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Abstract Heat shock protein 70 (Hsp70) is a molecular chap-
erone that plays an important role in cellular proteostasis.
Hsp70s are also implicated in the survival and pathogenicity
of malaria parasites. The main agent of malaria, Plasmodium
falciparum, expresses six Hsp70s. Of these, two (PfHsp70-1
and PfHsp70-z) localize to the parasite cytosol. Previously
conducted gene knockout studies suggested that PfHsp70-z
is essential, and it has been demonstrated that small-
molecule inhibitors targeting PfHsp70-1 cause parasite death.
For this reason, both PfHsp70-1 and PfHsp70-z are potential
antimalarial targets. Two cyclic lipopeptides, colistin and
polymyxin B (PMB), have been shown to bind another heat
shock protein, Hsp90, inhibiting its chaperone function. In the
current study, we investigated the effect of PMB on the struc-
ture—function features of PfHsp70-1 and PfHsp70-z. Using
surface plasmon resonance analysis, we observed that PMB
directly interacts with both PfHsp70-1 and PfHsp70-z. In ad-
dition, using circular dichroism spectrometric analysis com-
bined with tryptophan fluorescence measurements, we ob-
served that PMB modulated the secondary and tertiary struc-
tures of Hsp70. Furthermore, PMB inhibited the basal ATPase
activity and chaperone function of the two Hsp70s. Our
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findings suggest that PMB associates with Hsp70 to inhibit
its function. In light of the central role of Hsp70 in cellular
proteostasis and its essential role in the development of ma-
laria parasites in particular, our findings expand the library of
small-molecule inhibitors that target this medically important
class of molecular chaperones.
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Background

Heat shock proteins (Hsps) function as molecular chaperones
(molecules that facilitate protein folding) (Hartl 1991). In light
of their central role in proteostasis, Hsps have been proposed
as potential drug targets against infectious diseases, among
them, malaria (Shonhai 2010). Hsp70 members constitute
one of the most distinct molecular chaperone families. They
are generally made up of proteins with an average size of
70 kDa. Hsp70s are constituted by a nucleotide binding
(ATPase) domain which is situated on the N-terminal segment
of the protein and a C-terminally located substrate binding
domain (SBD). Hsp70s exhibit low basal ATPase activity.
Hsp40 proteins serve as co-chaperones of Hsp70. In this re-
spect, their roles include stimulating the ATPase activity of
Hsp70 as well as recruiting peptide substrates for Hsp70 to
refold. Hsp40 co-chaperones are endowed with a conserved J
domain which facilitates interaction with Hsp70, leading to
stimulation of the ATPase activity of the latter (Hennessy
et al. 2005). ATP-bound Hsp70 exhibits low affinity for sub-
strate, leading to substrate release. On the other hand, ADP-
bound Hsp70 exhibits high affinity for substrate (Kampinga
and Craig 2010). Consequently, the nucleotide status of
Hsp70 regulates substrate binding and release events.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12192-017-0797-6&domain=pdf

708

T. Zininga et al.

The main agent of malaria, Plasmodium falciparum, ex-
presses six members of the Hsp70 family (Shonhai 2014).
Parasite Hsp70s are ubiquitously expressed proteins, and
some of them have been proposed as potential antimalarial
drug targets (Shonhai et al. 2007; Zininga and Shonhai
2014; Muralidharan et al. 2012). Two cytosol localized
Hsp70s (PfHsp70-1 and PfHsp70-z) from P. falciparum, the
main agent of malaria, have been previously described
(Shonhai et al. 2008; Zininga et al. 2015a, b; 2016).
PfHsp70-1 belongs to the category of canonical Hsp70s as it
is closely related to the Escherichia coli Hsp70 homolog. On
the other hand, PfHsp70-z belongs to the Hsp110 subgroup of
Hsp70 proteins. The Hsp110 group exhibits independent
chaperone activity and also serves as nucleotide exchange
factors for canonical Hsp70s (Dragovic et al. 2006). For this
reason, PfHsp70-z is thought to serve both as an independent
molecular chaperone as well as a potential nucleotide ex-
change factor of PfHsp70-1 (Zininga et al. 2016). We previ-
ously demonstrated that PfHsp70-1 and PfHsp70-z interact in
a nucleotide-dependent fashion (Zininga et al. 2016). The two
proteins are thought to cooperate in facilitating protein folding
in the malaria parasite. Protein quality control is important for
the survival of malaria parasites under the physiologically
divergent life stages that they encounter during their develop-
ment. PfHsp70-z and PfHsp70-1 are particularly thought to
play an important role at the blood stage of P. falciparum and
are also implicated in the development of malaria pathology
(Pallavi et al. 2010; Shonhai et al. 2011).

