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Chapter 1

Introduction

Tuberculosis or TB remains one of leading causes of the deaths in humans
worldwide. WHO estimated that, one third of the total world’s population is
infected with M. tuberculosis. In 2018 alone, 1.2 million people died and 10
million people are affected with (WHO, Global Tuberculosis Report, 2019). TB,
which most commonly affects the lungs and transmitted from person to person
via droplets from the lungs and throat of people affected with the active
respiratory disease(Delogu et al., 2013). Most people who are exposed to M.
tuberculosis never develop symptoms because the bacteria survives in an
inactive form in the body, and becomes active when immune system is
compromised. Treatment comprises of antibiotic course for 6-9 months and
could be fatal if left untreated (CDC, Center for Disease control and Prevention,
U.S. Department of Health & Human Services,
https://www.cdc.gov/tb/topic/treatment/default.htm). In case of drug resistant TB,
combination of antibiotics such as isoniazid, rifampicin, ethambutol etc. are given
which is provided for about 27 months(Leung et al., 2011). BCG vaccine is
available for children but is less effective in case of adults and ineffective against
XDR-TB(Davenne and McShane, 2016).

M. tuberculosis is the principal TB causative agent in humans. M. tuberculosis
enters the host via inhalation of respiratory droplet nuclei through the respiratory
tract. Inside the host lungs there is competition between M. tuberculosis and host
system which resulted in four outcomes: 1. Host neutralizes the M. tuberculosis
bacilli, 2: M. tuberculosis invade the host and results in its multiplication causing
primary TB, 3: M. tuberculosis become dormant and does not have any effect 4:
M. tuberculosis goes into latent phase upon activation that results in TB disease
(Schluger and Rom, 1998).

M. tuberculosis genome is fully sequenced and consists of 4411529 bp encoding
4000 genes with a characteristic feature of very high G+C contents ( = 60%)
(Cole et al., 1998b). A large portion of M. tuberculosis protein encoding genes
are dedicated for its virulence and pathogenesis majorly lipogenesis and lipolysis

& glycine-rich proteins which provide antigenic variations (Bishai, 2000).The
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characteristic features of the bacteria include its slow growth, dormancy,
intracellular pathogenesis, genetic homogeneity and complex cell envelope. M.
tuberculosis is successfully isolated in 1905 and it gains an extensive focus in
biomedical research because of retention of virulence in animal models of TB
(Cole et al., 1998a).

About 20.5 % of TB patients developed Multi-drug resistant TB (MDR-TB) due to
resistance developed against 1%t line of antibiotics like rifampicin, isoniazid and
ethambutol (Zhang and Yew, 2015). Further 6.2 % of people develop Extensively
drug resistant TB (XDR-TB) resistant to 2" line of antibiotics such as amikacin,
cycloserines and fluoroquinoles (Institute of, 2012). M. tuberculosis ability to
continuously develop resistance makes the treatment regime very aggressive
and expensive. Therefore, there is an urgent need for novel therapeutic

approach to combat M. tuberculosis.

During host infection and combination of antibiotic drugs, M. tuberculosis
undergoes several stresses like reactive oxygen and nitrogen species and
various proteostasis stress which ultimately results in protein aggregation
(Kumar et al.,, 2011a; Lupoli et al., 2018a). Molecular chaperones Hspl00,
Hsp70, Hsp40 and NEFs help in the refolding the protein or mark them for
degradation. Apart from their refolding function, these molecular chaperones are
involved in various biological processes, such as disaggregation of protein
aggregates, polypeptide transport across biological membranes, assembling
multi-subunit proteins and proteolysis (Gupta et al., 2018; Reeg et al., 2016;
Rohde et al., 2005; Truman et al., 2012).

Refolding chaperone machinery (Hsp70) in cooperation with disaggregase
Hspl100 (ClpB) plays a crucial role in M. tuberculosis survival (Glover and
Lindquist, 1998; Goloubinoff et al.,, 1999b). The inhibition of disaggregation
machinery of M. tuberculosis results in growth defect during stress conditions
and no persistence of the pathogen in mice model (Vaubourgeix et al., 2015).
Further deletion of ClpB results in altered morphology, impaired biofilm formation

and reduced infectivity of M. tuberculosis ex-vivo (Tripathi et al., 2020a).
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Unlike E. coli, M. tuberculosis’s Hsp70 DnaK is predicted to be essential for
growth (Fay and Glickman, 2014; Griffin et al., 2011; Sassetti et al., 2003).
Refolding activity of DnaK is regulated by its co-chaperone Hsp40 (DnalJ) and
Nucleotide exchange factor (GrpE). Presence of two DnaJ isoforms enhance the
refolding capability of DnaK. Though each of the isoform are not essential for
bacterial survival, , however one isoform at a time can be deleted but collectively
they are indispensable for growth of M. tuberculosis (Lupoli et al., 2016b). GrpE
exchanges the nucleotide to repeat DnaK refolding cycle and is essential for in-
vitro growth of M. tuberculosis(Fay and Glickman, 2014). Therefore complete
bichaperonic machinery is essential for M. tuberculosis survival. Also, the
homolog of disaggregase ClpB and NEF GrpE in mammals are structurally far
distant as compared to M. tuberculosis and functionally not involved in classical
chaperoning mechanism thus, making them a potential target for combating TB.

Based on the available information we have framed our following objectives.
Primary objectives for current study are:

1. Characterization and identification of small molecule inhibitors against

ClpB protein from Mycobacterium tuberculosis.

2. Characterization of Hsp70 system and exploring nucleotide exchange

activity of GrpE of Mycobacterium tuberculosis.

3. Developing a comprehensive database of modulators for Heat shock

proteins (Hsps).
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Tuberculosis

There is a dread disease which so prepares its victim, as it were, for death; which
so refines it of its grosser aspect, and throws around familiar looks, unearthly
indications of the coming change dread disease, in which the struggle between soul and
body is so gradual, quiet, and solemn, and the result so sure, that day by day, and grain
by grain, the mortal part wastes and withers away, so that the spirit grows light and
sanguine with its lightening load, and, feeling immortality at hand, deems it but a new
term of mortal life; a disease in which death takes the glow and hue of life, and life the
gaunt and grisly form of death; a disease which medicine never cured, wealth warded
off, or poverty could boast exemption from; which sometimes moves in giant strides, and

sometimes at tardy pace; but, slow or quick, is ever sure and certain.

—Charles Dickens, 1870, in Nicholas Nickleby, Wiendenfeld and

Nicholson,

London, p. 243

Tuberculosis is one of the oldest diseases known to mankind that has co-
evolved with humans for over thousand years (Hirsh et al., 2004). The earliest
known molecular evidences of tuberculosis have been found in 17000 years old
fossil of extinct bison and 9000 years old human remains from eastern
Mediterranean (Hershkovitz et al., 2008; Rothschild et al., 2001). Tuberculosis
accounted for about 25% deaths in Europe in 19" century. In London it was
responsible for death of 1 per 1000 persons per year and was described as “the
captain among these men of death” by John Bunyan, an English preacher and
writer (TM, 2009). Dr. Richard Morton in 1689 established that pulmonary form of
tuberculosis was related to tubercles. Robert Koch isolated and cultured
Mycobacterium tuberculosis from crushed tubercles (Sakula, 1983). He identified
M. tuberculosis as etiological agent for air-borne infectious disease
tuberculosis(Sakula, 1983). Subsequently he was awarded Nobel Prize in

Physiology or medicine for his discovery.
Mycobacterium tuberculosis

M. tuberculosis is a non-spore forming weak Gram-positive rod shaped bacteria

(Figure 1.1) It does not produce capsule and has no flagellum (Hett and Rubin,
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2008). It has a complex cellular envelope with relatively slow growth (Jackson,
2014). It is an intracellular macrophage pathogen that establishes in and infects
the pulmonary system. It represents a dynamic spectrum varying from latent
asymptomatic and non-transmissible infection to active life threatening disease.
Latent TB refers to clinical disorder where M. tuberculosis infects the host but the
immune system of host does not allow its replication and is devoid of any tissue
damage (Gideon and Flynn, 2011; Kumar, 2016). The organism usually resides
in the host and conditions into a dormancy state until its immune system is
compromised. Although M. tuberculosis is primarily a pulmonary pathogen it can

cause disease throughout the host body (Smith, 2003).

Acc.V  Spot Magn Det WD Exp
30.0 kV-3.0 15549x SE 74 0

Figure 1.1 Scanning electron micrographs for M. tuberculosis. M. tuberculosis
showing rod shaped morphology under Scanning electron microscope at 15549X
magnification. Lower panel displays the M. tuberculosis stained pink colour through
Ziehl-Neelson staining. Figures are adapted and generated by Center for Disease
control (CDC), Division of Tuberculosis elimination, United States of America. (Sterling
and Haas, 2006).




Chapter 1

M. tuberculosis generation time in both infected animals and synthetic laboratory
media is around 24 h (Cole et al., 1998a). In laboratory bacterial growth requires
3-4 weeks to form visual colonies that have dry and wrinkled surface (Bloom and
Murray, 1992). The complete genome sequence for M. tuberculosis strain
H37Rv is available enabling identification of its unique features for development
of novel diagnostic tests, vaccines and biomarkers that differentiate it from other
bacteria. M. tuberculosis is equipped with variety of genes involved in lipolysis
and lipogenesis essentially required for survival inside host and synthesis of
components of its cell envelope. The genome has high G+C content and
repetitive DNA with many insertion sequences (Forrellad et al., 2013). Cellular
envelope of M. tuberculosis is also unique as it comprises of N-glycolylmuramic
acid. Its cell wall contains lipids consisting of uncommon long chain mycolic
acids (Brennan and Nikaido, 1995). Cell wall of Mycobacteria retain
carbolfuchsin with acidified organic solvents, thus they are called acid fast bacilli
(Riello et al., 2016).

Global burden of TB

Despite the fact that first drug to treat TB was discovered 80 years ago, TB still
affects approximately 1.2 million people annually. TB is responsible for more
deaths than any other single infectious agent (WHO Global TB reports, 2013-
2019). One in every three individuals is believed to be suffering from latent TB.
Figure 1.2 shows India and China shares more than one-third burden of TB
worldwide. In India, every three minutes two deaths occur due to TB (Sandhu,
2011). TB is a disease of poverty that is indistinguishably related to under
nutrition and overcrowding. About 12% TB cases are HIV associated (Trinh et
al., 2015). TB was declared a global public health emergency by WHO in 1993.
Constant progress in tuberculosis diagnosis and treatment all over the world has

been challenged by HIV epidemic and drug resistance.
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Figure 1.2 Global Burden of TB. India and china shares one-third of the global burden,
while more than 60% of burden is shared by Asia continent. Figure is adapted from
previous studies (Steinbrook, 2007).

Diagnosis

Koch also proposed use of tuberculin as a diagnostic tool to diagnose the
disease (Fredericks and Relman, 1996). He established staining method for
visualization of Bacillus. Paul Ehrlich, a German bacteriologist and doctor further
improved this method that served as the basis for development of Ziehl-Nielson
staining. Tuberculin skin test (TST) shown in Figure 1.3 is the only method to
detect a recent or years past latent infection through delayed type
hypersensitivity against antigens of M. tuberculosis (Glickman and Jacobs,
2001). This test is presently disseminated due to high false positives because
reactivity of Bacille Calmette Guerin (BCG) to Purified Protein Derivative (PPD)
and false negatives in immune compromised patients (Fatkenheuer et al., 1999).
In vitro blood tests of cell mediated immune response quantify interferon-
gamma secretion following RD1 encoded antigen stimulation. RD1 antigens are
not encoded in genomes of non-tuberculous mycobacteria or BCG vaccination
strains and therefore are more precise for M. tuberculosis than PPD. However,

this test has poor predictive value (Arend et al., 2002).
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For diagnosis of active TB, imaging techniques like chest X-rays, sputum smear
microscopy, culture dependent and molecular methods are used. Chest
radiography is popular tool owing to advent of digital radiology (Figure 1.3, Right
panel). However, abnormal chest X-rays must be confirmed with microbiological
tests as X-rays are not specific (Ryu, 2015). Microscopy of sputum smears
remains widely used test in developing countries despite of its many limitations,
molecular techniques through PCR offer more sensitive, specific and rapid
detection and identification (Ahmed et al., 1998). Bacillary sensibility tests for

anti-TB drugs are important to diagnose MDR-TB.

Figure 1.3 Diagnosis of TB. Left panel shows the Tuberculin skin test for a patient
injected with 0.1 ml of tuberculin solution records blister formation after 48-72 hours.
Size of blisters in mm determines the infectivity of M. tuberculosis. Right panel shows
the chest radiograph of a patient highlights the infection of pulmonary TB. White arrows
indicates the presence of bacteria residing on the surface. Figure is adapted from
previous studies (Dimoliatis and Liaskos, 2008; Med and Al-Ubaidi, 2018).

Treatment

BCG vaccine is the only licensed vaccine at present for prevention for treatment
of active TB. More than 90 % newborns are vaccinated each year with this
vaccine around the globe(Hussey et al., 2007). BCG vaccine is effective in
morbidity and mortality due to active TB in children below the age of 5 years.
Conversely, its efficacy in adolescents and adults is uncertain (Hussey et al.,
2007).
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First line drugs like isoniazid, rifampicin, streptomycin, ethambutanol,
pyrazinamide and fluoroquinolones are largely bactericidal and provide high
efficacy with relatively low toxicity (Mitchison and Davies, 2008). The preferred
existing regimen for treatment of active drug sensitive TB is therapy with first line
drugs for a period of minimum six months. First two months include intensive
phase of treatment where rifampicin, isoniazid, pyroinamide and ethambutol are
used followed by isoniazid and rifampicin in continuation phase for four months.
Ethionamide, para-aminosalicylic acid and cycloserine and others are second
line bacteriostatic drugs offering lower efficacy and more toxicity (Pfyffer et al.,
1999).

Despite high success rate of six-month regimen, many patients discontinue their
treatments due to long duration and toxicity of drugs. Hence, supportive methods
are crucial to confirm optimal adherence and escape treatment failure, relapse
and development of drug resistance. Directly observed treatment short course
(DOTS) is a worldwide practiced scheme for TB cure (Sisay et al., 2014). It relies
on clinical methodology to treat patients and public health management systems
including reporting and recording of TB cases. The health care workers counsel

patients and ensure that each dose of medication is taken correctly.
Drug resistance

The phenomenon of drug resistance in TB was initially observed in 1948 during
the first human trial for TB therapy suggesting the spontaneous adaptability of M.
tuberculosis by modifying its genome (Daniels and Hill, 1952). Genetic
mutations are responsible for emergence of drug resistant strains of M.
tuberculosis against handful of presently existing first and second line drugs.
Recurrent mismanagement of few available drugs has led to consecutive
accumulation of mutations creating strains that are simultaneously resistant to all
or multiple drugs (Fair and Tor, 2014). MDR-TB is caused by strain of M.
tuberculosis that is resistant to at least rifampicin and isoniazid. XDR-TB is a
form of MDR resistant to isoniazid, rifampicin, any fluoroquinolone and atleast
one of three second-line injectable drugs amikacin, kanamycin or capreomycin
(Kurz et al., 2016; Palomino and Martin, 2014).
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Protein quality control

Protein quality control system (PQC) is essential for an organism to survive
against various physiological as well as environmental stresses. M. tuberculosis
overcomes the stress conditions through PQC system by modulating the
proteastasis and proteolysis components shown in figure 1.4. Proteolysis system
degrades the misfolded proteins through various proteases such as ClpP, ClpC,
ClpX e.t.c (Kar et al., 2008; Schmitz and Sauer, 2014). While proteastasis
network involves protein folding process assisted by chaperones. ClpB, DnaK
GroEL-ES are the major players performing the energy dependant refolding of
misfolded or aggregated protein to their native state. These chaperones are well
characterized for their function in mycobacteria (Fay and Glickman, 2014; Lupoli
et al., 2016b). Chaperones maintaining PQC emerges as a potential therapeutic
targets for small molecule drug discovery against M. tuberculosis (Lupoli et al.,
2018a).

4 )
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Figure 1.4. Mycobacterial protein quality control system. Mycobacteria possess two
major system for maintaining protein structure and function via proteostasis (purple) or
proteolysis (light blue). HS proteins are heat shock proteins, poly-Pi represents
polyphosphate; LMW chaperones represents low molecular weight chaperones; sHsps
are represented by HspX (Acr1/a-crystallin-1) and Hsp20 (Acr2/a-crystallin-22), TF
represents Trigger Factor, PTM represents post-translational modification and ROS
represents reactive oxygen species. Figure is adapted from previous study (Lupoli et al.,
2018a).
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Protein folding

Proteins are the biological molecules that are most versatile and important to all
organisms. Proteins assist almost all the physiological activities such as muscle
movement, food metabolism, sensory regulation, and protection against
infection. Except for inherently unstructured protein, which lacks a stable tertiary
structure (Fink, 2005), protein must be folded into a given three-dimensional
conformation, called the native state to perform its function (Dill et al., 1995). The
physical mechanism through which an unstructured polypeptide fits into a stable
tertiary structure is known as protein folding (Anfinsen, 1973; Seckler and
Jaenicke, 1992). In the 1970s, Anfinsen gave the famous hypothesis that the -
native conformation is determined by amino acid sequence, relying on the
studies on Ribonulcease A spontaneous folding(Anfinsen, 1973). The
comprehensive studies in the following forty years allow us to obtain a much
broader understanding of the protein folding theory. In 1968, Levinthal suggested
the classic concept of folding mechanism, based on his observations that
proteins fold by some guided process to achieve their native conformation
(Levinthal, 1968). During research into protein folding, which supports this
model, folding intermediates such as unstable transient states and molten
globule state were reported (Brockwell et al., 2000; Creighton, 1997; Ohgushi
and Wada, 1983).Nevertheless, this model is questioned by the discovery of
parallel folding pathways, for example folding process for lysozyme and
cytochrome c (Bieri et al., 1999; Brockwell et al., 2000; Tezcan et al., 2002).

Based on in vitro protein denaturation and refolding experiments (Figure 1.5), the
new model which uses the concept of "folding funnel” and "energy landscape"
was created (Dill et al., 1995; Veitshans et al., 1997; Wolynes et al., 1996). This
explanation offers a mathematical description of the free energies of different
molecular systems. The native states are situated at the bottom of the funnel that
represents the lowest global energy, whereas the top side of the funnel
represents the higher-energy ensemble of unfolded states or denatured states.
Most protein folds on rough and rocky surfaces, through, which the polypeptide
chain will traverse to the native states, likely through one or more inhabited
intermediates (Dill and Chan, 1997; Gruebele, 2002).

11
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Figure 1.5 Energy landscape schematics of protein folding and aggregation. The
native state at the bottom of the funnel is in a given state with minimal energy, while the
unfolded state is characterized by a high-energy ensemble at the top of the funnel. The
purple area displays the majority of configurations ‘funneling' to native state and pink
area represents the  conformation approaching  towards  amorphous aggregates
or amyloid fibrils. Figure is adapted from previous studies(Raskatov and Teplow, 2017).

Protein folding in the cell

The existing folding funnels cannot elucidate how well the polypeptide chains
fold during physiological conditions, since they explain only the folding action of
an independent single polypeptide chain at infinite dilution (Clark, 2004). The
concentration of protein in cytoplasm is nearly 200 mg / ml in living cells
(Lorimer, 1996). Protein-proteins interaction occurs immediately as the
nascent polypeptide chain exits the ribosome channel (Braakman et al., 1991).
Additionally, certain macromolecules including multiple types of RNA often lead
to a more crowded system (Ellis, 2001). Interactions between multiple
biomolecules and the crowding effects profoundly affect the polypeptide chain's

folding nature(van den Berg et al., 1999). Aggregated and unfolded proteins
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have been found to be correlated with neurodegenerative disorders (van den
Berg et al., 1999; Winklhofer et al., 2008). Schematic for folding pathway is
shown in figure 1.6.

Disordered

aggregate
Disordered
aggregate

Synthesis Unfolded Intermediate Native Qligomer

Figure 1.6 Folding pathway for proteins. Polypeptide (red line) chains are processed
and released from the ribosome. They then fold into one or more intermediate states
(irregular shape in blue) or directly to their natural conformations (blue hexagon). During
the folding phase misfolded protein may form aggregates. Figure adapted from review
article "Folding and Misfolding of Proteins" (Dobson, 2003).

Role of Heat shock proteins (Hsps) as molecular chaperones in

virulence of Mycobacterium tuberculosis

Molecular Chaperones

In 1978 Lasky coined the word molecular chaperones. A nuclear protein called
nucleoplasmine was discovered which facilitated nucleosome assembly but was
not part of the nucleosome (Laskey et al.,, 1978). A molecular chaperone is
defined as proteins that assist the folding or unfolding of other macromolecule
non-covalently without being a part of its final structure (Ellis, 1993). Molecular
chaperones are a broad family of proteins that are ubiquitous and highly
conserved from prokaryotes to eukaryotes (Georgopoulos and Welch, 1993;
Lindquist and Craig, 1988). Molecular chaperones interact with unfolded

substrate proteins by binding to their hydrophobic patches and assist the protein

13
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fold in a sequestered environment. Besides their fundamental role in de novo
protein folding, chaperones are involved in various aspects of proteome
assembly, like assistance in molecular assembly, regulation of cell cycle and
protein trafficking and degradation (Bukau and Horwich, 1998; Gupta et al.,
2018; Hartl and Hayer-Hartl, 2002; Reeg et al., 2016; Rohde et al., 2005;
Truman et al., 2012). Most of these proteins were found in abundance during
heat shock response in Drosophila and later in E. coli, therefore termed as heat

shock proteins (Hsp).
Classification

Chaperones are classified into 5 major families on the basis of their molecular
masses. Major families are Hspl00 (Clp), Hsp90, Hsp70 (DnaK), Hsp60
(GroEL), Hsp40, and sHsps (small Hsps).

Hsp100 Family

Hspl100 family members were first discovered in E. coli and are identified as
ATPases associated with various cellular activities (AAA+ Super family), due to
the nucleotide binding domains (NBD1 and NBD2) present in their primary
sequences (Agarwal et al., 2001; Neuwald et al., 1999; Patel and Latterich,
1998; Schirmer et al., 1996). The prokaryotic equivalent is called ClpB. These
chaperones exist as 80-100 kDa protomer oligomerizes into hexameric ring
structures (Lee et al., 2003b), which act as a protein unfolding element when the
aggregate proteins are transported to a protease proteolytic chamber.Hsp100
family is further divided into two subclasses shown in figure 1.7. The class |
family includes ClIpA, ClpB, CIpC, CIpE and ClpL which contain two nucleotide
binding domain (NBD1 and NBD2) with ATPase activity. The class Il family
members contains only one nucleotide binding domain includes ClpX, ClpP and
ClpY (Lindquist and Craig, 1988; Schirmer et al., 1996).The Hsp100 chaperones
performs protein disaggregation or protein degradation in coordination with Clp
(protease), and thus regulates the cellular homeostasis (Beuron et al., 1998;
Goloubinoff et al., 1999a; Horwich et al., 2001; Lindquist and Craig, 1988;
Weber-Ban et al., 1999).
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Figure 1.7 Hspl00 family are categorized into two classes based on their domain
organization. Class | family members contains two NBD domain while Class Il family
contains only one.

ClpB

ClpB is a unigue member of Hspl00 class from prokaryotes which did not
interact with proteases but coordinates with Hsp70 and Hsp40to direct
aggregated substrates to native state for degradation or refolding (Doyle et al.,
2007; Miot et al., 2011). E. coli ClpB has been extensively studied for its
structural and functional properties (Barnett et al.,, 2000; Kedzierska-
Mieszkowska et al., 2004; Lee et al., 2003a). In E. coli, ClpB is not essential
during optimal conditions, however is required for survival of organism under
stresses such as high temperature (Lourdault et al., 2011; Thomas and Baneykx,
1998). Structurally, E. coli ClpB forms nucleotide dependent hexamer where
each protomer consists of an amino terminus domain followed by two ATP
binding domains (NBD1 and NBDZ2) linked through a middle domain (Rizo et al.,
2019).Analytical ultracentrifugation and gel filtration studies show the presence
of CIpB in a dynamic equilibrium with its higher order oligomers (Akoev et al.,
2004; del Castillo et al., 2011; Lin and Lucius, 2016; Zolkiewski et al., 1999). The
amino terminus domain of ClpB is required for stable substrate interaction and
the middle domain mediates its interaction with DnaK (Rosenzweig et al., 2015;
Seyffer et al., 2012; Tanaka et al., 2004).Truncation studies suggest that amino

terminal of ClpB is required for disaggregation activity (Barnett et al., 2000).
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ClpB from Mycobacterium tuberculosis

M. tuberculosis genome harbours single copy of clpB gene encoded by Rv0384c
(Cole et al., 1998a). ClpB forms 92.5 kDa monomeric protein which further
oligomerizes into its functional hexameric form in the presence of ATP (Lupoli et
al., 2016b; Tripathi et al., 2018).

ClpB is class | family member composed of 5 structural domains shown in figure
1.7. N-terminal domain (NTD) plays an important role for ClpB functioning.
Previous studies shows that NTD truncated ClpB shows higher ATPase activity
with similar disaggregation activity and is required for stable interaction with
substrate (Tripathi et al., 2018).Nucleotide binding domain 1 and 2 (NBD-1 and
NBD-2) are highly conserved and are responsible for ATPase activity of ClpB.
Middle domain (MD) is the connecting domain for two NBDs, interacts with NBD
region of DnaK regulating the disaggregation activity (Kedzierska-Mieszkowska
et al., 2004; Yu et al., 2018a). C-terminal domain (CTD) has not been explored
much for M. tuberculosis ClpB but studies from E. coli shows that CTD might
play an important role in oligomerization or stabilization of hexameric assembly
(Barnett et al., 2000).

