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Plasmodium falciparum is the protozoan parasite responsible for the most virulent form of malaria. The majority
of the asexual stages of its life cycle occur in the human erythrocyte. Since the infected erythrocytes undergo
dramatic structural and functional changes upon parasite infection, malaria research has been focusing on
investigating the proteins potentially involved in host cell modifications. Molecular chaperones are believed to
play an important role in erythrocyte remodelling as many of these proteins are predicted to be exported into the
erythrocyte cytoplasm. A family of molecular chaperones that has recently received much attention is the heat
shock protein family (Hsps), and in particular members belonging to the 40 and 70 kDa heat shock proteins
classes (Hsp40s and Hsp70s). This review summarises the latest in silico and in vivo data available on P.
falciparum Hsp40s and Hsp70s.
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INTRODUCTION

Malaria is a worldwide disease, which affects more than 500
million people annually (World Health Organization, 2007).
There are four species of Plasmodium parasites that infect
humans: Plasmodium malariae, Plasmodium ovale,
Plasmodium vivax and Plasmodium falciparum. The most
virulent and dangerous form of malaria is caus-ed by P.
falciparum. The life cycle of P. falciparum occurs in two host
organisms: anopheline mosquito and human. During its life
inside the human host, the parasite invades firstly the
hepatocytes and subsequently the erythrocytes. The
etiology of the disease is closely associated with the asexual
stages of Plasmodium; in fact the burst of infect-ed
erythrocytes accounts for the fever episodes typical of
malaria. The parasite resides in the host erythrocyte with-in
the parasitophorous vacuole (PV). Since the mature
erythrocyte lacks most of the organelles, protein synthe-sis
and trafficking machinery, P. falciparum needs to mo-dify
the host cell in order to be able to develop and sur-vive.
Structural and functional remodelling of the erythro-cyte
includes the establishment in the erythrocyte cyto-plasm of
new membranous called knobs at the surface of
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the host cell (Kilejian, 1979). The Maurer's clefts are con-
sidered to function as a specialised parasite compartment for
the trafficking of parasite proteins to the erythrocyte plasma
membrane. Among such proteins are knob-asso-ciated
histidine-rich protein (KAHRP) and P. falciparum ery-throcyte
membrane protein 1 (PfEMP1) which are destined to the knobs
(Kilejian et al., 1977; Baruch et al., 1995; Smith et al., 1995; Su
et al., 1995). The knobs have been associated with the ability of
parasitised erythrocytes to adhere to the en-dothelial cells. The
adhesion is mediated by PfEMP1 which binds host receptors
like chondroitin sulphate A (CSA) and CD36 (Rogerson et al.,
1995; Baruch et al.,, 1997). Cytoadherence of infected
erythrocytes to the en-dothelium allows the parasite to prevent
clearance by the spleen, and can cause severe cerebral malaria
when the infected erythrocytes circulate in the brain capillaries
(Aikawa, 1988; Craig and Scherf, 2001). To be able to modify
the erythrocyte, P. falciparum exports several pro-teins across
its plasma membrane and the PV to the ery-throcytes cytoplasm
and erythrocyte plasma membrane. Recently, two independent
studies have identified a pen-tameric motif (RXLXE/Q/D)
referred to as Plasmodium ex-port element (PEXEL) or
host targeting (HT) signal which is proposed to mediate
the transport of parasite proteins to the host erythrocyte.
This has lead to the identification through bioinformatics
analysis of a so-called malaria ex-
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Figure 1. Schematic representation of P. falciparum Hsp40 proteins
classified according to their domain organisation. J, J domain con-

taining the highly conserved HPD maotif; G/F, Gly/Phe-rich region; Zn2+
cystein-rich zinc-binding domain; C, C terminus domain; “J”, J domain
which does not contain the highly conserved HPD motif.

