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Abstract

Plasmodium falciparum causes the most lethal form of malaria. The cooperation of heat
shock protein (Hsp) 70 and 90 is thought to facilitate folding of select group of cellular pro-
teins that are crucial for cyto-protection and development of the parasites. Hsp70 and
Hsp90 are brought into a functional complex that allows substrate exchange by stress induc-
ible protein 1 (STI1), also known as Hsp70-Hsp90 organising protein (Hop). P. falciparum
Hop (PfHop) co-localises and occurs in complex with the parasite cytosolic chaperones,
PfHsp70-1 and PfHsp90. Here, we characterised the structure of recombinant PfHop using
synchrotron radiation circular dichroism (SRCD) and small-angle X-ray scattering. Structur-
ally, PfHop is a monomeric, elongated but folded protein, in agreement with its predicted
TPR domain structure. Using SRCD, we established that PfHop is unstable at temperatures
higher than 40°C. This suggests that PfHop is less stable at elevated temperatures com-
pared to its functional partner, PfHsp70-1, that is reportedly stable at temperatures as high
as 80°C. These findings contribute towards our understanding of the role of the Hop-medi-
ated functional partnership between Hsp70 and Hsp90.

1. Introduction

Heat shock proteins (Hsp) serve primarily as protein folding facilitators. They also participate
in several other processes, such as protein transport, assembly/disassembly of protein com-
plexes, protein degradation, amongst others [1]. Their role in the survival and pathogenicity of
malaria parasites is increasingly becoming apparent (2, 3, 4]. Plasmodium falciparum is the
agent for the most lethal form of malaria. It has been reported that the cytosolic P. falciparum
heat shock protein 70-1 (PfHsp70-1) is cyto-protective due to its ability to suppress protein
mis-folding and aggregation under stressful conditions [5, 6]. In addition, another cytosolic
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molecular chaperone, P. falciparum Hsp90 (PfHsp90) is essential [7]. The cooperation of
Hsp70 and Hsp90 is known to facilitate folding and function of proteins implicated in cell
development, such as steroid hormone receptors and kinases [8, 9].

Stress inducible protein 1 (STI1) was first described in mouse [10], and now also known as
Hsp70-Hsp90 organising protein (Hop), acts as a module that allows Hsp70 and Hsp90 to
interact stably, thereby facilitating substrate transfer from Hsp70 to Hsp90. Interestingly,
Hsp70 and Hsp90 resident in the cytosols of E. coli and yeast as well as their homologs local-
ized to mouse ER were shown to interact directly independent of Hop mediation [11, 12, 13,
14]. Although E. coli lacks a Hop homolog [15] and the same protein is not essential in yeast
[16], it has been reported to play an important role in the development of Trypanosoma cruzi
and Trypanosoma brucei parasites [17]. This shows that the role of Hop varies across species
and developmental stages. In light of the essential roles of the P. falciparum cytosol localised
chaperones, PfHsp90 and PfHsp70-1, PfHop has been proposed as a potential antimalarial
drug target [18, 19] This is partly because it occurs in complex with the two chaperones, and
also exhibits some degree of sequence divergence from the human homolog, thus raising pros-
pects for selective targeting by small molecule inhibitors [18]. Indeed, in some disease models
such as cancer [20] and leishmaniasis [21, 22], the essential role of Hop has made it a promis-
ing drug target.

Hop is a conserved and stress inducible protein that possesses three tetratricopeptide
repeats (TPR): TPR1, TPR2A and TPR2B [10]. Both Hsp70 and Hsp90 interact with Hop via
the C-terminal EEVD motif, present in the two molecular chaperones [19, 23]. Hop interacts
with Hsp70 and Hsp90 via its TPR1 and TPR2A domains, respectively [23]. While for a long
time the role of the TPR2B domain of Hop has remained largely elusive, it is now thought that
Hsp70 first binds to the TPR1 domain of Hop before switching to the TPR2B domain to facili-
tate substrate transfer to Hsp90 [20, 23].

In light of the importance of both PfHsp70-1 and PfHsp90 in the survival of the malaria
parasite, there has been growing interest in identifying inhibitors targeting the function of
these two molecular chaperones. Compounds that inhibit PfHsp70-1 [24, 25, 26] and PfHsp90
[9, 27] have been identified, and some of them exhibit antiplasmodial activity. Some com-
pounds that target PfHsp90 function reverse parasite resistance to traditional antimalarial
drugs, such as chloroquine (reviewed in [28]). We previously described Plasmodium falcipa-
rum Hop (PfHop), which co-localises and associates with both PfHsp70-1 and PfHsp90 [18,
19]. While Hop in other organisms, such as yeast and human, has been rather extensively char-
acterised, the structure and function of PfHop remain to be elucidated.

Here, we show that PfHop is a monomeric, elongated but folded protein, which loses most
of its secondary structure at temperatures above 40 °C. We discuss the implications of our
findings with respect to the role of PfHop in coordinating the Hsp70-Hsp90 pathway in P.
falciparum.

2. Methods and materials
2.1 Materials

Reagents used in this study, unless otherwise stated, were purchased from Merck Chemicals
(Darmstadt, Germany), Thermo Scientific (Illinois, USA), Zymo Research (USA), Melford
(Suffolk, UK), and Sigma-Aldrich (USA). Nickel NTA resin was purchased from Thermo Sci-
entific (USA). ECL was purchased from (ThermoFisher Scientific, USA). The expression and
purification of his-tagged recombinant forms of PfHop was confirmed by Western blotting
using anti-His antibodies (Thermo Scientific, USA). Furthermore, rabbit raised anti-PfHop
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antibodies (Eurogentec, Belgium; [18]) were also used to confirm the presence of recombinant
PfHop protein.