Hsp90 constitutes another group of molecular chaperones
(Prodromou et al. 1997). Hsp70 and Hsp90 cooperate to fa-
cilitate the folding of proteins such as kinases and steroid
hormone receptors (Jackson 2013). Hsp70 and Hsp90 are
known to associate in order to facilitate substrate exchange
via an adapter protein known as Hsp70-Hsp90 organizing
protein (Hop; Lissle et al. 1997). We previously demonstrated
that PfHsp70-1 and P, falciparum Hsp90 (PfHsp90) similarly
interact through a Hop (PfHop) mediated partnership (Gitau
et al. 2012; Zininga et al. 2015b). PfHsp70-1 is thought to
form functional networks with several chaperones and co-
chaperone partners. For this reason, the possible targeting of
this protein by inhibitors would impact on a myriad of down-
stream pathways in which it is implicated (Shonhai 2010).

Polymyxin B (PMB) is a cyclic lipopeptide that comprises
a polycationic peptide ring and a fatty acid 6-methyloctanoic
acid. It is a potent inhibitor of Gram-negative bacteria as it
binds to lipopolysaccharides (LPS) embedded in the outer
membranes of the bacteria. Thus, PMB complexes with LPS
to facilitate bacterial cell lysis (Hermsen et al. 2003). This
leads to indiscriminate entry of a variety of compounds,
among them, small peptides, including PMB itself into the
cells (Hancock 1997). PMB is thus an effective antibiotic
and is regarded as a potential tool for reversing the growing
threat of multi-drug resistance (Zavascki et al. 2007).
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It has been proposed that PMB and other cyclic
lipopeptide-based antibiotics physically interact with Hsp90
to inhibit its chaperone function (Minagawa et al. 2012).
However, the effect of PMB on the function of Hsp70 remains
unknown. It has previously been proposed that Hsp70 binds to
lipids during induction of liposome aggregation (Arispe et al.
2002). We therefore proposed that PMB may potentially bind
and inhibit Hsp70 function. Our study investigated the effect
of PMB on the structural and functional features of both
PfHsp70-1 and PfHsp70-z. Data from this study demonstrate
that PMB directly interacts with the both Hsp70 chaperones,
inhibiting their function. Furthermore, our findings
established that PMB abrogates the interaction of PfHsp70-1
with its partner proteins, PfHsp70-z and PfHop. We discuss
the implications of our findings and the prospects of PMB as
an inhibitor of Hsp70 in infectious diseases and other disease
models.

Materials and methods
Materials

Unless otherwise specified, chemical reagents used in this
study were purchased from Merck Chemicals (Darmstadt,
Germany), Melford (Suffolk, UK), and Sigma-Aldrich
(USA). Polymyxin B was purchased from Sigma-Aldrich
(USA).