portome (Hiller et al., 2004; Matrti et al., 2004). However,
it has to be kept in mind that several exported proteins do
not contain a PEXEL/HT motif. The exportome is predict-
ed to consist of 300 - 400 proteins including the variant
PfEMP1, kinases, phosphatases, putative transporters
and heat shock proteins (Kooij et al., 2006; Sargeant et
al., 2006). Heat shock proteins (Hsps) are highly con-
served proteins, many of which function as molecular
chaperones. Molecular chaperones are implicated in pro-
tein folding, prevention of protein aggregation and mis-
folding, protein transport, and assembly of multi-protein
complexes (Ellis, 1987; Fink, 1999; Feldman and Fryd-
man, 2000). The level of expression of Hsps is typically
enhanced by stress conditions such as an increase of
temperature but in general many Hsps are constitutively
expressed. There is evidence that Hsp70 and Hsp90
chaperones play an important role in parasite survival
during the stressful conditions of the intra- erythrocytic
stages of Plasmodium, especially during the febrile epi-
sodes associated with malaria. PfHsp70-1 ( P. falciparum
Hsp70-1) expression is increased upon heat stress, and it
has been found to be expressed at high levels during all
intra-erythrocytic stages of the malaria life cycle. PfHsp90
(P. falciparum Hsp90) is believed to be crucial for cyto-
protection and growth of the parasite (Biswas and Shar-
ma, 1994; Joshi et al., 2002; Banumathy et al., 2003;
Pavithra et al., 2004). In addition to being a significant
component of the parasite exportome, molecular chap-
erones were identified as one of the major class of pro-
teins residing in the PV (Nyalwidhe and Lingelbach,
2006). The presence of several molecular chaperones in
the PV implies a potential pivotal role played by this class
of proteins in the translocation of protein across the PV
membrane to the host cell cytoplasm. Furthermore, pro-
teomics analysis has revealed the possible presence of
some chaperones in the Maurer’s clefts suggesting that
those chaperones may be part of the trafficking machi-
nery used by the parasite to ensure the transport of the

exportome proteins to the erythrocyte plasma membrane
(Vincensini et al., 2005). It is interesting to note that host
chaperones may also be involved in trafficking of parasite
proteins (Banumathy et al., 2002) . It emerges, therefore,
that parasite Hsps may possess a dual function: within
the parasite they would ensure cytoprotection of the para-
site and within the erythrocyte cytoplasm they would aid
in the remodelling of the host cell. P. falciparum appears
to possess a large number of Hsps belonging to the
Hsp40 class (Hsp40s). Moreover several of the Hsp40s
are predicted to be exported. This review focuses on the
Hsp40 chaperone machinery of P. falciparum as well as
on the Hsp70s which are natural partners of Hsp40s.

P. falciparum HSP40 proteins

Hsp40s generally functions as co-chaperones of Hsp70s.
They deliver the substrate protein to Hsp70 and modulate
the Hsp70 activity by interacting with its substrate-binding
and ATPase domains (Cheetham et al., 1994; Kelley,
1998; Suh et al., 1998; Young et al., 2003). Typically,
Hsp40s contain the highly conserved J domain which is
fundamental for successful interactions between Hsp40s
and Hsp70s. The J domain is approximately 70 amino
acids long and composed of four -helices (I-IV). It is
characterised by the presence of the highly conserved
HPD (His-Pro-Asp) motif which enables Hsp40s to stimu-
late the ATPase activity of Hsp70s (Tsai and Douglas,
1996). In addition to the N-terminal J domain, a canonical
Hsp40 possesses a Gly/Phe-rich region (GF domain), a
cysteine-rich zinc-binding domain and a C-terminal sub-
strate-binding domain (Cheetham and Caplan, 1998). Ac-
cording to their domain organisation, Hsp40s are usually
classified into three types: type | Hsp40s contain all four
domains described above; type Il Hsp40s lack the cys-
teine-rich zinc binding domain; and the type Il Hsp40s
contain only the J domain which in this type is not neces-
sarily located at the N-terminus. Bioinformatics analysis
has revealed that the P. falciparum genome encodes at
least 43 Hsp40s. interestingly, the parasite Hsp40 machi-
nery exhibit a further Hsp40 type referred to as type IV.
Type IV Hsp40s contain a J domain like other Hsp40s,
but the HPD maoitif is not conserved (Botha et al., 2007)
(Figure 1). The presence of this unique class of proteins
in P. falciparum and other apicomplexa could reflect a
more complex strategy used by parasites to regulate pa-
rasite and perhaps host Hsp70s.

