ELUCIDATING THE PROTEIN FOLDING FUNCTION OF THE
MYCOBACTERIUM TUBERCULOSIS & MYCOBACTERIUM MARINUM
CHAPERONIN SYSTEMS

BAKUL PIPLANI

KUSUMA SCHOOL OF BIOLOGICAL SCIENCES
INDIAN INSTITUTE OF TECHNOLOGY DELHI

OCTOBER 2022



© Indian Institute of Technology Delhi (11TD), New Delhi, 2022



ELUCIDATING THE PROTEIN FOLDING FUNCTION OF THE
MYCOBACTERIUM TUBERCULOSIS & MYCOBACTERIUM MARINUM
CHAPERONIN SYSTEMS

by

BAKUL PIPLANI

Kusuma School of Biological Sciences

Submitted

in fulfilment of the requirements of the degree of Doctor of Philosophy
to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI

OCTOBER 2022



CERTIFICATE

This is to certify that the thesis titled “Elucidating the protein folding function of the
Mycobacterium tuberculosis & Mycobacterium marinum chaperonin systems”, being
submitted by Ms. Bakul Piplani to the Indian Institute of Technology Delhi for the award of
the degree of “Doctor of Philosophy” is a record of the bonafide research work carried out by
her, and prepared under my supervision in conformity with the rules and regulations of the
Indian Institute of Technology Delhi, India. The research reported and the results described in
this thesis have not been submitted to any other University or Institute for the award of any

Degree or Diploma.

Date:
Place:

Dr. Tapan K. Chaudhuri

Professor

Kusuma School of Biological Sciences
Indian Institute of Technology Delhi
Hauz Khas, New Delhi-110016



ACKNOWLEDGMENTS

“Dubito ergo cogito, ergo sum”

— Antoine-Léonard Thomas, in Eloge de René Descartes (1765)

What started as a statement by the French philosopher, mathematician and scientist René
Descartes in his Principles of Philosophy (1944), eventually became a fundamental element of
modern philosophy. Originally articulated in Latin, in English this statement translates to “I
doubt, therefore I think, therefore I am”, emphasising that human beings are thinking entities
capable of building knowledge on the foundation of reason. Although arisen out of Descartes’
scepticism, this quote precisely expresses my notion about the scientific process of research. If
asked about my reasons for pursuing a PhD, this quote sums up my answer just fine. The
process of research fascinates me for the very reason that it challenges me to doubt everything
around me, to think about complex phenomenon in great detail, to ask questions and find their
answers, to solve puzzles, and to steadily keep working towards solving a problem. Now, almost
at the end of the PhD, when | look back at my journey, | see it as a period of metamorphosis.
This journey, although long and arduous, has influenced me in more ways than one. It would
have been much more strenuous without the support of my family and the company of my friends
and colleagues. Many people have helped me traverse the ragged path in countless ways on
several occasions, often by going out of their way to help me.

| take this opportunity to express my sincere gratitude to my PhD advisor, Prof. Tapan Kumar
Chaudhuri for keeping his faith in me and supporting me throughout this journey. | am deeply
grateful to him for granting me the freedom to chart my own course, but always being there to
guide me and motivate me, particularly during the tough times. | really admire his research
acumen, and his guardianship. | have learnt a great deal from his experiences that he keeps
sharing with us from time to time. He inspires me to be a better person, first and foremost, no

matter the circumstances.

I am deeply grateful to Prof. Peter Lund, School of Biosciences, University of Birmingham,
UK, for guiding me through this journey, for being a wonderful mentor and collaborator, and
allowing me to work in his laboratory as a visiting research scholar. I could not have
accomplished the aims of my PhD project without his support. He not only provided the starting
materials for the project, but also helped me re-design the project when things were not working

out as planned. Without his guidance, my PhD would have probably been in jeopardy. I simply



cannot thank him enough for the endless discussions over emails, meetings and video
conferences, for his constructive criticism and honest feedback on my work, and for always

being there. I really admire him, both as a scientist and as a person.

| am grateful to my SRC members, Prof. Manidipa Banerjee, Prof. Ashok Patel and Prof. Ritu
Kulshreshtha for their periodic evaluation of the progress of my research work at various
stages of my PhD. Their valuable suggestions have helped me in improving my research
acumen. | would like to thank Prof. Chinmoy Sankar Dey for his constant encouragement and
valuable suggestions. | would also like to thank all the faculty members of the Kusuma School
of Biological Sciences, IIT Delhi for their unconditional support.

