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SUMMARY

3. SUMM ARY
Mycobacterium tuberculosishe etiological agent ofuberculosigTB), cansurvive as an

intracellular pathogen residing a granulomatous lesion in the lun@airrent TB treatments
comprise a long course séveralantibiotics with various side effectticomplete treatmeris

leading toantibiotic resistance, a growirigreatworldwide. It has been recognized tHadth
antibiotic inactivationand intracellularsurvival is often mediated by organic cofactors
Furthermore, novel therapeutic compounds in use are prodrugs that require cofastaisdor
conversion into an active pharmaceutical entity. Mycobacterial cofactors apsaadcomng

field of researctor developing novel therapeutic compounds such, novel cofactors offer

an exciting opportunity to discover novel aspects in the pathogen's physiology and pathology

aswell as inspiring novel avenues for TB management.

Mycofactocin(MFT) is a novel redx cofactor, part of the family of natural products termed
ribosomally produced and petsanslationally modified peptideand a universal genomic
feature of theMycobacteriumgenus. Its discovery was spurred from the bioinformatic
observation of a genedas in the vicinity of a radical SAM maturase, containing a small
peptide precursor, a chaperone, a peptidase, and a glycosyltransédoagside putative
MFT-dependent redox enzymes and other genes encoding proteins of unknown function
In-vitro investigationof the biosynthesis pathwashowed the formation ofthe redoxactive
precursor premycofactociniIn addition in-vivo studies with the model organism
Mycolicibacterium smegmatisave associatedFT to the metabolismof primary alcohols for
asgmilation as a carbon sourc€ritical questions remagét, such as whether tha vitro
biosynthetic model is validn vivo, the function of the putative glycosyltransferase, the
enzymology of MFTdependent oxidoreductases and dehydrogenases, and theM#H& in

mycobacterial pathogenesis.

The first project of this thesfublished in the articl&Structure elucidation of the redox
cofactor mycofactocin reveals oligaglycosylation by Mft Fo identified in vivothe previously
described precursoend resolvd the structure of mature mycofacto@nM. smegmatisWith
a combination of statef-the-art techniques, including higteslution mass spectrometry,
isotopic labding, and nuclear magnetic resonance we identified the role of the putative
glycosyltransferase MftF, catalyzing the formation nfaigosaccharide consisting of up to
nine glucose units linked by B1,4 glycosidc bond installed at thephenol moietyof
premycofactocin. The new mycofactocin congeners, which we consider to be the mature form
of the cofactor, are redeactive and form a novel pool enriched duretganol cultivatiorasa
sole carbon source. Furthesre, we unexpectedly discovered methylcofactocin, in which
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the second unit in thisligoglucosidechain is a Z0-methylglucose The enzyme responsible
for this modificationis still unknown.Our results close an important gafpknowledge about
mycofactocin biosynthesiand provide final evidencefor the existence of this cofactor,

postulated almost ten years ago

The second article of this thesis, titl&tnpact of Oxygen Supply and ScaldJp on
Mycobacterium smegmati€ultivation and Mycofactocin Formationo proposes a protocol
for mycofactocin productiom M. smegmatisBy modelling theaemtion conditions itomplex
Lysogery Broth (LB) and a transferate online measurement, we observed a direct correlation
between an increase in lohain mycofactocin yield andecreasedxygen transfer rate. The
ratio of premycofactocin precursor and ghdhain mycofactocin, however, remained stable
between conditions. We upscaled these parameters based on volumetric power input, from a 40
mL scale to 3 L volume in a 7 L stirred tank reactor, and we observed similar results.
Interestingly, we observeddtier longchain mycofactocin yield in Hartmérde Bont mineral
media. With this research, we offer a protocol for achieving MfoHuction in the milligram
scale that willadvance ouresearcton the threedlimensional structure and the enzymology of

MFT-dependent oxidoreductases.

Bringing these two articles together, it comes to our attentiortiibaireviously proposed
biosynthetic pathway does not fully explain the novel congeners identiBaded on
observations with mutant strains and the enrichraedtdepletion of pathwagependent MFT
congeners, wepropose a biosynthetic route in which glucosylation occhefore
premycofactocinformation and methylation, however further studies are requihed.
conclusion, we haveevealed important information about the occurreand structure of
mycofactocin While critical questions remaiopen regarding the MFT role in pathogenesis
and thenteraction with MFFdependent dehydrogenases/oxidoreductéseghesis offers not
only a characterization of the mature mycofactocin cofactorivo but opens a practical
solution for the problem of yield that will help resolegtical questions regding the novel

cofactor mycofactocin.
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4. ZUSAMM ENFASSUNG
Mycobacterium tuberculosisler Erreger der Tuberkulose (TB), kann als intrazellulares

Pathogen in granulomatdésen Lasion in der Lunge Uberleben. Die derzeitigen
Behandlungstrategien umfassen eine lange Kur mit mehreren Antibiotika und verschiedenen
damit verbundenen Nebenwirkungen. Unvollstandige Behandlung kann zu einer Antibiotika
Resistenz fuhren, eine weltweit wachsende Bedrohung. Es ist bekannt, dass sowohl die
Inaktivierung von Antibiotika als auch das intrazellulare Uberleben oft durch organische
Kofaktoren vermittelt wird, chemische Molekile, die fur die Enzymaktivitat erforderlich sind.
Daruber hinaus sind einige neuartigen therapeutischen Verbindungen Prodrkgsaltoren

fur die Umwandlung in eine aktive pharmazeutische Foarmvo benoétigen. Mykobakterielle
Kofaktoren sind ein aufstrebendes Forschungsgebiet fur die Entwicklung neuer therapeutischer
Verbindungen. Daher bieten neuartige Kofaktoren die spaendidlichkeit, neue Aspekte in

der Physiologie und Pathologie des Erregers sowie neue Wege fir edanBgement zu

entdecken.

Mycofactocin (MFT) ist ein neuartiger Red@ofaktor, der zur Naturstoffamilie der
ribosomal produzierten und posttranslatiomaldifizierten Peptide gehdrt und ein universelles
genomisches Merkmal der Gattung Mycobacterium darstellt. Seine Entdeckung wurde durch
die bioinformatische Beobachtung eines Genlocus in der Néhe einer radikaleM&#@ikhse
angestol3en, der neben putatikd~T-abhangigen Redeknzymen und anderen Genen, die fur
Proteine unbekannter Funktion kodieren, einen kleinen Peptidvorlaufer, ein Chaperon, eine
Peptidase und eine Glykosyltransferase enthaln-vitro-Untersuchungen  des
Biosyntheseweges zeigten diediihg des redoxaktiven Vorlaufers Pramycofactocin. Darlber
hinaus habein-vivo-Studien mit dem Modellorganismiycolicibacterium smegmatFT
mit dem Metabolismus priméarer Alkohole zur Assimilation als Kohlenstoffquelle in
Verbindung gebracht. Es bliebekritische Fragen offen, B. ob das In-vitro-
Biosynthesemodeih vivogliltig ist, sowie die Funktion der putativen Glykosyltransferase, die
Enzymologie der MFfabhangigen Oxidoreduktasen und Dehydrogenasen sowie die Rolle von

MFT in der mykobakteriellePathogenese.

Das erste Projekt dieser Arbeit, veréffentlicht im Artilé8tructure elucidation of the
redox cofactor mycofactocin reveals oligalycosylation by MftFf identifizierte die zuvor
beschriebenen Vorstufen erstmial vivo und klarte die chemische Struktur des reifen
Mycofactocins aus M. smegmatisauf. Mit einer Kombination zeitgemal3er Techniken,

einschliel3lich hochaufldsender Massenspektrometrie, Isotopenmarkierung und
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kernmagnetischer Resonanz, identifizierten wir die Rolle der putativen Glykosyltransferase
MftF, die die Bildung eines Oligosaccharids aus und bis zu neun Glukoseeinheifet, it
glykosidischer Bindung am Phelning des Pramycofactocins katalysiert. Die neuen
MycofactocinDerivate, die wir als die reife Form des Cofaktors ansehen, sind redoxaktiv und
bilden einen RedcRool, der bei der Kultivierung von Ethanol als einziger Kohlenstoffquelle
angereichert wirdAulRerdem entdeckten wir unerwartet MetMycofactocin, bei dem die
zweite Einheit in der Oligoglucosidkette ein®2Methylglucose ist. Das Enzym, das fur diese
Modifikation verantwortlich ist, ist noch unbekannt. Unsere Ergebnisse schliel3en eine wichtige
Wissenslicke Uber die Gene der Mycofactegiosynthese und liefern den Nachweis eines
unbekannten Kongeners mit einer einzigen Methylierung, fur die das verantwortliche Enzym

noch nicht identifiziert wurde.

Im zweiten Artikel dieser Arbeit mit dem TitAlmpact of Oxygen Supply and ScaldJp
on Mycobacterium smegmatiSultivation and Mycofactocin Formationfiwird ein Protokoll
fur die MycofactociaProdukion in M. smegmatisorgeschlagen. Durch die Modellierung der
SauerstoffUbertragung in komplexer Kulturbrihe (LB) und einer Oniwessung der
SauerstoffiTransferrate wurde ein direkter Zusammenhang zwischen einem Anstieg der
Ausbeute langkettiget Mycoftmxind und einer verringerten Sauerstofansferrate
beobachtet. Das Verhaltnis von Pramycofactdnlaufer und kurzkettigem Mycofactocin
blieb jedoch zwischen den Bedingungen stabil. Wir skalierten diese Parameter basierend auf
dem volumetrischen Leishgseintrag hoch, von einem 40 mL Mal3stab auf 3 L Volumen in
einem 7L-Riuhrkesselreaktor und erhielten &hnliche Ergebnisse. Interessanterweise
beobachteten wir eine hohere Ausbeute an langkettigem Mycofactocin in Hartman's de Bont
Mineralmediun. Damit biein wir ein Protokoll zur Produktion von MFT im Milligramm
Malistab an. Dieser Fortschritt wird die Forschung an der dreidimensionalen Struktur und der

Enzymologie von MFTabhangigen Oxidoreduktasen voranbringen.

Wenn wir diese beih Artikel zusammenbringen, fallt uns auf, dass der zuvor
vorgeschlagene Biosyntheseweg die neu identifizierten Kongenere nicht vollstandig erklart.
Basierend auf den Beobachtungen mit mutierten Stammen und der Anreicherung und
Abreicherung von Pfadbhanggen MFT-Kongeneren schlagen wir einen Biosyntheseweg vor,
bei dem die Glucosylierung vor der Bildung von Premycofactocin und der Methylierung
stattfindet, jedoch sind weitere Studien zur Absicherung dieser Hypothesis erforderlich.
Zusammenfassend lasstisisagen, dass wir wichtige Informationen tber das Vorkommen und

die Struktur von Mycofactocin aufgedeckt haben. Wahrend kritische Fragen bezlglich der
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Rolle von MFT in der Pathogenese und der Interaktion mit Jdbfiangigen
Dehydrogenasen/Oxidoreduktaserffen bleiben, bietet diese Arbeit nicht nur eine
Charakterisierung des reifen Mycofacto€ofaktorsin vivo, sondern eréffnet eine praktische
Losung fur das Problem der Ausbeute, die helfen wird, kritische Fragen bezuglich des

neuartigen Cofaktors Mycoftacin zu losen.
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5. LIST OF ABBREVIATIONS AND ACRONYM S

AHDP
AHDP-n
AMP
ATP

BSH
CCM
CTR
dAdoA
DCPIP

E. coli
ETH

FO
GAHDP
GAHDP-n
GlcNAc-Mal
GlcN-Ins
GLP
GMC
GSH

GT

HdB
HPLC
iLDH

INH

LB
LC-MS/MS
MDR-TB
MFT
MFTH 2
MGPL
MMFT -n
MMFTH 2-n
MMP

3-amina5[(p-hydroxyphenyl)methyH4,4-dimethyt2-pyrrolidinone
AHDP with n glucosylations

Adenosine monophosphate

Adenine triphosphate

Bacillithiol

Central carbometabolism

Carbon transfer rate

5 -@leoxyadenosine
2,6-dichlorophenolindophenol

Escherichia coli

Ethambutol

8-hydroxy-5-deazaflavin

Glycyl-AHDP

Glycyl-AHDP with n glucosylations

Malyl N-acetytglucosaminine

Inositol N-glucosamine

Glycopeptidolipids
Glucosemethanolcholine oxidoreductase
Glutathione

Glycosyltransferase

Hartmard de Bont mineral media
High-performance liquichromatography
NAD*-independent lactate dehydrogenase
Isoniazid

