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Eukaryotic aspartyl proteinases (APs) are thought 

to have evolved from a common ancestor by gene

duplication and fusion. This hypothesis is supported

both by the three-dimensional structure of the

enzymes, which consist of two homologous lobes1,

and by the organization of vertebrate genes for APs,

which have two clusters of four exons2. The

primordial APs might have been homodimers,

similar to the enzyme that is found in retroviruses1,3.

Less is known about the genomic organization of 

APs in lower eukaryotes. For example, within the

protozoa, genomic sequences of APs have only 

been analysed for the Plasmodium falciparum

plasmepsins, which have diverse exon–intron

organizations4,5 and for an eimepsin from Eimeria

tenella (Ref. 6).

Evolutionary relationships in the AP gene family

Comparison of genes encoding APs from several

organisms (yeast, fungi, nematodes, protozoa, plants

and vertebrates) shows that, although many intron

positions vary throughout the whole family, genes

encoding enzymes from related classes of organisms

share some structural similarities (Fig. 1). The only

group with no introns in any of their AP genes are the

yeasts, which have small genomes and have probably

lost most of the introns that their ancestors had7,8.

Unlike the vertebrate AP genes, which all have a

nine-exon structure with perfect conservation of the

exon–intron boundaries, AP genes from other groups

of organisms have a variable number of exons: two to

Aspartyl proteinases are a widely distributed family of enzymes. All vertebrate

aspartyl proteinases share a conserved nine-exon gene structure, but in other

organisms the structure of aspartyl proteinase genes varies considerably. The

exon–intron patterns generally reflect phylogeny based on amino acid

sequences. However, close comparison of these gene structures reveals some

striking features, such as the conservation of intron positions and intron

phases between aspartyl proteinases from nematodes and apicomplexans.

Here, we discuss the implications of gene structure for the possible evolution of

the aspartyl proteinase family, with particular reference to the plasmepsins of

Plasmodium falciparum and eimepsin from Eimeria tenella.

Aspartyl proteinase genes from

apicomplexan parasites: evidence for

evolution of the gene structure

Létitia Jean, Manyuan Long, John Young, Pierre Péry and Fiona Tomley



four in fungi, four to nine in nematodes, 8–12 in

plants and 0–18 in protozoa.

The grouping of organisms obtained by comparing

the genomic organization of the AP genes

corroborates the amino acid similarity of the AP

family (Fig. 2). An unrooted tree constructed by

aligning the amino acid sequences of the AP family

shows that the APs separate into six clusters of

organisms. These clusters represent vertebrates,

plants, fungi, yeast, nematodes and apicomplexan

protozoa, and are the same as those defined by

comparison of the genomic organization. Conservation

of exon–intron boundaries occurs predominantly in

the 5′ half of the AP genes studied (Fig. 3). According

to the theory of AP gene duplication and fusion1, this

is consistent with modifications to the intron pattern

(intron loss or addition) occurring after gene

duplication and suggests that the two halves of the

gene have evolved differently.

Two types of AP gene structure within a single

organism

Four different aspartyl proteinases, termed

plasmepsins, have been described in P. falciparum

and several more have now been detected within the

P. falciparum genome (see forthcoming article in

Trends in Parasitology by Coombs et al.). The genes

encoding P. falciparum plasmepsins (PfPMs) I, II and

IV do not have introns, whereas the gene encoding

PfPMIII (Ref. 4), now renamed PfPMVI, is organized

into 15 exons. In the related apicomplexan E. tenella,

only one AP gene (encoding eimepsin) has been

described so far and this has 18 exons6.

