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Abstract

Many bacteria and archaea grow under anaerobim@roaerophilicconditions. In order for
these organisms to survive under these conditions, many utilize nitrate or nitrite as terminal electron
acceptors for anaerobic respiration. In addition, some organisms can reduce nitrate or nitrite to
ammonia in order to assimil@ nitrogen for the synthesis of-Bbntaining biomolecules. The first
committed step irboth denitrification and/or assimilatiors carried out by a nitrite reductase (NIR).
There are different types of NIRs and they can be classified by their products (N&") or by their
cofactors, two of which are henh and siroheme. The unique hendecofactor is only found in
denitrifying bacteria containing a cytochromed; NIR, and is the site of nitrite reduction. Interestingly,
siroheme, the cofactor of somammoniaforming NIRs, has recently been identified as an intermediate

in the biosynthesis of hema.

In most organisms that produce siroheme and hainea multifunctional enzyme CysG is
responsible for the conversion of uroporphyrinogen Il to siroheb@wvever, some nitrate reducing
organisms, such d@aracoccus denitrificarssd Methanosarcina acetivorangack CysG and it is not
clear how siroheme is made. In Chapter 2 of this dissertation, we investigate the activity of SirC, a
precorrin 2 dehydrogease fromM. acetivoranghat is found in the alternative heme biosynthesaif)
gene cluster. SirC is homologous to the dehydrogenase/ferrochelatase domain of CysG and it was found
that this enzyme converts precorrin 2 to sirohydrochlorin. However, atbtef catalyzing iron insertion
into sirohydrochlorin, it was found that increasing concentrationSio€inhibits ferrochelation. We
show that multiple tetrapyrroles (uroporphyrinogen Ill, precorrin 2, and sirohydrochlorin) are able to

spontaneously chate different metal ions, even at physiological concentrations. We therefore propose



that SirC protects its product, sirohydrochlorin, from the spontaneous chelation of incorrect metals and

passes it on to the next enzyme in the pathway via substrate aiammn

Iron is required for the synthesis of siroheme and haineéSome organisms (pathogenic
bacteria in particular) can acquire the necessary iron from heme using a specific transport system and a
cytosolic heme oxygenase (HemO). The denitrifying bartelf. denitrificangontains a gene cluster
with homology to the heme uptake system; however, it lackshtbmOgene. Within this cluster is a
genepden 1323 G KI G A& | yy2il ipSsphadteiPMP) oxidadeRrid 2oBthina y S p Q
conserved domainfaunknown function (DUF2470). In Chapter 3 we show that this gene is not a PMP
oxidase, but rather a nenanonical heme oxygenase. When determining the function of Pden_1323, we
also explored the substrate scope of the enzyme and found that deuterohem®lasfatotoporphyrin
IX can be used as substrates. In contrast, protoporphyrin IX was not a viable substrate for the reaction,

which supports the proposed mechanism requiring a metal center for catalysis.

The iron for the biosynthesis of siroheme and heda@ P. denitrificansgs proposed to be
inserted into sirohydrochlorin by a homolog of ChiX, the cobaltochelatase from the cobalamin
biosynthetic pathway. Clustered with tlebiXgene igpden_2333which encodes a protein with a
conserved domain of unknowiinction (DUF4202). In some species, these two gene are fused together
which suggests a role for Pden_2333 in the biosynthesis of siroheme anddaeme&hapter 4, we
present size exclusion chromatography data that shows that Pden_2333 binds heme aretmiegy it
for structural stability and the formation of higher order oligomeric structures. We also were able to
show that Pden_2333 is able to load iron into the core of the protein and mobilize it via reduction of the
iron. Therefore, we propose thatden_2333 may be a novel bacterioferritin that provides iron to CbhiX

for the biosynthesis of siroheme.
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Chapterl: Literature Review

1.1Introductionto the Nitrogen Cycland the Reduction of Nitrite

Bacterial denitrification is one of the three major branches in the global nitrogen cycle,
together with nitrate assimilation/ ammonification, denitrification, and dinitrogen fixation
(Figure 1). Bacteria uske denitrification pathwayin which nitrate is used as a terminal
electron acceptorfor energy generatiod.This pathway consists of four major steps; nitrate
reduction, nitrite reduction, nitric oxide reduction, and nitrous oxide reduction (Figure 2). These
four steps are catalyzed by the enzymes nitrate reductase (NAR), nitrite reductase (NIR), nitric
oxide reductase (NOR), and nitrous oxide reductase (NOS), respetBasleria can also
reduce nitrateviathe nitrate assimilation pathway to ammonia for incorporation into amino
acids and other organic compounds needed for survival (Figure 3). In this pathway there are
only two enzymatic steps, nitrate reduction to nitrite by 8bd nitrite reduction to ammonia
by NIR. The first committed step within both of these pathways is ca&tdllgy NIR. Bacteria can
therefore utilize two functionally distinct types of NIRs, ammonia forming or nitric oxide

forming!
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Figure 1: Global nitrogen cycfe.

NO3 NAR NO _NIR NONOR N ONOS N

Figure 2: Denitrification pathway from nitrate to dinitrogen gas.

NO,"*3NO,™>NH,*

Figure 3: Nitrate assimilation pathway from nitrate to ammonia.

1.2 Ammoniaforming Nitrite Reductases
The reductiorof nitrite to ammonia is a siglectron reduction (Equation &hd can be
performed by an enzyme containing a [44#8]cluster and sirohemascofactors (ferredoxin

nitrite reductase NirA) or can be achieved by one containing five to eightpe hemes



(cytochromec nitrite reductase NrfA).46 Some ammonidorming nitrite reductases caalso

reduce sulfite to sulfidé.

NQ +8H +6€©0 NHi* + 2RO (Equation 1)

Sirohemecontaining Nitrite Reductas&iroheme is a cofactor utilized in nitrite and sulfite
reductases, both of which play majaroles in nitrogen and sulfuassimilation’ Siroheme is
arguably oneof the most essential cofactofer life on earth. The assimilation of the majority of
nitrogenand sulfurin the biosphere depergion the use of sirohemehe latter of which
suppliesreduced sulfur fothe synhesis of theamino acid cysteinand methionineand for iron
sulfur cluster biogenesfsThe sirohemecontaining nitrite reductase contains afiFfe4S]

clusterand siroheme as itsofactors (Figure

Figure 4 Spinach Nitrite Reductase with a Siroheme and [4/%] cluster as cofactors. PDB: 2AKJ

Multiheme Containing Nitrite Reductaséhe multihemecontaining nitrite reductases
are homodimeric, with each monomegontaining fiveto eight heme molecules (Figurg.®% In

Escherichia cglthe multiheme nitritereductase has also been shown to not only perform the

3



six dectronreduction of nitrite, but also the fivelectronreduction of nitric oxide to

ammoniall

Figure 5 Multiheme nitrite reductase (PDB: 3TOR

1.3 Nitric Oxideforming Nitrite Reductase
The reduction of nitrite to nitric oxide is a one electron reduction (Equation 2) and can be
performed by a coppecontaining nitrite reductase (NirK) or a cytochrooe nitrite reductase
(NirS)® Three examples of pathogenic bacteria that use these types of nitric-foxideng NIRs

are Neisseriameningitidis Neisseriggonorrhoeage andPseudomonageruginosa

NG +2H +€0 NO- + KD (Equation 2)
CopperContaining Nitrite Reductas€opper nitrite reductase€CuNIRsare homotrimeric
and contain six copper atoms/trimer. Each monomer contains one type | and one type Il
copper, where the nitrite binds (Figu.*>12 The electrondor catalysisare donated by
another coppefcontaining protein, pseudoazurin. The electrons are passed from pseudoazurin
to the type | copper, to the type Il copper, and then to nitrite, where it is reduced to nitric

oxide? The mechanism of the reduction of nitrite BuNIRSs still not well understood?



Figure6: A) Crysal structure of CuNIR (PDB: 1KBWrom N. gonorrhoeae B) The active site of GNIR with nitrite bound to
the type Il CUPDB2DWS.

Cytochrome coNitrite ReductaseCytochromecd: NIR is a homodimer (Figurd) Each
subunit contains a covalently bound hema the alpha helical domain (FiguréB and ) and
a noncovalently bound hema in the beta propelledomain (Figures 7D andey**>*Hemed;
is a unique cofactor that is indigenous to denitrifying bacteria containingda®lIR. Electrons

are passed from the hemeto the hemed: to reduce nitrite to nitric oxidé?>
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Figure 7 A)Pseudomonaseruginosanitrite reductase (NirS) (PDB 1GJQ). B) Alpha helical domain with covalently bound
hemec. C) Structure of heme. D) Beta propeller domain with noncovalently bound hende. E) Structure of heme;.

The proposed mechanism of cytochrowe is sfown in Figure 8The hemesand heme

di are both initially in the 2+ oxidation state. Nitrite binds to the hethand is then doubly



protonated, and water leaves. The hemgthen donates an electron to NO forming a radical
and converting heme to the 3+ oxidation state. Hemethen donates an electron to the
hemed;, oxidizing the hemeto the 3+ state and reducing hentkback to the 2+ state. An
electron donor then reduces the heneback to the 2+ stateyhich results inelea ofthe

nitric oxideradical and completin ofthe catalytic cyclé’
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Figure8: Proposed mechanism of cytochroneh nitrite reductase(NirS).

1.4 Nitrate-reducing Organisms
There are numerous pathogenic and nonpathogenic organisms that use either the
denitrification or the nitrate assimilation pathwajor the utilization of nitrate as an electron

acceptor. A few notable examples of these organisms will be briefly discussed below.

Mycobacterium tuberculosi$lycobacterium tuberculosis a rodshapedfacultative

anaerobe that is the leading cause of tuberculdgik.has a slow generation time



(approximately 20 hours) and can form filaments andagio clumpst® M. tuberculossis an
acid fast bactetim andcontains a large amount of lipids.¢., mycolic acid) withiits cell
envelope. The mycolic acid increases the virulence of this bacterium by resisting digestion by
phagocytes, which can even multiply inside gbeytes. It is thought that these lipids may be
responsible for their resistance to environmental stresses ssanang® It has been shown
that M. tuberculosisan survive for weeks in dried sputum asdesistant to chemical
antimicrobials used as antiseptics andinfisctants!® This is due tehe ability ofM.
tuberculosido survive for extended periods of time in a dormant state. Dormancy is thought to
be triggered by inhibition of aerobic respiration via hypoxia, nitric oxide, or carbon mon®xide.
Nitrite reductase (NirBD) has been shown to be the mostvadti the host during anaerobic
growth, which occurs during dormandyitrite has been shown to be toxic M. tuberculosis
and needs to be exported or convertethe eduction of nitrite is requiredor detoxification?®

Klebsiella pneumon@Klebsiella pneumonges a Granmegative baterium that readily
colonizs human mucoidal surfaces and has besiown to be responsible for a serious form of
pneumonia in human&1%21SomekKlebsiella sppwhen invading the urinary tract, can be the
underlying cause of kidney stones. This happens due to the facKtbbsiella sppeduce
nitrite to ammonia under anaerobic conditions. The released ammonia can increase the pH of
the urine, which causes insoluble fgnd C&* compounds to forn¥?