Lysogetly Broth

Tandem liquid chromatographygass spectrometry
Multidrug-resistant tuberculosis
Mycofactocin /mycofactocinone
Mycofactocinol

Methylglucose polysaccharides
Methyl-mycofactocinonavith n glycosylations
Methyl-mycofactocinolwith n glycosylations

Methylmannose polysaccharides
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MSMEG

MTB
m/z
NAD*
NADP*
N-AcGlcins
NDMA
NMR
NMP
nLDH
OTRmax
OTRmin
RAMOS
RIF
RiPP
ROS
RQ
rSAM
SAM
SDH
STR
PMFT
PMFTH
PMPS
PMS
Pta-AckA
PQQ
PZA

B

TOM

VY
XDR-TB
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Mycothiol
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mc? 155

Mycobacterium tuberculosis

Massto-charge ratio

Nicotinamide adenine dinucleotide
Nicotinamide adenine dinucleotide phosphate
N-methytmycothiol

N-nitrosodimethylamine

Nuclear magnetic resonance

Nucleotide monophosphate

NAD"-dependent lactate dehydrogenase
Maximum oxygen transfer rate

Minimum oxygen transfer rate

Respiratory activity monitoring system
Rifampicin

Ribosomally produced and pesanslationally modified peptide
Reactive oxygen species

Respiratory quotient

RadicalS-adenosyl methioninenzymes
S-adenosyl methionine

Shortchain dehydrogenases/reductases
Stirred tank reactor

Premycofactocin Premycofactocinone
Premycofactocinol

Polymethylated polysaccharides
1-methoxy5-methylphenaziniunmethylsulfate
Phosphatecetyltransferasacetyl kinase pathway
Pyrroloquinoline quinone

Pyrazinamide

Tuberculosis

Transferrate online measurement
Valyl-tyrosine dipeptide

Extensively multidrugresistant tuberculosis
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6. INTRODUCTION
6.1. THE GENUS MYCOBACTERIUMAND Mycobacteriumtuberculosis DISEASE,

TREATMENT, AND PERSPECTIVES

The Mycobacteriaceaéamily compriseshe Hoyosellagenusof environmental microbes,
but the more widely known members belong toMyeobacteriungenus and amended genera
(Mycolicibacterium Mycolicibacter Mycolicibacillus,andMycobacteroides All-in-all, more
than 180 speciesare in this familywithin the phylum ActinobacteriaMorphdogically, these
are aerobic or microaerophilrods The cell wallin these organisms contains mycolic acid,
long-chain fatty acids modified by cyclopropane, methoxy, or ketone grétjgscomposition
makesthe wall resistant to decolorization of crystlet with acid or alcohol, and as such
Gramstainingis an unreliable technique for their determinatibrstead alternatives methods
such asheZiehl-Neelsen staing are employedViost species are environmental microaed
are rarely pathogenic suelsMycolicibacterium smegmatiac® 155 (MSMEG). Otherhighly
pathogenicand medicinally relevant specieare still placed in themodified Mycobacterium
genus due to theimedical and economic interefl, 2]. M. tuberculosis(MTB) is an
intracellular pathogen and the most important organism in the genus by begtgplbgical
agent of tuberculosis (TB3B, 4]. Other relevant organisms liké. lepraeandM. ulceransare
causativeagentof leprosy anduruli ulcers.M. bovisinfection in cattle results in bovine TB,

which can spread to animals or humans.

TB is an infectiouspulmonary diseaseone of the top 1@najor causes of illnesglated
death and theleadinginfectious disease worldwide from a single infectious agBno].
Infection occurs by dispersion of contagious bacilli from the cough droplets of an infected
individual. The bacll establish themselves in the alveoli of an uninfected Hdst. mycolic
acids are easily recognized by the innate immune system, a possible outcome of the >70,000
years of coexistence with humaps9]. The cells involved in this process, first phagocytic
macrophageand, two to three weeks péasfection,antigenspecific lymphocytes arecruited
to the infection siteand a granuloma is formed. Thgranuloma formationstops the
extracellular growttof the bacilli however, these can still survive inside the macrophage as
intracellular pathogensSurvival is mediated by the ability of theathogen to adapt to this
environment:gene expression changes in this conditions to express pathways related to
hypoxia, oxidative, and nitrosative streséerance heavy metal toxicity, and low nutrient
availability [10]. In this stage, termed latent TB, the bagilrvivefor long periods of time on
very scarcéy available carbon sources. Metabolic profilingbf B-infected lunggranuloma

hasidentified tricarboxylic acid cycle intermediates (citrate, isocitrate, succinate, fumarate),
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free amino acidsand peptidegtyrosine, tryptophan, and others), lactate, acetate, and a wide

variety of fatty acids, among others, as possible substrates that MTB could possibly survive
from [11-14]. Notably, glucose is absent in this environment, gemte upregulation has been
identified in pathwaysncoding for fatty acid and cholesterol assimilation, and gluconeogenesis
[10, 13.

Latent TBis asymptonatic andnontransmissibleAlthough most infections remain latent,
individuals remain at a 510% risk of developing active TB within two years pwgection
[5, 19]. In this further stage the bacilli are relehdeom the granuloma, leading to further
dissemination through the body and possibly onto new hosts. Common symptoms are fever,
chronic cough that could include blood clots, chest pain, weight loss, and general fatigue,
among others. On a more chronic stafissue necrosis appears, while pulmonary and
extrapulmonary lesions develop in bones and jd&it45, 16]. Without treatment, up to 60%

of active TB cases result in ded®j.

A typical TB treatmentegimenis a 4 to émonth therapyomposeaf the combination of
three or more antituberculosis compounds, mainly rifampicin (RIF), isoniazid (INH)
ethambutol (EB), ethionamide (ETH andor pyrazinamide (PZAFigure 1A-E). Resistance
to RIF and INH indicates the emergencenofiltidrugresistant (MDRTB) and extensively
multidrug resistant B (XDR-TB) straing[17]. RIF is a sembsynthetic derivate of rifamycims
polyketide produced bymycolatopsisifamycinica It is the only firstline treatment able to
act on both dormant and metabolically active bacilli. Its mechanism of action is binding to the
b-subunit of the RNA polymeraséherebypreventing mRNAsynthesis for translatiofiLg].
Mutations in theb-subunitencodingrpoB gene are@sponsible fomostrifampicin-resistant
clinical isolateq19, 20]. PZA, ETH and INH, on the other handre structurally related to the
B3 vitamers nicotinamide, niacin, and nicotinamide ribosigigyre 1F-H). Their use arise
from the observation that high doses of nicotinamide positively affectgcbbacterial
infectiontreatmenbn a murine moddR1, 22]. This effect is particularly relevant because the
Bs vitamers are precursors tife cofactorsicotinamide adenine dinucleotide (NADandthe

phosphorylated congener, nicotinamide adenine dinucleotide phosphate {NADP

INH andPZA are compounds termed prodrugs, compoundsotintiteir own have little or
no pharmaceutical activitfHowever,a chemical reactiom vivo convers the moleculéto an
active drug. This approach is useful because it serves as a mechanism to improve

pharmacokinetic properties such as adsorption. A cleavable tag can then be added to improve
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distribution, which is then removed to elicit the desired action. Despiie stractural

similarities the bacteriostatic effeatf these compounds is not by competition with the NAD
binding site[23]. INH is activated by the cdtseperoxidase KatG; the resulting product can
form an NAD-adduct to inhibit InhA, an encACP reductaseatalyzing elongation of the
fatty acid chainof mycolic acic. Its inactivation leads tthe accumulation of precursors,
inhibition of mycolic acidbiosynthesisand cell deatt{24]. PZA is activated by PncA, a
nicotinamidase involved in NAD(P)metabolism with pyrazinamidase activity, converting
PZA to pyrazonoic acid. An efflux pump expels it from the;dadwever in the extracellular
spacethe moleculas protonatd and reenters the cell by passive diffusion. As the cell tries to
detoxify the cytoplasippyrazonoic acid accumulates, resulting in cytoplasm acidification and
membrane transport deficien¢25, 26]. Inhibition of cell wall biosynthesis has aléeen
investigated, pointing to a plethora additional deleterious mechanisms get completely
understood 27-30]. EMB, on the other handy i n d s-hydraxyl gradups inb-arabnose,
blocking the polymerizatiomand transfeof arabinogalactan and lipoarabinomanmato the

cell wall[31-33]. INH and EMB act synergisticalip vivoand are used simultaneouslyring

TB treatment. It has been proposed that they share a molecular target, possibly by binding EMB
to the transcriptional repressor EtbR, which regulates the expression of thaeytadrrier
protein reductase encoded in tinbA gene. This effect pwvents its expression and further

enhances the bacteriostatic effect of INH on cell wall biosynth23i84-39].

Resistance to the four afiB first-line medications is widespread and an emerging threat
to healthcare worldwidgt(]. The length of the treatment, poor compliance, comorbidities like
HIV, and related drug interactions have cdnited to MDRTB and XDRTB straing[5, 41].
These cases are treated with longer antibiotic cours2d (Gonths) and secoslithe, novel
pharmacological compounds such as ethionamide or pretomanid with various secondary effects
[5, 40, 42]. Allin all, the interaction of amTB drugs with NAD, and possibly with other, less
common cofactors present in MTBffers a promising avenue for the development of novel
anti TB drugs, as well as furthering our understanding of the biochemistry, pathogenesis, and

resistance mechanism of this deathly microorganism.
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Figurel: Antibiotics commaly used in tuberculosis treatment. Note ti\Ntt (B), EMB (C), ETH (D), and
PZA (E) are structurally related the B vitamersnicotinamide(F), niacin(G), and nicotinamide ribosidg).

6.2.THE ROLE OF COFACTORS IN ANTIBIOTIC SUSCEPTIBILITY AND
RESISTANCEOF MYCOBACTERIA

All living organisms must detoxify reactive oxygen species (ROS) and maintain
intracellular redox balanc® support electron flow between two speciBO©Sare oxygen
adducts in which an unpaired electron is free in the outer shell, miakiiggply reactive and
toxic. In bacteriag most of the ROS species are formed from uncoupled electrons passing
through the electron transport chairsjucingoxygen to superoxide anion £ This anion
caninactivate proteins by oxidation of solveatcessible cysteine residues, irsalfur clusters,
and DNA nucleotidesinorganic mechanisms such as ionizing radiation and toxins are also
involved in ROS formatiof43, 44]. ROS are also formed in chloroplasts, mitochondria, and
the phagosome in agrophageswhere G and nitric oxide argart of the chemical arsenal to
produce peroxynitritédONOQ) andcombat bacterial infectior[gl4, 45], an innate immunity
mechanism to whictMTB can survive in a latent infection phagkg]. Intracellular ROS

mediates INH activatigrand ROS detoxification agents are involvetoth the resistance and
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sensibility to first andsecondine antiTB drugs[46].Cof act or s, defined as
mol ecul es required by aeessemia fprROS ihaotivatian,tresloxa c t i
balanceenzyme activity, and in general life on Earth. While some chemical reactions can occur
spontaneously, without enzymes, life, as we know, would be impo§4®)149].

Low molecularweightthiols, someamino acids (cysteine and homocystema]ipeptides
(cysteinylglycing, and coenzyme All contain thiol groups angrotectorganismsy acting as
a dispensable oxidation target for ROS a fAc el | ul [&0 51r Tdhea mosstubieadf f er o
small thiol is glutathione (GSHEigure2A), a small GluCys-Gly tripeptide cofactor for many
peroxidase$52, 53]. In the presence of ROS, two molecules of GSH form a disulfide dimer,
neutralizing the offending spees in the procesfb4-56]. Grampositive bacteriasuch as
Bacillus and Staphylococcudo not produce GSH, but a small thiol termed bacillithiol (BSH,
Figure 2B), a cysteingylycin dipeptide glycosylated witimalyl N-acetytglucosaminme
(GlcNAc-Mal) [57]. Mycobacterial strains and other actinomycetes do not pra@&eé nor
BSH, but instead mycothiol (MSHrigure 2C), another thiol redox cofactor compodeyl
N-acetytL-cysteine linked to glucosamine and inositdiSH-mediated mactivation of ROS

occurs with the same disulfide bridge fotina mechanism as GS|38-61].

