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Evidence  for Two Distinct Major Protein Components,  PAR 1 and 
PAR 2, in the Paraflagellar Rod of Trypanosoma cruxi 
COMPLETE  NUCLEOTIDE  SEQUENCE OF PAR 2* 

(Received  for publication,  May 14, 1992) 

Chris  A. Beard, Jose L. Saborio, Devansu Tewari, Kerstin G .  Krieglstein, Agnes H. Henschen, and 
Jerry E. Manning4 
From the  Department of Molecular Biology and Biochemistry, University of California, Imine, California 9271 7 

The previously identified major protein components 
of the paraflagellar rod in Trypanosoma  cruzi, PAR 1 
and  PAR 2, were analyzed to determine if they are 
distinct proteins or different conformations of a single 
polypeptide as has been suggested for other trypano- 
somatids. Amino acid sequence analysis showed PAR 
1 and PAR 2 to  be two distinct polypeptides. Antibodies 
specific against either PAR 1 or  PAR 2 were shown to 
each react with a distinct band  in  Western blots of 
paraflagellar isolates of T.  cruzi and other trypanoso- 
matids if rigorous protease inhibition was used. The 
PAR 2 message was isolated and characterized by 
Northern blot and nucleic acid sequence analysis.  Pre- 
liminary analysis of the PAR 2 gene indicates that 
PAR 2 is a member  of a multigene family with all 
members residing on a single chromosome. 

Trypanosoma cruzi, a parasitic hemoflagellate, is  the  caus- 
ative  agent of American trypanosomiasis  or Chagas’  disease 
(1). This disease is a major  public health problem in  Central 
and  South America and,  to  date,  no effective chemotherapeu- 
tic  agent  or  immunoprophylaxis  has  been identified. One 
promising  line of investigation  centers  on  the  identification 
and characterization of cellular  processes or  structures  that 
are  unique  to  the  parasite.  Therapeutic  agents  that  target 
these  structures would hopefully function  with  minimal  inter- 
action with host cells. 

The paraflagellar  rod,  a  major component of the  parasite 
flagellum, is such a unique  structure.  It  is a complex lattice 
of filaments with ultrastructural  characteristics  unrelated  to 
any of the major filamentous  systems of the  host cells, includ- 
ing microfilaments,  microtubules, or  intermediate  filaments 
(2). 

Schlaeppi et al. (3), working with Trypanosoma brucei, 
reported  that  the major protein  component of the  paraflagel- 
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United  Nations Development Program/World  Bank/World  Health 
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Diseases. The costs of publication of this  article were defrayed  in  part 
by  the  payment of page charges. This  article  must  therefore be hereby 
marked  “advertisement”  in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 
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lar rod (PFR)’  is a  single  polypeptide of 600 amino acids that 
gives two bands  in  PAGE  due  to  different conformations. 
They  also  characterized  the gene coding  for the  PFR  protein 
and  determined  that  there were two identical copies in the 
genome. 

Previously, we reported  the isolation of two  major immu- 
nologically distinct  protein  components of the paraflagellar 
rod in T. cruzi, the  proteins  PAR 1 and  PAR 2 (4). These 
proteins show no immunological cross-reactivity with actin, 
tubulin,  intermediate  filament  proteins,  or  other  proteins 
present  in  mammalian cells. Here, we confirm that  PAR 1 
and  PAR 2 are  distinct  proteins by amino acid  sequence 
analysis. We also report  the  isolation  and  characterization of 
the  PAR 2 message and  that  the  PAR 2 gene is a  member of 
a multigene  family of a t  least 30 members. 

MATERIALS AND METHODS 

Parasites-T. cruzi  Esmeraldo clone 3 strain was obtained from 
James  Dvorak,  National  Institutes of Health,  Bethesda,  MD. Growth 
and  maintenance of epimastigotes  and  tissue  culture derived trypo- 
mastigotes  are  as described  elsewhere (5). Leishmania brasiliensis 
promastigotes (6) and T. brucei  procyclics (7) were obtained  as 
described. 

Purification of T. cruzi  Paraflagellar Proteins-Crude  flagellar  pel- 
lets  from 2’. cruzi  epimastigotes were prepared as described  previously 
(4), except  that all solutions employed contained  either  leupeptin 
(100 pg/ml),  antipain  (50  pg/ml),  E-64 M), or a mixture  with 
these  three  inhibitors.  In brief, about 4 X 10” epimastigotes were 
harvested by centrifugation, washed  twice with 0.02 M sodium phos- 
phate,  pH 7.4,0.9%  sodium  chloride (phosphate-buffered  saline),  and 
lysed in 20 ml of 1% Nonidet  P-40  in 0.1 M Tricine, pH 8.5. Insoluble 
material was  collected  by centrifugation at  2,000 x g and was ex- 
tracted once more  with  the  same buffer. The pellet was then  sus- 
pended  in  10 ml of  1.0 M NaC1, 0.1% Triton X-100, in 0.1 M Tricine, 
pH 8.5. The DNA released at  this  step was sheared by stirring  the 
suspension a t  maximum speed  for 30 s with a tissue grinder (Tissue- 
Tearon, Biospec Products, Bartlesville, OK). The suspension was 
centrifuged at 12,000 X g, and  the  resulting pellet corresponds  to  the 
crude flagellar fraction. 

