contigs with reads

from the Esmeraldo genome, which is a mem-

ber of one of the progenitor subgroups (IIb),

allowed us to distinguish the two haplotypes

(18). The two haplotypes display high lev-

els of gene synteny, with most differences

because of insertion/deletions in intergenic

and subtelomeric regions and/or amplification

of repetitive sequences (Plate 1). The average

sequence divergence between the two haplo-

types is 5.4%, and the protein-coding regions

are considerably more conserved (2.2% dif-

ference) than intergenic regions.

On the basis of our haplotype analyses, we

estimate that the haploid T. cruzi genome

contains about 12,000 genes (see table S2 for

details). Automated analysis of the 4008 T.

cruzi contigs using AUTOMAGI (18) initially

predicted 25,013 protein-coding genes in the

diploid genome, which was manually refined

to a total of 22,570 genes, of which 6159

represent alleles present in the IIb haplotype,

6043 represent alleles from the other haplo-

type, and 10,368 represent sequences that

could not be assigned to a particular haplo-

type (table S2). A total of 594 RNA genes

were also identified from this same sequence

dataset (Table 1 and table S3), although anoth-

er 1400 were identified in the unannotated

contigs, which contained many tandemly re-

peated ribosomal RNA (rRNA), spliced

leader (sl) RNA, and small nucleolar RNA

(snoRNA) genes. As seen in the other trypano-

somatids, the protein-coding genes are general-

ly arranged in long clusters of tens-to-hundreds

of genes on the same DNA strand. Putative

function could be assigned to 50.8% of the

predicted protein-coding genes on the basis of

significant similarity to previously character-

ized proteins or known functional domains

(table S3).

Repeats, retrotransposons, and telo-
meres. At least 50% of the T. cruzi genome is

repetitive sequence, consisting mostly of large

gene families of surface proteins, retrotrans-

posons, and subtelomeric repeats. TRIBE-

MCL analysis [which uses the Markov cluster

(MCL) algorithm] (18) revealed 1052 paralog-

ous clusters (of more than two genes) en-

compassing 8419 genes, of which 46 clusters

(3836 genes) contained 20 or more paralogues

(table S5). The largest gene families (which

often fall into several TRIBE-MCL clusters)

encode surface proteins such as mucin-associated

surface proteins (MASPs), members of the

trans-sialidase (TS) superfamily, mucins, and

the surface glycoprotein gp63 protease (Table

2) that are often T. cruzi–specific and account

for È18% of the total of protein-coding genes.

Table 1. Summary of the T. cruzi annotated ge-
nome. For RNA genes, see details in table S3.
tRNA, transfer RNA; snRNA, small nuclear RNA;
srpRNA, signal recognition particle RNA.

Parameter Number

The genome
Size* (bp) 60,372,297
GþC content (%) 51
Sequence scaffoldsy 838
Sequence contigs 4,008
Percent coding 58.9

Protein-coding genes
No. of gene models 23,216
No. of genesz 22,570
Estimated no. of genes

per haploid genome`
È12,000

Pseudogenes 3,590
Mean CDS length¬ (bp) 1,513
Median CDS length¬ (bp) 1,152
GþC content (%) 53.4
Gene density (genes per Mb) 385

Intergenic regionsP
Mean length (bp) 1,024
GþC content (%) 47

RNA genes
tRNA 115
rRNA 219
slRNA 192
snRNA 19
snoRNA 1,447
srpRNA 2

*Includes all scaffolds and contigs 95 kb, from both
haplotypes. .784 scaffolds þ 54 contigs. -Genes
split across contig boundaries were counted once. `See
details in table S2. ¬Excluding partial genes and
pseudogenes. PRegions between protein-coding CDSs.
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These genes occur in dispersed clusters of

tandem and interspersed repeats, often at sub-

telomeric locations (see below). There is also a

large family of b-galactofuranosyltransferases,

which likely reflects the extensive use of

glycoconjugates on the parasite cell surface,

similar to that seen in L. major (17), but in

contrast to T. brucei, which has many fewer

genes encoding enzymes in the glycosylation

pathway. In addition, a relatively large num-

ber of mostly housekeeping genes occur in

highly conserved tandem clusters throughout

the genome. Because similar gene organization

is seen in L. major and T. brucei, one possible

function of these repeats may be to increase the

expression level of these proteins. The copy

number of these genes is likely underestimated

because of the collapse of multiple tandem

repeats into fewer copies during assembly, as

evidenced by regions of locally high sequence

coverage (table S4). Interestingly, the degree of

sequence conservation between repeat copies

is generally higher within the same haplotype

than between haplotypes, which suggests that

the expansions are recent, or that specific

mechanisms are in place to conserve the gene

copies.

