© 1990 Oxford University Press

Nucleic Acids Research, Vol. 18, No. 15 4561

Linkage of the calmodulin and ubiquitin loci in

Trypanosoma cruzi

Sul-Hee Chung and John Swindle*

Department of Microbiology and Immunology, University of Tennessee, 858 Madison Ave, Memphis,

TN 38163, USA

Received March 2, 1990; Revised and Accepted July 6, 1990

EMBL accession no. X52096

ABSTRACT

We describe here the organization of the calmodulin
genes of Trypanosoma cruzi and their linkage to the
ubiquitin gene family. The nucleotide sequence of the
CalA2 gene has been determined and is 85%
homologous to the protein coding sequence of the
calmodulin genes of the African trypanosome,
Trypanosoma brucei. The proteins encoded by CalA2
and the T. brucei genes contain a single mismatch out
of a total of 149 amino acids. The genome of T. cruzi
contains eight calmodulin genes present at two distinct
loci (2.8 and 2.65) each of which is linked to
downstream ubiquitin genes. Within each locus two
calmodulin gene families have been defined, CalA and
CalB. Each calmodulin locus consist of alternating
tandem arrays of the CalA and CalB genes. Both 2.8
and 2.65 calmodulin loci and their respective
downstream ubiquitin genes share the same DNA
coding strand. Transcription of the calmodulin genes
in the epimastigote stage of 7. cruzi results in the
generation of two stable mRNAs of 1.6Kb and 1.1Kb.

INTRODUCTION

Calmodulin and ubiquitin are two of the most conserved proteins
throughout eukaryotic evolution. Calmodulin through its
association with calcium plays a critical role in many cellular
processes (for a review see ref. 1). Similarly, ubiquitin is a
multifunctional protein which can variably target proteins for
degradation (1,3), become an integral part of certain nuclear (4)
and cell surface proteins (5) or possibly act as a protease itself
(6). Recently it has been demonstrated that free calmodulin and
not the actively bound protein are in fact substrates for
" ubiquitination (7,8,9). Therefore one possible mechanism of
regulating calmodulin levels may be through targeting of inactive
protein for degradation via the ubiquitin dependent pathway (8).
The genomic organization and transcription of the calmodulin
genes of the African trypanosome, Trypanosoma brucei has been
previously reported (10,11) while the organization and expression
of the ubiquitin genes of the New World trypanosome,
Trypanosoma cruzi has also been described (12). The genomes
of all T. brucei subspecies examined contain two chromosomal
calmodulin loci each consisting of direct tandem repeats of the

protein coding sequence (10). The calmodulin genes appear to
be transcribed initially as a part of a longer polycistronic RNA
which is processed yielding the mature messenger RNA
molecules (NRNAs) (11). The ubiquitin genes of T. cruzi strain
CL consist of five polyubiquitin genes and five ubiquitin-fusion
genes (12). Transcription of the ubiquitin gene family results in
the generation of five discrete polyubiquitin transcripts as well
as ubiquitin-fusion mRNAs.

We describe here the characterization of two calmodulin loci
(the 2.65 and 2.8 loci) in T. cruzi strain CL and their linkage
to the ubiquitin genes. Within the two loci the calmodulin genes
have been assigned as members of either the Cal4 or CalB gene
families. The 2.65 locus contains two CalA genes (CalAl and
CalA2) and a single CalB gene (CalBI). The 2.8 locus consist
of three CalA genes (CalA3, CalA4 and CalAS5) and two CalB
genes (CalB2 and CalB3). Both calmodulin loci and the ubiquitin
genes would be transcribed from the same DNA strand as the
downstream ubiquitin genes. Transcription of the calmodulin
genes results in the generation of two stable mRNAs.

MATERIALS AND METHODS
Culture conditions

T. cruzi strain CL epimastigotes were cultured in liver infusion
tryptose medium (13) at 28°C. In all experiments midlog cultures
were used (5108 to 1x107cells/ml).

Construction of plasmid clones

Plasmid construction is described in the text and appropriate
figure legends.

Construction of Cosmid clones

A genomic cosmid library was constructed using the vector pJB8
(14). 15ug of genomic T. cruzi DNA was partially digested with
BamHI and size fractionated on a 0.7% agarose gel. From this
gel the 25Kbp to 40Kbp fraction was isolated and ligated into
the BamHI site of pJB8. Following in vitro packaging and
infection, colonies harboring cosmids containing the ubiquitin
genes and flanking regions were isolated using probes for the
ubiquitin coding sequence. One cosmid COS-Ublg4 was isolated
which, in addition to the ubiquitin genes, carried sequences
homologous to the calmodulin gene.
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DNA sequence analysis

The DNA sequence was determined by the dideoxy chain
termination method (15). Synthetic oligonucleotides homologous
to the calmodulin coding sequence and flanking regions were used
as primers for elongation.

