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Expression and evolution of members of the Trypanosoma cruzi 
trypomastigote surface antigen multigene family 
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Jerry E. Manning* 

Department qf Molecular Biology and Biochemistry, University of California, Irvine CA 92717, USA 

(Received 11 October 1993; accepted 22 October 1993) 

Abstract 

The trypomastigote specific surface antigens of Trvpanosoma cruzi are encoded by a supergene family which includes 
the TSA family. The TSA family is characterized by the presence of a 27-bp tandem repeat array in the coding region. 
Here, we report the characterization and analysis of the three TSA family members in the Esmeraldo strain of the 
parasite. In this strain 2 distinct telomeric members are expressed abundantly as 3.7-kb mRNAs, while the remaining 
member is located at an internal chromosomal site and is expressed at less than 2% of the level seen for the telomeric 
members. Based on hybridization to DNA separated by PFGE, 3 chromosomes of sizes 1.8 Mb, 0.98 Mb, and 0.90 Mb 
each contain one of the telomeric members. In addition, the two smaller chromosomes also contain the single internal 
member. Since both chromosomes contain similar TSA family members, and vary only slightly in size, we suggest that 
they are homologues. Comparisons of the nucleotide sequences of the different members of the family show that the 
internal gene differs from the telomeric genes primarily in sequences found 3' of the repeat array. These comparisons 
also reveal that the three genes are analogous, supporting the hypothesis that short segments between the family 
members are exchanged by gene conversion events. We propose that similar conversion events between members of 
different gene families may generate some of the diversity found within the supergene family. 
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1. Introduction 

Studies  on the surface g lycopro te ins  o f  the 
b l o o d s t r e a m  t rypomas t i go t e  stage o f  the paras i t ic  
p r o t o z o a n  Trypanosoma cruzi indicate  tha t  several  
o f  these molecules  m a y  be involved in processes of  
paras i te  recogni t ion  and pene t ra t ion  o f  the host  
cell [1-8]. A dd i t i ona l  studies [9] have shown that  
many ,  and  poss ib ly  all, o f  these t r ypomas t i go t e  
surface g lycopro te ins  are  encoded  by a supergene 
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family. Members of  the superfamily share about  
30% amino acid identity and all possess a par- 
tially conserved sequence (VTVxNVfLYNR) near 
the C O O H  terminus of  the protein. The family 
members also contain partial or complete copies 
of  the motif  SxDxGxTW. Interestingly, this motif  
was first identified in bacterial neuraminidases 
[10], suggesting that genes encoding neuramini- 
dase may be found within the supergene family. 

Indeed, the SAPA/TCNA (shed-acute phase 
antigen/Trypanosoma cruzi neuraminidase) gene 
family has been shown to contain most of the 
neuraminidase/trans-sialidase activities of  the 
parasite. While criteria to definitively assign indi- 
vidual gene families within the superfamily have 
not been firmly established, it has been possible 
to define at least 2 gene families by the presence 
of tandemly repeated amino acid motifs. The 
SAPA/TCNA gene family shares a repeat mot i f  
of  12 amino acids [11], and one or more members 
encode the unique 160-kDa sialic acid-transferring 
enzyme, trans-sialidase [12,13]. Members of  the 
first gene family identified in T. cruzi share a dif- 
ferent repeat motif  of  9 amino acids and encode 
trypomastigote-specific surface antigens (TSA) of 
85 110 kDa [14]. 

In previous studies we demonstrated that the 
gene TSA-PI in the Peru strain contains a tan- 
demly repeated 27-bp sequence within the coding 
region which defines this 85-kDa gene family [15]. 
The repeat unit hybridizes to 4 genomic EcoRI 
fragments in the Peru and Esmeraldo strains of  
the parasite, and to one EcoRI fragment in the 
Silvio strain [16]. Bal 31 nuclease studies revealed 
that, of  the four fragments defined by EcoRI di- 
gests of  Peru and Esmeraldo DNA,  one fragment 
in Peru and 3 fragments in Esmeraldo were Bal 31 
nuclease sensitive, indicating that these fragments 
are located at or near a telomere. The remaining 
family members in Peru and Esmeraldo, and the 
solitary Silvio member,  were insensitive to Bal 31 
nuclease suggesting these fragments are found at 
internal chromosomal  locations. 

This report focuses on the relationship between 
the members of  the TSA gene family in the Esmer- 
aldo strain in order to elucidate the mechanisms 
underlying the evolution of the gene family and 
the larger superfamily. Based on the data pre- 

sented, we hypothesize that concerted evolution 
of the TSA family is occurring, most likely by the 
process of  gene conversion, and we propose that 
diversity within the superfamily may be generated 
by conversion events between members of  differ- 
ent gene families. 

2. Materials and methods 

2.1. Parasite strains and culture. The T. cruzi 
Peru strain was obtained from Stuart M. Krass- 
ner, University of  California, Irvine. Clonal lines 
of  this strain were established from individual 
parasites which were isolated by micromanipula- 
tion using procedures provided by James Dvorak,  
National Institutes of  Health, Bethesda, MD. Peru 
clone 3 was utilized for these studies. The cloned 
T. cruzi lines Esmeraldo clone 3 and Silvio X10 
clone 1 were obtained from James Dvorak.  
Growth and maintenance of epimastigotes and tis- 
sue-culture derived trypomastigotes of  these 
strains were as described elsewhere [17]. 

2.2. Pulsed f ield gel electrophoresis (PFGE).  
D N A  was prepared from late exponential phase 
epimastigotes in low-melting-point agarose (In- 
Cert Agarose, FMC Bioproducts) at a concentra- 
tion of 2 x  109 cells ml i as described [18]. 
Electrophoresis was performed in 1.0% agarose 
gels immersed in 0.5 x TBE buffer (90 mM Tris- 
borate, 2.5 mM EDTA, pH 8.0) with a BioRad 
C H E F  DR II unit (BioRad) for 24~48 h at 14°C 
using 200 volts with a switch time of 60 and 90 s. 
D N A  molecular weights were estimated using 
standards prepared from Saecharomyces eerevi- 
siae. Pulse-field gel electrophoresis (PFGE) gels 
were stained with ethidium bromide, photo- 
graphed, destained for 20 min and blotted to ny- 
lon membranes following depurination with 0.25 
M HC1. 