Mechanism of disaggregation

Cryo-EM studies in 2018 captures the high resolution ring shaped structure of M.
tuberculosis ClpB resolved at 3.6 A in the presence of substrate k-casein (Figure
1.8) (Yu et al., 2018a). NBD1 and NBD2 form a long helical region which binds 2
ATP molecules per monomer resulting in oligomerization of ClpB into a
hexameric assembly. ATP bound state of ClpB show high affinity for substrate
binding. The M-domain of ClpB forms a helical loop which protrudes outwards
from NBD-1 and NBD-2. NBD region of DnaK makes inter helical contacts with
M-domain loop resulting into translocation of substrate to the central pore of
hexameric assembly. The hydrolysis of ATP drives the conformational changes
in hexameric assembly, allowing substrate channel through the central pore
exiting into a disaggregated form (Yu et al.,, 2018a). Disaggregated substrate
further enters DnaK cycle for refolding back to native state (Doyle et al., 2007,
Miot et al., 2011).
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Figure 1.8 Disaggregation of substrate by M. tuberculosis ClpB. (A) P1-P6 are
subunits of ClpB in nucleotide bound state forming a hexameric assembly. (B) Side view
of the hexameric complex showing the disaggregation of substrate through NBD1 and
NBD-2. Figure 1.8B is adapted from a previous study (Yu et al., 2018a).

ClpB disaggregates heat denatured Luciferase aggregates by collaborating with
DnaK system in M. tuberculosis (Lupoli et al., 2016b). Hsp20 enhances the
disaggregation activity of ClpB by interaction and stabilizing the aggregates or
slows down the aggregation (Lupoli et al., 2016b). ClpB has been shown to be
non-essential and dispensable under physiological conditions but it is required to
overcome various stress conditions such as Heat, starvation, oxidative e.t.c
(Tripathi et al., 2020b; Vaubourgeix et al., 2015). Previous studies show that
ClpB is essential for the recovery of M. tuberculosis from stresses that promote
protein aggregation (Vaubourgeix et al., 2015). Also, ClIpB is required to
establish infection in host tissues (Vaubourgeix et al., 2015). Recent studies
show that the deletion of ClpB also alters the morphology and biofilm formation
of M. tuberculosis (Tripathi et al., 2020b). ClpB is essential for not only active M.

tuberculosis but also for its persistence in latent state (Tripathi et al., 2020b).

Hsp104

Yeast Hspl104 performs two major functions in vivo, thermotolerence and prion
maintenance in yeast (Chernoff et al., 1995; Shorter and Lindquist, 2004; Shorter
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and Lindquist, 2006). Thermolorerence activity requires Hsp104 to collaborate
with Ssal and co-chaperone Ydj1 for disaggregation of amorphous and amyloid
aggregates (Glover and Lindquist, 1998; Shorter and Lindquist, 2004; Shorter
and Lindquist, 2006, 2008). Hsp104 plays a crucial role in disaggregation of
large pre-formed fibrils into small fibrils which serves as seed for further prion
formation and propagation. (Chernoff et al., 1995). Deletion of Hsp104 leads to
destabilization of [psi+] prion and inhibition of Sup35 propagation in S. cerevisiae
(Shorter and Lindquist, 2004). Domain characterization studies show that
Hsp104 lacking the NTD (Hsp104(AN)) is able to dissolve the aggregates but
unable to propagate prions(Sweeny et al., 2015b). Further, solution studies
revealed a peristaltic pumping mechanism upon ATP hydrolysis, which drives
unidirectional substrate translocation across the central pore and is significantly
impared in Hsp104(AN) (Sweeny et al., 2015b).

Hsp90 Family

Hsp90 belongs to a conserved group of chaperones requiring ATP for their
function and is one of the most abundant proteins in cells representing 1-2% of
the total cell protein (Buchner, 1999; Frydman, 2001). The Hsp90 family can be
divided into 5 different subfamilies according to the HUGO nomenclature
committee: cytosolic HSP90A, endoplasmic reticulum localized HSP90B,
chloroplast dependent HSP90C, mitochondrial TRAP (TNFR-related protein) and
HtpG (high temperature protein G) in prokaryotes.(Chen et al., 2006).
Homodimeric Hsp90 is important for all eukaryotic cells however bacterial
counterpart (HtpG) is not necessary under stress-free conditions and has only a
small growth defect at high temperatures (Honoré et al., 2017; Tanaka and
Nakamoto, 1999). Two cytosolic Hsp90 isoforms sharing a 99 percent gene
similarity are present in S. cerevisiae and H. sapiens, one of which is
constitutively expressed (Hsc82, Hsp90B) and another is expressed under stress
such as heat shock (Hsp82, Hsp90a) (Borkovich et al., 1989).

Owing to the broad variety of functions from morphological development and
stress adaptation in Drosophila and Arabidopsis, the Hsp90 family is distinct

from other molecular chaperone families, to the key role in assembling and
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preserving 26S proteasome (Imai et al., 2003; Pratt et al., 2001; Queitsch et al.,
2002; Rutherford and Lindquist, 1998). Hsp90 facilitate the late stage folding and
maturing of proteins in coordination with Hsp70 and other co-chaperons. As
most of its substrates are signal transduction proteins such as receptors of
steroid hormones, signalling kinases, transcription factor, E3 Ubiquitin Ligase
and protein-promoting tumors. Therefore, Hsp90 plays a key role in signal-
transduction networks, cell-cycle control, protein degradation, and protein
trafficking (Richter and Buchner, 2001; Young et al., 2001). The existence of
extracellular Hsp90 in tumor cells is a constitutive phenomenon controlled by
HIF-1a in around 40 per cent of the types of cancer cells (li et al., 2007), which in
effect promotes motility of cells as an important occurrence in cancer and cell
motility (Neckers et al., 2009).Therefore, Hsp90 is considered as a potential
drug target not only for protein quality control but for various other cellular

mechanisms.
Hsp70 Family

The most commonly known chaperone family of Hsp70 contains members with
high sequence similarities across prokaryotes to eukaryotes and identical
molecular mass. They serve as a platform for the folding, refolding and shuttling
of protein aggregates together with trafficking of intracellular proteins (Gupta et
al., 2018; Reeg et al., 2016; Rohde et al., 2005; Truman et al., 2012).
This suggests that specific cellular roles have evolved from their multiple copies.
Similarly, a large number of co-chaperons, Hsp40 (J-domain Protein) and
Nucleotide exchange factor, GrpE regulates the Hsp70 activity (Szabo et al.,
1994a). Multiple isoforms of Hsp70s are constitutively expressed, but others are
expressed in response to different environmental conditions, including heat

shock or growth conditions(Genevaux et al., 2007).
Structural organisation of Hsp70

Biochemical and structural analyses of E. coli, T. thermophilus, S. cerevisiae
and bovine Hsp70 homologues have characteristic two domains of the Hsp70
protein family; extensively conserved 42-44 kDa N-terminal ATPase domain and

C- terminal domain which has been divided into 15-18 kDa Substrate binding
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domain and a less conserved 10 kDa lid domain (Young et al., 2004). A 10-12
residue linker which links these two domains mediates the contact between both

the ATPase domain and the substrate binding domain (Figure 1.9).

Crystal structures of the Bovine Hsc70 ATPase domain has been solved in
the presence of various nucleotides (ADP and ATP) which show that the ATPase
domain consists of further two globular sub-domains | and II, each with its own
smaller subdomains A and B, separated by a shallow cleft and bound by two
helices forming a hydrophobic nucleotide binding pocket (Flaherty et al., 1990).
Nucleotide bound Hsp70 complex with one Mg?*and two K* ions at the binding
sites with the B and y-phosphate binding loops, associates with the four
subdomains (Meyer et al., 2003). The solution structure of the ATPase domain
indicated that the leaning movements of the subdomains, which result in the
opening and closing of the nucleotide binding cavity, may be regulated by the
nucleotide, with the highest opening rate in nucleotide-free form and the lowest
in the ATP bound form (Gassler et al., 2001; Zhang and Zuiderweg, 2004).

A

N—  NBD/ATPasedomain  Unmker  S8D  ud —C
1 385 393 537 638

Helical Lid region

Substrate binding pocket

Nucleotide binding domain/ Substrate binding domain
ATPase Domain

Figure 1.9 (A) Domain organisation of Hsp70 member DnaK from E. coli which specifies
the domain boundaries of the Nucleotide binding domain (NDB), Linker, Substrate
binding domain (SBD) and 10 kDa domain C-terminal. (B) Structure of DnaK describing
the various domains along with their structure solved for E. coli. Figure is adapted from
structure deposited to PDB:2KHO (Bertelsen et al., 2009).
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Mechanism of refolding activity of Hsp70

Polypeptide substrate undergoes multiple cycles of binding and release in the
Hsp70 assisted refolding, typically at a stoichiometry of one Hsp70 monomer
binds to one substrate molecule (Buchberger et al., 1996; Szabo et al., 1994a).
For efficient refolding, Hsp70 works in collaboration with its co-chaperones
Hsp40 (DnaJ) and GrpE. Target sequences or misfolded polypeptides binding to
Hsp70 are usually stretch of 7 to 13 hydrophobic amino acids residues (Schmid
et al., 1994; Zhu et al., 1996). Hsp70 family eukaryotic members are shown to be
associated with ribosomes and attaches to the nascent chains at the exit tunnel
of the ribosome. The mechanism of action of the E. coli DnakK, is very

well established by a significant number of studies at molecular level.

Hsp40, DnaJ has an affinity for substrate or misfolded proteins and binds them
with its hydrophobic C-terminal domain (CTD). DnaJd has highly conserved 70
amino acid residues domain called the J-domain which has the ability to
recognize DnaK in ATP bound form. DnaJ recruits the bounded misfolded
substrate to DnaK which results in closing of lid. DnaJ significantly accelerates
the ATPase activity of DnaK. While DnaK and DnaJ function separately in
respect of peptide recognition, the cooperation between DnaK and Dnal

is important for substrate selectivity and accelerating DnaK's ATPase activity.

Prokaryotic Hsp70, DnaK exists in two different forms, (a) open and (b) closed
depending on nucleotide bound state. DnaK exhibits low affinity with the
substrate in ATP bound form and thus has high binding and release rates,
between milliseconds to few seconds, while ADP bound form provides high
affinity and low release and binding rates, from a few minutes to few hours. The
ATP is hydrolysis locks the DnaK substrate binding pocket in a closed
conformation. The ternary complex of DnaK-ADP-Substrate is stable until the
other co-chaperone GrpE interacts. GrpE is the nucleotide exchange factor
(NEF) which interacts with the NBD of DnaK in the presence of ADP (Harrison,
2003). This change in conformation leads to opening helical lid which frees
the ADP and allows the re-binding of ATP. The ATP binding results into
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the release of substrate protein in either a partially folded or fully folded

state. Hsp70 cycle is described in the figure 1.10 mentioned below.
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NBD Nucleotide binding
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. SBD Substrate
binding domain
GroEL-ES

Native fold \
O

Partially folded

Figure 1.10 Schematic representation of Hsp70 refolding cycle. DnaJ recruits the
substrate in the presence of ATP, while GrpE exchanges the ADP with ATP to complete
the refolding cycle.

Hsp70 from M.tuberculosis.

The M. tuberculosis genome contains a single copy of the Rv0350 which
encodes for dnaK gene (Cole et al., 1998). Figure 1.11 represents the DnaK
operon constituting ORF for DnaK [hsp70, Rv0350] followed by ORF encoding
for its co-chaperones GrpE (Rv0351), DnaJl (hsp40, Rv0352) and the repressor
HspR (Rv0353). These genes with the size of 1878, 708, 1188 and 391 bp
translates DnaK and co-chaperones with molecular mass of 66.8, 24.5, 41.3 and
14.1 kDa respectively. Although DnaJ2, an isoform of DnaJl is not a part of
DnaK operon system but contributes significantly in refolding of substrate (Lupoli
et al., 2016b).Previous studies suggests that DnaK operon is regulated by SigH
(Rv3223c), a major stress response factor induced in response to oxidative
stress, hypoxia and cell wall damage (Mehra et al., 2012; Raman et al., 2001).
DnaK of M. tuberculosis are stated to be antigenic as they are secretary and are

able to evoke immune response (Kim et al., 2018b).
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Rv0350 Rv0351 Rv0352 Rv0353
—  dnak >1 grpE >1 dnall > hspR >—

Rv2373c Rv2374c
dnaj? | hrcA

Figure 1.11 Schematics of dnaK operon system contains co-chaperones grpE, and
dnaJl along with the regulator hspR. A second gene for dnaJ2 is present as a part of
separate operon system with its regulator hrcA in M. tuberculosis genome.

The inverted repeats of HAIR elements in the upstream of DnaK operon with
close association to HspR indicates additional regulation of DnaK operon system
(Stewart et al., 2001; Stewart et al., 2002). In-vitro studies using denatured
HspR describes the binding with HAIR element leads to the enhancement of
HspR activity in the presence of Hsp70 and its co-chaperones (Das Gupta et al.,
2008; Stewart et al.,, 2001). In the case of HspR knockout mutants, lack of
survival also revealed that the indirect role of HspR in virulence could be
performed by over-expression of DnaK, that may enhance the host's immune

response (Stewart et al., 2003).
Hsp60 Family

The Hsp60 chaperone family is also known as chaperonin, differentiated by
multimeric  structure of broad ring assemblies assisting misfolded
substrate proteins regulated by ATP-binding and release cycles. The misfolded
protein or substrates are inserted in the refolding chamber for refolding.
Chaperonins are further categorized into two sub-families, Group | and Group Il
chaperonins based on requirement of their co-chaperonins and localization in the

cell.

Group | chaperonins need support from their co-chaperonin, Hspl10, which
functions as a lid and is present in the cytoplasm of bacteria, mitochondria and
eukaryotic chloroplasts. Group | consist of members found in the cytosol of
prokaryotes, membrane of the eukaryotic organelles, mitochondria and
chloroplasts involves co-chaperone, GroES or CpnlO. In addition, these
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molecules are further characterized by the assembly of homo-tetradecameric
ring surrounding two cavities for binding of substrate protein. Example are GroEL
/IGroES system of E. coli and various eubacteria (Bukau and Horwich, 1998;
Horwich et al., 2001). Group Il chaperonins contain a pre embedded lid
translated along with their primary sequence which makes them independent of
co-chaperonins for their function. They are usually present in the archea and
eukaryotes cytosol (Ranson et al., 1998). Few other well studied members of this

group are thermosomes and CCT chaperonins (Gutsche et al., 1999).

Figure 1.12 shows the crystal structure for Hsp60 resolved at 2A through X-ray
diffraction method from E.coli (PDB 1KP8). Structure shows assembly of heptameric
ring with a central pore for substrate binding.

Mechanism of action of Hsp60

Most of the current understanding regarding chaperonin's mechanism of action
emerged from biochemical, biophysical, and genetic experiments from
prokaryotic homolog E. coli GroEL. GroEL activity exhibits a complex association
with substrate protein based on conformational changes caused by binding and
hydrolysis of ATP, along with GroES.(Hartl and Hayer-Hartl, 2002; Ueno et al.,
2004; Weissman et al., 1995). Based on different size/cavity for substrate
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binding and co-chaperonins, GroEL-ES mechanism can be divided into two
pathways, cis and trans. Majority of the misfolded substrates follow the cis
mechanism where GroES binds to the same side of the GroEL ring as of the
substrate polypeptide and hence this mechanism is termed the cis mechanism.
Although the holding of large substrate is difficult for central cavity, therefore the
efficient folding of these substrates was proposed outside the cis opening. Unlike
cis folding, it has been shown that only a part of larger substrate bounds to
GroEL/ES machinery, indicating the nucleation phase, where remaining portion
of the substrate folds independent of co-chaperonins (Chaudhuri et al., 2001). A
representation of Hsp60 cycle has been shown in the figure 1.13 mentioned

below.
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Figure 1.13 A schematic representation of Hsp60 refolding cycle. GroEL binding to
polypeptide in the presence of ATP followed by binding of lid GroES results in refolding
of polypeptide into is native form. The figure is adapted from previous study(R et al.,
2012b).
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GroEL from Mycobacterium tuberculosis

Genome annotation studies revealed that a few bacterial genomes possess
multiple copies of groEL genes (Barreiro et al., 2005; Fischer et al., 1993;
Karunakaran et al., 2003). GroEL system in Mycobacterium tuberculosis is a
dimeric complex with ATPase activity that can partially refold proteins in vitro.
The M. tuberculosis genome harbors two copies of groEL genes (groELS).
GroEL1, encoded by Rv3417c is arranged in an operon, with its co-chaperonin
groES, encoded by Rv3418c, while the second copy, groEL2 encoded by
Rv0440 exists separately on the genome and is essential for M. tuberculosis
survival (Cole et al., 1998a; Kong et al., 1993).

Structurally, apical domains of both GroEL1 and GroEL2 have almost identical 3-
D structure however, GroEL2 behaves as house-keeping chaperone similar to E.
coli GroEL. While GroEL1 works as a specialized chaperone with a specific
substrate spectrum. Thus, considered to be major player in biofilm formation
which probably confers extraordinary starvation survival and resistance to
antibiotics (Ojha et al., 2005; Vinod Kumar et al., 2017). GroEL2 is an immune-
dominant mycobacterial antigen and both GroEL1 and GroEL2 play role in
cytokine stimulation and generating host immune response to M. tuberculosis

infection (Kumar et al., 2015a).

However, the most prominent feature of M. tuberculosis GroELs is their
oligomeric state, where they did not form the conventional tetradecameric
arrangement in vitro, contrary to predictions, when purified from E. coli. Instead,
the proteins were present as lower oligomers (dimers) independent of the
presence or absence of factors such as GroES or ATP (Qamra and Mande,
2004; Qamra et al., 2004). In addition, GroES system displays weak ATPase
activity for prevention of aggregation of denatured polypeptides (lllingworth et al.,
2011).

Hsp40 family

For refolding function in vivo, Hsp70 requires the assistance of its co-

chaperones, Hsp40 member DnaJ and GrpE. Dnad is 41 kDaprotein which
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accelerates the ATP-dependant substrate association of misfolded proteins to
the substrate binding domain of DnaK. DnaJ can independently binds to

misfolded protein or substrate and directs to DnaK with high binding affinity.

Hsp40 family is structurally organized into 4 different domains, J-domain,
Glycine/Phenylalanine (G/F) rich domain, Zinc binding domain and C-terminal
domain. J-domain binds directly to the nucleotide binding domain of Hsp70. Both
Nuclear Magnetic Resonance (NMR) and X-ray crystallography have explored
the structure of the J-domain (Jiang et al., 2005b; Pellecchia et al., 2000). The J-
domain consists of four alpha-helices linked by a loop containing highly
conserved Histidine-Proline-Aspartate residues, also referred as the HPD motif
(Qian et al.,, 1996; Tsai and Douglas, 1996). J-domain is the characteristic
feature of all the J proteins of Hsp40 members, which is essential for interaction
with Hsp70. Once it associates with Hsp70 in the solution, J domain mobility is
significantly decreased (Landry, 2003). (G/F) Domain is responsible for keeping
the DnaK in high affinity state resulting in the maximal stimulation of DnaK’s
ATPase activity. Zinc binding domain is cysteine rich domain contains Zinc
binding motif (Cys-X-X-Lys-X-Gly-X-Gly) responsible for binding 2 Zn?* ions per
DnaJ monomer (Banecki et al., 1996; Liberek et al., 1991; Szabo et al., 1996).
The C-terminal domain is mainly involved in dimerization which helps DnaJ for
interaction with DnaK(Liberek et al., 1991). Figure 1.14 represents the domain

organization of Hsp40 class.

Typel N Gly/Phe Znbinding domain—— C-termi.nal —C
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Figure 1.14 Structural domain organization of Hsp40 class. Type | is composed of 4
domains. J-domain consists of conserved HPD motif responsible for binding to Hsp70,
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followed by glycine/phenylalanine rich region. Zinc binding domain consists of 2 zinc
binding sites per monomer of DnaJ. C-terminal domain is involved in dimerization of
Hsp40 and binding to polypeptides. Type Il class has similar domain organization
excepts Zinc binding domain, while type 11l has only J-domain and C-terminal domain for
dimerization.

Based on presence and absence of these domains Hsp40 co-chaperones have
been divided into 3 types. Figure 1.14 represents the division of Hsp40
chaperone family on the bases of various domains. E. coli, M. tuberculosis, S.
cerevisiase DnaJ and Ydjl are members of Type | class which contains all 4
domains. Type Il class members Sisl, CbpA contains only 3 domains with a
missing zinc binding domain. Type Il class is less conserved and contains only
J-domain and C-terminal domain. Type Il proteins may require higher specificity
for their Hsp70 partner and substrates and only recognize a restricted subset of

substrates. Sec63, Zuol are the members of Type Il class.

_C-terminal domain

Figure 1.15 Represents the crystal structure for dimeric DnaJ from T. hermophilus
(PDB: 4J80) resolved at 2.9 A highlighting its various domains.
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Hsp40 from M. tuberculosis

Mycobacterial genome harbours two copies of Hsp40, DnaJl is encoded by
Rv0352 which translates into 41.4 kDa protein, while DnaJ2 is encode by
Rv2373c and forms a 40.5 kDa protein (Cole et al., 1998a). Though DnaJl is a
part of DnaKJE operon system but both the isoforms contribute towards refolding
of substrate (Lupoli et al., 2016b). Previous studies shows that DnaJ1 or DnaJ2
can be dispensable individually but required collectively for Mycobacterial growth
(Lupoli et al., 2016b). The refolding capabilities of DnaJl or DnaJ2 have been
explored and but presence of two isoforms suggest broader functioning of J-

proteins in the M. tuberculosis system.
Small Heat shock proteins (sHsps)

The small family of Heat shock proteins (sHsps) is the largest of the chaperone
families containing Hsps with molecular masses ranging from 10-40 kDa and
sharing a retained 90-residue C-terminal Alpha-crystalline Domain (Boston et al.,
1996; Veinger et al., 1998; Vierling, 1997). The sHsps are ubiquitos, but primarily
found in plants and are expressed in response to heat shock and other cellular
stresses. While sHsps are unable to refold the non-native proteins on their
own but they can bind to the unfolded substrates which stabilizes and prevents
their aggregation (Ehrnsperger et al., 1997; Lee et al., 1997; Reddy et al., 2000).
Further these substrate proteins are transferred to primary ATP powered
chaperones such as Hspl00-Hsp70 bi-chaperonic system for subsequent

refolding (Lee and Vierling, 2000; Mogk et al., 2003; Vierling, 1997).

Small heat shock proteins from Mycobacterium tuberculosis

M. tuberculosis contains two sHsps, Acr1 (a- crystalline related protein 1/
hsp16.3/ 16 kDa antigen), encoded by gene hspX (Rv2031c) and Acr2, encoded
by Hsp20 (Rv0251c) gene (Cole et al., 1998a).

Acrl, a stable protein prevents the aggregation of denaturing proteins and

misfolding of nascent peptides under different stress conditions. It is synthesized
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at a low level in logarithmic phase whereas; its synthesis markedly increases
and becomes abundant under the transition from log to stationary phase.
SHsp16.3 is a non-secretory protein that plays a major role in bacterial cell wall
thickening. Its activity is affected in temperature range 25 to 37.5°C without any
change in its native oligomeric structure (Mao et al., 2001). With further elevation
in temperature such as during fever from infection, sHspl16.3 exposes its
hydrophobic surfaces and dissociates into individual monomers which
accelerates the chaperone like activity by binding to aggregation prone
substrates. Thus, it is a potential important component facilitating the survival of
M. tuberculosis as it accumulates during prolonged periods of macrophage

infection (Yuan et al., 1998).

Acr2, a 18 kDa small heat shock protein has 30% amino acid sequence similarity
to Acrl of M. tuberculosis. Acr2 is significantly induced under starvation
conditions, uptake by naive and activated macrophages and heat shock at 45°C
(Mao et al., 2001). The stressed induced expression of Acr2 is regulated by the
heat shock repressor protein HspR and by two component system called phoPR
whereas SigE and SigH are alternative sigma factors that also down regulates
the expression of acr2(Sun et al., 2004).Recently, Hsp20 has been shown to
play an important role for disaggregation of substrate by M. tuberculosis ClpB.
Hsp20 stabilizes the heat denatured luciferase aggregates and results in efficient

disaggregation. (Lupoli et al., 2016b).
Nucleotide Exchange factors (NEF)

Nucleotide exchange factors (NEFs) are proteins which facilitate the release of
ADP and allow rebinding of ATP resulting in the completion of Hsp70 refolding
cycle. Figure 1.16 represents 4 different classes of NEFs GrpE, Hspll0,
HspBP1 and Bag domain containing proteins (Mehdi, 2009). NEFs do not
directly exchange one nucleotide with other but it is the high concentration of
ATP in cells that occupies void created by ADP release (Brehmer et al., 2004;
Gassler et al., 2001; Polier et al., 2008).
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Figure 1.16 Classification of nucleotide exchange factors. Shown here is the
schematic diagram for various nucleotide exchange factors present in prokaryotes and
eukaryotes.

