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Abstract

Global efforts to eradicate malaria are threatened by multiple factors, particularly the emergence of antimalarial
drug resistant strains of Plasmodium falciparum. Heat shock proteins (HSPs), particularly P. falciparum HSPs
(PfHSPs), represent promising drug targets due to their essential roles in parasite survival and virulence across the
various life cycle stages. Despite structural similarities between human and malarial HSPs posing challenges, there is
substantial evidence for subtle differences that could be exploited for selective drug targeting. This review provides
an update on the potential of targeting various PfHSP families (particularly PfHSP40, PfHSP70, and PfHSP90) and
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their interactions within PfHSP complexes as a strategy to develop new antimalarial drugs. In addition, the need for
a deeper understanding of the role of HSP complexes at the host-parasite interface is highlighted, especially het-
erologous partnerships between human and malarial HSPs, as this opens novel opportunities for targeting pro-

tein-protein interactions crucial for malaria parasite survival and pathogenesis.

Keywords
proteins - Protein folding

Introduction

The unicellular protozoan parasite, Plasmodium falci-
parum, invades human cells and transforms them into
vehicles of pathology, thereby causing the most virulent
form of human malaria. Over the 2000-2015 period,
annual deaths due to malaria declined from nearly
900,000 to just over 500,000; however, since then ma-
laria mortalities have been increasing, with the COVID-
19 pandemic contributing to this trend by disrupting
essential malaria services." There are a number of fac-
tors that are threatening efforts to eliminate and ulti-
mately eradicate malaria, particularly the emergence of
antimalarial drug resistant in P. falciparum strains.”
Resistance to artemisinin, the recommended first-line
treatment for malaria, has been reported to be linked to
mutations in the gene encoding P. falciparum Kelch13,
with certain mutations (e.g. K395T) causing a reduction
in levels of this protein.” ® Such P. falciparum Kelch13
mutations are reported to be associated with upregula-
tion of protein folding and turnover, enabling mutant
parasites to readily remove the damaged proteins that
result from artemisinin treatment, leading to parasites’
survival and ultimately drug resistance.” This emerging
drug resistance has highlighted: (i) the scarcity of vali-
dated antimalarial drug targets; (ii) the need to focus on
drug discovery strategies that develop synergistic drugs
acting on distinct and complementary targets; and (iii)
the identification of a target, or combinations of targets,
that can act across the entire parasite life cycle.” The
survival, establishment, and resulting pathology of the
malaria parasite throughout the various stages of its life
cycle rely on highly evolved interactions between the
human host and the parasite. Elucidating the structural
properties of these host-parasite protein—protein inter-
faces are critical to the development of novel anti-
malarial drugs. Key drug discovery steps include (i) the
identification of a target parasite protein or (preferably)
protein complex required for the growth or survival of
the parasite; (ii) the identification of a readily accessible
chemical series of modulators of the parasite target; and
(iii) the design of modulators with preferential affinity
for the parasite target over its human homologs. Heat
shock proteins (HSPs) have been shown to meet the

Plasmodium  falciparum - Malaria - Antimalarial

drugs - Molecular  chaperones - Heat  shock

threshold criteria to be considered bona fide drug tar-
gets, especially those that serve as guardians of pro-
teostasis through their roles as molecular chaperones.”
This review provides an update on the potential of tar-
geting P. falciparum HSP (PfHSP) families, especially
PfHSP40s, PfHSP70s, and PfHSP90s and their interac-
tions within homologous and heterologous complexes
(with human HSPs), as novel strategies to develop new
antimalarial drugs.

