Proc. Natl. Acad. Sci. USA
Vol. 83, pp. 6065-6069, August 1986
Genencs

Homologous genes encode two distinct histidine-rich proteins in a
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ABSTRACT Two genes encoding distinct histidine-rich
proteins in a Plasmodium falciparum clone exhibit high levels of
homology, suggesting they have originated by duplication and
divergence from a common ancestral sequence. Both genes
have a similar interrupted structure and an exon that encodes
closely related tandem repeats of very high histidine and
alanine content. The most common repeat encoded by one gene,
the hexapeptide Ala-His-His-Ala-Ala-Asp, differs in the sixth
position from the most common repeat encoded by the other
gene, the hexapeptide Ala-His-His-Ala-Ala-Asn. The diver-
gence of the repeat domains is greater than that of the flanking
regions, which exhibit 85-90% homology, including untrans-
lated sequences. This suggests the tandem repeats are relatively
labile elements within the genome that may provide the parasite
with a means of rapid evolutionary change.

The erythrocytic stages of two species of malaria parasite
synthesize proteins with unusually high contents of histidine.
Plasmodium lophurae, an avian malaria parasite, synthesizes
an abundant protein of a histidine content of 73% (1-5).
Plasmodium falciparum, which causes the most severe
human malaria, synthesizes several proteins that are histi-
dine-rich. One of these proteins (PfHRP-I) is associated with
knob protrusions that mediate cytoadherence of infected
erythrocytes to endothelium (6-11). Another histidine-rich
protein produced by P. falciparum, PfHRP-II, is not asso-
ciated with knob protrusions (7, 11). Studies using a mono-
clonal antibody specifically directed against this protein have
shown that PFHRP-II is synthesized throughout the erythro-
cytic stage of the parasite life cycle and that it is released as
a soluble protein from intact infected erythrocytes into the
culture supernatant (33).

In this report we compare the genes of two histidine-rich
proteins expressed in infected erythrocytes by a clone of the
P. falciparum. One of these genes encodes PFHRP-II; the
other encodes another histidine-rich protein, PFHRP-III. A
very high level of homology is present between these genes.
This homology implies the genes of PPHRP-II and PFHRP-III
have originated by duplication and divergence from a com-
mon ancestral gene.

MATERIALS AND METHODS

DNA and RNA Isolation. Clone 7G8 of the Brazilian isolate
IMTM22 of P. falciparum (12) was grown in vitro by
established methods (13). Parasites were obtained from
infected erythrocytes by saponin lysis (14). DNA was iso-
lated by digestion of parasites with proteinase K in the
presence of 0.5% NaDodSO,;/25 mM EDTA followed by
ultracentrifugation in cesium chloride (15). RNA was isolated
from parasites suspended in 100 mM NaCl/10 mM Tris, pH
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8.0/2 mM MgCl,/10 mM vanadyl-ribonucleoside complexes
(Bethesda Research Laboratories)/1% NaDodSO, by se-
quential extraction with hot phenol and chloroform (16).
RNA transfer and Southern hybridizations were performed
as described (15, 17).

Genomic Libraries. Recombinant DNA experiments were
performed under National Institutes of Health DNA research
guidelines. Bacteriophage from the Agtll expression library
(18) were plated and screened with monoclonal antibody
(19-21). Genomic libraries in pUC18 were constructed by
digestion of 7G8 P. falciparum DNA with Dra 1, isolation of
fragments 0.75-1.2 kilobases (kb) in length by preparative
agarose gel electrophoresis, and ligation into the Sma I site
of pUC18 (22). Escherichia coli HB101 competent cells were
obtained from Bethesda Research Laboratories and trans-
formed as recommended. Clones from the plasmid library
were identified by hybridization to the nick-translated insert
from AMAB1 (23).

Nucleotide Sequence Analysis. Nucleotide sequences were
obtained by the dideoxynucleotide method (24). mRNA
sequence data were obtained by primer extension analysis
(25) using 0.5 pmol of 5’ labeled synthetic oligonucleotide and
10 ug of P. falciparum RNA.

