

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-83250-918-0
DOI 10.3389/978-2-83250-918-0

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Molecular chaperones and human disease

Topic editors

Graham Chakafana – Stanford University, United States

Stanley Makumire – University of Cape Town, South Africa

Xolani Henry Makhoba – University of Limpopo, South Africa

Citation

Chakafana, G., Makumire, S., Makhoba, X. H., eds. (2022). Molecular chaperones and human disease. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-83250-918-0





Table of Contents




Editorial: Molecular chaperones and human disease

Graham Chakafana, Stanley Makumire and Xolani Henry Makhoba

Muscle Histopathological Abnormalities in a Patient With a CCT5 Mutation Predicted to Affect the Apical Domain of the Chaperonin Subunit

Federica Scalia, Rosario Barone, Francesca Rappa, Antonella Marino Gammazza, Fabrizio Lo Celso, Giosuè Lo Bosco, Giampaolo Barone, Vincenzo Antona, Maria Vadalà, Alessandra Maria Vitale, Giuseppe Donato Mangano, Domenico Amato, Giusy Sentiero, Filippo Macaluso, Kathryn H. Myburgh, Everly Conway de Macario, Alberto J. L. Macario, Mario Giuffrè and Francesco Cappello

High Expression of Plasma Extracellular HSP90α is Associated With the Poor Efficacy of Chemotherapy and Prognosis in Small Cell Lung Cancer

Baoyue Huang, Jinmiao Pan, Haizhou Liu, Yamei Tang, Shirong Li, Yingzhen Bian, Shufang Ning, Jilin Li and Litu Zhang

HSP70 and their co-chaperones in the human malaria parasite P. falciparum and their potential as drug targets

Julian Barth, Tim Schach and Jude M. Przyborski

Host cell stress response as a predictor of COVID-19 infectivity and disease progression

Celine Caillet, Melissa Louise Stofberg, Victor Muleya, Addmore Shonhai and Tawanda Zininga

Neurotransmitters and molecular chaperones interactions in cerebral malaria: Is there a missing link?

Michael Oluwatoyin Daniyan, Funmilola Adesodun Fisusi and Olufunso Bayo Adeoye

Exported J domain proteins of the human malaria parasite

Shaikha Y. Almaazmi, Harpreet Singh, Tanima Dutta and Gregory L. Blatch

Inhibition of Plasmodium falciparum Hsp70-Hop partnership by 2-phenylthynesulfonamide

Tshifhiwa Muthelo, Vhahangwele Mulaudzi, Munei Netshishivhe, Tendamudzimu Harmfree Dongola, Michelle Kok, Stanley Makumire, Marianne de Villiers, Adélle Burger, Tawanda Zininga and Addmore Shonhai

In silico analysis of the HSP90 chaperone system from the African trypanosome, Trypanosoma brucei

Miebaka Jamabo, Stephen John Bentley, Paula Macucule-Tinga, Praise Tembo, Adrienne Lesley Edkins and Aileen Boshoff

Nucleosome proteostasis and histone turnover

Adrian Arrieta and Thomas M. Vondriska

A non-traditional crystal-based compound screening method targeting the ATP binding site of Plasmodium falciparum GRP78 for identification of novel nucleoside analogues

Alexander Mrozek, Tetyana Antoshchenko, Yun Chen, Carlos Zepeda-Velázquez, David Smil, Nirbhay Kumar, Hua Lu and Hee-Won Park



		EDITORIAL
published: 17 November 2022
doi: 10.3389/fmolb.2022.1068238


[image: image2]
Editorial: Molecular chaperones and human disease
Graham Chakafana1*, Stanley Makumire2 and Xolani Henry Makhoba3
1Department of Chemistry and Biochemistry, Hampton University, Hampton, VA, United States
2Structural Biology Research Unit, Department of Integrative Biomedical Sciences, University of Cape Town, Cape Town, South Africa
3Department of Biochemistry, Microbiology, and Biotechnology, School of Molecular and Life Sciences, University of Limpopo, Sovange, South Africa
Edited and Reviewed by:
Benoit Coulombe, Montreal Clinical Research Institute (IRCM), Canada
* Correspondence: Graham Chakafana, graham.chakafana@hamptonu.edu
Specialty section: This article was submitted to Molecular Diagnostics and Therapeutics, a section of the journal Frontiers in Molecular Biosciences
Received: 12 October 2022
Accepted: 02 November 2022
Published: 17 November 2022
Citation: Chakafana G, Makumire S and Makhoba XH (2022) Editorial: Molecular chaperones and human disease. Front. Mol. Biosci. 9:1068238. doi: 10.3389/fmolb.2022.1068238

Keywords: molecular chaperone, HSP (heat shock protein), disease, proteostais, protein
Editorial on the Research Topic 
Molecular chaperones and human disease