Southern hybridizations

All Southern analysis was carried out using Gene Screen Plus.
Hybridizations were carried out at 42°C in 50% formamide, 5 X
SSC, 5 Denhardts, 1% SDS and 100 pg/ml carrier tRNA. All
filters were washed twice at room temperature in 5XSSC for
30 minutes, twice at room temperature in 2X SSC, 0.1% SDS
for 30 minutes, and once at 65°C in 0.1 X SSC, 0.1% SDS for
20 minutes.

Isolation of RNA and Northern hybridizations

Total cellular RNA was isolated by the guanidinium/cesium
chloride method (16). PolyA* RNA was isolated following
three passages over oligo(dT)-cellulose (16). The flow through
RNA following the third passage over oligo(dT)-cellulose was
used as the polyA~ fraction. RNA was size fractionated on
1.1% agarose gels containing 1.0 M formaldehyde (16). Blotting,
hybridization and washing conditions were precisely as described
for Southern analysis (see above)

Synthesis of 32P-labeled DNA probes

Probes for Southern and Northern analysis were generated either
by random priming of purified insert DNA using the Klenow
fragment of E. coli DNA polymerase I or in polymerase chain
reactions (PCR) (17) using synthetic oligonucleotides as primers.
PCR generated probes were prepared as follows: reactions contain
50ng of supercoiled 3.0Kbp recombinant plasmid, S0OmM KCl
10mM Tris pH 8.0, 1.5mM MgCl,, 0.01% gelatin, .05SmM
dGTP, .05mM dATP, .05mM TTP, .012mM dCTP, 50u.Ci
alpha-3?P-dCTP (Amersham 800 Ci/mmole), 2.5units of Tag
polymerase (Perkin Elmer Cetus) and 0.lug of each
oligonucleotide primer. A total of 15 cycles were carried out for
each probe. Specific cycle conditions for each primer set are given
in the appropriate figure legends.

RESULTS

Characterization of the CalA2 gene of T. cruzi

The CalA2 gene was identified through analysis of the genomic
ubiquitin clone pTC-Ublg. The isolation and characterization of

pTC-Ublg has been reported previously (12). pTC-Ublg carried
approximately 3.2Kbp of unanalysed sequence upstream of the
FUSI and partial PUBI2.5 ubiquitin genes (figure 1). DNA
sequence analysis of the cloned insert beginning near the Pvull
restriction site distal to the ubiquitin genes in pT'C-Ublg is shown
in figure 2. A 447bp open reading frame extends from the ATG
translation initiation codon at nucleotide 471 to a TAG translation
termination codon at nucleotide 918 (figure 2). The potential 149
amino acid translation product was identified as calmodulin based
on its near perfect homology to the reported sequence for the
calmodulin protein of 7. brucei (10). There is in fact only a single
amino acid difference between the two proteins (i.e. T. cruzi
Val,q instead of Ile,gg).

The protein coding sequence of the T. cruzi and T. brucei
calmodulin genes are also highly conserved having 85%
homology (figure 2) (the nucleotide sequence of the translated
regions of the three T. brucei calmodulin genes are identical [10]).
The 69 nucleotide differences between the coding sequences of
the two genes are limited to single base pair changes. Further,
of the 69 single base changes 67 are in the third position of the
codon. Outside of the coding sequence however, the DNA
sequence diverges completely.

Identification of two calmodulin gene families

Southern analysis of genomic DNA revealed the presence of two
distinct calmodulin gene repeats. The identification was initially
made using probes specific for either the 5’ (pTC-Cal:5’) or
3'(pTC-Cal:3’) portions of the CalA2 coding sequence (figure
3). Genomic Southern blots of BgIII and Avall restriction digest
each contains bands of 1.7Kbp and 1.1Kbp which hybridize to
both the 5’ and 3’ probes (figure 3, lanes 1,2,4 and 5). This result
indicates that both bands of hybridization represent direct tandem
repeats of the calmodulin coding sequence (the Avall site is 17
nucleotides from the PstI restriction site which defines the 5’ and
3’ probes).