One example of gene family expansion has

occurred in the kinetoplastid myosin genes.

Analysis of the Tritryp genomes reveals two

classes of myosin: conventional MyoI proteins

and a novel family of kinetoplastid myosins. T.

brucei and L. major have a single member of

both families, but T. cruzi has expanded the

kinetoplastid myosin family to seven (haploid)

members (at dispersed loci) with a considera-

ble diversity of sequence (Fig. 1). Moreover, T.

cruzi has retained the CapZ F-actin capping

complex that is absent in both T. brucei and L.

major [see (16)], which suggests a difference

in myosin function between the trypanosomatid

species. It is possible that this may be associated

with the cytostome-cytopharynx complex, the

major cytoskeletal feature (a funnel-shaped

invagination in the plasma membrane that is

the site of endocytosis for macromolecules

such as low density lipoprotein) found only in

the Stercorarian trypanosomes (including T.

cruzi) (20).

Long terminal repeat (LTR) and non-LTR

retroelements account for È5% of the hap-

loid T. cruzi genome and 2% of the haploid

T. brucei genome. Several copies of the site-

specific non-LTR retrotransposons CZAR (21)

and SLACS (22) are present in the SL RNA

loci of T. cruzi and T. brucei, but absent from

L. major. Although the autonomous T. brucei

ingi (23) and T. cruzi L1Tc (24) non-LTR

retroelements have been reported as randomly

distributed in the host genome, analysis of their

genomic context in the complete T. brucei and

T. cruzi genomes indicates that they are pref-

erentially inserted downstream of conserved

AxxxxxxxTtgxGTxGGxTxxxjtTxTxxTxxxx-

xxj and GAxxAxGaxxxxxtxTATGjAxxxxxx-

xxxxxj motifs, respectively, where the arrows

indicate the single-strand cleavage sites

(25). The nonautonomous RIME (26) and

NARTc (27) elements, respectively, are pre-

ceded by the same conserved motifs, which

indicates that they likely use the ingi and L1Tc

retrotransposition machinery. It is interesting

that both retroelement pairs share their 5¶ ex-

tremities, and the ingi/RIME pair also share

their 3¶ sequences. To our knowledge, this se-

quence conservation has never been reported

for other LINE-/SINE-like couples. A similar

situation was seen with the T. brucei and T.

cruzi LTR-retrotransposon pairs (autonomous

VIPER and nonautonomous SIRE).

In contrast to T. brucei and T. cruzi (which

contain three potentially active ingi and 15

L1Tc elements, respectively), no active retro-

transposons have been described in Leishmania

species, but the L. major genome does contain

52 copies of a degenerate retroelement called

‘‘DIRE’’ (28) (Table 3). Phylogenetic analysis

conducted on the reverse transcriptase do-

main of non-LTR retrotransposons from

different eukaryotes indicates that ingi, L1Tc,

and DIRE form a monophyletic group, which

suggests that the common ancestor of trypano-

somatids contained active retrotransposons that

evolved into the presently active elements in T.

brucei. The last active L. major retroelements

were probably lost in the ancient past, and

only their vestiges (DIREs) still reside in the

present genome. In nematodes, the RNA in-

terference (RNAi) machinery down-regulates

retroelement mobilization, which prevents the

negative effects of rampant expansion (29).

It is noteworthy that RNAi is operational in

T. brucei, whereas T. cruzi and L. major do

not seem to have the full RNAi machinery

(15, 30, 31). This suggests that T. cruzi, and

perhaps other trypanosomatids, uses an al-

ternative strategy for retroelement silencing.