GrpE

GrpE (Gro-P like protein E) is a nucleotide exchange factor which plays an
important role in regulation of Hsp70 protein refolding machinery. It is a heat-
inducible protein which inhibits the aggregation of unfolded proteins in the
cytoplasm under stress (Bracher and Verghese, 2015a; Harrison, 2003). GrpE
was initially discovered for its role in A-phage replication (Saito and Uchida,
1977). GrpE mutational studies shows the inhibition of A-phage replication and
significant decrease in replication in-vitro, and this defect was recovered by in-
vitro overexpression of DnaK (Saito and Uchida, 1977). GrpE plays a major
role in the replication of A-phage by promoting bi-directional DNA unwinding
through interacting with DnaK after the assembly of DnaB or other replication
factors (Wyman et al., 1993).

GrpE performs the nucleotide exchange function by releasing the bound ADP
from DnaK. DnaK binds ATP with low affinity in its open conformation and has a
high exchange rate for proteins that are unfolded. When the substrate is
transferred to the ATP bound form of DnaK by DnaJ, resulting into the hydrolysis
of ATP to ADP. The DnaK forms a stable complex with ADP which requires the
interaction of GrpE to bind DnaK and alters its conformation to free the bound
ADP from DnaK's N-terminal ATPase domain (Harrison et al., 1997a).Transient
kinetics shows a strong association of GrpE and DnaK with an affinity of 1nM

(Harrison, 2003). Protein-protein interaction studies through Surface plasmon
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resonance and Isothermal titration calorimetry also reveals the tight binding of
DnaK and GrpE in 30-150 nM range (Chesnokova et al., 2003; Moro et al.,
2007). The binding of GrpE to DnaK-ADP complex substantially decreases
DnaK's affinity towards ADP 200-fold and accelerates the release of nucleotides
by 5000-fold. This approach encourages DnaK's de novo refolding of misfolded
substrate(Packschies et al., 1997).Biophysical studies from T. thermophiles
GrpE show the down regulation of activity with increase in temperature
suggesting a thermosensing activity(Bracher and Verghese, 2015a). The
reversible unfolding of alpha-helices occurs at 35°C with Tm of 50°C, influences
the structural stability of GrpE and prevents the binding of GrpE to DnaK. The
DnaK's thermal regulation slows the rate of refolding and prevents the unfolded
proteins from accumulating at elevated temperatures in the cytoplasm (Bhandari
and Houry, 2015; Winter and Jakob, 2004)

Structure of GrpE

GrpE is a bipartite structure consists of three distinct domain, N-terminal
unordered region, a-helices and small B-sheet domain at C-terminus. GrpE,
either in solution or crystal, forms strong homodimer indicating asymmetrically
interaction with only one ATPase domain of Hsp70 (Harrison et al., 1997a).

Figure 1.17 shows the crystal structure for E. coli GrpE.
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Figure 1.17: Crystal structure of dimeric GrpE in complex with Nucleotide binding
domain of DnaK from E. coli resolved at 2.8 A shows hetro3-mer symmetry. C-terminal
region is directly involved in the asymmetrical binding with NBD region of DnakK.

The N-terminal domains contains 1-33 amino acids residues which have not
been solved through the crystallization due to their unordered nature(Bracher
and Verghese, 2015a).N-terminal domain is followed by four a-helices which
forms together as bundles without showing any super helical twisting due to
presence of hydrophobic residues (Bracher and Verghese, 2015a). Part of these
helices are responsible to interacting Domain IIB of DnaK and also acts as
thermosensors (Winter and Jakob, 2004). C-terminal is composed of two closely
packed B-sheets which appears as arms from both the helices. The j-
sheet adjacent to DnaK binds specifically with its ATP binding by incorporating
itself into the cleft and inducing a conformational change in Domain IIB triggering
the release of ADP (Blatch and Edkins, 2015).

GrpE from M. tuberculosis

M. tuberculosis genome contains single copy of grpE gene encoded by Rv0353

and is a part of DnaK/J/E operon system (Cole et al.,, 1998a; Lupoli et al.,
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2016b). GrpE is 24.5 kDa monomer which is expected to form dimer in solution
as shown before for its homolog from E. coli (Gelinas et al., 2002; Schonfeld et
al., 1995). Previous studies show that GrpE plays a major role in substrate
refolding and prevention of aggregation by mycobacterium DnaK system. GrpE
enhances ATPase and luciferase refolding activity of bi-chaperonic system
(Lupoli et al., 2016b; Tripathi et al., 2018). Recent studies on GrpE suggest that
GrpE not only performs the refolding function but also involves in promoting
naive CD4*/CD8*T cell differentiation toward Thl-type T-cell immunity through
interaction with dendritic cells (Kim et al., 2018a). GrpE induces maturation of
dendritic cells by up-regulating the expression of cell surface molecules such as
CD80, CD86, and MHC class | and Il and production of several other pro-
inflammatory cytokines TNF-a, IL-18, IL-6, and IL-12p70 in dendritic cells (Kim et
al., 2018a).

GrpE may contribute to the enhanced understanding of host-pathogen
interactions as well as providing a rational basis for the discovery of new

potential targets to develop an effective tuberculosis vaccine.
Hspl110 family

Hsp110 family member, Ssel is the most prevalent NEF in yeast, accounting for
around 10% of the overall Hsp70 in cytosol (Dragovic et al., 2006;
Ghaemmaghami et al., 2003; Kulak et al., 2014). Its nearest counterpart in yeast
is stress-inducible Sse2. Ssel and Sse2 share 78% sequence similarity,
although their resemblance to the Hsp70 Ssa family is 70%. Deletion of SSE1
results in a partial growth defect in yeast and also a constitutive activation of the
heat shock response (Raviol et al., 2006). In addition, over-expression of Ssel
contributes to sluggish growth phenotypes indicating potential competition
between the total ATP usable for Ssel and Hsp70s (Liu et al., 1999). Ssel is
structurally categorized into 3 functional domains Nucleotide binding domain
(NBD), Substrate binding domain-a (SBD-subject) & Substrate binding domain-
B (SBD-B) but varies in the connecting region between SBD-a and SBD-f3
domain (Liu and Hendrickson, 2007). The Hsp110 class members functions
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independent of the Hsp70s serve as a holdase to retain the substrate in a folding

capable state (Easton et al., 2000).
HspBP1 Family

Fesl, HspBP1 family member stands for Factor Exchange for Ssal from S.
cerevisiae (Kabani et al., 2002). There are two isoforms present for Fesl in S.
cerevisiae. Fesl-L is directed at the nucleus, whereas Fesl-S is found
throughout the cytosol (Gowda et al., 2016). Deletion of Fesl contributes to a
constitutively heat shock response and results in slow growth of the phenotype
at optimal condition and a very prominent growth defect under conditions that
facilitate protein misfolding (Abrams et al., 2014). The human counterpart of
Fesl is HspBP1, which is distinguished by the presence of armadillo repeats.
These repeats allow Fesl to associate with sub-domain Il B in the NBD of
Hsp70, thereby helping to substitute ADP for ATP (Shomura et al., 2005). Fesl
and Ssel also connect the Hsp70 chaperone cycle to degradation machines
through ubiquitination of misfolded proteins or targeted substrate by interaction
with E3 ligases (Gowda et al., 2013).

Bag domain family

Snll belongs to Bcl-2-associated athanogene (BAG) class of NEFs. Bag
domain assists in various other cellular functions such as cell signalling
pathways (Wang et al., 2013), refolding cycle (Takayama et al.,, 1997),
degradation pathways (Kriegenburg et al., 2014) and transcription process
(Frebel and Wiese, 2007). Snll is distinctive member of NEF family localized to
ER membrane. Snll was initially described as a repressor of Nup116-C lethality,
suggesting its involvement in nuclear pore biogenesis (Ho et al., 1998).1t has
been reported that the Bag domain of Snll cure [URE3] prion by modulation of
Hsp70 in S. cerevisiae but not [PSI+] prion (Kumar et al., 2014).
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2.1 Materials

All the materials required for this study was of analytical grade and purchased
from sources through previously cited studies or mentioned below.

Table 2.1 List of material used in this study.

Sr. No Materials Source
1. Enzymes for molecular cloning Thermo Fermentas
2. ATP, ADP, ATP-yS, AMP-PNP Sigma
3. Affinity purification resins Thermo scientific/Qiagen
4, Buffers and Salts Sigma
5. Dialysis tubing Thermo scientific
6. Centrifugal devices Pall Biotech
7. LB Media BD Difco
8. Antibiotics Sigma
9. Primers (Cloning and Sequencing) Sigma

2.2 Methods for mycobacterial studies.

2.2.1. Construction of plasmids.

The gene encoding ClpBum was PCR amplified from M. tuberculosis H37Rv
genomic DNA. The ClpBwm was amplified with Ndel and HindllI restriction sites at
5 and 3’ end respectively. The amplified PCR product was digested with Ndel
and Hindlll, and cloned into pET22b digested with the same enzymes to
generate pET22b-ClpBwm. Similarly, DnaKm was cloned into pET29bHtv (Kumar
et al., 2015b) using restriction sites BamHI and Xhol to construct plasmid
pET29bHtv-DnaKm. The plasmid pET29bHtv-DnaKm encodes from & to 3
direction Hexa-His tag, TEV protease recognition motif followed by DnaKwm. The
gene encoding DnaJlm was cloned into pE-SUMO plasmid (kind gift from Dr.
Yogender Pal Khasa) using restriction sites BamHI and Xhol to generate plasmid
pE-SUMO-DnaJlm. The plasmid pE-SUMO-DnaJlwencodes from 5 to 3
direction Hise-tag, SUMO tag, SUMO recognition motif followed by DnaJim. The
gene encoding GrpEm was sub-cloned at BamHI and Xhol restriction site in
plasmid pET29bHtv to generate pET29Htv-GrpEwm. The plasmid encodes (from 5’
to 3’ direction) for Hiss-tag, TEV recognition motif followed by GrpEm.
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Gene encoding E. coli ClpB was cloned into pET22b using restriction sites Ndel
and Xhol. Plasmids encoding gene for E. coli DnaK, DnaJ and GrpE were kind
gifts from Prof. Hideki Taguchi(Niwa et al., 2012).

Plasmids containing gene for expressing Tev and Ulp-1 protease were kind gifts
from Dr. Krishan Gopal (Kaur et al., 2018) and Dr. Johannes Buchner.

All the clones were further confirmed by sequencing.

2.2.2. Protein Expression and purification.

All proteins were expressed in E. coli strain Rosetta (DE3) (Invitrogen).
2.2.2.1 Purification of M. tuberculosis Chaperones.

The cells harboring plasmid pET22b-ClpBm were grown in liquid growth media
(LB), and ClpBwm expression was induced at O.D.soonm ~ 0.6 by 0.3mM IPTG. The
cells were further grown at 37°C for 3h before harvesting by centrifugation at
6000rpm for 15 minutes. The cells were resuspended in buffer A (50mMTris-Cl,
50mM NaCl, 1mM EDTA, 1mM DTT and 5% glycerol) and stored at -80 °C
overnight. The suspension was thawed at 30°C and lysed using lysozyme (final
concentration 6mg/ml) followed by sonication. The supernatant was collected
and loaded onto a Q-sepharose FF anion exchange column (GE Healthcare).
The column was first washed with buffer A, and elution was carried out using a
linear gradient of 0-1M NaCl in buffer A. The eluted fractions were analyzed on
SDS-PAGE, and the ClpBm was found in fractions eluted at 520mM NacCl.
Fractions containing ClpBm were pooled and loaded onto a Superdex-200 PG
column (GE Healthcare). The protein fractions were eluted with buffer A
containing 100mM NaCl, 10mM MgClz and 5% glycerol. The collected fractions
were loaded onto SDS-PAGE, and those containing purified ClpBwm were pooled,
concentrated and stored at -80°C until used for various assays. The yield of

purified ClpBm was about 10-12mg/L.

The Hiss-taggedDnaKm and GrpEm were expressed in E. coli, similar to as
described above for ClpBwm. The protein was purified from cellular lysate using

Ni2*-NTA (Qiagen)affinity purification. First, the cell debris and insoluble fraction
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was separated from cellular lysate using centrifugation, and the supernatant was
loaded onto Ni?*-NTA column pre-equilibrated with in buffer B (25mM Hepes pH
7.4, 150mM NaCl, 20mM KCI and 20mM MgCl2). The impurities were washed
with buffer B containing 20mM imidazole. The proteins were further eluted using
buffer B containing 300mM imidazole. The Hise- tag was later cleaved by
overnight incubation of purified protein with Hise-TEV protease at a molar ration
of 20:1 at 4°C. The Hise-TEV was removed by incubating the mixture with Ni2*-
NTA resin. Purified DnaKm and GrpEwm were stored in -80°C with a final yield of
10 mg/L and 6 mg/L.

Hise-SUMO tagged DnalJlm was first purified using a method similar to as
described above for DnaKm except that cobalt (Cat. no #89965, Thermo
Scientific) based Talon metal affinity resin was used instead of Ni?*-NTA. The
Hiss and SUMO tag was cleaved by incubating purified protein overnight with
Ulp-1 protease at 4°C (molar ratio DnaJ1lm/Ulp-1 :10/1) in Buffer C (25 mM
Hepes pH 7.1, 400 mM NaCl, 10 mM MgClz and 10% Glycerol). The Hiss-Ulp-1
was removed using cobalt-based affinity purification. Whenever required the
protein was further purified using superdex-200 (prep grade) column. The protein

was stored at -80°C until used for various assays.
2.2.2.2 Purification ofE.coli Chaperones.

E. coli ClpB, was purified using similar method mentioned above for ClpBwm. The

yield of E. coli ClpB was found to be about 5-6mg/L.

The E. coli Hise-tagged DnaK and GrpE were expressed in E. coli, similar to as
described above for ClpBwm. The protein was purified from cellular lysate using
Ni2*-NTA affinity purification (Qiagen). First, the insoluble fraction was separated
from cellular lysate using centrifugation at 13000 rpm for 45 minutes, and the
supernatant was loaded onto Ni>*-NTA column pre-equilibrated with buffer B.
The impurities were washed with buffer B containing 40mM imidazole. The
proteins were further eluted using buffer B containing 300mM imidazole. Purified
DnaK and GrpE were stored in -80°C with a final yield of 4.0 mg/L and 5.5 mg/L,

respectively.
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E. coli Hise-tagged DnaJ was purified using a method similar to as described
above for mycobacterial DnaJlmwith a final yield of 1.8 mg/L. The protein was

stored at -80°C until used for various assays.
2.2.2.3 Purification of S. cerevisiae chaperones.

Yeast Hsp104 was purified as described before (Sweeny et al., 2011) with some
modifications. Briefly, cells harboring plasmid pROEX-Htv-Hsp104 were induced
at O.D.soonm ~ 0.6 by the addition of 1ImM IPTG at 15°C for 16 hours at 250rpm.
Cells were harvested, and lysed similar to as described above for ClpBm. The
lysate was centrifuged at 12000rpm for 30 minutes, and the protein was partially
purified using Ni2*-NTA based affinity purification. The eluted fractions containing
Hspl104 were pooled and subjected to anion exchange chromatography on
resource Q column and eluted over a linear gradient of 0.050 - 1M NacCl in buffer
A. The fractions containing purified protein were pooled and Hiss-tag was
cleaved by overnight incubation of purified protein with Hise-TEV protease at
molar ratio of 20:1 (Protein: TEV protease) at 4°C in buffer D (20 mM Hepes pH
7.4, 150 mM KCI, 10 mM MgCl2).The Hiss-TEV was removed by incubating the
mixture with Ni?*-NTA resin. The protein purity was confirmed using SDS-PAGE
and purified Hsp104 was stored at -80°C with a final yield of 2 mg/L for further

use.
2.2.2.4 Purification ofHise-Tag cleaving proteases.

Tev-protease and Ulp-1 protease, expression was induced at O.D.soonm ~ 0.6 by
0.3mM IPTG. The cells were further grown at 18°C for 16h before harvesting by
centrifugation at 6000rpm for 15 minutes. Proteases was purified using similar
method as described above for DnaKwm. Proteins were stored in -80°C with final
yield of 8 mg/L and 4mg/L.

The protein purity for all the proteins was examined on SDS-PAGE and identity
of all the chaperones were confirmed by intact mass through LC-MS (Agilent
Technologies). Protein concentrations were measured by BCA method (Thermo
Pierce).
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2.2.3. Circular Dichroism studies.

The secondary structure was examined by monitoring Far-UV circular dichroism
(CD) of proteins from 190nm to 250nm on a Jasco J-815 instrument. The spectra
was recorded with 1.2uM ClpBw, , 2.5uM DnaKwm, 5puM DnaJlm and 5uM GrpEwm
in buffer containing 2.5mM Hepes (pH 7.4), 10mM NaCl,1mM MgClz, 0.5 %
Glycerol. The wavelength scan was performed at a scan rate of 20nm/min using
1mm path length cuvette at 25°C. Each spectrum was averaged over three
scans. For thermal denaturation, the protein was incubated with increasing
temperature from 25°C to 95°C, and the change in CD signal was monitored at
wavelength of 222nm. The temperature was increased at rate of 1°C/min.
Similarly to examine the reversibility of thermal unfolding, temperature was
decreased at rate of 1°C/min from 95°C to 25°C, and CD signal was monitored
at same wavelength of 222nm. Raw CD signal (®Pobs) was converted to Mean

Residue Ellipticity (Pmre) as follows:
®wmre = (100" Pobs)/[d'C'(n — 1)]

Where @ is the observed ellipticity (in degrees), C is protein concentration
(molar), d is path length (in centimeters) and n is the total number of amino acids
in the protein.

2.2.4. Size exclusion chromatography.

Size exclusion chromatography was employed to examine oligomerization of
protein in its apo or nucleotide bound state. The analytical superdex-200 gel
filtration column was first calibrated with globular proteins of known molecular
weight. The proteins RNase A, Carbonic anhydrase, Ovalbumin, BSA,
Conalbumin, Catalase and Blue dextran were used as standards for the
estimation of oligomeric states of chaperones. About 50-150ug of desired
standard protein or purified chaperone was loaded under native conditions onto
analytical superdex-200 gel filtration column (column volume 24ml). The elution
profile of proteins was monitored at both 220nm and 280nm. The apparent
molecular weight of the chaperone was calculated using standard curve of

elution volume versus log of molecular weight of standard globular proteins.
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To examine the effect of nucleotides on ClpBm or DnaKm oligomerization, the
proteins (21.5uM ClpBm and 10uM DnaKwm) were pre-incubated with 5mM of

nucleotides for 15minutes at 4°C before loading onto the gel-filtration column.
2.2.5. Analytical Ultracentrifugation Studies.

Sedimentation velocity experiments were performed using Beckman optima XL-I
analytical ultracentrifuge. The samples were centrifuged at 40,000 rpm (160992
X g) at 20°C using four place analytical titanium rotor (An-50 Ti) with double
sector centre pieces of sample path length 1.2cm. Purified proteins were
dialyzed against appropriate buffer, and buffer alone was used as reference.
Radial absorbance scans were monitored with 3 minutes intervals using UV
absorption detection system at wavelength of 280nm. The obtained data was
further analyzed with ‘SedFit analysis’ program using continuous distribution(s)

model based on Lamm equation.

ox/ot=1/r. dlor [rD. dx/or — sw?r?x]
Where x is the concentration, D is diffusion coefficient, s is the sedimentation
coefficient of the particle, t is the time, r is the radius from the centre of rotation,

and w is the angular velocity of the rotor.

The partial specific volume (v) of ClpBwm, buffer viscosity (n) and buffer density
(p) were measured by Sednterp program. For ClpBwm, v=0.740517, n=0.010399
poise, p=1.0072.For DnaKm and GrpEwm, v= 0.735689 and v= 0.718455
respectively, n=0.0104258 poise, p=1.00876 and for DnaJlm, 0=0.729971,
n=1.4661 poise, p=1.05240. Standard sedimentation coefficients of samples at
20°C were represented as S2ow.

To determine the effect of nucleotides, 5 mMof ATPor ADP was added to protein
samples and incubated for 30 minutes at 4°C prior to sedimentation

experiments.

To study the effect of different salt concentrations on ClpBwm oligomerization, the
ClpBm was dialyzed against buffers containing desired NaCl concentration
(100mM, 200mM or 300mM). The dialyzed protein sample was used for

sedimentation experiments with dialysate as reference buffer.

41



Chapter 2

2.2.6. Native PAGE analysis for DnaKm and GrpEw.

The proteins were added to loading buffer (62.5mM Tris-HCI, pH 6.8, 25%
glycerol, 0.01% bromophenol blue) lacking any reducing or denaturaing agent,
and incubated at room temperature for 10 minutes before loading onto10%
Native-PAGE. The proteins were separated by electrophoresis at 150V for 5
hours at 4°C using running buffer composed of 25mM Tris-HCI, pH 8.3, and
192mM glycine.

2.2.7. Surface plasmon resonance studies.

The surface plasmon resonance studies with DnaKm and GrpEwm were performed
at 25°C on Biacore T-200 (GE Healthcare) with series S, NTA sensor chip. The
purified Hise-taggedGrpEmwas immobilized to 100-120 Response Unit (RU) on
NTA surface (Series S NTA sensor chip, GE). Varying concentrations of DnaKwm
pre-incubated with ADP (5 mM) was passed over GrpEwm coated sensor surface,
in a running Buffer B with a flow rate of 30 yL/min. The binding of DnaKwm with
immobilized GrpEm was monitored by increase in RU as DnaKm was flown over
GrpEwm. Both association and dissociation were monitored for 120 seconds. An
activated and further blocked flow cell without GrpEm was used as the negative
control to correct non-specific increase in RU signal. Equilibrium dissociation

constant was calculated by fitting the raw data to 1:1 model.
2.2.8. SAXS data acquisition and processing.

All SAXS experiments presented in this work were acquired at in-house
SAXSpace instrument with a sealed tube source (Anton Paar, Graz, Austria).
Data collection was done with source X-rays in line collimation and scattering
was captured on 1D CMOS Mythen detector. For each sample of ClpBwm in the
presence or absence of nucleotide and matched buffer, about 70pl of
sample/buffer was exposed for 1 hour at 20°C in a thermostat quartz capillary of
1mm diameter. Nucleotides were mixed with a protein: nucleotide molar ratio of
1:10 and incubated for 5 minutes before initiating sample loading for data

collection. Latter process took about additional 3 minutes to load the sample and
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activate the vacuum in the sample chamber prior to data collection. Thus, about
8 minutes elapsed from addition of nucleotides to protein and initiation of SAXS
data collection for all datasets. For SAXS experiments of ClpBm and inhibitor
drug samples, data on ClpBwm was collected with either 1% DMSO or individual
drugs. In later experiments, ClpBm was incubated with inhibitors for 10 minutes,
followed by addition of ATP and incubated for further 5 minutes, and
subsequently data was collected. In experiments with inhibitor drugs, the protein
was incubated with 200uM drug for 30 minutes and data was acquired. Data
processing included correction for beam position using SAXStreat program,
followed by subtraction of matched buffer and desmearing of data to represent
scattering from true point collimation using SAXSquant program. Finally,
datasets were stored in ASCII format of three columns, Q, I(Q) and dI(Q) were Q

is momentum transfer vector defined as Q = 4rsin(6/A) having units in nm-.

Table 2.2: SAXS data collection parameters used for this study.

Data Collection Parameters

Instrument SAXSpace (Anton Paar )

Beam geometry

Wavelength (nm)
Primary beam calibration
Data collection software
Temperature

Sample mounting
Detector type

g range (nm?)

Exposure time

10 mm slit

0.15418
SAXStreat Program
SAXSdrive Program
293 K

Quartz capillary
Mythen

0.10-5.00

60 and 30 minutes

Analysis & Representation

Desmearing Software
Data processing

Ab initio analysis
Validation and averaging

SAXSquant

SAS Data Analysis (ATSAS 2.7.4)
DAMMIF/DAMMIN

DAMAVER
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2.2.9. SAXS Data Analysis and Shape restoration.

Estimation of size/shape parameters and restoration of scattering shape of
ClpBwm in the presence or absence of either nucleotides or inhibitors was
performed using ATSAS 2.7.4 suite of programs. Inbuilt plugins for estimation of
distance distribution profile of interatomic vectors was used to compute radius of
gyration (Rg) and maximum linear dimension (Dmax) of the protein molecules in
solution. For shape restoration, synchronized plugins were employed to generate
ten uniform density models using dummy residues (by DAMMIF program), their
inertial axes alignment based superimposition (by SUPCOMB program),
averaging (DAMAVER program) and re-optimization of final model to best
represent the experimental data (DAMMIN program). Taking cue from previous
publications that ClpBm forms assembly with P6 or hexameric symmetry
(Sweeny et al., 2015a) initially two types of modeling runs were done for Apo
ClpBwm, +ATP and +ADP datasets: 1) with P1 symmetry or no symmetry, and 2)
with P6 symmetry. Consistently, it was found that normalized spatial disposition
(NSD) value which represents shape profile variation between the computed ten
models was similar between P1 and P6 symmetry. This suggested that the NSD
values are due to the inherent error or noise in the dataset, not due to symmetry
imposition, but x? value, a quantitative assessment, between theoretical SAXS
profile of the dummy residue modeled structure and converted experimental
SAXS data (Q range: 0.012-0.1 A1) was closer to unity for P6 symmetry vs. P1
or P3 symmetry. Based on this observation, we opted to consider interpretations
of models done under P6 symmetry for all datasets. All graphs and images
pertaining to SAXS datasets in this work were made using Origin5 and UCSF

Chimera softwares.
2.2.10. Malachite green assay to measure ClpBm ATP hydrolysis activity.

