Structural and Functional Insights of Virulence
Proteins and Associated Factors from
Pseudomonas aeruginosa

A thesis submitted for the award of degree of
Doctor of Philosophy (Science)

In Life Science and Biotechnology
by
Atanu Pramanik

Structural Biology and Bioinformatics Division

CSIR-Indian institute of Chemical biology, Kolkata, India

Department of Life Science & Biotechnology

Faculty Council of Science, Jadavpur University

Kolkata — 700032, INDIA

2024



.. 3. MR- AR ST (106 SUATAFTS LTS
SST(F AT STATF SATHET TS BT T ZohTe
fas wd ST TEe F 9HE, UE wme e, e a9
4, 37511 U, |1, #fe® T8, gL, Fiewer - 700 032

CSIR - INDIAN INSTITUTE OF CHEMICAL BIOLOGY

A Unit of Council of Scientific & Industrial Research .
An Autonomous Body, under Ministry of Science & Technology, Government of India
4, Raja S. C. Mullick Road, Jadavpur, Kolkata-700 032

CERTIFICATE FROM THE SUPERVISOR(S)

This is to certify that the thesis entitled ¢ Structural and Functional Insights of Virulence
Proteins and Associated Factors from Pseudomonas aeruginosa” Submitted by Sri / Smt. Atanu
Pramanik who got his / her name registered on 20.09.2018 for the award of Ph. D. (Science) Degree
of Jadavpur University, is absolutely based upon his own work under the supervision of Dr. Saumen
Datta and that neither this thesis nor any part of it has been submitted for either any degree /

diploma or any other academic award anywhere before.

/Dr. Saumen_Datta S~
= WWW / Chief Scientist -
kv Hafaga §=@E

- e T e
ST ) 25-05-2024

(CS|R-|ndian Instltut: ::“%?‘::nﬂiac‘a'!‘ E:%Zgg)
Council of Scien R
( :.mt:cdm u::ww. Kotkata - 700 032

Dr. Saumen Datta
Chief Scientist
Structural Biology and Bioinformatics Division
CSIR-Indian Institute of Chemical Biology
Jadavpur, Kolkata-700032

| Phone : 2499-5700 (Pilot No. / EPABX No.) ® Website : www.iicb.res.in ® Telegram : LIVINGCELL
Fax : 91-33-2473-5197 (Dir) @ 91-33-2473-5368 (Dir) ® Fax : 91-33-2414-9475 (A.O.) ® 51-33-2429-8490 (A.O.)
91-33-2483-1983 (F&AO) ® 91-33-2483-1982 (SPO)






ACKNOWLEDGEMENTS

Since my graduation, I have dreamed of nurturing my ideas and finding new things, ultimately
resulting in the work done for this thesis. With a great deal of patience and perseverance, [ was
able to maintain my flow during the entire arduous process. It would not have been feasible
without the faith and encouragement of many people during this whole journey at IICB. Now
is the perfect moment to express my gratitude to everyone with whom | have been connected

along this arduous and lengthy journey.

First of all, I would like to express my gratitude to my supervisor, Dr. Saumen Datta (Chief
Scientist), without whom this would not have been possible. I am fortunate and appreciative of
him for giving me the chance to work with him. I am also very fortunate to have learned
Macromolecular Crystallography under his guidance. I want to sincerely thank him for all of
his assistance and guidance throughout this course. I was able to finish this work because of

his continuous supervision and mentoring.

Next, I want to thank Prof. Arun Bandyopadhyay (Ex-Director, CSIR-1ICB) and Prof. Vibha
Tandon (Director, CSIR-IICB) for giving me the opportunity to work here at IICB.

In order to proudly complete my work here, I also want to thank the University Grant
Commission of the Government of India for providing me with a fellowship during my doctoral
studies. I thank all of the faculty members of the Department of Life Science and Biotechnology

at Jadavpur University for allowing me to register for Ph.D.

I'would also like to express my heartfelt gratitude to a few scientists at Department of Structural
Biology and Bioinformatics of IICB, starting with Dr. Jayati Sengupta (Senior Principal
Scientist), Dr. Subrata Adak (Chief Scientist), and Dr. Krishnananada Chattopadhyay (Chief

Scientist) who have supported me during my research work.

I am constantly appreciative of my lab colleagues starting with my seniors Chittran Roy,
Abhisek Mondal, Basavraj khannpnavar, Arkaprabha Chowdhury, and Gourab Basu
Chowdhury. I want to thank Rajeev Kumar from the bottom of my heart for all of his assistance
and guidance along this entire long journey. His guidance regarding cloning and other
experimental techniques helped me a lot in fulfilling my work during this entire Ph.D. journey.
I also want to thank my juniors Bidisha, Angira, Maruf, and Debayan. A special thanks to

Sushanta Da for helping with my research work during the whole Ph.D. journey.




Besides my lab members, I want to express my heartfelt gratitude to my colleagues from other
labs at IICB starting from Shashi Kant, Sumit Das and Vivek Kumar Gupta for their immense
help in my entire research work. Without their help in my research work and staying by my side
during this entire journey, it would have been impossible to complete my work. Also, thanks to
other lab members starting from Bhakta Da, Bani Da, Manideep Da, Biprasekhar Da, Sirin
Di, Saroj Da, Ayan Da, Chinmoy Da, Shiladitya Da, Priya, Krishna, Aneek, Dipanjan,
Sumangal, Yuthika, Puja, Gourab, Saikat, Debanjan, Sinjini, Subhasish, Arnab. I will be
always thankful to them for their generous support. A special thanks to Aditya from

Microbiology Department of Calcutta University, for giving support in my work.

In addition, I would like to express my gratitude to the personnel at IICB, particularly the
technical staff at the Central Instrument Facility, who have consistently offered assistance and
recommendations while conducting the experiments there. Special thanks in this regard to

Ramdhan, Jishu, Vignesh and Beni.

I also want to extend my sincere gratitude to my childhood friends Sourav, Daipayan, and
Rony who always encouraged and believed in me and my dedication to my research work. 1
will always treasure the sweetest moments spent with them since my childhood, which will be

one of my favorite recollections in my life.

Finally, I would want to express my gratitude to my brothers and sisters as well as my entire
family for their unwavering support over the years. Not enough words can adequately convey
how grateful I am for blessing, cooperation, and kind patience of my parents throughout my

whole Ph.D. journey. Thanks to Lord Shiva for his blessings in my life. Thank you all.

Atanu Pramanik
CSIR-1ICB, Kolkata
2024




Table of contents

F N o] o] 122V = u o] o SRR OR 4
I TS A0 o TN T OSSR 5
LAST OF TADIES ..o ettt et e e enes 7
ADSTFACT ...ttt bbbttt e 8
IO | o oo [T £ o] o I PSSR 10
1.1. The genus PSEUAOMONES ..........ccveiuiiieiieeiieeeesteeste e sraesre e e sreestessesreesreensesneenneens 10
1.2. Genome of Pseudomonas aeruginOSa ..........ccceevvevrereeireeiieseesieesreseesseesesseensens 10
1.3. Pathophysiology of Pseudomonas aeruginosa ..........cccocvevvereereneeseeneenreeseeneenns 11
1.4, VITUIENCE TACIOIS ..oovviieieieieie ettt sne e 14
1.5, OVEIVIEW OF TNESIS ...c.viiiiiiiiiiieeeieie e 17
2. REVIEW OF [ITEFALUIE ....c.eoiiiiiicee e e et 19
2.1. The biosynthesis and metabolism of Itaconate ............ccccevvveiiiininieniisieee 19
2.2. General features Of ItaCONALE .........cccovviieiiiie e 19
2.3. Antibacterial function of ItacoNAte ...........ccoovveiiiiiiiiee e 21
2.3.1. Itaconate as an inhibitor of isocitrate lyase (ICl) ........ccccooveviiieiieenn, 23
2.4. Itaconate catabolism by Dacteria ...........ccccceeveiiiii e 26
2.4.1. Enzymes encoded by the Y. pestis rip OPeron .........ccccocevvvrervnvnivennenn 28
2.4.2. Enzymes of itaconate metabolism in P. aeruginosa ...........cccceevevenenn. 31
2.5. Hotdog fold of (R)-specific enoyl-CoA hydratases ..........cccccccevvveveivieieeieeiiennn, 33
2.5.1. (R)-specific enoyl-CoA hydratases or MaoC dehydratase-like
SUDTAMIIY L 34
2.6. Transcription factors controlling virulence in bacteria ...........c.ccocvvriiiininiennenn 36
2.6.1 General features of TetR Family Regulators (TFRS) .......ccccoevvevveiiinnne. 37
2.6.2. TFRs in lipid metabolism .......cccoovieiiiiiic e 39
3. General MEthOdOIOgY .......cccoiiiiiiiee e 42
3.1. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) ........ 42
3.2. Protein concentration €StIMAtION ...........cooiiiiiiriieiie e 44
3.3. Agarose gel eleCtrophOreSiS .......vciveeiiiiie e 45
3.4. Purification Of PCR PrOAUCTS ........cccoiiiiiiiieieie e 45




3.5. Purification of DNA fragments by gel extraction method ............ccccccovveiviinnen, 46

3.6. Preparation of competent E. COli CElIS .....cooviiiiiiiiiieci e 46

3.6.1. Transformation of competent E. coli cells ... 47
3.7. Isolation Of P1asmit DNA ..ot 47
3.8. Protein expression and purification methods ............ccccevveveiieivcceccececce e, 47
3.8.1. Induction and SOIUDIIILY tESE ..........ccveiieeiieie i 48
3.8.2. Immobilized metal affinity chromatography (IMAC) ..o, 48
3.8.3. Size-exclusion chromatography ... 48

4.0. Structure and function of itaconyl-CoA hydratase (Ich) with a novel

N-terminal NOtdog FOIA .........coiiii e 50
A1, INEFOUUCTION ...ttt bbbt ne e 50
4.2. Materials and MEthodS .........ccooeiiiiiiiiiieee e 51
4.2.1. Cloning, expression and purification .............ccccvvveveivieiieve e 51
4.2.2. Crystallization, data collection and processing ..........ccccceevrvvrvereeieennenn. 52
4.2.3. Isothermal titration calorimetry ..o 54
4.3 RESUILS ..ttt 54
4.3.1. Biochemical analysis of Palch ...........c.ccocoovveiiiiiiie e 54
4.3.2. Overall structure 0f PalCh ..........cccovveiiiic e 55
G G T D 10 1= ¢ ol ] | SR 58
4.3.4. Comparisons between N-terminal domain of Palch

and other MaoC family hydratases ..........ccccccovevveiiiiicie e 59

4.3.5. Structural comparisons between Ich from P. aeruginosa (Palch)
and Ich (RIpB) from Y. PeStiS ........cooeriiiriiieie e 61
4.3.6. Substrate binding tunnel and active Site ............cccocveveivieiiece e 63
4.3.7. Affinity towards acetoacetyl-COA ..........ccccoveiiiiie i 67
A4, DISCUSSION ...eveeieesiestiesireseesteesteetesseesteeseesseesseaseesseesseenseaseesseassesseesseeseessensseanesssens 68

5. Structural and Molecular docking studies of PvrA- a TetR family

transcriptional regUIBLON ..........coov oo 71
5.1, INrOTUCTION ...ttt sttt b e nee e 71
5.2. Materials and MethOdS ..........ccceiieiiiiiiieii e 72
5.2.1. Cloning, expression and purification ..........c.ccocovevieninieienene e 72
5.2.2 Crystallization, data collection and proCessing .........ccccceeveeriieiiievieeseesie e, 72
5.2.3. Molecular docking analysiS ........cccccieiiieiiiiiiesie e 74




B3 RESUIES .ttt et e e e e e e 74

5.3.1. Structural analysis OF PVIA ... 74

5.3.2. Interaction of Nilotinib With PVIA ... 76

5.4, DISCUSSION ..euviiieitieiieteesteetessee st esteaseesteestesseesseesteeseesseesbeesbesseesreesteaseesseenseanennreas 77

6. CONCIUAING FEMAIKS .....ooiicie et be e sae e re e e e neenre e 80
7. RETEIEINCES ...t bbbttt ettt b e bbb e et 84
ST o] [ To= Lo (o] o ISP 96

Page | 3




ABBREVIATIONS

ACOD 1 Aconitate decarboxylase 1
CLYBL Citrate lyase subunit beta-like
CF Cystic Fibrosis

K Dissociation constant

EDTA Ethylenediaminetetraacetic acid
GAP GTPase activating protein

IRG Immunoresponsive gene

ICL Isocitrate lyase

IPTG Isopropyl-B-d-thiogalactoside
ITC Isothermal titration calorimetry
kDa Kilodalton

LPS Lipopolysaccharides

LB Luria Broth

MCM Methylmalonyl-CoA mutase

ug Microgram

ul Microlitre

uM Micromolar

PAMP Pathogen associated molecular pattern
PMSF Phenylmethylsulfonyl fluoride
PLC Phospholipase C

PEG Polyethylene glycol

RIP Required for intracellular proliferation
rpm Revolutions per minute

SDS Sodium dodecyl sulphate

SDH Succinate dehydrogenase

SDH Succinate dehydrogenase

TCA Tricarboxylic acid

Page | 4




List of Figures

1.1 Overview of path0genesiS P. @EBIUGINOSA ........ccceveiverieriniiriisieeiieee e 12
2.1 Itaconate biosynthesis and its MetaboliSM ..........cccoovviieii i 20
2.2 Immunomodulatory properties Of ItaCONALE ..........ccceveiiiiiiiireee e, 21
2.3 Intersection of TCA and glyoXylate CYCIES .........ccoveieiieiiiie i, 24
2.4 Mtlcl 1 bound with itaconate (red) (PDB ID: 6XPP) ....ccooovviieiinieiieecie e 25

2.5 Pathway of itaconate catabolism and its corresponding gene clusters in

P. 2eruginosa and Y. PESTIS ....c.oiveiuiiiiiiieie ettt 27
2.6 Proposed mechanism of Y. PestiS ICT .......cooiiiiiiiiicc e 30
2.7 Proposed mechanism of Y. PEStIS CCl .......ccviieiieiiie e 31
2.8 Dimer of FabA from E. COI ...ooviiiiiieee e 33

2.9 Structures of (R)-specific enoyl-CoA hydratases from
Aeromonas caviae (PDB ID: 11Q6) and human (PDB ID: 1PN2) ........ccccovviiiniininieiee, 35
2.10 Structure of TetR family regulator (DeST) .....ccvcoeeiiiiiiiie e 40

4.1 Schematic representation of itaconate catabolic pathway

and corresponding genetic constituents of P. 8eruginosa .........cccooevvererinneenesieesieeneenns 51
4.2 Mass-spectrometry analysis 0f PalCh ............cccooveviiiiiiccec e 55
4.3 Overall structure of itaconyl-CoA hydratase from P. aeruginosa (Palch) ..........c.c.......... 57
4.4 A unique N-terminal hotdog fold of Palch ...........ccccoooiiiiii e, 60

4.5 Dimeric interfaces between two monomers (chainA-chainC)

and model structure of YpIch from Y. Pestis ......ccccooiveiiiiiiic i 62
4.6 The enzymatic active site and substrate binding tunnel of Palch ...............cccooeeii 63
4.7 Multiple sequence alignment of PalCh ..., 64




4.8 Electrostatic surface potential map of Palch and Ct hydratase 2 ...........cccccvevvviveiviiinnnn, 66

4.9 Isothermal titration calorimetry (ITC) analysis between Palch and acetoacetyl-CoA .....67

4.10 Proposed catalytic mechanism of PalCh ..., 69
5.1 Structure of PvrA and Superposition of PvrA with closely related homologues .............. 75
5.2 Interaction of PVFA WIth NIHOtINID ......ooviiiiiiie e 77

Page | 6




List of Tables

2.1 Several Icl isoforms showing inhibition constants towards itaconate ..............c.cceceeeveneee. 26
2.2 Catalytic characteristics of recombinant Ich from Y. pestis and P. aeruginosa ................ 29
3.1 Resolving gel BUffer SOIULION ........cooiiii e 42
3.2 Stacking gel buffer SOIULION ..........ccoiiiiice e 43
4.1 Data collection and Refinement STAtiSLICS .........cevviiieiieiiiieiie e 53
5.1 Data collection and Refinement STatiStiCS ........cccovrereriieniiinisee e, 73

Page | 7




ABSTRACT

Pseudomonas aeruginosa is an opportunistic multi-drug resistance pathogen which secretes
some virulence factors or proteins either extracellularly or via some specialized secreting
nanomachines called injectisomes into the host cells. These virulence proteins also referred to
as effectors molecules subvert the host immune response by targeting some essential proteins
or some immunomodulatory substances in the host cells. Therefore, it is essential to
comprehend these pathogenic variables which are necessary for the development and
maintenance of bacterial pathogenicity. Atomistic level insights into these virulence factors or
proteins with or without their targeting partners decipher the molecular level information in

pathogenesis.

To overcome the infection caused by these virulent organisms, natural Killer cells like
macrophages secrete itaconate, an immunometabolite substance which specifically inhibits
isocitrate lyase of bacterial glyoxylate cycle. To overcome the inhibitory effect of itaconate,
P. aeruginosa release three enzymes: succinyl-CoA:itaconate CoA transferase (Ict), (R)-
specific itaconyl-CoA hydratase (Ich) and (S)-citramalyl-CoA lyase (Ccl) which alter
itaconate to pyruvate and acetyl-CoA. Here, we report the first crystal structure of itaconyl-
CoA hydratase from P. aeruginosai (Palch) at 1.98 A resolution. The overall structure of
Palch resembles the structure of MaoC family (R)-specific enoyl-CoA hydratase consisting
of two domains, N-terminal domain and C-terminal domain connected by a long intervening
loop. Each domain is comprised of a ‘hotdog fold” where a central a-helix is represented as
sausage wrapped by a B-sheet scaffold represented as a bun. Crystal structure analysis of
Palch showed that a unique N-terminal hotdog fold containing a 4-residue short helical
segment ‘a3’, named as an ‘eaten sausage’, followed by a flexible loop region slipped away
from the conserved PB-sheet scaffold, whereas the C-terminal hotdog fold is similar to all

MaoC family hydratases.

PvrA was discovered to be an upregulated regulatory gene during infection, which increases
the virulence of the bacteria in the host. Here, we report the crystal structure of PvrA from P.
aeruginosa at 2.30 A resolution. Structural analysis of PvrA showed that it present as a dimer
which is very similar to other TetR family transcriptional regulators such as AmtR and AcrR.
It consists of a common N-terminal H-T-H DNA binding domain similar to other TetR family
regulators. We have found that region consists of ~5 residues (Valg-Argi2) of H-T-H motif of
chain B is slightly bent downwards compared to chain A.
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Chapter 1

Introduction
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From premodern times to the modern era, infectious diseases are still the main cause of
overall mortality rate of more than 13.5 million deaths annually. Infectious diseases are of
many different types and pose a quite significant threat to public health at the time of
emergence on various time scales. Due to increasing number of populations worldwide, the
rate of transmission of diseases has exponentially proliferated with the emergence of more
virulent strains. With the advent of novel therapeutics, the prevalence of morbidity and
mortality associated with infectious diseases is reduced nowadays. However, it still presents
adverse effects in our society. Of them, lower respiratory tract infections and diarrhoeal
diseases are major health concerns at present and new-generation drugs cannot exterminate

them properly.
1.1 The genus Pseudomonas

Being an opportunistic pathogen, Pseudomonas aeruginosa is a gram-negative, rod-shaped,
motile, non-fermentative bacteria which is ubiquitously found in soil and water, as well as in
plants and animals including humans [1, 2]. It resembles a rod-shaped cell measuring 1-5 pum
in length and 0.5-1.2 um wide. P. aeruginosa is a facultative anaerobe which can proliferate
in partially oxygen-deprived conditions where nitrate or nitrite is used as a terminal electron
acceptor. In aerobic conditions, it utilizes glucose as a sole carbon source, catabolized by a
glycolytic pathway including entner-doudoroff pathway where oxygen is used as a final
electron acceptor [3]. Some organic compounds such as phenol sulfates, phenylalanine,
benzoate and 2,4-butanediol are sometimes used as sole carbon sources [4]. P. aeruginosa is
adaptable to different environmental conditions and also metabolically versatile, so they are

the most predominant organism on earth.
1.2 Genome of Pseudomonas aeruginosa

As of 2023, a total of 30193 strains of P. aeruginosa from both clinical and environmental
sources have been fully or partially sequenced, according to NCBI database. With a genome
size of over 7 million base pairs and a G + C content of approximately 66%, P. aeruginosa
has one of the largest genomes among the numerous pathogenic or non-pathogenic bacterial
genomes that have been sequenced to date [5]. Nearly 90% of the entire genome is found in
the highly conserved core genome of all P. aeruginosa strains, together with accessory
genome components. The accessory genome elements range from a few hundred base pairs to
more than 200 kbp. The 5109 protein-coding genes comprise the core of P. aeruginosa strains

[6]. In contrast, the accessory genome elements consist of genes which are not thoroughly
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distributed in all strains. Moreover, these segments termed ‘regions of genome plasticity’ are
not distributed randomly in core genome elements; rather, they are specified in certain loci.
The genetic sequences of many RGPs (regions of genomic plasticity) are often termed
genomic islands (>10 kb) or islets (<10 kb), evolved by horizontal gene transfer between
various strains for adaptability in adverse environmental conditions [7]. The accessory
genome elements of P. aeruginosa possess significant therapeutic interest due to their ability
to improve virulence, antimicrobial resistance and overall robustness through horizontal gene
transfer [8].

Among many strains, P. aeruginosa PAO1 and PA14 have been extensively studied for
therapeutic interest and to understand the genetics, physiology and metabolism of the
spectrum. The genomes of both strains are fully sequenced and also available in NCBI
database. PAO1 strain is a clinical isolate, the derivative of initial PAO strain, obtained from a
wound patient in Melbourne, Australia, in 1941 [9]. PA14 or UCBPP-PA14 is also a clinical
isolate obtained from a burn wound patient and a much more virulent strain for plants and
animals [10]. This strain was initially part of a collection from University of California
Berkeley Plant Pathology Laboratory, hence the name “UCBPP-PA14”. Initially, the research
was started to find the link between plant pathogens and human infections. Nowadays, it is
the most preferred model for studying virulence and developing novel therapeutics to prevent
dissemination and pathogenesis.

1.3 Pathophysiology of Pseudomonas aeruginosa

P. aeruginosa can infect a broad spectrum of host targets including nematodes, insects, plants
and mammals. It is generally found in the gut microflora of a healthy individual but causes
infection in immunocompromised patients; hence, they are called opportunistic pathogens
[11]. Being resistant to multiple drugs, P. aeruginosa causes acute and also chronic infections
in immunocompromised individuals with cystic fibrosis, coronary obstructive pulmonary
disorder (COPD), burns, cancer, trauma, sepsis and ventilator-associated pneumonia (VAP),
including those caused by COVID-19 [12, 13]. It is a member of the MDR ESCAPE
pathogens where ESCAPE stands for Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumanii, P. aeruginosa, and Acinetobacter baumanii.
The carbapenem-resistant strain of P. aeruginosa belongs to ‘critical’ group of pathogens
recommended by WHO [14]. P. aeruginosa has a frequency of 7.1-7.3% among people who

are connected to the healthcare industry and is responsible for hospital-acquired infections
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such as pneumonia, wound infections, urinary tract infections, and bacteremia (Figure 1.1). It
is mostly found in nosocomial pneumonia and the prevalence is rising over time in intensive
care unit (ICU) patients. It has been estimated that P. aeruginosa was the cause of 23% of all
ICU-related infections. Healthcare-associated pneumonia (HAP) and ventilator-associated
pneumonia (VAP) are a significant threat to healthcare personnel, reporting 22% of all
hospital-acquired infections [15]. Mortality from VAP was estimated to be 32-43% [16] [17].

P. aeruginosa causes nosocomial urinary tract infections, mostly catheter-associated UTI
(CAUTI). They are the reason for ~10% of all CAUTIs and account for approximately 16%
of all UTIs in ICU patients [18]. Studies showed that ICU patients had greater resistance
rates—more than 40%—to antibiotics such as meropenem, fluoroquinolones, and

piperacillin-tazobactam.

Plasma membrane
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Figure 1.1: Overview of pathogenesis of P. aeruginosa. It is found everywhere and causes infections
to any organs. LPS stimulates inflammatory responses in lung after infection. Activation of immune
cells and recruitment of neutrophils is a promising sign of inflammatory response in the body.
Excessive immune cells infiltration cause severe tissue damage and aggravate bacterial infections.
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Adapted from Qin, S., Xiao, W., Zhou, C., Pu, Q., Deng, X., Lan, L., Liang, H., Song, X., & Wu, M.
(2022). Pseudomonas aeruginosa: pathogenesis, virulence factors, antibiotic resistance, interaction
with host, technology advances and emerging therapeutics. Signal transduction and targeted therapy,
7(2).