RESULTS

Immunological screening was performed on a genomic
expression library of mung bean nuclease-digested P.
falciparum 7G8 DNA in the vector Agtll (18). Monoclonal
antibody McAb87, which immunoprecipitates PPHRP-II (33),
identified a clone (\MAB1) encoding an inducible fusion
protein reacting with McAb87 and anti-B-galactosidase (data
not shown). Characterization of A\MABI1 revealed an insert
containing tandemly repeated oligonucleotides. A 544-base-
pair (bp) fragment containing these repeats was excised from
the insert with Fok I + Ssp 1, purified by preparative gel
electrophoresis, and used to probe Southern blots of restrict-
ed genomic DNA (Fig. 1). Following moderately stringent
washes (15 mM NaCl/1.5 mM sodium citrate/0.5% NaDod-
S04, 50°C, 1 hr), two bands of hybridization were identified
in the restriction digests (Fig. 14). Further washes of the
same blots at higher stringency (15 mM NaCl/1.5 mM sodium
citrate/0.5% NaDodSOQj,, 65°C, 1 hr), yielded single bands of
hybridization (Fig. 1B). Thus, two sequences were identified
having different degrees of homology with the probe.

To explore the relationship of these two homologous
genomic sequences, both Dra I fragments were cloned from
restricted genomic DNA ligated into the Sma I site of the
plasmid pUC18. Two clones, pDL4.1 and pDL11.3, each
contained a 1.05-kb insert that hybridized to \MAB1 and was
not removed by highly stringent washes. Another clone,
pDS11.1, contained a 0.85-kb insert that remained hybridized

in accordance with 18 U.S.C. §1734 solely to indicate this fact.

Abbreviations: bp, base pair(s); kb, kilobase(s).
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Fi1G. 1. Southern blot analysis of restricted 7G8 P. falciparum
DNA probed with g nick-translated 544-bp Fok I-Ssp 1 fragment from
AMABI. Sizes are given in kilobases. (A) Following moderately
stringent washes (15 mM NaCl/l.5 mM sodium citrate/0.5%
NaDodSO,, 50°C, 1 hr) each lane shows two bands of hybridization.
(B) Autoradiogram of the same blot following highly stringent washes
(15 mM NaCl/1.5 mM sodium citrate/0.5% NaDodSO,, 65°C, 1 hr)
shows only single bands. Lane 1, Alu I; lane 2, Mbo II; lane 3, Nde
I; lane 4, Ssp I; lane 5, Hinfl; lane 6, Dra 1.

to AMABI1 after moderately stringent washes but was re-
moved by highly stringent washes.

RNA transcripts of both sequences in infected erythro-
cytes were demonstrated by RNA transfer blots of 7G8 RNA
probed with nick-translated pDL11.3 and pDS11.1. Follow-
ing moderately stringent washes (15 mM NaCl/1.5 mM
sodium citrate/0.5% NaDodSO,, 50°C, 1 hr), two bands of
hybridization, approximately 2.1 kb and 1.7 kb in size, were
identified with each probe. When the same blots were washed
further at high stringency (15 mM NaCl/1.5 mM sodium
citrate/0.5% NaDodSO,, 65°C, 1 hr), only the 2.1-kb band
remained hybridized to plasmid pDL11.3, whereas the 1.7-kb
band remained hybridized to pDS11.1 (Fig. 2). The signal
intensity from the 1.7-kb band wds =5-10% of that from the
2.1-kb band, indicating a more abundant 2.1-kb transcript.

Sequence Analysis of PFHRP-II. Fig. 3 presents the genomic
maps and sequencing strategy for the clones obtained in this
work. The sequence of PfHRP-II (Fig. 4) contains an ex-
tended open reading frame including an extensive region of
tandem repeats (nucleotides 141-941; Ry, Fig. S5) that en-
codes a polypeptide consisting almost entirely of histidine,
alanine, and aspartic acid. Eighteen tripeptides and 33
hexapeptides, most commonly Ala-His-His and Ala-His-His-
Ala-Ala-Asp, occur in this sequence. Near the 3’ end of the
repeat region, hexapeptides alternate with three pentapep-
tides of the sequence Ala-His-His-Ala-Ala. The tripeptides
and pentapeptides generally have the same amino acid
sequence as the first three and five amino acids in the
hexapeptide, indicating a close relationship to the hexa-
peptide.