Crude flagellar fractions were successively extracted  with 2.0 and 
6.0 M urea  in 10 mM Tricine, pH 8.5.  As reported previously about 
80% of the  tubulin  and 20% of the paraflagellar proteins were solu- 
bilized in 2.0 M urea,  and  the  remaining paraflagellar proteins were 
solubilized in 6.0 M urea (4). The  latter  material was applied to a 
Mono-Q column equilibrated  with  the  same buffer, and  bound  protein 
was eluted  with a 0-500 mM NaCl gradient. 

Polyacrylamide Gel Electrophoresis (PAGE) and Western Blot 
Analysis-For analysis of whole cell lysates, parasites were harvested 
from  culture media  by centrifugation, washed twice with  phosphate- 
buffered saline,  and solubilized  by direct  addition  to boiling 2% SDS 

The abbreviations used  are: PFR, paraflagellar rod; PAGE, 
polyacrylamide gel electrophoresis; Tricine,  N-[2-hydroxy-l,l- 
bis(hydroxymethyl)ethyl]glycine; HPLC, high performance  liquid 
chromatography;  PFGE, pulsed  field gel electrophoresis;  kb, kilobase. 
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with hoiling continued for  5 min.  These  and  all  other  samples were 
adjusted  to  the  composition of the  electrophoresis  sample buffer  (62.5 
mM Tris,  pH 6.8, 10% glycerol,  5% [j-mercaptoethanol, 20; sodium 
dodecyl sulfate, 0.001% bromphenol  blue)  prior to analysis.  One- 
dimensional  PAGE in 0.75-mm slab gels was  done  according  to 
Laemmli (8). Prestained  and "C-labeled molecular weight markers 
(Amersham  Corp.) were  included in  the gels. Gels  were either  stained 
with Coomassie Brilliant  Blue R (9) or processed  for Western  blot 
analysis (5) as previously  described. Western  blots were probed  with 
a polyclonal antibody  to  PAR 1 (pcAbPAR 1) (4)  or  with a  monoclonal 
antibody  to  PAR 2 (mAbPAR  2)  (4). 

Amino Acid Sequencing of Paraflagellar Proteins-Selected frac- 
tions from the  Mono-Q  column were concentrated  in  Centricon  tubes 
t o  a concentration of approximately 1.0 mg of protein/ml. 10 pl of 8- 
mercaptoethanol were added  to 190 pl of the  protein  solution  and  the 
mixture was incubated  under  Freon for 5 h a t  50 "C. The protein 
solution was then  made 7.5% with  4-vinylpyridine  and  incubation 
continued a t  room temperature for 1 h in the  dark, followed by 
overnight  dialysis  against  water  and  lyophilization. 

The  S-alkylated  protein  was dissolved in 100 pI of 75% formic acid 
and 100 pl of a  freshly prepared  CNRr  solution (20% w/v in 75% 
formic  acid) was  added. The  mixture was incubated  in  the  dark for 2 
h a t  room temperature,  diluted  with 1.0 ml of water,  and  concentrated 
hy  evaporation with  a stream of nitrogen. 

Cyanogen bromide  fragments of the  alkylated  proteins were sub- 
jected  to  HPLC  (LKR,  Rromma,  Sweden)  on a reversed-phase  column 
(Nucleosil CIR 300-10, column size  4 X 250 mm. Macherey-Nagel, 
Duren,  Federal Republic of Germany) (10). The solvent  system  con- 
sisted of 0.1% (by volume) trifluoroacetic  acid in water  (A)  and in 
acetonitrile (R) .  The proportion of R was  increased from 0 to 50% 
within 110 min. The flow rate was 1.0 ml/min. The peptide  fragments 
were  monitored a t  206 nm,  and  the  peaks were  collected manually. 

For  amino acid sequencing of cyanogen hromide  fragments,  the 
Edman  degradation  method  was  carried  out  in a pulsed-liquid-phase 
sequencer (Applied Riosystems model 477A, Foster  City, CAI. The 
phenylthiohydantoin  derivatives were identified by the  on-line  HPLC 
system in which also  the  derivative of S-pyridylethyl  cysteine is 
separated (11). 

Nuclric Acid Isolation, Radiolabeling, Southern  and  Northern 
Transfrr,  and Restriction Enzymes-Parasites were harvested  and 
DNA,  RNA,  and  poly(A)+  mRNA were isolated as described previ- 
ously (12). Plasmid DNA  was  isolated by alkaline lysis miniprep as 
described (13). X-Phage DNA  was prepared  as described (14). DNA 
restriction  fragments were radiolabeled  with [n-'"PIdNTP  using  the 
HRL Nick Translation Kit  as recommended by the  manufacturer 
(GIRCO RRL). Agarose gel electrophoresis of DNA,  Southern  trans- 
fer,  prehyhridization,  hybridization,  and  filter  washing were per- 
formed  as described (15) except  the gels  were 1% agarose  and  the 
wash  temperature was 68 "C. RNA  was  electrophoresed  in a formal- 
dehyde gel, blotted to nitrocellulose, baked,  prehybridized, hybridized, 
and washed as described (16). All restriction  enzymes were purchased 
from  Roehringer  Mannheim  and used as recommended. 

cDNA Library Construction and Screening-cDNA libraries were 
constructed in phage XgtlO or Xgtll using  epimastigote poly(A)' 
rnRNA  as described (17) or by using a cDNA  synthesis  system 
according to  the  manufacturer's  instructions  (Pharmacia  LKR  Rio- 
technology Inc.). The X-cDNA libraries were plated  and  transferred 
to  nitrocellulose as described (13). Filter  hybridizations were carried 
out as descrihed (15) except that  the wash temperature was 68 'C. 
T h e  Xgtl0 cDNA  library  was screened  using radiolabeled TccPar2a. 
This  fragment was isolated from a cDNA  expression  lihrary in X g t l l  
probed with  a  monoclonal antibody  against  the  PAR 2 polypeptide 
(4, 17). The  inserts  present  in  phages showing positive  hybridization 
were excised, subcloned  into  Rluescript  KS+  (Stratagene Inc., La 
,Jolla, CA),  and  characterized hy restriction  enzyme  mapping  and 
direct nucleotide sequence  analysis. 