Type | Hsp40s

In addition to bioinformatics analysis, recent microarray
and high-throughput mass-spectrometry studies have giv-
en some insight into P. falciparum transcriptome and pro-
teome of the different parasite life stages (Florens et al.,
2002; Bozdech et al., 2003; Le Roch et al., 2003; Florens
et al., 2004). Of the 43 Hsp40s encoded on the P. falcipa-
rum genome, only two belong to the type | class: PF14
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Figure 2. Schematic representation of the Hsp70 “catch and release” cycle: 1, Hsp40 binds a
misfolded or unfolded substrate protein; 2, Hsp40 targets the substrate protein to ATP-bound
Hsp70 and stimulates the ATP hydrolysis activity of Hsp70; 3, in its ADP-bound state Hsp70
binds to the substrate protein with high affinity; 4, nucleotide exchange factor (NEF) binds to the
Hsp70-substrate protein complex mediating the nucleotide ex-change; 5, the replacement of
ADP with ATP causes a conformational change that allows the release of the substrate protein
from the Hsp70-substrate protein complex The substrate protein may enter the cycle several

times until it reaches proper folded state.

0359 and PFD0462w (Pfjl) (Table 1). Both proteins do
not contain a signal sequence for predicted export to the
erythrocyte cytoplasm and therefore they are believed to
be parasite- resident (Botha et al., 2007). As they repre-
sent a more typical Hsp40, PF14_0359 and Pfjl could be
involved in basic chaperone processes and cytoprotec-
tion of the parasite. Although PF14_0359 is not predicted
to be secreted into the host cell, proteomics data suggest
its presence in the membrane of infected erythrocytes
(Florens et al., 2002, 2004) (Table 1). As for many puta-
tive exported proteins, experimental validation of this lo-
calisation is required. A useful tool to try to unravel the
possible functions of many P. falciparum proteins comes
from a large scale analysis of protein interactions using
high throughput yeast two-hybrid assays (LaCount et al.,
2005; Suthram et al., 2005). According to these studies,
PF14 0359 may interact with MSP7 (merozoite surface
protein 7 precursor) (Pachebat et al., 2001) and a type Il
Hsp40, PFB0595w. Notably, both Hsp40s are expressed
in the merozoite stage, therefore they could be invol-ved
in the correct folding and positioning of MSP7. There is
no protein-protein interaction data and limited functional
information on Pfjl. However, analysis of the mRNA of
Pfj1 showed that the levels of transcript in-creased upon
heat shock (Watanabe, 1997), suggesting that Pfjl may
be essential under heat stress conditions.

Type Il Hsp40s

Until now, nine type Il Hsp40s have been identified.
Three of these proteins, PFE0055c, PF11 0099 and
PFA0660w (Table 1), are considered part of the export-
tome (Sargeant et al., 2006). Apart from gene expression
and mass-spectrometry information (Florens et al., 2002;
Bozdech et al., 2003; Le Roch et al., 2003; Florens et al.,
2004), very limited experimental data is available for the
type Il Hsp40s. Proteomics analysis of the Maurer’s clefts
and localisation studies have provided evidence for the
presence of PFEO055c in the erythrocyte cytoplasm and
the clefts (Vincensini et al., 2005; Bhattacharjee et al.,
2008). The identification of substrate proteins and Hsp70
chaperone partners may help to define PFE0055c func-
tions. It is possible that this parasite Hsp40 may interact
with host chaperones, namely human Hsp70s, to fulfil its
tasks. PF11 0099, also called Pfj2 (Watanabe, 1997),
contains a proposed PEXEL/HT sequence that overlaps
with the helix 1l of its J domain. It has been proposed that
the export sequence of Pfj2 does not constitute a true ex-
port signal although this hypothesis has to be verified ex-
perimentally (Botha et al., 2007). In addition, Pfj2 is con-
stitutively transcribed but the level of transcript decreases
upon heat shock (Watanabe, 1997). Protein networks
based on yeast two-hybrid analyses suggested a poten-



Table 1. Plasmodium falciparum Hsp40 chaperone machinery.