2.2 Expression and purification of recombinant PfHop

Recombinant PfHop (PF3D7_1434300) was overexpressed in Escherichia coli XL1 Blue cells
and purified by nickel affinity chromatography as previously described [18, 19]. The Ni-affin-
ity purified proteins were extensively dialysed in SnakeSkin dialysis tubing 10 000 MWCO
(ThermoFisher Scientific, USA) against buffer A [20 mM Tris-HCI, pH 7.5, 10 mM NacCl, 5%
(v/v) glycerol, 0.2 mM Tris-carboxyethyl phosphine (TCEP)]. The protein from Ni-NTA chro-
matography was used to perform conventional CD spectroscopy and tryptophan fluorescence
assays. SRCD and SAXS analyses were performed using protein that was further purified using
ion exchange and size exclusion chromatography as follows. The dialysed protein was further
purified using anion exchange chromatography using a Tricorn MonoQ 4.6/100 PE column
(G.E Healthcare LS, USA). PfHop was eluted by applying buffer B (20 mM Tris-HCI, pH 7.5,
10 mM NaCl, 0.2 mM TCEP) to the column using a linear (0.1-1.0 M) NaCl gradient. As the
final purification step and to evaluate the oligomeric state of PfHop, size exclusion chromatog-
raphy was used. Following anion exchange, fractions containing pure PfHop were pooled
together and loaded onto a HiLoad 16/600 Superdex™ 200 pg column equilibrated with buffer
C (10 mM Tris-HCI, pH 8, 300 mM NaCl containing 5% glycerol, 0.2 mM TCEP). Eluted frac-
tions were analysed using SDS-PAGE to determine the purity and homogeneity of the PfHop
protein. Authenticity of the purified protein was confirmed by sequencing using MALDI-TOF
mass spectrometry at the Biocenter Oulu Proteomics Core Facility, Oulu University, Finland.
The protein concentration was determined by measuring the UV absorbance at 280 nm using
a Nanodrop ND100 (ThermoFisher Scientific, USA).

The molecular weight of PfHop was determined using multi-angle static light scattering
(MALS) coupled to size exclusion chromatography using a Superdex S200 Increase 10/300 GL
column (GE Healthcare). The column, equilibrated with buffer C, was coupled to a mini
DAWN TREOS MALS detector (Wyatt Technology, Germany) and an ERC RefraMAx520 dif-
ferential refractometer (ERC, Germany). 100 ug of PfHop in buffer C was injected into the col-
umn using a flow rate of 0.5 ml/min. BSA and ovalbumin were used as molecular-weight
controls. The molecular weight of PfHop was determined based on the measured light scatter-
ing at three different angles and the refractive index using the ASTRA software version
6.1.5.22 (Wyatt Technology, Germany).

2.3 Investigation of the secondary structure of PfHop

The secondary structure of PfHop was investigated using synchrotron radiation (SR) and con-
ventional circular dichroism (CD) spectroscopy. The spectral measurements were conducted
at the UV-CD12 beam line (Anka, Karlsruhe) under temperature-controlled conditions.
PfHop at a concentration of 0.5 mg/ml dialysed in buffer D (10 mM K;PO,, pH 7.0, 150 NaF)
was analysed using a 98.56 pm path length round cell cuvette (Suprasil, Hellma Analytics, Ger-
many) at a constant temperature of 10°C. A total of 3 full spectral scans were recorded from
280 to 175 nm and averaged. CD spectroscopy experiments were done using a Jasco J-1500
CD spectrometer (JASCO, Tokyo, Japan) and Chirascan CD Spectrometer (Applied Photo-
physics, UK) with a temperature-controlled Peltier. Recombinant proteins at a final concentra-
tion of 2 uM were analysed using a 2-mm path-length quartz cuvette (Hellma). Spectral scans
were recorded from 250 to 180 nm and averaged for least 3 scans. The SRCD data were pro-
cessed and deconvoluted using the Dichroweb server [29] and the CONTINLL algorithm with
the SP175 reference set [30]. To further predict the secondary structure content of PfHop, the
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BeStSel server (http://bestsel.elte.hu/; [31, 32]) and the Phyre2 server (http://sbg.bio.ic.ac.uk/
phyre2/; [33]) were also used. In order to investigate the heat stability of PfHop, the protein
was subjected to increasing temperature (10°C to 90°C using 5°C intervals for SRCD and 20 to
90°C for CD) and full spectra recorded when the temperature was raised from 20°C—90°C.
Similarly, spectra were recorded upon subjecting the protein to a downward shift in tempera-
ture from 90°C to 20°C. Melting curves were plotted by monitoring the CD signal at 192, 210
and 220 nm using the Jasco J-1500 CD spectrometer and further validated using Chirascan
CD spectrometer (Applied Photophysics, UK). The CD spectral measurements were expressed
as ratio of signal recorded at a particular temperature compared to the SRCD signal recorded
at 10°C. This facilitated estimation of the folded protein fraction of the protein at the respective
temperature as previously described [34, 35]. The tertiary structure of the protein was probed
in the presence of varying concentrations of denaturants, urea (0-8 M) and guanidine hydro-
chloride (0-6 M).

Fluorescence spectra were recorded following initial excitation at 295 nm and emission was
determined at wavelength range of 300 nm to 400 nm using JASCO FP-6300 spectrofluorome-
ter (JASCO, Tokyo, Japan).

2.4 Small-angle X-ray scattering analysis for PfHop shape determination

Synchrotron small-angle X-ray scattering (SAXS) data were collected on the EMBL Hamburg
Outstation beam line P12 at PETRA III/DESY (Hamburg). PfHop (2.2 mg/ml) and buffer sam-
ples were exposed to X-rays with a wavelength of 1.240 A for 0.045 s. Pre-processed data were
further analysed with the ATSAS software package [36]. The distance distribution calculation
and ab initio modelling were performed using GNOM [37] and the GASBOR package [38],
respectively. Human Hop TPR1 (1ELW; [39]) and bakers’s yeast TPR2AB domains (3QU3;
[23]) were manually fitted in the ab initio envelope using PyMOL 2.3.2 (Schrédinger, USA).
An R value of 5.3 nm was determined visually from the linear part of the low scattering angles
(0.0087-0.0715 nm™) using PRIMUS [40]. The Dy, for PfHop was estimated as 24 nm, also
using PRIMUS.

3. Results
3.1 Oligomeric state of recombinant PfHop

Recombinant PfHop was purified using nickel affinity chromatography as previously
described [18]. The protein was further purified using ion exchange and subsequently sub-
jected to size exclusion chromatography (S1 Fig).