For activity assays, 0.5uM of ClpBm was incubated with or without 5uM k-casein
(Sigma) in an assay buffer (50mM Tris-Cl, pH 7.4, 100mM NaCl, 10mM MgClz,
5mM DTT and 5 % Glycerol) at 37°C for 10 minutes. ATP (1mM) was added to

solution containing ClpBwm, and reaction was incubated at 37°C for 30 minutes.
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The aliquots were collected at regular intervals of time and 2N HCI was added to
guench ATPase activity. The release of inorganic phosphate by ATP hydrolysis
activity of ClpBm was monitored using malachite green assay (Sigma) by
measuring absorbance at 620nm using M200PRO reader (Tecan). The amount
of inorganic phosphate released in enzymatic reaction was calculated using a
standard plot obtained from different known concentrations of phosphate. The
enzymatic reactions had the desired controls such as buffer only, no enzyme
and no substrate control.

2.2.11. Small molecule inhibitor libraries.

Two libraries were screened against ClpBm ATP hydrolysis activity. Small
molecule library comprising of a subset of 160 active compounds that belonged
to National Cancer Institute — Developmental Therapeutic Program (NCI-
DTP).Spectrum collection containing 2320 FDA approved drugs was purchased
from Micro source drug discovery system. The primary hits obtained were
reordered from National Cancer Institute and Sigma for further assays.

2.2.12. High-throughput screen with Malachite green dye.

A high-throughput screening (HTS) was performed using small molecule libraries
mentioned above. Purified ClpBwm, 0.25uM in buffer containing 50mM Tris (pH
7.4), 100mM NaCl, 10mM MgCl2 and 5mM DTT was pre-incubated with small
molecules (100uM) at 37°C for 10 minutes. Reaction was initiated by adding
0.5mM ATP along with 5uM k-casein and kept at 37°C for 20 minutes. The
release of inorganic phosphate was monitored in the presence and absence of
drugs using malachite green assay as described above. The absorbance in the
presence of drugs was normalized with that obtained from reaction containing
DMSO without drugs as control, and the normalized absorbance was used to
measure release of inorganic phosphate by ATPase activity of ClpBm. Small
molecules showing inhibition of ATP hydrolysis equal to or more than 70% were
considered as potential inhibitors. In order to determine enzyme specificity,
inhibition assays against E. coli ClpB and yeast Hsp104 with potential hits were

also performed as described above.
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2.2.13. Microscale thermophoresis studies.

Microscale thermophoresis (MST) experiments were performed by covalent
labeling of 20 nM ClpBwm with fluorescent label dye, NT-650 via NHS coupling.
Labeled ClpBm was kept constant, while the concentration of ligands was varied
between 50uM — 0.61nM. The assay was performed in buffer A supplemented
with 0.05% Tween-20. After a short incubation the samples were loaded into
Monolith™ NT.115 standard treated capillaries and data was recorded. For
analysis, change in MST signal was expressed as the change in the normalized
fluorescence (AFnorm), Which is defined as F1/FO where F1 is the fluorescence
after thermodiffusion and FO is initial fluorescence. The AFnorm Obtained at each
concentration of the ligand was plotted against the ligand concentration to yield a

dose-response curve. Data were fitted to obtain binding constants.
2.2.14. Km and Vmax plots.

The ATP hydrolysis activity of ClpBwm (0.25uM) was monitored as a function of
different ATP concentrations (50uM — 1000uM) using Malachite green based
assay described above. The CIpBm in the presence and absence of
hexachlorophene was incubated with desired concentration of ATP and k-casein
(5uM), and reaction was incubated at 37°C. The 30ul of aliquots were taken from
reaction at every 3 minutes intervals for 15 minutes, and mixed with 30ul of
malachite green dye at room temperature for 5 min. The ATP hydrolysis was
monitored by recording increase in absorbance at 620nm. The initial velocity of
reaction was obtained by a linear fit of the curve obtained as a function of time.
The reaction velocities obtained over different concentrations of inhibitor and
ATP, was further plotted as a function of ATP concentrations, and the curve was

fit to rectangular hyperbola with non-linear regression analysis.
Y=a*x/(b+x)

Where Y is initial velocity, x is [ATP], a and b provides value for Vmax and Km

respectively.
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2.2.15. Luciferase refolding assay.

Luciferase refolding assay was performed as described before (Barnett et al.,
2000) with few modifications. Briefly, firefly Luciferase (226 uM, Promega) was
diluted 100 folds in denaturation buffer (25 mM Hepes (pH 7.6), 50 mM KCI, 10
mM MgClz2, 1 mM EDTA, 10 mM DTT and 7 M urea) containing 1 mM ATP for 30
minutes at 25°C. Refolding was initiated by further dilution of denatured
luciferase by 100 fold in refolding buffer (25 mM Hepes (pH 7.6), 50 mM KCI, 10
mM MgClz, 1 mM EDTA, 10 mM DTT) containing 4.0uM ClpB, 1.0 pM DnakK,
0.15 pM Dnad and 0.05 pM GrpE in the presence of 2.0 mM ATP at 25°C for
various time intervals. The 1l of refolding solution was incubated with 60ul of
luciferase assay reagent, and luminiscence was recoredusing multimode plate
reader (Tecan). To determine the effect of identified small molecules on ClpB
refolding activity, 100 uM of the compound or DMSO alone (as control) was
added in refolding buffer. The luminiscence intensity obtained for refolded

luciferase were normalized with thatof denatured luciferase.
2.2.16. Antimycobacterial assays.

THP-1 cells (human monocytic cell line) were cultured in RPMI medium
supplemented with 10% heat inactivated-foetal bovine serum (HI-FBS). Before
experiments, monocytes were differentiated into macrophages using 20 ng/ml
phorbol 12-myristate 13-acetate (PMA). Intracellular killing experiment were
performed as before (Arora et al., 2019). Briefly, THP-1 macrophages (0.2
million/well/ml) were infected with single-cell M. tuberculosis suspensions of 1:10
multiplicity of infection (MOI). Following 4 h infection, extracellular bacteria were
removed by overlaying macrophages with RPMI containing 200 pg/ml of
amikacin. The infected macrophages were washed twice with1xPBS twice and
infected macrophages were overlaid with RPMI containing various drugs at a
non-cytotoxic concentration. DMSO and INH (10 puM) were taken as negative
and positive controls. Samples were collected by lysing macrophages with 1x
PBS containing 0.1% Triton X-100. At designated time points, bacterial
enumeration was by plating 10-fold serial dilution on middlebrook 7H11 plates at
37 °C for 3-4 weeks.
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2.2.17. Stopped flow experiments.

Nucleotide exchange activity were performed as before (Packschies et al., 1997)
with few modifications. 0.1uM MABA-ADP were mixed with 1 uM of DnaKwm for
stable complex formation at 4 °C for 1 hour in Buffer B. Nucleotide exchange
was performed by addition of GrpEm (2uM) containing 200 uM of ADP in buffer
B. MABA-ADP-DnaKm complex were excited at 360 nm and emission were
monitored at 435nm as a function of time. Readings were normalized to the
maximum value of fluorescence of respective reaction and plotted as a function

of time.
2.3 Methods for HSPMdb

2.3.1 Data collection

All articles available in PubMed were searched to collect and compile
comprehensive information on Hsp modulators. To obtain research articles
having information on Hsp modulators, systematic searches were performed
using various keywords such as ‘heat shock protein modulators’, ‘heat shock
protein inhibitors’ and ‘heat shock protein activators’. In addition, the name of
individual chaperones such as Hsp100 modulators, Hsp70 modulators and ClpB
modulators, was used as a query to search Pubmed articles. These searches
ended in a total of 7005 research articles. Articles describing prediction methods,
review articles and book chapters were excluded, and the rest of the complete
research articles were manually screened by cautious reading for the relevant
information of Hsp modulators. Only research papers providing information about
experimentally validated Hsp modulators and their analogues were selected for
further data curation. Thus, finally 176 research articles were shortlisted and
data on Hsp modulators were manually curated. For modulators that have been

examined in more than one study or tested against different Hsp types
2.3.2 Database architecture and web interface

HSPMdb is built using Linux—Apache—-MySQL-PHP (LAMP), a package built on
the Linux operating system. LAMP integrates Apache for the web server, and

MySQL is a relational database management system. The PHP is scripting
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language to bring the data fetched by MySQL on to the web pages for display.
Additionally, the JAVA script was used to provide dynamic functionalities on web
pages. Python scripts are implemented at the back-end to process data fetched
from user queries. Data content HSPMdb provides comprehensive information
on biological and chemical properties of small synthetic Hsp modulators.
Biological information of these modulators has been compiled under two major
categories: (i) enzymatic activity and (ii) cellular activity. Under the enzymatic
activity field, detailed information of the type of enzymatic assay used, site of
interaction of modulator, the effect of the modulator and in vitro enzymatic
modulation activities (IC50, EC50, DC50, EC50, Ki, Kd and percentage
inhibition) have been provided. In the cellular activity field, complete information
of the type of cell viability assays used, tested cell line and cellular activities
(percentage cell growth inhibition, EC50 and GI50) has been compiled.
Comprehensive information of targeted Hsps like their name, origin and
localization has also been compiled. Additionally for each compound, the
database provides information on 2D/3D structure, and its physical, elemental
and topological properties. International Union of Pure and Applied Chemistry
(IUPAC) names and Simplified Molecular Input Line Entry System (SMILES) of
each modulator were extracted from literatures and further generated using
OPSIN (Lowe et al., 2011). The physicochemical properties of all molecules
were obtained using the PaDEL software (Yap, 2011) which calculates 2D/3D
chemical descriptors from the SMILES of the compounds. The chemical
structures of molecules are displayed in the database web pages using online
‘SMILES to image’ tool of RxnFinder (Hu et al., 2011).

2.3.3 Implementation of tools

A user-friendly web interface has been developed with various tools for
convenience of data searching, browsing and analysis. The description of these

tools is given below.
2.3.4 Search

Two searching options, ‘Simple Search’ and ‘Advanced Search’, have been

designed for data searching. Simple search allows users to search for
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modulators in HSPMdb using their desired keywords related to different fields
such as the name of disease or compound or name of Hsp or PMID. A default
six fields have been selected for display of the result of the query. Also, users
can select various additional fields of their choice for display of results of their
guery. Advance Search allows users to search HSPMdb with complex queries
e.g. more than one type of query at a time by selecting different conditions (e.g.
AND &OR) between queries.

2.3.5 Browsing

To fetch information from HSPMdb, robust browsing pages have been
developed. Users can browse on different fields such as enzymatic activity,
cellular activity, Disease, Enzymatic and Cellular assays and Organism. In the
case of the Enzymatic and Cellular activity field, users can fetch more
information on Hsp modulators about its other properties such as IC50, EC50,
DC50, EC50, Ki, Kd and percentage inhibition. HSPMdb provides two options for
the users. (i) All HSPs: from this browsing page, the user could get information
about modulators against all different classes of Hsps for a desired property
such as disease-specific or organism-specific. (ii) Individual Hsp: this browsing
page will allow the user to fetch information about modulators on a particular Hsp
such as Hsp70 or Hsp90.

2.3.6 Draw compound

The Draw compound is one of the very important tools which allow users to
identify Hsp modulators having similarity to their query molecule based on the
similarity index. The tool makes use of the JSME editor developed by Bruno
Bienfait and Peter Ertl (Bienfait and Ertl, 2013). Users need either structure or
SMILE of the query molecule to identify modulator(s) having a similar
structure(s) in the database. At the back end, the tool compares the user-given
SMILES with SMILES of all molecules in the HSPMdb database based on a
method which performs fragmentation of SMILES strings into overlapping
substrings of a defined size (four in case of this tool) called as LINGOs (Vidal et
al., 2005). The similarity is calculated as the Tanimoto coefficient using the

number of matching and non-matching LINGOs. The value of the Tanimoto
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coefficient lies between 0 and 1 with value closer to 1 indicating higher similarity
and the value closer to 0 as lower similarity. There are two ways to search for
molecules having a structure similar to the query molecule: (i) users can draw
the structure of query compound using tools available in the database and get
the SMILE, or (ii) users can directly paste the SMILE of the query molecules. By
clicking on the ‘Compare with HSPMdb’ button, users will get a list of Hsp
modulators showing similarity with the query molecule along with the similarity
index. Users can sort the entries by clicking (single and double) on similarity
index. Thus, this tool will be very useful to scientific community for repurposing of

existing drugs.
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3.1. Introduction

Despite several decades of extensive research, the biology of Mycobacterium
tuberculosis (M. tuberculosis) remains poorly understood, hindering the
development of effective diagnosis and therapeutics. Tuberculosis still poses a
major health challenge and is the leading cause of death among infectious
diseases (Lin and Flynn, 2010). Post-infection, M. tuberculosis could persist in its
host for decades without developing any clinical symptoms. This latent or
metabolically less active bacteria is reactivated as the host immune response
gets compromised (Mufioz et al., 2015). In its host, M. tuberculosis encounters
numerous stresses such as reactive oxygen species, reactive nitrogen species,
low oxygen and nutritional stress, which are known to adversely affect stability
and abundance of a number of cellular proteins, resulting in an imbalance in
protein homeostasis (Kumar et al., 2011b; Lupoli et al., 2018b).To counter such
imbalance, M. tuberculosis harbors an efficient protein quality control pathway
consisting of DnaK and its co-chaperones to prevent aggregation of partially
unfolded proteins, and a disaggregase ClpB that function to disassemble
preformed protein aggregates. Therefore, better understanding of the M.
tuberculosis chaperone machinery would provide insight into mechanism
underlying its stress tolerance and aid ongoing efforts on design of novel
therapeutic strategies.

Chaperones such as Hsp70 and Hspl100 family of proteins plays an essential
role in the maintenance of protein homeostasis and thus, are critical for optimal
cellular growth under stress conditions (Calloni et al.,, 2012; Saibil, 2013b;
Vaubourgeix et al., 2015). Hsp70 primarily interacts with the exposed
hydrophobic regions of unfolded proteins and prevent their aggregation.
However, once these aggregates are formed, the activity oftheHsp100 family of
proteins such as bacterial ClpB is required to resolubilize and reactivate
aggregated proteins. The Hsp70 influences Hspl00 functions by stimulating its
ATPase activity as well as recruiting it to larger aggregates (Glover and
Lindquist, 1998; Goloubinoff et al., 1999b). Hsp70 is also known to aid the
refolding of unfolded molecules rescued by HsplOO from the preformed
aggregates (Goloubinoff et al., 1999b). In addition to their role in protein folding,
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these chaperones are also essential for the regulation of cell cycle, protein
trafficking and degradation (Gupta et al., 2018; Reeg et al., 2016; Rohde et al.,
2005; Truman et al., 2012).

Hspl100 family of chaperones is highly conserved among bacteria, yeast and
plants however, no functional homologs have been reported in animals and
humans. The Hspl100 family such as bacterial ClpB belongs to AAA* (ATPases
associated with diverse cellular activities) superfamily of ATPase that uses
energy driven by ATP hydrolysis to thread out protein molecules from
aggregates (Yu et al., 2018b; Zolkiewski et al., 2012). The disaggregase activity
of ClpB is essential for some pathogenic organisms such as L. interrogans to
establish infection in the host (Krajewska et al., 2017; Vaubourgeix et al., 2015).
In other organisms such as E. coli, ClpB is not essential during optimal
conditions, however is required for survival of organism under stresses such as
high temperature (Lourdault et al., 2011; Thomas and Baneyx, 1998).
Structurally, E. coli ClpB forms nucleotide dependent hexamer where each
protomer consists of an amino terminus domain followed by two ATP binding
domains (NBD1 and NBD2) linked through a middle domain (Rizo et al., 2019).
The amino terminus domain of ClpB is required for substrate interaction and the
middle domain mediates its interaction with DnaK (Rosenzweig et al., 2015;
Seyffer et al., 2012; Tanaka et al., 2004).Though E. coli ClpB has been
extensively studied, the understanding about its homolog from M. tuberculosis is

beginning to emerge.

As chaperones machinery play critical role in survival of various pathogens,
various studies have focused towards identification of chaperone inhibitors for
therapeutics (Cockburn et al., 2011; Davenport et al., 2014; Johnson et al., 2014;
Singh et al., 2020).A similar approach targeting E. coli ClpB has shown promise
in inhibition of the gram negative bacteria (Martin et al., 2013). M. tuberculosis
ClpB (ClpBw) is required to establish infection in host tissues (Vaubourgeix et al.,
2015). Also, ClpBw is essential for the recovery of M. tuberculosis from stresses
that promote protein aggregation (Vaubourgeix et al., 2015). The disaggregase
ClpBw is essential for not only active M. tuberculosis but also for its persistence

in latent state (Tripathi et al., 2020a). Considering the essential role of ClpBwm in
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pathogenesis of M. tuberculosis, strategies to inhibit ClpBwm activity could lead to
the development of novel therapeutics against the pathogen. Further such

inhibitors would aid to our understanding of the mechanism of ClpBwm action.

In order to expand our understanding of M. tuberculosis ClpB machinery here,
we have performed a detailed biophysical characterization including
understanding of its conformational changes through Small Angle X-ray
Scattering (SAXS). We show that thermal unfolding of ClpBwm, at pH 7.4 is
irreversible, we observed that ClpBm forms concentration, nucleotide and salt-
dependent oligomers. Finally, high throughput screening led to the identification
of novel small molecules that inhibited ClpBm ATPase activity, and growth of
intracellular mycobacteria. One of the drug inhibited ClpBwm activity in a
competitive manner. Using SAXS data analysis and modeling, we further show
that the identified drugs inhibit ATP driven structural rearrangements within
ClpBm. The study thus provides insight into biochemical aspects of the
chaperone, and paves way for further design of inhibitors against M. tuberculosis

chaperone machinery.

3.2. Results:

3.2.1 ClpBwm thermal denaturation shows the presence of stable

intermediates in its unfolding pathway.

To examine the folded nature of the purified chaperone, the secondary structure
of ClpBwm was studied under native conditions using Far-ultraviolet (UV) circular
dichroism (CD). The Far-UV CD provides insight into the secondary structural
content of proteins such as a-helix, 3-sheet or random coil. ClpBm was purified to
homogeneity and CD spectra were recorded in Far-UV range from 190nm to
250nm at pH 7.4 at varying temperature from 25°C - 95°C. Under native
condition at 25°C, the ClpBm showed maximum negative ellipticity at 208nm and
222nm suggesting that the protein is predominantly a-helical which is in
agreement with previous studies (Fig. 3.1A). CD studies suggest that at
secondary structural level, the purified ClpBwm is well folded and mostly similar to
its respective counterparts in E. coli (Barnett et al., 2000).
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We next determined the effect of increase in temperature on secondary
structural content of ClpBwm (Fig. 3.1B and 3.1C). The ellipticity of the protein at
222nm was monitored as the incubation temperature was raised from 25°C to
95°C. As shown in Figure 3.1B, the incubation of ClpBm with increasing
temperature led to progressive decrease in ellipticity at 222nm indicating a
gradual loss of its native structure. The thermal CD melt of ClpBm showed two
transitions, the first transition was observed at apparent melting temperature (Tm)
of about 52°C. There was no significant change in CD signal from 60-70°C with
another gradual less cooperative transition at about 80°C. The first thermal
transition showed a loss of about ~40 % of total ellipticity, whereas complete loss
of residual structure was observed after a second high temperature thermal
transition. Thus, ClpBm showed three state unfolding with an intermediate, which
is stable upto 60°C. To examine the reversibility of ClpBwm unfolding, the change
in ellipticity at 222nm was further monitored as the temperature was lowered
from 95°C to 25°C. As shown in Figure 3.1B, there was no decrease in ellipticity
upon lowering the temperature suggesting that the unfolded protein could not
regain its native structure on its own and thus ClpBwm thermal unfolding is largely

irreversible.
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Figure 3.1. Secondary structural analysis of ClpBwm. (A) show Far-UV CD spectra of
ClpBwm recorded with 1mm path length cuvette at 25°C. The spectra shown here are the
average of three independent scans.(B) The thermal stability of purified ClpBm was
measured by monitoring changes in mean residue ellipticity of proteins at 222nm as a
function of increase in temperature from 25°C-95°C at scan rate of 1°C/min. (C) The
Far-UV CD spectra of chaperone ClpBy, at various temperatures.
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3.2.2 ClpBwm oligomeric state is dependent upon its concentration, and

solvent conditions.

Hsp100 class of proteins including ClpB utilizes energy from ATP hydrolysis for
their disaggregation activity. The ATP or ADP binding also affects conformation
as well as oligomeric state of Hsp100 proteins in solution (Akoev et al., 2004; del
Castillo et al., 2011; Lin and Lucius, 2016; Zolkiewski et al., 1999).In order to
examine the effect of nucleotides on oligomerization of ClpBwm, we performed
analytical sedimentation ultracentrifugation (AUC) analysis as a function of its

concentration, nucleotides and salts (Figure 3.2).
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Figure 3.2 Absorbance scans show sedimentation of indicated chaperones as a
function of radial distance over a period of time. Sedimentation velocity data for
indicated proteins at 40,000 rpm and 20°C. Shown are radial absorption scans for
ClpBw.

We first examined the effect of changes in ClpBwm protein concentration on its
intermolecular association. The ClpBm concentration was increased from
0.75mg/ml to 2.25mg/ml and AUC absorption scans were monitored. As shown

in Figure 3.3A, at concentration of 0.75mg/ml, ClpBm molecules appeared to
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partition as two species with standard sedimentation coefficient szow of 5.30S
and 11.36S. The species sedimenting at 5.30S (~53%) corresponds to the
monomeric ClpBwm, and the higher sedimenting species (~38%) indicates the
presence of self-associated higher order ClpBm oligomers. At a higher
concentration of 1.5mg/ml, the first peak of lower sedimentation coefficient
appeared at roughly similar position (s2ow= 5.59S), however the second peak
shifted from 11.36S to 13.37S. This shift in second peak to higher sedimentation
coefficient suggests concentration dependent self-association of ClpBwm. This is
in agreement with further shift of the second peak from s2ow = 13.37S to S2ow =
13.95S as ClpBwm concentration was further increased to 2.25mg/ml (Table 1).
The peak corresponding to 13.95S is consistent with weighted-average of
oligomers (~53% of the overall population)with 4.5 units of ClpBwm. Taken
together, the data suggest that in solution, Apo ClpBwm exists as heterogeneous
species, and an increase in protein concentration results is the self-association

of ClpBw into higher order oligomers.

Next, we investigated the effect of different nucleotides (ADP or ATP) on
oligomerization of ClpBwm (1.5mg/ml). The pre-incubation of ClpBm with ADP led
to an increase in standard sedimentation coefficient of higher order oligomeric
form of ClpBwmfrom 13.37S (for Apo form) to 13.74S (Fig. 3.3B and Table 3.1). As
compared to its Apo form, the pre-incubation of ATP with ClpBwm further
increased the intensity as well as the standard sedimentation coefficient of the
second peak to 14.68S. The observed increase in the intensity of the second
peak suggests that in the presence of ATP, ClpBm majorly exists at a relatively

higher oligomeric state than that observed in Apo or ADP state.

The presence of salt ions is also known to affect self-association in proteins. We
next performed AUC study to examine the effect of increasing concentration of
NaCl on ClpBwm oligomerization (Figure 3.3C and Table 3.1). At 100mM NacCl,
ClpBm sedimented as a broad peak at11.81S with another fraction of low
molecular weight species sedimenting at 4.85S. The broadness of peak
corresponding to sedimentation coefficient of 11.81S indicates the presence of
oligomeric species of different association states in equilibrium with each other.

The c¢(s) analysis of ClpBwm scans in the presence of 200mM or 300mM NacCl

58



Chapter 3

showed the presence of monomeric ClpBm as the predominant sedimenting
species at 4.62S and 4.74S respectively. Also, at 200mMNaCI concentration,
two small sedimenting species at 6.56S and 8.85S were observed. At 300mM
NacCl, in addition to the monomeric species, a smaller peak with sedimentation
coefficient sz2ow Of 7.60S was also observed, which could be due to the presence
of monomeric and a higher order oligomeric ClpBwm in equilibrium with each
other. Overall, the data suggest that ClpBwm exists in multiple oligomeric states in

solution, which vary with salts and type of nucleotides.
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Table 3.1. Sedimentation coefficient values of ClpBwm obtained from analytical ultracentrifugation studies.

Average Mol Wt (KDa)

ClpBw Soow [Pred. units] % Species

Peak 1 Peak 2 Peak 3 Peak 1 Peak 2 Peak 3 Peak 1 Peak 2 Peak 3

Concentration (mg/ml)

0.75 530  11.36 - 99[1.0]  305[3.3] - 51.29  38.01 -
1.5 559  13.37 - 103[1.1]  381[4.1] - 4228  20.73 -
2.25 505  13.95 - 94[1.0]  430[4.7] - 28.64  52.49 -

Nucleotide (mM)

APO 5.59 13.37 - 103 [1.1] 381 [4.1] - 51.29 38.01 -

ADP 4.93 13.74 - 91[1.0] 424 [4.6] - 25.87 59.39 -

ATP 5.60 14.68 - 102 [1.1] 433 [4.7] - 25.38 64.40 :
NaCl (mM)

100 4.85 - 11.81 93 [1.0] - 341 [3.7] 23.53 - 70.71

200 4.62 6.56 8.85 91 [1.0] 152[1.7] 291[3.1] 23.63 22.73 25.21

300 4.74 7.60 - 89 [1.0] 120 [1.3] - 46.86 36.02 -
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Figure 3.3 Sedimentation velocity studies of ClpBwu. Shown is sedimentation coefficient
continuous distribution c(s) plots for ClpBwm, obtained from its sedimentation velocity data. (A)
ClpBwm sedimentation shows two major species corresponding to monomer or higher order
oligomers. (B) c(s2ow) distribution of ClpBwm in the absence (blue) and presence of ATP
(green) or ADP (red). (C) ClpBm was incubated with indicating concentration of NaCl for

sedimentation studies.
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3.2.3 Nucleotides affect oligomerization state of ClpBuw.