DNA Scqucncint-DNA  sequence  information was obtained by 
use of the dideoxy chain-termination  method (18). Fragments  to be 
sequenced were either  subcloned  into  Rluescript  KS+ or sequenced 
from  the original Xgtl0 or Xgtll phage.  Oligonucleotide sequencing 
primers were synthesized in the  Gene Assemhler Plus  (Pharmacia) 
according  to  the  manufacturer's  instructions. 

Pulsed Field Gel I:lrctrophoresis (PFGE)-Epimastigotes  were pre- 
pared  and lysed in agarose blocks a t  a concentration of 2 X 10" cells/ 
r n l  as described (19). PFGE was carried  out  in a CHEF-DR I1 system 
supplied by Rio-Rad. A  single agarose block containing  epimastigotes 
as descrihed  above  was  loaded in each well of a 1% agarose gel 
submerged in 0.5 X THE (90 mM Tris base, 90 mM boric  acid, 2.5 

mM EDTA,  pH 8.0). Chromosome  separation was performed  over  a 
period of 24-48 h a t  14 "C  using 200 volts with  a  switch time of 60 
and 90 s. Sacrharom.ycrs  cereoisiae chromosomes were used as molec- 
ular weight markers. Gels  were stained with ethidium bromide for 15 
min  and  destained for 20 min  hefore transfer of the DNA to nitrocel- 
lulose as  described ahove. 

RESULTS 

Purification of Paraflagellar Proteins-A protein  prepara- 
tion  enriched in paraflagellar  proteins was obtained in the 
insoluble residue after successive extractions of T. cruti epi- 
mastigotes  with buffer solutions  containing 1% Nonidet P- 
40, 1.0 M NaCI, and 2.0 M urea,  as described under  "Materials 
and Methods." Extraction of that insoluble  residue  with 6 M 
urea produced  a soluble  fraction in  which approximately SO?; 
of the  total  amount of protein  corresponded  to  tubulin,  and 
the  other 50% to  equimolar  amounts of PAR 1 and PAR 2 
(Fig. 1, inset, lane c). 

Previously, we reported  that PAR 1 and PAR 2 have slightly 
different isoelectric points  and molecular  weights and  that no 
immunological cross-reactivity between these  two polypep- 
tides could be demonstrated (4). These  observations suggested 
that PAR 1 and PAR 2 correspond to two  different  paraflag- 
ellar rod components.  In  an  attempt  to  obtain  additional 
support for this  contention  through  separation  and  further 
characterization of these  two  polypeptides,  the  protein frac- 
tion soluble  in 6 M urea  was  fractionated by ion-exchange 
chromatography  on a Mono-Q  column. Fig. 1 shows  a  typical 
absorbance profile and  the  electrophoretic  pattern of some of 
the  fractions  obtained from that column.  These  results  indi- 
cate  that  the  paraflagellar  proteins  are readily separated from 
tubulin  and  that  fractions  containing  mixtures of approxi- 
mately 80% PAR 2 and 20% PAR 1 (Fig. 1, inset,  fraction 21 ) 
and 60% PAR 1 and 40% PAR 2 (Fig. 1, inset,  fractions 2.5 
and 26) are  obtained by this  chromatographic procedure. 

Amino Acid Sequencing of Paraflagellar Proteins-The  frac- 
tions from the  Mono-Q  column  enriched in either PAR 2 
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FIG. 1. Chromatographic fractionation of pareflagellar 
proteins from T. cruzi epimantigotes. A protein  preparation 
solubilized  with  6 M urea from crude llngellar pellets was  applifd to 
a Mono-Q  column  equilibrated with 6 M urea in 10 mM Tririne.  pH 
8.5. Protein  hound  to  the  column was eluted with  a 0-500 mM NaCl 
gradient in the  same huffer.  Aliquots of some of the  fractions from 
the  column were analyzed hy PAGE,  and  the  different polypeptides 
were  revealed by Coomassie Blue  staining.  The  different  lanes in the 
inset correspond to: a, molecular weight markers; h, epimastigote 
whole cell lysate;  c 6 M urea  extract from crude flagellar  pellets; P I -  
26, fractions from the  Mono-Q  column.  The molecular weight marken 
and  their  corresponding molecular  weights in kilodaltons  are: phos- 
phorylase b, 97.4; bovine serum  alhumin, 69; ovalbumin, 46; and 
carbonic  anhydrase, 30. 
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(fraction 21) or PAR 1 (fractions 25 and 26)  were subjected 
to mercaptolysis, alkylation, and cleavage with CNBr as de- 
scribed  under  “Material and Methods.” The resulting  peptides 
were fractionated by HPLC on  a reversed-phase column. 