Neisseria meningitid and Neisseria gonorrhoeadleisseria meningitidiand Neisseria
gonorrhoeaeare both aerobic Gramegaive cocci thatusually inhabithe mucous membranes
of mammalst®23N. meningitidisis the major cause of meningococcal meningitis Bind

gonorrhoeads the major cause of gonorrheld. gonarhoeaegrows inside human epithelial



cells and leukocyteand uses fimbriae and Opa (an outer membrane protein) to attach to host
cells. Once attached, the host cells take in the bacteri® Denitrification in loth Neisser
spp.are regulated by the amount of oxygen presead well as the availability of nitrite and
nitric oxide?* Nitrite reductase and nitric oxide reductase (AniA and NorB, respectively) were
both shown to be required for thesurvival in both aerobic and microaguailic conditions?®

Pseudomonas aeruginodaseudomonas aeruginogaa Grarmegative opportunistic
human pathogert®?”P. aeruginos@auses severe nosocomial infections and is the major
pathogen in cystic fibrosis patients. It can colonize in the lungs and survive omderygen
conditions using the denitrification pathwayP. aeruginosaan survive and persist for years in
the lungs of cystic fibrosis patients due to its adaptive mechamitnsan form biofilms,
develop mucoid phenotypes, and can lack membrane porins thatgvertant to antibiotic
diffusion?® A functional cytochromed: NIR is required for the virulence Bf aeruginosa® P.
aeruginosabiofilm dispersion and its regulaticare triggered by nitric oxidea signaling
molecule and the product dfIIR?° NO is also responsible for increased motiihd the
activationof genes for anaerobic metabolisamd iron acquisitiorthetabolism3°

Paracoccus denitrificanBaracoccus denitrifamsis a Grarmegative, noAmotile
coccoid soil bacteriun®P. denitrificanss a popular modebrganismfor researchers due to its
ease of genetic manipulatiott.P. denitrificangrows well under aerobic conditions and
expresses a respiratory chain vemnsar to that of the eukaryotic mitochondrion. It is a
biochemically versatile organism, with a wide range of potential applications in
bioremediation®? Some strains are capable of '‘aerolienitrification’, the complete

dissimilation of nitrate to dinitrogen (or nitrous oxide) under aerobic growth conditi#if3.



denitrificansalso has the unusual ability to oxidize amneoto nitrite during growth on organic
energy sources (‘heterotrophic nitrificatior?} This metaboliversatilty allowsP. denitrificans
to survive under fluctuating (aerobic and anaergldonditions, using oxygen and nitrogenous
oxide compounds as terminal electron acceptéthlitrite, an intermediate in the anaerobic
pathway, generates a strong stress response wikhidenitrificangausing inhibition of
growth 34

Methanasacina acetivoransMethanosarcindas one ofthe most versatile and unique
genera of methanogens. Most methanogens have ohthe knownpathways of
methanogenesis and utilize no more than two substsatéowever Methanosarcinapp.
contain all three pathwgs for methanogenesis (Figurg &dare capable of utilizing no less
than nine substrates, including acetateM. acetivoranss also unique in that no other known
species from this genus contains a flagell Moreover, unlike otheMethanosarcinaspp. M.

acetivorands incapable of usingztb reduce C@via the hydrogenotrophic pathwasy.
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Figure9: Three pathways for methanogenests.

It has been shown that most archaea do not possess a complete ketrajenes (i.e.,

hemA, hemL, hemB, hemC, hemD, hemE, hantor hemN, hemYr hemG hemH within
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their genome to synthesize heme. However, most do have the genes required for
uroporphyrinogen Il formationhemALBCIF® Many archaea contain cytochromes and other
heme containing proteins, therefore it is thought they must be able to synthesize their own
heme, if not via the traditional heme biosynthetic pathway, thendyalternative biosynthetic
pathway: In a bioinformatics study by Storbeek al., they analyzed 59 archaeal genomes and
found that 44 of them only possess#tk genes responsible for uroporphyrinogen formation.
Storbecket. al. also noted 25 archaea weknown to obtain heme containing proteins, 4 were
known to produce hemes:, and 26 possessirohemecontaining sulfite or nitrite reductases
based on sequence homolog}lt was later confirmed by Kiihnet. al. that Methanosarcina
barkeridoesindeed produce heme via an alternative route, with siroheme as an
intermediate 3’

1.5Introduction to Tetrapyrroles: The Pigments of Life

The siroheme, heme and hemed; coenzymes of the various types of nitrite reductase
belong to the class of biomolecules known as the tetrapyrrdlesrapyrrole a4 KS LA AY Sy i
fATSes LIl & SaaSyidAilt esPTheSedprodessSesYhdide, hutdreSoto A 2 £ 2
limited to the aforementioned reduction dafitrite and sulfite (hemel; and siroheme,
respectively), fatty and nucleic acid metabolism (cobalamin), oxygen and electron transport
(heme), methanogenesisgenzymd-430), and photosynthesis (chlorophyll and

bacteriochHorophyll) 38

Uroporphyrinogen lIIJroporphyrinogen Il (Figure}lis the last common precursof all
tetrapyrroles, and the first major branch poindroporphyrinogenll can go througlour

decarboxylations, two oxidative dacboxylations, and four dehydrogenatiotesform
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protoporphyrin IX (PPIX), or it can undergo two methylations and a dehydrogenation to form
sirohydrochlorin. From here, iron or magnesium can be insertedR?ftX to lead to the

formation of heme and chlorophyll, or cobalt, iron, or nickel caradded to sirohydrochlorin

to generate cobalamin, siroheme, or coenzyme F430, respecfi¥€ige important fact about
uroporphyrinogen Il is that it is a light sensitive compound. An accumulation of it inside of the
cell can cause photodamage and initithe generation ofeactive oxygen species (ROS) in cells

and plastids

OH
uroporphyrinogen lll

Figure D: Structure ofuroporphyrinogen Ill

Heme Hemes are iron containing porphysithat are cofactors widely found in nature
(Figure 1). Hemecontaining proteins varin function ranging from oxygen transport and
storage, signal transduction, electron transfer, ligand binding, oxidative catalysis, and control of
gene expressioff There are eight different types of hemes, designateH, c, d, |, m, o, ands
(Figure 1).41%%4 The two mosttommon types of hemes are herbeand hemec. Hemeb, also
known as irorprotoporphyrin IXis commonly found in redox proteins such, as catalases and
peroxidases. It is also commigriound in cytochromd-type proteins (e.g.cytochromebs).
Most proteins that contain a hemeare involved in electron transfer, where the heme is
covalently bound by cysteine residues to the prot&in.

12



heme |
in lactoperoxidase

in myeloperoxidase

Figure 1. Structures othe known types ofheme.

SirohemeAs discussed abovetaheme (Figure 2) is a cofactor in the assimilatory six
electron reduction of both nitrite to ammoniand sulfite to sulfide, as well as the dissimilatory
reduction of sulfite to sulfide, where siroheme is attached to a {46gcluster® Siroheme is
synthesized from uroporphyrinogen Il in three steémgolvingmethylation to formprecorrin 2,
dehydrogenation to form sirohydrochlorin, and ferrochelation to form the end product
siroheme. In yeast, siroheme is produced by two enzymes, Metlp, a methyltransferase, and
Met8p, a bifunctional dehydrogenase/ferrochelatase. Some bacteeaausifunctional

enzyme, CysG, to convert uroporphyrinogeliiéctlyto siroheme?®
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siroheme

Figure 2: Structure of #oheme.

ChlorophyliChlorophylis a magnesiurchelated tetrapyrrole that alsoontains a
phytyl chain (Figure3). This photopigment is the main component of the photosynthetic
reaction center of green plants.Chlorophyll biosynthesis starts off followitige heme
biosynthdic pathway(with uroporphyrinogen lll, coproporphyrinogen protoporphyrinogen
IX,protoporphyrin IXas common intermediatgsand then branches dhe metal insertionstep.
From protoporphyrin IX, Mgis inserted a methyl groupds addedan oxidativecyclization
occurs to produce thexocyclic ringthe tetrapyrrole ring and vinyl groupare reducedand
the phytyl chainis added*®4°Chlorophyll is biosynthesized insideetbhloroplast and most of
the enzymes are membrane bound afedm protein-protein interactions with one anothet
As the biosynthesis progresses, theeimhediates become increasingly npolar and water

insolublewith late stage intermediates beingrimarily protein bound in chloroplasts.
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chlorophyll a
Figure B: Structure of dilorophyll a.

CobalaminCobalamin (Figure )4s a complex cobattontaining tetrapyrrole, and is
one of three known coenzymes that contains a phosphodiester bond (the other two being
methanopterin and coenzyme FAR@/anombalamin(vitamin By) is an essential nutrient for
humans and animals and a deficiene\Bi» leads to heath issues, such as pernicious anemia,
stroke, dementia, and can even stunt brain and intellectual development in chitéfén.

Cobalamin can be synthesized via aerobic or anaerobic pathitays.

Ho—
adenosylcobalamin

Figure 14 Structure ofadenosylcobalamir{coenzyme B).

Coenzyme F43Coenzyme F43(Frigurelb) is a nickelontaining tetrapyrrole that is an

essential cofactor for the enzyme methgdenzyme M reductase (MCR). MCR is the key enzyme
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in the biological production of methane loyethanogenic archaea. All methanogenic species
identified thus far have both MCR and F43&uggesting its importance to the livelihood of
these organisms. Until recently, the biosynthetic pathway of F430 was unkoltnis
pathwaystarts from the same precursor, uroporphyrinogen it @noceedsdown the
sirohydrochlorin pathwaybut instead of an iron or colbia nickel is insertedy a

nickelochelatase, CfbA’his makes F430 unique, as well as the fact that it has two exocyclic
ringsand is the most highly reduced tetrapyrréfeMany methanogens synthesize
siroheme/heme and cobalamin in addition to coenzyme F430. However, some methanogens,
like M. acetivoransonly contain a single canonical chelatase gene in their genomes{ng),

andit is unclear how iron and cobalt are inserted into sirohydrochlorin. In this dissertation, the

possible involvement of a precorrin 2 dehydrogenase (SirC) in this process is investigated.

)UH

8]

coenzyme F430

Figurel5: Structure of oenzyme F430.

Hemed:. As previouslyoted, remed; (Figure 1§is only made by denitrifigg bacteria
that contain a cydchromecd; nitrite reductase (NirS) for which henae is an essential cofactor
and the site of nitrite reductiol! Despite what the name implies, hendgis not a true heme,

but rather an fon-containing dioxeisobacteriochlorin. True hemes are-ptoporphyrin IX
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derivatives2® The complete biosynthetic pathway of herdgis not currently known, buit has

beenestablished thasiroheme is an intermediate within the pathwad.

Figure 16 Structure ofheme d1.

1.6 Tetrapyrrole Biosynthesis

As previously statediroporphyrinogen lll is the lasbmmon intermediate irthe
biosynthesis ofill tetrapyrrole biosynthesi&’ In order to synthesize uroporphyrinogen I, 5
aminc-levulinic acid (ALA), the first common intermediate in tetrapyrrole biosynthesis, is
synthesized via one of two pathways. ALA may be generated from succinyl coenzyme A and
glycine (the ¢pathway) or fom tRNA" (the G pathway) (Figure 17 In the G pathwayonly
one enzyme,fBaminolevulinate synthase (ALAS)dquiredfor the synthesis of ALA, while
the G pathway, two enzymes, glutamytRNAreductase(HemA and glutamatel-semialdehyde
aminotrangerase (HemL), are requiré&>°The G pathway isherefore comprised of a single
step, the condensation of glycine and succi@glA®® This pathway is found in fungi, animals,
nonphotosyntheh O SdzZl  NE2(iSaz YR YSY0OSNE 2%Thédi &S h & dz
pathway consist of the reduction of the glutamic acid residue on the glutdrRiyA by NADPH,
to form glutamatel-semialdehye (GSAand thetransamination of GSA to form Au&ing

PLP®8 This pathway is found in plants, animaand most bacterial specié%®!
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Figure17: Biosynthetic routes for5-Aminolevulinic acidALA)

HemB, 5aminolevulinic acid dehydratase, catalyzes the condensation of two ALA
molecules to form the pyrrole porphobilinogen (PBG) (Fid@e This reaction is the first of
three stepgthat convertsALA to the last common interndéate of all tetrapyrroles,
uroporphyrinogen 11l (Gure 10). E. colHemB is a magnesium activated zinc metalloenzyme.
The zinc ion is coordinated by three cysteimgthin the active site of the enzyme, and is

thought to help bindand activatethe second ALA molecufé®3

o 2:'?0 Ho y
2 H:N’Y\)L‘:H — "
- HemB e
5-amino-levulinate porphobilinogen

Figue 18 Conversion of Eaminolevulinic acid to porphobilinogenby HemB

Hydroxymethylbilane synthase, also known as HemC or porphobilinogen deaminase (PBGD),
catalyzes the linkage of four porphobilinogens to form the opbain tetrapyrrole
hydroxymethylbilane (HMB) (Figul&®). HemC contains a unique cofactor, dipyrromethane,
which consist of two PBG moleculeskéd together and covalently bound to the enzyme by
Cys2425264This cysteine residue is on a looglomain 3 of the enzyme, andhsusedwithin

the active site in a highly conserved cleft between dorsaiand 26°
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Figurel9: Conversion of porphobilinogen to hydroxymethylbilane by HemC.

