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Abstract
In genome-wide screens we studied CA/C1 peptidases
of malaria-causing plasmodia and their hosts (man and
mouse). For Plasmodium falciparum and P. berghei, several new CA/C1 peptidase genes encoding proteases of
the L- and B-family with specific promoter modules were
identified. In addition, two new human CA/C1 peptidase
loci and one new mouse gene locus were found; otherwise, the sets of CA/C1 peptidase genes in man and
mouse seem to be complete now. In each species studied there is a multitude of CA/C1 peptidases with lysosomal localization signals and partial functional overlap
according to similar but subfamily-specific structures.
Individual target structures in plasmodia include residues
specifically different in CA/C1 peptidase subsite 2. This
is of medical interest considering CA/C1 peptidase inhibition for chemotherapy in malaria, malignancies and
other diseases. Promoter structures and mRNA regulation differ widely among CA/C1 peptidase subfamilies
and between mammals and plasmodia. We characterized promoter modules conserved in mouse and man for
the CA/C1 peptidase families B and L (with the L-like
subfamily, F-like subfamily and mouse-specific J-like
subfamily). RNA motif searches revealed conserved regulatory elements such as GAIT elements; plasmodial CA/
C1 peptidase mRNA elements include ARE elements and
mammalian mRNAs contain 15-lox DICE elements.
Keywords: cathepsin; expression; genome screen;
malaria; papain-like proteases; protein structure.

*Electronic supplementary material to this article DOI 10.1515/
BC.2009.124SUP is available from the journal online site at
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Introduction
The cysteine cathepsins form a large ubiquitous family of
proteases also known as papain-like proteases. Several
family members, such as some SERA proteins, contain
a serine residue at the active site instead of the canonical
cysteine, and there are family members without apparent
protease activity (McCoubrie et al., 2007). In this paper,
we prefer the modern and more accurate term cysteine
‘peptidases of clan CA family C1’ (CA/C1 cysteine peptidases). In most organisms, CA/C1 peptidases are parts
of protein digesting machineries but they can also mediate highly selective cleavage of specific protein substrates. There are two major families: the L-family and
the B-family named after their representative CA/C1 peptidases, which were originally called cathepsins L and
cathepsins B, respectively.
Human CA/C1 peptidases are relevant targets to treat
osteoporosis, rheumatoid arthritis, osteoarthritis, bronchial asthma as well as cancer (Mohamed and Sloane,
2006). The cathepsin K inhibitor AAE-581 (balicatib) has
recently passed phase II clinical trials as an anti-osteoporosis drug (Vasiljeva et al., 2007).
Plasmodial CA/C1 peptidases such as the falcipains
are potential drug candidates against malaria (Singh et
al., 2006). In the malaria parasite, the digestion of hemoglobin in the food vacuole, the processing of numerous
proteins and the egress of the parasites from mammalian
hepatocytes and erythrocytes rely on CA/C1 peptidases
(Sijwali et al., 2006).
A census of plasmodial CA/C1 peptidases is therefore
of biological and medical interest. There is functional
overlap both within the CA/C1 peptidases family and of
CA/C1 peptidases with unrelated proteases. To better
understand this, both the multitude of CA/C1 peptidases
(B-family, L-family and subfamilies) and their regulation
of activity have to be taken into account. In their 2003
study, Puente et al. compared all human and mouse proteases available at that time (Puente et al., 2003). Subsequently Rossi et al. (2004) studied the human genome
draft sequence applying the program TBlastN. In addition
to the known cysteine cathepsins, their scan identified
three pseudogenes, closely related to cathepsin L on
chromosome 10 as well as two remote homologs, tubulointerstitial protein antigen and tubulointerstitial protein
antigen-related protein. mRNA expression profiles for
10 known human cysteine cathepsins showed varying
expression levels in 46 different human tissues and cell
lines. No expression of any of the three cathepsin L-like
pseudogenes was found which indicates that they are
probably proteolytically inactive CA/C1 homologs. Based
on these results, Rossi et al. concluded that all human
cysteine cathepsins were known.
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Building on these findings and starting from the set of
known CA/C1 peptidases in man, mouse, P. falciparum
and P. berghei, the following studies are presented here.

provide direct links to several full-grown databases that
we found useful for studying CA/C1 peptidases in different organisms.

i. We have identified several incomplete CA/C1 peptidase sequences in all four genomes as well as two
new complete human and one complete murine CA/
C1 peptidase and several new plasmodial CA/C1
peptidases.
ii. The CA/C1 peptidases of the four genomes were subsequently compared in their geometric structures.
Notably, the structural differences between peptidases from mammals and plasmodia include the S2
subsites.
iii. Promoter module structure as well as regulation of
gene expression was found to be subfamily-specific
and there are specific plasmodial promoter elements.
Regulatory elements in CA/C1 peptidase mRNAs are
conserved differently between CA/C1 peptidases from
plasmodia and their mammalian hosts.