In cystic fibrosis (CF) patients, P. aeruginosa is a predominant cause of morbidity and
mortality [19]. CF patients possess complications including chronic respiratory tract
infection, structural lung disorder, bronchiectasis, airflow obstruction, and ultimately death. P.
aeruginosa may thrive in CF-associated lungs due to its ability to survive in hypoxic
conditions [20]. The inherited genetic abnormalities in the CF transmembrane conductance
regulator (CFTR) gene caused these issues in CF patients. The reason behind the morbidity
and mortality of CF patients is recurring bacterial infections in abnormal mucus layer [21,
22]. The CFTR regulator controls the movement of chloride ions and electrolytes across
epithelial cell membranes to preserve homeostasis and typical mucus characteristics. As a
result, the CF lungs have an excessively thick, sticky, and dried layer due to the loss of
activity of the CFTR regulator [23]. Therefore, P. aeruginosa respiratory tract infections are a
major risk factor for CF patients starting in infancy. P. aeruginosa strains that cause acute
infections can be obtained by nearly 30% of CF newborns from their surroundings. P.
aeruginosa supports a variety of phenotypes and molecular pathways necessary for survival
throughout pathogenesis and antibiotic treatment utilizing complex genotypic events. Thus,
several virulence and intrinsic antibiotic resistance mechanisms mediate survival during the
early phases of CF lung colonization. Following infection, bacteria are subjected to oxidative
stress and other inflammatory reactions before receiving antibiotic therapy [24, 25]. P.
aeruginosa can adapt and change to resistant and persistent phenotypes by expressing distinct

sets of genes in response to certain environmental stress factors [26, 27].

The symbol of bronchiectasis is the thickening and dilatation of the airways, which causes
airway inflammation and persistent infection. Compared to CF, non-CF bronchiectasis is
more prevalent and exhibited by some conditions, including immunodeficiency, primary
ciliary dyskinesia, post-infectious, and idiopathic bronchiectasis [28]. One of the most often
isolated species in non-CF bronchiectasis patients is P. aeruginosa, which is linked to

decreased lung function and higher mortality rates [28, 29].

In addition, it is also more commonly found in immunocompromised patients suffering from

neutropenia. It is also a clinically significant pathogen found in patients with haematological
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malignancies [30, 31]. The number of therapeutic choices for treating infections is steadily
declining due to the development of a molecular arsenal that confers resistance to several
types of antibiotics. Simultaneously, the prevalence of infection and the emergence of

multidrug-resistant strains are still increasing.
1.4. Virulence factors

P. aeruginosa secretes a range of virulence factors to adapt to the unfavourable conditions of
its hosts. These factors aid in the infection process and the spread of disease. It possesses a
wide range of virulence factors such as secretion systems that transport toxins and effectors
into the host, flagella, pilli, and LPS that aid in bacterial adhesion and colonization, quorum
sensing and biofilm that provide drug resistance and proteases that cause tissue damage [32,
33]. The virulence factors of P. aeruginosa were extensively studied and some of them are

summarized below.

Gram-negative bacteria have an outer membrane comprised of mainly lipopolysaccharide
(LPS), which is present in all strains of P. aeruginosa. Toll-like receptors (TLRs) and other
pattern recognition receptors (PRRs) can detect pathogen-associated molecular patterns
(PAMPs), which are tiny molecular motifs conserved in a class of microorganisms. This
allows PAMPs to trigger innate immune responses, thereby shielding the host against
infection [34]. Although LPS shields bacteria from phagocytosis, it can cause neutrophils to
release neutrophil extracellular traps (NETS) to catch invasive pathogens. Interestingly, the
majority of LPS-targeted vaccinations developed against P. aeruginosa have not

demonstrated adequate efficacy, despite promising outcomes in their development [35].

P. aeruginosa secretes several proteases which have crucial roles in pathogenesis. The type |
secretion system secretes alkaline protease (AprA), a virulence factor regulated by the
guorum-sensing circuit. AprA can break down TNF-a, IFN-g, and complement components,
which can exacerbate infections in the body and weaken host immune function [36, 37]. P.
aeruginosa produces the enzymes LasA and LasB, which break down elastin, a crucial part of
blood vessels and lung tissue, affecting lung function and leading to pulmonary bleeding
[38]. The corneal pathogenicity of P. aeruginosa is strongly correlated with protease 1V [39].
Protease IV can damage host tissues and promote bacterial infection by breaking down
fibrinogen, lactoferrin, transferrin, and elastin, among other physiologically significant
molecules. It can also compromise host immunity by breaking down immunoglobulins,

complement components, and surfactant proteins [40]. Since protease IV is a serine protease,
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therapies to stop P. aeruginosa infection-related tissue damage may be developed with known

serine protease inhibitors which restrict its enzymatic activity.

ExoS, ExoT, ExoU and ExoY are effectors, also known as toxins of P. aeruginosa, secreted
by the type Il secretion system. They both are bifunctional cytotoxins that have both
adenosine diphosphate ribosyl transferase (ADPRT) and GTPase activating protein (GAP)
activity. They perturb cell-to-cell adhesion by disrupting host actin cytoskeleton which
ultimately leads to apoptosis of host cells. ExoU is the most virulent T3SS effector and it is
also a more potent phospholipase which causes severe necrosis of host cells, ultimately
leading to cell death. ExoY is categorized as an adenylate or nucleotidyl cyclase that
substantially raises cCAMP, cGMP, cUMP, and, to a lesser degree, cCMP levels.

ExIA of P. aeruginosa exhibits cytolysin activity and is encoded by the unique two-gene
genetic element exlA-exIB. ExIA causes permeabilization of the plasma membrane, which
leads to necrotic cell death. This mechanism depends on the type IV pili for bacterial
attachment [41]. Among the most toxic exocellular factors secreted by the T2SS, exotoxin A
of P. aeruginosa (PEA) is controlled by the metabolisms of iron and glucose [42, 43]. It
causes programmed cell death and limits the synthesis of host proteins by catalyzing the ADP
ribosylation of cell elongation factor 2 (EF-2) [44].

The primary extracellular lipase named Lipase A (LipA) is released by type Il secretion
system of P. aeruginosa. It can cause severe damage to tissues by breaking down host cell
membranes and dipalmitoylphosphatidylcholine, the primary lung surfactant lipid [45, 46]. P.
aeruginosa produces hemolytic and non-hemolytic forms of phospholipase C (PLC).
Numerous investigations have demonstrated that hemolytic PLC can cause organ damage,
host vascular permeability, and cell death [47]. Consequently, it helps bacteria survive in
neutrophil-rich environments and induces chronic bacterial infection [48, 49].

P. aeruginosa secretes a lipoxygenase called LoxA, which can regulate the bacterial invasion
process and impair host lipid signaling [50]. When it infects the lung, LoxA oxidizes a range
of host polyunsaturated fatty acids and generates lipoxin A4, a lipid peroxidative mediator
that kills host cells [51]. LoxA also prevents the recruitment of immune cells by blocking the
production of key chemokines including keratinocyte chemoattractant (KC) and macrophage
inflammatory protein (MIP) [52]. The severity of the P. aeruginosa infection may be
lessened by inhibiting the activity of LoxA.
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In addition, P. aeruginosa has some catabolic pathways which are used for degradation of
anti-microbial products secreted by macrophages and neutrophils, the secondary line of
defense systems in humans. These immune cells release various substances upon bacterial
infection. Among these compounds is itaconate, a C5-dicarboxylic acid that functions as a
strong inhibitor of isocitrate lyase in the glyoxylate cycle, a process that is necessary for the
survival of bacteria during infection. Three enzymes aid in the degradation of this
immunomodulatory compound, itaconate [53]. succinyl-CoA:itaconate CoA transferase (Ict)
first converts itaconate to itaconyl-CoA, then itaconyl-CoA is hydrated to (S)-citramalyl-CoA
by (R)-specific enoyl-CoA hydratase (itaconyl-CoA hydratase) and later, itaconyl-CoA is
cleaved to end products acetyl-CoA and pyruvate. Itaconyl-CoA hydratase (Ich) is part of this
catabolic pathway and is required for the conversion of itaconyl-CoA to (S)-citramalyl-CoA
which is further catabolized to acetate and pyruvate. Structural and functional analysis of two
enzymes, Ict and Ccl, have been studied so far, but any idea of the Ich, nexus of those two
enzymes has remained obscure. In this way, P. aeruginosa circumvents the host defense
mechanisms which ultimately leads to uncontrolled proliferation and sepsis in the human
body. The role of itaconate as a host defense system and how this host defense system is
circumvented by specific itaconate degradation pathways of some pathogenic bacteria, such
as Pseudomonas, is the major primary focus of this thesis. Please refer to the review of

literature section for a more thorough analysis of the itaconate breakdown pathway.

Pseudomonas aeruginosa coordinates the expression of global genes to adapt to the host
environment and fend off immunological responses. Numerous regulatory genes are present
in P. aeruginosa and are crucial for regulating the expression of certain virulent genes [54].
Previous work has shown that PC is one of main nutritional sources during lung infection of
P. aeruginosa, enabling the high-cell-density (HCD) development of bacteria in humans [55].
PC is broken down by P. aeruginosa-secreted lipases and phospholipase C (PIcH), which
produces phosphorylcholine, glycerol, and long-chain fatty acids (mostly palmitic and oleic
acids). So, many transcriptional regulatory factors stimulate the expression of certain types of
virulent genes such as plcH, fadD1, fadD6, glcB, and maeB which actively participate during

infection in host, especially in CF patients.
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1.5. Overview of Thesis

The preceding introduction section gives a background on several types of virulence factors
secreted by Pseudomonas aeruginosa and their role in virulence. Among them, the role of
itaconate catabolic pathway in the degradation of itaconate secreted by macrophages in
subverting host immune responses is the primary focus of this thesis. In addition, this thesis
also includes the role of virulence-associated transcriptional factors controlling the expression

of certain virulent genes in P. aeruginosa.

Chapter 2 describes the contribution of itaconate secreted by macrophages as a host immune
response during Pseudomonas infection, and how Pseudomonas subverts this host immune
response through catabolism of itaconate is thoroughly explained in this Review of Literature
section. Moreover, structural and functional analysis of two enzymes, Ict and Ccl, of this
pathway and especially the ‘hotdog fold’ characteristic of Ich, have been described in this
section. In addition, a brief description of some virulence-associated TetR family

transcriptional regulators controlling the expression of virulent genes is also given.

Chapter 3 (General Methodology section) represents the general methodology used in this

study.

Chapter 4 represents the first crystal structure of Itaconyl-CoA hydratase (Ich) from P.
aeruginosa of the itaconate catabolic pathway. In-depth structural and functional insights
from Ich are explained in this section. Various biophysical methods like mass spectrometry,
size-exclusion chromatography and also X-ray crystallography confirm the oligomeric nature
of Ich as a dimer which consists of a novel N-terminal ‘hotdog fold’, not shown previously in

any other (R)-specific enoyl-CoA hydratases.

Chapter 5 represents the structural analysis of PvrA, a TetR family transcriptional regulator
involved in the regulation of the expression of certain virulent genes in P. aeruginosa during
infection in humans, especially in the lungs of CF patients. Structural and size-exclusion
chromatography analysis of PvrA showed that it presents as a dimer where a conserved long

N-terminal H-T-H DNA binding region is present.
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Review of Literature
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2.1. The biosynthesis and metabolism of itaconate

Mitochondria are referred to as "powerhouses of cells" due to the significant role they play in
sustaining calcium homeostasis and supplying metabolic energy through the body. The
mitochondrial matrix produces adenosine triphosphate (ATP) through an intricate biological
process called the TCA cycle, which is mediated by a sequence of enzyme-based processes
[56]. The decarboxylation of cis-aconitate generated by the dehydration of citrate is a unique
and significant step in the biosynthesis pathway of itaconate. Aconitate decarboxylase 1
(ACOD1), also known as Irgl, is the enzyme responsible for the decarboxylation of cis-
aconitate to itaconate [57]. Endogenous itaconate production is enhanced by Irgl
overexpression [58]. Accumulation of citrate (itaconate precursor) is further caused by the
catalytic conversion of isocitrate to a-ketoglutarate dehydrogenase [59]. Furthermore, the
process of converting pyruvate into the citrate precursor acetyl-CoA is irreversibly facilitated
and regulated by the pyruvate dehydrogenase complex (PDC) [57]. Pyruvate dehydrogenase
kinase 1 (PDK1) phosphorylates PDC, inactivating the enzyme and reversing this conversion
[60, 61]. Itaconate can be catabolized into itaconyl-coenzyme A (CoA), which deactivates
mitochondrial CoA B12. This lowers the activity of methylmalonyl-CoA mutase (MUT) and
produces branched-chain amino acids (BCAAS) that are dependent on MUT [62, 63]. Beyond
the TCA cycle, itaconate and its metabolites can influence other pathways involved in energy
metabolism. The biosynthesis and metabolism of itaconate are shown in Figure 2.1.

2.2. General fetaures of itaconate

Itaconate is a dicarboxylic acid (methylenesuccinate) consisting of two carboxyl groups and a
double bond. It is an electrophile that possesses the active chemical capacity to bind to a
nucleophile by taking up two electrons, exhibiting properties similar to the fundamental
processes of enzymes. The conjugated unsaturated double bond structure of itaconate allows
it to covalently modify the cysteine residues in proteins through Michael's addition reaction.
Subsequently, it can alter the activity and function of substrate proteins and have a significant

inhibitory effect on the inflammatory signaling pathway [64, 65].
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Figure 2.1: Itaconate biosynthesis and its metabolism. Aconitate decarboxylase 1 encodes cis-
aconitate, which is then decarboxylated to create itaconate. SDH is inhibited by itaconate and
succinate builds up. Acetyl-CoA is produced from pyruvate by the catalytic conversion of pyruvate
dehydrogenase complex (PDC). The conversion of itaconate to itaconyl-CoA inhibits methylmalonyl-
CoA mutase and methylmalonyl-CoA conversion by deactivating mitochondrial CoA Bi2. Adapted
from Lin, J,, Ren, J., Gao, D. S., Dai, Y., & Yu, L. (2021). The emerging application of itaconate:

promising molecular targets and therapeutic opportunities. Frontiers in Chemistry, 9, 669308.

To support further investigation, Wang et al. designed the biorthogonal probe Itaconate-
alkyne (ITalk) in 2020 to gain a better understanding of the true characteristics of itaconate.
ITalk retains the long carbon chain and the a, B-unsaturated carboxylic acid group [66]. It was
created to directly capture altered proteins in living cells to locate legitimate targets for
itaconate on a broad scale. Many important proteins including those linked to cell death,
signal transduction, transcription, and the inflammasome, have undergone significant

modifications. These proteins are crucial in the regulation of the inflammatory immune
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response and host defense. As a result, itaconate may influence macrophage function

by controlling multiple pathways (Fig. 2.2).
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Fig. 2.2: Immunomodulatory properties of itaconate. Irgl is induced by LPS, leading to production
of itaconate. Itaconate targets succinate dehydrogenase (SDH), lactate dehydrogenase A (LDHA),
glycolytic enzymes aldolase A (ALDOA), glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
and the NLRP3 inflammasome, which will prevent generation of IL-1p, IL-18, and gasdermin D
(GSDMD). Kelch-like ECH-associated protein 1 (KEAP 1) and activating transcription factor 3
(ATF3) were also possible targets. Adapted from Peace, C. G., & O’Neill, L. A. (2022). The role of
itaconate in host defense and inflammation. The Journal of clinical investigation, 132(2).

2.3. Antibacterial function of itaconate

The antibacterial properties of itaconate were identified about fifty years ago. Pseudomonas
indigofera depends on isocitrate lyase (ICL) activity and its growth was inhibited by
itaconate. ICL is an essential enzyme for glyoxylate shunting during bacterial infections [67]
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[68, 69]. Subsequently, numerous investigations demonstrated that itaconate was capable of
efficiently preventing the growth of numerous bacteria, including Legionella pneumophila,
Mycobacterium tuberculosis, and Salmonella [57, 70-72]. Significant studies have recently
shown that itaconate regulates macrophage antibacterial immunity through new pathways
[73-75]. Rab32 is a GTPase that coordinates host defensive mechanisms within cells and
inhibits the growth of intracellular pathogens like Salmonella. BLOC3 is an exchange factor
that is necessary for Rab32 to function [76]. Chen et al. found that the production of itaconate
by IRG1 was necessary for this antibacterial mechanism to function [73]. During Salmonella
infection, organelle interactions mediated by the IRG1-Rab32-BLOC3 pathway may transfer
itaconate from mitochondria into Salmonella-containing vacuoles, exposing the pathogen to
elevated itaconate levels and suppressing Salmonella development. The researchers also
employed a mutant strain of Salmonella with virulence defects that showed decreased
capacity to proliferate in wild-type macrophages and was unable to resist the Rab32
defensive mechanism. IRG1”7- macrophages were able to recover the replication-deficient
phenotype, which allowed the Salmonella mutant to replicate to nearly wild-type bacterial
levels [73]. These results demonstrate the role that itaconate plays in the management of
bacterial infections and provide evidence of a connection between itaconate and the Rab32
pathway, a cell-autonomous defensive mechanism.

Additionally, Schuster et al. discovered that TFEB (Transcription Factor EB), a transcription
factor, regulates the interaction between phagolysosomes and mitochondria in macrophages
[74]. Itaconate synthesis and IRGL1 transcription were enhanced by TFEB activation in
response to bacterial stimulation. Subsequently, the IRG1-Rab32-BLOC3 system was used to
transport TFEB-driven itaconate into Salmonella-containing vacuoles, thereby limiting
Salmonella growth. Remarkably, it was discovered that itaconate stimulated TFEB to
increase lysosome biogenesis [75]. According to Zhang et al., itaconate alkylated human
TFEB at Cys212 (Cys27o in mice), which inhibited the phosphorylation of Serz11 by protein
kinase mTOR and interfered with the interaction of phosphorylated TFEB and 14-3-3
regulatory proteins. This led to the translocation of TFEB from the cytosol to the nucleus,
which triggered lysosomal biogenesis and enhanced macrophage defense against bacterial
invasion. These findings point to a potential interaction between itaconate and TFEB that
needs to be investigated further. Itaconate may have antibacterial therapeutic benefits because
of its combined role in facilitating the cooperation of mitochondria and lysosomes to resist

infections in macrophages.
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2.3.1. Itaconate as an inhibitor of isocitrate lyase (Icl)

An important second line of defense against microbial infections is composed of phagocytic
cells such as neutrophils and macrophages. At the site of infection, these cells release their
secretory products and engulf the invasive cells to create the phagosome and subsequently the
phagolysosome, an organelle that typically kills and digests bacteria. Macrophages release
more than 100 different chemical substances that have a range of biological actions, from
stimulating cell proliferation to causing cell death [77]. Reactive oxygen and nitrogen species
causing non-specific damage to DNA and other biological components are the primary
antimicrobial agents produced by macrophages, but they also produce some products that
block specific processes in pathogens. As mentioned earlier, macrophages create C5-
dicarboxylic acid itaconate, also known as methylenesuccinate and in response to
lipopolysaccharide and interferon y, the amount of this compound in cells and culture
supernatants significantly rises [57, 78].

Itaconate is a strong inhibitor of isocitrate lyase, an essential glyoxylate cycle enzyme that
many pathogenic or non-pathogenic bacteria employ to assimilate acetyl-CoA generated
during fatty acid breakdown (Figure 2.3) [67, 79, 80]. This is why itaconate secretion is
thought to be a component of antibacterial response of macrophages. Plants, bacteria, protists,
and fungi all contain the glyoxylate cycle, an anabolic process that is a variant of the
tricarboxylic acid cycle. The synthesis of carbohydrates requires the conversion of acetyl-
CoA to succinate, which is the main function of the glyoxylate cycle. In the absence of
simple carbohydrates like glucose or fructose, the glyoxylate cycle of bacteria replenishes the
carbon requirement by using two carbon molecules such as acetate.

Studies showed that itaconate inhibits various Icl isoforms (Table 2.1). Specifically, itaconate
inhibits multiple bacterial Icl isoforms: Mycobacterium tuberculosis isoforms (Icl 1, Ki = 120
uM and Icl 2 (also known as AceA), K; = 220 uM), Pseudomonas indigofera (Ki = 0.9 uM),
and Corynebacterium glutamicum (Ki = 5.05 uM) [69] [80]. Icl in association with inhibitors
such as bromopyruvate (PDB ID: 1F8M) and 3-nitropropionate (PDB ID: 1F8I, 6C4A, and
6C4C) were described in several crystal structures. However, Icl in complex with itaconate is
the only structure reported till now (PDB ID: 6 XPP).
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Figure 2.3: Intersection of TCA and glyoxylate cycles. Isocitrate dehydrogenase and o-
ketoglutarate dehydrogenase of TCA cycle (full circle) are both bypassed by glyoxylate cycle (in
black). Isocitrate lyase is inhibited by itaconate (in red). Adapted from Duncan, D., & Auclair, K.
(2022). Itaconate: an antimicrobial metabolite of macrophages. Canadian Journal of Chemistry,
100(2), 104-113.

A Michael-addition between a conserved Cysio1 and itaconate results in the development of a
covalent adduct between the enzyme and the inhibitor in this complex of M. tuberculosis Icl 1
[81-83]. Despite being a stronger Michael acceptor, the dimethyl ester of itaconate
demonstrates 20-25 times less inhibition for M. tuberculosis Icl 1 [83]. This implies that key
residues involved in interactions between carboxylate group of itaconate and the active site of
Icl are Argos, Asnaiz, Serais, Sersiz, and Thras. Moreover, the inhibitory effect is
significantly diminished by substituents added at C-1 of itaconate, most likely due to steric
hindrance (Figure 2.4). It was found that the formation of itaconate-bound Icl 1 complex
needed Mg?* and the formation of all covalent bonds took about five hours [83]. It is perhaps
predictable that the duration of complex formation is slow since a,p-unsaturated carboxylates

are very weak Michael acceptors.
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Figure 2.4: Mticl 1 bound with itaconate (red) (PDB ID: 6XPP). An adduct between the inhibitor
and the enzyme is formed when C4 of itaconate covalently links to Cysie: of the enzyme (shown in
red). C1 of itaconate interacts with a Mg?* ion in addition to forming hydrogen bonds with Argzzs and
the backbone amide of Cysi:. Adapted from Duncan, D., & Auclair, K. (2022). Itaconate: an

antimicrobial metabolite of macrophages. Canadian Journal of Chemistry, 100(2), 104-113.

Additionally, the C191S mutant of Icl 1 was found to have a similar affinity for itaconate (Kgq
for wild type and mutant = 112 + 11 uM and 155 + 29 uM, respectively), which does not
create an adduct, suggesting that the covalent bond is not the main cause of inhibition. On the
other hand, Cysio1 is necessary for the significant inhibition of 3-nitropropionate and
bromopyruvate to occur [81, 82].

Immunoresponsive gene 1 (Irgl) is highly expressed in mammalian macrophages during
inflammation and its product, itaconate, is produced by decarboxylating cis-aconitate, an
intermediate of the Krebs cycle. According to gene expression profiling studies of murine
macrophages and microglial cells, Immunoresponsive gene 1 (Irgl) is one of the most
strongly up-regulated genes in proinflammatory circumstances, such as bacterial infections
[84-86].
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Table 2.1: Several Icl isoforms showing inhibition constants towards itaconate
Isoform Ki (nM)
Bacteria
Corynebacterium glutamicum 5.05
Mycobacterium tuberculosis Icl 1:120, AceA/lcl 2: 220
Pseudomonas indigofera 0.9
Eukaryota
Caenorhabditis elegans 19
Tetrahymena pyriformis 3.5
Aspergillus nidulans 40
Ricinus communis L. cv. Zanzibariensis 11.9
Ashbya gossypii 170
Linum usitatissimum L. 17
Pinus densiflora Sieb et Zucc 2.8
Leishmania amazonensis 4500
Ascaris suum 7.3
Fomitopsis palustris 68
Reference: Taken from Duncan, D., & Auclair, K. (2022). Itaconate: an antimicrobial metabolite of
macrophages. Canadian Journal of Chemistry, 100(2), 104-113.

IRG1 was classified into the MmgE/PrpD family based on sequence homology; this family
included several proteins for which enzymatic functions in microbes were discovered. So,
IRG1 functions as an enzyme that catalyzes the decarboxylation of cis-aconitate to produce

the antimicrobial metabolite itaconic acid.
2.4. Itaconate catabolism by bacteria

Itaconate can be metabolized by mammals and some microorganisms. In the 1960s, the
breakdown mechanism of itaconate was identified for Salmonella spp., Micrococcus spp.,
Pseudomonas spp., and mammalian mitochondria [87-90]. Succinyl-CoA:itaconate CoA
transferase (Ict) first activates itaconate to its corresponding CoA ester. Itaconyl-CoA
hydratase (Ich) then hydrates itaconyl-CoA to (S)-citramalyl-CoA and (S)-citramalyl-CoA
lyase (Ccl) cleaves it into acetyl-CoA and pyruvate (Figure 2.5).
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Figure 2.5: Pathway of itaconate catabolism and its corresponding gene clusters in P. aeruginosa
and Y. pestis. (a) pathway for itaconate catabolism in bacteria and mammalian mitochondria. Two
mechanisms for itaconate activation are depicted: One involves CoA and ATP via the nonspecific
action of succinyl-CoA synthetase (observed in mammalian mitochondria), and the other requires
succinyl-CoA via Ict (observed in Pseudomonas spp. and most bacteria). (b) Clusters of genetic
constituents encoding enzymes for itaconate catabolism in P. aeruginosa and Y. pestis. Adapted from
Sasikaran, J., Ziemski, M., Zadora, P. K., Fleig, A., & Berg, I. A. (2014). Bacterial itaconate
degradation promotes pathogenicity. Nature chemical biology, 10(5), 371-377.