Several observations indicate the oligopeptide repeats
deduced for PFHRP-II are correct. (i) Monoclonal antibody
McADb87, which immunoprecipitates PFHRP-II, recognizes
the AMABI fusion protein incorporating these repeats. The
RNA transfer blots show that mRNA transcripts correspond-
ing to the A\MABI1 insert are present in infected erythrocytes
at the time PfHRP-II is expressed. (i) Antisera directed
against a synthetic peptide containing repeats from the
deduced amino acid sequence immunoprecipitate PFHRP-1I
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Fi1G. 2. RNA transfer blot analysis of RNA isolated from an
asynchronous culture of 7G8 P. falciparum. Lanes were probed
separately with nick-translated pDL11.3 (lane A) or pDS11.1 (lane
B). The blots were washed at high stringency (15 mM NaCl/1.5 mM
sodium citrate/0.5% NaDodSO,, 65°C, 1 hr). The estimated size of
the upper band is 2.1 kb and that of the lower band is 1.7 kb. Faint
residual hybridization of pDS11.1 to the upper band is apparent.
Positions of calf liver rRNA markers are shown.

(11). (i) The deduced amino acid sequence of the repeats
agrees with data from biosynthetic labeling studies. PFHRP-II
is labeled strongly with [*H]alanine and [*H]histidine but is
not detected after labeling with [*Hlisoleucine or [*H]me-
thionine (11, 33).

The PfHRP-II nucleotide sequence contains an amber stop
codon at nucleotides 39-41 (this codon is suppressed by the
supF mutant tRNA of the E. coli strain used in these
experiments, allowing translation of the AMAB1 fusion
protein). Also, no initiator codon is in frame with the repeats,
indicating the gene is interrupted. This has been confirmed by
direct mRNA sequencing, using as primers synthetic
oligonucleotides complementary to nucleotides 64-83 and
114-135 of the PfHRP-II genomic sequence (Fig. 4B). The
overlapping sequence data obtained from each of these
primers were unambiguous and in agreement with each other
as well as with the coding region of the PFHRP-II genomic
sequence. The specificity of this sequence for PFHRP-II is
explained by the predominance of this transcript in the
mRNA preparation. The genomic sequence diverges from the
mRNA sequence at a 3’ intron splice site containing the
polypyrimidine tract and A-G dinucleotide of the eukaryotic
consensus sequence (28).

The mRNA sequence 5’ to the splice junction encodes a
hydrophobic sequence of 13 amino acids, preceded by a
lysine residue and followed by an aspartate residue. Although
the structure of this region suggests it may act as a signal
sequence, a consensus signal peptidase cleavage site (29) is
not found. A single initiating methionine occurs upstream of
the hydrophobic region (Fig. 4B).

Presumably the mRNA sequence 5’ to the splice junction
is transcribed from a small exon 5’ to the exon encoding the
tandem repeats. Support for linkage of the exons has been
obtained from Southern blots of restricted genomic DNA
probed with an oligonucleotide derived from the mRNA
sequence encoding the hydrophobic region (data not shown).
This sequence has been found within 600 bp of the exon
encoding the tandem repeats, providing an upper limit on the
size of the intron.

The nucleotide sequence of PFHRP-II potentially encodes
a protein of M, 35,138, a value much lower than the relative



Genetics: Wellems and Howard

Proc. Natl. Acad. Sci. USA 83 (1986) 6067

PfHRP-II
sp
A N AN
l ||
TT | AN |
DD P F P H HD D SDS S F
— del S ——— )\ M AB 1

—————————sss—— PDL11.3

-—
— . e

PfHRP-1I
sp

| o

<«— pDL41

F1G6. 3. Genomic maps and sequencing strategy for PPHRP-II and PFHRP-1II. Coding regions are directed from left to right and are marked
by heavy lines on the genomic maps. Comparison of the Alu I and Dra I restriction fragments from genomic DNA with those from AMAB1
revealed a 279-bp deletion (del.) had occurred within the region of tandem repeats but had preserved the reading frame. Restriction patterns
of inserts from clones pDL4.1, pDL11.3, and pDS11.1 were compared with corresponding restriction digests of genomic DNA by Southern
blotting and showed no evidence of deletion or rearrangement. Nucleotide sequence analysis was performed on subclones in M13 mp18 having
targeted deletions generated by timed exonuclease III digestions (26). The coding strand of the pDS11.1 insert was determined from fragments
digested with Pvu II and subcloned into M13 mpl9. sp, Splice site at 3’ end of intron. A, AluI; D, Dra I; F, Fok I; H, Hinfl; N, Nde I, P, Pvu

IL; S, Ssp 1.