Genome-wide screens for CA/C1 peptidases

Results
Scheme 1 summarizes the results including the supplementary material. Starting from genome screening
including genomic shorter sequences, we consider phylogenetic distribution in all four organisms, peptidase
structures including the S2 subsite, subfamily-specific
promoter modules, as well as conserved regulatory
elements in CA/C1 peptidase mRNA. At http://
cac1peptidases.bioapps.biozentrum.uni-wuerzburg. de,
we provide navigation within the scheme to individual
Figures and Tables of the results (mini-database) and also

Genome-wide screens were done on the genomes of the
malaria parasites P. falciparum, P. berghei and their mammalian host genomes (man, mouse) applying sensitive
sequence analysis methods (see the materials and methods section). The analysis revealed a number of new
complete CA/C1 peptidases in plasmodia and only two
new genome loci in man, as well as one locus in the
mouse genome encoding additional CA/C1 peptidases.
Table S1 in the supplementary material lists all identified
59 CA/C1 peptidases (sorted according to L-family with
subfamilies and B-family, as well as within each subfamily for the species P. falciparum, P. berghei, mouse,
and man). We include the newly identified complete
CA/C1 peptidases (yellow background in Table S1) and
identified shorter CA/C1 peptidases-like genome-encoded sequences (gray background in Table S1). We found
nine new complete (two in P. falciparum, four in P. berghei, one in mouse, and two in man) and six incomplete
CA/C1 peptidases (three in mouse and three in man), as
well as two known SERA proteins (supplementary Figure
S1).
New CA/C1 peptidase loci in the genomes of
P. falciparum and P. berghei
The sequence analysis of the two parasite genomes confirms the previously known falcipains (L-like CA/C1 peptidases falcipain 1, 2, 29 and 3; Sijwali et al., 2006) and

Scheme 1 Summary scheme of all results. Starting from the genome screening including shorter genomic sequences, we consider
phylogenetic distribution in all four organisms, peptidase structures including the S2 subsite, subfamily-specific promotor modules,
as well as conserved regulatory elements in CA/C1 peptidase mRNA.
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the CA/C1 peptidases SERA6 and SERA7 (McCoubrie et
al., 2007) but now includes the genome locus for falcipain 1 from P. berghei (Table 1). More importantly, we
identified several new genome loci encoding complete
CA/C1 peptidase sequences (Table 1) as well as incomplete sequences (supplementary Table S1). For the Wlike CA/C1 peptidase in P. berghei, only an automatic
prediction of ‘hypothetical protein, putative cysteine protease’ was previously known. However, domain composition and sequence analysis (see materials and methods
section) support that this locus is probably encoding a
W-like cathepsin. For all these plasmodia CA/C1 peptidases, evidence for expression was checked (Figure 1)
as well as intactness of the catalytic triad and of the reading frames (supplementary Figure S2). The potential overlap in catalytic specificity and function should also be
taken into account for efforts in drug design against plasmodia (Goh and Sim, 2005; Sijwali et al., 2006). Some
plasmodial chromosomes harbor several CA/C1 peptidases. There are falcipains in chromosome 11 in P. falciparum (Table S1). Furthermore, there is a cluster of
eight SERAs on chromosome 2 in P. falciparum (Miller et
al., 2002).

All CA/C1 peptidase loci of the human and
murine genomes
Despite extensive screens, in addition to the previously
characterized CA/C1 peptidases we only found shorter
cathepsin fragments in mouse and man (Table S1; Figure
S3), as well as two complete L-like CA/C1 peptidase loci
in man and one in mouse encoding complete reading
frames with no stop codons and with evidence for
expression from expressed sequence tag (EST) data (Figure S3). These yield Table 1 as the complete list of the
CA/C1 peptidases in mouse and man (shorter sequences
in Table S1). Probably there are no further hidden CA/C1
peptidases in the human genome and the nomenclature
of the human CA/C1 peptidases can be finalized. We
detected CTSL3 as a new gene locus. Its gene name is
cathepsin L-family member 3, an alias hCTSL-s and the
Gene identifier GID 392360. Looking at EST evidence we
observe that it is also expressed but based on EST evidence it is not certain whether the complete sequence is
expressed.
The second locus, CTSLL4 (alias hCTSLL) gene from
man, was not analyzed further or named before, but the

Table 1 Complete CA/C1 peptidase sequences that were newly identifieda.
Name

Chromosomed

Length
(aa)

Mw
(kDa)

BM276389 CA856661
CA856571 BM274201
BI815922 BQ596335
BI815232 BU496508
AJ555580 BI816005
BQ451595
BU497091 BU497271
BU498055 AU088388

504

59.5

939

110.5

893

104

946

109.6

CAAI01000515
3892-5446
CAAI01006605
420-3104
CAAI01002787
416-1951
CAAI01003269
1273-3314

BF298730 BB980790
BB979022 BB972286
BF298768 BB978429
BB971003
BM160328 BP114560

517

60.0

829

96.2

454

53.0

BP114222 BP113912
BP113908

680

78.6

Chr. 10q22.3

NC_000010
52135146-52137882

332

37.4

Chr. 9q22.1

AC_000052
60958324-60972276

DN831176 DN831175
BG219223 BG202425
BG201222 BG217032
BD119660 CN412434
BD119661 AX984802
CQ733879 AA367954
AX914832 BD050365
CV423299 AW885791

297

31.9

Chr.13

NC_000079
60808536-60811038

330

36.6

Plasmodium falciparum
Cathepsin C
Chr. 12
putativeb
Chr. 4
PFD0230cb
PFB0335cc

Chr. 2

PFB0330cc

Chr. 2

Plasmodium berghei
Falcipain-1
(P. berghei)
PB000352.01.0
(S-like)
PB000233.03.0
(W-like)
PB000856.03.0
Human
hctsl-like
(CTSLL4)

hctsl-similar
(CTSL3)
Mouse
mCTSL-like
(mCTSLL)