Hop has been reported to exist as either monomer [21, 41, 42] or dimer [43, 44], andas
largely monomeric, forming weak dimers [45]. Based on size exclusion chromatography,
PfHop eluted as an elongated monomer under reducing conditions. A small fraction of dimer,
likely due to partial oxidation, could be seen in some batches (S1C Fig, lanes 1-5). A recent
study [46] reported that PfHop exists as a dimer. However, using multi-angle light scattering
coupled to size exclusion chromatography we observed that PfHop occurs as a monomer of 73
kDa (Fig 1). This is 8% larger than the calculated theoretical molecular weight 67.6 kDa. A pre-
vious independent study [20] similarly reported an apparently higher molecular weight for
STI1 that was determined using gel filtration. As a control, we determined molecular weights
for bovine serum albumin (73 kDa) and ovalbumin (45 kDa), which were 10% and 6%, respec-
tively, larger than their calculated theoretical molecular weights.
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Fig 1. Determination of the oligomeric status of PfHop. Size exclusion chromatography of PfHop displays a single
peak. The molecular weight of the peak calculated using static light scattering, shown as a black line, represents a
PfHop monomer.

https://doi.org/10.1371/journal.pone.0226657.9001

3.2 Analysis of the secondary structure of PfHop

To confirm the folding state and secondary structure composition of recombinant PfHop, syn-
chrotron radiation circular dichroism (SRCD) spectroscopy was conducted. SRCD spectra
were recorded between 175 and 280 nm at 10°C. The PfHop spectra exhibited 2 negative min-
ima around 222 and 208 nm and a positive peak at 194 nm (Fig 2A), characteristic of a pre-
dominantly a-helical protein [47] as previously reported [46]. Deconvolution of the spectra
with Dichroweb indicated a predominantly o-helical structure comprising 77% o-helices
(Table 1). This was supported by predictions from BeStSel and Phyre2 (S1 Table). The helical
content estimated here for PfHop is comparable to that for Leishmania braziliensis Hop
(LbHop) which was reported to be around 75% [42]. Notably, the PfHop helical content of
77% we observed here is much higher than that the 57% obtained for the same protein in a
recent independent study [46]. While, it is not clear why such a wide discrepancy has been
reported for PfHop helical content, our findings reconcile with that reported for its close
homolog, LbHop [42]. Overall, the predominantly o-helical structure of PfHop is consistent
with the predicted three-dimensional model of PfHop which showed that all its three TPR
motifs are a-helical in nature [18]. Furthermore, based on the previously generated three-
dimensional model of PfHop, residues of PfHop that are implicated in making direct contact
with PfHsp70-1/PfHsp90 are positioned within the grooves of the a-helical TPR domains [18].
PfHop mediates interaction between PfHsp70-1 and PfHsp90 [18, 20], and its expression is
heat-induced [18]. The roles of these two chaperones become particularly important when the
parasite is subjected to physiological stress, such as during clinical malaria fever episodes [48].
It is therefore important that heat shock proteins of parasite origin exhibit resilience to heat
stress conditions. PfHsp70-1 is stable at high temperatures and is most active at 48 °C—50 °C
and is known to retain its ATPase activity at up to 80 °C [6; 34]. However, it remains to be
established whether PfHop exhibits the same resilience to heat stress. To probe this, we investi-
gated the heat stability of recombinant PfHop in vitro. As a control, the denaturation of PfHop
exposed to urea (0-8 M) was also monitored using CD (Fig 2C). Next, we monitored the
folded fraction of PfHop in response to exposure to increased temperature conditions using
SRCD (10°C to 90°C) (Fig 2A) and CD spectrometry (assay was conducted at 20°C—90°C; Fig
2B). PfHop appeared stable at temperatures lower than 40°C. However, at higher temperatures
the protein lost its fold, and only 50% of the protein retained its folded state at 45°C (Fig 2C).
Notably, the spectra suggest that the protein simultaneously loses both its c-helical and -com-
positions in response to heat stress through two unfolding transitions (Tm; and Tm,) (Fig 2B).
CD spectrometry was used to monitor heat-induced denaturation of PfHop at a temperature
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recombinant PfHop protein tryptophan fluorescence emission spectra were recorded under various GdHCl and urea concentrations. Notable, is the red spectral shift
obtained for of PfHop exposed to various GAHCl and urea concentrations.

https://doi.org/10.1371/journal.pone.0226657.9002

range of 20°C—90°C (Fig 2B). The double phased unfolding transitions we observed here
closely mirror those reported for PfHop in an independent study [46]. An attempt to refold
the heat-denatured PfHop by lowering temperature from 90°C—20°C showed that the protein
subjected to temperatures above 70°C could not refold. Our findings suggest that PfHop is less
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Table 1. SAXS parameters for PfHop.

Sample Rg (nm) Dmax (A) MW (kDa) Expected MW (kDa)
SLS 73 67.6
SAXS 5.3 240 67.6

https://doi.org/10.1371/journal.pone.0226657.t001

stable to heat stress than PfHsp70-1, whose ATPase activity was found to be optimal around
50°C [34]. In addition, PfHsp70-1 exhibits chaperone activity (suppressing heat induced
aggregation of protein) at 48°C [6].

Furthermore, tryptophan fluorescence spectroscopy was conducted to monitor the tertiary
structural organisation of PfHop in the presence of varying amounts of urea and guanidine
hydrochloride (GdHCI). A red shift was observed with maximum peaks at 350 nm (associated
with 6 M GdHCI) and 343 nm (associated with 8 M urea) (Fig 2E). PfHop was more sensitive
to GAdHCI, which is a stronger denaturant. This is in agreement to a previous observation for
PfHsp70-1 protein [34].

3.3 Low-resolution structure of PfHop in solution

In order to gain further insight into the structure of PfHop, we determined its low-resolution
structure in solution using SAXS (Fig 3). The X-ray scattering curve (Fig 3A), the Kratky plot
(Fig 3B), and the distance distribution function (Fig 3C) together indicate that PfHop is an
elongated protein with a maximum dimension of approximately 24 nm (Table 1). PfHop con-
sists mostly of folded parts connected by flexible linkers. Thus, as expected, the TPR domains
likely are arranged like pearls on a string. The distance distribution function (Fig 3C) indicates
at least two stable domains with maxima at ~3 and ~5 nm within the D,,,, of 240 A. The D«
obtained for PfHop falls within the range obtained for other Hop homologues; 180 A for
LbHop [42], 193 A for Hop [43], 230 A for PfHop [46] and 260 A for STI1 [20]. Altogether,
these values confirm Hop to generally assume an extended conformation across species. An ab
initio dummy residue model calculated using GASBOR (Fig 3D) is consistent with the above
data and shows an excellent fit to the experimental data (Fig 3) with a %> value of 1.06. The
model consists of an elongated shape with some more compact regions, as observed for STI1
[20]. This model visually fits perfectly to crystal structures of human and yeast Hop TPR1
(LELW, [39]) as well as that of the TPR2AB (3UQ3, [23]) domain (Fig 3D).