As shown in Fig. 2, panel A ,  the  HPLC profile from the 
preparation enriched for PAR 2 (fraction 21 from the Mono- 
Q column) contains 10-12 major peaks. In  contrast, a more 
complex HPLC profile, with 18-20 major peaks, is obtained 
from the protein  preparation  containing 60% PAR 1 and 40% 
Par 2 (panel B ) .  The positions of some of the peaks  in panel 
B coincide with the positions of peaks in panel A ,  but several 
distinct peaks present  in panel B are  absent  in panel A .  These 
observations  are  consistent with the view that 1) PAR 1 and 
PAR 2 are two distinct polypeptides, 2) the major peaks 
observed in panel  A represent  peptide  fragments derived from 
PAR 2, and  3)  the peptides  present in panel  B but  absent  in 
panel A are derived from PAR 1. 

The amino acid sequence of several CNBr peptides  presum- 
ably derived from PAR 2 (Fig. 2, panel A )  was determined by 
direct  amino acid sequence analysis. Unambiguous sequences 
were obtained from the peaks labeled with numbers 4 ,  7, 9, 
11,13, 14, and 16 in Fig. 2, panel A .  These sequences, which 
correspond to eight different  peptides and a total of  217 amino 
acids,  are shown in Fig. 3 under PAR 2. As  will be shown in 
a different section of this paper,  all of these sequences could 
be accounted for in the complete amino acid sequence of PAR 
2 deduced from the nucleotide sequence of the PAR 2 gene, 
thus confirming the supposition that  the major peptides  in 
Fig. 2, panel A ,  are derived from PAR 2. 

Amino acid sequence analysis of several peaks from the 
profile shown in Fig.  2, panel B, indicates that some of the 
peaks in panel B, selected on the basis of coincidental posi- 
tions with peaks corresponding to PAR 2 polypeptides in 
panel A ,  indeed contain  amino acid sequences corresponding 

0 ’ Ib i o  30 i o  sf0 $0 :o l o  
Elution Volume (ml) 

FIG. 2. Chromatographic separation of CNBr peptides from 
paraflagellar proteins. The protein in fraction 21 and  the protein 
in a pool of fractions 25 and 26 from the Mono-Q column (Fig. 1) was 
recovered and subjected to mercaptolysis, alkylation, and CNBr cleav- 
age as described under “Materials and Methods.” The CNBr peptides 
were separated by reversed-phase on a Nucleosil C,, 300-10 (4 X 250- 
mm) column. The solvent system consisted of 0.1% trifluoroacetic 
acid  in water ( A )  or in acetonitrile ( B ) .  The proportion of solvent B 
was increased from 0 to 50% within 110 min. The peaks were collected 
manually. Panel A corresponds to  the CNBr peptides from PAR 2, 
and panel B to  the peptides from the mixture of PAR 1 and PAR 2. 
Material from the numbered peaks was used for amino acid sequence 
analysis. The shaded areas  in panel B are peptides identified by amino 
acid sequence as corresponding to PAR 2 peptides shown in panel A.  

PAR 2 

Peak  Amino acid sequence 
a 

7 (PI)RVCGLQLSVRELYKPEDKP (100-119) 
4 (H)VEY~LAKQEEVKIMEREELI(RSI(TLQSWYRGKTVPT (557-600) 

9 IPIIADVPVAVLKNLEE 1174-1871 
i M j , - P T E D ~ Q A G I E ~ P A ~ ~ E f f i N L T  (524-5521 

PAR 1 L PAR 2 

Peak  Amino  acid  sequence 
# 
4 (PI) HYVENEERKVLEXRNVL 
7 ( W VRLDTLERQARLLLRNNR 
11 (W)RDAVEEL 

(PI)L4YKRREKQTTSDLKUIP 

13 (PI)PQQKHRC 
12 (M)EELTADLRSY(Y/C)DEES 

14 (M)EEIDRUISTTEIQLPPARSTKN 
2 0  (W)EALRDMDSISRPAE 
23 PAR 2, PEPTIDE  13  (316-345) 
24 PAR 2, PEPTIDE 14 (122-150) 

PAR 2, PEPTIDE 7 (100-1191 

FIG. 3. Amino acid sequences of CNBr peptides from para- 
flagellar proteins. The amino acid sequences of all the peaks labeled 
with numbers in Fig. 2 were obtained by the Edman degradation 
method in a pulsed-liquid-phase sequencer. The sequences shown in 
this figure under PAR 2 correspond to peaks depicted in  panel A ,  Fig. 
2, and those shown under PAR 1 & PAR 2, to peaks in  panel B of the 
same figure. The methionines in parenthesis were not determined 
directly but are assumed to be the CNBr cleavage sites. The numbers 
in parenthesis  after the sequences correspond to  the location of those 
sequences in the complete sequence of 600 amino acids deduced  from 
the nucleotide sequence of the PAR 2 gene. 

to PAR 2. Thus,  the amino acid sequence of peptide 7  in panel 
A was found in peak 13 in panel B, while the sequences of 
peptides 13  and 14 in panel  A were found in peaks 23 and 24, 
respectively, in panel B. The positions of these PAR 2 peptides 
are identified as shaded areas in Fig. 2, panel B.  Unambiguous 
amino acid sequences were obtained from the peaks labeled 
with numbers 4 ,  7, 11-14,20 and 24 in Fig. 2, panel B. These 
sequences, which correspond to eight  different  peptides and a 
total of 128 amino acids, are shown in Fig, 3  under PAR 1 & 
PAR 2. None of the  latter sequences correspond to PAR 2 
sequences, whether  determined directly or deduced from the 
nucleotide sequence of the PAR 2 gene. Since PAR 1 is the 
only observable protein other  that PAR 2 in  fractions 25 and 
26, it is very likely that these sequences represent  portions of 
PAR 1. 