Protein dysregulation is a hallmark of several human diseases. As such, molecular chaperones (being custodians of cellular proteostasis) are largely implicated in several diseases, including cancers and neurodegenerative disorders. The goal of this topic was to provide an update on the recent progress made in understanding the roles of molecular chaperones in the progression of model diseases with the prospects of targeting molecular chaperones toward the identification of novel drug therapies.
Heat shock proteins (Hsps) are some of the most studied molecular chaperones that are associated with several chaperonopathies. They particularly play an important role in the pathogenesis of malaria, which is caused by the parasite Plasmodium falciparum. P. falciparum exhibits a very complex life cycle where its development partly occurs in a poikilothermic mosquito and a homeothermic human host. Hsps, therefore, play an integral role in ensuring that proteostasis is maintained throughout the parasite’s life cycle and may thus be exciting antimalarial drug targets. Despite several efforts in the development of novel antimalarial therapies, drug resistance to front-line malarial treatments presents an urgent need for the development of novel therapies that are more reliable as highlighted by (Mrozek et al.). Using in vitro and cell-based assays, Muthelo et al. reported that the anti-cancer drug 2-Phenylthynesulfonamide (PES) exhibits antiplasmodial activity and capability to inhibit the functions of the P. falciparum cytosol-localized chaperones PfHsp70-1 and PfHop (Muthelo et al.). Barth et al. reviewed the current state of knowledge about the Hsp70 family of chaperones focusing on the suitability of these proteins and interactions for drug development (Barth et al.). Together with the Hsp90s, Hsp70 proteins have been widely studied in several disease models though, to date, there have not been many FDA-approved Hsp70 drugs. A review by Daniyan et al. looked into the roles of the exported parasite chaperone PfHsp70-x in the pathophysiology of cerebral malaria. The article also explored the possible links between host-parasite chaperones, and neurotransmitters, in relation to other molecular signalling components in the development of cerebral malaria (Daniyan et al.). This signalling pathway may provide further insights in antimalarial drug discovery. Collectively, the findings from these studies may contribute to the ongoing efforts in identifying novel antimalarial therapies, especially in the wake of growing parasite resistance against currently used drugs.
Chaperone/co-chaperone inhibition is being explored as a potential therapeutic target for several diseases. A review by Caillet et al. looks into the potential roles of molecular chaperones in mediating cell and systemic stress in COVID-19. The article discusses the roles of the host stress response as a convergent point for COVID-19 and several non-communicable diseases while further assessing the merits of targeting the host stress response to manage the clinical outcomes of COVID-19. It sets an interesting argument on the possible roles Hsps might play in COVID-19 and the potential of targeting Hsps in novel COVID-19 therapy. Using an in silico approach, Jamabo et al. conducted a structural analysis of the Trypanosoma brucei (T. brucei) Hsp90 variants in relation to human and other trypanosomal species. T. brucei is responsible for African trypanosomiasis which is a neglected tropical disease mostly endemic to sub-Saharan Africa. The parasite is spread by insects (tsetse fly). Similar to P. falciparum, the trypanosome relies on heat shock proteins for survival in the insect vector and mammalian host. In their analysis, Jamabo et al. identified a total of eighteen putative T. brucei Hsp90 co-chaperones with one notable absence being cell division cycle 37 (Cdc37) (Jamabo et al.). Their findings provide an updated framework for approaching Hsp90 and its interactions as drug targets in the African trypanosome (Jamabo et al.).
Hsp90 has previously attracted a lot of attention in drug discovery research and several Hsp90-targeting drugs have gone through various stages of clinical trials in the development of treatments for cancers and cardiovascular diseases. A study by Scalia et al. reported the reduced Hsp90 expression levels observed in a mutant version of the CCT5 subunit from a patient with distal motor neuropathy. This indicates that the imbalance of the chaperone has a negative impact which potentially triggers the development of distal motor neuropathy. Follow-up studies could provide further information on how Hsp-dysregulation triggers neurophysiological disorders. The role of Hsp90 in tumor progression and prognosis was also investigated in the development of small cell lung cancer (Huang et al.). Upon analyzing the relationship between eHSP90α expression and clinicopathological features, eHSP90α and NSE were found to be positively correlated in patients with small cell lung cancer (Huang et al.). This study provided new evidence for the efficacy response and prognostic assessment of SCLC with eHSP90α being suggested to be a potential SCLC biomarker.
Altogether, the articles included in this topic highlight the new advances that have been made in the application of molecular chaperones in translational medicine. The section also reported on the successes and potential use of Hsps in novel drug therapies and biomarkers for several disease models. As there has been rapid development in the field of chaperone biology, we envision that novel, groundbreaking findings will further contribute to the development of applicable solutions in drug and biomarker discovery.
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Recognition of diseases associated with mutations of the chaperone system genes, e.g., chaperonopathies, is on the rise. Hereditary and clinical aspects are established, but the impact of the mutation on the chaperone molecule and the mechanisms underpinning the tissue abnormalities are not. Here, histological features of skeletal muscle from a patient with a severe, early onset, distal motor neuropathy, carrying a mutation on the CCT5 subunit (MUT) were examined in comparison with normal muscle (CTR). The MUT muscle was considerably modified; atrophy of fibers and disruption of the tissue architecture were prominent, with many fibers in apoptosis. CCT5 was diversely present in the sarcolemma, cytoplasm, and nuclei in MUT and in CTR and was also in the extracellular space; it colocalized with CCT1. In MUT, the signal of myosin appeared slightly increased, and actin slightly decreased as compared with CTR. Desmin was considerably delocalized in MUT, appearing with abnormal patterns and in precipitates. Alpha-B-crystallin and Hsp90 occurred at lower signals in MUT than in CTR muscle, appearing also in precipitates with desmin. The abnormal features in MUT may be the consequence of inactivity, malnutrition, denervation, and failure of protein homeostasis. The latter could be at least in part caused by malfunction of the CCT complex with the mutant CCT5 subunit. This is suggested by the results of the in silico analyses of the mutant CCT5 molecule, which revealed various abnormalities when compared with the wild-type counterpart, mostly affecting the apical domain and potentially impairing chaperoning functions. Thus, analysis of mutated CCT5 in vitro and in vivo is anticipated to provide additional insights on subunit involvement in neuromuscular disorders.
Keywords: CCT5, neurochaperonopathies, chaperonin, neurodegenerative diseases, neuropathies, chaperone system, muscle histopathology, CCT5 apical domain
1 INTRODUCTION
Neuromyopathies constitute a large group of diverse diseases typically associated with genetic variants that have a pathogenic impact on nerves and muscles (Morrison 2016; collection of articles in Front Mol Biosci, 2018- Pathologic Conditions of the Human Nervous and Muscular Systems Associated with Mutant Chaperones: Molecular and Mechanistic Aspects). In many of these diseases there is a mutant gene that encodes a component of the chaperone system (CS), e.g., a chaperone gene such as those that code for the chaperonins Hsp60 (Heat shock protein 60) and CCT (Chaperonin Containing TCP1; also called TRiC, TCP1 Ring Complex), and these disorders are classified as neurochaperonopathies (Scalia et al., 2021). An illustrative example of neurochaperonopathy is the distal sensory mutilating neuropathy associated with a point mutation on the CCT5 subunit described earlier (Bouhouche et al., 2006a; Bouhouche et al., 2006b). More recently, we reported a different genetic variant of CCT5 that was associated with a severe distal motor neuropathy (Antona et al., 2020), which is the object of this article.
The hereditary and clinical aspects of chaperonopathies in general, including the neurochaperonopathies, are well established for the most part (Macario and Conway de Macario, 2005; Rubin et al., 2012; Macario et al., 2013). However, the impact of the pathogenic mutation on the properties and functions of the chaperone molecule has been characterized for only very few chaperonopathies, and still less is known on the associated histopathology and the molecular mechanisms responsible for the tissue abnormalities (Macario and Conway de Macario 2020). The scarcity of data on the histopathological manifestations of chaperonopathies impedes advances in the elucidation of the molecular mechanisms underpinning the severe muscular deficiency observed in patients and this, in turn, stands in the way for developing specific treatments. To remedy this lack of necessary knowledge, we studied the available muscle sample from the patient reported earlier, who suffered from a severe motor disorder and carried a point mutation on the CCT5 subunit (Antona et al., 2020). Here, we define histological abnormalities occurring in striated skeletal muscle from this patient. In our ex vivo investigation, we asked the few questions that seemed most relevant under the circumstances, pertaining to the status of 1) the muscle tissue; 2) the CCT5 subunit and other pertinent components of the CS; and 3) other molecules involved in the maintenance of the muscle structure and function. Consequently, we performed experiments to reveal the general architecture of the muscle and to determine if it presented signs of atrophy and apoptosis. We also ran tests to determine whether the presence and distribution of the CCT5 subunit were altered in comparison with normal muscle. Likewise, we tested for the presence and location of other components of the CS known to play key roles in skeletal muscle, i.e., alpha-B-crystallin and Hsp90. These are in normal muscle predominantly localized to the Z discs and we looked to see if the muscle from the patient showed this characteristic. We also ran experiments to determine if CCT5 colocalized with another member of the CCT complex, CCT1, which would indicate that the mutant subunit is competent to integrate the chaperoning complex and does form it. We investigated levels of proteins that are known (e.g., actin) or suspected substrates for CCT because any abnormality of these proteins would be an indicator of deficient chaperoning by the chaperonin. Lastly, we tested for the presence and distribution of desmin, the muscle molecule with key functions in the maintenance of overall structure and connections between the main components of the muscle fiber, essential for the coordinated functioning of all of them. The impact of the mutation on the molecular properties of the mutant CCT5 protein were investigated in silico by modelling and molecular dynamics simulation.
2 MATERIAL AND METHODS
2.1 Muscle Tissues and Microscopy
A lateral gastrocnemius skeletal muscle biopsy from the patient, and a corresponding specimen from a healthy individual, were used. The study was approved by the Ethics Committee of University Hospital AUOP Paolo Giaccone of Palermo. Skeletal muscle tissue samples were fixed in 10% buffered formalin and embedded in paraffin. Thin sections (5 µm), obtained from paraffin blocks by microtome, were stained with haematoxylin–eosin and Alcian Blue Pas for histological evaluation. Examination of the sections was performed by two expert pathologists (F. C, and F. R.) with an optical microscope (Microscope Axioscope 5/7 KMAT, Carl Zeiss, Milan, Italy) connected to a digital camera (Microscopy Camera Axiocam 208 color, Carl Zeiss, Milan, Italy).
2.2 Immunohistochemistry for Desmin
Sections were obtained from the paraffin blocks of skeletal muscle tissue and dewaxed in xylene for 30 min at 60°C and, after being passed through a descending scale of alcohol concentrations, they were rehydrated in distilled water at 22°C. Subsequently, antigen unmasking was performed with sodium citrate buffer (pH 6) at 75°C for 8 min and then immersion in acetone at −20 °C for 8 min. Then, the sections were immunostained using a Histostain®-Plus third Gen IHC Detection Kit (Life Technologies, Cat. No. 85–9,073). The primary antibody used was anti-desmin mouse monoclonal diluted 1:50 (Table 1). Appropriate negative controls were run concurrently for each reaction. Nuclear counterstaining was performed using hematoxylin (Hematoxylin aqueous formula, REF 05–06012/LN. Cat. No. S2020, Bio-Optica, Milan, Italy). Finally, the sections were examined with an optical microscope as described in the previous Section by two independent observers (F. C, and F. R.), who evaluated the reactions and the immunolocalization on two separate occasions.
TABLE 1 | Primary antibodies used for immunohistochemistry (IH), and immunofluorescence and double immunofluorescence (IF).
[image: Table 1]2.3 Immunofluorescence
Deparaffinized sections were incubated in the antigen-unmasking solution (10 mM tri-sodium citrate, 0.05% Tween-20) for 10 min at 75 °C, and treated with blocking solution (3% BSA in PBS) for 30 min. Next, the primary antibody (Table 1), was applied, and the sections were incubated in a humidified chamber overnight at 4 °C. Then, the sections were incubated for 1 h at 22°C with a conjugated secondary antibody (anti-rabbit IgG–FITC antibody produced in goat, F0382, Sigma-Aldrich; anti-mouse IgG-TRITC antibody produced in goat, T5393, Sigma-Aldrich). Nuclei were stained with Hoescht Stain Solution (1:1,000, Hoechst 33258, Sigma-Aldrich). The slices on the slides were treated with Perma Fluor Mountant (Thermo Fisher Scientific, Inc. Waltham, MA, United States) and covered with a coverslip. The images were captured using a Leica Confocal Microscope TCS SP8 (Leica Microsystems).
2.4 Double Immunofluorescence
Double immunofluorescence was performed as previously described (Marino Gammazza et al., 2014). Briefly, slices of the muscle tissues were deparaffinized, incubated in the antigen unmasking solution for 10 min at 75°C, and treated with blocking solution for 30 min. The sections were then incubated with the first primary antibody (Table 1) overnight at 4°C. The day after, the sections were incubated with the second primary antibody (Table 1) overnight in a humidified chamber at 4°C. Afterwards, the tissue slices were incubated with fluorescent secondary mouse IgG antibody TRITC conjugated (Sigma-Aldrich), diluted 1:250, for 1 h at 22°C, and with FITC conjugated rabbit IgG secondary antibody (Sigma-Aldrich), diluted 1:250, for 1 h at 22°C in a moist chamber. The nuclei were counterstained with Hoechst 33342 for 15 min at 22°C. Finally, the slices were covered with two drops of PBS and mounted with coverslips, using a drop of Vectashield. Imaging was immediately performed with a Leica Confocal Microscope TCS SP8 and the fibers’ positivity for both markers (“merge”) was assessed using the Leica application suite advanced fluorescences software.
2.5 In Silico Analyses
We used the structure of crystallized protein deposited in the Protein Data Bank with accession codes 5UYZ (Pereira et al., 2017) to compare the structure of wild type and mutant CCT5 subunit. Study and alignment of CCT5 wild type and mutant linear amino acid sequences was conducted using Clustal Omega multiple sequence alignment program.
2.6 Molecular Modelling and Dynamic Simulations
The molecular modelling of the mutant CCT5 subunit was obtained by replacing the amino acid residue Leucine in position 224 with a Valine, using the package Maestro Schrödinger LLC, New York, NY, 2018, version 11.6.010] and compared with the model of the wild type molecule. Molecular Dynamics simulations were performed for 150 ns (in some cases were extended to 200 ns), using the GROMACS 5.1.1 package (Van Der Spoel et al., 2005; Hess et al., 2008). Interactions were described using an all-atoms CHARMM27 force field (Foloppe and MacKerell, 2000; MacKerell and Banavali, 2000). All the simulations for the various systems, and radius of gyration and RMSD analyses were performed as previously described (Antona et al., 2020).
3 RESULTS
3.1 Atrophy of Muscle Fibers and Disruption of the Tissue Architecture
Histological analysis showed changes in muscle from the patient (henceforth designated MUT muscle) compared to muscle from the healthy control (henceforth designated CTR muscle). MUT muscle showed widespread atrophy, hypereosinophilia, and disruption of the tissue architecture (Figures 1A–C; Supplementary Figurs S1). The MUT muscle fibers were different in shape and size from those in CTR muscle being predominantly small and rounded in cross section (Figures 1A, B). The same features were revealed with Alcian-Pas staining (Supplementary Figurs S1). In longitudinal sections the MUT muscle fibers had a wavy shape (Figure 1C). In MUT muscle, nuclei were swelled and in contact with the sarcolemma but in some fibers the nuclei were internal, paracentric.
[image: Figure 1]FIGURE 1 | Haematoxylin-eosin staining revealed striking differences between the MUT (panels A–C) and CTR (panel D) muscles. In cross-section the MUT muscle fibers appeared rounded, of diverse sizes, with swelled nuclei in contact with the sarcolemma or near it (examples shown by arrows on panels A,B). These fibers in longitudinal section showed a wavy shape with a striated pattern inside (examples shown by arrows on panel C). The inter-fiber space is considerably wider in the MUT than in the CTR muscle. Bar = 100 µm.
3.2 Apoptosis of Muscle Fibers
MUT muscle showed many more apoptotic fibers than CTR muscle by the TUNEL assay (Figure 2).
[image: Figure 2]FIGURE 2 | Representative image of TUNEL assay of MUT and CTR muscles. DNA-strand breaks (green spots were more abundant in the MUT (white arrows in the panel with enlargement to the far right, bottom) an in the CTR muscle. CN, negative control for MUT and CTR muscles without TdT enzyme. Bar = 100 μm.
3.3 CCT5 Presence, Distribution, and Colocalization With CCT1
In the CTR muscle, CCT5 was present in the sarcolemma, cytoplasm, and within the nuclei (Figure 3, CTR panels) but its signal was slighter in the cytoplasm, nuclei, and, but not as much, in the sarcolemma of MUT muscle fibers (Figure 3, MUT panels). In the MUT muscle, CCT5 was detected in the extracellular space (intercellular matrix) (Figure 3, MUT panels).
[image: Figure 3]FIGURE 3 | Localization of CCT5 on CTR and MUT muscles. Immunofluorescence was done with FITC conjugated anti-CCT5 antibody (green); nuclei were stained withe Hoechst (blue). Nuclear localization of CCT5 (white spots) in CTR muscle (18.09%) was more frequent than in MUT muscle (5.99%). Bar = 25 μm.
To determine if the CCT5 subunit in the MUT muscle was associated to other components of its chaperoning team, i.e., the CCT oligomer, colocalization experiments were performed, using double immunofluorescence with antibodies against CCT5 and CCT1. The two subunits colocalized in the MUT and CTR muscles (Figure 4). The results for CCT5 confirm the localization shown in Figure 3: it appears, here together with CCT1, in the sarcolemma, cytoplasm and nuclei of CTR muscle, whereas in the MUT muscle the two subunits appear mostly in sarcolemma and the extracellular matrix (Figure 4). The lower signal of CCT1 in nuclei of MUT muscle closely parallel the low signal of CCT5, suggesting these subunits tend to associate with each other in MUT muscle as well.
[image: Figure 4]FIGURE 4 | Double immunofluorescence for CCT5 and CCT1 subunits on CTR (top set of five panels) and MUT (bottom set of five panels) muscles. CTR and MUT muscles were stained with FITC conjugated anti-CCT1 antibody (green) and with TRITC conjugated anti-CCT5 antibody (red). Nuclei were stained with probe Hoechst (blue). Colocalization of CCT5 and CCT1 in CTR muscle (92.75%) and in MUT (89.07%) muscle appeared as white spots (see the two panels at the bottom left corner of the CTR and MUT sets of panels). Bar = 25 μm. Nuclear localization of CCT1 in CTR (5.63%) and in MUT (1.40%) muscles appeared as white spots (see the two middle panels at the bottom of the CTR and MUT series of panels with the legend “CCT1 nuclear colocalization”). Bar = 25 μm.
3.4 Actin and Myosin
Actin and myosin distribution patterns in MUT and CTR muscles were similar, but myosin signal was slightly increased, and that of actin was decreased in MUT as compared with CTR muscle (Figure 5).
[image: Figure 5]FIGURE 5 | Detection of myosin (MHC IIX) with FITC-conjugated antibody (green) and actin with TRICT-conjugated antibody (red) in CTR and MUT muscles. Myosin positivity was higher in the MUT than in the CTR muscle whereas actin positivity showed the reverse pattern being higher in the CTR muscle. Also, the distribution patterns of the two proteins differed in the CTR and MUT muscles and colocalization was absent. Nuclei were stained with probe Hoechst 33342 (blue). Bar = 25 µm.
3.5 Desmin
Desmin (muscle-specific type III intermediate filament) is a muscle-specific protein, normally localized in the sarcolemma, Z-disc, and nuclear membrane, that maintains the sarcomere structure, linking the sarcolemma, mitochondria, lysosomes, and nucleus. In CTR muscle, desmin was visible in the sarcolemma and cytoplasm with the expected banding pattern in longitudinal sections (Figures 6A–C panels). In MUT muscle the presence of desmin appeared lower than in CTR muscle and its distribution pattern was different (Figures 6D–F panels). The desmin banding pattern was absent in MUT muscle, and aggregates containing this protein were present at paracentral and peripheral locations within the muscle fibers (Figure 6E).
[image: Figure 6]FIGURE 6 | Desmin was detected histochemically, using the Histostain®-Plus third Gen IHC Detection Kit, which revealed desmin (brown color) in CTR (panels A–C) and MUT (panels D–F) muscles. (A,D) Magnification ×200; scale bar 50 μm; (B,C,E,F) magnification ×400; scale bar 20 µm. Desmin was present in the cytoplasm and in the sarcoplasmic membrane of the CTR muscle. In MUT muscle, desmin appeared at lower levels than in the CTR muscle in the sarcoplasm and as aggregates in paracentral and peripheral locations (examples indicated by arrows on panel E). The banding pattern typical of normal muscle in longitudinal section (panel C) was absent in the muscle from the patient (panel F).
3.6 CCT5, Alpha-B-Crystallin, Hsp90, and Desmin
The CS components CCT5, alpha-B-crystallin, and Hsp90, the latter two normally associated at the level of the Z-discs, and desmin were assessed to determine presence and distribution. We performed double immunofluorescence for: 1) desmin and CCT5 subunit (Figure 7B); desmin and alpha-B-crystallin (Figure 8C) desmin andHsp90 (Figure 9). Desmin was homogeneously distributed in CTR muscle along the Z-discs, seen as horizontal striations and with a striated pattern in cross- and longitudinal sections, respectively (green fluorescence in CTR panels of Figures 7–9). In MUT muscle, signal of desmin appeared slighter than in CTR muscle and appeared as irregular or trabecular patterns, and as dots (green fluorescence in MUT panels of Figures 7–9). In some fibers the desmin-labelled sarcolemma was not visible.
[image: Figure 7]FIGURE 7 | Double immunofluorescence with FITC-conjugated antibody for desmin (green) and with TRITC conjugated anti-CCT5 antibody (red) in CTR and MUT muscles. Solid desmin positivity at the costamer level occurred in CTR muscle while it appeared as disorganized dots in the MUT muscle. CCT5 and desmin colocalization was reduced in MUT muscle (0.90%) as compared with the CTR muscle (5.71%). Nuclei were stained with probe Hoechst 33342 (blue). Bar = 25 µm.
[image: Figure 8]FIGURE 8 | Double immunofluorescence with FITC-conjugated antibody for desmin (green) and with TRITC conjugated anti-alpha-B-crystallin antibody (red) in CTR and MUT muscles. Alpha-B-crystallin positivity in the sarcolemma and sarcoplasm of CTR muscle fibers appeared in the longitudinal (top row of CTR panels) and the transversal sections (middle row of CTR panels); this positivity was weaker in the MUT muscle fibers (bottom row, MUT panels). Fiber disorganization was evident (orange arrows on the MUT panel to the right, one before the last or “merge” panel). On this same “merge” panel, white arrows point to examples of alpha-B-crystallin and desmin aggregates. Alpha-B-crystallin and desmin colocalization was higher in CTR muscle (longitudinal section, 83.57%; transversal section, 88.96%) than in MUT muscle (for example, only 46.89% in MUT muscle transversal section, as show in this figure). Nuclei were stained with probe Hoechst 33342 (blue). Bar = 25 µm.
[image: Figure 9]FIGURE 9 | Double immunofluorescence with FITC-conjugated antibody for desmin (green) and with TRITC conjugated anti-Hsp90 antibody (red) in CTR and MUT muscles. Hsp90 positivity was well organized in longitudinal and transversal sections of the CTR muscle, but in contrast, it was disrupted and weaker in the MUT muscle (see for example the MUT muscle longitudinal fiber indicated by the orange arrow on the MUT “Merge” panel). Hsp90 and desmin colocalization was high in CTR muscle (longitudinal section, 84.51%; transversal section, 86.75%) by comparison with the MUT muscle (for example, it was 69.34% in MUT muscle transversal section, as shown in this figure). Nuclei were stained with probe Hoechst 33342 (blue). Bar = 25 µm.
The cytoplasm of MUT muscle fibers showed little if any signal for CCT5 subunit, but this signal was present in the sarcolemma and the intercellular matrix, as also illustrated in Figure 3. Almost no colocalization of CCT5 with desmin was observed in the extracellular matrix of affected tissue (Figure 7, rightmost MUT panel).
Alpha-B-crystallin was uniformly distributed in CTR muscle showing a striated pattern in longitudinal and cross sections (Figure 8). In contrast, in MUT muscle, alpha-B-crystallin signal was milder, appearing as a light band in longitudinal sections and as precipatetes with desmin in the sarcoplasm (white arrows in MUT merge panel of Figure 8). Likewise, colocalization of alpha-B-crystallin and desmin was reduced in half in MUT muscle as compared with CTR muscle.
Hsp90 was distributed throughout the cytosol of the CTR muscle fibers in a well-organized pattern in longitudinal and cross sections (Figure 9, CTR panels). In the MUT muscle, Hsp90 was present but appeared in an irregular pattern somewhat like that of desmin (Figure 9, MUT panels). Hsp90 and desmin colocalization was reduced in the MUT muscle as compared with the CTR muscle.
3.7 In Silico Analysis of the CCT5 Mutant Protein
The histopathological abnormalities found in the MUT muscle suggested poor protein homeostasis, which can, as a working hypothesis, be attributed to a defective CCT complex carrying the mutant CCT5 subunit. Therefore, we investigated the impact of the mutation on the CCT5 protein molecule. We used bioinformatics as we did in a previous work with another mutant of CCT5 because, in that work, we detected molecular abnormalities caused by the mutation that accurately predicted the abnormalities of the CCT5 subunit molecular properties and functions that were also demonstrated by wet lab experiments (Min et al., 2014; Spigolon et al., 2017; Macario and Conway de Macario, 2020).
3.7.1 CCT5 Structure
The properties and functions of the CCT5 subunit and its mutant can be visualized better by looking at the alignment of the amino acid sequences of the wild type and mutant molecules, showing the structural domains named equatorial, intermediate, and apical, and the subdivision of the former two into N-terminal and C-terminal segments, Supplementary Figure S2. Other comparative analyses of the two molecules are facilitated by keeping in mind the details shown in the alignment figure.
3.7.2 Comparison of Molecular Models
To learn about the impact of the mutation on the CCT5 apical domain configuration previously reported for the Leu224Val mutant (Antona et al., 2020), we superposed wild type and mutant molecular models under three conditions, nucleotide free, ATP bound, and ADP bound, Figure 10. It was confirmed that the mutant protein differs from the wild type, particularly at the level of the apical domain.
[image: Figure 10]FIGURE 10 | Comparison of wild type and the mutant CCT5 using molecular models. Superposition of the most probable conformations obtained by molecular dynamics simulations of wild type CCT5 (orange) and the mutant Leu224Val CCT5 (blue), nucleotide free (A), ATP-bound (B), and ADP-bound (C). Spheres in the intermediate domain correspond to Leucine (orange, wild type) and Valine (blue, mutation) at position 224. Noteworthy in panel (A) is the greater opening of the mutant protein, especially at the level of the α9 helix, compared to the wild-type protein (arrow). In panel (B), the α9 helix of the mutant CCT5 is more closed than in the wild type (arrow), in contrast with the situation in the nucleotide-free conditions, shown in panel (A). In panel (C), under the ADP-bound conditions, the mutant protein shows the lid still more closed that in the wild type (arrow).
3.7.3 Radius of Gyration
We used the radius of gyration (RG) versus time method to determine if the distribution of atomic masses in the mutant was different from that of the wild-type protein under three conditions: nucleotide free, ATP bound, and ADP bound (Figure 11). All trends of the mutant protein showed different RG values than the wild-type counterparts. For instance, the nucleotide-free mutant (Figure 11, right panel, black) had a trend opposite to that of the wild-type nucleotide-free protein, with increasing values, 2.9-3.2 RG for the mutant and decreasing values, 2.9-2.7 RG, for the wild-type molecule (Figure 11, left panel, black).
[image: Figure 11]FIGURE 11 | Distribution of atomic masses in the wild type and mutant CCT5 by radius of gyration analysis. Comparison of the radius of gyration of wild type (left panel) and mutant (right panel) CCT5 subunits as a function of time was done under the three conditions studied: nucleotide free (black), ATP bound (red), and ADP bound (blue).
3.7.4 Root Mean Square Deviation (RMSD)
The CCT5 molecule, like the other CCT subunits consists of three domains, apical, equatorial, and intermediate and while the latter two are composed of two separate segments of the protein’s amino sequence, the apical domain consists of single segment (Supplementary Figure S2). Molecular dynamics simulations were carried out to determine if there were differences between the domain segments of the mutant and the wild type proteins nucleotide free, and ATP- or ADP bound. The RSMD analysis showed substantial differences between the two molecules, particularly at the level of the apical domain (Figure 12).
[image: Figure 12]FIGURE 12 | RMSD: Comparison of nucleotide-free CCT5, wild type vs. mutant. RMSD of the entire molecules, wild type and mutant CCT5, were determined, and the outputs were examined in various ways. Here, we present the comparison of the parts of the outputs pertaining to the N-terminal segment of the intermediate domain and to the apical domain, which illustrates the difference between the wild type and the mutant molecules. Left panel: Wild type molecule apical domain, blue; N-terminal segment of intermediate domain, red. Right panel: Mutant molecule apical domain, blue; N-terminal segment of intermediate domain, red. The RMSD values reveal differences between the two molecules and instability of the apical domain of the mutant. Similar trends were shown when ADP and ATP bound molecules were examined, although in the ATP-bound molecules the differences in instability of the mutant with regard to the wild-type molecule were less marked (data not shown).
3.7.5 Heat Maps
To identify the amino acids within each domain involved in the molecular conformational changes observed by molecular dynamics simulations, we resorted to heat maps. The heat maps show the RMSD value in Angstrӧm unit (Å, in y-axis) of each individual amino acid residue during simulations (frame in ns, in x-axis). Collectively, these analyses revealed instability of the apical domain of the mutant nucleotide-free protein (Figure 13).
[image: Figure 13]FIGURE 13 | Heat maps of wild type and mutant nucleotide-free CCT5 subunits. In the heat map of the wild type subunit a wider area of heat is observed in the region between the amino acids (Resids) 260 and 270 (at 11.27 Å) and between amino acids 230 and 250 (at 16.91 Å). These two regions are within the apical domain (indicated by a violet vertical line on far the right). In the mutant subunit a wider heat area is observed in a region between amino acids 230 and 370 (between 19.73 and 16.91 Å), which is in the intermediate domain, beginning very close to position 224 in the N-terminal segment of the intermediate domain, where the point mutation occurs (indicated by the black arrow Val224), and it spans the entire apical domain.
4 DISCUSSION
Many diseases of the central and peripheral nervous systems and of skeletal muscle are proteinopathies, namely, the central pathogenic-diagnostic molecule is a defective protein, which in most instances is the product of a mutant gene, thus the diseases are by definition genetic, and for the most part hereditary (Jameson et al., 2018). When the abnormal protein belongs to the chaperone system (CS), the disease can be classified as a chaperonopathy (Macario and Conway de Macario, 2005). In this report, we deal with a disease that according to clinical signs and symptoms is a genetic, early onset, distal motor neuropathy, associated to a mutation in a chaperone gene, the subunit CCT5 of the chaperone complex CCT (Antona et al., 2020). We report the histopathological characteristics of the skeletal muscle of the patient, focusing on details that in principle might be the result of deficient protein homeostasis caused by inadequate chaperoning.
Information on the tissue abnormalities found in chaperonopathies and the molecular mechanisms underpinning these abnormalities, including the role of the defective chaperones, is scarce and badly needed (Macario and Conway de Macario, 2020). There is some information on the histopathological manifestations of myopathies, including one associated to a chaperonopathy, but little is available on specific aspects of protein homeostasis that might be affected by faulty chaperoning (Ruggieri et al., 2015; Cassandrini et al., 2017).
It is noteworthy that, in our patient, there is considerable disruption of the skeletal muscle architecture coinciding with abnormalities of desmin in the absence of cardiac manifestations of disease. Desmin is essential to maintain the structure of not only the skeletal but also the cardiac muscle. Diverse mutants of the desmin gene are associated with myopathy and cardiopathy (Brodehl et al., 2018). Alterations of desmin expression have been described in conditions of muscle atrophy induced by disuse and aging (Marzuca-Nassr et al., 2017). Also, the size of nuclei in muscle tissue may increase when desmin is functionally impaired (Heffler et al., 2020). If the desmin abnormalities in our patient are the result of deficient chaperoning by CCT, one may ask why the myocardium does not seem to be affected. An explanation could be derived from understanding the CS physiology. The CS components are distributed in all cells and tissues but assembled in groups of interacting molecules that are distinctive for each cell and tissue type, thus while the CCT chaperoning team may be present in the cytosol of all cell and tissue types its interacting partners (i.e., other teams to form networks, co-chaperones, chaperone co-factors, and chaperone interactors and receptors (Macario and Conway de Macario, 2020) are not the same in all locations. Therefore, a defective CCT team bearing a pathogenic mutant may show a range of capabilities depending on the cell type. This may explain the observation that desmin is considerably affected in the skeletal muscle while it is not in the cardiac muscle since the patient does not show clinical manifestations of heart disease. Another explanation could be that CCT does not participate directly in the folding of desmin, or in any of the steps leading to its maturation to become a functional protein in the appropriate cell locale but plays an indirect role. For example, CCT could be key for the folding and maturation of a protein, e.g., an enzyme, required by desmin production and migration to its physiological locations in skeletal but not in the cardiac muscle. If the CCT complex with the mutant CCT5 subunit fails in its chaperoning functions regarding that protein, desmin would be altered.
In the last few years, it has been found that, differently from other subunits, CCT5 (and in a less competent manner also the CCT4 subunit) has the ability to form homo-oligomeric complexes (micro-complex and single ring), supporting the hypothesis that single CCT5 homo-oligomeric rings may be the base assembly units for the formation of the functional hetero-oligomeric CCT hexadecamer (Sergeeva et al., 2019; Liu et al., 2021). A certain functional ability of the mutant CCT5 in our patient is suggested by its ability to form part of the CCT team, i.e., the CCT hexadecamer. This is suggested by the finding that CCT5 colocalized with CCT1, another component of the CCT team, in which these two subunits are not in direct contact (Leitner et al., 2012). Thus, one may conclude that if the mutant CCT5 colocalizes with CCT1 it must do so indirectly, through contact with the other subunits; and this would indicate that the mutant subunit must be competent to join the other subunits, form the octameric ring, and the full hexadecameric chaperoning machine. This is in line with the fact that the mutation affects primarily the apical domain of CCT5, namely, the domain involved in substrate recognition and chaperoning chamber closing and opening, but not in the formation of rings and hexadecamers (Lopez et al., 2015). Thus, one can expect a certain level of chaperoning ability from the CCT complex, only curtailed by insufficient capability for substrate recognition and handling and depending on the cell type’s proteome, which is different for each cell type. Consequently, one can expect diverse kinds and levels of failure of protein homeostasis in different cell and tissue types. To further complicate the landscape of deficient protein homeostasis in the whole organism stands the diversity of possible substrates for CCT, which include a variety of proteins: structural (Yam et al., 2008), regulatory of cell cycle and apoptosis (Willison, 2018a; 2018b), and others involved in neural tissue development and degeneration (Chánez-Cárdenas and Vázquez-Contreras, 2012). Substrate selection and binding depend on specific amino acid sequences on the client protein (Willison, 2018a; 2018b) and on the translational context (Yam et al., 2008). In different tissue types (with distinct proteomes), and under different conditions (e.g., normal vs stress condition), CCT can bind different substrates. This adds to the diversity of effects that a defective CCT complex may cause in various tissues, for example, striated skeletal and cardiac muscles, and nervous tissue and skeletal muscle.
Another finding that also indicates that the chaperonin complex with the mutant CCT5 subunit can function, at least to some extent and for a reduced range of substrates, is that the signal for actin, a canonical substrate for CCT (Berger et al., 2018; Willison, 2018a, 2018b), was only slightly affected in the patient’s muscle. It can therefore be inferred that while actin, normally the substrate for which CCT has high avidity, is still recognized by the defective chaperone, whereas other less preferred substrates are not.
The CCT complex, and the Hsp90 and alpha-B-crystallin chaperones are at the Z-disc of healthy skeletal muscle and are believed to play key roles in the development and maintenance of this structure (Roh et al., 2015; Unger et al., 2017; Berger et al., 2018). Our experiments demonstrate that all three components are affected in MUT muscle, which would impair the functionality of the Z-disc; Z-lines would not anchor the contractile filaments and, in turn, desmin would not transmit the force of contraction to sarcolemma, hampering the shortening of muscle fibers. Alpha-B-crystallin is a desmin chaperone but which of the two proteins is primarily damaged is to be investigated. Hsp90 and alpha-B-crystallin genetic variants are related to hereditary myopathies (Reilich et al., 2010; Unger et al., 2017). Many fibers of skeletal muscle tissue from the patient were in apoptosis, but TUNEL assay does not allow us to differentiate the classical apoptosis, from denervation and necrosis, and further investigations are required. However, a skeletal muscle histomorphology due to inactivity and comparable to the one described here is not reported in literature, whereas protein aggregation and reduction of myofibrils in zebrafish cct5-mutant model was accompanied be severe decrease of skeletal muscle-dependent force generation (Berger et al., 2018). Therefore, it is highly likely that failure of CCT entails defects involving alpha-B crystallin and Hsp90, which is not surprising considering the physiological interactions known to occur between different members of the CS.
The in silico analyses of the mutant CCT5 in comparison with the wild type counterpart, demonstrated changes in the mutant, most evident in the apical domain, which suggest that the chaperonin is defective and could be the cause of some of the abnormalities observed in our patient.
The CCT complex fold diverse substrates, typically actin and tubulin, which differ in structure. This suggests that substrates for CCT do not have to have a specific amino acid signature for recognition and binding by the chaperonin but must show other features for the purpose. For instance, matching tridimensional conformations in the chaperone and the substrate could be involved with participation of multiple weak interactions. In this regard, the radius of gyration and RMSD analyses revealed in the mutant molecule an energy disturbance, suggesting altered folding with opposite masses distribution and a different molecular equilibrium as compared with the wild type CCT5 subunit. The apical domain of the mutant subunit showed a major deviation of atoms in comparison with the wild-type counterpart, most notably under nucleotide-free conditions but also appreciable under ATP-bound conditions. Helix-10 of the apical domain (amino acids 309EANHLLLQ316) and the proximal loop region (amino acids 234FSHPQMPK241) are involved in substrate-binding (Pereira et al., 2017). Beyond the substrate-binding region, the extended α-helix (helix-9) of the apical domain functions as a built-in lid to close the CCT hexadecamer’s cavity and is linked to an apical loop (amino acids 259KPKTKHK265), which creates a highly charged region probably involved in substrate interaction (Pereira et al., 2017). Heat maps of the mutant CCT5 subunit confirmed the instability of the apical domain affecting helix-10, proximal loop, and helix-9 position in absence of nucleotide. It is, therefore, possible that the chaperoning functions of the CCT hexadecamer with the mutant CCT subunit are deficient with compromise of substrate recognition, binding, and conveyance. Thus, it is likely that at least some of the abnormalities observed in the striated muscle of the patient are the consequence of deficient chaperoning.
Here we report for the first time the histomorphology of a genetic chaperonopathy in the skeletal muscle tissue. We believe that, taking into account the difficulty to reproduce the complexity of a tissue in vitro, our results provide the indispensable platform for designing and launching the experiments necessary for elucidating the molecular mechanisms underpinning the reported tissue abnormalities.
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High Expression of Plasma Extracellular HSP90α is Associated With the Poor Efficacy of Chemotherapy and Prognosis in Small Cell Lung Cancer
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Purpose: eHSP90α is closely related to tumor progression and prognosis. This study aimed to investigate the significance of eHSP90α in the response evaluation and prediction of small cell lung cancer.
Methods: We analyzed the relationship between eHSP90α expression and clinicopathological features in 105 patients with small cell lung cancer. Univariate and multivariate analyses were used to determine the association of parameters and ratios with response assessment, progression-free survival (PFS), and overall survival (OS).
Results: In SCLC patients, eHSP90α and NSE were positively correlated. The cutoff values of eHSP90α in OS, PFS, and response evaluation were 61.2 ng/ml, 48.7 ng/ml, and 48.7 ng/ml, respectively. eHSP90α could better predict OS, PFS, and response evaluation (AUC OS 0.791, PFS 0.662, 0.685). Radiotherapy and eHSP90α were independent variables for effective chemotherapy through univariate and multivariate analysis. In contrast, radiotherapy, eHSP90α, NSE, and M stage were independent variables for OS. eHSP90α, and M stage were independent variables for PFS. Kaplan-Meier analysis showed that higher eHSP90α expression predicted poorer OS and earlier progression in patients.
Conclusions: This study aims to provide new evidence for the efficacy response and prognostic assessment of SCLC. eHSP90α may be a better biomarker for SCLC.
Keywords: SCLC-small cell lung cancer, eHSP90α, prognosis, response evaluation criteria in solid tumor, NSE
INTRODUCTION
By 2021 and for the foreseeable future, it is commonly acknowledged in the academic and medical field that lung cancer is the most lethal type of cancer globally, and small cell lung cancer (SCLC) is a malignant tumor with a relatively poor prognosis (Mai et al., 2021). Most patients tend to be in a metastatic stage at the early diagnosis stage rather than a less aggressive stage (Pedersen et al., 2021). 30,000 to 35,000 new cases of SCLC, also known as oat cell carcinoma, is a neuroendocrine tumor derived from bronchial epithelial cells, which accounts for 13–15% of all lung cancers that appear in the US per year (Oronsky et al., 2017).Currently, techniques for diagnosis and response assessment of lung cancer involve image scanning, bronchoscopy, transbronchial needle aspiration, CT-guided puncture of lung tumor, etc. While comparatively low diagnostic sensitivity shows in image scanning, the level of invasiveness and undesirable effects also seem too apparent in the regular histological diagnostic procedure-bronchial biopsy. Subsequently, with possible early detection, accurate subtyping, and intensive monitoring being essential for an optimal result of SCLC therapy, the issue of SCLC being diagnosed at a later stage and drastically reducing curing rates of this aggressive malignancy will be at ease (Cummings et al., 2008; Fang et al., 2021).There are several potential markers carcinoembryonic antigen (CEA), Neuron-specific enolase (NSE), Progastrin releasing peptide (ProGRP), Creatine kinase BB (CK-BB), Chromogranin A (CgA), Neural cell adhesion molecule (NCAM) and several cytokeratins (Harmsma et al., 2013). NSE, also known as enolase-γ, is a neuro- and neuroendocrine specific isoenzyme of enolase which is frequently reported to show an elevation in SCLC at the time of diagnosis (Massabki et al., 2003; Tian et al., 2020). Notwithstanding, its levels are repeated tested to be correlated to tumor mass extension, for which it is considered to be a reliable marker while patients undergo chemotherapy, and it has proven to be a suitable biomarker for follow-up and a noteworthy predictor of SCLC patients (Zhou et al., 2017; Tian et al., 2020).
Heat shock protein 90 (HSP90) is a ubiquitously expressed molecular chaperone that plays an essential part in various biological processes with two isoforms in the cytosol, HSP90α (also known as HSP90AA1) and HSP90β (also known as HSP90AB1) (Li et al., 2013; Tian et al., 2019). HSP90α is an essential intracellular molecular chaperone for hundreds of diverse and important protein clients, making HSP90 a central regulator of cellular processes ranging from protein folding to DNA repair, development, immune response, and many other important functions (Hou et al., 2021). Previous studies showed that plasma Hsp90 levels are positively correlated with tumor malignancy, which may be a potential clinical diagnostic and prognostic marker (Wang et al., 2009). Moreover, extracellular HSP90α has recently been tested as an excellent biomarker for liver and lung cancer in clinical practices (Fu et al., 2017; Zhou et al., 2021). According to recent demonstrations, the area under the diagnosis curve of eHSP90α against lung cancers appears to be 0.857, with outstanding sensitivity and specificity. Thus, eHSP90α is well anticipated to be a game-changer in tumor biomarkers for lung cancer diagnosis and prognostic assessment (Zhou et al., 2021).
A nomogram is a graphical representation of a mathematical model involving several factors to predict a particular endpoint with statistical methods applied (Balachandran et al., 2015). Nomograms have been considered reliable tools to predict the clinical outcomes in several types of cancer and have proven to be more precise than the currently available staging systems (Iasonos et al., 2008). It is of certain urgency and great importance to developing a non-invasive methodology for observing small cell lung cancer prognosis. To allow improved monitoring of efficacy in therapeutic modalities and further accuracy in subtyping, we employed said the strategy to investigate the predictive value of various clinical variables and established a nomogram by analyzing SCLC patients.
METHODS AND MATERIALS
Patients and Data Selection
105 patients diagnosed with small cell lung cancer (SCLC) were enrolled at the Department of Medical Oncology of Respiratory in Guangxi Medical University Cancer Hospital from January 2018 to April 2021. Ethics approval number: LW2022044.
SCLC patients were qualified for inclusion if they met the following criteria:1. They have pathologically diagnosed SCLC; 2. Obtained blood samples; 3. Response assessments were done with a computed tomography scan (CT scan) of the chest and abdomen every two treatment cycles according to Response Evaluation Criteria in Solid Tumors (RECIST version 1.1). Each patient’s response was classified into one of the following categories: responders, including cases of complete response (CR), partial response (PR), and stable disease (SD), and non-responders, including issues of disease progression (PD). The exclusion criteria were as follows: incomplete demographic statistical information such as age, sex, or race; incomplete clinicopathology information such as tumor size (defined as the most accurate measurement of a solid primary tumor), tumor-node-metastasis (TNM) stage, tumor grade; incomplete therapeutic information in chemotherapy and radiotherapy (defined as the method performed as part of the first course of treatment); missing survival status and follow-up data. According to the National Comprehensive Cancer Network (NCCN) combined with the Veterans Administration Lung Study Group (VALG) approach for SCLC staging, limited disease (LD)-SCLC is specified as stage I to III (T any, N any, M0), and extension disease (ED)-SCLC is defined as stage IV (T any, N any, M1a/b). All subjects involved had received treatment using etoposide plus platinum antineoplastic agent in the first place. For general methods, see Figure 1A.
[image: Figure 1]FIGURE 1 | Workflow diagram and association of eHSP90α with clinical outcomes and NSE (A) Workflow (B) Box-plot shows the expression of eHSP90α in different outcome states of OS, PFS, and RECIST (C) Scatter plots display the relationship between two continuous variables, eHSP90α and NSE; different colors represent different OS, PFS, and RECIST states (NSE μg/L, eHSP90α ng/mL) Overall survival, OS; progression-free survival, PFS; Response Evaluation Criteria in Solid Tumors, RECIST.
In this retrospective study, the data on the peripheral blood of the patients diagnosed with SCLC were collected which included T lymphocytes, T helper cells, T suppressor cells, T helper cells/T suppressor cells, natural killer cells, B lymphocytes, carcinoembryonic antigen, carbohydrate antigen 19–9, thymidine kinase1, neuron-specific enolase and Ki-67. All blood samples were collected before subjects had received any treatment.
Specimen Collection and Measurement of Tumor Markers
Heat shock protein 90α (Yantai Protgen Biotechnology Development Co., Ltd., Shandong, China): Collect blood from patients with EDTA-K2 anticoagulation tube in the morning and apply it in a centrifuge 3000RPM for 15 min. Incubate the kit in water at 37°C for 30 min. The liquid in the kit gets thoroughly mixed to a point where no air bubbles are visible. Add 4.75*105 μL of deionized water to the concentrated washing solution and mix well. Add calibrator to 400 μL of analyte diluent to dissolve and mix. Plasma samples need to be diluted 20-fold with diluent. Take 50 μL each of the calibrator and the diluted plasma sample, add them to the calibration well and sample the microplate. Add 50 μL of heat shock protein 90α marker solution to the wells and mix gently. Subsequent incubation happens in warm water at 37°C for 60 min after being sealed. Shake off the reactant solution, add a 300 μL washing solution/washing machine, wash the plate six times, and dry on absorbent paper. Add 50 μL of chromogenic reagent A to the wells above, then add 50 μL of chromogenic reagent B and incubate with warm water at 37°C for 20 min after mixing. Add 50 μL of stopping solution to the above wells to stop color development. Read the OD value immediately at 450 nm/620 (630) nm wavelength. Calculate the content of HSP90α in plasma samples based on the software algorithm.
Nomogram for OS, PFS, and Response Evaluation
The least absolute shrinkage and selection operator (LASSO) regression model selected the relevant factors for response evaluation and prognosis of small cell lung cancer. Logistic regression analysis was then used to build a convincing model for predicting chemotherapy efficacy and prognostic outcomes for small cell lung cancer by incorporating features selected in the LASSO approach. Clinicopathological features and biomarkers with p-values less than 0.05 in peripheral blood were included in the model. All selected predictors were used to develop a nomogram model to predict small cell lung cancer.
Cell Culture
NCI-H146 and A549 lung cancer cells were purchased from the Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China). Cells were grown in Roswell Park Memorial Institute 1,640 medium containing 10% fetal bovine serum and 1% penicillin/streptomycin at 37°C in a humidified atmosphere with 5% CO2.
Statistical Analysis
The data were expressed as median and quartile. The Spearman correlation analysis evaluated the association between eHSP90α and other indexes. Receiver operating characteristic (ROC) curves were used to identify optimal cutoff values of variables in overall survival, progression-free survival, and response to treatment. Grouped according to cutoff value, Least Absolute Shrinkage and Selection Operator (LASSO) was used to analyze eHSP90α and efficacy. R 4.03 software was used to draw Kaplan-Meier curves of OS and PFS. The univariate and multivariate Cox regression was performed to investigate the relationship between eHSP90α and OS and PFS. A p-value less than 0.05 was considered statistically significant. Statistical analyses were performed using the SPSS computer program (SPSS 22.0).
RESULTS
SCLC Patients’ Characteristics and Hematologic Baseline
In total, 105 patients with SCLC were enrolled in our analysis. All patients were with an average age of 62.00 ± 8.55 years at the time of diagnosis. Of the 105 patients, 33 (31.43%) underwent radiotherapy and 94 (89.52%) underwent chemotherapy. 27 (25.7%) were classified with limited disease small cell lung cancer and 78 (74.3%) were extension disease small cell lung cancer. The other parameters clinicopathological data are shown in Table 1. Next, we analyzed the differences and progressive groups of all peripheral blood indicators in Table 1 Alive and DEAD groups in OS, progress and no progressive group in PFS and the differences between the CR \ PR \ SD and PD groups in Response Evaluation. We found that eHSP90α has different expressions in these groups, as shown in Figure 1B. The expression of other peripheral blood indicators in these groups, see Supplementary Figure S1.
TABLE 1 | Patient characteristics and hematologic parameters.
[image: Table 1]Correlations of eHSP90α and Clinical Index
NSE is currently a commonly used marker for SCLC, and eHSP90α is a new biomarker. The correlation between these two biomarkers and other clinical indicators is analyzed here. Correlation analysis revealed that eHSP90α was positively correlated to the diameter of the tumor and neuron-specific enolase (NSE) in SCLC patients. This analysis shows that eHSP90α was negatively related to T lymphocytes and T helper cells in SCLC patients. There is no significant relationship between eHSP90α and another clinical index in LD-SCLC patients. NSE and eHSP90α had the same trend in ED-SCLC patients (Table 2). NSE was positively correlated with eHSP90α in total SCLC and ED patients, indicating that eHSP90α is likely to have excellent diagnostic and prognostic efficacy. We next use the scattered dot diagram to show the relationship between the two continuous variables eHSP90α and NSE. We found that NSE and eHSP90α in the OS group, PFS progress group and PD groups in the Response Evaluation have significant correlations. See Figure 1C. Other correlation analysis results show in Supplementary Figures S1,S2.
TABLE 2 | Correlation of eHSP90α and Other Index in SCLC Patients.
[image: Table 2]The Cut-Off Value of eHSP90α Outcome Prediction Among SCLC Patients’ Index and Their Combined Prognostic Value
ROC curves were used to analyze the diagnostic effect of eHSP90α in dichotomous variables such as overall survival status (alive/dead), progression-free survival status (whether progress or recurrence) and response evaluation (RECIST version 1.1), see Table 3 eHSP90α had the highest AUC value (OS 0.791, PFS 0.662, response evaluation 0.685) in all three ROC curves. T helper cells/T suppressor cells had the highest specificity (0.984) in the OS ROC curve, and NSE had the highest specificity in the PFS ROC curve (AUC 0.889) and response evaluation ROC curve (AUC 0.903). T lymphocytes had the highest specificity (0.903) in the response evaluation ROC curve and the highest sensitivity (0.841) in the OS ROC curve. eHSP90α and T lymphocytes had the same highest sensitivity (0.792) in the PFS ROC curve. eHSP90α had the highest sensitivity (0.778) in the response evaluation ROC curve. eHSP90α had the highest Youden in the OS ROC curve (0.534) and response evaluation ROC curve (0.397), while T helper cells had the highest Youden (0.187) in the PFS ROC curve. Taken together, eHSP90α has better sensitivity and specificity than NSE, and similar diagnostic effectiveness as NSE in ROC curves of OS (Figure 2A), PFS (Figure 2B) and response evaluation (Figure 2C).
TABLE 3 | Receiver operating characteristic curve of parameters.
[image: Table 3][image: Figure 2]FIGURE 2 | Comparison of the areas under the ROC for outcome prediction among the three status-based prognostic scores (A) OS status p = 0.3545 (B) PFS status p = 0.5394 (C) RECIST status p = 0.5246.
The Predictive Value of ehsp90α for the Effect of Chemotherapy in SCLC
Compared with OS and PFS, response evaluation (RECIST version1.1) does not contain information on survival time. Therefore, eHSP90α was used to explore the diagnostic significance of response status. We used two indicators, including eHSP90α, to establish a nomogram to evaluate the response of SCLC (Figure 3A). The receiver operating characteristic curve of the model had a higher AUC (0.764) than eHSP90α (AUC = 0.564) (Figure 3B). First, based on 105 SCLC patients, we used LASSO and 10-fold cross-validation to screen out six indicators (Figures 3C,D), including diameter, staging, chemotherapy, radiotherapy, location, eHSP90α (Figure 3C lambda. min = 0.03050932). To further select independent variables for effective chemotherapy from LASSO results, multivariate logistic regression analysis among these above features is shown in Table 4. The model finally contains radiotherapy (OR = 2.1103, p = 0.002276), eHSP90α (OR = 2.2677, p = 0.000524). The model was verified by bootstrapping (Figure 3E, C-index = 0.764). In this study, the threshold is from 20 to 88% (probability of patients and doctors); the decision curve analysis of our model showed that the response evaluation nomogram would profit more than of threshold (Figure 3F).
[image: Figure 3]FIGURE 3 | The Predictive Value of eHSP90α for SCLC effective chemotherapy (A) Established small cell lung cancer response evaluation nomogram with eHSP90α (B) Receiver operating characteristic curve of the model (C) LASSO coefficient profiles of the 12 features (D) A coefficient profile plot was produced against the logλ sequence (E) Calibration curves of the nomogram. Notes: The x-axis represents the predicted probability of progression. The y-axis represents the actual progression of small cell lung cancer. The diagonal dotted line represents a perfect prediction by an ideal model. The solid line represents the performance of the nomogram, of which a closer fit to the diagonal dotted line means a better prognosis (F) Decision curve analysis of our model showed that response evaluation nomogram. The x-axis is the risk threshold probability that changes from 0 to 1, and the y-axis is the calculated net profit for a given threshold probability.
TABLE 4 | Multivariate logistic regression analysis of influencing results of SCLC chemotherapy.
[image: Table 4]Clinical Prognostic Evaluation of eHSP90α in SCLC
The ROC curve of the PFS was performed to determine the cutoff points of the index. The result is shown in Table 5. The threshold values of eHSP90α for OS, and PFS were 61.2 and 48.7, respectively. To determine which parameters were the independent prognostic factors of SCLC, univariate and multivariate analyses were conducted to explore the relationship between multiple variables, OS and PFS. In the multivariate analysis, high eHSP90α was an independent prognostic factor of a poor evolution in SCLC (OS, p < 0.001 and PFS, p = 0.024), whereas receiving radiotherapy was a good prognostic factor in SCLC (OS, p = 0.010 and PFS, p = 0.016). High NSE and M1 stage were significantly associated with shorter OS (NSE, p < 0.001 and M1 stage, p = 0.009). High CA-199 and M1 stage predicts earlier progression (CA-199, p = 0.018 and M1 stage, p < 0.001). We constructed a nomogram with four factors, including eHSP90α, to predict overall survival in SCLC patients (Figure 4A). The receiver operating characteristic curve of this model shows that AUC is 0.788. A nomogram for predicting progression-free survival was established with two indexes (Figure 4B). AUC is 0.671 in the receiver operating characteristic curve of this model. We analyzed the distribution of risk levels, survival status, and survival time patterns in SCLC patients divided into two groups with 61.2 ng/mL as the eHSP90α cut-off value. Kaplan-Meier survival analysis revealed that SCLC patients with higher eHSP90α expression had worse OS than those with lower eHSP90α expression (Figure 5A). Patients with high eHSP90α expression levels died more and survived shorter, as seen by survival time patterns (Figure 5B). The distribution of the eHSP90α risk score distribution suggests that higher expression of eHSP90α implies higher risk (Figure 5C). We analyzed the progression of SCLC patients and divided them into two groups with an eHSP90α cut-off value of 48.7 ng/ml. Kaplan-Meier survival analysis showed that the low expression group was more likely to be free of progression (Figure 6A). We made a scatterplot to assess progression risk, suggesting that more progression and higher mortality rates appear in the high-expression group. In contrast, patients’ conditions in the low-expression group were mostly non-progressive (Figure 6B). By sorting the patients according to the risk value from low to high, we obtained the progression risk curve graph, which shows the high expression of eHSP90α corresponds to a greater risk of progression (Figure 6C). eHSP90α above was significantly associated with NSE in ED-SCLC patients, but not in LD-SCLC patients. The occurrence of distant metastases is the main cause of poor PFS and OS in SCLC. But only eHSP90α but not NSE was significantly associated with poorer PFS in SCLC. We performed based on distant metastasis status for NSE and eHSP90α as we made a prediction that NSE might be associated with distant metastasis (Supplementary Tables S1,S2). The results showed that NSE was an independent factor affecting the distant metastasis of SCLC.
TABLE 5 | Univariate and multivariate cox proportional regression analysis of OS and PFS in SCLC.
[image: Table 5][image: Figure 4]FIGURE 4 | Nomograms of SCLC prognosis (A) The prognostic nomogram for overall survival (OS) based on the prognostic scores of eHSP90α and other factors in SCLC patients (B) The prognostic nomogram for progression-free survival (PFS) based on the prognostic scores of eHSP90α and M stage in SCLC patients.
[image: Figure 5]FIGURE 5 | Survival analysis of the relationship between eHSP90α and OS in SCLC (A) Kaplan-Meier survival curves of the SCLC patients divided into two groups with 61.2 ng/mL as the cut-off value (B) Use the survival time model to build a scatter plot of risk score and survival time and color-coded said scatterplot. In contrast, red is for death, and blue is for survival based on the outcome (C) The survival time model was used to build a risk line graph, and patients are ranked high to low risks. The ordinate was the expression of eHSP90α, and the dotted line was the median value to distinguish between high and low stakes. Red indicates high risk, and blue indicates low risk.
[image: Figure 6]FIGURE 6 | Risk Analysis of eHSP90α and progression in SCLC (A) Kaplan-Meier curves of the SCLC patients were divided into two groups with 48.7 ng/mL as the cut-off value (B) Scatter plots of risk score and time to progression were constructed using the survival time model and divided according to the results shown red for progression and blue for survival (C) A risk profile was created using a survival time model to rank patients from low to high risk. The ordinate is the expression of eHSP90α, and the dotted line is the median value, distinguishing high and low risks: red means high risk, and blue means low risk.
Validation of eHSP90α Expression in Supernatants of Two Lung Cancer Cell Lines
To further explore the expression of eHSP90α in SCLC and NSCLC, we detected eHSP90α in different cell supernatants from six dishes (Supplementary Figure S3). The eHSP90α in SCLC cell supernatant is higher than in NSCLC (Figure 7). Consistent with our clinical results.
[image: Figure 7]FIGURE 7 | Differential expression of eHSP90α in SCLC and NSCLC cell lines. The expression of eHSP90α in NCI-H146 cell lines is higher than in A549 cell lines (n = 3).
DISCUSSION
Small cell lung cancer prognosis has been challenging, especially in patients diagnosed during the ED (Wang et al., 2020). Some tumor markers have been used for the response assessment and prognosis monitoring, but they lack the level of sensitivity or specificity. In this study, the clinical index and the follow-up information of one hundred and five SCLC patients were analyzed to determine better markers.