The dipyrromethane cofactos irequired for the correct folding and stability of the
enzyme® HemC uses the cofactor to initiate HMB synthesis and links four pyrroles to the end
of it; HMB is then hydrolyzed off and is passed to the next enzyme in the pathway,
uroporphyrinogen Il synthase (HemD). HemD, catalyzes the rearrangement and cyctization
HMB to form uroporphyrinogen Il (Figur8)2°:6266HMB will spontaneously cyclize to
uroporphyrinogen | in the absence of Her#t926’Uroporphyrinogen | is not a precursor in any
pathway and cannot be metabolized past this step. Theshuman disease associated with
HemD deficiency called congenital erythropoietic porphyria, where excess uroporphyrinogen |
(and other oxidizedlerivativessuch as coproporphyin build up in plasma, tissugand red
blood cells and leads to severeqgibsensitivity, with skin fragility, hypertrichois (excessive hair

growth on the bodyalso known as werewolf syndromend lesions on light exposed areds.

hydroxymethylbilane uroporphyrinogen Il

Figure ®: Convesion of hydroxymethylbilane to uroporphyrinogen Il by HemD.
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Hemed: BiosynthesisBacteria that contain cytochrometh nitrite reductase, NirS, have a
gene cluster that is proposed to include the genes required to convert uroporphyrinogen Il to
hemed:. These genes are organized similarl{hemgenomesof most denitrifiersas follows
nirSECFRGHJNFigure 4).5° ThenirDLGHyenes are all homologous to one anothier some
organismssuch a$aracoccusspp, nirD andnirLare fused(nirDL) while in othes, such as
Pseudomonaspp, they are separate gené$in another speies,Hydrogenobacter

thermophils, there is dusednirD-L homolog but no nirGor nirH homolog®®

Paracoccus denitrificans —Wiﬁmw’%ﬂjd—

Roseobacter denitrificans .bE}‘W E 3 >W Im;m—

Polymorphum gilvum —wg )W’»—

Pseudomonas aeroginosa == —mis_:} v H}—Jf/‘\ ﬂ)’w m(—b’_

Pseudomonas stutzeri —‘@:ﬁ:)—*(y{{ < O el ST T B M w_}})‘W@C}—

Figure 2: Comparison of thenir gene clusters encoding the hent biosynthetic enzymes.

Recently, siroheme has been identified as an intermediate in the rdarh®synthetic
pathway. In general, siroheme can be formed in several ways using additional genes not
present in thenir cluster: 1)cysG2) MET1+METS8 or 3)sirA+sirC+sirB(Figure 2). These
strategies differ in the use of a single, trifunctionakgme (CysG), a monofunctional methyl
transferase (MetlP) and a bifunctional dehydrogenase/ferrochelatase (Met8P), or three
standalone enzymes (a methyltransferase (SeBghydrogenase (SirC) aaderrochelatase
(SirB)) to carry out the methylation, dgdrogenation, anderrochelation of uroporphyrinogn

[1l to siroheme.
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Met8P

HO.

) sirohydrochlorin
precorrin 2 siroheme

OH
uroporphyrinogen lll

Figure 2: Different siroheme biosynthetic pathways. A)he trifunctional CysG convertgoporphyrinogen Il all the wayo
siroheme. B) Met1P performthe methylation of uroporphyrnogen Il to form precorrin 2 anthe bifunctional Met8P
convertsprecorrin 2 to siroheme. C) SirA methylatesoporphyrinogen Il to precorrin 2SirC performshe dehydrogenation
to give siohydrochlorin, and SirB insertison to form siroheme.

As noted CysG is a trifunctional enzyme that uses a single polypeptide to catalyze: 1)
methyl transfer to convert uroporphyrinogen Il to precorrin 2, 2) dehydrogenation of precorrin
2 to sirohydrochlorin, and 3) iron insertion into sirohydrochlorin to give sinof® E. coliCysG
contains the canonical GXGXG motif f@adenosyl.-methionine (SAMpindingdomain. This
SAMbinding motif is found in abadenosyl-methionine:uroporphyrinogen Il
methyltransferases (SUMTSs) as well astiver methyltransferases. NAvas alsashownto be

the preferred cosubstrate for the dehydrogenation reaction over NADPhe Nterminal end
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of CysG houses the dehydrogenases/ferrochelatase domain whereastéimiGal end houses
the methyltransferases domaiffrigure 3). The dehydrogenase active site lies between the
NAD bindingdomain and the dimerization domain. It was afeandthat CysG is a
phosphoprotein, wherghe phosphorylaion state of a serine residuis thought to control the

activity of theenzyme (Figure3.46

Figure B: Qrystal structureof CysG in complewith the product Sadenosyh-homocysteine(SAH bound in greérand
phosphoserine shown in dark blugPDB: 1PJQ).

Geneticanalysis has shown that some species, sudP. aeruginosacontaincysG and
if this gene is knocked out, the organism is incapalblgrowth under anaerobic conditions
using N@ or NG as a terminal electron acceptd?. However, other species, suchRs
dentrificansand Paracoccus pantotrophughat produce hemel; do not contain a homolog of
cysGnor any homolog of a known precorrin 2 dehydrogenase (si;, MET§ andit is unclear
how they produce sirohem@-igure 24. The siroheme biosynthetic pathwaym denitrificans

will be investigated further in this dissertation.
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Figure 24 Biosynthetic pathway for siroheme inPseudomonas aeruginosand Paracoccus denitrificans

NirE(Figure 2%is a SUMT that catalyzéhe conversion of uroporphyrinogen Il to precorrin
2 by the addition of two methyl groups at C2 and’€Btructurally and functionally
homologous enzymes are present in the cobalamin (CobA) and sirohemeb{8ayXjthetic
pathways/? The methylation steps are kinetically slow {a &f 38 h' has been reporte®) and
it has been shown that most SAllépendent methylases are strongly inhibited by low

concentrations oSadenosyll-homocysteine (SAH), one of the coproducts of the reaction.
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Figure 25 Qrystal structureof NirE(PDB: ¥BQ).

Most SUMTs are homodimeric proteins and belong to one of two types. The firsistype
around 30 kDa and only has SUMT capabilities. The second type is larger and bifunctional, being
capable of also catalyzing the previous or subsequent steps in the pathway (e.g., HemD + CobA
or CobA + SirC). Some SUMTs show an over methylation aatigisatalyze a third

methylation at the C12 position, making a trimethylpyrrocorpHin.

SirC(Figure 2§plays an important role in siroheme and cobalamin biosynthesis. As
mentioned previously, SirC catalyzes tlehydrogenation of precorrin 2 to form
sirohydrochlorinBacillus megateriunsirC binds metal ions such as Co(ll) and Cu(ll) with the
same geometry and type of ligands as in Met8p, whvelne found to be requiredor the
latterQ éhelatase activity. Elean paramagnetic resonance (EPR) spectroscopy suggests that
both B. megateriunMet8P and SirC bind €wvith at least two nitrogen and two oxygen

ligands. Unfortunately, the residues responsible for metal bingiece not identified #6
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Figure26: Crystal structure oBacillus megateriunSirC (PDB: 3DFZ)

Tetrapyrrole chelatases fall into three broad categories designated Class I, Class I, and Class
lll. Class | chelatases require three subunitafivity as well as ATP. Class Il chelatases exist as
monomers or homodimers and do not require ATP. Class lll chelatases are multifunctional
proteins within siroheme biosynthesis.¢e, CysG and Met8p), and are homodimers that do not
require the use of AH.Sirohydrochlorin ferrochelatas&ifB, as well as its homologs in the
cobabmin (ChiX) and coenzyme F43hAJ biosynthetic pathways, are class Il chelat&8és.
There are two types of ChiX, a long monomeric chelataseGiniX a short homodimeric
(CbiX) chdatase. ChiXoften contains a histidine rich-€rminal end that may be important for
metal storage and/or metal insertion and may also contain ai$ Etuste ChiX fronBacillus
megateriumcontains a [4F&S] cluster that was detected via EPR spectroséopyhomolog of
CbiX fromParacoccus pantmphus(Figure 2J has been implicated in catalyzing iron insertion

during the biosynthesis of sironeme and hethe”®
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Figure 27 Crystal structure oParacoccus pantotrophu€biX (PDB: 4CCS).

ThenirDLGHyeneswere initially annotated as transcriptional regulat@isdthe
encodedproteins show pairwise homology to one anothétowever, wherk. colicell lysates
over producing?. pantotrophusNirD-LGH were incubated with sirohydrochlgrthe solution
turned frompurple to blue green. This reaction mixture was separated usinggegiormance
liquid chromatography (HPLC) and was shown to contain monodecarboxysiroheme and
didecarboxysiroheme as products of the reactiditherefore, NirELGH was proposed to be a

siroheme decarboxyte (Figure8).

Figure 28 Structure ofH. thermophilusNirD-L with iron-uroporphyrin Il bound (PDB: 4CZC)

26



The exact function of NirJ is unknown; however, it is known that NirJ is a member of the
radicalSadenosyl.-methionine (SAM) superfamiff.Radical SAM enzymes carry out a wide
variety of biological functions and catalyze a diverse range erhitries’’ All radical SAM
Syl @yYSa 3 SigoSybdenpsyl rddicapthat initiates cataly§iRadichSAM enzymes
have been structurally characterized as triosephosphate isomerase (TIM) W&igelse 29
and all contain at least one [4H&S] cluster and SAM as a cofact6fé The [4Fe4S] cluster is
ISYySNIrtfe o02dzyR 60& GUKNBS OeaiuSiaySa Ay | [ .
to SAM directly via the amino group nitrogen and carboxylate oxyg&wo other binding

motifs have been reportedCXXCXXXXC and CXXXXXCXXC.

Figue 29 Predicted structure of NirJ%81

The proposed mechanism for the common initial steps of catalysis by radical SAM
enzymes can be seen in Figufe 8 reduced flavodoxin/ferredoxis thought to serve as the
physiologicateductant to converthe [4Fe4SF* cluster tothe [4Fe4S}* state’882The [4Fe
4S1*then donates an electron to the sulfonium group of SAM, which cleaves giving methionine
YR (KS KA JdegdxyadenoByl rédlical. Bhé ragical then can abstract a hydrogen atom

from the substrateyieldingt & dzo & 0 NJ (i SdedXyjaderosiié® | y R p
27



.
P

k NH, | NH,

—F¢

—Fe,
Cys- .\FC/’_I /| ~0 0 Cys- \}_C/l /| ~0 0
g P — i
Cys- ‘|7 l|/
—Fe
~

-Cys -Cys

[4Fe-4-1"* [4Fe-4-12+
Figure ®: Reactionmechanismfor the initial step of radical SAM enzymes.

In the NirJ protein, there are two possible irsalfur cluster bindingites. There is the
traditional CXXXCXXC site in theNninal domain of the proteirf and a CXXCXXXXX@2if
at the Cterminal end of the proteir{Figure 3). It is proposed that the first binding site is for
the [4Fe4S] cluster and the bindingf SAM!® Recently, evidence has been obtained that the
second irorsulfur cluster exists and isqaired for structural stability. The exact function this
secondiron-sulfur clusterplays in catalysis is unknownut it is hypothesized that may
interact with the substrate directlyand/or may play a role in electron transfélt has been
proposed that NirJ installs the ketones at C3 and C8, which would be a novel enzymatic
reaction®’ Another possibility is that NirJ performs similar chemistry as the alternative heme
biosynthetic enzyme AhbD, which perforiaas oxidative decarboxylation of the propionate side
chains of irorcoproporphyrin Il to make heme, because of their high sequence similarity
(57.0%)7 Although theexactreaction that NirJ catalyzes is still unknown, evidence was

recently reported that favagan Gatom insertion over the decarboxylatioraction®

28



C162 5

e 14.5 A ot
w/\ .J-_....,"’Nj €190
6.0 A, ca2
csi\h//,u\-;'"g'n_;
¢ ;
S b “a9A
6.6 A%,
I
s
€373
“7:9.A,,C351
o A
5.1A" “g3A:
6.2 A 4

S22 | rdsas

Figure 3. Predicted NirJ active site structuréss!