The sedimentation velocity studies suggest that self-assembly of ClpBm depends
upon its concentration and the presence of nucleotides in solution. We further
examined the association state of ClpBm using size exclusion chromatography. As
shown in Figure 3.4A, in the absence of any nucleotides, apo ClpBwm (2mg/ml) eluted
at an approximate molecular weight of 175 kDa (based upon the column calibration
with globular proteins of known molecular weight). The pre-incubation of ADP or ATP
with the chaperone resulted in its elution at volume expected from relatively higher
molecular weight species corresponding to an oligomer of trimer or tetrameric ClpBuw,
respectively (Fig. 3.4A). The increase of protein concentration from 2 mg/ml to 6
mg/ml resulted in further decrease of elution volume and an asymmetrical elution
peak with a sharp leading edge and relatively longer trailing edge which is
suggestive of presence of multiple oligomers in equilibrium with each other. The
weighted-average size of the protein at 6mg/ml corresponds to about pentameric
and hexameric ClpBwm in the absence and presence of ATP (Fig. 3.4B) respectively.
Overall, these observations suggest that nucleotides induce significant alteration in
solution shape of ClpBwmor initiate lower-order oligomerization, which is also in
agreement with previously reported studies (Tripathi et al., 2018; Zolkiewski et al.,

1999). Figure 3.4C show the linear standard graph for calculating molecular weight.
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Figure 3.4 Nucleotide dependent changes in oligomerization of ClpBu. (A) ClpBm
elution profiles show shift in its elution volume towards higher oligomeric mass in the
presence of nucleotides at a concentration of 2.0 mg/ml. (B) ClpBw elution profiles at 6.0
mg/ml. APO (blue), ADP (red) and ATP (green). (C) Calibration curve for Superdex 200 gel-
filtration column. Proteins of known molecular weight, RNase (13.7 kDa), Carbonic
anhydrase (29kDa), Ovalbumin (44 kDa), Conalbumin (75 kDa), Catalase (232 kDa) and
Ferritin (440 kDa) in PBS were loaded onto the column. Blue dextran (2000 kDa) was also
used as one of the standard marker. The elution volume of the proteins was plotted against
Log of molecular weight to obtain a standard calibration curve. The curve was then used for
estimating the molecular weight of chaperone ClpBw.
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3.24 ATP, and not its non-hydrolyzable analogs induce Ilarge scale

conformational rearrangements in ClpBw.

The above AUC and size exclusion studies suggest that ClpBwm is more prone to
oligomerization upon incubation with nucleotides which are its native ligands
required for activity of the protein. We thus further performed structural
characterization of ClpBwm using SAXS data analysis in the presence and absence of
nucleotides. SAXS studies have been extensively used to gain valuable information
about the oligomeric states as well as quaternary structures of the proteins (Borges
et al., 2016; Brosey and Tainer, 2019; Korasick and Tanner, 2018) SAXS Intensity,
I(Q) profiles of ClpBwm protein (6.1mg/ml) in the presence or absence of nucleotides
were determined. Double logarithmic plots (Logiol(Q) vs. Log10Q) show the expected
first order exponential decay (Figure 3.5A), and none of the datasets reflected large
order aggregation or interparticulate effect at the concentration of protein studied.
The linear zones of Guinier analyses of the datasets presuming a globular scattering
profile are shown in Figure2.4B. We observed the linear fit of the Apo and ATP-
ClpBwm is much shorter and steeper compared to other nucleotide bound state of
ClpBwm (Figure 3.5B). This suggested that the radius of gyration (Rg) value of the
protein shape is higher for Apo and ATP state compared to other nucleotides.
Indirect Fourier transformation of the datasets provided probability distribution of the
interatomic vectors present in the SAXS data of the protein sample i.e. P(r) as a
function of r (Fig.3.5C). This analysis in correlation with Guinier analysis showed that
the Dmax Of the protein molecules was about 22nm and 29nm for ClpBwm in Apo and
ATP state, respectively. In comparison, the maximum dimension (Dmax) values were
15-17nm when ClpBm was bound to ADP, ATPy-S or AMP-PNP. Also, the P(r)
profiles indicated the shape of ClpBm molecules to be extended in Apo state, bilobal
in ATP state and single domain in presence of slow/non-hydrolyzable nucleotides
ADP, ATPy-S and AMP-PNP. Additionally, the computed Rg values from P(r)
analysis were 8.14+0.07 nm, 8.29+0.12nm, 5.69+0.04 nm, 5.56+0.02nm and
5.78+£0.03 nm for Apo, ATP, ADP, ATPy-S and AMP-PNP state, respectively. In
summary, SAXS data analysis indicated that there appears a large scale shape/size

rearrangement, which depends on its nucleotide bound state.
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Figure 3.5 SAXS profiles of ClpBw in the presence of different nucleotides. (A) SAXS
datasets of ClpBw protein in apo and nucleotide bound states are presented in double Logio
mode. Individual datasets and colour code are mentioned in the panels. Y-axis have been
translated for clarity. (B) The Guinier analysis regions of the datasets have been shown with
linear fit. (C) The estimated P(r) plot represents the maximum dimensions of ClpBm datasets.
Colour of the plots have been retained with the same used for SAXS data representation
and further shape restoration analysis.

3.2.5 Shape restoration of ClpBwm in the presence and absence of nucleotides.

As mentioned in methods, shape restoration of ClpBwm in the presence and absence
of nucleotides using respective SAXS data profile and dummy residues were
performed considering P6 symmetry. They have been presented in molecular map
format and orthogonal views are presented in Figure 3.6 to collectively perceive the
results on shape profile of ClpBwm in the presence of different nucleotides. The Apo
state showed an extended shape that lacked and adopted a clear and predominant
P6 symmetry in the ATP state. Though shape profiles are dramatically different
under these two states, the Dmax and Ry values were similar since the length
dimension of Apo state is similar to the cross-sectional length of the hexameric
association. Furthermore, shape analysis seen in Figure 3.6 showed that the ATP
state of ClpBwm is hollow from center which is in agreement with similar observation
reported before for its homolog (Lee et al., 2007; Sweeny et al., 2015a). In sharp
contrast, the shape of ClpBm molecules bound to ADP, ATPy-S and AMP-PNP
showed a smaller compact dimension with P6 symmetry. These results indicated
that ATP induces hexa-symmetric association and/or dramatic reorganization in the
protein molecules, and similar ability is absent in other slow or non-hydrolyzable

nucleotides.

65



Chapter 3

SIDE TOP BOTTOM

- ¥

ATP

AMPNP

A 4
<

Figure 3.6 ATP and not non-hydrolyzable analogs lead to conformational changes in
ClpBwu. SAXS data based shape models of ClpBwm in the absence and presence of various
nucleotides have been presented. Orthogonal views have been presented alongside the
shape models. As seen the presence of ATP and not other non-hydrolyzable analogs
causes large scale conformational changes in ClpBw.
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3.2.6. High throughput screening identifies small molecule inhibitors of ClpBwm

ATP hydrolysis activity.

ClpBw is an attractive target for development of anti-mycobacterial agents as there is
no functional homolog of ClpBm in mammals and its inactivation enhances M.
tuberculosis sensitiveness towards other antibiotics (Lupoli et al.,, 2018b;
Vaubourgeix et al., 2015). Therefore, identification of novel ClpBwm inhibitors might
pave the way for the development of novel anti M. tuberculosis therapeutics. Here,
we optimized a malachite green (MG) based high throughput screening assay to
identify inhibitors of ATPase activity associated with ClpBm (Figure 3.8A). We
screened two different libraries of small compounds collectively consisting of 2480
molecules, as described in Materials and Methods. As shown in Figure 3.7 the
release of inorganic phosphate due to ClpBm ATPase activity was observed in a time
dependent manner. Similar assay when carried out in the presence of libraries of
small molecules resulted in identification of both enhancers and inhibitors of ClpBwm
ATPase activity (Figure 3.8B). The 13 small molecules that inhibited more than
approximately 70% of ClpBm ATPase activity were considered as preliminary hits.
However, in our repeat assay from these 13 compounds, only 6 showed significant
reproducible inhibition of the ClpBwm activity in the range of ~70 to~90% (Figure
3.8C). Among these 6 compounds, except Tannic acid and Juglone, remaining
compounds were freshly purchased to reconfirm the activity. Tannic acid is of
relatively high molecular weight (~1.78kDa), and Juglone could not be obtained from
available commercial sources. Among these freshly purchased compounds, only 3
showed significant inhibition of ClpBm ATPase activity in the range of 70% to 90%
(Figure3.8D).

We next examined the specificity of identified inhibitors against other ClpBwm
homolog. As mammals do not encode a functional homolog of ClpBwm, we evaluated
the inhibitory effect of the above 3 compounds against ATPase activity associated
with E. coli ClpB and yeast Hsp104. Hsp104 is a member of the Hsp100 family and
is required for growth of S. cerevisiae under stress conditions. Similarly, E. coli ClpB
is required for thermotolerance. As shown in Figure 3.8D, we observed that at
100uM, all three compounds were able to inhibitHsp104 activity by >80%. For its
prokaryotic homologue E. coli ClpB, NSC71948 shows the maximum inhibition of
95%, while hexachlorophene and NSC34931 showed 64% and 21% inhibition,
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respectively. These observations suggest that the NSC71948 and hexachlorophene
possess broad specificity and inhibit the enzymatic activity of ClpB protein from
mycobacteria, E. coli and yeast.NSC34931 was found to be more specific against
ClpBm and Hspl04. The chemical structures of identified three potential small

molecules inhibitors are shown in Figure 3.8E.
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Figure 3.7. ATP hydrolysis activity for ClpBwm. Inorganic phosphate released upon ATP
hydrolysis by ClpBwm in the presence and absence (basal) of its substrate k-casein was
measured using malachite green assay by monitoring absorbance at 620nm of complex
formed by malachite green oxalate and phosphomolybdate. The phosphate released was
calculated using a standard plot obtained from plot of different known concentration of
absorbance versus inorganic phosphate at 620nm.
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Figure 3.8. High-throughput screening identifies inhibitors of ClpBu ATP hydrolysis
activity. (A) A schematic representation of the high-throughput screening system to identify
potential inhibitors of ClpBum ATP hydrolysis using malachite green (MG) assay. The assay
was carried out as described in Materials and Methods. (B) The obtained preliminary hits
showing inhibition of ClpBm ATP hydrolysis activity. The red line shows desired threshold of
70% inhibition. The yellow line corresponds to ClpBwm activity in the absence any drug.
(C)Inhibition of ClpBum ATPase activity, using 13 preliminary hits obtained from our high
throughput screening. (D) Cross inhibition activity of ClpBwm inhibitors against E. coli ClpB
and S. cerevisiae Hsp104. (E) Chemical structures of the best three identified inhibitors
showing reproducible inhibition of ClpBu ATP hydrolysis.
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3.2.7 E. coli chaperone system shows complete inhibition of luciferase

refolding in the presence of drugs.

To further examine whether the identified small molecules inhibit chaperoning activity
of ClpB, we examined the ability of E. coli ClpB to refold chemically denatured
luciferase in the presence and absence of identified inhibitors as described in
Materials and Methods. As shown in Figure 3.9A, no significant increase in
luminescence was observed when only ClpB or DnaK was incubated with the
denatured luciferase suggesting that these chaperones alone are unable to support
luciferase refolding. The fraction of refolded luciferase increased with time, when
chaperonic system consisting of DnaK and it co-chaperones DnaJ and GrpE was
added with denatured luciferase in the refolding buffer. As expected, the addition of
ClpB to DnaK chaperonic system not only decreased the lag-time for luciferase
refolding but also had further increase in luminescence by around 25 fold in 60
minutes of incubation, suggesting a well-coordinated chaperoning activity of ClpB
(Figure 3.9A). To examine the effect of drugs on refolding activity of ClpB
chaperoning system, the denatured luciferase was incubated with the ClpB and the
other chaperones along with 100uM of the identified inhibitor. We noticed reduced
luciferase refolding in the presence of NSC71948, NSC34931 or hexachlorophene
thereby suggesting complete inhibition of ClpB refolding activity (Figure 3.9B).
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Figure 3.9 E. coli chaperone system shows complete inhibition of luciferase refolding
in the presence of identified drugs. (A) The time course for refolding of chemically
denatured luciferase by E. coli ClpB in collaboration with Hsp70 system (DnaK/DnaJ/GrpE).
22.6nM of luciferase was denatured in the presence of 7M urea and refolded in the presence
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of 4.0 uM ClpB, 1.0 yM DnaK, 0.15 yM DnalJ and 0.05 uM GrpE. The KJE plot
(red)represents luciferase refolding in the presence of DnaK+DnaJ+GrpE. (B) The luciferase
refolding was measured in the presence and absence of drugs at 100 uM. The refolding
reaction was performed with indicated combination of chaperones in the presence of either
indicated compound or DMSO (as control). The luminiscence was recored after 60 minutes
of addition of dentaured luciferase to the refolding reaction, and normalized with respect to
that obtained from denatured luciferase.Error bars represents standard error of mean (S.E)
from 2 different biological replicates.

3.2.8. Determination of ICso value and affinity of lead compounds with ClpBwm.

The inhibitory activity of all three lead compounds on ClpBwm was further measured as
a function of their concentrations. As shown in Figure 3.10A, the compounds,
NSC71948, NSC34931and hexachlorophene, showed ICso value of 72.4uM, 60uM,
and 40.5uM, respectively against ClpBm ATP hydrolysis activity in vitro.
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Figure 3.10. ICso and binding affinity of inhibitors for ClpBwm. (A) Potential inhibitors were
subjected to 6 point dose response concentrations from 200uM to 5uM with 0.25uMClpBwmin
the presence of k-casein. ICsp values were calculated through a non-linear regression curve
fitting by software Prism 5.0. Results are average of triplicate values and error bar
represents standard error of mean (S.E). (B) Binding curves obtained by microscale
thermophoresis for binding of indicated compounds with ClpBwm. For interaction, different
concentrations of inhibitors ranging from 50uM to 0.61nM were incubated with a constant
amount of fluorophore labeled ClpBm (20nM) and binding was measured as described in
Materials and Methods.

71



Chapter 3

We further examined the interaction of identified lead compounds with purified ClpBwm
using microscale thermophoresis (MST). The interaction was examined using a
constant concentration of fluorophore labeled ClpBm with varying concentration of
identified inhibitors. The MST analysis showed that NSC71948, NSC34931 and
hexachlorophene interact with ClpBm with Kp of 0.013uM, 1.2uM and 58.8uM
respectively (Figure 3.10B). Interestingly, binding of NSC71948 to ClpBwm leads to
decrease in normalized fluorescence, which is indicative of increased diffusion of
bound complex as compared to free ClpBwm, thereby suggesting the drug induced

significant conformational changes in the protein upon complex formation.

3.2.9. Hexachlorophene acts as a competitive inhibitor against ClpBmu ATPase

activity.

Among the three compounds, hexachlorophene was found to be relatively more
potent than others in our ATPase inhibition and intracellular killing experiment. Next,
we explored the mechanism underlying its inhibition of ClpBm ATPase activity using
steady-state enzyme kinetics. Initially, the kinetics of ClpBwm activity was determined
at varying concentrations of ATP (Fig. 3.11). ClpBwm displayed Km of 408.48+12.37
MM with Vmax of 8.79+0.01 uM/min for ATP as its substrate (Fig. 3.11).

8

e 1.0uM

Vo (uM/min)
»

0 200 400 600 800 1000 1200
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Figure 3.11. Hexachlorophene shows competitive mode of inhibition. The enzyme
kinetic studies was carried out for ATP hydrolysis by ClpBwu as a function of [ATP] (ranged
from 100 uM to 1000 uM) in the presence and absence of hexachlorophene. Shown is the
plot of initial velocity (Vo) versus indicated concentrations of ATP in the presence of 0 pM,
1.0 uM, 2.5 pM, 5.0 uM and 7.0 uM of Hexachlorophene.
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Similar kinetic study in the presence of 1 pM hexachlorophene shows partial
inhibition of ATPase activity with Vmax around 8.6 = 0.15 pM/min with increase in Km
to 572.21 £ 6.20 uM. A further increase of Km was observed with increasing
concentration of hexachlorophene (Table 3.2). At 7uM of the drug, Km increased by
about 3 fold to 1230.19 + 23.86 UM in comparison to protein only control. The results
suggest that the Km and not Vmax is dependent on the inhibitor concentrations
indicating that hexachlorophene inhibits ClpBm ATPase activity in a competitive

manner.

Table 3.2.Calculated Vmax and Km for ClpBm ATP hydrolysis.

Hexachlorophene Vimax Km
(kM) (kM/min) (1M)
0 8.79+0.01 408.48+ 12.37
1.0 8.55+0.15 572.21+6.20
2.5 8.91+0.01 809.11+ 27.57
5.0 8.43+0.40 711.15+4.11
7.0 7.47+£0.37 1230.19+ 23.86

3.2.10. The identified drugs inhibits ATP induced conformational changes in
ClpBw.

Since we observed functional inhibition of ClpBm ATPase activity in the presence of
the drugs, SAXS experiments were repeated in presence of the relatively more
potent inhibitory molecules NSC71948 and hexachlorophene. As mentioned above,
ClpBm was pre-incubated with drugs and subsequently ATP was added. Double
logarithmic plots and Guinier analysis of the SAXS datasets with drugs showed that
the ClpBm molecules were more like intermediates between hydrolyzable and non-
hydrolyzable nucleotide bound state (Figure 3.12A and 3.12B). It appeared that Apo
protein adopted shorter dimensions in the presence of small molecule inhibitors
suggesting that addition of drugs did not allow the ATP mediated native-like
reorganization of the protein (Figure 3.12C). Finally, shape restoration also showed
P6 symmetry in the molecules, but they were not elongated like Apo or ATP state,
but more like non-hydrolyzable nucleotide bound state (Figure 3.12D). Overall,

SAXS data analysis of ClpBwm with drug molecules indicated that these molecules
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“capture” ClpBm molecules in a state of “limbo” which rendered them non-functional.
These results suggest that dramatic shape rearrangement is a requirement for

functionality of ClpBwm.
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Figure 3.12 The lead identified drugs inhibit ATP induced conformational changes in
ClpBwm. (A) SAXS datasets of ClpBwm protein in the presence of drugs in double Logio mode.
Individual datasets and colour code are mentioned in the panels. Y-axis have been
translated for clarity. (B) Guinier analysis shows the linear fit of the ClpBn datasets. (C) P(r)
plots of the dataset represent the maximum dimensions in the presence of drugs. (D) SAXS
profiles of ClpBw in the presence of inhibitors show drug induced structural changes in the
chaperone in solution.
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3.2.11 Anti-Mycobacterial assays.

We next determined the effect of identified lead compounds on M. tuberculosis and
performed MICg9 determination assay. In our MICgs determination assays, we
observed that identified primary hits were inactive even at 100 uM concentration (the
highest concentration in our assay) against M. tuberculosis in liquid cultures. These
observations are in concordance with previous studies which have shown that ClpBm
is dispensable for M. tuberculosis growth in vitro (Tripathi et al., 2020a; Vaubourgeix
et al., 2015). However the mutant strain displayed a growth defect of 100.0-fold in
bacterial numbers in comparison to wild type and complemented strain infected
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animals. Therefore, we next determined the activity of the identified primary hits
against intracellular mycobacteria in THP-1 macrophages. We observed that NSC
34931, NSC 71948, hexachlorophene and Isoniazid were non-cytotoxic to cells at 50
MM, 50 uM, 25 uM and 50 pM, respectively, till 96 hrs of incubation.

For intracellular killing experiments, macrophages represent physiological conditions
that mimic disease and take into consideration the favourable contribution of host
cells in the process of eradicating M. tuberculosis. Therefore, we checked the activity
of the non-cytotoxic concentration of NSC 34931, NSC 71948, and hexachlorophene
against intracellular M. tuberculosisinTHP-1 macrophages. As shown in Figure 3.13,
maximum growth inhibition was seen in the case of hexachlorophene in comparison
to untreated cells. We observed that exposure to hexachlorophene decreased the
number of intracellular M. tuberculosis by ~8.0 fold in comparison to DMSO control.
As expected, maximum growth inhibition was seen in THP-1 macrophages exposed
to Isoniazid. The efficacies of compounds used in this assay against intracellular M.
tuberculosis was Isoniazid>>Hexachlorophene> NSC 71948 > NSC 34931
respectively.
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Figure 3.13 Intracellular activity of ClpBm ATPase Inhibitors. THP-1
macrophages were infected with M. tuberculosis H37Rv at a multiplicity of infection
of 1:10 followed by treatment with various small molecules for 96 h. At designated
time points, macrophages were lysed with 1x PBS containing 0.1% Triton X-100.
The bacterial loads were determined by plating 100 ul of 10-fold serial dilutions on
MB7H11 plates. Isoniazid was used as positive control. Each experiment was
performed in triplicates and data shown in this panel is mean + S.E. obtained of
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Log10CFU/ml obtained from two independent experiments. Statistically significant
differences were obtained for the indicated groups (paired two-tailed t test, *P < 0.05,
**pP < 0.01, and **P < 0.001).

3.3 Discussion

TB remains a major health concern primarily due to the emergence of various drug-
resistant strains. How M. tuberculosis survives a prolonged dormant phase before its
reactivation, as the host immune system is compromised, remains an unsolved
aspect of M. tuberculosis biology. Various studies are now focused towards
understanding of mechanism of stress tolerance for M. tuberculosis survival in host
environment (Saito et al., 2017; Shastri et al., 2018; Zhai et al., 2019). Among
various cellular factors, various chaperones including disaggregase ClpBm have
emerged as key players that provide adaptation to various stresses encountered by
the pathogen. The present study further broadens our understanding of ClpBwm, the
primary disaggregase of M. tuberculosis, and provides small molecule inhibitors that
inhibit ClpBwm activity. The ClpBwm inhibitors could provide an effective therapeutics
against both symptomatic as well as latent tuberculosis.

CD spectroscopy studies showed that the purified ClpBw is properly folded into its
native state. We observed that ClpBm thermally unfolds in a biphasic manner
populating three states. This is in contrast to a previously reported study where
authors showed ClpBwm unfolds in a cooperative two-state manner when thermally
heated to 90°C (Tripathi et al., 2018). This variation could be attributed to the use of
Hiss-tagged versus tagless ClpBwm in previous versus present study respectively, and
different purification protocol such as use of ammonium sulphate based precipitation,
Ni-NTA based purification and use of 100mM KCI (than 200mM NaCl in present
study) in previous study. As shown by AUC studies, based upon the concentration of
protein and salts, ClpBwm exists in different oligomeric states. A shift in equilibrium
between different oligomeric states of ClpBm might affect its unfolding pathway. The
biphasic transition observed in the present study could be due to the dissociation of
a higher oligomeric state to relatively more stabilized smaller oligomer that
subsequently unfolds as temperature is further increased.

The size exclusion chromatography studies show that the presence of nucleotides
significantly affects ClpBwm oligomerization. The relatively higher order oligomers were
observed when ClpBwm was incubated with ATP in comparison to ADP. AUC studies
further confirmed these findings and we conclusively show that ClpBwum
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oligomerization is sensitive to its concentration, nucleotides and salts in buffer.
These observations are in concordance with previous reports for ClpBwm and its other
homologs (Krajewska et al., 2017; Lin and Lucius, 2015; Lupoli et al., 2016a; Tripathi
et al., 2018; Zhang et al., 2013). The physiological significance of different oligomeric
forms of ClpBm remains to be studied however it's possible that the dynamic
oligomerization could be a mechanism to autoregulate ClpBwm activity.

In order to identify small molecule inhibitors, we screened 2480 compounds with
diverse structures from two different libraries, small molecule library from National
Cancer Institute and spectrum collection. We observed that three compounds (NSC
71948, NSC 34931 and hexachlorophene) were consistent in their ability to inhibit
the ATP hydrolysis. It is interesting to notice that hexachlorophene with the weakest
affinity to ClpBw is the strongest inhibitor of its ATP hydrolysis activity. In agreement
with its higher efficacy against the ATPase activity, the hexachlorophene was found
be more effective than other two compounds in reducing the growth of M.
tuberculosis in infected macrophages. This might be attributed to either the
intracellular concentration of the identified compounds or their stability in
experimental conditions.

The enzyme kinetics studies showed that the strongest inhibitor hexachlorophene
inhibits ClpBwm in a competitive mode of inhibition indicative of a direct competition
with ATP. The designed chemical scaffold would be useful in the design of new
derivatives with relatively stronger binding to ClpBwm as well as increased intracellular
activity. Since ClpB is highly conserved among different species, the identified
compounds showed cross-inhibition with homologs from E. coli and yeast S.
cerevisiae. Surprisingly, the NSC34931 showed better inhibition of ClpBm and
Hspl104 than E. coli ClpB suggesting that though highly conserved, small structural
differences exist between ClpB homologs from M. tuberculosis and E. coli. The
understanding of such differences among ClpB from different organisms would be
useful for specific targeting of the pathogenic organisms.