Isolation of individual D N A  bands from PFGE 
gels was accomplished by excision of the gel region 
and electroelution in the C H E F  DR II system for 
24 h using the conditions described above. The 
DNA was further purified by treatment with pro- 
teinase K followed by extraction with phenol- 
chloroform. 
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2.3. Nucleic acid isolation and analysis. Parasite 
nuclear DNA and poly A + RNA, phage lambda 
DNA, and bacterial plasmid DNA were isolated 
as described previously [19]. Agarose gel electro- 
phoresis on 1.0% agarose was used to separate 
nucleic acids. Southern transfer to nylon mem- 
branes, prehybridization, hybridization, and wash 
conditions were carried out as previously reported. 
Hybridization with the 27 nucleotide repeat unit 
was performed at 37°C in 30% formamide. Hybri- 
dization of  oligonucleotide probes specific to the 
three Esmeraldo genes was performed at 42°C in 
30% formamide. 

111 

2.6. DNA sequencing and sequence analysis. 
DNA sequencing was performed using the di- 
deoxy chain termination method [20] using a T7 
polymerase sequencing kit from Pharmacia as re- 
commended. All sequencing reactions were carried 
out on T. cruzi derived DNA fragments inserted 
into the Bluescript plasmid using [~-32p]dATP for 
incorporation. Nucleotide sequence data was com- 
piled and analyzed using the IBI Pustell Sequence 
Analysis programs for the IBM computer (New 
Haven, CT), and the Clustal V programs [21]. 

2.4. Oligonucleotide synthesis, radiolabeling, and 
restriction enzymes. Oligonucleotides used for 
probes or as sequencing primers were synthesized 
on the Gene Assembler Plus (Pharmacia, Piscat- 
away, NJ) according to the manufacturer's in- 
structions. Synthetic oligonucleotides were 
radiolabeled by end-labeling using [7-32p]ATP 
and T4 polynucleotide kinase. DNA restriction 
fragments were radiolabeled"using a nick transla- 
tion kit (BRL, Gaithersburg, MD) as recom- 
mended with [~-32p]dCTP incorporation. All 
restriction enzymes were purchased from Boehrin- 
ger-Mannheim and used as recommended. 

2.5. Genomic and cDNA library construction and 
isolation of  recombinant phage. Esmeraldo nucle- 
ar DNA was digested with the selected restriction 
enzymes and ligated into the 2FIX replacement 
vector (Stratagene, La Jolla, CA). A cDNA li- 
brary was constructed in phage 2gtl0 using trypo- 
mastigote poly A + RNA from the Esmeraldo 
strain and cDNA synthesis kits from Pharmacia 
and BRL. Recombinant phage from the genomic 
and cDNA libraries were screened by plating the 
phage, transferring to nitrocellulose filters, and 
screening with a radiolabeled 27-mer representing 
one unit of the repeat array present in the coding 
region of the TSA-P1 gene from the Peru strain. 
Positive 2 phage were plaque purified and T. cruzi 
DNA inserts from each phage were excised and 
subcloned into the Bluescript plasmid vector 
(Stratagene) for nucleotide sequencing and restric- 
tion enzyme analysis. 
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Fig. 1. S o u t h e r n  b lo t  ana lys i s  o f  genomic  E s m e r a l d o  s t ra in  
D N A .  Nuclear  D N A  from E s m e r a | d o  s t ra in  T. cruzi was di- 

gested wi th  Sail, EcoRI, and  a doub le  d iges t  o f  Sall/EcoRl 
rest r ic t ion enzymes,  b lo t ted  and  hybr id ized wi th  a [7-32p]ATP 
end- labeled  synthet ic  o l igonucleo t ide  co r re spond ing  to one re- 
peat  unit  o f  the 27 nucleot ide  repeat  array.  N u m b e r s  to the left 
are sizes of  2 Hindlll marke r s  in kb. 
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3. R e s u l t s  

3.1. Genomic organization of the TSA family in 
Esmeraldo. Previous studies identified 4 geno- 
mic EcoRI restriction fragments from the Esmer- 
aldo strain which hybridize with the 27 nucleotide 
repea tun i t  [15]. Three of these EcoRI fragments, 
of  sizes 3.2, 3.4 and 3.6 kb, are sensitive to Bal 31 
nuclease digestion and are inferred to be located at 
telomeric sites. The fourth fragment, of  size 6.0 
kb, shows no sensitivity to Bal 31 nuclease diges- 
tion and is likely located at an internal chromoso- 
mal site. Since direct cloning of the telomeric 
genes as EcoRI fragments is not possible, cloning 
of D N A  fragments containing all or part  of  these 
four EcoRI fragments was accomplished using an 
approach similar to that previously used for the 
cloning of the telomeric and internal members of  
the TSA genes in the Peru strain [16]. 

In the Peru strain, a single SalI restriction site 
separates the telomere from the EcoRI site found 
within the telomere associated gene, TSA-P1. A 
second SalI site is located several kilobases up- 
stream of  the 5' splice site of  TSA-P1, allowing 

the entire coding region of the gene to be cloned 
as a single SalI fragment. To determine whether a 
similar pattern of  restriction enzyme sites is pre- 
sent in the telomeric genes of  the Esmeraldo 
strain, genomic DNA was digested with either 
SalI, EcoRI or SalI/EcoRI, Southern blotted and 
hybridized with the 27 nucleotide repeat unit. As 
shown in Fig. 1, 3 SaII fragments of  sizes 9, 13 and 
20 kb, and 4 EcoRI fragments of  sizes 3.2, 3.4, 3.6 
and 6.0 kb hybridized. In the SalI/EcoRI digest, 
only 2 fragments of  sizes 0.9 and 1.7 kb are seen. 
Since both fragments are smaller than any of the 
EcoRI fragments, each telomeric gene must pos- 
sess a SalI site between the EcoRI site and the 
telomere. Also, since only 3 SalI fragments hybri- 
dized, it is probable that at least 2 of  the four 
members defined by EcoRI digestion share the 
same SalI restriction pattern. 