Unclear
Unclear
Unclear
Unclear

Location

Covering ESTs

NC_004316
1968493-1971057
NC_004318
266922-269829
NC_000910
298900-301733
NC_000910
294276-297394

BY735637 BY756020
BY709516 CA550116

Including chromosomal location (if known) and covering EST evidence, as well as predicted protein length and
molecular mass.
b
Putative cathepsin C and PFD0230c are Plasmodium falciparum cysteine proteases different from known SERA
proteins because they are located on Chr. 12 and Chr. 4, respectively. For more details, see the supplementary
material (Figure S1).
c
PFB0335c and PFB0330c are identical to SERA6 and SERA7 of P. falciparum, according to multiple alignment
comparison results (supplementary Figure S1).
d
Abbreviated by ‘Chr.’.
a
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Figure 1 Map of the predicted putative new CA/C1 peptidases from P. falciparum and P. berghei.
The genome loci of the identified plasmodial CA/C1 peptidases are shown. Light grey rectangles on the DNA strand (black) indicate
predicted exons from the genome sequence. Shown below are in dark grey found corresponding ESTs. A scale bar indicates 500
base pairs.
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gene locus was already integrated in ENSEMBL (http://
www.ensembl.org/Homo _ sapiens/geneview?genesOTT
HUMG00000018237;dbsvega) as part of the chromosome 10 sequencing effort (Deloukas et al., 2004).
Regarding the additional murine complete cathepsin
locus mCTSLL found by the screen, this is confirmed by
a RIKEN cDNA clone (Carninci et al., 2005) stressing its
expression and is in agreement with the hypothetical protein locus given for the RIKEN cDNA2310051M13 gene.
We detected further short L-like genomic sequences in
the mouse genome, but only MER26800 has covering
ESTs indicating expression. These ESTs are clearly different from those covering the cathepsin L-like genome
loci including the mCTSL-like locus (Table S1; Figure S3).
The four new murine L-like loci described here all cluster on chromosome 13 as do several J-like murine CA/
C1 peptidases (Deussing et al., 2002) preferentially
expressed in placenta. Human clusters of CA/C1 peptidases are on chromosomes 9 and 10 (Table S1).
Phylogenetic comparison
To obtain a comparative overview we next compared all
available sequences in a phylogenetic tree (Figure 2).
Asterisks (*) denote the newly identified CA/C1 peptidases. The observed branching pattern is statistically
well supported in its major branches by high bootstrap
values (Figure 2; well above 500 and in most cases close
to 1000 for 1000 bootstrap trials). Phylogenetic analysis
of all known complete CA/C1 peptidases and the new
sequences given here show that there are again the Land B-families in plasmodia but in the L-family there is
no J-like subfamily nor a F-like subfamily with the exception of the cathepsin W-like genome loci in P. berghei.
The L-family in man has an L-like and an F-like subfamily
(Figure 2, bottom), whereas in mouse the L-family has
three subfamilies: L-like, F-like, and J-like family. The latter is expressed mainly in placenta (Figure 2, middle),
murine CA/C1 peptidases mctsj, mctsm, and R, -1, -2,
-3, and -6 (species specific trees are available on request
from the authors). The families are thus limited, new complete CA/C1 peptidases were only found for the cathepsin L-family (L-like subfamily in all four genomes; F-like
subfamily with cathepsin W in plasmodia) or the B-family.
Genomic fragments were either L-family (man) or B-family (mouse, plasmodia).
Besides the cysteine cathepsins there are also serine
repeat antigens (SERAs), a family of secreted ‘cysteinelike’ proteases of Plasmodium parasites. The human
malaria parasite Plasmodium falciparum possesses six
‘serine-type’ (SERA1–SERA5 and SERA9) and three
‘cysteine-type’ (SERA6–SERA8) SERAs. Also, these are
functionally redundant; however, SERA5 seems to be
particularly important for blood stage survival and presents a potential valuable target for therapeutic intervention (McCoubrie et al., 2007). The relationship of these
SERA proteins, in particular the cysteine-type proteins,
to the newly discovered B- and L-like CA/C1 peptidases
was analyzed by sequence alignment and phylogenetic
analysis (Table 1 and Figure S1). The serine-type SERAlike proteins are related but are different in their sequence
to the plasmodial CA/C1 peptidases described here.
However, PFB0335c_PF* is identical to SERA6,