Western Blot Analysis of T. brucei, T. cruzi, and L. brasi- 
liensis Extracts-The above results, which directly show that 
PAR 1 and PAR 2 are two distinct polypeptides, agree with 
our previous observations that indicate lack of immunological 
cross-reactivity between these two major components of the 
paraflagellar rod of T. cruzi (4).  Others have shown that 
monoclonal antibodies to  the paraflagellar rod of T. brucei 
(20) or L. brasiliensis (21) react with the two major paraflag- 
ellar polypeptides detected in each of those  parasites. In T. 
brucei these  results have been interpreted  either  as indicative 
of common epitopes in two different polypeptides (20) or as 
due to  the existence of a single polypeptide with two confor- 
mational variants  that exhibit slightly different electropho- 
retic mobilities (3). As previously reported,  antibodies to T. 
cruzi PAR 1 or PAR 2 each react with a single polypeptide in 
extracts of that parasite (4). These  latter results, however, 
critically depend on efficient prevention of proteolytic activity 
during extract preparation. If proteolysis is not completely 
inhibited,  antibodies to PAR 1 or PAR 2 can each react with 
several proteolytic fragments of the corresponding polypep- 
tides (4). In  an  attempt  to determine  whether  antibodies to 
T. cruzi PAR 1 and PAR 2 each react with a single polypeptide 
in lysates of T. brucei or L. brasiliensis, extracts of these 
organisms were prepared by direct solubilization of pelleted 
parasites  in boiling 2% SDS solution,  in our hands the most 
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efficient  procedure for immediate  and  efficient  inactivation 
of proteolytic activity. These  extracts,  together  with a T. cruzi 
extract included as a control, were fractionated by one-dimen- 
sional  PAGE  and processed for  Western  blot  analysis.  The 
results shown in Fig. 4 indicate  that  pcAbPAR 1 reacts  with 
a single polypeptide of molecular mass  about 70 kDa, while 
mAbPAR 2 reacts  with a single  polypeptide of molecular mass 
about 68 kDa  in  the  extracts of T. brucei (lanes b and  b'), T. 
cruzi (lanes c and c'), and L. bradiemis  (lanes d and  d'). 

Isolation of the PAR 2 Gene-To isolate a DNA  fragment 
that encodes a portion of the  PAR 2  gene,  a recombinant 
cDNA  library of epimastigote  poly(A)+  RNA  sequences was 
constructed  in  the  expression vecor Xgtll(22).  Approximately 
180,000 recombinant  phage were screened  with  monoclonal 
antibody  mAbPAR2 (4) and 11 positive plaques were identi- 
fied, of which one rescreened  positive. Restriction  enzyme 
mapping  analysis of the  cDNA  insert  contained in this  phage 
revealed  a  1.1-kb insert. The cDNA insert in this  phage, 
TccPar2a, was  excised by digestion with  EcoRI  and  subcloned 
into  the  plasmid  vector  Bluescript KS+. 

In  order  to  find a mature  transcript  from  the  PAR 2 gene 
( ~ 2 . 0  kb,  see below) a  size-selected (21.0  kb)  Esmeraldo 
epimastigote  cDNA  library  in X g t l O  was screened  with ['"PI 
TccPar2a. Approximately 30 positive plaques were identified 
from a total of 150,000 screened.  Half of these  rescreened 
positive  and two that  contained  inserts of ~ 2 . 0  kb were chosen 
for  further  study.  The cDNA inserts of these phage, TccPar2b 
and TccParBc, were excised by digestion  with  EcoRI  and 
subcloned  into  the  plasmid  vector  Bluescript KS+ for  further 
study  and  sequence  analysis. 

Nucleotide Sequence Analysis-To confirm that  the chosen 
cDNAs code for  the  PAR 2 polypeptide  the  sequences of 
TccPar2a, 2b, and 2c were determined by the dideoxy chain- 
termination  method.  Both  complementary  strands of the  pu- 
tative  PAR 2 cDNAs were sequenced  in  the  Bluescript KS+ 
plasmid vector using  incremental oligonucleotide primers. 
The  nucleotide  sequence, with  the  amino acid translation,  is 

A B 
a b c d a ' b ' i  d' 

200 - 
97- - 
69- - 0 -  -0-  
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2 46- 
X 
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E- 

- 

21 - - - 
FIG. 4. Western blot analysis of T. brucei, T. cruzi, and L. 