The 1.1Kbp repeat has several distinguishing features relative
to the 1.7Kbp repeat. First, only the 1.1Kbp repeat hybridizes
with the intergenic probe pTC-Cal:0 (figure 3, lanes 7—9).
Second, DNA sequence analysis of the region immediately
upstream of the translation start site for the CalA2 gene predicts
the presence of a second Pstl restriction site in the intergenic
region in addition to the Pstl site within the coding sequence.
As shown in figure 3 (lane 9) only the 1.1Kbp repeat is cut with
Pstl. As demonstrated in figure 4 the intergenic region of the
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Figure 1. A description of the construction of pTC-Ublg is given in ref. 12. The expanded map immediately below the pTC-UbIg restriction map represents the
region of the clone for which DNA sequence data is presented in figure 2. Subclones depicted below pTC-Ublg were generated by ligating the indicated fragments
isolated from pTC-Ublg into the appropriate sites of the vector Blue Scribe (+) (Vector Cloning Systems).
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1 CCCCATCCGTTTCAE%%%%EAGCTGCGCCC T.c. CalA2
31 ATGGAGCAGAGAAGGAGGTTGAAGGGGGTGGGTGGCACGGGGGAAAAAAAGACTGAGAA I.c. CalA2
90 GGAACCCTAGAGATGATCGCACGCATTTGCAAACGATGGTAAACAAGGGGAATAAACGG TI.c. CalA2
149 GATGCGGAAAAATGAAAGTCAAAGAGAACACAAATAACACAAGGGGAGAATACGCGTAC I.c. CalA2

208 TTTGGGGGAGGGGAGCGGGNATCGTCTCCCTTTTATTTCTGAACTGTGACTTGTTGTCA TI.c. CalA2

267 CGGGTTTE%é%iEAACATTTGCATCCCCCATGTTTGTTGCGTACGGATTTTTTTTTTTT T.c. CalA2

326 TTTCACTATTCTTTCTCTACCTCTGCGATGGCACCACGGCCGGTGCAAGGAGCCCGATC I.c. CalA2

385 ACAACAACAACCAACAACAAGAAGAACACCAAAACCAAARACCAACAAAAAAAAGAGGAA I.c. CalA2
Met Ala Asp Gln Leu Ser Asn Glu

444 TTACCACCACCAGGGCTTACTTTCCAA I_\‘E‘c_; ?(_Zg (fl_\'i‘ (_21_\15 E‘E‘g 'E‘(_:? I:djf (_;l_\(;: %é %ulez

_BglIl
Gln Ile Ser Glu Phe Lys Glu Ala Phe Ser Leu Phe Asp Lys Asp

495 CAG ATC TCC GAG TTT AAG GAG GCA TTC TCG CTG TTC GAC AAG GAC I.c. CalA2
--- === === --A --C --- === --G --- --- --A --T --- --- --T TI.b. CalA
Gly Asp Gly Thr Ile Thr Thr Lys Glu Leu Gly Thr Val Met Arg

540 GGC GAT GGC ACC ATC ACG ACG AAG GAG CTC GGC ACG GTG ATG CGC TI.c. CalA2
--T --- —- T --—- -- T -—— === ==A --A --= -=- --T --— -—- —-G T.b. CalA

_Pstl

Ser Leu Gly Gln Asn Pro Thr Glu Ala Glu Leu Gln Asp Met Ile

585 TCG CTG GGC CAG AAC CCG ACG GAG GCG GAG CTG CAG GAC ATG ATC I.c. CalA2
--A ---= === -—= === --C -=C --- --- --A --C --- --- --- -—— 1TI.b. CalA

_Avall

Asn Glu Val Asp Gln Asp Gly Ser Gly Thr Ile Asp Phe Pro Glu

630 AAC GAG GTG GAC CAG GAC GGC AGC GGC ACC ATT GAC TTC CCC GAG I.c. CalA2
————— A --T --T --- --T --A --- --A --T --- --- --T --A --- T.b. CalA
Phe Leu Thr Leu Met Ala Arg Lys Met Gln Asp Ser Asp Ser Glu

675 TTC CTG ACG CTG ATG GCC CGC AAG ATG CAG GAC TCG GAC TCG GAG I.c. CalA2
-—= T-= === —-T --—— -- G --- === === —=—= -=T —-T --T --C --- T.b. CalA
Glu Glu Ile Lys Glu Ala Phe Arg Val Phe Asp Lys Asp Gly Asn

720 GAG GAG ATC AAG GAG GCG TTC CGC GTG TTT GAC AAG GAC GGC AAC T.c. CalA2
--A --A --- --- --A --- -- T --T --C -—= -- T --—- -- T -—— -- T T.b. CalA
Gly Phe Ile Ser Ala Ala Glu Leu Arg His Val Met Thr Asn Leu