4. Discussion

PfHop is thought to facilitate the functional cooperation between PfHsp70-1 and PfHsp90,
both prominent cytosolic molecular chaperones of P. falciparum [18, 19]. The Hsp70-Hop-
Hsp90 pathway plays an important role in cellular development, as it facilitates folding and
maturation of proteins, such as kinases and steroid hormone receptors [49]. Inhibition of both
PfHsp90 and PfHsp70-1 leads to parasite death [7, 24, 26], making these molecular chaperones
potential antimalarial drug targets. In the current study, we demonstrated that PfHop is unsta-
ble at temperatures above 40°C. Furthermore, the protein is denatured at elevated tempera-
tures through two distinct unfolding transitions (Fig 2), in agreement with a recent
independent study [46]. The two unfolding transitions are consistent with a protein possessing
domains of varied conformational stability. This is consistent with the multi-domain nature of
PfHop as observed in the current study. In agreement with this, the N-terminus of Hop is
reportedly flexible while its C-terminus is deemed to be compact [20].

We previously observed that PfHop, PfHsp70-1, and PfHsp90 occur in a complex, and that
PfHop directly associates with the EEVD domains of PfHsp70-1 and PfHsp90 [18, 19]. This

PLOS ONE | https://doi.org/10.1371/journal.pone.0226657  April 28, 2020 7/13


https://doi.org/10.1371/journal.pone.0226657.t001
https://doi.org/10.1371/journal.pone.0226657

PLOS ONE

Biophysical analysis of Plasmodium falciparum Hop (PfHop)

10000

1000

s(l)

100

10

0 T
0 10

Distance (nm)

‘;“‘1. A - : N i{\“
3UQ3 £EE

Fig 3. SAXS analysis of PfHop. (A) Fit of a calculated SAXS curve based on an ab initio model (red line) on the
experimental SAXS curve (grey dots) measured for PfHop. (B) Kratky plot derived from the scattering data. (C)
Distance distribution function. (D) An Ab initio model of PfHop (green), determined using GASBOR compared with
crystal structures of human Hop TPR2AB (3UQ3) and baker’s yeast TPR1 domains (1IELW) (cyan). The lower panel is
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https://doi.org/10.1371/journal.pone.0226657.9003

suggests that PfHop modulates functional cooperation between PfHsp70-1 and PfHsp90. The
development of clinical malaria is associated with body temperature rising to 41.6°C. At such
high temperatures, the role of heat shock proteins in maintaining proteostasis becomes
unquestionably important, as is evidenced by the elevated expression of key molecular chaper-
ones, such as PfHsp70-1 and PfHsp90 (7, 50]. It is intriguing to imagine how PfHsp70-1 and
PfHsp90 cooperate in the presence of limiting levels of PfHop, as occurs during sustained heat
stress conditions induced by malaria fever. It is possible that under extended stress conditions,
the role of Hop becomes less vital and that perhaps Hsp70 and Hsp90 may directly interact.
Indeed, a study showed that despite lack of Hop in E. coli, Hsp70 and Hsp90 from E. coli are
capable of direct interaction [15]. In addition, Hsp70 and Hsp90 chaperones resident in yeast
cytosol and mouse ER were reported to directly bind without Hop as an adaptor [13, 14]. Ina
previous study, we observed complexes of PfHsp70-1 and PfHsp90 in which PfHop was pres-
ent based on size exclusion chromatography of parasite lysates [18]. However, we also
observed eluates representing a complex of PfHsp70-1 and PfHsp90, in which PfHop was
absent [18]. A non-canonical Hop homologue from Caenorhabditis elegans lacks the TPR1
domain, hence it is thought to be biased towards binding to Hsp90 than Hsp70 [51]. Alto-
gether, our findings and those of others suggest that the function of Hop may vary across spe-
cies and may also depend on the prevailing cellular physiological conditions.
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Findings on the oligomeric status of Hop have remained controversial as independent stud-
ies have reported it to be either monomeric [41] or dimeric [44], or largely monomeric but
forming also weak dimers [45]. In the current study, we sought to establish the oligomeric sta-
tus of PfHop. Based on size-exclusion chromatography and multi-angle static light scattering,
we conclude that PfHop occurs as a monodisperse monomer (Fig 1). This conflicts with a
recent study which reported PfHop to exist as a dimer [46]. It is important to note that we also
observed a dimeric fraction which we think is on account of unspecific disulphide bridge for-
mation that occurs under non-reducing conditions. Interestingly, our previous findings using
SPR showed that PfHop self-associates with higher affinities [19], suggesting that PfHop may
form oligomers. It is possible that PfHop self-association occurs transiently, hence may be
detected by techniques such as SPR but not by other techniques such as SEC. This could
account for the conflicting findings. On the other hand, human Hop has been reported to
form dimers [44, 52, 53], but it remains to be confirmed whether these are of functional signifi-
cance. In addition, Hop has also been suggested to form elongated monomers, which are diffi-
cult to resolve using gel filtration [41]. Indeed, the low-resolution solution structure
determined by SAXS shows that PfHop is a highly elongated and multidomain protein. This
agrees with several previous independent studies [20, 42, 43, 46]. Notably, we observed that the
folded domains of PfHop are organised like beads on a string. This is consistent with the pre-
dicted concave nature of its predominantly o-helical TPR motifs [18]. TPR motifs of human
Hop have been described to occur as grooves into which the C-terminal EEVD motifs of
Hsp90 and Hsp70 bind in extended form [39]. Our PfHop SAXS data is consistent with this
proposed model.

Altogether, our findings established that PfHop is an elongated, predominantly a-helical,
monomeric, protein. Its heat stability is lower than that reported for PfHsp70-1, suggesting
that its function may be compromised at high temperatures associated with clinical malaria
progression.

Supporting information

S1 Fig. Purification of PfHop by ion exchange and size exclusion chromatography. (A)
SDS-PAGE analysis of the five samples collected from the main peak (lanes 1-5). Ion exchange
chromatography of PfHop purification was monitored at 280 nm. Protein that bound to the
column was then eluted under NaCl gradient. The five fractions obtained were pooled together
for subsequent SEC analysis. (B) SDS-PAGE analysis of several fractions (lanes 1-11) of
PfHop obtained by SEC are shown. (C) SDS-PAGE analysis of several fractions (lanes 1-12) of
PfHop obtained by SEC are shown.