A SalI genomic library was constructed in or- 
der to clone the SalI fragments by digesting Es- 
meraldo nuclear D N A  with Sall, purifying frag- 
ments of  size 9-23 kb, and ligating into the 2FIX 
replacement vector. 200 000 recombinant phage 
were screened with the repeat unit and 11 recom- 
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Fig. 2. Restriction maps of the TSA family members in the Esmeraldo strain of T. cruzi. TSA-EI was cloned originally as a 20-kb Sall 
fragment, but was subcloned and restriction mapped as a 5-kb SalI/NotI fragment. TSA-E2 was cloned and mapped as a 9-kb SalI 
fragment. Two isolates of TSA-E3 were cloned and upon restriction analysis were found to differ by a single 400-bp deletion/ 
insertion. The location of the deletion/insertion is represented as dashed lines between TSA-E3 and TSA-E3'. The location of the 27 
nucleotide repeat array is shown as an asterisk (*). The scale is shown below in kb. 
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binants rescreened positive. SaII digests of the re- 
combinant phage DNA isolated from the 11 posi- 
tives revealed 1 containing a 9.0-kb insert, 2 con- 
taining a 20-kb insert, and the remaining 8 con- 
taining a 13-kb fragment. Restriction enzyme ana- 
lysis of the two 20-kb inserts showed the SalI frag- 
ments to have identical restriction patterns. Re- 
striction enzyme analysis of the eight 13-kb 
inserts showed 2 variants which differ by a single 
400-bp deletion/insertion (Fig. 2). 

3.2. Chromosome mapping and analysis. In order 
to determine the relationship between the SalI and 
EcoRI fragments, mapping of  these fragments to 
chromosomal size molecules was undertaken. Fig. 

A 2 

].8 

.98 

113 

3A shows PFGE of chromosome size DNA mole- 
cules from the Esmeraldo strain. Approximately 
15 DNA bands resolved ranging in size from 0.40 
to 2.2 megabases (Mb). Hybridization of the 27 
nucleotide repeat unit to a Southern blot of this 
gel showed positive signals with D N A  fragments 
of size 0.90, 0.98 and 1.8 Mb. In order to assign 
the EcoRI and SalI fragments to their respective 
chromosomes, the gel regions containing the three 
DNA bands were excised. The DNA in each band 
was isolated, digested with EcoRI or SalI, electro- 
phoresed on an agarose gel and Southern blotted 
to nylon membranes. Hybridization of the South- 
ern blot with the 27 nucleotide repeat unit (Fig. 
3B) shows that the 3.6-kb EcoRI fragment is 

B r .90 .98 ].8 
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ZO__ 
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Fig. 3. Chromosomal  distribution of  members  of  the TSA-I subfamily in the Esmeraldo strata ot T. cruzi. (A) Lane 1 depicts 
chromosome sized molecules separated by P F GE  for 48 h and stained with ethidium bromide. Lane 2 shows the same gel after 
Southern transfer and hybridization with [7-32p] end-labeled 27 nucleotide repeat unit oligomer. The numbers  to the right indicate 
size in Mb of the chromosome sized molecules that hybridized. (B) Lane T is a Southern blot of  total genomic DNA,  restricted with 
EcoRI, and hybridized with the end-labeled 27 nucleotide repeat unit. The remaining lanes contain DNA isolated from the individual 
chromosomes (indicated by the number  in Mb on top of  each lane) that were seen to hybridize with the repeat unit. DNA was excised 
from the gel, restricted with EcoRl, Southern transferred, and hybridized with the repeat unit. (C) Southern blot of  chromosomal  
DNA excised from the gel, digested with Sail, and hybridized with the repeat unit. Numbers  to the left of  (B) and (C) represent the 
size (in kb) of  the DNA fragments seen to hybridize with the repeat unit. 
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found in the 1.8 Mb chromosome, the 6.0-kb 
EcoRI fragment is present in both the 0.90 and 
0.98 Mb chromosomes, and the 3.2- and 3.4-kb 
fragments are found in the 0.98 and 0.90 Mb chro- 
mosomes, respectively. The results of the SalI di- 
gestion of  DNA isolated from the three 
chromosomes (Fig. 3C) shows that the 9.0-kb 
SalI fragment is present in the 1.8 Mb chromo- 
some, and that the 13-kb and 20-kb SalI frag- 
ments are present on both the 0.90 and 0.98 Mb 
chromosomes. 

The chromosomal map shown in Fig. 4 was 
constructed based on these results. The 1.8 Mb 
chromosome contains the 9.0-kb SalI fragment 
and the 3.6-kb telomeric EcoRI fragment. The 
0.98 Mb and 0.90 Mb chromosomes contain both 
the 20-kb and 13-kb SalI fragments as well as the 
6.0-kb internal EcoRI fragment. The maps of the 
two chromosomes differ in the EcoRI fragments 
found at each telomere, since the 0.98 Mb chro- 
mosome contains the 3.2-kb EcoRI fragment 
whereas the 0.90 Mb chromosome contains the 
3.4-kb EcoRI fragment. The assignment of  the 
13-kb SalI fragment to an internal chromosomal 
location is based upon direct nucleotide sequence 
analysis of it as well as the 6.0-kb EcoRI fragment, 
as discussed below. Also, we have tentatively de- 

picted the 0.98 Mb and 0.90 Mb chromosomes as 
homologues based upon their similarity in size and 
the fact that they possess similar TSA family 
members and restriction enzyme patterns. 