brasiliensis lysates. T. hrucri procyclics, T. cruzi epimastigotes, 
and I,. hrosilirnsis promastigotes were harvested from culture media 
hy  centrifugation, washed  twice  with phosphate-huffered  saline,  and 
the pelleted parasites  directly soluhilized in boiling 2% SDS solution. 
Aliquots of these  extracts,  containing 10 pg of protein, were fraction- 
ated hy one-dimensional  PAGE.  After  electrophoresis  and  hlotting, 
nitrocellulose sheets were prohed  with pcAhPAR  1 ( A )  or mAhPAK 
2 ( H ) .  The  different  lanes  correspond to: a, molecular  weight markers; 
h and b' ,  T. hrucei; c and c ' ,  7'. cruzi, and d and d' ,  L. hrasiliensis 
lysates. The molecular  weight markers  and  their  corresponding mo- 
lecular weights in kilodaltons are:  myosin, 200; phosphorylase h, 97.4; 
hovine serum  alhumin, 69; ovalbumin, 46; carhonic  anhydrase, 3% 
and  trypsin  inhihitor, 21.5. 

shown  in Fig. 5. The  portions of the deduced amino acid 
sequence  that have  been  verified by direct  amino acid se- 
quence  analysis of PAR 2 are  also  indicated.  The presence of 
nucleotide  sequence  coding for  all PAR 2 peptides  determined 
by direct  amino acid sequence  analysis  indicates  that  these 
cDNAs  do indeed  code  for PAR 2. 

Attempts  to  determine  the  putative  NH,-terminal sequence 
of PAR 2 were unsuccessful,  possibly  because the  protein is 
naturally blocked at   the  NH,  terminus or was blocked during 
purification  (e.g  carbamylation by urea). Although direct 
amino acid sequence  analysis of the  NHr  terminus of PAR 2 
could not be obtained, we believe that  the coding region begins 
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FIG. 5. Nucleotide  and  deduced  amino  acid  sequence of the 
cDNA  coding for the PAR 2 protein. Surnhr~rs ahove and  at  the 
ends of the  sequence refer to nucleotides. nurnbr.5 below the sequence 
refer to  amino acids.  Nucleotide 1 starts  the  putative  initiator AT(;. 
The location of the  initially isolated r D S A  clone.  Tccl'nr?a, is 
indicated, as is the single  base  difference  hetween  TccPar'Lh and 
Tccl'arZc. Amino  acids  that have  heen  verified hv direct amino  arid 
sequence  analysis  are  indicated hy an ocvrlinc. Signififant restriction 
enzyme  sites  are  also  indicated. 
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at the  indicated ATG for  several  reasons. 1) Translation 
starting  at  the  indicated  start  site would produce a protein of 
69,439 Da, consistent  with  the  observed M ,  of 68,000. Trans- 
lation  starting  at  the  next  in-frame  ATG would produce a 
protein of only 58,450 Da. 2)  The  sequence  environment 
around  the  next  most  plausible  ATG  (AGCTG  ATG C), where 
direct  amino acid sequence  data  are  available,  does  not  con- 
form  to  the  consensus  identified for ribosome-binding  sites 
(23) (i.e.  a purine, usually  A at   the highly conserved -3 
position  and a purine, usually  G at   the  +4 position).  In 
contrast,  the  environment  around  the  first  ATG  contains a 
purine in both of these  positions (AACCA ATG A). 3) The 
nucleotide sequence was  examined  using  Fickett's  Testcode 
for coding region determination  (24).  This  analysis  is  based 
on  the frequency of nucleotides  in  each of the  three  potential 
codon  positions  in all three  frames.  The  Testcode  results 
indicate  that  the  entire region between  the  first  in-frame  ATG 
and  the  termination codon is probably a protein  coding region 
(data  not  shown). 

TccParZa, which  was initially  identified by its polypeptide 
product in an  expression  vector, was determined  to be the 3' 
half of the gene, including a  poly(A) tail.  TccPar2b  and 
TccPar2c  do  not  contain poly(A) tails  and  neither included 
5' mini-exon sequence  (25).  The  only  polymorphism  found 
was in a poly(A) region 5' of the  coding region. Clone  Tcc- 
Par2b  contained  10 As while TccPar2c  contained 11. 

Stage-specific Expression of the PAR 2 Gene-To determine 
the  developmental  expression  pattern of the  PAR 2  gene,  a 
Northern blot containing  trypomastigote  and  epimastigote 
poly(A)+  mRNA was  hybridized with  the '"P-labeled 738-base 
pair PstI fragment from TccPar2c (Fig. 6). A single  mRNA 
band of approximately 2.0 kb was  observed in  the  epimastigote 
( E )  lane.  A  2.0-kb band was also visible in  the  trypomastigote 
(T) lane,  but a t  a greatly reduced intensity. A mRNA of this 
size  has a theoretical  coding  capacity  for a protein of approx- 
imately  73  kDa, in  keeping with  our previous studies  (4) which 
show  that  the  PAR 2 protein  has a M, of 68,000. 

Genomic Organization of the PAR 2 Gene-The copy num- 
ber of the  PAR 2  gene sequence  in  the  genome of T. cruzi was 
determined by the  method previously  described (17). Briefly, 
the '"P-labeled PstI fragment  from  TccPar2c was  hybridized 

T E  
7.5 - 

4.4 - 

2.4 - 
9a 

1.4- 

.24 - 
FIG. 6. Identification of mRNA from trypomastigotes and 

epimastigotes complementary to  the Pet1 fragment of Tcc- 
Par2c. A  Northern hlot containing 2 pg of trypomastigote (7') or 
epimastigote ( E )  poly(A)' mRNA  per  lane was  hybridized with  the 
[:"P]/'sfI fragment from Tccl'arZc. Nurnhers in kb on  the margin 
refer to  the migration of RNA  molecular  weight markers. 
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FIG. 7. Determination of the PAR 2 gene copy number in 
trypomastigote DNA. Nuclear DNA (2.5 p g )  was digested  with 
Kspl and  electrophoresed  on a 1% agarose gel ( G ) .  Inrlurled in the 
gel WAS Kspl-digested DNA  from suhrlone TcrPar2r rontaining  the 
equivalent of 2, 5, 1 0 ,  20, 30, 40, and 50 copies per haploid  genome 
(2-50, respectively).  A  Southern hlot of the gel WAS hybridized  with 
the (:"P]/Wl fragment from TccPar2c. Nurnhrrs in kb on the margin 
refer to  the  migration of Hind111 fragments of A phage  IISA. 