Yersinia pestis contains a "three-gene™ operon called ripABC (required for intracellular
proliferation) which is essential for growth in activated macrophages [91]. In post-activated
macrophages, mutants containing deletions in either ripA or ripB cannot proliferate. Gene
clusters linked to virulence contain the rip operon and adjacent operons. Together with genes

encoding the multifunctional, virulence-associated metal-binding siderophore yersiniabactin,
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these operons are located at the pigmentation locus of Yersinia pestis. Following an attack by
macrophages, its transcription is considerably increased and proteomic analysis showed that
natural resistance-associated macrophage protein 1 particularly modulates RipA and RipB
protein levels, which are then dramatically raised after macrophage involvement [92, 93].
Furthermore, mutations in ripB were reported to decrease S. enterica var. Typhimurium
infection in a mouse model while S. enterica ripA (previously identified as cat2) mutants are
impaired in their capacity to infiltrate and survive in chicken macrophages [94-96]. The three
enzymes involved in the metabolism of itaconate are encoded by the rip operon: a class 11
CoA transferase referred to as Ict (RipA encoded by y2385), an (R)-specific enoyl-CoA
hydratase referred to as Ich (RipB encoded by y2384) and a C-C-lyase referred to as Ccl
(RipC encoded by y2383). Furthermore, it was shown that RipA catalyzes the butyryl-
CoA:acetate CoA transferase reaction and the observed Km values were extremely high
(above 100 mM), which strongly suggests that RipA serves another physiological role [97].
Structural investigation of Ccl from Y. pestis (RipC) revealed that it is a potential protein
which only binds CoA or CoA derivatives. Furthermore, structural and computational studies
suggested that a homologous protein from Mycobacterium tuberculosis (CitE; 36% identity,
51% similarity) functions as a citryl-CoA lyase [98]. The connection between the M.
tuberculosis gene and citramalyl-CoA is compelling, even though the context of gene points

to a function via a separate route.
2.4.1. Enzymes encoded by the Y. pestis rip operon

To investigate the hypothesis that RipA, RipB, and RipC are involved in the itaconate
catabolic pathway, ict (ripA), ich (ripB) and ccl (ripC) genes from Y. pestis were synthesized
and heterologously expressed in Escherichia coli and purified the recombinant proteins. With
these three enzymes, the itaconate degradation pathway was fully reconstructed in vitro and
RipA, RipB and RipC were assigned to have their proposed functions as Ict (indicated as Y.
pestis Ict (Yplct)), Ich (Yplch) and Ccl (YpCcl) respectively. The first enzyme in this pathway
is Yplct which does not require any divalent metal ions for activity. Itaconate is the actual
physiological substrate of Yplct but it also showed poor catalytic efficiencies on some other
dicarboxylic acids. In addition to succinyl-CoA, other CoA esters that could be utilized as
CoA donors include acetyl-CoA, propionyl-CoA, and butyryl-CoA. It may be crucial to be
able to activate itaconate using a variety of CoA donors to ensure that harmful itaconate is

quickly trapped as itaconyl-CoA once it enters the cell.
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Yplch, the second enzyme of the pathway, accomplished two fractional activities: itaconyl-
CoA isomerase producing mesaconyl-C4-CoA and mesaconyl-CoA hydratase producing the
product, (S)-citramalyl-CoA. It converts both substrates, itaconyl-CoA and mesaconyl-CoA,
into the product (S)-citramalyl-CoA (Table 2.2). Studies showed that Ich belongs to (R)-
specific enoyl-CoA hydratases consisting of the so-called ‘hotdog fold’ [99]. Itaconyl-CoA
undergoes isomerization into mesaconyl-C4-CoA through proton abstraction at C2 and re-
addition at C5. The (S) stereoisomer of citramalyl-CoA is formed when OH" is added at
position C3 and protonated at position C2 of mesaconyl-CoA. The catalytic activity of Ypich

did not require any divalent metal ions.

Table 2.2: Catalytic characteristics of recombinant Ich from Y. pestis and P.
aeruginosa
Y. pestis Y2384 (Yplch) P. aeruginosa PA0878 (Palch)
Vmax (U Keat/Km Vmax (U Keat/Km
Substrate mg* Kn (MM) | (st mM- mg* Kn (MM) | (sTmM-
protein) h protein) h
Itaconyl- 8.2 0.12 + 1221 + 0.034 +
52.2 415.0
CoA 4+0.88 0.03 0.52 0.005
Mesaconyl- | 66.36 + 051+ 1247 +
98.8 0.31+£0.12 | 4650.8
C4-CoA 9.56 0.24 125.8
(S)-
) 0.49 + 50.32 £
Citramalyl- | 2.80 £ 0.56 4.4 0.14+0.025| 4154
0.23 3.56
CoA
Reference: Taken from Sasikaran, J., Ziemski, M., Zadora, P. K., Fleig, A., & Berg, I. A. (2014).
Bacterial itaconate degradation promotes pathogenicity. Nature chemical biology, 10(5), 371-377.

The third enzyme in this pathway, YpCcl, requires divalent metal ions such as Mg?* and Mn?*
to show their catalytic efficiency. Three orders of magnitude slower was the cleavage of (3S)-
citryl-CoA, the suggested substrate of M. tuberculosis CitE. Other B-hydroxy acyl-CoA
molecules like (3S)-malyl-CoA or B-methylmalyl-CoA, and 3-hydroxy-3-methylglutaryl-
CoA were not accepted by YpCcl. Several phylogenetically related enzymes can also cleave
(S)-citramalyl-CoA, including (3S)-malyl-CoA/p-methylmalyl-CoA/(S)-citramalyl-CoA lyase
and the B-subunit of citramalate lyase, which resembles the corresponding subunit of the
ATP-independent citrate lyase (CitE), albeit much less efficiently than by YpCcl [100-103].
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Yplct can employ acetyl-CoA, one of the byproducts of itaconate breakdown, to activate
itaconate. Therefore, the initial concentration of succinyl-CoA does not affect the amount of
itaconate converted in the process. Large amounts of itaconate may be detoxified with as
little as a catalytic amount of a CoA ester.

Crystal structures of Y. pestis Ict were reported, while it was described as a 4-
hydroxybutryate CoA-transferase (PDB ID: 4N8K, 4N8H, 4N8J, 4N8L, 4N8I) and coenzyme
A transferase (PDB ID: 3S8D, 3QLK, 3QLI) in the PDB [97, 104]. It was proposed that the
reaction occurs by two double displacements (two ping-pong reactions) (Figure 2.6). To
create an acetyl anhydride, the acetyl group of AcCoA is first transferred to the catalytic
Gluaze residue of Ict. The thiol of CoA then attacks this acetyl anhydride nucleophilically to
produce an enzyme-CoA adduct. Following that, one of the carboxylate groups of the
itaconate attacks this thioester, resulting in an itaconate enzyme adduct. Eventually, a

nucleophile attacks the thiol of CoA, producing itaconyl-CoA and regenerating Gluag [104].

Crystal structures of Ccl were reported from different pathogenic species such as M.
tuberculosis Rv4589c (annotated as CitE; PDB ID: 1U5H, 6AQ4), Homo sapiens CLYBL
(PDB ID: 5VXS, 5VXC, 5VXO0), Y. pestis RipC (PDB ID: 3QLL), as well as the non-
pathogenic bacteria Ralstonia eutropha (PDB ID: 3QQW), Burkholderia xenovorans (PDB
ID: 3R41) and Deinococcus radiodurans (PDB ID: 1SG1) [98, 105-107].
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Figure 2.6: Proposed mechanism of Y. pestis Ict. Adapted from Duncan, D., & Auclair, K. (2022).
Itaconate: an antimicrobial metabolite of macrophages. Canadian Journal of Chemistry, 100(2), 104-
113.
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Because of their structural similarity, these enzymes form a homotrimer with an a8p8-TIM
barrel fold [98, 106, 107]. Gluss, Aspso, Argzi, Gluize, Aspiss, and Proig2 are among the
probable active site residues of YpCcl isoform that have a substantial amount in common with

the similar enzyme Haloferax volcanii malate synthase H.
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Figure 2.7: Proposed mechanism of Y. pestis Ccl. Adapted from Duncan, D., & Auclair, K. (2022).
Itaconate: an antimicrobial metabolite of macrophages. Canadian Journal of Chemistry, 100(2), 104-
113.

Torres et al. proposed a mechanism where Aspso was situated near the hydroxyl group of (S)-
citramalyl-CoA and may aid its deprotonation, whereas Glui29 and Aspise may be placed near

the carboxylate group, likely positioning the molecule [97] (Figure 2.7).
2.4.2. Enzymes of itaconate metabolism in P. aeruginosa

There is only one YpCcl homolog (PA0883, also known as PaCcl; 35%/50%
identity/similarity) in the entire genome of P. aeruginosa, even though some Pseudomonas
species are capable of metabolizing itaconate. In contrast, Yplct and Yplch homologs could
not be found using a typical BLASTp search. Studies showed that the growth of P.
aeruginosa utilizing itaconate as a sole substrate exhibited significant activity of all three of
the enzymes which further metabolize itaconate in the cell extract. These enzymes were
downregulated while bacteria were grown on succinate. Itaconate could not be the sole
carbon source for a PaCcl mutant [108]. To examine the activity of enzymes of this mutant
involved in itaconate degradation pathway, the mutant was grown on succinate in the
presence of itaconate. Studies showed that activity of Ict and Ich under these conditions was
detected but not of Ccl, thus confirming that PaCcl is the supposed Ccl [53]. The proposed
"six-gene operon™ encoding PaCcl includes the genes for a putative (R)-specific enoyl-CoA
hydratase (PA0878) and a class Il CoA transferase (PA0882). (Figure 2.5b). These proteins,

Page | 31



(R)-specific enoyl-CoA hydratase (PA0878) and class Ill CoA transferase (PA0882) are
distinct from those of Y. pestis homologues mentioned before. Sasikaran et al. cloned and
heterologously expressed the putative P. aeruginosa ict (PA0882), ich (PA0878) and ccl
(PA0883) genes in E. coli and demonstrated that these three gene products were required for
the conversion of itaconate to pyruvate and acetyl-CoA [53]. Three other genes in this
putative ‘six gene operon’ of P. aeruginosa encode an MmgE-PrpD family protein (PA0881),

a glyoxalase family protein (PA0880) and a putative acyl-CoA dehydrogenase (PA0879).

As a CoA acceptor, Palct exhibited strong activity toward itaconate. Moreover,
methylsuccinate was activated by the Palct, and to some extent, (S)-citramalate. The
Pseudomonas homologue Palct uses exclusively succinyl-CoA as a CoA donor, in contrast to
Yersinia CoA transferase (Yplct). Palct showed no activity with acetyl-CoA, propionyl-CoA
or butyryl-CoA. The presence of divalent metal ions did not increase the enzymatic activity
of Palch. Itaconyl-CoA and mesaconyl-C4-CoA are both converted to (S)-citramalyl-CoA by
Palch (Table 2.2). Hence, Palch/Yplch was characterized as an itaconyl-CoA
isomerase/mesaconyl-CoA hydratase. However, PaCcl exhibited strong substrate specificity
to (S)-citramalyl-CoA. Moreover, it facilitated the 3-hydroxy-3-methylglutaryl-CoA (HMG-
CoA) lyase reaction with a noticeably lower catalytic efficiency (Kca/Km). Both R and S
stereoisomers are present in commercially available HMG-CoA. PaCcl breaks down half of
(R,S)-HMG-CoA to acetyl-CoA and acetoacetate when excess (R,S)-HMG-CoA is present,
suggesting that only one isomer was utilized for catalysis. To further investigate whether
PaCcl performs catalysis with (R)-HMG-CoA or with (S)-HMG-CoA, liuE encoding S-
specific HMG-CoA lyase (PA2011) of P. aeruginosa was heterologously overproduced in E.
coli and purified [109]. Most of the HMG-CoA was converted into products by this enzyme.
Remarkably, it was shown that spatial position of the hydroxyl group about CoA in the (S)-
citramalyl-CoA and the (R)-HMG-CoA is similar. Though the turnover with this substrate
was lower than 0.1% when compared to citramalyl-CoA as the substrate, PaCcl can catalyze
the (3S)-citryl-CoA lyase process in a manner similar to that of YpCcl. Divalent metal ions

(Mg?*, Mn?* or Co?*) were needed for PaCcl activity.

Unlike Yplct, Palct is unable to utilize acetyl-CoA to activate itaconate. Based on another
study, 5 mM itaconate almost disappeared in a reconstitution experiment when
substoichiometric levels of succinyl-CoA (1 mM) were present. It can be explained by the
fact that Palct can catalyze the transfer of CoA from (S)-citramalyl-CoA to succinate while

simultaneously producing citramalate, so when Ccl was absent, itaconate disappearance still
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happened. Citramalate is converted back to citramalyl-CoA by adding Ccl, and subsequently
to acetyl-CoA and pyruvate. The ratio of produced pyruvate/acetyl-CoA to the ingested
itaconate/citramalate was 1:1. Therefore, P. aeruginosa employs a different yet effective

method for quick itaconate breakdown and detoxification.
2.5. Hotdog fold of (R)-specific enoyl-CoA hydratases

The 'Hotdog' fold was initially discovered in the crystal structure of B-hydroxydecanoyl
thiolester dehydratase (FabA) in E. coli [110]. In this structure, the hotdog fold is created by a
long core helix that resembles a sausage wrapped by a highly curved six-stranded B-sheet
resembling a bun (Figure 2.8). This hotdog fold was found to be present in several protein
structures. These proteins participate in multiple processes such as the dehydration step of
fatty acid elongation, thioester hydrolysis, transcription regulation in fatty acid metabolism
and degradation of phenylacetic acid and environmental pollutants. The hotdog fold appears
to be intended for the binding of coenzyme A in cellular activities involving fatty acids and

related compounds.

Figure 2.8: Dimer of FabA from E. coli. (a) top view of hotdog fold (chain A: green; chain B: cyan).
(b) side view of hotdog fold showing inhibitor 3-decanoyl-NAC bound in active site, mesh
representation). Catalytic residues are in ball and stick representation. Adapted from Pidugu, L. S.,
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Maity, K., Ramaswamy, K., Surolia, N., & Suguna, K. (2009). Analysis of proteins with the ‘hotdog'
fold: Prediction of function and identification of catalytic residues of hypothetical proteins. BMC
structural biology, 9, 1-16.

The binding site of FabA showed a well-formed deep tunnel present at the subunit interface.
The tunnel is formed by residues contributed by both subunits and is hydrophobic. Hisz and
Aspgs are two catalytic residues lining this tunnel. A homodimer known as FabA consists of
two tunnels related by a two-fold symmetry. The substrate binding site is situated along the
surface of the protein. Based on sequence clustering and accessible structural and
biochemical data, they divided a vast number of proteins from prokaryotes, archaea, and
eukaryotes in this superfamily into 17 subfamilies. For every subfamily, consensus sequence
motifs were recognized. Although all of these proteins have the hotdog fold, only 10% to
20% of their sequences are identical across subfamilies. Five or six strongly curled
parallel/antiparallel B-strands are wrapped around a long a-helix to form each subunit of a
hotdog fold. Based on structural investigation, The fundamental structural unit of the hotdog
fold proteins is either a double hotdog comprised of a single polypeptide chain consisting of
two hotdog domains or a homodimer of two such subunits. The hotdog family of proteins is
classified into different sub-families.

Generally, itaconyl-coA hydratase (Ich) belongs to (R)-specific enoyl-CoA hydratases or

MaoC dehydratase-like subfamily which is summarized below.
2.5.1. (R)-specific enoyl-CoA hydratases or MaoC dehydratase-like subfamily

In fadB mutant E. coli strains, the maoC gene encodes an enoyl-CoA hydratase that
contributes to the transfer of (R)-3-hydroxyacyl-CoA from the fatty acid oxidation pathway to
polyhydroxyalkanoate (PHA) production pathways. It is present with the maoA gene in E.
coli as an operon [111]. It was recognized by its similarity to the (R)-specific enoyl-CoA
hydratase (PhaJl) of P. aeruginosa. Various bacteria produce PHAS, or polyesters of (R)-
hydroxyalkanoic acids, as an internal carbon and energy storage material during high carbon
availability. Precursors for PHA biosynthesis include enoyl-CoA, 3-ketoacyl-CoA, (S)-3-
hydroxyacyl-CoA, and intermediates of fatty acid metabolism [112]. Crystal structure of the
(R)-specific enoyl-CoA hydratase (PhaJ) from Aeromonas caviae (PDB ID: 11Q6), a
eukaryotic hydratase 2 from Candida tropicalis (PDB ID: 1PN2) and a human enzyme (PDB
code: 1S9C) showed that it also contains a hotdog fold/domain (Figure 2.9) [99].
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The enoyl-CoA hydratase activity of E. coli MaoC is most likely attributed to its C-terminal
hotdog domain. Moreover, MaoC contains an N-terminal short-chain dehydrogenase domain
that, in the presence of NADP as a cofactor, catalyzes the dehydrogenation of various
aromatic and aliphatic aldehydes. Among the four human 17 HSDs (17B-hydroxysteroid
dehydrogenase), the type 4 17 HSD catalyzes the redox processes at the site C17 of steroid
molecules in the last step of androgen and estrogen biosynthesis [113, 114]. The eukaryotic
enzyme was discovered to be a crucial component of a peroxisomal multifunctional protein
(MFE-1 in mammals and MFE-2 in fungi) [115-118]. The loop corresponding to the catalytic
histidine of the E. coli dehydratase FabA is longer by approximately 35 residues in these
structures. In 11Q6, an extra segment is known as the ‘overhanging segment’ that includes the
catalytic residues Asps1 and Hisss. The bacterial enzyme assembles as a dimer, with one
hotdog fold on each subunit. Two catalytic sites are present in these structures while
eukaryotic and human hydratases form dimers where each monomer consists of two hotdog
fold/domains and each monomer possesses one catalytic site. It has been proposed that gene
duplication gave rise to the double hotdog fold/domain of eukaryotic and human hydratase 2.
It was thought that these structures diverged during evolution to make space for large, fatty
enoyl-CoAs at the expense of one catalytic site [99, 119, 120].

chain A chain B

Figure 2.9: Structures of (R)-specific enoyl-CoA hydratases from Aeromonas caviae (PDB ID:
11Q6) and human (PDB ID: 1PN2). Structural representations were made through Pymol.
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All these proteins showed hydratase activities with different substrate specificities.
Depending on the length of the fatty acyl chain of enoyl-CoAs, the activity of different (R)-
hydratases (PhaJ) such as Phal1-Phal4 of P. aeruginosa varied [121]. Only short-chain
enoyl-CoAs (C4—C6) were shown to be active by Phall, but PhaJ2-Phal4 can operate on
longer enoyl-CoAs (C8-C12).

Crystal structures of other enoyl-CoA (R)-hydratases such as FAS | synthase of Thermomyces
lanuginosus (PDB ID: 2UV9 and 2UVA) and yeast (PDB 1D: 2UV8) are reported at 3.1A
resolution [122, 123]. These two enzymes present as a6B6 dodecamers, in contrast to the
homodimeric mammalian enzymes. The distinct triple hotdog fold is seen in the dehydratase
domain situated on the beta subunit. The first and third hotdog folds form pseudodimers and
share structural similarities with the double hotdog fold-containing eukaryotic hydratase 2
enzyme. The second hotdog domain is inserted in the long loop connecting the first and third
hotdog domains in the same manner; the domains in the double hotdog fold structures are
connected. In contrast to the normal hotdog domain discussed here, the central helix of this

domain is substantially shorter and oriented differently.
2.6. Transcription factors controlling virulence in bacteria

DNA-binding transcription factors (TFs) are essential for regulating the pathogenicity and
adaptability of pathogenic microorganisms. The genome of P. aeruginosa contains 371
putative TFs from 29 families including GntR family (23 TFs), OmpR family (24 TFs), TetR
family (23 TFs), Arc family (56 TFs), LysR family (113 TFs), and LuxR family (30 TFs)
[124]. Patients with cystic fibrosis (CF) experience a rapid decline in lung function and,
consequently, a higher risk of death from infection in their respiratory system [125, 126].
Many studies have been conducted on the pathogenicity of P. aeruginosa infection in CF
patients, specifically focusing on biofilm development and quorum sensing (QS) regulated
virulence [127-129]. However, the contribution of P. aeruginosa nutrients that aid in high-
cell density (HCD) reproduction during lung infection has received less attention. Prior
research demonstrated that P. aeruginosa can replicate HCD to a concentration of >109
CFU/ml in the lungs of CF patients [55, 130]. Replication of HCD requires a lot of energy
and efficient nutrient acquisition and metabolism. However, data demonstrated that lipids and
amino acids produced from proteins or polypeptides are the nutrients in the lung environment
that support P. aeruginosa HCD growth and maintenance in vivo [131-133]. An in vitro

study showed that P. aeruginosa displays directed twitching motility to phosphatidylcholine
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(PC) and phosphatidylethanolamine (PE) [134]. The essential lung surfactant that covers the
lungs of mammals is made up of 90% lipids and 10% protein. In contrast,
phosphatidylcholine (PC) accounts for about 80% of lung surfactant lipids [135, 136].
Therefore, PC, the most prevalent lipid in lung surfactants, might significantly contribute to

the in vivo proliferation of HCD bacteria.

A sputa study from CF patients showed that P. aeruginosa produced lipases and
phospholipase C (heat-labile hemolysin) that breakdown exogenous PC into three
components: a phosphorylcholine headgroup, two long-chain fatty acids (LCFAs) and
glycerol [55]. The choline (bet), fatty acid degradation (Fad), and glycerol (glp) pathways,
respectively, can further metabolize these three metabolites. P. aeruginosa has a well-
characterized metabolism of glycerol and choline [137, 138]. However, further research is
needed to completely understand how P. aeruginosa breaks down LCFA and the genes

involved in this process.

The enzymes responsible for the breakdown of fatty acids in E. coli were thoroughly studied.
These enzymes are 3-ketoacyl-CoA thiolase (FadA), 3-hydroxyacyl-CoA dehydrogenase
(FadB), fatty acyl-CoA synthetase (FadD), an acyl-CoA dehydrogenase (FadE) and an enoyl-
CoA hydratase [139, 140]. In response to long-chain acyl-CoAs, the transcriptional regulator
FadR, a member of the GntR family, coordinately controls genes in enteric bacteria that are
involved in the breakdown and production of fatty acids [141, 142]. Furthermore, FadR plays
a role in controlling virulence factors in pathogenic bacteria, including Salmonella, Vibrio
cholerae, and enterohemorrhagic E. coli (EHEC) [143, 144]. Six fadD and five fadBA
homologs are present in P. aeruginosa, which are identified as fadD 1, 2, 3, 4, 5, 6 and
fadBA 1, 2, 3, 4, 5, respectively. Among those genes, fadD1, 2, 4, and fadBA1, 4, and 5 are
important for the fitness of bacteria and the breakdown of fatty acids in a mouse lung

infection model.
2.6.1 General features of TetR Family Regulators (TFRs)

One substantial and significant family of single-component signal transduction systems is the
TetR family of regulators (TFRs). The sensory and output functions are found on the same
polypeptide in one-component systems, whereas they are found on different polypeptides in
two-component systems. One-component systems are far more common in prokaryotes than
two-component systems [145]. The most well-known function of these family members is to

act as regulators of antibiotic efflux pumps. Members that have been characterized are known
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to interact with a wide variety of ligands and regulate multiple aspects of bacterial
physiology. An N-terminal DNA binding domain and a large C-terminal domain make up all
TetR family regulators (TFRs). The proteins act as dimers and are almost entirely helical in
shape. The C-terminal domains typically bind with one or several ligands, which further
modifies the capacity of the regulator to bind its cognate DNA. Many TFRs function as
repressors, just like TetR. Nevertheless, there are significant outliers that function as
activators or in other capacities unrelated to transcription. TetR, the protein component that
controls and induces tetracycline resistance [146]. In the 1980s, the tetR sequence and many
of the molecular features of the control of tetracycline resistance were elucidated [147-150].
We now understand that TetR is the repressor of the tetracycline efflux pump that TetA
encodes. When tetracycline is not present, two TetR dimers attach to operator sequences that
overlap in the intergenic space between the differently transcribed tetR and tetA genes.
Tetracycline binds to TetR directly when it is present, locking it in a conformation that is
unsuitable for DNA binding [151]. This enables tetR and tetA transcription.

More than 240 TFRs were partially described, and 25% of the TFR family members share
their well-established function as regulators of antibiotic efflux [152]. Other TFRs that we are
aware of include those that act as global or local regulators (AmtR), repressors and activators

(DhaS and PvrA), and interact with protein or small-molecule ligands (SImA).

Pseudomonas aeruginosa PAO1 and the multidrug-resistant taxonomic outlier PA7 have 36
TFRs in common, and a study of their TFRs revealed that TFRs specific to each strain might
be involved in the variations in virulence seen between these two strains. The PAO1 strain of
P. aeruginosa encodes five TFRs which are absent in PA7 (PA1241, PA1290, PA2020,
PA2766, and PA2931), whereas PA7 strain encodes two TFRs that are not present in PAO1
(PSPA7_2630 and PSPA7_4004). The MexXY antibiotic resistance efflux pump is known to
be regulated by MexZ encoded by PA2020 [153].