3.3. Nucleotide and amino acid sequence. The nu- 
cleotide sequence of the TSA family members con- 
tained in each of  the SalI fragments and the 6.0-kb 
EcoRI fragment were determined using synthetic 
oligonucleotide primers. Alignment of the nucleo- 
tide sequence of the three genes is shown in Fig. 5. 
The positions of 6-bp restriction enzyme recogni- 
tion sites predicted by restriction mapping or se- 
quencing were confirmed. The nucleotide 
sequence of the family member present in the 6.0- 
kb EcoRI fragment showed 100% identity with 
the family member present in the 13-kb Sail frag- 
ment, providing direct evidence for assignment of 
the 13-kb Sall fragment to an internal chromoso- 
mal site (Fig. 4). Translation of the gene sequences 
in each of the 6 possible reading frames revealed 
only one large open reading frame (ORF) in each 
sequence. The remaining 5 reading frames each 
contain numerous stop codons distributed 
throughout the predicted amino acid sequences. 
The putative initiation codon for the ORFs is at 
nucleotide 1 in all three sequences (Fig. 5), and 
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Fig. 4. Schematic representation of  the Esmeraldo chromosomes containing the 27-bp repeat unit. Two sets of  homologues are shown 
with the TSA family members mapped to each. The dashed lines represent the undefined distance between the TSA-E3 and TSA-E1 
genes. The boxed regions represent a composite fragment including the Sail genomic fragments and the EcoRl fragments containing 
the three subfamily members.  The vertical lines within the boxed regions represent the repeat units. The numbers  at the 3' terminus of  
each gene refer to the size, in kb, of  the EcoRI fragments assigned to each chromosome. END denotes the telomere of each chromo- 
some. 
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-70 -60 -50 -40 -a0 -20 -i0 
TSA-E2 ACACACAACCGTCGCCGCGTGACCGGATCCCGCGGAAGGAGGAGGGAGGGAAGAGAGAGTGAACCGCAGAGGCCC 

....................................................................... TSA-EI A A G T TSA-E2 AACGGAGGAGCTGAATACGATCAAGTCTGTCCTTAGTACTTGGGTACAGTTGGACGCTTCCTTCTCCGAGTOGTC 

TSA_E3 .............................. A ................ A .............. G .......... T- TSA-EI ......................................................................... 
i 10 20 30 40 50 60 TSA-E3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

TSA-E2 AAC~TGTCCCGGCATCACTTCTATTCTGCGGTGCTGCTCCT CCTCGTCGTGATG TGCTGCGGCAGTGGA 1350 1360 1370 1380 1390 1400 1410 
TSA-Zl ---A~ ....... G ........................ T--ACT ............. GTT---G ........... TSA-E2 TATACCCACGGCTCGTCTGGTTGGATTCCTGTCC~TA~ACGTCCAGT~AGACA~AT~A~GTAC~ 

TSA-~3 ---A~ ....... G ........................ T--ACT ............. GTT--- G ........... TSA-EI ...................................................................... C-A- 
70 80 90 i00 ii0 120 130 140 TSA-E3 ......................... A ............................................. 

TSA-E2 GCTGCGCACGCTTTGGAGAGARACTCAGGGGATTTGCAAATGCCGCAGGAGAT cr ^ATGTTTGTGCCG~T~AG 1420 1430 1440 1450 1460 1470 1480 1490 
TSA-EI ...... AC----GAT---GC.GC G ............. C ............................... TSA-E2 TTGCATCAATGCAACGGTGACGAAGGCAGCGAAGGTTG~.~AATGGTTTCAAGTTCACGGGGCCTGGGTCCAGGGC 

T S A - E 3  . . . . . .  A C - - - - G A T - - - G C - G C G  . . . . . . . . . . . . . .  C . . . . . . . . . . . . . . . . . . . . . . . . . . . .  G - - -  T S A - E 1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

iso 16o 170 180 190 200 210 TSA-E~ .......................................................................... 
TSA-E2 ACGCAGGTGGTACCAA~AGGTGGTGGTGAATGCAAAGTGAAGGATATCTTTGCTTCACCCGCTCTCGTCCGTGCT 1500 1510 1520 1530 1540 1550 1560 

........................................................................ TSA-EI A G TSA-E2 AACATGGCCCGTAAACAGTCGGTGGGATATTA~CAGTACGGCTTTGTGGATTACAACTTCACTATTGTGGCGAT 

TSA_E3 ...................................................................... A TSA-EI ................................................................... 
2 2 0  2 3 0  2 4 0  G250 260  2 7 0  2 8 0  290  TSA-E3  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

TSA-E2 AGTGGAGTAATGATTGCATTTGTTGAAGGCCGCACCAAAAATAAACTTTTTCCAGAAGTGATTGATCTCAGCTCT 1570 1580 1590 1600 1610 1620 1630 1640 
TSA_EI G ....... , .............. C ............................................... TSA E2 ,GCGACTATACACCAGGTTCCGAGTGAGAGCACTCCTCTGCTGGGTGCGAGTCTGAGGGGCAATAAGAGGACGAA 

TSA-E3 G ....... G .............. C ............. C=GA ............... GC ........... T___ TSA-EI .......................................................................... 
300 310 320 330 340 350 360 TSA E3 ........................................................................... 

TSA-E2 TCTGATATTGTTGCCGGTTACATC~AGGCTCCAGACACATGGCAGTCTCTTGTTGCTGAGGTAACCA/%AGATGAC 1650 1660 1670 1680 1690 1700 1710 
TSR-EI .................................................................... TSA-E2 CTTAATTGGTTTGTCGTACGGTGCGGGCGGTAAGTGGGAGACAGTGTATGACGGGACAA~CAGTACAGGGTGG 

TSA_E2 ..................................................................... TSA-EI ................................................................. 
370 380 390 400 410 420 430 440 TSA-E3 ............................................................. 

TSA-E2 TGGCAGGCACACACTGTCCTTGAGAGTGCGAATAATACTAATCATCGTGTGGGTCTTCCCAGGCTACCCACCGGA 1720 1730 1740 1760 1760 i770 1780 1790 
..................................................................... TSA-EI C TSA-E2 CACTTCGGAGCCCGGCACAGAATACCAGGTGGCGCTCATGCTGCAGGACGGCAACAAGGGCTTCGTGTACGTGGA 

TSA-E3 ............................... C----GT ............................ TSA-EI G ........................................................... 
450 460 470 480 490 500 510 TSA-E3 ......................................................... 