M, of 60,000-80,000 obtained by NaDodSO,/PAGE (11, 33).
Possible explanations for this difference include posttrans-
lational events and anomalous migration during NaDodSO,/
PAGE. Anomalously low mobilities occur with other malaria
proteins containing tandem repeats (21, 30, 31), perhaps
because of low NaDodSO, binding to the repeat domains
(30). The deduced sequence contains 34% histidine, 37%
alanine, and 10% aspartate.

Sequence Analysis of the PFHRP-III Genomic Fragment.
The nucleotide sequence of clone PDS11.1 contains a single
open reading frame encoding a histidine- and alanine-rich
polypeptide (Fig. 44). Two blocks of repeats occur in this
sequence (Fig. 5). The first (Rya) begins at nucleotide 122:
three tripeptides (Ala-His-His) alternate with two hexa-
peptides (Ala-His-His-Val-Ala-Asp) before a stretch of 13
hexapeptides (Ala-His-His-Ala-Ala-Asn) and a 14th
hexapeptide (Ala-His-His-Ala-Ala-Asp). Between the blocks
of repeats is a 26 amino acid sequence without apparent
repeat structure (nucleotides 437-514). The second block of
repeats (Ryp) contains nine pentapeptides predominantly of
the sequence Asp-Asp/Gly-Ala-His-His (nucleotides 515-
648).

The encoded sequence for PPHRP-III is nearly identical to
that of the cDNA clone corresponding to a small histidine-
and alanine-rich protein (SHARP) reported by Stahl et al.
(32). The sequences differ in that PFHRP-III contains an
additional tripeptide and two hexapeptides in the first block
of repeats and an additional pentapeptide in the second block
of repeats. The nucleotide sequences 5’ to the first block of
repeats are identical up to the intron splice site, where the
genomic sequence diverges from the published cDNA se-

quence. As for PFHRP-II, the published cDNA sequence of
SHARP encodes a hydrophobic region that may représent a
signal region (32). Assuming these regions in SHARP and
PfHRP-III are identical, we obtain a content of 28%
histidine/28% alanine/12% asparagine and a calculated M, of
26,739 for PFHRP-III. Antisera directed against a synthetic
peptide containing repeats from region Ryyg (Fig. 5) immu-
noprecipitate a parasite protein of M, 35,000-40,000, which
is labeled with [*Hlhistidine and [*H]alanine but not
[*Hlisoleucine (unpublished data).

Homologies Between PfHRP-II and PfHRP-III. Compari-
son of the sequences for PFPHRP-II and PFHRP-III shows the
regions flanking the tandem repeat domains, including
untranslated regions within the intron and following the stop
codon, exhibit 85-90% homology in nucleotide sequence
(Fig. 5). Although the sequence of the hydrophobic leader for
PfHRP-III has not been obtained, the close relationships
evident between PFHRP-III and SHARP indicate that a high
level of homology can also be expected among the hydro-
phobic leader sequences. Greater differences occur between
the tandem repeat domains of PFPHRP-II and PfHRP-III. The
arrangement and number of repeats differ in each protein,
and the region between Ry and Ryyg in PPHRP-III is absent
from PfHRP-II. Nevertheless, close relationships between
the repeats are evident. Perhaps most remarkable is that the
most common repeat in PFHRP-II, the hexapeptide Ala-His-
His-Ala-Ala-Asp, differs in the sixth position from the most
common repeat in PPHRP-III, the hexapeptide Ala-His-His-
Ala-Ala-Asn. Of the 33 hexapeptide repeats in PPHRP-II, the
sixth amino acid is aspartic acid in 30 and tyrosine in 3,
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and anti-B-galactosidase. The sequence shown for PPHRP-II does not include the nucleotides added by ligation of EcoRlI linkers (GGAATTCC)
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F1G. 5. Schematic representation of the genes for PPHRP-II and
PfHRP-III. The lengths of the coding regions, represented by boxes,
are drawn to scale. Introns (I) and repeat domains (R, Rya, and
Rpp) are indicated. S, exon encoding hydrophobic leader.

whereas in PFHRP-III the sixth amino acid is asparagine in 13
and aspartic acid in 3.