Treatment of small cell lung cancer is very limited. In terms of response assessment, it has been shown that the neutrophil/lymphocyte ratio (NLR) value 6 weeks after anti-PD-1/PD-L1 antibody therapy appears to be a promising predictor of response in patients with small-cell lung cancer (Xiong et al., 2021). A study suggests that serum NSE and lactate dehydrogenase (LDH) may serve as biomarkers for predicting efficacy and survival in patients with small-cell lung cancer receiving first-line platinum-based chemotherapy (Liu et al., 2017). The ROC curve showed that the areas under the curve of NSE, ProGRP, and LDH expression on CR + PR were 0.683, 0.610, and 0.639, respectively, all of which were lower than those of eHSP90α.
In most studies’ prognosis of small cell lung cancer, NSE is a relevant tumor marker (Shibayama et al., 2001). NSE is often elevated in extensive-stage disease, and patients with high levels of NSE may suggest distant metastases, and higher NSE tends to predict shorter OS (Wang et al., 2021). The role of radiotherapy in SCLC has been controversial in the past, and the brain is SCLC’s most common metastatic site. Brain metastases occur in more than 50% of SCLC patients, and the prognosis is extremely poor, with an OS of only about 1–3 months. In the present study, eHSP90α exhibited similar diagnostic efficacy and prognostic value as NSE in patients with small-cell lung cancer. Prophylactic cranial irradiation (PCI) can reduce the occurrence of brain metastases. Several studies have confirmed that PCI can reduce the occurrence of brain metastases and improve overall survival in limited-stage patients with complete remission and extensive-stage patients with effective induction chemotherapy (Weaver and Coonar, 2017). However, a recent prospective clinical trial (Takahashi et al., 2017) from Japan showed that the incidence of brain metastases in the PCI group was 48 and 69% in the observation group, p < 0.001, but the 1-year OS did not improve (p = 0.094). Patients in our study who received radiotherapy at any site had longer OS. A study’s findings suggest that women have an advantage in survival compared to men (Cai et al., 2016). There were no statistically significant differences in the gender factor in our study, as the number of males was significantly higher than that of females in both studies. Therefore, the relationship between gender and prognosis is inconclusive. In addition, some studies suggest that the ratio of radiation dose to tumor diameter is related to the prognosis of limited-stage SCLC. Still, there is a lack of data on radiation dose in this study (Komatsu et al., 2010).
Studies have shown that NSE is an independent predictor of response and follow-up in SCLC, LD-SCLC, and ED-SCLC (Zhou et al., 2017). In our study, NSE and eHSP90α showed the same trend in all SCLC and a significant positive correlation in ED-SCLC. Serum NSE can also be present in platelets and red blood cells, and the results can be false-positive once the specimen has hemolysis or if the blood has been stagnant for a certain period (Massabki et al., 2003). Previous studies have found that the level of HSP90α in the serum of non-small cell lung cancer is significantly increased and it gradually increases with the clinical stage (Xu et al., 2007). The detection of a single tumor marker often has certain limitations, often cannot fully reflect the tumor, and has limited value for diagnosis and prognosis; therefore, the combined diagnosis of tumor markers can reduce the missed diagnosis rate of a single test and increase the accuracy of disease diagnosis.
Initially, 108 SCLC patients were included in the study while their medical records were being reviewed for information. Three patients were excluded due to missing data. In predicting OS, PFS, and response evaluation, eHSP90α had good AUC, sensitivity, and specificity. We built a nomogram from independent variables obtained from LASSO and multivariate logistic regression analysis. The AUC of this model is 0.764. Of the 105 SCLC patients who were finally included in the study, 39 patients had elevated eHSP90α expression (>61.2 ng/ml), and 66 patients had eHSP90α below 61.2 ng/ml. Through survival analysis, we found that patients with elevated eHSP90α expression had a higher risk of death than those with low expression. This is consistent with previous studies. We found that the expression of eHSP90α in SCLC cells was higher than that in NSCLC cells, which more experiments should confirm. We still need to investigate the mechanism further.
Due to the low proportion of small cell lung cancer in lung cancer, the sample size of this study is limited. The next step will be to expand the validation trial with a more rigorous sample size and conduct a long-term follow-up to determine the rigid prognosis. eHSP90α is a novel biomarker. Currently, there are few commercial kits to choose from. When more detection methods are available in the future, we will carry out strict verification through other detection methods.
In conclusion, this study found that SCLC patients with eHSP90α overexpression had a worse response and survival times. Diameter, staging, chemotherapy, radiotherapy, location, and eHSP90α have significant effects on patient response evaluation. eHSP90α and radiotherapy were independent factors in response evaluation in SCLC patients. eHSP90α, NSE, M staging, radiotherapy, and CEA had significant effects on OS in SCLC. Among them, eHSP90α, NSE, M stage, and radiotherapy were the independent prognostic factors affecting the survival of patients. This study aims to provide new evidence for the efficacy response and prognostic assessment of SCLC. eHSP90α may be a better biomarker for SCLC.
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As part of their life-cycle, malaria parasites undergo rapid cell multiplication and division, with one parasite giving rise to over 20 new parasites within the course of 48 h. To support this, the parasite has an extremely high metabolic rate and level of protein biosynthesis. Underpinning these activities, the parasite encodes a number of chaperone/heat shock proteins, belonging to various families. Research over the past decade has revealed that these proteins are involved in a number of essential processes within the parasite, or within the infected host cell. Due to this, these proteins are now being viewed as potential targets for drug development, and we have begun to characterize their properties in more detail. In this article we summarize the current state of knowledge about one particular chaperone family, that of the HSP70, and highlight their importance, function, and potential co-chaperone interactions. This is then discussed with regard to the suitability of these proteins and interactions for drug development.
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INTRODUCTION
Malaria is one of the leading infectious diseases worldwide. The most lethal form is caused by Plasmodium falciparum (P. falciparum) which caused 241 million cases in 2020. The African continent accounted for up to 95% of these cases. Children under 5 years of age represent the most vulnerable group to the disease and account for 80% of the 627.000 deaths reported in 2020 (WHO, 2021).
Similar to other organisms, Plasmodium encodes a wide variety of HSP and other chaperones/co-chaperones which are involved in many essential cellular processes. These proteins play (or are predicted to play) a major role in the survival, virulence and pathogenicity of the parasite. As they lie at the heart of proteostasis, they assist in protecting parasite proteins in several situations of proteotoxic stress, including the temperature spikes caused by febrile episodes of the human host, temperature transitions taking place during transmission from the mosquito vector to the human host and vice-versa, and exposure to cytotoxic drugs. Due to their central role in such a diverse number of essential biological processes, these proteins have gained interest as potential targets for development of small molecule inhibitors. Several HSP have been shown to be upregulated in response to various drug treatments, and may play a role in helping parasites survive these stress situations (Akide-Ndunge et al., 2009; Cheeseman et al., 2012; Shahinas et al., 2013). Thus, as well as potentially being direct targets for drug development, any inhibitors identified may allow some measure of reversal of drug resistance.
Special interest has been paid to members of the HSP70 family, and their interactions with co-chaperones (HSP40, also known as J-domain proteins, JDP). The focus of this mini-review is to collate what is currently known about the biology of PfHSP70 and PfJDP, their interactions, and what progress has so far been made in developing specific inhibitors of this important parasite Achilles Heel.
THE HSP70 FAMILY
Chaperones of the HSP70-class are crucial elements of the cellular protein surveillance network. They are a highly conserved family of proteins that share a very similar structure. In general, they comprise an N-terminal nucleotide-binding domain (NBD) that is able to bind ATP. Following this is a protease-sensitive linker domain leading to a substrate-binding domain to which the corresponding substrate polypeptides bind (Flaherty et al., 1990). HSP70 are involved in diverse cellular processes such as protection from thermal insult, folding of nascent proteins, refolding of misfolded proteins, targeting terminally misfolded proteins for degradation and protein translocation.
J-DOMAIN PROTEINS
J-domain proteins (JDP, also referred to as HSP40, DNAJ) are generally co-chaperones for HSP70. They perform several tasks including recruitment of substrates to HSP70 and then stimulating the ATPase activity of HSP70. They can thus be viewed as adapters which allow a limited number of HSP70 to work on highly diverse substrates, and JDP are one of the most diverse co-chaperone families. In agreement with this, most organisms encode a higher number of JDP than HSP70 (Kampinga et al., 2019).
THE ATPASE CYCLE AND JDP-HSP70 INTERACTION
HSP70 act as molecular chaperones. As such, they are able to bind and hold exposed hydrophobic peptide-sequences of other, aggregation-prone proteins. Beyond this “holdase” function, HSP70 are able to refold denatured proteins. A catalytic ATP-dependent interaction cycle enables the folding or refolding of substrate proteins. This essential cycle couples the ATPase activity of HSP70 to its affinity for substrate proteins (Figure 1A). In the ATP-bound state, the affinity to peptide substrates is low. In this context, a JDP binds first to a hydrophobic peptide-segment of any substrate protein and subsequently transfers it to HSP70 (Laufen et al., 1999; Mayer et al., 2000; Kityk et al., 2018). The simultaneous binding of a substrate to the SBD of HSP70 and a J-domain stimulate the ATPase activity of HSP70 synergistically (Figure 1A). Upon ATP-hydrolysis, the substrate-bound chaperone state is stabilized (Wittung-Stafshede et al., 2003). In the high-affinity HSP70-substrate-complex, the rate of ADP dissociation is the rate-determining step for the remainder of the cycle (Figure 1A). Nucleotide exchange factors (NEFs) facilitate ADP release and initiate ATP binding again with subsequent substrate release.
[image: Figure 1]FIGURE 1 | (A) The general ATPase cycle of HSP70. ADP, Adenosine di-phosphate; ATP, Adenosine tri-phosphate; NBD, nucleotide bindnig domain; SBP, subtrate binding domain; JDP, J-domain protein; Pi, inorganic phosphate; NEF, nucleotide exchange factor. (B) Localisation of HSP70 and JDP proteins in the P. falciparum-infected human erythrocyte. HSP70 are referred to by name as in text. PC, parasite cytosol; ER, endoplasmatic reticulum; M, mitochondrion; PV, parasitophorous vacuole; RBCC, red blood cell cytosol; J, J-dots; K, Knobs; JDP, J-domain protein.
The enzymatic ability to hydrolyze ATP is essential for functional HSP70-substrate interaction (Mayer et al., 2000). Based on this mechanism, HSP70 are able to bind and protect virtually every protein from further denaturation and aggregation (Boorstein et al., 1994).
THE P. FALCIPARUM HSP70 AND JDP FAMILIES
Based on their structure and localisation, several PfHSP70 can be assigned functions by comparison to homologues in other systems (Figure 1B). Some members of the family have been more extensively studied and we now have some insight into their specialised function. Limited reverse genetic work has been carried out, however it is likely that the HSP70 (and some JDP) involved in core processes within the parasite will be essential for parasite survival, whereas those involved in (for example) host cell modification are not required in in vitro cell culture but may be important in an infection situation (Przyborski et al., 2015).
PfHSP70-1: PfHSP70-1 is likely to be the only canonical cytosolic HSP70. It contains a C-terminal -EEVD motif which is used for interaction with PfHOP (Zininga et al., 2015b). Although no definitive experimental evidence exists, inhibitor studies suggest that PfHSP70-1 has essential functions in the blood stages. Biochemical characterisation of recombinant PfHSP70-1 reveals that the protein has a slightly higher ATPase rate than that of the human homologue, but has a dramatically lower affinity for ATP (Matambo et al., 2004). PfHSP70-1 appears to be upregulated upon thermal stress (Kumar et al., 1991). PfHSP70-1 has been shown to associate with its putative NEF PfHSP70-Z in a nucleotide dependent manner (Zininga et al., 2015a; Zininga et al., 2016).
PfHSP70-2: PfHSP70-2 is localised in the ER, contains an N-terminal ER-type signal sequence and a C-terminal -SDEL ER retrieval sequence. PfHSP70-2 is likely to be a homologue of BiP/GRP78. PfHSP70-2 appears to be upregulated upon thermal stress (Kumar et al., 1991).
PfHSP70-3: PfHSP70-3 is likely to be targeted to the mitochondrion by virtue of an N-terminal transit peptide, but otherwise little is known about this protein.
PfHSP70-X: PfHSP70-X is only encoded by Plasmodium parasites belonging to the laverarian subgenus. These parasites infected humans, chimpanzees, and gorillas. PfHSP70-X locates to the lumen of the parasitophous vacuole and is also exported to the host cell (Külzer et al., 2012). In the host cell, this protein is found in structures referred to as J-dots, which also contain a number of parasite encoded JDP (Külzer et al., 2010; Külzer et al., 2012). Although partially exported to the host cell, the protein lacks a PEXEL export motif, and its transport appears to be directed by an atypical export signal found following an N-terminal ER-type signal sequence (Rhiel et al., 2016). Although not essential for parasite growth under normal conditions in culture, knockout experiments suggest that PfHSP70 is involved in a number of host cell modification processes including cytoadherance, antigenic variation and regulating the stiffness of the infected host cell (Charnaud et al., 2017). Knockdown experiments hint that PfHSP70-X may be involved in protecting the parasite from heat stress during fever periods (Cobb et al., 2017). Immunoprecipitation allowed the identification of a number of proteins interacting with PfHSP70-X, including both exported parasite proteins, a PV resident chaperone PfHSP101, human HSP70 and an exported parasite JDP (Zhang et al., 2017). The significance of this result is so far not known.
PfHSP70-Y: Also now known as PfGRP170, PfHSP70-Y belongs to the HSP110 protein family. These proteins are generally known to be NEFs for other members of the HSP70 family. PfGRP170 contains an N-terminal ER-type signal sequence and a C-terminal -KDEL ER retrieval sequence, and localises to the lumen of the ER. Earlier studies suggested that this protein may localise to the parasite’s apicoplast due to a predicted apicoplast transit peptide, however later work determined that the C-terminal -KDEL signal was dominant and retained the protein in the ER (Heiny et al., 2012). It is likely that PfHSP70-Y acts as a NEF for PfHSP70-2. The protein appears to be essential for parasite development and is linked to parasite stress responses (Kudyba et al., 2019).
PfHSP70-Z: PfHSP70-Z, also known as PfHSP110, belongs to the HSP110 protein family, and is likely to be the NEF for the cytosolic PfHSP70-1. Indeed, PfHSP70-Z has been shown to associate with PfHSP70-1 in a nucleotide dependent manner (Zininga et al., 2016). Recombinant PfHSP70-Z forms higher order oligomers and has been reported to have endogenous ATPase activity (Zininga et al., 2015a; Zininga et al., 2016). Functional inactivation of PfHSP70-Z is lethal, likely due to its role in preventing aggregation of a number of asparagine-rich proteins, especially under heat stress condition (Muralidharan et al., 2012). In agreement with this, expression of PfHSP70-Z is increased in response to heat stress (Zininga et al., 2015a).
P. falciparum JDP: P. falciparum encodes 43 proteins which can be assigned to the JDP family (Botha et al., 2007). Of these, 17 are predicted to be exported to the host cell, many of which are P. falciparum specific [not found in other non-laverania species (Botha et al., 2007)]. Based on the presence or absence of specific domains, the 43 JDP have been further assigned to a number of sub families, HSP40 Type I-Type IV. The 12 Type IV proteins are of particular interested as, although they contain a recognisable J-domain, the classical catalytic triad HPD has been replaced by HPE (Botha et al., 2007). This does not exclude a functional interaction with a HSP70, but implies that such interactions may be more specific and specialised. The function of the parasite-localised JDP has not been analysed in any great detail, but it is suggested that they likely act in concert with PfHSP70-1, PfHSP70-2 or PfHSP70-3. It is unknown why the parasite exports so many JDP. As JDP generally function in concert with a HSP70, it is supposed that these JDP functionally interact with either the exported PfHSP70-X, or potentially residual human HSP70/HSC70. A number of the exported JDP proteins have been knocked out, and many of these parasite lines show aberrations in host cell modification (Maier et al., 2008; Diehl et al., 2021). Of particular note, a knockout of the Type II exported JDP PFA66 shows dramatic changes in the morphology of the knobs (Diehl et al., 2021). Interestingly, further analysis suggested that this JDP functions in concert with residual human HSP70/HSC70. A model is emerging in which the parasite exports JDP to act as “adapter” molecules between parasite-encoded and residual host cell proteins (Diehl et al., 2021).
THE SEARCH FOR SPECIFIC INHIBITORS OF PFHSP70
A meaningful inhibitor would be specific for only Plasmodium PfHSP70, and its target and mode of action would be clear. A number of studies (detailed below) have reported inhibitors of PfHSP70 (Table 1). Some of these studies were carried out on recombinant protein, however the assays used are not always directly comparable, as they assay different sub-functions of HSP function. In vitro screening on parasite cell cultures has also been carried out, however it is not always clear what protein is being targeted. For inhibitors which have been assayed using both methods, there are often striking disparities between the effects on recombinant protein and in cell cultures. This suggests either off-target effects, or possibly limited bioavailability.
TABLE 1 | Inhibitors so far tested against PfHSP70.
[image: Table 1]RATIONAL DRUG DESIGN
Modern drug discovery is moving more and more towards a rational design strategy based on knowledge of the target structure(s) and or interfaces. In infectious disease research, this often involves finding differences between proteins found in host and pathogen. Recent research findings focused on crystallographic elucidation of the functional domains of PfHSP70 and JDP (Day et al., 2019; Schmidt and Vakonakis, 2020; Mohamad et al., 2021). A study of the PfHSP70-X substrate-binding domain (SBD) reveals that the SBD-structure is conserved and extremely similar to both the human HSP70 (HsHSP70) and E. coli DnaK structure (Schmidt and Vakonakis, 2020). The NBD also shows a high conservation and similarity to that of the NBD of HsHSP70 (Mohamad et al., 2021).
While these results might lead to the conclusion that it is not viable to design inhibitors which specifically target PfHSP70-X while not affecting HsHSP70, the authors indicate that the NBD of PfHSP70-X does indeed contain potential binding sites for small-molecule activity-modulation which are structurally different in the human homologue. It is worth noting that crystallography can merely outline fixed protein structures whereas in the cell proteins (especially chaperones) are often conformationally dynamic. This flexibility influences their binding affinity to small molecules, allosteric modulators or other proteins (Johansson and Lindorff-Larsen, 2018). Thus, the use of structural information for the identification of specific small molecule inhibitors is complicated but a success is nonetheless possible.
CHARACTERISED INHIBITORS OF PHSP70
The search for small molecule inhibitors of the Plasmodium HSP70 chaperones has identified several suitable compounds. Amongst others, these compounds are pyrimidinones, malonganenones, naphtaquinones, lipopeptides, and a catechin from green tea extract (Chiang et al., 2009; Cockburn et al., 2011; Cockburn et al., 2014; Zininga et al., 2017a; Zininga et al., 2017b; Day et al., 2019). The activity-modulating effects towards several PfHSP70 chaperones are summarized in the following section.
PfHSP70-1
As the main cytosolic chaperone of P. falciparum, PfHSP70-1 is heavily associated with maintaining viability and proteostasis and is thus a prominent target of molecular inhibitory research.
Members of the class of pyrimidinones exhibited varying effects on the intrinsic ATPase activity of PfHSP70-1 in single turnover assays. While they generally stimulated the ATPase activity at concentrations of 100 μM, the compounds DMT2264 and MAL3-39 inhibited the ATPase activity at higher concentrations of 300 µM (Chiang et al., 2009). First data regarding the malonganenones A-C, lapachol and bromo-β-lapachona (BBL) showed a concentration dependent inhibition of the aggregation suppression activity of PfHSP70-1 (Cockburn et al., 2011). However, the ATPase activity of PfHSP70-1 was not modulated by any of these compounds (Cockburn et al., 2014).
Studies with a focus on SPR analyses aim for the elucidation of binding affinities of potential small molecule inhibitors to several PfHSP70 chaperones. In this context, a screening of quinoline-pyrimidine hybrid molecules revealed varying binding affinities of these small molecules to PfHSP70-1 (Kayamba et al., 2021). Thus, the authors suppose that PfHSP70-1 is a target of these compounds as they exhibit moderate to high anti-plasmodial activity in vitro. Binding affinities for the green-tea polyphenol epigallocatechin-3-gallate (EGCG) and the lipopeptide polymyxin B (PMB) were defined in the same way (Zininga et al., 2017a; Zininga et al., 2017b). Additionally, both compounds inhibited the basal ATPase activity of PfHSP70-1 in vitro.
Furthermore, the phytocompounds iso-mukaadial acetate (IMA) and ursolic acid (UAA) feature anti-Plasmodium activity in vitro and in vivo (Nyaba et al., 2018; Salomane et al., 2021). Both compounds were able to abrogate the aggregation suppression activity of PfHSP70-1 in a concentration dependent manner. The basal ATPase activity of PfHSP70-1 was inhibited by IMA similarly. UAA, however, did not modulate the ATPase activity in the highest tested concentrations significantly (Salomane et al., 2021).
Recently, the bis-indole violacein was tested for anti-malarial properties and possible inhibitory effects on PfHSP70-1. A significant and concentration dependent inhibition of the chaperone’s ATPase and aggregation suppression activity by violacein was observed (Tavella et al., 2021). Thus, the small molecule is predicted to compromise the ATP hydrolysis of PfHSP70-1 by interacting with the SBD or the SBD-NBD-interface (Tavella et al., 2021). However, as violacein exhibits broad biological activity, it also shows low selectivity for Plasmodium.
PfHSP70-2
Data on small molecule inhibitors of PfHSP70-2 is limited. Four commercially available GRP78 inhibitors, namely Gilvocarcin V, Apoptozole, MKT-077 and VER-155008, have been reported to exhibit broad specificity to members of the HSP70-family (Matsumoto and Hanawalt, 2000; Rousaki et al., 2011; Kim et al., 2014; Park et al., 2017). They were confirmed to interact with PfHSP70-2 in in vitro binding assays, recently (Chen et al., 2018). However, the binding affinities of the compounds to PfGRP78 and HsGRP78 showed little difference across the species. An exception was VER-155008 that stood out due to a three-fold lower affinity to PfGRP78 than HsGRP78. The authors propose that the higher protein rigidity of PfGRP78 leads to lower affinities for this inhibitor. The marginally different properties of PfHSP70-2 possibly enable researchers to design compound derivates with specific inhibitory effects.
PfHSP70-X
PfHSP70-X is of high interest in inhibitor research, as it is believed to assist the correct folding of exported proteins and thereby supporting parasite virulence. Similar to PfHSP70-1, the malonganenone-compounds did not modulate the basal ATPase activity of PfHSP70-X. However, napthaquinones, especially BBL, inhibited its ATPase and aggregation suppression activity in a concentration dependent manner (Cockburn et al., 2014). Regarding the ATPase activity, these findings were recently confirmed (Day et al., 2019). Additionally, the broad-spectrum HSP70 inhibitor MKT-077 attenuates the ATPase activity of PfHSP70-X only at concentrations above 100 µM. Its derivate YM-01 exhibits similar inhibitory properties at slightly lower concentrations (Day et al., 2019).
In contrary to the benzothiazole rhodacyanines JG98 and JG231, the chalcone C86 did not inhibit the basal PfHSP70-X ATPase activity significantly (Dutta et al., 2021). The authors evaluate their findings to be in accordance to the functional interaction of the compounds with PfHSP70-X. JG98 and JG231 are considered to prevent nucleotide exchange of an HSP70 and thus locking it in its ADP-bound form (Shao et al., 2018).
Comparing the varying results of studies with multiple small molecules and particularly PfHSP70-1 and PfHSP70-X, a striking distinction regarding their susceptibility to these compounds is observable. Thus, and according to Mohamad et al., 2021, it may be possible to design small molecules inhibitors to target specific PfHSP70s (Mohamad et al., 2021).
PfHSP70-Z
Because PfHSP70-Z acts as a NEF for PfHSP70-1, inhibitors of the chaperones’ interaction have become a research target. The binding of the small molecules EGCG and PMB to PfHSP70-Z has been confirmed via SPR and in vitro activity assays showed an inhibitory effect of both compounds for the basal PfHSP70-Z ATPase activity. Additionally, EGCG and PMB interfere with the capability of PfHSP70-Z to suppress the aggregation of heat stress-prone proteins (Zininga et al., 2017a; Zininga et al., 2017b). Alternatively, a SPR screening of quinoline-pyrimidine hybrids suggested high binding affinities to PfHSP70-Z within the nanomolar and micromolar range for some compounds (Kayamba et al., 2021).
INHIBITORS OF PFHSP70/PFJDP INTERACTION
The explicated chaperone/co-chaperone interaction offers the possibility to inhibit a single part of the network and thereby achieving a loss of function in associated metabolic pathways (Daniyan et al., 2019). Especially the HSP70/JDP interface might be a viable target for controlling the PfHSP70’s ATPase activity via small molecule inhibitors (Day et al., 2019). The fact that small molecule compounds are able to modify the PfJDP-stimulated ATPase activity of their corresponding PfHSP70 is described in the literature for over a decade (Chiang et al., 2009; Botha et al., 2011; Cockburn et al., 2014). A number of compounds which have been shown to modulate intrinsic PfHSP70 activity have also been shown to modulate PfHSP70/PfJDP activities (Chiang et al., 2009; Cockburn et al., 2014; Day et al., 2019; Dutta et al., 2021). Similar strategies have been suggested in cancer research, in which HSP70/JDP activities have been associated with cancer cell progression (Nitika et al., 2020; Knighton et al., 2021).
First promising results were achieved by examining the human, Plasmodium and yeast HSP70 in combination with the human and yeast HSP40 co-chaperones Hlj1 and Ydj1, respectively (Chiang et al., 2009). Distinct and species-specific modulations of the HSP70 ATPase activity by a selection of nine pyrimidinones were reported. The capabilities of some particular compounds (MAL3-39 and DMT2264) were further assessed in a PfHSP70-1/PfHSP40 system (Botha et al., 2011). As a result, only DMT2264 was found to inhibit the PfHSP40 stimulated ATPase activity of PfHSP70-1.
Since the export of PfHSP70-X into the RBC has been shown, this particular chaperone gained further attention in small molecule compounds and JDP-interaction research (Külzer et al., 2012; Cockburn et al., 2014). Changes in PfHSP40-stimulated ATPase activity of PfHSP70-X and pfHSP70-1 in combination with lapachol, BBL and the malonganenones A (MA), B and C were monitored. The effects of the compounds were highly diverse. While BBL modulated the ATPase activities of PfHSP40/PfHSP70-1 and Hsj1a/PfHSP70-X, it also inhibited the ones of the Hsj1a/HSPA1A controls. Interestingly, MA provided selectivity of the HSP70’ modulation. The ATPase activity of the PfHSP40/PfHSP70-1 and Hsj1a/PfHSP70-X was significantly inhibited. The human controls, however, were not affected (Cockburn et al., 2014).
As more details on the interaction of PfHSP70 with specific PfHSP40 partners emerged, new experimental data on their inhibition was obtained (Daniyan et al., 2016; Day et al., 2019). Upon the simultaneous stimulation of PfHSP70-X by the J-domains of its supposed cognate co-chaperones PFA0660wJ or PFE0055cJ, BBL did not decrease the ATPase activity of PfHSP70-X. Even broad-spectrum HSP70 inhibitors like methylene blue and MKT-077 showed little potency against PfHSP70-X that was stimulated by its in vivo co-chaperones (Day et al., 2019).
The chalcone C86 and the benzothiazole-rhodacyanines JG98 and JG231 were already identified as small molecule inhibitors of the human JDP/HSP70 system. Recently, they have been used on plasmodium proteins (Dutta et al., 2021). A significant inhibition of the stimulated ATPase activity of PfHSP70-X was observed when the JDP PFE055c was pre-incubated with C86 prior to its addition. This result fits the proposed function of C86 as a JDP pan-inhibitor (Moses et al., 2018). Additionally, JG98 and JG231 provided inhibitory effects on the PFE055c-stimulated ATPase activity of PfHSP70-X (Dutta et al., 2021).
These results imply that the development of parasite-specific chaperone/co-chaperone-based small molecule inhibitors is a complex task, but success can be achieved (Daniyan and Blatch, 2017).
CONCLUSION
This mini-review summarizes the current findings of the search for Plasmodium HSP70 and HSP40 small molecule inhibitors. As these molecular chaperones are involved in multiple important molecular-biological processes of P. falciparum, they represent a promising new and sustainable drug target. Several studies successfully targeted and inhibited the PfHSP70’s and PfHSP40’s molecular chaperone activity in in vitro assays with small molecule inhibitors. However, the specificity of potential inhibitors is a critical point in research as human and Plasmodium chaperone counterparts share high structural similarity. Recent studies suggest that it may be possible to design specific small molecule inhibitors for PfHSP. Results of high-throughput screenings with derivates of already identified small molecule activity modulators and entirely new compounds are expected in the near future.
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The coronavirus disease (COVID-19) caused by a coronavirus identified in December 2019 has caused a global pandemic. COVID-19 was declared a pandemic in March 2020 and has led to more than 6.3 million deaths. The pandemic has disrupted world travel, economies, and lifestyles worldwide. Although vaccination has been an effective tool to reduce the severity and spread of the disease there is a need for more concerted approaches to fighting the disease. COVID-19 is characterised as a severe acute respiratory syndrome . The severity of the disease is associated with a battery of comorbidities such as cardiovascular diseases, cancer, chronic lung disease, and renal disease. These underlying diseases are associated with general cellular stress. Thus, COVID-19 exacerbates outcomes of the underlying conditions. Consequently, coronavirus infection and the various underlying conditions converge to present a combined strain on the cellular response. While the host response to the stress is primarily intended to be of benefit, the outcomes are occasionally unpredictable because the cellular stress response is a function of complex factors. This review discusses the role of the host stress response as a convergent point for COVID-19 and several non-communicable diseases. We further discuss the merits of targeting the host stress response to manage the clinical outcomes of COVID-19.
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1 INTRODUCTION
In December 2019, a novel Severe Acute Respiratory Syndrome Corona Virus 2 (SARS-CoV2) was found to be the cause of the Coronavirus disease (COVID-19) outbreak. SARS-CoV2 spread rapidly worldwide, resulting in a pandemic that started in March of 2020 (World Health Organization, 2020). To date, it has infected over 556 million people and caused more than 6.3 million deaths globally (https://www.worldometers.info/coronavirus/). The pandemic has also negatively impacted international travel, trade, education and social interactions across the globe. Coronaviruses (CoVs) have caused three 21st century outbreaks of SARS-related diseases in humans, namely: SARS-CoV of 2004, Middle East Respiratory Syndrome (MERS-CoV) of 2012 and the current SARS-CoV2 of 2019 (Zhang T. et al., 2020; Zhu et al., 2020). SARS-CoV2 is part of the β-coronavirus genus which shares 79% sequence identity with SARS-CoV and 50% with MERS-CoV (Wang Y. et al., 2020). The clinical features of COVID-19 are flu-like symptoms, including nasal congestion, sore throat and dry cough, which can lead to severe pneumonia (Zhu et al., 2020). Severe cases of COVID-19 infection have been reported to be associated with comorbidities such as chronic respiratory and cardiovascular diseases, diabetes, hypertension, and cancer. In these cases, the main causes of death are shock, respiratory and multiple organ failures. This review will mainly focus on the host stress response process to SARS-CoV2 infection and discuss the roles of host cell stress pathways in regulating the progression of the various comorbidities associated with the infection. We further discuss the therapeutic potential of targeting these processes.
2 SARS-COV2 AS A CELLULAR STRESSOR
SARS-CoV2 entry into host cells is an important step in viral infectivity and pathogenesis. To facilitate entry, the viral surface-exposed spike glycoprotein (S) attaches to the host cell receptors. The S protein has a receptor-binding domain (RBD), which contains a cleavage site where it is first preactivated with a proprotein convertase furin. Once it is processed, the RBD binds to the human angiotensin-converting enzyme 2 (ACE2) receptor on the host cells (Zhang H. et al., 2020). Studies have shown that SARS-CoV2 utilises the same ACE2 receptor as SARS-CoV to enter the host cell via its S protein (Hoffmann et al., 2020). The RBD is generally believed to facilitate receptor-mediated endocytosis for viral entry into the host cells (Petersen et al., 2020). However, several other mechanisms of viral entry have been proposed (Figure 1). These mechanisms include: A. The canonical clathrin-mediated endocytosis pathway, which is thought to be ACE2 receptor-dependent and pH-sensitive (Milewska et al., 2018; Yang and Shen, 2020); B. The non-canonical caveolae independent endocytosis pathway (Szczepanski et al., 2018), which involves anchored lipid rafts and micropinocytosis (Glebov, 2020); C. Flotillin-1-associated endocytosis; D. Clathrin-independent carrier (CLIC)/glycosylphosphatidylinositol-anchored protein-enriched endosomal compartment (GEEC) endocytosis and E. Macropinocytosis (Glebov, 2020). These various entry pathways are thought to be utilised by the virus depending on the target cell types. It has been reported that more than one mechanism of host entry could be employed by SARS-CoV2 (Yang and Shen, 2020).
[image: Figure 1]FIGURE 1 | Coronavirus Life Cycle in the Host Cell. The potential mechanisms of viral entry into the host cell include canonical Clathrin-dependent endocytosis and non-canonical pathways such as: Caveolae-independent endocytosis, Flotillin-dependent endocytosis, CLIC/GEEC endocytosis and Macropinocytosis. After viral entry, the replication of the coronavirus in the target cell is initiated. The RNA genome is uncoated, which allows for the initiation of translation using host ribosomes to produce viral polypeptides. These polyproteins are cleaved by proteases to produce non-structural proteins (NSPs), which are responsible for the formation of the replication-transcription complex (RTC). The RTC facilitates the production of genomic and sub-genomic RNA (-sense and + sense) copies. Following the sub-genomic (nested) transcription, viral structural proteins are produced: spike (S), small envelope (E), membrane (M) and nucleocapsid (N) proteins. The ER facilitates the translation of these viral structural proteins and subsequent embedding on the ER membrane. The nucleocapsids assemble in the cytoplasm and bud off to the Endoplasmic Reticulum-Golgi Intermediate Compartment (ERGIC), where they combine with the structural proteins. The accumulation of viral material causes swelling of the Golgi-apparatus, which results in the formation of smooth structures of virions budding off as enveloped smooth vesicles containing the newly acquired envelopes. These mature virions are released through exocytosis. (Figure created using https://biorender.com/).
Following the entry of the virus into the host cell via an endosome, lysosomal proteases facilitate viral uncoating to release the RNA genome in the cytoplasm. When the released positive-sense RNA genome is translated at the ribosome to produce viral polypeptides and structural proteins. This is followed by the transcription of the viral genes with subsequent packaging in the nucleocapsids (Figure 1). In the first event, the positive-sense RNA genome is translated into two large viral polyproteins, namely: PP1a and PP1b, that are encoded from approximately two-thirds of the viral genome (Chen et al., 2020; Hidalgo et al., 2021). These viral polyproteins are cleaved by viral encoded chymotrypsin-like proteases (3CLpro) and papain-like proteases, to yield 16 non-structural proteins (NSP1-16) (Andersen et al., 2020; Uddin et al., 2020). The second event is facilitated by NSPs that form the replication-transcription complex (RTC) which facilitates the transcription and replication of the remaining one-third of sub-genomic mRNAs encoding for the four main structural proteins, namely: spike (S) receptor binding, envelope (E), membrane (M) and nucleocapsid (N) (Gordon et al., 2020; Kim et al., 2020). Thereafter, the structural proteins are embedded onto the Endoplasmic Reticulum-Golgi Intermediate Compartment (ERGIC) or on the Endoplasmic Reticulum (ER). These newly synthesised genomic RNA molecules and proteins accumulate to form the nucleocapsid. The modified ERGIC containing the viral structural proteins, buds off the ER and encloses the nucleocapsid to form a mature virion (Klumperman et al., 1994). The new virions are prepared for secretion through exocytosis via the Golgi apparatus. During this process, the ER membranes are depleted and the cell protein folding machinery is hijacked to process these viral proteins. These events exert stress upon the infected cell. Interestingly, it has previously been established that the stress-induced expression of heat shock proteins (Hsps) in Drosophila restricts viral infectivity (Merkling et al., 2015).
3 OVERVIEW OF STRESS PROTEINS
Stress proteins (SPs) are a set of molecular chaperones, whose expression is upregulated in response to cellular stress. These SPs are involved in cytoprotection by facilitating protein folding and unfolding, protein activation and the assembly of protein complexes. Cellular stress response modulates pathways that stimulate cell survival or cell death and the dysregulation thereof. For this reason, cell stress response is implicated in various human diseases including cardiovascular diseases, neurodegenerative diseases, cancer and some other infectious diseases. Hsps, along with the predominantly ER localised Protein Disulphide Isomerases (PDI) (Wan et al., 2020), constitute key components of the cellular stress response machinery. Hsps are generally classified into several different families based on their average molecular sizes in kDa as well as sequence conservation. They fall within the following key groupings: Hsp110, Hsp100, Hsp90, Hsp70, Hsp60, Hsp40 (also known as J domain proteins; JDP) and lastly, small Hsps (sHsps) (Figure 2). Due to their central role, Hsps are implicated in several cellular pathways and are inherently linked to various pathologies (Favatier et al., 1997; Edkins et al., 2018).
[image: Figure 2]FIGURE 2 | The Hsp chaperone system. The Hsp40 chaperone system recruits nascent substrate proteins and transports them to the Hsp70 folding system. Thereafter, the folded clients are transferred over to the Hsp90 system for activation or assistance to form multiple protein complexes. The more complex substrates are brought to the Hsp60 (GroEL) and TRiC systems. Unfolded proteins are transferred to the Hsp100 system for disaggregation in cooperation with the sHsp system. The CRT and CNX recruit Hsp folded glycoproteins to PDIs for further folding and disulphide bond stabilisation. Figure adapted from the HSP information resource database (http://pdslab.biochem.iisc.ernet.in/hspir/index.php).
3.1 The Hsp100 protein family
In humans, there are six Hsp100 members with diverse functions. Two members exhibit protein disaggregation capabilities, while the other four members are proteases (represented by caseinolytic protease (Clp)). Structurally, Hsp100s are grouped into two groups, type 1 and type 2. Type 1 refers to members with two AAA+ ATPases domains, namely the NBD 1 and NBD2. These domains are characterised by the presence of two walker motifs (1 and 2) and a middle domain between the NBDs (Zolkiewski et al., 2012). Hsp104/ClpB, ClpA, ClpC and Hsp78 constitute the type I cluster. The type 2members of the Hsp100 members, ClpP and Hsv, possess a single NBD2 but lack the middle domain. Hsp100 proteins have been implicated in neurodegenerative diseases and other protein-folding-related diseases. Their implication in these pathologies is based on their role in suppressing and reversing protein aggregation (Ferrari et al., 2018). As a disaggregase, Hsp100 occurs in complex with Hsp70, Hsp110 and Hsp40 (Kaimal et al., 2017; Lin et al., 2022). This highlights that while the functions of the various Hsps are unique, they also cooperate to manage cellular stress.
3.2 The Hsp90 protein family
Five human Hsp90s are localised within the cytosol, ER and mitochondria. The three cytosolic paralogs include: the stress-inducible α-Hsp90 (HSP90AA2/HSPC2), the truncated chimeric Hsp90 (HSP90AAA1/HSPC1) and the housekeeping β-isoform (HSPB1/HSPC3) (Chen et al., 2005). The ER and mitochondria host the 94 kDa glucose-regulated protein (Grp94/HSPC4) and the tumour necrosis factor receptor-associated protein-1 (TRAP 1/HSPC5) respectively (Kampinga et al., 2009). Structurally, these proteins share a conserved domain architecture that comprises the N-terminal ATPase domain, the middle domain with substrate binding capability and the C-terminal dimerization domain (Jackson, 2012). Hsp90s are ATP-dependent molecular chaperones that play a central role in protein homeostasis (Obermann et al., 1998; Chakraborty and Edkins, 2021). The function of Hsp90 is regulated by several co-chaperones (Bachman et al., 2018). In the ADP-bound state, the clients/substrates are recruited into an early complex consisting of the Hsp70/Hsp40/Hsp-interacting protein (HIP) and the Hsp90/Hsp70-organising protein (Hop) (Luengo et al., 2019). ATP hydrolysis is activated by the Hsp90 ATPase activator 1 (AHA1; Oroz et al., 2019). Following nucleotide exchange, the Hsp90 forms a mature complex with co-chaperones p23, p50, cell division cycle 37 (cdc37) and immunophilins (Biebl et al., 2020). Furthermore, post-translational modification of Hsp90 through phosphorylation (Xu et al., 2019) and acetylation (Mollapour and Neckers, 2012), regulates its functional specificity (Prodromou, 2016). Host Hsp90 substrates that are associated with the possible uptake of viruses include those responsible for transcription, translation, mitochondrial function, kinetochore assembly, centrosome function and maintenance of the cell cycle (Lubkowska et al., 2021). Hsp90 also facilitates membrane trafficking and membrane deformability during the release of exosomes (Lauwers et al., 2018). There is a wide array of Hsp90 clients, most of which are molecules involved in signal transduction. Hsp90 facilitates the conformational maturation of several of its client. In addition, Hsp90 is also involved in the ordered assembly and stabilisation of subunits of multiprotein complexes (Makhnevych and Houry, 2012). This highlights a possible central role of this chaperone in viral replication within the host. To this end, inhibitors of Hsp90 are of interest as possible therapies against COVID-19 (Ramos and Ayinde, 2021; Wyler et al., 2021; Biancatelli et al., 2022).
3.3 The Hsp70 family
At least seventeen members of the Hsp70 family of chaperones are found in humans. Hsp70s are grouped into two subfamilies: canonical members (Hsp70) and non-canonical members (Hsp110) subgroup. There are 13 canonical Hsp70s which resemble the prokaryotic Hsp70, represented by E. coli DnaK. They include the cytosolic Hsp70-1/Hsp72/HSPA1A, HSPA1B/Hsp70-2, HSPA1L/Hum70t, HSPA2, Hsp70B/HSPA6, HspA7/Hsp70-7, Hcs70/HSPA8, HSPA12A/FLJ13874, HSP112B/RP23-32L15.1, HSPA13/Stch and HspA14/Hsp70-4; the ER localised Grp78/Bip/HSPA5 and the mitochondrial localised mortalin/GRP75/HSPA9. Hsp110 members include, the cytosolic Hsp105/HSPH1, Apg-2/Hsp110/HSPH2, Apg-1/HSPH3 and the ER localised Grp170/HSPH4 (Easton et al., 2000; Kampinga et al., 2009; Chakafana and Shonhai, 2021). Structurally, Hsp70s are composed of an N-terminal nucleotide-binding domain (NBD) that exhibits ATPase activity and a C- terminal substrate-binding domain (SBD). The Hsp110 subfamily displays a similar domain architecture, however, they have a long acidic insertion in the SBD, making them larger members (Oh et al., 1999; Chakafana et al., 2019). Hsp110 functions as a chaperone, whilst also facilitating nucleotide exchange for its canonical Hsp70 counterparts (Dragovic et al., 2006; Andreasson et al., 2008). The Hsp70 chaperone plays a central role in the folding of nascent polypeptides released from the ribosomes. It also refolds misfolded proteins and as well as facilitates the assembly of multiprotein complexes (Figure 2). In addition, Hsp70 also cooperates with Hsp90 and Hsp60 to facilitate the maturation of some of its clients (Luengo et al., 2019; Wang et al., 2022).
The primary co-chaperone of Hsp70s are the Hsp40 proteins (JDP). Hsp40s are composed of a conserved J domain that facilitates the interaction with Hsp70, activating ATP hydrolysis by the latter (Cintron and Toft, 2006; Kampinga et al., 2009). Hsp40s are also known to recruit substrates to Hsp70 and are therefore called substrate scanners (Fan et al., 2003). Hsp70 has a high affinity for substrates in the ADP-bound state. To facilitate substrate release, the nucleotide exchange factors (NEFs), such as Hsp110, exchange ADP for ATP (Dragovic et al., 2006; Alderson et al., 2016). These functions contrast with HIP, which locks Hsp70 in the ADP-bound state (Nollen et al., 2001). Therefore, the action of NEFs and HIP determines the substrate residency time on Hsp70, which influences substrate fate. Hsp70 was found to be one of the distinct biomarkers circulating in COVID-19 ICU cases (Fraser et al., 2020). Considering the cytoprotective role of Hsp70, it has been proposed that the periodic fever conditions associated with COVID-19 infections, may benefit the host by stimulating the expression of this chaperone (Guihur et al., 2020).
The ER-based chaperones have widespread functions in nearly every stage of protein processing (Figure 3). During protein import into the ER lumen, newly synthesised polypeptides that emerge from the ribosomes, are recognized by the signal recognition particle (SRP), which transports these proteins to the ER membrane for translocation via the Sec61 channel (Haßdenteufel et al., 2018; Jomaa et al., 2022). The ER-resident Hsp70 (Grp78/BiP), binds incoming peptides and actively threads them into the ER lumen (Craig, 2018; Haßdenteufel et al., 2018). BiP and the ER-resident Hsp40 (ERdj5), play a role in the post-translational insertion of proteins into the ER membrane (Araki and Nagata, 2012). They also facilitate the processing of aggregated membrane proteins, by earmarking them for degradation. Additionally, ER chaperones also facilitate the export of proteins from the ER through their involvement in the ERGIC pathway (Ito and Nagata, 2019). Irreparably misfolded proteins are destroyed by autophagy or redirected to the ER-associated degradation (ERAD) pathway for destruction in the proteasomes located in the cytosol (Oikonomou and Hendershot, 2020; Braakman and Hebert, 2021). This pathway involves the ER-resident chaperones such as ERdj5, BiP and Grp94, which bind and target substrates for degradation (Adams et al., 2019).
[image: Figure 3]FIGURE 3 | The role of ER chaperones in proteostasis. The ER-localised chaperones have numerous roles in this cellular organelle. (A) ER chaperones enable the translocation of proteins into the ER. Newly synthesized proteins are targeted by the signal recognition particle (SRP) as they emerge from the ribosomes. The SRP-bound protein enters the ER through the Sec61 translocon protein channel and is bound by Hsp70 (Grp78/BiP) inside the ER lumen for active import. (B) Chaperones also facilitate post-translational ER membrane insertion of proteins. (C) The CNX/CRT chaperone system facilitates proper glycosylation of proteins targeted for various cellular compartments. (D) ER chaperones are involved in processing the exit of the proteins via the ERGIC pathway. (E) Proteins that are not properly folded are bound by ERdj5, BiP, and Grp94 in the ER and channelled for degradation by autophagy or through the ERAD pathway in the cytosol.
3.4 The Hsp60 chaperonins
Hsp60 proteins are ATP-dependent chaperonins and are classified into two main groups, namely, type 1 and type 2 (Okamoto et al., 2017; Ishida et al., 2018). Type 1 chaperonins are mainly found in the mitochondria of eukaryotes and in the cytoplasm of prokaryotes (GroEL in E. coli). This class of chaperonins form a 7-member ring back-to-back complex with a central core, which then requires Hsp10 (GroES in E. coli) to close the core, functioning as a lid (Enriquez et al., 2017). The type 2 chaperonins, which include the cytosolic TCP1-ring complex (TRiC), are not well studied but are found in the archaeal chromosome and eukaryotic cytosol. They form a similar dimerization of the 8-9 protomer complexes to make 16–18 subunits joined end to end, forming a barrel structure with a central core (Ishida et al., 2018). Similar to type 1 chaperonins, the central core is closed by the Hsp10 protein. Some Hsp60s escape the mitochondria and translocate to the circulatory system, where they are known to induce proinflammatory cytokines. For this reason, Hsp60 is implicated in hypertension and is therefore thought to aggravate COVID-19 related complications (Jakovac, 2020).
3.5 Small heat shock proteins
In humans, there are eleven members of the small heat shock protein (sHsp) family of chaperones. They include HSPB1/Hsp25, HSPB2/Hsp27, HSPB3/Hspl27, HSPB4/crystallin α-A, HSPB5/crystallin α-B, HSPB6/Hsp20, HSPB7/cvHsp, HSPB8/Hsp22, HSPB9/FLJ27437, HSPB10/ODF1 and HSPB11/Hsp16.2 (Kampinga et al., 2009). Structurally, sHsps have a conserved α-crystallin domain, sandwiched with a variable N-terminal region and the C-terminal regions. These sHsps exhibit holdase chaperone activity which is ATP-independent. They function in complexes to minimise protein unfolding and serve as holdases (Haslbeck et al., 2019). The most studied sHsps are the Hsp27, crystallin α-A and crystallin α-B. Of these, only Hsp27 has been implicated in COVID-19 pathology (Wendt et al., 2021).
3.6 Protein disulphide isomerases
Protein Disulphide Isomerases (PDIs) are oxidoreductases that catalyse the enzymatic reduction and isomerization of disulphide bridge formation (Appenzeller-Herzog and Ellgaard, 2008). In eukaryotes, almost a third of the cellular proteome contains disulphide bonds (Mahmood et al., 2021). In the ER, the PDIs stabilise and promote the folding of client proteins into three-dimensional structures (Kranz et al., 2017). In humans, there are 19 PDIs localised in the ER (Ellgaard and Ruddock, 2005). Generally, the PDIs are characterised by the CXXC active site motif, where the cysteine residues take part in the exchange of disulphide bond formation to stabilise client proteins. PDIs are also involved in ER protein degradation (ERAD) and calcium level regulation (Kramer et al., 2001; Riemer et al., 2011). The most studied PDI is PDIA3 (ERp57/Grp58), which is comprised of the canonical four thioredoxin domain structure of the a-b-b-a domain organisation. In general, the a-domains of PDIs contain the catalytic CXXC active site motif, which can exhibit thiol-sulphate reductase, oxidase or isomerase activity (Darby and Creighton, 1995; Chichiarelli et al., 2022). The b-domains bind substrates with high affinity to facilitate isomerization (Klappa et al., 1998). The PDIA3 b-domains do not directly interact with substrate proteins but rather indirectly through their association with lectins, calreticulin (CRT) and calnexin (CNX) (Oliver et al., 1999; Molinari et al., 2004). The CRT and CNX recruit glycoproteins to PDIA3 for correct folding and disulphide bond stabilisation. If the PDI fails to achieve a competent fold, the substrate protein undergoes re-glycosylation by the glucose:glycoprotein:glucosyl transferase (UGGT) to repeat the cycle (Kozlov and Gehring, 2020; Mahmood et al., 2021). Therefore, PDIs play an essential role in protein disulphide bond formation and protein glycosylation quality control mechanisms that are thought to be essential for SARS-CoV2 protein maturation (Fu et al., 2020). Abnormalities in these protein quality control systems in all cell organelles, have severe consequences for the cell and have been implicated in several diseases (Parakh and Atkin, 2015; Chamberlain and Anathy, 2020). Protein folding aberrances are at the centre of diseases such as cancer, neurodegenerative disorders, metabolic diseases, and infections (Gámez et al., 2018).
4 COVID-19 SUSCEPTIBILITY PROFILES
SARS-CoV2 pathogenesis is mainly exacerbated by underlying cellular stress, which is more pronounced in patients with comorbidities such as diabetes, cardiovascular disease, hypertension and obesity among others (Sanyaolu et al., 2020). Generally, viral infections are associated with inflammation, a hallmark of COVID-19 pathology (Varga et al., 2020), which further puts strain on the protein folding system (Kuppalli and Rasmussen, 2020; McGonagle et al., 2020). The role of Hsps in immunomodulation is well established and appears to be a function of their circulating levels (Zininga et al., 2018). Thus, the expression profiles of these proteins in various disease conditions could serve as biomarkers of disease severity and patient outcomes (Table 1).
TABLE 1 | The role of Hsp expression levels in diseases.
[image: Table 1]4.1 Chronic lung diseases
Chronic lung diseases include a wide array of diseases such as asthma, Chronic Obstructive Pulmonary Diseases (COPD), Interstitial Lung Diseases (ILD), cystic fibrosis, lung cancer and chronic pneumonia to name a few (Cottin, 2013; Celli and Wedzicha, 2019). Chronic lung diseases cause excessive inflammation, immune dysregulation, and impaired repair processes, which ultimately leads to tissue damage and diminished organ function (Meikle et al., 2021). Chronic inflammation is a prominent symptom of chronic lung diseases and causes elevated levels of reactive oxygen species (ROS) in cells, resulting in oxidative stress (Hulgan et al., 2003; Sharif-Askari et al., 2021). Excessive ROS may stimulate prolonged inflammatory responses and signalling cascades that damage cells, which may lead to apoptosis (Chatterjee, 2016; Ivanov et al., 2017).
Hsp70 is variably expressed depending on the nature of the conditions affecting the lungs. The elevated expression of Hsp70 associated with asthma may trigger either pro- or anti-inflammatory pathways, due to its diverse immunomodulating effects (Shevchenko et al., 2020). Hsp70 and Hsp27 expression levels were elevated in lung tissues of patients with COPD, when compared to healthy controls, and were correlated to disease severity (Dong et al., 2013; Zimmermann et al., 2020). In Idiopathic Pulmonary Fibrosis (IPF), one of the common interstitial lung diseases, Hsp70s were observed to be downregulated in response to an increase in the profibrotic molecules, IGFBP5 (insulin-like growth factor-binding protein 5) or (TGF β1) transforming growth factor-β1 (Sellares et al., 2019). Thus, Hsp70 suppression perpetuates fibrosis development in the human fibroblasts. Hsps alleviate oxidative stress through their active roles in the refolding of damaged proteins and PDIs are important for maintaining a redox balance inside the cells suppressing the development of pulmonary fibrosis (Parakh and Atkin, 2015; Marinova et al., 2020; Tanguy et al., 2021).
One of the major complications of COVID-19 is the development of acute respiratory distress syndrome (ARDS), a condition that tremendously impairs the ability of the lungs to absorb oxygen (Meikle et al., 2021). In a 2007 study, lung injury was induced in rats, whereafter the rats were administered with adenoviral vectors expressing Hsp70 proteins (Weiss et al., 2007). It was observed that Hsp70 limited NF-ĸB activation, which in turn limited the proteasomal degradation of IĸBα. Indeed, Hsp70 expression is reportedly elevated in ARDS (Alreshidi et al., 2021), and is known to inhibit intracellular proteasomal degradation (Ryu and Ha, 2020). It was observed that Hsp70 limited NF-ĸB activation, which in turn limited the proteasomal degradation of IĸB kinase signalosome, thereby suppressing inflammation (Weiss et al., 2007). Thus, by suppressing inflammation, Hsp70 expression may indirectly regulate COVID-19 pathology (Sharif-Askari et al., 2021). Additionally, it was reported that several oxidative stress genes are upregulated during Coronavirus infection and expression of these genes is thus likely induced by SARS-CoV2 (Sharif-Askari et al., 2021). Hsp70 being a central player in preventing the accumulation of oxidative stress, might be similarly affected by SARS-CoV2. Although not yet experimentally confirmed, there might be a link between the dysregulation of Hsp70 and other stress proteins and the severity of SARS-CoV2 infection.
4.2 Chronic kidney disease
Chronic Kidney Disease (CKD) is a condition characterised by glomerulosclerosis and interstitial fibrosis (Musiał and Zwolińska, 2011). CKD is commonly a result of stress inflicted on hepatocytes from various sources such as, uremic toxins, pro-inflammatory molecules, reactive oxygen species, pro-apoptotic molecules, infectious agents, and dialysis (Nayak Rao, 2016). Several studies reported that the level of Hsp72 expression was upregulated in patients with CKD (Musial and Zwolińska, 2011; Lebherz-Eichinger et al., 2012; Morales-Buenrostro et al., 2014). The presence of uremic toxic may cause increased expression of Hsp72, which has been shown to inhibit the proliferation and apoptosis of renal tubular cells, resulting in reduced renal fibrosis (Pan et al., 2020). Chronic kidney damage is also thought to be associated with noxious conditions where upregulated Hsp72 suppresses apoptosis (Rao, 2016). Although research regarding the role of Hsps in CKD is limited, more work on the role of these proteins in renal dialysis has been conducted. It has been observed that renal ischemia-reperfusion injury (IRI), incurred during renal dialysis, resulted in an induction of Hsp72 (43-fold increase) and Hsp27 (12-fold increase) (Nayak Rao, 2016). Additionally, Hsp70 offers protective properties from renal IRI that include, cytoskeletal stabilization, anti-inflammatory effects, anti-apoptotic properties, and influence over the stimulation of regulatory T-cells (Nayak Rao, 2016). These functions of Hsp70 and sHsp are potentially important in reducing further complications upon the onset of SARS-CoV2 (ERA-EDTA Council et al., 2021). Furthermore, elevated levels of Hsp90 observed in CKD patients are associated with increased oxidative stress and inflammation (Musial and Zwolińska, 2011).
4.3 Obesity
Obesity is a metabolic syndrome generally linked to the increased severity of several non-communicable diseases such as, type 2 diabetes mellitus (T2DM), cardiovascular diseases (CVD) and certain cancers (Blüher, 2019). The accumulation of adipose tissue and the increases in energy inputs associated with obesity often triggers chronic inflammation in the fatty tissues (Sell et al., 2017). This inflammation results in an increase in proinflammatory cytokines, both locally and systemically (Lehr et al., 2012; Sell et al., 2012; Tiss et al., 2014). The role of Hsps in inflammation in obese individuals is not well established, as conflicting results have been reported. For example, increased levels of Hsp60, Hsp72, Hsp90, Hsp70 and Grp94 released from adipocytes under stressful conditions have been shown to act as adipokines, linking their expression to obesity and chronic inflammation (Märker et al., 2012; Tiss et al., 2014; Sell et al., 2017). Conversely, individuals with obesity and insulin resistance were reported to exhibit suppressed heat shock response (HSR) activity which by extension results in reduced Hsps expression, as insulin signalling is essential to HSR activity (Di Naso et al., 2015; de Lemos Muller et al., 2018; Bruxel et al., 2019). This contrasts with normal inflammatory conditions where the HSR upregulates Hsp production, which counteracts the inflammatory response (Singh and Hasday, 2013; Zininga et al., 2018; Krause et al., 2020). The decreased HSR activity in obese individuals could be responsible for the dysregulated inflammation and negative prognosis in individuals infected with SARS-CoV-2 (Krause et al., 2020). Unlike the other Hsps, Hsp40 expression is decreased in obese individuals. A study reported that normal levels of Hsp40 were restored upon exercise, suggesting a possible role for this protein in the regulation of insulin resistance and thus mitigating against obesity (Tiss et al., 2014).
4.4 Diabetes
The metabolic disorder, T2DM, is characterised by the dysregulation of insulin production and activity, leading to chronically elevated levels of sugar in the blood. The disruption of insulin production associated with diabetes, in turn, disrupts the insulin signalling pathway which is a crucial part of the HSR system. Insulin inhibits the activity of the glycogen synthase kinase-3β (GSK-3), which suppresses the activation of HSF-1, abrogating its interaction with heat shock elements, an important step in regulating transcription of HSP genes (Bijur et al., 2000). Without insulin to inhibit the activity of GSK-3, HSR activity is downregulated and so is the expression of Hsps. Therefore, patients with diabetes are more susceptible to severe infections as they are unable to regulate the resulting inflammation, culminating in further complications (Krause et al., 2020). This partially explains the increased case fatality in individuals infected with COVID-19 when compared to non-diabetic patients (Xue et al., 2020). T2DM patients display dysregulated levels of Hsp60, Hsp70 and Hsp72, which contribute to inflammation and insulin resistance and vascular complications (Khadir et al., 2018; Zilaee and Shirali, 2016; Amawi et al., 2019).
4.5 Cardiovascular diseases
Cardiovascular diseases (CVD) are characterised by cellular stress, in which a collection of cardioprotective Hsps are released in the heart (Henderson and Pockley, 2012; Ranek Mark et al., 2018). Several Hsps including Hsp27, Hsp60, Hsp70 and Hsp90, are secreted and released at different rates during coronary stress (Jaroszyński et al., 2018; Duan et al., 2020; Krishnan-Sivadoss et al., 2021). A high secretion of Hsp27 has been shown to offer some cardioprotection, whilst low Hsp27 serum levels, especially in older patients, has been associated with carotid atherosclerosis and oxidative stress. This leads to an increased risk of cardiovascular disease and sudden cardiovascular death (Jaroszyński et al., 2018). Upon cardiac injury, Hsp60 is released into the extracellular fluid, where it activates the body’s innate immunity through the induction of a proinflammatory state in the heart. The subsequent increase in the production of the tumour necrosis factor, TNF-α, facilitates apoptosis and thus attributes to the progression of heart failure (Duan et al., 2020).
Upregulated Hsp60 expression has been found in atherosclerotic lesions and has increased the risk of atherosclerosis (Grundtman et al., 2011). In addition, the cross-reactivity of the immune system with autologous Hsp60 and Hsp70 results in T-cell adhesion to endothelial cells and the initial inflammatory response of atherosclerosis (Rodriguez-Iturbe et al., 2019; Duan et al., 2020). Consequently, autoantibodies produced against either Hsp60 or Hsp70 were reported to exacerbate atherosclerosis (Schett et al., 1997; Stocker and Keaney, 2004; Wick et al., 2014) and hypertension (Rodriguez-Iturbe et al., 2019; Romagnoli et al., 2020). Therefore, Hsp60 and Hsp70 are intricately involved in the development and progression of atherosclerosis and subsequent complications in other diseases. Notably, there are increasing reports linking the induction of Hsp70, Hsp90 and co-chaperones to heart failure (Ranek Mark et al., 2018; Rodriguez-Iturbe and Johnson, 2018).
Patients who become infected with SARS-CoV2, whilst having underlying cardiovascular conditions, have a higher risk of developing a severe infection, myocarditis, and blood clots, which increases the chance of death (Huang et al., 2020; Srivastava, 2020). This is due to a combination of the effects of a viral infection, coupled with the stress caused by the underlying cardiovascular conditions (Srivastava, 2020). Consequently, the intricate involvement of Hsps in several cardiovascular diseases most likely influences the severity of COVID-19 in these patients. Hsp60 appears to be the most studied Hsp implicated in cardiovascular diseases and COVID-19 (Jakovac, 2020). For example, one study hypothesized that the high levels of Hsp60 present in the plasma of hypertensive patients contribute to the cytokine release syndrome (Song et al., 2020). This is the main mechanism responsible for the third hyperinflammatory phase of COVID-19, which often leads to heart failure (Romagnoli et al., 2020). SARS-CoV2 also causes substantial tissue damage, which can result in the release of intracellular Hsp60 into the plasma. Subsequently, this causes an increase in pre-existing Hsp60 levels and could result in systemic hyper inflammation, causing damage to multiple organs (Romagnoli et al., 2020). It was also found that Hsp60 levels in the plasma positively correlate to acute lung injury and systemic inflammatory responses in patients with no prior pulmonary trauma (Pespeni et al., 2005). Although more research is required to fully understand the role of Hsps in heart failure, there is a common consensus that these proteins have important therapeutic and diagnostic considerations in COVID-19.
4.6 Cancer