TSA-E2 ATTACAAGGGGCRATAAAGTGTTTCTGCTAGTGGGGAGCTATGAAGAGAGGCGTGRAATTGATGATTATATTTGG 1800 18]0 1820 1830 1840 1850 1860 
TSA_EI ........................................................................... TSA-E2 TGGTGTGCTTGTGGGGAACCCGGCGATCTTACCAACACCTGACGAGCGGTCGACTGAATTCTCACATTTCTACTT 

TSA-E3 .......... A .................................. r ......... A ....... G---C .... TSA-EI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

520 530 540 ~50 560 5 7 0  580 590 TSA-E3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
TSA-E2 ~.%GGCCGAGGCATGGAACATTAJL%GTGATTGAGGGTGAGGCCACGCAGTCCACGGAAGTTCAGCCGACTC AACCG 1870 1880 1890 1900 1910 1920 1930 1940 
TSA-EI ........................................................................... TSA-E2 TGGGGGCGACGAGGGAGACAGCGGCAGCGATGCGACGTTGACGGACGTCTTTCTGTACAACCGCCCACTGAGTGT 

TSA-E3 ......................................................................... TSA-EI -,GAG .............. C, ............................................... 

A 600 610 620 630 640 650 660 TSA-E3 .......................................................................... 
TSA-E2 ATCAACTGGAGTG~ACCCAAACCGCTGTTCCAAACTGACTCTCCTAATAATAAAGGTGACCTA~GGAATTTTTG 1950 1960 1970 1980 1990 2000 2 0 1 0  _ _  

. . . . .  1 .......................................................................... ^-~2 ~ , ~ _ _ _ ~ E ~ t _ ; ~ _ _ ~ ? ~ f ~ , 4 ~ i _ _ , 2 ~ _ _ _ ~  TSA-E3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  TSA-EI 
670 680 690 700 C 710 720 730 740 TSA-E3 ......................................................................... 

:T 
TSA-E2 GGTGGTGGTGGCTCAGGAATTGTGATGGGGAATGGCACACTTGTGTTTCCCCTGACGGCA~AGGATGA~AGTAAT 2020 2030 2040 2050 20~0 ~Q70 2 0 8 0  . 2 0 9 0  
.................................................................................................... 7A~ ............... -7 .............. _~A,A 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 8 o  , 6 o  7 7 0  7 8 0  v g o  8 0 0  8 1 0  TSA-E3 : ] :  . . . . . . . .  ~ . . . . . . . . . .  ~ - c  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T - - -  
TS&-E2 AAAGT~CTCCCTAATCACTTATT CGACGGACOACGGCCAAAAGTGGGAGATACCAGGG~CGTTTCTTCTGTG ~ 2110__ 2120 2130 2140 2150 2160 
, ~ ^ _ , ,  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~^-~2 _ _ _ , 2 ~ _ _ ~ , , . ~ , w ~ ~ ~ f ~  
T S A - E 3  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  TSA-EI 

G-- -J~ 
820 G 830 840 850 860 870 880 890 TSA-E3 

TSA-E2 GCATGCCGTTCCCCCCGCGTCACCGAATGGGAGGAGGGAACACTTCTCATGGTTACTTATTGCGAGGATGGCCGC 2170 2180 2190 2200 2210 2220 2230 2240 
TSA-EI ........................................................................... TSA-E2 CGACACACACAGCAGAGGAGGAGACCGTA~ACCAGTCGGCATCTGGAACATTTTCAATTACCGACAGTACTGAGG 

TSA-E3 -GC ............... A ....................... T ................................ TSA-EI . . . . . . . . . . . . . . . . . . . . . . . .  ~ .............................................. 
900 910 920 930 940 950 960 TSA-E3 

TSA-E2 AAGGTGTTTGAGTCGCGTGACATGGGGAAAACGTGGACGGAGGCGTTTGGGACACTCCCAGGCGTGTGGCTCAAA 2250 2260 2270 2280 2290 2300 2310 
TSA-EI .............. T ............................................................ TSA-E2 GTGACGTGAGCTCTGATGAGAATGGGGAGACGACGGGAGGAGCTGATGGGCAAGAGGAAGATATCCAGCCACAGG 

TSA-E3 ....................................... A----~-CA- A ...... T ................. TSA-E~ .......................................................................... 
970 980 990 1000 1010 1020 1030 1040 TSA-E3 

TSA-E2 TCAGGTCCAGAACTTCCGGAAGTAAGTTTGCGTGTTGATGCTCTCATCACCGC~ACCATTGAGGGAAGG~GGTC 2320 2330 2340 2350 2360 2370 2380 2390 
TSA-EI ........................................................................... TSA-E2 ACGGGGAAGCAAATGCTGCGGCACTCGGCCTCCCACTCAAAAGCAGTCTTGGAACTTCGTCGCAGTGGGATGGCA 

T S A - E I  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T S A - E 3  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1050 1060 1070 1080 1090 Ii00 i110 TSA-E3 
TSA-E2 ATGCT~TACACTCAGK~AGTGAGGCATTT CTGGAACGTGGATGAACCCAACGCACTCCACCT~GGGTCACGGA 2400 2410 2420 2430 2440 24~0 2460 
TSA-EI ............................. T ...... A ...................................... TSA-E2 CCGTTGCTGGCACCRTGCGTGAGAGCAGGGTGCTGCTGCCATCGCTGTTCCTTCTGTTC~ACTCTC~TTTG 

TSA-E3 ............................ CT ...... A ...................................... TSA-E1 ........................................................................... 
1120 1130 1140 1150 1160 1170 1180 1190 TSA-E3 ........... G.--T-TCT-G-G---TC C ........... C__--,A- G ..... CA--- 