Expression and purification of recombinant proteins

A construct expressing PfHsp70-1 (pQE30/PfHsp70-1;
Matambo et al. 2004) and PfHsp70-z (pQE30/PfHsp70-z;
Zininga et al. 2015a) were used for the expression of recom-
binant PfHsp70-1 and PfHsp70-z. The proteins were
expressed in E. coli XL1 Blue and IM109 cells, respectively,
following a previously described method (Shonhai et al. 2008;
Zininga et al. 2015a). The nucleotide-binding/ATPase domain
of PfHsp70-1 (PfHsp70-1xpp) Was expressed as previously
described (Zininga et al. 2015b). The recombinant proteins
were purified using affinity chromatography as previously
described (Zininga et al. 2015a, b).

Determination of the binding affinities of polymyxin B
for PfHsp70-1 and PfHsp70-z

The binding affinities of PMB for the P, falciparum Hsp70s
were determined using a Bio-Rad ProteOn XPR36 system as
previously described (Zininga et al. 2016). Briefly, PfHsp70-
1, PfHsp70-1xgp, and PfHsp70-z (as ligands) were
immobilized on the HTE chip at concentrations of 0.5 and
1 pg/ml, respectively. At these concentrations, we achieved
191 response units (RU) for PfHsp70-1, 193 RU for PfHsp70-
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z, and 198 RU for PfHsp70-1ygp per immobilization surface.
As analytes, aliquots of PMB were prepared at final concen-
trations of 125, 250, 500, 1000, and 2000 nM, respectively,
which were injected at 100 pl/min in each horizontal channel.
Association was allowed for 2 min and dissociation was mon-
itored for 8 min. Data collected were double referenced using
a buffer blank (buffer without protein). A channel in which
BSA was immobilized in place of the chaperones served a
negative control. Steady-state equilibrium constant data was
processed and analyzed using Bio-Rad ProteOn Manager ver-
sion 3.1.0.6 and GE Healthcare Biosciences BIA evaluation
version 4.1.1 software.

Analysis of the effect of PMB on the secondary
and tertiary structure of PfHsp70-1 and PfHsp70-z

The secondary structure of the recombinant proteins was
monitored using the Far-UV J-1500 CD spectrometer
(JASCO Ltd., UK) as previously described (Zininga et al.
2015a). To determine the effects of PMB on the secondary
structural orientation of the proteins, the assay was repeated
in the presence of varying amounts (0.1-25 uM) of PMB,
and the data were processed as a curve representing the
general folded fraction of each protein as previously de-
scribed (Zininga et al. 2015a).

In addition, the tertiary structural changes of the recombi-
nant P, falciparum Hsp70s were investigated using both tryp-
tophan and tyrosine fluorescence as previously described
(Zininga et al. 2015a). Briefly, tyrosine and tryptophan fluo-
rescence was monitored after initial excitation at 285 nm
wavelength. The fluorescence spectrum was monitored be-
tween 300 and 400 nm using a JASCO FP-6300 spectrofluo-
rometer. Several replicate reaction mixes were prepared and
each preparation was scanned only once in order to avoid
photobleaching. As controls, buffer containing PMB but lack-
ing protein was used as the blank. As both proteins have been
shown to be denatured by urea treatment before (Zininga et al.
2015a), the assays were repeated in its presence as a positive
control.

Investigation of the effect of polymyxin B on the ATPase
function of PfHsp70-1 and PfHsp70-z

The basal ATPase activities of PfHsp70-1 and PfHsp70-z
were assessed by conducting a colorimetric method as pre-
viously described (Zininga et al. 2015a). In order to deter-
mine the effect of PMB on the ATPase activity of parasite
Hsp70s, the assay was repeated in the presence of variable
levels (0.1-25 uM) of PMB. As control, the respective
boiled Hsp70 protein was used to cater for the spontaneous
hydrolysis of ATP.