Cancer is a disease state during which abnormal cells grow rapidly and uncontrollably, such that they have harmful effects on tissues and organs. Cancerous cell propagation is highly dependent on stress proteins to assist in the folding of improperly folded and mutated proteins, for their continued dysregulated growth and development (Wu et al., 2017a; reviewed in Chakafana and Shonhai, 2021). The underlying causes and mechanisms involved in Hsp expression are not fully understood. For example, Hsp27 and Hsp70 expression is downregulated in neuroblastoma and renal cancer respectively (Wu P. et al., 2017). Conversely, in hepatocellular carcinoma (HCC), the upregulation of Hsp27 plays a cytoprotective role in preventing cancerous cell apoptosis by interfering with the proteins in the apoptotic pathways (Guo et al., 2009; Wang et al., 2015). Cancer cells exploit the’ cytoprotective function of Hsp70 to sustain themselves (Giri et al., 2017). In HCC and lung cancer, it was observed that both Hsp90 and Hsp70 expression levels were upregulated, leading to proliferation and metastasis of cancerous cells (Leng et al., 2012; Cedrés et al., 2018; Sun et al., 2018; Jiang and Shen, 2020). Cell survival was facilitated through cytochrome c inhibition, regulation of extracellular signal-regulated kinase (ERK), phosphorylation of protein kinase B (Akt) and degradation of apoptotic components (Guo et al., 2009; Wang et al., 2015). Therefore, the upregulated expression levels of Hsp27, Hsp70 and Hsp90, increase the invasion and metastasis of some cancerous cells (Katsogiannou et al., 2014; Zhou et al., 2015; Saha and Anirvan, 2020; Wan et al., 2020). Furthermore, the Hsp70 and Hsp60 proteins present on the surface of cancer cells are implicated in immunomodulation, as they bind and activate immune cells and antibodies (Burgio et al., 2021). Thus, this could explain the possible link between cancer and COVID-19 susceptibility. This association is thought to be due to the dysregulated immune system in both cancer and COVID-19 patients (Zong et al., 2021).
5 CELLULAR STRESS DRIVES HEAT SHOCK PROTEIN EXPRESSION
Cells that are exposed to stress respond by upregulating some of their Hsp stress proteins (Samali and Orrenius, 1998; Richter et al., 2010). The levels of upregulation are dependent on the type of stress, as the first response for cells is to facilitate post-translational modification (PTM). PTMs on Hsps modulate the chaperone efficiency and enable it to deal with increased demand due to increased protein unfolding. For example, Hsp90 phosphorylation and Hsp70 acetylation have been shown to increase their chaperone activities (Xu et al., 2012; Park et al., 2017). Continued stress stimuli activate the HSR, which is mainly modulated by HSF1 (Sarkar and Roy, 2017). In its inactive state, the HSF is bound to an HSP (Figure 4A). When an HSF is activated, it dissociates from the Hsp and undergoes phosphorylation and oligomerization in the cytosol, after which it translocates into the nucleus (Xu, 2012). The HSF binds to the HSE, located in the promoter regions of HSP genes, which in turn activates the increased expression of the Hsps (Kmiecik and Mayer, 2022).
[image: Figure 4]FIGURE 4 | Heat shock protein expression regulation. (A) Upregulation of Hsp gene transcription. When unfolded proteins accumulate in the cell, Hsps dissociate from their bound heat shock factors (HSF). This frees up the Hsps to assist in protein folding and it also activates the HSF. The HSFs are phosphorylated, after which they oligomerize. The HSFs bind to heat shock elements (HSE) in the promoter regions of Hsp genes, thereby enhancing their transcription. (B) Hsp gene transcription is upregulated via three distinct pathways involving three distinct transcription factors (TFs); Inositol requiring enzyme 1α (IRE1α), protein kinase RNA-like endoplasmic reticulum kinase (PERK) protein and activating transcription factor 6 (ATF6).
The ER is also an important organelle in cell stress response as it houses a protein folding machinery. In the wake of external stress sources, the ER-resident Hsps are known to transverse and dissociate from their substrates to become available for the suppression of protein aggregation. Grp78 and Grp94 are central players in the ER protein refolding machinery, and they often cooperate to achieve their chaperone goals (Zhu and Lee, 2015). However, if these proteins are overwhelmed, the unfolded protein response (UPR) is activated. During this event, Hsp expression is upregulated, and cytosolic protein translation is halted to limit the peptide load in the ER (Marzec et al., 2012; Hetz and Papa, 2018). Terminally misfolded proteins that cannot be rescued are channelled to the ERAD pathway for degradation (Oikonomou and Hendershot, 2020; Ninagawa et al., 2021). It should be noted that the PDIs and their associated systems are also responsive to stress as they control proper disulphide bond formation and can also catalyse reverse reactions. In addition, they also distinguish properly and erroneously glycosylated proteins, towards channelling the latter to the ERAD for degradation.
The UPR stress response is activated and regulated via three distinct pathways which enable the expression of UPR related genes (Figure 4B). These three pathways are initiated by the dissociation of Grp78 from the client protein, in response to elevated levels of unfolded proteins in the ER lumen (Lukas et al., 2019). In the Inositol requiring enzyme 1α (IRE1α) pathway, IRE1α undergoes autophosphorylation, followed by oligomerization which facilitates its association with downstream signalling molecules (Hetz et al., 2006; Sano and Reed 2013). Thus, IRE1α interacts with c-Jun N-terminal kinase (JNK) to activate autophagy and with the nuclear factor NFĸB, to activate inflammatory signalling pathways that regulate the release of cytokines and chemokines (Sano and Reed, 2013). IRE1α also has endoribonuclease activity, which is utilized to alternatively splice the X-box binding protein 1 (XBP-1) mRNA, yielding the XBP-1 transcription factor. XBP-1 translocates to the cell nucleus where it activates the transcription of Grp78 and other proteins that are inherent to the ERAD pathway (Kitamura, 2008). The second pathway involves the protein kinase, RNA-like endoplasmic reticulum kinase (PERK). When PERK is released from Grp78, autophosphorylation of PERK is triggered, which in turn phosphorylates the translation elongation initiation factor 2α (eLF2α) (Schönthal, 2012). The subsequent inactivation of eLF2α, relieves ER stress by preventing additional protein synthesis and thereby decreasing the number of proteins that require folding. Transcription factor 4 (ATF4) is translocated to the nucleus, where it activates the expression of numerous stress regulating and pro-apoptotic genes (Lukas et al., 2019). The third pathway involves activating transcription factor 6 (ATF6). Upon dissociation from Grp78, this protein is transported to the Golgi apparatus, where it is proteolytically cleaved. The mature ATF6 protein enters the nucleus where it activates the expression of various UPR and ERAD pathway proteins (Sano and Reed, 2013; Lukas et al., 2019). These events are implicated in the viral life cycle as the coronavirus replication cycle induces ER stress (Sureda et al., 2020). As such, the patient’s UPR/ER stress response may be a predictor of the SARS-CoV2 antiviral response.
6 HEAT SHOCK PROTEIN UPREGULATION COULD FACILITATE BOTH VIRAL CELLULAR UPTAKE AND REPLICATION
Viral proteins, like human proteins, require host chaperones for the folding and assembly of complex viral core particles (Xiao et al., 2010). The upregulation of these host molecular chaperones thus facilitates viral replication (Table 2). Hsps are important in the replication of virtually all viruses including, DNA viruses, both positive and negative sense RNA genomes and double-stranded RNA viruses (Song et al., 2010; Wan et al., 2020). Due to limited data on the role of Hsps on SARS-CoV2 infection, we highlight some of the important pathways from other unrelated viruses that may use unique protein folding systems to draw similarities in COVID-19 pathogenesis. Generally, viral protein homeostasis presents a distinct set of clients for cellular protein folding machinery. As such, viral replication is subject to the folding capacity of the host cell due to three main factors. Firstly, the limited genomes of viruses entail that the viral proteins are multifunctional, and as such, require structurally complex proteins that are solely dependent on chaperones for folding (McBride et al., 2014). Secondly, many cytopathic viruses produce copious amounts of viral proteins within a short time (Oualikene et al., 2000), which places a huge protein folding burden on the host cell. Thirdly, viral capsid precursors are more prone to aggregation and misfolding due to their complexity as they are made of at least a thousand identical subunits (Rossmann, 1984; Geller et al., 2012; Cheng and Brooks, 2013). Several RNA viruses replicate with minimal proofreading and produce several mutant viral proteins during infection, which require a robust host chaperone system to fold into functional forms. In general, CoV manipulate the host chaperone system to render the cells more conducive for their replication. For example, the SARS CoVs E-protein has been implicated in suppressing the stress response in host cells upon infection (DeDiego et al., 2007). It has also been reported that SARS-CoVs structural proteins S, 6, 3a and 8a, induce ER stress response (Ye et al., 2008; Fung et al., 2014; Shi et al., 2019).
TABLE 2 | The functions of Hsps in RNA virus infections.
[image: Table 2]6.1 Viral entry
Several viruses interact with Hsps as auxiliary receptors to enter host cells through the clathrin-mediated endocytosis pathway. Hsp70 is commonly implicated as an auxiliary receptor (Figure 5), as is observed in the host cell entry of zika virus; a process that is facilitated by extracellular Hsp70 (Pujhari et al., 2019). The ER Hsp70 homology, Grp78, has been reported to facilitate the invasion of host cells by several viruses, amongst them, the Japanese encephalitis virus (Nain et al., 2017) and SARS-CoV2 (Ha et al., 2020; Carlos et al., 2021). The SBD of Grp78 positioned on the surface of African green monkey kidney epithelial Vero cells, was reported to recognize the S protein RBD of the SARS CoV2 to facilitate viral entry into these cells. In addition, the upregulated expression of Grp78 was associated with the surface expression of the ACE2 receptors in SARS-CoV2 patients (Sabirli et al., 2021). The interaction of the ACE2 receptors with Grp78 required both the NBD and SBD (Carlos et al., 2021). These findings suggest that the full-length human Grp78 protein and possibly its functional partners Grp94, Hsp40 and PDIs could be targeted to reduce SARS-CoV2 entry into host cells and to combat the ensuing viral infection.
[image: Figure 5]FIGURE 5 | The upregulation of Hsps facilitates Coronavirus invasion and replication. The Hsps implicated in the Coronavirus replication cycle are highlighted. The binding and entry of the viral particle is achieved through the ACE-2 receptor, with Hsp90, Hsp70, Hsp40 and PDI, acting as auxiliary receptors. Upon viral entry and initial translation and transcription, Hsp40, Hsp70, Hsp60 and Hsp27, are recruited to facilitate in viral protein maturation. The folding of structural proteins is assisted by Hsp70 and Hsp90. The ER-resident chaperones, Grp94, Grp78, ERDnaJ and PDIs, facilitate the folding and insertion of viral proteins onto the ERGIC membrane. The formation of the nucleocapsid complex is overseen by Hsp90, while viral exocytosis requires the cooperation of Hsp90, Hsp70 and Hsp40. Image created with Biorender.
6.2 Virus replication
The central role of Hsp90 in protein complex formation is thought to function as a catalyst for the replication of invading viruses (Wan et al., 2020). Hsp90 acts as a buffer, preventing deleterious folding outcomes of mutated viral proteins (Blagosklonny et al., 1996; Jaeger and Whitesell, 2019). As such, its role in facilitating fold of mutation prone viral proteins is apparent. Both Hsp40 and Hsp70 are virtually involved in virtually all the stages of viral infection in the host cell, as they modulate viral entry, replication, gene expression, and virion assembly and release (Table 2). In addition, the Hsp40 protein, DnaJB6 is also involved in immunomodulation of the foot-and-mouth-disease virus (FDV) infection (Zhang et al., 2019), and it is therefore plausible that these Hsps play a role in viral replication.
6.3 Viral protein maturation and viral assembly
Hsp70/Hsp90 proteins are the main drivers of protein folding within host cells and, inadvertently, they also facilitate the folding of invader viral proteins, enabling them to attain functional states. Protein folding occurs mainly in the cytosol of the infected cell and the Hsp40 chaperones are involved in the recruitment of the viral proteins from the ribosomes. Several of the replication steps of the Coronavirus, such as translation, takes place on the ER membranes (Knoops et al., 2008). Some of the viral proteins are thus, translocated across the ER membrane during translation, while others remain in the cytosol for folding, after which they are recruited to the ER for virion assembly. A distinct set of chaperones control the folding processes of the proteins within the ER lumen. The SARS-CoV2 structural proteins S, 6, 3a and 8a, require folding inside the ER lumen. The increased load of viral proteins in the ER disrupts the ER protein folding machinery, which induces ER stress (Fung et al., 2014; Shi et al., 2019). SARS-COV2 viruses are so dependent on the integrity of the ER folding machinery for their own replication, the virus inhibits the ER stress cascade mechanisms by the activation of the XBP-1 mediated pathway of the UPR, thereby preventing apoptosis. This is potentially mediated by the E protein; a 76 amino acid protein that oligomerises to form an ion conductive pore in the ER membranes, which restores the Ca2+ imbalance generated during ER stress (Torres et al., 2006). Viral proteins heavily depend on Hsp90 for their folding, assembly, and maturation, which partly accounts for the induction of Hsp90 expression (Ha et al., 2020).
7 ROLE OF HEAT SHOCK PROTEINS IN INFLAMMATION
SARS-CoVs cause ARDS (Reizine et al., 2021), hemophagocytic syndrome (Yang et al., 2021), lymphoid depletion (Silverstein et al., 2022) and skeletal muscle fibre necrosis (Suh et al., 2021), which are all consequences of elevated levels of pro-inflammatory cytokines. Although predominantly expressed and found intracellularly, Hsp90 and Hsp70 were reportedly found in the extracellular space surrounding both stressed and non-stressed cells (Tsutsumi and Neckers, 2007). Surface exposed Hsp90 is thought to be involved in immunomodulation and facilitates the internalisation of viruses such as dengue virus (DENV), infectious bursal disease virus (IBDV) and influenza A virus (Reyes-del Valle et al., 2005; Cabrera-Hernandez et al., 2007; Wang X. et al., 2020). In line with recent evidence, SARS-CoV2 has been linked to the stimulation of stress proteins (Gadotti et al., 2021) which may potentially facilitate virus internalisation and immunomodulation. SARS-CoV2 infection potentially utilises molecular mimicry to imitate host cell surface receptors facilitating entry and evading the host immune response (Angileri et al., 2020; Cappello, 2020; Cappello et al., 2020; Hightower and Santoro, 2020; Kasperkiewicz, 2021). The molecular mimicry of human cell surface-expressed molecules could result in the expression of antibodies that cross-react with human proteins. This culminates in an autoimmune response from the host (Burgio et al., 2021). Hsps are some of the molecules that share epitopes with microbial counterparts and are often the targets for molecular mimicry (Burgio et al., 2021). It was reported that some Hsps share both immunogenic and antigenic epitopes with SARS-CoV2 viral proteins (Marino Gammazza et al., 2020). This partly explains the cause of an increase in autoimmunity cases in SARS-CoV2 patients.
The cytokine storm that results from a SARS-CoV2 infection is the major cause of lung damage resulting in mortality (Song et al., 2020). A cytokine storm refers to the excessive production of proinflammatory cytokines such as interleukins 1 and 6 (IL-1 and IL-6), tumour necrosis factor α (TNF-α) and interferon -y (Huang et al., 2005; Copaescu et al., 2020). The release of these cytokines triggers a flood of immune cells to the infection site, including T cells, macrophages, and neutrophils, among others. This excessive immune response results in tissue and organ damage, which may ultimately lead to organ failure and, by extension, untimely death (Ragab et al., 2020).
Hsps facilitate the presentation of antigens by the major histocompatibility complex (MHC-1) on the surface of coronavirus infected cells, for clearance by the NK and CD8+T cell subsets (Moseley, 2000; Furuta and Eguchi, 2020; Neukirch et al., 2020). Hsp90 was shown to not only function as chaperone, but also as an antigen-presenting molecule during lymphocytic choriomeningitis viral infection (Basta et al., 2005). In addition, Hsp90 immunomodulates the host response to Sendai virus infection by regulating the activation of interferon regulatory factor 3 and TBK-1 stabilization of Sendai virus (Yang et al., 2009). Generally, Hsps are upregulated to assist in the assembly and folding of numerous immune system antigen-recognition proteins. These include molecules such as immunoglobulins, T-cell receptors and components of the MHC (Zugel and Kaufmann, 1999). Furthermore, the ER-resident Grp94, BiP and calnexin, are involved in the assembly of antibody light and heavy chains in the ER lumen (Zugel and Kaufmann, 1999). It has also been suggested that Hsps may take part in antigen delivery to MHC proteins, due to their promiscuity in binding a wide range of similar peptides (Zininga et al., 2018). These diverse roles Hsps make them important immune modulators that promote viral infection.
8 CONCLUSION AND FUTURE PERSPECTIVES
Hsp90 plays a central role in cellular protein quality control. Inhibition of the Hsp90 system affects various signalling pathways, making it an attractive drug target in viral infections. Additionally, the high mutation rates of RNA viruses further support targeting Hsp90 as an antiviral candidate. In many viral infections, Hsp90 was shown to be an important chaperone that functions in facilitating viral protein folding, replication, transport, and assembly (Geller et al., 2013; Geller et al., 2018; Wyler et al., 2021). Most Hsp90 inhibitors were initially identified as anticancer agents and some of these are being repurposed for use against viral infections (Ramos and Ayinde, 2021; Zhao et al., 2022). Hsp90 inhibitors are potential broad action antivirals, as they act on several viruses by blocking their replication and stimulating apoptosis in infected host cells. It was recently reported that Hsp90 inhibitors prevented endothelial barrier damage in lung tissues and reduced SARS-CoV2 replication (Kubra et al., 2020; Lubkowska et al., 2021; Wyler et al., 2021). Another study hypothesised that Hsp70 and Hsp90 proteins potentially bind to the ACE2 receptors, masking the receptors and inhibiting binding to SARS-CoV2 viruses, resulting in reduced viral host cell entry (Alreshidi et al., 2021). These Hsp90 inhibitors exhibiting potent antiviral activity were reportedly effective at lower concentrations compared to the dosages required in cancer treatments. Therefore, there is merit in targeting the Hsp system, as the shorter acute nature of viral infection implies the use of much less total dosage compared to that required to treat cancer. Taken together, the use of Hsp inhibitors offers promising prospects as combinational treatments in controlling COVID-19.
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Plasmodium falciparum is responsible for the most severe and deadliest human malaria infection. The most serious complication of this infection is cerebral malaria. Among the proposed hypotheses that seek to explain the manifestation of the neurological syndrome in cerebral malaria is the vascular occlusion/sequestration/mechanic hypothesis, the cytokine storm or inflammatory theory, or a combination of both. Unfortunately, despite the increasing volume of scientific information on cerebral malaria, our understanding of its pathophysiologic mechanism(s) is still very limited. In a bid to maintain its survival and development, P. falciparum exports a large number of proteins into the cytosol of the infected host red blood cell. Prominent among these are the P. falciparum erythrocytes membrane protein 1 (PfEMP1), P. falciparum histidine-rich protein II (PfHRP2), and P. falciparum heat shock proteins 70-x (PfHsp70-x). Functional activities and interaction of these proteins with one another and with recruited host resident proteins are critical factors in the pathology of malaria in general and cerebral malaria in particular. Furthermore, several neurological impairments, including cognitive, behavioral, and motor dysfunctions, are known to be associated with cerebral malaria. Also, the available evidence has implicated glutamate and glutamatergic pathways, coupled with a resultant alteration in serotonin, dopamine, norepinephrine, and histamine production. While seeking to improve our understanding of the pathophysiology of cerebral malaria, this article seeks to explore the possible links between host/parasite chaperones, and neurotransmitters, in relation to other molecular players in the pathology of cerebral malaria, to explore such links in antimalarial drug discovery.
Keywords: neurotransmitters, molecular chaperones, cerebral malaria, P. falciparum, cytoadherence, sequestration, inflammation
INTRODUCTION
Malaria remains one of the disturbing public health challenges and a major vector-borne transmitted infection worldwide (Goldberg and Cowman, 2010; Boel et al., 2012; Khanam, 2017; WHO, 2021). The causative pathogen is Plasmodium species, five of which are known to infect human, namely, Plasmodium falciparum, P. vivax, P. ovale, P. malariae, and P. knowlesi, with P. vivax and P. falciparum known to cause the most lethal infection (Schiess et al., 2020; WHO, 2021). Its complex life cycle, spanning two hosts, human, and female Anopheles mosquito, and unabated transmission, has resulted in the high rate of infections, morbidity, and mortality (Nkumama et al., 2016; Khanam, 2017; WHO, 2021). Malaria is most common in rural, indigenous, and impoverished zones of Africa, Asia, and the tropics of America (Monteiro et al., 2014; Talapko et al., 2019). Prior to the advent of the COVID-19 pandemic, the fight against malaria infection appears to have been gaining success with noticeable decreases in the number of reported infections and deaths when compared to the previous year (Daniyan, 2021). However, the disruption in all malaria intervention areas, including prevention, diagnosis, treatment, elimination, and surveillance, occasioned by the pandemic, has led to marked increases in reported cases and associated mortality (Daniyan, 2021; WHO, 2021). The year 2021 world malaria reports estimated 241 million malaria cases and 627,000 deaths, representing 14 million more cases and 69,000 more deaths in 2020, with about 7.5% of these deaths linked to COVID-19 associated disruption (WHO, 2021). Therefore, the dynamics of malaria disease management has been altered by COVID-19 pandemic, and without a more concerted effort, and new strategies to arrest the upsurge, the gains of yesteryears may soon be completely wiped out.
Cerebral malaria (CM) is a deadly complicating manifestation of severe P. falciparum malaria with fast-rising fatal neurological syndromes and a high rate of mortality among children from sub-Saharan Africa (Desruisseaux et al., 2010; Grau and Craig, 2012; Shikani et al., 2012). Cerebral malaria occurs in about 1% of all P. falciparum infections and has a high mortality rate of 15%–25% (Shikani et al., 2012; WHO, 2021) leaving its surviving subjects with acute or long-term physical disability and neurological syndrome even post-treatment of the infection (Kihara et al., 2006; Grau and Craig, 2012; Hora et al., 2016). These manifestations differ in children and adults and vary depending on the onset of severe symptoms, including coma and status epilepticus, which could propel focal sequelae, impaired movement, hyperactivity, and inappropriate speech or vision (MacCormick et al., 2014). For instance, CM is not common in adults in sub-Saharan Africa due to acquired immunity during childhood attributable to high malaria transmission rates. In Southeast Asia on the other hand, where the transmission rate is lower and consequently not enough to lead to the development of immunity, CM is more common in adults and older children (Sahu et al., 2015; Sierro and Grau, 2019a). There are differences in CM-related organ dysfunction between adults and children (Sahu et al., 2015; Sierro and Grau, 2019a). While dysfunction in children is almost exclusively neurological, adults experience other organ dysfunctions, such as renal and respiratory dysfunction, in addition to neurological dysfunction (Sahu et al., 2015). Months or years after CM, neuropsychiatric manifestations and disabilities can set in (Monteiro et al., 2014). Meanwhile, despite the undeniable role of increased parasitemia, the levels of parasitemia are not necessarily the determinant for developing the disease, as there is no clear association between particular parasite features and CM (Storm and Craig, 2014a). However, CM is likely to occur in the absence of adequate antimalarials, and to a greater extent among the non-immune people (Bruneel, 2019), necessitating the need for adequate, affordable and accessible health facilities with approved medicine. Unfortunately, the extremely complex aetiology of CM has not been fully elucidated, and thus limiting our understanding of the pathologic mechanisms of CM (Bruneel, 2019; Sierro and Grau, 2019b). Nevertheless, there is a prevailing asymptomatic parasitaemia and certain non—specific pathological features among CM patients presenting with coma (Hora et al., 2016; Idro et al., 2016). In addition, lack of accurate and early diagnosis may have also contributed greatly to limited specificity and knowledge of the infection. Moreover, the available but limited post-mortem histological studies have not vividly explained the processes in the brain, identified the key players, nor shed light on how to ameliorate the aftermath effect of CM, necessitating the need for new and improve approaches to study CM (Sierro and Grau, 2019b). Therefore, despite increasing volume of scientific information on CM, our understanding of the pathophysiologic mechanism(s) of CM is still very limited.
Meanwhile, in a bid to maintain its survival and development, P. falciparum exports a large number of proteins into the cytosol of the infected host red blood cell (iRBC) (Acharya et al., 2007; Liu and Houry, 2014). Prominent among these are the molecular chaperones of the heat shock proteins family. Functional activities and interaction of these proteins with one another and with recruited host resident proteins are critical factors in the pathology of malaria infection (Banumathy et al., 2002; Pavithra et al., 2007; Daniyan et al., 2019b). Detailed reviews on the activities of these chaperones and their potential as drug targets have been presented (Shonhai, 2010; Daniyan and Blatch, 2017; Daniyan et al., 2019b; Shonhai et al., 2021). Furthermore, several neurological impairments, including cognitive, behavioral, and motor dysfunctions, are known to be associated with CM (Oluwayemi et al., 2013; Monteiro et al., 2014). Available evidence has implicated glutamate and glutamatergic pathways in CM, coupled with a resultant possible alteration in nitric oxide (NO), serotonin (5-HT), dopamine, norepinephrine, and histamine production (Roy et al., 1993; Enwonwu et al., 1999; Rubach et al., 2015; Yeo et al., 2015; Kempaiah et al., 2016; Oliveira et al., 2017). While seeking to improve our understanding of the pathophysiology of CM, this article seeks to explore the possible links or interactions between host/parasite chaperones, and neurotransmitters, in relation to other molecular players in the pathology of CM, with a view to exploring possible functional relationships in antimalarial drug discovery.
PATHOGENESIS OF CEREBRAL MALARIA
There is currently no complete understanding of the pathogenesis of CM. Although some hypotheses, such as that of mechanical obstruction of microvessels (sequestration of parasitized erythrocytes), and that of the release of copious amounts of pro-inflammatory cytokines, have been put forward for the pathogenesis of CM, they do not fully account for disease progression, prognosis, and outcome (van der Heyde et al., 2006; Storm and Craig, 2014a; Dunst et al., 2017; Schiess et al., 2020). The vascular occlusion or sequestration hypothesis is based on the sequestration of iRBCs into the brain capillary endothelia, resulting in microvascular blockage, loss of blood, tissue hypoxia, blood-brain barrier (BBB) compromise, and finally, CM (Storm et al., 2019; Schiess et al., 2020). Sequestration of the parasitized cells is seen as a survival strategy via immune evasion used by the parasites to avoid the removal of the cells by the spleen (Amante et al., 2010; Sierro and Grau, 2019a). Moreover, the somewhat hypoxic environment of venous blood is ideal for the growth of the parasites while protecting them from being destroyed by the spleen (Newton et al., 2000). Human CM post-mortem is characterized by swelling of cerebral capillaries and venules containing parasitized and non-parasitized erythrocytes (Newton et al., 2000; Sierro and Grau, 2019a), and platelets (Sierro and Grau, 2019a). Sequestration occurs to different extents in the various vital organs and the severity and prognosis of the disease have been linked to the size of the sequestered biomass (Newton et al., 2000; Ponsford et al., 2012), which cannot be deduced from peripheral parasite counts (Newton et al., 2000). Meanwhile, the binding of sequestered iRBCs to the endothelium is made possible by the P. falciparum erythrocytes membrane protein I (PfEMP1), ensuring an increased affinity of iRBCs to various receptors, notably, cytokine-activated endothelial protein C receptor (EPCR) and intercellular adhesion molecule-1 (ICAM-1) on the brain endothelial cells (Storm and Craig, 2014b; Nishanth and Schlüter, 2019; Storm et al., 2019). This is followed by the activation of thrombocytes to stimulate adhesion of iRBCs to one another, forming clots and inducing the non-iRBCs rosettes, hence, restraining blood flow, aggravating microvascular obstruction and tissue hypoxia (Storm and Craig, 2014b; Nishanth and Schlüter, 2019; Schiess et al., 2020), and eventual compromise of the BBB integrity (Ponsford et al., 2012; Rosenberg, 2012; Shimizu et al., 2018).
The inflammatory hypothesis is based on the release of toxic products by P. falciparum, causing an imbalance in systemic inflammatory responses, which are exacerbated due to sequestration and cytoadherence of iRBC (Storm and Craig, 2014b; Plewes et al., 2018). The resultant surge in the release of pro-inflammatory cytokines by macrophages, such as tumor necrosis factor-α (TNF-α), interleukin-B1 (IL-B1), and interleukin 10 (IL-10), amplify inflammation and BBB breakage by producing reactive oxygen species (ROS) and nitric oxide (NO) into the circulation (Bruneel, 2019; Schiess et al., 2020), resulting in impaired erythropoiesis and fever (Milner et al., 2014; Milner, 2018; Sierro and Grau, 2019b). On the other hand, these macrophages can as well release interferon-γ which aids the expression of surface proteins such as PfEMP-1, histidine-rich proteins (HRPs), ring erythrocyte surface antigen (RESA) in iRBCs and increase the formulation of adhesion molecules on endothelial cells to aid binding of surface proteins, thereby proliferating vascular permeability in several organs (Sierro and Grau, 2019b). These organs express several adhesion molecules, including cytokine-activated endothelial protein C receptor (EPCR), intercellular adhesion molecule-1 (ICAM-1), thrombospondin, and vascular cell adhesion molecule-1 (V-CAM-1) (Storm and Craig, 2014b; Storm et al., 2019), which further propels the endothelial cell to express several chemokines (Dunst et al., 2017; Nishanth and Schlüter, 2019). Also, P. falciparum-induced platelets are capable of binding to iRBCs, endothelial cells, and rosettes to promote immune activation by binding parasite-derived molecules via their toll-like receptors to further induce cytokines and chemokines (Bruneel, 2019). A detailed review of the roles of cytokines and chemokines in the pathogenesis of CM has been presented (Dunst et al., 2017). Following the multifunctional involvement of platelets in sequestration, humoral response, and endothelial dysfunction in both hypotheses, further investigation of their roles might pave way for more robust drug intervention.
THE ROLES OF CHAPERONES IN CEREBRAL MALARIA
The life cycle of the Plasmodium parasite spans two hosts, mosquito and human. The malaria parasite especially requires a robust adaptation system to cope with the stress of existence in two thermally different hosts, viz: the cold-blooded mosquito vector and warm-blooded humans. This coupled with intermittent febrile events in infected humans predisposes the parasite to experience thermal variations that would be stressful to the organism’s continued survival and growth. To easily adapt to varying physiological changes within these hosts, the malaria parasite expresses a large number of proteins, including molecular chaperones, some of which are exported to aid hosts invasion, facilitate cytoadherence, promote pathogenicity, and establishment of clinical malaria infection (Bozdech et al., 2003; Maier et al., 2008, 2009; Pallavi et al., 2010; Spielmann and Gilberger, 2010; Montagna et al., 2012; Liu and Houry, 2014). Molecular chaperones play critical roles in ensuring that newly synthesized proteins are functional, through proper folding, and where applicable, facilitate their subsequent trafficking to desired destinations and refolded to their native three-dimensional conformations (Hartl, 1996; Smith et al., 1998; Hartl and Hayer-Hartl, 2002; Pallavi et al., 2010). Furthermore, they facilitate the assembly of multi-protein complexes, maintain surveillance on cellular protein quality, and ensure that irreparably damaged proteins are timely handed over for degradation (Hartl, 1996; Hartl and Hayer-Hartl, 2002; Pallavi et al., 2010). They are known to function independently or in association with one another, forming a multi-functional network (Acharya et al., 2007; Pavithra et al., 2007). Generally, molecular chaperones of the heat shock protein (Hsp) superfamily, including Hsp90, Hsp70, Hsp60, Hsp40, and small Hsp, are important in this regard. Among the well-known functional networks involve the functional relationship between Hsp90 and Hsp70 and between these and their counterpart Hsp40 co-chaperones (Chua et al., 2014; Pesce and Blatch, 2014). The functional features of these plasmodial heat shock proteins, functional interplay, and networks of interactions, as well as their potential application in antimalarial drug discoveries, have been presented (Pavithra et al., 2007; Shonhai, 2010; Daniyan and Blatch, 2017; Daniyan et al., 2019b; Shonhai et al., 2021).
Meanwhile, the analysis of potential host-parasite protein-protein interactions has shown that the expression of heat shock proteins is important for efficient PfEMP1 presentation, and thus cytoadherence and sequestration (Rao et al., 2010). The PfEMP1 is a virulence factor encoded by var genes and available evidence has shown that the expression of DC8 and DC13 var genes is associated with cerebral malaria (Avril et al., 2013). Its trafficking to the surface of infected erythrocytes involves a network of proteins complex (Wickert et al., 2003; Acharya et al., 2007; Pavithra et al., 2007; Spycher et al., 2008). The PfEMP1 plays a critical role in malaria pathogenesis, cytoadherence, and immune evasion and has been presented as a potential drug target (Pasternak and Dzikowski, 2009; Hviid and Jensen, 2015; Bull and Abdi, 2016). Another virulence factor of importance to the establishment of CM is P. falciparum histidine-rich protein II (PfHRP2). The PfHRP2 is known to be transported into the cytosol of infected erythrocytes (Howard et al., 1986), compromised the brain endothelial barrier, promote CM pathogenesis (Pal et al., 2016), caused vascular leakage, and exacerbate CM (Pal et al., 2017). PfHRP2 is also involved in the protection of P. falciparum parasite from the toxic effects of heme by aiding neutralization of heme (Huy et al., 2003). Therefore, the combined activities of PfEMP1 and PfHRP2 are critical for the establishment of CM. Also, it has been demonstrated that the ability of human Hsp70 (HSPA1A) to regulate nuclear factor–kappa B (NF-κB) signaling and production of proinflammatory cytokines (such as IL-1β, IL-6, and TNF-α), can be suppressed by intraleukocytic hemozoin (PfHz). Interestingly, this suppression can be reversed in the presence of glutamine, which upregulates human Hsp70, thereby promoting the activation of NF-κB, and attenuation of overexpression of proinflammatory cytokines (Kempaiah et al., 2016). These findings suggest that suppression of functional activities of human Hsp70 is critical for the establishment of cerebral malaria. However, with their ubiquitous nature and multifunctional activities, as well as the involvements of human heat shock proteins, which are often recruited into the cytosol of iRBC (Banumathy et al., 2002), in nervous system activities (including neurotransmission and neuroprotection), and in modulation of the activities of NF-kB (a critical factor in CM pathology) (Stetler et al., 2010; Fusella et al., 2020), these findings show that more are still yet to be unraveled on the importance of host and plasmodial heat shock proteins in the pathogenesis of cerebral malarial.
THE ROLES OF NEUROTRANSMITTERS IN CEREBRAL MALARIA
Neurotransmitters are critical components of central and peripheral nervous systems. They are signaling molecules that are key players in the abilities of nerve cell, or neuron, to efficiently conveys information both electrically and chemically (Rangel-Gomez and Meeter, 2016). Functionally, neurotransmitters can be classified as excitatory and inhibitory neurotransmitters, neuromodulators, and neurohormones. The excitatory neurotransmitters, such as glutamate, acetylcholine, histamine, dopamine, and norepinephrine, induce or motivate target cells to take action by promoting the generation of the action potential. The inhibitory neurotransmitters function to decrease the chances of target cells initiating actions. Examples are dopamine, serotonin, and gamma-Aminobutyric acid (GABA). The neuromodulators, such as dopamine, acetylcholine, serotonin, norepinephrine, and histamine, can send messages to several neurons simultaneously. Finally, neurohormones, such as oxytocin and vasopressin, induce hormonal activities (Hyman, 2005; Rangel-Gomez and Meeter, 2016; Sheffler et al., 2022). Neurotransmitters can also be classified based on their chemical and molecular properties. They are monoamines (dopamine and norepinephrine); peptides (somatostatin and opioids); purines (adenosine triphosphate); and amino acids (glutamate and glycine). Also, some gaseous substances, such as nitric oxide, and endogenous substances, such as tryptamine and phenethylamines, have been shown to function as neurotransmitters (Rangel-Gomez and Meeter, 2016; Sheffler et al., 2022).
The neurodegenerative abnormalities that are consistent with the progression of cerebral malaria are likely to result from the interplay between specific neurotransmitters at various nerve terminals and their receptors. Available reports have shown that these baseline biochemical changes may lead to deteriorations in the histoarchitectural integrity of localized areas of the brain, especially those concerned with the coordination of cognitive, motor, and neurobehavioural activities (Roy et al., 1993; Cha et al., 1998; Suda et al., 2008; Jamwal and Kumar, 2019). In addition, the interplay between neurotransmitters with specific receptor molecules and associated protein expressions has been implicated in the complex cascade mechanisms of cerebral malaria. For instance, dopamine is known to play a central role in modulating cognitive functions, which may be linked to specific dopamine receptor signaling (Cropley et al., 2006). Specifically, the expressions of dopamine D2 receptor within the striatal medium spiny neurons (MSNs) are involved in the flexibility of human cognitive functions (van Holstein et al., 2011), and its defective signaling may alter metabolic activities within the brain while also taking a deregulatory toll on certain neural functions (Bhatia et al., 2022). Interestingly, the progression of cerebral malaria has been shown to trigger overexpression of dopamine D1 and D2 receptors (Kumar and Babu, 2020). The pathological consequence associated with defective signaling of dopamine receptors is the alteration of the structural and functional histoarchitecture of striatal MSNs (Rangel-Barajas et al., 2015). In addition, while excessive dopamine utilization within the prefrontal cortex was found to be consistent with the decline in cognitive functions among experimental animals (Murphy et al., 1996), the neuronal degenerations in the nigrostriatal dopamine signaling pathway can be very detrimental to motor coordination (Krashia et al., 2019). This evidence suggests that dopamine receptors may play an intermediary role between the induction of CM and associated neurodegenerative changes. Therefore, the defective interaction of dopamine with specific dopamine receptors may likely be having a significant implication on the neuropathogenesis of cognitive decline among CM subjects. Moreover, the interference of estrogen with dopaminergic pathways has been used to establish the memory deficits associated with certain neurodegenerative symptoms (Quinlan et al., 2008; Almey et al., 2015; Tozzi et al., 2015; McEwen and Milner, 2017). However, the relationship between sex hormone levels and the molecular pathway of dopamine-dependent neuromodulation in cerebral malaria is unclear. Consequently, the elucidation of these biochemical mechanisms may explain gender-related susceptibility to cerebral malaria. Also, it is possible that the chronic level of oxidative imbalance, occasioned by the presence of highly reactive metabolic by-products of dopamine, such as 3, 4–dihydroxyphenylacetaldehyde, may be involved in the neuroinflammatory pathologic mechanism of cerebral malaria (Miyazaki and Asanuma, 2009; Juárez Olguín et al., 2015; Monzani et al., 2019; Chen et al., 2020).
Furthermore, glutamate signaling is commonly associated with excitatory neurotransmission (Dauvermann et al., 2017). The interaction of glutamate with several receptors at the presynaptic and postsynaptic terminal is known to play important roles in normal brain functioning (Yamaguchi et al., 2011). Of all the L - glutamate receptors, the dense expressions of the N-methyl–D–aspartate (NMDA) receptor within the hippocampus and the cerebral cortex makes it highly critical for mediating learning and memory, or spatial memory activities within the central nervous system (Kumar, 2015). As ionotropic glutamate receptors, the NMDA receptors also confer synaptic plasticity as well as excitotoxic neuronal dysfunctions (Reiner and Levitz, 2018). Apart from the individual functional roles of glutamate and NMDA—glutamate receptors under physiological conditions, their overexpressions have been implicated in the neuropathogenesis of debilitating degenerative conditions (Singh et al., 2019). As a result, potential agents which can function as a specific antagonist of NMDA receptor signaling are currently being explored as ideal drug candidates for the improvement of cognitive decline and other comorbidities associated with cerebral malaria (de Miranda et al., 2017). Also, the metabolic products of glutamate and their baseline interactions with several important biomolecules have been found to play pivotal roles in the initiation and progression of cerebral malaria, and similar to dopamine, metabolic by-products of glutamate oxidation can also worsen the prognosis of cerebral malaria (Kelly and Stanley, 2001; Walker and van der Donk, 2016; Simões et al., 2018). The overstimulation of glutamate release is known to be excitotoxic (Simões et al., 2018), resulting in epileptic seizures commonly manifested in cerebral malaria (Lewerenz and Maher, 2015). Although the exact pathophysiology is unclear, oxidative stress and upregulated mitochondrial dysfunction have been implicated (Atlante et al., 2001). Also, there is an increasing interest in exploring glutamate receptor antagonist as potential neuroprotective agent (de Miranda et al., 2017).
Apart from dopamine and glutamate, available evidence revealed possible alteration in nitric oxide (NO), norepinephrine, histamine, and serotonin (5-HT) (Roy et al., 1993; Enwonwu et al., 1999; Beghdadi et al., 2009a; Miller et al., 2013; Rubach et al., 2015; Yeo et al., 2015; Kempaiah et al., 2016; Oliveira et al., 2017). For instance, the proinflammatory cytokines induce nitric oxide synthase, guanidine triphosphate (GTP) cyclohydrolase I, and indoleamine-pyrrole-2,3-dioxygenase pathways (Busse and Mülsch, 1990; Sakai et al., 1995; Katusic et al., 1998; Dunst et al., 2017). The induction of GTP cyclohydrolase I lead to the generation of tetrahydrobiopterin, a cofactor for nitric oxide synthase and tryptophan hydroxylase (Sakai et al., 1995; Higgins and Gross, 2010), with subsequent generation of nitric oxide and serotonin respectively. Similarly, the induction of indoleamine-pyrrole-2,3-dioxygenase, a regulatory enzyme in the kynurenine pathway, leads to the generation of quinolinic acid, a potent agonist of N-methyl-D-aspartate (NMDA) glutamate receptor (Guillemin et al., 2005; Lugo-Huitrón et al., 2013). Furthermore, enhanced synthesis of histamine has been linked to cerebral malaria-associated pathogenetic processes, including the disruption of BBB, and sequestration of T lymphocytes to cerebral vascular endothelium in mice (Enwonwu et al., 2000; Beghdadi et al., 2009a, 2009b). Also, an increased level of norepinephrine may lead to the potential aggravation of cerebral vasospasm (Zeiler et al., 2014). Therefore, the understanding of the roles of neurotransmitters, and their functional interplay are important not only to better understand pathogenic processes in CM but also for effective drug intervention and drug discovery.
POSSIBLE LINKS AMONG MOLECULAR PLAYERS IN CM PATHOLOGY
The ability of iRBC to induce NF-kB-regulated inflammatory pathways in human cerebral endothelium has been demonstrated (Tripathi et al., 2009), indicating that NF-kB signaling has an important role to play in the pathology of CM (Figure 1). The NF-κB transcription factors have been implicated in many key physiological and pathophysiological processes, such as regulation of expression of genes needed for inflammation and immune responses, as well as cell proliferation, and apoptosis. In the central nervous system, the NF-κB is involved in diverse functions, including neuroinflammation. It is constitutively expressed in glutamatergic neurons, such as the cerebral cortex and hippocampus, serves neuroprotective roles, and is implicated in learning and memory. Both canonical and non-canonical NF-kB pathways are involved and serve to regulate gene transcription, including those involved in inflammatory processes, such as cytokines, chemokines, adhesion molecules, and proinflammatory enzymes and transcription factors. NF-κB is also found in glial cells, where its induction leads to the regulation of inflammatory processes that exacerbate neurodegenerating diseases, such as Alzheimer’s disease [reviewed here (Kaltschmidt and Kaltschmidt, 2009; Shih et al., 2015)]. These findings underscore the importance of NF-kB in immune responses to malaria infection (Bąska and Norbury, 2022) and may therefore serve as a critical link between the proposed vascular and inflammation hypotheses of CM pathology (Figure 1). Interestingly, chaperones are known to play functional roles in many processes regulated by NF-kB pathways (Fusella et al., 2020). Such roles depend on the regulated processes as well as on whether these chaperones are constitutively expressed or inducible. For instance, several lines of evidence have validated the inhibitory effects of upregulation of human Hsp70 on the induced expression of TNF-α and IL-6, and the activation of NF-κB (Senf et al., 2008; Wang C.-H. et al., 2017; Lyu et al., 2020) (Figure 1). However, the inhibition of Hsc70 by deoxyspergualin and the siRNA knocked down variant of Hsc70, significantly decreased nuclear translocation and neuronal activity of NF-κB p65. This suggests that Hsc70 may likely be involved in the activation, rather than inhibition of NF-κB (Klenke et al., 2013, 65). In addition, beyond the protein folding and chaperoning, available evidence has also implicated chaperones of the heat shock proteins as critical regulator of normal neuronal physiological functions, including neurotransmission. Essentially, chaperones, especially Hsc70 and human Hsp70 (HSPA1A), and their counterpart DNAJ have been implicated in the vesicular storage of neurotransmitters, release into the synaptic cleft, reforming and recycling of the vesicular membrane, postsynaptic interaction, and G-protein signaling [reviewed here (Stetler et al., 2010)]. For instance, recent evidence has shown that in response to dopamine-induced oxidative assaults on other proteins concerned with neurodegeneration, molecular chaperones are commonly expressed as endogenous mechanisms for curtailing protein aggregation (Webster et al., 2019). These chaperones, including Hsp27 and αβ—crystallin (Hayashi et al., 2021), as well as Hsp 40 and Hsp70 (Hu et al., 2021), were able to prevent the aggregation of certain proteins that are associated with the progression of parkinsonism (Hayashi et al., 2021). Interestingly, the induction of Hsp70 molecular chaperone in the dopaminergic neurons has been associated with neurodegeneration (Pastukhov et al., 2013; Smith et al., 2015; Zhang et al., 2018). Nevertheless, the effects of dopamine oxidation on the structural and functional integrities of human and plasmodial Hsp70 and its implication on the pathogenesis of cerebral malaria, remain unclear. However, it is clear that for any CM-mediated neurotransmitter alteration to take place, the malaria parasite needs molecular chaperones for continuous survival and development. Indeed, the presence of Hsp70 in dopaminergic neuron suggest a potential functional relationship. Furthermore, the induction of pro-inflammatory cytokines following cytoadherence and rupturing of pRBC to release malaria toxins (PfHz and glycosylphosphatidylinositol) is linked to the induction of cascade of biochemical pathways that are critical for the establishment of CM (Storm and Craig, 2014b; Storm et al., 2019) (Figure 1). While the induction of nitric oxide synthase and GTP cyclohydrolase I lead to the increased production of serotonin (Katusic et al., 1998), induction of indoleamine-pyrole-2,3-dioxygenase leads to the generation of quinolinic acid, a potent agonist of NMDA receptor (Guillemin et al., 2005; Liu et al., 2015) (Figure 1). Interestingly, nitric oxide is also known to modulate NMDA receptor and may inhibit cytoadherence of pRBC (Hopper et al., 2004). However, the inhibitory effect of PfHz on human Hsp70 can be reversed in the presence of glutamine (Kempaiah et al., 2016) (Figure 1). Therefore, chaperones may be the important link among the many molecular players in the pathophysiology of cerebral malaria (Figure 1). The interrelationship between chaperones and other associated molecular indices (Figure 1) may likely be a promising target for the development of novel drug candidates for the effective treatment of cerebral malaria.
[image: Figure 1]FIGURE 1 | Potential chaperones linked neurotransmitter pathways of the inflammation pathophysiologic mechanism of cerebral malaria. PfEMP1 is P. falciparum erythrocyte membrane protein 1; PfHz is hemozoin; PfHRPII is P. falciparum histidine-rich protein II; In red boxes are the pro-inflammatory cytokines inducers; In green boxes are the potentially major players in the inhibition of pro-inflammatory cytokines; In black boxes are downstream biochemical cascade potentially linked to the neurological syndrome in cerebral malaria; - and + signs indicate inhibition and induction respectively; ? With dotted double or single-faced arrows are potential functional relationships that are yet to be or partially investigated respectively; - and + signs with arrows are reported functional relationships with HSPA1A, but not for plasmodial Hsp70 chaperones.
POTENTIAL USEFULNESS OF KNOWN CHAPERONES TARGETED SMALL MOLECULE INHIBITORS IN CM
Several reports have shown that heat shock proteins are promising antimalarial drug targets (Pesce et al., 2010; Shonhai, 2010; Shrestha et al., 2016; Daniyan and Blatch, 2017; Daniyan et al., 2019b; Daniyan, 2021). Despite the potential for compensatory upregulation of some heat shock proteins when one is inhibited (e.g., Hsp90 and Hsp70) (Posfai et al., 2018), the essentiality of some members of the heat shock proteins family, their unique functional features, and their ability to form functional networks, not only make their inhibition lethal but that such inhibition could cause a wave of deleterious consequences on the down-stream biochemical processes that these functional networks influence (Pavithra et al., 2007; Daniyan et al., 2019a; Daniyan and Ojo, 2019). Today, small molecule inhibition of plasmodial heat shock proteins has shown promise in reversing P. falciparum - induced drug resistance, while also synergizing with traditional antimalarial drugs (Shahinas et al., 2013b; Cockburn et al., 2014; Posfai et al., 2018). Chalcones, polyphenols, terpenoids, alkaloids, and peptides are among the well-tested classes of small molecule inhibitors of heat shock proteins Table 1 [reviewed here (Anokwuru et al., 2021; Daniyan, 2021)]. While there are evidence that some may help in preventing the breakdown of the blood-brain barrier (BBB) (Kam et al., 2012), their potential usefulness in cerebral malaria is largely unexplored.
TABLE 1 | Features of selected small molecule inhibitors of molecular chaperones with antimalarial/antiplasmodial activities.
[image: Table 1]Chalcones possess several biological activities and have shown promise in antimalarial drug discovery (Singh et al., 2014; Murwih Alidmat et al., 2021; Salehi et al., 2021). The reported potent antimalarial activity of a novel oxygenated chalcone, 2,4-Dimethoxy-4′-Butoxychalcone, against Plasmodium falciparum in vitro, and Plasmodium berghei and Plasmodium yoelii in vivo (Chen et al., 1997), suggest a possible role for chalcone in the management of cerebral malarial. However, an important limitation is their low bioavailability (Mathew et al., 2016; Sinha et al., 2021), necessitating the need for improvement in the design of chalcone derivatives. Polyphenols, on the other hand, can suppress neuroinflammation, as well as promote memory, learning, and cognitive function (Vauzour, 2012; Figueira et al., 2019). They are neuroprotective, possibly via neuronal protection against oxidative stress and inflammatory injury (Filosa et al., 2018). While some polyphenols, such as epigallocatechin, daidzein, genistein, equol, and nobiletin, are reported to show high BBB permeability, others like apigenin, and kaempferol, as well as epicatechin, and curcumin showed medium to no permeability (Figueira et al., 2017, 2019; Shimazu et al., 2021). Interestingly, epigallocatechin-3-gallate, an essential polyphenol in green tea, has demonstrated antiplasmodial activity and inhibited both the chaperone and ATPase activity of Hsp90 and plasmodial Hsp70 (Tran et al., 2010; Moses et al., 2015; Zininga et al., 2017b). These reported dual inhibitory activities on Hsp90 and Hsp70 chaperones, coupled with the ability to cross the BBB, and protect neurons (Youn et al., 2022), suggest that epigallocatechin-3-gallate may be a promising candidate in the management of cerebral malaria. In addition, curcumin, another neuroprotective polyphenol (Chin et al., 2013; Wang X.-S. et al., 2017; Subedi and Gaire, 2021), has severally been shown to have potential as adjuvant therapy in ameliorating neurological syndrome in cerebral malarial despite its poor bioavailability (Jain et al., 2013). However, recent evidence has shown that the use of nano-formulated and liposome-incorporated curcumin has the potential to improve the bioavailability and biological activity of curcumin (Dende et al., 2017; Martí Coma-Cros et al., 2018). Moreover, curcumin modulates NMDA receptors and protects against NMDA and glutamate-induced toxicity (Matteucci et al., 2011; Mallozzi et al., 2018; Simões et al., 2018). Therefore, polyphenols are a promising class of small molecules in the management of cerebral malarial.
Meanwhile, alkaloids remain one of the oldest and most popular classes of compounds whose members have found usefulness for decades as antimalarial agents. The most popular member of this group is quinine (Kaur et al., 2009). Quinine, given within the recommended doses, is safe, and at higher doses with proper monitoring, the benefits often outweigh the exaggerated toxicity (White et al., 1982; Pussard et al., 2003). Moreso, quinine, though an old friend, still has a comparable level of effectiveness with newer artesunate despite the reported superiority of parenteral artesunate (Dondorp et al., 2010; Eltahir et al., 2010; Sinclair et al., 2012; Abdallah et al., 2014). However, though available evidence suggests that quinine does not freely cross the BBB (Silamut et al., 1985), quinine uptake into the brain can be increased by inhibition of P-glycoprotein (Pussard et al., 2007). Thus, inhibition of P-glycoprotein may improve the effectiveness of quinine in cerebral malaria through enhanced uptake into the brain. Also, quinine could modulate the expression of some plasmodial proteins, including enolase (PF3D7_1015900), endoplasmic reticulum-resident calcium-binding protein (PF3D7_1108600), chaperonin (PF3D7_1213500), the host cell invasion protein (PF3D7_1027300) and proteins related to redox processes (PF3D7_0827900) (Segura et al., 2014). In addition, quinine has been shown to decrease serotonin production via competitive inhibition of tryptophan hydroxylase in the presence of tryptophan (Islahudin et al., 2014), suggesting a potential mechanism of quinine action in cerebral malaria. Other members of the alkaloid class of compounds that have shown antimalarial properties and demonstrated Hsp90 inhibitory activities include ganetespib, harmine, PU-H71, geldanamycin (GA), and its analogs, 17-dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG) and 17-allyamino-17-demethoxygeldanamycin (Shahinas et al., 2013a, 2013b; Posfai et al., 2018). The available report shows that geldanamycin could prevent focal ischemia in the brain, possibly by stimulating heat shock gene transcription (Lu et al., 2002). The synergistic ability of PU-H71 with chloroquine (Shahinas et al., 2013b), suggests that these compounds can be combined with existing antimalarial agents to improve treatment outcomes and reduce resistance. Also, a marine prenylated alkaloid, malonganenone A was shown to possess the antimalarial activity and selectively inhibit plasmodial Hsp70 (Cockburn et al., 2014).
Furthermore, terpenoids, which are the most abundant and structurally diverse secondary metabolites, possess a wide range of pharmacological activities, including antimalarial effects and heat shock protein inhibitory activities (Wang et al., 2005; Gabriel et al., 2018; Anokwuru et al., 2021). For instance, gedunin, kotschyins D, celastrol, and fusicoccane have been shown to inhibit Plasmodial Hsp90 and/or induced degradation of Hsp90-dependent client proteins (Westerheide et al., 2004; Brandt et al., 2008; Zhang et al., 2008; Piaz et al., 2012; Patwardhan et al., 2013; D’Ambola et al., 2019). Interestingly, celastrol also induces increased expression of human Hsp70 and protects motor neurons from excitotoxicity (Westerheide et al., 2004; Petrović et al., 2019). It is tempting to postulate that celastrol may find usefulness in cerebral malarial as evidence has shown that increased expression of Hsp70 prevents the production of inflammatory mediators via inhibition of NF_kB, (Kempaiah et al., 2016). In addition, a peptide antibiotic, polymyxin B, and an immunosuppressant, deoxyspergualin, have also demonstrated antimalarial activities (Anokwuru et al., 2021). Polymyxin B showed inhibitory activities on PfHsp70-1 (PF3D7_0818900) and PfHsp70-z (PF3D7_0708800) (Zininga et al., 2017a).
Therefore, while there are limitations, such as limited or inability to cross the blood-brain barrier, and limited to lack of information on the effects of these small molecules on brain neurotransmitters, there is more than enough evidence to propel further research into their potential usefulness in the treatment or as adjuvant therapy to mitigate the deleterious effects of the associated neurological syndrome in cerebral malaria.
SEARCHING FOR NEW DRUG CANDIDATES FROM NATURAL PRODUCTS
Plants and other natural sources have been the bedrock of drug discovery over the years (Balunas and Kinghorn, 2005; Ahmad et al., 2006; Gurib-Fakim, 2006; Dzoyem et al., 2013). They are not just serving as sources of drug candidates, they have and still are been used in traditional medicine as worthy alternatives to orthodox drugs (Ahmad et al., 2006; Amoateng et al., 2018). Many of the tested small molecules are from these natural sources [reviewed here (Anokwuru et al., 2021; Daniyan, 2021)]. Many medicinal plant products have shown antimalarial, and/or neuroprotective abilities (Kaur et al., 2009; Mahomoodally, 2013; Amoateng et al., 2018; Erhirhie et al., 2021), and may therefore find usefulness in the management of cerebral malarial. Apart from those already mentioned and discussed, Table 2 provided a list of some medicinal plants’ derived compounds with neuroprotective and/or antimalarial activities which may find usefulness in cerebral malarial.
TABLE 2 | Some medicinal plants’ derived compounds with neuroprotective and/or antimalarial properties.
[image: Table 2]CONCLUSION
Cerebral malaria is a deadly complication of severe P. falciparum malaria, with many survivors left to cope with long-term neurological deficits. A thorough understanding of the functional interplay among major molecular players, including molecular chaperones, neurotransmitters, and NF-kB signaling, in the pathology of CM, is critical for the development of a new treatment approach, and a new focus on antimalarial drug discovery. With their ubiquitous nature, multi-functional activities in the central nervous systems, and NF-kB signaling pathways, host heat shock protein chaperones, maybe the critical link amidst these molecular players. However, while functional interactions between host and parasite proteins are well established, the functional interplay between plasmodial heat shock proteins, especially the exported chaperones, and other molecular players (neurotransmitters, NF-kB, etc), requires further investigations.
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The heat shock protein 40 (Hsp40) family, also called J domain proteins (JDPs), regulate their Hsp70 partners by ensuring that they are engaging the right substrate at the right time and in the right location within the cell. A number of JDPs can serve as co-chaperone for a particular Hsp70, and so one generally finds many more JDPs than Hsp70s in the cell. In humans there are 13 Hsp70s and 49 JDPs. The human malaria parasite, Plasmodium falciparum, has dedicated an unusually large proportion of its genome to molecular chaperones, with a disproportionately high number of JDPs (PfJDPs) of 49 members. Interestingly, just under half of the PfJDPs are exported into the host cell during the asexual stage of the life cycle, when the malaria parasite invades mature red blood cells. Recent evidence suggests that these PfJDPs may be functionalizing both host and parasite Hsp70s within the infected red blood cell, and thereby driving the renovation of the host cell towards pathological ends. PfJDPs have been found to localize to the host cytosol, mobile structures within the host cytosol (so called “J Dots”), the host plasma membrane, and specialized structures associated with malaria pathology such as the knobs. A number of these exported PfJDPs are essential, and there is growing experimental evidence that they are important for the survival and pathogenesis of the malaria parasite. This review critiques our understanding of the important role these exported PfJDPs play at the host-parasite interface.
Keywords: heat shock proteins, J domain proteins, molecular chaperones and co-chaperones, Plasmodium falciparum, protein export, protein folding
INTRODUCTION
The malaria parasite, Plasmodium falciparum, invades the cells of its human host, enabling it to evade the immune system and ultimately harness the cellular machinery to propagate itself and cause severe pathology. Surrounded by a self-created parasitophorous vacuole (PV) within human erythrocytes, the malaria parasite renovates the host cell by exporting over 400 parasite proteins, including a number of heat shock proteins, which oversee protein folding as molecular chaperones and co-chaperones (Hiller et al., 2004; Marti et al., 2004; Jonsdottir et al., 2021). An important co-chaperone family, the P. falciparum J domain proteins (PfJDPs; also called heat shock protein 40 s, Hsp40s), are localized to almost every compartment of the infected erythrocyte, with arguably the greatest number of exported members of any protein family (Sargeant et al., 2006; Botha et al., 2007; Dutta et al., 2021a; Figure 1). Furthermore, many of the exported PfJDPs are expressed in the early stages of the asexual phase of the malaria parasite life cycle (Bozdech et al., 2003), consistent with their proposed critical role in the export of other malaria proteins and survival during febrile episodes (Dutta et al., 2021a). Indeed, there is growing evidence that these exported PfJDPs are key players in the survival and pathogenesis of the malaria parasite. The following sections of this review provide a critique of our understanding of the important role that these exported PfJDPs play at the host-parasite interface of malaria pathology.
[image: Figure 1]FIGURE 1 | Schematic representation of the exported PfJDPs. The PlasmoDB accession numbers/common name, essential nature, type, domain organization (not to scale), and number of amino acids are shown. The domains of the PfJDPs shown are the signature J domain (blue) which stimulates the ATPase activity of Hsp70, the glycine/phenylalanine/serine (GFS)-rich region (green) involved in regulation of protein substrate binding by Hsp70, the C-terminal domain (grey) involved in substrate binding and dimerization, the PEXEL motif required for export through the PTEX, and the PHIST domain (yellow) and MEC motif (red) involved in binding to the erythrocyte cytoskeleton. Certain PfJDPs (type IVs) have a J domain where the highly conserved histidine-proline-aspartic acid (HPD) motif is altered (blue with dashed border).
THE DIVERSITY, STRUCTURE AND FUNCTION OF PFJDPS
There are at least 49 PfJDPs encoded on the P. falciparum genome, far more than any other Plasmodium species (Njunge et al., 2013). All JDPs by definition contain a signature J domain (Kampinga et al., 2019), which contains a highly conserved histidine-proline-aspartic acid (HPD) motif, and is essential for regulation of the chaperone activity of partner heat shock protein 70 s (Hsp70s) (Hennessy et al., 2005). There are a number of other domains which have been used to categorize JDPs into four types (types I-IV; Botha et al., 2007). Interestingly, the HPD motif was thought to be invariant, until the discovery of the type IV JDPs containing a non-conserved HPD motif (Botha et al., 2007).