TSA-E2 C~ACAACCGCACTTTTCATCTTGGACCGTTTTCTGTGGACTGTGCTGAGAATAAGACGTTTGCCAACACCTTGCT 2470 2480 2490 2500 2510 2520 2530 2540 
TSA-EI ........................................ A ............ T ................... T_ TSA-E2 CGGCTCTGTGAGGAGTGTGCGGCCTCAGTGTGGGACACTTGCGCCCTCCCCCACACCGACGCACATCCGGTTATG 

TSA-E3 ........................................ A ............ A ................... T- T S A - E 1  ........ TGA ....... TT ....... A ........................................... A--- 
1200 1210 1220 1230 1240 1250 1260 TSA-E3 .... CA-T- -CTGAGAAAT-G--G--AT-AGTT-C---CA--KG-GGG-GCTAT-T-T--C-- TCC 

TSA-E2 G TACT,G.AT,AT, CGTTGCACCTT TTACAAG CGAAGGG CGATCATGAAAG CACAGC CGTTT CACTTGCCCG CCT 2546 
TSA-EI C ............. ,_,_TT-,- - --,- - - -cA - -G- - - -,,-- -AA , ........................... TSA-E2 AATTACT 

TSA-E3 C ............. ,_,_,,-,----,----,,--,- ---,,---AA, ........................... TSA-EI ..... 
1270 1280 1290 1300 1310 1320 1330 1340 TSA-E3 -CG---C 

Fig. 5. Comparison of the nucleotide sequence of the three Esmeraldo TSA family members. Nucleotides 5' upstream from the 
proposed translational initiation codon are given negative numbers, starting with - 1 .  Nucleotides 3' downstream from the start 
codon are given positive numbers starting with base A in the proposed ATG translational initation codon. Indicated in bold letters 
are the intiating codon (ATG) and the terminating codon (TGA). The boxed regions starting at nucleotide 2005 denote the 27-bp 
tandem repeat regions. The dotted line indicates the sequence of either TSA-EI or TSA-E3 that does not differ from TSA-E2. 

the  s equence  i m m e d i a t e l y  u p s t r e a m  o f  the A T G  
c o d o n s  for each  gene  m e e t s  the  r e q u i r e m e n t s  o f  a 
e u k a r y o t i c  t rans la t ion  start site [22,23]. Trans la -  
t ion  o f  each o f  the three genes  w o u l d  result  in 
prote ins  w i t h  predic ted  Mrs o f  89 168, 89 433 a n d  
77 874 for genes  T S A - E 1 ,  T S A - E 2  and  T S A - E 3 ,  
respect ive ly .  T h e s e  va lues  are in a g r e e m e n t  w i t h  
those  reported  for other  m e m b e r s  o f  the gene  fa- 
m i l y  [16,24,25] and  sugges t  that  all cop ies  are 
genes  and  n o t  p s e u d o g e n e s  [26]. C o n s i s t e n t  w i t h  
this  in terpreta t ion  is the o b s e r v a t i o n  that  the N -  
t e r m i n u s  o f  each  gene  c o n t a i n s  a h y d r o p h o b i c  re- 
g i o n  w h i c h  is c o m p a t i b l e  w i t h  an N - t e r m i n a l  sig- 
nal p e p t i d e  [Fig.  6; 27], as we l l  as a h y d r o p h o b i c  
stretch o f  a m i n o  acids  at the C O O H - t e r m i n u s  o f  
each  prote in  that  c o u l d  serve as a p r o c e s s i n g  site 

Amino Terminal Sequences: 

TSA-E2 

TSA-EI 

TSA-E3 

MSRHHFYSAVLLLL-VVM-CCGSGAAHALERN 

::: :::::::::: ::: : ::::: : : 

MSRRHFYSAVLLLLLVVMVCGGSGAATADEAA 

MSRRHFYSAVLLLLLVVMVCGGSGAATADEAA 

Carboxyl Terminal sequences: 

TSA-E2 GTMRE-- SRVLLPSLFLLLGLWG FAAL 

::::: :::::::::::::::::::: 

TSA-EI GTMRE-- SRVLLPSLFLLLGLWGFAAL 

: ::: :::: :::: :: :: 

TSA-E3 GSMREGMSRVL--- PLLLLGMWG IAA I Y 

Fig. 6. Comparison of the predicted amino acid sequences at 
the amino terminus and carboxyl terminus of the three TSA 
genes. The aa sequences shown are those predicted by transla- 
tion of nucleotides 1-90 and 2398-2472 for TSA-E2, nucleo- 
tides 1 96 and 2405-2478 for TSA-E1, and nucleotides 1 96 
and 2059 2133 for TSA-E3. Colons represent aa identity. 
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B. 

no. of posit ives % 

25 19.4 

E2 ]02 79.1 

E3 2 

EtBr  ~ 
Fig. 7. Expression of  the three members of  the TSA-1 subfam- 
ily in the Esmeraldo strain of  T. cruzi. (A) cDNA clones corre- 
sponding to the three subfamilily members,  TSA-EI,  TSA-E2, 
and TSA-E3 were restricted with EcoRI/Sall, Southern trans- 
ferred, and hybridized with [7-32P]ATP end-labeled 27 nucleo- 
tide repeat unit or end-labeled oligonucleotide specific for each 
individual member. The sequences of  the member  specific oli- 
gonucleotides are as follows: El ,  5 ' - C A T T G A G G C C A A A -  
C A C T C C T G A C A G - 3 ' ;  E2,  5 ' - C A C T G A G G C C G C A -  
C A C T C C T C A C A G - 3 ' ;  E3, 5 ' - C C C A C A T T T C A T T G G -  
G A T G T T C A G T G - 3 ' .  The last panel is an ethidium bromide 
stained gel showing the relative amount  of  each band on the 
blot. (B) A 2gt l0 cDNA library made from Esmeraldo strain 
trypomastigote poly A ÷ R N A  was screened with the 27 nu- 
cleotide repeat unit oligomer and 129 plaques rescreened posi- 
tive. These were then rescreened with oligomers El ,  E2, and 
E3, and the results are shown as the number  of  positives that 
rescreen with the specific oligomer along with the percent of  
the total transcripts of  the family that each represents. 

for a phosphatidylinositol linkage [28]. 

