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Patients with visceral leishmaniasis produce high levels of immunoglobulin, but the specificities of
antibodies produced are not well characterized. In an effort to identify leishmania antigens that are specific to
Leishmania species or are cross-reactive with other parasitic protozoa, we have cloned and characterized
full-length genomic and c¢DNA clones encoding a Leishmania chagasi acidic ribosomal antigen, LcPO0,
recognized during human infections. The protein is homologous to the Trypanosoma cruzi and human
ribosomal proteins TcP0 and HuP0, respectively. Unlike most higher eukaryotes, but similar to TcP0, LcP0 has
a C-terminal heptapeptide sequence resembling those of the archaebacterial acidic (P-like) proteins. The
highly charged C-terminal acidic domain of LcP0 contains a serine residue typically found in most eukaryotes
but lacking in all T. cruzi P proteins we have characterized thus far. L. chagasi-infected individuals as well as
those with T. cruzi infections have antibodies cross-reactive with recombinant LcP0 and TcP0 as well as HuP0.
However, the properties of anti-P0 antibodies in T. cruzi and L. chagasi infection sera are quite different.
Through the use of synthetic peptides, we showed that while 7. cruzi infection anti-TcP0 antibodies are
exclusively directed against the C-terminal domain of TcP0, L. chagasi infection sera contain antibodies
reactive with epitopes other than the C-terminal sequence of LcP0. Thus, anti-LcP0 antibodies in L. chagasi
infection sera represent the first characterized deviation from the restricted immunodominant C-terminal

epitope involved in the generation of anti-P0 antibodies following infection or autoimmune diseases.

Leishmania organisms are intracellular protozoan parasites
of macrophages which cause clinical diseases ranging from
self-limiting cutaneous lesions to highly destructive mucosal
involvement and mild-to-fatal visceral infections. Trypanosoma
cruzi, another intracellular protozoan parasite, is the causative
agent of Chagas’ disease and is a major cause of chronic heart
disease throughout South America. Immunoblotting of para-
site antigens as well as immunoscreening of expression librar-
ies, enzyme-linked immunosorbent assays (ELISAs), and im-
munofluorescence studies, have been used to analyze the
humoral immune response to parasite antigens for the identi-
fication of specific and cross-reactive antigens of Leishmania
chagasi and T. cruzi (1, 2, 4-6, 10, 28, 30, 40, 43). In the case of
specific antigens identified through the use of patient infection
sera, this is usually interpreted as being species specific.
Alternatively, this may simply reflect the biased antibody titers
to shared antigens found in sera of individuals with Leishmania
or T. cruzi infections.

We have been interested in identifying serological epitopes
shared by L. chagasi and T. cruzi in order to compare their
protein sequences, stage regulation, and immunodominant
B-cell epitopes. To this end, we screcned an L. chagasi
expression library with sera from individuals with 7. cruzi
infection. This resulted in the cloning of an L. chagasi genomic
sequence, LcP0, identified as the Leishmania homolog of the
eukaryotic acidic ribosomal P-protein family.
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The P proteins constitute a family of strongly acidic ribo-
somal proteins in an environment of mostly basic proteins
located within the 60S ribosomal subunit (45, 46). Subunit
depletion and antibody inhibition studies have suggested that
the P proteins participate in protein synthesis (23, 34, 36, 42,
47). In eukaryotes, the P-protein family consists of three
members, PO, P1, and P2, which form a pentameric complex in
which P1/P2 homodimers are attached to a single PO protein
via their NH,-terminal end (27, 47). The acidic proteins of
eukaryotic and archaebacterial ribosomes, but not the homol-
ogous proteins from eubacteria, contain a highly conserved
acidic carboxy domain followed by a conserved heptapeptide
C-terminal sequence. These conserved C-terminal residues
form the basis for the immunological cross-reactivity of the
acidic ribosomal proteins both within and across species (14,
16, 33, 39).

We previously reported the cloning of the T. cruzi homolog,
TcPO, following heterologous screening of a T. cruzi trypomas-
tigote cDNA expression library (40). Of particular interest,
although the P proteins are phylogenetically highly conserved,
the majority of humans infected with T. cruzi have antibodies
to T. cruzi as well as human P proteins. The T. cruzi PO epitope
was mapped to the C terminus, a sequence not shared by any
other known P protein (40).

Herein, we report the cloning, expression, and biochemical
characterization of full-length genomic and cDNA LcPO se-
quences. The open reading frame of LcPO encodes a ribosome-
associated protein with a predicted molecular weight of 34,600
(322 amino acids). LcPO0 is constitutively expressed at both the
protein and mRNA levels. Evaluation of the human immune
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response to LcPO revealed that LcPO is highly immunogenic in
L. chagasi-infected individuals. However, unlike TcPO, the
immunodominant B-cell epitope(s) of LcPO0 is not restricted to
the C-terminal amino acid residues.