The shape model from the SAXS data profile showed that apo ClpBm undergoes a
shape rearrangement from extended to more globular shape with P6 symmetry.
Interestingly ClpBwm with non-hydrolyzable ATP analogs could not attain a similar
structure to that observed in the presence of ATP. The observations suggest that in
addition to ATP binding, its hydrolysis is also required to drive ClpBwm structure to
more open form. We also observed that the identified lead compounds also inhibited
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ATP driven ClpBwm structural rearrangement. The ClpBwm structure obtained in the
presence of small molecules was more similar to that observed in the presence of
non-hydrolyzable ATP. Therefore, we speculate that the identified small molecules
drugs might interfere with the ATP hydrolysis of the ClpBm.

Extensive research is underway to enhance understanding of M. tuberculosis
biology, and to explore new therapeutic approaches against it. Previous approaches
are primarily directed towards inhibition of DNA/RNA synthesis or energy metabolism
as these pathways are critical for the bacterial survival. More recently, several
studies have revealed the critical role of M. tuberculosis chaperone machinery in its
stress tolerance and survival broadening our understanding of M. tuberculosis and
opening new avenues for the design of novel therapeutic approaches. The
biochemical characterization and high throughput screening assay performed in the
present study paves the way for design of more potent small molecule inhibitors
against ClpB protein.
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4.1 Introduction

Tuberculosis commonly known as TB is a highly infectious disease caused by
Mycobacterium tuberculosis (M. tuberculosis). TB remains a global health problem
and is the primary cause of deaths in humans among communicable diseases. WHO
estimated that, one third of the total world’s population approximately 2-2.5 billion
people, are infected with M. tuberculosis. In 2018 alone, 1.2 million people died and
10 million people are affected with (WHO, Global Tuberculosis Report, 2019).The
pathology of M. tuberculosis is still limited and insufficient, hindering the
advancement of successful diagnosis and therapeutics, even after many decades of
its discovery. M. tuberculosis can survive in its host without showing any symptoms
for years. This dormant or metabolically less functioning mycobacteria is reactivated
when the host immune system is weakened (Mufoz et al., 2015).During host
infection and combination of antibiotic drugs, M. tuberculosis undergoes several
stresses like reactive oxygen and nitrogen species and various proteostasis stress
which ultimately results in protein aggregation (Kumar et al., 2011a; Lupoli et al.,
2018a). M. tuberculosis deploys its chaperones system to overcome such stresses
by refolding the misfolded proteins back to their native form. Therefore, a deeper
understanding of the M. tuberculosis chaperone machinery will allow development
of novel therapeutic strategies. Hsp70 chaperone family plays a crucial role in the
maintenance of proteastasis network and thus, are critical for optimal growth under
stress conditions (Calloni et al., 2012; Saibil, 2013b). Hsp70 effectively binds the
exposed hydrophobic regions of misfolded proteins and further prevent their
aggregation. Hsp70 collaborates with Hspl00 to perform efficient refolding the
disaggregated substrate processed by Hspl00 (Goloubinoff et al., 1999b). These
chaperones are also important for the regulation of cell cycle, protein trafficking and
degradation, as well as their role in protein folding (Gupta et al., 2018; Reeg et al.,
2016; Rohde et al., 2005; Truman et al., 2012).

The ubiquitously present Hsp70 is highly conserved across species from prokaryotes
to humans. Though eukaryotes possess multiple cytosolic Hsp70 members,
prokaryotes such as E. coli and M. tuberculosis harbors only a single Hsp70 isoform,
DnakK. The activity of Hsp70is modulated by various co-chaperones such as Hsp40

(DnaJl and DnaJ2 in M. tuberculosis) and nucleotide exchange factors (NEF, GrpE
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in M. tuberculosis) (Pierpaoli et al., 1998; Szabo et al., 1994b).Structurally, Hsp70
consists of an amino-terminus nucleotide-binding domain (NBD) and a carboxy-
terminus substrate-binding domain (CTD) (Jiang et al., 2005a; Kityk et al., 2012).
The binding of ATP at NBD leads to the opening of substrate binding pocket for
substrate to interact (Qi et al., 2013). The Hsp40 stimulates Hsp70 ATPase activity
and induces further conformational changes in Hsp70 that closes the C-terminal lid
over the substrate-binding pocket trapping partially unfolded substrates (Fan et al.,
2003; Lupoli et al., 2016a). Further, NEFs facilitate substrate release and initiation of
the new Hsp70 reaction cycle by promoting exchange of ADP with ATP (Bracher and
Verghese, 2015b; Harrison et al., 1997b; Lupoli et al., 2016a; Mally and Witt, 2001).
The DnaK/ClpB bichaperonic system of M. tuberculosis has been shown to interact
with protein aggregates in vivo. M. tuberculosis encodes for DnaK and is part of an
operon that also encodes for other cofactors such as DnaJl and GrpE. M.
tuberculosis DnaK (DnaKwm) and GrpE (GrpEwm) are essential for its viability (Fay and
Glickman, 2014). The other isoform of DnaJ, DnaJ2 (DnaJ2w), is highly homologous
(sequence identity ~40%) to DnaJl (DnaJlwm). In M. smegmatis, the two Dnal
isoforms individually are non-essential however, their double deletion is synthetically
lethal for the cellular growth (Lupoli et al., 2016a).

In order to expand our understanding of M. tuberculosis Hsp70 chaperone
machinery, we have performed a detailed biophysical characterization of DnaKm and
its co-chaperones (DnaJlm, GrpEm). We show that thermal unfolding of DnaKwm or
DnaJlwm at pH 7.4 is irreversible, whereas GrpEwm unfolds in a reversible two-state
manner. Analytical ultracentrifugation studies reveal the monomeric form of DnaKuw,
while the other proteins of chaperone machinery, DnaJlm and GrpEwm are primarily
dimeric in solution. DnaKwm exhibits a strong interaction with GrpEwm with a binding of
47.6 nM. The release of MABA-ADP from DnaKm.Maba-ADP complex confirms the
nucleotide exchange activity of GrpEm. The study thus provides insight into
biophysical and biochemical aspects of M. tuberculosis Hsp70 refolding machinery,
and paves way for further design of inhibitors against M. tuberculosis chaperone
machinery. Thus, our study provides insight into biophysical and biochemical
aspects of M. tuberculosis Hsp70 refolding machinery making it a potential target for

combating TB.
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4.2 Results

4.2.1 Secondary structure characterization of DnaKm and its co-chaperone

DnaJim and GrpEwm of M. tuberculosis.

To examine the folded nature of purified chaperones, the secondary structure of
DnaKwm, DnaJ1lm and GrpEwm was studied under native conditions using Far-ultraviolet
(UV) circular dichroism (CD). The Far-UV CD provides insight into the secondary
structural content of proteins such as a-helix, -sheet or random coil. The proteins
were purified to homogeneity and CD spectra were recorded in Far-UV range from
190nm to 250nm at pH 7.4, 25°C.

The CD studies show that all proteins are well folded. The CD spectra for DnaKm and
DnaJlm show features of a-helix however with relatively lower ellipticity than as
expected from a completely a-helical protein, suggesting that these proteins consist
of mixture of a-helical and 3-sheet regions (Fig. 4.1 A and 4.1 B). Far-UV CD studies
on purified GrpEwm reveals signature of a-helices as indicated by local minima of CD
signal at 208 and 222nm (Fig. 4.1C). The ratio of CD signal at 222nm and 208nm of
0.8 suggests lower inter-helical contacts in GrpEwm. Taken together, above studies
suggest that at secondary structural level of DnaKwm and its co-chaperones DnaJlw,
GrpEwm are mostly similar to their respective counterparts in E. coli.
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Figure 4.1 Secondary structural analysis of components of bichaperonic system.
Panel (A), (B) and (C) show Far-UV CD spectra of DnaKy, DnaJlw and GrpEw respectively.
The spectra were recorded with purified proteins in Imm path length cuvette at 25°C. The
spectrum shown here is the average of three independent scans.
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4.2.2 Thermal stability of DnaKwm, DnaJlm and GrpEm shows stable

intermediates and renaturation ability of chaperones.

We next examined the effect of increase in temperature on secondary structural
content of the components of mycobacterial chaperone machinery. The ellipticity of
proteins at 222nm was monitored as the incubation temperature was raised from
25°C to 95°C.

As shown in Figures 4.2A and 4.2B, no significant changes in the ellipticity of DnaKwm
was noticed as temperature was increased upto 40°C. We observed two thermal
transitions in the temperature range between 40-95°C. Among the two transitions,
the lower and higher temperature transition showed an apparent midpoint of about
45°C and 60°C, respectively. The DnaKwm thermal transition was largely reversible as
seen by an increase in negative ellipticity upon lowering the temperature from 95°C
to 25°C (Fig. 4.2B). Unlike DnaKm, DnaJlm showed two-state unfolding with no
secondary structural changes until 50°C, and a single thermal transition with a
midpoint of about 55°C (Fig. 4.2C and 4.2D). We also observed that DnaJ1lwm thermal

unfolding is irreversible when heated to a temperature of 95°C.

As shown in Figures 4.2E and 4.2F, GrpEwmloses a-helical content significantly as the
temperature is increased to 95°C. The GrpEwm, which is primarily a-helical, shows two
state thermal unfolding with apparent midpoint of transition at 48°C. We further

observed that GrpEwm unfolds reversibly when heated to 95°C.
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Figure 4.2. Thermal unfolding of DnaKy, DnaJly and GrpEw. The thermal stability of
purified chaperones was measured by monitoring changes in mean residue ellipticity of
proteins at 222nm as a function of increase in temperature from 25°C-95°C at scan rate of
1°C/min. (A), (C) and (E) show thermal denaturation curves (blue) as ClpBm, DnaKy,
DnaJlwm and GrpEw respectively were incubated at increasing temperature. Red curves show
changes in ellipticity as incubation temperature was decreased from 95°C to 25°C. Panel
(B), (D) and (F) show changes in Far-UV CD spectra of chaperone DnaKy, DnaJlw and
GrpEwmrespectively at various temperatures.
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4.2.3 Gel-filtration analysis of DnaKw, its co-chaperones.

DnaKwm requires ATP to perform its refolding function (Lupoli et al., 2016b). In order
to examine the effect of nucleotides on oligomerization of DnaKwm, we performed size
exclusion chromatography analysis in the presence and absence of ATP or ADP. As
shown in Figure 4.3A, in the absence of any nucleotide, DnaKwm eluted at a volume
corresponding to the molecular weight of 142kDa. Further, as shown in Figure 4.3A,
we observed that pre-incubation with either ADP or ATP did not promoter self-

association of DnaKwm.

Previous studies have shown that DnaJ, as well as GrpE of E. coli primarily exists as
homodimer in solution (Li et al., 2009; Mehl et al., 2003; Schonfeld et al., 2007). The
size exclusion chromatographic studies showed that DnaJlmeluted at a molecular
weight of 189kDa, significantly higher than expected from the dimeric protein
(~80kDa) which could either be due to self-association or its non-globular structure
(Figure. 4.3B). The elution profile of GrpEm showed that the protein eluted
corresponding to a molecular weight of 258kDa (Figure 4.3C).The sharpness and
nearly symmetrical nature of the peak indicated that GrpEwm primarily exists in a

single oligomeric state and does not form aggregate in solution (Figure 4.3C).
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4.2.4 The oligomeric status of DnaKm and its co-chaperones through analytical

ultracentrifugation studies.

The apparent molecular weight as estimated from above gel-filtration studies for
DnaKwm and its co-chaperones is significantly higher than as expected based upon
their respective homologs from other organisms such as E. coli. The observed
disagreement between the observed and expected molecular weight could be
attributed to their non-globular structure, self-association or interaction with the
column matrix. We thus carried out AUC studies to examine oligomerization state of

these chaperones.

In order to determine the effect of the DnaKm concentration on its oligomerization, we
performed sedimentation velocity experiments at three different protein
concentrations, 0.61mg/ml, 1.22mg/ml and 1.84mg/ml. Figure 4.4A show the radial
absorbance plot for the sedimentation of DnaKm. The c(s) analysis of absorbance
scans at these concentrations revealed the presence of a single dominant species
(~65% of total species) with s2ow of 4.17S, which corresponds to the molar mass of
monomeric form of DnaKm (71kDa, Fig. 4.4D). Further, at 1.22 and 1.84mg/ml of
protein concentration, we observed a small fraction of additional species sedimenting
as broad peak of s2ow values of 6.25S and 7.33S respectively. The presence of
these additional peaks suggests the accumulation of higher order oligomers with 2-3

units of DnaKw at relatively higher concentrations of protein (Table 4.1).

Next, we examined the association state of Hsp40 DnaJlwm. The purified DnaJlm was
subjected to sedimentation velocity AUC experiments, at three different
concentrations of 0.66mg/ml, 1.31mg/ml and 1.98mg/ml. The radial scans and c(s)
analysis of absorbance scans showed that at lower concentrations of 0.66mg/ml and
1.31mg/ml, the protein primarily sedimented as single major species at
sedimentation coefficient of s2ow = 4.71S which is consistent with molecular weight
of dimeric DnaJlm (~80kDa) (Figure 4.4B and 4.4E). We noticed that at relatively
higher concentration of 1.98mg/ml, in addition to the dimeric DnaJlwm, higher order
oligomeric species (collectively 27% of total species) of sedimentation coefficient of
7.53S and 15.31S were also formed which correspond to 4and 10-11 units

ofmonomeric DnaJlm respectively (Table 4.1). The presence of these peaks
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indicated thatDnaJlmtends to multimerize into larger size oligomersat higher

concentrations.

The oligomerization state of GrpEm was also examined using AUC. The
sedimentation velocity AUC experiments were performed at 2.5mg/ml, 5.0mg/ml and
7.5mg/ml of purified GrpEwm (Fig. 4.4F).The c(s) plots show that at all concentrations
examined, GrpEwm sedimented predominantly as a single species of s2ow = 2.41S,

which corresponds to the molecular weight of dimeric GrpEm.
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Figure 4.4 Sedimentation velocity studies of DnaKy, DnaJ1v and GrpEwm. Sedimentation
velocity data for indicated proteins at 40,000 rpm and 20°C. Shown are the radial
absorbance sedimentation scans as a function of radial distance over a period of time and
sedimentation coefficient continuous distribution c(s) plots for proteins, obtained from their
respective sedimentation velocity data of indicated chaperones. (A) 1.84mg/ml DnaKw. (B)
1.98mg/ml DnaJly and (C) 2.5mg/ml GrpEwm. The scans were recorded for every 3 minutes.
For clarity, every 3™ scan is shown. (D) c(Szow) distribution curves of DnaKy at different
concentrations show that the protein predominantly exists as dimer with tendency to
oligomerize at higher concentrations. (E) Sedimentation plots of DnaJlw show that the
protein sediments primarily as dimer with tendency to form higher order oligomers at higher
concentration. (F) GrpEm sediments as single dimeric species.
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Table 4.1 Sedimentation coefficient values of DnaKm, DnaJ1m and GrpEwm obtained from analytical ultracentrifugation studies.

Sao,w Mol. Wt (KDa) [Pred. units] % species
Protein Peak1l Peak2 Peak3 Peak4 Peakl Peak 2 Peak 3 Peak 4 Peakl Peak2 Peak3 Peak4

DnaK (mg/ml)

0.61 4.17 7.71 - - 71[1.0] 178(2.6] - - 64.48 30.12 - -

1.22 4.09 6.25 9.77 - 70 [1.0] 133 [1.9] 261 [3.8] - 68.53 21.86 9.22

1.84 4.07 7.33 - - 70[1.0] 171([2.5] - - 60.01 31.16 - -
DnaJl (mg/ml)

0.66 4.71 8.43 14.05 1853 75[0.9] 180[4.3] 385[9.2] 586[13.9] 66.28 3.34 2.52 3.37

1.31 5.10 - - 18.77 83[1.0] - - 590 [14.0] 94.48 3.62 - -

1.98 4.75 7.53 15.31 19.34 76[0.9] 153 [3.6] 444[10.6] 631[15.0] 42.69 25.47 1.57 3.51
GrpE (mg/ml)

2.5 2.48 - - - 52 [2.0] - - - 93.70 - - -

5.0 241 - - - 50 [2.0] - - - 82.61 - - -

7.5 2.38 - - - 49 [2.0] - - - 77.15 - - -
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4.2.5 DnaKm forms a stable complex with GrpEm.

DnaK functions in coordination with DnaJ and GrpE (Schréder et al., 1993; Szabo et
al., 1994b). Though DnaKwm interaction with DnaJ1wm is well characterized, not much
is known about DnaKwm-GrpEm complex. The association between DnaKm and GrpEwm
was first studied using the gel-filtration column that separates proteins based upon
their hydrodynamic radii. For gel filtration experiments, DnaKwm, GrpEwm or solution
containing both proteins at molar ration of 1:1 was loaded onto Superdex-200 gel-
filtration column, and elution profile was monitored at 220nm. As shown in Figure
4.5A, when loaded alone, DnaKm and GrpEwm eluted at a volume of 13.4ml and
12.2ml, respectively. The identity of the proteins in elution fractions was further
confirmed on 10% SDS-PAGE (Figure 4.5B). However, when a solution containing
pre-incubated DnaKmu and GrpEm was loaded, two overlapping peaks at elution
volume of 11.4ml (fraction 1) and 12.7ml (fraction 2) were observed (Figure
4.5A).The eluted fractions were further subjected to 10% SDS-PAGE and we
observed that the fraction 1 consisted of both proteins, DnaKm and GrpEwm (Figure
4.5B).The fraction 2showed the presence of 70kDa protein on SDS-PAGE consistent
with free DnaKw protein. The co-elution of DnaKu and GrpEw in fraction 1 on the size
exclusion column suggests the formation of a stable complex between these

proteins.

The complex formation between DnaKm and GrpEwm was further analyzed under non-
reducing conditions on Native-PAGE. The DnaKwm, GrpEwm or mixture of both proteins
at a molar ratiol:1 was incubated at 4°C for 4 hours before loading onto Native-
PAGE. In concordance with our AUC studies, the presence of monomeric as well as
oligomeric form of DnaKm was observed (Figure 4.5C). The GrpEwm protein showed
the presence of predominantly one species. As expected, the sample corresponding
to a mixture of DnaKm and GrpEm showed the presence of one additional protein
band, absent in lanes loaded with DnaKm or GrpEwm alone, indicative of the formation
of a stable complex between the two proteins. As expected, this additional band
disappeared upon boiling of protein samples at 99°C before loading onto Native-
PAGE. Overall, these results suggest that under native conditions, GrpEm forms a

stable complex with DnaKw.
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We further quantified the binding affinity between DnaKm and GrpEwm using Surface
Plasmon Resonance (SPR). For SPR experiments, Hise-DnaKm was immobilized on
Ni-NTA sensor surface and further incubated with ADP in running buffer. Varying
concentrations of GrpEm was flown over the ligand bound surface. As shown in
Figure 4.5D, we observed an increase in the response unit with increasing
concentration of GrpEwm. The fit of the data suggests that complex forms with on-rate
(ka) of 8.8 x 103M1s1, dissociates with off-rate (kd) of 4.2 x 10**s%, and dissociation
constant (Kp) of 47.6nM.
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Figure 4.5 DnaKwu forms stable complex with GrpEw. (A) Size-exclusion chromatography
profiles of DnaKw (red), GrpEwm (Black) and sample containing both proteins at molar ratio of
1:1 (Green). (B)The fractions eluted as separate peaks shown in Panel A were collected and
fractionated onto 10% SDS PAGE. (C) Fractionation of sample containing DnaKy, GrpEw
and their complex on native PAGE. The sample containing both proteins shows a high
molecular weight species (labelled as ‘C’) (Left Panel) which disappears upon boiling of
samples (Right Panel) suggesting the formation of stable complex under native conditions
between DnaKmu and GrpEwm. (D) Surface plasmon resonance studies to monitor interaction
between DnaKyv and GrpEwm. Indicated concentrations of GrpEw were flown over the DnaKwy
bound sensor surface, and binding was examined by monitoring increase in response unit.
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4.2.6 GrpEwm is a Nucleotide exchange factor for DnaKw.

The essential regulatory role of the nucleotide exchange factor is evaluated by more
than just how often it destabilises the association of its target protein with nucleotide,
but also by the acceleration of the exchange of nucleotide. We therefore measured
the change the fold change of nucleotide exchange through stopped flow experiment
(Figure 4.6). A complex of DnaKm and MABA-ADP was formed by mixing 1.0 pM
DnaKm and 0.1 pM MABA-ADP in syringe A of the stopped flow instrument. This
complex was then rapidly mixed with 200 uM ADP in the presence or absence of 2
MM GrpEm. The data was represented the dependence of the displacement of
MABA-ADP by ADP as a function of time in the presence and absence of GrpEm was

2.5 folds. This shows the nucleotide exchange activity of GrpEwm for DnaKw.
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Figure 4.6 GrpEvperforms nucleotide exchange activity for DnaKu. Time course shows
the displacement of MABA-ADP from the complex DnaKu.MABA-ADP upon addition of
GrpEwm (Blue). Signal for MABA-ADP exchange with ADP was recorded as decrease in
fluorescence upon dissociation from DnaKu.MABA-ADP complex. Complex was excited at

360nm and emission was monitored at 435nm.
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4.3. Discussion

Tuberculosis remains one of the leading cause of deaths worldwide. M. tuberculosis
evolving into a drug resistant form is the major reason for its survival. Numerous
studies are already directed towards deciphering the stress survival mechanism of
M. tuberculosis during the infection (Saito et al., 2017; Shastri et al., 2018; Zhai et
al., 2019). Chaperones are identified as important players among different cellular
components, ensuring resistance to different stresses experienced by the pathogen.
The present study further expands our understanding of M. tuberculosis Hsp70

chaperone system, as a potential target.

CD spectroscopy studies showed that the purified M. tuberculosis Hsp70
chaperones are well folded into their native state and secondary structure was
similar to that reported for the E.coli homologs. DnaKm showed three state
denaturation with first transition being more cooperative than the second. The
biphasic curve obtained during denaturation suggests the presence of at least one
intermediate upon thermal unfolding of the protein. The observed three state
unfolding is similar to previously reported thermal and Gdn.HCI mediated unfolding
of its homolog from E. coli (Grimshaw et al., 2001; Palleros et al., 1992; Palleros,
1993). For E.coli DnakK, it is proposed that the intermediate formed during its
unfolding possesses properties of a molten globule state with disrupted tertiary
structure however similar secondary structure as of the native protein (Palleros et al.,
1992; Palleros, 1993). Interestingly, intermediate formed during thermal unfolding of
DnaKwm has similar fraction of folded secondary structure (80%) as reported during
denaturant mediated unfolding pathway of E. coli DnaK (85%). Considering the
similarity of secondary structure between the two chaperones, it is thus possible that
intermediate observed during DnaKwm unfolding in the present study is also molten
globule in nature. DnaJ1lm unfolds in a two state unfolding pathway with irreversible
renaturation. GrpEwm thermal unfolding showed a characteristic of simple two-state
unfolding. The loss of ellipticity upon heating was almost completely restored as the
temperature was lowered to 25°C suggesting GrpEwm unfolding is reversible. The
temperature dependent sigmoidal unfolding suggests that dimeric GrpEm undergoes
cooperative unfolding to an unfolded monomer without formation of a stable

intermediate. The two state unfolding of GrpEw is in contrast to the thermal unfolding
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of its homolog from E. coli which unfolds in a three state manner and shows the
presence of a stable intermediate in its unfolding pathway (Gelinas et al., 2002;
Grimshaw et al., 2001). The difference in the unfolding pathway of GrpE homologs
from M. tuberculosis and E. coli could be because of their lower sequence identity

(21%) as well as differences in interactions within secondary structural elements.

The size exclusion chromatography studies show that the incubation of DnaKw in the
presence of nucleotides no affects on its oligomerization. DnaJlm and GrpEwm eluting
nearly at it 4 and 10 times of their monomeric molecular mass signifies the self
association and non-globular shape of the respective chaperones.

Sedimentation velocity studies further confirmed these findings for the
oligomerization statuts of Hsp70 chaperones. The sedimentation velocity studies
show that both DnaKm and its co-chaperone DnaJlm primarily remain in their
functionally active monomeric and dimeric form, respectively with tendency to further
oligomerize at higher concentrations. These observations are in concordance with
previous studies showing that in the absence of ATP, E. Coli DnaK has tendency to
form higher order oligomers (Benaroudj et al., 1996; Schonfeld et al., 1995). While
GrpE pre-dominantly sediments as dimeric species in agreement with previous

results shown for E. coli (Schonfeld et al., 1995).