Numerous TFRs bind palindromic DNA operator sequences, which are frequently repeated.
However, it is frequently challenging to anticipate operator locations for TFRs with unknown
functions. A palindrome may be absent in many instances or exist upstream of genes
encoding TFRs or projected targets that do not interact with the corresponding TFR in other
circumstances. Occasionally, these might serve as binding locations for additional

transcription factors.
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2.6.2. TFRs in lipid metabolism

The biosynthesis of fatty acids and polyketide antibiotics shares several similarities. As
previously mentioned, TFRs play a role in controlling resistance to a variety of polyketide
antibiotics, such as tetracycline. TFRs are also important regulators of the metabolism of
sterols and other lipid molecules, including fatty acids. C. glutamicum produces the lipid
biosynthesis regulator FasR. The expression of 17 genes including fasA, fasB, accB, accC,
and accD1 were varied in a fasR mutant. Furthermore, it was shown that the fasR mutant had
differential expression of two additional TFRs, one of which, Clg1640, might potentially be
involved in fatty acid metabolism. Clg1640 is present in Pseudonocardia autotropica in a
group that also has FadR. FadR regulates an operon involved in the breakdown of fatty acids
in P. autotropica [154]. Though many TFRs are known to be involved in fatty acid
breakdown, FasR is currently the only known TFR engaged in fatty acid production. Long-
chain fatty acyl-CoAs are recognized by FadR from B. subtilis, which also controls five
operons necessary for fatty acid breakdown [155]. Fad35R and Mce3R are two TFRs known
to be involved in lipid metabolism in M. tuberculosis. When fatty acid derivatives are
present, Fad35R regulates the production of an acyl-CoA synthetase encoded by Fad35 [156].
The transcription of the virulence-related mce3 locus and other genes necessary for fatty acid
breakdown is repressed by Mce3R. DesT from P. aeruginosa and FabR from E. coli control
distinct pathways that are part of the same general physiological process such as fatty acid
saturation (Fig. 2.10). Unsaturated fatty acid synthesis depends on fabA and fabB, whose
expression is controlled by FabR [157]. The genes that encode FabA, FabB, and FabR are
dispersed throughout the chromosome, and in contrast to most TFRs, FabR is not
autoregulatory [158]. Saturated thioesters were shown to disrupt the FabR-DNA interaction
while unsaturated thioesters such as acyl-ACP or acyl-CoA were found to increase binding
[158]. Similar ligand binding patterns are seen in DesT, where DNA binding is facilitated by
unsaturated acyl-CoAs and inhibited by saturated acyl-CoAs [159]. DesT controls the
expression of desB and desC which are transcribed from desT in different directions [159].
One acyl-CoA desaturase and one reductase are encoded by the desB and desC genes,
respectively. While FabR controls the synthesis of unsaturated fatty acids, DesT controls the

gene products needed to desaturate preformed acyl chains.
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Figure 2.10: Structure of TetR family regulator (DesT). (@) Dimer of DesT in complex with
palmitoyl-CoA. Both chain A (green) and chain B (cyan) consist of conserved N-terminal H-T-H
DNA binding motifs. (b) DesT bound with its cognate DNA duplex (blue). Structural representations
were made through Pymol.

PvrA (the Pseudomonas virulence regulator) is a transcriptional regulator that is a member of
the TetR family, which typically functions as a repressor of gene expression. PvrA stimulates
the production of the plcH phospholipase gene similarly to gbdR, but only in response to fatty
acyl-CoAs like palmitoyl-CoA [160, 161]. PvrA is an important component of lung surfactant
and one of the major carbon sources for P. aeruginosa during lung infection. It links
virulence to the metabolism of phosphatidylcholine and long-chain fatty acids. PvrA
stimulates the synthesis of pyocyanin and rhamnolipids via increasing transcription of the
PQS biosynthetic operons of pgsABCDE and phnAB. This is in addition to directly
regulating the expression of several metabolic genes and aprA alkaline protease. In addition,
it suppresses the expression of phaG, which codes for a protein that transforms 3-
hydroxyacyl-acyl carrier protein (ACP), the substrate needed to produce rhamnolipids, into
polyhydroxyalkanoate energy-storing molecules [160]. PvrA thus functions as a switch that
directs the synthesis of rhamnolipids rather than energy storage from the utilization of 3-
hydroxyacyl-ACP. As a result, it was demonstrated that a pvrA mutation dramatically

decreased P. aeruginosa colonization and survival in mouse lungs.

Page | 40



Chapter 3

General Methodology
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3. General Methods
3.1. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

According to Laemmli method, protein samples were separated based on their molecular
mass in SDS-PAGE [162].

Stock solutions:

30% (w/v) acrylamide mix: Dissolve 29.2 gm of acrylamide (SRL; 3x crystal Cat. No.-
61346) and 0.8 gm N, N- methylene -bis-acrylamide (SRL 3x crystal; Cat. No.- 38516) in 30
ml of distilled water. The volume was made upto 100 ml with distilled water.

Separating buffer or resolving buffer: By dissolving 18.13 grams of Tris base (SRL; Cat.
No0.-71033) in 90 ml of distilled water, 1.5 M Tris-HCL, pH 8.8 was created; 0.4 gm of SDS
(SRL; Cat. No.- 54468) was added; the pH was then adjusted to 8.8 with 3M HCL. Distilled
water was used to get the final volume upto 100 ml.

Stacking buffer: 6 grams of Tris base were dissolved in 80 ml of distilled water to create 0.5
M Tris-HCL, pH 6.8.; 0.4 gm of SDS was added. Next, using 3M HCL to bring the pH down
to 6.8, the final volume was increased to 100 ml using distilled water.

Ammonium persulfate solution (APS): Dissolve 0.3 gm of ammonium persulfate (SRL Cat.
No.- 65553) in 1.5 ml of distilled water.

TEMED- N,N,N,N-Tetramethyl Ethylenediamine (SRL Cat. No.- 84666).

Working solutions:

Table 3.1: Resolving gel buffer solution

Components Composition
8% 10% 12% 15% 20%
Distilled water 3.86 ml 3.33ml 2.8 ml 2ml 1.66 ml
30% (w/v) 2.14 ml 2.67 ml 3.2ml 4 ml 5.34 ml
acrylamide mix
Resolving buffer 2ml 2ml 2ml 2 mi 2 mi
20% APS* 30 ul 30 ul 30 ul 30 ul 30 ul
TEMED* 18 ul 18 ul 18 ul 18 ul 18 ul
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Table 3.2: Stacking gel buffer solution
Components Composition
5%
Distilled water 1.112 mi

30% (w/v) acrylamide mix 200 pl

Stacking buffer 187 ul
20% APS* 6 ul
TEMED* 6 ul

*APS and TEMED were introduced to every solution before polymerization process.
SDS gel electrophoresis buffer: 25 mM Tris base (SRL, Cat. No.- 71033), 190 mM glycine
(SRL, Cat. No.- 25853) and 0.1% SDS (SRL, Cat. No.- 54468) was made by dissolving:
e Tris-base - 3.0 gm
e Glycine -14.3gm
e SDS-1.0gm
Distilled water was added to get a final volume of 1000 ml.
SDS sample gel loading buffer: 0.1 M Tris-HCL, 0.025 M dithiothreitol (DTT), 50%
glycerol, 10% SDS and 0.025% bromophenol blue was made by dissolving:
e Stacking buffer solution — 0.5 ml
e DTT-48mg
e Glycerol — 1.25 mi
e SDS - 240 mg
e Water—0.75ml
e Bromophenol blue (12.5%) — 5 ul
This buffer was stored at -20° C.
Procedure:

Polymerization: gel electrophoresis was carried out in vertical gel electrophoresis apparatus

(Tarsons). The whole casting assembly was set up at first. Stacking gel solution was loaded
into the apparatus first and kept for around 20 minutes for solidifying. The resolving gel
solution at required percentage was then added with a 0.75 mm thick 10-well teflon comb and
kept for solidifying for around 20 minutes. Later, the comb was removed and the casting
assembly was placed in an electrophoresis buffer chamber which was further filled up with

gel electrophoresis buffer.
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Sample preparation: Complete denaturation was achieved by boiling protein samples in a

water bath for three minutes after mixing them with one-fifth of their volume of SDS sample
gel loading buffer.

Sample loading and electrophoresis: Different protein samples were loaded into individual

wells with a standard protein marker. Then electrophoresis was carried out at a constant
voltage of 100 volts and 16 ampere current until the bromophenol blue dye front reached the
baseline.

Protein staining and destaining:

Staining solution: 0.3 grams of brilliant blue R250 were dissolved in 100 ml of destaining
solution to create 0.3% staining solution. The solution was then filtered and stored in a bottle.
Destaining solution: 50% methanol, 10% acetic acid, 40% water.

Procedure: After electrophoresis, gels were placed in staining solution and gently shaken for
15 minutes. Then excess staining solution was discarded and gels were destained by
destaining solution until the background stain was sufficiently clear to visualize the protein

bands. After that, gels were transferred to distilled water.

3.2. Protein concentration estimation

The concentration of purified protein was estimated by Folin lowrey method as described in
the protocol given by Waterborg et al. [163]. Estimation of protein concentration was also
done by taking absorbance at 280 nm. 2 pl of purified protein sample mixed with 998 pl of

buffer and absorbance was read at 280 nm in a spectrophotometer with a reference sample.

Concentration was estimated by the equation given below:

C = (A/el) x Df x 108

Where,

C = Concentration of protein in uM

A = Absorbance at 280 nm

€ = Molar absorption coefficient of protein
| = Path length (1 cm in all cases)

Df = dilution factor (here 200 in all cases)
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3.3. Agarose gel electrophoresis

e Ethidium bromide (EtBr) solution: A stock solution containing 10 mg/ml of ethidium
bromide was obtained from Sigma (Cat. No. E1510).
e DNA gel loading dye (5X): Add 25 mg bromophenol blue (Sigma; Cat. No.- B5525),
25 mg Xylene Cyanol FF (Sigma; Cat. No.- X4126), and 3.3 ml glycerol in distilled
water. The final volume was adjusted upto 10 ml and stored at -20°C.
e 50X Tris-acetate EDTA (TAE) running buffer: Add 242 gm of Tris base and 57.1 ml
of acetic acid in 700 ml distilled water. The final volume was adjusted up to 1000 ml.
No need to adjust the pH of the solution.
Procedure: Agarose gel electrophoresis was used to visualize the DNA. 1% (w/v) powdered
agarose was dissolved in 1X TAE buffer upon gentle heating. Then, it was cooled to around
60°C and 0.2-0.5 pg/ml of EtBr (10mg/ml) solution was added followed by proper mixing.
The agarose solution was immediately poured onto a pre-set electrophoresis chamber
including a comb. The whole setup was kept for around 30 minutes to solidify.
The comb was removed from the agarose gel and gel was immersed in electrophoresis
running buffer. DNA samples were mixed with DNA gel loading dye, and loaded into
individual wells. A 1-5 V/cm voltage was applied, and wells were placed near the cathode so
DNA could migrate towards anode. The gel was run until the baseline was reached by xylene
cyanol and bromophenol blue. The gel was taken out from the tank and examined with a UV

transilluminator.
3.4. Purification of PCR products

The PCR clean up kit (Qiagen; Cat No.- 28104) was used for this purpose.

Kit contents: PCR clean-up columns with collection tube, Nucleic acid binding buffer and
Washing buffer.

Procedure:

1. 5 volumes of nucleic acid binding buffer were added to PCR reaction sample and mixed
properly.

2. The mix was transferred to a PCR clean-up column, and centrifuged for 1 min at 13,000
rpm.

3. After adding 750 pl of wash buffer to the column, it was centrifuged at 13,000 rpm for 1
minute. After discarding the flow through, centrifugation was done at 13,000 rpm for 1

minute.
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4. 30 pl of elution buffer (10 mM Tris; pH 8.0) was added to the column and kept for 5
minutes. Eluant containing PCR product was centrifuged for 1 min at 13,000 rpm and

collected in a fresh tube. The PCR purified product was then stored at -20°C.
3.5. Purification of DNA fragments by gel extraction method

The gel extraction kit (Qiagen; Cat. No. 28704) was used for this purpose.

Kit contents: GenElute binding column G, Gel solubilization solution, Washing buffer, and
elution buffer.

Procedure:

1. The desired DNA fragment was removed from the agarose gel using a sterile and sharp
scalpel.

2. The gel slice was weighed. One volume of gel (100 mg gel ~ 100 ul) was mixed with three
volumes of gel solubilization buffer. Incubated the gel slice at 50-55°C for 10 minutes and
vortexed the tube every 2-3 minutes intervals.

3. 1 gel volume of 100% isopropanol was added and mixed properly. Sample was moved to
the binding column and centrifuged at 13,000 rpm for 1 minute.

4. After discarding the flow through, 750 pl of wash buffer solution was added, and
centrifugation was run for one minute at 13,000 rpm. After discarding the flow through, any
remaining wash solution was eliminated by centrifuging it once more for a minute at 13,000
rpm.

5. 30-35 pl of elution buffer was added and incubated for 5 minutes. Eluant was collected in a

fresh tube.
3.6. Preparation of competent E. coli cells

E. coli DH5a or any other strain was grown overnight in Luria broth at 37°C. 1% of this
inoculum was added to sterile 100 ml Luria broth. The growth of the cells was maintained at
37°C until the O.D.g0o reached 0.3-0.4. Cells were then pelleted down at 4,000 rpm for 15
minutes at 4°C. All following steps were accomplished at 4°C. Cells were resuspended in 100
mM MgCl with gentle mixing and centrifuged for 15 minutes at 3,500 rpm. Cells were then
resuspended in 100 mM CacCl. with gentle mixing and incubated at 4°C for 20 minutes. Cells
were pelleted down at 3,500 rpm for 15 minutes and resuspended with solution made up of
85 mM CacCl; and 15% glycerol. Cell pellets were dissolved properly and centrifuged for 15
minutes at 3,000 rpm. Resuspended cells with 2 ml of 85 mM CaCl, and 15% glycerol
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solution and mixed gently. Later, ~50 ul of cell resuspension was aliquoted in a microfuge

tube and kept at -80°C for long-term storage.
3.6.1. Transformation of competent E. coli cells

For each transformation, DNA (60-70 ng) was added to a tube containing ~50 pl of
competent cells and kept in ice for ~15 minutes. The tube was then placed in a water-bath
preheated at 42°C for 90 seconds followed by snap-chilling in ice for 5 minutes. The vial was
then filled with 1 ml of Luria broth, grown at 37°C shaker for 1 hour. Cell suspension was
pelleted down at 5,000 rpm for 15 minutes and 50-100 pl of culture was then plated on Luria
agar plates containing appropriate antibiotics. The plate was then kept in an incubator at 37°C

in an inverted position for overnight.
3.7. Isolation of Plasmid DNA

Plasmid DNA was isolated by Qiagen Spin Miniprep kit (Cat. No. 27104).

Procedure:

1. 1-3 ml of overnight culture was centrifuged at 7,000 rpm for 5 minutes in a microfuge
tube.

2. After discarding the supernatent, 250 ul of cell resuspension solution was added and mixed
properly.

3. 250 pl of lysis solution was added to the tube and inverted it for 3-4 times. Then, 350 ul of
neutralization solution was added, inverted the tube for 3-4 times. Centrifuged the tube for
13,000 rpm for 10 minutes.

4. The supernatant was placed in a Qiagen binding column and centrifuged for 1 minute at
13,000 rpm.

5. After adding 750 pl of wash solution to the column, it was centrifuged for 1 minute at
13,000 rpm. To remove any residual wash solution, centrifuged the column again at 13,000
rpm for 1 minute.

6. 30-40 ul of elution buffer was added to the tube and collected in a fresh tube after
centrifugation at 13,000 rpm for 1 minute. For later usage, DNA was kept in storage at -20°C.

3.8. Protein expression and purification methods:

To express the desired protein, the positive clone of the recombinant plasmid was introduced

into E. coli BL21 competent cells.
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3.8.1. Induction and solubility test

To check the expression of desired protein, a single colony was inoculated into a 5 ml
primary culture and was grown at 37°C overnight in a shaking condition. Another 6 ml
secondary culture was given from primary culture and was grown at 37°C until O.D.s00
reached 0.5-0.6. 1 ml of culture was taken in a fresh microfuge tube denoted as an
‘uninduced’ culture for control and 1 mM of IPTG was given in the rest of the culture for
induction. Both cultures were grown at 37°C until O.D.eo0 reached 0.5-0.6. Cultures were
harvested at 7,000 rpm for 5 minutes. 5 ml of sonication buffer was added to both uninduced
and induced cultures and resuspended properly. Both cultures were sonicated for cell lysis
and centrifuged at 12,000 rpm for 45 minutes. SDS-PAGE gel was used to analyze the protein

expression and solubility of the supernatant and pellet fractions.
3.8.2. Immobilized metal affinity chromatography (IMAC)

N-terminal or C-terminal Hiss-tagged proteins were purified first through Ni?*-NTA
(nitrilotriacetic acid) affinity chromatography method. Overnight large culture (500-1000 ml)
grown at 37°C were harvested at 7,000 rpm for 5 minutes. All necessary following steps were
performed at 4°C. For lysis, the cell pellet was resuspended in sonication buffer and subjected
to sonication. The supernatant was loaded onto pre-equilibrated column containing Ni?*-NTA
beads and incubated at 4°C for 15 minutes with intermittent mixing. Flow through was
passed out from the column, wash 1 buffer was added and flow through was passed out. In
addition, wash 2 buffer was also added and flow through was passed out. Finally, elution
buffer was added to the column and incubated at 4°C for 15 minutes. After the eluate was

collected in a new tube, an SDS-PAGE gel analysis was used to determine its purity.
3.8.3. Size-exclusion chromatography

This step is required for further polishing of desired protein. After IMAC purification, protein
sample was loaded onto Superdex 200 16/600 prep-grade column which was pre-equilibrated
with gel filtration buffer. Desired protein and any other contaminant proteins were separated

based on their size and further analyzed for purity by SDS-PAGE gel.
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Structural and Functional Insights
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4.1. Introduction

In the current worldwide scenario, an increasing number of multidrug-resistant (MDR)
organisms are a major health concern for treating the severity of diseases in our society.
Among them is Pseudomonas aeruginosa, an opportunistic gram-negative bacteria that
causes acute or persistent infections in immunocompromised people suffering from sepsis,
burns, trauma, cancer, and chronic lung illnesses [164, 165]. To cause infection, it secretes
some virulence factors either extracellularly or by specialized secreting machinery into host
cells. These virulence factors then modulate the host immune response by targeting some
essential proteins or immunomodulatory substances in the host cells [166]. It ultimately led to
downregulating the defensive mechanism and maintaining bacterial proliferation and

dissemination in eukaryotic cells [167, 168].

To overcome infection by these virulence factors, phagocytic cells like macrophages act as a
secondary line of defense against invading pathogens in eukaryotic host cells. Over many
secretory substances, they secrete some antimicrobial products at the infection site, inhibiting
specific biological processes in pathogenic bacteria. Of them, itaconic acid (methylene
succinic acid), an unsaturated 1,4-dicarboxylic acid is also known as a potent inhibitor of
isocitrate lyase of bacterial glyoxylate cycle which is required for the assimilation of acetyl-
CoA as a carbon source for bacteria upon degradation from fatty acids [69, 79, 169]. Many
pathogenic bacteria like Pseudomonas spp., Yersinia spp., Micrococcus spp., and Salmonella
spp. used itaconate as a sole carbon source and catabolized it into acetyl-CoA and pyruvate
for their survival in human host cells [88-90]. In this itaconate catabolic pathway, succinyl-
CoA:itaconate CoA transferase (Ict) first activates itaconate to its corresponding CoA-ester
(itaconyl-CoA), then (R)-specific itaconyl-CoA hydratase (Ich) hydrates itaconyl-CoA to (S)-
citramalyl-CoA and at last (S)-citramalyl-CoA lyase cleaves (S)-citramalyl-CoA into acetyl-
CoA and pyruvate (Figure 4.1) [53]. Later, Zrieq et al. called this gene product PA14_52910
(Palch) as Pseudomonas aeruginosa effector candidate 1 (Pecl) based on showing virulence
in eukaryotic host cells [170]. Thus, previous literature showed the crucial role of Palch in

itaconate degradation pathway as part of bacterial defense weaponry against macrophages.

Despite this significance, structural and mechanistic insights into Palch and hydration of
itaconyl-CoA remain undetermined. Here, in this present study, we report the first three-

dimensional structure of Palch at 1.98 A resolution. The crystal structure of Palch shows that
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Figure 4.1: Schematic representation of itaconate catabolic pathway and corresponding genetic
constituents of P. aeruginosa. (a) Itaconate degradation pathway showing conversion of itaconate to
pyruvate and acetyl-CoA. ltaconyl-CoA hydratase (Ich) from P. aeruginosa also known as Pecl
catalyzes the conversion of itaconyl-CoA to citramalyl-CoA by addition of H20. (b) Corresponding
gene clusters of itaconate degradation pathway.

it is dimeric in nature confirmed by also in-solution by mass spectrometry analysis. The
structure resembles MaoC-like hydratases/dehydratases consisting of N- and C-terminal
domains connected by a long stretch of flexible loop. In addition, we found that it shows a
significant binding affinity towards acetoacetyl-CoA like in crotonase and mitochondrial

enoyl-CoA hydratase of bovine and rat liver respectively [171, 172].
4.2. Materials and Methods
4.2.1. Cloning, expression and purification

Itaconyl-CoA hydratase (Palch) was cloned, heterologously produced and purified to extreme

homogeneity prior to crystallization. Full-length gene was amplified using Ndel and BamH1
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as restriction sites and the following primers used in this study are 5'-
TGCCATATGAGTGAGTCCGCTTTCGCC-3'  as forward  primer  and 5'-
ATTGGATCCTTAGTCGAATTCCACGTCGCC-3' as reverse primer. The PCR product was
cloned into N-terminal Hise-tagged pET28a vector (Novagen) using the same restriction site.
This recombinant plasmid was then transformed into chemically competent BL21 (DE3) cells
(Thermo Fisher Scientific). Culture was grown in 500 ml of LB supplemented with 50 mg/ml
(final conc.) kanamycin at 37°C in a continuous shaking condition until the O.D. reached
~0.6-0.8. After that, 0.5 mM IPTG was added to the culture for induction and shaken
overnight at 37°C. Cells were harvested at 6000 rpm for 10 min and pellets were dissolved in
re-suspension buffer (50mM Tris; pH 8.0, 150 mM NaCl, 5 mM Imidazole and 5% glycerol)
with 1 mM PMSF prior to sonication. Lysed cells were then centrifuged at 12,000 rpm for 1
hour and the supernatant was then loaded into Ni?*-NTA column which was pre-equilibrated
with equilibration buffer (50 mM Tris; pH 8.0, 150 mM NaCl, 10 mM Imidazole and 5%
Glycerol). 1 column volume of wash 1 buffer (50 mM Tris; pH 8.0, 150 mM NaCl, 35 mM
Imidazole and 5% Glycerol) followed by 3 ml of wash 2 buffer (50 mM Tris; pH 8.0, 150
mM NaCl, 50 mM Imidazole and 5% Glycerol) was added. After washing, protein was eluted
with elution buffer (50 mM Tris; pH 8.0, 150 mM NaCl, 250 mM Imidazole and 5%
Glycerol). Eluted protein was dialyzed against dialysis 1A buffer (50 mM Tris; pH 8.0, 150
mM NacCl, and 5% Glycerol) for 3-4 hrs. and then it was shifted to dialysis 1B buffer (50 mM
Tris; pH 8.0, 150 mM NacCl, and 5% Glycerol) for another 9-10 hours. The protein was then
loaded into Hiload 16/60 Superdex 75 prep grade column pre-equilibrated with gel filtration
buffer (50 mM Tris; pH 8.0, 150 mM NacCl, and 2% Glycerol). Eluted protein was collected
and concentrated in a 30 kDa cut-off spin concentrator until the concentration reached ~13
mg/ml. The purity of protein was then checked by SDS-PAGE analysis.

4.2.2. Crystallization, data collection and processing

Purified protein was crystallized in sitting drop vapour-diffusion method. Initial crystal hit
was obtained in 20% PEG 3350, 200 mM KNOs of Wizard 3 screen and crystals appeared in
a thin plate-like morphology stacked one after another. The whole setup was incubated at
20°C. Single and large crystals were grown in 3-4 weeks and obtained in 22% PEG 3350,
220mM KNOz. Datasets for both native and heavy atom derivatives were collected in Bruker
D8 Venture using Cu K, source (~1.54 A) and Photon I1l CCD detector was used here for
collecting frames (Table 4.1). The data were integrated and scaled in Proteum 3 software and

were found to belong to space group P1 with unit cell parameters a=65.312 A, b= 66.197 A,
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c= 77.462 A, a= 102.45°, B= 95.07° and y=101.06°. Matthew’s coefficient of 2.57A%/Da

assumed that there are four copies present in each asymmetric unit and the solvent content is

52.2%. Initially, the coordinates of heavy atom positions and occupancies were calculated in

Phenix by Hyss method [173, 174]. Estimation of phasing power was calculated by Autosol

and initially, the model was built by Autobuild in Phenix respectively [175-177]. Successive

model building and refinement were done in Coot and Phenix respectively [178]. Structure-

based sequence alignment was done by DALI analysis [179]. All structural representations

were made through Pymol. The atomic coordinates for Palch have been deposited in the

Protein Data Bank (PDB ID: 8HUC).