MATERIALS AND METHODS

Parasites. L. chagasi (MHOM/BR/82/BA-2,C1 and MHOM/
BR/84/Jonas), L. amazonensis (IFLA/BR/67/PHS), L. brasilien-
sis (MHOM/BR/75/M2903), L. guyanensis (MHOM/BR/75/
M4147), L. donovani (MHOM/Et/67/HU3), L. infantum (IPT-
1), L. major (LTM p-2), L. tropica (1063C), T. cruzi (MHOM/
CH/00/Tulahuen C2), and T. brucei (TREU 667) were used
and have been previously described (4). Promastigotes and
epimastigotes were cultured in axenic media. L. chagasi and L.
amazonensis amastigotes were obtained from spleens of Syrian
hamsters and footpads of BALB/c ByJ mice, respectively, and
purified as described before (3). K562 human erythroleukemic
cells were a gift of M. Yagi, Seattle Biomedical Research
Institute.

Library construction and isolation of genomic and cDNA
clones. A genomic expression library was constructed with
sheared DNA of L. chagasi (MHOM/BR/82/BA-2,C1) in bac-
teriophage lambda ZAPII (Stratagene, La Jolla, Calif.) (4).
Poly(A)* RNA was purified from total L. chagasi (MHOM/
BR/84/Jonas) promastigote RNA, using standard protocols
(35). A cDNA expression library was constructed with the
poly(A)* RNA, using the ZAP-cDNA unidirectional cloning
kit (Stratagene). Construction and screening of the libraries
and excision of pBSK(—) phagemid sequences were carried
out according to the manufacturer’s protocols. A pool of five T.
cruzi infection serum samples was adsorbed to remove anti-
Escherichia coli reactivity (5, 40) and used to screen the L.
chagasi genomic expression library. This resulted in the iden-
tification of a clone containing a ~3.0-kb insert (pLcP0). The
3.0-kb insert of clone pLcP0 was used to screen an L. chagasi
cDNA library to obtain clones containing the complete coding
region of the gene as well as the 5'-spliced leader and
3'-flanking sequences. Overlapping clones were generated
from both the coding (pBSK—) and noncoding (pBSK+)
strands of the genomic insert by exonuclease III (19). Single-
strand templates were isolated following infection with
VCSM13 helper phage, as recommended by the manufacturer
(Stratagene), and sequenced by the dideoxy chain terminator
method (37) or by the Tag dye terminator system, using an
Applied Biosystems Automated Sequencer, model 373A.

Northern (RNA) and Southern analyses. Total RNA was
extracted by the acid guanidium isothiocyanate method (11),
resolved on 1.5% formaldehyde-denaturing agarose gels (35),
and transferred by capillary blotting onto Nytran membranes.
Genomic DNA was prepared, digested with the restriction
enzymes, separated on a 0.7% agarose gel, and blotted onto
Nytran membranes (35). A radiolabelled full-length cDNA
insert was prepared by the random priming method (15), and
blots were hybridized overnight at 65°C, as described previ-
ously (40). Blots were washed twice at 65°C for 20 min each
time with 2, 0.5X, and 0.2 SSC (1x SSCis 0.15 M NaCl
plus 0.15 M sodium citrate) containing 0.1% sodium dodecyl
sulfate (SDS).

Expression and purification of rLcP0 and rHuP0 antigens.
The 43-kDa recombinant antigen (rLcPO0) of the genomic clone
pLcPO was purified from 500 ml of isopropyl-B-p-thiogalacto-
pyranoside (IPTG)-induced cultures (40). Full-length recom-
binant human PO (rHuP0) was produced in E. coli, using the
pET plasmid vector and a T7 polymerase expression system
(Novagen, Madison, Wis.), as described before (39). The
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inclusion bodies were isolated and sequentially washed twice in
10 ml of TNE (50 mM Tris [pH 8.0], 100 mM NaCl, 10 mM
EDTA) containing 2, 4, and 8 M urea. Fractions containing
solubilized recombinant antigen (usually the 4 and 8 M urea
supernatants) were pooled, dialyzed against phosphate-buff-
ered saline, and concentrated by precipitation with 30% am-
monium sulfate. Purification to homogeneity was accom-
plished by preparative SDS-polyacrylamide gel electrophoresis
(PAGE), followed by excision and electroelution of the recom-
binant antigens as described previously (31).

Production of rabbit antiserum against rLcP0. An adult
rabbit (New Zealand White; R & R Rabbitry, Stanwood,
Wash.) was immunized by subcutaneous immunization with
200 pg of purified rLcPO in incomplete Freund’s adjuvant
(GIBCO, Grand Island, N.Y.) together with 100 pg of mu-
ramyl dipeptide (adjuvant peptide; Calbiochem, San Diego,
Calif.); this was followed by a boost 4 weeks later with 100 pg
of rLcP0 in incomplete Freund’s adjuvant alone. Three weeks
later, the rabbit was boosted intravenously with 25 pg of rLcP0
in saline, and serum was collected 2 weeks later.

Antigens. Parasite and mammalian cell lysates were pre-
pared by freeze-thaw lysis of pellets in SDS sample buffer
without glycerol and B-mercaptoethanol. Insoluble material
was separated from the supernatant by centrifugation at 10,000
rpm in a microcentrifuge. L. chagasi ribosomes were isolated as
previously described for T. cruzi (40), and the final pellet was
resuspended in SDS sample buffer. Protein concentrations
were determined with the Pierce bicinchoninic acid protein
assay kit.