a Gene Mass-Spec Knock
Type Locus Chromosome PEXEL/HT kDa TMD Protein Epressionb < Liiatac out*
I PF14_0359 14 48.5 Hsp40 protein, putative all stages iR'B(;m, M T n.d.
PFD0462w 4 75.9 Pfj1 none T n.d.
I MAL13P1.277 13 24.3 1 Hsp40 protein, putative bct none n.d.
PFA0660w 1 47 1 Hsp40 protein, dnj/sisl R,T,S,M T no
family
PFB0090c 2 48.3 Hsp40 protein, putative all stages T yes
PFB0595w 2 37.4 Hsp40 protein, putative all stages GMT n.d.
PFE0055¢ 5 46.4 1 Hsp40 protein, putative M ﬁ?\”BG(l,m, L yes
PFF1415c 6 44.7 1 Hsp40 protein, putative none iSR,BGC,m, M T 1n.u.
PFLO565w 12 28 Pfj4 all stages %I?%m, L nd
PF11_0099 11 624 1 Pfi2 all stages %I?%m, L nd
PF14_0137 14 45.2 5 Hsp40 protein, putative all stages none n.d.
Il PFB0920w 2 117.3 2 Hsp40 protein, putative R,T,S,M Sp yes
PF10_0378 10 107.6 1 Pfj3 all stages none yes
PF11_0513 11 83.1 Hsp40 protein, putative all stages none yes
PFL0O055¢c 12 107.6 1 Hsp40 protein, putative R, T,S none n.d.
PF07_0103 7 13 mgf':r?:r%?;gpo” all stages none nd.
translocase subunit
tim14, putative
PF08_0032 8 76.7 3 Hsp40 protein, putative R,T,S G, M n.d.
PF08_0115 8 76.8 Hsp40 protein, putative all stages iRBCm, Sp n.d.
PF10_0032 10 170.9 1 Hsp40 protein, putative R, T,S,G Sp n.d.
PF10_0058 10 94 Hsp40 protein, putative all stages none n.d.
PF11 0273 11 76.4 Hsp40 protein, putative R, T, S, Sp none n.d.
PF11 0380 11 445 1 Hsp40 protein, putative R,T,S none n.d.
PF13_0036 13 38.9 Hsp40 protein, putative R, T, S, G, Sp none n.d.
PF13_0102 13 759 3 E;?:L?(;gsueecw all stages Sp n.d.
PF14_0700 14 52.5 Hsp40 protein, putative all stages ;II—?BSCG M. n.d.
PFE0135w 5 16.4 Hsp40 protein, putative G none n.d.
PFE1170w 5 61.9 2 Hsp40 protein, putative T,S5,M,G M nd
PFF1290c 6 17 Hsp40 protein, putative none none n.d.
PF10935w 9 43.3 6 Hsp40 protein, putative all stages G, T n.d.
PF10985¢ 9 30 1 Hsp40 protein, putative R, G, Sp n.d.
PFL0815w 12 1111 Hsp40 protein, putative all stages G, T n.d.
IV PF10_0381 10 46.6 1 Hsp40 protein, putative Sp, T, S Sp yes
PF11_0034 11 67.3 1 Hsp40 protein, putative bct G, Sp no




Table 1. Contd.

PFB0925w 2 71.8 Hsp40 protein, putative bct none yes
PFB0085¢c 2 105.9 Hsp40 protein, putative R, M Sp yes
PF11_0509 11 126.9 RESA, putative R,S,M ﬁ?I;-CM no.

PFA0110w 1 126.5 RESA R, T,S,M ﬁ?E?C .M, yes
PF11_0512 11 95.5 1 RESA-2 bct T yes
PFA0675w 1 171 1 RESA-like protein bct G, S n.d.
PF14_0013 14 59.2 Hsp40 protein, putative R, M M n.d.
PFL2550w 12 56.6 1 Hsp40 protein, putative all stages none .yes
PFEO0040c 5 168.3 PfEMP2 T,S S, T, iRBCm n.d.

PF11 0443 11 39.4 2 Hsp40 protein, putative all stages G n.d.