In several protozoan parasites, the subtelo-

meric regions are often associated with large

gene families encoding surface proteins. Anal-

ysis of the T. cruzi genome assembly reported

here reveals 49 scaffolds that contain the ter-

minal THR sequence, which indicates that

they are likely telomeric (table S6). In most

cases, the THR sequences are immediately

adjacent to a 0.4- to 1.8-kb telomere-associated

sequence (TAS), similar to the T. cruzi–specific

189–base pair (bp) junction described previ-

ously (32). The subtelomeric region between

TAS and the first upstream nonrepetitive gene

is characterized by a polymorphic assembly of

RHS (retrotransposon hotspot) (33), TS super-

family (34), DGF-1 (dispersed gene family–1)

(35) genes or pseudogenes, as well as VIPER/

SIRE, L1Tc/NARTc, and/or DIRE retroele-

ments. These genes are all on the same strand,

such that they would be transcribed toward

the telomere.

Telomerase activity has been reported in

the Tritryps (36), and we have now identified

the gene encoding the protein component

Table 2. Large gene families in T. cruzi. Members are listed as total genes (pseudogenes in parentheses).

Gene product Members Tritryp orthologs

trans-Sialidase (TS) 1430 (693) Tb
MASP 1377 (433) No
Mucin 863 (201) No
Retrotransposon hot spot (RHS) protein 752 (557) Tb
Dispersed gene family protein 1 (DGF-1) 565 (136) No
Surface protease (gp63) 425 (251) Tb þ Lm
Mucinlike protein 123 No
Hypothetical 117 LmþTb
Hypothetical 93 LmþTb
Kinesin, putative 79 LmþTb
Protein kinase (CMGC group) 77 LmþTb
Protein kinase (several groups) 79 LmþTb
Hypothetical protein 42 No
Glycosyltransferase 52 LmþTb
RNA helicase (eIF-4a) 47 LmþTb
Protein kinase (NEK group) 39 LmþTb
MASP-related 38 No
Glycosyltransferase 36 LmþTb
Hypothetical 35 LmþTb
Amino acid permease 28 LmþTb
AAA ATPase 33 LmþTb
Protein phosphatase 30 LmþTb
Heat shock protein HSP70 21 LmþTb
Protein kinase (STE group) 25 LmþTb
RNA helicase 23 LmþTb
Phosphatidylinositol phosphate kinase–related 23 LmþTb
Hypothetical 24 LmþTb
Elongation factor 1-g (EF-1-g) 22 LmþTb
DNA helicase (DNA repair) 21 LmþTb
Actin-related 20 LmþTb
Cysteine peptidase 20 LmþTb

T H E T R Y P A N O S O M A T I D G E N O M E ST H E T R Y P A N O S O M A T I D G E N O M E S

www.sciencemag.org SCIENCE VOL 309 15 JULY 2005 411

S
P

E
C

IA
L

S
E

C
T

IO
N

 o
n 

D
ec

em
be

r 
6,

 2
00

7 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org


(TERT) of this enzyme in all three trypano-

somatids (table S7), along with a putative

homolog of telomerase-associated protein

TEP1, 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 contain genes encoding two

proteins (JBP1 and JBP2) that bind the b-D-

glucosyl(hydroxymethyl)uracil DNA base mod-

ification (also known as J) enriched at telomeres

in the bloodstream from T. 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 T. 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 O-6

methylguanine alkyltransferase, for alkylation

reversal, and the AlkB 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/RAD1, and

ERCC1 endonucleases, are discernible, many

other genes (including XPA/RAD14) 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 T. brucei uses for immune

evasion (41). However, some genes for homol-

ogous recombination are notably absent, includ-

ing RAD52, 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 KU80, 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 k 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

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 g. 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 (51),

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 comparison with myosins from Schizo-
saccharomyces pombe (Sp), C. elegans (Ce), and Homo sapiens (Hs). See supporting online material (18)
for details.