Methylatedbacillithiol (N-Me-MSH) is a novel variant modified by-methylation of the
cysteine amino group by a predict8@denosylL-methionine methyltransferash-Me-MSH
synthase A)N-Me-MSH has beemliscovered inChlorobiumtepidum C. phaeobacterioides
andProsthecochlorisp. strans when grow photoautotrophicallyinder anaerobic conditions
which indicates that its correlated with oxygen and light levels and growth pfa&le Based
on the genomic spread of the BSH cluster and its correlation with predicted methyltransferases,
this bacillithiol variant could be more abundant than expeeteah) thougimo putative function
hasbeen assigned. Since these strains have no sulfur metalaiisie here would be unlikely.
Furthermore, an $$-rich anaerobic environment in which these organisms thrive would require
substantial amounts of-Me-MSH for it to be considered a primary madsm to protect
against oxidative stress. Two possible functions are detoxification of sulfhydryl reactive agents

by thioldependent dehydrogenases and metal homeostasis by chi@dtion

This case shows thatariants of biologicallyrelevant moleculesire still undiscovered,
particularly wherbiosynthesizethy mechanisms such as radical SAhediated reactiof$3].
For example, while methyhycothiol (MeMSH) has not ben discoveredin vivo, it was

produced artificially by solighhase synthesis containing a metgilcosamine moiety instead
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of methyl cysteine as iN-Me-MSH. Kinetic characterization showed that MSH disulfide

offersa comparable activity fomycothiol disulfide reductasshowcasing enzyme flexibility

and possible screening methods for mycothiol derivates and inhipdjrsMie-MSH could

arise from a similar radical SAM methyltransferase mechanism, enzymes which are abundant
in theMycobacteriunproteome and presumed to participate in the methylation of RNA during
ribosome maturatiof65], in the synthesis of cell wall componeif], and asa resistance
mechanism against antimicrobial compou[&i§.
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oH” N OH o OH 0 ONONNoh
NH H H
NH2 0 SH N7 > oH N
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= H
SH
Glutathione Bacillithiol Mycothiol

Figure2: Molecular structure of (A) glutathione, (B) bacillithiol, and (C) mycothiol. The cysteine sesidu
each thiol is highlighted in blyglutamyl moietyis highlighted in purple.

Given the role of MSH in the neutralization of reactive electrophilic species, lideas
speculated that it could be involved in mycobactegaistance mechanisms thangrate said
species. Initial studies IMSMEG confirmed this hypothesis, with the observation that
truncated MSkbiosynthesistvarious points results in increased sensibilitRtb, in addition
to antibiotics not commonly used for the treatment of TEnEomycin, penicillin,
erythromycin, azithromycin)68]. Conversely, increased resistanc&id1, andINH was also
found, which indicates that MSH ian additional factoin anti-TB detoxification[69-72].
Furthermore, widative stress is a crucial element of macrophagédiated defense, and the
role of MSH in ROS management could indicateade in intramacrophage survival during
latent TB[44, 73]. Therefore, MSH-competitive inhibitors could boost rifampicin efficiency
and open pathways to repurpose other antibiotics not used for TB, with the caveat of preventing

simultaneous treatment witither compoudsdepending on MSH fats activity [69].

Another exampleof TB treatmentinfluenced by cofactors is the prodrug pretomanid,
approved for treating MDR B and XDRTB. It is the first aniTB medication approved in 40
yeas, part of a novel group of candidate drugs known as nitroimiddz@tes]. The activation
of pretomanid results in destroimidazolesandthegeneration ofeactive nitrogen species that

interact with the prosthetic group in cytochromes. This alters the coupling of the bacterial
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respiratory chain to the reduction of oxygen in the cell memiiéfjeThis activation process
is mediated by a deazaflavilependent nitroreducta (Ddn)[75, 77] that uses coayme R,

a lactyl oligoglutamate phosphodiester derivative-bly8roxy-5-deazaflavin (), asaredox
cofactor. This cofactor is, in turn, regenerated by am-dependent glucosgphosphate
dehydrogenase (Fgdf.oenzyme ko is found in a much more s&icted set of bacteria and
archaealt acts as a-2lectron hydride carrier faariousenzymes involved in methanogenesis,

detoxification, and secondary metabolite produc}ic83].
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Figure3: Coenzyme ko1 oxidized (A, redox core in red) and reduced (B, redox core in blue). Pink indicates
L-glutamate side chain.

In mutants withqfgd or qudn genotypesthe prodrug is not activatedherefore, these
deleterious mutations confer hidggwvel resistance to pretomanid and other nitroimidad@ks
75, 84]. Interestingly, similar mutations also enhance sensitivity to other antibiotics and
xenobiotics, including firstine anttTB medcations[83]. As outlined for MSH, these results
indicate that k2o and R2o-depen@ntenzymegarticipate inmetabolic pathways that result in
resistance to anfiB drugs. Thereforgyotential futurdreatments focused on rare cofactors and
their dependingon oxidoreductases, or even on novel undiscovered cofactors could open
potential avenues into new TB treants or boost existing firdine medications. Overall, this

also highlights the remarkablersatility of cofactors for cellular biochemistry.

6.3. COFACTORS ARE INDISPENSABLE FOR CELLULABIOCHEMISTRY

A hierarchical classification of cofactors and some exasgule given in Figure 4 [85).
lonic or inorganic cofactors refer specifically to metal ions in metalloprotaingn-sulfur
clusters forming spatial rearrangements of Bailt aroundthe sulfur atom in @&ysteinerich
pocket Both are widespread andvolved in structural stability, catalysislectron transfer

(redox) oxygen transport, nitrogen fixatiolydrolysis, or photosynthedi86).
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Figure4: Hierarchicalclassification of cofactoredox core highlighted in red when presdfadified from
Fischer (2010)85].

Endogenous cofactors
E.g. Topaquinone

Exogenous cofactors
E.g. Flavin mononucleotide

Organic cofactors comprise a wide variety of moleculesdifar from each othegreatly
in chemical structure, biogenesipplarity, and size[85]. Structurally, enzymes hava
threedimensional pocketlose to theactive sie where the cofactois bound Whenbinding
occurs the enzyme is activand the enzymeofactorcomplexis termed holoenzymein
enzyme without its cofactor is inactive and termed apoenzyhestrength of the bond adds
a level of classification to oemic cofactorsMost organic cofactorgvolved in oxidation and
reductionare not tightly boundb the enzyme arnldave the active site after a catalytic cyate
this casethe cofactor is termed coenzyrard isregenerated elsewheddowever,prosthetic
groups are tightly bound to the enzyme, usydiiyt not necessarijyoy a covalent bond. The
cofactor remains in the binding pocketdbgh successive reaction cyckasd needs to be
regenerated[87]. The majority of cofactors originatexternally to the targeenzyme
(exogenous cofactorsp small proportionis formed from asingle residue or polypeptide

precursorand undergesposttranslational modificationg38, 89].

All-in-all, a comprehensive classification of cofactors is fraught with exceptions and

examples where molecule participates with different mechanisms in chemical read®dhs
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For example, NAD and NADP are the archetypical exampglef organiccofactors andare
essentialn metabolicredox reactionsThese reactionavolve a reversible transfer of electrons
(usually hydrogen species"HH) between the cofactor and a substrate, resulting in either the
oxidation (loss of electrons) or reductioga(n of electrons) ofa product However, some
processes involving DNA repair, ige expression, and secondary metabolite produdépend

on a norredox role of the NAD(P) po¢B5].

6.3.1. Biogenesis oftte chemicalcore and tailmoietiesof organic cofactors
It is generally challenging telassify cofactors based on their chemical natane

modifications Nevertheless, a few patterns cardbscribednvolving the examples shown

Figure4. Firstly, the cofactomolecueso f t en consi st of a odeattaloyt i
andapolariit ai | . ®he com mgieties of cofactors are structurally and biosynthetically

more diverse than the tail moieties. Therefore, an introduction of their costnueturesand

biogenesis is limited to somexamples butan bea basis ofgrouping to some extent-or

instance, there are a few recurring structural motifs witloith the head artdil moieties.

The core of denosine triphosphate (ATPigure5A), while not considered a cofactag
an adenosinenonophosphate moietfAMP handle Figure 5, blue atoms). This moiety is
transferred from ATP by a phosphate mgleansferase to cofactors suchN&D*, NADP*,
coenzyme A,and flavin adenine dinucleotide (FADigure 5B-E). The AMP handleis
recognized by an adentiénding loop in the target enzyna@d locks the cofactor/coenzgm
This region is located in the vicinity of hydrophobic residugsich arefunctionally conserved
whether the ligand acts as a cofactor, coenzyme, enzymatic substrate, or allosterid @fjector
In other, noAredoxrolesof nucleotide cofactorghe ADRribose moiety is consumed during
reactiongnvolving ribosyl transferases during protein ptsinslational modification, calcium
signaling and homeostasisTherebre, the source moleculeare typically notconsidered
cofactors in these specific reactid@b, 91]. Ancestral nucleotiddased coenzymesich as
those with an AMP handlar e pr oposed as a r el iawidespfeada pr e
hypothesisof the origin of life on Earth.In this evolutionary scenaridjiocatalysis andhe
genetic transfewasmediatedoy RNA and ribozymes, in contrast to the current Dpiistein
world [92, 93).

While not specific for cofactorst should be mentioned that phosphorylation can be seen
as a simple tail moiety, as is the case for pyridoxal phosphate (PLP), thiamine pyrophosphate
(TPP) and flavin mononucleotide (FNI Figure 5F). Phosphorylationis a conserved

evolutionary mechanism thédcilitates interaction with proteinsicts as mexpedite way to
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regulate function temporally and increasespolarity, preventingmoleculesfrom passing
biological membrane®4]. Glutamylationor even polyglutarylation(Figure5, purple atoms)
is another common structural theme in tail moieties. fresent inGSH (Figure 2A), Fax
(Figure 5G), tetrahydronethanopterin and methylofuran[95]; the latter two compounds
presentas carborcarrier cofactoran methanogenicarchaea andnethylotrophicbacteria,
respectivel){96]. The polyglutamate tadf F420is involved in interactions with the enzyme and
preventdeakagefrom the cytoplasm, unlike thess pola and not glutamylatedore moiey
(FO) [82 97, 98]. In eukaryotic folatest is also involved in determining correct subcellular

localization[99].

The length of the 5o glutamylmoietywas also correlated wittifferentkinetic properties
In general, increasegolyglutamylationwas correlated witthigher substrateaffinity and
cofactor binding to the enzynm{tower kvy) and decreased the turnover rate (loksy [100,
101]. This phenomenon wasdependent of cofactor concentration qudsiblyexplained by
electrostatic interactions of the charged glutamyl tail with conserved residues in the
Fa20-depenént oxidoreductasg modulating the binding affinity. As a result, chain length
might enable aerobic bacteria to control cellular redox reactibtise expense of a reduced
catalytic ratg 100 .

Anothercommontail moiety is the@soprenylside chainin ubiquinone menauinone and
othercofactorgFigure5, H andl, cyan atoms)in combination with the quinone redaxtive
head, theseofactors are part of the respiratory chamd reside in biological membrangse
guinone moiety(Figure 5, green atomskatalyze electron transfer leeen donors and
receivers The prenylated tail moietyf variable lengthncreases the overall hydrophobicity of
the entire moleculand acts asrairreversibleanchor for insertion in the lipid bilay¢f02
103. Non-prenylatedendogenous quinorefactorg TPQ, TTQ, CTQ,and LTQ Figure6) or
PQQ Figure5, K) arise from a common bigsthetic theme, the oxidation of the phenol moiety

in a tyrosine residue.

Other classification approachkave similar caveatsuch as physicochemical properties,
structural hierarchy, chemical similarity, or relationship between cofactor and metabolite
Cofactorspecific databases have been developed to establish possible connections between
cofactors roles for industrial applications or pathogen@&&s104. In short, the diversity in
the structural motives of cofactors not only reflects their importance in cellular biology but

serves as markers to find novel cofactors in the most unsuspected places.
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NAD™ is the besknown redox cofactor, unérsally present across all taxa, and involved in
a staggering number of biochemical reactions as well as regulatory @5 t06. An NAD™*
kinase catalyzes the phosphorylation of NADto NADP'", and while the redox pairs
(NAD*/NADH and NADP/NADPH) have similar redox potential, the deletion of this enzyme
is lethal[107]. While some NADdepenént oxidoreductases can interchangeably use either
coenzymethe vast majority are specific for either cofactor. TherefdAD* and NADP are
considerd different redox poag] owing to a compartmentalized location addferent
biochemical functions While NAD*/NADH is involved in glycolysis and oxidative
phosphorylation (catabolism), NADIADPH is involved inthe biosynthesis of nucleotides
and fatty aids (anabolism]10§. Two de novopathways have beedentified for NAD
biosynthesis, by chemical specialization iofinoaspartate in most prokaryot¢$09 or
tryptophan in Eukarya and a minimal subset of prokary¢ie) 111]. A third pathway
produces NAD by direct transfer of the AMP moiety to nicotinamide. Furthermore, the
pyridine nucleotide cycle (PNC or salvage) is present in all taxa to recycle the pyrimidine
moiety from B vitamers or assimilate exogenous NAR12-114.