(DOCX)

S2 Fig. Mass spectrometry sequencing data for PfHop.
(DOCX)

S1 Table. PfHop secondary structure content.
(DOCX)

S1 Raw Images.
(PDF)

Acknowledgments

We thank Drs. Arne Raasakka, Erik Hallin, and Juha Kallio for SRCD and SAXS data collec-
tion as well as help with data processing. We acknowledge the KIT light source for provision

PLOS ONE | https://doi.org/10.1371/journal.pone.0226657  April 28, 2020 9/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226657.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226657.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226657.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226657.s004
https://doi.org/10.1371/journal.pone.0226657

PLOS ONE

Biophysical analysis of Plasmodium falciparum Hop (PfHop)

of instruments at the beamline UV-CD12 of the Institute of Biological Interfaces (IBG2), and
we would like to thank the Institute for Beam Physics and technology (IBPT) for the operation
and storage ring, the Karlsruhe Research Accelerator (KARA). We would like to acknowledge
the Biophysics, Structural Biology, and Screening (BiSS) facilities at University of Bergen for
access to the static light scattering instrument. We are grateful to the office of University of
Stellenbosch Central Analytical Facilities for allowing us access to use their Chirascan CD
Spectrometer.

Author Contributions

Conceptualization: Stanley Makumire, Inari Kursula, Addmore Shonhai.

Data curation: Stanley Makumire, Juha Vahokoski, Inari Kursula, Addmore Shonhai.
Formal analysis: Stanley Makumire.

Funding acquisition: Inari Kursula, Addmore Shonhai.

Investigation: Stanley Makumire.

Methodology: Stanley Makumire, Addmore Shonhai.

Project administration: Juha Vahokoski, Inari Kursula, Addmore Shonhai.
Resources: Addmore Shonhai.

Supervision: Tawanda Zininga, Juha Vahokoski, Inari Kursula, Addmore Shonhai.
Validation: Juha Vahokoski, Addmore Shonhai.

Writing - original draft: Stanley Makumire, Tawanda Zininga, Juha Vahokoski, Inari Kur-
sula, Addmore Shonhai.

References

1. Bukau B, Weissman J, Horwich A. Molecular chaperones and protein quality control. Cell. 2006, 125:
443-451. https://doi.org/10.1016/j.cell.2006.04.014 PMID: 16678092

2. Shonhai A. Role of Hsp70s in development and pathogenicity of Plasmodium species: In: Heat Shock
Proteins of Malaria; Shonhai A., Blatch G., Ed.; Springer: New York, NY, USA, 2014, pp 47-70.

3. Charnaud SC, Dixon MWA, Nie CQ, Chappell L, Sanders PR, Nebl T, et al. The exported chaperone
Hsp70-x supports virulence functions for Plasmodium falciparum blood stage parasites. PLoS ONE.
2017, 12: e0181656. https://doi.org/10.1371/journal.pone.0181656 PMID: 28732045

4. Zininga T, Ramatsui L, Shonhai A. Heat shock proteins as immunomodulants. Molecules. 2018, 23:
2846.

5. Shonhai A, Boshoff A, Blatch G L. Plasmodium falciparum heat shock protein 70 is able to suppress the
thermosensitivity of an Escherichia coliDnaK mutant strain. Mol. Genet. Genomics. 2005, 274: 70-78.
https://doi.org/10.1007/s00438-005-1150-9 PMID: 15973516

6. Shonhai A, Botha M, de Beer TAP, Boshoff A, Blatch GL. Structure-function study of Plasmodium falcip-
arum Hsp70 using three-dimensional modelling and in-vitro analyses. Protein. Pept. Lett. 2008, 15:
1117-1125. https://doi.org/10.2174/092986608786071067 PMID: 19075824

7. Banumathy G, Singh V, Pavithra SR, Tatu U. Heat shock protein 90 is essential for Plasmodium falcipa-
rum growth in human erythrocytes. J. Biol. Chem. 2003, 278: 18336—18345. https://doi.org/10.1074/
jbc.M211309200 PMID: 12584193

8. Taipale M, Jarosz DF, Lindquist S. HSP90 at the hub of protein homeostasis: emerging mechanistic
insights. Nat. Rev. Mol. Cell. Biol. 2010, 11: 515-28. https://doi.org/10.1038/nrm2918 PMID: 20531426

9. PosfaiD, Eubanks AL, Keim Al, Lu KY, Wang GZ, Hughes PF, et al. Identification of Hsp90 inhibitors
with anti-Plasmodium activity. Antimicrob. Agents. Chemother. 2018, 62: e01799-17. https://doi.org/
10.1128/AAC.01799-17 PMID: 29339390

10. Lassle M, Blatch GL, Kundra V, Takatori T, Zetter BR. Stress inducible, murine protein mSTI1. J. Biol.
Chem. 1997, 272: 1876—-1884. https://doi.org/10.1074/jbc.272.3.1876 PMID: 8999875

PLOS ONE | https://doi.org/10.1371/journal.pone.0226657  April 28, 2020 10/13


https://doi.org/10.1016/j.cell.2006.04.014
http://www.ncbi.nlm.nih.gov/pubmed/16678092
https://doi.org/10.1371/journal.pone.0181656
http://www.ncbi.nlm.nih.gov/pubmed/28732045
https://doi.org/10.1007/s00438-005-1150-9
http://www.ncbi.nlm.nih.gov/pubmed/15973516
https://doi.org/10.2174/092986608786071067
http://www.ncbi.nlm.nih.gov/pubmed/19075824
https://doi.org/10.1074/jbc.M211309200
https://doi.org/10.1074/jbc.M211309200
http://www.ncbi.nlm.nih.gov/pubmed/12584193
https://doi.org/10.1038/nrm2918
http://www.ncbi.nlm.nih.gov/pubmed/20531426
https://doi.org/10.1128/AAC.01799-17
https://doi.org/10.1128/AAC.01799-17
http://www.ncbi.nlm.nih.gov/pubmed/29339390
https://doi.org/10.1074/jbc.272.3.1876
http://www.ncbi.nlm.nih.gov/pubmed/8999875
https://doi.org/10.1371/journal.pone.0226657

PLOS ONE

Biophysical analysis of Plasmodium falciparum Hop (PfHop)