In vitro translation and immunoprecipitation. Stage-spe-
cific L. chagasi and T. cruzi total RNA, 10 pg each, were
translated in rabbit reticulocyte lysate in the presence of
35S-methionine, as suggested by the supplier’s protocol (Pro-
mega Corp.). Immunoprecipitations were performed with the
indicated rabbit antiserum and Staphylococcus aureus (Cowan
1), as described before (40).

Patient sera. Leishmaniasis and 7. cruzi infection serum
samples were from well-characterized patients (confirmed by
both parasitological and serological evaluation) from Brazil (4,
5, 40). Serum samples from uninfected individuals were from
individuals from Seattle, Wash., and areas of Brazil where the
disease is not endemic.

Immunoblot analysis. Five to 10 pg of parasite or cell
extracts or 0.5 to 1.0 g of recombinant antigens was separated
by SDS-12.5% PAGE (22) and transferred electrophoretically
to nitrocellulose membranes (44). Reactivities of the antisera
were assessed as previously described (40), using '**I-protein
A followed by autoradiography.

ELISA. Microtiter plates (Probind; Falcon) were coated
overnight with 250 ng of recombinant antigens or L. chagasi
promastigote lysate (1 wg), and the reactivities of patient
infection sera were analyzed with protein A-horseradish per-
oxidase (Zymed) as described previously (32, 40). The LcP0
C-terminal peptide contains 17 amino acids with the sequence
EEPEESDEDDFGMGGLF. For peptide competition, diluted
sera were preincubated with 5 pg of peptides for 1 h at room
temperature prior to performance of the ELISA.

Nucleotide sequence accession number. The nucleotide se-
quence reported in this paper has been submitted to the
GenBank/EMBL Data Bank under accession number 1.29300.

RESULTS

Cloning and genomic organization of LcP0. Through heter-
ologous screening, we sought to identify and characterize in L.
chagasi- and T. cruzi-infected individuals some of the shared
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FIG. 1. (A) Expression and purification of rLcP0: Coomassie blue-
stained SDS-12% PAGE of 10 pg (each) of E. coli lysates from
uninduced (lane 1) and induced (lane 2) cultures of clone LcPO and
from purified rLcPO (3 pg) (lane 3). (B) Immunoblot of purified rLcPO
(lanes 1 and 3, 20 ng) and L. chagasi promastigote lysates (lanes 2 and
4, 10 pg) probed with preimmune rabbit serum (lanes 1 and 2) or
rabbit anti-rLcPO serum (lanes 3 and 4).

antigens that may be immunogenic and contain cross-reactive
epitopes. To this end, we screened an L. chagasi genomic
expression library with pooled sera from individuals with T. cruzi
infection. One clone, pLcPO, was isolated and characterized
further. Expression of pLcPO produced a recombinant fusion
protein (rLcP0) of ~42 kDa (Fig. 1A), of which ~4 kDa
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represents a plasmid fusion sequence. Rabbit antisera raised
against purified rLcPO were used to probe immunoblots of L.
chagasi promastigote lysate and purified rLcPO. The antiserum
reacted specifically to a ~37-kDa antigen present in promasti-
gotes as well as to the 42-kDa rLcPO (Fig. 1B). These results
suggested that rLcPO contained the entire coding portion of
LcPO.

The DNA and deduced amino acid sequences of pLcPO
revealed a single open reading frame (nucleotides 1 to 966,
starting with the first Met residue) encoding 322 amino acids
with a predicted molecular weight of 34,600 (Fig. 2) and an
estimated pI of 4.9. The expressed fusion protein contains an
additional 3 kDa (80 nucleotides of 5’-flanking sequences) and
~4 kDa of in-frame B-galactosidase sequence. To verify that
the LcPO genomic clone contained the full-length protein
sequence, we screened an L. chagasi cDNA library with the
LcPO clone. A 1.2-kb cDNA clone was isolated, and partial
sequence analysis of the 5’ and 3’ portions revealed that it
encoded a full-length LcPO insert. The sequence contained the
last eight nucleotides of the trans-spliced leader sequence
found on the 5’ end of all trypanosome nuclearly encoded
transcripts (25), followed by a short (29-nucleotide) 5’-untrans-
lated leader segment (Fig. 2). An open reading frame is
predicted to initiate at the first AUG codon of the cDNA
insert. Partial sequencing of the 3’ portion of the cDNA
revealed an open reading frame and a stop codon (TAA)

CTGGCACACACCTTCGGCTTACAAACAACACCTTCACCGACCCTACGACAGATAGCCAAGGCTATTGCAAGTCTCACAAG 80
CTTTATTG,

SL

ATGCCGTCTATCACCACTGCCAAGCGCGAGTACGAGGAGCGCCTCGTCGACTGCCTGACCARGTACAGCTGCGTGCTGTTCGTGGGCATGGACAACGTCC
M P 5 I T TAI KU REYEEU RTLUVDOCLTI KT Y S CVLF VG MDUDNV