R ring stage; G gametocyte; Sp sporozoites; T trophozoite; S schizont; M merozoite; iRBC infected erythrocyte; iRBCm infected erythrocyte

membrane; bct below confidence threshold; n.d. not determined
@ Hiller et al 2004; Marti et al 2004; Sargeant et al 2006
Bozdech et al 2003; Le Roch et al 2003

Florens et al 2002, 2004

Maier et al 2008

c
d

potential interaction between Pfj2 and a putative nucleo-
some assembly protein 1 thus proposing an important
role for Pfj2 inside the parasite (LaCount et al., 2005).
The third PEXEL/HT bearing protein PFA0660w has been
recently included in a study aimed to identify pro-teins
involved in virulence and rigidity of infected erythro-cytes
(Maier et al., 2008). In this study, the authors fol-lowed a
loss-of function approach. Remarkably, it was not
possible to obtain PFA0660w knock out parasites in-
dicating that PFA0066w may be essential for survival of
the parasite in infected erythrocytes. A fourth type I
Hsp40, PFLO565w (Pfj4) (Watanabe, 1997), which does
not contain a PEXEL/HT sequence has recently been in-
vestigated (Pesce et al., 2008). Pfj4 was found to localise
to the cytoplasm and nucleus of trophozoite and schizont
stages. In addition to its intra-parasitic location, Pfj4 was
detected under certain conditions in the infected erythro-
cyte cytoplasm. The presence of Pfj4 in the infected ery-
throcyte cytoplasm is consistent with the proteomics data
which identified Pfj4 in the infected erythrocyte mem-
brane fraction (Table 1) (Florens et al., 2002, 2004). The
protein levels were shown to increase upon heat shock,
and immunoprecipitation and size exclusion chromato-
graphy data pointed to a possible interaction of Pfj4 with
PfHsp70- 1. Furthermore, yeast two-hybrid analyses
(LaCount et al., 2005) suggested that Pfj4 interacted with
PfGCN20 (P. falciparum gonial cell neoplasm protein 20),
a parasite homologue of yeast Gen20 which is involved in
regulation of translation, and is a member of the ATP-
binding cassette (ABC) protein family (Vazquez de Alda-
na et al., 1995).

Type Il Hsp40s

In P. falciparum the type Il Hsp40s class contains the
highest number of proteins compared to the other three

classes (Table 1). They are also more divergent and they
therefore may fulfil more specialised functions. According
to the plasmoDB website (www.plasmodb.org), the num-
ber of type Ill Hsp40s predicted to contain a PEXEL/HT
sequence, and thus to be exported has changed from
four (Sargeant et al., 2006) to two as a consequence of
the ongoing reannotation effort. The PF11 0513 and
PFB0920w protein sequences are no longer predicted to
contain a PEXEL/HT motif. Maier et al. (2008) investi-
gated the effect of the disruption of the PFB0O90w gene on
infected erythrocytes. Although no variations were dis-
covered in erythrocyte adhesion, knobs formation and lo-
calisation of PFEMP1 at the surface of the host cell, the
authors were able to determine a change in erythrocyte
rigidity (Maier et al., 2008).

Type IV Hsp40s

Twelve type IV Hsp40s are encoded by the P. falciparum
genome and nine are predicted to be exported as they
contain a PEXEL/HT sequence (Table 1) (Botha et al.,
2007). Included in this class of Hsp40s are members of
the RESA family which are known to be exported to the
infected erythrocyte and localise under the erythrocyte
plasma membrane. There, they interact with cytoskeletal
proteins possibly mediating erythrocyte remodelling. Two
putative exported proteins, PF11_0034 and PF11_0509,
are proposed to be potentially essential for parasite survi-
val in the host erythrocyte as the disruption of their genes
was not achieved (Maier et al., 2008). In the same study,
Maier et al. (2008) demonstrated that the knockout of
another type IV, PF10_0381, had a significant impact on
host cell remodelling; in fact, in the absence of
PF10 0381, infected erythrocytes lost their adhesion to
CS2 and they lacked knobs on their surface (Maier et al.,
2008). Therefore, a number of the type IV Hsp40s are im-



Table 2. Plasmodium falciparum Hsp70 chaperone machinery

Locus Chromosome kDa Protein Gene epressiona Mass-spec data’
PF07_0033 7 100 PfHsp70-z, Cg4 all stages T, S, G,iRBCm, M, Sp
PF08_0054 8 73.9 PfHsp70-1 all stages T, S, G,iRBCm, M, Sp
PF11_0351 11 73.3 PfHsp70-3 all stages T, S, G, iRBCm, M, Sp
PFI0875wW 9 72.4 g:g‘:’g;gz PIBIP, all stages none
MAL7P1.228 7 73.2 PfHsp70-x none none
MAL13P1.540 13 108.2 PfHsp70-y none none

T trophozoite; S schizont; G gametocyte; iRBCm infected erythrocyte membrane; M merozoite; Sp sporozoites

% Bozdech et al 2003; Le Roch et al 2003
Florens et al 2002, 2004

portant for parasite survival, and since these Hsp40s are
unique to P. falciparum they are ideal candidates as drug
targets.