Table 4.1: Data collection and Refinement Statistics

Dataset Native KAUCN HgCl: C2HsHgCI
Data collection and phasing
statistics
Wavelength (A) 1.54 1.54 1.54 1.54
Resolution range (A)? 31.76-1.98 27.60-1.66 27.89-3.27 27.60-3.01
(2.05-1.98) (1.71-1.66) (3.39-3.27) (3.12-3.01)
Spacegroup P1 P1 P1 P1
Unit cell dimensions a=65.31, a=65.43, a=65.39, a=65.38,
(a,b,c=A; a,B,y=°) b= 66.19, b=66.18, b=66.40, b=66.08,
c=T77.46, c=77.60, c=77.43, c=77.34,
a=102.45, a=102.46, a=102.49, a=102.78,
B=95.07, =95.04,and p=95.13,and B=95.09, and
and v=101.08 y=101.29 y=101.20
v=101.06
Total reflections? 1608435 1279481 550217 528740
(54330) (9533) (45323) (47828)
Unique reflections? 83791 137054 18987 (1830) 24258 (2396)
(7025) (7165)
Redundancy 19.2 9.3 29.0 21.8
Completeness (%)? 98.2 (82.6) 93.0 (48.6) 99.6(96.0) 99.8(98.2)
Overall I/6® 18(1.5) 9.8(2.6) 20(8.7) 28(12)
Rimerge (%0)° 12.7(12.3) 17.5(69.5) 18.7(40.6) 10.4(20.5)
Refinement statistics
Resolution range (A) 31.76-1.98
Number of used 77191
refelections
Rwork (%) 18.22
Riree (%) 22.06
Total number of atoms 17191
Protein 16186
Water/glycerol/KNOs 982/7/14
Average B-factors (A?) 34.0

Root mean square deviations
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Bonds (A) 0.012

Angles (°) 1.168
Ramachandran plot

Most favoured region 97.74

(%)

Ramachandran outliers 0.20

(%)

a Values in parentheses refer to the highest resolution shell.
4.2.3. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) was performed using Microcal VP-ITC 200 (Malvern)
with a cell volume of 350 pl. Acetoacetyl-CoA (syringe) at 45 uM was titrated against 1.75
uM of Palch (cell) with a stirring speed of 300 rpm using titration buffer (25 mM Tris; pH
8.0, 150 mM NacCl) at 25°C. A total of 28, 10 ul injections were made every 180 seconds.
The raw data was analyzed in ORIGIN software [180].

4.3. Results
4.3.1. Biochemical analysis of Palch

Full-length N-terminal Hise-tagged Palch (~32 kDa) was heterologously produced in E. coli
and purified to apparent homogeneity using affinity chromatography method. The purity of
eluant after affinity chromatography method was further analyzed by SDS-PAGE. The
protein eluted as a dimer (~64 kDa) in size exclusion chromatography method. The
biologically active form of Palch presented as a dimer which was also confirmed by mass
spectrometry analysis (Figure 4.2).
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Figure 4.2: Mass-spectrometry analysis of Palch. The molecular weight of Palch was calculated
from two respective peaks (value shown in red) using the formula:

a. p=m/z where, p1 = 32643.716 and p, = 65278.450

b. p1 = (M+z1)/a m = total mass of an ion, z = total charge, M; = average

mass of protein
C. p2 = [M+(z1-1))/(z1-1)] hence, Calculated mass = 65285.432 kDa
4.3.2. Overall structure of Palch

Here, we report the first crystal structure of itaconyl-CoA hydratase from P. aeruginosa
(Palch) at 1.98 A resolution. Initially, the phase retrieved by molecular replacement method
was not successful because of very low sequence similarity (<20%) with other
hydratases/dehydratases classes of enzymes. Eventually, multiple isomorphous replacement
with anomalous scattering (MIRAS) method was used to solve the structure using heavy-
atom derivatives (Au and Hg). The more detailed structural statistics of native and heavy-

atom derivatized crystals are summarized in Table 4.1. The crystallographic asymmetric unit
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(ASU) of Palch consists of four copies (chains A, B, C and D) of a monomeric unit.
Therefore, two dimers (A-C and B-D) are present in one asymmetric unit, where each dimer
represents one biologically active form (Figure 4.3a, b). In ASU, two dimers are oriented at
90° to each other and each monomer of this dimer is related to each other by 2-fold
symmetry. The overall structure of Palch resembles the structure of MaoC-like
hydratases/dehydratases (PDB ID: 1PN2, 3KH8, and 517N) composed of two domains, the
N-terminal half and the C-terminal half connected by an intervening bridge (Figure 4.3c).
Moreover, C-terminal domain of Palch was found to be similar to other (R)-specific enoyl-
CoA hydratases/dehydratases whereas N-terminal domain was shown to be different. The
R.M.S.D. values of structural superposition of N-terminal domain of Palch with other (R)-
specific enoyl-CoA hydratases/dehydratases such as 1PN2, 3KH8, and 517N are 2.03, 0.97
and 1.11 A respectively.

Each domain of Palch consists of 2-4 o-helices and 5-6 continuous parallel B-strands
comprising a [-sheet scaffold. This B-sheet scaffold of both N- and C-terminal domains
provide the main architectural framework for each monomer. The N-terminal end of Palch
consists of an overhanging segment of 3-7 residues followed, by first strand of B-sheet
scaffold. Each B-sheet scaffold of N- and C-terminal domains is represented as a bun of the
so-called ‘hotdog fold” which was seen in other hotdog folds containing (R)-specific enoyl-
CoA hydratases/dehydratases (PDB ID: 1PN2, 3KH8, and 517N) [110, 119, 181-184]. A long
central helix al13 (Gly207-Alazo1) represented a sausage which was properly wrapped up by
the C-terminal B-sheet scaffold constituting the C-terminal hotdog fold. In contrast, a very
short helical segment a3 (Trps7-Alaso) which we termed an ‘eaten sausage’, is not properly
bound by a B-sheet scaffold comprising the N-terminal hotdog fold. The structural framework
of C-terminal hotdog fold is very similar to other DHF (PDB ID: 1PN2, 3KH8, and 4E3E)
and also SHF-containing (R)-specific enoyl-CoA hydratases/dehydratases (PDB ID: 11Q6,
and 5CPG). In contrast to C-terminal hotdog fold, N-terminal hotdog fold of Palch has
distinguished characteristic features [99, 119, 185, 186]. A long flexible loop (Phesi-Argro)
(average b-factor 45.08 A?) connects helix o3 (eaten sausage) to the succeeding B5 strand of
N-terminal domain. An extra short helix 04 (Alasg-Glyso) is observed in this loop which is
found in all monomers (chain B, C and D) in the asymmetric unit except in chain A. It
suggests that a helix-loop or loop-helix transition occurred in that region. However, this
particular Argeso-Argrg region of that extended loop (Phesi-Argre) shows a high b-factor of
~81.62 A% comprising 163 atoms. Similar to other DHF-containing hydratases, 02 (Valzs-
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Phes;) helix of the N-terminal domain is stacked on 10 helix of the C-terminal domain in
Palch.

Biologically active unit

Figure 4.3: Overall structure of itaconyl-CoA hydratase from P. aeruginosa (Palch). (a) The
whole asymmetric unit of Palch consists of a tetrameric assembly. Chain A and chain C formed one
dimer (green) whereas chain B and chain D made another dimer (yellow). (b) Overall structural view
of a dimeric assembly (chain A-chain C) is represented here as a functional unit of Palch. Each a-
helix and parallel B-pleated sheet are coloured red and yellow respectively and they are labelled
sequentially in order of their arrangement. (c) Cartoon representation of monomeric unit (chain C)
showing the N-terminal and C-terminal domain comprised of a double hotdog fold. The N-terminal
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and C-terminal domains are coloured green and yellow respectively and the intervening highly
flexible segment is coloured warm pink. All structural representations were made through Pymol
v2.5.4.

4.3.3. Dimeric unit

As previously stated, the asymmetric unit of Palch has two dimers where chains A-C
represent one dimer and chains B-D form another dimer. The Palch dimeric unit is like a
crab’s shell with a dimension of ~77.5 x 60.8 x 54.2 A. It was remarkably observed that each
monomer consists of two B-sheets with a variable number of strands and their arrangement
present in this dimeric assembly. However, no significant R.M.S.D. value was observed
between the monomers. Each monomer consists of 275 amino acid residues consisting of 6 a-
helices and 11 strands of parallel B-sheet in chain A while 7 helices and 10 strands of B-sheet
are in its complementary chain C (Figure 4.3b). Each helix and B-strand of a monomer was
sequentially numbered based on their arrangement (Figure 4.3b, c). These strands of -sheet
range from 3 to 13 residues in length. The order of their arrangement in chain A is 1-4-5-6-7-
8-9-14-15-16-17 while the B4 strand is not present in chain C (R.M.S.D. value over Ca atoms
between chains A and C is 0.207) (Figure 4.3b). Nevertheless, f-sheet consistency of A-C
was not observed in another dimer B-D. However, the arrangement of 3-strands in chain B is
1-5-6-7-8-9-10-15-16-17-18-19 order while in subunit D it is found in 1-5-6-7-8-9-14-15-16-
17 order. So, it was deduced from structural analysis that B-sheet arrangement between two
dimers of an asymmetric unit is different (R.M.S.D value over Ca atoms between A-C and B-
D is 0.271) while monomers such as chain C and chain D from different dimer consists of a
similar arrangement. An extra 6 strand (Alais-Leuizo) is formed in chain A by splitting up
the B7 strand of chain C (Gly117-Gln130). Although it was not seen in counterpart chain A, the
C-terminal end of B5 followed by N-terminal end of subsequent f6 strand of chain C
produces a bend in the opposite direction from the typical hotdog fold. Unlike dimer A-C, the
B5 and P16 strands of chain D split in counter chain B to form two new strands, B5-f6 and
B16-p17, respectively. Like other DHF-containing hydratases, two domains of Palch are
connected by an extremely flexible solvent-exposed loop. The electron density of some
residues (Thrisg-Gluise) was not found in that region because of the high B-factor (average b-
factor ~90A2).

Most of the residues involved in dimeric interfaces are hydrophobic in nature which
ultimately leads to overall dimeric stability. The buried region of ~252 A? was contributed by
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each monomer. The total surface area of Palch is about 25978 A?. Helices 02, a10, a12 and
the C-terminal half of the first strand of B-sheet from both monomers participate in the
dimeric stability. It was observed that a2 (Valzs-Phesz) helix of chain A interacts with the loop
region (Phesi-Glusy) of its counterpart chain C. On the contrary, o2 from chain C makes
contact with part of a large disordered loop region (Glnss-Alass) of chain A to provide
conformational stability to that region. g-amide of Lysze in chain A makes a hydrogen bond
contact with y-carbonyl oxygen of Aspss in chain C while side chain of Lysz in chain C
makes two H-bonding interactions with Glnss and Aspss of chain A respectively. Another
residue from chain C, Arg.7, forms H-bonds with Alasg and Valigo in its dimeric counterpart.
The a10 helices of the two monomers forming dimers are positioned 90° apart. The centrally
located a10 helices (Proi7:-Thrig1) of hotdog fold from both subunits are buried deep inside
this dimeric interface and around 75% of residues of those helices are hydrophobic in nature.
al0 helix of each monomer interacts with a short loop (Pheis2-Glyigs) from its dimeric
counterpart to participate in this dimeric stability. Being exposed to solvent, both a12 helices
in dimer are situated parallelly to each other. The N-terminal part of small helix-12 (Tyrso-
Proigz) and C-terminal end of B1 (Hisi7-Glni) from both subunits interact hydrophobically
with each other. Furthermore, this dimer receives structural stability from the C-terminal end
of B1 (His17-Glnig) of both chains. It was noted that an H-bond is formed between the 6-O
carbonyl amide of Glnig from chain A and the 6-NH2 of Glnyg from chain C. In addition, the
y-carboxylic group of Aspis and carbonyl oxygen of Glnyg in its counterpart chain A also
participate in H-bonding interactions with the y-carbonyl amide of Asnhzs in its counterpart
subunit C and vice versa. Two pi-pi interactions were also observed between the aromatic

side chains of Phe17s and Tyrige from both subunits.

4.3.4. Comparisons between N-terminal domain of Palch and other MaoC family

hydratases

As previously stated that N-terminal domain possesses distinct characteristic features which
were not seen in other hydratases, whereas C-terminal domain is found to be similar
throughout all hydratases. A basic feature of all hotdog fold-containing hydratases indicated a
9-17 residues long central helix represented as sausage properly wrapped by B-sheet as a bun
[99, 119, 185, 187]. A new kind of hotdog fold in structure of Palch breaks the universality of

basic features of other hotdog folds containing (R)-specific enoyl-CoA hydratases.

Page | 59



Figure 4.4: A unique N-terminal hotdog fold of Palch. (a) Cartoon representation of side view of
N-terminal hotdog fold. The B-sheets represented here as buns of Palch from P. aeruginosa,
eukaryotic hydratase 2 from C. tropicalis (PDB ID: 1PN2) and MaoC-like dehydratases from P.
capsici (PDB ID: 3KH8) and M. abscessus (PDB ID: 517N) are shown in green, cyan, blue and
orange colour respectively whereas all central helices of those B-sheets of so-called ‘hotdog fold’
represented as sausage are shown in chocolate colour. Inset: Final 2F,-Fc map showing that central
helix ‘a3’ (chocolate) of Palch is in right fit (contoured at 1.0 o). (b) Top view of N-terminal hotdog
fold of Palch (green) showing that central helix (a3; chocolate) is slipped away from the B-sheet
scaffold (bun) while central helices (sausage) of other (R)-specific enoyl-CoA hydratases (PDB ID:
1PN2, 3KH8, and 5I17N) are properly wrapped by their respective hotdog folds. All structural
representations were made through Pymol v2.5.4.

It is first observed in the N-terminal domain of Palch that a very short 4-residues helical
segment o3 (Trps7-Alaso) which we named an ‘eaten sausage’ is not properly placed inside
the core of its hotdog fold (Figure 4.4a, b). Top view representation of Palch showed that a3

characterized as an eaten sausage slipped away from the B-sheet scaffold (Figure 4.4b). The
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extended loop region (~7 residues) succeeding helix a3 is the missing region of sausage seen
in other hydratases. The reason for the appearance of very short helical segment a3 is due to
a2 and al0 helices in its dimeric counterpart (Figure 4.5a, b). a2 and 10 helices of each
monomer interact with the extended loop region (Phes1-Glyss) of the other monomer (Figure
4.5a). Mainly, o2 rather than al0 helix takes part in this interaction and a2 is found to be
situated near this extended loop region (Phesi-Glyss). This extended loop region (Phesi-Glyss)
contains around 69% hydrophobic residues. Interactions between 02/al0 helices of one
monomer and the extended loop region of its counterpart subunit were found to be mostly
hydrophobic. These hydrophobic interactions also provide conformation stability to dimer.
Conversely, very low polar contacts were made between a3 and the surrounding B-sheet
scaffold which ultimately caused relaxed grasping in N-terminal hotdog fold. Hisss and Trpag
are making an H-bonding interaction with the side chain carboxylic group of Gluiss. So, due
to poor grasping of B-sheet scaffold, a2/a10 helices pulled out the a3 helix (eaten sausage)
towards them (Figure 4.5a). Another notable characteristic revealed that the most disordered
region (Hises-Argro) of the extended loop (Phesi-Argre) was located far away from the B-sheet
core frame, which is not the case in other hydratases. Electron density of ~5 residues was not
found due to high b-factor (~82 A2 over 163 atoms) of this disordered region (Hises-Argzo).
Nevertheless, in other hydratases, this area is situated near the inside wall of the B-sheet

scaffold.

4.3.5. Structural comparisons between Ich from P. aeruginosa (Palch) and Ich (RipB)

from Y. pestis

Here, a model structure of Ich (RipB) of Y. pestis was generated using MaoC domain
containing dehydratase from C. auranticus as a model (PDB ID: 4E3E) by SWISS-PDB
(Figure 4.5¢). The structure of Yplch homologue possesses a single hotdog fold whereas
Palch consists of two hotdog folds connected by a long linker region. The C-terminal hotdog
fold of Palch is similar to hotdog fold of Yplch like in other SHF-containing hydratases
(Figure 4.5d). A five-stranded B-sheet enclosing 13 residues long central a-helix (Seriio-
Valiz1) forms the hotdog fold of Yplch. A 70-residues long disordered N-terminal stretch
followed by the first strand of B-sheet forms the N-terminal region of Yplch which is not

similar in case of Palch.
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Figure 4.5: Dimeric interfaces between two monomers (chainA-chainC) and model structure of
Yplch from Y. pestis. (a) a3 represented as an eaten sausage of monomer A (green) was pulled out
from hotdog fold by 02/a10 helices of dimeric counterpart C (olive). Inset: Residues involved in H-
bonding interactions between both monomers. Only polar contacts (magenta) are shown here. (b)
Inset: Final 2F,-Fc map around residues involved in dimeric interfaces showed that they were in right
fit (contoured at 1.0 6). (c) Side view representation of model structure of Ich (pink) from Y. pestis
(Yplch) consists of a single hotdog fold. (d) Structural superposition between Yplch and Palch showed
that SHF of Yplch showed maximum similarity with C-terminal domain (yellow) of Palch with DHF.
All structural representations were made through Pymol v2.5.4.
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4.3.6. Substrate binding tunnel and active site

Unlike two active sites located at both top and bottom of dimeric interfaces of SHF-
containing (R)-specific enoyl-CoA hydratases, it was observed that only one active site region
is present in DHF-containing (R)-specific enoyl-CoA hydratases [99, 182, 183].
Superposition of Palch with its most closely related homologue of Ct hydratase 2 (PDB ID:
1PNZ2) showed a similar conserved hydratase motif present in the structure (Figure 4.6a).

Cavity size:
Palch-~1156 A3
Ct hydratase 2- ~572 A3

Ct hydratase 2 Palch with
with 3(R)- HDC itaconyl-CoA

Figure 4.6: The enzymatic active site and substrate binding tunnel of Palch. (a) Superposition of
Palch (N-terminal domain: green and C-terminal domain: yellow) with Ct hydratase 2 (N-terminal
domain: cyan and C-terminal domain: violet) showed the similar conserved hydratase motif (wheat)
responsible for catalysis. (b) A complex of Palch with itaconyl-CoA was modelled from its most
closely related homologue Ct hydratase 2 bound 3(R)-HDC complex due to structural similarity of
3(R)-HDC with itaconyl-CoA. Inset: The three putative catalytic residues are Asnigs, Hisigs, and Hisigs
(yellow) taking part in hydratase reaction. (¢) Surface representation of active site pocket (grey) of
Palch consists of an extra region marked as an arrow beyond its Cs acyl chain of substrate (itaconyl-
CoA). It predicts that Palch can bind longer acyl chain derivatives of CoA while in Ct hydratase 2
complex, length of the tunnel (grey) is limited to its substrate’s acyl chain length. All structural
representations were made through Pymol v2.5.4.
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This conserved hydratase motif is not only present in Ct hydratase 2 but it was consistently
seen in other DHF-containing dehydratases from P. capsici, M. absecssus and C. auranticus
(PDB ID: 3KHS8, 517N, and 4E3E) [187]. Based on structural superposition, this hydratase
motif is present at the interface of double hotdog fold of Palch. This conserved hydratase
motif in Palch is denoted as a1l and is responsible for hydration of itaconyl-CoA. All SHF-
and DHF-containing hydratases (PDB IDs: 3KH8, 517N, and 4E3E) showed no active site
cleft in the C-terminal domain core region due to its higher compactness. Multiple sequence
alignment by clustalW and structure-based sequence alignment by DALI analysis of Palch
with other DHF-containing (R)-specific enoyl-CoA hydratases/dehydratases also identified
the conserved active site residues in this hydratase motif responsible for catalysis (Figure
4.7). Active site architecture of (3R)-hydroxydecanoyl-CoA (HDC) bound complex of Ct
hydratase 2 (PDB ID: 1PN4) also confirmed the catalytic residues responsible for this
hydration. Aspis2, Ashigs, and Glnigz are three catalytic residues in Ct hydratase 2 responsible
for hydration of 3(R)-HDC [119]. Multiple sequence alignment analysis showed that Asniss,
Hisies, and Hisigg are three putative catalytic residues in Palch responsible for hydration to
the C3 position of itaconyl-CoA (Figure 4.7). Due to similarity of 3(R)-HDC with itaconyl-
CoA, a model complex of Palch with itaconyl-CoA was generated based on Ct hydratase 2
bound 3(R)-HDC complex (PDB ID:1PN4) (Figure 4.6b). Palch catalyzes the conversion of
substrate itaconyl-CoA to citramalyl-CoA upon addition of a water molecule, which is further
hydrolyzed by (S)-citramalyl-CoA lyase (Ccl), the last enzyme of the itaconate degradation

pathway.
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Figure 4.7: Multiple sequence alignment of Palch. Multiple sequence alignment of Palch with
other DHF-containing (R)-specific enoyl-CoA hydratases by ClustalW (PDB ID: 517N, 3KH8, 1PN4)
and pictorial representation was made through Jalview. Residues of these alignment are coloured
based on their coservation. Secondary structure prediction analysis showed cylinder (red) and arrow
(green) as a-helix and B-sheet respectively. Similar hydratase motif consisting of conserved active site
residues marked under square box (black).

The position of side chain of putative catalytic residues was also found to be similar to the
side chain of active site residues in Ct hydratase 2. It is suggested that amide group of Gly2o7
forms an H-bonding interaction with carbonyl oxygen of acyl chain of itaconyl-CoA by
creating an oxyanion hole which ultimately initiates the process of catalysis. The
phosphorylated ADP-moiety of model complex of itaconyl-CoA bound Palch is located
outside of the substrate binding tunnel in a bent conformation, like the 3(R)-HDC bound Ct
hydratase 2 complex, whereas the acyl chain is positioned inside the central cavity of double
hotdog fold. The side chain of Lysi11> forms another polar contact with this ADP-moiety, and
an H-bonding interaction is seen between the -NH2 group of the adenine moiety and the

carbonyl oxygen of Glyaza.

The size of active site pocket showed to be different in Palch, whereas in other DHF-
containing (R)-hydratases it is similar to the size of their substrate. Remarkably, it was first
observed that a deep slender substrate binding tunnel greater than the expected length of Cs
acyl chain of itaconyl-CoA was seen in Palch. In contrast, the range of substrate binding
tunnels is limited to the acyl chain length of substrate 3(R)-HDC of Ct hydratase 2 (PDB ID:
1PN2) complex. The most remarkable feature found was that the tunnel consisting of C10
acyl chain of HDC in Ct hydratase 2 is smaller than the tunnel consisting of C5 acyl chain of
itaconyl-CoA in Palch. No difference in the length of the tunnel was observed between apo
form (PDB ID: 1PN2) and 3(R)-HDC bound complex of Ct hydratase 2 (PDB ID: 1PN4). In
other hydratases/dehydratases, the path of this tunnel was restricted by the central helix
(sausage) followed by a long-disordered loop region of N-terminal hotdog fold. In contrast,
no such restriction was observed in Palch. a2 and al0 helices of chain C pulled out the
central helical segment a3 (Trpa7-Alaso) represented as eaten sausage followed by subsequent
loop region (Phesi-Glyss) of chain A and vice versa, which ultimately led to clearance of the
path of the tunnel in Palch. So, it may be proposed that active site pocket of Palch can bind

longer acyl chain derivatives of CoA than Cs acyl chain of itaconyl-CoA. The entrance of the
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tunnel is identical to other DHF-containing hydratases/dehydratases, despite the tunnel

lengths differing in Palch with other hydratases.

Electrostatic potential map of Palch and the Ct hydratase 2 also showed the positively
charged residues lining the active site pocket region (Figure 4.8). Compared to Ct hydratase
2, the tunnel mouth of Palch is somewhat wider. Hises, Hisigs, Argigs, HiSigs and Hiszos Of
Palch contribute the positively charged surface to the inner lining of the tunnel whereas
Arguss contributes to the mouth position. The residues positioned at the entry of the tunnel are
not so well conserved between them and other (R)-specific enoyl-CoA hydratases. Leuzss,
Argus, Argus, and Leung are situated at the mouth of this tunnel whereas llezss, Leurs,
Phe1s2, and Phe1gg are found to be positioned in that region of Ct hydratase 2. The p4 and 14
strands of chain A in Palch are parallelly positioned at the two-domain interface, likely
similar to other hydratases/dehydratases. To create the mouth of the tunnel, the C-terminal
end of B4 splayed apart from the N-terminal end of B14 strand. The Palch tunnel entrance
was found to differ significantly from those of other DHF-containing hydratases. The N-
terminal end of 6 strand of Ct hydratase 2 (PDB ID: 1PN2) was more bent toward the core
region of N-terminal domain compared to the corresponding B4 strand of Palch. At the
opening of mouth in Palch, Asngo-Trpsz of B4 strand produced a slight kink interiorly to make
a path for entry of the itaconyl-CoA whereas, in Ct hydratase 2, Leu7:-His7s made such a
kink. Therefore, a larger arc was needed to allow longer acyl chain substrates like C10-acyl
chain of 3(R)-HDC in Ct hydratase 2 (PDB ID: 1PN4) rather than a shorter arc for C5-acyl

chain of itaconyl-CoA in Palch.