GCTCGCAGCAGGTGCACGATGTGCGCCGTGGCTGTCGCGGCAAGGCCGAGTTCATTATGGGCAAGAAGACGCTGCAGGCGAAGATCGTGGAGAAGCGCGC
R S Q Q V. H D V R R G CUR G K A EF I MG K K TUL QA AIKTI V EIKRA

GCAAGCCAAGGACGCGAGCCCCGAGGCGAAGCCTTTCAACGATCAGTGTGAGGAGTACAACCTGCTGAGCGGCAACACCGGCCTCATCTTCACTAACAAC
Q A K DA S PEA AIKU PV FNDIOQTCETET YNILILSGNT G GTU LTIV FTNN

GCTGTCCAGGAGATCACCTCTGTGCTTGACGGCCACCGCGTGAAGGCCCCGGCGCGTGTCGGAGCGATTCCGTGCGACGTGGTTGTGCCTGCTGGCAGCA
AV Q E I T S V L D G H RV KA P ARV GA I PCDVV V P A G S

CCGGCATGGAGCCGACCCAGACGTCCTTCTTCCAGGCGCTGAACATTGCGACGAAGATTGCCAAGGGTATGGTGGAGATCGTGACGGAGAAGAAGGTGCT
T 6 M E P T QTS F F QALNTIW ATI KTI AIKTGMVETIVTEI KT KUVL

GAGCGTCGGCGACAAGGTGGACAACTCGACGGCGACGCTGCTGCAAAAGCTGAACATCAGCCCGTTCTACTACCAGGTGAATGTGCTGTCCGTGTGGGAC
§ v 6 D K VD NS T ATTILIULIGQI KTILNTISUZPVF Y Y Q V N VL S V WD

CGCGGTGTGCTGTTCACCCGCGAGGACCTCATGATGACGGAGGACATGGTGGAGAAGATGCTGATGGAAGGCCTGAGCAACGTTGCGGCGATGGCGCTGG
R G VL F TREUDTILMMTEUDMVEI KMTLM MESGL SNV AAMA AL

GTGCTGGCATCCCGACGTCTTCGACGATTGGCCCGATGCTGGTGGACGCCTTCARGAACCTGCTGGCTGTCTCCGTGGCGACCTCGTACGAGTTCGAGGA
G A G I PT S S T 1 G P MUL VDAV FI KN NILTILA AV SV AT S Y EF E E

GCACAACGGCAAGGAGCTGCGCGAGGCCGCGATCAACGGCCTGCTGGCCGGCTCTGGCTCGGCTGCTGCGGAGCCCGCCGCTGCCGCGCCGGCCGCCCCT
H N GG K E L R EAATINGULTULW AGS G S A A AEUZPA A AR AR BAUZPA AR BATP

AGCGCTGCTGCCAAGGAGGAGCCGGAGGAGAGCGACGAGGACGACTTCGGCATGGGCGGTCTCTTCTAAGCGACTCGCTATCCGCCACCCAGCACCGTCG
S A A A K EEPEE S DEUDUDFGMGG L F *

AGTGTTCGTGCGTTCGCATGGTGGACAGTGGCGAGCGTGTGATGCCCTTGGATCATCAGGAAGCAACTCTCTCCCTTTCTCTGGGTGTTCTTCGTTTCTT

CTTTCATTTGTTTTTGATCGCCGTGGCGCTGCGGCGATCGCTCAGTTCTTATTTTCGATCAACCAACAACGAAGGAGACGACAGCAGACACGCGACACAT

Poly A
CTTCACGGAGGARAGGGACGACGTACTAGCCGACATGGTGAGCAAACCATGCTGCAGGAATTCGATATCAAGCTTATCGATACCGTCGACCTC
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FIG. 2. Nucleotide and predicted amino acid sequences of recombinant pLcP0 genomic DNA. Underlined residues indicate the sequenced
portions (5’ and 3') of the full-length LcPO cDNA which are identical to the genomic sequences. The contiguous 5’'-spliced leader (SL) and 3’
poly(A) tail of the mRNA are shown below the genomic sequence. Asterisk, termination codon.
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FIG. 3. Southern blot analysis of LcPO genomic sequences. L.
chagasi DNA (lanes Lc, 2.5 pg per lane) was digested with BamHI
(lane B), EcoRI (lane RI), EcoRV (lane RV), Hindlll (lane H), SstI
(lane S), Pvull (lane Pv), and Pstl (lane P). Lane — is control
undigested DNA. DNA from L. donovani (lane Ld), L. infantum (lane
Li), L. tropica (lane Lt), L. major (lane Lm), L. amazonensis (lane La),
L. brasiliensis (lane Lb), L. guyanensis (lane Lg), an uncharacterized
Leishmania species (lane L*), T. cruzi (lane Tc), or T. brucei (lane Tb)
was digested with Pstl and analyzed by Southern blotting, using as a
probe the ~1.0-kb internal Pstl DNA fragment of pLcPO under
stringent hybridization conditions. Values are the sizes, in kilobase
pairs, of HindIlI-Hincll-digested lambda DNA.

followed by a 203-nucleotide 3’-untranslated portion terminat-
ing in a stretch of poly(A) residues. The nucleotide sequences
of the cDNA insert in the regions of overlap are identical to
those of the genomic LcPO clone. Therefore, sequences 5" and
3" of the AUG translation initiation and TAA termination
codons represent flanking sequences. The junction of the
splice-leader sequence conforms with the splice donor-accep-
tor site.