The PfPMVI and eimepsin genes are exceptional

in comparison with other AP genes, and other

apicomplexan genes in general, in that they have

many introns, including some that have apparently
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Lineage, gene name and accession number Organisation

Nematodes

Cosmid clone F21F8-4* (Caenorhabditis elegans) U97000

Cosmid clone R12H7* (Caenorhabditis elegans) Z50755

Cosmid clone C11D2* (Caenorhabditis elegans) AF045640

Pepsinogen† (Haemonchus contortus) AF079402

Vertebrates

Rat renin† AH001134, mouse napsin* AJ250718/19/20, 

chicken pepsinogen† M37278, calf chymosin† AB25283 

and human cathepsin Db AH002629

Plants

Cosmid clone F19K23* (Arabidopsis thaliana) AC000375

Cosmid clone F12F1* (Arabidopsis thaliana) AC002131

Orizasin† (rice) D32165

Brassica napus† U55032

Protozoans

Plasmepsins I†, II† and IV* (Plasmodium falciparum)

Plasmepsin VI* (Plasmodium falciparum) AL008970

Eimepsin† (Eimeria tenella) AJ293830

Fungi

RNAPI* (Rhizopus niveus) M19100

Podospora pepsin* (Podospora anserina) AF016054

Pepsinogen A† (Aspergillus awamori) M34454

Yeast

SAP1* (Candida albicans) X56867

BAR1†(Saccharomyces cerevisiae) J03573

Fig.1. Comparison of the structure of the aspartyl proteinase (AP) family
genes. The sequences have been aligned for maximal homology of
amino acid sequences (PILEUP program in the GCG software suite)27.
The exons are represented by the colored blocks.  Sequences for
plasmepsins I, II and IV were obtained from chromosome 14: locus 24.
t00047, locus 24. t00046, contig>138 (www.tig.org). Symbols: 
* , the intron–exon boundaries were deduced from genomic sequence; 
†, the intron–exon boundaries were also verified experimentally .



evolved since the separation of E. tenella and

P. falciparum. The division of the apicomplexan AP

genes into two distinct groups is reinforced by

phylogenetic analysis of their amino acid sequences.

Thus, PfPMs I, II and IV form a group that is distinct

from that of PfPMVI and eimepsin (Fig. 2). In a

bootstrap analysis, trees generated from 1000

random subsets of the input data were used to test the

reliability of this tree topology. The numbers between

each node (Fig. 2) show the number of generated

trees, out of 1000, in which the same group of

sequences branched from that node. This bootstrap

analysis supports a model in which there are two

distinct apicomplexan AP groups, each of which

evolved within the Apicomplexa from a different

ancestral AP gene (bootstrap values 1000). However,

because the bootstrap value for the node between the

branches containing the two groups is very low (277),

this analysis does not provide support for a common

ancestor of the two groups within the Apicomplexa. In

other words, the two groups are no more closely

related to each other than to any of the other APs from

the diverse species shown in Fig. 2.

The observation that APs in Plasmodium have

evolved into two groups with completely dissimilar

genomic organizations demands explanation. Two

special aspects of apicomplexan biology offer

intriguing possibilities. It is well documented that

apicomplexan parasites have, during the course of

their evolution, acquired a phylum-specific

endosymbiotic organelle (the apicoplast), which has

its own genome, and that these parasites can also be

infected by viruses9–11. Thus, one or other of the

radically different structures of AP genes might have

its origin in horizontal gene transfer following either

of these events.

Haemoglobin digestion is a highly specialized

function shared by Plasmodium and other

apicomplexans, but not by Eimeria. Both PfPMI and

PfPMII are already known to be involved in

haemoglobin digestion, whereas PfPMIV and

PfPMVI have been described more recently and no

functions have been ascribed to them. From the gene

structure and phylogeny, it is tempting to speculate

that PfPMIV might be involved in haemoglobin

digestion like PfPMI and PfPMII, whereas PfPMVI

might have a completely different function. It might

be that the multi-intron genes for eimepsin and

PfPMVI represent the archetypal apicomplexan AP

gene, with the intron-less PfPMI, II and IV genes

having been acquired during the evolution of

Plasmodium under selection for efficient digestion of

haemoglobin (Box 1).

To date, we have no clues to the identity of a

potential source for this horizontal gene transfer.

Thus, it remains possible that the intron-less AP

genes are the product of a rapid phase of evolution of

a common ancestral apicomplexan AP gene during

selection for the efficient use of haemoglobin.