Assessment of the effect of polymyxin B on the chaperone
function of P. falciparum Hsp70s

The chaperone function of P. falciparum Hsp70s was investi-
gated by monitoring the heat-induced aggregation of a model
protein, malate dehydrogenase (MDH), from porcine heart
(Sigma-Aldrich) as previously described (Shonhai et al.
2008; Luthuli et al. 2013; Makumire et al. 2014; Zininga
et al. 2016) with minor modifications. Briefly, the reaction
was initiated by adding 0.25 uM MDH and 0.2 uM recombi-
nant PfHsp70-1/PfHsp70-z in assay buffer TBS (50 mM Tris—
HCI, pH 7.5, 100 mM NaCl), and the reaction mix was incu-
bated at48 °C for 1 h. In order to determine the effects of PMB
on the chaperone function of parasite Hsp70, the assay was
repeated in the presence of 12.5 uM PMB. We chose this
concentration of PMB as it achieves saturation with respect
to binding to the protein based on the kinetics data we generat-
ed. In addition, at this level (12.5 uM), PMB did not promote
aggregation of PfHsp70-1/PfHsp70-z at the assay temperature
(48 °C) we employed. After incubation, the samples were cen-
trifuged for 10 min at 14,000xg to separate the supernatant and
pellet fractions. The fractions were analyzed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis and subsequently
quantified using densitometric analysis using the Bio-Rad
ImageLab version 5.1 build 8 and ImagelJ 1.47v software.

Analysis of the effect of polymyxin B on the association
of PfHsp70-1 with PfHsp70-z and PfHop, respectively

The effect of PMB on the interaction of PfHsp70-1 with its
functional partners, PfHsp70-z and PfHop, was investigated
using the Bio-Rad ProteOn XPR36 surface plasmon reso-
nance (SPR) system as previously described (Zininga et al.
2015a, b; 2016). Upon immobilizing the various proteins as
ligands on a GLC sensor chip, the following response units
(RU) were attained: PfHsp70-1, 178 RU; PfHsp70-1xgp,
188 RU; PfHsp70-z, 190 RU; and PfHop, 197 RU, respec-
tively. The aliquots of PfHsp70-1, PfHsp70-1npp, PfHsp70-z,
and PfHop were prepared at 125, 250, 500, 1000, and
2000 nM and injected at 50 pl/min on each horizontal surface.
To determine the effects of PMB on the interactions, the as-
says were repeated in the presence of nucleotide (5 mM ATP/
ADP) and 12.5 uM PMB. The SPR data was analyzed as
previously described (Zininga et al. 2015a; 2016).

Results
Polymyxin B binds to both PfHsp70-1 and PfHsp70-z
To confirm that PMB directly binds to the recombinant

P. falciparum Hsp70s, we conducted equilibrium analysis
using SPR. PMB interacted with the two Hsp70s (Fig. 1).
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Fig. 1 Polymyxin B is capable of binding both PfHsp70-1 and PfHsp70-
z. The equilibrium analysis of the SPR data representing interaction of
PfHsp70-1/PfHsp70-1xpp/PfHsp70-z and PMB are presented

The equilibrium binding affinities generated suggest that
PMB binds to both PfHsp70-1 and PfHsp70-z in sub-
micromolar ranges, suggesting high affinity interaction. In
addition, data for PMB binding kinetics for either PfHsp70-
Inep or PfHsp70-1 were not statistically different (p > 0.05)
(Table 1). This suggests that the nucleotide binding domain of
PfHsp70-1 constitutes the minimum structural requirement for
PMB binding. Furthermore, this reflects that in the absence of
bound substrate, the SBD of PfHsp70-1 has little influence on
the equilibrium PMB binding kinetics (Table 1). Altogether,
PfHsp70-1 binds PMB with much higher affinity than
PfHsp70-z (Table 1).