765 GGC TTC ATC TCC GCC GCC GAG CTG CGC CAC GTC ATG ACG AAC CTC I.c. CalA2
-=T == —- T --- -- T --T --A --C --T --- A-- --- --- --- -—— T.b. CalA

lle

Gly Glu Lys Leu Thr Asp Glu Glu Val Asp Glu Met Ile Arg Glu

810 GGC GAG AAG CTG ACG GAC GAG GAG GTG GAC GAA ATG ATC CGC GAG <I.c. CalA2
--T --A --A --A --A --T === --= —== === --G --- --- -—— —--—- T.b. CalA
Ala Asp Val Asp Gly Asp Gly Gln Ile Asn Tyr Glu Glu Phe Val

855 GCC GAC GTG GAC GGC GAT GGT CAA ATC AAC TAC GAG GAG TTT GIC I.c. CalA2
~=T —== -- T --T --- -- ¢ --C --- === === -=—-= --= -—— --C --G I.b. CalA

Lys Met Met Met Ser Lys END
900 AAG ATG ATG ATG AGC AAG TGA GCGACTGTGGCGGCCTGGCGGGGAGGGAGCG TI.c. CalA2
--A --- --- --- --- --A -AG T.b. Cald

952 AAGCCGACAGTGACAGGCTAATGGGGAAAGGAAGGAGGGAAAACCAAAGGAGGAGGTGT I.c. CalA2
1011 CACTGGACGGATGATGATCACACAAATAGATGTCCTGTGTGGGATGTATTTAATGACTT I.c. CalA2

1070 GTAATGTTGAAGGATTTCTTTTATTTATTTTATGTACGTC T.c. CalA2

Figure 2. Comparison of the DNA and amino acid sequences of the Cal42 calmodulin gene of T. cruzi with the gene and amino acid sequences of the calmodulin
genes of T. brucei (10). The T. cruzi DNA sequence shown extends from immediately 5’ of the Pvull site to the Rsal site of pTC-Ublg (see legend to figure 1).
Selected DNA restriction sites are represented immediately above the derived amino acid sequence. T.c. CalA2 identifies the T. cruzi nucleic acid sequence. T.b.
CalA identifies the nucleic acid sequence of the T. brucei gene. A dash (—) in the 7. brucei sequence indicates nucleotide identity with the T. cruzi gene. The derived
amino acid sequence for the T. cruzi CalA2 is presented immediately above the T. cruzi DNA sequence. The underlined amino acids at position 109 illustrate the
single amino acid difference between the two proteins.

1.7Kbp repeat also contains a Kpnl site which is not present in Cal:0’ probes respectively. The 1.7Kbp and 1.1Kbp bands of
the 1.1Kbp repeat. Lane 1 in figure 4A and 4B show a Bglll hybridization are clearly evident. Lanes 2 and 4 represent
genomic digest hybridized with either the pTC-Cal:3’ or pTC- genomic KpnlI and Kpnl plus BglII double digest respectively.
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Figure 3. Genomic Southern analysis of the calmodulin genes. Each lane contains
1.0ug of genomic DNA. Lanes 1, 4 and 7, BglII. Lanes 2, 5 and 8, Avall. Lanes
3, 6and 9, Pstl. Lanes 1,2 and 3 were probed with 32P labeled pTC-Cal:5'.
Lanes 4, 5 and 6 were probed with 32P labeled pTC-Cal:3’. Lanes 7, 8 and 9,
were probed with 32P labeled pTC-Cal:0. The probes used in this analysis were
generated using the polymerase chain reaction technique described in Materials
and Methods. In this case each of the genomic fragments was cloned in the
polylinker of the vector Blue Scribe (+) (Vector Cloning Systems) and could
therefore be amplified using synthetic oligonucleotides homologous to the T; and
T, promoters. Cycle conditions: Denaturation ) 94°C, 1.5 minutes, Annealing)
42°C, 3.0 minutes, Polymerization) 70°C, 4.0 minutes.

The double digest results in the cleavage of the 1.7Kbp repeat
while the 1.1Kbp repeat is unaffected. The data presented in
figure 4 also reveal that the Pvull site predicted from the DNA
sequence analysis shown in figure 2 is unique to the 1.1Kbp repeat
(lanes 3 and 5). Based on these observations we have arbitrarily
assigned all calmodulin genes as members of either the CalA or
CalB gene families. The two gene families are distinguished by
the presence of the pTC-Cal:0 sequence in the intergenic sequence
downstream of the CalB genes.

To determine the calmodulin gene copy number the genomic
Southern shown in figure 4A, lane 1 was subjected to
densitometric tracing. The data from such an experiment is shown
in figure 4C. The ratios of 1:1:3:3 (2.8Kbp:
2.65Kbp:1.7Kbp:1.1Kbp) suggest the cell contains a total of eight
calmodulin genes. This calculation is based on the observation
that the 2.8Kbp and 2.65Kbp BglII fragments are themselves
single copy (see below, figure 6). By definition the number of
CalB genes is equal to the number of sequences generating the
1.1Kbp repeat. There are therefore, three CalB genes and five
CalA genes. A complete map of the calmodulin genes is presented
in figure 8.