DnaKwm functions with co chaperones DnaJlm and GrpEwm for its refolding function.
Interaction of DnaKm with DnaJdw (both isoforms DnaJl and DnaJ2) is well
characterized for M. tuberculosis (Lupoli et al., 2016b).The other half of refolding
cycle is performed by interaction of GrpE with DnaK resulting in substrate release
and rebinding of ATP for multiple round of cycles. Therefore, Interaction of DnaKm
with GrpEm was confirmed by gel filtration chromatography where appearance of
new Peak eluting at higher molecular weight than DnaKmu and GrpEwm alone shows
the complex DnaKu-GrpEwm formation. Further, the complex was also confirmed by
Native Page analysis where the band corresponding to complex migrating at higher
size as compared to individual proteins. The complex band disappears upon boiling
and migrates to the size DnaKm and GrpEwm alone. The binding affinity between
DnaKm and GrpEm was quantitated in vitro using Surface Plasmon Resonance
(SPR). The SPR is a widely used method to obtain quantitative parameters such as
on-rates, off-rates and dissociation constants. In SPR, one of the binding partner is
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immobilized on a sensor surface, and other is flown over the surface, and binding is
monitored by increase in resonance unit. For SPR experiments, His-GrpEm was
immobilized using Ni-NTA sensor surface, and DnaKw in the presence or absence of

nucleotides was run over the surface

Stopped flow studies show that the GrpEwm performs the nucleotide exchange activity
for DnaKm. The release of MABA-ADP from DnaKum.MABA-ADP complex upon the
rapid mixing of GrpEm and ADP results in as the loss in fluorescence depicting the
exchange of MABA-ADP with ADP.

Substantial research is still needed to expand understanding of M. tuberculosis
pathology and the discovery of alternative clinical methods toward tuberculosis.
Previous strategies developed were targeting the essential biology such as
interference with cell metabolism or transcription machinery of the bacteria.
Recently, several studies have revealed the significant role of M. tuberculosis
chaperone machinery for overcoming various stresses ensuring its survival. The
biophysical and biochemical characterization performed in current study broadens
the understanding of M. tuberculosis Hsp70 chaperone machinery and designing of

potential inhibitors for combating tuberculosis.
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5.1 Introduction

Cellular proteins are exposed to various kinds of stresses such as changes in
temperature, pH and metal ion concentrations, which induces protein misfolding and
aggregation (Hartl, 1996). The intracellular accumulation of protein aggregates
adversely affects cell viability and is the underlying basis of various human diseases.
Thus, each cell has an evolved set of proteins known as heat shock proteins, which
are components of the cellular quality control system to prevent protein aggregation.
The heat shock proteins interact with exposed hydrophobic patches of aggregation-
prone proteins and thereby protect cells from the deleterious effects of protein
aggregates (Mayer and Bukau, 2005; Saibil, 2013a). These ubiquitously present
proteins in different organisms are highly conserved across different species from
bacteria to humans. In addition to their role in preventing protein aggregation, Hsps
are also involved in protein synthesis, protein trafficking, assembly of multi-protein
complexes and protein degradation (Craig et al., 1993; Fernandez-Fernandez and
Valpuesta, 2018). Based upon the approximate molecular weight, Hsps are
categorized into different families such as Hsp100, Hsp90, Hsp70, Hsp60 or Hsp40
family. Hsp100 family of proteins is AAA+ (ATPase associated with diverse cellular
activities) superfamily of ATPase that either in coordination with Hsp70 facilitates
disaggregation or with a protease rings promotes protein degradation (Mogk et al.,
2015). Hsp90 functions to promote refolding of various growth hormone receptors,
kinases, transcription factors and many viral proteins (Schopf et al., 2017). Hsp70
functions in coordination with Hsp40s to bind to partially unfolded substrates and
promote their folding (Mayer and Bukau, 2005). In addition to stimulating the ATPase
activity of Hsp70, Hsp40 also facilitates substrate transfer to the substrate binding
domain ofHsp70s. Hsp70 also binds to the number of other cellular factors that play
a crucial role in regulating substrate fate, e.g. interaction with ubiquitin ligase CHIP at
C-terminus of Hsp70 promotes substrate degradation. Hsp60 proteins are known to
perform variety to functions such as maintenance of mitochondrial protein
homeostasis, cellular signalling, and its inactivation is associated with multiple
disorders such as in neurodegenerative diseases (Bukau and Horwich, 1998; Cheng
et al., 1989). Many of the Hsp families possess highly homologous multiple members
which perform both redundant as well as non-redundant functions (Sharma and
Masison, 2008). Many previous studies have been focused on understanding the

mechanism of Hsps action in various biological pathways. To comprehend such
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enormous data from different studies, few databases have been designed that
provide comprehensive understanding of the functions and roles of these
chaperones. HSPIR provides information on sequence, structure, localization and
biological roles of Hsps (R et al., 2012a). A comprehensive information of chaperone
interaction could be accessed through Protein Homeostasis Database
(Ramakrishnan et al., 2020). Similarly, sHSPDb (Jaspard and Hunault, 2016) and
CrAgDb (Rani et al., 2017) decipher information about small heat shock proteins and
archaeal chaperones respectively. As various human diseases are related to protein
misfolding disorders such as neurodegenerative disorders (Leak, 2014; Sharma and
Masison, 2009), and various forms of cancer (Chatterjee and Burns, 2017), Hsps
have been extensively studied as potential therapeutic targets against these
diseases (Kampinga and Bergink, 2016; Shirota et al., 2015), and over the last two
decades, considerable efforts have been made towards developing modulators of
Hsps activities. Many of these modulators are currently being evaluated for their
efficacy in different phases of clinical trials (Hendriks and Dingemans, 2017; Jhaveri
et al., 2012; Kim et al., 2009). However, the information about these modulators from
different studies is largely scattered, and no common platform of Hsp modulators
with their activities and physicochemical properties has been established until now.
Such platform would enable a better understanding of various scaffolds used for
targeting different Hsps and thus facilitate rational drug discovery approaches. In this
study, we have made a systematic attempt to collect and compile comprehensive
information of experimentally validated modulators (activators and inhibitors) of five
major Hsps (Hsp100, Hsp90, Hsp70, Hsp60 and Hsp40) from published literature.
The user interface developed in the database also enables users to find the similarity
between their compounds of interest with any of the modulators deposited in the
database. We anticipate that HSPMdb will be very useful for the scientific community

working in the areas.
5.2 Results and Discussion

HSPMDb, is a freely accessible repository containing modulators for Heat shock
proteins. Figure 5.2.1 shows the user interface for HSPMdb web page. The current
version of HSPMdb catalogues 10,223 entries of Hsp modulators among which 10
159 entries are of Hsp inhibitors while 59 entries are of Hsp activators. The above
information was manually extracted from 176 research articles. Figure 5.2.2 provides

the architecture of HSPMdb where information of modulators against five different
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Hsp classes with maximum entries of Hsp60 (4052 entries) followed by Hsp90 (3448
entries), Hsp70 (1488 entries), Hsp100 (1183 entries) and Hsp40 (52 entries) has

been categorised.

DSH Lab

#  CSIR-Instituta of Microbial Technology

Dr. Deepak Sharma's Lab

Chaperone
Neurodezen:

HSPMdb: Heat Shock Protein Modulator Database

In silico Repository for Experimentally Validated Heat Shock Protein Modulators

# Home About HSPs Statistics Documents ~ Help Download Developers

# Home

I Br

A bird's-eye view of Heat Shock Proteins Welcome to HSPMdb

HSPMdb is a first of its kind repository of experimentally validated Heat
Shock Protein (Hsp) modulators (activators and inhibitors). It provides
comprehensive information on bioclogical and chemical properties of small
synthetic Hsp modulators. The current version of HSPMdb catalogues
10223 entries of chemical compounds modulating activity of five major
Hsps (Hsp100, Hsp90, Hsp70, Hsp60 and Hsp40) originated from 15
sourcesforganisms (for e.g. human, veast, bacteria,
falciparum, etc.) targeting 10 different diseases (for e.g. cancer, Alzheimer's
disease, Malaria, etc.). Biological information of these modulators has been
compiled under two major categories (i) enzymatic activity, and (i) cellular
activity. Under enzymatic activity field, a detailed information of type of
enzymatic assay used, site of interaction of modulator, effect of modulator,
and in vitro enzymatic modulation activities (ICsq, ECsp, DCsg, ECsq, Ki, K4
and percentage inhibition) has been provided. In cellular activity field,

Figure 5.2.1Interface of HSPMdb web page.

ont
HSPMdb will assist the scientific community working in the area of
chaperone biology for designing novel inhibitors. It will also be useful
for creating datasets for developing novel scaffold using in silico
prediction algorithms.

& Impo

Plasmodium
? FAQs

Statistics

Total Entries : 10223
Hsp Types:5
Research Articles : 176
Disease Types: 10

£ NCBI  Resources© How To @ Sign in to NCBI
P“bmeda\““' PubMed ¥ ||Heat Shock Protein Inhibitors |
kot e Advanced Help
Targeted diseases
Atheroma lesions (C. pneumoniae)
" Lymphatic flariasis.
Research articles s s
Vieainfections
rwecsens | TOtal diseases: 10
Malaria
. i R African sleeping sickness
l | Huntington's Disease I
Cancer |
o 1500 3000 00
HSP100 HSP70 HSP60 HSP40

HSP90

—

g — PMID — Type of activity (activator/inhibitor)
e i L, Type of activity assay
(G |— Type of HSP
E — ICSO
Tools B L. Enzymatic activity _ L. K,
[
C R
— |—— Localization of HSP Ki
— Search -8 —— % enzyme inhibition
—
E — |UPAC name — Site of interaction
— Type of activity
— Browse (3 L SMILES
—— Type of viability assay
=2
) © |— cellular activity _ ECso
— Analysis g L. Gy,
g — Class of modulators —— % growth Inhibition
T et —— Client protein degradation

— Cell line types

Figure 5.2.2 Architecture of HSPMdb.

97



Chapter 5

These Hsps belong to different organisms (e.g. human, yeast, bacteria, Plasmodium
falciparum) and currently information about Hsps from a total of 15 organisms has

been compiled (Fig 5.2.3). A Schematic representation of HSPMdb browsing page
has been shown in Figure 5.2.4).

= Human = Bacteria » Yeast

= Rabbit = Rat » Plasmodium falciparum
= Trypanosoma brucei = Porcine = Virus

= Murine = Canine = Bovine

= Brugia pahangi = Mouse Chicken

Figure 5.2.3 Total number of entries in HSPMdb based upon origin of Hsps.
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Welcome to Hsp100 Browse Page

This browse page facilitates easy and fast data fetching against Hsp100. User can fetch data against HSP100 on the any of the following field. For any help, please visit HELP page.
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Figure 5.2.4 Schematic representation of browsing page of HSPMdb.
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Maximum entries are compiled on modulators against human Hsps (5228 entries)
which is as expected from the multiple roles played by these proteins in diverse
cellular processes. The presence of a large number of modulators against human
Hsps further suggests that targeting these Hsps is one of the major ongoing
therapeutic intervention strategies. The second and third most common modulators
were found against bacterial Hsps (4073 entries) and yeast Hsps (351 entries)
suggesting studies targeting bacterial diseases are more than yeast diseases. Hsps
have been extensively explored as therapeutic targets against various human
diseases (Kampinga and Bergink, 2016; Nahleh et al., 2012; Shirota et al., 2015)
primarily associated due to protein misfolding or aggregation. In addition, various
pathogens also require their own chaperoning machinery for survival under stressful
conditions encountered in the host (Pesce et al.,, 2010; Ramdhave et al., 2013). In
the current version of HSPMdb, information about Hsps’ modulators against 10

different diseases has been compiled (Figure 5.2.5).
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» Huntington's Disease African sleeping sickness

= Malaria = Tuberculosis
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= Lymphatic filariasis = Atheroma lesions (C. pneumoniae)

Figure 5.2.5 Total number of entries in HSPMdb based upon targeted diseases.

We found that most of these modulators are against cancer (4209 entries), followed
by bacterial infections (3946entries). The total number of entries for Hsps’

modulators against cancer, the most widely targeted disease, is 113,3053, 994 and
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49 for Hspl100, Hsp90, Hsp70 and Hsp60,respectively, suggesting Hsp90 is the
major target in cancer therapeutics. The studies mined for the design of current
database reports activities of Hsps modulators either in the form of enzymatic activity
and/or as cellular activity. The reported enzymatic assays are primarily in vitro with
purified Hsps and provide information such as IC50, Ki and Kd. The cellular-based
activity assays are predominantly to examine the effect of modulator on activity of
Hsps in a cell-based assay such as measurement of cell-based luminescence or cell
growth using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide)/
Alamar assay. Therefore, experimental data on both activities of Hsp modulators
have been collected and reported in the current study. Almost equal entries of
modulators for enzymatic (5244) and cellular-based activity assay (4985) have been
observed. For enzymatic based activity, we have collected and reported all
information about the modulators such as IC50, EC50, DC50, Ki, Kd and percentage
inhibition obtained from various functional assays. In total, information has been
compiled from 26 different types of enzymatic assays. Our study shows that the
substrate refolding assay is the most widely used assay followed by ATPase assay
to examine the effect of molecules on Hsps enzymatic activity. Similarly, in the case
of cellular activity, different cellular viability assays like MTT, Alamar blue and
resazurin-based assays have been reported in the literature and, thus, we have
collected data on such 15 different types of reported cellular assays. The database
reports information from 140 different cell lines used for cell viability assay. The total
number of entries of modulators found using cellular viability assay was observed to
be 4985. For bacterial growth inhibition assay, 21 different bacterial species have
been used resulting in 1594 entries of modulators against various Hsps. For some of
the modulators (geldanamycin,MKT-077, MAL3- 101, 17-AAG, JG-98), multiple
entries have been made as those were examined in multiple studies or tested
against different Hsp types or validated by multiple functional/cellular assays. Hsps
are multi-domain proteins, and interaction with other co-chaperones influences their
activity. The modulation of Hsps’ activity by various small molecules could be due to
their interaction with different regions of the chaperone such as with substrate
binding or nucleotide-binding pocket. In addition, many modulators obtained from
previous studies have been reported to modulate the activity of Hsps by binding at
the interface of the co-chaperone binding site. To enrich users with such information,

we have collected and compiled information of binding site of these modulators on
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their respective Hsps. We found that most of the modulators bind to the N-terminal
domain (5222 entries) while a few (77 entries) were found to interact with the C-
terminal domain of Hsps. The dominance of modulators binding to the N-terminal of
Hsps suggests that the function of this domain is more sensitive to alteration by the
small molecule binders. Hsp modulators compiled in HSPMdb belong to diverse
classes or scaffolds. We observed that in the case of Hsp70 and Hsp90, most of the
previous studies had explored the effect of different analogues of already existing
modulators (such as of geldanamycin, resorcinol, radicicol, VER155008, YM-08, JG-
98 and Apoptozole). For the Hspl00 and Hsp60 family of proteins, studies have
primarily reported screening of various available commercial libraries of diverse
compounds to identify molecules with modulatory activities. The present database
thus provides comprehensive information of different classes/scaffolds of Hsp
modulators from a large set of available studies in PubMed (Figure 5.2.6). The
comprehensive information provided in the present study will facilitate the

development of novel inhibitors or activators against various Hsps.
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Figure 5.2.6 Different scaffolds/classes of modulators targeting Hsp70 (A), Hsp90 (B),
Hsp100 (C) and Hsp60 (D).

103



Chapter 5

5.3 Summary and future perspectives

HSPMdb will be very useful for a broader scientific community working in the area of
chaperone biology and protein misfolding diseases in many ways: (i) the researcher
can gather information of all Hsp modulators on a single platform which was not
available until now, (ii) users could search HSPMdb for their newly designed
molecules to examine whether similar scaffold or identical Hsp modulators have
already been reported against any Hsps from 15 different organisms and (iii)
HSPMdb provides a novel dataset of a large number of compounds targeting
different Hsps which would be useful for developing novel algorithms for the
prediction of Hsp modulators. This is the first version of HSPMdb where information
of Hsp modulators has been compiled from available research articles. The only
limitation is that information of Hsp modulators from patents have not been
incorporated in this version of HSPMdb. Currently, we have compiled information of
five major Hsps (Hsp100, Hsp90, Hsp70, Hsp60 andHsp40), and similar information
from smallHsps needs to be provided. The information of small Hsp modulators as
well as data from patents will be incorporated in the subsequent updated version of
HSPMdb.

Availability

HSPMdb is available at http://bioinfo.imtech.res.in/bvs/hspmdb/index.php
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5.4 HSPMdb field description

ID

PMID

TARGET
HSP

NAME OF
HSP

ORIGIN

LOCALIZATI
ON

LIBRARY

NAME OF
COMPOUND

IUPAC
NAMES

SMILES

ENZYMATIC
ACTIVITY

TYPE OF
ENZYMATIC
ASSAY

ENZYME
INHIBITION

Kyq

All the Hsp modulators have been
assigned a unique id number which is
constant throughout the database.

It is a PubMed identification number for
further reference.

It provides the Class of Targeting Hsp
It represents the isoform/member of
respective Hsp class.

It represents the organism to which Hsp
belongs.

This field gives information about the
sub-cellular localization of Hsp inside
the cell.

It represents the class/source of
compound

This field gives information about the
name of compound used for study

It provides the IUPAC nomenclature of
the compound

It provides the template for generating
structure of the compound

This field provides information for type
of Hsp enzymatic activity

This field contains the information about
type of assay used for inhibition of
enzymatic assay

It gives the percent inhibition of
enzymatic activity.

It provides the affinity constant value of

HSPMDBO0001

23961953

Hsp100

ClpB

Bacterial

Cytosol

Myria Screen Diversity
Collection

MKT-077

(32)-3-[3-(4-Chlorophenyl)-4-
0Xx0-2-thioxo-1,3-thiazolidin-
5- ylidene]-5-nitro-1,3-
dihydro-2H-indol-2-one

[O][N+](=0)clccc2NC(=0)\C
(=C3/SC(=S)N(C3=0)c4ccc(
Chccd)c2cl

Inhibition of chaperone
activity

Luciferase aggregate
reactivation assay

90%

10 uM
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Ki

RD-INDEX

ICs0

CELLULAR
ACTIVITY

TYPE OF
CELLULAR
ASSAY

CELL LINES
/IBACTERIA

% CELL
GROWTH
INHIBITION

MIC/MBC

ECso

Glso

SITE OF
INTERACTIO
N

DISEASE

HSP CLIENT
PROTEIN
ASSAY

the binding assays.

It provides the inhibition constant value
of the assays.

It provides the relative degradation
value with respect to control reaction.

It represents the concentration of an
inhibitor where the response (or
binding) is reduced by half

This field provides the information for
type of cellular activity.

It gives the type of assay used for
cellular inhibition

Represents the cell lines used for in-
vivo assays or organism for inhibition
assays

It gives the percent inhibition of growth
based cellular assay

MIC represents is the lowest
concentration of the drug, which
prevents visible growth of bacterium

It represents the concentration of a
drug that gives half-maximal response.

It represents the concentration for 50%

of maximal inhibition of cell
proliferation.
It tells about the site of

binding/interaction of Drug with target
Hsp

Represents the disease or condition
involved with the target Hsp

It provides the information for Hsp client
protein degradation assay.

0.9

10 uM

Antibacterial activity

ATPase inhibition assay

Hela/ S. aureus

50%

10 puM or 10 pg/mli

5 uM

2 uM

Nucleotide binding domain
(NBD)

Tuberculosis

Her-2 degradation assay
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5.5 Assays descriptions for HSPMdb

1. ATPase assay:

ATPase assays are quantitative assays to measure the amount of ATP released
from a biochemical reaction in terms of inorganic phosphate or formation of ADP.
Released inorganic phosphate of ADP can be detected through various methods

such as:

Absorbance based: Released inorganic phosphate can be detected calorimetrically
by binding to malachite green solution which turns from orange to green in the
presence of inorganic phosphate. The amount of inorganic phosphate is directly
proportional to intensity of green colour measured by absorbance in 620-640 nm

range.

Radioactivity based: Labelled ATP (P®?-y) is used as substrate for a biochemical
reaction. Hydrolysis of ATP (P32-y) yields inorganic labelled (P32-y) with which can be

measured directly can be measured by scintillation counter for radioactivity counts.

Fluorescence based: This method measures fluorescence emitted from a
biochemical reaction upon binding of Inorganic phosphate of ADP to fluorogenic
substrate.

2. Substate refolding assays:

Refolding assays are the functional assays to calculate the activity of a chaperone
protein. Firefly Luciferase, Malate dehydrogenase, Lactate dehydrogenase Glycerol-
6-phosphate dehydrogenase e.t.c. are used as modelled substrates for studying
denaturation and refolding. Thermal denaturing of Firefly Luciferase results in
unfolded or misfolded intermediates which mimics as denatured substrate produced
inside the cell upon to heat stress, while the chemically denaturation results in
mimicking as nascent unfolded intermediate substrate. Firefly Luciferase refolding
required principle chaperone (HSP100, Hsp70, Hsp60) along with their co-
chaperones (Hsp40,NEF), ATP and presence of Mg?* ions.

Luciferase in its native form emits luminescence which decreases upon heat or

chemical denaturation. Chaperones will bind to denatured or unfolded Luciferase

107



Chapter 5

and performs the refolding cycle in the presence of ATP. Refolding activity can be

measures directly as increasing in luminescence over a period of time.
3. Surface Plasmon resonance (SPR):

SPR is a conventional technique to check the protein-protein interactions along with
kinetics and equilibrium parameters quantitatively in real time manner. Interaction is
measured by immobilizing the desired protein on sensor chip surface by various
coupling methods to a certain response units followed by injecting the analyte over
the surface of immobilized protein at constant flow rate. Binding of proteins will
results in increasing in mass due to binding thereby changes the refractive index at
the surface of sensor chip. These changes are measured as change in resonance
angle (A®). The SPR signal can be quantified as resonance units (RU) and
represented as change in resonance angle with respect to critical angle. The final
output of interaction is depicted as a sensongram showing association and
dissociation phase. The affinity constant (KD), K on rates and K off rates can be

calculated according to various binding models.
4. Isothermal titration calorimetry (ITC):

ITC is Biophysical technigue use to measure biomolecular interactions and
thermodynamical parameters in solution by measuring change in heat of the
reaction. Analyte will be injected through syringe into micromacorimeter cell
containing protein. Heat of binding will be measured by cells in adiabatic chamber
and represented as change in heat of binding per unit time. Binding affinity (Ka),
stoichiometry (n) can be calculated from isotherm curves. Thermodynamic
parameters such as Enthalpy change (AH), Gibbs free energy changes (AG) and

Entropy changes (AS) can be determined.
5. Fluorescence polarization assay (FP):

This technique is used for measuring protein-protein interactions and enzyme
activities in real time. Assay works on the principle that plane polarized light strikes
the protein sample in the solution, exciting the fluorophore bounded to protein
sample. The excited fluorophore results in emitting fluorescence back to the

detector. The continuous movement of fluorescing sample in solution results light in
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polarized form. When there is interaction between two proteins/biomolecules,
increase in mass leads to slow movement of the complex in solution results in
increase the polarization time resulting in increased fluorescence on detector. The

fluorescence emission is detected through detector and plotted as a function of time.
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Tuberculosis (TB) remains one of leading causes of the deaths in humans
worldwide. Approximately one third of the world’s population is affected out of which
10% of population will eventually develop active TB. Mycobacterium tuberculosis (M.
tuberculosis), the causative agent of TB, is an extremely successful pathogen with
multifactorial ability to control the host immune response. M. tuberculosis survives
mainly due to emergence of drug resistance and stress tolerance mechanism. How
M. tuberculosis survives a prolonged dormant phase before its reactivation, as the
host immune system is compromised, remains an unsolved aspect of M. tuberculosis
biology. Various studies are now focused towards understanding of mechanism of
stress tolerance for M. tuberculosis survival in host environment during the infection.
Studies show that among various cellular factors, chaperones play a key role in
overcoming the unfavourable or stressed conditions. Chaperone maintains the
protein quality control system by modulating the balance between refolding and

degradation of misfolded substrates and ensures the pathogen’s survival.

ClpBwm, a major disaggregase, protects the mycobacterium from various stresses
encountered in the host environment. ClpBm works in collaboration with DnaKwm
system to ensure efficient protein refolding in the mycobacterium. In the present
study we have performed a detailed biophysical, biochemical, and structural
characterization of M. tuberculosis ClpBm machinery and provide insights for
targeting the disaggregase ClpBm by a high throughput screening for identifying
small molecule inhibitors. Circular dichroism spectroscopy results showed the
dominant helical nature of ClpBw in its native state. Thermal denaturation studies
reveal that ClpBwm unfolds in a biphasic manner populating three states with a stable
intermediate. The size exclusion chromatography studies show that the presence of
nucleotides significantly affects ClpBwm oligomerization. Analytical ultracentrifugation
sedimentation velocity studies reveal that ClpBwm oligomerization varies with its
concentration and is dependent upon its surrounding milieu such as salt
concentration and nucleotides. Further, using high throughput malachite green
assay, we screened small molecule commercial libraries and identified 3 potential
novel inhibitors of ClpB ATPase activity with 70-90% inhibition. The enzyme kinetics
revealed that the lead molecule inhibits ClpBm activity in a competitive manner.

These drugs were also able to inhibit ATPase activity associated with E. coli ClpB
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and yeast Hsp104. The identified drugs inhibited the growth of intracellular bacteria
in macrophages. Small angle X-ray scattering based modelling shows that ATP, and
not its non-hydrolyzable analogs induce large scale conformational rearrangements
in ClpBwm. surprisingly, the identified small molecules inhibited these ATP inducible
conformational changes, suggesting that nucleotide induced shape changes are

crucial for ClpBwm activity.

We also biophysically characterized the M. tuberculosis Dnak system which
collaborates with disaggregase ClpBwm for efficient refolding of substrate. DnaKm
works along with its co-chaperone, DnaJlm and nucleotide exchange factor GrpEm.
Circular dichroism spectroscopy studies showed the native folded state of DnaKwm

and DnaJlwm as mixture of a-helices and p-sheets, while GrpEwm is exclusively a-helix.

