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Abstract

Catalaseperoxidases (KatGs) have been engineered by nature to exhibit dual
functionalism, degrading 4. by catalase and peroxidase mechanisms. This serves to protect
the organisms that carry it (primarily bacteria and fungi) against perdejplendent oxidative
damage. Despite bearing no resemblance to monofunctiogaltypical) catalases, KatGs
have riust catalase activity due at least in part to a novel covalent linkage between three side
chains (byMycobacterium tuberculosksatG [Mtb KatG] numbering, MeR55, Tyr229, and
Trp 107) (MYW). This MYW cofactor redox cycles between its radical (I\/MMnd fully
covalent states, enabling KatG to leverage heme intermediates for catalptmdQction.
However, the molecular mechanism by which the adduct is formed and how this unique
structure contributes to overall catalytic mechanism of KatG have Yot folly elucidated.

Here, sitedirected mutagenesis in combination with optical stodfmd spectrophotometry
and rapid freezguench EPR spectroscopy have been used to investigate the mechanism of
MYW adduct formation and the catalase activity that rggee from it.

In order to pursue these lines of research, it was essential to develop a robust and reliable
protocol for producing KatG which possessed its heme prosthetic group but had not yet
engaged in the autocatalytic formation of its MYW cofactostétically, it has always been
challenging to produce Katthat contains heme, but at the same time, lacks this critical post
translational modificatiorandis capable of forming the adduct on demand and displaying the
full range of Kiest DO t© the largeadizg ofithe pratdini (BOi kDa),
denaturation or unfolding has never been a successful strategy to regain the protein in the native
form. Moreover, use of harsh orgamiompounddor denaturing has also made the protein
vulnerable for rechanistic investigation. Throughout the field of KatG biochemistry, heme is
incorporated during expression. Exposure to endogenous peroxides or other oxidants during

expression ensures that the purified enzyme product invariably contains the fully kwéd



cofactor, making it impossible to evaluate the steps of its formation. The alternative is to
produce KatG such that heme is not incorporated. That is, that apo#t&®5] would be
expressed and purified. ThaKatG must then be successfully reconstituted with the heme
cofactor after isolation from the expression culture to prevent premature peroxddeed

MYW formation. This challenge has thwarted the KatG field for many years.

As described in Chapter 2 of thissertation, we were able to develop a protocol which
solved this problem. Using a stand&rdcolilaboratory expression strain (B21[DE3] pLysS)
and withholding heme and heme precursors, we were able to expresérétat@hich the
overwhelming produatvas theaKatG form. We were able to reconstitad¢atG with heme in
the midst of the purification process to generate the reconstituted fgat(s). Structural
consistency and fully functional capacity ifatG were demonstrated by stroagdtypical
UV absorptionfeatures and enzymatactivity. The striking yield ofKatG (at least 2@old
higher) is one of the mo#brtuitousaspects of this studgndcreated the possibility afsing
more sophisticated and matefiatensive techniques likeapid freezequench electron
paramagnetic resonance (REBRR) spectroscopynd Mossbauer spectroscopgy all

measures employed to datkatG is indeed a suitable tool for mechanistic investigation.

With separate protocols in hand to generatonstituted and mature forms of WT KatG
(rWT andmWT KatG, respectively), we evaluated and compared each form for their reactions
with peroxides using optical stoppdw and RFQEPR spectroscopy (Chapter 3). Under
multiple-turnover conditions using 4@, optical stoppedlow experiments showed an initial
appearance of a highalent ferrytlike (FEV=0) intermediate instead of the intermediate
typically observed for KatG engaging in catalatieOb decomposition under steadyate
conditions, a P&-O-like species. Nevertheless, in contrast to catafesmtive canonical
heme peroxidases, full catalasgdz decomposition did emerge over the course of the reaction.
This was evident in two ways. First, the resting df' Ferm of the enzyme reemergedthe



conclusion of the reaction, indicating that the balance-@klidresent at the start of the reaction

had been depleted. Second, the initidf #8 state observed early in the reaction gave way to

the Fé'-O-like KatG catalase steadbfate species. This latter transition was accompanied

by an irreversible increase in absorbance near 315 nm, consistent with the establishment of the
MYW cofactor (or precursors thereof). Interestinglyetreatment ofWT KatG with limited

molar equivalents of peracetic acid (PAA), a peroxide that supports only heme/enzyme

oxidation, produced an enzyme with the properties ofrfkatG enzyme.

EPR experiments revealed that an admixture of radical species appearedabgfore
evidence of aMYW cofactor radical intermediate, suggestive of the preferred site of crosslink
initiation. At the earliest reaction time (6 msiKatG produced an exchangpeoadenedadical
signal followed by a narrow doublet sign&lich an arly appearancef anexchangecoupled
radicalis not observed witlmKatG when it isreacted withits natural substraté]>O.. Rather,
this type of signais only detected upon reaction wigeroxides incapable of supporting
catalatic turnover (i.e., peracetic acid). ReactionsdtG with HO- invariably produce the
narrow doublet radical assigned as the MYWpecies.Thus, wepropose that such an
exchangebroadened species arisgem a radical centered on the distal Trp prior to its

incorporation into the MYW cofactor

Variants of KatG incapable of establishing thRlYW adduct (M255I, Y229F and
W107F) were also constructed pegssed, purified, and reconstituted with heme. Stofiped
and U\tvis analyes of these variants showed disrupted catalase activities and incomplete
catalatic turnovennterestingly, partial adduct bearing!255I supported catalatic turnover at
a rate geater than other adduct negative variatow pH(i.e., pH 5.0) As compared to the
WT activity, therate and extent of was relatively lowhowever, measurable-@roduction
above that of typical peroxidases has not been repaniemg these adduct negative variants.
These observations strongly suggest that the distalTslel07 and Tyr 229 aressential

iv



components athe catalase mechanism; limited catalase activity can be accomplished with just
those two residues, but thelfacttivity of the enzyme cannot be achieved without the sulfonium
linkage provided by Met 2550ur reconstituted KatG proteins may permit investigation of
radical transfer reactions leading to formation of KatG's novel MYW cofactor as well as the
influenceof other protein radical transfer reactions on that prodéssiever, as far as the
molecular mechanism is concerned, a main limitation of steady state kinetics is that the nature
of the ratelimiting step in the global catalytic process cannot alway®giablished with
certainty, so that it is not always clear which &gfnelimits theoverall rate We propose that

a technique combining rapid quench witlass spectrometry foletecting and quantitating the
covalent intermediates and products of MY8@&factor formation. Used in combination with

the kinetics of adduct formation monitored at 315 nm and the transient kinetics of radical
species observed by EPR, a thorough elucidation of the mechanism of MYW adduct formation

is anticipated

Another importat aspect of this studwas the evaluation of proteibased radicals
alongsidethe kinetics of formation and decay of transieaine stated o a significant degree
continuouswave X-band EPR and optical absorption measurements, respectively, carry with
them ambiguity that is addressed ddfernative and complementary technigugiginals that
we obtained from conventional EPR measurement creates ambiguity due to resemblance in
shape and relaxation behavior of the Tyr or Trp radical. Further confirmatjome® isotopic
labeling of tyrosine and tryptophan residueisric oxide radical trapping technigsieand/or
SFe-labeling to verify the influence of the heme iron on proteased radicals in very close
proximity to the active site. The latter is also essential for Mdssbauer studies which provide
more definitive assignment of iron oxidation states, particuladgethat are EPR silerf@ur
protocol for expressinglatG without heme followed bysuccessfureconstitution with the

cofactor after purificatiomot only enabled the studies described in this dissertation, but also



make possible these more advanced andemakintensive spectroscopicstrategies. A
complete understanding of radical transfer processes is the key to unlocking all aspects of KatG
catalysis, including but not limited tMYW cofactor generatiomnd utilization, through

protein radical transfer as an enzyme activity$ale.Thes e ar e t he centr al

important physiological processes like hpathogen interactions and isoniazid activation.

This work was supported by a grant fréime National Science Foundation (MCB 1616059)
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1. CHAPTER ONE

LITERATURE REVIEW

1.1. Functional Role of PostTranslational Modification (PTM) Across Biology

Posttranslational modifications (PTM) decorate proteins to provide functional
heterogeneity to an existing proteoniehe diversification oforotein structure and function
can be obsrved at multiple levels. For example, at the transcriptional level, mRNA splicing,
including tissuespecific alternate splicing, is observed, and well known. A second route of
diversification is the covalent modification that occurs after DNA has bepsctibed into
RNA, and RNA translated into proteins. Rasinslational modification (PTM) of proteins
refers to the covalent and (typicallhzymaticnodification ofproteinsfollowing translation.
There are more than 400 different types of PTMs basdHeotype of amino acidide chain
modified, the category of the modifying enzyme, and the extent of reverstbititgtein PTMs
can be broadly divided into two main groups. The first includes all enzatadyzed covalent
additions of functional groups, usually an electrophilic fragment of a substrate, to a
nucleophilic amineacid side chain from a target pem (Scheme 1.1).Some of the most
common PTMs of this type include glycosylation, deamidation, phosphorylation,
ubiquitination, and acetylation (Table 1.1). Further details of some of these common PTMs
are discussed below. In any case, PTMs are keyulatmis of biological processes by

significantly affecting the activity of proteins.

A second category of PTM is covalent cleavage of peptide backbones in proteins either
by the action of proteases or, less commonly, by autocatalytic cleéSelgeme 1.2). The

involvement of proteases is ubiquitous, and its role is critical in antigen processing, apoptosis,
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Scheme 1.1Covalent modification of a nucleophilic amino acid side chain by an electrophilic
fragment of a cesubstrate. (Adapted fro@hristopher T. Walsh et ).
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Scheme 1.2.Cleavage of a protein backbone at a specific peptide bond. (Adapted from
Christopher T. Walsh et ).
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Table 1.1.Common types of podtanslational modification.

Posttranslational Modified amino Mechanism

modification type acid residues

Phosphorylation Ser, Tyr or Thr Addition of a phosphate group to an

amino acid residue.

Acetylation N-terminus Addition of an acetyl group to an-N

terminus of a protein, or at Lys residue

Methylation Arg, Lys Addition of a methyl group, most often

at Lys or Arg residues.

Glycosylation Ser, Thr (G Covalentaddition of a carbohydrate
linked), Asn (N moiety to an amino acid, forming a
linked) glycoprotein.

Sulfation Tyr Addition of a sulfate group into a Tyr

residue of a protein molecule.

Ubiquitination Lys Binding of a ubiquitin protein to a

protein via a threstep process.

C-hydroxylation Pro Formation of hydroxyproline by

hydr oxy | -&€arbomaom tofiPeo.

Nitration

Tyr, Trp, Cys, Met

Addition of a nitro group into amino aci

residues.
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surface protein shedding and cell signaling. For example, the ggotease thrombin is
generated by proteolytic cleavage of the zymogen precursor, prothrombin. Thrombin, once
generated, is itself a protease which converts fibrinogen into fibrin. Perturbation in the
homeostatic level of thrombin can promote pathologitafes, including thrombosis and
fibrinolysis. Other examples include cysteine proteases, metalloproteases, aspartic acid

proteases, zinc metalloproteases etc.

1.1.1. Phosphorylation

Phosphorylation is one of the most extensively studied PTMs. It can occutim bot
reversible and an irreversible manner. Here, the tezuessibleandirreversibleshould not be
understoodasstrictly thermodynamic expressiohscase both protein phosphorylation by a
nucleoside triphosphate (catalyzed by kinases) and hydrolysis of phosphoryl groups from
amino acid side chains (catalyzed by phosphatases) are highly exergonic. Rather, these terms
refer to metabolic reversibility whereggaven pair of enzymes kinase/phosphatase are available
to add/remove phosphoryl groups as cellular signaling dictates. Reversible phosphorylation of
proteins involves addition of a nucleoside triphosplisteved phosphate group to Ser, Thr, or
Tyr reside s . Sever al enzymes or signaling pr ot
phosphorylation or dephosphorylation. Phosphorylation and dephosphorylation is performed
enzymatically by o6kinasesd6 and o6phosphatases
induce conformational changes in the target protein by imparting a concentrated negative
charge to an otherwise neutral protein moiety. Phosphorylation/dephosphorylation is a critical
regulatory mechanism for several cellular processes, including cell pyaigession, cell
growth, apoptosis, and signal transduction pathw&)se example is the activation of a tumor
suppressor protein p53, a transcription factor capable of integrating distinct environmental

signals including DNAdamage, viral infection, and cytokine signaling. Phosphorylation of a
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key phospheacceptor site in the p53 transactivation domain is mediated by distinct stress
activated kinases, including ataxia telangiectasia mutated (ATM) kinase, casein kinase 1

(CK1), and AMRactivated protein kinase (AMPK).

1.1.2. Glycosylation

Glycosylation is a very common modification observed for proteins and lipids, and
most glycosylation reactions occurtime endoplasmic reticulum (ER) and Golgi apparatus.
This modification involves linkage of an oligosaccharide chain to either a niteagen (N-
linked glycosylation) or an oxygen ator®-(inked glycosylation). According to the target
residues, glycosylation can be classified into six groNpglycosylation,O-glycosylation,C-
glycosylation, S-glycosylation, phosphoglycosylation and glyma. Among these,N-
glycosylation andD-glycosylation are two major types of glycosylation and have important
roles in the maintenance of protein conformation and acfiityinked glycosylation proceeds
with the attachment of an oligosaccharide (glycan) to the amide nitrogen of Asn residues within
the motif, AsaX-Thr (where X cannot be Pro) while tRelinked glycosylation proceeds with

the attachment with a glycan to theygen atom of the hydroxyl groups of Ser or Thr residue.

Glycosylation has critical roles in many important biological processes such as cell
adhesion, immune recognitiSnreceptor activatiofi inflammation, protein intracellular
trafficking,® and secretiofl.For example, most cytokines like interleukins are found in their
mature state as glycosylated proteins. In the case of an important immune cytokine interleukin
5 (IL5), chemical digestion of either tiNlinked or O-linked sugar residues on recombinant
hIL5 had profound effects on the biological activity of the cytokine in terms of its ability to

stimulate release of IgM from BGlcells1°
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1.1.3. Acetylation

N-acetylation is the transfer of an acetyl grot@@CHs) to the amino group of protein
residues catalyzed via lysine acetyltransferase (KAT) and histone acetyltransferase (HAT)
enzymes. Although Lys acetylation is the most commonly observed protein modification,
acetylation on Ser, Thr, Arg, Lys, Met residuéproteins also have been detected at different
frequencies!!? Acetyl-CoA is the acetyl donor used by acetyltransferases in this process.
Among threeknown typesof acetylation KU-acetylation NJacetylation, and-acetylation),
NOacetylation iswidely observed acrosall eukaryotic organiss) occurringin essentially
every cellular compartmentysine acetylation (i.e, NUJacetylation)is a key regulator
mechanisnior critical epigenomic and metabolic processesddition to other major cellular
functions. ** Acetylation has an essential role in biological processes such as chromatin
stabilization, proteifnprotein interaction, celtycle control, nuclear transport, and actin
nucleation. Moreover, acetylated Lys is vital for cell development, and its dysregulaiuld
lead to serious diseases such as cancer, aging, immune disorders, neurological diseases
(Huntingtonds disease and Par kitFerexanipeN-di seas
acetylglutamate synthase catalyzes acetylatioh-glfitamate, the first spe in Arg

biosynthesig?

1.1.4. Ubiquitylation

Ubiquitylation is one of the most versatile and important PTM which can occur on all
20 amino acids. However, Lys residues the most frequently observed. In ubiquitylation, a
covalent bond is formed between thegdminus of an active ubiquitin protein atNU o f a
Lys residue. Ubiquitylation is catalyzed by a series of enzymes. These are Waqtnating

(E1), ubiquiin-conjugating (E2) and ubiquitin ligase (E3) enzyrtfes.
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Ubiquitination plays important roles in stem cell preservation and differemtiago
regulation of the pluripotency.Other importantctivities include proliferation, regulation of
transcription, DNA repair, replication, and the control of signal transduction. Dysfunction in
the ubiquitin pathway can lead to diverse diseases such as different cancers, metabolic

syndromes, inflammatoryisbrders, type 2 diabetes, and neurodegenerative diséases.

1.1.5. Methylation

Methylation is the addition of a methgroup to Lys or Arg residue of a protéth.
Methylation takes place inside cell nucleiethylation plays an important role in histone
modification, which can lead to gene activation or repression based on the residue that is

methylated.

Methylation is associated with fine tuning of various biological processes ranging from
transcriptionakegulation to epigenetic silencing via heterochromatin assembly. Disruption of
methyl modification can lead to various diseases such as cancer, mental retardation (Angelman

syndrome), diabetes mellitus, and occlusive dis&ase.

1.2. Posttranslational oxidation of proteins and enzymes

One of themajor classes of posttranslational modification occurs by the oxidative
modification of the target protein. Protein oxidation can occur as covalent changes either
through direct interaction with reactive oxygen species or indirectly by reaction with aegcond
by-products of oxidative stress. Carbonyl derivatives of several amino acid residues¢e.g.,
His, Lys, Pro, Thr and Cysre well known biomarkers for protein oxidation and oxidative
stress in aging and diseagédMetalcatalyzed freeadicatbased attack on His and Tyr
residues leads to the formation of existidine and dityrosiné® respectively. The sulfhydryl

moiety of Cys is highly prone to oxidative attaby several mechanisms, leading to the
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formation of thiyl radicals, disulfide bonds, and other spe¢i€Cysteire thiols can also be
oxidized through progressively greater levels of oxygenation from the sulfer§@) R the
sulfinate (RSQOy) to the sulfonate (F5Os). As described further below, less extensively
oxygenated Cys derivatives often have catalytic rokes, (AhpC-catalyzed peroxide
reduction)?® Numerous other oxidative pathways lead to the oxidation of Met residues, leading
to the formatbn of methionine sulfoxid®. Reaction of myeloperoxidaskerived HOCI with

Tyr, Trp, Lys, and Met resids leads to the formation of chlorotyrosifechloramines, in

addition to methionine sulfoxick 3!

Proteins have various, specific, and essential biological functions; their oxidation can
result in structural changes, and consequently, positive or negative alteration in those
functions®?33 For example, sulfur containing amino acids (Met and Cys) often undergo
reversible redox modifications by ROS or RNS, leadingStsulfenation {S-OH), S
nitrosylaton (¢S-NO),), Sglutathionylation ((proteik8SG),), and disulfide formation ({&

S-R),). These Cysxidation products have been demonstrateébdeémedoxbasedegulation of

protein functiod* and, therefore, these modifications could serve as a means to protect critical
Cys residues against irreversible oxidative inactivatioshen elevated oxidative streSsSuch
changes in Cys oxidation/oxygenation state also form essential steps in enzyme catalytic
cycles. The peroxidase activity of AhpC which relies on two active site Cys resglaas i
example of this. Indeed, GY8H/CysSH, CysS-S-Cys, and CysSOH/CysSH are all known
intermediates of the AhpC catalytic cyéfdrreversible mechanisms of protein oxidation are
also frequently observed in enzymes containing Trp and Tyr residues which are each highly
susceptible to oxidation by multiple mechanisms. The alnweedaf Tyr/Trp chain is observed

in almostall enzyme classes and occurs witle greatest frequency ioxidoreductases and

hydrolases.
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The enrichment or greater abundance of Tyr and Trp residues in -aoitho
compositions is observed witlreatest frequency in oxidoreductases and hydrolases. It is
proposed that these residues protect the protein from oxidative ddmgagerving as

endogenous antioxidants.