Binding of polymyxin B by PfHsp70-1 and PfHsp70-z is
associated with conformational changes

Analysis of the secondary and tertiary structures of the Hsp70s
was conducted using CD and fluorescence spectroscopy
(Fig. 2). In the absence of PMB, PfHsp70-1 and PfHsp70-z
generally exhibited fairly similar folds with minor variations
on the subdomain compositions as previously observed
(Zininga et al. 2016; Fig. 2a). Analysis of the effect of PMB
on the secondary structure of the Hsp70s was conducted by
exposing the respective protein to various amounts of PMB
and monitoring the changes in ellipticity of folded fraction at
222 nm (Fig. 2b). The changes in ellipticity represented loss of
folded fraction and hence served as a measure of denaturation
of the respective protein. Generally, the CD data suggest that

Table 1  Comparative affinities for PMB binding to PfHsp70-z and
PfHsp70-1

Protein Kp (uM) [+ standard deviation]
PfHsp70-1 0.38 [+ 0.07]

PfHsp70-1x8p 0.29 [+ 0.09]

PfHsp70-z 0.94 [+ 0.03]

The standard deviations shown in parentheses were obtained from at least
three independent assays
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PfHsp70-z was more resilient to structural perturbation by
PMB binding in comparison to PfHsp70-1 (Fig. 2b). This is
in agreement with our previous findings that PfHsp70-z is
more stable to heat stress than PfHsp70-1 (Zininga et al.
2015b). However, at the highest concentration of PMB used
(25 uM), both proteins had lost approximately 35% of their
folded fractions.

The tertiary conformational changes were monitored by
fluorescence of tryptophan and tyrosine residues as both pro-
teins possess tryptophan and tyrosine residues. A red shift
representing protein denaturation was observed when PMB
was introduced (Fig. 2¢). The same phenomenon was also
reflected by the tyrosine and tryptophan fluorescence data
(Fig. 2d). Consistent with our previous observations, PMB
causes structural changes to both PfHsp70-1 and PfHsp70-z
synonymous to the effect of heat and urea (Zininga et al.
2015b).

Polymyxin B inhibits the ATPase activities of PfHsp70-1
and PfHsp70-z

We previously observed that PfHsp70-z possesses slightly
higher affinity for ATP than PfHsp70-1 (Zininga et al.
2015a). However, in the same study, we noted that the two
proteins exhibit basal ATPase activities within the same range
of magnitude. In the current study, the basal ATPase activities
of both Hsp70s were determined under saturating ATP levels
(5 mM) while the concentration of PMB was varied up to a
maximum of 25 uM (Fig. 3). We noted that the rate of ATPase
activity decreased with increase in PMB concentration
(Fig. 3a, b), suggesting that PMB specifically interfered with
the ATPase function of both PfHsp70-1 and PfHsp70-z. Since
our current findings showed that the minimum structural com-
ponent of Hsp70 that PMB binds to is the N-terminal ATPase
domain, it is plausible that PMB binds to the same cleft that
ATP binds to.

Polymyxin B inhibits the on and off rates of PfHsp70-1
with its functional associates

The effect of PMB on the interaction of PfHsp70-1 with
PfHsp70-z (Zininga et al. 2016) was investigated using
SPR analysis. Our previous studies demonstrated that
PfHsp70-1 associates with PfHsp70-z both in the presence
and absence of nucleotide (Zininga et al. 2016). However,
ATP was the most effective in promoting the association
of PfHsp70-1 with PfHsp70-z (Zininga et al. 2016;
Table 2). For this reason, we investigated the effect of
PMB on the association of the protein pairs in the absence
and presence of nucleotides. As expected, ATP promoted
the interaction of PfHsp70-z with both full-length
PfHsp70-1 (Fig. 4a; Table 2) and its nucleotide-binding
domain (PfHsp70-1ygp) as previously observed (Zininga
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Fig. 2 Polymyxin B interacts with Hsp70 to induce conformational
changes. Analysis of the stability of PfHsp70-1 and PfHsp70-z in the
presence of PMB. a CD spectrum representing the secondary structural
fold of PfHsp70-1 and PfHsp70-z; b comparative folded fractions of

et al. 2016; Fig. 4b). However, addition of PMB to the
reaction mix resulted in suppression of the interaction
between PfHsp70-z and PfHsp70-1/PfHsp70-1nBD
(Fig. 4al, bl).