PFB0330c_PF* is identical to SERA7 (Table 1; both
marked by q). P. falciparum CA/C1 peptidase cathepsin
C9 and CA/C1 peptidase PFD0230C are identified cysteine proteases and they are different from the SERA
family. Furthermore, cathepsin C9 is located at chromosome 12, PFD0230C is located at chromosome 4, but all
known SERAs are from chromosomes 2 or 9.
Structure analysis
Regarding differences in structure or catalytic activity, the
mammalian L- and B-family established previously
remain the same when including the predicted structures
according to the new genome-derived sequences (Figure
S4). Specific differences include the B-exclusion loop in
B-like CA/C1 peptidases (Turk et al., 2003). Cathepsin B
inhibitors are a potential strategy against metastasis
(Vasiljeva et al., 2006; Caglic et al., 2009). However, the
identified short expressed CA/C1 peptidase sequences
from the genome-wide searches are incomplete in their
catalytic residues and could thus have an inhibitory effect
or function. In plasmodia, all established CA/C1 peptidases are again L-family (e.g., the falcipains) or B-family
members. Expression as complete proteins and, hence,
catalytic activity for these plasmodial CA/C1 peptidases
is predicted from EST results (in each case the expressed
sequence is complete and has all residues necessary for
catalysis conserved).
The structures of the F-like subfamily as part of the Lfamily of mouse and man are still more diverse and this
applies also for the W-like CA/C1 peptidases in P. berghei (Figure 3 and Figure S4). Furthermore, several of the
plasmodial sequences have no cathepsin template or
can only in part be homology modeled (see the materials
and methods section). PB000590 and PB000888 had no
template with enough similarity (at least 30%) to derive
structure models. Regarding PFD0230c, the residue
range 484–570 shares similarity of 31% to pancreatic a
amylase (pdb code 1k3b, chain B, residues 207–302), so
here only a part of the final structure can be predicted
by homology modeling and these sequences are predicted to fold differently from the known CA/C1 peptidase crystal structures.
Detailed homology models for CA/C1 peptidases highlight specific residues which occur only in this individual
CA/C1 peptidase. This is shown for all newly identified
complete CA/C1 peptidases and SERA7 (Figure 3; ball
and stick representation). Supplementary Figure S4
shows crystal structures or homology models for all complete CA/C1 peptidases including SERA6, as well as for
all identified incomplete CA/C1 peptidases. The panel is
sorted according to families and subfamilies.
As a first basis for drug targeting the plasmodial CA/
C1 peptidases with preference but not the mammalian
peptidases, we investigated the substrate binding site
S2. The alignment (Figure S4B) shows that there are
some notable traits, e.g., residue 133 of the S2 subsite
is often a serine or a glutamine in the plasmodial peptidases, and the phylogenetic tree on the S2 subsites (Figure S4C) shows that there is a tendency (three related
branches) of most plasmodial S2 subsites to cluster
together except falcipain 2 from P. berghei (the latter
has an uncertain position and low bootstrap support).
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Figure 2 Comparison of the encoded protein sequences derived from the newly found cathepsin gene loci in four genomes.
Predicted protein sequences are compared within a tree of all known complete human cathepsin protein sequences (winged brackets
embrace the L-family and B-family) and include L-subfamilies (L-like, F-like, and murine J-like subfamily; a detailed tree is given in
the supplementary Figure S3). Novel sequences are marked with an asterisk. The two P. falciparum sequences identical to SERA
proteins are marked with q. Significant bootstrap values (1000 trials) are indicated. Detailed organism-specific trees are available on
request from the authors.

The resulting specific S2 subsite cleft topology is shown
in the ball and stick representation for plasmodial CA/C1
peptidases PB000856 and PFB0335c/SERA6 (Figure 3,
bottom). This can, in principle, be targeted by suitable
modified peptidase inhibitors, which nevertheless will
require a lot of further considerations and experimental
work. Another interesting feature is the C-terminal hemoglobin binding site in falcipain 2 (Pandey et al., 2005).

Deletion (or pharmacological targeting) of this site prevents falcipain 2 to digest hemoglobin and does not
impair its general peptidase activity but impairs its interaction with the prodomain, its natural inhibitor. Our
sequence data (Figure S2) show that this falcipain 2 site
is in fact only shared by falcipain 29 and no other CA/C1
peptidase from the four organisms studied. This provides
a way to target only these falcipains. Both are expressed
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Figure 3 Structures of the newly identified CA/C1 peptidases.
The panel shows homology models (helices in red, strands in yellow, loop regions in gray) calculated and drawn for all identified
complete CA/C1 peptidases. Specific residues unique for the specific structure are labeled in green and shown in a ball and stick
representation of the side chain. The first two rows show six plasmodial CA/C1 peptidases (left: P. falciparum, middle and right: P.
berghei). The next row shows predicted structures for the two newly identified complete human cathepsins and (right) the murine
complete cathepsin. The bottom models examine the S2 subsite, highlighting residues (listed in supplementary Figure S4B) specific
for Plasmodia (shown for P. berghei PB000856 and P. falciparum SERA6).

in different plasmodial stages (see discussion section) so
that specific targeting of falcipain 2 or falcipain 29 is possible. Similar mechanisms might also target other CA/C1
peptidases to more specific biological substrates despite

their general activity. We noted at least individual peptidase-specific differences in the C-terminal region. Different structure-activity relationship studies have been
carried out on several malaria and human papain family
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enzymes (Selzer et al., 1999; Krasky et al., 2007; Dude
et al., 2008; Kerr et al., 2009) and this could be used to
bolster such efforts.
Finally, we also looked at localization signals in the different CA/C1 peptidases applying the LocTree support
vector machines (see materials and methods section). As
expected, most of the CA/C1 peptidases compared are
predicted to be clearly lysosomal across orthologous
enzymes from different organisms (Table S3). This is also
true most plasmodial peptidases. In addition, they have
corresponding prosite and pfam signatures (motifs listed
in Table S3 known to be associated with this localization).
For instance, pfam motif PF08246 is specific for most
L-family CA/C1 peptidases. However, four plasmodial
CA/C1 peptidases including SERA6 and SERA7 are differently localized and predicted by the LocTree algorithm
to be secreted.
CA/C1 peptidase gene promotor structures and
regulatory RNA elements in mRNA
Transcription factor binding sites (TFBS; see details in
supplementary material) assemble in specific combinations to subfamily-specific promoter modules. Applying
genomatix software (see materials and methods section),
we found that plasmodia CA/C1 peptidase promoters are
different from mammalian peptidase promoters as shown
by shared modules in P. falciparum for falcipain 2, falcipain 3 and cathepsin C (Figure 4; Figure S5), which are
partly conserved in Plasmodium berghei CA/C1 peptidase promoters (P. berghei falcipain 2 and PB000352
CA/C1 peptidase gene).