Malarial HSPs and their complexes as drug
targets

There is substantial evidence that PfHSPs are not only
genuine drug targets but that they also carry highly
druggable structural features for antimalarial drug dis-
covery.” "' HSPs were discovered on the basis that their
expression was significantly upregulated in response to
physical, chemical, or physiological stress factors, and they
were named according to their apparent molecular
weight; for example, HSP70 (HSP70) is a 70 kDa protein.
The major families of HSPs (HSP10, HSP40, HSP60,
HSP70, HSP90, and HSP100) have now been shown to
play essential roles in cell survival not only under stressful
conditions but also under normal physiology, with many
of them demonstrated to be molecular chaperones with
both inducible and constitutive isoforms.'” They are
highly conserved from prokaryotes to eukaryotes, and in
eukaryotes, they are found in all of the major subcellular
compartments. The various chaperone families and asso-
ciated regulatory cochaperones often work together to
perform specific tasks. For example, HSP40 (also called J
domain protein or JDP)"* and HSP70 bind to each other
and to misfolded proteins to limit aggregation and pro-
mote folding or degradation. Likewise, the HSP10-HSP60
system and HSP70-HSP90 systems work together to sta-
bilize “client” proteins and promote their function, while
the HSP100 family is involved in thermal tolerance, un-
folding, and degradation of aggregated proteins.” To-
gether, this network of chaperones is important for protein
homeostasis (proteostasis), especially in response to
stress.'*'” Consistent with this role, most PfHSPs have
been found to be essential for malaria parasite growth,
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HSP70

PfHSP70s, 6 (4 canonical and 2 non-canonical); h(HSP70s, 17 (13
canonical and 4 non-canonical); PfHSP70-1, high ATPase, highly

effective chaperone4” ; PfHSP70-2, rigid ATP pocket®8;
PfHSP70-x, C-terminal EEVN*4; PfHSP70-z (non-canonical
HSP110 homolog), nucleotide exchange factor for PfHSP70-1,
unique subdomain contacts of the NBD, linker properties and
interdomain dynamics®>%7 ; PfHSP70-1*° , PfHSP70-x*4,

and PfHSP70-z4398 prefer N-rich peptide substrates

HSP40
PfHSP40s, 49; hHSP40s, 50; PfHSP40s, high number of
unusual type IV (13) and exported (18) membersS?

Proteome
The P. falciparum proteome has a high proportion
of N/Q-rich proteins (24-30%) which are
aggregation prone4¢ ; PfHSP70s preferentially
bind N-rich substrates 43444598

HSP90

PfHSP90s, 4; hHSP90s, 5; PfHSP90 (cytosolic), high affinity for
ATP, high ATPase, hydrophobic, constricted and basic ATP
pocket, and long highly negatively charged linker38

Fig. 1 HSP40s, HSP70s, and HSP90s of the malaria parasite and humans form similar chaperone networks but have different intrinsic
properties. The number, structure, and function of the malarial HSPs and the malarial proteome show significant differences compared
to the human system (the unique differences reported for PfHSPs compared to human HSPs are described in colored boxes; human
HSP40, hHSP40; human HSP70, hHSP70; human HSP90, hHSP90). The graphic illustrates the pathway of a newly synthesized or
unfolded/misfolded protein (black coil) through a chaperone network until it is folded (black helix/sheet). The protein substrate is
bound by HSP40 (purple; substrate binding domain, SBD, and J domain, J), which associates with ATP-bound HSP70 (green; SBD, and
nucleotide-binding domain, NBD), hands over the substrate, stimulating ATP hydrolysis, thereby locking the substrate in the SBD of
HSP70. Upon nucleotide exchange, the substrate can be released from HSP70 to fold into the native state, or the HSP70—substrate
complex can associate with HSP90 (blue; N-terminal domain, N, middle domain, M, and C-terminal domain, C) with the assistance of
HOP (HSP70—HSP90 organizing protein; red; tetratricopeptide domain 1 and 2, TPR1, and TPR2), resulting in another ATP-driven
chaperone cycle, before the substrate is released to fold into the native state. This graphic was created with BioRender (biorender.com).
Abbreviations used: HSP, heat shock protein; PfHSP, Plasmodium falciparum HSPs; Hs, Homo sapiens; Pf, Plasmodium falciparum.

survival, viability, and differentiation at all stages of its life
cycle.'"” Many PfHSPs are also essential for the parasite’s
pathogenesis and virulence, and a number form unique
complexes at the host-parasite interface.'’ Furthermore,
unlike many other antimalarial drug targets studied to
date, modulation of PfHSPs could have much broader
effects on the survival of the parasite across all stages of
the life cycle.