However, protein oxidation can be remarkably deleterious if the accumulation of
oxidized productsesults in a fregadical reaction leading to diverse functional consequences,
such as inhibition digandbindingand enzyme catalytigctivities, ncreased susceptibility to
aggregation and proteolysis, increased or decreased uptake by cells, and altered
immunogenicity. For example, oxidative damage of tyrosine often leads to generation of
tyrosyl radicals. These radicals may dimerize, generatiggpdine, a process involved in cross

linkage and protein aggregatiéh.

1.3. Preponderance ofOxidizable Residues: A Radical Approach for Proteirbased

Cofactor Biogenesis

As noted by Gray and WinkléP oxidoreductase enzymes tend to have amino acid
compositions thatre enriched for the side chains that are oxidizable under biologically
relevant conditionsi.e., Cys, Met, Trp, and Tyr). In light of this, it is not surprising to find
residues in these enzymes which undergo-frastslational oxidative modification wth
target these residues. As alluded to above, such events have historically been interpreted as, at
best, inconsequential or incidental, or far more likely, deleterious to enzyme function.
Increasingly, however, it is understood that these residues emdatlifications they endure
are indispensable to sustained enzyme function. There are many proteins which capitalize on
oxidative susceptibility of several amino acid residtfé8.The side chains of selected amino
acids such as Cys, Met, Trp, and Tyr participate in a systematic electron (or ehedé&on

transfer reaction® Many redox enzymé&4® containing clusters of Tyr and Trp residues
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generate higipotential reactive intermediatese(, formal reduction potentials in the 11025

V range). Theseesidue clusterserve to transfer electrdanol es t hr ough an enz
matrix. Thus, clusters of Tyr and Trp residues can acts as conduits for the migration of high
potential electrotholes in proteins, providing an antioxidant protection of enzyvidely

followed in biological redox processes. For example, human SOD2, contains arasbage

number of Tyr/Trp residues (9 Tyr, 6 Trp in each of four ¥@%idue polypeptidesand

generally found in O-processing compartment of the ¢edl vulnerable location for the

exposure to ROS and RNS.

Moreover, numerous studies have suggested that the side chains of Tyr, and Trp
perform a protective role blyansporting oxidizing equivalents (or eien holes) away from
the active site to the protein's surface, where they can be scavenged by the reductants
generated/maintained by the cdéllne prominent example of this class of enzyme is KatG
which has Trp content of 4.1%, Tyr content of 3.7%, antlddatent of 3.2% These values
are substantially higher than those observed for typical protdins disproportionate
representation of oxidizable residues helps achieve unique function of KatG by sacrificially

oxidizing residues for relief from oxidative stress.

A preponderance of oxidizable amino acids residsiascommon phenomenon among
oxidoreductasewhere theycan act as branched or linear electron transfer pathaf&gs.
example,yeast cytochrome peroxidase (€P) has unusually high Trp (2.38%) and Tyr
(4.76%) content forming an extensive network connected to the heme. This feature bestows on
the enzyme a high capacity for electrdrole hopping within its polypeptidesnables the
oxidation of its large protetbased substrate, cytochromedespite the buried location of the
ultimate electron donor (cytochrom@s heme) and t he ulcPd smafter eyle

heme). More recently, it has been shown that in the absence of cytoahasmae exogenous
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electron donor, th€cP scaffolditself can act as sacrificial antioxidant, delivering reducing
equivalents from its own oxidizable amino acgidbus preservingcritical active site
components for future functid.Glutathione (GSH) also performs a protective function by
inhibiting oxidation at most of these residues, consistent withrésence of protective chains

that direct holes away from the heme toward surface residues for scavenging By GSH.

1.4. Biogenesis of Protein Derived Cofactors

A proteinderived cofactor refers toaatalytic or redoactive site in a protein that is
formed by irreversible, covalent, pdsanslational modification of one or more amino acid
residues?In some cases, proteiterived cofactors, once generated, work in concert with more
typical extraprotein smaHmolecule/ion cofactorse(g, FMN, heme.etc), in other cases a
proteinderived cofactor iccumvents the need for an exogenous cofactor. In all cases, as the
name fAcofactor o i mpl i-derved vardioe imparnsecatayticduactiomf a
absent from the unmodified proteiithe biogenesis of proteitherived cofactors can be
autocaalytic or can be carried out by accessory protéiie former is assisted only by the
proper fold of the target protein to ensure that the participating components react and generate
the correct products. It is not unusual for the autocatalytic procpssceed with the assistance
of a metalbased cofactor.Requirement of an accessory protein is evidenced in pyruvoyl
dependent decarboxylases where the pyruvoyl cofactor is formed by theapstitional
modification of an internal amino acid residuattltoccurs during cleavage of an inactive
precursor protein. Enzymes such aspartate decarboxyldde phosphatidylserine
decarboxylasé$°3 S-adenosylmethionine decarboxasé*, andhistidinedecarboxylasg all
follow a wellestablishd reaction mechanism where the hydroxyl group of a specific Ser

residue donates oxygen and part of it is transformed into the pyruvoyl Yroup.
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Proteinderived cofactors are more commonlyserved in metalloenzymes. As a class
of enzymes, oxidoreductases are already well known to be heavily dependent on cofactors to
carry out redox transformations which are beyond the scope of the 20+ standard amino acid
side chains. There are very few exaes of oxidoreductases that do not rely on one or more
redoxactive cofactorsg.g, flavins, pyridine nucleotides, transition metal ions, multinuclear
transition metal clusters, etc.) to accomplish their catalytic activity. The convergence these
kinds of cofactors (especially transitiemetatbased species) along with amiaod
compositions enriched with oxidizable amino acids, (Trp, Tyr, Cys, and Met) has given rise
to the contribution of these kinds of residues to redox actifriégguently cycling between
multiple oxidation states. Many wetharacterized proteiderived cofactors are devised from
posttranslational modification of Tyr and Trp residues, mostly in the presence of a metal ion,
usually copper or iron. There is an axpling list of metalloenzymes which contain covalently
modified aromatic amino acids in their active sit€he HisTyr cross link in cytochrome
oxidase, the HisTyr crosslink in catalase HPII, a F@ys crosslink in galactose oxidase and
cysteine dioxygnase arafew examples of this class of protaerived cofactors. In addition,
guinones are a major class of cofactors found in oxidases and dehydrogenases. Quinones are a
class of organic compounds which undergo,trewersible, onelectron reductionso form
the corresponding diphenol. Because of their redox abilities, quinones are associated with the
enzymes that catalyze oxidations. Pyrroloquinoline quinone (PQQ), topa quinone (TPQ),
tryptophan tryptophylquinone (TTQ), and lysine tyrosylquinone (L&f@ some welstudied

guinocofactors.

1.4.1. Quinone Cofactors

The first proteirderived cofactor to be identified was 24rhydroxyphenylalanine

quinone (TPQ) in 1990 from bovine serum amine oxidase (BSAO), which was initially
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believed to be a covalenthttachedpyrroloquinoline quinone (PQQ) cofactor. Since then,

three additional quinone cofactors have been reported, including botlarid/mrpderived
guinonespeciegFigure 1.1). The examples of Fgerived quinone cofactors are TRQm
coppercontainng amine oxidase (CAO) and lysine tyrosylquinone (LTQ) of lysyl oxidase
(LOX). °" PQQwas first isolated frorbacterial dehydrogena$é¢hat catalyze the oxidation of
alcohols and aldose sugars and are likely to influence mitochondriogenesis, reproduction,
growthand aging’It is an well appreciated part of quinone cofactors family serdes as a
dehydrogenase cofactor, a free radical scavenger, and an amine oxidase®®Git@pst
interesting feature of the TR@ependent enzymes is the dual requirement of copper ion and
molecular oxygen during its biosynthesis from a precursof?Twhile participating in the
catalysis, copper also remains bound at the active site. The catalysis is mainly the stabilization
of transient intermediates in the oxidative krathction®® Members of the CAO protein family
contribute tahe regulation of a myriad of complex processes in mammals due to the diversity
in their substrates, their wide distribution throughout mammalian tissues (including the brain,
blood plasma, kidneys, placenta, and throughout the cardiovascular and gestinaint

systems), and changes in expression and activity during disease and throughout pfégnancy.
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TTQ PQQ

Figure 1.1.Structures of the established quinone cofactors, TPQ, LTQ, TTQ, CTQ, and PQQ.
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The examples of some common Trp derived cofactors are tryptophan
tryptophylquinone (TTQ) of methylamine dehydrogenase (MADH) and cysteine
tryptophylquinone (CTQ) of quinohemoprotein amine dehydrogenase (QHNDH). In each of
these,oxygen atoms have been ingel into the indole ring of a Trp skbain that is cross
linked to the sidehain of another amino acid residiieAll TTQ-bearing enzymes are

dehydrogenases. CTQ has éeund in both dehydrogenases and oxidases.

While the biogenesis of the Tgerived cofactors occurs through an autocatalytic
process requiring only Gtiand Q,%%®’the biogenesis of TTQquires the action of four gene
productsmauD,matE, mauFandmaugG in addition to the two that encode for the alpha and
beta subunitspauAandmauBl of the MADH proteirf®®® Among thesethe MauG protein is
a critical regulator of this biosynthesis mechanism and mediates thealogg electron
transfer’® The role of TTQ is critical for maintaining othe catalytic and redox properties of
MADH as it physically bridges activeite chemistry, the oxidative deamination of

methylamine, and surface mediated electron transfer to amidgabine copper protejn

1.4.2. Crosslinked Amino Acids inMetalloproteins

1.4.2.1. Tyr-His Crosslink

Cytochromec oxidase (€O) is in the respiratory electron transport chaithefcell
membrangmany prokaryotes) or mitochondrial inner membrane (eukaryatesgatalyzes
the transfer of four electrons, one each from four equivalents cytochedmenolecular
oxygen.Coupled to this redox activity,dO alsatranslocatsfour probnsacross the mabrane
in which it resides, typicallggainstthe H concentration gradierit One of the unique features
of CcO is the presence of a covalent crosslink betveeByr andone of the three His ligands
which coordinate the Guon of the mononucleaCus metal centerThis TyrHis crosslink is

commonly observed iall three distinct families of her@opper oxygen reductas€&sThe
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integrity ofthedinuclear centerseemed to be essential for catalytic actiityntil subsequent
investigations prompted a revised mechanism frBmakoulak et al’* Site-directed
mutagenesis studies showed thaD@nable to establish the crosslink still retained the correct
coordination of catalytic site (henas-Cug) that allows Q binding to hemes. However, a
slight perturbation was caused by the mutation, that ultimately affectgudperties of the

bound lgands to hemas.”

1.4.2.2. Tyr-Cys Crosslink

The presence of Tyis crosslink is a increasinglycommon postranslational
modification observed in several kinds of proteisach as coppetependent galactose
oxidasé® and glyoxal oxidasé eukaryotic irordependent Cys dioxygenasgsheme
containing sulfite reductase froiycobacterium tuberculos and cytochromes nitrite

reductase froriThioalkalivibrio nitratireduceng® This crosslink is autocatalytically formed by

covalent attachmenttieCU at om of Ty r amearly Cyshhis m&Idicaton om o f

has been shown to benportant for the catalytic functions of the above mentioned

enzymeg?8:8082

1.4.2.3. Hisi Cys Crosslink

The xray crystal structure of octopus hemocydfiipjant catechol oxida&& and
mushroom(Agaricus bisporup tyrosinas® revealed that one of the His ligands coordinating
the coppers of the diuclear Cu-Cus metal site is covalentlgrosslinked to a Cysvia a
thioether bondThe His-Cys crosdink plays significant roles in catalytic properties, where
thioether substituent seems to perturbdteetrondomating character athe Cucoordinating
imidazoleof theHis ligand Sitedirecied mutagenesisf replacing Cys with Ala in tyrosinase

caused its inactivatiof¥.
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1.4.2.4. Met-Tyr-Trp Crosslink

The remedependent bifunctional enzyme KatG containgrateinbased cofactor
that has not been observed in any other enzymeedsmntial for impartingatalase activity to
the type of active site thatagherwiseonly able to catalyze a peroxidase reactidre cofactor
consists of a Met and Trp residue covalently crosslinkedugh thearomatic ring ofan
interveningTyr. All three residues of the adduct are strictly conserved across all KatGs, and
the structure has been observed in crystal structures of KatG enzymes from multiple species,
including M. tuberculosig¢’ Haloarcula marismortyf® Burkholderia pseudomallg? and
Magnaporthe grise® KatG is the only catalasactive member of the peroxidasatalase
superfamily®* Aside from the Meflyr-Trp crosslitk, the identity and position of key residues
of the KatG active site are indistinguishable from its fellow membectast lof the super
family. Site-directed mutagenesis studies demonstrated that thelicross essential for the

catalatic activity, bt peroxidase activity remains unchanged in its abs&riée.
1.5. Reactive Oxygen Species (ROS) in tHaterface of HostPathogen Interaction

The partial reduction of molecular oxygére., falling short of the completgour-
electron]reduction to HO) (Scheme 13) forms the core of compounds known as reactive
oxygen species (ROSyubsequent reactionsvimlving this core group of ROS can generate
others.ROS can either be generated exogenously or intracellularly during a wide range of
biochemical and physiological processes and involves many enzymatic awahzyonatic
reactions (Figure 1.2The categoryROS,includesboth radicale.g, superoxide anio[OZA],
hydroxyl radical[’OH], and nitric oxide{NO]) and norradical (hydrogen peroxid¢H20],
hypochlorous acidHOCI], and peroxynitritd ONOQO]) speciesSeveral different enzymes

have been implicated in the generation of ROS.
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Scheme 1.3Partial reduction of molecular oxygen.

The core ROS shown in Scheme k& often the unintended and deleterious
byproducts of oxidative metabolisme.§, aerobic ATP production)However, they are also
critical components of biological defensive strategies. ROS can cause extensive damage to
biological molecules including lipids, protein, DNA and RNA. This obvious ROS toxicity is
certainly beneficial in oxidtive killing of engulfed microbial pathogens in specialized immune
cells, such as neutrophilsor macrophagé& The classic example is the destruction by of
phagocytized microorganismwhen superoxide, produced DJADPH oxidase 2 (NOX2) is
convertedirst to H2O> which is then used by myeloperoxidase to oxidizeil@b the potent
cytotoxic molecule hypochlorous d&® In addition to the ability of RS to serve as an
antimicrobial repertoire of macrophages, they can also trigger pathogen defense of phagocytes
by various noroxidative means, such as autophagy, receptor signaling, extracellular traps
formation and instructing lymphocyte responS€Jhere is also extaive evidence to suggest
that ROS serve as critical signaling molecules in regulation of biological and physiological
processes such as cell growtasoconstriction, sighatransduction, proliferationand
survivall®f1®  ROS play important roles  Bynaptic  plasticityimmune
responseandimmunometabolismgardiac muscle functioandoxygen sensing.Hydrogen

peroxide is aimportant regulatoof several kinasenediated signaling pathway'

However,ROS production must kgghtly regulated in a spatial and temporal manner

if it is to beapplied to the benefdf host physiologyand of course, in all other circumstances,
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ROS production must be limited to the greatest extent posSitdeuncontrolled production

of ROS can result in oxidative damage to biomolecules such as lipids, proteins, and@HXsNA
process can provoke damgado multiple cellular organelles and processes, which can
ultimately disrupt normal physiology. DNA, when exposed to ROS, can be oxidized to 8
oxoguanine and establish a bond with cystine and adefm& mutation can occur in both
nuclear and mitochonidd DNA and can give rise to double stranded breaks (DSBSs) in the
DNA, leading to mutations and neoplastic transformation in many orgatidfoteins are

also vulnerable target for ROS. Amino acidesghains and backbones and particuldrigl-
containing Cys and Met residues are susceptible to oxidation by ROS. This can result in
structural changes to the protein that may leatbss of protein function and of protease
inhibitor activity, protein agregation, or be used for ROS mediated signafifigdditionally,

the exposure of lipids to ROS results in lipid peroxidation which gives rise to cell membrane
damage and generates reactivepbyducts which can further damage the .t¥IFigure 1.3
represents the potential damage caused by B®@8olecular damage of the type caused by
ROShas been implicated irgang as well ashe development and progressimfndebilitating
chronic (even terminal) diseaséscluding canceremphysemadiabetescoronary disease

Parkinsonds di sease, Aeuradegenemtpdisdrders®¥i'ls ease, an

Therefore, it is well understood that didate balance between ROS production and
ROS elimination is essentidllaintaining a homeostatic levels of ROS as a result of this
balance is important both for preventing oxidative damage as well as maintaining an
appropriate redox environment for normsajnaling pathways within the cell. There are many
enzymatic and nonenzymatic antioxidant systems in cells that regulate the concentration of
ROS. One of the landmark discoveries of such enzymatic antioxidant is superoxide dismutase
(SOD). Over the yearsiew examples of enzymatic antioxidant systems have emerged,

including catalase, NADH peroxidase, ascorbate peroxidase (APX), guaiacol peroxidase

CHAPTER ONE 19



(GPX), glutathione reductase (GR), etc. Examples of nonenzymatic antioxidants include
ascorbic acid (AA),redue d g | ut at kdcapmeml, car@&helds, flavahoids, and the
osmolyte Pro. Together, these components work hand in hand to scavendgeoR&@&mple,
superoxide dismutase converts superoxide into hydrogen peroxide which is in turn degraded

by catdase or by glutathione peroxidase.
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Sources of ROS

Endogenous Exogenous
NAD(P)H oxidase Environmental toxins

Mitochondria lonizing radiation
Cytochrome P450 Ultraviolet light
Xanthine oxidase Electrical fields
Cyclooxygenase Chemotherapeutics

Lipooxigenase Inflammatory cytokines

ONOO" | oH "NO
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Antioxidant defense

Enzymatic Nonenzymatic
Glutathione
Superoxide dismutase Thioredoxin
Catalase Glutaredoxin
Glutathione peroxidase Vitamins C A E
Ubiquinone
Pyruvate

Figure 1.2.Sources of ROS and the intracellular antioxidative defense system.
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Figure 1.3.Reactive oxygen species (ROS) induced oxidative damage to lipids, proteins, and

DNA.
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1.6. Microbial Defense against ROS

All organisms that survive in an aerobic environment must have multiple lines of
defense against the uncontrolled production aedraulation of ROS. As a result, mechanisms
for the enzymatic disposal of ROS are universally distributed organisms that come in contact
with and or use @metabolically. However, it should also be noted thatpical response of
higher eukaryotefrom plants to mammaldp combat pathogenic invasion is to produce high
concentrations of hydrogen peroxide@d) and other highly destructive oxidarts a central
component of their defense against these pathogamsespondingly, a common pattern
observecamong a wide variety of bacterial and fungal pathogens ighteghave evolved a
diverse suite of enzymes to mitigate cellular damage from reactive oxygen speciesh®@OS)

are distinct and/or exceed in capacity those deployed by their nonpathogenergaris

A varying distribution of ROS defense mechanisms is observed across the bacterial
fungal domairs. The universality of ROS defenses across the bacterial domain was recently
assessed by using available genomic data, wéutistantiated the distribution of 26 known
ROS defense enzymes across a wide range of bacterial'ph&laong these, there are some
opportuni sthogépsbdbewhiah papitalize on host
survival and colonization in their target host cétfsOne ofthe prominent example of this
class ofpathogen isMycobacterium tuberculosis (Mthd, facultative intracellular bacterium
which has evolved sophisticated defense mechanisms to allow it to survdestiveshighly
oxidative environment of phagocytic celfé:'*>Examples of such defense systems include
katG (encoding a catalageeroxidase)andahpC(encoding a homolog of alkyl hydroperoxide
reductase). The products of these two genes are important in protectioh @gjeats/e stress,
specifically peroxides, antheir importance and essentiality are amplifiadmacrophage

parasitisncontextof pathogenitycobacteria''® 12° Catalaseperoxidase (KatG) is prominent
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among the KO, defensive enzymes and is a single catapesexidase, encoded by tkatG

gene inMtb.*?! In addition to KatGMtb also uses SO, thioredoxin and peroxiredoxin as
antioxidant enzymedntracellular redox homeostasis is maintained by mycobacterial redox
buffers mycothiol and ergothioneine whiphovide a barrier of protection against oxidative
stress'?>124As an intracellular path@m, Mtb combats up to millimolar concentration of®%

using a highly delicate defense syst&m?® Moreover, KatG is one of the two prominent
catalase activenzyme ofMtb and well recognized for conferring protection agaiisD,-

mediated damage even in the absence of adequate catalase and peroxidase activities, thus

promoting survival of the organism in the environment of the phagocyte oxidativé¥urst.