Supporting known expression differences for different
CA/C1 peptidase families (Deussing et al., 2002; Turk et
al., 2002; Sijwali et al., 2006; Vasiljeva et al., 2006), we
can show for L-family and B-family CA/C1 peptidases
that the different promoters have specific transcription
factor binding sites conserved in subfamilies and clearly
different compared to the plasmodia promoters (Figure
S5 and legend; see materials and methods section). Of
pathological interest is a desmin element, also called
HMTB element, found in the L-like promoters and known
to be a muscle- and heart-specific regulator and implicated in regulatory processes in heart insufficiency
(Petermann et al., 2006). It can also be implicated in
pathological processes, such as heart insufficiency, after
cathepsin L knockout in mice (Petermann et al., 2006).
In contrast, the B-family promotor structure leads, e.g.,
for cathepsin B to pronounced expression in macrophages as well as in tumor tissue. This has profound
effects on cell connectivity and promotes metastasis
(Vasiljeva et al., 2006). Key C1/CA peptidase promoter
modules are furthermore conserved in mammals. Thus,
the human and murine L-like subfamily promoter
elements AP2F, NKXH, and SP1F are also found in the
promoter sequences of cathepsin L of chimpanzee
(Pan troglodytes) and rat (Rattus norvegicus). The desmin
element is conserved in man (CTSL, CTSLL4, and
CTSL2), chimpanzee (CTSL and CTSL2) and mouse
CTSL. Regarding the B-family promoter modules, the
SP1F element, EBOX and ETSF are again confirmed in
cathepsin B promoters from chimpanzee and rat. Finally,
within the L-family we observe F-like subfamily-specific

Figure 4 Promoter structures in plasmodial CA/C1 peptidases.
Common transcription factor binding sites (TFBS, differently colored half circles) shared by falcipain 2, falcipain 3, and cathepsin C
of Plasmodium falciparum are TFAM (Choi et al., 2002), LDPS (Chang and Gay, 2001) and RPOA (Hall and Milcarek, 1989), respectively; details are given in the supplementary material (text and Figure S5).
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promoter elements conserved in cathepsin F promoters
from rat and chimpanzee.
The identified subfamily-specific promoter modules are
also partly conserved in the shorter genome encoded
mammalian CA/C1 peptidases without complete catalytic triad (see supplementary Figure S5). Additional specific
promoter binding elements add further to each specific
cathepsin or cathepsin subgroup promotor structure but
are not so commonly shared between cathepsin promoters. For instance, human cathepsin L2 has specific
elements (Figure S5B) and hence its expression is confined to skin (stratum corneum), thymus, testis and cornea and its expression levels inversely correlate with skin
color (Chen et al., 2006). As new data and experiments
characterize the promoter structure further, more detail
will be added to this analysis. Available data nevertheless
show the presence of promoter elements that are conserved in a subfamily-specific way, whereas additional
promotor elements fine-tune expression of individual CA/
C1 peptidases and suggest new targeting strategies (see
discussion section).
After DNA elements for regulation of gene transcription
we also looked at regulatory elements at the mRNA level.
Different RNA elements are used in the cathepsin mRNAs
(Table S2). GU-rich RNA element and GAIT element
occur across species in nearly all CA/C1 peptidases, the
k-Box occurs often. ARE elements are present in most
plasmodial UTRs but not in mammalian cathepsin mRNAs. Brd Box and GY Box and in particular 15-lipoxygenase differentiation control element elements (15-lox
DICE) occur only in the mammalian hosts.
The conservation of these specific RNA elements supports their functional or organism specific relevance,
whereas additional experimental data are required to
measure details of the regulation.

Discussion
New CA/C1 peptidases in plasmodia genomes
In previous work, we have identified new proteins and
function by detailed comparative sequence analysis of
genomes in prokaryotes (Dandekar et al., 2000; Gaudermann et al., 2006). The present study applies similar
bioinformatic techniques for a comparative genome analysis in plasmodia and their mammalian hosts. Genome
data are complemented by direct data on gene expression from EST databanks, detailed analyses of sequence
and structure, as well as of promoter and RNA elements.
Nevertheless, all these data can certainly be further
extended by biochemical studies and will be developed
in the future regarding individual CA/C1 peptidases and
their specific functions and regulation.
To the well known falcipain family in plasmodia only
one genome locus encoding P. berghei falcipain 1 was
added. However, the genomic screens pointed to several
new genome loci encoding and expressing complete Blike plasmodial (P. berghei and P. falciparum) and W-like
CA/C1 peptidases (P. berghei) to be considered in antimalarial strategies based on cysteine protease inhibitors.
A recent study (Sunil et al., 2008) revealed that a
;1-kb sequence upstream of the translational start site