Palch Ct hydratase 2
Figure 4.8: Electrostatic surface potential map of Palch and Ct hydratase 2. Key residues (stick

representation) are involved in positive charge distribution in active site pockets.
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4.3.7. Affinity towards acetoacetyl-CoA

Previous studies showed that certain CoA derivatives function as inhibitors for (R)-specific
enoyl-CoA hydratases [188]. Of them, acetoacetyl-CoA showed inhibitory effects on
crotonase and mitochondrial enoyl-CoA hydratase (PDB ID: 1DUB) in bovine and rat liver,
respectively [171, 172]. Due to structural similarity of itaconyl-CoA with acetoacetyl-CoA,
we first tried to find the binding affinity of Palch with acetoacetyl-CoA. However, our
findings revealed a significant binding affinity of acetoacetyl-CoA with Palch. The
dissociation constant (Kq) value of Palch with acetoacetyl-CoA was found to be 0.214 uM

using isothermal titration calorimetry (ITC) experiments (Figure 4.9).
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Figure 4.9: Isothermal titration calorimetry (ITC) analysis between Palch and acetoacetyl-CoA.
Acetoacetyl-CoA showed a significant binding affinity of Kg= 0.214 uM. The ITC experiments were
carried out at a constant temperature of 25°C. A control experiment was carried out where Palch and
buffer (25 mM Tris; pH 8.0 and 150 mM NaCl) were given in cell and syringe respectively. The
binding isotherm for control experiment was shown above the experimental data. The raw data were
analyzed through ORIGIN.
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4.4. Discussion

Over the past few years, the significance of the itaconate degradation pathway in pathogenic
bacteria has become increasingly apparent. Previously, structural insights into itaconyl-CoA
remained obscure, but two other enzymes, Ict and Ccl, of the itaconate degradation pathway
have been investigated so far. In this work, we have determined the first crystal structure of
Palch which catalyzes the conversion of itaconyl-CoA to citramalyl-CoA and the functional
insights about its active sites and respective substrate binding tunnel. The 1.9 A crystal
structure of Palch resembles MaoC-like hydratase/dehydratase subfamily proteins consisting
of double hotdog folds connected by a long flexible loop. Structural model of Yplch sheds
light on its basic structure and shows that it consists of only one domain similar to the C-
terminal domain of Palch. So, it is deduced that the structure of Yersinia homologue Yplch
shares 50% structural similarities with Palch but both show similar functions. The N-terminal
domain of Palch is supposed to have evolved via gene duplication from single hotdog fold of
Yersinia or any other hydratases/dehydratases. The number and arrangement of strands in
each monomer of a dimeric unit showed differences, which confers pliability that is not
restricted within helix/loop region but is also present in main frame B-sheet. We assume that
each monomer modulates the main frame architecture of hotdog fold of another monomer

while keeping itself fixed in a particular state.

The new N-terminal hotdog fold consisting of a short helical segment a3 pulled out by
a2/a10 helices of its dimeric counterpart creates a long substrate binding tunnel. So, two
protomers may cooperatively influence the binding of longer acyl chain CoA substrate which
is not seen in other hydratases. The sizes of active site pocket of Ct hydratase 2 and Palch
measured by PyVol v1.7.8 analysis are ~572 A3 and ~1156 A3 respectively. This kind of short
helix represented as eaten sausage in Palch, most likely arose due to helix-loop transition of
6-10 residues which might be facilitated by the pulling effect of a2/a10 helices of counterpart
chain. Despite slippage of a3 helix from the B-sheet scaffold, the N-terminal hotdog fold still
holds similar characteristic features of bun as other hotdog folds. It may be concluded that all
MaoC-like hydratases/dehydratases consist of a similar B-sheet scaffold (bun) which is
conserved throughout all domains of life while central helix a3 in Palch is found differently

as eaten sausage.

It has been found previously that Palch of itaconate degradation pathway catalyzes the
conversion of itaconyl-CoA to (S)-citramalyl-CoA through an unstable intermediate,
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mesaconyl-C4-CoA. It was reported that it carries out two partial activities as itaconyl-CoA-
isomerase and mesaconyl-CoA-hydratase where itaconyl-CoA-isomerase first transforms 3-
cis itaconyl-CoA to 2-trans mesaconyl-C4-CoA and later mesaconyl-CoA-hydratase converts
this transient intermediate to (S)-citramalyl-CoA upon addition of a water [53, 189]. At first, a
proton is abstracted from C2 of itaconyl-CoA and re-added to C5 by carbonyl amide of Gly2o7
of itaconyl-CoA-isomerase/Palch to produce mesaconyl-C4-CoA. Later, three putative
catalytic residues Asnigs, Hisigs and Hisigs of mesaconyl-CoA-hydratase/Palch made an H-
bonding network with a catalytic water molecule which further catalyzes the reaction from
mesaconyl-C4-CoA to (S)-citramalyl-CoA by a nucleophilic attack of OH- at C3 and addition
of a proton to C2 (Figure 4.10).

Q 0 HO = O
@ —~ | © :
© j{u\)\s-CoA ~— © NS-COA OONS-COA

0] o L (0]
Itaconyl-CoA

SN \ h NH (S)-Citramalyl-CoA

ASI’H 83
Mesaconyl-C4-CoA

Figure 4.10: Proposed catalytic mechanism of Palch. It converts itaconyl-CoA to citramalyl-CoA
through a transient intermediate mesaconyl-C4-CoA. Asnigs, Hisigs and Hisigs are three catalytic
residues making an H-bonding network with a water molecule which further adds OH" ion at C3 and a
proton at C2 to produce the final product (S)-citramalyl-CoA.

So, this study on structural as well as mechanistic insights of Palch connects the missing link
of itaconate degradation pathway in virulent organisms like Pseudomonas aeruginosa. So,
the structural information about active site pocket with putative catalytic residues will help to
find more potent drug candidates against Palch in future. More importantly, future drug
discovery based on structural insights from Palch will ultimately replenish the defensive role

of macrophages and prevent the abusive usage of antibiotics.
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Chapter 5

Structural and Molecular Docking
Studies of PvrA - a TetR family
Transcriptional Requlator
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5.1. Introduction

P. aeruginosa regulates global gene expression during infection in the host to adapt to the
host environment and escape from host immune attacks. P. aeruginosa possesses a number of
regulatory genes that are crucial for regulating other virulence genes during host infection.
However, many of these regulatory factors contributing to bacterial virulence remain
undetermined. Upregulation of these regulatory genes during infection indicated that they
were involved in bacterial virulence in the host environment. To confirm their role in
pathogenesis, several mutants of each individual gene were obtained from the PAl4
transposon (Tn) mutant library [190]. Deletion mutants including APA2957, APA0253,
APA3616, and APA0707 were created in the P. aeruginosa PA14 background for those that
were unavailable in the Tn mutant library. Mice were infected with each of these deletion
mutants which showed that APA2957 strain caused significantly lower bacterial colonization
compared to wild-type PA14 cells. In addition, mutation of PA2957 did not alter microbial
growth rate in LB. Therefore, it suggested that virulence attenuation might be due to reduced
virulence gene expression. So, Pan et al. designated this PA2957 gene as pvrA (Pseudomonas
virulence regulator A) [161]. PvrA belongs to TetR family transcriptional regulator which
regulates several vitulent genes. Notably, potential regulatory genes of PvrA such as picH,
fadD1, fadD6 and PA0508 aid in the utilization of phosphatidylcholine (PC) from the host,
mainly from lung tissues [132, 133, 191]. PC is broken down into phosphorylcholine, fatty
acids and glycerol by phospholipase C, which is encoded by the plcH [55]. Fatty acyl-CoA
synthetase is encoded by both fadD1 and fadD6, and PA0508 is quite similar to fadE of E.
coli [134, 192]. Additionally, other studies revealed that PvrA can bind to aprA, glcB, and
maeB promoter regions. A crucial enzyme in the glyoxylate shunt, malate synthase, is
encoded by the gene glcB, whereas the malic enzyme is encoded by maeB controlling the
amount of malate in the glyoxylate cycle and initiating gluconeogenesis from the glyoxylate
shunt [193, 194]. The aprA encodes an extracellular alkaline metalloproteinase that
contributes to bacterial virulence [195, 196].

To further investigate the role of PvrA as a transcriptional regulator in bacterial virulence,
EMSA studies were performed to confirm the binding of the identified promoter [161]. Band
shifts obtained through EMSA analysis also confirmed the promoter regions of plcH, fadD1,
fadD6, PA0508, glcB, maeB and aprA. In the cytoplasm of bacteria, fatty acids are first
converted into fatty acyl-CoA, which is then catabolized by the oxidation process in bacterial

use of fatty acids [191]. The long-chain fatty acyl-CoA in E. coli binds to FadR and

Page | 71



influences its regulatory function [141, 142, 197]. Therefore, Pan et al. showed that
palmitoyl-CoA had significant binding affinity to PvrA obtained through ITC analysis.

5.2. Materials and methods
5.2.1. Cloning, expression and purification

PvrA was cloned, heterologously produced and purified to extreme homogeneity prior to
crystallization. Full-length gene was amplified using Ndel and BamH1 as restriction sites
and the following primers used in this study are 5'-
CGCCGGAATTCGATGCAGAAAGAGCCT CGCAAAGTTCGTG- 3" as forward primer
and 5'- CGCCCAAGCTTTTAGGCGCTGGG AGCGTCGCCTTC- 3’ as reverse primer. The
PCR product was cloned into N-terminal Hise-tagged pETduet 1 vector (Novagen) using the
same restriction site. Culture was grown in 2 litres of LB supplemented with 100 mg/ml (final
conc.) ampicillin at 37°C in a continuous shaking condition until the O.D. reached ~0.6-0.8.
Then the culture was induced with 0.5 mM IPTG at 37°C for overnight in a shaking
condition. Cells were harvested at 6000 rpm for 10 min and pellets were dissolved in re-
suspension buffer (25 mM Tris; pH 8.0, 150 mM NaCl, and 5 mM Imidazole) with 1mM
PMSF prior to sonication. Lysed cells were then centrifuged at 12,000 rpm for 1 hour and the
supernatant was then loaded into Ni?*-NTA column which was pre-equilibrated with
equilibration buffer (25 mM Tris; pH 8.0, 150 mM NaCl, and 10 mM Imidazole). 2 column
volume of wash 1 buffer (25 mM Tris; pH 8.0, 150 mM NaCl, and 35 mM Imidazole)
followed by 3 ml of wash 2 buffer (25 mM Tris; pH 8.0, 150 mM NaCl, and 50 mM
Imidazole) was added. After washing, protein was eluted with elution buffer (25 mM Tris; pH
8.0, 150 mM NacCl, and 250 mM Imidazole). The protein was then loaded to Hiload 16/60
Superdex 75 prep grade column pre-equilibrated with gel filtration buffer (25 mM Tris; pH
8.0, 150 mM NacCl). Eluted protein was collected and concentrated in a 30 kDa cut-off spin
concentrator until the concentration reached ~7 mg/ml. The purity of the protein was then
checked by SDS-PAGE analysis.

5.2.2 Crystallization, data collection and processing

Purified protein was crystallized in sitting drop vapour-diffusion method. Initial crystal hit
was obtained in 30% PEG 3000, 100 mM Tris pH 7.0, and 200 mM NaCl of Wizard 2 screen
and crystals appeared in a thin plate-like morphology stacked one after another. The whole
setup was incubated at 20°C. Single and large crystals were grown within 1 week and
obtained in 30% PEG 3000, 100 mM Tris pH 8.4 and 200 mM NaCl. Datasets for both native
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and heavy atom derivatives were collected in Bruker D8 Venture using Cu K, source (~1.54
A) and Photon 11l CCD detector was used here for collecting frames (Table 5.1). The data

were integrated and scaled in Proteum 3 software and were found to belong to space group C
2 2 21 with unit cell parameter a=93.30 A, b= 96.58 A, ¢c= 104.79 A and o,B,y= 90°. Initially,

the coordinate of heavy atom position and occupancy was calculated in Phenix by Hyss

method [173, 174]. Estimation of phasing power was calculated by Autosol and initially, the

model was built by Autobuild in Phenix respectively [175-177]. Successive model building

and refinement were done in Coot and Phenix respectively [178]. Structure-based sequence

alignment was done by DALI analysis [179]. All structural representations were made

through Pymol. The atomic coordinates for Palch have been deposited in the Protein Data

Bank (PDB ID: 812K).

Table 5.1: Data collection and Refinement Statistics

Dataset Native K2PtCle C2HsHgCl
Data collection and phasing
statistics
Wavelength (A) 1.54 1.54 1.54
Resolution range (A)? 31.96-2.30 26.48-3.30 27.89-3.27
(2.38-2.30) (3.42-3.30) (3.39-3.27)
Spacegroup c2221 Cc2221 Cc2221
Unit cell dimensions a=93.30, a=93.52, A=94.22,
(a,b,c=A; a,B,y=°) b= 96.58, b=97.23, b=97.12,
c=104.79 c=105.41 c=105.47
and and and
a,B,y=90° a,B,y=90° ao,B,y=90°
Total reflections? 395833 51240 148101
(28990) (3633) (10854)
Unique reflections? 21122 7459 (717) 13533 (1293)
(2059)
Redundancy 18.7 6.9 10.9
Completeness (%)? 99.2 (98.60) | 99.90 (99.20) | 99.8 (98.60)
Overall I/6® 28 (7.3) 10.0 (2.9) 21 (7.0)
Rmerge (%0)° 10.1 (44.7) 17.7 (53.4) 8.7 (23.3)
Refinement statistics
Resolution range (A) 24.40-2.30
Number of used 20894
refelections
Rwork (%) 19.18
Rfree (%) 25.40
Total number of atoms 6765
Protein 65
Water/glycerol/KNOs 982/7/14
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Average B-factors (A?) 34.0
Root mean square deviations

Bonds (A) 0.012

Angles (°) 1.233
Ramachandran plot

Most favoured region 94.79

(%)

Ramachandran outliers 0.52

(%)

5.2.3. Molecular docking analysis

Molecules were obtained through receptor-based screening from chemical library. Molecular
docking analysis was performed by Gilde in Maestro (Schrodinger). The energy grid was
generated using binding site residues involved in interaction with its substrate, palmitoyl-
CoA.

5.3. Results
5.3.1. Structural analysis of PvrA

Full-length N-terminal Hiss-tagged PvrA (~26 kDa) was heterologously produced in E. coli
and purified to apparent homogeneity using affinity chromatography method. The purity of
the protein was further analyzed by SDS-PAGE. The protein was eluted as a dimer (~52 kDa)
through size exclusion chromatography method and this higher order assembly was further
confirmed by mass spectrometry analysis. Here, we solved the crystal structure of PvrA from
P. aeruginosa at 2.30 A resolution. Initially, molecular replacement was not successful in
obtaining phase by using various structures from similar TetR family transcriptional
regulators as a model. Eventually, the structure was solved by multiple isomorphous
replacements with anomalous scattering (MIRAS) method using heavy-atom derivatives (Pt
and Hg). The more detailed structural statistics of native and heavy-atom derivatized crystals
are summarized in Table 5.1. In ASU, each monomer is oriented 180° toward the other. The
overall structure of PvrA resembles the structures of other TetR family transcriptional
regulators such as AmtR (PDB ID: 5DXZ), PfmR (PDB ID: 3VPR) and AcrR (PDB ID:
2QOP) (Figure 5.1a). The crystallographic asymmetric unit (ASU) of PvrA consists of two
copies (chain A and B) which is the actual biological conformation also confirmed by size
exclusion chromatography method (Figure 5.1b). Despite the vast sequence divergence

observed between these TetR family regulators (TFRs), structural studies showed that all
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TFRs family members possess a common N-terminal H-T-H DNA binding domain. Each
monomer is comprised of around 10-12 helices where no B-sheet is present. The N-terminal
end of both monomers starts with a long 22-24 residues H-T-H DNA binding motif.
Compared to chain A, the region comprised of nearly 5 residues (Vals-Argi2) of the H-T-H
motif of chain B is slightly bent downward, providing flexibility for DNA binding. Despite
the low R.M.S.D. value (0.397 A) between those two chains A and B, helix-loop/loop-helix
transitions occurred between o3 and a5 helices. The most closely related structures of PvrA
are AmtR and AcrR from Corynebacterium glutamicum and E. coli respectively. The
R.M.S.D. values were found to be 4.72 and 5.33 A between PvrA and AmtR/AcrR
respectively (Figure 5.1c).

(Unpublished)

Figure 5.1: Structure of PvrA and Superposition of PvrA with closely related homologues. (a)
Monomeric structure of PvrA (green). (b) Dimeric conformation of PvrA present in vivo conditions
(chain A and chain B). Secondary structures are sequentially labelled where only a-helices (red) are
present. (c) structural superposition of PvrA with two other closely related TFRs such as AmtR
(magenta) and AcrR (cyan) respectively. All structural representations were made through Pymol.
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The overall architecture of both TetR family transcriptional regulators is similar to PvrA but
with some minor variations. Like PvrA, both AmtR and AcrR consist of 10-11 a-helices.
However, a short 16-residue DNA binding motif was seen in AmtR compared to a 26-residue
long DNA binding motif observed in AcrR. In dimeric assembly, two monomers are highly
attached by mostly hydrophobic interactions. Mainly, helices 10, 11 and 12 of chain A
participate in overall dimeric stability with helices 8" and 10’ from its counterpart chain B.
~80% residues of helix 10 of chain A and helix 8" from its counterpart chain B are
hydrophobic in nature. Some polar contacts are also seen between these two monomers. Two
hydrogen bond interactions are seen between side chains of Tyrise of chain B and Gluiss and
Gluiss from chain A respectively. The side chain amide group of Argies of chain A makes
another H-bond with side chain carbonyl oxygen of Asnzo: of chain B. Moreover, side chain
carbonyl oxygen of Asnzo: in chain A also makes a polar contact with side chain amide group
of Argzos in chain B. Peptide oxygen of Asnzo: of chain A makes an H-bond with side chain
amide group of Argigs in chain B. Some pi-pi interactions also participate in this overall
dimeric stability. One pi-pi interaction is present between side chain Pheigs of chain A and
side chain Phess7 of chain B. Another pi-pi interaction exists between side chain Pheig1 of

chain A and side chain Hisiss from chain B and vice versa.
5.3.2. Interaction of Nilotinib with PvrA

The substrate binding region of PvrA is similar to other two closely related structures of
AmtR and AcrR. At first, we tried to find out that PvrA has some binding affinity to other
compounds rather than its substrate, palmitoyl-CoA, through computational analysis. So, we
found some compounds through receptor-based screening of drug libraries by DrugRep
[198]. The docking analysis was also performed by Maestro (Schrodinger). Of several
compounds, nilotinib showed the highest interaction with PvrA (Figure 5.2a). Topological
diagram of nilotinib-bound PvrA showed the putative residues involved in this interaction.
Tyres, Argioz, Aspioz, and Argiso are putative residues responsible for binding to PvrA (Figure
5.2b). One salt-bridge interaction was observed between Argio. and pyridine group of
nilotinib molecule. Two pi-cation interactions were observed between Tyregs and
pyridine/pyrimidine groups of the ligand. Argizo was also involved in hydrophobic interaction
with nilotinib. Moreover, Aspioz made an H-bond interaction with imidazole moiety of

nilotinib.
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(Unpublished)

Figure 5.2: Interaction of PvrA with Nilotinib. (a) Cartoon representation of PvrA bound with
nilotinib by docking analysis. (b) topological representation of interaction of PvrA with nilotinib
molecule. Pi-cation, salt-bridge, hydrophobic and H-bond interactions are shown in green, pink, red
and reddish blue.

5.4. Discussion

Several regulatory genes controlling many virulent genes during infection in the host are yet
to be determined. PvrA is one such TetR family transcriptional regulatory factor highly
expressed during infection and controls the expression of many virulent genes such as plcH,
fadD1, fadD6, and PA0508. These virulent genes are highly required for bacterial survival by
aiding in the utilization of PC and long-chain fatty acids in the host. In this study, we report
the crystal structure of PvrA from P. aeruginosa at 2.30 A resolution. The overall dimeric
structure of PvrA resembles the structures of other TetR family transcriptional regulators like
AmtR (PDB ID: 5DXZ), PfmR (PDB ID: 3VPR) and AcrR (PDB ID: 2QOP). Like other
TetR family regulators, a common N-terminal H-T-H DNA binding motif is also seen in PvrA
structure. Structural flexibility is also observed in N-terminal DNA binding motif of chain B.
A short region of ~5 residues (Valg-Argi2) of chain B is slightly bent downwards compared to
chain A. Most of the hydrophobic residues in the interface region participate in dimeric
stability. Previous studies showed that fatty acyl-CoA acts as a modulator of PvrA which
further influences its regulatory function [161]. To confirm the role of fatty acyl-CoA in

controlling the function of PvrA, ITC analysis of fatty acyl-CoA such as palmitoyl-CoA

Page | 77



showed a significant binding towards PvrA. On the contrary, we first attempted to see if any
drug molecules may show binding affinity towards PvrA through computational analysis.
Among some compounds obtained through receptor-based screening from drug libraries by
DrugRep, nilotinib showed highest possible interaction with PvrA by molecular docking
analysis by Maestro. So, finding new drugs against these virulence-associated factors, such as
PvrA, which regulates the expression of many virulent genes simultaneously will be a new

pathway to control pathogenesis for invading pathogens like P. aeruginosa in future.
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Concluding Remarks
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Concluding remarks:

Gram-negative Pseudomonas bacteria are widely distributed in the environment. This human
pathogen is highly opportunistic and can cause a variety of severe acute and chronic illnesses,
especially in people with weakened immune systems. Since it is the primary cause of
morbidity and mortality in individuals with cystic fibrosis (CF) and one of the most common
nosocomial bacteria affecting hospitalized patients, it has received special attention due to its
inherent resistance to a broad spectrum of medicines. The increasing prevalence of antibiotic
resistance in P. aeruginosa, along with its extensive distribution in hospitals, has presented a
great challenge for the development of antibacterial drugs. Several virulence factors or
effector molecules secreted by this pathogen during infection in the host are the primary
cause of pathogenesis. Along with these virulence factors, some immunomodulatory
substances also act as biomolecular weapons which modulate host immune response by
targeting some essential molecules in the host, and this process is very much required for
their survival during active infection. So, a strategy for the development of new drugs against
these immunomodulatory virulence factors or effector molecules can prevent the
dissemination of bacteria in the host and the usage of multiple drugs for treating infected
patients, which ultimately restores the defensive roles of phagocytic cells such as

macrophages and aids in killing them.

Among many secretory substances of phagocytic cells, such as macrophages against these
invading pathogens, they secrete Cs dicarboxylic acid itaconate, a key defense player having
a role as an inhibitor of isocitrate lyase of the bacterial glyoxylate cycle. This glyoxylate
cycle is very necessary for bacterial survival during infection in the host. Previous studies
showed that catabolism of itaconate occurred by three-step enzymatic conversion by P.
aeruginosa where itaconate is first converted to its corresponding CoA ester, itaconyl-CoA
by succinyl-CoA:itaconate CoA transferase (Ict), then itaconyl-CoA is hydrated to (S)-
citramalyl-CoA by (R)-specific itaconyl-CoA hydratase (Ich) and at last (S)-citramalyl-CoA
is cleaved by (S)-citramalyl-CoA lyase (Ccl) to acetyl-CoA and pyruvate. Two enzymes, Ict
and Ccl of this pathway were extensively investigated but any idea about the second enzyme,
Ich, remained undetermined. The work presented in this thesis primarily focuses on structural
and functional insights into the itaconyl-CoA hydratases (Ich) of itacnoate catabolic pathway.
This study provides the first atomic-level insights into Palch which fulfils the missing nexus
of itaconate degradation pathway in P. aeruginosa. Here, we report the first three-

dimensional crystal structure of Palch at 1.98 A resolution. In crystallogrpahic asymmetric
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unit (ASU), the structure of Palch consists of four copies of a monomeric unit (chains A, B,
C, and D), where each dimer represents its actual biological confirmation, which was also
confirmed by mass spectrometry analysis. In ASU, chains A and C make one dimer and
chains B and D form another dimer. The overall structure of Palch resembles the structure of
MaoC-like hydratases/dehydratases (PDB ID: 1PN2, 3KH8, and 517N) composed of two
domains, the N-terminal half and the C-terminal half connected by a long intervening bridge.
Structural analysis of Palch showed that C-terminal domain was very similar to other (R)-
specific enoyl-CoA hydratases whereas N-terminal domain was shown to be different. The
most noticeable feature observed in this dimeric assembly was that each monomer consists of
two types of B-sheets with variable number of strands as well as their arrangement. It confers
pliability that is not restricted within helix/loop region but is also present in main frame -

sheet.

The most remarkable feature found in this Palch structure was a unique N-terminal hotdog
fold which is not seen in other (R)-specific enoyl-CoA hydratases (PDB ID: 1PN2, 3KHS,
and 517N). It is first noticed that a very short ~4 residues (Trps7-Alaso) a-helical segment,
denoted as ‘a3’ which we termed an ‘eaten sausage’ slipped away from its core of N-terminal
hotdog fold. This kind of hotdog fold is not seen in C-terminal and also other hotdog fold
containing hydratases. a2 and a10 helices from each monomer are the main reason for the
appearance of this kind of short helical segment ‘a3’ of its dimeric counterpart. Actually, a2
and al0 helices interact with the extended loop region (Phesi-Glyss) succeding ‘a3’ helical
segment from its dimeric counterpart. Due to very poor contacts made between ‘03’ and the

surrounding B-sheet scaffold, both helices a2 and a10 pulled out the ‘@3’ towards them.