PfHsp70-1 is known to associate with its co-chaperone
partner, PfHop (Gitau et al. 2012; Zininga et al. 2015b).
Thus, we further investigated the effect of PMB on this
association. As previously observed (Zininga et al.
2015a), the association of PfHsp70-1 and PfHop occurred
in the absence and in the presence of ADP/ATP (Fig. 4c).
Altogether, ADP promotes the association most effectively
(Zininga et al. 2016; Fig. 4c1). However, the relative affin-
ities of the association of PfHsp70-1 and PfHop in the ab-
sence and presence of ADP/ATP were generally reduced in
the presence of PMB (Fig. 4c). This suggests that PMB
interferes with the association of PfHsp70-1 with PfHop.
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respective red shifts for ¢ tryptophan fluorescence and d tyrosine/
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Polymyxin B suppresses the chaperone activities of both
PfHsp70-1 and PfHsp70-z in vitro

Previous studies have shown that both PfHsp70-1 and
PfHsp70-z are heat stable, although PfHsp70-z was more re-
silient to stress than PfHsp70-1 (Shonhai et al. 2008; Luthuli
et al. 2013; Zininga et al. 2016). In addition, both proteins
have been shown to be capable of suppressing the heat-
induced aggregation of model proteins, such as MDH
(Shonhai et al. 2008; Luthuli et al. 2013; Zininga et al.
2016). In the current study, MDH was subjected to heat stress
at 48 °C and the protein aggregated in the absence of the
chaperones as expected (Fig. 5a, b). In the presence of a
non-chaperone (BSA), MDH aggregated in response to heat
stress. However, the introduction of either PfHsp70-1 or
PfHsp70-z led to the suppression of the heat-induced

Fig. 3 Polymyxin B inhibits the A - B 5.
intrinsic ATPase activity of > | 2
Hsp70. The effect of PMB on the > 2
basal ATPase activities of a g = S
PfHsp70-1 and b PfHsp70-z was @ 20 b 20 1
investigated. Released Pi was © é o vl &
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. . . < = <
direct colorimetric assay o 101 = o 104
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11 Py I
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Table 2 Relative affinities for
association of PfHsp70-1 with its
interactors in the presence of
nucleotide and/or PMB

Fig. 4 PMB abrogates the
interaction of PfHsp70-1 with
both PfHsp70-z and PfHop.
Shown are the representative SPR
sensorgrams representing
interaction of PfHsp70-1 with
PfHsp70-z (a), PfHsp70-1xpp
with PfHsp70-z (b), and
PfHsp70-1 with PfHop (c). The
relative affinities for the
interaction of the following
protein pairs are shown: PfHsp70-
1-PfHsp70-z (al); PfHsp70-1
~ep-PfHsp70-z (b1); PfHsp70-1-
PfHop (c1). The assays were
conducted under the following
conditions: absence of
nucleotides (NN); in the presence
of nucleotides (ATP/ADP) or
PMB, respectively

@ Springer

2

Analyte, ligand Nucleotide Kp (M) X Reference

PfHsp70-1, PfHsp70-z ATP 241 (x0.2) e—08 1.86 Zininga et al. 2016
ADP 1.21 (£0.1) e—06 2.12 Zininga et al. 2016
NN 598 (£0.5)e-05 3.32 Zininga et al. 2016
PMB 2.50 (£ 0.8) e—04* 2.65 This study

PfHsp70-1\pp, PfHsp70-z ATP 2.12 (£ 0.2) e—09 2.65 Zininga et al. 2016
ADP 9.86 (£0.9) e—08 6.52 Zininga et al. 2016
NN 1.57 (£ 0.6) e—08 2.44 Zininga et al. 2016
PMB 8.41 (£0.7) e—05%* 4.72 This study