is sufficient for the functional transcriptional activity of
the falcipain-1 gene, whereas falcipain-2, -29 and -3
genes that exist within the 12-kb stretch on chromosome
11 require ;2 kb upstream sequences for the expression
of reporter luciferase activity. Falcipain-1, 2, and 3 promoters exhibited maximum activity in the throphozoite
stage. In contrast, falcipain-29 showed an expression
maximum in the schizont stage. EMSA analysis elucidated binding of distinct nuclear factors to specific
sequences within the 59 upstream regions of falcipain
genes. These authors found parasite specific sequence elements such as poly(dA) poly(dT) tracts, CCAAT
boxes, as well as a single 7-bp G-rich sequence,
(A/G)NGGGG(C/A) in the 59 upstream regulatory regions
of these genes. However, their experimental data suggest
that expression of plasmodial CA/C1 peptidases is regulated at the transcriptional level indicate for different
transcription factor complexes; our data define specific
transcription factor binding sites involved in this.
Intraerythrocytic malaria parasites use host hemoglobin as a major nutrient source. Aspartic proteases (plasmepsins) and cysteine proteases (falcipains) function
together in the early steps of the hemoglobin degradation
pathway. There is extensive functional redundancy within
and between these protease families. Plasmepsins are
synthesized as integral membrane proenzymes that are
activated by cleavage from the membrane. This cleavage
is mediated by a maturase activity for which identification
has been elusive. Plasmepsin processing occurs primarily via the falcipains; however, if falcipain activity is
blocked, autoprocessing might take place, serving as a
weaker alternative activation system (Drew et al., 2008).
Also egress of Plasmodium blood stage merozoites,
liver stage merozoites and mosquito midgut sporozoites
relies on protease activity. Involved are the cytoskeletondegrading malarial proteases falcipain-2 and plasmepsin
II, plus the family of putative papain-like proteases called
SERA. Recent experiments have shown that activation of
the SERA proteases might be triggered by regulated
secretion of a subtilisin-like serine protease called SUB1
(Blackman, 2008).
Regarding pharmacological targeting, the situation is
complex with protease multitude and overlap of function
in specific families and subfamilies. However, the overlap
in function was shown to be only partial for several falcipains (Sijwali et al., 2006). Our data help to improve
drug strategies targeting plasmodial proteases. For
instance, falcipain 29 is a promising target in P. falciparum
schizonts when combining the facts that this enzyme is
the predominant falcipain in schizonts and that there
are structural differences in subsite S2 structures among
CA/C1 peptidases. The targeting strategies can be further improved by combining protease inhibitors with other drugs such as methylene blue (Akoachere et al., 2005).
The list of CA/C1 peptidases in the host genomes
is probably complete
The names of the new human CA/C1 peptidases and
gene loci identified in this study in addition to Puente et
al. (2003) were given and confirmed in accordance with
the human gene nomenclature committee (HGNC) commission (in collaboration with Dr. Tam Pederson SnedBereitgestellt von | Universitätsbibliothek Würzburg
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don, HGNC). Our extensive screening revealed only two
additional genome loci for complete L-like CA/C1 peptidase sequences. One locus (hCTSLL4) is part of chromosome 10, sequenced previously by Deloukas et al.
(2004). The newly discovered locus hCTSL3 (alias
hCTSLS) is complete in sequence and is expressed
(Figure S3). The new locus in mouse (also complete and
expressed) has complementary evidence from the RIKEN
cDNA consortium (Carninci et al., 2005). In summary, we
expect that there are no further complete CA/C1 peptidase genes hidden in the host genomes and that we also
identified most of the shorter fragments.
Comparative analysis between human and mouse
proteases indicates a high percentage (82%) of mouse
genes having a strict ortholog in the human genome
(Puente et al., 2003). Shorter pseudogenes and the two
new complete human gene loci are L-like (Figures S2 and
S3; Table S1). Several shorter genome encoded cathepsin-like fragments identified in man are all N-terminally
truncated and B-like (Figure S2). Incomplete and complete L-like sequences are found in the mouse genome
(Figure S3; Table S1). These identified sequences are
clearly different from previously reported sequences. A
subset is confirmed by EST data, compatible with
expression. A modulating function in protein degradation
was investigated and suggested for propeptides by
Wiederanders et al. (2003).
Differences in structure
Structure models were investigated to better delineate
differences among the CA/C1 peptidases, in particular it
would be interesting to find plasmodia-specific structure
elements which could be targeted by drugs. We can
clearly show that regarding structure of the complete CA/
C1 peptidases there are only the two previously known
families. This is true both for the previously identified and
the new genome encoded CA/C1 peptidases in man and
mouse, as well as for the two plasmodia investigated.
However, regarding genome loci encoding shorter and
incomplete CA/C1 peptidases, some of them differ sufficiently in sequence so that other templates are preferred for homology modeling. Targeting such shorter,
probably, protease inhibitory sequences could provide a
new strategy for anti-plasmodial drug design. Furthermore, there are specific differences in individual complete
CA/C1 peptidases which can be targeted, including plasmodia-specific structural features in the S2 subsite (Figure 3 and Figure S4). Individual CA/C1 peptidases and
subfamilies have sufficient structural and functional differences to suggest a strategy simultaneously attacking
several plasmodial CA/C1 peptidases (Krasky et al.,
2007; Dude et al., 2008; Kerr et al., 2009) while largely
sparing the human CA/C1 peptidases (Palermo and
Joyce, 2008). Such studies should be conducted in parallel to serine protease inhibition (Rupp et al., 2008).
Moreover, anti-osteoporosis drugs such as cathepsin K
inhibitor AAE-581 (balicatib; Vasiljeva et al., 2007) can
now be improved further on the basis of our data by targeting the specific S2 subsite structure of cathepsin K
(Figure S4B). Most CA/C1 peptidases have lysosomal
localization signals; however, for four plasmodial peptidases we predict secretion signals.