Superposition of Palch with its most closely related homologue of Ct hydratase 2 (PDB ID:
1PN2) showed a similar conserved hydratase motif present in the structure. By multiple
sequence alignment and structure-based sequence alignment of Palch with other DHF-
containing hydratases, we have found that Asniss, Hisigs, and Hisigs are three putative
catalytic residues of Palch, responsible for hydration of the C3 position of its substrate,
itaconyl-CoA. Although a conserved hydratase motif with active site residues is seen in all
(R)-specific enoyl-CoA hydratases, the size of active site pocket was shown to be different in
Palch. A deep, slender substrate binding tunnel greater than the expected length of C5 acyl
chain of itaconyl-CoA Palch may propose the binding of longer acyl chain of CoA

derivatives than itaconyl-CoA.
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Apart from that, PvrA is a transcriptional regulator of P. aeruginosa which is highly
expressed during bacterial infection in the host environment. Previous studies showed that it
regulates the expression of many virulent genes such as plch, fadD1, fadD6 and PA0508
which help in the utilization of phosphatidylcholine from lung tissues in cystic fibrosis
patients. This virulence-associated factor such as PvrA binding with fatty acyl-CoA regulates
the expression of several virulent genes during pathogenesis in the host. In this study, we
report the crystal structure of PvrA from P. aeruginosa at 2.30 A resolution. The overall
structure of dimeric PvrA resembles the structures of other TetR family transcriptional
regulators such as AmtR (PDB ID: 5DXZ), PfmR (PDB ID: 3VPR) and AcrR (PDB ID:
2QOP). Structural analysis of PvrA also showed that it possesses a conserved N-terminal H-
T-H DNA binding motif similar to other DNA binding motifs in TetR family transcriptional
regulators (TFRs). The region comprised of ~5 residues (Valg-Argi2) of H-T-H binding motif

of chain B is slightly bent downwards compared to chain A.
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Itaconyl-CoA hydratase in Pseudomonas aeruginosa (Palch) converts
itaconyl-CoA to (S)-citramalyl-CoA upon addition of a water molecule, a
part of an itaconate catabolic pathway in virulent organisms required for
their survival in humans host cells. Crystal structure analysis of Palch
showed that a unique N-terminal hotdog fold containing a 4-residue short
helical segment a3-, named as an “eaten sausage”, followed by a flexible loop
region slipped away from the conserved p-sheet scaffold, whereas the
C-terminal hotdog fold is similar to all MaoC. A conserved hydratase motif
with catalytic residues provides mechanistic insights into catalysis, and exis-
tence of a longer substrate binding tunnel may suggest the binding of longer
CoA derivatives.

Edited by Seema Mattoo

Keywords: asymmetric unit;

DHF; itaconyl-CoA hydratase; Palch;

substrate binding tunnel

Itaconic acid (methylene succinic acid) is an unsaturated
1,4 dicarboxylic acid, the most promising organic acid
found in soil. This compound is mainly produced by
fungi like Aspergillus terreus as well as some other
organisms such as Escherichia coli, and Ustillago spp.
[1-4]. It is also produced by mammalian macrophages
during active infection [5,6]. Itaconate (methylenesucci-
nate) is also known as a potent inhibitor of isocitrate
lyase of bacterial glyoxylate cycle which is required for
assimilation of acetyl-CoA as a carbon source for bacte-
ria upon degradation from fatty acids [7-9]. Many path-
ogenic bacteria like Pseudomonas spp., Yersinia spp.,
Micrococcus spp., Salmonella spp. used itaconate as a
sole carbon source and catabolized into acetyl-CoA and

Abbreviations

pyruvate for their survival in human host cells [4,10-12].
Some non-pathogenic bacteria like Burkholderia spp.
also metabolize itaconate [13]. Itaconate utilization gene
cluster was previously identified in those organisms. In
this itaconate catabolic pathway, itaconate is first acti-
vated to its corresponding CoA-ester by succinyl-CoA:
itaconate CoA transferase (Ict), then itaconyl-CoA is
hydrated to (S)-citramalyl-CoA by (R)-specific
itaconyl-CoA hydratase (Ich) and at last (S)-citramalyl-
CoA is cleaved by (S)-citramalyl-CoA lyase (Ccl) to
acetyl-CoA and pyruvate [14]. In Pseudomonas aerugi-
nosa PAOI strain, these three enzymes are encoded by
genes named PAO0882 (Paict), PAO878 (Paich), and
PAO0883 (Paccl) respectively. Similarly, the gene for

ADP, adenosine di-phosphate; ASU, asymmetric unit; Blastp, basic local alignment search tool for protein; Ccl, (S)-citramalyl-CoA lyase;
CoA, coenzyme A; DHF, double hotdog fold; HDC, hydroxydecanoyl-CoA; Hyss, hybrid substructure search; Ich, itaconyl-CoA hydratase; Ict,
succinyl-CoA:itaconate CoA transferase; IPTG, isopropyl B-p-1-thiogalactopyranoside; ITC, isothermal titration calorimetry; LB, Luria broth;
MIRAS, multiple isomorphous replacement with anomalous scattering; NTA, nitrilotriacetic acid; PCR, polymerase chain reaction; Pec1,
Pseudomonas aeruginosa effector candidate 1; PEG, polyethylene glycol; PMSF, phenyl methyl sulfonyl fluoride; RMSD, root mean square
deviation; SDS/PAGE, sodium dodecy! sulfate-polyacrylamide gel electrophoresis; SHF, single hotdog fold.
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A novel N-terminal hotdog fold of Palch

(A) CH, O
OH
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o
Itaconate
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Fig. 1. Schematic representation of itaconate catabolic pathway
and corresponding genetic constituents of Pseudomonas
aeruginosa. (A) ltaconate degradation pathway showing conversion
of itaconate to pyruvate and acetyl-CoA. ltaconyl-CoA hydratase
(Ich) from P. aeruginosa also known as Pecl catalyzes the
conversion of itaconyl-CoA to citramalyl-CoA by addition of H,O.
(B) Corresponding gene clusters of itaconate degradation pathway.

Palch product in PA14 strain was named PA14 52910
(Fig. 1). Later, Zrieq et al. [15] identified some virulence
factors in PA14 strain by genome-wide screening of
P. aeruginosa expression library based on yeast growth
phenotype. Of them, PA14 52910 gene product was
shown to have increased cellular toxicity toward macro-
phages and the Caenorhabditis elegans model. So, they
called this gene product PA14_52910 (Palch) as P. aeru-
ginosa effector candidate 1 (Pecl) based on showing vir-
ulence in eukaryotic host cells. Here, in this present
study, we have found that sequence of Pecl is identical
to previously described itaconyl-CoA hydratase from
P. aeruginosa (Palch) of itaconate catabolic pathway by
blastp analysis. Thus, a crucial role of Palch in itaco-
nate degradation pathway as part of bacterial defense

A. Pramanik and S. Datta

weaponry from macrophages was established in previous
work. Despite this significance, structural and mechanis-
tic insights regarding Palch and hydration of
itaconyl-CoA remain undetermined. So, In this work,
we report the first three-dimensional structure of Palch
at 1.98 A resolution. The crystal structure of Palch
shows that it is dimeric in nature confirmed by also
in-solution by mass spectrometry analysis. The structure
resembles MaoC-like hydratases/dehydratases consisting
of N- and C-terminal domains connected by a long
stretch of flexible loop. Herein, each domain represents
a “hotdog fold” found previously in other (R)-specific
enoyl-CoA hydratases [16-18]. Although C-terminal hot-
dog fold of Palch was found similar to other hydra-
tases, the N-terminal hotdog fold carries unique
characteristic features which were not observed previ-
ously in any other hydratases. Unlike other hydratases,
structural dynamicity is not restricted to helix/loop
region but is also present in main frame [-sheet of
Palch. Based on multiple sequence alignment and struc-
tural superposition of C-terminal domain of Palch with
other DHF-containing hydratases delineate the con-
served hydratase motif with catalytic residues followed
by mechanistic point of view in catalysis. A remarkably
long substrate binding tunnel predicts the binding of Cs
or more acyl chains of CoA derivatives. We found that
it shows a significant binding affinity towards
acetoacetyl-CoA like in crotonase and mitochondrial
enoyl-CoA hydratase of bovine and rat liver respectively
[19,20]. So, this study provides the first atomic-level
insights of Palch which fulfills the missing nexus of ita-
conate degradation pathway in P. aeruginosa.

Materials and methods

Materials

The primers used in this study were procured from (Inte-
grated DNA Technologies, Coralville, 1A, USA). E. coli
DH5a, BL21(DE3) cells and all enzymes were purchased
from Thermo Fisher Scientific, USA. All buffers and che-
micals were purchased from (Sigma-Aldrich, St. Louis,
MO, USA). Crystallization screens, reagents and other
accessories were purchased from (Hampton Research, Aliso
Viejo, CA, USA) and (Rigaku Corp., Tokyo, Japan).

Methods
Cloning, expression and purification

Palch was cloned, heterologously produced and purified to
extreme homogeneity prior to crystallization. Full-length
gene was amplified using Ndel and BamH1 as restriction
sites and the following primers used in this study are
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5-TGCCATATGAGTGAGTCCGCTTTCGCC-3' as for-
ward primer and 5-ATTGGATCCTTAGTCGAATTCC
ACGTCGCC-3' as reverse primer. The PCR product was
cloned into N-terminal His¢-tagged pET28a vector (Nova-
gen, St. Louis, MO, USA) using the same restriction site.
This recombinant plasmid was then transformed into chem-
ically competent BL21(DE3) cells (Thermo Fisher
Scientific, Waltham, MA, USA). Culture was grown in
500 mL of LB supplemented with 100 mg-mL ™' (final
conc.) ampicillin at 37 °C in a continuous shaking condi-
tion until the O.D. reached ~ 0.6-0.8. Then the culture was
induced with 0.5 mm IPTG at 37 °C for overnight in a
shaking condition. Cells were harvested at 5322 rcf for
10 min and pellets were dissolved in re-suspension buffer
(50 mm Tris; pH 8.0, 150 mm NaCl, 5 mm Imidazole and
5% glycerol) with 1 mm PMSF prior to sonication. Lysed
cells were then centrifuged at 19 837 rcf for 1 h and the
supernatant was then loaded into Ni**-NTA column which
was pre-equilibrated with equilibration buffer (50 mm Tris;
pH 8.0, 150 mm NaCl, 10 mm Imidazole and 5% Glyc-
erol). 1 column volume of wash 1 buffer (50 mm Tris; pH
8.0, 150 mm NaCl, 35 mm Imidazole and 5% Glycerol)
followed by 3 mL of wash 2 buffer (50 mm Tris; pH 8.0,
150 mm NaCl, 50 mm Imidazole and 5% Glycerol) was
added. After washing, protein was eluted with elution
buffer (50 mm Tris; pH 8.0, 150 mm NaCl, 250 mm Imid-
azole and 5% Glycerol). Eluted protein was dialyzed
against dialysis 1A buffer (50 mm Tris; pH 8.0, 150 mm
NacCl, and 5% Glycerol) for 3—4 h. and then it was shifted
to dialysis 1B buffer (50 mm Tris; pH 8.0, 150 mm NaCl,
and 5% Glycerol) for another 9-10 h. The protein was
then loaded to Hiload 16/60 Superdex 75 prep grade col-
umn pre-equilibrated with gel filtration buffer (50 mm Tris;
pH 8.0, 150 mm NaCl, and 2% Glycerol). Eluted protein
was collected and concentrated in 30 kDa cut-off spin con-
centrator until the concentration reached ~ 13 mg-mL '
The purity of protein was then checked by SDS/PAGE
analysis.

Crystallization, data collection and processing

Purified protein was crystallized in sitting drop vapor-
diffusion method. Initial crystal hit was obtained in 20%
PEG 3350, 200 mm KNO; of Wizard 3 screen and crystals
appeared in a thin plate-like morphology stacked by one
after another. The whole setup was incubated at 20 °C.
Single and large crystals were grown in 3-4 weeks and
obtained in 22% PEG 3350, 220 mm KNOj. Datasets for
both native and heavy atom derivatives were collected in
Bruker D8 Venture using Cu K, source (~ 1.54 A) and
Photon III CCD detector was used here for collecting
frames (Table 1). The data were integrated and scaled in
Proteum 3 software and were found to belong to space
group Pl with unit cell parameter a = 65.312 A,
b=66.197 A, ¢=77.462 A, o =102.45°, B=95.07° and
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v =101.06°. Matthew’s coefficient of 2.57 A’Da™!
assumed that there are four copies present in each asym-
metric unit and the solvent content is 52.2%. Initially, the
coordinate of heavy atom position and occupancy was cal-
culated in Phenix by Hyss method [21,22]. Estimation of
phasing power was calculated by Autosol and initially, the
model was built by Autobuild in Phenix respectively [22—
25]. Successive model building and refinement were done in
Coot and Phenix respectively [26]. Structure-based sequence
alignment was done by DALI analysis [27]. All structural
representations were made through pymoL [28]. The atomic
coordinates for Palch have been deposited in the Protein
Data Bank (PDB ID: 8HUC).

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) was performed using
Microcal VP-ITC 200 (Malvern, Enigma Business Park,
Malvern, UK) with a cell 350 pL.
Acetoacetyl-CoA (syringe) at 45 um was titrated against
1.75 um of Palch (cell) with a stirring speed of 300 rpm
using titration buffer (25 mm Tris; pH 8.0, 150 mm NaCl)
at 25 °C. A total of 28, 10 pL injections were made every

volume of

180 s. The raw data was analyzed in oRIGIN software [29].

Results

Overall structure of Palch

Full-length N-terminal Hisg-tagged Palch (~ 32 kDa)
was heterologously produced in E. coli and purified to
apparent homogeneity using affinity chromatography
method which was further analyzed by SDS/PAGE.
In size exclusion chromatography method, the protein
eluted as a dimer (~ 64 kDa) which was further con-
firmed by mass spectrometry analysis (Fig. S1). Here,
we report the first crystal structure of itaconyl-CoA
hydratase from P. aeruginosa (Palch) at 1.98 A resolu-
tion. An initial attempt to get phase by molecular
replacement method was not successful probably due
to very low sequence similarity (< 20%) with other
hydratases/dehydratases family of enzymes. Eventu-
ally, the structure was solved by multiple isomorphous
replacement with anomalous scattering (MIRAS)
method using heavy atom derivatives (Au and Hg).
The more detailed structural statistics of native and
heavy atom derivatized crystals are summarized in
Table 1. The crystallographic asymmetric unit (ASU)
of Palch consists of four copies (chain A, B, C and
D) of a monomeric unit forming two dimers (A-C
and B-D) where each dimer represents a biologically
active form (Fig. 2A,B). In ASU, two dimers are ori-
ented at 90° to each other and each monomer of this
dimer was related to each other by two-fold symmetry.
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Table 1. Data collection and refinement statistics.
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Dataset Native KAUCN HgCl, C,HsHgClI
Data collection and phasing statistics
Wavelength (A) 1.54 1.54 1.54 1.54

Resolution range (A)?

31.76-1.98 (2.05-1.98)

27.60-1.66 (1.71-1.66)

27.89-3.27 (3.39-3.27)

27.60-3.01 (3.12-3.01)

Spacegroup P1 P1 P1 P1
Unit cell dimensions a=65.31, b=66.19, a=65.43, b=66.18, a = 65.39, b =66.40, a=65.38, b=66.08,
(a, b c=A a B, c=77.46, o = 102.45, c=77.60, a = 102.46, c=77.43, o= 10249, c=77.34, a=102.78,
y="°) B = 95.07, and B = 95.04, and B =195.13, and y = 101.29 B =95.09, and
v =101.06 vy =101.08 vy =101.20
Total reflections® 1 608 435 (54 330) 1279 481 (9533) 550 217 (45 323) 528 740 (47 828)
Unique reflections® 83 791 (7025) 137 054 (7165) 18 987 (1830) 24 258 (2396)
Redundancy 19.2 9.3 29.0 21.8
Completeness (%)? 98.2 (82.6) 93.0 (48.6) 99.6 (96.0) 99.8 (98.2)
Overall //c® 18 (1.5) 9.8 (2.6) 20 (8.7) 28 (12)
Remerge (%)° 12.7 (12.3) 17.5 (69.5) 18.7 (40.6) 10.4 (20.5)
Refinement statistics
Resolution range (A) 31.76-1.98
Number of used 77 191
reflections
Ruwork (%) 18.22
Riree (%) 22.06
Total number of 17 191
atoms
Protein 16 186
Water/glycerol/KNO3 982/7/14
Average B-factors 34.0
(A?)
Root mean square deviations
Bonds (A) 0.012
Angles (°) 1.168
Ramachandran plot
Most favored region 97.74
(%)
Ramachandran 0.20

outliers (%)

®Values in parentheses refer to the highest resolution shell.

The overall structure of Palch resembles the structure
of MaoC-like hydratases/dehydratases (PDB ID:
IPN2, 3KHS, and 5I7N) composed of two domains,
the N-terminal half and the C-terminal half connected
by an intervening bridge (Fig. 2C). Furthermore,
C-terminal domain of Palch was found to be similar
to other (R)-specific enoyl-CoA hydratases/dehydra-
tases whereas N-terminal domain was shown to be
different. The R.M.S.D. values of structural superposi-
tion of N-terminal domain of Palch with 1PN2,
3KHS8, and S5I7N are 2.03, 0.97 and 1.11 A respec-
tively. Each domain of Palch consists of 2—4 a-helices
and 5-6 continuous parallel B-strand comprising a B-
sheet scaffold. This B-sheet scaffold of each domain
provides the main structural framework of each mono-
mer. The N-terminal end of Palch consists of an over-
hanging segment of 3-7 residues followed by first

strand of B-sheet scaffold. Each B-sheet scaffold of N-
and C-terminal domains represented as a bun of the
so-called “hotdog fold” which was seen in other hotdog
folds containing (R)-specific enoyl-CoA hydratases/de-
hydratases (PDB ID: IPN2, 3KHS, and S5I7N)
[16,17,30-33]. A long central helix al3 (Gly,g7-Alas,;)
represented as a sausage was properly wrapped up by
the C-terminal B-sheet scaffold constituting the C-
terminal hotdog fold. On the contrary, a very short
helical segment a3 (Trps7-Alasg) which we termed as an
eaten sausage is not properly swathed by a B-sheet scaf-
fold comprising the N-terminal hotdog fold. The archi-
tecture of C-terminal hotdog fold is very much similar
to other DHF (PDB ID: 1PN2, 3KHS8, and 4E3E) and
also SHF-containing (R)-specific enoyl-CoA hydrata-
ses/dehydratases (PDB ID: 11Q6, and SCPG) whereas
N-terminal hotdog fold has distinguished characteristic
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Fig. 2. Overall structure of itaconyl-CoA hydratase from Pseudomonas aeruginosa (Palch). (A) The whole asymmetric unit of Palch consists
of a tetrameric assembly in which two dimers are positioned around 90° from each other. Chain A and chain C formed one dimer (green)
whereas chain B and chain D made another dimer (yellow). A 90° rotation about y-axis of whole unit is shown here. (B) Overall structural
view of a dimeric assembly (chain A-chain C) is represented here as a functional unit of Palch. Each o-helix and parallel B-pleated sheet are
colored red and vyellow respectively and they are labeled sequentially in order of their arrangement. (C) Cartoon representation of
monomeric unit (chain C) showing the N-terminal and C-terminal domain comprised of a double hotdog fold. The N-terminal and C-terminal
domains are colored green and yellow respectively and the intervening highly flexible segment is colored warm pink. All structural

representations were made through pymoL v2.5.4.

features [33-36]. Helix a3 (eaten sausage) and the
succeeding B5 strand of N-terminal domain were con-
nected by a long flexible loop (Phes;-Arg;9; average b-
factor 45.08 10\2). An extra short helix o4 (Alasg-Glygg)
is introduced in this loop which is found in all mono-
mers (chain B, C and D) in the asymmetric unit except
in chain A which means that helix-loop or loop-helix
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transition occurred in that region. Moreover, this par-
ticular Arggo-Argy9 region of that extended loop (Phes;-
Argyg) shows a high b-factor of ~ 81.62 A? comprising
163 atoms. Similar to other DHF-containing hydra-
tases, 02 (Valys-Phes,) helix of the N-terminal domain
is stacked on a10 helix of the C-terminal domain in
Palch.
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Dimeric unit

As mentioned earlier, Palch has two dimers in the
crystallographic asymmetric unit where chains A-C
make one dimer and chains B-D form another dimer.
The whole Palch dimeric unit shows like a crab’s shell
with a dimension of ~ 77.5 x 60.8 x 54.2 A. The
most noticeable feature observed in this dimeric assem-
bly was that each monomer consists of two [B-sheets
with variable number of strands as well as their
arrangement (Fig. 2B). However, no significant
R.M.S.D. value was observed between the monomers.
Each monomer contains a total of 275 amino acid resi-
dues consisting of 6 a-helices and 11 strands of parallel
B-sheet in chain A while 7 helices and 10 strands of -
sheet in its complementary chain C (Fig. 2B). Each
helix and B-strand of a monomer was sequentially
numbered on the basis of their arrangement (Fig. 2B,
C). These strands of B-sheet range from 3 to 13 resi-
dues in length. The order of their arrangement is 1-4-
5-6-7-8-9-14-15-16-17 found in chain A while B4 strand
is not present in chain C (R.M.S.D value over C,
atoms between chain A and C is 0.207; Fig. 2B). How-
ever, consistency of B-sheet arrangement of A-C was
not found in another dimer B-D. The arrangement of
B-strands in chain B is 1-5-6-7-8-9-10-15-16-17-18-19
order while in subunit D it is found in 1-5-6-7-8-9-14-
15-16-17 order. So, it concludes that each dimer of an
ASU constitutes a different pattern of B-sheet arrange-
ment (R.M.S.D value over C, atoms between A-C
and B-D is 0.271) while chain C and chain D consists
of similar arrangement from dimer A-C and B-D
respectively. An extra 6 strand (Alaj;g-Leujyg) is
formed in chain A by splitting up B7 strand of chain
C (Gly;17-Glny3g). The C-terminal end of B5 followed
by the N-terminal end of successive B6 strands of
chain C make a bent in the opposite direction from
the usual hotdog fold while it was not observed in
counterpart chain A. In contrast to dimer A-C, B5 and
B16 strands of chain D split to make two new strands
B5-p6 and P16-P17 respectively in counter chain B.
Similar to other DHF-containing hydratases, two
domains of Palch are also connected by a highly flexi-
ble solvent-exposed loop. Due to high B-factor of that
region (average b-factor ~ 90 ;\2), the electron density
of some residues (Thry43-Glu;s¢) was not found.

In dimeric form, two monomers are highly attached
by most of the hydrophobic residues in the interface
regions and ~ 252 A? surface area is buried by each
other. The total surface area of Palch is about
25978 A% Helices o2, al0, ol2 and the C-terminal
half of the first strand of B-sheet from both monomers
participate in the dimeric stability. It is noticed that o2
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(Val,s-Phes,) helix of chain A interacts with the loop
region (Phes;-Glus;) of its counterpart chain C
whereas o2 from chain C makes contact with part of a
large disordered loop region (Glnss-Alasg) of chain
A to provide some extent of conformational stability
to that region. e-amide of Lys,s of chain A partici-
pates in H-bonding interaction with y-carbonyl oxygen
of Asps4 from chain C whilst side chain of Lysys of
chain C makes bifurcated H-bonding interactions with
Glns; and Aspss of chain A respectively. The side
chain of another residue Arg,; of chain C also makes
H-bonds to Alasy and Valigy present in its dimeric
counterpart. ol0 helix of both monomers forming
dimers are arranged at an angle of 90° to each other.
These centrally located o10 helices (Pro;;;-Thrg;) of
hotdog fold from both subunits are buried deep inside
this dimeric interface and around 75% of residues of
those helices are hydrophobic in nature. Each «l10
helix interacts with a short loop (Phe;82-Glyg4) from
its dimeric counterpart to provide overall stability.
Being exposed to solvent, both «l2 helices in dimer
are situated parallelly to each other. N-terminal part
of small helix-12 (Tyr;go-Projg) from both subunits
interacts hydrophobically with each other. Along with
this, the C-terminal end of B1 (His;7-Gln;g) of both
chains confers structural stability to this dimer. It was
observed that 6-O carbonyl amide of Glny of chain A
interacts with 3-NH, of Gln;o from chain C by making
an H-bond between them. In another, the y-carboxylic
group of Asp;s and carbonyl oxygen of Glny of coun-
terpart chain A also participates in H-bonding interac-
tions to y-carbonyl amide of Asnp3; from its
counterpart subunit C and vice versa. Two pi-pi inter-
actions have also been observed between aromatic side
chains of both Phe;;5 and Tyrg9 from both chains.