However, this scenario does not explain the complete

lack of introns in the newly evolved genes. Indeed,

introns might have a role in accelerating evolution by

allowing exon shuffling. Thus, we prefer horizontal

gene transfer as the model to explain the diversity of

AP gene structure in these parasites. The

determination of all AP gene structures from other

apicomplexan parasites that do (Theileria, Babesia)

or do not (Toxoplasma, Cryptosporidium, Eimeria)

depend on haemoglobin digestion will provide a test

of this model. Current genome sequencing projects

will provide some of this information rapidly.

Ancient introns in AP genes from different organisms

Closer inspection of AP exon–intron boundaries

reveals that some of these are shared between

lineages: between vertebrates and the free-living

nematode Caenorhabditis elegans (Fig. 3a); between

apicomplexans, plants and C. elegans (Fig. 3b); and

between apicomplexans and the parasitic nematode

Haemonchus contortus (Fig. 3c). Within the

apicomplexan sequences, intron 1 of eimepsin and

the shared intron 3 of eimepsin and PfPMVI are in

identical positions to introns 2 and 4 of H. contortus

AP, and the shared intron 2 of eimepsin/intron 1 

of PfPMVI is identical in position to intron 2 of 

C. elegans C11D2 and is shifted by just two

nucleotides from introns in plants. Similarly, intron 

7 of PfPMVI is shifted by only one nucleotide from

intron 5 of H. contortus.

Using the method proposed by Iwabe et al.12, we

have found it to be unlikely that the positional

matches of the first and third introns of eimepsin
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Fig. 2. Unrooted tree based on amino acid similarity of the aspartyl proteinase (AP) family. Amino
acid sequences of APs with characterized genomic organizations were aligned with the program
ClustalX (Ref. 25) using a neighbor-joining method. The unrooted tree was drawn using TreeView
(Ref. 26). Numbers below the nodes are the number of replicates out of 1000 in which the clade was
represented in a bootstrap analysis. Groups of related organisms are shown on a shaded
background: protozoan parasites on red, fungi on purple, yeast on yellow, nematodes on orange,
plants on green and mammals on blue. Branch lengths are scaled to average protein similarity and
represent expected numbers of amino acid substitutions per site. The scale bar shows a branch
length that would represent a 10% difference between the protein sequences.
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with the second and fourth introns of H. contortus are

the result of random insertions (probability P = 0.023

that the number of shared introns is ≥2). Furthermore,

because the positions of intron 2 of eimepsin and

intron 1 of PfPMVI are identical to that of intron 2 of

C. elegans C11D2, we have also tested how

significant the three positional matches between the

nematodes and apicomplexans are. Between them,

the apicomplexan sequences have introns in 20

different positions, and the nematode sequences

have 13. The probability that the two groups have

acquired three positional matches randomly is very

low (probability P = 0.002 that the number of shared

introns is ≥3).

A further inspection of the exon nucleotide sites

that flank the positionally identical introns showed

that the three 5′ and 3′ exon nucleotides flanking

introns 1, 2 and 3 of eimepsin are GTA|GTC,

GAA|AGG and CAA|CAG (‘|’ indicates the 

positions of these introns). By contrast, the exon

nucleotides flanking introns 2 and 4 in H. contortus

are CAC|GTT and GTT|TAT and the exon

nucleotides flanking intron 2 of C. elegans are

TAA|AAA. Thus, there are no conserved patterns 

for the insertion of introns, which is a minimum

assumption for a proto-splice model of intron

insertion13,14. These analyses do not support a model

of random intron insertion into these positions and

suggest a common ancestral relationship of these

three introns that pre-dated the divergence of the

various protozoan species and the nematodes. Thus,

these analyses support a conclusion that the

apicomplexan and nematode genes probably share

ancient exon–intron structure. This suggests that

the plant introns with a similar position to intron 2 

of eimepsin might have originated from common

ancestors and subsequently changed position by

intron drift15 or intron slippage16, as might

H. contortus intron 5, which has a similar position to

intron 7 of PfPMVI (Fig. 3b,c).