The key challenge in targeting PfHSPs (such as
PfHSP40s, PfHSP70s, and PfHSP90s) as an antimalarial
strategy, is the relatively high structural and sequence
identity with their human orthologs. However, a
number of reports have highlighted that there are subtle
and potentially significant structural and functional
differences that might be exploited (Figure 1).*'**°
Indeed, over the last decade these subtle differences
have begun to be interrogated, resulting in a growing

list of modulators of PfHSP40s, PfHSP70s, and
PfHSP90s that are potential candidates for antimalarial
drug development. Table 1 provides detailed key in-
formation on those small molecule compounds that
have been experimentally characterized for their bio-
chemical and biological effects. The ensuing narrative
provides a critical appraisal of these potential anti-
malarial drug candidates, as well as highlighting other
chemical entities emerging from virtual and experi-
mental compound database screening strategies.

PfHSP90

Since cytoplasmic human HSP90 is a specialized cha-
perone with many oncogenic client proteins, it has been
extensively studied as an anticancer drug target, with
many of the resulting inhibitors and drug candidates being
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readily accessible starting points for PfHSP90-based anti-
malarial drug discovery. Furthermore, while there is a 64%
identity between cytosolic PfHSP90 and cytoplasmic
human HSP90 (HSP90pB), PfHSP90 has a number of dis-
tinct biochemical and structural differences (Figure 1),
which have already been investigated but could be further
explored. Inhibitors of HSP90 typically bind to the highly
conserved ATP-binding site in the N-terminus, and this
appears to be the case for many of the PfHSP90 inhibitors
(harmine analogs, 2-aminobenzamides, amino-alcohol
carbazoles, pyrimidinediones and terpenoids; Table 1).
Harmine, a -carboline alkaloid, has been found to bind
PfHSP90 about four-fold tighter than to human HSP90
(Table 1).”" More recent efforts reported the synthesis and
screening of ~40 new analogs of harmine, revealing
compounds 17A and 21A* that inhibit PFHSP90 two-fold
better than harmine (~20 uM). These compounds also
reduce parasitemia and extend the survival of mice in-
fected with Plasmodium berghei when combined with di-
hydroartemisinin (Table 1). While promising, it is likely
that greater selectivity for PFHSP90 over human HSP90 is
needed. One important reason is that numerous HSP90
inhibitors have failed in oncology clinical trials, often be-
cause of unacceptable toxicity.”” The toxicity was parti-
cularly pronounced for those inhibitors that targeted the
N-terminus since they were pan-inhibitors, capable of
binding to all human Hsp90 isoforms, which ultimately
triggered the observed toxicity. Nevertheless, recent efforts
have revived interest in HSP90 inhibitors.>” Thus, it will be
important to exploit the subtle structural differences be-
tween PfHSP90 and human HSP90," including the dif-
ferences between their heterocomplexes with clients and
cochaperones.” For example, the glycine-rich hinge loop
(GHL) motif of the ATP-binding pocket of PfHSP90 forms
a unique hydrophobic extension that could potentially be
leveraged by analogs of some of the known HSP90 in-
hibitors.*™* Many of the known human HSP90 inhibitors,
such as PU-H71”' and geldanamycin,”* have nanomolar
activity against parasite growth, providing multiple, strong
starting points. Other recent efforts have taken a com-
parative approach to develop new chemotypes that are
selective for PfHSP90. For example, Derbyshire’s group
screened PfHSP90 and human HSP90 in vitro,” revealing
an aminobenzamide (SNX-0723) as a promising lead, with
high binding affinity for the PfHSP90 ATP pocket (low nM
range), and capable of dual-stage parasite growth inhibi-
tion (Table 1). Another complementary approach has been
taken by Picard and colleagues, who docked known an-
timalarials to PfHSP90 to show that the carbazole, N-CBZ,
might achieve its antiparasitic activity, in part, through
inhibiting the chaperone.”* Interestingly, while N-CBZ
bound to PTHSP90 with moderate affinity (low uM range),
it bound to the unique hydrophobic extension of the ATP

pocket formed by the GHL motif, and was not able to bind
to the ATP pocket of human HSP90 (Table 1).