Southern blot analysis of LcP0 gene sequences. Southern
analysis of L. chagasi genomic DNA digested with enzymes
which cut both within and outside LcPO revealed, at most, two
hybridizing bands when probed with a ~1.0-kb internal PstI
fragment derived from the genomic pLcPO clone (Fig. 3). The
Pst1 digest produced two hybridizing bands of ~1.0 and 2.2 kb.
The 1.0-kb hybridizing species is in agreement with the pres-
ence of two internal Pstl restriction sites separated by ~1.0 kb
of sequence. With genomic DNA digested with HindIII (which
does not cut within LcP0), two hybridizing bands were de-
tected. A virtually identical hybridization pattern was observed
when the same blot was probed with the full-length cDNA
insert of LcPO (not shown). Taken together, the results of the
Southern hybridization argue in favor of the presence of at
least two copies of LcPO organized in tandem and contained
within a ~6.7-kb EcoRV locus (Fig. 3). Figure 3 also illustrates
the cross-species conservation between PO of L. chagasi and
other kinetoplastid protozoa. Homologous sequences were
detected in all Leishmania species tested. The hybridizing Pst1
restriction fragments were identical for all Leishmania species
except the L. braziliensis complex. Only under reduced strin-
gency could cross-hybridizing species be detected in the more
distantly related parasites T. cruzi and T. brucei (not shown).

LcPO is the L. chagasi homolog of the eukaryotic ribosomal
acidic phosphoproteins. Figure 4 shows alignment of the
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FIG. 4. Homology between the deduced amino acid sequences of
L. chagasi PO (LcP0O) and those of T. cruzi (TcPO [40]) and human
(HuPO [33]) PO proteins. Gaps (-) have been introduced to maximize
the homology. Vertical lines indicate identity, and double dots repre-
sent conservative changes. The hydrophobic domain (underlined) is
followed by the highly charged segment (+) and a hydrophobic
terminus (asterisks). Serine residues (underlined) within the charged
(acidic) segment of the leishmania and human sequences are lacking in
T. cruzi.

deduced primary sequence of L. chagasi PO with protein
sequences of 7. cruzi TcPO (40) and HuPO (33). LcPO has an
overall homology of 84% (68.3% identity, 15.5% conservative
substitution) with TcP0 and 59% (35% identity, 24% conser-
vative substitution) with HuPO. The lengths (322, 323, and 317
amino acids), molecular weights (34,600, 34,900, and 35,300),
and isoelectric points (4.9, 4.8, and 5.8) of LcPO0, TcPO, and
HuPO0, respectively, are very similar.

The homology includes a clustering of residues which are
evolutionarily conserved in higher eukaryotes: an Ala-rich
region adjacent to a highly charged C terminus. This domain is
the basis of the serological cross-reactivity among the eukary-
otic P proteins (12, 13, 40, 45). Like other PO proteins, LcP0O
has an arginine-lysine-rich region (located at an equivalent
position, residues 42 to 70) which is hypothesized to be
involved in the binding to rRNA (26). The C-terminal hydro-
phobic domain of LcPO is identical to that of TcP0 except for
a single conservative substitution (alanine to glycine). How-
ever, unlike TcPO, the adjacent acidic domain of LcP0 is
interrupted by a serine residue, a feature characteristic of
higher eukaryotic P proteins.

Expression and developmental regulation of LcP0. To esti-
mate the size(s) of LcPO transcripts and determine their
expression patterns during parasite development, Northern
blots were probed with the full-length cDNA insert of LcPO0.
Two hybridizing species of ~1.4 and 1.3 kb with a relative
abundance of 1:4, respectively, were detected in L. chagasi
RNA preparations from both the insect stage (promastigote)
and the intracellular amastigote forms (Fig. 5A). The same
Northern blot also shows that the LcP0 probe cross-hybridizes
with identically sized transcripts present in both promastigotes
and amastigotes of L. amazonensis.