The age of introns can provide important clues to

their origin. There have been several reports of

ancient intron positions in, for example, the plant

and vertebrate genes encoding triose-phosphate

isomerase17, and in the ancient duplicated

glyceraldehyde-3-phosphate dehydrogenase

genes18–20. The finding of ancient introns between

APs from nematodes and apicomplexans extends the

distribution of shared positions of nuclear introns to

taxonomically more divergent organisms, protozoa,

pointing to a divergence time much longer ago than

that between plants and animals21. Finally, the

divergent exon–intron structures in APs from

different groups of organisms suggested a process of

gene evolution involving intron insertion13, intron

loss20 and probably intron drift15. Although the

proportion of these events that affect the evolution 

of AP families is unknown, the existence of ancient
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Fig. 3. Conservation of exon–intron boundaries between groups of
organisms. Sequences have been aligned for maximal homology
(using the PILEUP program27). Exons are represented by colored blocks.
The intron phase is indicated below the sequences and the red lines
show common introns between aspartyl proteinase (AP) genes from
groups of organisms. Intron phases are defined as the relative positions
of introns falling between codons (phase 0) or within a codon after the
first (phase 1) or second (phase 2) nucleotides, respectively.
(a) Conserved exon–intron boundaries between the vertebrate AP and
two Caenorhabditis elegans cosmid clones (C11D2 and R12H7).
(b) Conserved exon–intron boundaries between the apicomplexan AP
genes (eimepsin and plasmepsin VI), the plant AP genes (Arabidopsis
thaliana cosmid clones F19K23 and F12F1, orizasin, and Brassica napus)
and C. elegans cosmid clone C11D2. (c) Conserved exon–intron
boundaries between apicomplexan AP genes (eimepsin and
plasmepsin VI) and Haemonchus contortus pepsinogen gene.



intron positions identified in this study does not

support an extreme model that proposes that 

the origin and evolution of all the AP introns is

relatively recent.

Evolutionary relatedness of Pf PMVI and eimepsin

genes

Eimepsin and PfPMVI genes have many exons,

making them the most complex of the AP family.

Comparison and alignment of their exon–intron

structures shows that they share an exon-grouping

pattern that creates nine-exon blocks with coincident

boundaries (e.g. exons 1 and 2 of eimepsin correspond

precisely to exon 1 of PfPMVI, and so they form block I)

(Fig. 4). Compared with other APs, eimepsin has a

unique C-terminal extension sequence that is

encoded by exon 18 and has not be taken into account

in the comparisons. The fact that this extended

sequence coincides with a splice junction might be

related to a particular functional difference of

eimepsin, in accordance with the finding by Craik

et al.22 that new functional domains in protein

families might be associated with a splice site.

The similar complexity of the genomic

organization of eimepsin and PfPMVI, the common

exon–intron boundaries, and the nine-exon-block

structure all suggest that eimepsin and PfPMVI are

derived from a recent common ancestor. The

statistical tests have shown that the shared introns

between these two proteins are most probably

ancient and present in the common ancestor before

divergence of these two parasites. Unfortunately,

comparison of the nucleotide sequences of PfPMVI

and eimepsin introns is not informative because of

the bias introduced by the AT richness of the

Plasmodium genome23. However, it is possible to

analyse the intron phases at the exon-block

boundaries and these are all perfectly conserved
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From the comparison of genomic organization, we
can propose a model for the evolution of the
apicomplexan aspartyl proteinases (APs) (Fig. I). It
has been suggesteda that AP genes were generated
by unequal meiotic cross-over between two direct
repeats of the ancestral gene. Eukaryotic APs are
hypothesized to derive from this ancestral gene
owing to the presence of functional conserved
regions and the conservation of the two halves of the
active site. Following the duplication and fusion of the
ancestral AP gene, the genes in different groups of
organisms have diverged.

In this model, the ancestral gene of eimepsin and
Plasmodium falciparum plasmepsin VI (PfPMVI) is
assumed to be the archetypal AP gene of the

apicomplexan parasites, with eight conserved
introns. During the course of evolution, the genes of
eimepsin and PfPMVI have evolved by the insertion
or removal of introns to give rise to their existing
organization in 18 and 15 exons, respectively. The
differences between the organization of the PfPMI, II
and IV genes, and the eimepsin and PfPMVI genes,
and the fact that they do not possess any introns,
suggest that their genes probably arose from an
horizontal gene transfer and were selected for the
specific function of haemoglobin digestion.