PfHSP70 (canonical) and PfHSP40

Similar possibilities and challenges exist for the other fa-
milies of HSPs. A substantial number of HSP70 inhibitors
have been identified that target the N-terminal ATP
pocket, the C-terminal substrate binding domain, and the
interface with cochaperones, and this is reflected in the
array of inhibitors emerging against PfHSP70 (polymyxin
B, (—)-epigallocatechin-3-gallate,  terpenoids, mal-
onganenones, naphthoquinones, pyrimidinones, quinoli-
ne-pyrimidine hybrids, phenylthynesulfonamide, and
chalcones; Table 1). The P. falciparum proteome has a
high proportion of N/Q-rich proteins (24-30%) which are
aggregation-prone, and the evidence suggests that
PfHSP70s have evolved to specifically recognize N-rich
peptides, leading to the proposal that they protect N-rich
malarial proteins from misfolding and aggregation (Figure
1).**° Furthermore, certain PfHSP70s have distinct bio-
chemical properties that suggest they are more effective
chaperones than human HSP70s (e.g. PfHSP70-1; Figure
1),47 while others have structure-function features that
distinguish them from human HSP70s (e.g. PfHSP70-x C-
terminal EEVN; Figure 1).** PfHSP70-1 is an abundant
chaperone of the parasite cytosol that is required for sur-
vival."” Known inhibitors of PFHSP70-1 include polymyxin
B and (—)-epigallocatechin-3-gallate, both of which bind
with high affinity (submicromolar) to the full-length pro-
tein and a nucleotide-binding domain (NBD) construct,
suggesting that the primary bind site is the N-terminal
ATPase domain (Table 1).”**° Similarly, the phyto-
compound iso-mukaadial acetate inhibits the basal AT-
Pase activity of PfHSP70-1,” while malonganenones,
including malonganenone A, B, and C, and 1,4 naphtho-
quinones, particularly lapachol and its derivatives, have
been reported to inhibit the protein aggregation suppres-
sion activity of PFHSP70-1 (Table 1).”' These studies and
others have provided multiple starting points for selective
inhibitors. Unfortunately, compared to HSP90 inhibitors,
less effort has been devoted to exploiting the biochemical
and structural differences between PfHSP70-1 and human
HSP70. Deeper research is needed to develop highly se-
lective inhibitors against PfHSP70s, and to show struc-
ture—activity relationships between PfHSP70 inhibition
and parasite growth inhibition for a series of chemotypes
for each scaffold. Achieving this selectivity is going to be
critical for patient safety, as clinical trials of HSP70 in-
hibitors have revealed significant liver toxicity.*

Given the high conservation between HSP70s across
humans and parasites,” it is important to consider
other approaches to achieving selectivity. An essential
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component of the HSP70 chaperone cycle is its inter-
action with HSP40 (Figure 1); a key protein-protein
interaction (PPI) that is essential for optimal activation
of the HSP70 ATPase and chaperone activity.” In the
parasite, many of the exported PfHSP40s are expressed
during the early stages of the asexual phase of the ma-
laria parasite life cycle, and they are vital for malaria
protein export and survival during febrile episodes.”’ >’
Some of these exported PfHSP40s have been confirmed
to functionally interact with the only exported PfHSP70,
PfHSP70-x. For example, Daniyan et al’* and Dutta
et al.”® found compelling evidence that the exported
type II PfHSP40s, PFA0660w and PFE0055c have a
functional association with PfHSP70-x. These studies
aligned with other reports that identified a complex of
these proteins (so-called J-Dots) in the cytosol of P.
falciparum-infected erythrocytes, which appeared to be
involved in the trafficking of the key virulence factor P.
falciparum erythrocyte membrane protein 1.”” " These
observations have focused attention on the PPIs be-
tween HSP70s and HSP40s as potential targets. This
possibility has been explored using the pyrimidinone-
based inhibitors of HSP70, MAL3-39, and DMT002264.
These compounds bind at the interface of the
HSP70-HSP40 contact and they were found to inhibit
the HSP40-stimulated ATPase activity of human
HSP70.” Interestingly, however, only DMT002264 was