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.
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The Tritryps are essentially diploid, but

sexual reproduction is not an obligatory part

of their life cycles. Genetic exchange occurs in

both T. brucei (52) and T. cruzi (11), and there

is Mendelian inheritance in T. brucei (53), but

the molecular processes involved in genetic

exchange are poorly characterized. Of the

genes uniquely expressed during meiosis, six

were identified as being sufficiently conserved

to be readily identifiable in the genomes of

most eukaryotes with an obligatory meiosis.

Homologs for SPO11, DMC1, MND1, MSH4

(except for L. major), and MSH5, which are

involved in homologous recombination, and

HOP1, which is a component of the lateral

elements of the synaptonemal complex, were

identified in the Tritryp genomes. Thus, the

Tritryps have the potential to undergo meiotic

homologous exchange, but it is not possible to

determine whether the potential for reductive

divisions is present.

Signaling pathways. Several classes of

important signaling molecules are absent in

trypanosomatids, including serpentine recep-

tors, heterotrimeric G proteins, most classes of

catalytic receptors, SH2 and SH3 interaction

domains, and regulatory transcription factors.

Some catalytic receptors have been found,

and all are adenylate cyclases (47 genes in T.

brucei, 11 in L. major, and 25 in T. cruzi). The

Tritryps, however, have a large and complex

set of protein kinases (PKs), as well as a di-

versity of protein phosphatases (tables S10

and S11). They also have multiple enzymes

involved in phosphoinositide metabolism, as

well as modular domains that interact with

those small molecules, although little is known

concerning their functions (table S12).

The Tritryp genomes encode 180, 156, and

167 distinct eukaryotic PKs in L. major, T.

brucei, and T. cruzi, respectively, that are likely

to be catalytically active, as well as 23, 20,

and 19 atypical PKs, respectively. The trypano-

somatid kinome is more than twice that of

P. falciparum (54) and one-third larger than

that of S. cerevisiae, although the overall rep-

resentation of PK groups is similar (Table 4).

Almost all receptor PKs in mammals are tyro-

sine kinases, but no such group is present in

the parasites, and only a handful of trypano-

somatid PKs have predicted transmembrane

domains. Indeed, catalytic domains that map to

the tyrosine kinase group are entirely missing,

but dual-specificity kinases are present. Also

missing is the TKL group, which shows fea-

tures of both tyrosine and serine-threonine ki-

nases, and the RGC (receptor guanylate cyclase)

group, which is structurally related to PKs.

The expansion of a few groups of PKs hints

at a regulatory complexity focused on stress

and the cell cycle (55). For example, T. brucei

has many CMGC PKs, including 11 cyclin-

dependent kinases (CDKs) (plus 10 cyclins)

and 11 mitogen-activated protein kinases (MAP

kinases). The STE kinases, which function in

the MAP kinase activation cascade, are also

very numerous in trypanosomatids. Their roles

in trypanosomatids are relatively unexplored,

although the importance of signaling pathways

in flagellar length control (56), differentia-

tion (57), and cellular proliferation (58) is ap-

parent. A further example of expansion is

the large NEK family of trypanosomatids.

More than 20 PKs could not be classified

into any established group. Their low similar-

ity to human PKs raises the possibility of tar-

geted intervention.

A key finding is the relative lack of iden-

tifiable accessory domains on the trypano-

somatid PKs. Although È50% of human PKs

bear an additional PFAM domain, only 14% of

Tritryp predicted PKs do. The diversity of

such domains is also more restricted, with 83

domains represented on human PKs but only

21 represented on Tritryp PKs. Most striking

in their absence are the domains most fre-

quently found on human PKs: SH2, SH3, FN-

III, and immunoglobulin-like domains. Most

well represented in trypanosomatid PKs are

PH domains (with six or seven in each spe-

cies), again pointing to a role of phosphoinosi-

tide metabolism in regulatory networks in the

parasite. Despite the paucity of recognizable

domains, the vast majority of Tritryp PKs are

much larger than a simple catalytic domain.

Surface molecules. Many trypano-

somatid surface proteins are heavily glycosyl-

ated. Although the Tritryps have biosynthetic

pathways for some sugars and have several

glycosyltransferases (17), they are unable to

synthesize sialic acid, which is present in

several parasite surface glycoconjugates.