I would like to thank all my colleagues and fellow members of the Tapan Chaudhuri lab, both
past and present, for their support and encouragement throughout these years, namely Dr.
Ashutosh, Dr. Ashish, Dr. Bhaskar, Dr. Vishal, Dr. Vipul, Dr. Ashima, Dr. Sarita, Devanshu,
Gagandeep, Ankit, Pragati, Anupam, Abhishek, Akhya, Shivam, Dr. Shikha, Dr. Javed, Dr.
Sheetal. | cannot thank Bhaskar enough for not only being a great colleague, but also a
wonderful friend. | am grateful for all our scientific and non-scientific discussions, and for his
advice that has helped me be more meticulous in my thought process and articulate my thoughts
in a better manner. Special shout out to Vishal, Devanshu and Pragati for being wonderful
colleagues and sustaining a healthy atmosphere in the lab. I would like to thank Medha and
Yamini from the C. S. Dey lab for their timely assistance with experiments. | would like to thank
members of the Peter Lund lab, namely Dr. Santosh Kumar, Mathew, Shahida, Manpreet,
Maria and Fatima, for making me feel at home in an unfamiliar environment. My heartfelt
gratitude to Dr. Santosh Kumar for his guidance with some particularly difficult experiments,

and for the countless discussions about the project, and about science and research in general.

To me, PhD seemed like a far-fetched dream, had it not been for my late grandfather, Shri Vir
Bhan Arora. He encouraged me to dream, believed in my dreams and helped me turn them into
reality. He taught me how to remain calm and composed in the face of adversity. He taught me
the importance of patience and persistence. Had he been with me today, I’'m sure he would have
been the happiest to see me navigate towards the end of this journey. My grandmother, Smt.
Santosh Arora, taught me to keep moving forward. She was the first to encourage me and
motivate me when the going got tough. She has patiently stood by me and provided
unconditional support. Determination is the key to success in any field, and more so in research.

My first lesson in determination came from my mother, Smt. Sapna Arora. She inspires me



every day with her resilience and her refusal to bow down in front of challenges, no matter how
difficult the circumstances. On days when | dreaded going to the laboratory, after repeated
failures, she motivated me and reminded me of my reasons to start this journey. | have looked
up to her words and teachings, more so in times of frustration. Moreover, she always patiently
heard me out, stood by me and supported me. My family are the pillars that | have been standing
on since | can remember. Thank you, Maa, Naani and Daddy for always being with me.

Last but not the least, | thank 11T Delhi, Kusuma Trust and the University of Birmingham for
providing the necessary infrastructure to carry out the project. | thank CSIR for financial
support through Junior and Senior Research Fellowships. | am grateful to the Department of
Biotechnology, Government of India, and the British Council for awarding me the Newton
Bhabha Short Term PhD Placement Grant, and to the India Institute, University of
Birmingham for awarding me the India Institute Fellowship, both of which supported my

research visit to Birmingham.

Bakul Piplani



ABSTRACT

The Chaperonins (HSP60) constitute a family of essential molecular chaperone proteins that
function as key players in the cellular proteostasis network. They are responsible for the folding
and function of ~10 — 15% of the cellular proteins under normal conditions, which increases to
~ 30% under conditions of stress, such as heat shock. Group | chaperonins, that are
predominantly found in the bacterial cytosol, mitochondrial lumen and in chloroplasts, function
in association with the HSP10 (HSP20 in chloroplasts) family of proteins, also known as the
co-chaperonins. The bacterial homologs of HSP60 and HSP10 are denoted by Cpn60 and
Cpn10 respectively, to distinguish them from the organellar homologs. Most of the studies
investigating the structure and function of bacterial chaperonin systems have been centred
around the E. coli chaperonin system consisting of GroES (Cpn10) and GroEL (Cpn60). Until
recently, the GroES-GroEL system was deemed as the prototypical bacterial chaperonin
systems vis-a-vis structure, function and mechanisms of action. However, recent investigation
of diverse chaperonin systems have illustrated that the biochemical and biophysical properties
of chaperonins may not be universal. Mycobacteria, a genus containing some notorious
pathogens, curiously possess two chaperonin genes, cpn60.1 and cpn60.2, but only one co-
chaperonin gene, cpnl0. The protein products of the Mycobacterial cpn genes are particularly
enigmatic in that they possess multiple moonlighting functions, while their molecular
chaperone functions have not been illustrated with certainty. In this thesis, we sought to explore
the molecular chaperone function of the chaperonin systems, Cpn10-Cpn60.1 and Cpnl0-