The nucleoside guanosine is a startpaint for several core moieties of cofactors. The
biosynthesis of the pterin ring of, e.g., in folic acid or the isoalloxazine ring of riboflavin are
well-known examples. A pathway branching from riboflavin biosyntheswlving the amino
acid tyrosine gnerates 7;8imethyl8-hydroxy-5-deazariboflavin (B), which upon ligation

with phosphorylated organic acids and polyglutamylation yields the coenzysi84.
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Figure 5: Organic cofactors and their shared moietiésfactors with AMP handle (blue atoms): adenine
triphosphate (ATP, A), nicotinamide adenine dinucleotide (NAB), nicotinamide adenine dinucleotide
phosphate (NADR C), coenzyme A (D), flavin adenine dinucleotide (FAB). The pyridine redox core (blac
bold bonds and atom# highlighted in the black square. Flawi@latedcofactors: FAD, flavin mononucleotide
(FMN"), and the deazaflavifactor 420 Fi2o-n, G) The isoalloxaine redox core (red bold bonds and atoriss)
highlighted in the red squar€he quinone redox core (green bonds and atoms) can have a quinone conformation
as in ubiquinoneH) or menaquinonel), or a catechol conformation as in topaquinone (THQ@nd other
endogenous cofactors, or pyrroloquinoline quinone (P&, Quinone redeo core and haifeactions are
highlighted in the green square.

The redox core of cofactors is the heart and segiired in the oxidation and reduction
machinery indicated by the bold atoms and bondBigure5. Thepyridine ring(Figure5, bold
black) on the nicotinamide moiety is the shared redoxefor NAD" and NADP (Figure5B,
C). The pyridine ring is an obligate twalectron agentand all redox reactions occur with the

transfer of two eldcons

Theisoalloxazineedox core Figureb, bold red) can present itself in the ribofladearived

cofactors FAD and FMNKigure5E, F), where it can perform onghalf, termed semiquinone)
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or two-electron (full) reactionsMost flavinrdependent enzymg90%) are oxidoreductases,
with remainingmembers classified as transferases, lyases, isomeaaselgyase$l115 116.
By contrast, theoenzymer420 (Figure5G) is involved in redox reactiomdmethanogenesis
degradatiorof xenobiotic and natural heterocyclic compouyrafsd production of secondary
metabolite§79-83]. Compared to the isoalloxazine ringkivIN and FADthe deazaflavin ring
of Fazocontains a carboatomin position5 of the isoalloxazine ringpstead ofanitrogenatom
Furthermore, while & and G8 are methylated in the flawtlerivedFMN and FAD in Fa2o
C-7 is hydroxylatedand G8 is unsubstituted. Because of these charnpesring is termed
8-hydroxy-5-deazaflavin. ko has a lower redox potentitlan both flavins and nicotinamide
cofactors and canndbrm a semiquinoneredox reactions involving 40 are limited to

two-electron reductiongl17].

Another redox moiety is the oneund in quinone cofactors. The redox core can be present
in two conformations depending on the substitution pattern on the dihydroxybenzene ring:
para- found in the quinone ring of ubiquinamaenaquione(Figure5H, 1), andphylloquinone
and ortho- found in the endogenous peptide cofactdgpaquinone (TPQJFigure 5J)
triptophanquinone (TTQ), cysteine tryptophylquinone, and lysyl tryptophylquinone (LTQ,
Figure6) or pyrroloquindine quinone (PQQigure5K). Quinones can alsendergo oneor
two-electronreactions, resulting ip- or o-semiquinong118. The full reaction results in
reduced quinol or hydroxyquinol fromprsubstituted quinone, @~quinone from the catlol
ring[119 120. The quinone moiety in TPQ, PQ&nd others is particularly interesting because
it can be formed from the oxidation of the phenol moiety in a tyrosine reghduthe starting

point for amino acid precursalerived cofactorghis will bedetailed in the following sections.

6.3.2. Biogynthesisof cofactors containing quinomaoieties
Menaquinone is the primary quinone of the prokaryotic anaerobic electron transport chain,

while phylloquinone fulfills a similar role in the photosynthetic system of plants, algae, and
cyanobacterig121, 1227]. Ubiquinone ispresentin bacterial and animal aerobic respiration,
such as the respiratory complex of mitochondria. Facultative bacteria siclcalspossess
menaquinone, dintByl menaquinone, or ubiquinoniot only they act selectively depending

on environmental conditions, but the transcription of the required oxidative or fermentative
catabolic genes in each condition is regulated by oxidation (deactivated) or redudivae@c

of two cysteine residues in the tgomponent regulator anoxic redox control (Arc) protein
[123-125.
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Chorismate, a product of the shikimate pathwayoisonly an intermediate to quinones,
but precursors in this pathway are also diverted to form folates, aromatic amino acids, and a
wide variety of secondary metabolites such as vitamin E afitRE 127. The relationship
betweerthe biosynthetic genes antenaquinone and ubiquinone pathwesyjsteresing from
an evolutionary point of view. Since ubiquinone biosgsth is membranrassociated and
requires oxygen, and its biosynthetic genes are less syntenic compared to menafusone,
proposedhat archaic menaquinone gave rise to ubiquinone, first in cyanobacteria and then in
the common ancestor of alpha, betagd gammaproteobacteria, bacterial lineages adapted to
different oxygen level§l12§.

Menaquinone biosynthesis begins freisomerization of chorismate to isochorismate and
condensationwith 2-oxoglutarate, followed by pyruvate eliminatioA naphthoylCoA
intermediary mediates ring closura thioesterase removes CoBefore isoprenylation,
decarboxylationandradical SAMmediated methylatiofl21]. In ubigunone biosynthesis,
instead of condensatipa chorismate lyase convedsorismatento 4-hydroxybenzoate, which
further undergoegrenylationhydroxylation,decarboxylationhydroxylation,and methylation
[127]. In both casegheformation of the isoprenyl tail moieyrises from the structureslomers
dimethylallyl diphosphat@nd isopentenyl phosphatshich differ on theisoprenyl pgition
double bondA prenyltransferase uses the pyrophosphate gtougatalyze the consecutive
addition of isoprene moieties by isoprenyltransferasdéise presence of divalent catidi®2,
127,129 130. The kength of menaquinone isoprenyl moiety ranges from 4 to 13 depending on
both species and growth temperat{t@2, while the isoprene monomer of ubiquinone in
E. coli usually contain8 units and @n S. cerevisiaewith minor amounts of other lengths
possiblg127].

The polar head of quinone cofactors is hydrophilic and able to interact with pradteins.
contrastthe prenylatechonpolartail locates the enzyme in the hydrophobic regiorheflipid
bilayer. As such, prenylquinones are usually membkemad, while unprenylatequinones
are cytosolic or periplasmatic. Furthermore, quinones are exquisitely sensitive to oxygen and
become rapidly and necatalytically oxidizedon air. This alsopoints toa probable earlier
development in evolution, adapted to function in a moreatadkatmospherender conditions
previous to the appearance of photosynthetic oxygeaking transmembrane localization
necessarjy122. These properties and the intermediary isginone redox state makginones
a critical componenbf the electron transport chain, sitting comfortably between the obligate

oneelectron obligate cofactors NAD(PYr two-electron flavins The electron transport chain
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is then completefunneling eletrons towards the final electron acceptoxygen in aerobic

conditions or fumarate, nitrgtend other electron acceptansanaerobic conditiond 25 131].

6.3.3. Endogenousgpolypeptide-derived)quinone cofactors
The o-substituted quinonenoieties arie from amino acidsn the endogenous cofactors

topaquinone (TPQ), tryptophan tryptophylquinone (TTQ}tewe tryptophylquinone (CTQ),

and lysine tryptophylquinone (LTQ). A quinone moiety can also be formed in an exogenous
cofactor like pyrroloquinoline quinone (PQQ)In all of these cases, a heavily
posttranslationally modified aromatiamino acidresidueis the basis for the quinone redox
core. The benzene group from tyrosine or phenylalanine, or the conjugated system in
tryptophan forms an intermediary termed aminosemiquinone, furthedizedto generate an
active redox sit¢137. Endogenous cofactors, or situ cofactors Figure6), are formed by
crosslinking amino @ds located in their target enzyme's active site, always involving at least

an aromatic residue to generate a quinone[dgg.
A B C D
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Figure6: Endogenous peptide cofactors,ardbl redox ore atoms and bonds in green.

2,4,5trihydroxyphenylalanine quinone (TPQ, or topaquindfigure 6A) wasdiscovered
in 1990as an internal cofactor withtopperamine oxidas¢l34, 135. The tyrosine oxidation
occurs in the conserved region TXwX-Asn-Tyr-Asp/Glu in a spontaneousaerobic,
metatdependent autocatalytic mechaniki3g, 137]. Only TPQ biosynthesis occurs without a
second residue; still, it is model to study thdiochemistryand biosynthesis of the other
qguinocofactors[133. Tryptophan tryptophylquinone (TT.QFigure 6B) is a cofactor for
oxidases in the methylamine utilizatidocus fnau) and aromatic amine dehydrogenases
allowing the producing organism to grownmethylmines A covalent bond is formed with a
tryptophan residue in addition to a keto group on the indold 18§. As TPQ the introduction

of one oxygen atom is spontaneplusther oxidation requirgthe heme metalloenzyme MauG

[139.

A third cofactor, cysteine tryptophylquinone (CTRIgure6C), also requires oxidation of
thetryptophan's indole moietut instead of a crosslink to a tryptophan residue, a thiol group
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in a cysteine residue is involvéti(. While CTQ and TPQ angrokaryotic TQP can be found
in both eukaryotes and prokates. Lysyl tyroglquinone (LTQ Figure6D), on the other hand,
has beerfound exclusively o eukaryoticlysyl oxidases involved in the maturation and
posttranslational modification of the extracellular matitkowever, studies suggettat the
presenceof biosynthetic genesould signal possible existenge both archae& andbacterid
proteirs [141]. As TRQ, a similar,spontaneus, copper and oxygerdependenbiosynthetic
mechanisms involved, with a crosslink to a lysine residu&?2 143. Endogenous cofactors
with quinone moietiesuch asTPQ, TTQ CTQ, and LTQare presentin a limited set of
enzymes,exparding the scope of cofactanediated chemistry antheir relationshipwith

enzymes

6.3.4. Pyrroloquinoline quinone (PQQ) - a ribosomallyproduced and
posttranslationally modified quinoneofactor
Another cofactor with quinone moietigsgrroloquinoline quinone (PQQinvolves similar

crosslinkingmechanisms betweearomatic residuesStill, instead of occumg in the active

site, PQQis a ribosomally produced and pdsanslationally modified pepte (RiPP)a class

of natural products arising from ribosomaityadepolypeptide chainsicting asa precursor,

which undergo further chemical modifications and specializationthe form of post
translational modificationgl44, 145. As the name implies, in RiPPs the precursor sequence is

a canonical L-amino acid polypeptide [145. The N-terminal leader peptideserves for
recognition by processing enzymes, mature product secretion where appropriate, and
protectionfrom proteasefl46. The core peptide regipnsually at the&C-terminus or close to

it, contains the residues which comprise the mature product. Artificial variability in both leader
and core region of the precursor can generate novel variants of kn&knpathway$147].
Adjacent to the patide-encoding genés one or more open reading frames for enzymes that
perform the required postanslational modifications on the core peptidechaperone is
needed for leader peptide recognition in some instances, such as lassopeptides or
sactipeptide[148. Overall, many types of enzymes could be involved in maturation processes
like cyclization, epimerization, methylation, hydroxylation, or glycosylation. Finally, a
peptidase is often involved ireleasingthe mature core peptide from the leader peptide
bacteriocins, ATEnediated transporteasid sefimmunity mechanisms are often presit4,

149, 15(. Due to these shared features RiPP biosynthetic pathways can be inherently employed
to generate podtanslationally modified peptides, including by combining different pathways.
However, an inherent result is that finding noesiptic pathways is less straightforward. The

individual RiPP families are diverse between themselves, and putative BGCs &ould b
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evolutionarily inactivatedOn a technicalevel, the small precursor sizalso impairssome
commonly usedbioinformatics methodsSurpassing these limitations require a combination of
bioinformatic prediction and confirmatory analytical techniqueskingthe discovery of novel
RiPPs a active and promisin§ield of researctior novel bioactive moleculd444].