able to also inhibit the PfHSP40-stimulated ATPase ac-
tivity of PfHSP70-1 (Table 1).” Likewise, mal-
onganenone A was shown to inhibit the aggregation
suppression activity of exported PfHSP70-x and disrupt
its functional interaction with HSP40 (Table 1).** Fur-
thermore, recently the chalcone C86 (a pan-inhibitor of
human HSP40s binding specifically to the signature J
domain),”’ was reported to inhibit the functional in-
teraction of PFE0055¢ with PfHsp70-x (Table 1).”° These
observations suggest that structural differences between
the PfHSP70-PfHSP40 and human HSP70-HSP40 in-
terfaces might be exploited. To explore this idea, key
differences in the PPIs between P. falciparum and
human cochaperone-chaperone complexes have been
revealed based on structural analyses.”*”"°"® Fur-
thermore, molecular docking studies have compared
PfHSP70-PfHSP40 complexes to their human
HSP70-HSP40 equivalents, and used these complexes to
screen drug repurposing small molecule libraries to
identify compounds with preferential binding to the
malarial over the human system.64 As expected, the J
domain-NBD interfaces of PfHSP70-x-PFE0055c and
human HSP70 (HSPA1A)-DNAJA1 both involved mul-
tiple topologically equivalent hydrogen bond interac-
tions between highly conserved positively charged J
domain helix II residues and NBD negatively charged
residues (Figure 2).°* However, the interfaces were not

(b) 7

Fig. 2 The J domain—NBD interfaces of PfHSP70-x-PFE0055c and human HSP70 (HSPA1A)-DNAJA1 are similar but not identical.
The predicted three-dimensional structures of the complexes were generated using HADDOCK (J domain; red helices)®” and ClusPro
(J domain; blue helixes).®® (a) PfHsp70-x-PFE00055c complex (b) human HSP70-DNAJA1 complex. The complexes were graphically
rendered using PyMol 2.5.2 (PyMOL Molecular Graphics System, Version 2.0 Schrédinger, LLC). The insets on the right-hand side of
each protein structure highlight the major interacting residues at the interface (yellow dotted lines for hydrogen bonds) and
associated contact analyses (LigPlot+°7). For the contact analyses, the HADDOCK complex J domain bonds are shown with red lines,
the ClusPro complex J domain bonds are shown with blue lines, NBD bonds are shown with gray lines, nitrogen, and oxygen are
highlighted with blue and red colors dots, respectively, hydrogen bonds are shown by green dashed lines with the length of the bond
printed in the middle, salt bridges shown by red dashed lines and hydrophobic contacts between proteins are indicated by the brick-
red spoked arcs for the NBD and pink spoked arcs for the J domain. Abbreviations used: HSP, heat shock protein; NBD, nucleotide-

binding domain; PfHSP, Plasmodium falciparum HSP.