Thermal denaturation studies show that thermal unfolding of DnaKm or DnaJ1wm at pH
7.4 is irreversible, whereas GrpEwm unfolds in a reversible two-state manner. Gel
filtration analysis showed the insignificant effect of nucleotides (ATP/ADP) on DnaKwm
oligomerization. Further, Analytical ultracentrifugation sedimentation velocity studies
reveal the monomeric form of DnaKwm, while the other proteins of chaperone
machinery, DnaJ1lm and GrpEwm are primarily dimeric in solution. DnaKwm interaction
with GrpEm was confirmed by gel filtration chromatography by appearance of
additional Peak eluting at higher molecular weight than DnaKm and GrpEwm alone.
Further, the DnaKwm-GrpEm complex was also confirmed onto Native Page where the
band corresponding to complex migrating at higher size as compared to individual
proteins were identified. The affinity of interaction assessed by Surface plasmon
resonance was found to be 47.6 nM. The release of MABA-ADP from DnaKm.MABA-
ADP complex by GrpEm with a fluorescence change of 2.5 folds shows the
nucleotide exchange activity of GrpEm The study thus provides insight into
biophysical and biochemical aspects of M. tuberculosis Hsp70 refolding machinery,

and allow us to design inhibitors against essential activity of GrpEw.

In another study, we found that Heat shock proteins (Hsps) are among highly
conserved proteins across all domains of life. These proteins are also involved in a
wide range of cellular functions such as protein refolding, protein trafficking and
cellular signalling. A large number of potential Hsp modulators are under clinical

trials against various human diseases. As the number of modulators targeting Hsps
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is growing, there is a need to develop a comprehensive knowledge repository of
these findings which is largely scattered. Therefore, we developed a web-accessible
database, HSPMdb, which is a first of its kind manually curated repository of
experimentally validated Hsp modulators (activators and inhibitors). The data was
collected from 176 research articles and current version of HSPMdb holds 10,223
entries of compounds that are known to modulate activities of five major Hsps
(Hsp100, Hsp90, Hsp70, Hsp60 and Hsp40) originated from 15 different organisms
(i.,e. human, yeast, bacteria, virus, mouse, rat, bovine, porcine, canine, chicken,
Trypanosoma brucei and Plasmodium falciparum). HSPMdb provides
comprehensive information on biological activities as well as the chemical properties
of Hsp modulators. The biological activities of modulators are presented as
enzymatic activity and cellular activity. Under the enzymatic activity field, parameters
such as IC50, EC50, DC50, Ki and KD have been provided. In the cellular activity
field, complete information on cellular activities (percentage cell growth inhibition,
EC50 and GI50), type of cell viability assays and cell line used has been provided.
One of the important features of HSPMdb is that it allows users to screen whether or
not their compound of interest has any similarity with the previously known Hsp
modulators. HSPMdb is a valuable resource for the broader scientific community

working in the area of chaperone biology and protein misfolding diseases.

Overall, this comprehensive study broadens our understanding of M. tuberculosis bi-
chaperone machinery and provides the basis for designing more potent inhibitors for

combating TB.
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Appendix-|

Construction and confirmation of the plasmids encoding ClpB, DnaK, DnaJl and
GrpE used in this study is described briefly in section Al.1 and Al.2. Similarly,

detailed purification methods are described in section A1.3.
Al.1 Cloning of M. tuberculosis ClpB.

The gene encoding ClpB gene was cloned at Ndel and Hindlll restriction sites of

plasmid pET22b. Figure Al shows confirmation of ClpB gene cloned in pET22b

vector.
Hind1ll {7756)
Smal(6778)
Xmal (6776)
ClpB
pET22bCIpB
7932 bp
SmaT{5650)
Xmal (5648)
Ndel(5204)
Xbal {5164)
Ll 3. 12556
— S—
L [
50Kb—> . k. Rt
— - - -—
32Kk ’)!__
=

Figure Al. Shows the vector map of plasmid pET22bClpB. Restriction digestion of
plasmid pET22bClIpB with enzyme Xbal and Hindlll. The insert size of 2.6 kb corresponds to
gene encoding ClpB.

Al1.2 Cloning of M. tuberculosis Hsp70 components DnaK, DnaJ1 and GrpE.

All the genes were amplified from Mycobacterium tuberculosis H37Rv genomic DNA.
The gene encoding DnaK was cloned at BamHI and Xhol restriction site of plasmid
pET29bHtv. DnaJl was cloned in pESUMO vector at restriction sites BamHI and
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Xhol. GrpE was cloned at BamHI and Xhol restriction site of plasmid pET29bHtv by
Overlap PCR. Figure A2 shows the clone confirmation of all the genes. All the clones

were screened by different sets of restriction enzyme and further confirmed by

sequencing.
A B c
Bolll @)
TholB72) | 6X His Tag
Hal(oa) GrpE \ il )
Kprl (6772) \ Ual(5234) \\ <o \ | / _SUMO Tag
/X, ) Remil G y &// o [ \\~\SUIO Cleavage sit
reaen ~off motow o -’ BamH + Bglll
DnaK ‘,r'/" Xbal (5035) \3‘ ﬁmumm \\n\-mﬂl(sw
' | Cal(4968) s 16io) \ DnaJ
( “ ET29bHtvDnaK T anes pE-HisSUMODnaJ ]\ Bami 88)
N ¥\
Neol (62) \ l p o na pET29BHTV GrpE S st
e ~ e Xhol G634)
Mol /.
Nl
Sphla776)
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12341 SLV
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- — 5kb
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Figure A2. Cloning of M. tuberculosis DnaK, GrpE and DnaJl. (A) and (B) shows the
vector map of plasmid pET29Htv containing genes encoding for DnaK or GrpE. (C) shows
the vector map of plasmid pESUMODnaJl. (D) Restriction digestion of plasmid
pET29HtvDnaK with enzyme BamHI and Xhol. The insert size of 1.8 Kb corresponds to
gene dnaK. (E) Restriction digestion of plasmid pET29HtvGrpE with enzyme BamHI and
Xhol, releasing an insert size of 0.7Kb corresponds to gene GrpE. (F) Restriction digestion
of plasmid pEHisSUMODnaJl with enzyme Nhel and Clal gives insert size of 1.9 Kb
confirms the cloning of gene DnaJl.

A1.3 Protein expression and purification of chaperones.

All the chaperones were purified as mentioned in materials and methods. The
protein purity for all the proteins were examined on SDS PAGE. Protein
concentrations was measured by BCA kit (Thermo Pierce) and Absorbance at
280nm. Figure A3.1 shows the purification of M. tuberculosis ClpB. Figure A3.2
shows purification of DnaK. Figure A3.3 shows purification of GrpE. Figure A3.4

shows purification of DnaJ1l.
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Figure A3.1 Purification of ClpB. (A) shows the chromatogram for anion exchange

chromatography,

inset shows the peaks containing ClpB fraction. (B) Shows the

chromatogram for gel filtration chromatography, inset shows the fraction containing purified
ClpB after gel filtration chromatography. (C) LC-MS of purified protein confirms the identity of
ClpB by observed molecular mass of 92.569 kDa.
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Figure A3.2. Purification of DnaK. (A) Shows the Affinity chromatography of DnaK purified
using Ni?* -NTA resin. Loaded fractions are Ladder (L), Supernatant (S), Pellet (P), Unbound
(V), Wash (W) and Elutions (E1-E4). (B) Elution profile on DEAE column. Elution fractions
from Ni?*-NTA were loaded on DEAE column and DnaK was eluted at 230mM NacCl. (C)
Peaks from DEAE anion exchange colum were collected and confirmed on 10 % SDS-
PAGE. (D) LC-MS of purified protein. Identity of DnaK was confirmed by observed molecular
mass of 67.240 kDa in LC-MS with a theoretical molecular mass of 67.234 kDa.
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Figure A3.3 Purification of GrpE. (A) shows the affinity chromatography of GrpE. The
protein was purified using Ni?*-NTA resin. Loaded fractions are Ladder (L), Supernatant (S),
Pellet (P), Unbound (U), Wash (W) and Elutions (E1-E3). His tag was removed with TEV
protease digestion yielding a pure protein marked as GrpE. (B) Gel filtration chromatogram
for GrpE. Elution fractions fromNi?*-NTA were loaded on Superdex 75 gel filtration column
(C) Protein standards for Superdex 75 plotted against Logio Molecular weight Vs Elution
Volume. Aprotinin (6.5 kDa), Rnase (13.7 kDa), Myoglobin (17 kDa), Carbonic anhydrase
(30 kDa), Ovalbumin (44 kDa), BSA (66 kDa) were used as standards. (D) LC-MS of purified
protein. Identity of GrpE was confirmed by observed molecular mass of 24.937 kDa in LC-
MS with a theoretical molecular mass of 24.935 kDa.
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Figure A3.4. Purification of DnaJl. (A) Schematic diagram showing DnaJd construct in
PESUMO vector along with His6-SUMO cleaving site. (B) Affinity chromatography for DnaJ
using Co?*-NTA resin. Loaded fractions are Supernatant (S), Pellet (P), Unbound (U), Wash
(W) and Elutions (E1-E3) and (L) Ladder. (C) Ulp-I protease reaction shows His6-SUMO tag
cleaved from DnaJ. Ulp-1 represents the lane containing 29 kDa Ulp-1 protease. HSJ
represents His6X-Sumo tagged Dnald, 55 kDa followed by lane representing tag cleaved
DnaJ with molecular mass of 42 kDa. Imz represents lane containing cleaved His6X sumo
tag from DnaJ and Ulp-1 in the reaction. (D) LC-MS of purified protein. Identity of DnaJ was
confirmed by observed molecular mass of 41.58 kDa in LC-MS with a theoretical molecular
mass of 41.64 kDa.
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Appendix-Il

Biophysical, biochemical and structural studies on ClpB, DnaK, DnaJl and GrpE
from M. tuberculosis described in the previous chapters were assisted by the
molecular biology techniques in generating vectors for the complementation studies
and for the purification of proteins. Generation and confirmation of the mentioned
clones involved several oligonucleotide primers and appropriate vectors. The
sequences of oligonucleotide primers used for cloning and sequencing are listed in
the section A2.1 Similarly, Plasmid vectors used for cloning and the plasmids vectors
generated in this study are listed in the section A2.2

A2.1 Oligonucleotide Primers Used for Cloning in this Study.

Primer

T7_Forward

T7_Reverse

ClpB_Fwd_BamHlI

ClpB_Rev_Hindlll

ClpB_FragA_Fwd

ClpB_Seq_Fwd_597

ClpB_Seq_Rev_700

ClpB_Seq_Fwd_ 1378

ClpB_Seq Fwd_ 1889

Dnak Fwd BamH1

DnaK_Rev_Xhol

DnaK_Seq_ R465

Sequence (5’-3" amplification)
TAATACGACTCACTATAGGG

TAGTTATTGCTCAGCGGTGG

M. tuberculosis chaperones
GTAGTAGGATCCATGGACTCGTTTAACCCGACG
GTCGTTAAGCTTTCAGCCCAGGATCAGCGAG

GTGCTGATCGGTGAGCCCG

GAACAACCCGGTGCTGATCG
CGCGCAAGCTCTCCGGCAC
CGTATCCCACATAGCCGGGC
GATGGTCCGCATCGACATG
GTAGTAGGATCCATGGCTCGTGCGGTCGG
GTCGTTCTCGAGTCACTTGGCCTCCCGGC

CTCCTTCTCGCCCTTGTC
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DnaK_Seq_ F603

DnaK_Seq_F1293

Dnal_FBAM_Sumo

Dnal_FBAM_Sumo

Dnal_Seq_R449

Dnal_Seq_F596

GrpE_Fwd_BamHI

GrpE_Rev_Xhol

GrpE_Ovr_Fwd

GrpE_Ovr_Rev

EC_ClpB_F_Ndel

EC_ClpB_R_Xhol

EC_clpB_Seq_F513

EC_clpB_Seq_F1150

EC_clpB_Seq_F1650

EC_ClpB_Seq_R2193

EC DnaK_F BamHI

EC_DnaK_R_Xhol

EC_DnaK_F900

E_DnaK_R1018

GACGACTGGGACCAGCGG
GACCTGACCGGCATCCCG

GTAGTAGGATCC ATG GCT CAA AGG GAATGG GTC
GTAGTAGGATCC ATG GCT CAA AGG GAATGG GTC
CAACTCGGTCTCGGTCTCC
GGGTCGGGCGTGATCAACC
GTAGTAGGATCCATGACGGACGGAAATCAAAAGC
GTCGTTCTCGAGTTAACTGCCCGACGGTTCTG
GTGTACTGGACGATCTGGAGCGGGCGCGCAAGCACG

CGTGCTTGCGCGCCCGCTCCAGATCGTCCAGTACAC

E. coli chaperones

GTAGTACATATGCGTCTGGATCGTCTTACTAAT

GTAGTACTCGAGTTACTGGACGGCGACAATCCGGTC
GCCGAACAGGGCAAACTCGAT
CGTCAGCTGCCGGATAAAG
CATGATGGAAAGCGAGCGCGA
GCTCTTTCATGTGCGCATAATC

GTAGTAGGATCCATGGGTAAAATAATTGGTATCG

GTAGTACTCGAGTTATTTTTTGTCTTTGACTTCTTC

ACTCGTGCGAAACTGGAA

CGAGGATAACGTCGTCGA
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EC_Dnal_F_BamHI GTAGTAGGATCCATGGCTAAGCAAGATTATTAC
EC_Dnal_R_Xhol GTCGTTCTCGAGTTAGCGGGTCAGGTC
EC_Dnal_F_614 GTGTTGAGCGCAGCAAAA

EC_GrpE_F_Bglll GTAGTAAGATCTATGAGTAGTAAAGAACAGAA
EC_GrpE_R_Xhol GTAGTACTCGAGTTAAGCTTTTGCTTTCGCTA

EC: refers to E. coli

A2.2 Plasmid vectors used in this study.

Name Description Source

pET20b T7 based expression vector for expression in E. Novagen Inc., USA
coli Rossetta DE3

PET29bHtv T7 based expression vector for expression in E. (Kumar et al., 2014)
coli Rossetta DE3

pET21a T7 based expression vector for expression in E. Novagen Inc., USA
coli Rossetta DE3
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the host environment. In the present study we have performed a detailed biophysical characterization of
M. tuberculosis ClpB followed by a high throughput screening to identify small molecule inhibitors. The sedimen-
tation velocity studies reveal that CIpB oligomerization varies with its concentration and presence of nucleotides.
Further, using high throughput malachite green-based screening assay, we identified potential novel inhibitors of

Keywords:

Clg;v ClpB ATPase activity. The enzyme kinetics revealed that the lead molecule inhibits ClpB activity in a competitive
Chaperones manner. These drugs were also able to inhibit ATPase activity associated with E. coli ClpB and yeast Hsp104. The
Hsp100 identified drugs inhibited the growth of intracellular bacteria in macrophages. Small angle X-ray scattering based

M. tuberculosis modeling shows that ATP, and not its non-hydrolyzable analogs induce large scale conformational rearrange-
ments in CIpB. Remarkably, the identified small molecules inhibited these ATP inducible conformational changes,
suggesting that nucleotide induced shape changes are crucial for ClpB activity. The study broadens our under-

standing of M. tuberculosis chaperone machinery and provides the basis for designing more potent inhibitors

against ClpB chaperone.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Despite several decades of extensive research, the biology of Myco-
bacterium tuberculosis (M. tuberculosis) remains poorly understood, hin-
dering the development of effective diagnosis and therapeutics.
Tuberculosis still poses a major health challenge and is the leading
cause of death among infectious diseases [1]. Post-infection,
M. tuberculosis could persist in its host for decades without developing
any clinical symptoms. This latent or metabolically less active bacteria
is reactivated as the host immune response gets compromised [2]. In
its host, M. tuberculosis encounters numerous stresses such as reactive
oxygen species, reactive nitrogen species, low oxygen and nutritional
stress, which are known to adversely affect stability and abundance of
a number of cellular proteins, resulting in an imbalance in protein ho-
meostasis [3,4]. To counter such imbalance, M. tuberculosis harbors an
efficient protein quality control pathway consisting of DnaK and its
co-chaperones to prevent aggregation of partially unfolded proteins,
and a disaggregase ClpB that function to disassemble preformed protein

* Corresponding author at: CSIR-Institute of Microbial Technology, Sector 39A,
Chandigarh, India.
E-mail address: deepaks@imtech.res.in (D. Sharma).
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aggregates. Therefore, better understanding of the M. tuberculosis chap-
erone machinery would provide insight into mechanism underlying its
stress tolerance and aid ongoing efforts on design of novel therapeutic
strategies.

Chaperones such as Hsp70 and Hsp100 family of proteins play an es-
sential role in the maintenance of protein homeostasis and thus, are
critical for optimal cellular growth under stress conditions [5-7].
Hsp70 primarily interacts with the exposed hydrophobic regions of un-
folded proteins and prevents their aggregation. However, once these ag-
gregates are formed, the activity of the Hsp100 family of proteins such
as bacterial ClpB is required to resolubilize and reactivate aggregated
proteins. The Hsp70 influences Hsp100 functions by stimulating its
ATPase activity as well as recruiting it to larger aggregates [8,9]. Hsp70
is also known to aid the refolding of unfolded molecules rescued by
Hsp100 from the preformed aggregates [9]. In addition to their role in
protein folding, these chaperones are also essential for the regulation
of cell cycle, protein trafficking and degradation [10-13].

Hsp100 family of chaperones is highly conserved among bacteria,
yeast and plants however, no functional homologs have been reported
in animals and humans. The Hsp100 family such as bacterial ClpB be-
longs to AAA™ (ATPases associated with diverse cellular activities) su-
perfamily of ATPases that use energy driven by ATP hydrolysis to
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Abstract

Heat shock proteins (Hsp) are among highly conserved proteins across all domains of
life. Though originally discovered as a cellular response to stress, these proteins are also
involved in a wide range of cellular functions such as protein refolding, protein trafficking
and cellular signalling. A large number of potential Hsp modulators are under clinical
trials against various human diseases. As the number of modulators targeting Hsps is
growing, there is a need to develop a comprehensive knowledge repository of these
findings which is largely scattered. We have thus developed a web-accessible database,
HSPMdb, which is a first of its kind manually curated repository of experimentally
validated Hsp modulators (activators and inhibitors). The data was collected from 176
research articles and current version of HSPMdb holds 10 223 entries of compounds that
are known to modulate activities of five major Hsps (Hsp100, Hsp90, Hsp70, Hsp60 and
Hsp40) originated from 15 different organisms (i.e. human, yeast, bacteria, virus, mouse,
rat, bovine, porcine, canine, chicken, Trypanosoma brucei and Plasmodium falciparum).
HSPMdb provides comprehensive information on biological activities as well as the
chemical properties of Hsp modulators. The biological activities of modulators are
presented as enzymatic activity and cellular activity. Under the enzymatic activity field,
parameters such as IC5g, ECs9, DCsg, Kjand Kp have been provided. In the cellular activity
field, complete information on cellular activities (percentage cell growth inhibition, ECsg
and Glsp), type of cell viability assays and cell line used has been provided. One of the
important features of HSPMdb is that it allows users to screen whether or not their
compound of interest has any similarity with the previously known Hsp modulators. We
anticipate that HSPMdb would become a valuable resource for the broader scientific
community working in the area of chaperone biology and protein misfolding diseases.
HSPMdb is freely accessible at http:/bioinfo.imtech.res.in/bvs/hspmdb/index.php
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Abstract

The mechanism underlying the role of Hsp70s in toxicity associated with intracellular
accumulation of toxic protein inclusions is under intense investigation. In current study,
we examined the roles of all different isoforms of yeast cytosolic Ssa Hsp70 on «-synu-
clein mediated cellular toxicity. The study showed that yeast cells expressing stress-
inducible Ssa3 or Ssa4 as sole Ssa Hsp70 isoforms, reduced «-synuclein toxicity better
than those expressing a constitutive counterpart. The protective effect of stress-induc-
ible Ssa Hsp70s was not «-syn specific, but more general to other inclusion forming pro-
teins such as polyQ. We show that the protective effect is not by induction of a general
stress response in Ssa3 cells rather by promoting «-synuclein degradation through
autophagy. The present study revealed that effect of Hsp70s was isoform dependent,
and that autophagy protects Ssa3 cells from the deleterious effects of toxic protein
inclusions.

Author summary

The accumulation of protein inclusions is a common feature in many neurodegenera-
tive diseases. The Hsp70 chaperones has emerged as potent suppressor of toxicity
caused by protein inclusions such as those formed of .-synuclein and polyQ. The
underlying mechanism of Hsp70 mediated effect remains unclear, and it is believed
that anti-aggregation activity of Hsp70 reduces protein inclusion mediated toxicity.
In the present study, we examined the role of yeast cytosolic Ssa Hsp70 family of
chaperones on .-synuclein mediated toxicity. We show that stress inducible Ssa
Hsp70s are better than their constitutive counterparts to protect cells from both .-
synuclein and polyQ toxicity. Our study reveals that the role of stress inducible Hsp70
in autophagy mediated degradation of .-synuclein protect cells from .-synuclein
mediated toxicity.
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Abstract:

Hsp90 assists in the folding of diverse sets of client proteins including kinases and growth
hormone receptors. Hsp70 plays a major role in many Hsp90 functions by interacting and
modulating conformation of its substrates before being transferred to Hsp90s for final
maturation. Each eukaryote contains multiple members of the Hsp70 family. However, the role
of different Hsp70 isoforms in Hsp90 chaperoning actions remains unknown. Using v-Src as an
Hsp90 substrate, we examine the role of each of the four yeast cytosolic Ssa Hsp70s in
regulating Hsp90 functions. We show that the strain expressing stress-inducible Ssa3 or Ssa4 and
the not constitutively expressed Ssal or Ssa2 as the sole Ssa Hsp70 isoform reduces v-Src
mediated growth defects. The study shows that although different Hsp70 isoforms interact
similarly with Hsp90s, v-Src maturation is less efficient in strains expressing Ssa4 as the sole
Hsp70. We further show that the functional distinction between Ssa2 and Ssa4 is regulated by its
C-terminal domain. Further studies reveal that Ydj1, which is known to assist substrate transfer
to Hsp70s, interacts relatively weakly with Ssa4 compared to Ssa2, which could be the basis for
poor maturation of the Hsp90 client in cells expressing stress-inducible Ssa4 as the sole Ssa
Hsp70. The study thus reveals a novel role of Ydjl in determining the functional distinction

among Hsp70 isoforms with respect to the Hsp90 chaperoning action.
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Abstract

Staphylococcus aureus is one of the most dreadful infectious agents, responsible for high mortality and morbidity in both
humans and animals. The increased prevalence of multidrug-resistant (MDR) Staphylococcus aureus strains has limited the
number of available treatment options, which calls for the development of alternative and effective modalities against MDR
S. aureus. Endolysins are bacteriophage-derived antibacterials, which attack essential conserved elements of peptidoglycan
that are vital for bacterial survival, making them promising alternatives or complements to existing antibiotics for tackling
such infections. For developing endolysin lysin-methicillin-resistant-5 (LysMR-5) as an effective antimicrobial agent, we
evaluated its physical and chemical characteristics, and its intrinsic antibacterial activity against staphylococcal strains,
including methicillin-resistant Staphylococcus aureus (MRSA). In this study, we cloned, expressed, and purified LysMR-5
from S. aureus phage MR-5. In silico analysis revealed that LysMR-5 harbors two catalytic and one cell wall-binding domain.
Biochemical characterization and LC-MS analysis showed that both catalytic domains were active and had no dependence
on divalent ions for their action, Zn>* exerted a negative effect. The optimal lytic activity of the endolysin was at 37 °C/
pH 7.0 and in the presence of > 300 mM concentration of NaCl. Circular dichroism (CD) demonstrated a loss in secondary
structure with an increase in temperature confirming the thermosensitive nature of endolysin. Antibacterial assays revealed
that LysMR-5 was active against diverse clinical isolates of staphylococci. It showed high lytic efficacy against S. aureus
ATCC 43300, as an endolysin concentration as low as 15 pg/ml was sufficient to achieve maximum lytic activity within
30 min and it was further confirmed by scanning electron microscopy. Our results indicate that rapid and strong bactericidal
activity of LysMR-5 makes it a valuable candidate for eradicating multidrug-resistant S. aureus.

Keywords Endolysin - Enzybiotics - Staphylococcal infections - Bacteriophage - Alternative therapies

Introduction

Staphylococcus aureus has long been considered as a major
nosocomial pathogen, associated with various infections
ranging from skin and soft tissue to other insidious infec

fions like meningitis, osteomyelitis, and pneumonia [ , 2. ]
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Further, rapid development of resistance by S. aureus strains
against broad spectrum of antibiotics has posed additional
limits to treat these infections. Besides controlling misuse
of antibiotics, development of novel antimicrobials that are
refractory to resistance generation is essential to eradicate
BIDR pathogens [ —6]. In recent years maximum attention
has been directed towards bacteriophage endolysins, which
are being investigated as a valuable alternative antimicro-
bial strategy for containing multidrug-resistant Gram-pos-
itive bacteria [ —]OEndolysins are produced by phages
in a bid to escape from their host at the end of phage lytic
cycle, by targeting specific bonds in peptidoglycan, result-
ing in osmotic lysis of the cell and release of phage progeny
[#1 ]3These hydrolases can rapidly kill targeted Gram-
positive bacteria even when applied exogenously, since they
are able to make direct contact with the cell wall carbe
hydrates and peptidoglycan layers, which are inaccessible
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