P. falciparum Hsp70s
partnerships

AND  PfHsp40-PfHsp70

The expression of certain Hsp70s increases upon heat
stress and many are also constitutively expressed.
Hsp70s are characterised by the presence of an N-termi-
nal ATPase domain (~45 kDa) and a peptide binding do-
main (~25 kDa) (Flaherty at al., 1990; Wang et al., 1993).
Hsp70s typically bind to substrate proteins to allow their
folding-refolding via an ATP dependent “catch and re-
lease” cycle (Figure 2). Hsp70s catch the substrate pro-
tein with high affinity when bound to ADP. When ADP is
replaced by ATP, Hsp70s release the substrate protein
as a consequence of a conformational change induced
by the ATP binding (Szabo et al., 1994). The exchange of
nucleotides, which is necessary for the cycle, is mediate
by nucleotide exchange factors (NEFs). As co-chape-
rones, Hsp40s stimulates the ATP hydrolysis activity of
Hsp70s enhancing, therefore, the transition of Hsp70s
from ATP- to ADP-bound state (Suh et al., 1999). Hsp40s
(reviewed in Hennessy et al., 2005) are also proposed to
play an important role delivering substrate proteins to
Hsp70s (Figure 2). Different Hsp40s, infact, contain dif-
ferent peptide-binding domains (PPDs), which allow the
target of specific substrate proteins to the Hsp70 chape-
rones (Cyr et al., 1994). The PPDs are believed to be si-
tuated in the central and C-terminal regions of type | and
type Il Hsp40s although the mechanism of binding has
not been completely elucidated yet (Lu and Cyr, 1998;
Fan et al., 2003). Both Hsp40s and Hsp70s are able to
bind the substrate protein but the recognised regions dif-
fer. The presence of separated binding sites permits the
formation of ternary complexes between the target pro-
tein and the two chaperones. Such complexes are pro-
posed to ease the passage of the substrate protein from
the Hsp40 to the Hsp70. (Han and Christen, 2003). Ge-
nerally, the number of Hsp40s in an organism greatly ex-
ceeds the number of Hsp70s suggesting that the Hsp40

chaperone complement may provide additional substrate
specificity to the Hsp70 counterpart. P. falciparum is no
exception to this and its genome encodes at least six
Hsp70s (Table 2) (Shonhai et al., 2007) . Amongst the six
proteins, PfHsp70- 1 (PF08 _0054) has been studied in
the greatest detail, and shown to have most of the pro-
perties of a typical Hsp70 chaperone, but also some uni-
gue biochemical features (Matambo et al., 2004; Shonhai
et al., 2005). Comparative protein modelling has been
used to produce a predicted structure for PfHsp70-1
which in addition to the ATPase and peptide binding do-
mains exhibits a functional linker region (Shonhai et al.,
2005, 2008). PfHsp70-1 contains a C-terminal EEVD mo-
tif which is present in cytosolic Hsp70s including human
Hsc70. The EEVD motif has been proposed to be impli-
cated in the regulation of the interactions between Hsp70
and Hsp40 (Freeman et al., 1995). PfHsp70-1 is express-
ed in all the blood stages of the parasite, and its protein
levels increase upon heat shock (Joshi et al., 1992; Bis-
was and Sharma, 1994; Pesce et al., 2008). PfHsp70-1
has been shown to localise to the parasite cytoplasm and
nucleus (Kumar et al., 1991; Pesce et al., 2008). Al-
though proteomics studies place PfHsp70-1 in the Mau-
rer's clefts and PV (Vincensini et al., 2005; Nyalwidhe
and Lingelbach, 2006), its presence in these compart-
ments has not been confirmed yet with immunolocalisa-
tion experiments (Kumar et al., 1991; Pesce et al., 2008).
Recently, it has been proposed that PfHsp70- 1 may inte-
ract with the type Il Hsp40, Pfj4 (Pesce et al., 2008).
Yeast two-hybrid data (LaCount et al., 2005) suggested
an interaction of PfHsp70-1 with PFE1405c, a putative
eukaryotic translation initiation factor, and of Pfj4 with
PfGCN20 a protein implicated in regulation of translation.
Hence, it could be hypothesised that the two chaperones
function together during protein translation. The detection
of PfHsp70-1 in the PV and Maurer’s clefts would sug-
gest an association of PfHsp70-1 with protein export and
trafficking in the erythrocyte cytoplasm. A possible Hsp40
partner, in this case, could be PFE0055c as this chap-
erone has been also identified in PV and Maurer’s clefts
by proteomics studies (Vincensini et al., 2005; Nyalwidhe
and Lingelbach, 2006). Furthermore, PfHsp70-1 being a