The Plasmodium export element (PEXEL; Hiller et al., 2004; Marti et al., 2004) has been shown to tag many P. falciparum proteins for export through the Plasmodium translocon of exported proteins (PTEX; de Koning-Ward et al., 2009; Beck et al., 2014; Elsworth et al., 2014; Elsworth et al., 2016). While the PEXEL was initially identified on 19 PfJDPs (Botha et al., 2007; Njunge et al., 2013; Pesce and Blatch 2014), recent revisions have indicated 18 PEXEL-containing PfJDPs (Dutta et al., 2021a). Therefore, at least 18 PfJDPs are proposed to be exported into the infected erythrocyte based on the presence of a PEXEL; three type II, four type III and eleven type IV PfJDPs (Figure 1).
The exported PfJDPs appear to be critical for survival and pathogenesis of the malaria parasite, through their essential nature (4/18; Zhang et al., 2018; Figure 1), involvement in protein folding of exported virulence proteins (e.g., PFE0055c and PFA0660w associated with “J Dots”; Külzer et al., 2010; Külzer et al., 2012; Behl et al., 2019), requirement for growth or survival under febrile conditions (e.g., PFA0110w, the ring-infected erythrocyte surface antigen protein, RESA; Silva et al., 2005; Diez-Silva et al., 2012) and involvement in pathogenesis (e.g., PF10_0381; knockout causes loss of knobs; Maier et al., 2008). Of the 6 PfHsp70s expressed by the malaria parasite (Shonhai et al., 2007; Przyborski et al., 2015; Shonhai et al., 2021), PfHsp70-x appears to be the only member exported into the cytosol of the infected host erythrocyte (Külzer et al., 2010; Külzer et al., 2012; Grover et al., 2013), even though it lacks a PEXEL motif (Rhiel et al., 2016). Interestingly, the host cytosol appears to contain human chaperones and co-chaperones, including JDPs (which are likely to be non-functional remnants; Pasini et al., 2006; van Gestel et al., 2010) and significant levels of functional human Hsp70. (e.g., HSPA1A, also called Hsp72; referred to here as hHsp70), occurring free or in complex with Hsp90 and the Hsp70/Hsp90 organising protein, Hop (Banumathy et al., 2002). Furthermore, evidence is emerging that certain exported PfJDPs are capable of functionally interacting with PfHsp70-x, or hHsp70, or both Hsp70s (Dutta et al., 2021a; Diehl et al., 2021).
The structures of the ATPase (Day et al., 2019) and substrate binding (Schmidt and Vakonakis, 2020) domains of PfHsp70-x have been elucidated, as has the structure of the J domain of the exported PfJDP, PFA0660w (Day et al., 2019). In addition, molecular modelling revealed that helix II of the PFA0660w J domain makes a primary interface with the ATPase domain of PfHsp70-x (Day et al., 2019). Comparative molecular modelling suggested that the PFA0660w J domain-PfHsp70-x complex was less stable than that of another exported PfJDP (PFE0055c J domain-PfHsp70-x complex) (Dutta et al., 2021b). The functional differences between PFA0660w and PFE0055c were attributed to the J domain helix II of PFA0660w being less positively charged than the more typical J domain of PFE0055c. Interestingly, a multiple sequence alignment and surface electrostatic potential analysis of the J domains of all the exported PfJDPs revealed that the positive nature of the J domain helix II appears to decrease going from type II to type IV, with the type IVs exhibiting significant negative charge or hydrophobicity (Figure 2; Supplementary Figure S1). These J domain surface differences together with the considerable variations in the HPD motifs for the type IVs, suggests that the structural and functional nature of the association, if any, between the different types of exported PfJDPs and Hsp70 (PfHsp70-x or hHsp70) are likely to be considerably different.
[image: Figure 2]FIGURE 2 | Multiple sequence alignment and molecular modelling of the J domains of exported PfJDPs. (A) Multiple sequence alignment of the J domains of the 18 exported PfJDPs proteins. The proteins are defined by either their PlasmoDB accession number or common name in the first column, and the roman numerals in brackets refer to the type of JDP. Colored in black are identical amino acids (in at least 50% of the aligned sequences), colored in light grey are similar amino acids (in at least 50% of the aligned sequences), and colored in white are the amino acids with no identity or similarity. The default categories for similar amino acids were applied to the multiple sequence alignment (ILV, FWY, KRH, DE, GAS, P, C and TNQM). The row titled “Consensus” are the common consensus symbols of the multiple sequence alignment: an * (asterisk) indicates positions which have a single, fully conserved residue; a: (colon) indicates conservation between groups of strongly similar properties; and a. (period) indicates conservation between groups of weakly similar properties. The row titled “Conserved” refers to residues previously found to be highly conserved across J domains of different origins, with the residues defined at the bottom of the alignment (Hennessy et al., 2000; Hennessy et al., 2005). The protein helices and loop region are defined by bidirectional lines on top of the alignment. Highlighted in red shading is the HPD motif. The alignment was created using Clustal Omega (Sievers and Higgins, 2018) and rendered with box shading using Multiple Align Show (Stothard, 2000). (B) Three dimensional models of the J domains of PFE0055c type II (green), PfJ3 type III (red), and RESA type IV (blue) to illustrate the conserved HPD and RK motif (grey sticks). The positive charge is shown in blue colored surface, the negative charge is shown in red colored surface and the neutral potential are shown in white colored surface. The surface electrostatic potential was calculated by APBS. The models were prepared using SWISS-MODEL (Waterhouse et al., 2018; the template structures are listed in Supplementary Table S1) and graphically rendered using PyMol 2.5.2 (PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC).
J DOTS IN THE HOST CYTOSOL CONTAIN PFJDPS AND PFHSP70-X
J Dots are highly mobile lipid-containing protein complexes found within the malaria parasite-infected erythrocyte cytosol (Külzer et al., 2010; Külzer et al., 2012; Petersen et al., 2016). Localization and immunoprecipitation studies have convincingly detected the exported type II PfJDPs, PFA0660w and PFE0055c, and PfHsp70-x in J Dots, which suggested that they formed a functional partnership in the host cytosol. However, these may not be the only J Dot chaperone partnerships, as an exported type IV PfJDP, called eCiJP (PF11_0034; a paralogue of PF10_0381), has recently been reported to localize to J-Dots (Sahu et al., 2022). There is also evidence that J Dots associate with P. falciparum erythrocyte membrane protein 1 (PfEMP1), leading to the proposal that they may be involved in the trafficking of this major virulence factor (Külzer et al., 2012). These findings have been corroborated by biochemical studies on PFA0660w, PFE0055c and PfHsp70-x. PFA0660w was found to be highly effective at protein aggregation suppression, and both PFA0660w and PFE0055c were shown to be capable of specifically stimulating the basal ATPase activity of PfHsp70-x and not hHsp70 (Daniyan et al., 2016; Daniyan and Blatch 2017; Dutta et al., 2021b). These steady-state ATPase assays were conducted under saturating ATP concentrations which favour chaperone-co-chaperone over chaperone-substrate interactions, and in the case of PFE0055c could be inhibited by a J domain-specific inhibitor (chalcone C86), suggesting that PFA0660w and PFE0055c form specific co-chaperones partnerships with PfHsp70-x. PFE0055c stimulated the ATPase activity to a much greater extent than PFA0660w, and molecular modelling suggested that PFE0055c formed a more stable complex with PfHsp70-x than did PFA0660w (Dutta et al., 2021b). Furthermore, biochemical studies have shown that PfHsp70-x was capable of simultaneously associating with cholesterol-bound PFA0660w and PfEMP1 to form a stable complex (Behl et al., 2019). In contrast, biochemical studies using just the J domain of PFA0660w and PFE0055c (Day et al., 2019) or a PFA0660w J domain-substrate fusion construct (Diehl et al., 2021) have provided evidence that they may be capable of functional interaction with both PfHsp70-x and hHsp70. The inconsistency between the biochemical studies on full-length versus J domain proteins with respect to the hHsp70 findings, could be due to differences in the nature of the assays. However, it is also likely that the full-length PfJDPs contain regions beyond the J domain that determine co-chaperone-chaperone specificity. This interpretation is consistent with structural analyses of the interaction between PFA0660w and PfHsp70-x, which indicated that they associated in a bipartite manner requiring both the J domain and the G/F region of PFA0660w (Behl and Mishra 2019).
EXPORTED PFJDPS PLAY A KEY ROLE IN MALARIA PATHOLOGY
The third exported type II PfJDP (PFB0090c, also called knob-associated Hsp40, KAHsp40; Acharya et al., 2012), has not been reported to associate with PfHsp70-x or with J Dots, despite significant structural similarity to the other type II PfJDPs. In contrast, PFB0090c has been shown to associate with PTEX and knobs, and is proposed to be involved in the trafficking, folding, and assembly of knob protein complexes (Acharya et al., 2012). Knob complexes appear to contain human chaperones and co-chaperones in a highly complexed state (Hsp70, Hsp90 and Hop), and there is evidence that hHsp70 plays a role in assembly of knobs (Banumathy et al., 2002; Alampalli et al., 2018). It is tempting to speculate that PFB0090c is the co-chaperone recruiting hHsp70 to knobs. However, knock-out studies and associated genetic and biochemical analyses suggested that PFA0660w was also involved in knob formation and cytoadherence in collaboration with hHsp70 (Diehl et al., 2021). Interestingly, all of the exported type II PfJDPs (PFB0090c, PFA0660w, and PFE0055c) have been shown to functionally interact with hHsp70 using a heterologous yeast two-hybrid complementation assay (Jha et al., 2017). However, this assay did not test for functional association between PfJDPs and PfHsp70-x, and the biochemical and biophysical nature of the interactions were not investigated.
There are four exported type III PfJDPs (PFB0920w, PFL0055c, PF10_0378/Pfj3 and PF11_0513), three of which contain the Plasmodium helical interspersed sub-telomeric (PHIST) domain (Sargeant et al., 2006; Oakley et al., 2007; Oakley et al., 2011; Figure 1). Four exported type IV PfJDPs (PF11_0509/RESA3, PF11_0512/RESA2, PFA0110w/RESA and PFB0085c; Figure 1) also contain the PHIST domain (Figure 1). All of these PHIST-containing PfJDPs also contain the MEC (MESA erythrocyte cytoskeleton-binding) motif found in five other exported type IV PfJDPs (PFE0040c/mature parasite-infected erythrocyte surface antigen [MESA], PFA0675w, PFB0925w, PF10_0381, PF11_0034/eCiJP; Bennett et al., 1997; Kilili and LaCount 2011; Njunge et al., 2013; Figure 1; Supplementary Figure S2). PHIST proteins are proposed to play an important role in trafficking of PfEMP1 proteins and the modulation of membrane rigidity and cytoadherence in parasite-infected erythrocytes (Kumar et al., 2019). Therefore, the presence of the MEC motif and the PHIST domain in these PfJDPs, is consistent with the proposed role of many of these proteins in remodelling at the cytoskeleton-membrane interface of the infected erythrocyte. RESA is arguably the most extensively studied exported PfJDP, and has been shown to play a key role in modulation of the rigidity of the infected erythrocyte membrane (Silva et al., 2005; Maier et al., 2008). RESA associates with spectrin and stabilizes its tertiary structure (Pei et al., 2007), and its effect on the cytoskeleton decreases the deformability of the infected erythrocyte, and protects the membrane during febrile episodes (Silva et al., 2005; Mills et al., 2007; Diez-Silva et al., 2012). The MEC motif enables MESA to bind to erythrocyte protein 4.1, thereby tethering it to the cytoskeleton (Coppel 1992; Bennett et al., 1997; Waller et al., 2003; Black et al., 2008); and MESA has been implicated in erythrocyte membrane modification (Coppel et al., 1988). However, the absence of MESA does not seem to have an influence on cytoadhesion (Petersen et al., 1989; Cooke et al., 2002). PF10_0381 has been implicated in knob formation (Maier et al., 2008), while its paralogue, eCiJP, has been shown to associate with the erythrocyte cytoskeleton, and potentially recruit hHsp70 to this location (Sahu et al., 2022; Figure 1). Apart from this report for eCiJP, there are virtually no reports on the interaction of type IV PfJDPs with Hsp70s (PfHsp70-x or hHsp70). Whether these proteins function as co-chaperones of Hsp70s remains to be determined.
EXPORTED PFJDPS AS DRUG TARGETS
Very few small molecule inhibitors have been identified that bind specifically to JDPs (e.g., phenoxy-N-arylacetamides; Cassel et al., 2012). In addition, the identification of inhibitors that can directly disrupt the interaction between JDPs and Hsp70s is challenging, as the interaction is transient and the binding sites are located on the surface of the protein as shallow exposed clefts which are recalcitrant to small molecule association (Pesce et al., 2016). Nevertheless, recent advances in our understanding of PfJDP-PfHsp70 interactions and their inhibition, suggests that they are a promising target for anti-malarial drug development (Daniyan and Blatch, 2017; Dutta et al., 2021a). Pyrimidinones have shown potential as protein-protein interaction inhibitors when tested on the parasite-resident PfJDP-PfHsp70 system (Botha et al., 2011). In contrast, naphthoquinones and prenylated alkaloids were identified that functionally disrupted the exported PfHsp70-x and its interaction with JDPs (Cockburn et al., 2014). The most promising inhibitor was the prenylated alkaloid, malonganenone A (MalA), where side-by-side inhibition assays conducted on JDP-PfHsp70-x and JDP-hHsp70 showed that MalA had no effect on the basal ATPase activity of both Hsp70s, and yet significantly inhibited the JDP-stimulated ATPase activity of PfHsp70-x but not that of hHsp70 (Cockburn et al., 2014). MalA has significant anti-malarial activity, but low cytotoxicity to human cell lines (Cockburn et al., 2011), suggesting that it is a promising small-molecule candidate for the development of specific inhibitors of the exported PfJDP-PfHsp70-x system. Chalcones represent another class of small molecules found to have anti-malarial activity (Sinha et al., 2019; Qin et al., 2020), and to inhibit JDP-hHsp70 interaction (Moses et al., 2018). Interestingly, chalcone C86 (3-nitro-2′,4′,6′-trimethoxychalcone) was found to bind to the J domain of JDP families A-C, indicating that it was a pan-inhibitor of JDPs (Moses et al., 2018). Recently, it was found that C86 also inhibited PfJDP-PfHsp70-x interaction (Dutta et al., 2021b). While C86 had no effect on the basal ATPase activity of PfHsp70-x, it significantly inhibited the PFE0055c-stimulated ATPase activity of PfHsp70-x (Dutta et al., 2021b). Notably, significant inhibition was only observed when C86 was pre-incubated with PFE0055c prior to the addition of PfHsp70-x. This finding is consistent with C86 binding specifically to the region of the J domain of PFE0055c that makes contact with PfHsp70-x (Dutta et al., 2021a). Molecular modelling of a predicted complex suggests that C86 makes major contacts with previously identified residues of helix II of the PFE0055c J domain involved in binding to the PfHsp70-x ATPase domain (Figure 3). This model provides a rationale for the development of C86 chemotypes, with the aim of identifying high affinity derivatives with specificity for PfJDPs. Given that the exported PfJDP, PFE0055c, is essential (Zhang et al., 2018), the inhibition of its functional interaction with PfHsp70-x represents an important interface for anti-malarial drug development.
[image: Figure 3]FIGURE 3 | Predicted model of a complex of the small molecule inhibitor C86, PFE0055c J domain and PfHsp70-x ATPase domain. (A) Overall binding pose of C86 (middle) to the complex formed between the PfHsp70-x ATPase domain (top) and the PFE0055c J domain (bottom). (B) Focused view of c86 binding to the complex. (C) Detailed view of residues interacting with C86. The surface (set at 60% transparency) is colored according to amino acid hydrophobicity using the Kyte-Doolittle scale (with dodger blue representing more hydrophilic, to white, to orange red representing more hydrophobic residues). The cartoon representation underneath the surface depicts the secondary structure elements in the PfHsp70-x ATPase domain (purple) and PFE0055c J domain (green). The roman numerals (I to IV) mark the four helices of the PFE0055c J domain. C86 as well the interacting residues of the complex have been shown using the element color scheme (using red, blue and grey for oxygen, nitrogen and carbon, respectively). The carbons in C86 are depicted using dark grey while its interacting residues are colored in light grey. The residues are shown as sticks, and the numbering refers to their position in the full length protein. The predicted hydrogen bonds were identified using LigPlot + version 2.2.5 (https://www.ebi.ac.uk/thornton-srv/software/LigPlus/; Laskowski and Swindells, 2011), and have been rendered using FindHBond option in Chimera in relaxed mode and depicted using dotted lines (black). The lengths of the larger and the smaller hydrogen bonds are 2.74 Å and 2.32 Å, respectively. The PfHsp70-x ATPase domain-PFE0055c J domain complex was obtained using HADDOCK2.2 (Dutta et al., 2020a) while AutoDock Vina (https://vina.scripps.edu/; Trott and Olson, 2010) was used to dock C86 into this complex. Images for the 3D structures were rendered using UCSF Chimera 1.10.1 (https://www.cgl.ucsf.edu/chimera/), using one of the nine best binding conformations of C86.
CONCLUSION
There is solid evidence that certain exported type II PfJDPs (PFA0660w and PFE0055c) functionally associate with PfHsp70-x (Daniyan et al., 2016; Dutta et al., 2021b), and are core components of J Dots potentially involved in the trafficking and folding of virulence factors (Külzer et al., 2010; Külzer et al., 2012; Petersen et al., 2016; Behl et al., 2019). However, there is also emerging evidence that these PfJDPs play a role in knob formation (PFB0090c, Acharya et al., 2012), potentially in association with hHsp70 (PFA0660w, Diehl et al., 2021). Furthermore, a type IV PfJDP (eCiJP) was recently reported to associate with both J Dots and the erythrocyte cytoskeleton, with the latter potentially involving interaction with hHsp70 (Sahu et al., 2022). Based on the presence of the PHIST domain and MEC motif, it would not be surprising if many of the exported type III and type IV PfJDPs are found to associate at the cytoskeleton-membrane interface, and to be involved in recruitment of hHsp70 for remodeling purposes. Detailed mechanistic studies will no doubt shed light on this fascinating host-parasite interface, and elucidate the novel manner in which these exported PfJDPs interact with their partner Hsp70s (PfHsp70-x or hHsp70) to trigger the assembly of erythrocyte cytoskeleton and knob-associated proteins. While there is a need to continue exploring the role of exported PfJDPs in P. falciparum-infected erythrocytes, there is a pressing need to investigate their role in other stages of the parasite life cycle. For example, apart from studies on the type IV PfJDP, P. falciparum gametocyte erythrocyte cytosolic protein (PfGECO/PFL2550w; Morahan et al., 2011; Figure 1), there have been limited studies on PfJDPs expressed in the gametocyte stage. Given the role of these exported PfJDPs in the pathogenesis of malaria, and the evidence indicating that their function can be inhibited, the elucidation of their protein networks across the entire parasite life cycle is needed to fully understand their biological role, and to reveal further novel anti-malarial drug targets.
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Plasmodium falciparum Hsp70-1 (PfHsp70-1; PF3D7_0818900) and PfHsp90 (PF3D7_0708400) are essential cytosol localized chaperones of the malaria parasite. The two chaperones form a functional complex via the adaptor protein, Hsp90-Hsp70 organizing protein (PfHop [PF3D7_1434300]), which modulates the interaction of PfHsp70-1 and PfHsp90 through its tetracopeptide repeat (TPR) domains in a nucleotide-dependent fashion. On the other hand, PfHsp70-1 and PfHsp90 possess C-terminal EEVD and MEEVD motifs, respectively, which are crucial for their interaction with PfHop. By coordinating the cooperation of these two chaperones, PfHop plays an important role in the survival of the malaria parasite. 2-Phenylthynesulfonamide (PES) is a known anti-cancer agent whose mode of action is to inhibit Hsp70 function. In the current study, we explored the antiplasmodial activity of PES and investigated its capability to target the functions of PfHsp70-1 and its co-chaperone, PfHop. PES exhibited modest antiplasmodial activity (IC50 of 38.7 ± 0.7 µM). Furthermore, using surface plasmon resonance (SPR) analysis, we demonstrated that PES was capable of binding recombinant forms of both PfHsp70-1 and PfHop. Using limited proteolysis and intrinsic fluorescence-based analysis, we showed that PES induces conformational changes in PfHsp70-1 and PfHop. In addition, we demonstrated that PES inhibits the chaperone function of PfHsp70-1. Consequently, PES abrogated the association of the two proteins in vitro. Our study findings contribute to the growing efforts to expand the arsenal of potential antimalarial compounds in the wake of growing parasite resistance against currently used drugs.
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1 INTRODUCTION
It is estimated that malaria accounted for 627,000 deaths in 2020 (World Health Organisation, 2021). The latest data show that malaria deaths increased by over 200,000 deaths possibly on account of a lack of commitment to managing the disease in the wake of the COVID-19 pandemic. In addition, there are increasing reports of resistance against currently used antimalarial drugs. There is therefore urgent need to expand the arsenal of antimalarial compounds. The malaria parasite traverses between a cold-blooded mosquito vector and the warm-blooded human host and thus undergoes multiple physiological changes during its complex life cycle. As part of its survival strategy, the parasite relies on its heat shock protein (Hsp) machinery to adapt to constant physiological changes and stress associated with its development (Pallavi et al., 2010; Shonhai, 2010). In addition, Hsps are implicated in antimalarial drug resistance (Witkowski et al., 2010).
Hsp70 is regarded as the most abundant molecular chaperone found in all major organelles (Saibil, 2013). Hsp70 is structurally divided into two major domains; a 45 kDa N-terminal nucleotide binding domain (NBD) that exhibits ATPase activity and a 25 kDa substrate binding domain (SBD) that binds the target client protein (Mashaghi et al., 2016) (Figure 1A). P. falciparum Hsp70-1 (PfHsp70-1; PF3D7_0818900) is an essential molecular chaperone that is resident within the parasite cytosol (Kappes et al., 1993; Shonhai, 2021). PfHsp90 (PF3D7_0708400) co-localizes with PfHsp70-1 and the two proteins form a chaperone complex (Gitau et al., 2012) that is thought to coordinate the folding of select proteins that are important for the development of the parasite. In addition, the interaction of PfHsp70-1 and PfHsp90 is modulated by PfHop (PF3D7_1434300; Gitau et al., 2012; Zininga et al., 2015) (Figure 1B), which serves as a module that facilitates substrate exchange between the two chaperones.
[image: Figure 1]FIGURE 1 | Domain representation of PfHsp70-1 and PfHop (A) (panel I): representation of the linear structural organization of PfHsp70-1 showing the NBD, a highly charged linker, and the-SBD. The C-terminal EEVD motif is illustrated. Panel II: Three-dimensional model of PfHsp70-1 domains. The N-terminal NBD which is subdivided into lobes IA, IB, IIA, and IIB, respectively, is shown. Also illustrated are the bound nucleotide (blue) and the Hsp40 co-chaperone binding site, respectively. The C-terminal SBD of the protein is shown on the right hand side. The hydrophobic pocket located in the SBD and a bound peptide substrate are also shown. The alpha-helical lid which is made up of helices A, B, C, D, and E is also depicted as adapted from Shonhai (2007). (B) Depiction of the structural organization of PfHop showing the relative positions of the three tetracopeptide repeat (TPR) regions, the two dipeptide domains (DP), and the two nuclear localization signals (NLS) of the protein. Ribbon representations of the three-dimensional models of TPR1, TPR2A, TPR2B, DP1, and DP2 domains are also shown. The models were generated using PHYRE2 (http://www.sbg.bio.ic.ac.uk/phyre2; Kelley et al., 2015) and rendered using CHIMERA version 1.15rc (Pettersen et al., 2004).
Both PfHsp70-1 and PfHsp90 are essential proteins (Banumathy et al., 2003; Lu et al., 2020), suggesting a possible essential role for PfHop. Due to their critical role in the development of the parasite, both PfHsp70-1 and PfHsp90 are deemed prospective antimalarial drug targets (reviewed in Zininga and Shonhai, 2019; Daniyan, 2021). However, targeting P. falciparum Hsps is a challenge, as these proteins are generally conserved (Pesce et al., 2010; Chakafana et al., 2019). Despite this, there is growing evidence that Hsp70s of parasitic origin, and in particular PfHsp70-1, exhibit distinct structure-function features that could make them amenable to selective targeting (Chakafana et al., 2019; Anas et al., 2020; Lebepe et al., 2020; Makumire et al., 2021). Promisingly, some antimalarial compounds demonstrating selective inhibition of parasite Hsp70 with minimum effects on the function of human Hsp70 have been described (Cockburn et al., 2014; reviewed in Zininga and Shonhai, 2019). One of the attractive features of targeting PfHsp70-1 is that its inhibition abrogates both its independent chaperone function as well as its association with co-chaperones (Zininga et al., 2017a, b). This, and growing evidence pointing to the role of Hsps in antimalarial drug resistance (Akide-Ndunge et al., 2009; Corey et al., 2016), justifies efforts to target them in antimalarial drug development efforts as they hold promise especially as co-targets in combination therapies.
2-Phenylthynesulfonamide (PES), also known as pifithrin µ, is a member of the benzene family. PES is an anticancer agent that is known to target human Hsp70 (Leu et al., 2009; Jiang and Xiao, 2020). However, the mechanism of action of PES on the Hsp70 function is not fully understood. It has been suggested that it binds to the NBD of Hsp70 (Zhou et al., 2017), and this contradicts earlier findings proposing that it binds to the C-terminal SBD (Leu et al., 2009). The antimalarial activity of PES and its effect on the function of PfHsp70-1 remains to be established. In the current study, we investigated the effect of PES on asexual blood-stage P. falciparum parasites and we established that it exhibits modest antiplasmodial activity. Furthermore, we observed that PES binds directly to both PfHsp70-1 and PfHop, inducing conformational changes in both proteins. Consequently, PES abrogated the chaperone activity of PfHsp70-1, and further inhibited its association with the co-chaperone, PfHop. We discuss the implications of our findings with respect to both antimalarial drug discovery efforts and the possible mechanism of action of PES.
2 EXPERIMENTAL PROCEDURES
2.1 Materials
Unless otherwise stated, the materials used in this study were purchased from Sigma-Aldrich (Darmstadt, Germany), Merck Millipore (Darmstadt, Germany), and Melfords (Ipswich, United Kingdom). The following antibodies were used in the study: α-PfHsp70-1 (Shonhai et al., 2008), α-PfHop (Gitau et al., 2012), and α-His (Thermofisher, MA, United States).
2.2 In silico docking of PES onto PfHsp70-1 and PfHop
To predict the possible binding, as well as identify possible binding sites of PES on PfHop and PfHsp70-1, AutoDock Vina (Trott and Olson, 2010, http://vina.scripps.edu) was used. The structures used for the docking were obtained from homology modeling using AlphaFold’s ColabFold (Mirdita et al., 2021). As templates, the crystal structures of the NBD (6S02 and 6RZQ, Day et al., 2019; 7P31, 7OOH, 7OOG, 7OOE,7NQZ, 7NQU, 7NQS and 7NQR, Mohamad et al., 2021a–g) and SBD (6ZHI, Schmidt and Vakonakis, 2020) of PfHsp70-x bound to various ligands were used to predict the structure of PfHsp70-1. These were specified as custom templates. The structure of PfHop was predicted without any custom templates specified. Both the protein and ligand were prepared for docking using AutoDockTools4 (Morris et al., 2009). Default parameters were used with minor modifications. The active site was placed in a grid box with x, y, and z grid points set at 100 while the grid point spacing was 0.375 Å. The energy range was set at 4 and the exhaustiveness set at 100. Docking was initiated using command prompt. Upon completion of the docking, an output file with 9 binding modes was generated together with a log file scoring the modes in terms of binding affinity (in kcal/mol). The output files (in pdbqt format) were viewed in Pymol™ 2.4.1 (The PyMOL Molecular Graphics System, Schrodinger, LLC, NY, United States) and converted to PDB files. The receptor-ligand interactions were then performed in Discovery Studio Visualizer Version 20.1.0.19295; (BIOVIA, Sandiego, CA, United States) and images were generated using LigPlot+, version 2.2.4 (Wallace et al., 1995).
2.3 Expression and purification of recombinant proteins
Production and purification of recombinant forms of both PfHsp70-1 and PfHop protein was conducted as previously described (Makumire et al., 2020, 2021). Briefly, the plasmid constructs for pQE30-PfHsp70-1 and pQE30-PfHop were transformed into E. coli XL1 Blue cells. An additional construct, pQE30-PfHsp70-1NBD encoding for the NBD of PfHsp70-1 was similarly used to express the truncated version of this chaperone (Zininga et al., 2016). The production of recombinant protein was induced by isopropylthiogalactoside (IPTG) and the protein was purified using sepharose nickel affinity chromatography (Makumire et al., 2020, 2021). The expression and purification of recombinant proteins were analyzed by SDS-PAGE and confirmed by Western blot analysis using α-PfHsp70-1 (Shonhai et al., 2008), α-PfHop (Gitau et al., 2012), and α-His antibodies, respectively.
2.4 Investigation of the effect of PES on the conformation of PfHsp70-1 and PfHop using limited proteolysis
Limited proteolysis has previously been used to validate the nucleotide-dependent conformational alterations of PfHsp70-1 (Zininga et al., 2016). In the current study, we employed the same approach to explore the effects of PES on the fragmentation of the recombinant forms of PfHsp70-1 and PfHop. Fragmentation of PfHsp70-1 or PfHop in the presence of nucleotides served as controls. Briefly, recombinant PfHsp70-1 (4 µM) or PfHop (4 µM) was digested with 0.25 ng/ml of proteinase K at 37 C in the absence and presence of 25 µM ADP/ATP or 20 µM PES for 30 min. Proteolytic digestion of either PfHsp70-1 or PfHop was analyzed using SDS-PAGE analysis followed by silver staining using GE Healthcare PlusOne™ Silver Staining Kit (WI, United States).
2.5 Intrinsic fluorescence-based analysis of the effect of PES on the tertiary structures of PfHsp70-1 and PfHop
The effect of PES on the tertiary structural conformation of recombinant PfHsp70-1 and PfHop proteins relative to the nucleotide-dependent conformations were assessed by monitoring intrinsic fluorescence as previously described (Zininga et al., 2016; Lebepe et al., 2020). Briefly, recombinant PfHsp70-1 (4 µM) or PfHop (4 µM) was incubated in the absence or presence of 25 µM ATP/ADP. The assay was repeated in the presence of 20 µM PES. Fluorescence emission spectra were monitored at 300–400 nm after initial excitation at 295 nm. The spectra data collected from seven spectral scans were averaged and processed taking into account the baseline (effect of buffer in the absence of protein).
2.6 Analysis of the effect of PES on the chaperone activity of PfHsp70-1
The capability of PfHsp70-1 to prevent thermal aggregation of malate dehydrogenase (MDH) from porcine heart was previously demonstrated (Shonhai et al., 2008). In the current study, we investigated the effect of PES on the holdase chaperone activity of PfHsp70-1. The assay was initiated by adding 1,25 µM MDH and 0,75 µM PfHsp70-1 to the assay buffer (50 mM Tris-HCl, 100 mM NaCl; pH 7.4) and heated to 51°C. Aggregation of MDH was monitored as a function of light scattering at 360 nm over 30 min at 51°C in a SpectraMax M3 (Molecular Devices, United States) microplate spectrometer. The assay was repeated at varying final concentrations (5, 15, 25, 50, 100 nM) of PES. The chaperone function of PfHsp70-1 under various experimental conditions was compared to the activity of the chaperone recorded in the absence of nucleotide. Statistical analysis was conducted using a student t-test and a p < 0.05 represented functionally significant variation.
2.7 Determination of equilibrium binding kinetics of PES to either PfHop or PfHsp70-1
The steady-state equilibrium binding kinetics for the inhibitors on either PfHsp70-1 or PfHop were investigated using BioNavis Navi 420A ILVES multi-parametric surface plasmon resonance (MP-SPR) system (BioNavis, Finland) following a previously described method (Lebepe et al., 2020; Chakafana et al., 2021). Briefly, filter-sterilized de-gassed PBS (4.3 mM Na2HPO4, 1.4 mM KH2PO4, 137 mM NaCl, 3 mM KCl, 0.005% (v/v) Tween 20, and 20 mM EDTA; pH 7.4) was used as running buffer for the assay. The ligand (0.1 μg/ml of PfHsp70-1/PfHop) was immobilized onto a carboxymethyl dextran (CMD 3-D) gold sensor chip through amine coupling. PES was injected (flow rate of 50 μl/min) as analyte at varying final concentrations (0, 1.25, 2.5, 5, 10, 20 nM). Similarly, as controls nucleotides (5 µM ATP/ADP) and a known P. falciparum Hsp70 inhibitor, (−)-Epigallocatechin-3-gallate (EGCG; Zininga et al., 2017b) were similarly injected at varying final concentrations (0, 1.25, 2.5, 5, 10, 20 nM) over the chip surface. Steady-state equilibrium was achieved after allowing the interaction to occur for 8 min at 25°C, followed by dissociation for 4 min at 25°C, respectively. The data generated were analyzed using Data Viewer (BioNavis, Finland) after subtraction of baseline (signals generated on the chip surface without protein immobilized and buffer without inhibitor). The resultant sensorgrams were analyzed to determine the equilibrium binding affinities using Trace Drawer software version 1.8 (Ridgeview Instruments; Sweden). A student t-test p < 0.05 represented statistically significant differences in affinity recorded relative to the activity of the protein reported in the absence of nucleotide.
2.8 Analysis of the effect of PES on the association of PfHop and PfHsp70-1
2.8.1 Surface plasmon resonance assay
To determine the effect of inhibitors on the direct interaction of PfHsp70-1 with PfHop (Gitau et al., 2012; Zininga et al.,2015) we conducted SPR analysis using the BioNavis Navi 420A ILVES MP-SPR system (BioNavis, Finland). PfHsp70-1 was immobilized as ligand and varying concentrations (0, 125, 250, 500, 1,000, and 2000 nM) of PfHop as analyte were injected on the chip surface at a flow rate of 20 μl/min. To monitor the effects of the inhibitor, the analyte was suspended in PBS supplemented with 25 µM PES and injected similarly. We previously established that EGCG abrogates PfHop-PfHsp70-1 interaction (Zininga et al., 2017b). As such, as control, the assay was repeated in the presence of 25 µM of EGCG in place of the PES. Association was allowed to occur for 5 min, followed by dissociation for 10 min at 25°C. Data analysis was conducted taking baseline correction into account through double referencing [subtracting the signals recorded using both buffer blank (PBS supplemented with 25 µM of inhibitor without the analyte protein) and the chip blank (channel with BSA as ligand protein immobilized)]. The generated sensorgrams were then analyzed as described in Section 2.7 above. The affinity values obtained under the various experimental conditions were compared to that observed for the assay conducted in the absence of nucleotide.
2.8.2 Enzyme-linked immunosorbent assay
An enzyme-linked immunosorbent assay (ELISA) was used to validate the effect of PES on the direct association of PfHsp70-1 and PfHop following a previously described protocol (Mabate et al., 2018). Briefly, ligand (5 μg/ml of PfHsp70-1) suspended in 5 mM sodium bicarbonate (NaHCO3) at pH 9.5 was noncovalently immobilized onto a 96 well plate overnight at 4 C. BSA (5 μg/ml) was used as a ligand for the negative control. The wells were washed with 150 µl TBST which contains (Tris-buffered saline- Tween (TBST; 20 mM Tris HCl, pH 7.5, 500 mM NaCl supplemented with 0.1% Tween 20) prior to blocking with 5% fat-free milk in TBST and incubated at 25 C for 1 h. The wells were washed using TBST for a total of 10 min. Varying concentrations (0–1,000 nM) of analyte PfHop were added to the wells and incubated for 2 h at 25 °C. To remove the unbound analyte, the plate was washed with 150 µl TBST three times before the addition of rabbit-raised α-PfHop antibody (1: 4,000) followed by incubation at 25°C for 1 h. Subsequently, the wells were washed with 150 µl TBST three times before the addition of 100 µl secondary HRP conjugated goat-raised α-rabbit antibody (1: 4,000) and incubated for 45 min at 25 °C. The substrate, 3,3’5,5’ –tetramethylbenzidine (TMB) (Bio Scientific, United States) was added into the wells and incubated for 2 min at 25 C. Color development was monitored by recording absorbance readings at 370 nm at 5 min time intervals for 30 min using a SpectraMax M3 Microplate reader (Molecular Devices, United States). To determine the effect of the inhibitor, the assay was conducted in the presence of 25 µM) of PES. As controls, the assay was repeated in the presence of 25 µM of ATP/ADP and EGCG (Zininga et al., 2015; Zininga et al., 2017b). Furthermore, the assay was repeated interchanging the ligand and analyte to validate data reproducibility. The generated data were analyzed taking into account the background signal generated by BSA which served as the control protein. The absorbance values obtained at the highest concentration of each analyte were averaged to represent maximum (100%) binding. Titration curves were then generated using GraphPad Prism 9.3.1 (GraphPad Software, United States). The relative binding affinities of PES under each experimental setting were normalized relative to the affinity estimated for assay conducted in the absence of nucleotide at the highest concentration of PfHop. Statistical analysis was conducted to establish significant differences at p < 0.05 using a student t-test.
2.9 Parasite growth inhibition studies
Asexual P. falciparum strain 3D7 parasites were cultured at 2–3% parasitemia in RBC (4% haematocrit) in RPMI complete media supplemented with 25 mM HEPES, 11 mM glucose, 200 μM hypoxanthine (dissolved in 500 mM NaOH), 24 μg/ml gentamycin and 0.6% m/v Albumax II serum. Growth inhibition assays were set up on synchronized ring-stage parasites using a 1% parasitemia and a 1% haematocrit suspension. The culture was exposed to increasing concentrations of PES (1.95–500 μM) and incubated at 37 °C in a continuous gas environment (93% N2, 3% O2, and 4% CO2) for 96 h. Chloroquine was used as the positive drug control at 1 μM. Parasite growth without any drug present, which allowed the parasites to proliferate unrestricted, was used as negative drug control. SYBR™ Gold DNA stain (Invitrogen, ThermoFisher Scientific Inc., Germany) was used to measure the proliferation of the parasites compared to the controls as previously described (Smilkstein et al., 2004). Fluorescence was measured using a TECAN Spark® multimode microplate reader (Tecan Trading AG, Switzerland) and the data were analyzed using SigmaPlot, version 12 (Systat Software Inc., IL, United States). IC50 were generated based on dose-response curves obtained as technical triplicates for one biological test (n = 1 for chloroquine) and three biological repeats (n = 3 for PES).
3 RESULTS
3.1 PES is predicted to directly bind to both PfHsp70-1 and PfHop
Molecular docking studies were conducted to assess the propensity of PES to bind to PfHsp70-1 and its co-chaperone, PfHop. PES was docked onto PfHsp70-1 and PfHop and the affinity was determined in each case (Figures 2, 3). Both PfHsp70-1 and PfHop bound to PES at notable predicted scores of -6.9 kcal/mol and 7.3 kcal/mol, respectively. The predicted binding of PfHop by PES came as a surprise since this compound is traditionally known to target Hsp70. Based on the docking model, PES is positioned within a binding pocket defined by residues Leu416, Glu417, Thr418, Ala419, Phe441, Thr442, Val451, Ile453, Gln454, Ile487, and Val489 located within the SBD of PfHsp70-1 (Figure 2). Our findings are thus in agreement with a previous study that proposed that PES binds to the SBD of human Hsp70 (Leu et al., 2009). It is thought that the substrate binding cavity of PfHsp70-1 is made up of residues Ala419, Tyr444, and Val451 (Shonhai et al., 2007; Shonhai et al., 2008). It is interesting to note that residues, Ala419 and Val451 that form part of the substrate binding cavity of PfHsp70-1 are predicted to make direct contact with PES. It is plausible that PES binding by PfHsp70-1 may abrogate substrate binding.
[image: Figure 2]FIGURE 2 | Schematic representing the interaction of PES with PfHsp70-1.(A) representation of a three-dimensional model with a ribbon structure of full-length PfHsp70-1 bound to PES through the SBDβ. The different domains of PfHsp70-1 are also shown. (B) Surface and ribbon views of the docked structures, showing the residues involved in the interaction, and (C) a 2D diagram showing receptor-ligand interface. PES makes H bond contacts with Glu417, Gln454 of PfHsp70-1. In addition, PES exhibits pi-alkyl contacts with Val451 and Ile453 of PfHsp70-1.
[image: Figure 3]FIGURE 3 | Schematic representing the interaction of PES with PfHop. (A) A docked three-dimensional model with a ribbon structure of full-length PfHop bound to PES. The domains of the protein are also shown. PES binds to the TPR1, DP1, and TPR2B regions of the protein. (B) Surface and ribbon views of the docked structures, showing the residues involved in the interaction. (C) A 2D illustration of the receptor-ligand interface. PES appears to hydrogen bond with residues Arg407 on PfHop. Thus, PES forms pi-pi T-shaped interactions with Tyr372, pi-alkyl with Leu124 and Ile373, pi sigma, and pi-sulfur with Met123 of PfHop.
Furthermore, PES is predicted to interact with two residues, Met123 and Leu 124, located within the interface between the TPR1 and the dipeptide domain 1 (DP1) of PfHop (Figure 3). In addition, PES is thought to make direct contact with both Tyr372 and Ile373 which are located within the region joining TPR2A and TPR2B of PfHop. Residue Arg407, located within the TPR2B of PfHop seems to also make direct contact with PES (Figure 3). The predicted binding energies of PES for the two proteins are proportional to the estimated number of H-bond and the net number of interactions observed; 5 for PfHsp70-1 and 6 for PfHop, respectively (Figure 3; Table 1). The marginally higher binding affinity of PES for PfHop could be attributed to the distinct contacts it makes with this co-chaperone relative to PfHsp70-1 (Table 1).
TABLE 1 | Interaction of PES with P. falciparum Hsp70-1/PfHop as predicted in silico.
[image: Table 1]3.3 Experimental evidence for the direct binding of PES onto PfHsp70-1 and PfHop
We further experimentally investigated the direct interaction of PES with both PfHsp70-1 and PfHop. We employed SPR analysis to explore the association of PES with either of the two proteins. Recombinant forms of either PfHsp70-1 or PfHop were used as analytes while PES served as ligand. First, it was important to validate the interaction of PfHsp70-1 with ATP (Table 2) as the latter is known to bind to PfHsp70-1 (Zininga et al., 2016). In addition, while human Hop binding to ATP has been reported (Yamamoto et al., 2014), the direct interaction of PfHop with nucleotides has not been established. As expected, PfHsp70-1 and its NBD both bound to ATP (Table 2). It is interesting to note that PfHop bound to ATP within affinity of the same order of magnitude as PfHsp70-1 (Table 2). This is the first report demonstrating that PfHop, like human Hop, is capable of binding ATP. In silico prediction suggests that PES binds primarily to the TPR2A subdomain of PfHop (Figure 3). However, this requires experimental validation. As expected, PfHsp70-1 bound to PES within the lower micromolar range (Table 2). On the other hand, the isolated NBD of PfHsp70-1 exhibited much less affinity (about two orders of magnitude lower) for PES, further confirming that PES binding is largely driven by residues located in the SBD (Figure 4). PfHop bound to PES with notable affinity, although its affinity for the ligand was one order of magnitude lower than PfHsp70-1.
TABLE 2 | Equilibrium binding affinities of PES for PfHsp70-1/PfHsp70-1NBD and PfHop.
[image: Table 2][image: Figure 4]FIGURE 4 | PES directly binds to both PfHsp70-1 and PfHop. As a ligand, each of PfHsp70-1 or PfHsp70-1NBD or PfHop was immobilized at a concentration of 0.1 μg/ml. The assay was conducted in the presence of variable levels of PES. The interaction between ligand and analyte was determined at equilibrium. Each curve is the average determined for three independent experiments, each performed in triplicate. The error bars are indicated as standard error about the mean.
Our SPR data (Figure 4; Table 2) is at variance with docking studies that suggested that PES exhibits a higher affinity for PfHop than PfHsp70-1 (Table 1). In addition, findings from the docking studies suggest that PES binds to Hsp70 via both the NBD and the SBD. While the minor discordances between in silico and experimental data were expected, both the in silico and experimental data strongly suggested that PfHop binds to PES. While the recognition of PES by the SBD of Hsp70 has been established (Leu et al., 2009, 2011; Kaiser et al., 2011), evidence for its possible interaction with the N-terminal NBD of Hsp70 has been reported (Zhou et al., 2017). Thus, our findings suggest that PfHsp70-1 is capable of binding PES via both domains reconciling the previously contrasting reports.
3.2 PES induces conformational changes in PfHsp70-1 and PfHop
The capability of PES to induce conformational changes on PfHsp70-1 and PfHop was analyzed using limited proteolysis and intrinsic fluorescence analysis. The effect of ATP/ADP on the fragmentation of PfHsp70-1 or PfHop served as a control. The data generated through limited proteolysis and intrinsic fluorescence suggest that ATP and ADP each uniquely regulate the conformations of either PfHsp70-1 (Figure 5A) or PfHop (Figure 5B). While it is well known that PfHsp70-1 is uniquely regulated by ATP and ADP (Zininga et al., 2016), this study constitutes the first report suggesting that the conformation of PfHop is regulated by nucleotides. We further explored the structural perturbations of both proteins in the presence of PES. Both PfHsp70-1 and PfHop digested in the presence of PES generated unique fragmentation patterns compared to protein digested in apo state (Figure 5A,B). This suggests that PES binds to PfHsp70-1 and PfHop to induce conformational changes. Similarly, intrinsic fluorescence data mirrored the same findings as we noted a blue shift (emission peak of 336 nm) registered by PfHsp70-1 in the presence of PES relative to the emission peak of 339 nm registered by protein in apo state (Figure 5A bottom panel). On the other hand, PfHop registered a marginal red shift (emission peak of 340 nm) in the presence of PES relative to the emission peak of 339 nm registered by the protein in apo state (Figure 5B bottom panel).
[image: Figure 5]FIGURE 5 | PES induces conformational changes in PfHsp70-1. Recombinant PfHsp70-1 (A) protein was subjected to limited proteolysis (top panel) and intrinsic fluorescence analysis (lower panel) in the presence of ATP/ADP and PES. Similarly, recombinant PfHop protein (B) was subjected to limited proteolysis (top panel) and intrinsic fluorescence analysis (lower panel) in the presence of ATP/ADP and PES. Fluorescence emission spectra were averaged for seven spectral scans monitored at 310–400 nm after an initial excitation of 295 nm.
3.4 PES inhibits the holdase chaperone activity of PfHsp70-1
PfHsp70-1 is known to suppress the heat-induced aggregation of model substrate proteins such as MDH, thereby exhibiting holdase chaperone activity (Shonhai et al., 2008; Makumire et al., 2021). We explored the effect of PES on the capability of PfHsp70-1 to suppress the heat-induced aggregation of MDH in vitro. The rationale of this assay is that inhibition of PfHsp70-1 would result in MDH aggregating in the presence of the chaperone. Our findings demonstrated that PES inhibited the chaperone activity of PfHsp70-1 in a concentration-dependent fashion (Figure 6).
[image: Figure 6]FIGURE 6 | PES inhibits the holdase chaperone activity of PfHsp70-1. The effect of PES on the heat-induced aggregation suppression activity of PfHsp70-1 was monitored by exposing aggregation-prone protein, MDH, to heat stress at 51 °C in the presence of PfHsp70-1 at equimolar levels and varying levels of PES. The heat-induced aggregation of MDH was monitored at 360 nm. Error bars indicate the mean generated from three assays conducted using independent PfHsp70-1 protein purifications. Statistical significance of differences was determined using one-way ANOVA and post-hoc test (*p < 0,05; **p < 0,01; ***p < 0.001).
3.5 PES inhibits the direct association of PfHsp70-1 and PfHop
The capability of PES to inhibit the direct association of PfHsp70-1 with PfHop was investigated using ELISA and SPR analyses as previously reported (Mabate et al., 2018). First, using ELISA, we established that PES inhibited the association of the two proteins in a concentration dependent fashion irrespective of which protein was used as a ligand (Supplementary Figure S1). BSA was used as a negative control protein as it does not interact with either PfHsp70-1 or PfHop (Supplementary Figure S1). The assay was repeated in the presence of 25 µM of either ATP or ADP (Supplementary Figure S1) or 25 µM inhibitor (Figure 7; Table 3). The presence of ADP promoted the association, while ATP abrogated the association (Supplementary Figure S1). This observation was in line with our previous findings (Zininga et al., 2015; Zininga et al., 2017a; Zininga et al., 2017b), thus validating the assay. PES abrogated the interaction of PfHsp70-1 and PfHop in the same way as ATP (Figure 7A). The assay was further validated using EGCG (Figure 7B), a known inhibitor of PfHop-PfHsp70-1 interaction (Zininga et al., 2017b). This suggests that PES has an inhibitory effect on the association of PfHsp70-1 with PfHop as is the case for ATP or EGCG (Figure 7C). In addition, the ELISA-based data suggested that compared to EGCG, PES is marginally less effective at inhibiting PfHop-PfHsp70-1 interaction (Figure 7D).
[image: Figure 7]FIGURE 7 | PES suppresses PfHop-PfHsp70-1 association. PfHsp70-1 was immobilized onto the ELISA plate and PfHop (analyte) was suspended along with varying concentrations of PES. DMSO and BSA were used as controls. Representative binding curves obtained for the association of PfHsp70-1 and PfHop in the presence of (A) PES and EGCG (B) are shown. Bar graphs showing the comparative effects of the inhibitors on the interaction of PfHsp70-1 and PfHop are provided (C). The resultant dose-response curves for both PES and EGCG are shown (D). The error bars represent the standard deviations obtained from three independent assays conducted independently. Student t-test statistical significance of differences of inhibitor compared to the vehicle control, DMSO, are indicated by asterisks positioned above the bar graphs (p < 0.001*).
TABLE 3 | PES inhibits the direct association of PfHsp70-1 and PfHop.
[image: Table 3]We further validated the effect of PES on the PfHop-PfHsp70-1 association using SPR analysis. PfHsp70-1 was immobilized as ligand and varying concentrations of PfHop were injected as analyte. The assay was conducted in the absence or presence of 25 µM ATP/ADP, or PES (Figure 8). First, we confirmed that under the SPR-based experimental conditions PfHop and PfHsp70-1 associate in a nucleotide-dependent fashion (ADP promotes their association while ATP inhibits the association; Zininga et al., 2015; Figure 8). Our SPR-based data confirmed that PES significantly inhibited the interaction of PfHop with PfHsp70-1 (Figure 8). However, as observed using the ELISA assay, PES was slightly less effective at this than EGCG (Figures 7, 8).
[image: Figure 8]FIGURE 8 | Confirmation of the inhibitory function of PES on PfHop-PfHsp70-1 association. Representative sensorgrams generated from data obtained in absence of nucleotide (A), presence of ADP (B), ATP (C), and PES (D) and EGCG (E) are shown. The relative affinities of the association of PfHop with PfHsp70-1 in the absence (NN) of both nucleotides and inhibitors compared to interaction in the presence of nucleotides and inhibitors are shown in (F). Standard errors represent three independent assays conducted in triplicates using independent protein batches. A student t-test was used for statistical validation and statistically significant differences relative to data obtained in the absence of nucleotide state (NN) are indicated by asterisks above the bar graphs (p < 0.001*).
To further validate the inhibition of PfHsp70-1 and PfHop interaction, ligand and analyte were switched, and the assay was repeated (Table 4). As previously shown, a decrease in response was observed in the interaction of PfHsp70-1 with PfHop in the presence of PES. The binding affinities for PfHsp70-1 with PfHop in the presence of PES were within the same order of magnitude after swapping ligand and analyte (Table 4). Taken together, both our SPR and ELISA data suggest that PES abrogates the PfHop-PfHsp70-1 association.
TABLE 4 | SPR based kinetics showing the effect of PES on the interaction of PfHsp70-1 with PfHop.
[image: Table 4]3.6 The antiplasmodial activity of PES
We further explored the capability of PES to inhibit P. falciparum proliferation at the asexual blood stage. The antiplasmodial activity of PES was compared to that of chloroquine which is a known antimalarial (Zininga et al., 2017b). In the presence of PES, P. falciparum 3D7 parasite growth was inhibited in a concentration dependent manner with an IC50 value of 38.7 ± 0.7 µM compared to chloroquine with an IC50 value of 29.1 ± 1.3 nM (Figure 9). The IC50 of chloroquine compares well with published potencies (21 ± 1.7 nM, Smilkstein et al., 2004). On the other hand, PES exhibited mild antiplasmodial activity.
[image: Figure 9]FIGURE 9 | The normalized dose-response curve for the in vitro susceptibility of P. falciparum to PES. The in vitro antiplasmodial activity of PES was investigated using a SYBR™ Gold DNA stain to measure the proliferation of the parasites as compared to the controls. Fluorescence was measured using a TECAN Spark® multimode microplate reader and the data analysis was done using SigmaPlot, version 12 (Systat Software Inc., Chicago, IL, United States). IC50 determinations were performed as technical triplicates for three biological repeats with standard error of the mean shown.
4 DISCUSSION
P. falciparum causes the most severe form of malaria in humans. The effectiveness of antimalarial drugs has been reduced due to emerging drug-resistant parasite strains. As such, there is a need to explore novel drug targets for the treatment of malaria. PfHsp70-1 and PfHsp90 are two prominent and essential molecular chaperones of the parasite. The two chaperones functionally cooperate via PfHop mediation (Gitau et al., 2012; Zininga et al., 2015). PES has been reported to possess antitumour activity (Leu et al., 2009; Kaiser et al., 2011; Zhou et al., 2017) and offers promise toward repurposing as a potential agent to fight the growing threat of multidrug-resistant pathogens. It has been proposed that PES binds to the SBD of Hsp70 (reviewed in Moradhi-Marjaneh et al., 2019). This study is the first to show that PES binds to PfHsp70-1 to inhibit its chaperone function. Furthermore, PES inhibits the interaction of PfHsp70-1 with the co-chaperone, PfHop. Whereas the interaction of PES with Hsp70 has been established, this study for the first time demonstrated that PES binds to both PfHsp70-1 and PfHop.
First, we conducted in silico docking studies and observed that PES is predicted to bind to both proteins. It has been reported that PES binds to the SBD of human Hsp70 (Leu et al., 2009). We further demonstrated that the binding of PES onto PfHsp70-1 induces a conformational switch that is distinct compared to that of the protein in the apo state (Figure 5). Similarly, a conformational change was observed for PfHop in the presence of PES as compared to the protein in the apo state (Figure 5). In addition, the in silico data suggested that PES binds the co-chaperone, PfHop via contact residues located within the TPR1:DP1 and, TPR2A:TPR2B interfaces of the protein. We previously resolved the structure of PfHop using SAXS analysis. Our previous study demonstrated that the TPR domains of PfHop assemble like “beads on a string’’ (Makumire et al., 2020). This arrangement allows Hsp70 and Hsp90 to slide through the concave-shaped TPR domains to facilitate interaction. Thus, PES may abrogate the association of PfHop with PfHsp70-1 by perturbing the conformation of both PfHop and PfHsp70-1. Having established that PES forces PfHsp70-1 to assume a conformational switch, we further enquired if this would impact the chaperone activity of PfHsp70-1. PES abrogated the holdase chaperone activity of PfHsp70-1 (Figure 6). Apart from inducing a conformational switch, PES may also physically block substrate binding since our in silico data suggested that this compound interacts with residues located within the C-terminal substrate binding domain, including those constituting the hydrophobic pocket (Val451) and the arch (Ala419 and Tyr444) which are all crucial for substrate binding (Figure 10; Shonhai et al., 2008). Furthermore, our data demonstrated that PES binds to both proteins and hence we speculate that the dual binding role of PES may account for its capability to abrogate the interaction of the two proteins (Figure 10).
[image: Figure 10]FIGURE 10 | Proposed model of PES binding PfHsp70-1. The schematic represents a model for the mechanism of action of PES. The model suggests that PES binds to both PfHsp70-1 and PfHop thereby perturbing the conformations of the two proteins. Consequently, this abrogate the chaperone function of PfHsp70-1 and their interaction. The inhibition of the interaction of PfHsp70-1 and PfHop adversely impacts on the functional partnership between PfHsp70-1 and PfHsp90.
We further established that PES inhibited the growth of P. falciparum parasites maintained at the blood stage registering a modest IC50 of 38.7 µM (Figure 9). The inhibition of the PfHsp70-1-PfHop pathway may account for the observed antiplasmodial activity. It has been suggested that about 24% of malarial proteins possess prion-like asparagine repeat-rich segments, thus, the parasite proteome may have propensity to aggregate under heat stress (Muralidharan et al., 2012; Pallarès et al., 2018). This makes the role of the molecular chaperone machinery of the parasite crucial for survival in the host.
Altogether, our findings demonstrate that PES binds both PfHsp70-1 and PfHop to disrupt their association as well as abrogate the chaperone function of PfHsp70-1. In addition, that PES is predicted to bind to TPR and DP1 subdomains of PfHop while possibly making contacts with several residues located in the SBC of PfHsp70-1 makes it an important scaffold for designing versatile chemical inhibitors targeting this pathway. Since PES has been shown to inhibit Hsp70 in cancer cells, its selectivity for parasites versus the human homolog may be in question. Hence, further work needs to be conducted to establish its utility in the fight against both malaria and cancer. Future efforts must focus on the crystallization of both PfHsp70-1 and PfHop in complex with PES. A thermal shift assay of the protein-ligand complexes would also serve as an appropriate precursor step to establish the prospects of successful crystallization of the complexes.
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African trypanosomiasis is a neglected tropical disease caused by Trypanosoma brucei (T. brucei) and spread by the tsetse fly in sub-Saharan Africa. The trypanosome relies on heat shock proteins for survival in the insect vector and mammalian host. Heat shock protein 90 (HSP90) plays a crucial role in the stress response at the cellular level. Inhibition of its interactions with chaperones and co-chaperones is being explored as a potential therapeutic target for numerous diseases. This study provides an in silico overview of HSP90 and its co-chaperones in both T. brucei brucei and T. brucei gambiense in relation to human and other trypanosomal species, including non-parasitic Bodo saltans and the insect infecting Crithidia fasciculata. A structural analysis of T. brucei HSP90 revealed differences in the orientation of the linker and C-terminal domain in comparison to human HSP90. Phylogenetic analysis displayed the T. brucei HSP90 proteins clustering into three distinct groups based on subcellular localizations, namely, cytosol, mitochondria, and endoplasmic reticulum. Syntenic analysis of cytosolic HSP90 genes revealed that T. b. brucei encoded for 10 tandem copies, while T. b. gambiense encoded for three tandem copies; Leishmania major (L. major) had the highest gene copy number with 17 tandem copies. The updated information on HSP90 from recently published proteomics on T. brucei was examined for different life cycle stages and subcellular localizations. The results show a difference between T. b. brucei and T. b. gambiense with T. b. brucei encoding a total of twelve putative HSP90 genes, while T. b. gambiense encodes five HSP90 genes. Eighteen putative co-chaperones were identified with one notable absence being cell division cycle 37 (Cdc37). These results provide an updated framework on approaching HSP90 and its interactions as drug targets in the African trypanosome.
Keywords: African trypanosomiasis, Trypanosoma brucei, HSP90, molecular chaperones, co-chaperone, heat shock proteins, HSP83
1 INTRODUCTION
Trypanosoma brucei (T. brucei), is an extracellular blood- and tissue-borne protozoan parasite transmitted by Glossina (tsetse) fly vectors, which causes devastating diseases in humans, wild animals, and domesticated livestock (Brun et al., 2010). Human African trypanosomiasis (HAT, also known as African sleeping sickness) is a potentially fatal tropical disease found in remote rural regions of sub-Saharan Africa and often coincides with insubstantial health care systems (Fèvre et al., 2008). HAT is caused by two subspecies of T. brucei; the chronic form of the disease, which is endemic to Central and Western Africa, is caused by Trypanosoma brucei (T. b.) gambiense, and the acute zoonotic form, which is endemic to Eastern and Southern Africa, is caused by T. b. rhodesiense (Simarro et al., 2010; Büscher et al., 2017). The livestock disease, nagana, is caused by T. b. brucei and has been shown, along with T. congolense and T. vivax, to have a crippling effect on socioeconomic development within sub-Saharan Africa (Alsan, 2015; Morrison et al., 2016). Recently, atypical human trypanosomiasis was reported to have emerged, with animal Trypanosoma species increasingly being detected in humans (Kumar et al., 2022). Despite the decreasing number of HAT cases and the first recently approved oral treatment called fexinidazole, which has now been added to the updated WHO guidelines as the recommended treatment for first and second stages T b. gambiense HAT (Deeks, 2019; WHO, 2019; Lindner et al., 2020). There is still a need for the development of new and more effective drugs due to lack of a vaccine and increasing parasite resistance (Barrett and Croft, 2012). Molecular chaperones have been identified as an attractive target for drug development against protozoan parasites as this protein family plays essential roles in stress-induced stage differentiation and are vital for disease progression and transmission (Requena et al., 2015; Bentley et al., 2019; Zininga and Shonhai, 2019).
The 90-kDa heat shock protein (HSP90) family contains essential, highly conserved, and abundant molecular chaperones (Csermely et al., 1998; Chen et al., 2006; Johnson, 2012) that facilitate the proper folding and maturation of a large but specific group of substrates called client proteins (Jakob et al., 1995; Hartl et al., 2011; Hoter et al., 2018). More than 400 client proteins of human HSP90 have been identified to date (listed at http://www.picard.ch/), with many of them being implicated in protein folding and degradation, signaling pathways, cellular trafficking, cell cycle regulation, and differentiation (Echeverría et al., 2011; Samant et al., 2012; Taipale et al., 2012). In humans, the HSP90 family normally comprises four isoforms that are localized in various cellular compartments. Two HSP90 isoforms (the stress-inducible form HSP90α/HSPC2 and the constitutive form HSP90β/HSPC3) are localized in the cytosol and in the nucleus (Subbarao Sreedhar et al., 2004; Kampinga et al., 2009; Li et al., 2012); GRP94/HSPC4 is present in the endoplasmic reticulum (ER) (Subbarao Sreedhar et al., 2004; Kampinga et al., 2009; Marzec et al., 2012) and TRAP-1/HSPC5 is found in the mitochondrial matrix (Altieri et al., 2012). Some intracellular HSP90 isoforms are exported and functioned in the extracellular environment to regulate the immune response, cell migration, and invasion (Binder, 2014; Hance et al., 2014; Hunter et al., 2014; Baker-Williams et al., 2019).
HSP90 is a flexible dimeric protein with each monomer containing three domains: an N-terminal nucleotide-binding domain (NBD), a middle client protein-binding domain (MD), and a C-terminal domain (CTD) (Whitesell and Lindquist, 2005; Buchner and Li, 2013; Jackson, 2013). HSP90 is dependent on ATP hydrolysis, and a set of accessory proteins termed co-chaperones, which assist in the recruitment of client proteins and the regulation of the HSP90 reaction cycle (Prodromou, 2012; Röhl et al., 2013). The cytosolic HSP90 isoforms contain a conserved C-terminal MEEVD motif, which acts as a docking site for interaction with co-chaperones that possess the tetratricopeptide repeat (TPR-) domain (Blatch and Lässle, 1999; Prodromou, 1999). Other HSP90 co-chaperones interact with the molecular chaperone through its NBD or M domain (Röhl et al., 2013). Fifty co-chaperones have been identified in the mammalian HSP90 chaperone system to date (Dean and Johnson, 2021): 23 TPR co-chaperones have been characterized, 18 cysteine and histidine-rich domain (CHORD) or SGT1 (CS) domain co-chaperones, and eight co-chaperones without these two domains (Garcia-Ranea et al., 2002; Schopf et al., 2017; Dean and Johnson, 2021). However, the composition of the HSP90 chaperone system appears to vary across organisms, indicating that the role of some co-chaperones may be necessary for activating client proteins in a species-dependent manner, be replaceable with other co-chaperones, or be limited to a distinct subgroup of client proteins (Zuehlke and Johnson, 2010). HSP90 is also subject to post-translational modifications, including s-nitrosylation, phosphorylation, and acetylation, which may influence its activity, cellular localization, or its interaction with co-chaperones, nucleotides, or client proteins (Aoyagi and Archer, 2005; Duval et al., 2007; Rao et al., 2008; Yang et al., 2008). Some HSP90 isoforms are essential for viability, and maintenance of client proteins that are dependent on the chaperone (Citri et al., 2004), making it an attractive drug target for diseases including infectious diseases. Several HSP90 inhibitors, which have been well-studied in the laboratory and clinics for antitumor indications (Porter et al., 2010; Trepel et al., 2010), were also shown to arrest the growth of several kinetoplastids in vitro and have activity against Trypanosoma evansi and T. brucei in mice (Graefe et al., 2002; Pallavi et al., 2010; Meyer and Shapiro, 2013; Meyer et al., 2018). Thus, the repurposing of HSP90 inhibitors designed for cancer treatment is one strategy to evaluate new and effective antitrypanosomal agents (Kaiser et al., 2015).