Differences in elements for CA/C1 peptidase
expression regulation
We finally looked at differences regarding regulation,
either at the gene level or at the RNA level. Conserved
promotor elements in gene loci were compared using
genomatix software (Werner, 2003). The conservation of
subfamily-specific promotors in mammals is contrasted
by different promoter elements for CA/C1 peptidases
from plasmodia. Important promotor elements were further confirmed looking for conservation in other mammalian organisms and their CA/C1 peptidases (chimpanzee
and rat). These promoter differences are directly mirrored
by differences in expression time and tissue preferences
of the respective cathepsins. These results suggest that
targeting strategies against falcipains and human cathepsins, respectively, should not only be based on differences of the enzyme structures, e.g., at subsite 2 but also
on the biology and expression chronology of these
proteins.
Finally, mRNA elements have to the best of our knowledge not yet been analyzed systematically in CA/C1 peptidases. Several elements show a striking conservation,
e.g., the GAIT element, whereas others often occur in
plasmodia but not in the host (ARE) or only in the host
but not in plasmodia (15-lox DICE, Brd-Box, GY Box).
This shows differences for regulatory elements on the
level of CA/C1 peptidase mRNAs and supports
specific regulation for different CA/C1 peptidases and for
different organisms at the translational level. However,
to understand the detailed regulatory consequences
of these features will require further experimental studies
on the individual mRNAs for CA/C1 peptidases.

Conclusion
We have established a complete list for CA/C1 peptidases in plasmodia and their host genomes (man and
mouse) that also includes shorter sequences. Newly
identified plasmodial CA/C1 peptidases cover four P.
berghei and two P. falciparum gene loci (L-like, B-like),
as well as two new human CA/C1 peptidase loci and one
new mouse gene locus. This list is considered complete
for the CA/C1 peptidase family of all four organisms with
the possible exception of very short and degenerate
sequences. The repertoire of CA/C1 peptidase families is
limited (L- and B-family) but it includes structural differences, such as in subsite 2. In all studied species, we
observe a multitude of CA/C1 peptidases with functional
overlap but yet clear differences in regulation, e.g., on
the basis of promoter structure and mRNA regulation.
Pharmacological targeting of plasmodial CA/C1 peptidases should thus exploit a combination of structure and
regulation differences, e.g., by targeting subsites of falcipain 29 which is the major expressed falcipain in the
blood schizontal stage of all known plasmodia species.

Materials and methods
Initial sequence set and databanks used
The initial set of sequences used as queries in the human
genome were all known cathepsin sequences as of December
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2006. For the sequence searches in other organisms in addition
to the CA/C1 peptidases known from mouse, P. falciparum and
P. berghei were used. The following databanks provided the
starting sequences as direct CA/C1 peptidase protein entries:
Swiss-Prot databank (Boeckmann et al., 2003) and MEROPS
peptidase databank (Rawlings et al., 2002) were used as systematic protein databanks to provide a clear and direct outlook
on the biological features of already known CA/C1 peptidases.
The high throughput genomics division of Genbank (Benson et
al., 2002) and the mouse genome database (Blake et al., 2001)
were explored to examine the human and mouse complete
genomic sequences, as well as to also obtain the known murine
CA/C1 peptidases. Furthermore, the Ensembl databank system
(Hubbard et al., 2005) provided human and mouse genome
data, both finished and draft sequences. Extensive screening
of the plasmodia genomes relied on PlasmoDB, GenBank, TIGR
databank, and EBI databank. PlasmoDB (release 5.3; http://
plasmodb.org/plasmo/) provided the list of known plasmodial
CA/C1 peptidases (e.g., falcipains). A further recommended
source is the mammalian degradome database (Wu et al., 2003;
http://degradome.uniovi.es) because all mouse and human
cysteine proteases are listed here. Web pointers to all these
resources are given at http://cac1peptidases.bioapps.
biozentrum.uni-wuerzburg.de.

Sequence analysis
The cathepsin starting sequences (see above) were used to
search for new and undetected cathepsin protein sequences in
organism genome data by iterative sequence alignment searches (Altschul et al., 1997) with a conservative threshold (expected
value of chance hit less than 10-6) to detect similarity and relationships between different CA/C1 peptidases and other proteins. Significant sequence similarities were further validated
(Yeh et al., 2001; Gaudermann et al., 2006) by back searches in
the database applying the same conservative threshold (expected value of chance hit less than 10-6). Furthermore, we analyzed
and noted the chromosomal location of each gene locus
identified.
Predictions from genomic sequences for CA/C1 peptidases
were translated and analyzed in detail. Domain and motif
searches applied the simple modular architecture research tool
(SMART; Letunic et al., 2004) and the database of protein
domains, families and functional sites (PROSITE; Hulo et al.,
2004). Completeness of critical residues for function and catalysis was tested using protein specific PROSITE signatures (no
PROSITE motif mismatches were allowed in the comparison).
Several sequences were shorter (Table 1) and incomplete in this
regard. The typical CA/C1 peptidase domain composition was
verified using the simple modular architecture research tool
(expected value of chance hit less than 10-3).
To test for expression of the genome sequence, Gene2EST
software (Gemünd et al., 2001) enabled efficient retrieval of ESTs
matching large genomic DNA queries (setting: expected value
of chance hit less than 10-6). This helped us to integrate EST
data from the human genome project as well as dbEST data
from other organisms to further identify and characterize potential novel CA/C1 peptidase genes: a sequence similarity match
from the EST data was considered positive if at least 80% of
the sequence could be mapped into the investigated genome
with at least 95% similarity. In human EST mapping, we always
considered only the high quality matches (‘gold’ and ‘experimentally verified 59 complete transcript’).