Pyrroloquinolinequinone (PQQ) is RiPP-derivedcofactor associated with quinoprotein
redoxenzymesilnitially described irprokaryoticglucose dehydrogenases thare found to
act independeht of nicotinamidebased or flavin cofactord?QQ is a dissociable, nen
covalently bound cofactor for Granegative bacterial enzymas/olved inthe metabolism of
alcohol aldehydes, and carbohydraf151-153. Divalent metal ions mediate PQQ binding to
its apoenzymgl53 154]. Trace amounts have been found in mammalian tissues and presumed
to originate from food soues Its deficiency has been associaneth the pathogenesis of liver
fibrosis, stroke, reduced fertility, amalvitro andin vivo osteoporosis rodent modé¢lib5160.
Initially, it was proposed that this could indicate a possible vitamin aolke |atersupesedd
by the concept of longevity vitamimequiredfor aging and longerm mitochondrial health
[161-163.

The PQQ operon, responsible fahe biosynthesis of the mature cofact@figure 7),
contains the genggqqABCDEFGjn which pqgADE areessential for PQQ production. PqgA
is a short peptidancluding the conservednotif -ExxxY- [164]. The glutamate and tyrosine
residues are crosslinked by a radi8&M PqqgE, in a reaction dependent on the presenee of
chaperone terme@&qgD [165. PggE belongs to the superfamily of radical SANSAM)
enzymesa group of more than 600,000 enzymes (Protein Data Bank, 2020) characterized by
the-CX3CX2C- motif in which an iromrsulfur cluster [4FelS] is preseritl66-169. The reduced
FeS cluster provides an electron for the rSAM to cle®agermsylmethionine (SAM) in a
reaction thatreleases -methionine and the reactivaectrophiles p e ¢ rdeocgyadgndsine
(dAdod, whichfunctions as an oxidant by subtracting electifoms susceptible residu¢$7q.
These residues are hightonserved,and variability can result in the inactivation of the
pathway While not essential for the pathway, it has been postulateddh8encodes an iren
dependent hydroxylase to dikze tyrosine before or after its crosslinking with glutanjags
151, 171]. The modified dipeptide is cleaved from the main polypeptide by a peptidase, encoded
as a monomer bgpgF or as a dimepqqFGin some speciegl7Z. PgqC is hypothesized to
perform the final postranslational modificationncluding the amino group's cyclizatibmthe

phenyl moiety ad the implicit 8electron oxidatiof173].
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6.4.MYCOFACTOCIN IS A PREDICTECRIPPCOFACTOR

6.4.1. Discovery oMFT: gene organization and distribution
The presence of gene encoding eadical SAM enzyméas been proposed as a target for

data mining in the pursuit of novel RiIPR&3]. Some ofthe reactionsthat rSAM enzymes
catalyzeareuniquely enzymatic andifficult to be reproduced by synthetic medios example,
methylationsand C-C or GS bond formation, decarboxylation, and epimerizafbr0, 174,

179. To querymultiple genomessimultaneously partial phylogenetic profiling (PPP) was
employed by proposingunctional connections between theawurrenceof genes encoding
radical SAMwith genes encodinghort peptides of unknown functiomossibly indicating the

RiPP precursor and target of paistnslational modificatiof63]. This relation is scored higher

if co-occurrencds presentn the same genome locus, and also through similar taxa as expected
if the product confers an evolutionary advantaf®8, 176178. Furthermore, the

Abi oinformatic grammaro would allow to make
under study. For example, the cluster of the PQQ redox cofactor is characterized by specific
conserved residues on the-terminal core peptide precwgor, ceoccurrence with
cofactordependent enzymes, and no putative exporter in the BCG. In contrast, the precursor of
the bacteriocin family of antibiotics is conservedhe N-terminal leader peptide region and

putative exporters are adustered63, 179

Using this approach, aovel geneclusterencodinga radical SAMand a putative RiPP
precursomwas foundclustereda glycosyltransferasé@ his BGC is foundsparsely distributed
across some Archaea and Chloroflexprevalent in Proteobacteria andspecially
Actinobacteria. It is also found iall species of thgenusMycobacterium The radical SAM
enzyme wasannotated as a PgdEi ke r adi cal S Adéptide af mrknownh e A s
f u n c tdisptayeda highly conservedC-terminus Notably, the gene cluster was also
associated witlspecificsubfamilies of oxidoreductasess is the case for PQQ. Thisggets
a scenario where the biosynthetic locus encdtesedox cofactor forsaid oxidoreductases.
Because oits presence in the genhgycobacteriumandthe similarity of the locugo the PQQ
cofactor and bacteriociniosynthesisthe predictedRiPP productvas termednycofactocin
(MFT) [179.

The organization of the cluster and taxonomic tree in a few selected strains is gilgmen
9. TheMFT precursomftA binding proteimftB, and radical SAMmftCare clustered together
and in the same orientatiofhere is point variability in some genefar example between

S.rhizosphaericus where mftABC are together, while inS. griseoruber the locus
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AOK10_RS36905 is inserted betwesfitB andmftC. This locus encodes a putative xanthine
dehydrogenase accessdtike protein (XdhC) a family of enzymes that require molybdenum
and ferredoxin as the maireetron acceptor in purine degradat[d@®(. The psition of the
glycosyltransferasgenevaries across genomadowever, 1 is generally close to a putative
peptidaseand a FMN-dependenenzymeannotated initiallyasL-lactate dehydrogenaseit
experimentally determinddterto act as aleaminas¢181]. All in all, this indicates that while
the position oimftABCis highly conserved through genomes with an MFTtelysnsertions
and reorganizationsoncerningbiosynthetic and putative MFd@ependent genes change the
structure through the taxonomic trgegure9). Still, their effects cannot be fully predicted by
in-silico methodq187.

6.4.2. Biosynthesis dVIFT
The proposeMFT biosynthesis is indicated Figurel0. In vitro catalytic activities of the

enzymedgescribed herbave been confirmed in anaerobic conditifitl, 183-187]. MftA is
theMFT precursor, analpin its biosynthetic role to PqgA. Tl@&terminal sequence is highly
conserved, with the sequeng®l]CGVY being practically invariableKigure8). Exclusively
in the presence of the MftB chaperone, the radédl enzyme MftC reductively cleaves
S-adenosyl-methionine (SAM) to generate GQ-methionine, and the dAdf183 184]. The
rSAM reaction was initially proposed tocatalyze theoxidative decarboxylation of Tyr30
residue, leading to the unsaturation of the peptmedhn the terminal dipeptidd83 184.
Upon further mechanistic studiggyo rSAM-mediated reactions were found to ocauffirst
decarloxylated precursor, termed MftA**present in minor quantitiesThe main more
abundanisomeric productvastermedMftA*, a decarboxylated, cyclized molecule where the
Cu/Cs of Tyr30 is covalently crosslinked with the 6f Val29.[185.
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Figure8: Clustal Omeg§188 189 alignment of the MftA precursor in 47 species withMHET cluster,
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inactivated by mutation.
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The modifiedC-terminal dipeptide from MftA* is then cleaved from the precursothgy
iron-dependent peptidase MftE to generate AHDP
(3-amina5[(p-hydroxyphenyl)methy4,4-dimethyt2-pyrrolidinone) [187. MftA**, on the
other hand, is nesusceptible of proteolytic cleavage by MfiEgnfirmingthat MftA* is the
real intermediatein MFT biosynthesis[185. MftD annotatedinitially as an L-lactate
dehydrogenaswasthought to be atMFT-dependentedox enzyme,with a putative role in
lactate metabolismnoupkd toMFT and part ofhe mycobacterial respiratory chain for energy
generation [178 197. Referring back to a possible interaction between M#O TB
pathogenesis, lactate has been proposed as a carbon source in the granuloma, key for the

survival of latent MTB.

In the macrophage, two molecular oxygen moles per NADPH are used to producé NADP
and theoxidative burst that results H* and thereactive oxygen speciésuperoxidg Oy. As
a higHy energetic process, it resultslactate production by the Warburg effect, an overflow
mechanism (sectiorl0.4 to relieve the oxidative decarboxylation pathwdy93-195.
However, kockout studie®f the MTB genes encoding foflactate dehydrogenases identified
that while & qdldD2 mutant was unable to grow in lactate, growth ingamftD/lldD1 strain
was not affectedn lactate dehydrogenase activ[ty9€. Metabolomics and transcriptomics
studies failed to identify lactate as @ssentiabource for MTB in early macrophage infection,
having an uptak&equency of 0.07 when compared with cholesterol (1) or glucose (0 97)
Furtherstudies found thenftD/lldD1-encoding locus slightly upregulated with pyruvate as sole
in vitro carbon sources compared with glucose laothte, while théldD2 transcript was the
most abundant in pathways related to C@&Mcept that upregulation under lactatenpared
to glucosewas not observed heseresultssuggestdthatlldD2 is constitutively expressed in
MTB, while lldD1 is possibly involved in pyruvate metaboligd98. Furthermore, MftD is
downregulated in MTB under DFihduced reductive stress to simuldatee predicted

intraamacrophagénfection conditions[199.

Thesehypothess were putto restwith thein vitro demonstratiorthat MftD in vitro is not
responsible fofactate oxidationIinstead, thegatalyzel the oxidative deaminationf AHDP
in a twostep reaction: the amino group is oxidized in the presence of molecular oxygen to yield
an imino group, which can then spontameo!l v hy dr ol y z @liketoamidgamch er at e
release ammoniunil81]. The two keto groups in the prodyctermed prenycofactocn
(PMFT), can act as a coordinated redox center. This was confirmedZyynaticassay witha

putative MFTFdependent carveol dehydrogenase enzyme, resultimgrireol oxidationto
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carvone and generation of PMFTIHL81, 200. Midpoint voltammetry quantified aedox
potential of PMFT of255 mV using an Ag/AgCI reference electrodere negativéhan the
endogenous cofactors TPQ, LTQ, TTQ, and CTI3Q to-188 m\) and slightlylower than

that of PQQ {240 mV) The latter values are obtained with a different rodilioy measurement

with a standard hydrogen electrode as reference. Because of its role in the biosynthesis of PMFT
MftD has been rename&HDP oxidase

As mentioned before, thdFT BGC is defined by the eoccurrent presence of tidftA
MFT precursor,the binding protein MftB, the radical SAM MftC, and aputative MFT
glycosyltransferasklftF. The function of MftF hd not been elucidateahtil recentlyandwill
be addressedn the first article of the present thesMost but not all of MFIcontaining
genomes have an open reading frame encoding foAlti2P oxidase[178 andunder the
current biosynthetic modgl81, 201]] is uncleawheherin mftD-deficient genomefinctional
mycofactocin is producedrurthermorethe putative mycofactocin regulatorftR part of the
DNA-binding motif based on twdomain transcriptional regulatidret? [202), was found with
significant upregulation in MTB (Rv0691c) dog macrophage infection in both vitro and

anin vivomodel, signaling a possible role in MFT expression during MTB pathog486§]s

6.4.3. The biological role oMFT
As previously mentioned, because the mycofactocin BGC is more similar in its

bioinformaticgrammar to PQQ rather than bacteriocthgs, mature produds believed to be a
redox cofactor [63, 178. In the MFT BGC, no transportersignal peptide, or
immunity-conferingprotein can be predictad silico. These features are present, for example,
in the 34residue lantibiotic RiPP nisii204]. In addition genes encodinigvo possible families

of oxidoreductases were found-lozalized with the predicted biosynthetic geme$ABCF
Theseawo families are the zindependenand irordependenalcohol dehydrogenasasdthe
shortchain dehydrogenaseductassuperfamily (SIR). Furthermore, and kile not described

as part of the canonical MFT clustgri78, someglucose/methanol/choline oxidoreductase
(GMC) membersare present in th&/FT BGC and considered as putative MBd&pendent

oxidoreductases.