The protein synthetic profile of LcPO was determined by
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FIG. 5. (A) Northern blot analysis. Ten micrograms each of the
indicated total RNA from the promastigote (lanes p) and amastigote
(lanes a) stages of L. chagasi (Lc) and L. amazonensis (La) was
hybridized with radiolabelled full-length LcPO insert. Mobilities and
sizes of single-stranded RNA are indicated. (B) Western blot (immu-
noblot) and immunoprecipitation of in vitro-translated RNA. Western
blots of L. chagasi promastigote (lane p) and amastigote (lane a)
lysates reacted with rabbit anti-rLcP0 antisera. Lane rib represents a
purified polysomal fraction from the promastigote stage. Immunopre-
cipitations of translation reactions from 5 pg each of the indicated L.
chagasi RNA, using rabbit anti-LcPO antisera (IVT/IP), are shown.
Lanes — and + are with preimmune and immune sera, respectively.
(C) Immunoblot of 10 g each of lysate prepared from K562 cells, a
human erythroleukemic cell line (lane Hu), T. cruzi epimastigotes
(lane Tc), or L. chagasi (lane Lc), L. donovani (lane Ld), L. tropica
(lane Lt), L. braziliensis (lane Lb), and L. amazonensis (lane La)
promastigote lysates and probed with rabbit anti-rLcP0 antisera.
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FIG. 6. Reactivity of patient sera with rLcP0. Blots containing 100
ng of purified rLcPO (lanes 1) and 10 g of L. chagasi promastigote
lysates (lanes 2) were probed with sera from individual patients
infected with L. chagasi (A to D) or T. cruzi (E and F). A control using
pooled uninfected human sera (n = 5) is shown in part G. Molecular
mass markers are shown in kilodaltons.

immunoblot analysis of L. chagasi lysates, using rabbit anti-
rLcP0O serum. As shown in Fig. 5B, the antiserum detected a
single protein of ~37 kDa in both the promastigote and the
amastigote stages. The serum did not cross-react with proteins
of sizes expected for the L. chagasi equivalent of P1 and P2 (10
to 14 kDa). The same blot also shows that purified L. chagasi
ribosomes (lane rib) contain LcPO (Fig. 5B). Immunoprecipi-
tations of LcP0 from in vitro translations of total L. chagasi
promastigote and amastigote RNA (Fig. 5B; lanes IVT/IP)
were also performed. The sizes of the precipitated bands were
indistinguishable from those of cell lysates. Figure 5C shows
that rabbit anti-rLcPO antisera cross-reacted with similar PO
proteins present in L. donavani, L. tropica, L. braziliensis, L.
amazonensis, and T. cruzi but not with human P proteins. In
addition, the rabbit anti-LcP0 serum bound to the C-terminal
peptide (see below) of LcP0 but not to a P1/P2 peptide derived
from the sequenced T. cruzi genes (39). The reactivity of the
rabbit antiserum on TcP0 was not affected by an excess (25 pg)
of the P1/P2 peptide, although 1 ug of the homologous PO
peptide abrogated the reactivity. Therefore, rabbit anti-rLcP0
serum may be used to detect P proteins with C-terminal
residues similar to those found in LcP0O and TcPO.

Reactivity of L. chagasi patient sera with rLcP0. To deter-
mine whether L. chagasi-infected individuals make antibodies
against LcPO, serum samples from L. chagasi patients were
tested on immunoblots of rLcPO and parasite lysate. Figure 6
shows that L. chagasi infection sera contain anti-LcP0 antibod-
ies. Pooled sera from uninfected individuals showed no reac-
tivity to LcPO or to L. chagasi lysate. The reactivities of 42
additional L. chagasi infection serum samples on rLcP0 were
evaluated by ELISA in the absence or presence of an LcP0
C-terminal amino acid peptide competitor. We first performed
titration experiments with increasing amounts of the peptide
competitor, using a range from 1 to 25 pg, and found no
significant differences in the residual reactivities of L. chagasi
infection sera on rLcP0 with 5 to 25 pg of peptide competitor
(not shown). Subsequently, all competition studies were per-
formed with 5 pg of LcP0O C-terminal peptide. Thirty-eight of
the 42 (90.5%) infection serum samples were positive on rLcP0O
(Fig. 7), with absorbance values of 0.09 to 44 (x = 0.56;
standard deviation = 0.802). In most cases, preincubation of
the same patient sera with the C-terminal peptide of LcP0O
resulted in only partial reduction of patient serum reactivity on
rLcPO (decreasing antibody binding by ~35%). The reactivity of
only 3 of the 38 L. chagasi patient serum samples was effectively
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FIG. 7. ELISA evaluation showing the reactivities (absorbance
values [mean =+ standard error of the mean]) of L. chagasi (n = 42) or
T. cruzi (n = 15) infection sera on rLcPO0 in the absence or presence of
S ng of LcPO C-terminal peptide competitor. Control competition
studies with a synthetic peptide derived from a Leishmania heat shock
protein sequence (HSP) were performed on adjacent wells containing
the LcPO peptide. The reactivities of uninfected human sera (n = 10;
control) are also shown.

inhibited by the LcPO peptide. Similar competition studies using
a peptide derived from a Leishmania heat shock protein se-
quence decreased the average absorbance value by only 11%.