NirF shows homology to NirS, but its function is unknowrsoime organisms, NirF is
predicted to be a lipgorotein potentially attached to the cytoplasmic side of the inner
membrane via a lipid anché?.In all NirF sequeses, a highly conservedtiirminal glycine rich
GxGXGXG motif has been identified. This motif has also been found in other dehydrogenases
involved in tetrapyrrole biosynthetic pathways, such as CysG and SirC in the siroheme pathway.
Given this, it was itially proposed that NirF performs the last step in hedidiosynthesis, the
dehydrogenation of the propiated side chain at carborfaBut recently NirN has been shown
to perform this function(vide infrg.8” Being one of the last enzymes in thie cluster without a
known function, it is probable that NirF functions as either a dehydrogenase to convert the
hydroxyls installed by NirJ to ketones, or as an oxygenase tad theeketones if NirJ functions
as an oxidative decarboxylase. Based on the predicted stru(figere 2),%81 NirF appears to
contain a single tetrapyrrole binding sit&iven this and its homology to NiiSs possible that
NirC, a cytochrome protein that can accept electrons from Njr@ayfunction as the

physiological electroacceptor of NirF
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Figure 2: Predicted structure of the complex between hent (yellow) boundNirF (pink) and heme c (blue) boundNirC
(green)

NirN is a soluble, periplasmic cytochromprotein that contains a hemecofactor and
isalsohomologous to Nir8#It is an unusual dehydrogenase because it does not require any
cofactors such as NADBr FAD/FMN. It was shown that the iron of heshevas reduced during
the conversion of dihydrthemed; to hemed;: (Figure 3). It was also shown that the covalently
bound hemecwas also reduced, suggesting that NirN catalyzes the formation of the acrylate
side chain at carbon 17 using an electron bifurcation mechanism. When NirN was knocked out,
the double bond was not inserted. NirN has also been shown to bind lieimevitroand

transfer it to Nir$’
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Dihydro-heme d,

Figure 3: Conversion oflihydro-hemed; to hemed; by NirN.

1.7 Brief Introduction to Chapters

Chapter2: An investigation into the Potential BuRole of SirC in the Biosynthesis of
Heme and Siroheme Methanosarcina acetivorans C2¥etal ions are inserted into
tetrapyrroles by different chelatase enzymes and sometimes by different classes of chelatases
depending on the pathwa$/ M. acetivoransontainsonly one class Il chelatase, yet produces
three different metallated tetrapyrroles (heme/sirohemegbalamin andcoenzyme-430)74
The SirC fronM. acetivoransshows homology to the bifunctional
dehydrogenase/ferrochelatase domain ©f coliCysG. Rerefore we investigated the potential
dual function of this enzyme.

Chapter 3Determining the function of Pden_132%s previously mentionedhe
genome ofP. denitrificansacksa precorrin 2 dehydrogenasathough it synthesizes siroheme
andhemed:. Also, hemal: biosynthesis starts inside the cytoplasm asd¢ompleted irthe
periplasm,andit is unclearhow the intermediateis transported from one to the othe?® When
looking at potential enzymes id. denitrificanghat could perform either/both of these tasg
Pden_1323 looked to be a potential target. Pden_1323 is a protein of unknown futitibis

Fyy230l G§SR | & JIphodpRatédbxitidseclatyoh BMSbingigy protein and has
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homology to the heme utilization proteiHutZ. Moreover, the gene encoding Pden_1323 is
found withina gene cluster containing ABC transporter proteimkich have been shown to be
capableof transporting tetrapyrroles such as cobalamin and heiewever, in this chapter we
show that Pden_1323 &ctually anon-canonicaheme oxygenase.

Chapter 4Determining the function of Pden_2338 some denitrifying organisms, such
asParacoccus denitrificana CbiX homolog is needed feemed: biosynthesis and catalyzes
the ferrochelation of sirohydrochlorin to fortme intermediatesironeme.In P. denitrificans
the cbiXgene is founctlustered witha gene encoding a hypotheticptotein, Pden_2333, that
is sometimes fused wit@biX in other organisms. In this chaptee investigateseveral
proposed functions for Pden_2333 and presdatathat suggestst is anovelbacterioferritin

that can bind hemendstore and release iron ions.
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Chapter 2: An Investigation into tiotential Dal Role of SirC in the Biosynthesis of Heme and

Siroheme ilMethanosarcina acetivoranS2A

2.1 Introduction

Methanogens play an important role in the environment due to their capability of
performing methanogenesis, a major part of the glotaibon cycle. They are also important in
waste treatment plants and can be used to produce alternative fuel sodtdgss can be done
by the production of methane from one of three different methanogenic pathways. Methane
can be produced via carbon dioxide reduction, from acetate, or from methylated compounds
such as methyamines.Methanosarcina acetivoranS2A is a mabolically diverse methanogen
that contains all three pathway®.Contributing to global warming and climate change,
methane is a damaging greenhouse gas whose production needs to be fully studied an

understoods®

Methanogens use tetrapyrroles as enzymatic cofactors in their energy production
reactions. These tetrapyrroles include coenzyme F430 arrthoids as the majocomponents
as well as heme and siroheme in smaller amounts in some methanofeese four cofactors
are derived from uroporphyrinogen I, which is the last common biosyntpegicursor of all
tetrapyrroles(Figure 34. Uroporphyrinogen Il is then converted to sirohydrochlorin, which
serves as a branghoint intermediate within tie coenzyme F430prrinoid, siroheme, and

alternative heme biosynthetic pathwayFgure 34.#657.74|t is generally thought that there is a
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unique chelatase performing each metasertion (i.e.one forNi, Co, and Fe, respectively}).

After searching the genome M. acetivoransonly one canonical chelatase homolog was

F2dzy R | |MeheMtiaske with hothdldgyité sirohydrochlorin ctibahelatase(cbiX.

This gene was recently shown to be part of the coenzyme F430 biosynitfesigehe cluster

and to catalyze the insertion of Ni into sirohydrochlotinThe question then arose, does this

class Il chelatase homolog chelate multiple metals to make each of the needed cofactors, or are
there other unidentified genes that are involved in these processes? Like bacteria, some
methanogens cluster their genes, and after looking at several gene clusters Wthin

acetivorans a precorrin 2 dehydrogenassifQ homolog stood out.

{
on

coenzyme F430

o
siroheme

Figure34: Sirohydrochlorin is the branch point to different metalted tetrapyrroles in methanogens.

M. acetivoranscontains two gene clusters for the alternative heme biosyntheshb)(
pathway, which contain airAand asirChomolog (Figur&5). SirA homologs in other organism
have been shown to b&adenosyl.-methionine (SAMJependent uroporphyrinogen Il methyl

transferases (SUMTS), and the function of Sirk.iacetivoransvas recently confirmed by

34



Zheng et. at> There is not a chelatase homologthin this alternative heme biosynthetic gene
cluster. However, SirC is homologous to theNninal end ofEscherichia colysG, which is a
multifunctional dehydrogenase/ferrochelatase domain. It was also recently confirmed by Zheng
etal, that SirCig/iRS SR | -ddpen8eatiprécerrin 2 dehydrogena8&Therefore, this

study will investigate whether SirC plays a dual role as a bifunctional
dehydrogenase/ferrochelatase enzyme in the biosynth@$iheme and sirohneme M.

acetivorans®

N N
B =

Figure 35Alternative heme biosynthesisghb) gene clusters, fronM. acetivorans The first cluster contains heme synthase
(ahbD MA_0573, sirohemedecarboxylasgahbA MA_0574and ahbB MA_0575, precorrin 2 dehydrogenase
(sirC/MA_0576% -aminolevulinic acid synthaséhemA /MA_0577) porphobilinogen synthas¢ghemB/MA_0578) glutamate-
1-semialdehyde aminotransferastheml/ MA 0581, and hydroxymethylbiane synthasghemC/ MA_0582. MA_0579(in
blue) is annotated as an integrase and is not thought to be a part of the alternative heme biosynthetic pathway. The second
cluster contains uroporphyrinogen Il methyltransferagsirA /MA_3033) uroporphyrinogenlll synthasehembD /MA_3034)
and Fecoproporphyrin synthas€ahbC /MA_3035)

2.2 Methods and Materials
Expression Vector Constructiorhe genetiemCDwere amplified via polymerase chain
reaction (PCR) from the genomic DdiA. colBL21 (DE3) (New England Biolabs). The genes
sirACas well axfbAwere amplified from the genomic DNA . acetivoransC2A (DSh2834).
Theprimers forhemCDand sirACwere from SigmaAldrich and weralesignedo incorporatea
Ndelrestrictionsite atthep Q Sy R Iregtictiond & (KR LI  of fh& genedliecfiBy R
primers weredesignedo incorporatet b RSL |y R | . I YI Lsoithelgéel G K¢

respectively. The genes were amplified using Phusion-Hidgdity DNA Polymerase accorg
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to manufactrerQa LINR & 2 O2 f dsagtwélBs thep EW28H(I) PeRalmérasubjected

to restriction enzyme digestion accordingttee manufactdzNSpkakdéol. The genes were
purifiedusingt [ 2y 1T | Cf | &ekKdBateiSwikdrland andretoveredwith an

Omega BIETEK E.Z.N.A.® Gel Extraction Kit (Norcross, Georgia) following the protocol provided
by the manufacturer. The linearized pE8b(+) vector was purified using an Omega-BEK
E.Z.N.A.® Cycle Pure Kit following the protocoligeavin the manual. The genes were

individually ligated with the digested pE8b(4) usingT4 DNA Ligase (NEB) following the
YIydzFlI O dzZNBEND & LINE (s@efezhbndransfériBed inthEZoliTGPRO c¥llg E ( dzNB
and plated orLysogeny Brotfh.B) agaplates containing 50 pg/mL kanamycin. Colonies were
picked, grown in liquid LB meadn, and plasmidwere isolatedusing the Omega BHDEK

E.Z.N.AB Plasmidini Kit. The purified expression vectors were then sequenced verified by

the Genomics and Sequeng Laboratory (GSL) at Auburn University or by Eurofins Genomics
(Louisville, KY).

Expression and Purification of Enzynikesch expression vector was overexpresses. in
coliBL21(DE3) cells. HemC was grown at 37 °C until & -OM@5 was reached andeh the
GSYLISNI GdzNB 61 & f26SNBER (2 wmp c/ @ ¢KD1-O0dzZ § dzNB
thiogalactopyranoside (IPTG) and 10 gMminoleculinic acidXLA. The cells were incubated
at 15 °C for 8 hours. HemD was incubated at 37 °C until asg ©D.6 was reachkand was
then induced with 40 M IPTG and incubated for 8 hours at 18 °C. SirAC and CfbA were grown
at 37 °C until an Oy~ 0.5 was reached. SirAC was then induced with 100 uM IPTG and CfbA

was induced with 400 uM IPTG. The cultures wkesn incubated for 12 hours at 18 °C.
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The cells were then centrifuged at 15,970 x g at 4 °C. The HemC purification took place
in a Coy anaerobic chamber using degassed buffers. The supernatant was decanted and the
cells were resuspended in 500 mM sodiuphosphatebuffer, pH 8.0 containing300 mM Nacl,

p Ya AYARIT2tSY feaz2ievysS 6m YIkY[OZ YR ! YSNB
were then sonicated and centrifuged at 104,600 x g for 20 minutes at 4 °C. The supernatant was
applied to a BieRadEconaePac Column, packed witti-chargedProfinity Immobilzed Metal

Affinity Chromatograph (IMACResin. HemCD and SirAC weeshed with 50 mM sodium
phosphate buffer, pH 8.@ontaining300 mM NaCl and 5 mM imidazole, and the wash was
collected. The protein was then eluted from the column using 50 mM sodium phosphate buffer,
pH 8.0,containing300mM NaCl and 500 mM imidazole. The protein was then spin
concentrated/buffer exchanged intddD mM Trisbuffer, pH 8.0. CfbA was washed with 100

mM TrisHClbuffer, pH 8.0and then thrombin (80 units/mL IMAC resin) was applied to the
column. The column was capped at the top and bottom and incubated at 25 °C while shaking
for 16 hours. CfbA was ¢ eluted from the column by passing 100 mM T-#&3 buffer, pH 8.0,
through the column. The eluateasthen applied to a Benzamidine Sepharose 4 Fast Flow
column(GE Healthcardp remove the thrombin. The protein was then spin

concentrated/buffer exchaned into 100 mM Trisuffer, pH 8.0.