Alcohol dehydrogenasesatalyzethe oxidation of primary alcohols to aldehydesd
ketoneswhich can be further metabolizedthe central carbon metabolig@CM). They can
be divided as MD(P)"-dependent, £o or PQQdependent, and FADependent. The
NAD(P)"-dependent clade can be furtlsebdivided ito zinc-dependent (group 1), shechain

SDR (2501 350 residues, group 1), and ir@lependentgreferably aldehyde reductasgspup
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[II) [205-208. Organic cofactors couple the transfer of electrtinthe cellular redox pobl
NAD(P)in thealcohol dehydrogenasamily while inthe GMC family are flavinderived[ 207,

209. The identification of PQ&lependent alcohol dehydrogenases in methylotrophic bacteria
marked theadditional recognition of the role &dntranum and other lanthanides (LdNd) in
electron transfer from the reduced PQQ cofactor to memitramed cytochromes. This

example is the only knowmle of these rare earth elememt<ellular biochemistry21Q.

The GMC family was proposed aa result of sequence alignment from the glucose
dehydrogenase (GLDjpethanol oxidase (MOXgand choline dehydrogenase (CHD) families.
Enzymes in this cladshare arN-terminal 30residues region correspondingtte adenosie
diphosphate (ADRb i ndi ng bUb f ol d an dcovalentlyrbgundaFARz ov al e
cofactor[21]]. Their mode of actioms on the hydroxyl moiety of alcohols, carbohydrates, or
sterols, yielding an aldehyde group some caseshe product is retained in the active site to
be further oxidized into a carboxylic adi@l11-213. One of the practicapplications of these
clades of enzymes is in glycemic sensosn immobilized glucose oxidaseoupled with
peroxidasgcan be used to determine glucose leveltheblood. Thesein vitro diagnostics
medicaldevices includémmobilizedFAD* or PQQcofacbrsand artificial electron acceptors
[214]. In addition,industrial applicationbave beenproposedn lignocellulolytic processes for

the biofuel industry anthesynthesis of pharmaceutical precurd@%3 215 216|.

Enzymatic characterization cdome GMC oxidoreductases has been performed with
2,6-dichlorophenolindophenol  DCPIP), N-nitrosodmethylamine (NDMA), or
1-methoxy5-methylphenaziniunmethylsulfate (PMS)[217-219. Not only do artificial
electron acceptors complete the cdtalgyclei but they also serve as a colorimetric dye for
readout[220. Because these compounds are xenobiotic, enzymes that show activity towards
these compounds but are orphans concerning their natural cofactor are provisionally called

NDMA -dependent or DCPiBependentdehydrogenases/oxidoreductases
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Figure10: Current model oPMFT and mature mycofactocibiosynthesisThe MftA precursor undergoes
two rSAM-mediated reactions that result in its decarboxylation and cyclization, foldfidg. The peptidase
MftE cleaves AHDP from the precursor polypeptide, which is then oxidatively deaminated by MftBeddtien
forms the redoxactive core ofpremycofactocifPMFT, active atoms in red). A predicted glycosyltransferase
catalyzeghe adlition of a glycosyl moiety to form matuMdFT.

Conventional NAD-dependent dehydrogenases contain a cofactor binding site that is open
to the solvent. This enables exchange with the reduced redox pool of NADH and catalytic
turnover. The tighy-bound, norexchangeable NAD cofactor of the stereoselective
nicotinoprotein carveol dehydrogenase LImC fr&hodococcus erythropol®BCL14 is an
outlier from this.Carveol dehydrogenases catalyze dhelic terpenoid carveol reduction into

carvone and arpart of the monoterpene pathway that prodwaatile compoundsinvolved
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in ecological interactiong@21]. In vitro experimentacharacterization revealed a tightly bound,
non-exchangeable NADcofactorand an additional loop in the cofactor binding.sitewever,
redox activity was only significant with the artificial terminal electron acceptor DC2B.

Based on Pfam annotation witlutative MFT-dependent SDR dehydrogenases identified
in the MFT cluster, LimC could benMFT-dependent enzyme as wdlFr'§. Sequence analysis
reveded thatsaidinsertion loops also present in the SDdehydrogenases associated with the
MFT-cluster[222 223. To determine the structural features of these enzymethaimtightly
bound cofactor, ine putative NAD"-dependentmycobacterialdehydrogenasewith said
insertion anc&etncodedn genomes with th®1IFT BGC were produced ii&. coliand crystHized
[223. When compared with other ndiFT SDR dehydrogenasemd the position of the
insertion relative to the cofactor binding pock#te insertion loopnakesNAD™ partially
inaccessibleand leawes only a small portionof it solventaccessible. This matchdake

observation othe insert loop iLimC as previously describd@27,.

With a representativiel. aviumSDR dehydrogenase ansingcarveol (substrate), carvone
(product),DCPIP (artificial redox cofactoy, and, for comparison, tricyclazole asinhibitor,
nontcovalent binding was observed Ilsaturation transfer difference nuclear magnetic
resonance (STINMR). This interactionindicates that thedditionalloop does not impair
substrate or product binding. Ali-all, havingNAD* as a partiallyaccessible cofactor and with
the binding of arartificial electron acceptgrossiblejt is possible thain vivo, a second redox
cofactor mycofactocinjs requirel to connecthe internal cofactowith the cellular redox pool
[223. Tablel describes some of the putatiMé&T-dependentlehydrogenasestidoreductases

characterized, either structurally by crystallographinaitro enzymatic assays.
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Annotation Species UniProt ID Cofactor PDB ID Ref.
Carveol dehydrogenase R.erythropolis Q9RA05 NAD, NA [222]
DCPIP
Carveol dehydrogenase M. avium A0QCJ8 NAD" 3T7C*
Carveol dehydrogenase M. avium A0QB72 NAD* 3UVE
Putative carveol . .
M. avium AOQDP5 NAD 4RGB
dehydrogenase
3PXX
Carveol dehydrogenase M. avium AOQFV1 NAD*
S5EJZ*
[223
Putativeshortchain ——, * s cessus B1MLR7 NAD* 3S55
dehydrogenase
Putative carveol M. paratuberculosis Q73SC8 NAD* PGX
dehydrogenase
Putative 3ketoacyt . N 35X2
ACP reductase M. paratuberculosis Q73WO00 NAD
Shortchain M. paratuberculosis Q73X99 NAD* 3TsC
dehydrogenase
NDMA -dependent (224
methanol M. smegmatis AOR5M3 NDMA* NA
226
dehydrogenase

Tablel: PutativeMFT-dependent oxidoreductases and their level of characterizAtimotation is given as
in the original publiction [223. PDB ID NA when not reported as crystalizédneansenzymatic activity studies
performed with an artificial redox accepttt. indicateshe removabf the hexahistidine tag.

Orthogonal evidencédor the function ofMFT as a redox cofactor involved in primary
metabolism has been obseriad/ivo [226]. Oneresearch lingegardingintracellular MTB's
physiology and pathogenesiddressedholesterobsacarbon source durindpe latency phase
[227, 228. Cholesterol s readily available in infected macrophages and the granuloma
Previous studiehave alreadydetectedcholesterol in the site of infectiof228 and MTB
capacityto assimilate if227). Shortly after théIFT locus proposdbr the noveMFT cofactor
a study 6 high-density mutagenesandsequencindor profiling theMTB phenotype response
to mutationswas published229. By mapping random mutagenesis events across the entire
genome and correlating these insertion events to thtants metabolic fithes® thrive in
cholesteol, it was possible to identify novel genes that mediate cholesterol metabolism as an
energy sourceAmong the42 genes identified as required for cholesterol growtkivo,
including some not yet implicated ib-oxidation the centralgenes of the MFT laster were
found: Rv0693 MftC), Rv0694 (nftD), Rv0695 (MftE), and Rv0696 mftF). This seerad to
indicate a possible role tie MFT cluster in cholesterol metabolisidowever this studyhad

aseverdlaw. To assayifferentialfitness to grow in cholesterdgriffin et al. [229 employed
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minimal media supplemented withl g L cholesterolHowever,a second carbon source was
introduced By virtue of itslipidic sterolnature cholesterolsinsoluble in water (1.8 mgtat

30 °C) therefore 2 g L ethanolwas usedsasolvent.A 1988 report indicatethat ethanol is

a viable carbon source ftMycobacteria[23(. While it is true that fasgrowing straindike
MSMEG are more fit for this purpose, thcomposition cast a shadow on the essentiafity
genes identified by Griffiret al for growth in cholesteragiven that a second carbon soyrce
ethano] is presenf229.

Evidence of ann vivo relationship between MFT and primary alcohol metabolism was
elucidated for the first time by Krishnamoortétal [226]. By constructingSMEG mutants
with truncatednft genesjt waspossible to probe the relevance of MFbothcholesterobnd
ethanoimetabolismAn gmftCdeletion mutant was unable to growaihprimary alcoholsand
complementation restored the phenotype, albiit a slower growth ratéhanthe wild-type
strain This suggestdhat the growth phenotypelepends on alcohol and MFhot on
cholesterqgl as previously suggestd@26 229. Studiesconductedwith methanol show a
contrasting effect: while the results by Duletyal haveshown twice thatMSMEG wild type
cangrow inmethanol as a sole souraiecarbon224, 225, Krishnamoortly et al wereunable
to replicate this phenotypafter 72 N226].

The same groups investigated the rolM&MEG_6242 (AOR5M3from MSMEG as the
first presumedMFT-dependent alcohol dehydrogenase. Although not located iMEie
cluster's vicinity a homolog exists adjacent to tNd=T clusterin S.erythraeaNRRL2338
(Figure9, dark blue arrow). MSMEG_ 6242 is locatibp downstream from the MFGluster
(Figure 11). Genetic inactivation of the MSMEG_6242 gene hesliin a mutant unable to
grow on ethanol. Furthermorthe transcriptomic analysis indicated that the MSMEG_ 6242
transcript is accumulated in the wilgpe strain cultured in ethanol compared to a glycerol
control. These results suggested that MSMEG _@&2#®/0lved inethanol metabolism and that
activity dependon MFT as a cofactd2§.
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M. tuberculosis H37Rv - benzoguinone methyltransferase (46%)

class | J-dependent methyltransferase
class | SAM-dependent methyltransferase sensor histidine kinase

[ Mycobacterium H37R - hypothetic tei %) > [ g
MSMEG_6235

MSMEG_6237

MSMEG_6236 MSMEG_6238

two-component system response regulator MnoR

iron-containing alcohol dehydrogenase

MSMEG_6239 MSMEG_6240 MSMEG_b241 WSMEG 6242
4 T ——

iron t;r)_rlla\r_wlg alcohol dehydrogenase WA ‘ MoxR family ATPase M. tuberculosis H37Rv - hypothetical protein (41%) alcohol dehydrogenase
sensor histidine kinase WA domain-containing protein S. erythraesa NRRL2338 - NDMA-dependent alcohol dehydrogenase (84%)

Mycobacterium smegmatis str. MC2 155 chromosome, complete genome

Figure 11: Gene cluster MSMEG_6234 to MSMEG_6242 Nh smegmatisnc® 155, containing the
MFT-dependent alcohol dehydrogenase Mno (MSMEG_6242). Homologs of these CDS can be found in proteins
from M. tuberculosisH37Rv (cyan) andS. erythraeaNRRL2338 (blue).Parentheseindicate the identity
percentagevith a cutoff of >0%.

MSMEG_6242shows99% sequence identitp a characterized methanol dehydrogenase
(Mdo) from Mycobacteriunmsp. strain JC1Involved in methylotrophy224, 231]. Previously
known membrandound, periplasmatic alcohol dehgdenase®f Gramnegativebacteria
could usePQQor NAD™ as natural cofactor¢However this was not the case fido [232
234). HeterologouslyproducedMSMEG_6242with a C-terminal hexahistline tag[235
(termed Mno)showedin vitro activity with NDMA as artificial redox accept@nd methanol,
formaldehyde, ethanol, propanol, or butanol as substf2@4. This activity contraséd
partially to the previously characterized Mdo, unable to oxidize propanol and b{izahl
Furthermore, the observed activity against formaldehyde ssgyesstciting role in which the
enzymecancatalyze both stefie assimilate methanol, first by oxidation to yield formaldehyde,
from which two molar equivalentan undergo a dismutase reactiogield two products with
a higher and lower oxidation state: formateda methanolequivalent The methanoINDMA
oxidoreductase fromAmycolatopsys methanoliand M. gastri was previously reported to
catalyze said reactions in the presence of the artificial redox cofactor NDMA, indicating that

the natural cofactor is unknovyjga32.