However, in T. cruzi and T. brucei, incorpo-

ration of host sialic acid is possible because

of a surface-bound TS (34, 59), which can

transfer sialidase from sialoglycoconjugates

in the host to the terminal b-galactose on the

highly O-glycosylated mucins in T. cruzi (34),

and the glycosylphosphatidylinositol (GPI)

anchor of procyclin in the insect stage of T.

brucei (60).

Intriguingly, in comparison with L. major

and T. brucei, T. cruzi shows a dramatic ex-

pansion of several families of surface mole-

cules, including the TS, mucin, MASP, and

gp63 protease families, which are each en-

coded by several hundred genes in the T. cruzi

genome (Table 2). The T. cruzi assembly con-

tains 1430 gene members of the TS superfam-

ily, including 693 pseudogenes, which have

previously been classified into two major sub-

families (34) (table S13). One subfamily in-

cludes 12 genes that share more than 90%

identity with genes encoding enzymatically

active TSs. This number may represent an

underestimate because of collapsed assembly

of near-identical repeats. Most, but not all,

active TSs contain a variable number of 12–

amino acid SAPA (shed acute-phase antigen)

repeats and are GPI-anchored (61, 62). The

remaining TS superfamily members consist

of more than 725 genes encoding enzymat-

ically inactive TS-like proteins with variable

degrees of homology to the active TSs. Only

371 genes have the conserved sialidase super-

family motif (VTVxNVxLYNR). The signif-

icant sequence variability suggests a strong

selective pressure on the TS gene family to

diversify. This pressure may be in part pro-

vided by the mammalian immune response,

because TSs are targets of both humoral and

cell-mediated immune responses (34). The TS

family is much smaller in T. brucei and is

absent from L. major.

The mucins represent another large (863

members) family of surface molecules in T.

cruzi, which can be divided into two subfam-

ilies (table S14). The 19-member TcSMUG

family is relatively homogeneous, and mem-

bers are expressed in the epimastigote stage

in the insect vector (63). The much larger

TcMUC subfamily is expressed in the mam-

malian stages (64) and contains 844 mem-

bers. No mucin-related genes are found in

T. brucei, but eight members of the large

PSA-2 family (17) in L. major have a struc-

ture (including T
7
KP

2
repeats) similar to those

of TcMUC group I.

As indicated above, the TS genes can be

found in subtelomeric repetitive regions, al-

though they also occur in intrachromosomal

arrays, often at Tritryp synteny breaks [see

(15)]. We have identified another large T.

cruzi–specific gene family within large (up to

600 kb) clusters of TS and mucin genes,

Table 4. Comparison of Tritryp, yeast, and hu-
man kinome. The comparison is based on catalytic
domains. Data for human (Hs) and yeast (Sc) were
derived from Manning et al. (68).

PKs Tb Tc Lm Sc Hs

Eukaryotic PKs
AGC 12 12 11 17 63
CAMK 13 13 16 21 74
CK1 5 6 7 4 12
CMGC 42 41* 47 21 61
NEK 20 23 22 1 15
STE 24 28 32 14 47
TK 0 0 0 0 90
TKL 0 0 0 0 43
Unique 21 25 27 4 7
Othery 19 19 18 33 61
Total 156 167 180 115 478

Atypical PKs
ABC 5 5 5 3 5
Alpha 2 1 5 0 6
Bud32 1 1 1 1 1
Cofilin 1 1 1 1 2
PDHK 3 3 3 2 5
PIKK 6 6 6 5 6
RIO 2 2 2 2 3
Other 0 0 0 1 12
Total 20 19 23 15 40

*Multiple copies of CDK8 in Tc were counted as one
gene. .Other trypanosomatid eukaryotic PKs in-
clude Aurora, CAMKK, CK2, PEK, PLK, TLK, ULK, VPS15,
and WEE1 kinases.
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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 II 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 T. 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

fashion, similar to the T. 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. cruzi 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. cruzi

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 T. cruzi 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 T. 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 T. cruzi TSs should help in

this endeavor.
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