The CalA and CalB genes are tandemly linked

The genomic Southern data presented in figures 3 suggested that
the two calmodulin gene families were tandemly linked. As
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2.8—
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C
Position of
band (kb) 2.8 2.65 1.7 1.1
Area 0.25 0.28 0.90 1.01
rel. ratio of area 1 1 : 3 ¢ 8

Figure 4. Genomic Southern analysis. Each lane in the Southern blots shown
in A and B contains 1.0ug of restricted genomic DNA. The blots shown in A
and B represent parellel experiments in which genomic DNA was digested with,
lane 1, Bglll; lane 2, Kpnl; lane 3, Pvull; lane 4, BgllI plus Kpnl; lane 5, Bglll
plus Pvull. The blots shown in A and B were hybridized with the probes pTC-
Cal:3’ and pTC-Cal:0 respectively. The data shown in 4C was derived from the
densitimetric tracing of lane 1 of panel 4A.

shown in figure 3, the digestion of genomic DNA with PstI results
in the generation of a unique 5’ flanking sequence which
hybridizes with the pTC-Cal:5’ (lane 3) and a unique 3’ flanking
sequence which is recognized by the pTC-Cal:3’ probe (lane 6,
see figure 8 for a complete map of the PstI digest). These results
indicate that the Cal4 and CalB gene families are tandemly linked
or have conserved five prime and three prime flanking sequences.
The experiment presented in figure 5 was designed to distinguish
between these two possibilities. In this experiment two
oligonucleotides were used to prime a polymerase chain reaction
(PCR) amplification experiment. The first oligonucleotide, 0—2,
is homologous to the noncoding strand of the pTC-Cal:0
sequence. The second oligonucleotide, CATG, is homologous
to the first twenty nucleotides of the calmodulin coding sequence.
The proposed organization of the Cal4 and CalB genes is dipicted
in the line drawing in figure 5. Such an organization predicts
the generation of two amplification products, one of 2.4Kbp and
one of 0.7Kbp. Further, the proposed organization predicts that
the larger fragment will contain a complete copy of the 1.7Kbp
calmodulin repeat. Amplification of genomic DNA resulted in
the generation of DNA fragments of 2.4Kbp and 0.7Kbp which
hybridized with the pTC-Cal:3’ and pTC-Cal:0 probes fulfilling
the prediction (figure 5 A and B, lane 1). Restriction digest of
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Figure S. linkage of the Cald4 and CalB genes. The scheme for the PCR
amplification reaction is shown in the line drawing below the Southern blots.
The CATG oligonucleotide represents the first twenty nucleotides of the calmodulin
coding sequence. The 0—2 oligonucleotide represents the reverse complement
of nucleotides 81 through 99 of the DNA sequence shown in figure 2. Duplicate
Southern blots are shown in A and B. Lane g represents a BglII restriction of
1.0ug of genomic DNA. In A and B lane 1 represents the amplification products,
lanes 2,3,4 and 5 represent, Kpnl, Avall, Pstl, BglII restriction digest of the
amplification products respectively. The Southern blots in A and B were probed
with pTC-Cal:3" and pTC-Cal:0 respectively.

the amplification products with Avall, Pstl or BglII result in the
generation of a hybridizing fragment of 1.7Kbp which co-
migrates with the genomic 1.7Kbp repeat. The observation that
the 1.7Kbp repeat is generated following PstI digestion identifies
it as the 1.7Kbp calmodulin repeat. This identification is further
supported by the observation that the 1.7Kbp fragment contains
a Kpnl restriction site which is also diagnostic of the 1.7Kbp
calmodulin repeat (figure SA and 5B lane 2). Finally, the 1.7Kbp
fragment hybridizes with the pTC-Cal:3’ probe but not the pTC-
Cal:0 probe which is diagnostic for the 1.1Kbp calmodulin repeat.
The observation that the 1.1Kbp repeat fragment is not generated
in these experiments indicates that the three copies of the 1.1Kbp
repeat are not themselves, tandemly arranged. Taken together
these data along with data presented below demonstrate that the
1.7Kbp and 1.1Kbp calmodulin repeats are tandemly arrayed one
after the other on the chromosome (see map figure 8).