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Yamamoto S, Subedi GP, Hanashima S, Satoh T, Otaka M, Wakui H, et al. ATPase activity and ATP-
dependent conformational change in the co-chaperone HSP70/HSP90-organizing protein (HOP). J Biol
Chem. 2014, 289: 9880-9886. https://doi.org/10.1074/jbc.M114.553255 PMID: 24535459

Kravats AN, Doyle SM, Hoskins JR, Genest O, Doody E, Wickner S. Interaction of E. coliHsp90 with
DnaK involves the DnaJ binding region of DnaK. J Mol Biol. 2017, 429: 858-872. https://doi.org/10.
1016/j.jmb.2016.12.014 PMID: 28013030

Kravats AN, Hoskins JR, Reidy M, Johnson JL, Doyle SM, Genest O, et al. Functional and physical
interaction between yeast Hsp90 and Hsp70. Proc. Natl. Acad. Sci. U S A. 2018, 115:2210-2219.
https://doi.org/10.1073/pnas.1719627115

Sun M, Kotler JL, Liu S, Street TO. The endoplasmic reticulum (ER) chaperones BiP and Grp94 selec-
tively associate when BiP is in the ADP conformation. J Biol Chem. 2019, 294: 6387—96. https://doi.
org/10.1074/jbc.RA118.007050 PMID: 30787103

Genest O, Hoskins JR, Kravats AN, Doyle SM, Wickner S. Hsp70 and Hsp90 of E. coli directly interact
for collaboration in protein remodeling. J. Mol. Biol. 2015, 427: 3877-3889. https://doi.org/10.1016/j.
jmb.2015.10.010 PMID: 26482100

Reidy M, Kumar S, Anderson DE, Masison DC. Dual roles for yeast Sti1/Hop in regulating the Hsp90
chaperone cycle. Genetics. 2018, 209: 1139—1154. hitps://doi.org/10.1534/genetics.118.301178
PMID: 29930177

Schmidt JC, Manhaes L, Fragoso SP, Pavoni DP, Krieger MA. Involvement of STI1 protein in the differ-
entiation process of Trypanosoma cruzi. Parasitol Int. 2018, 67:131-139. https://doi.org/10.1016/j.
parint.2017.10.009 PMID: 29081390

Gitau GW, Mandal P, Blatch GL, Przyborski J, Shonhai A. Characterization of the Plasmodium falcipa-
rum Hsp70-Hsp90 organising protein (PfHop). Cell Stress Chaperone. 2012, 17: 191-202.

Zininga T, Makumire S, Gitau GW, Njunge JM, Pooe OJ, Klimek H, et al. Plasmodium falciparum Hop
(PfHop) interacts with the Hsp70 chaperone in a nucleotide-dependent fashion and exhibits ligand
selectivity. PLoS ONE. 2015, 10: e0135326. https://doi.org/10.1371/journal.pone.0135326 PMID:
26267894

Rohl A, Wengler D, Madl T, Lagleder S, Tippel F, Herrmann M, et al. Hsp90 regulates the dynamics of
its cochaperone Sti1 and the transfer of Hsp70 between modules. Nat. Commun. 2015, 6: 6655.
https://doi.org/10.1038/ncomms7655 PMID: 25851214

Morales MA, Watanabe R, Dacher M, Chafey P, y Fortéa JO, Scott DA, et al. Phosphoproteome
dynamics reveal heat-shock protein complexes specific to the Leishmania donovaniinfectious stage.
Proc Natl Acad Sci. 2010, 107: 8381-8386. https://doi.org/10.1073/pnas.0914768107 PMID:
20404152

Hombach A, Clos J. No stress—Hsp90 and signal transduction in Leishmania. Parasitology. 2014,
141:1156-66. https://doi.org/10.1017/S0031182013002151 PMID: 24703183

Schmid AB, Lagleder S, Grawert MA, Rohl A, Hagn F, Wandinger SK, et al. The architecture of func-
tional modules in the Hsp90 co-chaperone Sti1/Hop. EMBO J. 2012, 31: 1506—1517. https://doi.org/10.
1038/emboj.2011.472 PMID: 22227520

Cockburn IL, Boshoff A, Pesce ER, Blatch GL. Selective modulation of plasmodial Hsp70s by small mol-
ecules with antimalarial activity. Biol. Chem. 2014, 395: 1353—1362. https://doi.org/10.1515/hsz-2014-
0138 PMID: 24854538

Zininga T, Pooe OJ, Makhado PB, Ramatsui L, Prinsloo E, Achilonu |, et al. Polymyxin B inhibits the
chaperone activity of Plasmodium falciparum Hsp70. Cell Stress Chaperones. 2017, 22: 707-715.
https://doi.org/10.1007/s12192-017-0797-6 PMID: 28455613

Zininga T, Ramatsui L, Makhado PB, Makumire S, Achilinou |, Hoppe H, et al. (-)-Epigallocatechin-3-
gallate inhibits the chaperone activity of Plasmodium falciparum Hsp70 chaperones and abrogates their
association with functional partners. Molecules. 2017, 22: 2139.

Wang T, Bisson WH, Maser P, Scapozza L, Picard D. Differences in conformational dynamics between
Plasmodium falciparum and human Hsp90 Orthologues enable the structure based discovery of patho-
gen-selective inhibitors. J. Med. Chem. 2014, 57: 2524-2535. https://doi.org/10.1021/jm401801t
PMID: 24580531

Shahinas D, Folefoc A, Pillai D. Targeting Plasmodium falciparum Hsp90: towards reversing antimalar-
ial resistance. Pathogens. 2013, 2: 33—-54. https://doi.org/10.3390/pathogens2010033 PMID:
25436880

Lobley A, Whitmore L, Wallace BA. DICHROWERB: an interactive website for the analysis of protein sec-
ondary structure from circular dichroism spectra. Bioinformatics. 2002, 18:211-212. https://doi.org/10.
1093/bioinformatics/18.1.211 PMID: 11836237