Reference

a Holm, I. et al. (1984) Evolution of aspartyl proteases by gene

duplication: the mouse renin gene is organized in two

homologous clusters of four exons. EMBO J. 3, 557–562

Box 1. Evolutionary model adapted from the genomic organization of the AP family

Pf PMVI Eimepsin

Eimepsin and Pf PMVI ancestor

Apicomplexa
(archetypal AP gene?)

Eukaryote bilobal AP gene

Gene duplication and fusion

Primordial homodimeric AP gene

Other organisms
with variable AP
gene structure,
generally group
characterized

Evolutionary loss
of all introns or
horizontal gene
transfer?

Vertebrates
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(Fig. 4). Because there is conservation of both intron

position and the phase with which the reading frame

is cut24, it is justifiable to hypothesize that the

eimepsin and PfPMVI exon-block-bounding introns

derive from a common ancestral gene. The extra

introns found at different positions in these two

genes probably represent divergent evolution (intron

loss or addition) after the acquisition of the nine-

exon-block structure.

Comparing apicomplexan AP genes with vertebrate 

AP genes

The exon grouping between eimepsin and PfPMVI

reveals a nine-exon-block pattern, as though this

grouping is designed to mimic the nine-exon structure

of the vertebrate AP genes. However, a comparison of

the eimepsin and PfPMVI genes with vertebrate AP

genes (e.g. the human cathepsin-D gene) shows that

there is no conservation of boundaries between exons

or exon blocks, suggesting that these genes are

evolutionarily distant (Fig. 5). In addition, positioning

the exon–intron boundaries on the three-dimensional

structure of a typical single-chain AP (e.g. pepsin) did

not show any relationship between the nine exon

blocks of PfPMVI and eimepsin, and their structure

and function. For example, the boundaries were not

positioned at external loops or between important

functional domains. Thus, the nine-exon-block
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Fig. 4. Comparison of eimepsin and Plasmodium falciparum plasmepsin
VI (Pf PMVI) exon–intron structures. Eimepsin and Pf PMVI amino acid
sequences have been aligned for maximal homology (using the PILEUP
program27) and the sequence corresponding to an exon for each protein
separated and boxed. Exon numbering is shown above the sequences,
exon-block numbering is shown below the sequences and the intron
phase is shown in italics below the sequences. Gaps were introduced to
separate the exons and to conserve the alignment when an exon in one
sequence did not correspond to an exon in the other sequence.



pattern between eimepsin and PfPMVI genes does

not mimic the nine-exon structure of the vertebrate

AP genes and is coincidental.

Conclusions

Analysis of AP genomic sequences from diverse

organisms shows that genes cluster into separate

groups, owing to differences in the number of exons

and the positions of exon–intron boundaries.

However, some exon–intron boundaries are conserved

between more than two phylogenetic lineages,

suggesting that some AP introns are ancient.

Interestingly, an exon-grouping pattern that creates

nine exon blocks is conserved between eimepsin and

PfPMVI, suggesting that these two genes derive from

a common ancestor. It is most likely that eimepsin

and PfPMVI represent archetypal APs of

Apicomplexa and that other, intronless, PfPM genes

such as PfPMI, II and IV have been acquired and

retained in the Plasmodium genome for the specific

purpose of haemoglobin digestion. The determination

of further apicomplexan AP genomic sequences will

provide clearer insights into this aspect of AP biology.
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Fig. 5. Comparison of eimepsin and human cathepsin (Cat.) D
exon–intron structures. Eimepsin and human cathepsin D amino acid
sequences have been aligned for maximal homology (using the PILEUP
program27) and the sequence corresponding to an exon for each protein
separated and boxed. Exon numbering is shown above the sequences
and exon-block numbering is shown below the sequences. Gaps were
introduced to separate the exons and to conserve the alignment when
an exon in one sequence did not correspond to an exon in the other
sequence. The double-headed arrows represent the position of the nine
exon blocks described in Fig. 4.
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