Comparisons between N-terminal domain of
Palch and other MaoC family hydratases

It has been stated earlier that C-terminal domain was
found to be similar with other (R)-specific enoyl-CoA
hydratases but N-terminal domain showed distin-
guished characteristic features which were not present
in other hydratases. A common characteristic feature
of all hotdog fold-containing hydratases exemplified a
9-17 residues long central helix represented as sausage
properly wrapped by B-sheet as a bun [33-35,37]. This
characteristic feature is distributed through all
domains of life until the revelation of a new kind of
hotdog fold as observed in Palch. It is first noticed in
the N-terminal domain of Palch that a very short 4-
residues helical segment o3 (Trps;-Alasg) which we
named as an eaten sausage is not properly placed

FEBS Letters (2024) © 2024 Federation of European Biochemical Societies.
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Fig. 3. A unique N-terminal hotdog fold of Palch and model structure of itaconyl-CoA hydratase from Yersinia pestis (Yplch). (A) Cartoon
representation of side view of N-terminal hotdog fold. The B-sheets represented here as buns of Palch from Pseudomonas aeruginosa,
eukaryotic hydratase 2 from Candida tropicalis (PDB ID: 1PN2) and MaoC-like dehydratases from Phytophthora capsici (PDB ID: 3KH8) and
Mycobacteroides abscessus (PDB ID: 5I7N) are shown in green, cyan, blue and orange color respectively whereas all central helices of
those B-sheets of so-called “hotdog fold” represented as sausage are shown in chocolate color. A 9-17 residues long central a-helix
(chocolate) represents the sausage of hotdog fold as seen in 1PN2, 3KH8, 517N and other DHF-containing hydratases where a 4-residues
short helical segment a3 (Trps7-Alasg) named as an eaten sausage of Palch resemble the sausage counterpart shown in other hydratases.
Inset: Final 2F,-F, map showing that central helix “a3" (chocolate) of Palch is in right fit (contoured at 1.0 o). (B) Top view of N-terminal
hotdog fold of Palch (green) showing that central helix (¢3; chocolate) is slipped away from the B-sheet scaffold (bun) while central helices
(sausage) of other (R)-specific enoyl-CoA hydratases (PDB ID: 1PN2, 3KH8, and 5I7N) are properly wrapped by their respective hotdog folds.
All structural representations were made through pymoL v2.5.4.

inside the core of its hotdog fold (Fig. 3A.B). Top
view representation of Palch showed that o3 charac-
terized as an eaten sausage has been slipped away
from the B-sheet scaffold (Fig. 3B). The extended loop
region (~ 7 residues) succeeding helix o3 is the missing
region of sausage seen in other hydratases. The reason
for appearance of very short helical segment a3 is the
presence of o2 and a10 helices from its dimeric coun-
terpart (Figs 2B and 4A). a2 and o10 helices of each
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monomer interact with the extended loop region
(Phes;-Glygs) of the other monomer (Fig. 4A). Mainly
o2 rather than a10 helix takes part in this interaction
due to o2 being situated in close proximity to extended
loop region (Phes;-Glygs). Around 69% of residues of
this extended loop region (Phes;-Glygs) are of hydro-
phobic in nature. So, a strong hydrophobic interaction
is seen between 02/a10 and the extended loop region
(Phes;-Glygs) between each dimer which ultimately
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Yplch

Fig. 4. Dimeric interfaces between two monomers (chainA-chainC). (A) a3 represented as an eaten sausage of monomer A (green) was
pulled out from hotdog fold by a2/a10 helices of dimeric counterpart C (olive). Inset: Residues involved in H-bonding interactions between
both monomers. Only polar contacts (magenta) are shown here. (B) Inset: Final 2F,-F, map around residues involved in dimeric interfaces
showed that they were in right fit (contoured at 1.0 o). (C) Side view representation of model structure of Ich (pink) from Yersinia pestis
(Yplch) consists of a single hotdog fold. (D) Structural superposition between Yplch and Palch showed that SHF of Yplch showed maximum
similarity with C-terminal domain (yellow) of Palch with DHF. All structural representations were made through pymoL v2.5.4.

gives overall dimeric stability. Conversely, very low
polar contacts were made between o3 and the sur-
rounding B-sheet scaffold which ultimately caused
relaxed grasping in N-terminal hotdog fold. Hisug
and Trpye are making an H-bonding interaction with
the side chain carboxylic group of Glu;;g. So, due to
poor grasping of B-sheet scaffold, a2/al0 helices
pulled out the a3 helix (eaten sausage) towards them
(Fig. 4A). Another remarkable feature showed the

most disordered region (Hisgg-Argyg) of the extended
loop (Phes;-Arg;9) was positioned far away from the
B-sheet main frame which is not similar in other
hydratases. Due to high b-factor (~ 82 A2 over 163
atoms) of this disordered region (Hisgs-Argsy), elec-
tron density of ~ 5 residues were not found. How-
ever, this region in other hydratases is located in
close proximity to the interior wall of the B-sheet
scaffold.
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Structural comparisons between ich from
P. aeruginosa (Palch) and ich (RipB) from
Yersinia pestis

Here, we have generated a structure of Ich (RipB) of
Y. pestis using MaoC domain containing dehydratase
from Chloroflexus aurantiacus as a model (PDB ID:
4E3E) by SWISS-PDB (Fig. 4C). In Palch two hotdog
folds connected by a long linker region seen in the
structure whereas only a single hotdog fold is present
in Yplch homolog. The C-terminal hotdog fold of
Palch is found to be similar to hotdog fold of Yplch
like in other SHF-containing hydratases (Fig. 4D). In
contrast, a five-stranded B-sheet encompassing 13 resi-
dues long central a-helix (Serjjo-Valjz;) forms hotdog
fold in YpIch. A 70-residues long-disordered N-
terminal stretch followed by the first strand of B-sheet
forms the N-terminal region of Yplch which is not
similar in case of Palch. Instead, a 13-residues long
overhanging segment followed by first strand of p-
sheet scaffold made the N-terminal region of Palch.

Substrate binding tunnel and active site

Unlike many SHF-containing (R)-specific enoyl-CoA
hydratases consisting of two active sites located at
both top and bottom of the dimeric interfaces, it was
observed that only one active site region is present in
DHF-containing (R)-specific enoyl-CoA hydratases
[30,31,33,34,36]. Superposition of Palch with its most
closely related homolog of Ct hydratase 2 (PDB ID:
1PN2) showed a similar conserved hydratase motif
present in the structure (Fig. 5A). This conserved
hydratase motif is not only present in Cz hydratase 2
but it was consistently found in other DHF-containing
dehydratases from Phytophthora capsici, Mycobacter-
oides abscessus and Chloroflexus aurantiacus (PDB 1D:
3KHS8, 5I7N, and 4E3E) [37]. Based on structural
superposition, this hydratase motif is present at the
interface of double hotdog fold of Palch. This con-
served hydratase motif in Palch denoted as oll
responsible for hydration of itaconyl-CoA. Due to
higher compactness of the core region of C-terminal
domain, no active site cleft was seen in that region of
all SHF- and DHF-containing hydratases (PDB ID:
3KHBS, 517N, and 4E3E).

Multiple sequence alignment by clustalW and
structure-based sequence alignment by DALI analysis
of Palch with other DHF-containing (R)-specific
enoyl-CoA hydratases/dehydratases also identified the
conserved active site residues in this hydratase motif
responsible for catalysis (Fig. 6) [27]. Active site archi-
tecture of (3R)-hydroxydecanoyl-CoA (HDC) bound
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complex of Ct hydratase 2 (PDB ID: 1PN4) also con-
firmed the catalytic residues responsible for this hydra-
tion. Aspigs, Asnjgs, and Glng; are three catalytic
residues in Ct hydratase 2 responsible for hydration of
3(R)-HDC [33]. Based on analysis of sequence align-
ment, Asngg3, Hisigs, and His;gg are three putative cat-
alytic residues in Palch responsible for hydration to
the C3 position of itaconyl-CoA (Fig. 6). Due to simi-
larity of 3(R)-HDC with itaconyl-CoA, a complex of
Palch with itaconyl-CoA was modeled based on Ct
hydratase 2 bound 3(R)-HDC complex (PDB
ID:1PN4; Fig. 5B). Upon addition of a water molecule
to itaconyl-CoA by Palch, the substrate is converted
to citramalyl-CoA which is further hydrolyzed by (S)-
citramalyl-CoA lyase (Ccl), the last enzyme of the ita-
conate degradation pathway (Fig. 1A). The position of
side chain of putative catalytic residues was also found
to be similar with side chain of active site residues in
Ct hydratase 2. The amide group of Gly,y; makes an
H-bonding interaction with carbonyl oxygen of acyl
chain of itaconyl-CoA by creating an oxyanion hole
which initiates the process of catalysis. Similar to 3
(R)-HDC bound Ct hydratase 2 complex, The phos-
phorylated ADP-moiety of itaconyl-CoA bound Palch
is situated outside of the substrate binding tunnel in a
bent conformation whereas the acyl chain is placed
inside the central cavity of the double hotdog fold. An
H-bonding interaction is observed between the -NH,
group of adenine moiety and the carbonyl oxygen of
Gly,34 as well as side chain of Lys;;, makes another
polar contact with this ADP-moiety. Another notable
difference is also observed between al1 and 13 hydra-
tase motifs of Palch and Cr hydratase 2 (PDB ID:
1PN2) respectively. It was found that the position of
oll motif of Palch is slightly shifted away (~ 2.83 A)
from a13 motif of Ct hydratase 2.

Although hydratase motif with active site residues is
conserved in all DHF-containing hydratases/dehydra-
tases, the size of active site pocket showed different in
Palch. Tt is first noticed that a deep slender substrate
binding tunnel greater than its expected length of Cs
acyl chain of itaconyl-CoA seen in Palch. However, in
Ct hydratase 2 (PDB ID: 1PN2) like other DHF-
containing hydratases/dehydratases, the range of sub-
strate binding tunnel is limited to the acyl chain length
of its corresponding substrate 3(R)-HDC. The most
remarkable feature found that the tunnel consisting of
Cio acyl chain of HDC in Ct hydratase 2 is smaller than
the tunnel consisting of Cs acyl chain of itaconyl-CoA
in Palch. No difference in the length of the tunnel was
observed between apo form (PDB ID: 1PN2) and 3(R)-
HDC bound complex of Cr hydratase 2 (PDB ID:
1PN4). Similar to other hydratases/dehydratases, the
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Cavity size:
Palch- ~ 1156 A3
Ct hydratase 2- ~ 572 A3

Palch with
itaconyl-CoA

Fig. 5. The enzymatic active site and substrate binding tunnel of Palch. (A) Superposition of Palch (N-terminal domain: green and C-terminal
domain: yellow) with Ct hydratase 2 (N-terminal domain: cyan and C-terminal domain: violet) showed the similar conserved hydratase motif
(wheat) responsible for catalysis. (B) A complex of Palch with itaconyl-CoA was modeled from its most closely related homolog Ct
hydratase 2 bound 3(R)-HDC complex due to structural similarity of 3(R)-HDC with itaconyl-CoA. Inset: The three putative catalytic residues
are Asnigs, Hisqgs, and Hisqgg (yellow) taking part in hydratase reaction. ADP-moiety of itaconyl-CoA was placed outside of the active site
cavity in a bent conformation while the acyl chain is situated into the pocket at dimeric interface. (C) Surface representation of active site
pocket (gray) of Palch consists of an extra region marked as an arrow beyond its Cs acyl chain of substrate (itaconyl-CoA). It predicts that
Palch can bind longer acyl chain derivatives of CoA while in Ct hydratase 2 complex, length of the tunnel (gray) is limited to its substrate’s
acyl chain length. The volume of active site pockets of Palch and Ct hydratase 2 obtained by PyVol v1.7.8 are ~ 1156 and ~ 572 A3

respectively. All structural representations were made through pymoL v2.5.4.

path of this tunnel was restricted by the central helix
(sausage) followed by a long-disordered loop region of
N-terminal hotdog fold whereas no such restriction was
observed in Palch. The presence of central helical seg-
ment a3 (Trpyss-Alasg) represented as eaten sausage fol-
lowed by subsequent loop region (Phes;-Glygs) of chain
A pulled out by a2 and «10 helices from counter chain
C cleared the path of the tunnel in chain A and vice
versa. It may access the longer acyl chain derivatives of
CoA in the substrate binding tunnel. So, the active site
pocket of Palch may propose the binding of longer
acyl chain derivatives of CoA than Cs acyl chain of
itaconyl-CoA. Despite different tunnel lengths in Palch
with other hydratases, the entry of the tunnel is similar
to other DHF-containing hydratases/dehydratases.

10

Electrostatic potential map of Palch and the Ct hydra-
tase 2 also showed the positively charged residues lining
the active site pocket region (Fig. S2). The mouth of the
tunnel of Palch is a little wider than Ct hydratase 2.
HiSsG, HiS]85, Arglgﬁ, HiS]gg and HiSzoé of Palch con-
tribute the positively charged surface to the inner lining
of the tunnel whereas Arg4s contribute to the mouth
position. The residues positioned at the entry of tunnel
are not so well conserved between them and other (R)-
specific enoyl-CoA hydratases. Leusss, Argyis, Argas,
and Leu;;o are situated at the mouth of this tunnel
whereas Ilesss, Leuy,, Phejs,, and Phejog are found to
be positioned at that region of Ct hydratase 2. Likely to
other hydratases/dehydratases, f4 and P14 strands of
chain A in Palch are parallelly situated at the two-

FEBS Letters (2024) © 2024 Federation of European Biochemical Societies.



A. Pramanik and S. Datta

A novel N-terminal hotdog fold of Palch

Palch 6 3Faaahssnias GRQEET--HDQLSRNLVKRIAAT-FGE- - - - - - L---TPAH- = -=---- GEALPPLWHWA- - -F- - 48
§7n 6 ----- ALEARVGHYYQMDNPYLVGREKVREYARA-VQD- - - - - - YHPSHWDAAAAADLGYSGVVAPLTFTST---P-- 66
8 6 ---VNVDKILNSPEATY- - TATYNQRDLLMYAVG IGES- - - - - - DLQFTYEF -« -« -« - DEKFSAFPLYPVC---LPF 62
1on4 B unimmsEnsmmes s P--VWRFDDRDVILYNIA-LGATTKQLKY---VYE------- NDSDFQVIPTFGHLITFN-- 52
T : o
Pakch 47 FQDPVEAAGLGVDGHPAR - - - - - - - - - GADDR- NRMWAGGRLEFHQ-PLRV-GGEASRTSTILRVEEKHGRSGALLFV 112
S7n 67 AMA- - - - - CNRRMFESVV- -« VGY-D-TYLQTEEVFEQHR-PIVA-GDELHIDVELTSIRRVA----GRDLI 122
Ah8 63 KGQS- - - -QDVVPFPPET | SAAPDGMPSFNPA-MILHGEQSVEILR-PLDPSGGTLTGKTKVISFYDKGK- - - -GTLM 130
1on4 53 SGK- - - - - - SQNSFAKLL- -« - -+ --- RNFNPMLLLHGEHYLKVHSWPPPT-EGEIKTTFEPIATTPKG- - - - TNVVI 110
Pakh 113 TLRHDYRQ- - D-GQLALSEEHD IVYR- - EPTPPKLGGTEALP - = « = = v o st o e memeeeaeeaeeae e 149
S7n 123 TVINTFTD- - MAGERVHTLHTTVVG I TADE | SPG TMAAVQKAMMHDVDSY | KTVRPAGEVRVAQDTARNPGTPSFDDV 198
28 131 ETQTQFED- -6 - NGPVAKL I SGSFIR--6G-++-LTGYEGKGRKLPARVQ IPK- « v vensennennnnnennennnns 173

1ond 111 VHGSKSVDNKS -GELIYSNEATYF IR- - NCQADNKVYADRPAFATNQFLAPK:- - = -+« v v vttt 159

I

Palch 150 - - - EGDWREALEPDPVLLFRYSAVTF
&7n 199 KVGDELPVHHTRLSRGDLVNYAGVAG
Ah8 174 - - RQPDFNDEFKTSPHQAQVYRLSG -
1ond 160 - - RAPDYQVDVPVSEDLAALYRLSG -

D < P @

HR 1 [HlYDWPYVTDAEGYPGLVVHGPL IATLALRAFCRANPQA- - - RLRRF A 221
NIP | DEEIAK-LAGLPDVIAHGMLTMGLGAGFFSAWSGD - - PGAVTRYA 273
NSLHIIDPE | AKS - VGFKQPILHGLCSMGVASRALFKQFCGGDVARFKS IR 247

NPLRIIDPNFAK- GAKFPKPILHGMCTYGLSAKALIDKFG- - - - - MFNE | K 228

o = g N S —

Pakh 222 YRGLRPLIC----PEPFEVGGRLLAA- - - - - - GKAEVWVGN- - GAGLAQR-GDVEFD- - - - - - 265

57n 274 VRLSAPA|VSAAEGAD |EFGGKIKSLDPQTRTG I VVVTAKA- - SGKKIFGLATMSVRFS- - - - 330

Xh8 248 VRFSSPCFP----GETIQTRMWQEGS - - - - - - GKVLFQAVVKERGAVIVDGGEFVYTQDASAR 300

fond 220 ARFTGIVFP----GETLRVLAWKESD - - - - - - DTIVFQTHVVDRGT IAINNAAIKLVGD - - - - 277
[ aa—— = — =

Fig. 6. Structure-based sequence alignment of Palch with other DHF-containing (R)-specific enoyl-CoA hydratases by DALI analysis (PDB ID:
517N, 3KH8, 1PN4) and pictorial representation was made through Jalview. Residues of these alignment are colored based on their
conservation. Secondary structure prediction analysis showed cylinder (red) and arrow (green) as ao-helix and B-sheet respectively. Similar
hydratase motif consisting of conserved active site residues marked under square box (black).

domain interface. The C-terminal end of PB4 splayed
apart from N-terminal end of B14 strand creating the
mouth of the tunnel. Another notable difference was
observed between the entrance of the tunnel of Palch
and other DHF-containing hydratases. The N-terminal
end of B6 strand of Cr hydratase 2 (PDB ID: 1PN2) was
more bent towards the core region of N-terminal
domain compared to the corresponding P4 strand of
Palch. At the opening of mouth in Palch, Asngy-Trpgs
of B4 strand produced a slight kink interiorly to make a
path for entry of the itaconyl-CoA whereas in Ct hydra-
tase 2, Leu,-His;3 made such a kink. So, a greater arc
was required for the entry of longer acyl chain substrate
like Cjp-acyl chain of 3(R)-HDC in Ct hydratase 2
(PDB ID: 1PN4) rather than shorter arc for Cs-acyl
chain of itaconyl-CoA in Palch.

Affinity towards acetoacetyl-CoA

In previous studies, it was reported that certain CoA
derivatives function as inhibitors for (R)-specific enoyl-
CoA hydratases [38]. Among these derivatives,
acetoacetyl-CoA has demonstrated inhibitory effects
on crotonase and mitochondrial enoyl-CoA hydratase
(PDB ID: 1DUB) in bovine and rat liver, respectively
[19,20]. Palch belongs to the MaoC family of (R)-
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specific enoyl-CoA hydratases, and its substrate,
itaconyl-CoA, shares structural similarities with
acetoacetyl-CoA. Therefore, we attempted to deter-
mine the affinity and inhibitory effects through com-
petitive binding assays between itaconyl-CoA and
acetoacetyl-CoA. Our findings revealed a significant
binding affinity of acetoacetyl-CoA with Palch. How-
ever, due to the poor stability of itaconyl-CoA, we
were unable to perform a competitive binding assay
between itaconyl-CoA and acetoacetyl-CoA. Thus, in
this study, we exclusively present the binding affinity
of acetoacetyl-CoA with Palch. The dissociation con-
stant (K4) value of Palch with acetoacetyl-CoA was
determined to be 0.214 pM using isothermal titration
calorimetry (ITC) experiments (Fig. 7). A control
experiment was carried out where Palch and buffer
(25 mm Tris; pH 8.0 and 150 mM Nacl) were given in
cell and syringe respectively.

Discussion

The importance of itaconate degradation pathway in
pathogenic bacteria has become increasingly evident
over the past few years. It was first identified the genes
encoding enzymes responsible for terminating the
antimicrobial effect of itaconate by converting it to

1
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acetyl-CoA and pyruvate as nutrient one [14]. Detailed
investigation of structural and functional insights of
two enzymes, Ict and Ccl of this pathway have been
performed so far but the information about the second
enzyme Ich remained obscure. Sequence similarity
searches through blastp analysis of Palch showed
maximum matches found between the same genus but
different species of Pseudomonas whereas very low
sequence similarity was observed in other genera.
However, in another genus like Yersinia, a homolog
Yplch showed ~ 31% sequence identity with Palch by
blastp analysis. It showed that both enzymes have
genetic dissimilarities but carried similar functions. So,
it concludes that occurrence of itaconyl-CoA hydratase
between different genera likely arose through conver-
gent evolution. In this work, we have determined the
first crystal structure of Palch which catalyzes

12

R (NN L
40 455055 6.0

experiment was shown above the
experimental data. The raw data were
analyzed through oRIGIN.

conversion of itaconyl-CoA to citramalyl-CoA and the
functional insights about active sites and respective
substrate binding tunnel. The 1.9 A crystal structure
of Palch from P. aeruginosa resembles MaoC-like
hydratase/dehydratase subfamily proteins consisting of
double hotdog folds connected by a long flexible loop.
Homology modeling of Yplch sheds light on its basic
structure and showed that it consists of only one
domain which is similar to the C-terminal domain of
Palch. It means structure of Yersinia homolog Yplch
share 50% similarities with Palch from Pseudomonas
but both have similar functions. So, the N-terminal
domain of Palch is supposed to have evolved via gene
duplication from single hotdog fold of Yersinia or any
other hydratases/dehydratases carrying similar func-
tions. Although the number and arrangement of
strands in each monomer of a dimeric unit showed

FEBS Letters (2024) © 2024 Federation of European Biochemical Societies.
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Fig. 8. Proposed catalytic mechanism of Palch. It converts itaconyl-CoA to citramalyl-CoA through a transient intermediate mesaconyl-C4-
CoA. Asn;gs, Hisqgs and Hisqgg are three catalytic residues making an H-bonding network with a water molecule which further adds OH™ ion

at C3 and a proton at C2 to produce the final product (S)-citramalyl-CoA.

differences whereas chain C and chain D from two
dimers (A-C and B-D) of an ASU consists of a simi-
lar arrangement. It confers pliability is not restricted
within helix/loop region but is also present in main
frame B-sheet. Herein, we assume that each monomer
modulates the main frame architecture of hotdog fold
of other monomer while keeping itself fixed in a partic-
ular state.

The new N-terminal hotdog fold consisting of a
short helical segment o3 pulled out by a2/al0 helices
of dimeric counterpart creates a long substrate binding
tunnel. So, active participation of two protomer may
influence the binding of longer acyl chain coA sub-
strate which is not seen in other hydratases. The sizes
of active site pocket of Cr hydratase 2 and Palch mea-
sured by PyVol v1.7.8 analysis are ~ 572 and
~ 1156 A® respectively [39]. In contrast to N-terminal
hotdog fold of Palch, a long 10-17 residues helix
represented as full sausage followed by an extended
loop region was found in close proximity to the inte-
rior wall of N-terminal B-sheet frame in other hydrata-
ses/dehydratases (PDB ID: 1PN2, 3KHS8, and SI7N;
Fig. 3A). This kind of short helix represented as eaten
sausage in Palch was most likely arose due to helix—
loop transition of 6-10 residues which might be facili-
tated by pulling effect of a2/al0 helices of counterpart
chain (Fig. 4A). Despite slippage of a3 helix from the
N-terminal hotdog fold, the main frame B-sheet still
holds the similar characteristic features of bun like
other hotdog folds. It may be concluded that all
MaoC-like hydratases/dehydratases consist of a similar
B-sheet scaffold (bun) which is conserved through all
domains of life while central helix o3 in Palch is found
differently as eaten sausage.

FEBS Letters (2024) © 2024 Federation of European Biochemical Societies.

It has been found previously that Palch of itaconate
degradation pathway catalyzes the conversion of
itaconyl-CoA to (S)-citramalyl-CoA through an unsta-
ble intermediate mesaconyl-C4-CoA [14]. It was
reported that it carries out two partial activities as
itaconyl-CoA-isomerase and mesaconyl-CoA-hydratase
where itaconyl-CoA-isomerase first transforms 3-cis
itaconyl-CoA to 2-trans mesaconyl-C4-CoA and later
mesaconyl-CoA-hydratase converts this transient inter-
mediate to (S)-citramalyl-CoA upon addition of a
water [14,40]. At first, a proton is abstracted from C2
of itaconyl-CoA and re-added to C5 by carbonyl
amide of Gly,g; of itaconyl-CoA-isomerase/Palch to
produce mesaconyl-C4-CoA. Later, Asn;gs, Hisjgs and
His;gg of mesaconyl-CoA-hydratase/Palch made an H-
bonding network with a catalytic water molecule
which further catalyzes the reaction from mesaconyl-
C4-CoA to (S)-citramalyl-CoA by a nucleophilic
attack of OH™ at C3 and addition of a proton to C2
(Fig. 8). So, this study on structural as well as mecha-
nistic insights of Palch which connects the missing link
of itaconate degradation pathway in virulent organ-
isms like P. aeruginosa. So, the structural information
about active site pocket with putative catalytic residues
will help to find more potent drug candidates against
Palch in future. More importantly, future drug discov-
ery based on structural insights of Palch will ulti-
mately replenish the defensive role of macrophages
and prevent the abusive usage of antibiotics.
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Fig. S2. Electrostatic surface potential map of Palch
and Ct hydratase 2.
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