Another commorsource of ROS is NADPH oxidase complexes typically associated
with rapid respiratory burst mechanisms of professional phagocytic cells and carry out the
electron transferring reaction from NADPH to molecular oxyges) (@the membranes of
phagosomes, endomes, and the cell membrad®Due to its protective role as an innate
immunity component, it is a logical target for microbial intervention. Many bacteria can
interfere with the accumulation of ROS molecules by preventing NADPH oxidase assembly.
Francisella tdarensis, Anaplasma phagocytophilum, A. phagocytophalteriew examples of
bacteria which can escape neutrophil phagosomes and directly prevent NADPH oxidase
assembly during intracellular infectidf®. There are other pathogens likezgionella
pneumophilaand Coxiella burnetij which can mhibit the recruitment of NADPH oxidase

subunits, and thus, can limit respiratory burst within infected neutrdghif&.

Extracellular microorganismBurkholderia cenocepaciaknown for causing Cystic
Fibrosis, contributes to the persistence of infection by altering intracellular ROS production.
These bacteria have been demonstrated to inhibit ROS production in infected neutrophils,

primarily through exopolysaccharide formatita. Neisseria gonorrhoeaeis known to
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suppress oxidative bursts in neutrophifSOpportunistic fungal pathoge@andida albicans,
Aspergillus fumigatubave the ability to suppress ROS production in host immune cells, and

thereby limit the ROS production in neutropHité1®

Overall,a large amount of evidence suggests that a numerous pathogens have adapted
complex yet converging molecular strategies to limit or exacerbate ROS formation in order to
subvert immune defenses and supportsatfiival and longerm carriage in their targébst

cells.

1.7. Physiological Importance of Catalaseperoxidase KatG): Host-pathogen

Interactions and Antibiotic Activation

KatG plays an integral role in the pathogenesis of the disease tuberculasiditaging
the bacterial survivalBecause of thigdkatG protein has long been implicated as virulence
factor that detoxifies antibacterial reactive oxygen compounds genbyabedt macrophages

to prevent pathogenic invasiéif.

In addition to being a virulence determinant, KatG also plays an important role in
antitubercular theraplyy activating the prodrug isoniazfde., isonicotinic acid hydrazide, or
INH), the primary firstline antibiotic used againd¥l. tuberculosisinfections!*’138 INH
activation is largely impacted by mutationketG gene causing elimination or reduction of its

catalaseperoxidase activity, promotinINH resistance in the organism.

A Dbetter understanding of the mechanisms of activation and action of the drugs
prescribed to treat tuberculosis could lead to better drug design and elimination of drug resistant
TB strains. The pralrug isoniazid enter$/lycobacteriumtuberculosis(Mtb) via passive
diffusion and is activated by KatG via oxidation to the isonicotinoyl acyl radical (Figur&*.4).

That radical then combines with NADH to form anNMM\DH adduct. This adduc¢hen binds
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and obstructshe actve site of anotheenzyme enoyl acyl carrier proteifACP) reductase

(InhA), which normallyusesNADH as the reductant for thens® double bond of enoyACP

to generate the fully saturated derivatit®q The INNADH adduct poduces conformational

changes in InhA which render it inactive. Inisfessential fomycolic acid synthesis (Figure

1.5). Mycolic acids are the part of cell walls Mycobacteriawhich render them less
susceptible to attack and cause the bacteriawmbeas si fi ed as fnacid fast

those mycolic acids are no longer able to be produced, the bacteria cannot survive.

The majority of thésoniazidresistant strains dfltb (~70%)4*'*?have a mutatiothat
selectively eliminates isoniazid activation activity or more extensively disrupts the KatG
structure or aleletion of thekatG genewhich eliminates its expression entiréfy Decreased
activation of isoniazid resulis decreased bactericidal activity due to attenuatetiADH
adduc¢ formation. A strain that is not resistant to INH usually has a minimum inhibitory
concentration (MIC) ofINH¥wbetbasn OhiOMthity e ¢
strainsexceed this range by at least?@d (1 € g / mL). Réa®ably, a substantial portion
of INH resistance irMtb arises from the addition of a single methyl group to the >80 kD
structure of the KatG monomer. In factep 40% of all clinical INH resistant strafftéand
61. 7% of @hi gh¥ gontaneasnutationamtite 315 dodoa of tkatG gene,
replacing a serine with a thraame. This iswidely considered to be the most common resistance

mutationt4*

CHAPTER ONE 26



H
O
N‘NH2 O\.
\ \
)
Z =
N N

+ NAD" / NADH

P—pP — Adenosine

INH-NADH
Adduct

Figure 1.4.Schematic representation of INMAD adduct formation as catalyzed by KatG via
a putative isonicotinoyl radical
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Figure 1.6.Schematic representation of mycobacterial cellular assembly
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1.8. KatG Structure and Mechanism

All aerobic organisms, require protection against the damaging effects of reactive
oxygen speciedMtb KatG is a component of the oxidative defense system of the bacteria and
functions primarily as a catalase to remove hydrogen peroxide. Such catalai$e iact
regarded as one of the virulence factorsMotuberculosi&*®, because this reactiaetoxifies
reactive oxygen species generated by macrophages and fadidaatesumsurvival. On the
other handKatG functions as a peroxidase, oxidizing INH to its active form. KatG is thought
to be the only enzyme Mtb that is capable of generatiispniazid susceptibility® It has been
shown that most INH resistance in clinical a&els results from blocking prodrug activation
through mutationof the katG gene that alters or diminishes KatG actiyitpost often

exclusively INH activation rather than catalase or peroxidase actitAties

Based oramino acidsequence similarity, KatGs have been classifieanembersf
class lof the peroxidasecatalasesuperfamily'*’ Formerly known as thelant peroxidase
superfamily peroxidasecatalasesnclude peroxidases of prokaryotic origin, secreted fungal
and secreted plant peroxidases. The superfanslybdividednto three families, Class I, Class
I, and Class I8 and all members of the three classes catalyze the reductiofDaf Fhe
enzymes which occupytass lincludeperoxidases of prokaryotic orig{primarily KatGs) as
well as ascorbate peroxidases and cytochromperoxidaseClass llperoxidases include the
secretory fungal peroxidases such as lignin peroxidadenanganese peroxidasgélass Ill
peroxidases are the plant peroxidases that are targeted feedretorypathways These

includehorseradish peroxidase (HRByybean, and guaiacol peroxidases.

Despitesharing substantiadequencédentity with the otherclassl membersthere are
several structural features which set KatG apart from the othemeszin the group. First,

there arehree additional insertions in the-trminal domain of KatG which oth&tass |
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peroxidases do not possé&sThefirst, named large loop 1 (LL1) is highly variable in length
(3971 70 residues)> In Mtb KatG, LL1 covers fromTrp36to Ala60. Elimination of LL1 from
KatG by deletion mutagenesis produces an enzyme with no catalase activity and peroxidase
activity enhanced by nearly 61d.°> The interhelical insertion known éerge loop 2 (LL2)

is nearlyinvariant in its length (34 35 amino acids).n Mtb KatG coversfrom Prol194 to
Asn231.This structure appears to form an essential interaction with-teen@nal domain of

a second KatG subunit. Without this interaction, active site structure is saltghed
diminishing reactivity of the Féstate with HO.**? Interestingly, together both LL1 and LL2
contribute to an active site access channel that is substantially omsteicted than the other
members of the peroxidasatalase superfamifiyy! A third insertion known asarge loop 3
(LL3). In Mtb KatGthis loop spans frorRro280 to 11e313°° To date, the function of LL3 is

unexplored and unknown.

KatGs are homodimeric proteirthis is not particularly unique among class | enzymes.
However, in KatG the intesulunit interfaceinvolves a substantially greater surface area
because the KatG monomer is composed of two compasasyg domains, making it roughly
twice as large a& typical class peroxidased.g, CcP or APX) Interestingly, the two domains
of KatG each bear the canonical-tOe | i X structure of a Apl ant
feature has beascribed to a gerguplication event®! TheKatG N-terminal domaircontains
the active site whereemebinds®2 The Gterminal domain has lost its heme and has a much
lower homology to cytochrome peroxidag. Nevertheless, the -@rminal domain has been
shown to be essential for KatG to maintain the proper coordination environment for the heme

cofactor in the active site some 30 A away in theininal domairt>3:154

In contrast taall other members of the peroxidasstalase superfamil)KatGs exhibit

a robust catalase activitywhose Kkinetic parameters match well those displayed by
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monofuncional catalase Interestingly, KatG has essentially no sequence or structural
similarity to typical monofunctional catalas&®Although the largdoop structures and -C
terminal domain of KatG impact its catalase function, to understand the origin of its unique

catalytic capabilities, one must examine the active site more closely.

1.8.1. The KatG Active Site

The KatG active site uses hetmas its prosthetic group (Figure 17§The two distinct
amino acid triad#\rg104/Trp107/His108andHis270/Trp321/Asp38bccupythe active site
pockets on theélistal and proximasides of thdneme respectively All six residues are strictly
conserved in class | enzymes, and four of the six (excluding the tryptophans) are strictly

conserved across thatee peroxidaseatalase superfamify

On the proximal side, thelis (His270) is coordinated to the heme cofactor as the
proteinsuppliedfifth ligand; it is an Hbonddonorto the carboxylate side chain of the nearby
Asp38L. This Hbond imparts a substantial imidazolate character to the ligserdss the
peroxidasecatalase superfamily, this lowers the reduction potential of the heme iron which
serves to stabilize the highexidation statese(g, FE€V=0) associated with catalysis. Asp381

is also an Fbond acceptor for the indole (Nidj the proximal Trpesidue(Trp 321)

On the distal side, thédis (His108) serves as a general base to facilitate the
deprotonation of kD> and assist in the formation thfe @mpound | intermediatehe first step
in the enyme 6 s ¢ at aP’yrheidistal Argy @ilgk4) is critical fopolarizing the
breaking GO bond of HO: ensuring its heterolytic cleavage, a feature essential for forming
the compound lintermediate.Specifically, dectrostatic interactions between the positive

charge of its side chain and the developing negative charge on the distal oxygen of the bound

* Unless otherwise indicated, amino acid numbering corresponds to Kat@/freuberculosis
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H.O- favors heterolytic bond scission as opposed to a homolytic scission mechidhibro
conserved residugAspl37 and Ser31help regulateaccess tthehemeé s  dsides |t had
been proposed that these residoksnt water dipoles in thactive site and activsite acess
channel>®1>%Notably, Asp137is required for catalase activity but not peroxidase activity.
addition, he location Asp137 is in favorahblgeraction between the carboxylic acid side chain

and the pyridinyl moiety of INH, thereby considered as a key residue in INH bittding.

In addition to these peroxidaggpical structural features, active site of KatG possess
some unusual structural features not seen in peroxidases. The most striking of these features is
the covalet crosslinking of the side chains of Met255, Tyr229 and Trp107 (Figure tb.7)
form the secalled MYW adductIn addition to these three residues, Arg418, which reversibly
forms an ionpairing association with the phenolate oxygernrgf229 acts as anoecular
switchto modulat catalase activity The MYW adduct and the arginine switch are discussed

further below.

There is no question that KatG is built on a peroxidase scaffold and bears a peroxidase
active site.Despitethese overarching componentsit® structure, KatG exhibits a catalase
activity that none of the other members of its superfamily possess. How this occurs has been a
guestion of considerable debate over many years; it remains unresCladases are
universally poorperoxidases. Likeise, with this one exception in KatG, peroxidases are
universally poor catalasednification of these two segregated properties is seen nowhere else
in nature, but KatG®1®|n this study, this question has been addressed from a unique

structural point of view whicls a keycontributa to the unique catalase mechanism of KatG.
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Arg 418

His 108

Met 255

His 270

Asp 38%}-

Trp 321

Figure 1.7.Detailed view of active site residues of catalpeeoxidase fronMycobacterium
tuberculosisThe distal active residues Met255, Tyr229 and Trpl107 are covalently linked to
form the MYW adductTwo conserved amino acid triad (His108, Arg104 &sgl137) and
His270, Trp321, and Asp3&redepicted The Figure was constructed using the coordinates
deposited in the Protein Data Bank (accession code 2CCA).
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1.8.2. The Covalent Met259yr229-Trp107 (MYW) Crosslink

The first crystal structuresolved for a KatG was for the enzyme frdfaloarcula
marismortui(1ITK). It revealed the presence ohavel covalent crosslink between the side
chains of thre@amino acids inhe distal cavity of the active site (a Met, a Tyr, and a Trp).
Structures solved for KatG froml. tuberculosis(1SJ2¥°° 8, Burkholderia pseudomallei
(IMWV)162 and Synechococcu®CC 7942 (1UBZf® have since all showed the same
structure!t>® Mass spectrometric analysefstrypsinized KatGs from several speciesealed
that the adduct is present in KatG in solution and not simply an artifact-m@y X
radiation®®°1154 The covalent adduct join#1et255 to Tyr229 and Tyr229 toTrp107.
Replacemantof either Trp107 or Tyr229y sitedirected mutagenesggeventsformation of
thecrosslink, whereas exchange of Met255 still ad@utocatalytic covalent bond formation
between Trp107 and Tyr22& Nevertheless, KatG variants targeting any of the three residue
possess little if any catalase activity. Without exception, these same variants either retain
peroxidase activity comparable to the wijghe enzyme, or in numerous cases, exhibit
peroxidase activity that substantially exceeds the unmodified erA#15” Moreover, a
similar crosdink has not been reported and the distal Tyr and Met are not conserved in
monofunctional peroxidases. This suggests thafuththreeamino acidcrosdinked structure
is required for catalatic activity but not for p&idatic activity, providing a clear explanation

for why the apparently closely related plant peroxidases have little or no catalase activity.

1.8.3. Conformationally Dynamic Arg418 Residue

A strictly conservedarginine residugR418 by Mtb KatG numbering)is a citical
contributor to KatG function despite its substantial distainem the heme (~20A)The
function of this arginine is not fully understaod@he side chain of Arg418 can adopt two

conformations® At pH values above arpparent Ka of 6.5,the guanidinium moiety of the
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Arg418 residue forms a close association with tyrosyl phenoxide anion of Tof#28MYW
adduct. Thisisthesoal | ed @i no o r'% AtyH valoes befow therempaierd n .
pKa of 6.5, the guanidium moiety isriented away from the adduct to a region containing two
other Arg residueand making contact with a solveatcessible groove between the KatG N
and Gterminal domains. Critically, inthespal | ed fiout 6 or MARasnoconfor
associatiorwith Tyr229or any other part of the MYW addudthe conformationally dynamic
Arg418 sidechain equilibrium can be demonstrated as a function of its sensitivity to pH. At a
pH, equal to Ka of the phenolate oxygen efwT y ro,u i d nddnformatiors become
equaly distributed;This coincides with and is purported to beoaditionproducingoptimum
catalase activity of KatG with respect to the valuégf The pH dependence of the Arg418
side-chain conformation coupled with iky role in catalase activity suggested that it can act
as a molecular switch reversibly interacting with the MYW adduct to inductively alter heme
reactivity %8 Therefore, striking conclusipis that the conformation of the sideain of Arg

418 influence the electronic interaction and must be modulated through MYW &tlduct

1.9. KatG Catalytic Mechanisns

1.9.1. The Unique Catalase Mechanism of KatG

KatG catalatic mechanism does not truly follow conventional catalase and peroxidase
mechanism. They are unique in modulating substantial catalase and peragtdaiefrom a
single enzyme. Moreover, KatG unique MYW cofactor is not found in monofunctional
catalases or peroxidases. Both the heme and the MYW cofactors are mutually dependent on
one another to support efficient®b dismutation. However, the MYW caftor is an essential
component only for catalase reaction but not for peroxidase reaction, evidencedlbgsiezl
mutagenesis, spectroscopic and kinetic stutfi€8 The proposed catalatic mechanism states

that the covalent adduct redox cycles between a fully covalent (reduced) andaditat
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(oxidized) state. Despite the lack of similarity in the sequence and structure between-catalase
peroxidasesand monofunctional catalases, KatG share a common catalatic reaction for the
compound | formation. At this point, KatG behaves antithetical to canonical, monofunctional
catalases and peroxidases and undergoes an internal electron transfer procesan@torm

iron (IV) and the adduct radical (MYW by rapidly quenching the porphyryl radical formed

in compound E79171This F&'=0 (MYWAY intermediate is basicallfompound Il associated

with a protein radical, and hence the name gis@mpound 1. Further,compound 1 reacts

with the second equivalent o68-in a norscrambling mechanism to directly foesompound

11", a diroxy heme intermediate [FeD;], which isisoelectronic with superoxide bound to the
ferric heme [F@-OZA].”ZMonofunctional peroxidases have negligible catalase activity and are
trapped in thiscompound Il statén the presence of 2, only.}’? However, in KatG, the
MYW adduct radical initiates the superoxyferric comple&.(compound 111*) and thereby
keeping an oxidatioequivalent very close to superoxide in the'[F@,*] complex7%173.174

which is the dominating electronic structure during KatG turnd¥eFollowing this,

compound II1* rapidly returns to the ferric resting state, relepsiplet oxygen (Figure 1.8)°

Previous studies have unequivocally assigned the MYW adduct radical (harrow
doublet) as the tyrosyl radical located ba MYW covalent adduct by applying the techniques
suchassiteli rected mutagenesis of al/l 21 Tyr resi
methylene hydrogen and g hydrogens of the adduct Tyr, in combination with rapid
freezequench and manugliench EPR7"6The narrow doublet is considered as a signature
signal that appears within milliseconds when KatG reacts with ststatly concentrations of
H20.. The presence of narresloublet was observed in all Tyr mutants except the one located
on the MYW adduct (Tyr229). Frethylenepmotpns deut e
collapsed the narrooublet to a singlet radical. Interestingly, deuteration of theriBgp

protons still produced the narredoublet radical like wiledype KatG. The collapse of MYW
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narrod o u b | et r ambthydenel hydrogeon deutdrationdathe retention of narrow
doublet radical upon 3;6ng hydrogen deuteration supports that the radical was tyrosyl
based’* KatG variants targeting the covalent adduct lack the ability to produce the unique
MYW adduct radical which give rise to the narroublet signal, consequently losing

catalytic activity andransformed to a typical peroxidase.
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Figure 1.8.Proposed mechanism of KatG catalatic turnoVee superscripteBx designates
resi dues t hatprogimatside By canvestionhteemmdnsal side of the heme is

the same as that occupiegdproteinsupplied fifth ligand to the heme, a histidifigH) in the
case of KatG.
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1.9.2. The Through-protein Radical Mechanism of KatG Peroxidase Activity

KatG has a long narrow access channel produced by LL1 and LL2 which restricts the
entry oflarge molecules like mosiromaticperoxidatic electron donorg.g, ABTS). Due to
the restricted access, only small peroxidase substitdi€s, (" andperacetic acigcan enter
the main entrance channel. This structural restriction is well aligned with the monofunctional
catalases which are basically all poor peroxidases in nature. However, KatG is a strong
peroxidaselndeed,it operates in a mechanisthat can defeat the barrienposed by the
narrow access channel. KatG, being enriched in the oxidizable amino acids (high percentage
of Met/Tyr/Trp contenj is capable of moving oxidizing equivalents from the heme site to the
protein surface where the dus can be oxidized. This is how the peroxidase activity is retained
by through protein electron transfer which allow oxidizing equivalents to be directed toward

oxidation of HO2 to Op.