This figure and the figure legend are adapted with permission from the supplementary materials of a previous publication.”*
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identical, reflecting differences in the nature and
number of contacts, with the malarial J domain-NBD
interface containing a greater number of hydrogen
bonds and an electrostatic energy of interaction that
suggested a higher binding affinity.”* Virtual screening
studies identified five drug-like compounds that were
potential preferential modulators of the malarial
system: three binding at the interface of the
PfHSP70-PfHSP40 complex (MBX 1641, PfHSP70-
x-PFE0055c; and zoliflodacin and itraconazole,
PfHSP70-2-PfSec63); and two binding to the J domain of
the PfHSP40s (ezetimibe and a benzodiazepinone,
PFE0055¢c J domain). Interestingly, itraconazole and
ezetimibe have both been approved by the Food and
Drug Administration (FDA, USA), and shown to inhibit
the growth of the malaria parasite.”* However, further
experimental biophysical, biochemical, and medicinal
chemistry efforts on these candidate compounds are
required to validate their potential as specific mod-
ulators of the PFHSP70-PfHSP40 system, as well as their
potential for development into antimalarial drugs.
Another member of the HSP70 family, the P. falci-
parum HSP70-2 (PfHSP70-2), an essential endoplasmic
reticulum (ER)-resident chaperone,’” has recently
gained attention as a possible target for antimalarial
drug discovery.”>®” PfHSP70-2 provides cytoprotection
to the malaria parasite, particularly during the physio-
logical and environmental changes it experiences
during transmission from the vector to the host.”’
PfHSP70-2 is also known as P. falciparum im-
munoglobulin binding protein; and P. falciparum glu-
cose-regulated protein 78 kDa.”'”* The human ortholog
of PfHSP70-2 is GRP78 which resides in the lumen of
the ER, binds to newly formed polypeptides translo-
cating through the ER Sec complex and assists folding
into the native state.”"’> During stress conditions,
normal ER functions are disturbed leading to the ac-
cumulation of misfolded proteins, which triggers the
onset of the unfolded protein response (UPR) pathway
to restore normal ER functioning. The UPR, in turn,
upregulates the expression of ER chaperones to degrade
misfolded proteins.% In addition, the UPR attenuates
translation and selectively degrades mRNAs to further
reduce the folding load.””””* GRP78 plays a very im-
portant role in maintaining ER homeostasis by facil-
itating correct protein folding, and reducing
physiological as well as pathological harm that may lead
to misfolded protein accumulation and ER stress.”’
GRP78 interacts with its partner ER-resident HSP40,
Sec63, which is involved in protein translocation into
the ER.”>*” PfHSP70-2 has been found to regulate eIF2-
a-mediated arrest of protein translation, an important
event during the schizont and gametocyte stages.”””" "

PfHsp70-2 was reported to be involved in the oxidative
folding of ER proteins in association with ER-resident
folding catalysts, a PfHSP40 (Pfj2), and a protein dis-
ulfide isomerase (PfPDI-8).** PfHSP70-2 has also been
reported to be present in ER-like structures in P. falci-
parum’” and the Maurer’s clefts.”” As in the human
system, PfHSP70-2 is proposed to interact with the ER-
resident PfHSP40 homologous to Sec63 (PfSec63), and
through its association with PfSec63 and the PfSec
complex, to play a role in protein translocation into the
ER." #9985 Similarly to PfHSP70-x, PfHSP70-2 also
interacts with exported virulence proteins such as P.
falciparum erythrocyte membrane protein 1.°”%>° Very
limited information about small molecule inhibitors of
PfHSP70-2 is available.'” Using in vitro binding assays,
four commercially available small molecule inhibitors
with broad specificity to the HSP70 family members
viz., gilvocarcin V, apoptozole, MKT-077, and VER-
155008 " were found to interact with PfHSP70-2.°
All these small molecules exhibited very little difference
in their binding affinities to PFHSP70-2 and GRP78, with
the exception of VER-155008 which showed three-fold
lesser binding affinity to PfHSP70-2 as compared to
GRP78. PfHSP70-2 has a somewhat compact ATP
binding pocket (Figure 1), leading to the proposal that
this results in a rigidity that may be responsible for the
lower binding affinity to VER-155008.°° Interestingly,
the rigidity of the ATP pocket of PfHSP70-2 also ac-
counts for the low affinity for ADP/ATP, which is po-
tentially advantageous in competitive inhibitor
screening. Recently, eight potential nucleoside in-
hibitors (HP2, HP3, HP5, HP10, HP19, HP20, HP22, and
HP23/VER-155008) binding to the ATP binding domain
of PfHSP70-2 were identified using a crystal-ligand
soaking-based assay.”” As already alluded to, virtual
screening studies identified two drug-like compounds
that were potential preferential modulators of PFHSP70-
2-PfSec63 over human GRP78-Sec63 (zoliflodacin and
itraconazole).”* Building on these recent findings, fur-
ther experimental studies are required to validate and
develop these novel compounds into derivatives with
proven specificity for the malarial chaperones and po-
tential candidate antimalarial drugs.