SupplementingMdo in a DCPIRPbased assay withmethanol and extracts from
ethanolculturedMSMEG wild-type, presumed to contaMFT, resuled in a higher specific
activity, asmeasured by DCPIP reduction aidcoloration Lower activity was observed with
extracts from an MFT-deficient mutant @mftC) and higher in strains with gmftC
complementatiofi225. These results, however, should be taken with care because assays were
not performed with purified enzynj@2€q. Taken togethein vivo andin vitro resultssuggest
that MSMEG_6242, or Mno, is a probabMFT-dependent alcohol dehydrogenase that

catalyzethe oxidation of primary alcohols to the respective aldehyde, ethanol to acetaldehyde
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for example The role ofMno in methanol metabolism is stilinclear giventhe fact thathe
methylotrophic growth oMSMEG has resulted in opposite resy@24-226|.
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7. AIMS OF THIS WORK
Mycofactocin(MFT) is a proposed redox cofactor, universally presektyioobacteriaceae

speciesincluding the etiological agent of tuberculod¥, tuberculosis The existenceof the
biosynthetic gene clustevas proposed by bioinformatic analysihich provided the first
steppingstonesnto therole of maturases and associated dehydrogerfiasasg the course of
this researchinitial studies withthe heterologougproduction ofsome MFTmaturasesed to
the in vitro identification ofintermediatesand reactiongielding the redoxactive precursor
premycofactocifPMFT). Similarly, knock-out, and complementatioaf the MFT cluster of
the model organisSMEG indicatal that MFT isa redox cofactor involved in primary
alcohol metabolism. However, despite these advances$;uubusal characterization of mature
MFT has beemeported The role of otheMFT enzymesemainunveiled andthe biosynthetic

pathway remainethcomplete and unconfirmed vivo.

The first publication of this thes@ams at discoveringIFT in vivoand at the isolation and
structure elucidation of the mature molecwHer this, we combined the vitro knowledge of
MFT biosynthesigind thefinding in vivothat MFT is related to ethanol metabolisnorder to
identify novel intermediatesWe planned & comparemetabolomic extracts of MSME®y
high-resolution liquid chromatographyass spectromet{HR-LC-MS) includingapplications
such as untargeted metabolomio®lecular networkingand isotopic labelingComparing
growth conditions as well agild-type andknock-out strains of MFT genes was envisioned to
help identify possible MFTongeners. Isolation of candidate molecules followed by
NMR-based structural elucidation was planned to determine the molecular structure of mature

MFT congeners.

Another goal of thishesiswas the development of culture conditions to incr®4ise yield
for furtherenzymatic an@ more comprehensiv&ructuraland functionatharacteeation.We
assumed that as a redox cofactar MFT production might depend on oxygen supply in the
culture broth. Therefore, we used different oxygen conditions and media compositions to
determine possible parameters that influence the MFT yield. Weefuvtanted to know if
trends observed in a shake flask experiments could be reproduced in larger scale like in stirred

tank reactors.
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8. MANUSCRIPTS
8.1.STRUCTURE ELUCIDATION OF THE REDOX COFACTOR MYCOFACTOCIN

REVEALS OLIGO-GLYCOSYLATION BY MftF

PefaOrtiz, Luis; Graca, Ana Patricjauo, Huijuan Braga, DanielKéliner, Tobias G.

Regestein, LatBeemelmanns, Christineackner, Gerald.
Chemical Science (2020),11, 518290. DOI: 10.1039/D0SC01172J
SUMMARY

Mycobacterium tuberculosighe etiologicagent of tuberculosi€TB), has cofactemediated
detoxification mechanisathat limit the bacteriostatic effect of aitB drugs. Conversely,
some prodrugs require to be metabolizedcbiactordepenént mechanismsnto the active
pharmacological molecul&ovel cofactors could open the door &ternativeTB treatments.
Mycofactocin (MFT) is acryptic redox cofactar belonging to the family of ribosomally
produced and postanslationally modified peptides RPs). It has been identified in
Mycobacteriaand Actinomyces for a previously unobserved redox pool involvemtimary
alcohol metabolismBioinformatics and irvitro studies have proposed a biosynthetic model
but the mature form of the cofactor is still unknown. Here, we intedé@eaintargeted
metabolomicsmolecularnetworking,and gene knockout studiesdiscoverthe mature form

of MFT and elucidate its structure. The results demonstratedhthaedoxactive precursors
are decorated with up to niné-1,4linked glucose residuedJpon cultivation in ethanol
glucosyl MFT accumulatesvith a prevalence of molecules containing a previously unforeseen
2-O-methylglucose moietyGenetic studies and complementation confirmed the putative MftF
glycosyltransferaseaole, and redox activity in these new moieties was establighyed
activity-based metabolic profilingNMR structural elucidation characterized the structure of
methytmycofactocin containing 8 glucose moieti€air results indicate that methylglucosyl
MFT is the matureform of MFT in M. smegmatisand will guide future studies into the

biochemical and physiological roles of MFT in bacieri
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Showcasing research from Dr. Gerald Lackner’s laboratory, i .
Leibniz Institute for Natural Product Research and Infection As featured in:
Biology and Friedrich Schiller University, Germany.

Structure elucidation of the redox cofactor mycofactocin
reveals oligo-glycosylation by MftF

A team of researchers around Dr. Gerald Lackner
discovered mycofactocin, a redox cofactor from pathogenic
mycobacteria involved in alcohal metabolism. It is the first
cofactor whose existence had been postulated on the basis
of mere bioinformatics and which had remained cryptic for
almost a decade. Intensive metabolomics studies eventually
led to the identification of the molecule. The elucidation of
its chemical structure revealed an unusual sugar decoration.

Last but not least, mycofactocin could be a promising target See Gerald Lackner et al.,

for fighting mycobacterial infections. The authors cordially Chem. Sci,, 2020,11, 5182.
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Mycofactocin (MFT) is a redox cofactor belonging to the family of ribosomally synthesized and post-
translationally modified peptides (RiPPs) and is involved in alcohol metabolism of mycobacteria including
Mycobacterium tuberculosis. A preliminary biosynthetic model had been established by bioinformatics
and in vitro studies, while the structure of natural MFT and key biosynthetic steps remained elusive. Here,
we report the discovery of glycosylated MFT by “*C-labeling metabolomics and establish a model of its
biosynthesis in Mycolicibacterium smegmatis. Extensive structure elucidation including NMR revealed
that MFT is decorated with up to nine B-14-linked glucose residues including 2-O-methylglucose.
Dissection of biosynthetic genes demonstrated that the oligoglycosylation is catalyzed by the
glycosyltransferase MftF. Furthermore, we confirm the redox cofactor function of glycosylated MFTs by
activity-based metabolic profiling using the carveol dehydrogenase LimC and show that the MFT pool
expands during cultivation on ethanol. Our results will guide future studies into the biochemical
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Introduction

Coenzymes are small molecules indispensable for the catalytic
activity of many enzymes. While coenzymes like NAD" or FAD
are ubiquitous in nature and are essential for the core
metabolism of all forms of life, specialized cofactors like
pyrroloquinoline quinone (PQQ)' and coenzyme Fy,* are
restricted to certain microbial phyla, but typically involved in
extraordinary metabolic processes like methylotrophy, meth-
anogenesis, or detoxification processes. Moreover, specialized
cofactors serve as model systems for the evolution of cofactors
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functions and physiological roles of MFT in bacteria.

and their co-evolution with their associated enzyme families.
They can be regarded as examples of low-molecular weight
natural products that modify, extend or enhance microbial
metabolism. Mycobacteria are particularly rich in unusual
redox cofactors and antioxidants that contribute to redox
balance and metabolic plasticity. For instance, mycothiol®* or
ergothioneine® protect Mycobacterium tuberculosis from
oxidative stress and support detoxification pathways. Coen-
zyme F,, is involved, e.g., in cell wall biosynthesis® or defense
against nitrosative stress in mycobacteria.” Moreover, some
antimycobacterial drugs like pretomanid® are administered as
prodrugs and will only develop bioactivity after biotransfor-
mation by a coenzyme F,,,-dependent reductase.” Mycofacto-
cin (MFT) is a putative redox-cofactor whose existence has
been postulated on the basis of comparative genomics and
bioinformatics.'"™* Its molecular identity and structure,
however, have remained elusive to date. The MFT biosynthetic
gene cluster is highly conserved and widespread among
mycobacteria. The inactivation of the MFT gene locus in the
model species Mycelicibacterium smegmatis (synonym: Myco-
bacterium smegmatis) as well as M. tuberculosis resulted in the
inability of the mutants to utilize ethanol as a sole source of
carbon and further disturbances of mycobacterial redox
homeostasis were revealed." Involvement of MFT in methanol
metabolism was reported as well.” These recent results
strongly support the hypothesis that MFT is a redox cofactor
and might represent a fitness factor of mycobacteria during
some stages of infection.
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The architecture of the MFT gene cluster (Fig. 1A) suggested
that the resulting natural product is a ribosomally synthesized
and post-translationally modified peptide (RiPP)."* Several in
vitro studies have contributed to a preliminary biosynthetic
model of MFT (Fig. 1B): the precursor peptide MftA of M.
smegmatis consisting of 31 amino acids is produced by the
ribosome and bound by its chaperone MftB. Subsequently, the
terminal core peptide consisting of Val and Tyr is oxidatively
decarboxylated and cyclized by the radical SAM enzyme
MftC.""" The resulting cyclic core structure is released by the
peptidase MftE' forming 3-amino-5-[(p-hydroxyphenyl)methyl]-
4,4-dimethyl-2-pyrrolidinone (AHDP)." Just recently, it was
shown that MftD, an enzyme homologous to the r-lactate
dehydrogenase LIdD2 * catalyzes the oxidative deamination of
AHDP to yield pre-mycofactocin (PMFT).** The same study
demonstrated by voltammetry that the a-keto amide moiety of
PMFT is redox-active and can be reduced to PMFTH, (midpoint
potential: —255 mV). Efficient reduction was also achieved by
the action of carveol dehydrogenase using carveol as an electron
donor in vitro.** Therefore, PMFT likely represents the redox-
center of MFT, as riboflavin is the redox-active core of FMN
and FAD.

Although these current hypotheses are plausible, all these
known metabolic intermediates have only been observed in vitro
and could therefore represent artifacts, making the verification
of their relevance in wvivo urgently desired. Furthermore,

This journal is © The Royal Society of Chemistry 2020

additional steps of MFT biosynthesis, the function of the mfir
gene as well as the chemical structure of natural MFT awaited
experimental clarification. In this study, we confirm the current
biosynthetic model of MFT in vivo, detected several novel oli-
goglycosylated MFT congeners and elucidated their structure.
We show that MFTs are decorated with a B-1,4-glucan chain and
provide genetic evidence that glycosylation is performed by the
glycosyltransferase MftF. Finally, we show dependence of MFT
formation on ethanol and corroborate its cofactor function by
activity-based metabolic profiling.

Results and discussion
Discovery of mycofactocins by metabolomics

In order to identify potential mycofactocin congeners in myco-
bacteria, we used the fast-growing and weakly pathogenic
species M. smegmatis MC® 155 as a model organism and
developed a metabolomics approach combining metabolic
induction and labeling to specifically trace MFT congeners.
Assuming that MFT production would be stimulated by alco-
hols, we cultivated bacteria in media containing 10 g L™*
ethanol. Furthermore, we used stable isotope labeling to obtain
candidate molecules compatible with the proposed biosynthetic
pathway: since the C-terminal core peptide of MftA is composed
of val and Tyr, we reasoned that MFT congeners could be
specifically labeled by feeding 1-val’C; and 1Tyr-"*Co.