FIG. 8. The chromosomal distribution of the P A R  2 genes. 
A ,  7'. cruzi chromosomes  separated by I'FGE for 48 h. /i, Southern 
blot of PFGF: gel described in A hybridized  with [ "I']Tcrl'nrl)a. 
Nurnhers in megabases  on the margin refer to  the migration of S .  
cereoisiar chromosome molecular weight markers. 

to a Southern  blot  containing  trypomastigote nuclear DNA 
digested with KspI (Fig. 7). Included on  the  Southern blot 
was TccPar2c  subcloned  into  Rluescript  and  restricted with 
KspI in amounts  equivalent  to 2, .i, 10, 20. 30, 40. and 50 
copies per haploid  genome. Strong hybridization of the probe 
was  observed to a  genomic fragment of 1.7 kb. [{'hen the 
intensity of the  hybridization signal in the genomic DNA is 
compared  to  that of the various equivalents in the cloned 
DNA, the  1.7-kb  fragment is seen  to occur approximatelv 30 
times  per haploid  genome. 
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FIG. 9. Comparison of the amino acid sequence for para- 
flagellar rod proteins  from T. cruri and T. brucei. The amino 
acid sequence of the PAR 2 paraflagellar rod protein from T. cruzi 
and the PFR protein from T. brucei is compared. I indicates amino 
acid identity between the two proteins; (:) indicates a conservative 
amino acid change. Amino acids in  the T. cruzi PAR 2 protein that 
have been verified by direct amino acid sequence analysis are indi- 
cated by an overline. 

TABLE I 
Comparison of DNA and  amino acid homology  for selected genes  of T. 

brucei  and T. cruzi 
'% Homolorn 

Gene Source: organism," 
amino acids, Refs. DNA Amino Amino 

-" 

acid acidb ~ ~~~ 

Calmodulin T.b. 1-149 (28) 84.3 98.7 99.3 
T.c. 1-149  (29) 

gGAPDH T.b. 1-359 (30) 80.8 90.2  95.3 
T.c. 1-359 (31) 

Paraflagellar T.b. 1-600 (3) 83.3 90.2  96.3 
Rod Protein T.c. 1-600 Fig 5 

@-Tubulin T.b. 203-299 (32) 81.7 84.5 91.8 
T.c. 1-97 (33) 

Ubiquitin T.b. 1-77 (34) 83.6 96.1 98.7 
T.c. 1-77 (35) 

"T.b. = T. brucei, T.c. = 7'. cruzi. 
Amino acid homology including conservative changes. 

To determine if the multiple copies are dispersed in the 
genome, chromosome size  DNA  molecules  from Esmeraldo 
epimastigotes were separated by PFGE  and  blotted  to  nitro- 
cellulose. Hybridization of the chromosome blots with ["PI 
TccPar2a revealed a single band corresponding to a chromo- 
some of 0.78 megabase  size (Fig. 8), suggesting that all of the 
PAR 2 genes are located on a single chromosome. 

Comparison of Paraflagellar Rod Proteins from Two Trypa- 

nosomes-The coding region nucleic acid and amino acid 
sequences of the PAR 2 protein from T. cruzi were compared 
to those of the  PFR protein from T. brucei (3). At the nucleic 
acid level there was 83.3% identity between the two  genes 
(data  not shown). The results of the amino acid comparison 
are shown in Fig. 9. Identity was observed for 541 of 600 
amino acids (90.2%) with an additional 37 conservative amino 
acid changes (total 96.3%). 

DISCUSSION 

The paraflagellar rod  is a  structure closely associated with 
the axoneme in  the flagella of Trypanosomatids  and Eugle- 
noids. Although this  structure  has been thoroughly studied at 
the ultrastructural level (26), information about its molecular 
composition, organization, and  function(s) is scant. 