PfHSP70 (noncanonical)

The malaria parasite does not appear to have the typical
array of nucleotide exchange factors (NEFs) as found in
the human system (e.g. BAG1-6 and HSPBP1).”” How-
ever, a number of reports have proposed that the cyto-
solic noncanonical PfHSP70, PfHSP70-z (homolog of
cytosolic human HSP110) may serve as a NEF for cy-
tosolic PfHSP70-1.°°”®  Similarly, the ER-resident
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Fig. 3 The exported PfHSP40s reported to interact with human HSP70. Three-dimensional models of the J domains for the malarial
proteins PFE0055¢ (PF3D7_0501100), KAHSP40 (PFB0090c/PF3D7_0201800), PFA0660w (PF3D7_0113700), and eCiJp (PF11_0034/
PF3D7_1102200) are shown. The J domains of type II (green cartoons; PFE0055¢c, KAHSP40, and PFA0660w) and type IV (blue
cartoon; eCiJp) PfHSP40s are shown. The conserved RK and HPD motifs are shown as gray sticks. The positive charge is shown on
blue colored surface, the negative charge is shown on red colored surface, and neutral potentials are shown on white colored surface.
The surface electrostatic potential was calculated by APBS. The PFA0660w J domain was obtained from the Protein Data Bank (PDB
code 6RZY), and homology models were prepared for the other J domains using SWISS-MODEL (6RZY was the template for
PFE0055c and KAHSP40; 4J7Z was the template for eCiJp).'”® The models were graphically rendered using PyMol 2.5.2 (PyMOL
Molecular Graphics System, Version 2.0 Schrodinger, LLC). Abbreviations used: HSP, heat shock protein; PfHSP, Plasmodium

falciparum HSP.

noncanonical PFHSP70, PfHSP70-y (homolog of human
GRP170), may also serve as an NEF for PfHSP70-2.
There are very few studies on inhibitors of HSP110/
GRP170 in general,”” and no such studies have been
carried out on the noncanonical PfHSP70s (PfHSP70-z
and PfHSP70-y). Given that they are essential to survival
of the malaria parasite,'”"* and have unique structural
features compared to their human homologs (e.g. for
PfHSP70-z, differences in subdomain contacts of the
NBD, linker properties and interdomain dynamics;
Figure 1),”> PfHSP70-z and PfHSP70-y and their com-
plexes with partners PfHSP70s represent novel targets
for future small molecule inhibitor screening studies.

HSP complexes at the host-parasite
interface are also drug targets

Interestingly, there is compelling evidence to suggest that
it is imperative to more deeply explore the HSP com-
plexes at the host-parasite interface.'"**'" Compre-
hensive studies conducted over 20 years ago have already
established that full-length and functional human
HSP70/HSP90 organizing protein (HOP), HSP70 and
HSP90 were present in the infected erythrocyte cytosol,
potentially as both the free form and together in a highly
complexed state.'’’ These findings have been validated
by more recent proteomics analyses of knob-associated
protein complexes.'”” Furthermore, human HOP,
HSP40s, HSP70s, and HSP90s have been found by pro-
teomics studies on malaria parasite-infected erythrocytes,