We previously demonstrated that the immunological reac-
tivity of sera from T. cruzi-infected individuals on rTcP0O was
abolished following deletion of the carboxy-terminal six hydro-
phobic residues of TcPO0 (40) and that 75% of T. cruzi infection
sera had antibodies reactive with the TcPO C-terminal peptide
(39). In the present study, we extended our previous studies to
determine the cross-reactivity and epitope analysis of T. cruzi
infection sera on rLcP0. All 15 anti-TcPO-positive T. cruzi
infection serum samples tested were also positive on rLcP0
(Fig. 7). In addition, the anti-PO antibody titers in 7. cruzi
infection sera were about threefold higher than those found in
L. chagasi-infected individuals. In sharp contrast to L. chagasi
infection sera, the reactivities of all T. cruzi infection sera with
rLcP0 were abrogated in the presence of LcP0 peptide but not
with a similar excess of the heat shock peptide (Fig. 7). In fact,
1 pg of LcPO peptide was as effective as 5 g in abrogating the
reactivities of the same 7. cruzi infection sera (not shown).
These results confirm our previous reports (39, 40) that T. cruzi
infection anti-TcPO antibodies are exclusively directed against
the C-terminal residues of TcP0. The results also indicate that
the conservative (alanine to glycine) as well as additional
substitutions in the terminal residues of the LcPO peptide do
not affect binding and epitope restriction of 7. cruzi patient
sera on rLcPO0. In this regard, LcPO peptide is as effective as the
TcPO C-terminal peptide in inhibiting the binding of anti-TcP0
antibodies in 7. cruzi infection sera to rLcPO or rTcPO (not
shown). In addition, L. chagasi infection sera reacted strongly
to rTcPO (not shown).

Reactivity of L. chagasi patient sera with rHuP0. We previ-
ously showed that 7. cruzi infection sera with anti-rTcP0
antibodies can cross-react with HuPO (39). In order to deter-
mine whether patients positive for anti-LcP0 antibodies in L.
chagasi-infected individuals cross-reacted with the human PO
homolog, we compared the reactivities of L. chagasi infection
sera on rLcP0 and rHuPO. All infection sera used were strongly
positive on L. chagasi lysate (not shown). Of the 13 patient
serum samples that were positive on rLcP0 (¥ = 1.0), 11
samples were also positive on rHuP0, but with absorbance
values (¥ = 0.3) lower than those observed with rLcPO (Fig. 8).

INFECT. IMMUN.

2.50

Bl cro

2.00 | E rHuPO

1.50

1.00

ABSORBANCE (405nm)

0.50

0.00

1 2 3 4 5 6 7 8 9 10 11 12 13
L.CHAGASI INFECTION SERA

FIG. 8. ELISA showing the reactivities of 13 individual L. chagasi
infection serum samples (1:50 dilution) on rLcP0 and rHuPO.

Only sera with absorbance values that were at least 3 standard
deviations greater than the mean absorbance of uninfected
controls were scored as positive. All patient sera that were
negative on rLcP0 were also negative on rHuPO (not shown).

DISCUSSION

Serological cross-reactivity between Leishmania species and
T. cruzi has been documented. Most studies used immunoblots
of patient sera on parasite lysates to identify immunogenic
antigens shared by these two species as well as unique antigens.
Such studies cannot, however, differentiate between protein
and nonprotein immunogenic serological epitopes or deter-
mine whether the immunodominant B-cell responses of shared
antigens are directed against similar or different epitopes. In
fact, we found that immunoprecipitations of in vitro-translated
L. chagasi and T. cruzi poly(A)* RNA with a rabbit serum
against T. cruzi epimastigotes revealed very similar patterns of
protein antigens shared by these two species (38a). It would be
expected that many of the shared antigens identified by this
method have conserved sequences and perform “housekeep-
ing” functions during the life cycle of the parasites.

We sought to identify antigens shared by L. chagasi and T.
cruzi through heterologous screening of an L. chagasi expres-
sion library with T. cruzi infection sera and report herein on the
cloning and characterization of a highly immunogenic leishma-
nial antigen. LcPO was identified as the Leishmania equivalent
of the eukaryotic ribosomal phosphoprotein PO. The conserved
C-terminal residues of the eukaryotic P-protein family form
the basis for their immunological cross-reactivities both within
and across species. However, unlike most higher eukaryotes,
LcPO has a C-terminal sequence that is similar to those of the
archaebacterial acidic proteins and TcP0. A rabbit antiserum
raised against r'TcP0O or rLcP0 reacted exclusively with native
PO (and with peptides making up their terminal amino acid
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sequences) but not with P1/P2 proteins (or their C-terminal
sequences) of several trypanosomatid species, including T.
cruzi and T. brucei (39, 40), and all five Leishmania species (L.
chagasi, L. donovani, L. tropica, L. braziliensis, and L. ama-
zonensis) analyzed in the present study. Therefore, the expres-
sion of a ribosomal PO protein with archaebacterial type
C-terminal sequences (FGMGA/GLF) different from those
found in the P1/P2 proteins (eukaryotic type, MGFGLFD) of
the same species appears to be a general feature of the
trypanosomatid P-protein family. All five Leishmania species
were also found to contain the lower-molecular-weight mem-
bers (P1/P2) of the P-protein family with C-terminal sequences
that are immunologically different from LcPO and TcPO but
related to other cukaryotic P proteins (unpublished results).