Genomic maps of the 2.8 and 2.65 calmodulin loci

An EcoRV restriction site polymorphism in the intergenic region
separating the FUS! and FUS2 genes from their respective
downstream polyubiquitin genes has lead to the identification of
two calmodulin loci 2. 65 and 2.8 (figure 6). As shown in figure
6A, two EcoRV size fractions of 25Kbp and 9.5Kbp can be
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identified which contain calmodulin genes. The 25Kbp and
9.5Kbp size fractions represent the 2.8 and 2. 65 loci respectively.
This identification is based on the presence of the diagnostic
2.8Kbp and 2.65Kbp BgllI restriction fragments in the 25Kbp
and 9.5Kbp size fractions respectively (figure 6B). As shown
in the following section the 2.8Kbp and 2.65Kbp BgllI restriction
fragments represent the DNA sequence linking the two
calmodulin loci to their respective downstream ubiquitin genes
(see figure 7). Additionally the data presented in figure 6B
demonstrates that the 2.8 and 2. 65 calmodulin loci contain both
the 1.7Kbp and 1.1Kbp BglII calmodulin repeats indicating that
each locus consists of a minimum of three calmodulin genes. The
data described below and presented in figure 6C indicates that
the 2.65 calmodulin locus represents the minimal locus in that
it consists of a single 1.7Kbp repeat unit followed by a single
1.1Kbp repeat. Digestion of the genomic DNA with the restriction
enzyme Pvull results in the generation of five DNA fragments
of 3.6Kbp, 3.5Kbp, 3.4Kbp, 3.2Kbp and 2.8Kbp, which
hybridize to the pTC-Cal:3’ calmodulin probe (figure 6C, lane
1). Two of these DNA fragments (3.5Kbp and 3.2Kbp, figure
6C lane 3) are specific for the 2.65 locus and only the 3.2Kbp
DNA fragment hybridizes with the 1.1Kbp repeat intergenic
probe pTC-Cal:0 (figure 6C, lane 6). As shown in figure 7 the
3.2Kbp Pvull fragment also hybridizes with the ubiquitin specific
probe identifying it as the fragment which links the 2.65
calmodulin locus to the downstream ubiquitin genes. The 3.5Kbp
Pvull fragment contains the Kpnl restriction site diagnostic of
the 1.7Kbp repeat (data not shown). Therefore, this data, together
with that presented in the previous section demonstrating tandem
linkage of the 1.7Kbp and 1.1Kbp repeats, indicates that the 2. 65
calmoulin locus consists of a single 1.7Kbp repeat followed by
a 1.1Kbp repeat.

The gene organization within the 2.8 calmodulin locus
represents an elaboration of that described above for the 2.65
locus. Digestion of the 25Kbp EcoRYV size fraction, containing
the 2.8 calmodulin locus, with Pvull results in the generation
of three DNA fragments of 3.6Kbp, 3.4Kbp and 2.8Kbp which
hybridize to the calmodulin coding sequence probe pTC-Cal:3’
(figure 6C, lane 2). Two of the fragments (3.4Kbp and 2.8Kbp)
also hybridize with the 1.1Kbp intergenic specific probe pTC-
Cal:0, indicating that the 2.8 locus contains at least two copies
of the 1.1Kbp calmodulin repeat (figure 6C, lane 5). As shown
below the 3.4Kbp Pvull restriction fragment represents the
sequences linking the 2.8 calmodulin locus to the downstream
FUS?2 ubiquitin-fusion gene. Both the 3.6Kbp and 2.8Kbp Pvull
fragments contain Kpnl restriction sites diagnostic of the 1.7Kbp
calmodulin repeat (data not shown). The maps resulting from
these data are shown in the line drawing below figure 6 and in
figure 8. The 2.8 locus consists of five calmodulin genes
organized in alternating repeats of the 1.7Kbp and 1.1Kbp
calmodulin repeat units.