Cpn60.2, from two pathogenic Mycobacterium species, M. tuberculosis and M. marinum.

We began by analysing the similarities and differences between the E. coli and Mycobacterial
chaperonin and co-chaperonin proteins at the sequence and structural levels. We specifically
probed the presence of conserved motifs and domains critical for chaperonin function in the

Mycobacterial homologs. Thereafter, we evaluated the ability of the Mycobacterial chaperonin
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systems to reinstate intracellular chaperonin function in an E. coli experimental strain depleted
of endogenous GroES and GroEL. We initially investigated the chaperonin function by
evaluating the ability of the Mycobacterial chaperonin systems to restore cell viability and
proliferation in the E. coli model. We found that the Cpn10-Cpn60.1 systems could only support
cell survival, while the Cpn10-Cpn60.2 systems could also augment cell proliferation. Our
findings suggest that, in Mycobacteria, both the chaperonin systems possess intracellular
chaperonin function but with subtle differences amongst the two systems. We subsequently
proceeded with chaperonin-assisted protein-folding assays to probe the ability of the chaperonin
systems in preventing the aggregation and augmenting the folding of MetK, an obligate GroEL
client and an essential E. coli protein. The in vivo functional assays illustrated that the Cpn10-
Cpn60.1 systems are adept at preventing MetK aggregation, while Cpn10-Cpn60.2 are
proficient at supporting both aggregation prevention and productive folding. Furthermore, in
line with a previous report on phosphorylation-induced oligomerisation of Cpn60.1, we decided
to evaluate the impact of Cpn60.1 phosphorylation on its chaperonin function. Our findings
suggest that phosphorylation at Ser75 and Ser393 augments the chaperonin function of the M.
tuberculosis Cpn60.1, allowing it to support cell proliferation in the E. coli model. This appears
to be an adaptive mechanism to regulate the overall intracellular chaperonin capacity under
normal conditions, which may be enhanced by Cpn60.1 phosphorylation to improve cellular

fitness under conditions of stress.

In conclusion, our findings illustrate the intracellular molecular chaperone function of the
Mycobacterial chaperonin systems. We hereby establish that both the chaperonin systems of
M. tuberculosis and M. marinum (and by extrapolation, possibly of all Mycobacteria) are adept
at canonical chaperonin function. On the basis of our findings, we propose that Cpn10-Cpn60.2
represents the housekeeping chaperonin system in Mycobacteria, with Cpnl0-Cpn60.1

supplementing the intracellular chaperonin capacity as per the cellular requirements.
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R