SirC Ferrochelation Assaye ferrochelation activity of SirC was examined by
performing an anaerobic reaction in a MBRAUN LABmaster glove box. The initial reaction
mixture contained the following componentdemC(1.77uM ),HemD (2.16 uM %irA 4.33
pHM), SirC (0.364 mg/mL), porphobilinogen (PB84 UM, SadenosyL-methionine (SAM)X
mM), NAD(P)(1mM), MgCGl (40 uM), and made to 1 mL wi0 mMChelextreated TrisHCI
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buffer, pH 8.0. After 12 hours, the reaction was split into 13 smaller reactions. Reacténs 1
contained constant enzyme concentration and increasing iron concentrations, and reactions 7
13 contained constant iron concentration and increasing SirC concentralibadinal iron
concentrations of reactions-& are as follows: 0 uM, 10 uM, 20 uM, 30 pM, 40 uM, and 50 uM,
respectively. Reactions13 contained 30 uM iron and the following SirC concentrations: O
mg/mL,0.5 mg/mL, 1 mg/mL, 1.5 mg/mL, 2 mg/mL, 2.5 mg/anid 3 mg/mL, respectively.
Bovine serum albumin (BSA) was also added to these reactions to make the final concentration
of SirC + BSA 3 mg/mihe eactions mentioneébovewere performedat different
temperaturesas follows:1) 37 °Gnitial 12-hour reaction followed byfour additional hours at

37 °C2) 37 °Anitial 12-hour reactionfollowed byfour additional hours at 25 °C, alji25 °C

initial 12-hour reactionfollowed byfour additional hours at 25 °C.

Uroporphyrinogen Il Spontaneous MeBiielation AssayAn initial HemCD reaction was
performed to produce uroporphyrinogen Ill. The initial reaction contained the following
componentsHemC (1.77 puM )HemD (2.16 pM WMgCh (40 uM), and PB@84 uM in Chelex
treated 50 mM TrigHClbuffer, pH 8.0 buffer. After incubating at 37 °C for 12 hours, the
reaction was boiled at 95 °C for 20 minutes and then centrifuged for 20 minutes to pellet the
denatured proteins. The reaction was then split into six different reactions where the
spontaneity of méal chelation was examined. One of the six reactions was a control reaction
without metal, while the other five tested the chelation of nickel sulfate, iron sulfate, cobalt
chloride, zinc sulfate, and copper sulfate by uroporphyrinogen Il with the fomelentration of

each metal being 123 pM. The reaction mixtures were analyzed byidible absorption
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spectroscopy, and then the reactants and products of each sample were extracted with
methanol and analyzed using higlerformance liquid chromatography BiC).

Precorrin 2 Spontaneous Metal Chelation As8ayassay was also used to investigate
the spontaneous chelation of metals by precorrin 2. The initial reaction conditions were as
follows:HemC (1.77 uM )HemD (2.16 pM %irA 4.33 pM), PBG884 puM), SAM L mM), and
MgCh (40 uM), in Chelekreated 50 mM TridHClbuffer, pH 8.0 After incubating at 37 °C for 12
hours, the reaction was boiled, centrifuged, and split into six different reactions, one being a
control reaction and the other five testingrfthe chelation of nickel, iron, cobalt, zinc, and
copper by precorrin 2, with the final concentration of each metal being 123 uM. The reaction
mixtures were analyzed by UXsible absorption spectroscopy, and then the reactants and
products of each samelwere extracted with methanol and analyzed using HPLC.

Sirohydrochlorin Spontaneous Metal Chelation AsA&irC reaction was performed to
produce sirohydrochlorin. The reaction mixture contained the following componétasC
(2.77 uM ),HemD (2.16 uM, SirA 4.33 uM, SirC15 uM), PBG884 uM), SAM 1 mM),

NAD(P) (1mM), MgCl (40 uM), and made to 1 mL wi0 mMChelextreated TrisHClbuffer,

pH 8.0. The mixture was incubated at 37 °C for 12 hours. The reaction was then boiled at 95 °C
for 20 minues, centrifuged for 20 minutes to precipitate the denatured proteins, and split into
seven reactions, one being a control reaction and the other six testing for the spontaneous
chelation of iron, nickel, cobalt, zinc, manganese, and copper. The finardoston of each

metal in the assay was 123 uM. The reaction mixtures were analyzed-bisilod absorption
spectroscopy, and then the reactants and products of each sample were extracted with

methanol and analyzed using HPLC.
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Spontaneous Chelation AssafyMetals at Physiological ConcentratigaSirC reaction
was performed as described above to produce sirohydrochlorin. The solution was then split into
five reactions, one being a control, and the other four being mixed with a metal ion solution,
such trat the final concentration of each metal ion wasta estimated cytosolic valu@able
1).8990|n the first of the latter reactiononly the metalion solution was added to the SirC
reaction in Chelexreated 50 mM TridHClbuffer, pH 8.0. In the second reaction, the matai
solution and additional purified Si@5.2 uM)were added. In the third, the metabn solution
and purified CfbA (the recently identified sirohydrochlorinkelochelatase fromM.
acetivoran$ (6.6 pM)were added. In the final reaction, the metah solution and purified SirC

and CfbA15.2 uM and 6.6 UM, respectivelyere added.

Table 1: Concentration of metal ions in the cytoplasm of a 8&#?

Cytoplasmic lon
Concentration (M)

Ca?* 5x10®
Mg2* 1x103
Mn2* 1x107
Fe2* 5x10*
Cu?* 1x10?1°
Zn?* 1x101
Ni2+ 1x10°
Co?* 1x108

Highperformance Liquid Chromatography Analysighperformance liquid
chromatography (HPLC) analysis was performed on an Agilent Idf2@6/HPLC with an
Agilent Poroshell 4.6 x 150 mm C18 column and data were analyzed usinglém Ag
ChemStation Software. The method consisted of a gradient of solvent A (water + 0.5% formic
acid) and solvent B (acetonitrile + 0.5% formic acid) witbwa fate of 1.0 mL/min. The column
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was equilibrated with 100% A and remained isocratic for 2 minutes after sample injection.
Solvent B was increased to 20% over 3 minutes and remained isocratic for 5 minutes. Solvent B
was then increased to 25% over 5 miesiiand remained isocratic for 5 minutes. Solvent B was
then increased to 30% over 5 minutes and subsequently to 100% over 2 minutes. Finally,
solvent B remained isocratic for an additional 1 minute. Solvent B was then decreased to 0%
over 1 minute. The tatl run time of the solvent gradient program was 30 minutes. A detection
wavelength of 400 nm was selected on the diode array detector.

Mass Spectrometry Analyssamples were also subjected to mass spectrometry (MS)
analysis on a Waters Acquity UPLC@HPremier mass spectrometer equipped with an
identical Agilent Poroshell 4.6 x 150 mm C18 column and the data were analyzed using the
Waters MassLynx software. The method utilized an identical solvent A and B as described above
for HPLC analysis with a Or2./min flow rate. The method consisted of a linggadient from
100% solvent Ao 100% solvent B over the course of 15 minutes. The electrospray ionization
(ESI) mass detector was configured to positive ion mode with scanning between 800 and 1000
m/z. Theinline Waters TUV detector was also engaged at 400 nm to verify that the peaks
detected by MS analysis corresponded to the same peaks observed in the above HPLC analysis.

2.3Results

When incubating SirA and SirC with SAM, NAD&RY uroporphyrinogen 1l (ppared
in situ using HemCD amBG, the reactiormixture turned a deep purpleolor (Figure36). This
purple color is indicative of sirohydrochlorin formatiehAfter methanol extraction of the assay
mixture, the tetrapyrrole intermediates were separated via reverse phase HPLC using a C18

column. A large peak abl9 minutesand a smaller peak at 16.9 minutes weletected(Figure
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36) and further analyzed by maspectrometry.Both species weréound to have an/z of
863.30 (Figur&7), which corresponds to the predicted mass of sirohydrochl&MThe
formation of sirohydrochlorin confirms éhfunction of the SirA and SirC homologs frigin

acetivorans aa SUMT andh precorrin 2dehydrogenase, respectively.

Retention time

/ 15.9 minutes

Retention time
16.9 minutes

-

0 5 10 15 20 25 30 35 40 45

Figure36: HPLC trace of enzymadilty synthesized sirohydrochlorin. InsePicture of the sirohydrochlorin reaction mixture.
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Figure37: U\visible absorption spectrum of HPLC purified sirohydrochlorin. Indéass spectrum of purified
sirohydrochlorin.

Retention time
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Figure 38 HPLC trace of siroheme generated via the ferrochelation of sirohydrochlorin. Ii3eture of the siroheme
reaction mixture.
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Figure39 UV-visible absorptionspectrum of HPLC purified siroheme. Insélass spectrum of purified siroheme.

After a 12hour reaction to produce sirohydrochlorin, the assay mixture was incubated
with different concentrations of iron. As thieon concentration increased, the peak &.2
minutes diminished and a new peak a2 &inutes formed (FigureGR). The peak at.8
minutes was further analyzed by bAsible spectrophotometry and MS and was confirmed to

be siroheme (i.e., Fsirohydrochorin, Figure 396292

To distinguish between spontaneous or enzyme catalyzed chelation, sirohydrochlorin
was generated and the iron concentration was kept constant while varying t8e Sir

concentration. Surprisingly, as the SirC concentration incatdbe yield of siroheme

diminisheal (Figure 4B).
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Figure ©: HPLC analysis of the effects of iron and SirC concentration on siroheme formation. Sirohydrochlorin was
enzymatically synthesizd and the reaction mixture was incubated with increasing concentrations of iron A) or SirC B). The
sirohydrochlorin reaction was also boiled and centrifuged to inactivate and remove the biosynthetic enzymes and the

ferrochelation assays were repeated witincreasing concentration of iron C) or SirC D).

To control for the possible formation of additidrgrohydrochlorin during the-fiour

chelation reaction, the 12 hour sirohydrochlorin reaction was boiled and centrifuged to remove

all of the enzymes preséin the assay mixture. The remaining assay mixture was then split into

subsequent reactions and analyzed as above for enzymatic angémaymatic ferrochelation

(Figure 4C and D). Similar trends were observed as with the Aamiled sirohydrochlorin

sanples.

The concentration of siroheme and sirohydrochlorin in each of the aformentioned

assays was calculated. It was noted taafl0 mM iron, the concentration of siroheme and
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sirohydrochlorin was appoximately equal (Figure 41 A and C). It was also noticed8Bat at

MM and104.3uM SirC concentration, the siroheme and sirohydrochlorin concentrations were
approximately the same (Figure 41 B and Do A4t a SirC concentratioof 83.4uM, it appears
that the concentration of siroheme and sirohydrochlorin remain fairly constant. At this
concentration, the SirC:siroheme:sirohydrochlorin ratio is approximaélyl, suggesting that

SirC binds one molecule or siroheme or sirologtitorin.
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Figure 41: Siroheme and sirohydrochlorin concentration graph.

From the uroporphyrinogen Ill spontaneous chelation data presented in Figuie 4

suggestghat iron, copper, zinc, and cobalt spontaneously chelate uroporphyrinogen Il but
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nickeldoes not. The data alsuggestshat zinc and copper seem to be the best chelators of
uroporphyrinogen Il under the assagnditions. Each of the metaifoporphyrinogen Il
mixtureshave a distinct UWisible spectrum, as well as a unigue retention tirdewever,
uroporphyrinogen Il is oxygen and light sensitive, therefore the spectrum could be indicative of

an metallated oxidation product.