Table3. Cellular Localisation of the Plasmodium falciparum Hsp40 chaperone machinery

Parasite- Resident Hsp40s

Type Locus localisation TYPE Locus Putative exported Hsp40s localisation
predig:ted experimental predicted experimental
PF14_0359 cytoplasm iRBCm? Il PFAO0660w mitochondrion”
nucleus™,
PFD0462w apicoplast PFEO0055¢ nucleusl, apicoplast3 iRBC cytoplasma, Mc’
Il PFB0090c nuclelus L PF11_0099 Golgil iRBC2
cytop asm , 1
MAL13P1.277 mitochoqdrion4 Il PF10_0378 plasma membrane
PFB0595w nucleus PFLO055c¢c nucleus1
1
PFF1415¢ extracellularr, IV PF10_0381 nucleus®, mitochondrion®
apicoplast | |
PFLO565w nucleus® nucleusicytopla PF11_0034 ER', mitochondrion®
sm”, iRBCm
PE14 0137 lasma membr. 1 . 4
_ , apicoplast PFB0085c Golgi™, mitochondrion
nucleus™, 1 . .4 2
m PFB0920w mitochondrion” PF11_0509 nucleus™, mitochondrion” iRBC
PF11 0513 nucleus/cytoplasml PFA0110w mi’[ochondrion4 iRBC* 8
PF07_0103 cytloplasm ' PF11 0512 nucleusl, mitochondrion®
apicoplast
plasma 1
PF08_0032 membrane PFA0675w nucleus
PF08_0115 nucleus’ iRBCm® PF14_0013 nucleus®
PF10_0032 nucleus PFL2550w nucleus®
PF10_0058 nucleus™, PFE0040c  nucleus” iRBCm?
mitochondrion ) ] ) ]
PF11 0273 nucleusl iRBC infected erythrocyte; iRBCm infected erythrocyte
membrane;
PF11_0380 nucleus/ER” ER endoplasmic reticulum; MC Maurer’s Clefts
PF13_0036 ER' Nakai and Horton 1999
PF13_0102 ER' , §F|orens et al 2002, 2004
PF14 0700 nucleus1 iRBC Zuegge et al 2001
- 4
PFEO135wW nucleus™ Bender et al 2003
1 5
PFE1170W ER . 6Pesce et al 2008
apicoplast™, .
Bhattacharjee et al 2008
PFF1290c mitochondrion ; J
PFI0935w ER: Vincensini et al 2005
1
PFI0985¢ ER, 4 8Brown et al 1985
mitochondrion
PFL0815w nucleus
lasma membr.
v PFB0925w . 3
, apicoplast
PF11_0443 cytoplasm ',
— apicoplast

typical Hsp70s may interact with the two typical type |
Hsp40s Pfjl1 and PF14_0359 in the parasite cytoplasm.
An Hsp70 that might possess overlapping functions with
PfHsp70-1 is PfHsp70-x (MAL7P1.228) (Table 2). This
protein has not been characterised yet but it contains a
C-terminal EEVN motif and shares 73% identity with
PfHsp70-1 (Shonhai et al., 2007). PfHsp70-2 (PFI0875w)