to be relatively enriched in the erythrocyte cytosol.”*'"*

With this backdrop, it is not surprising that reports are
emerging to suggest that exported PfHSP40s are not only
capable of forming homologous partnerships (e.g.
PFE0055c and PA0660w with PfHsp70-x) but also het-
erologous pairings with human HSP70 (e.g. PFB0090c/
KAHSP40'"; PFE0055c'"”; PFA0660w'"; PF11_0034/
eCiJp'"). Structural bioinformatics analysis of the J do-
mains of these PfHSP40s suggests that the nature of their
interactions with human HSP70 may well be quite dif-
ferent (Figure 3). PFE0055c and PFB0090c/KAHSP40
have canonical J domains with the key helix II motifs
required for the initial interaction with HSP70 (RK26-27
and HPD33-35; Escherichia coli Dnal residue numbering)
and would be predicted to optimally stimulate HSP70
chaperone activity. On the other hand, PFA0660w has a
disruptive substitution of one of the key residues (L in
the RK motif) and PF11_0034/eCiJp has disruptive sub-
stitutions of all the motif residues, apart from one (D in
the HPD motif), and so would be predicted to sub-
optimally stimulate, not stimulate, or inhibit HSP70
chaperone activity. Given the enrichment of human
HSPs in the infected erythrocyte cytosol, and the large
number (18) of exported PfHSP40s,”® probably operating
at lower levels in a catalytic capacity, heterologous
HSP70-HSP40 partnerships may well be the pre-
dominant scenario (especially human HSP70-PfHSP40
partnerships). While the evidence is limited,” the ex-
istence of heterologous complexes of PfHSP70-x with
human HOP and HSP90 is also a possibility. These po-
tential heterologous complexes would have different PPI



334

Ahmad et al.

interfaces compared to homologous complexes, given
that PfHSP70-x has a C-terminal EEVN while human
Hsp70 has an EEVD. These potential scenarios suggest
that the door is wide open with respect to potential PPI
interfaces that could be important drug targets for future
antimalarial drug development.

Conclusion

There is growing evidence that targeting chaper-
one—cochaperone network of PfHSPs offers a promising
avenue for antimalarial drug development. PfHSPs play
pivotal roles in parasite survival and pathology, are
important for progression through the various stages of
the parasite life cycle, and are incorporated into com-
plexes at the host-parasite interface. Despite challenges
posed by structural similarities between human and
malarial HSPs, recent studies have unveiled subtle dif-
ferences that could be exploited to design selective
modulators targeting PfHSPs (Figures 1-3). While in-
hibitors have been identified with higher affinity for
PfHSP90 over human HSP90, challenges will be faced
with off-target effects and toxicity when progressing
candidate drugs through preclinical and clinical trials,
and with resistance when the drugs are released as a
treatment. Studies on model organisms have shown that
Hsp90 has a global function as an evolutionary capaci-
tator, suggesting that PfHSP90 may also enable the
malaria parasite to tolerate mutations for deleterious
phenotypes when its expression is high, while also
harboring mutations that could promote the develop-
ment of antimalarial drug resistance when its levels are
low or inhibited.'”” Lessons need to be learned from the
excellent progress made in addressing these challenges
for HSP90-based anticancer drugs.''’ Promising results
have been seen with the use of highly specific Hsp90
inhibitors applied in combination therapies at well-ca-
librated low-level doses.''® Furthermore, PfHSP90-
based combination therapies could be explored with
inhibitors of the other PfHSPs. Indeed, investigations
into PfHSP70s have identified potential inhibitors,
highlighting promising initial steps in targeting these
proteins. Exploring PPIs between PfHSP70s and
PfHSP40s, essential for parasite protein export and
survival, presents another intriguing avenue for drug
development, with virtual screening identifying poten-
tial drug-like candidates from drug repurposing small
molecule libraries. Additionally, understanding the
roles of HSP complexes at the host-parasite interface,
especially the potential for heterologous partnerships
between human and malarial HSPs, opens new possi-
bilities for targeting PPIs crucial for malaria parasite

survival. Further research and validation of potential
modulators identified through computational screening
are necessary next steps toward the development of
specific antimalarial drugs targeting HSPs.
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