3.4. Transcription of the family. To determine 
whether each of  these three genes is actively tran- 
scribed and to assess their relative abundance in 

the stable A + R N A  population, two ,~gtl0 cDNA 
libraries were constructed and 250 000 recombi- 
nants from each library were screened with the 
repeat unit. 129 plaques rescreened positive and, 
of these, 14 were selected for restriction enzyme 
and nucleotide sequence analysis. DNA from 
each was isolated, restricted with EcoRI/SalI, elec- 
trophoresed in agarose, Southern blotted and hy- 
bridized with the 27 nucleotide repeat. Thirteen of 
the DNAs showed positive hybridization to a frag- 
ment of length 0.9 kb while one DNA showed 
hybridization to fragment of length 0.96 kb. Di- 
rect nucleotide sequence analysis of  these DNA 
fragments indicated that the 0.9-kb fragment was 
an EcoRI/SalI fragment identical in sequence to 
either gene TSA-E1 or TSA-E2. The 0.96-kb frag- 
ment, however, was an EcoRI fragment from gene 
TSA-E3 which terminated in a stretch of 15 A 
residues that have no counterpart in the genomic 
sequence. To determine the transcriptional origin 
of the remaining cDNA isolates, oligonucleotide 
probes representing unique regions in each of the 
three genes were synthesized and hybridization 
conditions were determined such that each probe 
hybridized only to its homologous gene (Fig. 7). 
Of the 129 plaque purified recombinants, 25 hybri- 
dized with the TSA-E1 specific oligo, 102 hybri- 
dized with the TSA-E2 specific oligo, and 2 
hybridized with the TSA-E3 specific oligo. Com- 
parison of the relative abundance of each of the 
three members in the mRNA population shows 
that the internal member, E3 is represented at less 
than 2% of the level of that seen for the telomeric 

Nucleotlde Mismatches 
-78 to 247 2 4 8  to  1 0 7 0  1071 to 1390 1391 to 2 0 3 8  2 0 3 9  to  2541 

Gene 
Sequence 
Alignments 

E l : E 2  29 2 20 

E1 : E 3  1 32 2 

E2:E3 3o 30 19 

10  

10  5 9  

59 

Fig. 8. Nucleotide sequence mismatches in blocks of  sequence from the three TSA family members in the Esmeraldo strain of  T. cruzi. 
The columns represent regions of  sequence with the numbering system based on the nucleotide sequence of  TSA-E2 (see Fig. 4). The 
numbers  in each cell are the total number  of  nucleotide seqence mismatches in that region between the two aligned family members. 
The boundaries between the regions were chosen as the midpoints between nonidentities which denote a shift in maximal sequence 
similarity from one gene pair to a different gene pair. 
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members. Also, there is a five-fold difference in 
the levels of the telomeric members with TSA-E2 
more highly represented than TSA-E1. 

4. Discussion 

In our previous studies, restriction enzyme ana- 
lysis of genomic DNA indicated that the Esmeral- 
do strain of T. cruzi contained 4 members of the 
TSA-1 multigene family, 3 of which are located at 
telomeres. We have now determined the nucleo- 
tide sequence, chromosomal location and tran- 
script abundance of each of these members. A pri- 
mary finding of this study is the chromosomal 
organization of the gene family. The single family 
member located at an internal chromosomal site, 
TSA-E3, is present on 2 chromosomes of similar 
size, 0.98 and 0.90 Mb, each of which also con- 
tains a telomeric family member. The two telo- 
meric members are distinguished because the 
COOH termini of their coding regions are found 
on distinct EcoRI restriction fragments (i.e., 3.4 
and 3.2 kb), while the entire coding region of each 
telomeric member is present within either a 13.0- 
or 13.4-kb SaII fragment. A fine scale restriction 
enzyme map of these two SalI fragments showed 
that they are identical with the exception of a 0.4- 
kb insertion/deletion. In addition, partial nucleo- 
tide sequence analysis of the family member pre- 
sent in each SalI fragment showed no differences 
in their nucleotide sequence. These findings sug- 
gest that the chromosomes containing the two 
telomeric EcoRI fragments are homologues, with 
each homologue containing one telomeric and one 
internal family member. This interpretation is in 
keeping with previous studies which indicate that 
T. cruzi is a diploid organism of which the homo- 
logues often differ in size [29] and is also consis- 
tent with previous observations in the African try- 
panosome, Trypanosoma brucei, which show that 
restriction fragments containing telomeres with 
the same surface antigen gene may vary in length 
due to the nature of  the replication of  chromoso- 
mal ends [30,31]. 

Transcription analysis of  the family in Esmeral- 
do shows that A + RNAs from the internal gene, 
TSA-E3, are present at a level < 2% of that seen 
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for the telomeric members. This is also the case in 
the Peru strain where a similar study revealed that 
of 27 cDNAs which contained the repeat unit, 
only one represented a transcript from the inter- 
nal gene(s). An internal location is not strictly cor- 
related with the absolute level of  transcription, 
since the single member in the Silvio strain is inter- 
nal and transcripts of this member are detected in 
Northern blots of A + RNA [16]. Likewise, studies 
on related members of the multigene family de- 
monstrated that genes from telomeric and inter- 
nal locations can be expressed simultaneously 
[24]. However, within the TSA family it is clear 
that when both internal and telomeric genes are 
present in the same genome, transcripts from in- 
ternal member(s) are much less abundant than 
transcripts from telomeric member(s). In addi- 
tion, in the Esmeraldo strain a five-fold variation 
in the level of transcripts from the two telomeric 
members is seen, reaffirming our previous obser- 
vation that the level of expression of  different 
members of the gene family may vary and that 
such variation can be associated with the chromo- 
somal location of the family members, possibly 
reflecting position effect. 