In Trypanosoma and Leishmania, the HSP90 machinery plays a pivotal role in environmental sensing and life cycle control (Ploeg et al., 1985; Wiesgigl and Clos, 2001; Graefe et al., 2002). In silico analyses of the HSP90/HSPC family of intracellular kinetoplastid parasites has been published (Shonhai et al., 2011; Roy et al., 2012; Figueras et al., 2014; Urményi et al., 2014; Requena et al., 2015), and our study provides an updated and comprehensive analysis for the extracellular parasite, T. brucei. T. brucei exhibits a digenetic lifestyle, and therefore must adapt to fluctuating environmental conditions, such as change in temperature, pH, nutrients, and the pressure from the immune system, as it transitions from the gut of the tsetse fly to the body fluids of its mammalian host (Jones et al., 2008; Roy et al., 2012). A distinct molecular trait of trypanosomes is their dependence on polycistronic transcription akin to prokaryotes, their mRNAs are mainly generated by trans-splicing and there is a dependence on post-transcriptional mechanisms for gene regulation (Preußer et al., 2012). However, correlation studies comparing the previously reported RNA-seq data of transcript abundance and proteomic data from the procyclic form (PF) and bloodstream form (BSF) of the parasite shows that the differences observed between the PF and BSF are two-fold greater at the proteomic level when compared to the transcriptomic level (Urbaniak et al., 2012; Butter et al., 2013). Given the complexities of transcription, its incomplete representation of the life cycle stages of the parasite as well as its lack of control, trypanosome research has largely shifted to rely on proteomic data (Goos et al., 2017). Numerous proteomic studies have been conducted on the parasite, which have compared protein expression at the different life cycle stages (Gunasekera et al., 2012; Urbaniak et al., 2012; Butter et al., 2013), in the mitochondrion (Panigrahi et al., 2009), mitochondrial importome (Peikert et al., 2017), respiratome (Acestor et al., 2011), mitochondrial membranes (outer, intermembrane space, inner, and matrix) (Acestor et al., 2009), nucleus (Goos et al., 2017), nuclear pore (DeGrasse et al., 2008), glycosomes (Colasante et al., 2006; Güther et al., 2014), flagellum (Broadhead et al., 2006; Subota et al., 2014), and the cell surface (Shimogawa et al., 2015).
T. brucei and other trypanosomatids rely on post-translational modifications (PTMs) to increase their proteome diversity and complexity (Backe et al., 2020). Several studies exploring the phosphoproteome and acetylome of trypanosomes (Nett et al., 2009a, 2009b; Urbaniak et al., 2013; Moretti et al., 2018) have found that phosphorylation and acetylation are the most predominant modifications to occur in T. brucei proteins. Both PTMs are well known for impacting HSP90 intracellular localization in humans as well as their ability to bind co-chaperones, nucleotides, clients (Nett et al., 2009a; Backe et al., 2020), and even inhibitors (Zhang et al., 2020). However, the PTMs regulatory dynamic in the organellar TRAP-1 and GRP94 in humans are yet to be elucidated for a global understanding of this critical chaperone activity regulator system.
The aim of this study was to provide a comprehensive depiction of the T. brucei HSP90 chaperone system based on structural, functional, and evolutionary analyses. In silico tools were used to evaluate the domain conservation, predicted subcellular localizations, syntenic, and phylogenetic analysis of the HSP90 chaperone system in T. brucei with respect to both T. b. brucei and T. b. gambiense. The HSP90 chaperone system was also comparatively analyzed in relation to those found in selected trypanosomastid parasites and Homo sapiens (H. sapiens). The proteomic findings on HSP90 and its co-chaperones from the numerous published proteomic data on T. brucei are presented, and we provide updated insights on the adaptability of the parasite from its stage-specific expressed proteins and provide an overall context for identifying new and potential drug targets for HAT.
2 MATERIALS AND METHODS
2.1 Database mining, sequence analyses, and the determination of the trypanosomastid and human orthologues
A BLASTP search using the amino acid sequences of the HSP90 isoforms from T b. brucei obtained from previous in silico study (Folgueira and Requena, 2007), and the human HSP90AA1/HSPC1, HSPC2, HSP90AB1/HSPC3, HSP90B1/GRP94/HSPC4, and TRAP-1/HSPC5 isoforms were used as queries on the TriTrypDB (version 46) database (http://tritrypdb.org/tritrypdb/) (Aslett et al., 2010) and were conducted in order to determine the HSP90/HSPC complement encoded on the T. b. gambiense genome, as well as identify new T. b. brucei HSP90/HSPC protein members. The e-value was set at an intermediately stringent level of e-10 to identify HSP90/HSPC-related sequences for further analysis. In addition, a keyword search was performed to scan the genome of T b. gambiense for HSP90/HSPC genes on the TriTrypDB database using the terms: “HSP90,” “HSP83,” “heat shock protein,” and “molecular chaperone.” The retrieved amino acid sequences from the various keyword searches were then screened using SMART 7 (Simple Modular Architecture Research Tool; http://smart.embl-heidelberg.de/) (Letunic et al., 2012) and PROSITE (http://prosite.expasy.org/) (Sigrist et al., 2010) for domains annotated by the online servers as “HSP90.” Incomplete sequences for each protein from TriTrypDB were omitted for construction of Table 1.
TABLE 1 | HSP90/HSPC proteins from Trypanosoma brucei with putative orthologues in T. cruzi, L. major, C. fasciculata, B. saltans, and H. sapiens.
[image: Table 1]For identification of T. brucei orthologues of selected cytosolic HSP90 co-chaperones, the protein sequences of 50 human co-chaperones were used as queries in a BLASTP search on the TriTrypDB database. Reciprocal BLASTP was conducted to determine if the identified putative T. brucei co-chaperone had the closest match to the desired human co-chaperone. The putative amino acid sequences of the co-chaperones from both T. brucei subspecies were used as queries in a BLASTP search on the National Centre for Biotechnology Information (NCBI) website (www.ncbi.nlm.nih.gov), using the default parameters. If the most similar ortholog in the T. brucei subspecies was identical to the HSP90 co-chaperones sequence used as the first query, the sequence of the second query was selected as an ortholog. Reciprocal BLASTP was also conducted for the identification of human and selected trypanosomastid orthologues of the putative HSP90/HSPC and HSP90 co-chaperone proteins from both T. brucei subspecies.
2.2 Structural analysis of TbHSP83
The retrieved amino acid sequences for hHsp90β (NP_001258899.1), TbbHsp83 (Tb927.10.10890), and TbgHsp83 (Tbg972.10.13260) were analyzed using Jalview (Waterhouse et al., 2009). A multiple sequence alignment was conducted using Clustal with defaults via the Jalview web service. 3D prediction structures were retrieved from the AlphaFold database (https://alphafold.ebi.ac.uk/) by querying the database using the UniProt IDs of the respective proteins. The retrieved structures (TbHsp83- AF-Q389P1-F1; hHsp90 - AF-P08238-F1) were visualized and superimposed using PyMOL molecular graphics system, Version 2.0 Schrödinger, LLC. The FATCAT server (https://fatcat.godziklab.org/) was used to analyze the structural differences between the protein homologs (Li et al., 2020). The two structures were determined to be significantly similar with a p-value of 0.00 (raw FATCAT score 1931.78), 685 equivalent positions, and RMSD of 1.71 Å and two twists.
2.3 Phylogenetic and conserved syntenic analysis
The full-length amino acid sequences for the HSP90/HSPC family in the selected trypanosomastid parasites were obtained from the TriTrypDB database (Aslett et al., 2010), and the human protein sequences were obtained from the NCBI website (www.ncbi.nlm.nih.gov). Accession numbers for the HSP90/HSPC amino acid sequences used in this study are provided in Table 1 and Supplementary Table S1. Multiple sequence alignments were performed using the inbuilt ClustalW program (Larkin et al., 2007) with default parameters in MEGA-X (Kumar et al., 2018) and are listed in Supplementary Figure S1. Maximum-likelihood (ML) was utilized to find the best model of evolution and was selected by the Bayesian information criterion (BIC) implemented in MEGA-X. The amino acid-based HSP90/HSPC ML phylogeny was reconstructed using the JTT (Jones–Taylor–Thornton) model matrix (Jones et al., 1992), with gamma distribution shape parameter (G). The ML phylogenetic tree was constructed using MEGA-X (Kumar et al., 2018). The accuracy of the reconstructed tree was assessed using a bootstrap test using 1,000 replicates with a pairwise gap deletion mode. The phylogenetic tree for HSP90s was unrooted.
The putative HSP90 genes in the three T. cruzi strains homologous to HSP83 identified to be partial, and/or truncated genes were included in the syntenic analysis. Syntenic analysis was conducted to evaluate the conservation of the gene arrangement of the cytosolic HSP83 genes in T. brucei and selected trypanosomastid parasites. The conserved syntenic regions surrounding the selected HSP83 genes were searched by examining the conserved co-localization of neighboring genes on a scaffold of the T. brucei subspecies (T. b. brucei and T. b. gambiense) and selected trypanosomastid parasites for this study using genome information from the TriTrypDB database. The identities of unknown neighbor genes of the selected HSP83 genes were conducted using a BLASTP search on the NCBI database.
2.4 Physiochemical properties, protein expression, and the determination of the organelle distribution for the T. brucei HSP90/HSPC complement
The physiochemical properties, molecular weight (Da), and isoelectric point (pI) of each putative protein was determined using the compute pI/Mw tool from ExPASy (https://web.expasy.org/compute_pi/) (Gasteiger et al., 2005). Data on the previously reported phenotypic RNAi knockdown screen (Alsford et al., 2011), for each member of the HSP90/HSPC complement and identified HSP83 co-chaperones, were retrieved from the TrypsNetDB database (http://trypsnetdb.org/QueryPage.aspx) (Gazestani et al., 2017). The organelle distribution for each putative protein was searched using the TrypTag microscopy project’s online server (http://tryptag.org/) (Dean et al., 2017). This project aims at tagging every trypanosome protein with mNeonGreen (mNG) (Shaner et al., 2013) to determine the protein’s localization within the parasite. Proteomic data from the mitochondrion (Panigrahi et al., 2009), mitochondrial importome (Peikert et al., 2017), respiratome (Acestor et al., 2009), mitochondrial membranes (outer, intermembrane space, inner, and matrix) (Acestor et al., 2009), nucleus (Goos et al., 2017), nuclear pore (DeGrasse et al., 2008), glycosomes (Colasante et al., 2006; Güther et al., 2014), flagellum (Broadhead et al., 2006; Subota et al., 2014), and cell surface (Shimogawa et al., 2015) were also used for the prediction of the organelle distribution for the T. brucei HSP90 complements and HSP90/HSPC complements and HSP83 co-chaperones.
2.5 Identification of potential post-translational modification sites for the T. brucei HSP83 proteins
Data mining from a collection of relevant databases on T. brucei PTMs (Nett et al., 2009b; Urbaniak et al., 2013; Moretti et al., 2018; Zhang et al., 2020) for the relevant proteins was retrieved using the previously identified accession numbers. Information on the respective PTMs (modification sites, modification types, and modified residue) were obtained, and the modified residues were mapped onto Supplementary Figure S2 for all HSP90 isoforms from T. brucei subspecies (T. b. brucei and T. b. gambiense) with orthologues from other trypanosomatids and from human, then analyzed for determination of conserved and specific PTMs among the T. brucei HSP90 complements.
3 RESULTS AND DISCUSSION
3.1 Determination of the T. b. brucei and T. b. gambiense HSP90/HSPC complements
The protozoan parasite T. brucei comprises three subspecies, with the genomes of T. b. gambiense and T b. brucei already sequenced (Jackson et al., 2010; Gibson, 2012). Any information obtained from the genome of the non-human infective T. brucei subspecies, T. b. brucei, can be inferred for the human infective subspecies, T. b. rhodesiense, as the T. b. brucei TREU927 strain displays the full range of known T. brucei phenotypes and possesses similar biological and genetic characteristics (Gibson, 2012). However, the T. b. gambiense genome was sequenced due to the subspecies displaying profoundly different biological and genetic characteristics (Jackson et al., 2010). Genome-wide identification and in silico analyses of the HSP90/HSPC complement in both T. brucei subspecies was conducted to provide an overview of the T. brucei HSP90 family. The ortholog of the cytosolic HSP90 member in T. brucei is termed HSP83 (Mottram et al., 1989), while in this study we refer to the ER ortholog as GRP94 and the mitochondrial ortholog as TRAP-1. However, to underscore whether discussing a protein from T. b. gambiense or T. b. brucei, the abbreviations Tbg and Tbb were used in this study, respectively. The orthologous relationships of the HSP90 family from T. b. brucei and T. b. gambiense to the selected organisms in this study are presented in Table 1, and a comprehensive domain organization of the predicted T. brucei HSP90 proteins is illustrated in Supplementary Figure S3.
Twelve putative HSP90 genes were identified to be encoded on the T. b. brucei genome (Table 1), which is consistent with previous findings (Mottram et al., 1989; Folgueira and Requena, 2007), while T. b. gambiense was identified in this study to only have five putative HSP90 genes. The reduction in the HSP90 gene numbers found in T. b. gambiense could be a consequence of the reduced genome size observed in the human infective subspecies (Dero et al., 1987). The intraspecific genomic variation is largely associated with tandem or segmental duplications observed in T b. brucei (Jackson et al., 2010). This study also identified an unassigned putative HSP90 gene (Tb11. v5.0543) in the animal infective subspecies, T b. brucei, but this sequence could not be assembled into a chromosome and was part of a bin scaffold that was not considered during reannotation efforts. For the putative HSP90 genes identified in this study for T b. brucei, 10 of the 12 putative HSP90 genes identified were found to be homologous to HSP83, whereas in T b. gambiense, three of the five putative HSP90 genes were homologous to HSP83 (Table 1). The remaining two HSP90 genes found in both T b. brucei (Tb927.3.3580 and Tbg972.3.3850) and T b. gambiense (Tb927.11.2650 and Tbg972.11.2900) showed significant identity to the ER and mitochondrial resident paralogues of HSP90, GRP94, and TRAP-1, respectively (Table 1). This indicates that a single-gene copy for GRP94 and TRAP-1 is encoded on the genome in both T. brucei subspecies. Phylogenetic analysis shows that the T. brucei HSP90/HSPC family also comprises three distinct HSP90 groups (HSP83, GRP94, and TRAP-1), which cluster into clades according to protein sequence and subcellular localization (Supplementary Figure S4).
Previous literature reported that 11 HSP90 genes are encoded on the Trypanosoma cruzi (T. cruzi) genome (Shonhai et al., 2011). In this study we included three different T. cruzi strains: CL Brener Esmeraldo-like (TcCLB), Dm28c 2018 (C4B63), and marinkelli strain B7 (Tc_MARK) to determine the HSP90/HSPC complement in the American trypanosome. It was identified in this study that the T. cruzi CL Brener Esmeraldo-like strain has two HSP90 genes, the Dm28c 2018 strain has nine HSP90 genes, and the marinkelli strain B7 has three HSP90 genes (Table 1). However, this study identified that many of the HSP90 genes homologous to HSP83 in the three T. cruzi strains were found to be partial and/or truncated genes. In our syntenic analysis, these partial and/or truncated genes were included as they are probably a result of the methodology utilized to sequence the various T. cruzi strains, and it is very likely that the truncated sequences are full-length in the genome (Figure 1). The obvious discrepancy in numbers of genes among the T. cruzi strains, and its numerous partial and/or truncated HSP90 sequences has been recently reviewed. This review highlights the difficulties in T. cruzi genome analyses (Herreros-Cabello et al., 2020); the first genome sequenced that is still widely accepted as the main reference has close to 50% repetitions in its sequence (El-Sayed et al., 2005a; 2005b) and though newer genomes have been sequenced using short-read sequencing methods as in the case of the T cruzi marinkelli strain B7, these methods end up causing fragmented chromosomes due to their inability to create a complete chromosome from their short reads technique (Franzén et al., 2012; Herreros-Cabello et al., 2020). Other trypanosomatids included in this study were the non-parasitic Bodo saltans (B. saltans) (Deschamps et al., 2011) and the insect infecting Crithidia fasciculata (C. fasciculata) (Wallace, 1966), which were found to have three and four putative HSP90 genes, respectively (Table 1). Both these trypanosomatids were found to possess genes encoding for all three HSP90 isoforms, though C. fasciculata was identified to possess two HSP83 genes (Table 1).
[image: Figure 1]FIGURE 1 | Syntenic analysis of the gene arrangement of the HSP83 genes in T. brucei and selected trypanosomatids. The conserved syntenic regions surrounding the selected HSP83 genes were searched by examining the conserved co-localization of neighboring genes on chromosome 10 on a scaffold of the T. brucei subspecies, T b. brucei (Tbb), and T b. gambiense (Tbg), and selected trypanosomatids: T. cruzi CL Brener Esmeraldo-like (TcC), T. cruzi Dm28c 2018 (TcD) strain, T. cruzi marinkelli strain B7 (TcM), L. major (Lmj), B. saltans (Bsal), and C. fasciculata (Cfac). The genome information used for this study was acquired from the TriTrypDB database (http://tritrypdb.org/tritrypdb/) (Aslett et al., 2010). The identities of unknown neighbor genes of the selected HSP83 genes were conducted using a BLASTP search on the NCBI database. Abbreviations: ABCF1: ATP-binding cassette sub-family F member 1; WD40: WD40-repeat protein.
Early genomic studies suggested that the human genome contained 16 HSP90 genes (five functional and 11 pseudogenes), which have been categorized, according to the proposed standardized guidelines for HSP nomenclature, into four isoforms under the superfamily name HSPC (Chen et al., 2006; Kampinga et al., 2009). In contrast to the trypanosomatids, humans have two isoforms of HSP90 localized in the cytoplasm: the inducible form HSP90α/HSPC2 and the constitutive form HSP90β/HSPC3 (Subbarao Sreedhar et al., 2004). Phylogenetic analysis has suggested that the two cytosolic isoforms arose from gene duplication, and the organelle HSP90s (GRP94/HSPC4 and TRAP-1/HSPC5) developed from a common ancestor (Gupta, 1995; Emelyanov, 2002; Chen et al., 2005).
3.2 HSP83
The ortholog of the cytosolic HSP90 member in trypanosomatids as mentioned previously is commonly referred to as HSP83 and has been found to be an essential and highly abundant protein that is encoded by multiple gene copies organized in a head-to-tail tandem array (Folgueira and Requena, 2007). It has been identified in this study and previous studies (Mottram et al., 1989; Folgueira and Requena, 2007) that T b. brucei has been shown to encode for 10 tandem copies of HSP83 (Figure 1), whereas T b. gambiense genome encodes for three tandem copies of HSP83 (Figure 1). Syntenic analysis revealed that the TbbHSP83 and TbgHSP83 genes are both located on chromosome 10 in a head-to-tail orientation, with the same genomic organization being observed in both T. brucei subspecies (Figure 1). A discrepancy in HSP83 gene copy numbers was observed for the three T. cruzi strains used in this study (Figure 1). Syntenic analysis revealed that the T. cruzi Dm28c 2018 (C4B63) strain has 16 tandem copies of HSP83, though nine were partial sequences (Figure 1), whereas both the CL Brener Esmeraldo-like (TcCLB) and marinkelli strain B7 (Tc_MARK) encode for two HSP83 genes, with one partial gene each (Figure 1). Leishmania major (Lmj) contained the largest HSP90 family with a total of 19 HSP90 genes (Table 1), 17 tandem copies were found to be homologous to HSP83, and these findings agree with previous studies (Folgueira and Requena, 2007; Shonhai et al., 2011; Requena et al., 2015), also correlating with the high abundance of the protein being observed in L. major and several other Leishmania spp. (Brandau et al., 1995). Syntenic regions surrounding the HSP83 genes were found to be virtually conserved across the selected trypanosomatids, with B. saltans being the exception (Figure 1). Thus, the discrepancy in gene copy number of HSP83 in the two T. brucei subspecies and among the trypanosomatids may have arisen from the differences in their life cycles.
Data mining of transcriptomic and proteomic datasets revealed that all identified TbbHSP83 (TbbHSP83 1–10) proteins are constitutively expressed at all life cycle stages of the parasite, as well as expressed at all phases of the cell cycle (Gunasekera et al., 2012; Urbaniak et al., 2012). The protein expression of the TbbHSP83 proteins were all reported to be upregulated at the BSF stage (Urbaniak et al., 2012), despite gene regulation being unchanged in both the bloodstream and procyclic life cycle stages (Gunasekera et al., 2012). All TbbHSP83 proteins were also present in the cell surface proteome (Subota et al., 2014), though only TbbHSP83-10 (Tb927.10.10980) was found to be present in the flagellar proteome (Shimogawa et al., 2015).
The amplification of HSP genes in protozoan parasites has been reported previously (Urményi et al., 2014; Requena et al., 2015; Drini et al., 2016; Bentley et al., 2019) and is considered a means by which the parasites increase chaperone levels to maintain proteostasis under normal and stressful conditions (Wiesgigl and Clos, 2001). The heat shock response is a highly conserved transcriptional program that in most organisms involves increased heat shock gene transcription (de Nadal et al., 2011). However, in trypanosomatids, control of gene expression occurs almost exclusively at the post-transcriptional level, and that HSP synthesis during heat shock depends on regulation of mRNA turnover and translational control (Clayton and Shapira, 2007; Requena, 2011). In T. brucei, post-transcriptional regulation of chaperone mRNAs is facilitated by a zinc finger protein, ZC3H11 (Droll et al., 2013). The mRNA transcript levels of TbbHSP83 in BSF parasites increases >2-fold after heat shock (Ooi et al., 2020) and is stabilized by ZC3H11 to promote the survival of the parasite (Droll et al., 2013). Treatment of T b. brucei BSF parasites with 17-AAG sensitized the parasites to heat shock, as well as caused severe morphological abnormalities and cell cycle disruption (Meyer and Shapiro, 2013). Pharmacological inhibition of HSP83 activity in several Leishmania spp. induced morphological and biochemical promastigote-to-amastigote differentiation (Wiesgigl and Clos, 2001; Bente et al., 2003; Hombach et al., 2013), which mimics environmental triggers such as heat shock and acidic milieu, indicating a pivotal role for HSP83 in trypanosomatid protists in environmental sensing and life cycle control. Interestingly, treatment of T. cruzi bloodstream trypomastigotes with geldanamycin, induced morphological changes in the parasites but not life cycle progression (Graefe et al., 2002). Therefore, HSP90 cellular homeostasis as a key factor for the control of stage differentiation appears to be dependent on the tropism of the parasite and the different regulatory pathways for life cycle control. It would be interesting to investigate if the pharmacological inhibition of HSP83 affects cellular differentiation among the three T. brucei subspecies.
The monophyletic cluster of the cytosolic HSP83 proteins suggests a general conservation of function, structure, and sequence in the trypanosomatids HSP83 homologs (Supplementary Figure S4). In the amino acid sequences of TbbHSP83 and TbgHSP83 there was a single substitution at D461 to E in TbgHSP83 (Figure 2A). In comparison, hHSP90 was 63% identical in sequence to TbbHSP83 (Figure 2). The three HSP90 proteins displayed the characteristic domains (Figure 2A): the ATP-binding N-terminal domain (NTD); the middle domain (MD), which plays a role in ATPase activity and is responsible for interacting with client proteins and co-chaperones; and the C-terminal domain (CTD), which is responsible for HSP90 dimerization and interaction with the TPR domain-containing chaperones via a C-terminal (MEEVD) motif (Hoter et al., 2018). In addition, the NTD and MD are joined together via a charged linker (Jahn et al., 2014). This linker varies in size and is notably shorter in trypanosomatids compared to its human counterpart (Figure 2A) (Silva et al., 2013). Comparison of the hHSP90 to both TbbHSP83 and TbgHSP83 revealed that the amino acid sequence of the NBD was 68% identical, MD 69% identical, and CTD 60% identical (Figure 2). Conversely, the yeast HSP90 proteins (HSP82 and HSC82) were 97% identical in sequence (a difference of 16 amino acid residues) and yet the two proteins exhibit differences in stability, function, and chemical sensitivity (Girstmair et al., 2019). Residues D78 and E32 are conserved in humans and T. brucei HSP90 proteins (Figure 2A). Residue D79 (D78 in T. brucei) was previously described to be located deep in the inner region of the ATP-binding pocket of yeast HSP90 and determined to form a hydrogen bond with ATP and together with E33 (E32 in T. brucei) are important for ATP binding (Panaretou et al., 1998). Mutations of these two residues in yeast HSP90 led to a loss of viability (Panaretou et al., 1998). In comparison to humans, TbHSP83 revealed a 50- to 60-fold higher sensitivity to the HSP90 ATPase inhibitor 17-AAG (Jones et al., 2008). The side chain of residue I171 in TbHSP83 was found to be in contact with L33 and indirectly with I34 (Pizarro et al., 2013), the latter two residues have been implicated in radicicol resistance (Prodromou et al., 2012). Small sequence variations in HSP90 appear to result in large variations in chemical sensitivity between hHSP90 and TbHSP83 (Jones et al., 2008; Prodromou et al., 2012; Pizarro et al., 2013).
[image: Figure 2]FIGURE 2 | Sequence alignment and 3D structural analysis of TbHSP90. (A) Multiple sequence alignment of hHSP90, TbbHSP83, and TbgHSP83. The NTD is highlighted in red, the charged linker domain in blue, the MD in gray, the CTD in green, and the MEEVD motif in orange. The PTMs are highlighted: yellow–phosphorylation, black—acetylation, and pink—N-glycosylation. Conserved residues involved in ATP interaction are highlighted in brown. Conservation based on physico-chemical properties is shown as a numerical index at the bottom of the alignment: “*” denotes score of 11 where amino acid residues are identical; “+” denotes score of 10 and indicates all properties are conserved. (B) Predicted 3D structure of the TbHSP83 monomer and (C) superimposed 3D structures of TbHSP83 (green) and hHSP90 (red).
The overall 3D structures of the TbHSP83 and human HSP90 are similar (Figure 2B). The RMDS between the human and Tb structures is 1.71 Å for a Cα superposition of the full-length proteins. The regions of sequence variation reveal themselves more evidently in the flexibility of the protein (Pizarro et al., 2013; López et al., 2021). The major differences that can be seen in the 3D structures are in the charged linker domain and the C-terminal domain (Figure 2B). The orientation of both regions differs to that of the human HSP90 protein. Furthermore, the C-terminal domain has an extension that contains a short helical structure present in TbHSP83 that is absent in hHSP90 (residues 678–682, EEEEA). The CTD is responsible for dimerization and interaction with co-chaperones, and this may result in the possibility of unique interactors of the TbHSP83 protein. The spatial differences seen in the linker are a direct result of the differences in the length. The hHSP90 has a linker that is seven residues longer than that of TbHSP83 and has a higher overall negative formal charge (Figure 2A). The variation in length of the linker has been noted across different species, the varying length could affect flexibility, and the varying charge could affect transient domain interactions that exist between the NTD and the linker (Jahn et al., 2014; López et al., 2021).
Post-translational modifications, and particularly phosphorylation of tyrosine, serine, and threonine residues, at multiple sites of cytosolic HSP90 is a well-known chaperone activity modulator mechanism in many organisms (Miyata and Yahara, 1992; Mollapour et al., 2011; Mollapour and Neckers, 2012; Hombach-Barrigah et al., 2019), HSP90 steady-state phosphorylation is species-specific relative to the different cellular environments (Mollapour and Neckers, 2012). Two phosphorylation sites, S53 and S286, were found to be unique to T. brucei HSP83 and conserved in all 10 cytosolic HSP83 proteins. The phosphorylation sites T211, T216, and S597 were conserved in all analyzed trypanomastids in this study, while S374 and S698 were found to be conserved in all proteins including humans (Supplementary Figure S2). The same phospho-modified residues were previously described for the cytosolic HSP83 ortholog from L. donovani (Hombach-Barrigah et al., 2019). Silencing mutations of L. donovani HSP90 T211 and T216 reduced parasite growth, while mutation of S594 reduced growth and infectivity (Hombach-Barrigah et al., 2019). The phosphorylation of L. donovani HSP90 at T21 plays a role in the binding of co-chaperones, and mutation of this residue irreversibly inhibited the growth of the promastigote stage (Hombach-Barrigah et al., 2019); however, this residue has not been detected as a T. brucei phospho-site (Cunningham et al., 2008; Mollapour et al., 2011; Hombach-Barrigah et al., 2019). The equivalent site in yeast HSP90 (T22) was found to be essential for dimerization and ATPase activity (Cunningham et al., 2008). Acetylation and ubiquitination sites were also predicted and mapped. The predicted N-glycosylation sites, N90, N372, and N612 were conserved in all cytosolic HSP90s analyzed in this study, while N51 was determined to be specific to T. brucei HSP83 (Supplementary Figure S2). Two ubiquitination sites identified in T. brucei HSP83 as K394 and K560 were found conserved in all analyzed cytosolic HSP90 isoforms in this study (Supplementary Figure S2).
3.3 TRAP-1
The mitochondrial isoform of the HSP90/HSPC family was first identified in association with the mammalian tumor necrosis factor 1 (TNF-1) protein, hence termed TRAP-1 (Song et al., 1995). It was promptly suggested as a member of the 90-kDa molecular chaperone family due to strong homology with other HSP90 members (Song et al., 1995). Since then, TRAP-1/HSPC5 orthologues have been identified in a variety of eukaryotic and prokaryotic organisms and was also recently referred to as HSP84 in T. brucei (Meyer and Shapiro, 2021). RNAi knockdown of HSP84 showed growth defects and led to loss of kinetoplasts in bloodstream form trypanosomes (Meyer and Shapiro, 2021). Our study identified a single entry for a putative TRAP-1 gene annotated in the genomes of both T b. brucei (Tb927.11.2650) and T b. gambiense (Tbg972.11.2900) (Table 1). The selected kinetoplastids in this study were also identified to encode a single copy of TRAP-1 (Table 1), which are consistent with previous studies (Folgueira and Requena, 2007), except for T. cruzi, which was previously stated to encode for two TRAP-1 orthologues (Folgueira and Requena, 2007; Shonhai et al., 2011). Phylogenetic analysis indicates a general conservation in trypanosomatid TRAP-1 proteins (Supplementary Figure S4), though little experimental characterization of these genes has been conducted in kinetoplastids. It is predicted that the cellular role of the trypanosomatid TRAP-1 proteins will be orthologous to human TRAP-1, whose major functions is to maintain mitochondrial integrity, modulate mitochondrial metabolism, and protect against mitochondrial apoptosis (Altieri et al., 2012). Furthermore, human TRAP-1 counteracts protein aggregation inside the mitochondria and supports protein folding (Siegelin et al., 2011), leading to healthy, intact mitochondria.
Mammalian TRAP-1 orthologues are localized predominantly in the mitochondrial matrix, where it exists as at least six different protein variants, resulting from splicing patterns, amino acid additions and/or deletions (Cechetto and Gupta, 2000; Felts et al., 2000). The translation of the main TRAP-1 mRNA generates a precursor protein of 704 amino acids that contains a putative 59-amino acid, N-terminal mitochondrial import sequence, which is removed upon organelle import (Felts et al., 2000; Schleiff and Becker, 2011). It was predicted that both TbbTRAP-1 and TbgTRAP-1 localize in the mitochondria, as the proteins possess a positively charged N-terminal leader sequence (Supplementary Figure S1). Proteomic and localization studies confirmed that TbbTRAP-1 localizes to the mitochondria (Panigrahi et al., 2009; Dean et al., 2017), but interestingly the protein is also present in the flagella of T b. brucei BSF parasites (Subota et al., 2014) (Table 1). The subcellular distribution of TbbTRAP-1 during the parasite’s life cycle could be related to the shape and functional plasticity of the T. brucei single mitochondrion, which undergoes profound alterations to adapt to the different host environments (Osellame et al., 2012). Phenotypic knockdown of TbbTRAP-1 had a detrimental effect on the survival and fitness of the parasite at the procyclic stage of its life cycle and negatively affected parasite differentiation (Alsford et al., 2011). Thus, T. brucei TRAP-1 proteins may be an important modulator of mitochondrial bioenergetics at the procyclic stage, as well as play an integral role in parasite pathogenesis.
The phosphorylation sites, S363 and S453, were conserved in the middle domain of TRAP-1 for all trypanosome proteins, while S439 was conserved in TRAP-1 for all proteins studied including humans (Supplementary Figure S2). Several amino acids were identified as potential targets for post-translational modifications in human TRAP-1, yet the phosphorylation mechanism remains to be revealed (Altieri et al., 2012). Acetylation sites found specific for TbbTRAP-1 include K109, K480, and K601 (Supplementary Figure S2). Most of the PTMs of HSP90 and other inferences stated are yet to be verified experimentally.
3.4 GRP94
The glucose-regulated 94 kDa protein (GRP94) is a HSP90 family member residing in the lumen of the endoplasmic reticulum (ER) (Argon and Simen, 1999), where it is involved in the maturation of membrane-resident and secreted protein clients (Marzec et al., 2012). GRP94 is present as a single gene in all metazoa, although the gene is not found in many unicellular organisms such as bacteria, archaea, yeast, and most fungi (Marzec et al., 2012). This study identified a single putative entry for the GRP94 gene in both T. brucei subspecies and the selected trypanosomatids in this study (Table 1). These findings are consistent with previous findings for T. brucei and L. major (Folgueira and Requena, 2007), though previous reports indicated that T. cruzi CL Brener Esmeraldo-like strain encodes three GRP94 orthologues (Folgueira and Requena, 2007; Shonhai et al., 2011). However, this study identified that only one GRP94 gene in T. cruzi CL Brener Esmeraldo-like strain (TcCLB.506,989.190) was found to encode for a full-length sequence. The genome of this T. cruzi strain needs to be further investigated to determine if these partial sequences of the GRP94 genes (TcCLB.506591.4 and TcCLB.503811.10) are due to sequencing errors.
Both TbbGRP94 and TbgGRP94 genes are present on chromosome III and are shown to encode for proteins considerably longer in amino acid sequence when compared to HSP83 (Supplementary Figure S1), which is characteristic of GRP94 protein members (Stechmann and Cavalier-Smith, 2003; Johnson, 2012). GRP94 proteins share structural similarity with cytosolic HSP90 proteins, though the N-terminus contains an ER signal peptide while the C-terminal MEEVD peptide is replaced with the KDEL motif that is required for retention in the ER (Argon and Simen, 1999). Sequence analysis of TbbGRP94 and TbgGRP94 indicates that the GRP94 protein shares domain architecture with typical GRP94 proteins including the possession of an N-terminal ER signal peptide (Supplementary Figure S1). However, a variation in the C-terminal ER retention motif, KDEL, is observed in all the trypanosomatid orthologues of GRP94; AGDL in Trypanosoma spp., KEEL in B. saltans, and EGDL in C. fasciculata and all Leishmania spp (Supplementary Figure S1). Transcriptomic and proteomic studies revealed that TbbGRP94 is expressed at all life cycles and throughout the phases of the cell cycle (Supplementary Table S2). Proteomic studies confirm the presence of GRP94 in flagella and cell surface (Subota et al., 2014; Shimogawa et al., 2015).
In trypanosomatids, the first recognized and characterized GRP94 gene was in Leishmania infantum (L. infantum). The GRP94 ortholog in L. infantum was shown to localize in the ER and share many of the activities of GRP94s of other eukaryotes (Descoteaux, 2002). Unlike GRP94 in mammalian cells, LinGRP94 is not essential for cell viability, and LinGRP94 mRNA is induced developmentally rather than by canonical GRP94-inducing stresses (Descoteaux, 2002). The protein was highly immunogenic during Leishmania infection (Larreta et al., 2000, 2002), and essential for lipophosphoglycan (LPG) assembly (Descoteaux, 2002), an abundant surface glycolipid of Leishmania promastigotes that is critical to parasite virulence (Yao et al., 2003). Effectively, the critical role of GRP94 in Leishmania appears to be adapted to the synthesis of glycoconjugates and directing the host immune response implicating a pivotal role in parasite virulence (Descoteaux, 2002). Though whether this specialized role is conserved in T. brucei and other trypanosomatids will need to be elucidated. The function and cellular roles of TbGRP94 should be explored, given the immunogenic and antigenic properties shown by the L. infantum GRP94, as this protein could constitute a valuable molecule for diagnostic purposes, and quite possibly a potential candidate for studies of protective immunogenicity. N-glycosylation sites, N137, N370, and N639, were conserved across all species studies (Supplementary Figure S2). GRP94 phosphorylation sites, S63 and S372, were conserved for all species analyzed, while S625 was conserved in T. brucei and T. cruzi (Supplementary Figure S2). K472 and K504 acetylation sites were conserved in all the trypanosome species, while K515, K542, R587, and Q646 were unique to T. brucei (Supplementary Figure S2).
3.5 The T. brucei HSP90 co-chaperone system
In all organisms, HSP90 is a dynamic protein that undergoes a conformational cycle that is directionally determined, in large part by ATP binding/hydrolysis, and a cohort of proteins termed co-chaperones (Panaretou et al., 1998; Prodromou, 1999; Johnson and Brown, 2009). The HSP90 co-chaperone system in intracellular protozoan parasites has been explored in previous studies (Seraphim et al., 2013; Figueras et al., 2014). Thus, using the human and trypanosomatid systems, this study analyzed the composition of the T. brucei HSP83 co-chaperone system. It was determined in this study that T. brucei possesses a similar number of co-chaperones compared to humans (Table 2), with one notable absence being cell division cycle 37 (Cdc37). The absence of a gene encoding for Cdc37 has also been noted in several intracellular protozoan parasites (Chua et al., 2014; Figueras et al., 2014; Tatu and Neckers, 2014; Hombach-Barrigah et al., 2019) and was not evident in 10 out of 19 divergent eukaryotic species examined in a study by Johnson and Brown (2009). Cdc37 is a co-chaperone that has a specialized and indispensable role in the maturation and/or stabilization of a large subset of protein kinases in mammalian cells (Smith and Workman, 2009). The absence of Cdc37 in some species is that clients that are dependent on a specific co-chaperone in one species may not require HSP90 for function in other species, thus the protein kinases in protozoan parasites may have evolved in such a way that the proteins bind a different co-chaperone or are independent of HSP90 for function. Since little is known about why a protein becomes dependent on HSP90 for activity or stability, it poses interesting questions on the mechanism by which the maturation and regulation of protein kinases in protozoan parasite is mediated dependent or independent of HSP83. Exploration of this mechanism may provide a potential avenue for chemotherapeutics since protein kinases are also an attractive drug target in infectious disease, such as African trypanosomiasis. The identified HSP83 co-chaperones in both T. brucei subspecies are listed in Table 2. In addition, the HSP90 co-chaperones were categorized in this study based on the presence of a TPR or CS (CHORD and SGT1) domain.
TABLE 2 | HSP83/HSPC co-chaperones from Trypanosoma brucei with their putative orthologues in T. cruzi, L. major, C. fasciculata, B. saltans, and H. sapiens.
[image: Table 2]3.6 TPR-containing HSP83 co-chaperones
Seven putative TPR-containing co-chaperones were identified in this study.
3.6.1 Stress-inducible protein 1 (STI1)
Stress-inducible protein 1 (STI1), also known as HSP70/HSP90-organizing protein (HOP or STIP1) in mammals, is one of the best studied co-chaperones in the HSP90 reaction cycle (Chang et al., 1997; Johnson et al., 1998) as it acts as an adapter protein, mediating the interaction between HSP70 and HSP90 through its TPR domains (Brinker et al., 2002; Odunuga et al., 2003; Baindur-Hudson et al., 2015). STI1/HOP is a widely conserved HSP90 co-chaperone and has been annotated and characterized across diverse organisms including several kinetoplastid protists. Initially thought to be an indispensable protein, recent discoveries in yeast and some eukaryotes show that direct interaction can take place in vitro between HSP70 and HSP90 in the absence of HOP (Kravats et al., 2018; Bhattacharya et al., 2020). A single STI1/HOP gene was found encoded in both T. brucei subspecies (Table 2). Nine TPR motifs arranged into three TPR domains (TPR1, TPR2A, and TPR2B) in addition to two domains rich in proline and aspartic acid (DP1 and DP2) were predicted (Scheufler et al., 2000; Nelson et al., 2003). Both STI1/HOP orthologues in T. cruzi and L. major were found to immunoprecipitate with HSP83 and HSP70 and co-localize with these chaperones in the cytoplasm and/or around nucleus (Webb et al., 1997; Schmidt et al., 2011). The expression of HOP isoforms was increased in response to different environmental stresses (Webb et al., 1997; Schmidt et al., 2011), with LmjHOP being upregulated when the parasites are exposed under heat stress conditions (Webb et al., 1997), whereas only nutritional stress-induced expression of TcSTI1 in the late growth phase of epimastigotes (Schmidt et al., 2011). The HSP90-STI1 complex in L. major and T. cruzi has been shown to be pivotal to parasite differentiation (Webb et al., 1997; Hombach et al., 2013). Proteomic analysis in T. brucei indicates that TbbSTI1 is part of the cell surface (PF) proteome during the procyclic stage (Shimogawa et al., 2015). Though TbbSti1 is present in both the BSF and PF stages of the parasite, it was more highly expressed in the bloodstream form (Gunasekera et al., 2012; Urbaniak et al., 2012; Butter et al., 2013). These data suggest that the STI1 ortholog in both T. brucei subspecies should function as an adapter protein for TbHSP83 and TbHSP70s, participating in the foldosome apparatus necessary for maintaining proteostasis, cytoprotection, and modulating parasite differentiation.
3.6.2 Protein phosphatase 5 (PP5)
Protein phosphatase 5 (PP5) is a member of the PPP family of serine/threonine protein phosphatases and it associates with HSP90 in complexes during client protein maturation (Cohen, 1997; Chinkers, 2001; Golden et al., 2008). PP5 is characteristically unique from other PPP family members, in which it possesses an N-terminal TPR domain (Borthwick et al., 2001), which mediates interaction with HSP90 (Chen et al., 1996). This interaction enables PP5 to modify the phosphorylation status of HSP90 client proteins (Golden et al., 2008). The gene for PP5 in T b. brucei (TbbPP5) has been extensively studied. TbbPP5 encodes a ∼52-kDa protein that possesses the canonical N-terminal TPR domain and phosphatase catalytic domain (Anderson et al., 2006). TbbPP5 interacted with TbbHSP90 in vivo and co-localized with the chaperone in the cytosol of PRO parasites (Jones et al., 2008). Both TbbPP5 and TbbHSP90, upon heat shock and geldanamycin treatment, accumulated in the nucleus (Jones et al., 2008), indicating that both TbbPP5 and TbbHSP90 translocate to the nucleus when the parasites are exposed to proteotoxic stresses (Jones et al., 2008). TbbPP5 was detected in both BSF and PF stages of the parasite but upregulated in the procyclic form (Gunasekera et al., 2012; Urbaniak et al., 2012; Butter et al., 2013). Overexpression of TbbPP5 was found to partially negate the effect of geldanamycin treatment on cell growth, which indicates that the co-chaperone enhances the chaperoning function of TbbHSP90 and promotes the folding and maturation process of important regulatory molecules, which facilitate cell growth.
3.6.3 Peptidyl-prolyl cis–trans-isomerases (PPIases)
The immunophilin superfamily consists of highly conserved proteins with rotamase or peptidyl-prolyl cis–trans-isomerase (PPIase) activity that accelerates protein folding by mediating the isomerization of X-Pro-peptide bonds (Galat, 2003; Pratt et al., 2004). The best characterized PPIases belong to two families, the cyclophilin-type (Cyp) and the FKB-506 drug-binding protein type (FKBP) (Steiner and Haughey, 2010). Data mining of the T. brucei genome identified that Cyp40 and a putative FKB-506 binding like protein (FKBPL) are present in the extracellular parasite proteome (Table 2). Investigation of the domain structure and sequence conservation indicate that both Cyp40 and FKBPL in T. brucei were shown to display the characteristic two-domain structure of a N-terminal PPIase domain and a C-terminal TPR domain (data not shown). Though it must be noted that the C-terminal TPR domain in kinetoplastid Cyp40 underwent substantial evolutionary modification (Yau et al., 2010), thus potentially impacting Cyp40-HSP83 interactions. Future structure/function studies should explore the effect these modifications have on the isomerase and chaperone activities of the protein in comparison to its human counterpart.
Studies conducted on the Cyp40 ortholog in L. donovani have revealed that the protein functions in Leishmania stage-specific morphogenesis, motility, and the development of infectious-stage parasites (Yau et al., 2010, 2014). The study conducted by Yau et al. (2014) also suggested that LdCyp40 and LdFKBP2 functions in regulating Leishmania cytoskeletal dynamics. Given the capacity of Cyp40 and FKBP52 to compete for molecular partners (Ratajczak et al., 2003), LdCyp40 may interact with microtubules to promote tubulin polymerization as a means of counteracting LdFKBP52-mediated depolymerization. RNAi-mediated knockdown of both Cyp40 and FKBPL in T b. brucei parasites demonstrated that these proteins are essential at the BSF stage and are required for parasite differentiation (Alsford et al., 2011; Gunasekera et al., 2012; Urbaniak et al., 2012; Butter et al., 2013). Proteomic data predicted these proteins to reside in the cytosol and flagellar (Oberholzer et al., 2011; Subota et al., 2014). Together these data indicate that T. brucei Cyp40 and FKBPL may play essential roles in morphogenesis, motility, and the development of infectious-stage parasites.
3.6.4 J-protein 52
The J-protein family is a major subset of co-chaperones for the HSP70 chaperone machinery, and they are broadly classified into four subtypes (I–IV). The J-protein family from T. brucei has been explored previously (Bentley et al., 2019). It was shown in that study that J52 is one of six type III J proteins in T. brucei that possesses the TPR domain (others are J42, J51, J52, J53, J65, and J67) (Bentley et al., 2019). J52 is predicted to reside in the cytosol together with J51 and J42 (Bentley et al., 2019). DnaJC7/Tpr2, the human ortholog of J52 was first identified as a cytosolic protein via a two-hybrid screen for interaction with a GAP-related segment (GRD) of neurofibromin. It was reported to encode seven TPR units and possess a domain of high similarity to the DnaJ family (Murthy et al., 1996). DnaJC7 also regulates the multichaperone system involving HSP70 and HSP90 but in a nucleotide-independent manner with HSP90. DnaJC7 is predominantly thought to be involved in retrograde transport of client proteins from HSP90 to HSP70 (Brychzy et al., 2003; Moffatt et al., 2008). Proteomic analysis showed J52 to be upregulated in the procyclic form of the parasite (Urbaniak et al., 2012; Butter et al., 2013).
3.6.5 Small glutamine-rich TPR-containing protein (SGT)
The small glutamine-rich TPR-containing protein (SGT) is a co-chaperone involved in a specific branch of the global cellular quality control network that determines the fate of secretory and membrane proteins that mislocalize to the cytosol (Leznicki and High, 2012; Wunderley et al., 2014). Human SGT is a modular protein characterized by three characteristic sequence motifs, namely, an N-terminal dimerization domain, central TPR domain, and a glutamine-rich region at the C terminus (Roberts et al., 2015). The SGT orthologues in trypanosomatids are atypical (Table 2), as these proteins all lack the characteristic glutamine-rich region and contain a substituted region with charged amino acid residues (Ommen et al., 2010). Proteomic analysis identified TbbSGT to be upregulated in the procyclic form of the parasite and was found in the flagellar and cell surface proteome (Gunasekera et al., 2012; Urbaniak et al., 2012; Butter et al., 2013; Subota et al., 2014; Shimogawa et al., 2015). The SGT ortholog in L. donovani is an essential protein for L. donovani promastigote growth and viability (Ommen et al., 2010). LdSGT was shown to form large, stable complexes that included HSP83, HSP70, HIP, HOP, J-proteins, and HSP100 (Ommen et al., 2010), whereas recombinant L. braziliensis SGT was shown to interact with both LbHSP90 and HsHSP70-1A (Coto et al., 2018). Therefore, the orthologous proteins in T b. brucei and T b. gambiense may have developed the same activity and assist in the formation of the T. brucei HSP83 chaperone system. Though future studies should be conducted to elucidate SGT-HSP70/HSP83 interaction in T. brucei.
3.6.6 Tetratricopeptide repeat protein 4 (TTC4)
The co-chaperone TTC4 is the Tetratricopeptide repeat protein 4, a member of the TPR family that has been isolated and characterized in humans and is implicated in the pathogenesis of skin melanomas (Su et al., 1999; Poetsch et al., 2000). An ortholog of TTC4 has been characterized in Drosophila (Pit47) with both proteins shown to be nucleoplasmic; both contain three TPR motifs and are abundant in proliferating tissue (Crevel et al., 2008). A putative ortholog of TTC4 was found in T. brucei and other organisms in this study except in B. saltans. Proteomic analysis identified T. brucei TTC4 to be upregulated in the procyclic form of the parasite (Urbaniak et al., 2012; Butter et al., 2013).
3.7 CS-containing HSP83 co-chaperones
Nine putative CS-containing co-chaperones were identified in this study.
3.7.1 p23
The co-chaperone p23 is a small acidic protein that binds the HSP90 NBD to stabilize the closed conformation of HSP90, inhibiting ATPase activity and preventing client protein release from the complex (Young, 2000; McLaughlin et al., 2006). In addition to its HSP90 co-chaperone function, p23 has its own chaperoning activity in vitro and can suppress the aggregation of denatured proteins (Bose et al., 1996; Freeman et al., 1996). In silico analysis of the genomes of both T. brucei subspecies revealed that the parasite possesses two evolutionarily divergent p23 orthologues, and subsequently these orthologous proteins were named p23a and p23b (Table 2). The possession of two putative p23 proteins was found to be conserved in all the trypanosomatids in this study except B. saltans (Table 2). The Tbp23a and Tbp23b proteins share 28% identity to each other and share 33 and 26% identity, respectively, to human p23. In addition, RNAi knockdown of these proteins showed that each p23 protein is essential to parasite viability at specific stages of the life cycle (Alsford et al., 2011). The orthologues of these proteins have been explored in two Leishmania spp. (Batista et al., 2015). Both proteins in L. braziliensis possessed intrinsic chaperone activity, but they have different client protein specificities; they also inhibit LbrHSP83 ATPase activity to different extents (Batista et al., 2015). Such functional differences might be important in both HSP90 regulation and in their interactions with client proteins during the life stage transformations of kinetoplastid parasites. However, to support these assertions, more functional and in vivo studies of trypanosomatid p23a and p23b proteins are needed.
3.7.2 The cysteine- and histidine-rich domain-containing protein (CHORD)
The cysteine- and histidine-rich domain-containing protein (CHORD) is characterized by six cysteine and three histidine residues as well as a C-terminal CS domain as the characteristic domains of the CHORD-containing proteins (Wu et al., 2005). In humans there are two CHORD domains, CHORD-I was found to be dispensable toward the HSP90 interaction while CHORD-II is essential (Wu et al., 2005). CHORD was identified as an ADP-dependent HSP90 co-chaperone in humans as its interaction was shown to be stimulated by high ADP:ATP ratio in cell culture lysates (Gano and Simon, 2010). Data mining identified a single CHORD gene in T. brucei genome, and all other organisms were studied, and the CHORD protein was found upregulated in procyclic form of T. brucei parasite (Gunasekera et al., 2012; Urbaniak et al., 2012; Butter et al., 2013).
3.7.3 Alanyl-tRNA synthetase domain-containing 1 name (Aarsd1)
The mammalian Aarsd1 gene is a complex gene with large number of exons. The gene gained its name—alanyl-tRNA synthetase domain-containing 1 name (Aarsd1) from the shared homology of its 3′ exons to the editing domain of tRNA synthetases (Echeverría et al., 2016). As a co-chaperone with 44% identity to p23 in its CS domain, it is primarily expressed in the heart and skeletal issues and competes with p23 for binding to HSP90 (Taipale et al., 2014; Echeverría et al., 2016). Aarsd1 has previously been identified in T. brucei with its involvement in preventing misaminoacylation (Beebe, 2003; Cestari et al., 2013). Data mining revealed a single Aarsd1 gene in all the organisms studied.
3.7.4 Protein interacting with HSP90 domain-containing protein 1 (PIH1D1/PIH1)
Protein interacting with HSP90 domain-containing protein 1 (PIH1D1/PIH1) also called Nop17 (Zhao et al., 2008) is involved in pre-RNA processing (Gonzales et al., 2005) and functions as an adapter protein that aids in recruiting clients (Henri et al., 2018). PIH1s a component of the R2TP (RUVBL1-RUVBL2-RPAP3-PIH1D1) complex, which has been found to be conserved in many species including yeast and humans (Henri et al., 2018; Martino et al., 2018). The human PIH1 contains an N-terminal domain with which it binds phosphorylated substrates and a C-terminal CS domain to bind other substrates of the R2TP complex (Hořejší et al., 2014). Data mining revealed the ortholog of PIH1 in T. cruzi and L. major and is the putative pre-RNA processing protein/Nop17 but the ortholog in T. brucei is alternatively named a component of motile flagella 56 (CMF56). This protein is absent in B. saltans.
3.7.5 PIH1D3
PIH1D3 in humans participates in axonemal dynein assembly in the testis and the respiratory system and mutations in PIH1D3 have been shown to be a prominent cause of primary ciliary dyskinesia (Olcese et al., 2017). The ortholog of PIH1D3 in all organisms studied is the pre-RNA processing protein/NOP17. Proteomic analysis showed the presence of the PIH1D3 protein in both the bloodstream and procyclic forms of the parasite.
3.7.6 NADH cytochrome B5 reductase 4 (Ncb5or)
Ncb5or is a soluble flavohemoprotein with an N-terminal cytochrome b5-like domain and a C-terminal cytochrome b5 reductase domain (Zhu et al., 2004); it is present in a wide range of tissues in humans including some cancerous cell lines and supposedly functions as an oxygen sensor (Zhu et al., 1999). It contains the CS motif similar to p23 with which it mediates protein–protein interactions (Garcia-Ranea et al., 2002). Orthologues of Ncb5or are present in all organisms studied.
3.7.7 Leucine-rich repeat containing protein (LRRC)
Leucine-rich repeat containing proteins in eukaryotes share functional links with the co-chaperone SGT and together they are involved in the HSP90 chaperone machinery complex activation (Stuttmann et al., 2008). An ortholog of the LRRC protein was found in all organisms studied and it was upregulated in the procyclic form of T. brucei parasites (Butter et al., 2013).
3.7.8 Ubiquitin carboxyl-terminal hydrolase (Usp)
Ubiquitin carboxyl-terminal hydrolase 19 (Usp19) in humans has been implicated in various cancers and as a prognostic biomarker in renal cell carcinoma therapy (Shahriyari et al., 2019; Hu et al., 2020). A putative ortholog for ubiquitin carboxyl-terminal hydrolase was found in all organisms studied.
3.7.9 Dyslexia susceptibility 1 candidate gene 1 protein (DYX1C1)
Dyslexia susceptibility 1 candidate gene 1 protein (DYX1C1) in humans has been characterized to possess three TPR domains and is expressed in many tissues including the brain (Taipale et al., 2003). The ortholog in T. brucei is a putative CS domain/TPR repeat protein.
3.8 Non-TPR, non-CS-containing HSP83 co-chaperones
3.8.1 Activator of HSP90 ATPase homolog 1 (Aha1)
Aha1 has been identified as the primary activator of the ATPase activity of HSP90 and it acts independently of the other co-chaperones. Homologs of Aha1 have been identified across species from yeast to mammals; Aha1 binds with both its N- and C-terminal domain to the NBD and MD of HSP90 to facilitate the dimerization of the chaperone (Mayer et al., 2002; Koulov et al., 2010; Retzlaff et al., 2010). Data mining of the T. brucei genome identified that the parasite encodes for a single Aha1 gene (Table 2). The Aha1 ortholog in L. braziliensis (LbrAha1) has been characterized, where it was shown to be a cognate protein that shared several structural and functional properties with the human and yeast orthologues. This suggested similar functional mechanism among these proteins despite the low degree of conservation in the amino acid sequence (Seraphim et al., 2013). Recombinant LbrAha1 stimulated the weak ATPase activity of recombinant LbrHSP83 by around 10-fold, exhibiting a cooperative behavior according to the model that two LbrAha1 molecules can act on one LbHSP83 dimer (Seraphim et al., 2013). Data from proteomic analysis in T. brucei revealed that TbbAha1 is upregulated in the BSF stage of the parasite (Gunasekera et al., 2012; Urbaniak et al., 2012; Butter et al., 2013) as well as being essential to parasite viability at this stage of life cycle (Alsford et al., 2011).
3.8.2 Phosphoducin (Pdc)
Phosphoducins in eukaryotes and other members of the phosphoducin family have been shown to function as chaperones/co-chaperones in the G-protein coupled receptors signal transduction pathways (Savage et al., 2000; Willardson and Howlett, 2007). Data mining revealed an ortholog of phosphoducin was found in all organisms studied.
4 CONCLUSION
The HSP90 family contains an abundant and essential group of proteins, which are highly conserved and implicated in a myriad of cellular functions. Due to their role in cellular proteostasis, they have been implicated in the pathology of many diseases which warrants their targeting as therapeutics (Samant et al., 2012). In this article, we report an in silico overview of HSP90 and its co-chaperones in both T. b. brucei and T. b. gambiense in relation to human and other trypanosomal species, including non-parasitic Bodo saltans and the insect infecting Crithidia fasciculata. T. b. brucei was found to have 12 putative HSP90 proteins, 10 of which are cytosolic (HSP83). Multiple copies of HSP83 may allow the parasite to reach a high synthesis level of the proteins in an organism that relies on post-transcriptional regulation, and this explains its high levels in the cell even under non-stress conditions (Requena et al., 2015). The expansion of the HSP90 chaperone complement also reiterates its importance in the biology and functioning of these protozoan parasites (Folgueira and Requena, 2007; Shonhai et al., 2011; Urményi et al., 2014). HSP83 was also found in both stages of the parasite but upregulated in the bloodstream form (BSF), this is similar to previous findings of much higher transcripts of HSP83 in bloodstream forms of T. brucei reflecting their temperature induced role of differentiation (Ploeg et al., 1985). The upregulation of HSP83 together with the co-chaperone Sti1 in the BSF may be a further indication of their heat inducibility and involvement in cell defiance, as seen in HSP70 (Urményi et al., 2014).
The protein sequence identities between human and T. brucei HSP90 proteins was the lowest in the linker and C-terminal domains; furthermore, the 3D structure revealed differences in the secondary structure and orientations of both regions. These differences may result in an altered mechanism of interacting with co-chaperones. This study identified 18 co-chaperones in the T. brucei HSP83 chaperone system, which is less than the current number of 50 co-chaperones in the human system, confirming that the HSP90 chaperone machinery is species-specific (Johnson and Brown, 2009; Dean and Johnson, 2021). We predict that additional co-chaperones of T. brucei will be uncovered, some of which will be unique to trypanosomes and possibly T. brucei; and this will provide an interface for targeting chaperone/co-chaperone interactions as potential drug targets. Many of the recently discovered co-chaperones in humans are linked to human diseases including cancer (Dean and Johnson, 2021), and while orthologues have been found in T. brucei their roles remain to be elucidated. Many of these co-chaperones in T. brucei need to be further explored. So far, only the cytosolic HSP90 has been shown to require the function of co-chaperones, the other forms of HSP90 function in the absence of co-chaperones (Richter et al., 2007; Masgras et al., 2017). HSP90 partners with co-chaperones in order to maintain homeostasis; however, these partnerships appear to be dictated by the client protein being chaperoned (Radli and Rüdiger, 2017; Sahasrabudhe et al., 2017). A detailed report for clients in HSP90 is still largely absent (Roy et al., 2012). Previous studies have indicated that inhibitors targeting HSP83 have been shown to cure mice of T. brucei infection, although the toxicity of inhibitors to HSP90 in higher eukaryotes is attributed to a functional loss of client proteins and possible cell cycle arrest (Meyer and Shapiro, 2013). Most of the identified HSP90 client proteins in mammals are kinases (Taipale et al., 2012). Despite the fact that most clients for T. brucei HSP90 have not been identified, over 170 protein kinases (about 30% of the number present in their human host), have been recognized (Parsons et al., 2005; Nett et al., 2009b). In addition to being regulated by co-chaperones, HSP90 is also regulated by various post-translational modifications. Some of these PTM sites have been indicated as potential regulatory sites which affect the binding affinity of inhibitors in PfHSP90 (Pallavi et al., 2010). A number of unique PTM sites were identified in the TbHSP90 proteins and these could be targeted by inhibitors. The T. brucei HSP90, its co-chaperone network, post-translational modifications, and its regulatory mechanisms as well as the subtle structural differences compared to human HSP90 all provide a context for a HSP90-targeted therapy in T. brucei.
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Maintenance of protein folding homeostasis, or proteostasis is critical for cell survival as well as for execution of cell type specific biological processes such as muscle cell contractility, neuronal synapse and memory formation, and cell transition from a mitotic to post-mitotic cell type. Cell type specification is driven largely by chromatin organization, which dictates which genes are turned off or on, depending on cell needs and function. Loss of chromatin organization can have catastrophic consequences either on cell survival or cell type specific function. Chromatin organization is highly dependent on organization of nucleosomes, spatiotemporal nucleosome assembly and disassembly, and histone turnover. In this review our goal is to highlight why nucleosome proteostasis is critical for chromatin organization, how this process is mediated by histone chaperones and ATP-dependent chromatin remodelers and outline potential and established mechanisms of disrupted nucleosome proteostasis during disease. Finally, we highlight how these mechanisms of histone turnover and nucleosome proteostasis may conspire with unfolded protein response programs to drive histone turnover in cell growth and development.
Keywords: chaperone, histone, folding, disease, development, chromatin, nucleosome
MAINTAINING NUCLEOSOME PROTEOSTASIS
Across all domains of life, protein quality control is critical for organismal survival. Within organelles such as the mitochondria and endoplasmic reticulum, there is a balance between the proteins that reside within these compartments that give them their function e.g., the electron transport chain proteins that generate ATP in the mitochondria, and the protein folding chaperones that catalyze folding of the organelle’s polypeptides into their final 3D structure, ensuring proper function. During the folding process, chaperones sequester unstable proteins to prevent them from detrimentally interacting with other proteins or other macromolecules, and modulate the kinetics i.e., speed, of folding, and often across several folding cycles, until a stable and functional structure is reached (Balchin et al., 2016). Chaperones not only serve to fold newly synthesized proteins and maintain the folding of longer-lived proteins, they also serve to usher “terminally misfolded proteins”, proteins that have gone through several folding cycles without reaching a functional folded state (Balchin et al., 2016), towards dedicated subcellular protein degradation machinery such as the proteasome. Together these chaperone functions stave off accumulation of cytotoxic misfolded protein aggregates; however, when there are more unfolded proteins than there are chaperones to fold them in compartments such as the ER, mitochondria, and cytosol, these compartments increase the activity of their respective unfolded protein responses (UPRs) (Ron and Walter, 2007; Anckar and Sistonen, 2011; Arrieta et al., 2019). Activation of these UPR pathways results in increased expression of the resident protein folding and protein degradation networks. If protein folding homeostasis (also known as proteostasis) is not restored, these same UPRs will then engage in cell death signaling (Doroudgar and Glembotski, 2013). Just as there are dedicated chaperones and protein degradation machinery that co-evolved with the client polypeptides that traverse the ER or power the mitochondria, there is dedicated machinery that has evolved to meet the protein complex assembly and genome folding demands of chromatin (Hammond et al., 2017; Alvarez-Ponce et al., 2019).