Although naturally occurring peroxidase substrate for KatG is unkntvs enzyme
can still oxidize typical artificial peroxidase substrates blk@ianisidine, guaiacol or ABTS.
The pH profile of the peroxidase activity of KatG has its maximum around pH 5.5 independent
of the nature of most donors. The peroxidatic reactf KatG undergo series of redox
reactions after formingompound | (F&=0 [porphyrin]&)L as the first reaction intermediate.
After that, it returns to its ferric state by two eelectron reduction steps, first forming
compound I, a ferrybxo (F&'=0) complex where the porphyrin cation radical has been
reduced. Subsequent reductioncompound Il returns the enzyme to its ferric form. In both
steps, one equivalent of an exogenous electron donor is oxidized to its corresponding free
radical state (Fige 1.9).The peroxidase activityof bifunctional KatG is not as robust as
observed for some representatives of its superfamity, HRP). Nevertheless, it corresponds

to what is observed for other superfamily memberg,(lignin peroxidase)interestingly, it
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has been shown that | ignin peroxidase al so
active site and a distant Trp residue for peroxidase activity. This may well account for slower

peroxidase reaction rates for these enzymes.

In physiological conditions it is weknown that KatG fromMycobacterium
tuberculosican activate the antilberculosis drug isoniaZit? but otherwise, the physiological
function of these enzymes remain unknown. Due to the restricted access, only small peroxidase
substrates can enter the main entrance channel. A second acaegsuodtin monofunctional
peroxidases, approximately in the plane of the heme, is blocked by theyat& large loop

structural features.
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Figure 1.9.Peroxidase mechanism of Katthe superscripteBx designates residues that are
on t h e prdximahsidé. 8y convention, the proximal side of the heme is the same as that
occupied by a proteisupplied fifth ligand to the heme, a histidifn&) in the case of KatG.

A generic exogenous peroxidatic dken donor (RH) is oxidized to its corresponding free

radical product (B
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1.10. Overview of Spectroscopic Techniques

Spectroscopy is the study of the interaction between light and matter. These techniques
may be classified by the wavelengthrafliation applied in the experiment and produce a
spectrum consisting of a plot of light intensity as a function of frequency or wavelength. The
absorption or emission spectrum is associated with a transition between two allowed discrete
energy levels ofraatom or molecule. The frequency at which energy is absorbed or emitted is

related to the energy levels involved in the transitions by
3 2=E1| | E

The fact that atoms and molecules possess a set of disci@tgy levels is an essential
component of spectroscopy. The energy levels are characteristic and structurally unique to a
particular atom or molecule, and the spectra provides important structural and electronic

information about the system.
1.10.1.UV-vis Absorpion Spectroscopy

UV-vis spectroscopy is used to determine the absorption of the samples at different
wavelengths. The absorbance, A, of the sample is a factor of the extinction coeffjceat
specific wavelengththe concentration of the speciestlre sample, ¢, and the path length of
the light, b. Absorbance is a measure of the light that does not pass through the sample and
corresponds to the base ten logarithm of incident lightdivided by light registered by the

detector, I. This is known a8eerLambert law which is written as:
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Thepeptide groups of the protein main chain have a characteristic electronic absorption
profile that give riseUVY® raa nsgee ). fTBeGmost eat ur
di stinctive absorption fealVWd ear oorhdtei haed rsrpeegcit
(240 300nm) are the hallmarks of the chromophores present in the side chain of aromatic
amino acids (Figure 1.10). From the absorbance properties of the aromatic amino acids (Table
1.2.), itis clear that Tyr and Tr@ate muchhigher molambsoptivity than PheTherefore the
typical protein absorption spectrum the 240-300 nmrange, will be dominated by the
contributions from Tyr and Trp. The fluorescence capacity of Phe is relatively weak, and its
absorption features are only visible2&0-260 nm in the absence of both Tyr and Trp. In this
study, we observed a very specific absorption at 280 nm for our protein KatG because of the
abundances of Tyr and Trp content in the overall protein matrix. This specific absorption peak
at 280 nm allwed us to measure the protein concentration directly using the

spectrophotometer.
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Figure 1.10.Chemical structure of the aromatic amino acids.

Table 1.2.Absorbancecharacteristics of tharomaticamino acids.

Amino

Acid | (nm) U M¢cm?)
Trp 280 5600
Tyr 274 1400
Phe 257 200
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1.10.1.1. Evaluation of Heme Structure by UWis Absorption Spectroscopy

Strictly speaking, éme is a porphyrin ringcomplexed with ferrous iron and
protoporphyrin IX.Of course, iron protoporphyin 1X complexes also accommodate the ferric
and other iron oxidation states. Ferric protophorpyrin IX is formally referred to as hemin, and
when in complex with Clas a ligandhemi n chl oride. The ferm fnh
protophorphyrin IX in complex with a hydroxide ligand. Nevertheless, in the vernacular of
most research fields, Afhemeo is a term that
oxidation state is typally explicitly included in the descriptione.qg, ferric heme).
Hemoproteins such as catalase, peroxidaseoglobin, myoglobincytochromec oxidase,
cytochrome P450 alfontainsheme, which is a complex form of porphyrin ring bound with
ferrous iron ad protoporphyrin IX. This porphyrin is a strong chromophore that typically
shows strong absorption features in the visible region of the electromagnetic spectrum. The
porphyrin ligand can undergo several transitions due to thairacteristic ring strugte of
conjugated double bond¥he electronic absorption spectrum of a typical porphyrin ring is
characterized by an intense band due to a strangitionfrom ground state @ptothe second
excited state (§. This usually occurs within 48836 nm andjiven the name Soret or B band
region. The transition from ground state)(f® the first excited state is relatively weaker but
still displayed withconsideral®@ intensty. This occurs within 4950 nm and generallgtmed
as Qband Both of this B and Q band transition are the outcomé of* t r aaméknawn o n s
for years fronthe Gouterman four orbital modglOMO and LUMO orbitals)The Qband is
further classified inb andU b and dheir relative intensity is a criterion tesgribe the
proximity of the orbitals &u and ay) for energy transfer. The transition of electrons from
ground state to thieigher vibrational levels in the S1 stagecharacterized & b ahemtas

transitontoas i br ati onl ess S1 state is the U band.
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In this study, we have used WXSsible spectroscopy to determine oxidation state and
coordination informatiorior the heme in th&atG active site.The detai of this in terms of
experimental results comparing various enzyme preparation methodolodibe aildressed
in Chapter Two. According to our observatios) the absorption speetrfrom our KatG
preparationss characterized by a Sotendat 406.5 nnand additional lowemtensitybands
at 505 nm, 545 nm and 633 nm (Figure 11T he band at 633 nm is a ligand to metal charge
transfer band which is typical of higdpin F&' hemes. Its position can provide information
regarding the presence or absence of a sixth axial ligand. The bands near 505 and 545 nm
represent a mixture of Qands and another chartyansfer band. In ferric hemes, these are
difficult to differentiate and interpret. KatG is somewhat unusual in the near universal
observation of a mixture of coordination states, with substantial contributions frand %

coordnate highspin Fé' heme.
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Figure 1.11.Electronic absorption spectra of freshly purified reconstituted KatG. Position of
the Soret band (406.5) and thew-intensity Q andthargetransfer bands (502, 54&nd 633)
provides information about heme coordinatiguin statesand the nature aéxogenous sixth
ligands
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The optical purity ratio (Reinheitzahl &2 is another parameter determined by-UV
vis spectroscopy byomparing the Asora/Azso ratio. This ratio provide insight into the
occupancy of a target heme protein with its heme cofatt@he value oRzdepends heavily
on the heme proteimiquestion. For HRP, this value is >3.0 for pure HRP with a 1:1 occupancy
of heme in the active siti this study, we have observBdvalue ranging from 83-0.65for
holo proteins (reconstituted and maturajicating that the protein being fully loatievith
heme. Importantly, the low value compared to HRP is not an indication of a poor heme
occupancy or impure enzyme. Rather, KatG is extraordinarily rich an Trp and Tyr residues.

Thus,Rzvalues are low because of the outsized contribution of the deatomi

In addition toevaluatingthe ferric state opurified KatG and its variantsUV-vis
absorption can also be useddeterminesteadystatekinetic parameters by monitoring the
change in absorbance at a specific wavelength over time. In this case, the molar extinction
coefficient of enzymes, different substrates, and oxidized PXEDs are also determined by
monitoring their unique absorption faats. For example, @, degradation can be monitored
at 240 nm Mcrih), awidelp aceepted technique for determining catalase activity

of enzymes, including KatG

1.10.2.Monitoring Transient Intermediates by OpticalStoppedfiow Spectroscopy
Stoppedflow is a technique which has been used widely for monitoring the kinetics of

very rapid chemical and biochemical reactié#s® Many traditional kinetic method# falll

short of detecting the change in concentratiba eactants, intermediate and products due to

the limitation of time that is required for reagent mixing and instrument activdfiomthis

context, stoppeflow provides a beneficial approach where time requirement for the process

of interesthas been minimized to seconds (s) or milliseconds (ms) range. This technique has a
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diverse rangef application that involves biological interactiossich as protein foldingf®18?

inhibition mechanism®?binding kinetics of drugs, or small molecuf&s®etc.

Standard ®ppedflow instrumens areequipped with two syringes for single mixing of
enzyme and substratéigure 1.12) The reactiors initiated bydepressing the reactant syringes
and delivering the reactants into the conne
limited by the actionof step yr i nge whi ch p-fboiwdeastBBeonstasp
state flow is achievedAs the solution ifls the stopping syringe, the plunger hits a block,
causing the flow to be stopped instantaneouslyhe optical cell, the kinetics of the reaction
is measured as a function of time. There is a very short delay time in the stioppegstem
that is umvoidable during thenixing of the reagents and the beginning of signal observation
whi ch i s knowH®Dead time is alsb artirdication of the age of the reaction
at the time when data collection becomes possilge When the solution comes to rest). For
most presentlay instumentation, the dead time is between 1 and 2 ms. For the Applied

Photophysicénstrument applied in these studies, the dead time is 1.2 ms.
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Figure 1.12.A schematic representation of stopgkxv spectrophotometer. The instrument
is equipped with photodiode array for absorbance detection.
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1.10.2.1. Evaluation of Hemebased Intermediates of KatG

In this study, optical stoppetbw experiments have been employed to detect the high
valent iron intermediates formed during the reaction of KatG with peroxides (Figure 1.13).
Hemedependent catalases, peroxidases and KatG all utilize thasveofactgrandcompound
| is a common occurrence across this boaodmally, compound | is oxidized by two electrons
above the P& oxidation state. Conventionally, this is accounted for by the oxidation of the
heme iron (Figure 1.13 A) to a ferrgko statgFigure 1.13 B)along with the oxidation of the
porphyrin macrocycle to yield @ cation radical i(e., FéV=O[porphyrinf*). As more heme
dependent enzymes have been investigated,
convoluted. Strictly speaking, compnd | refers to the oxidation level relative to the resting
(i.e., Fd" state). That s, it is always oxidized by two electrons above resting. This then includes
states where the porphyrin radical has been reduced at the expense of ebpss@imoiety
(e.g, the proximal Trp or the MYW adduct). Thus, investigators have taken to calling a

FéY=O[MYW]¥*st at e of Kat G, fAcompound | *. 0

The quintessential peroxidase, HRP, upon reaction with a single equivales®of H
forms an intermediate designated by Britton
demonstrated that this is the classical compouné.) E€¥=0[porphyrinf¥) (Figure 1.13B).

This species is characterized by a Soret band whas&oes not apreciably shift but whose
intensity diminishes by about a factor of tffdgure 1.14)However, inMtb KatG, compound

| is significantly less stable than that formed4RP.1%¢ A canonical compound | state can be
observed in many catalasegdive KatG variants, and strikingly, in the W321F KatG variant.
However, with the WT enzyme it appears that any porpﬁyﬁimnly transiently formed and

is rapidly reduced by adjacemidizable protein components.
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Figure 1.13.Heme intermediates pertinent to KatG.
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Thus, in KatG transierdtate kinetic studiespmpound lis much more typically observed as
some F& :O[protein]& state. Importantly, because protdiasedradical contributions to
visible absorption spectra cannot be easily accounted for, compounds | of the formulation
Fe'V:O[protein]&often have features in optical stopgiemlv experiments that are reminiscent

of compound Il (see below).

Compound I (in its many possible forms) carnrééuced by a single electron to yiald
second intermediateeferred to asampound Il Formally, compound Il is oxidized by one
electron over the resting state and is designated d$=CFerferryl-oxointermediatgFigure
1.13 C) It is characterized by Soret banded-shiftedrelative to the P& stateto ~ 416 nmas

wellasbyp and U transiti o,mespecivey*?8 30 and ~ 560

The heme state known asnspound lIllis complex and has been a subject of
controversy in various corners of the field of hedgpendent enzymes. Indeed, compound Il
has raised its own controversies among KatG investigators. Formally, compound Il is
designated as a €, complex or its isoelectronic equivalent,"=," (i.e., ferri-superoxo)

The former is how the Ocomplexes of the £ransport/storage proteins hemoglobin and
myoglobin (.e., oxyhemoglobin and oxymyoglobin, respectively) are often presented. Thus,

in the KatG and peroxidase literature, compound Il is sometimes referred to as
Aoxyper oxi dcase,econmpounds Il acroys all heme proteins are probably most
accurately represented by some resonance mixture of these isoelectronic states, with-the active
site environment around the heme exerting a substantial influence on the form which
dominates. Br example, the presence of an appropriately placéodrd donor in the active

site adjacent to the boung @ould serve to stabilize the 'teD,* form relative to F&O,.

The formulations of compound Il give an indication as to different routes bghwithi

can be generated: 1) reaction of thd Emte with G, 2) reaction of the Bestate with G,
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and not as obviously, 3) reaction of thé'Fsate with excess peroxide. The latter is the most
explored in peroxidase mechanistic investigations. Among typical peroxidases like HRP, the
actual step to generate compound lll is the reactionn©f With compound Il i(e., the F&=0

state). Spectrosopic feature®f compound Il wereharacterized by aery slight (if any)ed

shift in the Soret band (~ 418 nm) and thech more obvious shiftin - and U ftomansi t i

~530 and ~560 nito ~540 and ~80 nm, respectivelyFigure 1.13 Df187

Within peroxidase and KatG studies, thensition from compound Il to compound 11l
is very important but for completely different (almost opposite) reasons. For typical
peroxidases like HRP, compound Il represents an inactive form of the enzyme. The enzyme,
in the absence of an adequate et@ettonor substrate, reacts with excess peroxide to form
inactive compound Ill. This has been posited as a mechanism to protect the enzyme from
peroxidedependent irreversible inactivation. Notably, catalasgative variants of KatG
appear to follow theane profile as their peroxidase relatives, forming compound IIl as a

response to excess®b in the absence of an adequate PxED.

In stark contrast to this, the compoundlikie state of WT KatG isnly observed when
the enzyme is actively degrading®: through its catalase activity. Consequently, the return
of the Féd' state after accumulation of compoulidis fully expected. This is easily observed
by thereturn ofSoret absorbance at 406 afong with the reemergence of the signature charge
transferband at ~640 nmFor typical peroxidases, the return of thé' Ferm from compound
[l is not typically observed or expected. Rather, if anything, evidence of the irreversible
inactivation of the enzyme is observed, including heme bleaching and @gtgegation. As
illustrated below (Figure 15), we are easily able to form and distinguish betweam@ound
Il and compound Il intermediates for witype KatG Consistent with the experience of our

colleagues, we do not detect the canonioatound Istatewith the wild-type enzyme
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Figure 1.14.Visible absorption spectra obtained for horseradish peroxidase (HRP) by optical
stoppedflow methods. The spectrum for compound | (FeO[por}*) (orange line) was
obtained 100 ms after mixing resting HR#h 0.9 molar equivalents 3@.. Compound |
generated as above was also reacted with 10 uM capsaicin/50 uM ascorbate for 9.6 s to produce
Fé HRP (blue line). All reactions were carried out at 25 °C in 50 mM phosphate, pH 7.0.
Additional experimental details on the reactions of HRP with capsaicinoid compounds can be
found in Goodwin and Hertwi@®003188
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Figure 1.15. Typical absorption spectra of Katt®®mpound Il (A, blue) andompound 11l (B,
red) in the Soret and chargansferQ-bandregions.
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1.10.3.Electron Paramagnetic Resonance (EPBpectroscopy

EPR is a spectroscopic technique in which an oscillating magnetic field induces
magnetic dipole transitions between the energy levels of a system of paramagnetic species.
This technique is very sensitive to the electronic environment pithenagnetic systene(qg,
transition metal center or free radical). The techniquetisatile enabling the investigator to
evaluatgparamagnetic species in safick., frozen)or liquid states. In this study, EPR has been
extensivelyusedto evaluate aspects ¢fatG structure and catalysis which are difficult or
impossible to access by Wisible absorption (steaestate or transiergtate). These include
clear distinctions of€" coordination and spin states for KatG at rest, as well as transient,

proteinbased radicals formed during its reaction wit®H

As an elementary particle, electrons possess intrinsic, quantized angular momentum
(i.e., spin) and behave like tiny benagnets, or magnetic dipole, with a magnetic morhent
However, the electron spin magnetism cancels if electrons are all paired. Therefore, EPR can
only be applied if unpaired electrons are present, and those atoms, ions, ma@ecduladicals
possesi ng at | east one unpaired electron are
The absorption of electromagnetic radiation varies within a molecule or atom, representing
discrete (or separate) states, each with a corresponding energy. The dfenayycds due to
the interaction of unpaired electrons with the external magnetic field is basically measured in

the EPR spectroscopy. This effect is calleddbeman Effect

In the presence of an external magnetic field B, the spin magnetic momesingfea
free electron (spin quantum number S = 1/2) can orient one of the two positions depending on
the direction of the magnetic field. The state of lowest energy is represented by the parallel
placement of the electron magnetic moment along the madiedtiovhereas, placement of

electron moment against the magnetic field represents the state of highest energy. The two
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states are labeled by the projection of the electron spirBecause the electron is a spin ¥2
particle, the parallel state is desigrmhtes g = -%2 and the antiparallel state is m+Y%. The
energies of these two directions are proportional to the strength of the external magnetic field

B and represented by the equation,
E=gdn8

Whereg (= 2.0023193) is thg factor of a freeslectron andbis the electronic Bohr magneton
(9.274 x 16* J1). Therefore, electrons in the lower energy statssmi 1/ 2, can be e
the upper level (s +1/2), by electromagnetic radiation of appropriate frequency to satisfy

the resonance cdition and is represented as following
YO -gbBsi(i-gbB) ¢ns=g b B

Wheries Pl anckos Jst)stamd 3 6i.6 2t lke 1fOr equency
Since and b-faator éepends predonainaritly on thiseation gf the molecule

in the external magnetic field, hence calletegsor. When this condition of resonance is
satisfied, absorption occurs in the form of electromagnetic radiation and is detected by EPR
experiments. The EPR spectrum of a free etectonsists of a single absorption line, which is

usually shown in the firsdlerivative due to the very broad absorption spectrum (Figué. 1.1

EPR spectrometers usually run at constant frequengy X-band ~ 9.5 GHz), and a sweep of

the applied magnie field is applied.
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Figure 1.16. The splitting of energy levels of free electron S = 1/2 in a magnetic figl@irg
resulting EPR spectrum is shown in both the absorption (dashed line) atwlefivsitive (solid
line) form.
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The gfactor is anisotropic, meaning thaat unpaired electron, in a molecule or radical,
has its spin oriented by timeagnetic field which it experience®epending on the orientation
of the magnetic field along the y andz axes, they-factor for an anisotropic species breaks
down generally into three values following a Cartesian coordinate system which is symmetric
along the diagonalgx, gy, andg. (Isotropic, rhombic, and axialjFigure 1.17) Isotropic
spectrum is observed whepggy = ¢ and is independent of orientation in the magnetic field.
The spectrum is said to be axial, when two of the g values arelaguate singular value is
different than other two. The two equaklglues are perpendicular to the x and y directions
(gu) while the unique g¢alue is elongated along theaxis (g). Axial signal can also be
obtained when the spectrum appearscat@y< g. and is shortened in the XY plane. Finally,

the rhombic signal appears when none of tfi@ogors are equal, suchgsl gy i g-.
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Figure 1.17.Threedifferent classes of anisotropgpresenting isotropic, axial and rhombic
symmetry:8°
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1.10.3.1 Evaluation of heme states by EPR

While The metal center of the heme proteins usually exists in an octahedral coordination
mode where the fifth position is occupied by a protein residue as proximal axial ligand,
typically a histidine, cysteine or tyrosine. The sixth axial position can eithecdied by
another endogenous ligand, an external molecule (such as water), or even left free
(uncoordinated) to promote substrate binding. Depending on the axial ligand of the porphyrin
complex, as well as their orientation, iroioibitals are placed ian intermediate ligand field,

af f or di nspintohighs pil méw t1% ansi ti on.