Two polypeptides, with molecular masses about 70 kDa, 
have  been tentatively identified as components of the para- 
flagellar body of a variety of Trypanosomatids  and Euglenoids 
(20). Whether  these two putative paraflagellar polypeptides 
correspond to two different gene products, or to conforma- 
tional  variants of a single one, as suggested by Schlaeppi et 
al. (3) for T. brucei, has remained an open question. In  a 
previous work (4), we directly identified the polypeptide PAR 
2 as one of the major components of the T. cruzi paraflagellar 
rod and suggested that a second paraflagellar polypeptide, 
named PAR 1, was distinct from PAR 2. Three lines of 
evidence presented in this paper indicate that indeed PAR 1 
and PAR 2 are two distinct paraflagellar rod components. 1) 
These two polypeptides can be partially separated by ion- 
exchange chromatography. As shown in Fig. 1, protein prep- 
arations  containing  about 80% PAR 2 and 20% PAR 1 (inset, 
lane 21) and 60% PAR 1 and 40% PAR 2 (inset, lanes 25 and 
26) were reproducibly obtained. 2) The HPLC profiles of 
CNBr cleavage products from protein  preparations enriched 
in PAR 2 (Fig. 2, panel A )  or containing mixtures of PAR 1 
and PAR 2 (Fig. 2, panel B )  are clearly different. These 
results  are only compatible with PAR 1 and PAR 2 being  two 
different polypeptides, since the HPLC profiles of conforma- 
tional  variants of the same gene product would be identical. 
3) The results of amino acid sequencing analysis provide 
definitive evidence for PAR 1 and PAR 2 being  two distinct 
polypeptides. First, all the amino acid sequences of peptides 
derived from protein  preparations enriched in PAR 2 (Fig. 3) 
can be accounted for in the complete protein sequence de- 
duced from the nucleotide sequence of the corresponding gene 
(Figs. 5 and 9). The sequences determined directly correspond 
to  the following amino acids deduced from the gene  sequence: 

552, and 557-600 (Fig. 3). Second, the amino acid sequences 
of peptides from mixtures of PAR 1 and PAR 2 (Fig. 3) 
include PAR 2 sequences (PAR 2 amino acids 100-119, 122- 
150 and 316-345 were identified), as well as sequences of at 
least eight major peptides unrelated to PAR 2. These latter 
peptides likely correspond to CNBr cleavage products from 
PAR 1, the only other major polypeptide detected in prepa- 
rations of purified paraflagellar proteins. 

These results show that PAR 1 and PAR 2, the major 
paraflagellar polypeptides of T. cruzi, are chemically distinct, 
in agreement with our previous results (4) which indicated 
these two proteins to be immunological distinct.  In  apparent 
contradiction with these  data,  other workers reported that 
monoclonal antibodies to  the paraflagellar rod of T. brucei 
(20) or Leishmania (21) reacted with the two major paraflag- 
ellar polypeptides of each of those parasites,  results that in 
one case  were interpreted  as indicative of common epitopes 
in those polypeptides (20). Two types of data, however,  would 

100-119,122-150, 174-187,189-226,228-251, 316-345, 524- 
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argue against the  latter interpretation. 1) We  have previously 
shown that mAbPAR 2, a monoclonal antibody to PAR 2, 
reacts in Western blots with a single polypeptide when T. 
cruzi extracts  are obtained under  stringent proteolysis-free 
conditions. In  contrast, mAbPAR 2 reacts with several pep- 
tides if proteolysis is not  totally inhibited ( 4 ,  results that 
could be erroneously interpreted  as indicative of the existence 
of different paraflagellar peptides with common epitopes. 2) 
In Western blots of extracts of either T. brucei or L. brasilien- 
sis prepared under proteolysis-free conditions, each of our 
antibodies (4) specific for PAR 1 (pcAbPAR 1) or PAR 2 
(mAbPAR 2) reacted with a single polypeptide (Fig. 4). Al- 
though the combined results of these immunological and 
amino acid sequencing studies provide solid evidence for two 
major paraflagellar proteins  in T. cruzi, the question of pos- 
sible homologies between PAR 1 and PAR 2 will only be 
resolved  when the complete amino acid sequence of PAR 1 
becomes available. Also, we cannot  currently exclude the 
possible existence of minor polypeptides with epitopes in 
common with the major paraflagellar proteins. In fact, our 
amino acid sequencing studies of PAR 2 point to  the existence 
of sequence microheterogeneity (to be reported elsewhere). 
This observation opens the possibility that more than one of 
the genes in the PAR 2 tandem  array may  be expressed. 

Previous immunological studies also demonstrated cross- 
reactivity between paraflagellar components of different 
members of the Trypanosomatid family, and even with mem- 
bers of the more distant Euglenoid family (20). These obser- 
vations predicted some  degree of conservation in the primary 
structure of paraflagellar polypeptides, although the degree of 
conservation and  the components involved  were not  identi- 
fied. In  this paper we present the complete amino acid se- 
quence of T. cruzi PAR 2, one of the two major protein 
components of the paraflagellar rod of that parasite. Compar- 
ison of this sequence with the T. brucei paraflagellar protein 
studied by Schlaeppi et al. (3) indicated identity for 541 of 
600 amino acids (90.2%) with an additional 37 conservative 
amino acid changes (total 96.3%). This degree of homology is 
consistent with that seen when other conserved genes of T. 
brucei and T. cruzi are compared (Table  I). We anticipate 
that evolutionary conservation of primary structure may not 
be confined to PAR 2 but may extend to other paraflagellar 
components since, as mentioned before, pcAbPAR 1, a poly- 
clonal antibody to T. cruzi PAR 1, reacts with a single 
polypeptide on Western blots of both T. brucei and L. brasi- 
liensis (Fig. 4). This high degree of conservation, so far only 
proven for PAR 2, indicates that stringent  structural require- 
ments, relevant for either macromolecular organization or a 
highly specialized function(s) have been imposed upon the 

cross-reactivity of the paraflagellar components of Trypano- 
somatids and Euglenoids is intriguing, as  the paraflagellar rod 
of the first group of parasites is organized as  a compact 
filamentous structure, while in the  latter group the paraflag- 
ellar rod is a hollow cylindrical body (27). 
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