PLOS ONE | https://doi.org/10.1371/journal.pone.0226657  April 28, 2020 11/13


https://doi.org/10.1074/jbc.M114.553255
http://www.ncbi.nlm.nih.gov/pubmed/24535459
https://doi.org/10.1016/j.jmb.2016.12.014
https://doi.org/10.1016/j.jmb.2016.12.014
http://www.ncbi.nlm.nih.gov/pubmed/28013030
https://doi.org/10.1073/pnas.1719627115
https://doi.org/10.1074/jbc.RA118.007050
https://doi.org/10.1074/jbc.RA118.007050
http://www.ncbi.nlm.nih.gov/pubmed/30787103
https://doi.org/10.1016/j.jmb.2015.10.010
https://doi.org/10.1016/j.jmb.2015.10.010
http://www.ncbi.nlm.nih.gov/pubmed/26482100
https://doi.org/10.1534/genetics.118.301178
http://www.ncbi.nlm.nih.gov/pubmed/29930177
https://doi.org/10.1016/j.parint.2017.10.009
https://doi.org/10.1016/j.parint.2017.10.009
http://www.ncbi.nlm.nih.gov/pubmed/29081390
https://doi.org/10.1371/journal.pone.0135326
http://www.ncbi.nlm.nih.gov/pubmed/26267894
https://doi.org/10.1038/ncomms7655
http://www.ncbi.nlm.nih.gov/pubmed/25851214
https://doi.org/10.1073/pnas.0914768107
http://www.ncbi.nlm.nih.gov/pubmed/20404152
https://doi.org/10.1017/S0031182013002151
http://www.ncbi.nlm.nih.gov/pubmed/24703183
https://doi.org/10.1038/emboj.2011.472
https://doi.org/10.1038/emboj.2011.472
http://www.ncbi.nlm.nih.gov/pubmed/22227520
https://doi.org/10.1515/hsz-2014-0138
https://doi.org/10.1515/hsz-2014-0138
http://www.ncbi.nlm.nih.gov/pubmed/24854538
https://doi.org/10.1007/s12192-017-0797-6
http://www.ncbi.nlm.nih.gov/pubmed/28455613
https://doi.org/10.1021/jm401801t
http://www.ncbi.nlm.nih.gov/pubmed/24580531
https://doi.org/10.3390/pathogens2010033
http://www.ncbi.nlm.nih.gov/pubmed/25436880
https://doi.org/10.1093/bioinformatics/18.1.211
https://doi.org/10.1093/bioinformatics/18.1.211
http://www.ncbi.nlm.nih.gov/pubmed/11836237
https://doi.org/10.1371/journal.pone.0226657

PLOS ONE

Biophysical analysis of Plasmodium falciparum Hop (PfHop)

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

Compton LA, Johnson WC Jr. Analysis of protein circular dichroism spectra for secondary structure
using a simple matrix multiplication. Anal. Biochem. 1986, 155: 155—-167. https://doi.org/10.1016/0003-
2697(86)90241-1 PMID: 3717552

Micsonai A, Wien F, Kernya L, Lee YH, Goto Y Réfrégiers M, et al. Accurate secondary structure predic-
tion and fold recognition for circular dichroism spectroscopy. Proc. Natl. Acad. Sci. U S A. 2015, 112:
3095-3103.

Micsonai A, Wien F, Bulyaki E,KunJ, Moussong E, Lee YH, et al. BeStSel: a web server for accurate
protein secondary structure prediction and fold recognition from the circular dichroism spectra. Nucleic
Acids Res. 2018, 46: 315-322.

Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJ. The Phyre2 web portal for protein modeling,
prediction and analysis. Nat. Protoc. 2015, 10: 845-58. https://doi.org/10.1038/nprot.2015.053 PMID:
25950237

Misra G, Ramachandran R. Hsp70-1 from Plasmodium falciparum: protein stability, domain analysis
and chaperone activity. Biophys. Chem. 2009, 142: 55-64. https://doi.org/10.1016/j.bpc.2009.03.006
PMID: 19339102

Zininga T, Achilonu I, Hoppe H, Prinsloo E, Dirr HW, Shonhai A. Overexpression, purification and char-
acterization of the Plasmodium falciparum Hsp70-z (PfHsp70-z). PLoS ONE. 2015, 10: e0129445.
https://doi.org/10.1371/journal.pone.0129445 PMID: 26083397

Franke D, Petoukhov MV, Konarev PV, Panjkovich A, Tuukkanen A, Mertens et al. ATSAS 2.8: a com-
prehensive data analysis suite for small-angle scattering from macromolecular solutions. J. Appl. Cryst.
2017, 50: 1212—-1225.

Svergun DI. Determination of the regularization parameter in indirect-transform methods using percep-
tual criteria. J. Appl. Crystallogr. 1992, 25: 495-503

Svergun DI Petoukhov MV, Koch MHJ. Determination of domain structure of proteins from X-ray solu-
tion scattering. Biophys. J. 2001, 80: 2946—2953. https://doi.org/10.1016/S0006-3495(01)76260-1
PMID: 11371467

Scheufler C, Brinker A, Bourenkov G, Pegoraro S, Moroder L, Bartunik H, et al. Structure of TPR
domain—peptide complexes: critical elements in the assembly of the Hsp70—-Hsp90 multichaperone
machine. Cell. 2000, 101: 199-210. https://doi.org/10.1016/S0092-8674(00)80830-2 PMID: 10786835

Konarev PV, Volkov VV, Sokolova AV, Koch MHJ, Svergun DI. PRIMUS—a Windows-PC based sys-
tem for small-angle scattering data analysis. J. Appl. Cryst. 2003, 36: 1277—-1282.

Yi F, Doudevski |, Regan L. HOP is a monomer: Investigation of the oligomeric state of the co-chaper-
one HOP. Protein Sci. 2010, 19: 19-25. https://doi.org/10.1002/pro.278 PMID: 19866486

Batista FA, Seraphim TV, Santos CA, Gonzaga MR, Barbosa LR, Ramos CH, et al. Low sequence iden-
tity but high structural and functional conservation: The case of Hsp70/Hsp90 organizing protein (Hop/
Sti1) of Leishmania braziliensis. Arch Biochem Biophys. 2016, 600: 12—-22. https://doi.org/10.1016/j.
abb.2016.04.008 PMID: 27103305

Onuoha SC, Coulstock ET, Grossmann JG, Jackson SE. Structural studies on the co-chaperone Hop
and its complexes with Hsp90. J Mol Biol. 2008, 379: 732—44. https://doi.org/10.1016/j.jmb.2008.02.
013 PMID: 18485364

Prodromou C, Siligardi G, O’'Brien R, Woolfson DN, Regan L, Panaretou B, Regulation of Hsp90
ATPase activity by tetratricopeptide repeat (TPR)-domain co-chaperones. EMBO J. 1999, 18: 754—
762. https://doi.org/10.1093/emboj/18.3.754 PMID: 9927435