Phylogenetic analysis and alignments
To compare and correctly place the newly identified CA/C1
peptidase sequences and to analyze the resulting cathepsin
subfamilies, phylogenetic analysis was conducted. To calculate

multiple alignments and phylogenetic trees, the programs
ClustalW (Thompson et al., 1994), ClustalX and Njplot (Perrière
and Gouy, 1996) were applied. This phylogenetic analysis helped
to identify such similarities and differences, also among individual CA/C1 peptidases. Seaview (Galtier et al., 1996) provided an
editor for manual corrections of the automatic multiple alignment
(e.g., to preserve conservation of key catalytic residues in the
obtained alignment of cathepsin sequences). Bootstrap values
were calculated as a standard measure to indicate how often
the branching pattern of the phylogenetic tree was supported if
the alignment columns were randomly shuffled.

Structure analysis and homology models
Next, structure analysis was done as plasmodial CA/C1 peptidases are potential antibiotica targets, and human CA/C1 peptidases can be targeted by anti-cancer drugs against metastasis.
Furthermore, residues specific for an individual CA/C1 peptidase
available from the complete alignment of all CA/C1 peptidases
(Figure S2) can be mapped on the three-dimensional coordinates and structures (Figure 3). In this way, strategies to target,
e.g., plasmodial CA/C1 peptidases or falcipains can be
improved (structure coordinates are available from the authors).
For several CA/C1 peptidases, high-resolution crystal structures
are available. For all remaining peptidases, suitable templates
for homology modeling had to be searched. All complete CA/
C1 peptidases identified could easily be modeled in this way
relying on known cathepsin structures. The shorter and incomplete sequences could also often be modeled on cathepsin crystal structures as templates, but sometimes alternative templates
would have been possible (see results) indicating different or
less defined structure for these shorter sequences. For homo
logy models, suite Swiss-Model software (Guex and Peitsch,
1997) was applied to obtain predictions. Only bona fide structure
templates (more than 50% similarity, more than 80% model coverage) were used. Structure predictions were also analyzed
using AnDOM software (Schmidt et al., 2002) to identify and
analyze structural domain composition, applying the Dali 3-D
server (Holm and Sander, 1993) for comparison and PHD software (Rost et al., 2004) to analyze accessibility and secondary
structure, with additional expert evaluation. Rasmol (Sayle and
Milner-White, 1995) and PdbViewer (Guex and Peitsch, 1997)
were used for visualization and inspection of structures (including labeling of residues specific for individual CA/C1
peptidases).
Localization signals were detected (Table S3) applying the
LocTree support vector machines (Nair and Rost, 2005). Briefly,
these predict the subcellular localization of proteins, and DNAbinding propensity for nuclear proteins, by incorporating a hierarchical ontology of localization classes modeled onto biological
processing pathways. Biological similarities are incorporated
from the description of cellular components provided by the
gene ontology consortium (Nair and Rost, 2005).

Promoter analysis and regulatory RNA elements
Following analysis of the sequence, sequence phylogeny and
structure of the known, as well as the newly identified CA/C1
peptidases, we looked at the regulation of the genome loci
in more detail, both on the DNA and RNA level. In particular,
we analyzed whether there would be conserved transcription
factor binding sites and spacings, so-called transcription factor
modules. Furthermore, we wanted to understand subfamily-specific expression differences. For these promoter analyses, genomatix suite software was applied. In this suite of different
promotor analysis software, the ElDorado tool (Werner, 2003)
examined gene associated promoter regions. Chip2Promoter
and multiple alignments were applied to identify common transcription factor binding sites (TFBS). Consecutive TFBS which
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were significantly conserved led to the definition of promoter
modules. To identify these, upstream promoter sequences (transcription start until 500 base pairs upstream of it, looking at both
strands) were scanned for common transcription factor binding
sites. As default, an optimized matrix threshold (maximum 3 hits
per 10 000 base pairs of non-regulatory test sequence) was
applied, the alignment cut-off was always n-1/n where n represents the total number of aligned sequences. Including this user
defined threshold, genomatix software calculates significant
matches of modules and transcription factors as described by
Werner (2003). Further details on the method are available
at
http://www.genomatix.de/online_help/help_matinspector/
matinspector_alg.html.
mRNAs encoded by the CA/C1 peptidase gene loci were predicted according to genome information, and all EST data available and re-testing the results applying standard gene prediction
software (Burge and Karlin, 1997). mRNA sequences were then
screened and analyzed applying UTRscan software (Pesole and
Liuni, 1999) and Transterm (Jacobs et al., 2006) to identify regulatory elements. Next, conservation of the identified regulatory
RNA elements across species and in different subfamilies was
compared.
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