The 2.8 and 2.65 calmodulin loci are linked to the ubiquitin
genes

As stated previously, CalA2 was initially identified approximately
2.0Kbp upstream of the first gene of the ubiquitin gene family
(FUS]I) in the genomic clone pTC-Ublg (figure 1). The following
Southern results confirm that the juxtaposition of CalA2 and the
ubiquitin genes was not a cloning artifact. The DNA sequence
of pTC-Ublg predicted the existence of a 3.2Kbp Pvull fragment
which should hybridize to the 1.1Kbp calmodulin repeat
intergenic probe pTC-Cal:0, the calmodulin coding sequence
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Figure 6. A) Hybridization of EcoRV size fractionated of genomic DNA with pTC-Cal:3’. 100 ug of genomic DNA was restricted with EcoRV and electrophoresised
through a 0.7% agarose gel. Six slices were cut from the gel and the DNA from each was recovered by electroelution. Samples from each size fraction (lanes 1
through 6) along with a aliquot of the original genomic EcoRV digest (lane 7) were electrophoresis through a second 0.7% agarose gel and the resulting blot was
probed with pTC-Cal:3’. The 25Kbp and 9.5Kbp size fractions represented in lanes 1 and 4 repectively, were used in subsequent anlaysis. B) Southern hybridization
of BgllI restriction digest of lane 1, 1.0ug of genomic DNA; lane 2, 25Kbp size fraction; lane 3, 9.5Kbp size fraction. Following electrophoresis the gel was blotted
and probed with pTC-Cal:3’. C) Southern hybridization of Pvull restriction digest of lanes 1 and 4, 1.0 ug of genomic DNA; lanes 2 and 5, the 25Kbp size fraction;
lanes 3 and 6, the 9.5Kbp size fraction. lanes 1 —3 were hybridized with pTC-Cal:3’ and lanes 4 —6 were hybridized with pTC-Cal:0. The genomic map generated
from this data is shown in the line drawing below the Southern blots. The genomic map of the ubiquitin-fusion (FUS) and polyubiquitin (PUB) is a modification

of that which was presented in ref 12.

probe pTC-Cal:3’, the CalA2 to ubiquitin intergenic probe P2A
and the ubiquitin coding sequence probe pTC-Ubla (12) (in the
line drawing in figure 6 these are refered to as, 0, 3’, P2A and
Ubla). The results of such a Southern blot are shown in figure
7 and confirm the expectations. Surprisingly however, two bands
can be seen which hybridize to each of the four probes. The
smaller 3.2Kbp Pvull band comigrates with the band generated

from a Pvull digest of pTC-Ublg as expected. The larger 3.4Kbp
bands comigrates with a band generated following a Pvull digest
of the ubiquitin cosmid clone COS-Ublg4 (see Materials and
Methods for a description of COS-Ublg4). As described above
the 3.4Kbp and 3.2Kbp Pvull restriction fragments come from
the 2.8 and 2.65 calmodulin loci respectively. DNA sequence
analysis of the 2.8 locus indicates the difference between the 2.8
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Figure 7. Genomic Southern analysis of linkage of the calmodulin and ubiquitin
genes. Each panel contains Pvull restriction digest of, lane 1, 2.0pg of T. cruzi
genomic DNA; lane 2, 1.4ng COS-UBIg4 DNA; lane 3, 1.0ng of pTC-Ublg.
The 32P labeled probes used in Panels A, B, C, D, were pTC-Cal:0, pTC-Cal:3’,
P2A and pTC-Ubla respectively. The P2A probe was generated using the PCR
technique described in Materials and Methods. The synthetic oligonucleotides
used to prime the PCR reaction were derived from the partial DNA sequence
obtained from the untranslated region approximately 1.0Kbp down stream of Cal42
(data not shown). A genomic map is presented immediately below the Southern
blots indicating the positions of the Pvull restriction sites and the expected restriction
map for each of the probes.

and 2.65 loci is due to an additional 150bp immediately
downstream of the P2A sequence in the intergenic region
separating CalA5 from FUS2 (data not shown).

Transcription of the calmodulin genes of T. cruzi

Transcription of the calmodulin genes during the epimastigote
stage of the trypanosome life cycle results in the generation of
two stable mRNAs of 1.1Kb and 1.6Kb in length (figure 9A).
Both mRNAs hybridize to the pTC-Cal:3’ calmodulin coding
sequence probe (figure 9A and figure 9B, lane 2) as well as the
pTC-Cal:5’ probe (data not shown). The genes encoding the two
calmodulin transcripts have not been unambigously identified.
The data presented however, demonstrates that Cal42 and/or
CalAS are transcribed as 1.6Kb mRNAs (figure 9B, lane 3). As
shown in figure 7C the P2A probe is specific for the DNA
sequence linking the calmodulin and ubiquitin genes at both the
2.8 and 2. 65 loci. Therefore transcription of CalA2 and/or CalA5
contribute to the 1.6Kb calmodulin mRNA. The 1.1Kbp
calmodulin repeat specific probe pTC-Cal:0 recognizes only the
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1.1Kb calmodulin mRNA (figure 9B, lane 1). The observation
that transcription of the Cal42 and/or CalA5 genes contribute
to the 1.6Kb mRNAs which do not hybridize to the pTC-Cal:0
probe suggests that the 1.1Kb mRNAs containing the pTC-Cal:0
sequence are the transcription products of the CalB genes.
However, in the absence of cDNA sequence data we can not
unambigously determine whether the pTC-Cal:0 sequence is the
transcription product of the CalB or CalA genes.