(Table 2), also referred to as PfBiP and PfGrp78, is a ho-
mologue of mammalian BiP (immunoglobulin-binding pro-
tein) or Grp78 (78 kDa glucose-regulated protein) (Kumar
and Both PfHsp70-y and PfHsp70- z (PFO7_0033) are
phylogenetically close to members of the Hsp110/Grp170
protein family, which are specialised Hsp70s exhibiting
NEF activity (Shonhai at al., 2007). As such these two



chaperones could act as NEFs in the ER and cytoplasm,
respectively (Dragovic et al., 2006; Shonhai et al., 2007).
Moreover, yeast two-hybrid studies propose interaction of
Hsp40 homologue PF13_0102. Interestingly, proteomics
analysis has detected PfHsp70-2 among the proteins pre-
sent in the Maurer’s clefts (Vincensini et al., 2005), which
could be considered parasite ER-like structures in the
erythrocyte cytoplasm. Furthermore, PfEMP1 has been
identified as one of many proteins potentially interacting
with PfHsp70-2 (LaCount et al.,, 2005), and again
PfEMP1 is believed to transit by the Maurer’s clefts on its
way to the erythrocyte plasma membrane. Another Plas-
modium Hsp70s that appears to contain an ER retain
signal (KDEL) is PfHsp70-y (MAL13P1.540) (Table 2).
Both PfHsp70- y and PfHsp70-z (PF07_0033) are
phylogenetically close to members of the Hsp110/Grp170
protein family, which are specialised Hsp70s exhibiting
NEF activity (Shonhai at al., 2007). As such these two
chaperones could act as NEFs in the ER and cytoplasm,
respectively (Dragovic et al., 2006; Shonhai et al., 2007).
Moreover, yeast two-hybrid studies propose interaction of
PfHsp70- z with PFQ7_0029, a P. falciparum Hsp90
(LaCount et al., 2005). PfHsp70-3 (PF11_0351) (Table 2)
is a mitochondrial Hsp70 homologue, which is expressed
in parasite blood stages (Sharma, 1992). It shows high
homology with the human HspA9B a protein involved in
protein export and antigen processing. Yeast two-hybrid
analyses corroborate a similar role for PfHsp70-3, since a
number of PEXEL containing proteins and malaria anti-
gens were identified as possible interactors (LaCount et
al., 2005).

Conclusion

The P. falciparum chaperone machinery is quite large
and rather diverse especially considering the Hsp40s
complement. This is not surprising if we consider that the
parasite needs to modify the host cell in order to survive.
The importance of chaperones is supported by the fact
that chaperones are prominent in the PV, and many
Hsp40s are predicted to be exported into the erythrocyte
cytoplasm. However, direct experimental data on the cel-
lular localisation of many Hsp40s is still lacking and for
several Hsp40s only bioinformatic analysis may provide
predictions of their localisation within and outside the pa-
rasite (Table 3). Beside a cytoprotective role, Hsp40s
could be involved in protein trafficking and erythrocyte re-
modelling by interacting with host chaperones. Although
bioinformatics, proteomics, and yeast two-hybrid studies
can certainly help identifying potential roles of many
Hsps, it is indispensable to experimentally validate such
proposed functions. The recent study by Maier et al.
(2008) linked some Hsp40s to erythrocyte remodelling
and adhesion to the endothelium. Since the P. falciparum
genome encodes several Hsp40s it is important to
characterise more representative members of the Hsp40
protein family. Furthermore, in the Maier et al. (2008) stu-

dy, the effect of gene knock out might have been masked
in some cases by redundancy in Hsp40s functions. To
avoid this, double knock outs may represent a solution.
This study also suggests that the unsuccessful disruption
of certain genes may indicate that certain proteins are es-
sential to the parasite for survival. One potential appro-
ach to study further this possibility could be the develop-
ment of an inducible knock out system. Such strategy
may also reveal at which developmental stage a specific
gene, and therefore protein, is crucial. A major require-
ment to understand the role played by numerous Hsps is
the identification of substrate proteins. As mentioned,
protein-protein interaction networks have been proposed
based on yeast two-hybrid analyses but experimental evi-
dence is still lacking and for several Hsps there is no
data. In a similar way, the protein-protein interaction net-
works that may occur in the infected erythrocyte have not
been investigated yet and little or nothing is known about
the potential interactions between parasite chaperones
and host proteins.
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