Due to the paramagnetic nature of elemental iron and iron (lll), EPR spectroscopy is
one of the most suitable techniques for the investigation of thase systems. This technique
is still beneficial, even if protein is large (i.e., KatG), because it can focus specifically on the
paramagnetic active site, where the unpaired electrons reside. In metalloproteins, iron centers
can possess multiple unpairedattens (S>1/2), defined primarily as lespin state (S=1/2)
and highspin state (S=5/2). Heterogeneity is frequently observed in many heme enzymes
distinguished by the-tensor anisotropy. Previous studies identified the contribution of a broad
rhombic (g ~ 6.6 and g~ 5.1, g ~ 1.95) and a narrow rhombicx(g 6.0, g ~ 5.6 and g~
1.99) and an intermediate specigs+ 6.3,gy ~ 5.3 andyz~ 1.97)1°0161.17The specific line
shape of the high spin ¥dor a hemebased system is illustrated in Figure 1.18 depicting both
the axial and rhombic cases. Lewin F€*(S=1/2) is als@ccur in heme structures possessing

strong axial ligands and can be easily interpreted EPR spectrum (Figure 1.19).

In this study, we also used EPR spectroscopy for investigating the resting state of ferric
KatG (Figure 1.20) which depicts a very typieaample of hemstructure heterogeneity and

g-tensor anisotropy that goes with this enzyme. We have detected a greater contribution of the
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6-coordinate axial state relative to species with substantial rhombic distortion which is typical

of the 5coordinatestate.
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Figure 1.18.lllustration of EPR spectra representing hgpin Fé* (S=5/2). The axial case is
shown in A and rhombic case is shown in B. Figuadiptedfrom Maruan Braccet al1®°
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Figure 1.19.lllustration of EPR spectra of a lespin Fé" (S=1/2). Figure is adopted from
Maruan Braccet al1®°
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Figure 1.20.Depiction of gfactor anisotropy in the EPR spectrum of reconstituted KEt@.
presence of multiple states is evident, but the spectrum is dominated by an axial species.
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1.10.3.2 Evaluation of protein-based radicaby EPR

Enzymaticallycatalyzedreactions involvingoneelectron oxidation or reaction steps
often produces a paramagnetic transient state, which can be detectable by EPR spectroscopy.
The unpaired electron, thus produced in this manner can be located in the center of a transition
metal specially in the metalloenzymes. However, for several casbsab derived from a
native or postranslationally modified amino acidor from a cofactor can serve as a
paramagnetic centeGeneration of tyrosyl or tryptophanyl radicals are the most commonly
occurring proteirbased radical®rmed in this mechamis. These types of radicals have been
assigned using a combination of mutagenesis, selective deuteration of Trp and/or Tyr residues,
rapid freeze quench EPR, and ENDOR spectroscdpiesexample, cytochroneperoxidase
contains onerganicradical which vok a long time to discover due to the ambiguity of the

broad EPR signaHowever, through mutagenesis it was discovered that

Trp191 is the site of radical formatihand that the shape of the signal was due to an
exchangenteraction between the unpaired electrons in the heme andSr Trgontrast to
this, other peroxidases, like HRP forms a stable porphyrin radical, wbethnot decay into
an amino acid radicaf? Previous study witiMitb KatG identifiedtwo Trp radicals as well as
a Tyrradical upon the reaction of KatG wigeroxyacetic acid (PAA)sing multifrequency
EPR spectroscopy, selective deuterium labeling, and mutagéfielise of the Trp radicals
was assigned to Trp321 and believed to be in an exchange interaction with the heme center.
Our group has also investigated the protesed radicalformed upon reaction dftb KatG
with H>O> to provide more insight to the appearance ofrtfehioninetyrosinetryptophan
(MYW) cofactor narrow doublet radical angroximal tryptophan (Trp321) signdl.
Appearance of MYW *narrow doublet radical was evident as earli@sns, and assigned as

Tyr229. However, at kD> depletion(6s), a broad singlet species consistent with a proximal
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tryptophanylradical (W322 % was observé A greater time resolveHPR spectra of freeze

guenched samples from reactionvtb KatG with H>O, were shown in figure 1.21.

ThemostcommonlyusedEPR frequency (i.e., 9 GHz) can be used to agpigaiues
However,resolving theg-tensor anisotropies for different protédased radicalare critical
because its sensitivity and hyperfine tensor depends on the polarity of the environment and the
neighboring hydrogen bonding netwdfX. Therefore, deuterium labeling is sometimes
necessary in combination withultifrequency EPR spectroscopy to unequivocally identify the
chemical nature of the ramil(s) formed® The key aspect is that t8eGHz EPR spectrum of
a proteirfbased radical I's dominated by the prot
interactions of the protons with the electron spin of the radiddl® nuclear hyperfine
interactioncauses aeasurable change in the 9 GERR spectrum of the Tfor Trp?) if the
enzymecontainsfully-deuterated Tyr (or Trp) residues instead of the normal (protonated)
amino acidsformed*®® The gvalues reported for tyrosyl radicalse moderately highdgx =
2.009,gy = 2.0034, andj, = 2.0018) than tryptophanyl radicatx € 2.0033,gy = 2.0024, and
gz = 2.0021)*** In contrast to that, isotopically substitutedetgctronically modified tyrosyl
radical has been noted to have a logigromponent of about 2.006° Precise measurements
of g-shifts using model systeff§or DFT calculationS’ can provide valuable insigtitat goes
beyond the fingerprint information of the g tengar unequivocal assignment of the radical
identification. In this study, we usedX-band and multfrequency EPR to identify and
distinguish between different KatG protédased radicals that were detected in freeze

guenched samples of KatG or its variants reacted wi@» bIr peracetic acid (PAA)
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Figure 1.21.High-spin ferric species typical of tiWT KatG restingstate (g-6) are shown in
A, andthe ¢ component of the resting state as well as prdiesed radicals (@) are shown
in B. Ferricenzyme (15QM after mixing) was reacted witH.O, (100mM after mixing) for
the time indicated prior to freezpienching. Reactions were carried out at 25n°CO0 mM
acetate, pH 5.0. All spectra were recorded at 4.Alkthe experimental details will be found
in Njumaet al 20174’
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2. CHAPTER TWO

A NOVEL, HIGH YIELD PROTOCOL FOR HEME INCORPORATION INTO K  atG:
AN ESSENTIAL TOOL FOR EVALUATING PROTEIN -BASED COFACTOR
FORMATION

2.1. Introduction

Cofactors are nonpeptidic molecular moieties that are required for the catalytic function
of a givenenzyme. Accordingly, cofactors are typically bound in the active sites of their
requisite proteins. If a cofactor is covalently associated with its enzyme or so noncovalently
bound so tightly that it can only be released upon enzyme denaturation, érieddab as a
prosthetic group. Cofactors can range from simple mononuclear metal ions to complex organic
or metalloorganic compound$.Covalently bound porphyrins or flavins are prominent
examples of nowliffusible cofactor; these are often involved in the eleeteord/or energy

transfer processég

One of the prominent class of enzymes that are involved in the electron transfer
reactions are oxidoreductases and metalloproteins and represents anoo@ehthird of all
known proteing?¥2%4 These enzymes intervene in a number of biological processes and nearly
every single one of the enzymwhich catalyze them requires one or more cofactors which
manage energy reorganization, directional specificity and electron transfers between donor
and acceptor substraté®. The unddying process that is essential for these reactions is
electron transfer in the form sfngleelectron, hydrogeatom, or tweelectron (.e., hydride)
reactions. These redox enzymes greatly rely on catalytic sites connected by redox chains.
Redoxactive anino acids such as tyrosine (Tyr) or tryptophan (Trp) can form chain elements,
but usually a chain contains ramino acid cofactors, such as a planar heme or a cubic iron

sulfur (FeS) center. Such transition metals, by their nature of achieving mukigekgion
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states can act as a source/ sink of electrons, and abundantly found in the active sites of a great

number of proteins and, thus, play essential roles in redox applications.

Hydroperoxidaseqcatalases and peroxidases), as well as KatGs are ubiquitous
Ahousekeepingo oxi dor ebdpomphyrn derigativey lad acphosthetici | i z €
group (Figure 2.1) for heterolytic cleavage of the peroxidic bond predominantly in hydrogen
peroxide (HO-O-H) but also in some small organic peroxides@fO-H. e.g, ethyl
hydroperoxide or acetyl hydroperoxid€§.2° The biochemical utility of FAD (flavinadenine
dinucleotide) and FMNHlavin mononucleotidé=MN) are widely distributed in flavoproteins
as cofactors (Figure 2.2), which catalyze astonishing diversity of biological reactions,
encompassing dehydrogeioaf®, oxidatiorf*®?t monooxygenatioit?, halogenatioft 2
and many more. In addition to these, there is a very limited number of flavoproteins which
contain bothflavin and heme as cofactors and, are generally ger@selavocytochromes®
For example, NADPHcytochrome P450 oxidoreductase is a membranmdb flavoprotein
containing FAD (flavin adenine dinucleotide) and FMN (flavin mononucleotidgyrosthetic
groups?’’ This endoplasmic reticulum bouitdl enzyme is responsible for transferring
NADPH-derived reducing equivalents to the heme center of cytochrome?B£48 he same
is observed with other microsomal enzyme systems including heme oxydéhaisé she fatty
acid desaturatioand elongation systemi% In addition b these, there is a special class of
cofactors termed as protederived cofactors, the emergence of which is asserted to circumvent
the need of an external cofactors. The construction site of these protein derived cofactors is
catalytic or redosactive Iacation modified by one or more amino acid residii@hese post
translational modifications are irreversible and endow the modified residues with new
functional properties. For example, Cigr and MetTyr-Trp crosslinked species are found in

galactose oxidage(Figure 2.3) and catalase peidasé®® (Figure 2.4) respectively. In both

CHAPTER TWO 71



cases, these covalent modifications are -pasislationally generated and influence the

reactivity of redox active metal centers of the protein.
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Figure 2.1.Structures of hemie. Common examples of herb®und proteins are hemoglobin,
myoglobin, KatG and cytochromes P450.
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Figure 2.2.(A) Structure of Isoalloxazine, common prosthetic group found in flavoproteins.
The Rgroup varies and differentiates various flavins. For example, (B) Flavin mononucleotide
(or FMN) is a phosphorylatddrm of riboflavin. It is in one or the other of the forms that
flavin is present as rosthetic groupn flavoproteins. (C) the flavin moiety, attached to
anadenosine diphosphateknown as flavin adenine dinucleotiféAD).
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Figure 2.3.Galactose oxidase contains a mononuclear copper ion (light green) coordinated to
a post translationally modified, crebsked cysteinetyrosine radical cofactor (orange). (PDB
ID 1GOG)
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Figure 2.4. X-ray crystal structure of KatG revealdte presence of three covalently cross
linked amino acid residues M&yr-Trp (orange), located on the distal side of the afite
heme (green). (PDB ID 2CCA).
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Although prosthetic groups are integral component of the enzymes, thesiecabe
removed from the enzyme by chemical methods or withheld from target enzymes through
biological manipulation. Cofactors can be reinserted (modified or otherwise) to obtain enzymes
with different or delayed catalytic properties. This process isegs enzyme reconstitution.
Reconstitution allows the reinsertion of naturally occurring or synthetic cofactors with the aim
of investigating the reaction mechanism or developing synthetic proteins with new catalytic

functions?23.224

One of the most common method of reconstitutions is the extraction of the tightly
bound cofactor from protein to yield the respective apoenzyme which can subsequently be
reconstituted with theatural or artificial analogue of the native cofactSForexample, heme
was first extracted from horse heart myoglobin using organic solvents such a2-buaand
acetone under acidic conditions (pH 2 4.0) to prepare apo forms of that protéffLater,
this method was applied for producingpaversions of other heme proteins such as horseradish
peroxidase (HRP) and some variants of cytochrdiffe$?® However, stability of the
apoprotein is a concern g the treatment of harsh organic chemicals and acidic conditions.
Moreover, this technique was further complicated by the unavailability of suitable metal
complexes possessing a protoporphyrin 1X framewtfkAnother widely used hemoprotein
expression method istlted di t i on of he mi famimlaevdiirecradidnto tiper e c u r
growth medium prior dimg expressio?>?%° This method has resulted in sufficient
production of the holoprotein in ascorbate peroxiddséut complicated by the fact of
incorporating heme into completely fi@ld protein, and thus, causing increased risk of
nonnative heme coordination and biological interferédt®? Another technique for
increasing heme incorporation into recombinant proteins involves sogphe bacteria with
hemin in the growth media. One downside of this method is the lack of an efficient heme

transport system in laboratoBscherichia colstrain, causing a reliance on diffusion through
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the cell membrane of the bacterial syst&on-transport systems are important because access
to this essential element is severely limited in the host. In addition to that, using a high
expression plasmid with a strong promoteg( T7) enhances the rate of protein synthesis but
not the rate oheme biosynthesf$3 As a result, a significant population of protein expresses
without the heme prosthetic groed.*® Therefore, efficiency of the method requires a co
expression of several heme transport proteins, which could limit yieldsy aeduire addition

of the heme cofactor.

To circumvent this problem, a heme protein expression system (HPEX) was developed,
which is particularly advantageous for pathogenic bacteria due to their ability to use heme and/
or hemoglobin. The system is leason a series of plasmids (pHPEX) that contain the gene
(chuA from E. coli 0157:H7. The genehuA encodes a 68Da outer membrane protein
responsible for heme uptak¥. These engineered plasmids are capatol yield target
hemoproteins without limiting the rate of protein expres$téMumerous techniques have
been developed over the years to circumvent the drawbacks of previously reported methods to
increase the efficiency of the reconstitution protpt®cause this is an excellent tool for
elucidating structuiieactivity relationships of enzymes and also to analyze new functionality

in the protein.

In this study, we report a simple and effective protocol for reconstitution in our
recombinanMycobacteium tuberculosiKatG with its hemd cofactor. KatG is novel among
H>O>-degrading enzymes in that it can utilize a single asditeeto perform both catalased
peroxidase activity for the degradation of0d. Despite the active center similarities between
KatG and typical peroxidases, there are a few features that are specific to KatG. The most

conspicuous among these is an adduct formed by the covalent linkage of methionine, tyrosine,
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and tryptophan (MYW) ide chains. Every structure that has been solved for KatG from
different organism'§®162.238241ghgws the presence of this covalent addudbsStution of any

of the residues of thB1YW adduct by sitedirected mutagenesis consistently produce KatG
variants that have negligible catalase act®it§'°>"2422“9ut uncompromised peroxidase
activity. Our work and that of others has established that MYW adduct formation is a heme
dependent, autocatalytic process that occurs upon reaction with the first few equivalents of
peroxide?** KatG, despite beingouilt using a peroxidase scaffold as its core, utilizes this
unique adduct to perform remarkable catalase activity which is at least three magnitude higher
than any other member of its entire superfamily. Elucidation of the biosynthetic mechanism of
this unprecedented MYW adduct and how it is utilized within the active site to impact the
overall proteinbs function are the funrdament
standing obstacle to investigate the mechanism of formation of the MYW addubeln an
inability to consistently produce sufficient quantities of KatG where thesetpansiational

steps have not yet occurred. An effective protocol was due from all previous studies which can
unambiguously be applied to yield a high amount ofginovith consistent activity. Here, we
report a reconstitution protocol, which consistently yields catalytically active protein
commensurate with the mature protainkatG). Typically,mKatG is produced either by the
addition of exogenous heme to expresstmlture media or from sufficierde novoheme
biosynthesis by cells during expression. The presence of heme in the KatG active site along
with endogenously generated peroxides enables the autocatalytic formation of the MYW
adduct during expression, arslation of thenKatG during purificatiorf”?4> Such protocols

are well established and have been used for many years to yield highly active protein for a
broad range of investigations of KatG structure and mechanism. HowaKat(>G cannot

support studies evaluating the biosyntbedithe MYW cofactor because it is already
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established before KatG can be purified for further study. Our protocol for producing
reconstituted KatGrKatG) begins with the expression and partial purification of apo KatG
(aKatG). ThisaKatG is incubated with hemin followed by completion of the purification
procedure, andKatG is the result. Our data show th&@atG lacks heme, the MYW adduct,

as well as catalytic activity. Upon reconstitutiokatG contains the full complement of the
heme cofactor and shows catalytic activity in stealdgte kinetic assays. Nevertheless,
evaluation ofrKatG by LGMS shows that the MYW cofactor has yet to be established.
Importantly, treatment afKatG with peroxide results in the establishment of the M\adet

(i.e., mKatG).
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2.2. Materials and Methods

2.2.1. Expression of &atG

Expression obKatG was carried out i&. coli (BL21 [DE3] pLysS transformed with
the pMRLB11 plasmid, a pET23based construct containild. tuberculosikatG such that
the expressed KatG protein would contain-gefininal 6 His-tag. The pMRLB11 plasmid
was originally obtained from the TB Vaccine Testing and Rebkelfaterials Contract at
Colorado State University. Miller LB broth cultures supplemented with ampicillin (100 mg/L)
and chloramphenicol (100 mg/L) were inoculated pMRLB11 transformants identified above
and incubated at 37 °C until an @bof 0.480.68 cold be obtained at which time expression
was induced by inclusion of 1 mM isoprogyD-1-thiogalactopyranoside (IPTG). Following
induction, culture temperatures were reduced and maintained at 20 °C for 12 hours. Samples
were periodically withdrawn from thgrowing culture for analysis of protein expression levels.
At 12 hours posinduction, cells were harvested bgntrifugation at 5000 rpm. The resulting
pellet was stored aBO °C until purification. Successful expression of KatG was verified by

trichloroacetic acid (TCA) precipitatioand SDSPAGE gel analysis.