DISCUSSION

In this study we have used a clone of P. falciparum in the
characterization of two closely related genes. Both genes are
therefore found within a single parasite and are not variants
of the same gene in different parasites. Both genes also occur
in other clones of P. falciparum (unpublished data).

PfHRP-II and PfFHRP-III contain unusually high levels of
histidine and alanine within the tandem repeats of the
proteins. In PfHRP-II the repeats comprise hexapeptides
predominantly of the sequence Ala-His-His-Ala-Ala-Asp,
interrupted at intervals by tripeptides and pentapeptides
predominantly of the sequence Ala-His-His and Ala-His-His-
Ala-Ala. Repeats varying from these sequences appear to
have arisen by focal changes that have spread through the
repeats. For example, two variants of the hexapeptide,
Ala-His-His-Ala-Thr-Asp and Ala-His-His-Ala-Ala-Tyr, oc-
cur several times in the sequence of PfHRP-II. The
tripeptides and pentapeptides in PfHRP-II generally have
sequences that are the same as the first three and first five
amino acids in the hexapeptide, suggesting deletions and/or
insertions have occurred and also spread among the repeats.

The gene for PfFHRP-III contains two repeat domains
separated by a nonrepetitive stretch of 78 nucleotides. The
first repeat domain, Rpja, encodes tandemly repeated
hexapeptides that are homologous with the hexapeptide
repeats in PPHRP-II. However, the predominant hexapeptide
unit of PFHRP-III, Ala-His-His-Ala-Ala-Asn, differs from
that of PFHRP-II by a change in the sixth amino acid from
aspartic acid to asparagine. This striking change, from an
acidic to a polar residue in the hexapeptide repeat unit, is the
result of a change from adenosine to guanosine in the first
nucleotide of the codon for this amino acid. It seems unlikely
independent mutational events produced this change
throughout the repeats; a more attractive hypothesis is that
a single change in one of the repeat units was conserved and
spread throughout the repeats.

The second repeat domain in PFHRP-III, Ry, contains
tandemly repeated pentapeptides that show less homology
with PFHRP-II, though a clear relationship remains evident.
When gaps are introduced to maximize alignment, approxi-
mately two-thirds of the aligned nucleotides and amino acids
match. Tripeptides of the sequence Ala-His-His have been
conserved in both repeat structures.

The homologies between the tandem repeat domains to-
gether with the homologies between the regions flanking the
repeats imply the genes for PFHRP-II and PfHRP-III have
originated in the duplication of an ancestral sequence. Di-
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vergence following duplication has evidently generated two
genes having distinct primary structures. Divergence has
been greater in the repeat domains than in the flanking
regions, which include untranslated sequences that would be
expected to be more susceptible to change than coding
regions. This suggests the repeats constitute relatively labile
elements within the genome that may provide the malaria
parasite with a means of rapid evolutionary change. It
remains to be determined whether the divergent structures of
PfHRP-II and PfHRP-III reflect significant functional differ-
ences or whether both proteins have similar properties,
perhaps deriving from their unusually high histidine content.

We thank Drs. L. H. Miller and T. F. McCutchan for advice and
critical review of the manuscript. The genomic expression library
was generously provided by Drs. J. B. Dame and T. F. McCutchan;
McAbS87 was generously provided by Dr. D. W. Taylor. We thank
Drs. P. Romans, T. Theodore, A. Saul, E. Cowan, E. Rock, J.
Baldik, J. Owens, and V. Kao for advice and assistance.

1. Kilejian, A. (1974) J. Biol. Chem. 249, 4650-4655.

2. Feder, R. & Blobel, G. (1983) Mol. Biochem. Parasitol. 9, 351-362.

3. Ravetch, J. V., Feder, R., Pavlovec, A. & Blobel, G. (1984) Nature
(London) 312, 616-620.

4. Ravetch, J. V., Feder, R., Pavlovec, A. & Blobel, G. (1985) Nature
(London) 317, 558.

5. Irving, D. O., Cross, G. A. M., Feder, R. & Wallach, M. (1986) Mol.
Biochem. Parasitol. 18, 223-234,

6. Kilejian, A. (1984) Mol. Biochem. Parasitol. 12, 185-194.

7. Leech, J. H., Barnwell, J. W., Aikawa, M., Miller, L. H. & Howard,
R. J. (1984) J. Cell Biol. 98, 1256-1264.

8. Kilejian, A. (1979) Proc. Natl. Acad. Sci. USA 76, 4650-4653.

9. Kilejian, A. (1983) J. Parasitol. 69, 257-261.

10. Hadley, T. J., Leech, J. H., Green, T. J., Daniel, W. A., Wahlgren, M.,
Miller, L. H. & Howard, R.J. (1983) Mol. Biochem. Parasitol. 9,
271-278.