Another feature of the P-protein family of eukaryotes is that
their C-terminal acidic domain contains at least one phosphor-
ylation site (usually serine), hence, their designation as phos-
phoproteins. The serine residue(s) has been shown to repre-
sent a phosphorylation site for casein kinase II (18, 21, 24).
Phosphorylation of these residues may influence the antigenic-
ity of the P proteins or affect the ribosome function (18, 23, 29,
49). However, none of the members of the T. cruzi P-protein
family we have characterized thus far contain a phosphoryla-
tion site within their C-terminal acidic domain (39, 40). The
only exception is a T. cruzi clone, C-P0O (38), derived from a
PCR reaction which encodes the last 78 amino acids of TcP0.
Therefore, it was unexpected to find that the acidic C-terminal
domains of both the genomic and cDNA sequences of LcPO
contain a potential phosphorylation site.

LcPO is transcribed as two mRNA species of ~1.3 and ~1.4
kb. The variance in lengths of the two LcPO mRNA species
does not appear to be due to size differences within their
protein coding domains since only one translation product was
detected. Therefore, the difference in transcript sizes may
reflect transcription products from two different gene copies
with variable 5’- and/or 3’-untranslated sequences or the
utilization of multiple polyadenylation sites. We showed that
the PO gene(s) of L. amazonenis is also transcribed as two
mRNA species with sizes identical to those for L. chagasi. In T.
cruzi and T. brucei, PO is transcribed as a single 1.3-kb mRNA
species (40). The presence of two PO transcripts appears to be
a general feature of Leishmania PO. Homologous PO sequences
were detected in the genomes of all Leishmania species tested.
The hybridizing PstI restriction fragments were identical for all
Leishmania species except the L. braziliensis complex, suggest-
ing a high degree of conservation in both the nucleotide
sequence and the genomic organization of Leishmania PO
genes. Similar sequence conservation was found at the protein
level, as demonstrated by immunoblot assays with anti-P
antibodies.

During the preparation of this report, the PO gene from
another Leishmania species, L. infantum (LiP0), was cloned
and characterized (41). LcPO shares 98.5% homology with
LiP0 (96% identity and 2.5% conservative substitution) and
their Pst] hybridization patterns were identical, as was that of
L. donovani PO. By comparison, LcP0O shows 68% homology
with TcPO. The characterization of the PO genes from L.
chagasi and L. infantum represents the first comparison of an
antigen gene shared by these two species and further demon-
strates their close relationship. LcPO shares several features
with LiPO which may represent a general characteristic of
Leishmania P0O. These include (i) the presence of two PO
mRNA species of different sizes and (ii) a conservative substi-
tution of alanine to glycine within the C-terminal hydrophobic
domain. Also (iii), like the P proteins of higher eukaryotes,
LcPO and LiPO have a serine residue at identical positions
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within their highly charged terminal acidic domains. In fact,
the amino acid sequences of the C-terminal domain character-
istic for all eukaryotic ribosomal P proteins are identical for
LcPO and LiPO0. In the present work, we expanded our studies
beyond the molecular characterization to present a detailed
antigenic comparison of human, 7. cruzi, and L. chagasi PO
proteins.

Unlike T. cruzi infection sera, the serological reactivity of L.
chagasi infection sera with rLcPO was not restricted to the C
terminus. Acute visceral leishmaniasis is associated with
marked depression of T-cell proliferative responses (9), serum
suppressor factors, circulating immune complexes, and marked
hypergammaglobulinemia (8, 17). The increased immunoglob-
ulin levels do not represent only parasite-specific antibodies
but rather appear to be a consequence of polyclonal B-cell
activation (7, 17, 50). We found that patient anti-LcPO anti-
bodies also react with rHuP0. This provides evidence for
infection-induced, cross-reactive antibodies against a defined
antigen shared by the parasite and the host in human visceral
leishmaniasis. Similar to the reactivities of L. chagasi infection
sera on rLcP0O, we expect that the cross-reactive serologic
epitope on HuP0 is not restricted to the C terminus. Therefore,
while patient serological cross-reactivity exists between the PO
proteins of T. cruzi and L. chagasi, the selection of anti-PO
B-cell epitopes is radically different in patients infected with T.
cruzi and L. chagasi.

The target PO epitope(s) of L. chagasi patient sera repre-
sents the first characterized deviation from the restricted
immunodominant C-terminal epitope in the generation of
anti-P0 antibodies either following infection (7. cruzi [39, 40])
or as a spontaneous process in human and mouse systemic
lupus erythematosus (14, 16, 20). Although the use of rLcPO or
TcPO cannot alone distinguish between protozoan infection
caused by T. cruzi or Leishmania species, these antigens could,
in combination with the C-terminal peptide competition as-
says, be used to distinguish between infection caused by the
two different parasites. The differences in the anti-P0 epitope
selection of TcPO and LcPO most likely reflect the outcome of
infection with two different protozoan species causing different
diseases rather than differences in the immunogenicity of TcPO
and LcP0. Chagas’ disease and systemic lupus erythematosus
are both chronic diseases characterized by autoimmune pa-
thology, unlike L. chagasi infection. In this regard, it is
interesting that the restricted C-terminal epitope selection of
TcPO and HuPO in both Chagas’ disease and systemic lupus
erythematosus and high anti-P-protein antibodies are associ-
ated with two unrelated chronic diseases having significant
autoimmune components.
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