Uroporphyrinogen l1l
Retention Time 25.4 Minutes —

Fe + Uroporphyrinogen Il | Cu + Uroporphyrinogen IlI
Retention Time 23.1 Minutesj <— .“w Retention Time 27.9 Minutes —
|

550 550
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Figure £: HPLC and UVisible spectrophotometric analysis of uroporphyrinogen Il and its metallated variants.

Precorrin 2 is highly unstable and can be easily ploaddized. The HPLC data in Figure
43 suggestghat iron, copper, zinc, and cobalt spontaneously chelate precorrin 2 when
incubated under anaerobic conditions in the dark. When exposed to light, teatren times
of the resulting metallated tetrapyrroles shift and their Wiible spectra change due to the

photo-oxidation(Figure 4).
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Figure44: HPLC WVisible spectrophotometric analysis of precorrin 2 and its metalated variants when exposed to light.

When sirohydrochlorin was mixed with different metals, it was foundgontaneous
chelate with iron, cobalt, zinc, manganes@d coppeybut again was not found to bind nickel
under the reaction conditions. Each metallated sirohydrochlorin has a distineidible
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spectrum al HPLC retention time (Figur&)4 Although nickel is not spontaneously chelated by

sirohydrochlorinwe showed that CfbA is a nickeloelatase and catalyzes the insertion of

nickel into sirohydrochlorin; therefore, we know the HPLC retention time anditiMe

spectrum ofNi-sirohydrochlorin>®
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Hgure 45 HPLC ant)V-visible spectrophotometric analysis of sirohydrochlorin and its meta#a variants.

We then simulated the cytoplasmic environment of a cell by combining each of the

metal ions together at their estimated physiological concentrations (Table 1) and tested for

spontaneous and enzymeatalyzed chelation of sirohydrochlorin. When the SirCtreads

mixed with the metal solution, siroheme formation was observed. When additional SirC is
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added to the reaction mixture, a decrease in siroheme formation is observed, as was observed
before. Interestingly, when CfbA is added to the reaction, evendesheme formation than

with SirC is observed. When both SirC and CfbA are added to the reaction, the yield of siroheme
is similar to that of SirC alone, approximately half of the amount produced in the metal solution

spontaneous chelation assay (Fig4i@.

_'——f‘/\k— SHC + SirC + ChiX

SHC + CbiX
\_—/\/\/\ SHC + SirC

SHC

7 8 9 10 11 12
Retention Time (minutes)

Figure 4: HPLC analysis of the ferrochelation of sirohydrochlorin by a metal ion mixture at physiological concentrations.

2.4 Discussion

Methanogens, such ad. acetivoranssynthesize a number of tetrapyrroles with
distinct metals, including Nidenzyme F430), Co (corrinoids), and Fe (siroheme, heme).
However, the genome d¥l. acetivoransontains only one gene encoding a canonical class Il
chelatase ¢fbA), which has been shown to catalyze Ni insertion into sirohydroch®rin.
Sirohydrochlorin is biosynthesized via a precorrin 2 dehydrogesa$g (vhich is part of the
alternative heme biosynthesialfb) gene cluster itM. acetivoransHomologs of SirC have been

shown in some specids actas a multifunctional dehydrogenase/ferrochelatase. This
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investigation was therefore focused on determining whetB&C fromM. acetivorangs

capable of catalyzing the ferrochelation of sirohydrochlorin.

We investigated the ability of tetrapyrrol€se., uroporphyrinogen lll, precorrin 2, and
sirohydrochlorin) to spontaneously chelate various divalent transition metalsifom, cobalt,
nickel, copper, and zijcinterestingly, under the assay conditions tested, each of the
tetrapyrroles were atd to spontaneously chelatal the metals except for nickeF{gures 2-
45). This observation correlates with the smaller ionic radius anckereBwnsted acidity of
nickel compared to the other metal ions. Unsugimmgly, the yield of sirohemedF
sirohydochlorin) in spontaneous ferrochelation assays increases with incregsing

concentration (Figure@A and 4C).

If SirC is a multifunctional dehydrogenase/ferrochelatase that catalyzes the insertion of
Fe into sirohydrochlorin, it is expected that thegaf siroheme formation should increase with
increasing enzyme concentration. However, in an assay where the concentration of SirC was
varied, it was found that with increasing concentration of SirC, the yield of siroheme decreased
(Figure 9B and 4D). e results suggest that the observed siroheme is generated via
spontaneous ferrochelation of sirohydrochlorin and instead of catalyzing this process, SirC
prevents sirohydrochlorin from spontaneously complexing with Fe. This effect can also be

observed imssays with multiple metals present at physiological conditions.

One explanation for this phenomenon is that SirC binds sirohydrochlorin tightly in its
active site and protects it from spontaneous ferrochelation. Indeed, it has been observed that

intermedates in tetrapyrrole biosynthesis often remain tightly bound to their cognate enzyme
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and are transferred to the next pathway enzyme by substrate chann&itiernatively, the
decrease in siroheme formation with increasing concentration of SirC might be due to its ability
to bind iron. It has been shown that homologs of SirC can bind to several different metals,
although iron was not explicitly tested We have shown that Mg enhances SirC activity,
therefore eluding to a possible metal binding site at or near the activegEit¢eire ). In either

case, increasing the SirC concentration increase thebeurof active sites available to bind free
sirohydrochlorin and/or iron ions in solution, thereby preventing their spontaneous association

and lowering the yield of siroheme synthesis.

=0 uM MgCl
—10 pM MgCl

—— Al ST =

0 5 10 15 20 25 30
Retention Time (Minutes)

Figure47: Sirohydrochlorin formation with 0 uM and 1QM MgCI.

The question then remains: howNs. acetivoransable to catalyze the insertion of
multiple metals (Ni, Co, or Fe) into sirohydrochlorin? It is possible that the lone class Il
chelatase, CfbA, is promiscuous and able to catalyze the insertion of Fe artd Co

sirohydrochlorin in addition to Ni.
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M. acetivoransalso contains several genes that are annoteas class |, ATéependent,
chelatases. Class | chelatases include the cobaltochelatase, CobNST, from the aerobic cobalamin
biosynthetic pathway, and theagnesium chelatase, ChIHID, from chlorophyll biosynthesis.
CobN/ChIH ithe catalytic subsate (tetrapyrrole and metatpinding subunit, while
CobST/ChIID are the AAotor subunits and are responsible for the ATP hydrolysis used to
drive the chelatiorreaction/49All three enzyme subunits are required for tetrapyrrole
chelation ativity.®* M. acetivoranshas multiplecobNhomologs within its genome; however, it
does not contain any genes with significant homologgdbSor cobT Therefore, it is unlikely
that these genes function as cobaltr ferrochelatases iM. acetivorans Interestingly, the
genome ofM. acetivoransontains a large (433 kDa) hypothetical, transmembrane protein that
has three putative class Il dagase domains (MA3471). This gene is uniquely found in
Methanosarcina sppand its function is unclear, but it is tempting to speculate that it could play

a role as a novel mulfunctional tetrapyrrole chelatase M. acetivorans
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Chapter 3Pden_1323s a Norcanonical Heme Oxygenase Involved in Iron Assimilation in

Paracoccus denitrificans

3.1lIntroduction

Iron regulation is an important part of bacterial survi¥alhe intracellular levels of iron are
regulated and maintained under strictcont®§la 2 a4 2F GKS WTINBSQ ANRBY &)
in iron binding proteins such as transfi@ and lactoferrin?’ Siderophores are often used in
pathogenic bacteria for iron acquisition, while others can acquire iron using systems for the
binding, uptake, and degradation of herfieon-protoporphyrin IX, FPPIXP%%° Some
pathogens uptake heme through a heme specific outer membrane recétét: The heme is
then transported via a periplasmic heme binding protein to the cytoplasmic membrane, where
it is further transported into the cytoplasif:1°4105Once in the cytoplasm, a heme oxygsa
enzymecan then degrade the heme to release the if§h.

The concentration of free iron in a cell is loglative to the amount of iron that is

needed for survival. This is due to two factorsthB low solubility of ferric iron (~1&M) at
physiological pH, and e sequestration of ferrous iron into porphyrins and iron
carrier/storage proteins. Hemedn accounts for ~95% of iron in animal hosterefore, heme

is thedominant sourceof iron for pathogenic bacteria®®

Iron is critical for establishing and maintaining bacterial infections. During infection, the
genes that encode heme transporters are often upreguldt€dP. aeruginoséas two sets of
heme transporters, Hasi¢me assimilationsystem, Figure § and PhuFseudomonaseme

utilization) 196197 These systems are responsible for bringing heme intq#réplasmand
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cytoplasm, respectively. Both Gramegative and Grampositive cells have been shown to

accept and import antimicrobial porphyrifgorphyrins with antimicrobial propestis)1°¢

Figure 48 Structure of the Has heme transporter (PDB: 3CSL).

ABCtransporters are used by bacteria to uptake heme inside the cell. The ABC transporter
is composed of a ligand (e.g., heme) binding protein, a membrane permease, and an ATPase.
Heme is captured by the heme binding protein and transferred to the permeéése ATPase
supplies the energy needed for transportation though the cell membrane. Inside the host,
hemoproteins are used to help solubilize the heme by binding it in a hexacoordinated form

using two axial ligands frommino acidside chaing%

Heme oxygenase (HQ@atalyzegshe first and ratelimiting step of the heme degradation
pathway. HO degrades heme to produce carbon monoxide (CO)aindrbiliverdint® The HO

catalyzel opening of the heme macro cyalequires three oxygen molecules and seven
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electrons!!® This cleavage reaction can yield four possible isomerddfh S NRAY Y h 3
Biliverdin can then further be reduced to bilirubin by biliverdin reductdse.

HOscan be found in a e variety of organism, such as mammals, higher plants,
insects, and photosynthetic and ngunotosynthetic bacteria. In mammals, HBIay important
roles inheme catabolism, iron homeostasis, antioxidant defense, cellular signahdgxygen
sensing. Irbacterig they are responsible for acquiring iron from heme, and in plants and
cyanobacteriathey are involved ithe production of a lightensing chromophoré&'? Another

potential role for HOs is to prevent cellular heme toxiéfy.

The HO enzyme is unusuallirat it uses heme as both a substrate and a cofactor. One
mechanism for heme degradation is ferric heme forms a complex with HO and is then reduced
by a NADPHdependent cytochrome P450 reductase (CPRFhen molecular oxygen binds to
the hemeHO complex, forming a ferrguperoxide intermediatéFigure49). A hydroperoxide
intermediate is then formed by the transfer of another electron from the CPR and a proton
from solvent. The terminal oxygen of the hydroperoxide intermediate then attacks a carbon on
the porphyrin ring to form the hydroxyheme intermediat€his intermediate then reacts with
molecular oxygen to form ferrous verdoheme and CO. The conversion of verdoheme to ferric
biliverdin is not well understood, although to release the iron from ferric biliverdin, CPR must
reduce theferric iron to ferrougFigure 9).1%°1t has been shown thahe rate-limiting step of

the heme degradation process is the release of biliverdimfHO4
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Figure 49 Heme Oxygenase Mechanism.

The CPR complex can be substituted with ascorbic acid as the electron donor to HO for
the initiation of heme degradation. When adding reducing equivalents of ascorbic acid under
predominantly C@atmosphericconditions, heme degradation is inhibited by CO after forming
verdoheme, resulting in an accumulation of ferrous verdohedi@ complexand preventing
biliverdin formation.However, under physiological conditions when the CO concentration is

much less than the £zoncentration, CO does not inhibit the reacti®A.