11. Wellems, T. E., Rock, E. P., Maloy, W. L., Taylor, D. W. & Howard,
R.J. (1986) in Molecular Strategies of Parasitic Invasion, UCLA
Symposia on Molecular and Cellular Biology, eds. Agabian, N., Good-
man, H. & Noguiera, N. (Liss, New York), Vol. 42, in press.

12. Burkot, T. R., Williams, J. L. & Schneider, 1. (1984) Trans. R. Soc.
Trop. Med. Hyg. 78, 339-341.

13. Trager, W. & Jensen, J. B. (1976) Science 193, 673-675.

14. Sanderson, A., Walliker, D. & Molez, J. F. (1981) Trans. R. Soc. Trop.
Med. Hyg. 75, 263-267.

15. Maniatis, T., Fritsch, E. F. & Sambrook, J. (1982) Molecular Cloning: A
Laboratory Manual (Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY).

16. Hyde,J. E., Zolg,J. W. & Scaife, J. G. (1981) Mol. Biochem. Parasitol.
4, 283-290.

17. Mehdy, M., Ratner, D. & Firtel, R. A. (1983) Cell 32, 763-771.

18. McCutchan, T. F., Hansen, J. L., Dame, J. B. & Mullins, J. A. (1984)
Science 225, 625-628.

19. Young, R. A. & Davis, R. W. (1983) Proc. Natl. Acad. Sci. USA 80,
1194-1198.

20. Young, R. A. & Davis, R. W. (1983) Science 222, 778-782.

21. Dame, J. B., Williams, J. L., McCutchan, T. F., Weber, J. L., Wirtz,
R. A, Hockmeyer, W. T., Maloy, W. L., Haynes, J. D., Schneider, I.,
Roberts, D., Sanders, G. S., Reddy, E. P., Diggs, C. L. & Miller, L. H.
(1984) Science 225, 593-599.

22. Yanisch-Perron, C., Vieira, J. & Messing, J. (1985) Gene 33, 103-119.

23. Hanahan, D. & Meselson, M. (1983) Methods Enzymol. 100, 333-342.

24. Sanger, F., Nicklen, S. & Coulson, A. R. (1977) Proc. Natl. Acad. Sci.
USA 74, 5463-5467.

25. Belfort, M., Pederson-Lane, J., West, D., Ehrenman, K., Maley, G.,
Chu, F. & Maley, F. (1985) Cell 41, 375-382.

26. Henikoff, S. (1984) Gene 28, 351-359.

27. Shapiro, M. B. & Senapathy, P. (1986) Nucleic Acids Res. 14, 65-73.

28. Mount, S. M. (1982) Nucleic Acids Res. 10, 459-472.

29. Periman, D. & Halvorson, H. O. (1983) J. Mol. Biol. 167, 391-409.

30. Ozaki, L. S., Svec, P., Nussenzweig, R. S., Nussenzweig, V. & God-
son, G. N. (1983) Cell 34, 815-822. '

31. Cowman, A. F., Saint, R. B., Coppel, R. L., Brown, G. V., Anders,
R. F. & Kemp, D. J. (1985) Cell 40, 775-783.

32. Stahl, S. M., Kemp, D. J., Crewther, P. E., Scanlon, D. B., Woodrow,
G., Brown, G. V., Bianco, A. E., Anders, R. F. & Coppel, R. L. (1985)
Nucleic Acids Res. 13, 7837-7846.

33. Howard, R. J., Uni, S., Aikawa, M., Aley, S. B., Leech, J. H., Lew,
A. M., Wellems, T. E., Rener, J. & Taylor, D. W. (1986) J. Cell Biol.,
in press.