The main organizational subunit of chromatin, the nucleosome, is composed of 147 base pairs of DNA wrapped around a protein octamer of two subunits each of histone H2A, H2B, H3 and H4 (Zhou et al., 2019). These histone proteins are extensively post-translationally modified—by some counts, individual cells can have hundreds of distinct modifications on their nucleosomes (Zhao and Garcia, 2015). Several of these modifications have been shown to operate (alone or in combination) to regulate the binding of other proteins, local chromatin accessibility, transcription, DNA repair and other processes. The role of histone modifications in chromatin biology and gene expression is an active area of research that has been reviewed elsewhere (Henikoff and Smith, 2015). Additionally, nucleosome stability is modulated by co-occupancy with linker histones, which influence formation of higher order chromatin structure, as well as by replacement of core histones with variants of histone H2A, H2B, and H3 (Henikoff and Smith, 2015; Hergeth and Schneider, 2015; Martire and Banaszynski, 2020). Maintaining chromatin organization is a formidable task, given that chromatin must participate in process such as genome duplication, mitosis, and cellular differentiation, all while maintaining cell type identity and the ability to respond to physiological and pathophysiological stimuli (Palozola et al., 2019). In this review, our goals are to highlight the specific protein complex assembly challenges associated with maintenance of chromatin, to examine how chromatin function changes during disease and development through the lens of nucleosome and histone turnover, and to shed light on potentially druggable interactions between other protein quality control pathways and the histone chaperone and chromatin remodeling network. The mechanisms by which histone chaperones engage in the folding of histones and nucleosome assembly has been described elsewhere (Hammond et al., 2017).
THE HISTONE CHAPERONE NETWORK AND ATP-DEPENDENT CHROMATIN REMODELERS IN REPLICATION-DEPENDENT AND INDEPENDENT HISTONE TURNOVER
The histone chaperone network is the group of chaperones that mediate the various aspects of histone turnover which include histone synthesis, histone deposition onto and ejection from chromatin, histone sequestration and recycling, histone degradation, histone post-translational modification, and nucleosome assembly and disassembly (Hammond et al., 2017). Much like “typical chaperones”, histone chaperones are defined by their ability to shield and sequester histones from forming dysfunctional interactions with other proteins as well as nucleic acids. However, whereas other chaperones are thought to operate at least in part by shielding aggregation-prone hydrophobic protein topologies, histone chaperones must contend with preventing improper electrostatic interactions driven by the net positive charge characteristic of histone proteins (Hammond et al., 2017). Histone chaperones execute these various processes of histone metabolism during DNA replication, termed replication-dependent histone turnover (Figure 1A) and outside of DNA replication, termed replication-independent histone turnover (Figure 1B). Additionally, similar to how other protein quality control processes are ATP-dependent (Stein et al., 2014; Balchin et al., 2016), we will also discuss how the histone chaperone network operates in concert with ATP-dependent chromatin remodelers to mediate various aspects of nucleosome assembly and disassembly during replication-dependent and independent histone turnover.
[image: Figure 1]FIGURE 1 | Replication dependent and independent histone turnover mediated by histone chaperones ATP-dependent chromatin remodelers (A) 1) Import of newly synthesized histones are imported by importins (Jakel et al., 2002; Soniat et al., 2016) at the nuclear membrane which are then recognized by their cognate histone chaperones where 2) they are assembled with newly synthesized DNA into pre-nucleosomes behind the DNA replisome (Fei et al., 2015), followed by 3) maturation into assembled, higher order nucleosomes via ATP-dependent chromatin remodelers (Lusser et al., 2005; Clapier et al., 2017). (B) During gene transcription, 1) nucleosomes are disassembled by histone chaperones and ATP-dependent chromatin remodelers (Konev et al., 2007; Adam et al., 2013; Pchelintsev et al., 2013), 2) replication dependent histones are replaced with replication independent histone variants such as H3.3 and H2A.Z (Alvarez-Ponce et al., 2019), 3) replication-dependent variants are degraded via the proteasome (Oh et al., 2020), and 4) ATP-dependent chromatin remodelers mediate nucleosome sliding during transcription (Whitehouse et al., 1999).
During replication-dependent histone turnover, newly synthesized histone variants—in conjunction with “old histones” that are thought to contribute to maintenance of epigenetically repressed states (Escobar et al., 2022)—are deposited behind the replisome by histone chaperones onto chromatin during DNA synthesis, resulting in the formation of pre-nucleosomes. Pre-nucleosomes, composed of approximately 80 base pairs loosely wrapped around the histone octamer, are converted into mature nucleosomes via DNA translocation by ATP-dependent chromatin remodelers like ACF or CHD1 (Figure 1A) (Lusser et al., 2005; Fei et al., 2015). As DNA is replicated, newly synthesized H3.1/H3.2 and H4 are imported via the nuclear pore localized importin 4 (Soniat et al., 2016) (IPO4), and this histone heterodimer is bound by the histone chaperone anti-silencing factor 1 (Asf1) before being transferred to the chromatin assembly factor (CAF-1) histone chaperone complex that is associated with the DNA replisome (Groth et al., 2005; Groth et al., 2007; Gunesdogan et al., 2014) (Figure 1A). Concurrently, nucleosome assembly protein 1 (Nap1) and/or the facilitates chromatin transaction (FACT) complex mediates nuclear import of H2A/H2B via importin 9 (IPO9) (Jakel et al., 2002), and mediates nucleosome assembly at sites of DNA replication (Aguilar-Gurrieri et al., 2016). While these processes are the essential components of replication-dependent histone turnover, they also interface with various aspects of replication-independent histone turnover (Figure 1B).
Replication-independent histone turnover refers to histone turnover events that occur outside of DNA replication, which include centromere formation, DNA repair, and initiation of transcription (Figure 1B). As part of the cell cycle, centromeres are formed which are critical for mitotic spindle assembly; centromeres are formed when H3 variants are replaced by the centrosome-specific H3 variant, Histone H3-like centromeric protein A (CENPA) which is deposited onto highly repetitive DNA sequences by the CENPA-specific chaperone, Holliday junction recognition protein (HJURP), during the G1 phase of the cell cycle (Dunleavy et al., 2009; Dunleavy et al., 2011). In addition to the role of histone turnover in centromere formation, histone turnover is also a critical aspect of the DNA damage response, as nucleosomes must be disassembled by the histone chaperones and ATP-dependent chromatin remodelers working in concert to allow the DNA to be accessible to the repair machinery (Rogakou et al., 1998). As will be discussed in further detail below, the process of nucleosome disassembly and histone degradation following DNA damage is driven by deposition and phosphorylation of the histone variant H2AX, and this phosphorylated form is referred to as γH2AX (Rogakou et al., 1998; Hauer et al., 2017; Piquet et al., 2018). Deposition of H2AX is mediated by the Facilitator of Chromatin Transactions (FACT) complex, and phosphorylation of H2AX by the kinase known as ataxia-telangiectasia-mutated and Rad3-related (ATR) initiates nucleosome disassembly and recruitment of the DNA damage response machinery, including the ATP-dependent chromatin remodeler and nucleosome editor INO80 [this family of proteins uses DNA translocation to disrupt DNA-histone interaction to mediate histone eviction and replacement (Rogakou et al., 1998; Clapier et al., 2017; Hauer et al., 2017; Piquet et al., 2018)]. Interestingly, H2AX deposition occurs at sites where the histone chaperone ANP32E, together with INO80, mediates eviction of the pro-transcription H2A.Z/H2B heterodimer (Piquet et al., 2018). Following DNA repair, H3.3 is deposited onto newly repaired DNA by the H3.3 histone chaperone histone cell cycle regulator (HIRA) complex, composed of HIRA, ASF-1, and CABIN-1, in conjunction with the ATP-dependent chromatin remodeler CHD1 (Konev et al., 2007) to drive re-initiation of transcription following DNA damage (Adam et al., 2013). These studies are consistent with the notion that deposition of H2A.Z and H3.3 at transcription start sites drives gene transcription. In the following section, we will discuss how various aspects of replication-dependent and independent histone turnover cooperate to ensure fidelity in re-establishment of epigenetic states following mitosis.
REPLICATION-DEPENDENT AND INDEPENDENT HISTONE TURNOVER IN PROLIFERATING CELLS
During DNA replication (i.e., S phase of the cell cycle), cells must duplicate the entire genome, and as a result must contain approximately twice the number of histone proteins present in a non-dividing cell (Gunesdogan et al., 2014). As discussed above, uncontrolled interactions of histones with DNA or other proteins can be geno- and proteotoxic and can result in genomic instability (Gunjan and Verreault, 2003; Singh et al., 2010). Such catastrophic interactions are avoided during DNA replication by an orchestrated balance between histone synthesis, histone degradation, and histone chaperone activity, which cooperate to maintain nucleosome dynamics (Figure 2). These concerted activities contribute to “epigenetic memory” (Palozola et al., 2019)- the concept that cells are able to remember what gene programs to keep on or off following cell division or other events that force a loss of interphase chromatin territories such as repair of DNA double stranded breaks.
[image: Figure 2]FIGURE 2 | Diagram showing how different aspects of histone metabolism and nucleosome dynamics directly contribute to the cellular task of maintaining protein quality control. During proliferation, DNA replication-dependent histone turnover, via concerted histone synthesis, trafficking, and deposition onto chromatin, along with histone recycling and degradation by the histone chaperone network and ATP-dependent chromatin remodelers drive proliferation. Additionally, chromatin must be re-organized to drive cell differentiation. To drive cell differentiation, the histone chaperone network and ATP-dependent chromatin remodelers must execute replication-independent histone turnover which also depends on concerted histone synthesis, trafficking, and deposition onto chromatin, along with histone recycling and degradation of replication-independent histone variants.
Cellular histone levels are tightly controlled via regulation of their synthesis as well as their degradation during cell proliferation, specifically, during DNA synthesis (Figure 2). It has been demonstrated that in proliferating cultures of the yeast Saccharomyces cerevisiae, histone synthesis undergoes sub scaling during cell growth i.e., synthesis of histones is matched to DNA content and phase of the cell cycle, rather than cell size (Marzluff et al., 2008; Swaffer et al., 2021). At the post-transcriptional level, the transcripts encoding replication-dependent histones exhibit a short half-life due to the lack of a stabilizing poly-A tail. However, they are stabilized and trafficked to the translational machinery during S phase by histone stem-loop-binding protein (SLBP), which binds to the 3’ untranslated region of these transcripts and is degraded at the end of S phase in the cell cycle (Zheng et al., 2003).
Following mitosis, during which gene transcription is mostly silent due to a combination of chromatin inaccessibility to transcription machinery and removal of pro-transcriptional histone variants e.g. H2A.Z and H3.3 (Figures 1A,B), the cell must re-initiate gene transcription which is thought to require turnover of replication-dependent histone variants for replication-independent histone variants (discussed further below). Recently, it has been demonstrated in embryonic stem cells that the anaphase promoting complex (APC), which canonically ubiquitylates securin and cyclin B to initiate their proteasome-mediated degradation to drive anaphase (King et al., 1995; Cohen-Fix et al., 1996), also mediates ubiquitylation and proteasome-mediated degradation of histones present at transcription start sites of genes critical to mRNA translation and ribosome function (Oh et al., 2020). This task of extracting histones from chromatin is performed by a AAA-ATPase that is associated with the APC, valosin-containing protein (p97/VCP); VCP-mediated extraction of histones from chromatin is similar to the process of endoplasmic reticulum-associated degradation (ERAD), during which VCP hydrolyzes ATP to extract misfolded ER luminal and transmembrane proteins from the endoplasmic reticulum to allow for their ubiquitylation by the ER transmembrane E3 ubiquitin ligase Hrd1 (Ye et al., 2005). This study (Oh et al., 2020) went on to show that the chromatin associated factor, WDR5, which binds to H3K4 trimethylated histones (H3K4Me3; a mark that is associated with active interphase promoters) recruits the APC along with transcription initiation factors TF-IID and TBP, and the ATP-dependent chromatin remodelers INO80 which mediates nucleosome editing (Figure 1B). These results support the notion that pathways of protein quality control, cell cycle control, and chromatin remodeling cooperate to mediate histone turnover and thus maintenance of cellular identity in dividing cells (Figure 2).
There are several pieces of evidence that members of the histone chaperone network work with ATP-dependent chromatin remodelers to contribute to the maintenance of cellular identity in dividing cells. HIRA, which exists in a complex with chromatin remodelers ISWI, SNF, and Brg1 (Hang et al., 2010; Pchelintsev et al., 2013), is required for the maintenance of cellular identity of C2C12 myoblasts, yet also drives myoblast differentiation into myotubes (Yang et al., 2016; Esteves de Lima et al., 2021). With regard to maintenance of cellular identity in proliferating cells, knockout of HIRA results in loss of satellite muscle stem cell identity as indicated by decreased expression of Pax7, an established marker of satellite muscle stem cells, and of myogenic transcription factor MyoD, along with impaired capacity to differentiate into myotubes. Knockout of Hira also increased expression of different lineage markers unrelated to muscle function (e.g., neuronal development and synapse organization) (Esteves de Lima et al., 2021). Consistent with a role for HIRA in driving replication-independent turnover, knockout of Hira resulted in decreased levels of H3.3 and H3K27Ac at the promoters of genes encoding skeletal muscle-specific genes. Additionally, there was an increase in H3K4Me3 at gene promoters, along with increased transcript expression, of genes encoding proteins found in other cell and tissue types (Esteves de Lima et al., 2021). The ability of HIRA to engage in depositing and turnover of histone H3.3 is dictated by a phosphorylation switch (Yang et al., 2016). In proliferating C2C12 myoblasts, HIRA was shown to be phosphorylated by Akt1/2, and upon differentiation into myotubes HIRA is dephosphorylated, which was followed by a concomitant increase in expression of myogenic genes e.g. myogenin and myosin heavy chain. Expression of human HIRA containing a non-phosphorylatable S650A point mutation (HIRAS650A) was sufficient to drive myoblast differentiation into myotubes and resulted in increased deposition of H3.3 at active gene promoters, as determined by H3.3 ChIP-qPCR for the MyoD promoter. Furthermore, expression of the phosphomimetic mutant, HIRAS650D, prevented accumulation of H3.3 at the MyoD promoter. As for how Hira knockout might contribute to increased expression of genes associated with alternative cellular identities, it is possible that loss of this histone chaperone disrupts the Hira complex which, as discussed above, is formed in part by UBN1 and HIRA. Together these two chaperones have been shown to mediate formation of senescence-associated heterochromatin foci i.e. transcriptionally repressed chromatin, which include cell cycle control genes e.g. Cyclin A2 (Banumathy et al., 2009).
Together these studies support the idea that maintenance of epigenetic memory and concomitant chromatin remodeling in proliferating cells is reliant on coordinated activities between post-transcriptional regulation of histone synthesis, protein quality control and cell cycle control pathways, and activities of the histone chaperone network that can be modulated by post-translational modifications (Figure 2).
ONCO-HISTONES AND THE HISTONE CHAPERONE NETWORK
Cancer, as a disease characterized by uncontrolled cell proliferation due in part to gain-of-function mutations in proto-oncogenes and loss-of-function mutations in tumor suppressor genes, heavily relies on robust function of protein quality control networks in order for tumor cells to survive within the tumor microenvironment. For example, inconsistent and low tumor perfusion, due to a mismatch between the rate of tumor growth and tumor-mediated angiogenesis, results in low oxygen and nutrient concentration, thus putting a strain on the energy-dependent aspects of maintaining proteostasis e.g., ATP-mediated protein folding in the endoplasmic reticulum (Tu et al., 2000). In this section, we aim to discuss how mutated histone proteins, known as “onco-histones” (Nacev et al., 2019) drive aggressive tumor proliferation via chromatin remodeling.
There is mounting evidence that cancer cells acquire mutations in histone genes that can result in genome-wide changes in chromatin organization or destabilize interactions of histones within the nucleosome, in turn disrupting gene regulatory mechanisms (Nacev et al., 2019). Mutations can occur within the dimerization interface of histones resulting in nucleosome instability, perhaps resulting in disruption of higher order chromatin structures that are critical in maintenance of cellular identity, or in the histone tails which can alter the affinity post-translational modifiers have for these mutant histones. The poster child of onco-histone mutations is exemplified by a Lys27Met mutation in histone H3.3 (H3.3K27M) (Lewis et al., 2013) in pediatric glioblastoma. Additionally, human diffuse intrinsic pontine gliomas (DIPGs) containing this K27M mutation display significantly lower overall amounts of the gene-silencing histone modification H3 lysine 27 trimethylation (H3K27me3) and higher amounts of the gene activating mark H3K27Ac, the former of which the authors demonstrated was due to the H3.3K27M mutant histone directly inhibiting PRC2 methyltransferase activity (Lewis et al., 2013). A critical observation made in this study with the regard to the effects of H3.3K27M on the epigenome is that even though H3.3K27M itself cannot be methylated or acetylated due to the methionine substitution, H3.3K27M only needs to make up a fraction of the total H3 pool (thereby resulting in heterotypic nucleosomes containing a wild-type H3 and mutant H3.3K27M) to drive genome wide decreases in H3K27Me3 and increases in H3K27Ac on the remaining wild-type H3 expressed in the cell. In a subsequent study (Nacev et al., 2019) in which onco-histones are defined and catalogued across various tumor contexts, two standout example of how mutations in present in onco-histones are very likely to alter their folding are glycine or proline substitutions at R29 in histone H2A and R39 in histone H4, which is predicted to disrupt the stability of their α-helical folds. These putative onco-histones could theoretically require longer-lived interactions with their cognate chaperones and form highly unstable nucleosomes, although to the best of our knowledge the former has not been formally tested. In support of the argument that mutations in histone proteins result in nucleosome instability, ATAC-seq was used in MCF10A cells expressing wild type histone H2B or H2BE76K (Bennett et al., 2019) to demonstrate that accessible regions in both WT or H2BE76K cells tended to be more accessible in the latter. Furthermore, expression of H2BE76K in yeast impaired the ability of cells to execute nucleosome-mediated gene silencing (Figure 3). Additionally, this study demonstrated, via nucleosome thermal stability assay, that nucleosomes containing H2BE76K displayed lower stability. These results, along with a separate study (Arimura et al., 2018) showing the relative instability of nucleosomes containing mutant forms of H3.1, H2A.Z, or H2B, are consistent with the notion that onco-histones do indeed alter the stability of nucleosomes (Figure 3). Whether onco-histones, and the nucleosomes they are incorporated into, are more dependent on the histone chaperone network and ATP-dependent chromatin remodelers to achieve their structure, stability, and incorporation into nucleosomes is unknown (Figure 3), but could be addressed experimentally by directly measuring differential turnover and deposition of onco-histones in vivo.
[image: Figure 3]FIGURE 3 | Effect of mutant histones on nucleosome dynamics. (A) “Wild-type” nucleosomes can minimize chromatin accessibility, mediate gene silencing, and are recognized as substrates for histone chaperones and ATP-dependent chromatin remodelers. This is in contrast to heterotypic nucleosomes (B) containing mutant histones which have been shown to impair nucleosome-mediated gene silencing (Arimura et al., 2018; Bennett et al., 2019; Nacev et al., 2019), and these and other mutant histones may have altered or impaired interactions with the histone chaperone network and ATP-dependent chromatin remodelers. This may in turn affect nucleosome stability and turnover to drive pathology.
We discussed above the finding that the H3.3K27M onco-histone only needs to make up a fraction of the total H3.3 pool to drive genome-wide decreases in placement of H3K27Me3 (Lewis et al., 2013). This observation suggests that increased concentration of mutation-containing histones via alternative mechanisms like translational infidelity (Kapur and Ackerman, 2018) or somatic cell mutation mosaicism (Frank, 2014) can drive other disease pathologies; like onco-histones, these mutant histones may have altered interactions with the histone chaperone network and ATP-dependent chromatin remodelers for their deposition onto chromatin where they might mediate disease progression via disruption of chromatin organization (Figure 3).
HISTONE TURNOVER IN THE NEONATAL AND POST-NATAL HEART
The mammalian heart maintains a certain proliferative myocyte capacity after birth, which is critical to cardiac development and function, that is lost as the organism ages (Porrello et al., 2011; Serpooshan et al., 2017; Bogush et al., 2020). In addition to this proliferative switch, cardiac myocytes undergo a metabolic switch where ATP is generated via glycolysis in the neonatal heart versus fatty acid β-oxidation and oxidative phosphorylation in the adult heart (Lopaschuk et al., 1992). This metabolic switch is thought to be driven by a combination of increased blood oxygen tension, increased circulating fatty acids from the mother’s milk, and increased circulating catecholamine levels (Faxelius et al., 1983; Lopaschuk and Jaswal, 2010), all together enforcing the said switch to oxidative phosphorylation which provides enough ATP to power cardiac contractility. The increased rate of oxidative phosphorylation comes with increased production of reactive oxygen species, which can result in DNA damage and result in myocyte death in cases of cardiac ischemia/reperfusion injury. This series of events provides a unique chromatin remodeling challenge in cardiac myocytes as they must maintain a proliferative capacity after birth, contend with changes in oxygen tension after birth which is thought to mediate mitochondrial ROS generation and ensuing DNA damage, and also engage in transcriptomic reprograming to allow for hypertrophic rather than hyperplastic myocyte growth as the heart develops (Nakada et al., 2017). The first studies to examine histone stoichiometry at the protein level in the diseased heart revealed a decrease in the core to linker ratio during the compensatory hypertrophic growth phase (as measured by H1:H4), concomitant with temporal reprogramming of abundance, and DNA association by, other non-nucleosomal chromatin structural proteins (including HMGs and nucleolin) as the heart transitions from hypertrophy to failure (Franklin et al., 2011; Franklin et al., 2012; Monte et al., 2013; Monte et al., 2016). More recent studies have assessed roles for ATP-dependent chromatin remodelers of the SWI/SNF family in driving maturation of the neonatal heart (Hang et al., 2010), and histone turnover in the adult heart, shedding light on mechanisms that may drive this process.
Since the frequency of adult myocyte proliferation is vanishingly low and inadequate for repair after injury (Eschenhagen et al., 2017), myocytes likely engage primarily in replication-independent histone turnover for maintenance of chromatin structure. To our knowledge, the first study (Li et al., 2019) to examine histone turnover in the heart employed the following approach: Col1a1tetO−H2B−GFP x Rosa26M2rtTA transgenic mice were administered doxycycline-containing water to induce expression of GFP-H2B (i.e., a GFP-H2B pulse), followed by removal of doxycycline-containing water resulting in decreased transgene expression (i.e., an unlabeled H2B chase). Isolated myocytes were then subjected to GFP-H2B ChIP-Seq at various chase times, and the resulting sequencing data was used to calculate rates of genome-wide GFP-H2B turnover. Promoters of genes highly transcribed in cardiac myocytes (i.e., striated-muscle specific gene promoters), and cardiac-specific enhancers containing activating histone marks such as H3K27Ac, demonstrated higher rates of GFP-H2B turnover, as compared to genes with silencing marks or pluripotency enhancers. Two considerations for this study are the use of GFP-tagged H2B and the use of an isoform of H2B (HIST1H2BJ) that is normally encoded as a replication-dependent histone variant. With regard to the first point, protein tagging has been shown to alter the stability and/or folding kinetics of the protein it is fused to (Sokolovski et al., 2015), suggesting that turnover of GFP-H2B may not perfectly reflect endogenous H2B turnover due to differences in their stability. With regard to the second point, the replication-dependent and independent forms of H2B rely on different members of the histone chaperone network to mediate their folding, trafficking, and deposition onto chromatin (Hammond et al., 2017) (Figures 1A,B), and thus may reflect different rates of turnover depending on whether they are expressed in a dividing versus a non-dividing cell (Hammond et al., 2017). Interestingly, an orthogonal approach used metabolic labeling with deuterated H2O to assess rates of protein turnover in adult hearts treated with isoproterenol (Lam et al., 2014). In this study, only histone H4 showed detectable turnover, although technical considerations with the mass spectrometry-based detection of histones prevents a direct comparison of these studies. Consistent with the notion that cardiac remodeling events drive histone turnover, a recent study employed cardiomyocyte specific Ribo-Seq to identify transcripts engaged with polysomal ribosomes in response to pressure-overload mediated cardiac hypertrophy (Doroudgar et al., 2019). Ribosomes containing a myocyte specific HA-tagged ribosome subunit were purified from transgenic mouse hearts, and ribosome footprints from hypertrophic mouse hearts displayed increased histone H4 as well as histone H2AX transcripts, but no increase in replication-dependent histone variants such as HIST1H2BJ and histone H3.1 and H3.2. As will be discussed further below, increased expression of H2AX is consistent with the notion that replication-independent turnover occurs in the adult mammalian heart and is due at least in part to the activities of γH2Ax and the DNA damage response. Knockout of Hira, a histone chaperone, in cardiac myocytes resulted in cardiac hypertrophy concomitant with impaired contractility, re-expression of fetal genes, and cardiac fibrosis (Valenzuela et al., 2016). Importantly, the ATP-dependent chromatin remodeler BRG1 which interacts with HIRA, is required for cardiac hypertrophy, and was required for GFP-H2B turnover in the study described above (Hang et al., 2010). Together these studies suggest that replication-independent histone turnover occurs in the adult mammalian heart in response to pathological insult.
As discussed above, the high metabolic capacity of cardiac myocytes i.e., ROS generation as a byproduct of oxidative phosphorylation, suggests that cardiomyocytes constantly engage in a higher level of DNA repair activity, particularly in the days and weeks after birth. If this were the case, activity of the DNA damage response in the neonatal heart would be concomitant with the histone turnover that occurs as a result of DNA damage-mediated nucleosome disassembly, and H3.3/H2A.Z-mediated re-initiation of transcription (Adam et al., 2013; Hauer et al., 2017). This is supported by studies demonstrating that 1) myocyte cell cycle exit and indicators of DNA damage in mice can be reversed with exposure to decreased oxygen tension (Nakada et al., 2017) and 2) that pathological growth of the heart in response to pressure overload is associated with increased expression and nuclear localization of γH2Ax (Nakada et al., 2019), which as described above is an orchestrator of nucleosome disassembly (Rogakou et al., 1998; Hauer et al., 2017; Piquet et al., 2018). Together these studies suggest that ROS is a driver of both cardiac development and disease, and that the histone chaperone network is critical for postnatal growth of cardiac myocytes and maintained function of the heart in the disease state.
Recent studies have demonstrated that the potent ER stress response transcription factor ATF6, which is activated in response to accumulation of misfolded proteins in the ER, is responsible for maintaining protein quality and quantity control mechanisms in other subcellular compartments (Blackwood et al., 2020). Specifically, during ischemia/reperfusion injury ATF6 was shown to transcriptionally upregulate critical members of the oxidative stress response, for example catalase, demonstrating that ATF6 prevents cardiomyocytes from accumulating ROS during ischemia/reperfusion injury (Jin et al., 2017). These results support the notion that perhaps ATF6-mediated induction of catalase can also mitigate oxidative stress in the days after birth where neonates adjust to life with atmospheric versus in utero oxygen tension. Additionally, an examination of microarray (Martindale et al., 2006) and RNA-Seq (Blackwood et al., 2019) data sets from mouse hearts expressing the transcriptionally active fragment of ATF6 fused to the mutated estrogen receptor demonstrates a significant upregulation of VCP, which as discussed above is critical for histone turnover in proliferating cells. In considering how and why the ER stress response and the histone chaperone network may conspire to drive histone turnover and therefore development of the heart, it has been recently reported that myocyte binucleation after birth is critical for functional maturation of the heart, and that impairment of this process results in non-compaction cardiomyopathy (Gan et al., 2022). Along with postnatal myocyte proliferation that is critical for development and function of the heart (Serpooshan et al., 2017; Bogush et al., 2020), these bouts of mitotic activity—associated or not with cytokinesis—are likely to require histone turnover and re-initiation of transcription following mitosis or DNA damage, in order to maintain myocyte epigenetic memory following mitosis. Given that mitosis and binucleation have been observed in postnatal rat cardiomyocytes (Li et al., 1997), there is the possibility that the replication- and APC/VCP complex-dependent mechanisms of histone turnover described above (Oh et al., 2020) are at play in the postnatal heart. Consistent with ATP-dependent chromatin remodeler activity (i.e. nucleosome remodeling) in response to injury and cardiac development, the SWI/SNF ATP-dependent nucleosome remodeler BRG1 has been shown to be critical for neonatal cardiac development and pathological cardiac hypertrophy (Hang et al., 2010). Together these observations support the notion, which will ultimately need to be supported with future studies, that upon physiological reperfusion that occurs with mammalian birth, ATF6 transcriptionally induces ER targeted chaperones to protect against ER protein misfolding during myocyte growth, induces catalase to protect against excessive ROS-mediated DNA damage after birth (Figure 2), and induces VCP to mediate re-initiation of genes critical to hypertrophic myocyte growth following myocyte mitosis.
CONCLUSIONS AND FUTURE DIRECTIONS
In summary, histone quality control and the histone chaperone network and ATP-dependent chromatin remodelers that mediates this process are drivers of organism development and disease, representing potential targets in the treatment of pathologies such as cardiovascular disease and cancer. However, some level of caution must be levied in considering these approaches as much remains to be learned about how, over what time course, and for what cellular function histones are turned over by their cognate chaperones (Figure 2). What is the threshold of what is recognized as a damaged or misfolded histone, and does it change in the context of disease or aging? And do misfolded or alternatively folded histones represent as yet an unexplored “epigenetic mark” that signals for chromatin remodeling by histone chaperones and downstream gene expression? As much as it is important to answer these questions in the context of disease, there is much to be gleaned by returning to the basic science of understanding what drives histone turnover at the molecular level.
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Drug resistance to front-line malarial treatments represents an ongoing threat to control malaria, a vector borne infectious disease. The malarial parasite, Plasmodium falciparum has developed genetic variants, conferring resistance to the current standard therapeutic artemisinin and its derivatives commonly referred to as artemisinin-combination therapies (ACTs). Emergence of multi-drug resistance parasite genotypes is a warning of potential treatment failure, reaffirming the urgent and critical need to find and validate alternate drug targets to prevent the spread of disease. An attractive and novel drug target includes glucose-regulated protein 78 kDa (GRP78, or BiP), an essential molecular chaperone protein involved in the unfolded protein response that is upregulated in ACT treated P. falciparum parasites. We have shown that both sequence and structure are closely related to human GRP78 (hGRP78), a chaperone belonging to the HSP70 class of ATPase proteins, which is often upregulated in cellular stress responses and cancer. By screening a library of nucleoside analogues, we identified eight ‘hit’ compounds binding at the active site of the ATP binding domain of P. falciparum GRP78 using a high-throughput ligand soaking screen using x-ray crystallography. These compounds were further evaluated using protein thermal shift assays to assess target binding activity. The nucleoside analogues identified from our screen provide a starting point for the development of more potent and selective antimalarial inhibitors. In addition, we have established a well-defined, high-throughput crystal-based screening approach that can be applied to many crystallizable P. falciparum proteins for generating anti-Plasmodium specific compounds.
Keywords: Plasmodium falciparum, malaria, GRP78, chaperone, unfolded protein response, nucleoside analogues, drug discovery & development
INTRODUCTION
Malaria is a vector borne infectious disease caused by the protozoan parasite of the Plasmodium genus, infecting both the host liver and blood cells causing an estimated 627,000 deaths annually (World Health Organization, 2021). There are five species known to infect humans: P. falciparum, P. vivax, P. ovalae, P. malariae and P. knowelsi, however P. falciparum is by far the most dangerous resulting in the highest associated mortality and morbidity (World Health Organization, 2021). Despite numerous therapeutic and preventative efforts leading to an overall reduction in death and disease over the past decade, the spread of partial resistance to front-line malarial therapeutics such as artemisinin and related artemisinin combination therapies (ACTs) has emerged and continues to spread (Visser et al., 2014; Suresh and Haldar, 2018). Malaria multidrug resistance highlights the critical and urgent need to discover new targets and chemical scaffolds.
One class of druggable targets is the endoplasmic reticulum (ER) resident molecular heat shock chaperone GRP78, which is also referred to as Immunoglobulin Binding Protein (BiP), an HSP70-like stress response protein implicated in the cellular unfolded protein response (UPR). GRP78 is essential in the maintenance of ER homeostasis, where it facilitates proper protein folding, mitigating physiological and pathological damages that may cause an accumulation of misfolded proteins and ER stress (Ibrahim et al., 2019). Moreover, it has been shown that GRP78 from P. falciparum (pfGRP78) is associated with numerous protein families such as: transcriptional and translational machinery, the proteosome and proteolytic enzymes, as well as proteins involved in physiological and metabolic pathways (Gardner et al., 2013). There is growing evidence pfGRP78 is cytoprotective, aiding in adaptation between physiological and environmental changes occurring during transmission from the host vector to the infected cell (Kumar et al., 1988; Przyborski et al., 2015; Day et al., 2019). We hypothesize that up-regulated expression of pfGRP78 allows P. falciparum infected cells to withstand and adapt to host conditions and have improved rates of survival.
The presence of the ER stress-response chaperone pfGRP78 in the malaria parasite suggest that this protein could be used as a rational therapeutic target, and various studies including the previous work from our group have explored small molecule inhibitors against P. falciparum and human HSP70-like chaperones (Frame et al., 2015; Jones et al., 2016; Chen et al., 2018). pfGRP78 shares an 84.4% sequence identity to the human orthologue of GRP78 and this value increased to 87.8% when evaluating the nucleotide-binding domain (NBD) only (Chen et al., 2018). GRP78 is structurally divided into two distinct domains: the nucleotide-binding domain at the amino terminus followed by a flexible linker to the substrate-binding domain at the carboxyl-terminus (Chakafana et al., 2019). ATP hydrolysis and ADP/ATP exchange within the NBD of GRP78 play an essential role in the chaperone activity (Pobre et al., 2019). Therefore, the disruption of the interaction of pfGRP78-NBD with ATP using nucleoside analogues with varying structural modifications could inhibit pfGRP78 functions requiring ATP hydrolysis.
In this present study, we expressed and purified recombinant pfGRP78-NBD and the human orthologue hGRP78-NBD from bacteria. We then grew crystals of pfGRP78-NBD to perform a novel compound screening assay using adenine-based nucleoside analogues with distinct modifications to interrogate the active site of pfGRP78-NBD in effort to identify compounds that bind the Plasmodium protein with enhanced selectivity when compared to the human ortholog hGRP78-NBD. Our crystal-based assay identified eight distinct nucleoside analogues present at the active site of pfGRP78-NBD in the complex crystal structures. We then used a protein Thermal Shift Assay (TSA) to further characterize and identify potential differences between the malaria and human chaperone ATP binding sites.
MATERIALS AND METHODS
Reagents
All reagents, materials and nucleoside analogues were purchased from commercial suppliers and were used as received unless otherwise noted. HP1, HP2, HP3, HP4, HP5, HP13, HP14 were purchased from Carbosynth. HP18 was purchased from Acros Organics. HP19, HP20, HP21, HP22, HP23, HP24, HP25, HP26, HP27 were purchased from TargetMol. HP28, HP31, HP32 and HP33 were purchased from Selleck Chemicals. HP9, HP10, HP11 and HP12 were synthesized as detailed below.
DNA cloning, protein expression and purification
The plasmids used in this study have been described previously (Chen et al., 2018). Briefly, the gene encoding for pfGRP78-NBD (residues 26-404) and hGRP78-NBD (residues 26-407) were amplified from full-length pfGRP78 (residues 26-652) and hGRP78 (residues 1-654) by PCR and ligated into a pET28-MHL vector containing an N-terminal His6-tag (GenBank accession EF456735) and expressed in E. coli BL21 (DE3) competent cells (Thermo Scientific). Bacterial starter cultures were grown in LB medium containing 50 μg/ml kanamycin for 16 h at 37°C and then transferred to Terrific Broth containing 50 μg/ml kanamycin. The cells were further grown until the OD600nm reached ∼2.0 and expression was induced with 0.2 mM isopropyl β-D-1-thiogalactopyranoside at 17°C. Eighteen hours post-induction, the cells were harvested by centrifugation at 10,000 rpm for 20 min at 4°C, resuspended in a binding buffer (20 mM TRIS-HCl pH 7.5, 200 mM NaCl, 1 mM β-mercaptoethanol) supplemented with (1 mM PMSF, 1 mM Benzamidine, 0.1% IGEPAL CA-630) and lysed by sonification. Lysates were clarified by centrifugation at 10,000 rpm for 20 min at 4°C and the supernatant was loaded on to 5 ml column of Ni-NTA agarose beads (Thermo Scientific) pre-equilibrated with the binding buffer. The matrix was washed in a stepwise manner using the binding buffer containing increasing concentrations of imidazole (5 mM, 20 mM, 50 mM) and the protein was eluted with the same buffer containing 250 mM imidazole. The eluate was loaded on to a HiLoad 26/600 Superdex 200 pg column (Cytiva) pre-equilibrated with the binding buffer. Target protein-containing fractions were pooled and concentrated using 10 kDa MWCO centrifugal filters (Amicon), flash frozen and stored at −80°C. Expression and purification of pfGRP78 was identical to hGRP78. The N-terminal His6-tag was cleaved using a 1:50 ratio of TEV protease at 4°C overnight. TEV-cut pfGRP78-NBD was mixed with a 10-fold molar excess of 8-bromoadenosine and was concentrated to ∼30 mg/ml for crystallization.
Crystallization, DMSO-driven crystal-ligand replacement screening, data collection and structure determination
Initial crystallization trials were conducted using the sitting-drop, vapor diffusion method using in-house crystallization screening kits, with each drop containing a solution of the complex of pfGRP78-NBD with 8-bromoadenosine and a reservoir solution by high throughput crystallization robot Mosquito Xtal3 (SPT Labtech). Drops were set in 96-well Intelliplates (Art Robbins Instruments). Crystals appeared within a week in the reservoir solution containing 0.7 M (NH4)2SO4, 1.2 M Li2SO4, 0.1 M NaCitrate, pH 5.6 at a room temperature. These crystals were then used for crystal-ligand replacement screening using DMSO. Crystals were first subjected to a DMSO soaking test by titrating them with various concentrations of DMSO to determine a critical threshold between surviving and dissolving (5% addition of DMSO to the drop volume dissolved crystals completely, but 4% DMSO kept crystals intact without change in morphology). Subsequent experiments added 5% of DMSO and 5 mM of each nucleoside analogue into the crystal-containing drop for DMSO-driven crystal-ligand replacement screening. Survived crystals for eight different nucleoside analogues were cryoprotected using paratone-N and flash-frozen in liquid nitrogen until data collection. These survived crystals come from bound 8-bromoadenosine being replaced by the added nucleoside analog, resulting in stabilization of proteins in the crystal lattice. The diffraction data were collected at the Canadian Light Source 08B1-1 beamline in Saskatoon, Canada, as well as the Advanced Photon Source 19-ID-D and 23-ID-D beamlines at the Argonne National Laboratory in Chicago, Illinois. Data were processed using XDS (Kabsch, 2010) and all structures were solved by molecular replacement using MOLREP (Vagin and Teplyakov, 2010) in the CCP4 crystallographic suite (Winn et al., 2011). Structures were solved using the ADP bound pfGRP78-NBD structure excluding ADP (PDB ID: 5UMB) as a search model. After molecular replacement, each model was subjected to multiple rounds of model building and refinement using COOT (Emsley and Cowtan, 2004) and REFMAC (Murshudov et al., 2011), respectively. Coordinate files for all eight pfGRP78-NBD structures have been deposited in the Protein Data Bank with accession codes: 8DIQ (HP2), 8DIP (HP3), 8DIS (HP5), 8D1W (HP10), 8DIY (HP19), 8D20 (HP20), 8D22 (HP22) AND 8D24 (HP23). Structural figures were generated using PyMOL Molecular Graphics System (Version 2.5.0 Schrödinger, LLC) as well as LIGPLOT (Laskowski and Swindells, 2011).
Thermal shift assay
Thermal shift assay measurements were performed on a QuantStudio 6 Flex Real-Time PCR instrument (Applied Biosystems) in 96-well plates (Axygen) sealed with transparent adhesive film (BioRad). pfGRP78-NBD and hGRP78-NBD were diluted to a final concentration of 5 µM in DSF assay buffer (25 mM HEPES pH 7.5, 250 mM NaCl, 1 mM β-mercaptoethanol) and nucleoside analogues were added at a final concentration of 0.5 mM (5% DMSO final concentration). Protein-compound samples were aliquoted in four replicates followed by the addition of the fluorescent probe bis-ANS (Invitrogen) diluted to 50 µM in a 20 µL total reaction volume. Temperature was continuously increased from 10°C to 95°C at an increment of 1°C/min. Melting curves were analyzed using the software Thermal Shift Assay—Curve Rapid and Automatic Fitting Tool (Lee et al., 2019). Tm was defined as the temperature corresponding to the maximum value of the first derivative of fluorescence. Error bars shown in Figure 4 represent standard error of the mean and were calculated using GraphPad Prism (version 9.3.1) for macOS (GraphPad Software, San Diego, California, United States, www.graphpad.com/).
Synthesis of nucleoside analogues HP9, HP10, HP11 and HP12
A series of nucleoside analogues (HP9, HP10, HP11, HP12) with modifications at the C8 position of the adenine moiety were synthesized from a previously described method (Tatani et al., 2015) and all characterizations by LRMS and 1H NMR were consistent with reported values.
Preparation of HP9 ((2R,3R,4S,5R)-2-(6-amino-8-(benzyl(methyl)amino)-9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol)
HP9 was synthesized according to the synthesis procedure above from a from a mixture of 8-bromoadenosine (100 mg, 0.289 mmol, 1 eq.), N-methyl-1-phenylmethanamine (0.867 mmol, 3 eq.), and N,N-diisopropylethylamine (1.73 mmol, 0.302 ml, 6 eq.) was heated to 140°C under microwave irradiation for 10 h. The reaction mixture was then concentrated under reduced pressure, and the residue purified by column chromatography on silica gel (Biotage SNAP 10 g column, 0-40% MeOH/EtOAc as the eluent, 28 CV) to afford the desired product in 56% yield (64 mg). LRMS (M + H)+: 387.5 Purity: 98% (UV/254 nm).
Preparation of HP10 ((2R,3R,4S,5R)-2-(6-amino-8-((2-chlorobenzyl)amino)-9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol)
HP10 was synthesized according to the synthesis procedure above from a mixture of 8-bromoadenosine (100 mg, 0.289 mmol, 1 eq.), (2-chlorophenyl)methanamine (0.867 mmol, 3 eq.), and N,N-diisopropylethylamine (1.73 mmol, 0.302 ml, 6 eq.) was heated to 140°C under microwave irradiation for 10 h. The reaction mixture was then concentrated under reduced pressure, and the residue purified by column chromatography on silica gel (Biotage SNAP 10 g column, 0-40% MeOH/EtOAc as the eluent, 28 CV) to afford the desired product in 59% yield (71 mg). LRMS (M + H)+: 407.4. Purity: 98% (UV/254 nm).
Preparation of HP11 ((2R,3R,4S,5R)-2-(6-amino-8-((4-methoxybenzyl)amino)-9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol)
HP11 was synthesized according to the synthesis procedure above from a mixture of 8-bromoadenosine (100 mg, 0.289 mmol, 1 eq.), (4-methoxyphenyl)methanamine (0.867 mmol, 3 eq.), and N,N-diisopropylethylamine (1.73 mmol, 0.302 ml, 6 eq.) was heated to 140°C under microwave irradiation for 10 h. The reaction mixture was then concentrated under reduced pressure, and the residue purified by column chromatography on silica gel (Biotage SNAP 10 g column, 0-40% MeOH/EtOAc as the eluent, 28 CV) to afford the desired product in 67% yield (78 mg). LRMS (M + H)+: 403.5. Purity: 100% (UV/254 nm).
Preparation of HP12 ((2R,3R,4S,5R)-2-(6-amino-8-((naphthalen-1-ylmethyl)amino)-9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol)
HP12 was synthesized according to the synthesis procedure above from a mixture of 8-bromoadenosine (100 mg, 0.289 mmol, 1 eq.), naphthalen-1-ylmethanamine (0.867 mmol, 3 eq.), and N,N-diisopropylethylamine (1.73 mmol, 0.302 ml, 6 eq.) was heated to 140°C under microwave irradiation for 10 h. The reaction mixture was then concentrated under reduced pressure, and the residue purified by column chromatography on silica gel (Biotage SNAP 10 g column, 0-40% MeOH/EtOAc as the eluent, 28 CV) to afford the desired product in 61% yield (74 mg). LRMS (M + H)+: 423.4. Purity: 96% (UV/254 nm).
RESULTS AND DISCUSSION
Crystal-based screening and identification of pfGRP78-NBD bound with eight nucleoside analogues
In order to structurally characterize nucleoside analogue as potential anti-plasmodium chemical scaffolds in complexes with pfGRP78-NBD, we crystallized pfGRP78-NBD in complex with HP1 (8-bromoadenosine). We then soaked crystals with nucleoside analogues (Figure 1) using our novel DMSO-driven crystal-ligand replacement screening method. Certain compounds stabilized proteins in the crystal lattice, leading to the survival of the soaked crystals, resulting in the identification of protein-binding compounds later confirmed by x-ray crystallography. On the other hand, crystals soaked with non-binding compounds were dissolved within 24 h (Figure 2A). These results demonstrate our novel crystal-ligand DMSO soaking assay reduces the total number of crystal samples sent out for data collection and can be used for potential drug discovery efforts at large. Synchrotron beam time is a rate-limiting step in compound screening by conventional soaking approaches, thus the reduced number of samples sent out for data collection leads to a reduction in false-positives and expedited data analysis, representing a significant improvement in throughput. Using this approach, we successfully identified eight pfGRP78-NBD inhibitor complex structures to high resolutions. PDB entries for these pfGRP78-NBD nucleoside analogue complex structures are summarized in Table 1. These hit nucleoside analogs are HP2: 8-Aminoadenosine, HP3: 7-Deaza-2′-C-methyladenosine, HP5: Toyocamycin, HP10: (2R,3R,4S,5R)-2-(6-amino-8-((2-chlorobenzyl)amino)-9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol), HP19: Trans-Zeatin Riboside, HP20: 5′-Methylthioadenosine, HP22: Piclidenoson and HP23: VER155008. In the active sites of all pfGRP78-NBD and nucleoside analogue complexes, electron density is well shaped for unambiguous modeling of eight hit compounds that replaced the 8-bromoadenosine compound (Figure 2B).
[image: Figure 1]FIGURE 1 | Structure of nucleoside scaffold and HP compound library (HP1-HP33).
[image: Figure 2]FIGURE 2 | Crystal structures of pfGRP78-NBD bound with eight nucleoside analogues. (A) DMSO-driven Crystal-ligand replacement assay schematic. (B) Protein-ligand complex structures of pfGRP78-NBD with nucleoside analogues (HP2, HP3, HP5, HP10, HP19, HP20, HP22 and HP23) and corresponding electron density maps contoured to 2Fo-Fc at the 1 σ level showing molecular replacement of 8-bromoadenosine at the active site of pfGRP78-NBD.
TABLE 1 | X-ray data collection, refinement and validation statistics.
[image: Table 1]X-ray crystallographic analysis of pfGRP78-NBD: Ligand interactions at the ATP binding site
To identify specific modifications of adenosine advantageous for designing plasmodium specific compounds, we analyzed the complex structures of pfGRP78-NBD with the eight hit compounds identified through the crystal-ligand replacement screening method and compared the interactions to those present in hGRP78-NBD. Here we discuss the relevance of chemical modifications of the eight hit nucleoside analogues at the C8, C6, N7, 2′ and 5’ positions.
In Figure 3A, HP2 (8-Aminoadenosine) forms several hydrogen bonds with pfGRP78-NBD active site residues. HP2 forms direct hydrogen bonds with Lys293, Ser297 and Arg364. Four water molecules provide water-mediated hydrogen bonding with Asp256, Glu290, Arg294 and Ser362, further stabilizing HP2 to pfGRP78-NBD. Hydrophobic contacts are present with Gly224, Gly252, Gly361 and Ile365. The amino substituent at the C8 position directly interacts with Asp388, forming a hydrogen bond and has minimal hydrophobic interactions with Arg294. In comparison, the HP2-bound structure of hGRP78-NBD shows the conservation of most residues involved in HP2 binding (e.g., pfLys293 and hLys296, pfGly252 and hGly255). Specifically, a hydrogen bond and hydrophobic interactions with equivalent residues of hGRP78-NBD (hAsp391 and hArg297, respectively) are conserved, although the hydrogen bond is water-mediated in hGRP78-NBD. This suggests that the C8 amino substituent may not enhance specificity for pfGRP78-NBD, despite the improved stabilization this modification provides.
[image: Figure 3]FIGURE 3 | 2D representation of protein-ligand interactions of hit nucleoside analogues identified from crystal-ligand soaking. (A) HP2, (B) HP3, (C) HP5, (D) HP10, (E) HP19, (F) HP20, (G) HP22 and (H) HP23. Ligand bonds are shown in purple, non-ligand bonds are shown in brown. C, N, O, S and Cl atoms are represented in black, blue, red, yellow and pink, respectively. Water atoms are represented in turquoise. Hydrophobic interactions are represented by grey spokes radiating towards the contacting ligand atoms and hydrogen bonds are represented by pink dashed lines with bond-lengths in Å. Red highlight represents amino acid equivalence between pfGRP78-NBD and hGRP78-NBD structure.
As depicted in Figure 3B, HP3 (7-Deaza-2′-C-methyladenosine) was used to assess how chemical modification at the 2′ hydroxyl group of the ribose sugar and the deaza-modified adenine moiety (i.e., N7 to C5) affect protein-ligand interactions at the ATP binding site of pfGRP78-NBD. It is evident that HP3 interacts with pfGRP78-NBD, but lacks hydrogen bonding with Arg364 due to the deaza substitution. Similarly, the HP3-bound structure of hGRP78-NBD shows no hydrogen bonding between hArg367 and HP3 either. In other nucleoside analogue-bound pfGRP78-NBD structures, a hydrogen bond is clear present between N7 and Arg364 (Table 2). The 2′ methyl substituent directs the 2′ hydroxyl group to form a hydrogen bond with Lys293, but it itself is involved in hydrophobic interactions with Glu290. In the HP3-bound structure of hGRP78-NBD, the N7 deaza substituent of HP3 is not involved in hydrogen binding, similar to that of pfGRP78-NBD. In addition, the 2′ methyl substituent of HP3 helps orient the 2′ hydroxyl group to form a hydrogen bond with hLys296 and has hydrophobic interactions with hGlu293 conserved in pfGRP78-NBD. The finding that the hydrogen bonding and hydrophobic contacts are conserved and indistinguishable between the P. falciparum and the human orthologue suggest that neither the deaza modification at the N7 position nor the 2′ methylation enhance selectivity for pfGRP78-NBD.
TABLE 2 | pfGRP78-NBD & hGRP78-NBD Ligand Interaction Profile with Hit Nucleoside Analogues.
[image: Table 2]The active site architecture of pfGRP78-NBD with HP5 (Toyocamycin) is shown in Figure 3C. The HP5 compound also has deaza modification at the N7 position, which becomes C5. In addition, a cyano substituent is attached at the C5 position. Direct hydrogen bonds are made between Lys293 and the 2’ hydroxyl on the ribose moiety as well as Ser297 and the N1 position on the adenine moiety. Two water molecules provide water-mediated hydrogen bonds with Asp256, Glu290 and Ser362. Eight hydrophobic interactions are observed with Tyr39, Gly224, Gly252, Arg294, Gly361, Arg364, Ile365 and Asp388. The cyano substituent at the C5 position does not form direct hydrogen bonding with pfGRP78-NBD, but forms hydrophobic interactions with the aliphatic side chain of Arg294. Direct structural comparison with hGRP78-NBD cannot be made at this time due to the lack of structural data for the human orthologue in complex with HP5. However, most of the residues of pfGRP78-NBD interacting with HP5 are conserved in hGRP78-NBD, (e.g., hArg297, hSer300, hLys296) suggesting a similar binding mode for HP5, which involves no direct hydrogen bonding of the cyano substituent of HP5 with hGRP78-NBD.
The structure of HP10 ((2R,3R,4S,5R)-2-(6-amino-8-((2-chlorobenzyl)amino)-9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol) in complex with pfGRP78-NBD is shown in Figure 3D. This compound has a modification at the C8 position, by adding an amino group followed by a chlorobenzyl moiety. Direct hydrogen bonding is observed with Lys293 and Ser297. Water-mediated hydrogen bonding is shown with Asp256, Glu290 and Ser362. Hydrophobic interactions are found with Gly224, Gly252, Arg294, Gly361, Arg364, Ile365 and Asp388. The C8 substituent shows minimal hydrophobic interactions with the hydrocarbon side chain of Arg294, although multiple hydrophobic interactions at the C8 substituent are observed in hGRP78-NBD involving Glu293, Lys296 and Ser300 (Figure 3D). This loose hydrophobic interactions at the active site of pfGRP78-NBD can be tightened by additional chemical modifications at this position to further occupy the open active site pocket, allowing for the development of more potent inhibitors specific to the P. falciparum protein.
Interactions of HP19 (Trans-Zeatin Riboside) with pfGRP78-NBD is shown in Figure 3E. This compound has a methylbutenol substituent at the C6 position. Direct hydrogen bonding of HP19 occurs with Lys293, Ser297 and Arg364. Three water molecules provide indirect hydrogen bonding with Asp256, Ser362 and Arg294. Hydrophobic interactions are also shown with Gly223, Gly224, Gly252, Glu290, Val298, Gly361, Ile365 and Asp388. The C6 substituent does not have any direct hydrogen bonding interactions with pfGRP78-NBD, although there is a water-mediated hydrogen bond that may provide additional stability. The C6 substituent forms hydrophobic interactions with Arg294 and Val298. Although the HP19-bound structure of hGRP78-NBD is not available, many active site residues of pfGRP78-NBD involved in HP19 interactions are conserved in hGRP78-NBD (e.g., hArg297, hArg367, hSer365). Interestingly, the C6 substituent forms hydrophobic interactions with pfVal298, which may not occur in hGRP78-NBD since pfVal298 is not conserved in hGRP78-NBD (hGln301). This difference can therefore be further probed for the development of compounds specific to pfGRP78-NBD.
Figure 3F shows the interactions between HP20 (5′-Methylthioadenosine) and pfGRP78-NBD. This compound has a modification at the 5′ position of the ribose sugar, with the deletion of the 5′ hydroxyl group and the addition of a methylated sulfur moiety. It is clear that no direct hydrogen bonding is observed at this modified 5′ position. Direct hydrogen bonding is however shown at other sites on HP20, which interact with Lys293, Ser297 and Arg364. Four water molecules provide water-mediated hydrogen bonding with Asp256, Arg294 and Ser362. There are six hydrophobic interactions shown with Try39, Gly224, Gly252, Glu290, Gly361 and Ile365. In pfGRP78-NBD, there are hydrophobic interactions of the 5′ substituent with Tyr39. Without the HP20-bound structure of hGRP78-NBD, we predict a similar binding mode of P. falciparum and human GRP78 for HP20 because of the conservation of HP20 binding residues between the two species including pfTyr39 and hTyr39.
HP22 (Piclidenoson) interacts with the active site residues of pfGRP78-NBD in Figure 3G. This compound has modifications at both the 5′ position and the C6 position. Direct hydrogen bonds of HP22 are formed with Ser297, Lys293 and Arg364. Three water molecules provide water-mediated hydrogen bonds with Asp256, Arg294 and Ser362. Neither the 5′ modified group nor C6 modified group form direct hydrogen bonds with pfGRP78-NBD active site residues. However, there is a water-mediated hydrogen bond between the nitrogen atom of the C6 substituent and Arg294. There are eight hydrophobic interactions which include Gly223, Gly224, Gly252, Glu290, Val298, Gly361, Ile365 and Asp388. The 5′ modified substituent has hydrophobic interactions with Asp388 and Gly223 and the ring structure of the C6 substituent forms hydrophobic interactions with Val298. In the absence of the HP22-bound structure of hGRP78-NBD, we still can predict the binding mode of hGRP78-NBD for HP22. The 5’ substituent of HP22 can form hydrophobic interactions with hAsp391, equivalent to pfAsp388. However, the C6 substituent may not form hydrophobic interactions with the pfVal298-equivalent residue of hGRP78-NBD (hGln301). This suggests that further modification at the C6 position could be used in the development of the next generation of C6-modified nucleoside analogues that are more selective to pfGRP78-NBD.
The structure of pfGRP78-NBD with HP23 (VER155008) is shown in Figure 3H. This compound has modifications at the C8 and 5′ positions. Direct hydrogen bonding of HP23 is shown with Thr38, Lys293, Ser297 and Arg364. Five water molecules provide water-mediated hydrogen bonds with Tyr65, Arg60, Glu253, Asp256, Arg294, Ser362. Hydrophobic interactions are shown with Tyr39, Pro63, Lys80, Gly224, Gly252, Gly361, Asp388 and Ile365. Especially, the 5’ substituent makes direct interactions with Thr38 and water-mediated contacts with Glu253 and Tyr65. Moreover, a chlorine atom of the C8 substituent makes water-mediated hydrogen bonding with Arg60. In hGRP78-NBD, HP23 has direct hydrogen bonding with Asn59 and Lys296. Three water molecules mediate hydrogen bonds are present between N7 with Asp259, Lys296 and Ser365. When comparing pfGRP78-NBD and hGRP78-NBD, many interactions at the active site are conserved (e.g., pfLys293 and hLys296, pfSer362 to hSer365). These findings suggest HP23 binds to both pfGRP78 and hGRP78 indistinguishably. Different modification will be required to generate nucleoside analogues specific for pfGRP78-NBD.
Identification of nucleoside analogues that thermally stabilize the pfGRP78-NBD
To further evaluate the interaction of pfGRP78-NBD with the hit nucleoside analogues, we performed thermal shift assays to measure the stability of protein-ligand complexes. Recombinant pfGRP78-NBD and hGRP78-NBD were used to evaluate potential preferential binding differences between the parasite versus host chaperone. We speculated that the limited structural variation between the highly conserved P. falciparum and human NBD of GRP78 may be an obstacle to developing selective antimalarial drugs, however discernable differences were noted between the thermal melting profiles. In this assay, the melting temperature (Tm; temperature at which protein denaturation = 50%) is monitored by a fluorescent molecular probe binding to exposed hydrophobic regions on the protein and protein-ligand interactions are characterized by an observed shift in the melting temperature (ΔTm; difference in Tm between a sample treated with ligand minus the Tm of a sample in the absence of ligand). Thermal shifts values above 2°C were considered significant and are indicative of protein-compound interaction.
The extent of thermal stabilization of pfGRP78-NBD and hGRP78-NBD in the presence of various nucleoside analogues to determine their binding to GRP78-NBDs (Figure 4). As a positive control, we used ATP as a model binding substrate. Both pfGRP78-NBD and hGRP78-NBD showed a positive thermal shift in the presence of ATP, compared to protein only. Although, the increase in melting temperature was more noticeable for hGRP78-NBD with a thermal shift of 5.6°C compared to only 0.5°C for pfGRP78-NBD. It is evident that numerous compounds interact with pfGRP78-NBD with different ΔTm values, generating a unique chemical fingerprint. Eight out of the twenty-five screened compounds showed a significant effect on the pfGRP78-NBD thermal stability, these include: HP2, HP10, HP11, HP12, HP13, HP23, HP31 and HP32. Three of the eight compounds that showed a notable difference in the thermal stability were also identified using our DMSO crystal-ligand replacement screening, those being HP2, HP10 and HP23. Relative to the ATP control, the TSA data demonstrated stabilizing effects for many of the nucleoside analogues, with changes in melting temperature higher than ATP. These results are consistent with our hypothesis that the adenosine structural moiety common among compounds in this library would elevate the overall melting temperature and provides justification for further investigation.
[image: Figure 4]FIGURE 4 | Interaction of nucleoside analogues on thermal stability of pfGRP78-NBD and hGRP78-NBD. ΔTm is defined as the difference in Tm between protein with ligand minus the Tm of protein without ligand. Error bars represent standard error of the mean of four repeats.
In addition, screening the human homologue of GRP78-NBD generated different fingerprints indicative of differences in chemical sensitivity between the P. falciparum and human GRP78 chaperones that might be exploited in the design of selective inhibitors. Most notably, this can be seen in the case of HP25, which had a more noticeable (ΔTm > 2 °C) shift for hGRP78, whereas the plasmodium chaperone was destabilized by HP25. These finding suggest the potential for designing inhibitors specific for pfGRP78. Interestingly, HP22 destabilized both pfGRP78-NBD and hGRP78-NBD in TSA, however our DMSO crystal-ligand replacement assay results clearly provide the crystal structure of pfGRP78-NBD with this nucleoside analogue bound at the active site. This result stresses the importance of performing orthogonal approaches to validate putative hit compounds.
CONCLUSION
In summary, we purified recombinantly expressed pfGRP78-NBD and hGRP78-NBD and performed biophysical assays such as TSA to identify chemical moieties that could be used to generate more specific therapeutics to P. falciparum. We further characterized the active site of the NBD by providing new crystal structures of the P. falciparum GRP78 in complex with eight different nucleoside analogues using our innovative, high-throughput DMSO crystal-ligand replacement screening method. The results from the TSA and DMSO crystal-ligand replacement screening are in agreement and provide further validation of the hit compounds we identified in this study. Moreover, we provided proof of concept that protein crystals can tolerate DMSO soaking and stabilizing compounds remain intact, whereas non-binding compounds dissolve. Taken together, this study established an excellent platform for a rapid, stream-lined approach to compound screening, data collection and identification of protein-ligand complexes using x-ray crystallography. It is our belief that the development of our DMSO crystal-ligand screening approach can be applied in the larger context of drug discovery by minimizing time, cost and hours spent working to obtain protein-ligand co-crystal structures and will complement existing drug discovery approaches to identify and validate candidate drug targets. The research outcomes presented here will play a fundamental role in future studies to generate a refined adenosine chemotype containing structure-driven modifications on the adenosine scaffold specific and selective to pfGRP78.
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“The Gene IDs for the T b. brucei (Tb refers to Tob), T b. gambiense, T. cruzi, C. fasciculata, B. saltans, and L. major HSP83/HSPC co-chaperones were retrieved from the TriTrypDB
database (http:/triteypdb.org/tritrypdb; Aslett et al, 2010). The Gene IDs for the members of the H. sapiens HSPIO/HSPC co-chaperones were retrieved from NCBI (https://wiww.ncbi.
nlm.nih.gov/).