In bacteria, severalifferent typesof HOhave been found that yieldroducts that are
different but similarto biliverdin (Figure50). TheHO homolog IsdG forms staphylobilins and
MhuD forms mycobilins. The linear tetrapyrrgeoductis not theonly difference in the
reaction:IsdG yields formaldehyde instead of CO, and MhuD does not yiglgradDct !¢ A
novel heme degradation produetas discovered frorRhodnius prolixysa blood sucking
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insect, where the heme is modified before the oxidative cleavage resulting in dicyB&inyl

L .17 @

O HO O HO

Biliverdin Staphylobilin Mycobilin
Figure 50 Hemeoxygenase products.
There are 5 branches of bacteridD proteinscyanobacterial HQ and HE2, Isds
(iron-regulatedsurfacedeterminants), HmuO, Pig&k4¢eudomonagron inducedgenes), and
BphO bacterialphytochrome hemenxygenase}®:112118HOscanalsobe classified into three
structuralfamilies the HGlike family, the ChuS family, and the IsdG family. HmuO was the first

bacterialheme oxygenase identified and is structurally diés$with PigA and Hem&Y

It has been shown thatigAis regulated by the ferric uptake repressor Hariic uptake
regulator) and depressed when iron is limitiHg1°Gisk et. al. looked dhe genomes of
different Pseudomonaspecies and noted that there were fotypicalcombinations oHOin
the genome 1) a single BphO, 2) a single PigA, 3) both BphO anda#), two PigAs. They

also noted that cells overproducing BphO were green in color while cells overproducing PigA
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arey 20 ® ¢KAA Aa (K2dAKG (ot O0ENIRRIZA fidine@biedm 2 Vi | ANH S
2T GKS MhWSIORMNYWRYyli2 (GKS F2NXIFGA2Y 2F1F 2NJ 4+ oO0Af )
HemO and PigA amgructurally similaiand fall into the saméranch of HO homologs.
t A3l GFNBSGa GKS 7 FyR 1+ 10 NMRIANSNRIIND 2 6 Al VARDS
ratio, respectivelyTheimportance of these isomeiis not known but it has been speculated
that it may be related to the fact some patgenic bacteria, such d&seudomonas aeruginosa
O2y il Ay I aSO2yR | h K2Y2ft 233 . duligéstingthaéeach G+ NBS
heme oxygenase iR. aeruginos&as a distinct functionlt has been proposed that the heme
used in the PigA reactida extracellular hemé®®
Less is known about the BphO family of HOs. They show characterfistibgacterial
two component system, and therefore oftérave a response regulator in close genomic
proximity. It is proposed that the heme used in the BphO reaction is biosynthesized intracellular
heme1%®
IsdGI fromSaphylococcusureuscontainstwo active sites that degrade henne the
presence ofCPRor ascorbate!? |t has been shown thdtemel R 2 LJG & I confoiddaBrif f S R €
in the active site 05. aureussdG. It has been proposed that this ruffling of heme inside the
active siteis important for theregulaion ofthe & activation andeads to theprodudion of the
distinct product, staphylobilinwhich hasan extra oxygen insertion at themesocarbon?!
Reniere etl. was able to obtaithe crystal structire ofthe IsdGiproduct complexproviding
crystallographic evidence that staylhbilinis indeed produced by Isd&?
IsdGlI forns formaldehydeas a coproducinstead of CO like canonicllOs It has been

proposed thameither the staphylobilin nor themycobilin pathway precedes through
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verdoheme intermedite due to the lack of CO productioRurthermore, ti is thought that the

heme ruffling suppressed CO production and aids in the formatidhecdldehyde'?!

Astudy revealed that IsdGl was unable to degradeP@i, GaPPIX, MfPPIX, or Zn
PPIX, although was shown that G&PIX, G®PIX, and ZRPIX undergo spectral changeshe

presence ohscorbatet?®

Another branch of HOis characterized by the IsdG homoldguD fycobacteral heme
utilization degrader)!?3 The structure oMhuD fromMycobacterium tuberculosisas been
determined and shown tbe a homodimer anthinds two heme molecules per monomer
(Figure 8).1>4There is only one other protein structure in the PDB with a similar diheme planar
stackedconformation in the active site, NapB, which is a cytochrome unit of nitrate reductase
and is involved in electron transfé# It has been shown that MhuD degrades heme but does
not produce CO. Instead, the carbon atom at the site of the ring cleavage is retained as an
aldehyde group, producing a new product, mycobifihAnother IsdG homolog, HmuQ, from
Bradyrhizobium japonicumas been shown to have heme oxygenase agtatd its product is

thought to be biliverdin2°
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Figure 3: Crystal structure oMhuD from M. tuberculosigPDB: 3HX9)

Paracoccus denitrificarigasa gene clustefpden_1323; pden_1328containingABC
transporter homologshat are similar to those involveid hemetransport (Figure 2). Within
this cluster is @ene,pden_1323thatis annotated in the National Center for Biotechnology
Information (NCBI) database as a pyridoxamingh®sphate(PMP)oxidaserelated, Flavin
mononucleotide (FMNbpinding protein WhenPden_1323s submitted tothe Basic Local
Alignment Search Tool (BLAST), it resunith a conserved domain of Hutvhich is a putative
heme iron utilization protein that is found and used in inorganic ion transport and metaholism
and is homologous to HugZ and daim of unknown function 2471 (DUF2470) superfamily
members(Figure 3). The DUF2470 superfamily is also a putative hénoe utilization family
and many are annotated as PMP oxidaskated, FMNbinding protein. The HugZ crystal
structure fromHelicobactepylorishowed it is a dimer that forms a split barrel fold, similar to

that found in FMN binding protein€®
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Pden_1324 Pden_1325 Pden_1327

Pden_1326 Pden_1328

Qligopeptide/ Oligopeptide/ Binding protein  Binding protein Extracellular solute
dipeptide ABC dipeptide ABC dependent dependent binding protein, family 5
transporter, transporter, ATPase transport transport
ATPase subunit subunit systems inner systems inner
membrane membrane
component component

Figure 2: A putative hemeiron utilization gene cluster fronP. denitrificans

Conserved domains on [gi| 119373835 gb| ABL69428]] View |Standard Results ¥ | [
pyridoxamine 5'-phosphate oxidase-related, FMN-binding protein [Paracoccus denitrificans PD1222]

‘Graphical summary Zoom to residue level MRS R
i 5 +
i i

Query seq.
Hon-specific Hug?
hits

Pyrid_oxidase 2
Superfanilies

DUF2470 superfamily

Search for simiar gomain architectures | @ _Refine searcn | @
List of domain hits ¢
Name Accession Description Interval E-value
[+ HugZ COGO743  Putative heme iron ulikzation protein (Inorganic ion transpert and metabalism] 124156 131815
[+ heme_HutZ TIGRO4110  heme utilzation protein HutZ: Members of this family are heme utiization proteins. typicaly ... 125156 54705
[ Pyrid_cxidase 2 pfam13853  Pyridoxamine 5-phosphate oxidase: 8154 29504
Blast search parameters

Data Source Live blast search RID = MOWJPJPTO14.
User Options: Database: CDSEARGH/c4d v3.16 L plexity filter: ro it yes oot of hits: 500

Figure B: Conserved domain search results of Pden_1323.

None of the functions of the proteins encoded by the identified gene cluster have been
confirmed. One possibility is that the transporter genes are used to import heme and
Pden_1323 is a necanonical HO. Howevep, denitrificanss a denitrifying bacteam that
produces hemal:, whose biosynthetic pathway has yet to be fully elucidated. In particular, the
gene(s) responsible for the dehydrogenation of precorrin 2 to sirohydrochlorin, and for the
transport of hemed: precursor from the cytosol to the pelgsm, have yet to be identified
Thus, another possibility is thptlen_1323ncodes a novel precorrin 2 dehydrogenase and the
transporter genes are used to export an intermediate in hambiosynthesis. In this chapter,
the function of Pden_1323 is invagdted to help distinguish between these two hypotheses.

3.2Methods and Materials
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All chemicals were purchased from Frontier Scientific, Inc. (Logans, UT);/Adyiola (St.
Louis, MO), or Biorad unless otherwise stated. Primers were ordered from -Biigimeh and
the synthesizegbhden_1323yene was purchased from GeneArt, A ThermodfiSitientific
Company, (Waltham, MA).

Expression Vector Constructidimepden_1323jene was cdon optimized for expression in
EcolighA K GKS bRSL YR - K2L NBAGNROGAZ2Y Syl eéevYs
respectively, for use in restriction enmg cloning.

The plasmid containingodon optimizedoden_1323as well asan emptypETF28b(+)
vector, were subjected to restriction enzyme digestion using the following protocol: 1 pg
plasmid, 5 pL 10x CutSmart Buffer, 1 pL Ndel, 1 yL Xhol, and the reaction was made to volume
(50 pL) with water. The reaction was incubated at 37° C for 1.5 hours, anti¢laeémactivated
at 65°C for 20 minutes. Thaeden_132%roduct waspurified@A I | [ 2y T | Cfl aKDSf
Cassette (BaselSwitzerland andthen recoveed using an Omega BITEK E.Z.N.A.®IGe
Extraction Kit (Norcross, G#d)lowing the protocol provided by tnmanufacture. The
linearized pE®R8b(+) vector was purified using an Omega-BEK E.Z.N.A® Cycle Pure Kit
following the protocol provided in the manual. Thden_1323roduct and the digested pET
28b(+) vector were then ligated together using T4ADNALSa 0 b 9. 0 dzaAy 3 (GKS YI
protocol. The ligatednixture was then transformed int&. coliTOP10 cells and plated on
Lysogeny Broith.B) agar plates containing 50 pg/mL kanamycin. Colonies were picked, grown in
liquid LB medim, and plasmid prepations were made using the Omega BIEK E.Z.N.A.®

Plasmid Mini Kit. The purified plasmid was then submiftedsequencing at Eurofins Genomics
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(Louisville, KY). After sequence verification, the plasmid was transformeR.icwiBL21 (DE3)

cells.

Expressin and Purification of Pden_132ZBhe pET28b(+)pdenl1323plasmid was
overexpressed ifc. colBL22(DE3) cells. The cells were grown at 37 °C until thed@&ached
ndocd® ¢KS Odzf (dzNBa ¢ S NBplithogalactopyaRa@eSIRTGEkinalK A 4 2 LJ
concentration 400 pMandincubated for an additional 4 hours.

The cells were centrifuged at 15,900 x g for 45 minutes. The supernatant was decanted
and the cells were rsuspended in 50 mM sodium phosphate, 300 mM NacCl, 5 mM imidazole,
pH 8.0 buffe. The cells were sonicated and centrifuged at 15,900 x g for 1 hour. The
supernatant was then loaded onto a BRad Econd’ac column loaded with nickeharged
Profinity IMAC resin and the flethrough was collected. The column was then washed with 50
mM sodium phosphate, 300 mM NacCl, 5 mM imidazole, pH 8.0 buffer, and this wash fraction
was collectedThe protein washen eluted from the column by adding 50 mM sodium
phosphate, 300 mM NacCl, 500 mM imidazole, pH 8.0 buffer and collected in 1 mL fractions. The
protein was combined and spitoncentrated/buffer exchanged o 100 mM Tris, pH 8.Buffer

and aliquoted into 100 pincrements.