DISCUSSION

The data presented describe the characterization of the calmodulin
genes of T. cruzi. Identification of the CalA2 gene was based
on its DNA sequence homology to the calmodulin genes of T.
brucei (10). The protein coding sequences of the calmodulin genes
of the two trypanosome species are 85% homologous. The
observed nucleic acid sequence homology however does not
extend into either the 5’ or 3’ untranslated regions of the genes.
The encoded 149 amino acid 7. cruzi calmodulin protein differs
at a single position compared to the 7. brucei product
(Val |09-VS-HC 109) .

The genome of 7. cruzi contains eight calmodulin genes present
at two loci designated 2.8 and 2.65. Each locus consists of
alternating 1.7Kbp and 1.1Kbp calmodulin repeats (figure 8).
The calmodulin genes have been classified as either members
of the CalA or CalB gene families based on two criteria. Members
of the CalA gene family are defined as those in which the
calmodulin coding sequence is followed by an intergenic region
of approximately 1.2Kbp which does not hybridize with the pTC-
Cal:0 intergenic probe. CalB genes have been defined as those
in which the protein coding sequence is followed by an intergenic
region of approximately 650bp which hybridizes with the pTC-
Cal:0 intergenic probe.

Both the 2.8 and 2. 65 calmodulin loci are linked to, and would
be transcribed from the same DNA strand as the ubiquitin genes
approximately 2.0Kbp downstream of each locus. Transcription
of the calmodulin genes results in the generation of two stable
mRNAs of 1.6Kb and 1.1Kb. The 1.1Kb transcript contains
sequences which hybridize with the pTC-Cal:0 probe specific
for the 1.1Kbp calmodulin repeat. However, in the absence of
cDNA sequence data we can not unambigously identify which
genes encode the 1.1Kbp mRNA. Transcription of CalA2 and/or
CalAS5 contribute to the 1.6Kb calmodulin mRNA population.
Based on the length of the 1.6Kb CalA2/CalAS transcript its 3’
end maps approximately 1.0Kbp upstream of the translation
initiation codon of the FUS! gene. The close juxtaposition of the
calmodulin loci and the ubiquitin genes raises the possibility that
this region of the chromosome makes up a single large
transcription unit. This possibility is supported by previous
observations of apparent polycistronic transcripts in trypanosomes
(11,18,19,20,21). Processing of such a polycistronic transcript
would then lead to the generation of the two mature calmodulin
mRNAs observed as well as the ubiquitin mRNAs.

Whether or not the Cal4 and CalB genes are functionally
distinct has not been directly addressed by the data presented.
However, the observation that two stable mRNAs exist in the
cell raises the possibility the the calmodulin genes could be
differentially regulated during the developmental cycle or in
response to changes in the environment. A similar situation may
exist in human cells which possess at least three calmodulin genes
which appear to be differentially expressed (22,23,24). Although
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Figure 8. Genomic map of the 2.8 and 2.65 calmodulin loci. The position of the CalA and CalB genes are inidcated. The open box designated ‘0’ represents the
position of the pTC-Cal:0 sequence. The position of the FUSI and FUS2 genes is also indicated. Linear restrictions maps are shown below each locus.

the nucleotide sequence of the three human genes vary A B
significantly, each encodes an identical protein (24). 1 2 3 4 1 2

Neither promoters nor primary transcripts for protein coding
genes have been identified in trypanosomes. Based on nuclear
run-on experiments (18) and the occurrence of polycistronic
transcripts (20) the suggestion has been made that transcription

units may be far larger than single genes, possibly covering tens . ‘

if not hundreds of kilobases. One possibility in such an —26
organization is that functionally related genes are placed under b s —° i
the control of a common promoter. How then would calmodulin 1.6— . *

and ubiquitin fit into such a regulatory scheme? As stated 11— “ =
previously, free calmodulin is a substrate for ubiquitination s  ®—065

(7,9,8) and possible degradation via the ubiquitin dependent
pathway. Co-regulation of calmodulin and ubiquitin expression
may assure the cell of some optimal ratio of free calmodulin to
ubiquitin. . #
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Figure 9. Northern analysis of T. cruzi RNA. A) Lane 1, 5.0ug total RNA, lanes
2 and 3, 0.5pg polyA* RNA, lane 4, 5.0ug polyA~ RNA. The RNA in lanes
1, 2 and 4 originated from the same total RNA preparation. The polyA* RNA
in lane 3 came from a separate total RNA preparation. The blot was hybridized
with the calmodulin coding sequence probe pTC-Cal:3’. B) Duplicate lanes each
containing 5.0ug of total T. cruzi RNA were hybridized with lane 1, pTC-Cal:0;
lane 2, pTC-Cal:3'; lane 3, P2A. For a description of the generation of the P2A
probe see the legend of figure 2 and Materials and Methods.
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