2.2.2. Purification of aKatG

For purification cell pellets were resuspended in 50 mM potassium phosphate, 200 mM
NaCl, pH 7, supplemented with the serine protease inhibitor phenylmethylsulfonyl fluoride
(PMSF) (50 mM PMSF, 200 eL/ expressiontoL). ReEe
a smooth slurry using a Dounce glass tissue grinder. Cell lysis was performed by @onicati
(Branson 250 sonifier, Danbury, Clising 8 cycles (42 seconds on/42 seconds off) at 30%
duty. Tothecelllysatb enzonase nucl ease (& tohydblgzeapr es si
types ofnucleic acid contaminants individual or oligonucleotidesThe solution was then
incubatedat 4 °Cwith gentle agitation for 4 to 6 hours. The lysate was then centrifaged
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10,000x g for 30 minutes at 4 °C tprecipitate cellular debris. The supernatant was retained
and mixed with NWNTA resin (5 mL/ liter of expression culture) previously equilibrated with

50 mM Tris, pH 8. The supernatamsin mixture was incubated at 4 °C witbnstantgentle
agitation forl2 hours. The supernatamsin slurry was then poured into a glass column for
target protein elution through competitive interaction of imidazoletaining elution buffers.

To achieve a higher protein concentration, the protein was eluted in a stepigpfichidazole

wash solutions (20, 40, 60, 75, 100, 200, and 500 mM imidazole in 50 mM phosphate, 200 mM
NaCl, pH 70). Subsequent washes were carried out using 50 Tnbs} pH 80; 50 mM
phosphate200 mM NaCJ pH 7.Q and imidazole wash solutions afterwards. The bulk of the
target KatG protein was observed to elute with the 40, 60, and 75 mM imidazole wash fractions.
SDSPAGE gel analysis was performed to evaluate the purification. Fractions containing KatG
were comhmned and concentrated using centrifugal filtétal( Laboratory Port Washington,

NY) with 30 kDa molecular weight cutoff. Centrifugation was caraetlat 3800x g to reach

a final retainedvolume of ~3 mL. The retentate was then introduced antéconePac 10G
desalting column (BioRadjlercules, CA equilibrated with 5 mM phosphate, pHO7The

resulting purified protein was kegt-8 0 for at | east 12 hours

2.2.3. Reconstitution of &atG to Produce KatG

A frozen aliquot of purifiecdaKatG was diluted troduce a workingtock solution of
100eM enzymein 5 mM phosphate, pH 7. A hemin (M.W. 651.94 g/mol) stock solution of
175eM wasprepared in 10 mM NaOH solutiammediately prior to useA buffer solutio of
0.1 mMpotassium phosphateH 6.2 was also prepared according to Trable2.1. The KatG
to heme molar ratio desired in this mixture was 1:0.875. To prepauie of reconstitution
solution x/4 mL of 175uM hemin stock solution was addedslowly to x/2 mL of 100puM

aKatG stocksolution. After al0-min. incubation on icex/4 mL of potassium phosphate, pH
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6.2,was added to the protelreme mixture. The mixture was then incubated férhburs at

4 °C with occasional gentle agitation. Centrifugal filters (30 kDa MW cutoff) were used to
concentrate the protein befdi@ading ontoan EconePac 10G desalting columithis size
exclusion column efficiently retainsibound anadventitiously bound hemin while the protein
with active sitebound hemeemerges in at volume close to the column void volufitee
enzyme was further purified through anion exchange chromatognaplth achieves efficient
separation of any remaining hemeficientaKatG from hemecontainingrKatG. Purity of the
protein was confirmed by SBBAGE gel analysis, in combination with spectrally observed
optical purity (or Reinheitzahl) ratidRg= Asod/Azs1). Fractions withthe higherRzvalues (>
0.45) were combined and concentratecb mM phosphate, pH.@. Reconstituted enzyme
concentration was evaluated using the pyridilemochromagen assay as previously
described®® Activity of rKatG preparations were checked prior to storing8a0 . The

schematic representation efconstitution method was illustratedrigure 2.5.
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Table 2.1.Preparation of 0.1 M potassium phosphate buffer at 25 °C.

pH Volume of 1M KzHPOq4 Volume of 1M KH2POx4
5.8 8.5 91.5
6.0 13.2 86.8
6.2 19.2 80.8
6.4 27.8 72.2
6.6 38.1 61.9
6.8 49.7 50.3
7.0 61.5 38.5
7.2 71.7 28.3
7.4 80.2 19.8
7.6 86.6 134
7.8 90.8 9.2
8.0 94.0 6.0

0.5L of 1 M KkHPQs at 174.18 g mot = 87.09 ¢
0.5L of 1 M KHbPQy at 136.09 g mot = 68.045 ¢
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Figure 2.5.Schematic representation of the reconstitution method. Major steps involved here
are dilution ofaKatG, quantitative mixing of hemin angbtassium phosphateuffer, ice
incubation, centrifugation, size exclusion chromatography, amchange chromatograyp,
centrifugation for desalting/ buffer exchange and finally storag® it freezer.
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2.2.4. Expression and Purification of r{atG

Chemically competeri. coliC41(DE3) cells were transformed using tieeneprotein
expression plasmid pHPEX3 to express thikatG and varians? and transformants were
selected on the basis of tetracycline/ampicillin resistance. Expression and purification of

mKatG and all variants was carried out accordimgreviously published procedures.

2.2.5. UV-vis Spectroscopy

Following purification, the heme content€atG andmKatG was estimated by UV
visible absorption spectra usinghimadzuJV 1601 PC spectrophotomet&dlumbia, MD.
Spectra (250 800 nm) weregecorded using x KatG concentration in 100 mM phosphate, pH
7.0. All spectra were recorded at room temperature (23S)@ctra were adjusted based on
equivalent absorption at 280 nm to normalize for protein concentration. The optical Purity ratio
(Reinhetzahl orRz defined af\sore{Acgo) Was calculated for all three forms of proteaétG,

rkatG, andmKatG).

2.2.6. Electron Paramagnetic Resonance Measurements

Electron paramagnetic resonance (EPR) spectroscopy was utilized to evaluate the
resting (.e., ferric) states ofKatG andmKatG. Each protein was concentrated to 300 pud in
mM phosphate, pH 7.0, using centrifugal filters with 30 kDa MW cutoff. Each sample was then
loaded into precision bore EPR tube and immediately immersed in liquid nitrotijespaatral
data could be recorded. Low temperature EPR spectra were collected augirtgkBruker
EMX X-bandEPR spectrometelUnless otherwise indicated, instrument parameters were as
follows: microwave frequency, 9.393 GHz; modulation amplitude, 21,0 n@dulation

frequency, 100 kHz; microwave power, 1 mW; time constant 163.84 ms; sweep time 167.772
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s; number of scans, 1; conversion, 163.84 ms; resolution, 1024 point; receiver gain,“.0 x 10

and phase, 0 degrees.
2.2.7. Enzyme Assays

Following purification, mKatG andrKatG were evaluated for their catalase and
peroxidase activitie€atalase activity was evaluated spectrophotometrically by monitoring the
decrease in D, concentration over time at 240 nm (e = 39.4du!).24” Assays contained
20 nM KatG and KO- concentrations rangingom 0.05- 50 mM. All assays were conducted
over a 60 s time window, and initial rates were calculated by lineardgaates analyses of
the early reaction times. Catalase activity was also evaluated by monitepngdQction over
time using Clarkype O-sensitive electrode (Hansatech, Pentney, Norfolk, UK) as described
previously?*® These assaysmployed 5 nM KatG and wemarried out at room temperature
(23 C) in either 50 mMacetate and/or 100 mM phosphate buffer attireesponding pH of
the reactionPeroxidase activity was determined by monitoring the formation of ABER17
nm upon reacting the 20 nM enzyme with 0.1 mM ABTS, and a rangefddéncentration
(0.01- 5 mM) in 50 mM acetate, pH Kinetic parametersk{a;, kon) were obtained from
nonlinear regression (nonlinear leaguares fitting) of KatG activity dependence osOH
concentrationln order toensure that the two desired parameters were the result of direct fitting
rather than the result of an operation that depended on two parameters whose accuracy requires
saturation, we used rearranged Michaeliglenten model to fit the data (Equatidh ard
kineticconstants e port ed here for cat alHeeE]riathdtotal i t y a

concentration of enzyme present in the asgagtions (see abovégatis the asymptotico/[E]+

— [1]
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approached as p@.] approaches saturation and is the maximum catalytic output of the
enzyme. The parametds, is the catalytic efficiency of the enzyme and is observed at
concentrations of [kD2] well below that which yields half the enzyme's maxm rate (i.e.,

well below theKm for H202). Thekonis also given by thi.a/Ku with respect to [H02]. Under
some conditions, KatG displays a multicomponent responsglsg) Where the first component

is a highsensitivity MichaelisMenten rectangular hyperbola governed by a relativelykdow

The second is a lowensitivity component whod€y is too large to be observed within the
H20- concentration range that can be utifiz&ccordingly, only an apparent seceartler rate

constant Kapp for this component is estimated in data fitting (equa®joit®

— —— @ 00 2]

2.2.8. Tryptic digests and LEMS detection

Formation of MYW adduct inrKatG was initiated by reacting the protein with
peroxides (5 equivalents of peracetic acid) and compared ag#iags andmKatG and

untreated KatG. 250 pL of 50 uM solution of KatG (~ 1 mg of KatG) was diluted in 50 mM

NH4HCOs. Reaction mixture was incubatdor 3 h at 37 °C for proteolytic digestion in

presence of Promega Sequenegngde modified trypsin (200:1 protein to protease ratio) at

pH 8.0. 20 pL of glacial acetic acid has been added at the end of 3 hours to quench the reaction.
Molecular masses we determined oan ultraperformance LC system (ACQUITY with TUV

Detector, Waters Corp., USA) coupled with a quadrupole-tfifeght mass spectrometer {Q

Tof Premier, Waters) with electrospray ionization (ESI) in positive mode using Masslynx
software (M.1). LC was performed by injecting 10 uL of the sample onto a C18 column
(Waters UPLC BEH C18 2. 1x50 mm, 1.7 Om) witl

solution A (water with 0.1% formic acid) and solution B (95% acetonitrile:5% water and 0.1%
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formic acid). The UV absorbance at 330 nm was collected at 40 points/second. The capillary
voltage was set at 3.1 kV, the sample cone voltage was 30 V, and the extraction cone was 4.3

V. The MS scan was 1 mQwist H oan gOsdaf @aysusihiptidd & ro 4 (
centroid data format. MS/MS scans were 0.5 to 1.0 s long with a 0.02-s¢atedelay with a

collision energy ramp from 20 V to 40 V.

2.3. Results and Discussion

2.3.1. Expression of &atG in the BL21(DES3) pLysS System

To verify theexpression of KatG bi. coli BL21(DE3) pLysS ce#i and compare it
with to enzyme expressed by our strain for productiomOatG, we withdrew aliquots from
active expression cultures of pMRLBY¥hnsformedE. coli C41 (DE3) pHPEX3 and
pMRLB11-transformecE. coliBL21(DE3) pLysScells prior to and following induction with
IPTG. Aliquots were sybcted to trichoroacetiacid precipitation, pellets were suspended in
SDSPAGE loading buffer, and separated by SBSGE.Postinduction expression @KatG
inhemedef i ci ent media cont i nue dinduatian expr@ssidnofur s a i
mKatG in hemin supplementedthe a cont i nued fWithaliquotshobhoths a't
types of cells, wobservedn intense protein band which migrated with an apparent molecular
weight of80 kDa(Figure 2.6 A and B)This correspond® the monomer molecular weight of
KatG.A graduaincrease in the intensity of this bawdsobserved for at least 10 houmsBL -
21 (DE3) pLysS cell culturewhereas expressiooy C41 pHPEX3 celldended to remain
constant or even decreaaiter the third hour of incubatiorafter IPTG inductionOur results
indicated thatE. coliBL21 (DE3)pLysSsupports the substantial expression of recombinant
KatG even in the absence of hersapplemented media. The pLysS plasmid containing the
T7 lysozyme gene (LysS), regulates theRINA polymerasebased pET system by causing the

inhibition until the IPTG inductionA low-temperature expression systen( ) has shown
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to be advantageous for the production of toxic proteins whose activities are harmful to the host
cells, such as protsas that degrade the essential components of the host by suppressing the
enzyme activity. This low temperature is also favorable to the overproduction of proteins that

tend to form inclusion bodigé! The level of expression in the hemeficient medium byL-

21 (DE3) pLysS cellss more robusthanthatobservedvith heminsupplementectultures of

E. coli C41 pHPEX3 (Figure 2.6) Previous study on other hemoproteins freneoli also

observed low heme incorporation in BL21 (DER)ysS cell line?®?
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Figure 2.6.SDSPAGE gel analyss of IPTGinduced expression products frémcoliBL-21
(DE3) pLys (A) and C41 pHPEXS3 (BIn each panel, Lane 1 corresponds to cells withdrawn
just prior to IPTG induction. An aliquot was drawn from each hour thereafter for 11 hours (A)
or 4 hours (B).Each aliquot of cells was subjected to trichoroacetic acid precipitation and
resuspended in SBBAGE loading buffer prior to gel loading.
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2.3.2. UV-visible absorptionfeatures of atG, rKatG and nKatG

Becausewe observed thdarge amounts oédKatG were produced b¥. coli BL21
(DE3)pLysS cels in hemindeficient media we then evaluatedhe efficiency of heme
incorporation into tfs proteinuponreconstitution with theofactor(rKatG). The results were
compared to protein produced usthg C41 (DE3) pHPEXZell line inheminsupplemented
media (nNKatG). Hemeoccupancywasestimatedoy calculating the Reinheitszahl ratieRz=
AsorAcgo). We consistently observed a tiid increasein Rz value fromaKatG (0.05) to
rKatG (0.481 0.56). This confirmed the very lolweme occupancfor aKatG preparatiorof
enzyme prior toreconstitution.Our purified rKatG showedRz values consistent with the
conventionally expressed mature protbiing fully loaded with hemeR{z 0.6-0.7)47:8%:165
Although additional heme reconstitution resulted in an even highgalue of 0.65 (data not
shown), we refrained from this additional heme incorporation as it resuliszhiributions
from adventitiously bound heme, interferimith the homogeneity of the sampl8uccessful
incorporation of heme into the active site afatG by our reconstitution protocol was
confirmed by the comparative absorption featureskaitG, rKatG andmKatG (Figure 2.7 A).

The substantiaincreasen the Soret intensity (406 nm) froeKatG torKatG is mentioned

above It should be noted that tHenax and line shape of the Soret band are consistent with
enzymebound heme and in stark contrast with heme free in solution which hasreear 385

nm and much diminished molar absorptivitg.addition,chargetransfer bansl (504and630.5

nm) observed foreconstituted proteins agree with the values obtained for the mature protein,
thereby confirming the electronic structures of the heme is not perturbed upon its exogenous

addition (Table 2.2).

Our mKatG preparations show a braadSoret band with &maxnear 407 nm and

a characteristic shoulder at 370m. These features are indicative of a mixture of
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hexacoordinate and pentacoordinate kgm ferric heme states. By comparison," Fe
horseradish peroxae (HRP) is almost entirely in the pentacoordinate-gjjh state. It has a
broader Soret band with aak at 403 nm and more prominent contributions at 370 nm. In
contrast, ourKatG demonstratesnarrowerSoretbandwith a lessecontribution to absorption
below 400 nn{Figure 2.7 A)suggesting a greater contributionrh hexacoordinate higkspin

heme (6-HS) than is observed with theKatG preparation of our enzymmdeed mKatG

bears the features gfeater contributions dc-HS heme evidenced by a shoulder at 370 nm
along withSoretat 406 nm and a CT1 band at or above 64F4iAs was initially evident

from SDSPAGE analyses of protein expression (see Figure 2.6), an additional benefit of
preparing the enzyme in itkatG form was the striking increase in yield (~800 nmol/L), which

is 6- 8 fold greater than that obtained fronpitgal purifications oimKatG.

Of course, one of the anticipated distinctions betw&eatG andmKatG would be the
presence of the MYW covalent adduct in the former and its absence from the latter. At this
point then, exposure afKatG to peroxide should be sufficient to drive the autocatalytic
formation of the adduct inrKatG. We reacted ouKatG enzymewith 100 molar equivalents
H20.. Spectra recorded following a teminute reaction time showed an increase in absorption
from 30071 350 nm, with the largest increase observed at 33(Hmmre 2.7 B)There is some
evidence of a shift in heme coordinatitoward a greater contribution of the-BS state.
However, the increase in absorption near 330 nm would be consistent with the formation of the

MYW adduct:’’
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Figure 2.7. Comparison ofUV-visible absorption spectra for Kat@eparationproducts
Spectra foraKatG (dashed blackyKatG (green), ananKatG (blue) products are compared
(A) as arespectrdor peroxidetreated KatG (dashedblack) rKatG (green), anchKatG (blue)
(B). PeroxidetreatedrKatG was reacted withOO molar equivalents HO». All spectra were
recorded at 25° C using 100 mM phosphate, pH 7

CHAPTER TWO 94



Table 2.2.UV-vis absorption features aKatG, rKatG, mKatG and peroxide treate&atG.

KatG RzValue? | Soret(nm) CT (nm) Yield®
aKatG 0.05 406 635.5 800
rkatG 0.51 406.5 504, 540, 630.5 300
mKatG 0.53 406.5 509, 543, 639 40
Peroxidetreatedr KatG® 0.52 406 502, 543, 630 N/A

8Rz(Reinheitazhl) value ian optical prity ratio given byAasoz nnVA2e1 nm. Typical ratios for KatG are.5-0.7.
bYield refers topurified proteinin terms ofnmols KatG proteirisolatedper L of expression culture.
Prior to recording of spectreKatG was prereactedith five molar equivalents of peracetic acid (PAA).