PfHsp70-1, PfHop ATP 1.13 (£ 0.5)e-08 2.15 Zininga et al. 2015b
ADP 1.72 (£ 0.5) e-09 2.30 Zininga et al. 2015b
NN 1.91 (£ 0.01) e—09 2.17 Zininga et al. 2015b
PMB 1.60 (£ 0.08) e—06** 1.22 This study

The interaction kinetics represented by the equilibrium constant (Kp) were determined by SPR analysis alternating
the status of PfHsp70-z/PfHop and PfHsp70-1/PfHsp70-1npp as ligand and analyte, respectively. The ligand was
the respective immobilized protein on the GLC chip surface and the analyte was the respective protein injected at a
flow rate of 50 pl/min. Data were analyzed by using readings obtained for the running buffer (in the presence of
nucleotides, but in the absence of protein analyte) as baseline (Fig. 4). Data are represented as mean plus/minus
standard deviation. Chi-square (x> ) values represent the Langmuir curve fitting residuals. Statistical analysis was
conducted using one-way ANOVA. *p < 0.005, **p < 0.001 represents statistically significant differences in
affinities noted under the variable experimental conditions
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aggregation of MDH. The introduction of ADP to the reaction
of either PfHsp70-1 or PfHsp70-z did not alter the chaperone
activity of the respective proteins (Fig. 5a, b; Zininga et al.
2016). On the other hand, as previously reported, the addition
of ATP, while not affecting the activity of PfHsp70-z, did
inhibit the activity of PfHsp70-1 (Fig. 5a, b; Shonhai et al.
2008; Zininga et al. 2016). Next, we investigated the effect
of PMB on the chaperone activity of the two proteins. When
the chaperones were excluded from the reaction mixes, MDH
fully aggregated both in the absence and presence of 12.5 uM
of PMB (Fig. 5). However, 12.5 uM of PMB did not influence
the solubility profiles of either PfHsp70-1 or PfHsp70-z at
48 °C. Only MDH aggregated upon being exposed to heat
stress at the same level (12.5 uM) of PMB. In the presence
of PMB, the chaperone activities of both chaperones were
abrogated. The effect of PMB on the chaperone activity of
PfHsp70-1 was similar to the effect of ATP as the nucleotide
is known to suppress the chaperone activity of PfHsp70-1
(Shonbhai et al. 2008). It should be noted that although PMB

>

100
80 -I- I
60

40

Relative distribution %

. l -.—
0 - -z -

inhibited the chaperone activity of PfHsp70-1/PfHsp70-z, the
addition of ADP to the reaction slightly rescued the aggrega-
tion of MDH.

Discussion

PMB is a well-established antibiotic which has been previous-
ly proposed as a viable choice against the growing threat of
multi-drug-resistant Gram-negative bacteria (Zavascki et al.
2007). While it is known that PMB primarily binds to bacterial
LPS, thus effecting death, its mechanism of action is not fully
understood. To the best of our knowledge, this is the first study
to demonstrate that polymyxin B binds to Hsp70, inhibiting its
chaperone function. The molecular chaperone Hsp70 plays a
central role in cellular proteostasis. For this reason, Hsp70 is
implicated in the survival and pathogenicity of parasites,
among them, the main agent of malaria, P. falciparum
(Shonhai et al. 2007; 2008). Our study established that PMB
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Fig. 5 Polymyxin B suppresses chaperone function of PfHsp70-1and
PfHsp70-z. The chaperone function of PfHsp70-1/PfHsp70-z was
conducted by monitoring the heat-induced aggregation of MDH in vitro
at 48 °C and quantitating the pellet (P) and soluble (S) fractions after heat
exposure. The chaperone capabilities of PfHsp70-1 (a) and PfHsp70-z (b)
were assessed by assessing the heat-induced aggregation of MDH in the

presence of nucleotides and PMB, respectively. The activity of PfHsp70-
1 and PfHsp70-z in the presence of PMB compared to the nucleotide-free
state and ADP-bound state was statistically significant (p < 0.005),
respectively. Standard deviations obtained from three replicate assays
are shown
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is capable of making direct contact with two cytosol isoforms
of Hsp70 (PfHsp70-1 and PfHsp70-z) from P. falciparum,
thereby inhibiting their function in vitro.