“The Gene IDs, for the orthologues, identified by reciprocal BLASTP analysis, of three strains of T. cruzi are listed. T. cruzi CL, Brener Esmeraldo-like (TcCLB), T. cruzi Dm28c 2018
(C4B63), and T. cruzi marinkelli st B7 (Tc_MARK).

“Subeellular localizations for the T. brucei HSP83/HSPC co-chaperone proteins were acquired from using the TrypTag database (hitp//tryptagorg/s Dean et al, 2017) and/or determined
using various proteomic datasets listed in the materials and methods.

CYT-Cytosol; MITO- mitochondrion; NUC- nucleus; ER- endoplasmic reticulum; GYLCO-glycosomes; FLAGELLAR- flagellar; CELL SURFACE- cell surface.
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(Kcal/mol) involved involved

PfHop PES -73 Argd07 Met123, Leul124, Tyr 372, Ile373

PfHsp70- 69 Glud17, Glnd54 Valds1, Tled53
1
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Ligand Analyte
PfHsp70-1 PES

ATP
PfHop PES

ATP
PfHsp70-1npp PES

ATP

KD (uM)

0.0692  0.02
0537 £ 0.07
0707 + 0.07
0.861 £ 0.01
739 +0.09
0.0223 + 0.03

1.70
1.73
7.31
6.90
9.14
1.01

Ko, equilibrium constant, X values indicate the goodness of fit for SPR, sensorgrams.
Each parameter is the mean for three independent experiments, each performed in
triplicate and standard errors of the mean are indicated.
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Ligand Analyte ~ Name of the inhibitor Cso (1

PHsp70-1  PfHop EGCG 1390 £ 12
PES 3243%21

PfHop. PfHsp70-1  EGCG 1457 £ 18
PES 3813 + 3.6

Interaction of PfHsp70-1 and PfHop was investigated using ELISA, with analyte and
ligand alternating. ICs, values for the interaction of the proteins in the presence of PES

and EGCG (control) are shown.
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Ligand Analyte Nucleotide/Inhibitor ka (1/Ms) kd (1/s) Kp (nM) X

PfHsp70-1 PfHop NN 7.67 (£0.07) € 325 (£005) e 424%04 091
ADP 7.81 (20.01) ¢ 3.08 (£0.08) e 308 £ 08 075
ATP 259 (20.09) ¢ 2,07 (£0.07) € 79.8 £ 8.0° 212
EGCG 631 (x0.01) ¢ 130 (£03) ¢! 20,700 + 700* 051
PES 125 (£0.05) & 2,66 (£0.06) e 214 £ 40 0.13

PfHop PfHsp70-1 NN 7.60 (20.6) ¢ 341 (2001) e 449£09 0.19
ADP 807 (20.07) ¢ 250 (205) e 310 £ 0.1 0.10
ATP 2.6 (£0.06) € 215 (£0.05) € 80.9 £ 9.1% 1.67
EGCG 671 (x0.01) ¢ 9.14 (£0.04) e 1,360 = 60* 0.12
PES 350 (20.5) ' 8.11 (x001) 232+ 24 0.28

ka, association rate constant; kd, dissociation rate constant; Kp, equilibrium constant; X values indicate the goodness of fit for SPR, sensograms based on the bivalent fit model. Three

independent analyses were conducted during the SPR, assay altern:

t-test (p < 0.05)* represents statistically

g ligand and analyte each time. Standard errors are shown in brackets. Statistical analysis was done using a student
allatiiy pesioudad Tt dhicase of indeolids DRI,
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Compound  Hydrogen bond forming residues Hydrophobic interaction forming residues

PfGRP78-NBD hGRP78-NBD PfGRP78-NBD hGRP78-NBD
HP2 Asp256, Glu290, Lys293, Arg294, Asp259, Lys296, Ser300, Ser365  Gly224, Gly252, Gly36l, lle365 Tyr39, Gly227, Gly255, Glu293,
Ser297, Ser362, Argd6d, Asp3ss Arg297, Gly364, Argd67, Tle36s
HP3 Glu290, Lys293, Arg294, Ser297, Lys296, Ser300, Asp391 Gly223, Gly224, Gly252, Gly361, Gly227, Gly255, Glu293, Arg297,
Ser362 Arg36d, Tle36s Gly364, Arg367, lle3s
HPS Asp256, Glu290, Lys293, Ser297, - Tyr39, Gly224, Gly252, Arg294, -
Ser362 Gly361, Arg36d, Tle36s, Asp3ss
HP10 Asp256, Glu290, Lys293, Ser297, Asp259, Glu293, Lys296, Ser300,  Gly224, Gly252, Arg294, Gly361, Tyr39, Gly227, Gly255, Arg297,
Ser362 Serd6s Arg36d, Tle365, Asp3ss Gly364, Arg367, 1le368, Asp3oL
HP19 Asp256, Lys293, Arg294, Ser297, - Gly223, Gly224, Gly252, Glu290, Val298, Gly36l,  —
Ser362, Arg36d 11e365, Asp388,
HP20 Asp256, Lys293, Arg294, Ser297, - Tyr39, Gly224, Gly252, Glu290, -
Ser362, Argi6d Gly361, Tle365
HP22 Asp256, Lys293, Arg294, Ser297, - Gly223, Gly224, Gly252, Glu290, -
Ser362, Arg36d Val298, Gly361, lle365, Asp3ss
HP23 The38, Arg60, Tyr63, Glu2s3, Asn59, Asp259, Lys296, Ser300,  Tyr39, Pro63, Lys80, Gly224, Tyr39, llsl, Gly227, Gy255,
Asp256, Glu290, Lys293, Arg29d, Ser297, Serd6s Gly252, Gly361, le365, Asp3s8 Glu293, Arg27, Gly364, Arg367, 1368,

Ser362, Arg36 Asp3on
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Beamline

Data Collection
Wavelength (A)
Resolution (A)
Space Group

No. of molecules
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Unit cell
parameters (A)

No. of unique
reflections®

Wilson B-Factor (A%)
Redundancy”

Ry (%)

Average 1/o*

Refinement
Resolution (A)
Completeness (%)
Ruork/Rpree (%)°

No. of atoms
Protein
Ligand/ion
Water

RMSD bond
length (A)

RMSD bond
angle ()

Ramachandran Analysis
Favored (%)
Outliers (%)

HP2
8DIQ
CLS 08B1-1
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500-2.15
622

1

85.11,
29207

34,525 (5360)

05
19.1 (19.6)
8.1 (60.9)

27.30 (5.55)
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97.8
20.1/24.0
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34
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0011

1712

96.1
08

HP3
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APS 19-ID
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6.2 (46.4)
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99.9
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0.013
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97.3
03

HP5
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1

a=8438,
©=29249
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345
189 (192)
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48.80-2.25
99.9
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|
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97.3
06
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1.5212
50.0-1.90
P6;22

1
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26.44 (567)
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0.014

1.816

96.9
0.3

HP20
8D20
CLS 08B1-1
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500-195
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44,948 (6955)

276
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82 (50.7)
37.96 (9.25)

45.63-1.95
97.3
19.6/22.7
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0013

1.800

97.5
03

HP22
8D22
CLS 08B1-1
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50.0-2.00
6522
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42,527 (6624)
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HP23
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APS 23-ID-D
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96.7
00

Values in parentheses denote the highest-resolution shell,

b

“Ruork = Z[|Faws|-[F.
-

Reym = Z[(1-< T >)J/Z(1), where T is the observed intensity and < I > is the average intensity.
1V/E]Fotuly where [Foss| and [Feae| are magnitudes of observed and calculated structure factors. Risee was calculated as Ryori using 5.0% of the data, which was set aside
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member

Chalcones 2,4-Dimethoxy-4'-

Butoxychalcone

Polyphenols  Epigallocatechin-3-

gallate

‘Curcumin

Quinine

Geldanamycin

*17-AAG

Malonganenone A

Terpenoids  Gedunin

Celastrol

Peptide
antibiotic

Polymyxin B

Deoxyspergualin

Biological activities/
Mechanisms

Acts against P. falciparum in vitro, and P.
berghei and P. yoelii in vivo

Possess antiplasmodial activity, possibly by
inhibiting Hsp90 and Hsp70 chaperone and
ATPase activities. Neuroprotective

Modulates NMDA receptors and protects
against NMDA and glutamate-induced
toxicity. Used as adjuvant in cerebral
Malaria

Modulate the expression of some
plasmodial proteins, and decrease serotonin
production

#1CIDIE

Prevent focalischemia in the brain, possibly
by stimulating heat shock gene
transcription

Hsp90 inhibitory activities

Selectively inhibit plasmodial Hsp70

Inhibit Hsp90 and/or induced degradation
of Hsp90-dependent client proteins

Protects motor neurons from excitotoxicity,
possibly by induction of increased
Hsp70 expression

Immunosuppressant, and inhibition of
activities of PfHsp70-1

Immuno-suppressant. Modulate
Hsc70 activity, primarily targeting
trafficking of apicoplast protein in P.
Salciparum

Structural formula

References

Chen et al. (1997), Salehi et al.
(2021)

Tran et al. (2010), Zininga
et al. (2017b), Youn et al.
(2022)

Matteucci et al. (2011), Jain
et al. (2013), Wang et al.
(2017b), Marti Coma-Cros
etal. (2018)

‘Pussard et al. (2007), Islahudin
et al. (2014)

Lu et al. (2002)

Wa et al. (2010), Shahinas
etal. (2013a), Posfai et al.
(2018)

Cockburn et al. (2011), (2014)

Mackinnon et al. (1997),
Brandt et al. (2008),
Patwardhan et al. (2013)

Westerheide et al. (2004),
Petrovi¢ et al. (2019)

Zininga et al. (2017a)

Midorikawa and Haque
(1997), Brodsky (1999),
Ramya et al. (2007)

*17-AAG, is 17-allyamino-17-demethoxygeldanamycin.
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Compounds
Ginsenoside and
ginseng

Bacopasaponin

Betulinic Acid
6-Gingerol

Zingerone
Chrysin
L-3-n-butylphthalide

Quercetin

Rutin

Baicalein
Caffeic acid
Magnolol
kavalactone
kolaviron
Riboflavin

Huperzine A

Berberine

Andrographolide

Related biological eftects

Antimalarial, anti-inflammatory, antioxidant, antiparasitic

Antioxidative, increased cerebral blood flow, neuromodulatory

Curtails neuroinflammation by modulating NE-kB and inhibition of Interleukin -6;
Antimalarial

Reduced IL-6, TNF-a, nitric oxide, cerebral cortex lesion; Reversed memory deficit and
cognitive impairment

Prevents lipid peroxidation and neuroinflammation; Antimalarial
Reduced neuroinflammation; Antimalarial

Increases expression of glutamic acid decarboxylase, anticonvulsant, antioxidative, and anti-
inflammation. Attenuate cognitive decline

Antioxidant, improved motor activity, anti-inflammation; Antiplasmodial

Antioxidative, anti-inflammatory, antiapoptotic; Antimalarial

Modulation of NMDA receptor, ameliorates neuroinflammation, anti-apoptotic,
antiexcitotoxic, antipyretic

Antioxidative, anti-inflammation, decreases neuronal apoptosis, boosts memory; Antimalarial

Free radical scavenging, prevents brain infarction and cognitive deficits, anti-inflammation,
reduces neuronal apoptosis

Curtails oxidative stress and neuroinflammation, anticonvulsant, anti-anxiolytic, sedative,
modulation of GABA receptors

Anti-inflammatory, antioxidative, improved motor and cognitive decline, antiapoptotic,
antimalarial

Mitigates oxidative stress, neuroinflammation, and glutamate neurotoxicity; Inhibited
hemozoin production, decreases food vacuole size in P. falciparum

NMDA receptor antagonist inhibits acetylcholine esterase and improves cognition
Prevents learning and memory impairment, heavy metal chelation

Inhibit NF-kB activation. Prevent inflammation. Antimalarial

References

Han et al. (2011), Huang et al. (2019)

Aguiar and Borowski (2013), Velaga et al. (2014)
Vijayan et al. (2010)

Farombi et al. (2018), Kim et al. (2018), Huang et al.
(2019)

Alam (2018), Ounjaijean and Somsak (2020)
Nabavi et al. (2015)
Bhatt etal. (2017), Liao etal. (2018), Ye etal. (2018)

Ganesh etal. (2012), Ezenyi etal. (2014), Singh etal
(2017)

Budzynska et al. (2019), Bhatt et al. (2022)
Hung et al. (2016), Sowndhararajan et al. (2018)

Fu et al. (2017), Alson et al. (2018), Morroni et al,
(2018)

Chen et al. (2011), Santos et al. (2021)
Tzeng and Lee (2015), Alves et al. (2021)
Oluwatosin et al. (2014), Farombi et al. (2019)

Akompong et al. (2000), Tripathi et al. (2014),
Huang et al. (2022)

Zhang (2012), Gul et al. (2019)
Hussien et al. (2018), Wang et al. (2018)

Mishra et al. (2011), Raghavan et al. (2012), Chang
etal. (2014)
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Chaperone
family

Hsp90

Hsp70

Hsp60

Hspdo

Small Hsps

PDIs

Selected members

Hsp0a; Hsp90p

Grp78; Hsc70; Hsp70; Hsp72

Hsp60; TRIC; GroEL; Hsps8;
yHsp60

Hdj2; DnaJB1; DnaJAl;
DnaJAl; DnaJC14; DnaJA3;
Hdjl; hTid1; DnaJB6; ERdJ5

Hsp27

PDI; ERpS7

Function in RNA
viral infection

Virus entry into host cell

Virus replication

Virus protein maturation
and assembly

Cellular transformation

Virus entry into host cell

Virus replication

Virus gene expression

Virus assembly

Virus release

Immunomodulation

Apoptosis regulation

Genome integration

Virus entry into host cell

Virus replication

Virus gene expression

Virus protein maturation
Immunomodulation

Virus replication

Virus entry into host cell
and uncoating

Virus translation

Oxidative stress and ER
stress

Related RNA viruses

Enterovirus A71, Dengue, Japanese encephalitis
virus

Influenza, Paramyxoviruses: vesicular stomatitis
virus, Human parainfluenza virus type 2 and 3,
Simian Virus 41 or Chikungunya, Hepatitis C virus

Hepatitis C virus, Influenza, Picornaviruses,
Poliovirus, Rhinovirus, Coxsackievirus,
Noroviruses

Human T-lymphotropic virus

Chicken Anaemia virus-9, Enterovirus A71,
Dengue, Japanese encephalits virus, Zika virus,
Human T-lymphotropic virus, human
immunodeficiency virus -1

Munmps virus, Canine distemper virus, Hepatitis C
virus, Respiratory syncytial virus, Ebola virus,
Influenza, SARS-CoV2

Coxsackievirus B3, Enterovirus A71, Influenza A

Reovirus, Poliovirus, Coxsackievirus B1, Influenza

Hepatitis C virus

Japanese encephalitis virus, Influenza, Dengue

Hepatitis C virus, Rotavirus

Human immunodeficiency virus

Human immunodeficiency virus

Japanese encephalits virus, Influenza

Influenza, Human immunodeficiency virus

Yellow fever virus
Hand foot and mouth disease virus

Enterovirus A71, Classical swine fever virus

Dengue, Human immunodeficiency virus

Enterovirus A71

Influenza, Hepatitis C virus, Encephalomyocarditis
virus, Respiratory syncytia virus, Japanese
encephalitis virus, Human immunodeficiency
virus
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Multivariate Analysis

Variables
Odds Ratio
Diameter (>3 cm) 0606
Stage I 0.141
Stage Il 16.417
Stage IV 17.368
Chemotherapy -0813
Radiotherapy 2110
Right tumor -0.662
Mediastinal tumor -1.609
eHSP90a (248.7) 2.268

hold font indicates statistical

95% CI

5.321e-01-6.358e+00
1.882e-30-5.250e+29
6.130e-113-NA
7.726e-114-NA
6.216e-02-2.630e+00
2.353e+00-3.692e+01
1.587e-01-1.546e+00
1.409e-02-2.533e+00
2.931e+00-3.997e+01

p-value

0.333
1.000
0.994
0.994
0.389
0.002
0.249
0.213
0.001
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Variables

Age (<55 vs. >55)
Chemotherapy (Yes vs. No)
Diameter (<3 cm vs. >3 om)
Ki-67 (<50% vs. >50%)

M (MO vs. M1)

Mediastinal tumor

N (NO vs. N1-3)
Radiotherapy (Yes vs. No)
Right tumor

Stage (-1l vs. lIl-V)
T(T1-2 vs. T3-4)

B lymphocytes (OS: < 8.27 vs. 2827,
PFS: < 7.93 vs. 27.93)

CA-199 (OS: < 4.25 vs. 24.25, PFS: <
6.55 vs. 26.55)

CEA (OS: < 9.36 vs. 20.36, PFS: <
3.86 vs. 23.86)

eHSP90a (OS: < 65.80 vs. 265.80,
PFS: < 48.70 vs. 248.70)

Natural kiler cels (OS: < 11.75 vs.
211.75, PFS: < 11.23 vs. 211.28)
NSE (OS: < 68.55 vs. > 68.55, PFS: <
57.33 vs. 257.33)

T helper cells (OS: < 30.95 vs. 230.95,
PFS: < 32.20 vs. 232.20)

Thelper cells/T suppressor cells (OS: <
3.80vs. 23.80, PFS: < 2.0 vs. 22.06)
T lymphocytes (OS: < 70.35 vs.
>70.35, PFS: < 72.10 vs. 272.10)

T suppressor cells (OS: < 23.77 vs.
223.77, PFS: < 18.15 vs. 218.15)
TK1(0S: < 0.46 vs. 20.46, PFS: < 0.54
vs. 20.54)

boid font indicates statistical. Carcinoembryonic antigen, CEA: Carbohydrate antigen 19-9, CA1S.

Univariate Multivariate
os PFS os PFS
HR (95%Cl) p HR (95%Cl)  p Value HR (95%CI) p HR (95%CI) p
Value Value Value
1.610 0227 1.022 0948
(0.743-3.487) (0.540-1.934)
0431 0045 2321 0244
(0.189-983) (0.562-9.584)
1.610 0227 1.957 0061
(0.743-3.487) (0.970-3.947)
25720407 (0-Inf)  0.997 0413 0224
(0.099-1.717)
2.562 0009 5326 5830e- 2716 (1.323-5.573) 0006 4.044 (1.777-9.204) 0,001
(1.261-5.208) (2.356-12.040) 05
1.522 0577 1.243 0.770
(0.348-6.661) (0.290-5.332)
3.159 0257  N1-38209e+07 0996
(0.433-23.050) (O-Inf)
0398 0010 0.467 0016 0.403 (0.227-0.962) 0.039
(0.198-0.799) (1.135-3.389)
1.108 0750 1.004 0990
(0.591-2.077) (0.5754-1.751)
51180407 (0-In) 0997  8433e-07 (0-n) 0996
0.881 0699 1.422 0262
(0.462-1.678) (0.769-2.628)
0639 0.164 0718 0271
(0.341-1.201) (0.398-1.295)
1.650 0.169 2268 0018
(0.808-3.367) (1.152-4.466)
2.586 0002 1.230 0501
(1.406-4.758) (0.6735-2.246)
3.410 0000 2155 0024  2271(1.122-4505) 0023 2,056 (1.087-4.077) 0039
(1.808-6.430) (1.106-4.200)
1.785 0083 1.130 0664
(0.927-3.435) (0.652-1.957)
3811 0.000 1.133 0651 2580 (1.200-5546)  0.015
(1.872-7.758) (0.659-1.949)
1.010 0977 0852 0630
(0.500-2.042) (0.445-1.633)
2.569 0074 1.952 0201
(0.914-7.221) (0.700-5.441)
0.489 0085 0874 0668
(0.217-1.103) (0.472-1618)
1.033 0922 0925 0803
(0.538-1.986) (0.502-1.706)
0.649 0.167 0787 0.429
(0.351-1.198) (0.435-1.424)

Thymidine kinase1, TK1: Neuron-specific enolase, NSE.
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Features SCLC

Total 105
Gender
Male (%) 87 (82.9%)
Fernale (%) 18 (17.1%)
Age (years)
<85 (%) 23 (21.9%)
> 55 (%) 82 (78.1%)
Location
Left (%) 40 (38.1%)
Right (%) 60 (57.1%)
Mediastinal (%) 5 (4.8%)
Diameter(cm)
<3 (%) 26 (24.8%)
>3 (%) 79 (75.2%)
TNM stage
Stage | (%) 3 (29%)
Stage Il (%) 2(19%)
Stage Il (%) 22 (21.0%)
Stage IV (%) 78 (74.3%)
VALG stage
LD-SCLC (%) 27 (25.7%)
ED-SCLC (%) 78 (74.3%)
T stage
T1 (%) 14 (13.3%)
T2 (%) 17 (16.2%)
T3 (%) 19 (18.1%)
T4 (%) 55 (52.4%)
N stage
0(%) 6(5.71%)
1(%) 16 (15.24%)
2 (%) 37 (35.24%)
3 (%) 46 (4381%)
M
0 (%) 27 (25.7%)
1(%) 78 (74.3%)
Chemotherapy
Yes (%) 94 (89.52%)
No (%) 11(10.48%)
Radiotherapy
Yes (%) 33 (31.43%)
No (%) 72 (68.57%)
©HSP90a [median (IQR)) 54.90 (39.10.80.90)
Ki-67 [median (IQR)) 80 (70,90)
T lymphooytes [median (QR)) 66.17 (60.20.72.30)
T helper cells [median (QR)] 38.80 (33.20.45.90)
T suppressor cells [median (IQR)] 18.20 (15.60.23.40)
T helper cells/T suppressor cells [median (IQR)] 210 (1.60.2.90)
Natural killer cells [median (IQR)] 12.20 (9.20.18.60)
B lymphocytes [median (IQR)] 11.60 (8.10.15.80)
Garcinoembryonic antigen [median (IQR)) 438 (2.22.14.62)
Carbohydrate antigen 19-9 [median (IQR)] 10.50 (3.83.34.98)
Thymidine kinase1 [median (IQR)] 0.78 (0.41.1.54)
Neuron-specific enolase [median (QR)] 3081 (15.84.61.97)

Limited disease small cell lung cancer, LD-SCLC; extension disease small cell lung
cancer. ED-SCLC.
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Parameter

Sex

Age

Diameter(cm)

T lymphocytes

T helper cells

T suppressor cells
T helper cells/T suppressor cells
Natural killer cells
B lymphocytes
Ki-67

CEA

CA19-9

TK1

NSE

Spearman correlation, bold font indicates statistical.

Total

LD-SCLC

ED-SCLC

r

-0.090
-0.087
0.213
-0.200
-0.199
-0.045
-0.066
0.129
-0.060
0.021
0.067
0.146
-0.086
0.376

P

0.363
0.378
0.029
0.041
0.042
0.648
0.502
0.191
0.542
0.831
0.496
0.138
0.385
0.001

r

-0.146
0.145
0.165

-0.404

-0.300

-0.262
0.049
0.273
0.074
0.286
0.163
0.196

-0.147
0.068

P

0.402
0.407
0.342
0.016
0.080
0.128
0.778
0.112
0.672
0.006
0.350
0.260
0.401
0.771

r

-0.110
-0.216
0.223
-0.095
-0.148
0.048
-0.102
0.050
-0.054
-0.104
-0.020
0.112
-0.046
0.441

P

0.366
0.073
0.064
0.435
0.222
0.691
0.399
0.682
0.660
0.389
0.867
0.359
0.705
0.001

Carcinosmbryonic antigen, CEA: Carbohydrate antigen 19-9, CA19-9: Thymidine kinase1, TK1; Neuron-speciic enolase, NSE.
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AUC(%C)  Twoshold  specifty  Sensitvity  Youden  AUC(OSKC  Thashold  specifily  Sonsity  Youdon  AUC(95%C)  Throshold  spciiciy
8 ymphocyes 0sspate00u) 8265 o787 o031 018 ossposw 783 086 ox2 ot  0s01pws0s 184S ore
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T sppresor cals 045603000579 23765 o787 025 o0 os7pasosw 1815 o538 oses 0104 0as030S) 1815 o538

Bold font indicates maximum vakse. Carcinoembryonic antigen, CEA: Carbohydrate antigen 19-9, CA19-9: Thymidine kinase1, TK1: Neuron-specilic enolase, NSE.
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Disease (COVID-19
co-morbidity state)

Implicated Hsp

Implication on inflammation/disease severity

References

Chronic lung diseases

® Asthma
eChronic obstructive pulmonary

diseases (COPD)

elnterstitial lung diseases (ILD)

Chronic kidney diseases

Obesity

Diabetes

Cardiovascular diseases

Cancers
eNeuroblastoma
*Renal
ePancreatic
®Ovarian

®Breast

*Colon

eLung

eLiver

Hsp707

Hsp27T; Hsp70T

Hsp701; Hsp90T

Hsp271; Hsp721 Hsp90]

Hsp601; Hsp721; Hsp90T;
Hsp707; Grp94T; Hspdo]

Hsp60]; Hsp70; Hsp72;
Hspoo]

Hsp27; Hsp601; Hsp90T;
Hsp70T

Hsp27]; Hsp60T

Hsp70]

Hsp90T; Hspl107
Hsp40T; Hsp90T

5p407; Hsp60T;
5p90T; Hspl10T

5p707

5p60T; Hsp70T;
sp110T

Triggers both pro- and anti- inflammatory responses

Elevated serum concentrations of Hsp27 and Hsp70 is a strong
predictor of mortality

Reduced Hsp70 and increased Hsp90 trigger pro-inflammatory
responses

Reduced Hsp27 and Hs72 triggers pro-inflammatory responses and
protects cells

Increased Hsp90 enhances oxidative stress and inflammation

Increased expression of Hsps is linked to increased inflammation
Decreased Hspd0 may be implicated in regulation of insulin

resistance

Reduced expression of Hsp 60 and Hsp70 is associated with
increased inflammation

Decreased Hsp72 expression is linked to insulin resistance

Upregulated Hsp90 contributes to inflammation and vascular
complications

Low Hsp27 associated with cardiac disease and death

Increased Hsp60, Hsp70 and Hsp90 associated with atherosclerosis
and cardiac failure

Increased levels of Hsps in cancer cells lead to cancer cell
proliferation, metastasis, immunomodulation, and prevention of

apoptosis

Choi et al. (2021)
Shevchenko et al. (2020)
Gerayeli et al. (2021)

Celli and Wedzicha, (2019)
Zimmermann et al. (2020)
Dong et al. (2013)

Skolnik and Ryerson,
(2016)

Cottin, (2013)

Sellares et al. (2019)
Chen et al. (2018)
Storkanova et al. (2018)
Marzec et al. (2009)

Musial et al. (2010)

Musial and Zwoliriska,
(2011)

Sell et al. (2017)
Miirker et al. (2012)
Tiss et al. (2014)

Bijur et al. (2000)
Archer et al. (2018)
Khadir et al. (2018)
Lee et al. (2013)

Zilace and Shirali, 2016
Amavi et al. (2019)

Jaroszyniski et al. (2018)
Duan et al. (2020)
Ranek Mark et al. (2018)

Rodriguez-Iturbe and
Johnson, (2018)

Wu et al. (2017a)

Luo et al. (2020)

Mittal and Rajala, (2020)
Cedrés et al. (2018)

Sun et al. (2018)

Jiang and Shen, (2020)
Wau et al. (20172)
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Substance

Classes

Pyrimidinones

Compounds

MAL3-39

DMT-2264

Biological effect

P. falciparum
1Cs5, effect on
human cells

PAICs = 0.8 M,
HsICsy = N/A
PAICs, = L1 pM,
HsICso = N/A

HSP70 effect

Weak inhibition of PHSP70-1
and HSPAIA steady-state
ATPase activity at 300 M

HSP70/JDP effect

Inhibitory effect on HSPA1A/
Hdj2
Inhibitory effect on HSPA1A/

Hdj2 and PFHSP70-1/
PHSP40

References

Chiang et al., (2009)
Botha et al, (2011)

Malonganenones  Malonganenone A PAICs, = 0.8 uM, Hs No inhibitory effect on basal  Strong inhibitory effect on Cockburn et al,,
(MCF12A, MDA-231-  ATPase activities of PAHSP70-  PfHSP70-1/PHSP40 (2011) Cockburn
MB, 50 uM) No effect X, PFHSP70-1 and HSPAIA etal, (2014)
Malonganenone B PACs > 50 M, All three compounds have a  Cockburn et al.,
HsICso = N/A small significant inhi-bitory ~ (2011) Cockburn
Malonganenone C PACs, = 52 M, Hs effect on PHSP70-X/Hsjla et al, (2014)
(MCF12A, MDA-231- but no eﬁecﬂ:lon HSPALA/
MB, 250 M) No effect Hsjla or PHSP70-1/Hsjla
ATPase activity
Naphtaquinones  Bromo-p-lapachona PICs = 17.3 uM, Hs  Strong basal PFHSP70-X Strong inhibitory effect on Cockburn et al, (2011)
(MCF12A, MDA-231-  ATPase activity inhibition, ATPase activity of PHSP70-  Cockbum et al, (2014)
MB, 20 M) 80% cell  small inhibitory effect on X/Hsjla and PFHSP70-1/ Day et al,, (2019)
growth decrease HSPAIA, no effect on PEHSP40, no effect on
PFHSP70-1 HSPA1A/Hsjla and PAHSP70-
X/PFA066W)
Lapachol PICs = 186 M, Hs ~ Medium PFHSP70-X ATPase  Medium inhibitory effect on  Cockburn etal, (2011)
(MDA-231-MB, activity inhibition, no effect on ~ PHSP70-X/Hsjla and Cockburn et al, (2014)
200 uM) ~ 50% cell PHSP70-1 and HSPAIA PFHSP70-1/PHSP40, no effect
growth decrease on HSPAIA/Hsjla
Chalcones C86 PAICs, = N/A, Hs No effect on basal PAHSP70-X  Pre-incubation of PFE00SSc  Moses et al,, (2018)
(22Rv1, 5 M) 55% ATPase activity. HsHSP70:  with C86 results in inhibition  Dutta et al., (2021)
cell viability decrease  N/A of PFHSP70-X ATPase activity
(Benzothiazole)-  MKT-077 PEC5o=007 uM (3D7),  Minimal PfHSP70-X ATPase  Small concentration- Chen et al,, (2018)
Rhodacyanines HSECso = 098 uM activity inhibition under dependent inhibitory effect  Day et al, (2019)
(HCT-116) 100 uM HsHSP70: N/A detected for PFHSP70-X/ Dutta et al,, (2021)
PEA0G6w; and PAHSP70-X/
PEE055¢;
YM-01 N/A Concentration-dependent Day et al. (2019)
inhibitory effect on PAHSP70-
X/PFA066w; and PFHSP70-X/
PEE0055¢;
1G98 PfICsy N/A, HsICsy ~  Significant PHSP70-X Significant inhibitory effect on  Dutta et al. (2021)
500 nM (22Rv1) ATPase activity inhibition at  PfHSP70-X/PEE0055c ATPase
10 uM HsHSP70: N/A activity at 10 M
Lipopeptides Polymyxin B PfICsy = N/A, HsICs = Inhibition of basal ATPase and ~ N/A Azad et al. 2013)
varying, 1.05 mM (NRK-  aggregation suppression Zininga et al.,
52E), 350 uM (HK-2) activity of PfHPS70-1 and (20172)
Catechin EGCG PACy, = 29 M, PHERT02 BP0 N Yang et al. 1998)
HsICs, = varying, 22 uM Zininga et al.,
(H661, H1299), 65 uM (2017b)
(HT-29)
Bis-Indole Violacein PIEC50 = 400 nm (3D7),  Inhibition of basal ATPase and Bilsland et al. 2018

HSICso = 1.4 pM
(HepG2)

aggregation suppression
activity of PHSP70-1.
HsHSP70: N/A

Tavella et al. 2021)
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Mechanisms of viral entry






OPS/images/fmolb-09-968248/crossmark.jpg
©

|