CHAPTER TWO 95



2.3.3. EPR Spectroscopic Comparison dfatG and nKatG

UV-visible absorption featusgrovided a general sense of the distribution of spin and
coordination states dérric forms ofrKatG andmKatG. However,further insight on relative
contributions of spin and coordination statas be discerned by EPR. As isolated, ferric KatG
is dominated byhigh-spin ferric pecieswith a mixed population of hexacoordinate and
pentacoordinate staté¥:2*¢2The X-bandEPR spect of both mKatG andrKatG clearly
demonstrate the contribution wiultiple high-spin ferric specieésee theg ~ 6 region of each
spectrum). This isypical of the KatG resting state. Tgecomponentvhich is observed a
~ 2for high-spin ferric heme enzymes can liidpful for discerning the relative contributions
of axial and rhombic signals to KatG specBathrKatG andmKatG were analyzed further
based on theig-tensor anisotropy to determine the rhombic and axial characteristics of the
heme structure. Althoughoth KatG preparationshowed a mixture of rhombic and axial
signabwhich was well within the range observations across the fleddKatG heme spectrum
appeared to have a greater contribution from an axial sifjhate distinctions are most clear
in theg ~ 2 region whereKatG exhibitsrelatively smallcontribution from ag=1.9%6 feature
(Figure 2.8).Importantly, hexacoordinatéow-spin speciegobservedy, gy, g. of ~2.9, ~2.3,
and ~1.5, respectivelyyhich are known to be inactive formsktG-%>?>were not observed
in any of our mature or reconstituted enzynidss isconsistent witlthe abundance of high
spin specie®bserved in outJV-visible spectraThe prevalence of6-coordinate higkspin
complexes other than the lespin species are assignecetwyme containing water as a sixth

ligandto heme iror?>?
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Figure 2.8. EPR spectra recorded for the ferric formsnifatG (blue) andrKatG (red)
preparations of the wilthpe enzyme. All spectra were recorded at 4.9rKportantEPR
spectrometer parameteagereportedn section 2.2.6.
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2.3.4. LC Separation and MS Characterization of the MYW Adduct

Weinvestigated KatG generated by our protocoldetermine the presenceaiysence
of the MYW adductn comparison to oumKatG purification product which shoulcbntainits
fully formed MYW cofactor. To do this,tryptic peptides of apo, reconstituted, and mature
forms of KatG were analyzed by LKAS/MS to investigate the efficacy olir reconstitution
protocolto generate heraeontaining but MYWdeficient KatG Eluting KatG tryptigpeptides
monitored at 330 nm revealed differences in heme content and the extent of MYW cofactor
formation (Figure 2.9). Becausemeincorporationoccurred fomKatG during itsexpression
in the E. coli cell where peroxides and other oxidants are als@gembusly generated, its
MYW adduct was formed prior tpurificationasconfirmed bytwo peaks detected the LC
elution profile One corresponded to the heme (~45 min) and the otliezspondingdo the
covalent adduct (~32 min). Thi&atG digestshowedan equivalent signal tmKatG at a 45
min-retention time, consistent with the presence of hefmuch less intense feature at 32
min indicated that the MYW adduct had not yet been established for a large majority of the
enzyme in theKatG preparation. FoaKatG minimal signalwas detected at either retention
time consistent with the absence of heme, and therefore, the inability to carry out the chemical
steps to form the covalent adduct. The data from 330 nm elution profiles indicated that a
negligible portion of MYW cofactor as present imKatG andrKatG. The limited amount
detectednay be due to the presence of low heme content resulted froempghessiorh o st 6 s
own basal hembiosynthetic activity’>>. These data support the hypatisethat endogenous
peroxides or other oxidants are necessary to advance formation of the MYW adduct following
heme incorporation into the KatG scaffold. Thus, KatG receiving heme after purifidagion (
rkKatG) produces MYWbased signalsi.e., 32min elution features) more consistent with
aKatG thanmKatG. In support of this idea, reaction dfatG with five molar equivalents of

PAA (peracetic acid) prior to trypsinization produced LC chromatograms (monitored at 330
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nm) highly similar tomKatG (Figure 2.9). Further inspection of MS iot@rrespondinghose
retention tims (~45 min and ~32 min) alsoonfirms their identity athe heme cofactor and

MYW adduct respectively. Such LC chromatograms of the digested KatG (Figife 2.
demonstrates that the reconstitution protocol indeed facilitates proper heme cofactor without

promoting MYW adduct generation

The presence of MYW cofactor mKatG and PAAtreatedrKatG was confirmed by
analyzingtrypsingeneratedampledy mass spectrometry. Previostidies have showihat
thefully covalenta d d u c t i ncluding each partimid@)ant 6s
associatedryptic peptidegenerates amonoisotopic mass of 6880.0 D&pecifically, this
includesthe tryptic fragment$>*M AMNDVETAALIVGGHTFGK 274 21DLENPLAAVQ-
MGLIYVNPEGPNGNPDPMAAAVDIR?, and *®®MAWHAAGTYR!4 Several multiply
charged iongorrespond to this species and degectablen our LC/ESFMS analy®s,89:165.254
The 1377.8 (+5)1148.4 (+6)and 984.5 (+7in/zions detectewvith the 330 nrrpositive peak
eluting ~32 minwereall observedFigure 2.10)and matchedvith previously published MS
analyses of théully formed MYW cofactor of M. tuberculosiskatG*®®. In someinstances,
other ions ar@letected arounthis retention timehese corresponiw fragments of the MYW
adductobservedat 1216.3 (+4) and 672.3 (+3oth of hese ions arthe result of insource
fragmentation between tleecarbon and the sulfur atom of the Medle chainof the MYW
cofactor The former (i.e., 1216.3//2 corresponds tthe addition of a thiomethgroupto the
YW portion of the adduct® The latter (i.e., 672.81/2 corresponds to the 2854 tryptic
peptide where Met 255 has been deprived of its sulfureandthyl group. These irsource
fragment ion®72.3 (3+)m/zand the 1216.3 (4+n/zwere also detected in our tandem MS
analysis resulted froma predominant ionl o further tesour hypothesis that threconsituted
enzyme lacks the complete MYW cofactor but has the ability to properly form it upon treatment

with peroxidesyKatG was treatedvith peroxides and the resulting contribution from MYW
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derived peptide products was evaluate8A is a strongly oxidizing peroxide that can bind to
the activesite heme of KatG andenerate ferryl heme states without serving as a reducing
sulstrate for those states (in contrast t@kreactions involvingnKatG). That is PAA is not

a physiological substate of KatG and hence, does not support catalase tuknowetingly,

PAA has been used tacilitate formation of the MYW adducthe eluton profiles andons
detected for tryptic peptides eluting at 32 minwes identical for botimKatG and5 molar
equivalents oPAA treated KatG (Figure2.10 A and B)The fragmentation patterimdicating

the cleavage at the sulfur atom are also identical for iE#tG and 5 molar equivalents of
H20- treatedrKatG (Figure 2.11A and B. Theseresults support our expectation that KatG
protein prepared using reconstitution protobals all the necessary attributes ftother

investigatethe steps of autocatalytic MYW cofactor formation in KatG
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Figure 29. The LC elution profiles (330 nm) for trypsinizedKatG (red), rKatG (green)
mKatG (blue),andrKatG pretreated with five molar equivalents peracetic &emlA) (black)
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Figure 2.10 Mass spectra corresponding to the KatG tryptic peptide eluting at 32omin
mKatG (A) andrKatG following its treatment wittb molarequivalentof PAA (B). The inset
shows thanassspectrum of the calculated neutral (zwitterionic) masthefully covalently
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Figure 2.11.Mass spectra corresponding to the fragment assignment from a predominant ion.
The tryptic peptides ahKatG (A) andrKatG following its treatment wittb molarequivalents

of H202 (B) show the presence of fragment ions 672.2 (+3) and 1218.3 (+4)nmg$uwdin the
cleavage of full MYW adduct.
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2.3.5. Catalase and Peroxidase Activities of KatG (apo, reconstituted and mature)

The efficiency of the heme reconstitution protocol was dematest by the catalase
and peroxidase activities aKatG, rKatG andmKatG. The steadgtate kinetic investigations
(kcarand catalytic efficiencica/Km) were summarized ifiable2.3. TheaKatG protein lacking
the MYW adductshowed poocatalasectivity with a turnover numbekda) of 1360 &1. Upon
reconstitution, an overwhelming catalase activity was observetMforKatG with a turnover
number Kea) of 4630 & at the pH optimum (pH 7.@onsistent with the previously reported
value$’ obtained fomWT KatG. At pH 5, catalase activity is compromised yet determinable
for both forms of KatG, demonstrating that the integrity of MYW adduct is preserved
successfully inrKatG. Peroxidase activity was measured by monitorirtdp@,-dependent
oxidation of an orgnic electrorrich substrate, ABTS, thus showing peroxidatic activity.
Titration with increasing concentrations 0#®4 and constant ABTS concentration (0.1 mM),

showed a nosaturable kinetics comparable withWWT KatG hence accounted for apparent

values?°0:252
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Table 2.3.Activity parameters forKatG andmKatG

Activity KatG form Kinetic Parameters
keat (1) kealKm (M2s?)

rkatG 4630 + 19 (1.1+0.1) x 16
Catalase (pH 7.0}

mKatG 4780 + 36 (1.0+0.2) x 18

rkatG 24+0.1 (3.2+0.4)x 16
Peroxidase (HO2) b ¢

mKatG 1.7+0.1 (25+0.2) x 16

rkatG 830+60.0 (8.2+1.1)x16
Catalase (pH 5.0}

mKatG 160 +30.0 (3.1+2.6) x1CP

a Activity by H2O-> consumption (240 nm) 23 °C in 100 mM phosphate, pH 7.0.

b All peroxidase activity evaluated at 23 °C in 50 mM acetate, pH 5.0.

¢ Peroxidase parameters with respect i@Hvere determined using 0.1 mM ABTS.
d Activity was determined by £production at 23 °C in 50 mM acetate, pH.5.0
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2.4. Conclusiors

The unique catalatic mechanism of KatG is conferred mowglfeatures and evidence
is continuing taaccumulatehat KatG uses a peroxidase scaffoldneof-a-kind Met-Tyr-Trp
covalent adduct, and even assistance from peroxidatic electron donors (PxEDs) to perform its
dominant catalase activity. It is also established that the MYW cofactor cannotdyatgdn
without the heme, and the heme is incapable of supporting KatG catalatic turnover on its own.
To better understand the complex interplay between these two cofactors, it is essential to
elucidate the mechanism of MYW cofactor formation. A well unded mechanism is
anticipated to shed longpsent light on the unique catalatic mechanism of KatG. The major
roadblock to achieving this goal has been the lack of a procedure to express and purify the
enzyme in a form where the MYW adduct has yet to fonrthis study, the protocol explained
above foraKatG expressioffiollowed by heme reconstitutioto generate ourkKatG form of
the enzymeéhas overcome the difficulties impeding the observation of dnokgormation.
Moreover, this protocol is effectivior generating very high yietdof the active protein,
creatingthe possibility of using more sophisticated and matamiahsive techniques like EPR
and Mossbauer spectroscofty monitor MYW adduct formation event3his protocol is
expected to enable mioring the kinetics and appearance of catalytically competent
intermediates that lead to the formation of the MYW adduct. Based on the data collected with
the reconstituted protein, oaentral hypothesisis that the generation of the MYW adduct
results from a series gfroperly directed intraprotein radical transfer reactions. Spectral

evidence has been collected based on this hypothesis and discussed in the following chapters.
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3. CHAPTER THREE

SPECTRAL EVIDENCE FOR THE HEME -DEPENDENT BIOSYNTHESIS OF THE
KatG MYW PROTEIN-BASED COFACTOR

3.1. Introduction

CatalaseperoxidasgKatG) is an important virulence determinantNtycobacterium
tuberculosis (Mtbfue to its role iroptimizingdefense against high concentrations gdk a
compound generated by the deliberate action of higher eukaryotes to defend themselves against
microbial pathogen’%'1® This class | heme pexiwasehas beerspecially engineered by
nature to exhibit robust catalase activity like monofunctional catalases despite possessing low
structural resemblance wiguch enzyme¥"1€0 Aerobic metabolisnmas a matter of course
produces toxic levels of D>, and its detoxification is carried oby a suite of enzymes that,
for many bacteria and fungi, includes Kat& alluded to above, for intracellular pathogens
like M. tuberculosisthe stakes are raised considerably, and the ability of ka&Hiciently
dismutate HO> preventghe damaging consequences$igihly destructive compounds that can
be generated usind.0> (e.g, HOCI). It isthe product derived from downstream reactions of
H.0, which typically act as a mediagwf the cell deatl>® Thus, KatG ensures the persistence
of pathogens within host immune cétfsby actively mitigating the substantialcellular

oxidative stresghat comes at the hepaithogen interface

Remarkably, KatG hasll the marks of its membership in the peroxideatalase
superfamily. Indeed, the enzyme shaubstantial peroxidase activigspeciallyatacidic pH,
and thisis supported bwll the activesite residuesf a typical peroxidasthat are sharedy
the fellow superfamily members like yeast cytochrome peroxidase (€P), ascorbate
peroxidase (APX) et&”?*®ndeed, the active sites ot (2CYPY>°and KatG(2CCAf*Care

virtually superimposable (Figurel3.
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In addition to thgperoxidaseypical residuesthe KatG active site also hostuaique,
posttranslationally generatedstructure resuihg from a novelcovalent linkage between
Trpl07 ( CE2) Tw223(Qy which fdrihex linked tb the sulfur of a Met25isle
chain (Figure 3.2)ThisMYW adducts in close proximity to the active site heme cofactor and
forms autocatalytically with the inclusion of peroxid&ste-directed mutagenesis on KatGs
from several species has shown tHa MYW adductis essential for catase activity
Accordingly, it is appropriately referred to as a prote@tsed cofactor. Notably, the MYW

adduct is not required fareroxidase activity®*2¢°

Historically, all hemedependent catalases and peroxidases undergeeléeton
oxidation of theesting {.e., F€'') enzyme by HO: (or alternativeperoxidedike peracetic acid)
to generatean oxo-ferryl moiety (F&'=0) with the concomitant formation of a porphyfin
cation radical (pdt). This isknown ascompound I. At this point, Kat@ompound | undergoes
an intramolecular electron transfer to generate a prbtsed radical in place of ther™. This
i's not unheard of among Kat Gdés @pEemxadased as e
oxidizes an activsite Trp to produce a FeO[W191]™ intermediate. However, KatG
deviates from all knowmonofunctional catalasesd peroxidases lsing the MYW cofactor
to rapidly quench the porphyriradical generating the Kat@nique compound [*
(i.e, FEY=0[MYW] ™). Compound I* then reacts with second equivaleii,. The identity
of the intermediate formed has not been unequivocally identified. Its absorption spectrum is
very similar to a species known as compound’Itf®24*4Compound Il is a P&-O,' state
which is isoelectronic with the FeD, state known in oxygen storage/transport proteins as
oxymyoglobin or oxyhemoglobin. In peroxidases, this intermediate, sometimes referred to as
oxyperoxidase, readily forms in the presence of exce®s. 14! The contrast is that in typical
peroxidase catalysis the 'F&," (i.e., compound Ill) is inactivé®? Thus, it is not without

controversy that compound I* is proposed to react wido formcompound 1I* (F&'-O."
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[MYW] T).161.172.24Regardless of the electronic structure ofititermediate, its spectrum is
easily identifiable in optical stoppdtbw experiments, and this is the species which dominates
during steacbtate consumption of4,by Kat Gos cat &d'-OSMYWEiEi vity.
then proposed to undergsacond intramolecular electron transfeturning the heme tathe
ferric state restoring the MYW cofactor to its fully covalent form, and releasiajecular
oxygenas a productFigure 3.3). The asterisk (€pnnected with compounds | and Il in this
context indicates the participation of the MYAdased radical in the errand of catalatic
dismutation of HO,.244173171 This redox recycling ofiny covalent adductiet alone an MYW
speciespnda Fe"'-O.™ intermediate in the presence of exces®Hs totally unique to KatG

As mentioned above, th&€"-O.T) state oftypical hemedependent peroxidasesinactive,

and these enzymes are unable to perform catalase actWé@gnwhile, typical (i.e.,
monofunctional) catalasese purported to only utilize the 'feand FéV=0O[por]™ states to

achieve theatalaticdismutation of HO,.253

The novelproteinderived MYW cofactosolidifiesKatGd s  pwithin @ growing list
of metalloenzymes that involve the covalent crosslinking of amino acid residuasaartheir
active site. This intraprotein crosslinkingtrategyinvariably producesmodified properties
(e.g, alternative redox intermediates, altem@etallocentrereduction potentialincrease in
thermostability, etc.)A common theme is the fortuitous placemehbxidatively modifiable
amino acids in close proximity to a metal center requioectatalysis. Prominent examples
include cytochromec oxidase (His240Tyr244; hemes-Cug)?%42%° and galactose oxidase

(Tyr272 Cys228; copper}>256
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Figure 3.1 Overlay of the active sites of KatG andRCResiduecommon to both KatG and
CcP are shown and annotated in green and teal, respeciitdyimage was generated using
PyMOL 2.3.0.0 using coordinates from PDB accessiode2CCA Mtb KatG)!*® and2CYP
(yeast @P).2*°
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Figure 3.2. Cofactors within active site of KatG. The main actsite residues of KatG are
presented in light gray, the MYW cofactor is presentegurple, and the heme cofactor is
presented inteal This image was generated using PyMOL v2.3.0.0 using coordinates from
PDB accession 2CCA>®
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Figure 3.3 A proposed atalytic cyclefor KatG catalase activitywith putative reaction
intermediatesThe MYW cofactor cycles between its fully covalent (MY\&feelectron

oxidized radical (MYW") statesAs stated above, the aster{gk designation for compounds

| and Il denotes the participation of MYW adductradidah e r el ati ve position
proximal tryptophan residue (W321 Mtb KatG is degjnated by™W. By convention, the

hemebds -bmrsetdeifni ft h | igand designates its AfAp
histidine ligand to the heme is designated™®y. By this same convention, the MYW adduct
woul d be found on the hemeds distal side.

CHAPTER THREE 112



Although KatG catalase activity operates by a novel mechanism, a full understanding
of its mechanistic pathwdyas been a soursabstantiatontroversy within the KatG field for
many years>616926’perhaps the most difficult questions to address center on the mechanism
of MYW cofactor formation.Since its initial discovery over twenty years &jthis protein
based cofactor has presented numerous significant challenges to investigators seeking to
understand its participation in KatG catalysis. Indeed, a full understanding of its participation
inKat G6s cat al ase ac tdueto its ynrebolved interenedatesireralvede | u s i
at different stage#\ prominent roadblock to progress has been the great difficulty in separating
the incorporation of heme during expression from the heependenoxidiative chemistry
that generates the adduct. On one hand, expression of KatG such that its heme cofactor is
incorporated during expression invariably results in the full autocatalytic formation of the
MYW cofactor prior to enzyme purification. On tlsther hand, KatG expressed without its

heme cofactor has proven to be resistant to successful reconstitution.

The generation of MYW from its component side chains is proposed to arise from
intramolecular electron transfers and proteasedadical mechaism. This idea brought forth
the basis of this research with purpose of evaluatimprtant reaction intermediates (heme
based and proteibased) that could lead us to follow tMYW formation in real time.
Formation of MYW adduct appeared to be preceded first by heme and peroxide dependent
generation of &€V=0O[porphyrin]* intermediate This heme dependency has been exploited
as an effective tool in our study to observe the stages involving the mechdnidi\o

cofactor formation and further insight on catalytic mechanism.