The molecular chaperone Hsp70 is known to interact with
lipids (Arispe et al. 2002). Since PMB is a cyclic lipopeptide,
we hypothesized that it would potentially associate with
Hsp70. Using SPR-based assays, we established that PMB
binds primarily to the ATPase domain of Hsp70 (Fig. 1). For
this reason, we speculated that PMB may compete with ATP
to bind the nucleotide-binding domain of Hsp70. This was
further validated by our findings that PMB inhibits the
ATPase activities of both proteins (Fig. 3). We also established
that PMB has higher affinity for PfHsp70-1 compared to
PfHsp70-z. We previously established that ATP binds to
PfHsp70-1 to inhibit its chaperone function, while on the other
hand the chaperone activity of PfHsp70-z is nucleotide inde-
pendent. This further suggests that the two molecular chaper-
ones are uniquely modulated by ligands and co-chaperones
that regulate their function. We further established that both
PfHsp70-1 and PfHsp70-z exhibited folds that mirror confor-
mations that they assume when subjected to either heat stress
or urea treatment (Zininga et al. 2015a). This indicates that
PMB binds Hsp70 to destabilize its conformation. However,
the effect of PMB was more enhanced on PfHsp70-1 than it
was on PfHsp70-z. Incidentally, we previously established
that of the two chaperones, PfHsp70-z was more resilient to
heat stress and urea denaturation than PfHsp70-1 (Zininga
et al. 2016).

Hsp70 is perceived as constituting a hub of the cell’s pro-
tein folding system. This is largely because of the central
position that it holds through its association with several chap-
erones and co-chaperone partners. In the current study, we
investigated the effect of PMB on the direct association of
PfHsp70-1 with PfHsp70-z. We demonstrated that PMB ab-
rogates the interaction of PfHsp70-1 with both PfHsp70-z and
PfHop (Fig. 4). Thus, PMB is not only important through its
direct role in inhibiting Hsp70 but may have adverse effects
on its downstream network partners. Interestingly, a previous
independent study proposed that PMB interacts and inhibits
another chaperone, Hsp90 (Minagawa et al. 2012). Hsp70 and
Hs90 cooperate to facilitate fold of a special group of proteins
such as kinases and steroid hormone receptors (Jackson
2013). The association of the two chaperones is mediated by
Hop which serves as a module (Lissle et al. 1997). As the
current study has established that PMB inhibits Hsp70 directly
and also abrogates its association with Hop, the data suggest
that PMB may be a versatile inhibitor of the molecular chap-
erone system of the cell.

We further established that PMB inhibits the chaperone
function of both PfHsp70-1 and PfHsp70-z in vitro (Fig. 5).
Whereas PfHsp70-z exhibits nucleotide-independent chaper-
one activity (suppression of heat-induced aggregation of pro-
tein), the chaperone activity of PfHsp70-1 is inhibited by ATP

@ Springer

(Shonhai et al. 2008; Zininga et al. 2016). Our current data
further suggest that PMB inhibits the chaperone activity of
Hsp70. However, only ADP was capable of slightly reversing
the effect of PMB on MDH aggregation, while ATP has the
same effect as PMB.

Altogether, our findings confirm that PMB binds to Hsp70.
The findings further demonstrated that PMB inhibits the chap-
erone function of Hsp70. Furthermore, PMB disrupts the as-
sociation of Hsp70 with its functional partners. Thus, the ef-
fect of PMB has broader downstream effects on the function
of Hsp70. For this reason, it is important to further investigate
if PMB is capable of selectively inhibiting parasite Hsp70
without adversely affecting the host chaperone system. In
any event, the findings from this study broadens the horizon
in the search for small molecule inhibitors of Hsp70 towards
targeting its function in parasite survival.
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