Size Exclusion Chromatograp8ize exclusion chromatography (SEC) was performed
using either an Agilent 1260 Infinity higlerformance liquid chromatography (HPLC) or an
Ye¢!n {O0FNIO FrFad LINRPGSAY f Al dab éfferonkKdeBmng wieted NI LIK &
used forHPLCan AgilentBioSE€CS o >YZX wmnn )= Tdy E onn YY O2f

0X o >Y3X onn )I Ty E onn YY O2fdzYyod ¢KS NHzy
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Tris buffer, pH 8.0. WheperformingFPLC, a GEUdad Superdex 200 pg column was used. The
run was a 120 minute, isocratic method using 50 mM Tris, 200 mM NacCl buffer, pH 7.5.
Precorrin 2 Dehydrogenagetivity AssayPden_ 1323 was tested for dehydrogenase
activity in a MBRAUN anaerobic chamber. Figsbsitive precorrin 2 dehydrogenas8ifg
control reaction was performed by addipgrphobilinogen (PBG) deamina@éemC1.77 uM),
uroporphyrinogen Ill synthasélémD 2.16 uM),uroporphyrinogen Il methyltransferas&irA
(4.33 uM), SirC (15.aM), PBGE884 pM), SadenosyL-methionine GAM1 mM), nicotinamide
adenine dinucleotideNAD 30 puM),andMgC} (40 uM)in Chelextreated 50 mMTrisHCI, pH
8.0buffer (250 pL total volume)rhe reaction was incalbed at 37 °C for 12 hours. ASIr
reaction was also performed by adding HemC (1.77 uM), HemD (2.16&5uk¢.33 uM, PBG
(884 uMpuM), SAM 1 mM), and MgCh (40 puM)in Chelextreated 50 mMTrisHCI, pH 8.0uffer
(250 pL total volume)The reaction was incubated at 37 °C for 12 hoRden_1323 was
substituted for SirC and NADFMN, and-lavin adenine dinucleotidé-AD, cofactor F420, and
8-hydroxy5-deazaflavin (Folere all tested asosubstratesF420 and Fo were generous gifts
from Dr. Kayunta JohnseéWinters (University of Texa8ylington).Reaction conditionsvere as
follows. HemC (1.77 uM), HemD (2.16 u8)tA 4.33 uM), Pden_1323 (152M), PBGg&84
puM), SAM T mM), NAD+/FMN/FAD/F420/Fo (30 uMpdMgCh (40 uM)Chelextreated 50
mM TrisHCI, pH 8.0uffer (250 L total volume)rhe reaction was incubated at 37 °C for 12
hours. A Pden_1323 control was also performed with no cofactor as folldevaC (1.77 pM),
HemD (2.16 uM)SirA(4.33 uM), Pden_1323 (18.uM), PBG§84 M), SAM { mM), MgCi (40
MM) in elextreated 50 mMTrisHCI, pH 8.@uffer (250 pL total volume)he reaction was

alsoincubated at 37 °C for 12 hours.
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PMP Oxidase Activitisssay Pden_1323 was tested folMP oxidase activity using 5
different cosubstrates, FAD, FMN, NAB420and Fo. The reaitins conditions were as
follows:Pden_1323 (5 uM), FAD/FMN/NABA20/Fo (10 uM)and PMP (50 uMijp 50 mMTris
HCI buffer, pH 8.0L mL tdal volumé. The assays using NABMN, and FAD as cofactors were
performed both aerobic and anaerobically. The assays where Fo and F420 were used as
cosubstratesvere only performed aerobically.

Heme Oxygenase Activity Ass@lje heme oxygenase activity of Pden_1323 was
examined by incoating 10 pM enzyme, 9 uM hemin, and 30 pM ascorbic acid in a cuvette
containing 100 mM potassium phosphate buffer, pH 7.6. The reaction mixture was heated to 37
°C and incubated with stirring. UXksible absorption spectra wereguired every 15 seconds
for 5 minutes and then every two minutes for up to one hour using a Nanodrop 2000C (Thermo
Fisher). Three control reactions were also performed that omitted Pden_1323, hemin, or
ascorbic acid individually. Other substrates were also tested, including aéeere,
protoporphyrin IX (PPIX), and Mmotoporphyrin IX (MAPPIX) using the same assay conditions
described above for hemin.

HPLC Analysishe Pden_1323 reaction mixtures were analyziedeverse phase
chromatography using an Agilent 1260 Infinity HBg@pped with an Agilent Poroshell 120-EC
/I My éndc E mMpn YYI HoOT >Y O2fdzYyod ¢KS azt gSyi
acetone (solvent B). The method started with 0% B for 2 minutes. Solvent B was then increased
to 25% over 3 minutes anddreased again to 75% over 20 minutes. Solvent B was then
increased to 100% over five minutes and then held constant for 10 minutes before returning

back to 0% B over 10 minutes.
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MassSpectrometnAnalysisThe Pden_1323 reaction mixtures were also suleigdo

mass spectrometry (MS) analysis on a Waters Acquity UPI@F@®remier mass spectrometer
SldzA LILISR ¢gAGK 'y ! SNAau odc >Y 2L59thw9 /n
analyzed using the WateMassLynx software. The method utilized 95%exab5% acetonitrile,
0.1% formic acid as solvent A and 95% acetonitrile, 5% water, a#fd@rhic acid as solvent B
with a 0.3 mL/min flow rate. The method started with 90% A and decreased to 62% over 20
minutes. Over the nex2 minutes, solvent A was degased further to 10% where it then
remained constant for 3 minutes before increasing back t&®A over 2 minutes and being
held there for 13 minutes. The electrospray ionization (ESI) mass detector was configured to
positive ion mode with scanning betws 800 and 100&n/z. The inline Waters TUV detector
was also configured to 400 nm to verify that the peaks detected by MS analysis corresponded
to the same peaks observed in the above HPLC analysis.

3.3Results

Size Exclusion Dafaéhe theoretical molecular vight for the monomeric form of
Pden_1323 is approximately 17.3 kDa and that of the dimeric form is 34.7 kDa. All three size
exclusion chromatographic runs yielded a calculated molecular weight for Pden(Us328
the molecular weight standards shown inbl@2)of approxmately 35 kDa, indicating that

Pden_1323 is homodimer in solution (Figure4d.
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Table 2: Protein standards and their molecular weights.

Protein Standard | Molecular Weight (Da)
Thyroglobulin 670,000
y- globulin 158,000
ovalbumin 44,000
myoglobin 17,000
vitamin B, 1,350
A B C
48 - 6 1 Thyroglobulin 5 - .
a3 | ovalbumin
46 55 P Pden_1323
4.4
5 4 4.4
= 42 = 242 ¢ myoglobin
g a4 245 { ovalbumin 2 4
s & EYS
36 4 36
3.4 ¥=-03417x+ 6.8 3.5 y=-0377ax . 8.0226 3.4 1 - 0.118x + 6.3964
R? =0 =0. 2 . .
3'2 ) oo vitamin B12 5 vitamin B12 3': R=0.9943 vitamin B12
5.5 7.5 9.5 7 9 11 13 15 14 19 24

Retention Time (minutes)

Retention Time (minutes)

Retention Time (minutes)

Figure B Size exclusion chromatographic data of Pden_1323 obtained using A) HPLC and an Bigil8BaG 100 A column
B) HPLC and an Agilent Bio SE800 A column C) FPLC and a GE HiLoad Superdex 200 pg column.

Pden_1323 Dehydrogenase Asskye UWisible spectroscopiand HPLC analysis

suggest that Pden_1323 is nopeecorrin 2 dehydrogenaseh& Sret band of the SirC assay is

more blue shifted than any of the other assaffsigure 5), however, all the U¥isible spectra

are more similar to photaxidized precorrin 2han sirohydrochlorin (Figuregh The HPLC

traces show the 22.1 minugeeak in theSirCGrace has almost completely disappeared and the

20.7 minutepeakis larger than theeactions withF42Q Fo, FMN and FAD (Figurd.Both the

22.1 and the 20.7 minute peak have -Migible spectra consistent of that of sirohydrochlorin,

and it is thought that the two peaks are isomers of one another.
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Figure55: UV-Visible spectra of thdden_1323recorrin 2 dehydrogenasassay.
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Figure56: U\~Visible spectra of photeoxidized precorrin 2 and sirohydrochlorin
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Figure ¥: HPLC traces of theden_1323recorrin 2 cehydrogenaseassay.

Pden_1323 P(M/N)P Oxidase As$aden 1323 was testl for P(N/M)P Oxidase activity
both anaerobically and aerobically using a variety of cofactors. Aerobically, Pden_1323 was
tested using NAD FAD, FMN, and F420, however there was no changry of the spectrum

(Figure B). Anaerobically, Pden_1323 was tested with NAIAD, and FMN, but again there

was nochange in the spectrum (Figur@)5
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Figure B: AerobicPden_1323FMP Oxidase Asyswith A) NAD B) FADC) FMNand D) F42(Gas cosubstrates.
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Figure ®: AnaerobicPden_1323MPoxidase asayswith A) NAD B) FADandC) FMNas cosubstrates.

Pden_1323 Shows Heme Oxygenase Actiitgn 1323 was incubated with a mixture

of hemin andascorbic acid to determine if this enzyme is responsible for the degradation of

heme. After the addition of Pden_1323 to the assay mixture to initiate the reac¢tiene was

an initial shift in the Soret band from 380 nm to 386 nm. The peak at 386 nnddw@rases

20SNJ GAYS

I YR hax0f383nm isiimedRiguie@DKThé initial observed rate

of the reaction was determined to be 0.04 ntifinitial velocity of 4.11 x TOM/min). This was

calculated using the decrease in absorbance atr@&6nd an extinction coefficient of 58.44
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Figure 60 U\tvisible spectraof the Pden_1323heme oxygenase reaction.
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When Pden_1323 is omitted from the assay mixture a similar trend is observed, but there is
not as much degradation (Figuré& 8). This is consistent with data reportedtie literature
that ascorbic acidan facilitate thedegrachation ofheme by itself:?° When ascorbic acid is left
out of the reaction mixture, there are no spectral shifts in the\iBible spectrum, suggesting
that no reaction is taking place (Figuré B).Also, when looking at thabsorbanceat 386 nm
betweenthe Pden_1323 reaction and its contrplkere is an obvious rate enhancement when
enzyme is present (Figur)6 The initial observed rate of the reaction with no enzyme is 0.02

mini, half of when the enzyme is present.

300 400 500 600 700 300 400 500 600 700
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Figure @: A) U\isible specta of Pden_1323 control @ctions lacking A) Pden_1323 B) ascorbic acid.
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Figure @: Change irabsorbance at 386 nrduringthe Pden_1323heme oxygenase reactia
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When hemin in the assay is substituted with deuteroheme, there is a shift in the ISordt
upon addition of Pden_1323 and then a similar decrease and shift in the Soret bared as th
reaction progresses (Figur@ 8).However, wherprotoporphyrin IX(PPIX) wasubstituted for
hemin,similar spectral changes are not obser{Etjure @ B) whid is not surprising as the
iron atom is an essential part of thheaction. The slight variation in spedtfaaturesis
attributed to a small amount of metal ion contaminatiegontaneous chelationinterestingly
when MnPPIX wasubstituted for hemin, ltere was a slight change in the Wigible spectrum

suggesting that it is also a substrate of Pden_1F28ure @ C).

o
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Figure &: U\tvisible spectra of Pden_1323 heme oxygenase reactions usingededoheme B)protoporphyrin 1X, andC)
Mn-protoporphyrin IXas substrates

These assays were then analyzed using HBRHC EMSto verify that new products had
been formed ando confirm their identity The hemin standard had a retention time of 16.6
minutes and the biliverdin product staadd had a retention time of 17.7 minutes (Figur®.6
The two standards were analyzed using MS and peaksthétappropriatem/z (616.1#n/zand
583.25m/z, respectively) were observed (Fig®). The Pden_1323 heme oxygenase reaction
was then submitteddr MS analysis and both substrate and product could both be seen in the

sample (Figuré6). When the no enzyme control was analyzed using MS, neither substrate nor
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product was found. However, substrate could be seen via HPLC for both contrd, asskey

smallamount of product could be seen in the no enzyme conteslay (Figure®.

16.56 minutes —Hemin

—aBiliverdin
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Figure @: HPLC analysis of hemin and biliverdin standards. Insetvisile spectra of both standards.
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Figure65: Mass spectra of hemin and biliverdin standards.
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Figure ®: HPLGnalysis of the Pden_1323me oxygenase reactioand the mass spectrum of 17.7 min peak corresponding
to the biliverdin product
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Figure : HPLC analysis of Pden_1328nhe oxygenasecontrol reactionscontainingA) no ascorbic acicind B)no enzyme.
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Next, the deuteroheme standard and the Pden_1323 deuterohepactionwere
analyzed using HPLC and MS. Deuteroheme 3L&etention time of 6.5 minutes, ahin
the Pden_1323leuterohemeoxygenase assay, thpeak isreplaced witha new pakwith a
retention time 0f19.5 minutes, indicative of substrate conversigigure &). When the
standard sample was afyzed via MS, a peak witltb&4.14m/zwas found, which matches the
theoretical value dr deuteroheme exactly (Figur®p We expectd to see an analogous 530.22
m/z peak in the deuteroheme oxygenase reaction, but instead we saw neither substrate nor

product peaks.

—deuteroheme std

—HO deuteroheme

A-L-—LA—A-.—-—-—-‘A_
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Figure 68 HPLGnalysisof the deuteroheme standard and théden_1323leuteroheme oxygenase reaction.
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Figure ®: Mass spectrum ofhe deuteroheme standard.
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