Southworth DR, Agard DA. Client-loading conformation of the Hsp90 molecular chaperone revealed in
the cryo-EM structure of the human Hsp90: Hop complex. Mol. Cell. 2011, 42: 771-781. hitps://doi.org/
10.1016/j.molcel.2011.04.023 PMID: 21700222

Silva NS, Bertolino-Reis DE, Dores-Silva PR, Anneta FB, Seraphim TV, Barbosa LR, et al. Structural
studies of the Hsp70/Hsp90 organizing protein of Plasmodium falciparum and its modulation of Hsp70
and Hsp90 ATPase activities. Biochim Biophys Acta Proteins Proteom. 2020, 1868: 140282. https:/
doi.org/10.1016/j.bbapap.2019.140282 PMID: 31525467

Sreerama N, Woody RW. Estimation of protein secondary structure from Circular Dichroism spectra:
Comparison of CONTIN, SELCON, and CDSSTR methods with an expanded reference set. Anal. Bio-
chem. 2000, 287: 252—260. https://doi.org/10.1006/abio.2000.4880 PMID: 11112271

Pallavi R, Archarya P, Chandran S, Daily JP, Tatu U. Chaperone expression profiles correlate with dis-
tinct physiological states of Plasmodium falciparumin malaria patients. Malar. J. 2010, 9, 236. https://
doi.org/10.1186/1475-2875-9-236 PMID: 20719001

Carrigan PE, Riggs DL, Chinkers M, Smith DF. Functional comparison of human and Drosophila Hop
reveals novel role in steroid receptor maturation. J. Biol. Chem. 2005, 280: 8906—8911. https://doi.org/
10.1074/jbc.M414245200 PMID: 15632128

PLOS ONE | https://doi.org/10.1371/journal.pone.0226657  April 28, 2020 12/13


https://doi.org/10.1016/0003-2697(86)90241-1
https://doi.org/10.1016/0003-2697(86)90241-1
http://www.ncbi.nlm.nih.gov/pubmed/3717552
https://doi.org/10.1038/nprot.2015.053
http://www.ncbi.nlm.nih.gov/pubmed/25950237
https://doi.org/10.1016/j.bpc.2009.03.006
http://www.ncbi.nlm.nih.gov/pubmed/19339102
https://doi.org/10.1371/journal.pone.0129445
http://www.ncbi.nlm.nih.gov/pubmed/26083397
https://doi.org/10.1016/S0006-3495(01)76260-1
http://www.ncbi.nlm.nih.gov/pubmed/11371467
https://doi.org/10.1016/S0092-8674(00)80830-2
http://www.ncbi.nlm.nih.gov/pubmed/10786835
https://doi.org/10.1002/pro.278
http://www.ncbi.nlm.nih.gov/pubmed/19866486
https://doi.org/10.1016/j.abb.2016.04.008
https://doi.org/10.1016/j.abb.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27103305
https://doi.org/10.1016/j.jmb.2008.02.013
https://doi.org/10.1016/j.jmb.2008.02.013
http://www.ncbi.nlm.nih.gov/pubmed/18485364
https://doi.org/10.1093/emboj/18.3.754
http://www.ncbi.nlm.nih.gov/pubmed/9927435
https://doi.org/10.1016/j.molcel.2011.04.023
https://doi.org/10.1016/j.molcel.2011.04.023
http://www.ncbi.nlm.nih.gov/pubmed/21700222
https://doi.org/10.1016/j.bbapap.2019.140282
https://doi.org/10.1016/j.bbapap.2019.140282
http://www.ncbi.nlm.nih.gov/pubmed/31525467
https://doi.org/10.1006/abio.2000.4880
http://www.ncbi.nlm.nih.gov/pubmed/11112271
https://doi.org/10.1186/1475-2875-9-236
https://doi.org/10.1186/1475-2875-9-236
http://www.ncbi.nlm.nih.gov/pubmed/20719001
https://doi.org/10.1074/jbc.M414245200
https://doi.org/10.1074/jbc.M414245200
http://www.ncbi.nlm.nih.gov/pubmed/15632128
https://doi.org/10.1371/journal.pone.0226657

PLOS ONE

Biophysical analysis of Plasmodium falciparum Hop (PfHop)

50.

51.

52.

53.

Zininga T, Achilonu |, Hoppe H, Prinsloo E, Dirr HW, Shonhai A. Plasmodium falciparum Hsp70-z
(Hsp110c) exhibits independent chaperone activity and interacts with Hsp70-1 in a nucleotide depen-
dent fashion. Cell Stress Chaperones. 2016, 21: 499-513. https://doi.org/10.1007/s12192-016-0678-4
PMID: 26894764

Gaiser AM, Kaiser CJ, Haslbeck V, Richter K. Downregulation of the Hsp90 system causes defects in
muscle cells of Caenorhabditis elegans. PloS ONE. 2011, 6: e25485. https://doi.org/10.1371/journal.
pone.0025485 PMID: 21980476

Bose S, Weikl T, Bigl H, Buchner J. Chaperone function of Hsp90-associated proteins. Science. 1996,
274:1715-1717. https://doi.org/10.1126/science.274.5293.1715 PMID: 8939863

Hildenbrand ZL, Molugu SK, Herrera N, Ramirez C, Xiao C, Bernal RA. Hsp90 can accommodate the
simultaneous binding of the FKBP52 and HOP proteins. Oncotarget. 2011, 2: 43-58. https://doi.org/10.
18632/oncotarget.225 PMID: 21378414

PLOS ONE | https://doi.org/10.1371/journal.pone.0226657  April 28, 2020 13/13


https://doi.org/10.1007/s12192-016-0678-4
http://www.ncbi.nlm.nih.gov/pubmed/26894764
https://doi.org/10.1371/journal.pone.0025485
https://doi.org/10.1371/journal.pone.0025485
http://www.ncbi.nlm.nih.gov/pubmed/21980476
https://doi.org/10.1126/science.274.5293.1715
http://www.ncbi.nlm.nih.gov/pubmed/8939863
https://doi.org/10.18632/oncotarget.225
https://doi.org/10.18632/oncotarget.225
http://www.ncbi.nlm.nih.gov/pubmed/21378414
https://doi.org/10.1371/journal.pone.0226657