TWRIAA (HSP60) SMTaI® 3TUMAEH ORI Ui & Uh URAR &1 716 Hd g off Idar
AR Aead # yge faanfedl & U & ™ oxd ¢ | 3 I gRkiRufadl 7 ~ 10-
15% YR UIEH & a8 3R $d & ot fTHGR &, J TH & e o a-1d &) Rufert o
~ 30% d% §¢ SIdl &1 JU | TR, Sl T&T 0 J dac g d Arged, Aeidbiaad
T 3R FARIERE H UTE S7Td €, HSP10 (GRS H HSP20) TIEH IRaR & Iy fireax
HTH Hd &, FoTe PI-IJORI T FETIAT ] | HSP60 3R HSPL0 & STaTu] ST 1 ShHT:
Cpn60 3R Cpn10 GRT FARefUd farar ST 8, a1fes I8 SHTTAd SrHaiT I 31T fava off b |
SFRINTA AR Ried 3T WRaH T R SR BT 9id B aTel HTIBIRT 3eqa- Fean/aar
Fienrg IR Res & W, GroES (Cpn10) 3R GroEL (Cpn60), R Hiad T $6 THY
Ugd O, JWRIFT W91, $1 3R fohal & s § GroES-GroEL Ried &1 iaxl
JRINTT dRIF Red & 9 T T030 Srar o1l glaie, fafay SR gonferdt ot
giferar S 3 Ty e  fob AR & Sla-I/™mafe 3R sa-Hifde o1 Irdifie Tet
g THhd ¢ IgHdT I, HIshaaiRar H g IR i, cpn60.1 3R cpn60.2, § Afd
$Id TP BI-IURIA S, cpnl0, § | AISHIGERINTA cpn60 ST & T IdTe fae
w7 Y Tequl § Fifes I U Bhs HAAIRICT $ &, Sd(d 3 HTUId U= Pl
& RfYaar & Ty [Fd T8 foar T g1 59 SRR & 599 S MSHe ZisdldTiNgg
TSR, T cZaRPa T 3R TH. H7a e SR RIed, Cpn10-Cpn60.1 3R Cpnilo-
Cpn60.2, & 3OS TR HaRT &1 UdT a1 T frarg |

g & Piears 3R ASDIda NG TJWRIH 3R Ig-dRIFT UK & oig FHHdT 3R
3R &1 faawo far | g9 IRl =0 @ Ashlaa< RTd sy # JWRIfAT R &
foTY Tecaqul WRigM Tuid-l iR S & U BT 9id B | TS §G, THA fdaiia

vii



GroES 3R GroEL ¥ 8F & Hiarg H IcRIcgeR dURIAT R &I §8Td $H1 & fag
A HIaaINTd JURIH RIeH &1 &Hd1 &1 Jedid- (b7 | §HA T 8 & Hiarg | oiiad
& 3R I(G BT TGTA FA & T AP ISR NI TR Ried Bt &1 BT i
far | g9 U i cpn10-Cpn60.1 Red Fad T 3ifda &1 I0da R Ihd &, Tafd
Cpn10-Cpn60.2 Red Id TR &1 ot 9g1 Ihd & | AR sy 7 § 6, Argaplaadiia
#, G AWRIFH gonferdt # STiegeR JWRIMA GaRM Bidl &, Al alAi yonferd! & o
G&H 3R BT g1 §H A TWRITH-T8Tad WK WcH-BITeE T T & a1 MetK, T a1
GroEL TTSC 3R U RIS 5. HIc7Tg UICH, & BifcaT DI dg § dWRI-T Ried &t

&N B SI19 B | 37 F7a) HaRFd Taw - e fdar fb cpn10-Cpneo.1 e Metk

UHATHI Bl A H HIRGR 8, Safds Cpn10-Cpn60.2 THAHRUT BT UM 3R IASH
HIFET GH &1 IHYT H T HA &1 SP TG, Cpn60.1 & BB RISARH-IRA
fiferMiRIgolRd R Ut RUid & 3T, g9 39 dWRIAT HaRHE W Cpn60.1
IO RIZARM & THIT BT Hedide b1 | gAR F5hY drd § o Ser75 3fR Ser393 ™
BIH RIS TF SZERH TG Cpn60.1 & TR HaRH &I deTdl g, fo T8 E. coli
Hisd # Id YR &1 JHYT Tl 5| 8 I aRfRUfaal & W9 Sehieger Jwif=-
& B! fafafid B3 & ot srggelt fbarfafdr wedia gt 8, o a=ra &t fRufar &
IR e T YUR & T Cpn60.1 BIRGRIZARA §RT ST S YhdT ¢ |

3 ¥, gR ey AdleaciRad i Ried & SoRicger SUIfds dmRA ThavH
&1 UM PRd &1 TH TaEdRT R IR § & 77 cgargpal/a 3R oF 373 (3R
TRICTQARH gRI, GHad: It AEeiaaciNgn & gFl TR RRed SiHed TuRiA
HaRH § Afe 31 AR s & 3MYR W, 89 U #3d § f& Cpnl0-Cpn60.2
AEHIaa T & gI3Ud T IR Rken &1 ufafAfia ar 8, Cpn10-Cpn60.1 AR
AT HAT3N B TR SRR JURIH & bl b BT g
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