Nucleotide and amino acid sequence compari- 
sons show that the internal member differs from 
the two telomeric members primarily in the num- 
ber of repeat units and in those sequences 3' down- 
stream of the repeat array. TSA-E1 and TSA-E2 
each contain 4 tandemly repeated 27-bp sequences 
which are flanked by partial repeats, while TSA- 
E3 has only one complete repeat unit which is 
flanked by partial repeats. Most striking is the 
observation that the 345 bp immediately down- 
stream of  the degenerate repeat array in the telo- 
meric genes (i.e. nucleotides 2056-2401, Fig. 5) are 
absent in the internal gene, TSA-E3. The simplest 
explanation for this observation is that the 345 bp 
have been deleted from the internal gene during 
evolution of the gene family. Consistent with this 
view is the observation that the remaining 23 ami- 
no acids in TSA-E3 show significant identity (i.e. 
64%, Fig. 6) with the carboxyl terminus of both 
TSA-E1 and TSA-E2. It is curious, however, that 
the percent of sequence identity is significantly de- 
creased from the >9 1 % identity observed 
throughout the remainder of the protein. Also, 
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the abrupt  loss of  nucleotide identity between 
TSA-E3 and the telomeric genes immediately 3' 
of  the T G A  stop codons is surprising (Fig. 5), 
particularly when viewed in comparison to the 
> 92% sequence identity observed throughout the 
coding region of the genes as well as the non- 
translated region upstream of the A T G  initiation 
codon. One reasonable explanation for these ob- 
servations may be found in the genetic mechan- 
isms hypothesized to facilitate maintenance of 
multigene families [32,33]. Gene conversion can 
best explain both the maintenance of a family of  
related genes as well as mediate diversification of 
particular genes within a gene family in several 
organisms [see reviews 34-38]. If  gene conversion 
events are occurring between the different TSA 
family members, certain features of  the sequence 
structure of  the TSA genes would be predicted. In 
particular, gene conversion involving the internal 
gene TSA-E3 and the telomeric genes could ac- 
count for the number  of  repeat units in TSA-E3 
being less than the number present in either TSA- 
E1 or TSA-E2 if the 3' most region of heterodu- 
plex formation occurred within a repeat unit. 
Also, if genetic exchange between E3 and either 
E1 or E2 does not occur downstream of the re- 
peat units, then sequences downstream of the re- 
peat units in E3 may diverge independently of  El 
and E2 provided the primary constraint is reten- 
tion of  the biological function encoded by that 
region of the gene. Secondly, if blocks of  se- 
quences rather than entire genes are being con- 
verted, patchy homology might be observed 
among the three genes and maximal sequence 
identity between the genes would be obtained if 
the genes were treated as analogues. As shown in 
Fig. 8, this appears to be the case. Starting at 78 
bp upstream of  the A T G  initiation codon and ex- 
tending to bp 255, TSA-E1 has greater identity 
with TSA-E3 than with TSA-E2. However, at bp 
256 TSA-EI begins to show a greater similarity 
with TSA-E2 than with TSA-E3 and this similar- 
ity extends through bp 1070 at which a shift back 
to the El-E3 similarity is observed. At bp 1412 
maximum identity again changes, with E3 being 
more identical to E2 than with El.  This similarity 
extends through bp 2042, at which E2 again be- 
comes most similar to El ,  and this similarity ex- 

tends through the non-tranlated region of the two 
genes. This pattern of  sequence similarity suggests 
that these genes are analogues, and is consistent 
with gene conversion events between the family 
members. 

There is now substantial evidence that the nat- 
ural propagation of  T. cruzi is clonal, and that 
sexual reproduction is either absent or so rare as 
to leave no trace in the population structure of  the 
parasite [39, 40]. Thus, gene conversion in T. cruzi 
most likely takes place during mitotic growth. 
While somatic conversion events generally occur 
at a frequency lower than that observed for meio- 
tic exchange, they do have important  biological 
consequences in many organisms. In particular, 
somatic gene conversion in chickens serves to in- 
troduce diversity by the exchange of short seg- 
ments between family members of  the immunoglo- 
bulin ;t light chain locus [41, 42], and to provide 
diversification of the variable surface glycoprotein 
genes in Trypanosoma equiperdum and Trypanoso- 
ma brucei [4345]. 

In summary,  the results presented herein show 
that individual members of  the TSA gene family 
do not diverge independently of  each other, and 
therefore over evolutionary time the homogeneity 
of  this family will not necessarily disappear by a 
slow accumulation of mutations in individual fa- 
mily members through genetic drift. At present, it 
is not possible to speculate on whether conversion- 
driven evolution of gene families, both tandemly 
repeated ~/s well as dispersed, is a general phenom- 
enon in this parasite. If  this is the case, however, a 
pattern of  sequence identity like that observed for 
the TSA family might be expected to be found 
within the SAPA/TCNA trans-sialidase multigene 
family as well as other families within the super- 
family. Also, if gene conversion between members 
of  T. cruzi gene families depends on tracts of se- 
quence identity for initiation of recombination via 
homology-dependent strand transfer, as is the case 
for the chicken immunoglobulin genes, genetic di- 
versity within the supergene family could be en- 
hanced by exchange of gene segments between fa- 
milies which share even limited sequence identity. 
Such events would be expected to generate mem- 
bers of  the superfamily which are dimorphic in 
that they would contain regions which have high 
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s e q u e n c e  s i m i l a r i t y  to  o n e  f am i l y ,  w h i l e  i m m e d i -  

a t e ly  a d j a c e n t  r e g i o n s  o f  t he  g e n e  w o u l d  e x h i b i t  

s u b s t a n t i a l l y  less s imi l a r i t y .  S ince  t h e s e  n e w  c o n -  

s t r u c t s  l ikewise  w o u l d  be  p r e s e n t e d  to  t h e  h o s t  

d e f e n s e  m e c h a n i s m s ,  t h e i r  r a t e  o f  f i x a t i o n  w i t h i n  

t h e  p o p u l a t i o n  m a y  b e  a c c e l e r a t e d .  
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