Chem. Sci., 2020, 1, 5182-5190 | 5183
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Intracellular contents were extracted and analyzed by liquid
chromatography coupled with high-resolution mass spectrometry
(LC-MS). Compounds were detected by in silico grouping of co-
eluting isotopic peaks and adducts (feature finding). Afterwards,
3C-labeled compounds were deduced computationally (Data Set
17). According to the established biosynthetic pathway we expected
13 carbons to remain "*C-labeled after oxidative decarboxylation of
the Val-Tyr core peptide. We therefore searched for compounds
that displayed an exchange of 13 carbons, resulting in a mass shift
of +13.04362 Da (ESI Fig. S1t). This approach revealed a list of only
twelve candidate compounds. Strikingly, the exact mass and
proposed sum formula of three of these compounds corresponded
to known intermediates of MFT, recently described in vitro, namely
AHDP, PMFT as well as PMFTH,. In addition to these compounds,
several labeled molecules with increasing molecular weight were
detected. Some co-eluting candidates with a mass difference of
+17.02654 could be explained as NH," adducts of each other. The
remaining nine candidate compounds (Table 1) were grouped
based on their chromatographic retention times, eluting closely to
either PMFT or PMFTH, (approx. 7.2 min and 6,9 min, respec-
tively). Intriguingly, members of the two groups could be arranged
in pairs with a mass difference of two hydrogen atoms leading us to
assume that each group represented derivatives of either PMFT or
PMFTH,. Thus, we termed these two clusters of molecules myco-
factocinones (MFT) and mycofactocinols (MFTH,), respectively.
Notably, some mycofactocinols eluted as two chromatographically
separated isomers, For instance, the dominant PMFTH, eluted at
6.8 min, while the minor isomer eluted at 6.5 min. These two
compounds displayed highly similar MS/MS spectra (ESI Fig. S2t)
and most likely represent tautomeric forms. For reasons of

Table1l MFT candidate molecules obtained by stable isotope labeling
of M. smegmatis with L-Val-**Cq and L-Tyr-*Cg®

Exact mass

Name Sum formula  (measured) RT[min]  Area (mean)
Aglycons

AHDP Cy3H,5N,O0, 234.13683 6.53 44 862
PMFTH, C,;H,-NO, 235.12084  6.88 49 905
PMFT Cy3H, sNO, 23310519  7.22 100 832
Mycofactocinols (MFT-rH;)

MFT-1H, CyoH,-NOy 397.17367  6.88 53 413
Methylmycofactocinols (MMFT-#H,)

MMFT-2H,  CygH3oNO; 5 573.24214  6.89 5722
MMFT-7H, CiHgNO,,  1383.50626  6.89 340 064
MMFT-8H,  CarHgoNOy3 1545.55908  6.86 550 390
Methylmycofactocinones (MMFT-n)

MMFT-7 CseHgoNO5 1381.49061  7.25 185 407
MMFT-8 CeaHgzNOy 3 1543.54343 7.21 335701

4 Mycofactocinols (MFT-nH,) and mycofactocinones (MFT-n) represent
glycosylated forms of PMFTH, and PMFT, respectively. MMFT-n:
methylmycofactocinones, MMFT-nH,: methylmycofactocinols (n:
number of saccharide moieties). Area values represent the mean of 4
biological replicates. All labeled compounds are shown in Data Set 1,
all MFT congeners revealed in this study are shown in Data Set 2.
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simplicity, only the more prevalent isomer was considered during
metabolomics studies. We then performed MS/MS networking
(Fig. 2), an approach that clusters compounds based on similarity
of their MS/MS fragmentation pattern and therefore potentially
related chemical scaffolds.>

Interestingly, candidates retrieved from "*C-labeling experi-
ments clustered with further putative MFT congeners. The mass
difference between the first candidate mycofactocinol (MFT-
1H,) with an exact mass of 397.17395 Da and PMFTH, was
+162.05303 Da, which corresponded to a hexose sugar.

Furthermore, the MS/MS spectrum of MFT-1H, (Fig. 2)
showed a fragment ion that corresponded to the mass of the
putative aglycon (m/z 236.13 [M + H]'), thus supporting the
assumption that MFT-1H, was a glycosylated derivative of
PMFTH,. MS/MS networking also revealed a recurrent mass
difference of 14.01565 between compounds, indicating that
methylation might occur as well. We thus assumed that the
MFT candidate molecules could be explained as glycosylated or
glycosylated and monomethylated species of PMFI(H,). In
analogy to coenzyme F,;0-n, where n indicates the number of
glutamyl residues in the side chain,? we named the glycosylated
molecules MFT-r(H,) with n representing the number of sugar
moieties. Monomethylated species were termed methyl-
mycofactocinones (MMFT-r) and methylmycofactocinols
(MMFT-nH,), respectively. A targeted search for theoretical
mass traces revealed additional members of the MFT-r(H,) and
MMFT-n(H,) series (Data Set 2f). As expected, the mycofacto-
cinones exhibited MS/MS fragments with a systematic shift by
—2.0016 (e.g., miz 234.11, 396.16, 572.24) (Fig. 2A) demon-
strating that the reduction/oxidation indeed takes place in the
PMFT moiety. Oligoglycosylation with up to n = 9 saccharide
units was detected, while seven and eight units appeared to be
the most dominant forms. We observed both methylated
(MMFT) and unmethylated (MFT) sugar chains, with the
methylated series being more prominent. Only mono-
methylated species were found. Mass fragmentation of MMFT-
n(Hz) species was well in agreement with the assumption that
the second sugar was the hotspot for methylation. For instance,
MS/MS fragmentation of MMFT-8H, yielded peaks corre-
sponding to ions of MFT-1H, (398.18011) and MMFT-2H,
(574.24640) suggesting that the methyl group is present in the
second sugar moiety (Fig. 2A).

Structure elucidation of the oligosaccharide moiety

To determine the structure of elongated mycofactocins, we
conducted large-scale cultivations. The dominant mycofactocin
exhibited the same mass and fragmentation pattern as MMFT-
2H,, but eluted at a slightly shifted retention time (Fig. $31). We
therefore named this species MMFT-2bH,. Due to the low yields
and co-elution of contaminants, structural analysis by nuclear
magnetic resonance (NMR) was not possible at this stage.
However, cellulase (B-1,4-glucanase) treatment degraded the
sugar chain of mycofactocin species (n > 2), while amylase (o~
1,4-glucanase) did not exhibit any effect (Fig. 3A). This finding
strongly suggested that the oligosaccharide chain represents
a B-1,4-glucan. Intriguingly, isomer MMFT-2bH,, but not

This journal is © The Royal Society of Chemistry 2020
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(A) Molecular network of MFT congeners. Nodes (circles) represent

chemical compounds. Internal node labels display the precursor mass of compounds (m/z [M + H*]). External node labels show proposed
compound annotations. Edges represent relationships in terms of shared MS/MS fragments. Edge labels show proposed modifications based on
precursor mass shifts (blue: hexosylation, red: oxidation/reduction, grey: methylation). Line widths of edges mirror cosine distances. Repre-
sentative MS/MS spectra of corresponding precursor ions are shown above or below nodes. (B Schematic representation of mass fragmentation
patterns of GAHDP-n, MMFT-nH; and MMFT-n. Numbers indicate mass-to-charge ratios (m/z) of fragments observed. Circles represent hexose

moieties. Me: methyl group.

MMFT-2H,, accumulated after the enzymatic digest, suggesting
that MMFT-2b(H,) represents the product of cellulase digestion
of MMFT-7/8(H,) and shares the identical disaccharide anchor.
To further elucidate the structure of MMFT-nH,, we analyzed
enriched fractions of MMFT-2bH, and MMFT-nH, by chemical
derivatization and gas chromatography coupled with mass
spectrometry (GC-MS). Monosaccharides were released by acid
hydrolysis and derivatized by trimethylsilylation (TMS).
Comparative analysis of peaks arising from the MMFT-nH; and
MMFT-2bH, fractions and carbohydrate standards confirmed
the presence of p-glucose (Fig. $4t1) and revealed that the
methylated sugar present in MMFT-n(H,) is 2-O-methyl-p-
glucose (Fig. S51). To confirm the glycosidic linkage positions,
the oligosaccharide was permethylated before hydrolysis so that
only hydroxyl groups involved in glycosidic bond formation

This journal is © The Royal Society of Chemistry 2020

would be free for silylation.* This experiment (Fig. S61) lead to the
formation of glucose with 2,3,6-O-methyl-1,4-0-TMS modification
confirming the 1,4-glycosidic linkage. Additional modification
experiments (methanolysis and permethylation) supported the
assignments (Fig. S7-S197). After repeated cultivation we finally
obtained MMFT-7/8H, in sufficient amounts to record 1D and 2D-
NMR spectra (ESI results and discussion, Fig. $20-527, Tables 51
and S2f). The 'H NMR spectrum of MMFT-7/8H, exhibited
a similar five-membered lactam moiety as present in AHDP, but an
isolated methine group was shifted to low-field (.5 4.28 ppm/d¢ 5
76.16 ppm) compared to AHDP (6.3 3.30 ppm/dc. 3 61.64 ppm). This
indicated the amine group connected to C-3 was replaced by
a hydroxyl group. The HMBC correlation between H-1' to C-11
suggested the sugar chain to be attached to the hydroxyl group of
the tyrosine moiety (Fig. 3B). The B-1,4-glycosidic linkage was

Chem. Sci., 2020, 1, 5182-5190 | 5185
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Digestion by cellulase (B-1,4-glucanase) consumes MMFT-nH, and produces MMFT-2bH, suggesting that the oligosaccharide consists of -1,4-
linked glucose. (B) Key COSY and HMBC correlations of MMFT-7/8H,. (C) Proposed chemical structures of key mycofactocins and biosynthetic
congeners. Mycofactocins are glycosylated by sugar chains consisting of up to nine B-1,4-linked glucose units (n = 9). In methylated myco-
factocins (MMFT) the second hexose is methylated (2-O-methyl-p-glucose). The aglycon is PMFT or PMFTH; in mycofactocinones or myco-
factocinols, respectively. The aglycon is AHDP or GAHDP in biosynthetic precursors AHDP-n and GAHDP-n, respectively.

confirmed by the HMBC correlations of H-1" to C-4' and H-1" to C-
4" and the configuration of the glucose moiety was assigned as -
form by the large coupling constant of anomeric protons (41
= 8.0 Hz; fix-1v 12 = 8.0 Hz; Ji17 12 = 8.0 Hz). The position of
the methylated glucose was determined by the observation of
a methoxy moiety (87 3.64 ppm/éc» 60.55 ppm) and HMBC
correlation of H-7" to C-2". The planar structure of MMFT-7/8H, is
presented in Fig. 3C.

In summary, we propose that the oligosaccharide moiety of
MFT is a p-1,4-glucane (cellulose). The methylated hexose present
in MMFT-n(H;) and MMFT-2b(H,) was shown to be 2-O-methyl-
glucose. The fact that MMFT-2 and MMFT-2b (digested MMFT-n)
are distinct in retention times points to some degree of structural
diversity within MMFTs. Notably, cellulose was shown to be
produced by M. tuberculosis as a constituent of biofilms after
exposure to reductive stress.* The production of methylated
glucans, like 6-O-methylglucose lipopolysaccharides (MGPL),
albeit with «-1,4 linkage, is well described in Mycobacteria, 2-O-
methylglucose appears to be less common.® Glycosylation is
a relatively uncommon modification of cofactors. The most
important examples are mycothiol* and bacillithiol.*

Glycine-derived intermediates of MFT biosynthesis

Surprisingly, the MS/MS network (Fig. 2A) revealed two additional
compounds (m/z 1426.54 and 1588.59) with an unusual mass shift
compared to the MFT-n(H;) candidates. Their mass differences
and MS/MS spectra indicated that they represented hepta- and
octaglycosylated species sharing a head moiety closely related to

5186 | Chemn. Sci, 2020, N, 5182-5190

PMFT and PMFT(H,). The molecular masses and MS/MS spectra of
the compounds could be explained by the assumption that the
aglycon corresponded to glycylAHDP (GAHDP) and these
compounds represented the oligoglycosylated forms GAHDP-7 and
GAHDP-8. Since the VY core peptide of MftA is preceded by
a glycine residue at its N-terminal side it appeared highly likely that
the GAHDP-n species corresponded to premature cleavage prod-
ucts of the MftC-processed precursor peptide. To corroborate this
hypothesis, we fed M. smegmatis cultures with a combination of
fully *C-labeled Gly-"*C,, Val-"*C;, and Tyr-"*C,. Indeed, GAHDP-
derived molecules underwent a mass shift of +15.05033 Da, indi-
cating the incorporation of Gly-"*C; (+2.00671 Da) in addition to
the decarboxylated Val-Tyr moiety (+13.04362 Da) (Fig. S287).
Targeted searches for GAHDP-n as well as AHDP-n (lacking the
glycyl residue) and MAHDP-n candidates (AHDP decorated with
monomethylated oligosaccharide) revealed three series of oligo-
glycosylated compounds with similar retention times within each
series (Fig. 4, Data Set 2t).

Dissection of MFT biosynthesis

In order to test if all MFT candidate compounds were related to
MFT biosynthesis, we investigated mutants (AmfiC, AmfiD,
AmftE, AmftF) created previously' of the MFT biosynthesis
pathway for the production of candidate molecules (Fig. 44,
Data Set 2+). Indeed, none of the aglycons, nor any of the gly-
cosylated candidates were detected in the AmftC strain (Fig. 4B).
This finding, together with the fact that the genetically com-
plemented strain AmftC-Comp restored production of MFT

This journal is © The Royal Society of Chemistry 2020
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