In this studywe employed a simple and useful metldesteloped in our laboratofgr
the production of hemireconstituted KatG rKatG). The enzyme was expressed
predominantly in its apa.€., aKatG) formusing thdaboratoryE. colistrain BL21(DE3)pLysS
cells transformeadnly with thepMRLB11 plasmid, gpET23bderivedvector bearing thitb
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KatG gene.This isin contrast to our typical expressigmotocol using E. coli C41(DE3)
pHPEXZ®®which is equipped witpMRLB11 and a plasmid to support uptake of heme from
supplemented medidhis approach produceke mature (nKatG) enzyme, meaning that it
contains the heme cofactor and the full MYW proteased cofactorDetails of our new
methodology for KatG expressioaKatG, rKatG, mKatG etc) arecovereal in ChapterTwo.
The rKatG we prepared exhibitedatalytic properties and kinetic parameteguivalentto
mKatG. To evaluatesteps in MYW cofactor formatioin rKatG, we also prepared and
investigated theVi2551, Y229F and W107FKatG variants. Both thenKatG andrKatG
preparations of theseariants were evaluatedoy steadystate kinetic methods,UV-vis
spectroscopyand mass spectrometr$toppedflow spectroscoje investigationsdentified a
distinct heme electronic state generated\WWI' KatG in response to D, prior to the most
dominantsteadystate catalas@F€e'"-O,-like) intermediatetypically observed withmKatG.
Rapid freezequenchelectron paramagnetic resonan@Q-EPR) spectroscopywas also
employed for theNT and MYW-negative variants for detecting the protbased radicals.
Data obtained in this studglentifiedheme and protetbased precursoadical intermediate

presumed to be involved in theechanism for MYW crosbnk formation.
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3.2. Materials and Methods

3.2.1. Reagents

Ampicillin and is o p r o {pyhlogalattopyranoside (IPTGwere from Gold
Biotechnology Inc. (St. Louis, MO). KO (30%), peracetic acid (PAA), hemin, imidazole,
calcium chloride hydrate amthenylmethylsufonyl fluoride (PMSF) from Sigma Aldrich (St.
Louis, MO). MillerLuria Broth (LB) powderbenzonase nuclease afidmmonium2,2-azinc
bis-[3-ethylbenzothiazahe-6-sulfonate] (ABTS) from VWR life science Chloramphenicol,
mono- and dibasicadium phosphate, sodium chloride, potassium chloride, magnesium sulfate,
magnesium chloride, tetracyclineydrochloride from Fisher Scientific (Pittsburg, PA).
Centrifugal filters(30 kDa cutoff)from Pall Laboratories (Port Washington, N¥Ye obtained
Ni-NTA resin from GBiosciences (St. Louis, MO). Madreep High Q resin antDDGbuffer-
exchange columns were purchased from-Bed (Hercules, CA).T4 DNA ligase, Pfu
polymeraseE. coliBL21(DE3) pLysS and (Xt1 Blue)cellswere obtained from Agilent (La
Jolla, CA). Sequencing grade modifiedypsin was obtainedfrom Promega (Madison,
Wisconsin).All buffers and media were prepared using water purified through a Barnstead

(Barnstead, NH5erPure pro UMUF water system (18121I0hm/cm resistivity).

3.2.2. Sitedirected Mutagenesis

Site-directed mutagenesis was performed usirgfi R o uthre-Blornd?®® approach to
generatglasmid for expressing W107F, M258hd Y229FKatG variants The template used
for all three of these variants was pMRLB11, a pETFd8hved plasmidcarrying the M.
tuberculosikatG gene The enzyme is expressed such that énstidine tag is expressed on
t he e n ztgrmireud EBhis E€nplate was obtained from the tuberculosis vaccine Testing
and Research Materials Contract at Colorado State University. The forward primer design for

generating th&V107FKatG expressiop | a s mi dCGWa GAC6WOIGCAGGCACCT
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ACCGCATCG3 @nd contained the prto Phe codon substitution (bold) as well as a silent
Ala codon substitution to include a n@&st restriction site for diagnostic restriction screening

of candidate mutant plasmids (underlindhe reverse primesequencew a s -CGAJ-
CCGGATAAACAGCGGCCCGTAGTGGE3 6 and requi rseThe forwards ub st i
primer for generating theY229F KatG expressio plasmid wa s -GGGIGATG

TTT GTGAACCCGGAGGCG3 (aHere, the Tyr to Phe codon substitution also accomplished
the removal of @8saAl restriction site and was valuable for diagnostic restriction screening.
The reverse primer wa s -CBCATCTGCACGCGGCCAGCE3 6and required no
substitutionsFinally, the forward primer design fagenerating the plasmid fdd2551 KatG
expressionv a s -CGATC GCAATGAACGACGTCGAAACAGCGGGS3 avhere the Met

to lle codon substitution (bold) and a silent Ala codon substitution (underline)ima@uded.

The latter removes a¥sd restriction site from the pMRLB11 plasmid.h& reverse primer

for M2551 katG mutagenesisv a s -CGGRAAACGTCTCGCGAATGTCGACCGC&E 6 and
required no substitutien Al I of the pri mers werlgroupsdodi f i ed
allow for blunt end ligation after PCR. All PCR reactions were carried using Phusion High
Fidelity polymerase in G&€ich buffercontaining Master Mix and 3% DMSO. After PCR, the
reaction mixtures were immediately mixed wiipnl (New England Balabs, Ispwich, MA),

a restriction enzyme used to degrade the template; this was followed by ligation using T4 DNA
ligase. Ligated products were then used to transkarooli XL -1 Blue cells by a standard heat
shock procedure and transformants were sadelosed on antibiotic resistance from the agar
plates. In this caseall plasmids provided ampicillin resistance. The success of the
transformation was confirmed liiie appropriate restriction enzyndegestas evaluated by
agarose geelectrophoresisOnce the plasmids passeidtial restrictionscreeningthey were

sent for full DNA sequence anabgsLaragen Sequencing, Culver City, Ga)verify that the
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correct substitutions had been completed without any unintended mutatioesetptlession

plasmid

3.2.3. Overexpression ohKatG

E. coli (BL21[DEJ] pLysS wasused toexpressWT KatG andits variantsin their
corresponding apoenzymeaiatG statesThis cell line was transformed wigMRLB11 (or
corresponding mutagenized plasmids for expression of KatG varidis)details of the
expression protocol can be foumd ChapterTwo. KatG expression was verified by TCA

precipitation and SD®AGE analysis.

3.2.4. Reconstitution of &atG

Frozenaliquoss of purifiedakatGwered i | ut ed to 100 €M .Oon 5 mNMN
which was further mixed with hemin in a stoichiometric molar rafibe detai of this
procedureare presenteth ChapterTwo. The enzyme was further purified through anion
exchange chromatography, whigmabledeffective separation of hemedeficient(i.e., apo or
aKatG) KatG fromrKatG with heme cofactor in plac&he purifiedrKatG was stored in 5 mM
phosphate buffer (pH 7) &80 °C. Reconstituted enzyme concentration detegmined using

the pyridine hemochromagen assaypreviously described®

3.2.5. Overexpression an@urification of mKatG

CompetenE. coliC41(DE3) cellgenerated by the Cadirotocof’* were transformed
using the heme protein expression plasmid pHPEX8 generate our C41 (DE3) pHPEX3
expression strain. These cells, never frozen, were made competent §@actiol)again for
transformation by pMRLB11 (or mutants thereofeigress the mature forof WT KatG and

the correspondingariants respectively¥3? Transformants were selected on the basis of
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tetracycling(pHPEX 3) ancampicillin (poMRLB11) resistance. Expression and purification of

WT KatG and all variants arecarried out accordintp previously published procedur®s.
3.2.6. UV-visible Absorption Spectra

Following purification, U\fvisible spectra fothe rKatG andmKatG forms of WT
KatG andthe MYW-targetingvariants (M255I, Y229F and W107katG) werecollectedas
previously describet® The absorption featuresvaluated included 1) th&oret band
lineshape,| max, and intensity, 2)he ReinheitzahlK2 or optical purity ratio(i.e., Aso8/A2g0),
and 3) thd max values for two charg&ansfer bands (CT1 and CT2) commonly observed for
Fd'' high-spin heme enzymesThese datarovide information about the occupancy of the
KatG active site with heme as well as the oxidation, coordination, andtgpenof the active

site heme iron.
3.2.7. Catalase andPeroxidaseActivity Assays

After purification, m and rKatGs were evaluatefbr their catalase and peroxidase
activities using UVvisible absorption method€atalase activity was measuredngnitoring
the decreasim H.O, concentration at 240 nne € 39.4 Mlcm?). All assays were carried out
over 60 s of reaction time at ambient temperature using 100 mM phosphate, pH 7.0. Each assay
contained20 nM enzyme Initial rates of HO. consumption were estimated for reactions
containing HO- concentrations ranging from.@5 i 50 mM. Peroxidase activity was
determinedb a s e d on t he @anohiséethylbenzthiazblind-3ulfahdie)
(ABTS) by monitoring the formation of ABTSat 417 nm(e = 34.7 mMicm?). All reactions
contained 20 nM enzyme and 0.1 mM ABTS avele conducted using 50 mM acetate, pH
5.0, at room temperature. Initial rates ABTS" *production was determined for reactions

initiated with HO- concentrations ranging from 0.05 mM.
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Catalase activity was also evaluated by monitoringproductionusinga Clark-type
Oc-sensitive electrode (Hansatech, Pentney, Norfolk, UKprasiously described® All
reactions contained 5 nM KatG and were carried out at room temperature in either 50 mM
acetate, pH 5.0, or 100 mM phosphate, pH 7Ahalyses of steadgtate kinetic data are
carried out as described previoféito obtain kinetic parameteksatandkon (i.€., kea/Km). In
all situations where these terms are apphkegs the maximum ratapproached asymptotically
with increasing concentrations of substrdieided by thetotal concentration of enzyme as
estimated by heme concentratidie catalytic efficiencykon or kcafKm) was utilized as the
main value of comparison across enzyme preparafldresmechanistic and physical meaning
of observedpparenky values varies substantially across these assays and resists meaningful
interpretation. As such, is not intexded to refer to anything more than the concentration of

substrate necessary to produce half of the maximunofatezymecatalyzed reaction.

3.2.8. MassSpectrometry

Roughly 1 mg KatGi(e., 250uL of 50 uM enzyme) or its variants (M255l, Y229F, or
W107F)was diluted in 50 mM NEHCQOs. KatG reactions with peroxide were initiated by the
addition of 50 molar equivalents o€ to the protein and allowed to incubate for at least 10
minutes to ensure reaction cpletion before the addition of trypsin. Following the addition of
sequencing grade trypsfA00:1KatG to protease ratidamples were incubatéor threeh at
37 °Cto achieveproteolytic digestionof the enzymeAfter three hours of reaction time,

reactions were quenched by the additio@@{iL of glacial acetic acid.

Molecular masses were determinedamultraperformance LC system (ACQUITY
with TUV Detector, Waters CorpBeverly, MA) coupled with a quadrupe time-of-flight
mass spectrometer {QOF Premier, WatersCorp) with electrospray ionization (ESI) in

positive mode using Masslynx software (V4.L)quid chromatographic separatiomgere
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performed by injecting 10 pL of the sample onto a C18 column (/&teLC BEH C18 2.1

350 mm, 1.7 Om) with a 300 eL/min flow rate
formic acid) and solution B (95% acetonitri&o water and 0.1% formic acidhitially B was

held for 2 minutes at 3%, followed by linear rampB@% in next 58 minutes. Finally, 100%

of solution B was set to a linear ramp at 62 minuiath hold for 5 minutes and return to 3%

B in 3 minutes with 10 minutes of reequilibratidimeelution of peptides from the column was
monitoredat 330 nmat a dasity of40 points/second. The capillary voltage was set at 3.1 kV,

the sample cone voltage was 30 V, and the extraction cone was 4.3 V. The MS scanwas 1.0 s

l ong fr ommkiOt t oa 4@8caldelaysusing thé centroid data format. MS/MS

scans were 0.5 to 1.0 s long with a 0.02 s istan delay with a collision energy ramp from

20V to40V.

3.2.9. Stoppedflow Optical Spectroscopy

The heme intermediatedserved upon reactioof peroxide withrKatG andmKatG
preparations of WT enzyme and its varianesemonitored by optical stoppeftbw methods.
Reactions were carried ousing a P@upgraded SX18.MV rapid reaction analyzer from
Applied Photophysics (Leatherhead, UEhzyme solution was prepared in 5.0 mM potassium
phosphate buffer at pH 7.0 and substrate solutib®{or PAA) was prepared it00 mM
acetate buffeat pH 5.0 Singlemixing experiments were conducted by loadingvé enzyme
in syringe A andrarying concatrations of HO; or PAA in syringe B. The temperature of the

reaction cell was constantly maintained at 4.0° C by circulating water bath.

3.2.10.Rapid FreezeQuench (RFQ)Preparation of EPRSamples

KatGs (WT and variants) were concentrated ushmgicon Ultra-4 centrifuge filtes

(MW cutoff of 30 kD)t o obtain a final concentration o
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syringes were require®ne contained 300 €M enzyme in 5 mM phosp

other syingecontained varying concentrationsk4O. in 100 mM acetate, pH 5.Reactions

were also carried out using varying concentrations of peracetic acid (PAA) insteg@>of H

EPR samples were prepared by mixing equal volumes of solution from eauesyri
Each reaction was quenched by freezing after the appropriate time following mixing. Samples
frozen less than 1 s after mixing were quenched by spraying the reaction mixture directly into
liquid ethane{150°C) by astandard rapid quench procedurengsi KinTek RFQ3 Quench
Flow Instrument (KinTek Corporation, SnowShoe, PM)e sample age was determined by
the length of the ageing loop and velocity of the motor driving the syringes. For reactions
between 1 and 30 s, the samples were still quenchibdliguiid ethane. For reaction times
longer than 30 geactionswereinitiated by handmixing. The sampleswere centrifugedto
remove excess bubbles, transferred to quartz EPR tubes, and quenched manually in cold
isopentang-130 °C). Samples wepacked into EPR tubes and stored in liquicuRtil EPR

spectra could be recorded.

3.2.11. EPR Measurements

Low temperature EPR spectra were collected at 4dsikg Bruker EMX Xband
spectrometer operating in perpendicular mode. Unless otherwise indicated, instrument
parameters were dsllows: microwave frequency, 9.393 GHz; modulation amplitude, 10 G;
modulation frequency, 100 kHz; microwave power, 1 milliwéthe constant 163.84 ms;
sweep time 167.772 s; number of scans, 1; conversion, 163.84 ms; resolution, 1024 point;
receiver gain, 1.0 x 0 and phase, 0 degreeBower saturation for select species was
examinedtby fitting normalized signal intensities using equatBnvherePy, is the microwave

power at half saturation afdescribes the contribution from inhomogeneous broadéfing.
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3.3. Results and Discussion

3.3.1. Spectral Properties of KatGNT, M255I, Y229F and W107F)

TheWT KatG and variants (M2551, Y229F and W10KR&tG) were produced itheir
rKatG andmKatG forms usinga protocol newly developed in our lab (see Chapter 2) or by an
E. colirbasechemeproteinexpression (pHPEX) system developed previously by the Goodwin
Laboratory?%8 respectively The electronic absorption spectra and relevant spectral features of
the Fé' (i.e., resting) formsKatG and mKatGsareshown inTable 3.1 Generally, spectra for
heme enzymes have three features or groups of features which can be compared to one another:
The secalled Soretd) band, théb anda bands (@: and Qo transitions, respectively), and
chargetransfer (CT) bands. Without exception, the resting states of #melmKatG proteins
characterized in this research contained {sigim Fd' heme. Accordingly, prominent features
to evaluate were the Somatd CTbands. The wavelength maxima for 8eretbandobserved
for WT KatG and most of the variants were very close to those reported elsewhere for
heterologouslyexpressednd purifiedMtb KatG 123273274The optical purity ratioRz (A7
Acgo), of the large majority opurified variants was 1@ V) consistent with the protein being
fully loaded with heme. Interestingly, despite the same growth comsliienthe mKatG
preparations of thether variantsmM255I1 produced arRzvalue of only 0.22, indicating a
lower heme occupancy. However, the Soret and chHaagsfer bananaximaof this variant
were nearly identical to those of th@T enzyme, suggesting that despite the lower heme
content, the electronic structuamd environmenbf the hemdn the active site omM255I

KatG was very similar to those ofWT KatG.
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Table 3.1 UV-visible absorption characteristicsWT KatG and variats.

Protein Absorption Features Heme
Occupancy
Soret (@max) CT21 CT2 RZ value
rWT KatG 407.5 504 633 0.58
mMWT KatG 407.5 504 629 0.56
rM255I1 KatG 408 502.5 642 0.46
mM255I1 KatG 409 502 641.5 0.22
ry229F KatG 408.5 504 640.5 0.49
mY229F KatG 408.5 504 633 0.42
rwl1l07F KatG 409 504 639 0.59
mW107F KatG 409.5 504 638.5 0.47

CT?= charge transfer transition. CT1 is usually near 640 nm, and CT 2 is usually near 500 nm.
R?= Reinheitzahl rati o: Raadtvided byathsorlzahce at 28bmam ce at t he So
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The position of th&oretand CT1 bands providegeneral sense of the spin distribution
and coordination states of the ferric enzyme. As isolated, ferric KatG is dominated by high
spin (HS) states with a mixed population-o®ordinate (6¢)and 5coordinate (5c¢)
forms1°0:161.275When compared to 6¢c HS hemes, aH® heme generally exhibits a slightly
blue shifted and hypochromic Soret band with a shoulder at 380 nm and a CT1 feature at ~640
nm (or higher). In our observation, all reconstituted proteins have n&omt feature with a
amax Near 406 nmsuggestinga greater proportion of ® HS state. Appearance of the
hypsochromic shoulder on the Soietnd is predominantlyobserved withthe mKatG
preparation of enzymes, and this indicates a greaetribution from & HS hemestates

(Figure 3.4.A).

ForrM255I KatG,the CT2 band showed nearly identical maxas compared toNT
KatG but,but the CT1 band wddue-shiftedfrom 644 to629 nm (Figure 3.4.B)Such a shift
in CT1 has previously been observedrf@WT Mtb KatG, but only upo aging of the enzyme,
and this was ascribed to an increased contribution @oim place of 5cheme!’’ The optical
spectrum of W107F KatG showed Soret peak at 407 and sharp CT2 and CT1 bands around
504 and 637 nm respectively (Figure 3.4.C), typicaldis heme?®® A nealty identicalSoret

band andaslight red shift in the CT1 band abserved forY229F (Figure 3.4.D.)

Upon storage of the variant enzymes for a longer tim@ &t , a prominent
(~412 nm) in the soret region was frequently observed, especially in the mature form of the
proteins. This bathochromic shift is coman for the KatG variants where an active site
structural shift allows the distal His to coordinate to the heme'tfdA?This effect vas also
observed, when a strong field ligand li€&&” or N3* was exogenously added, producing a
substantial red shift in the Soret band to ~ 418 nm, the loss of the CT bands, and increased
prominence of the b and U transit tThe at ~

commonality observed in all reconstituted proteins is essentially the absence of a characteristic
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shoulder around ~31820 nm typically observed with maaKatG. Narrowing of the soret

peak is more prominent in reconstitutedtgins, indicating the presence of greater population

of 6-C heme. To justify this argument abouC6speciestWT KatG was treated with 1Dy,

which gave rise to the shoulder near soret region and a hyperchromic shift of 406 peak (Figure
from chapter 2)This distinct but subtle spectral feature is clear indication of forming MYW
adduct upon peroxide treatment. In contrast to that, none of these variants (M255I, Y229F and
W107F) showed any change in spectral features upon peroxide treatment (data nptiseown

to the loss of inherent absorptivity imparted by Tyr229 and/or Trp107 during the formation

MYW cofactor.
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Figure 3.4.Comparison of UWisible spectral features &/T KatG and variants. Soret and
charge transfer bands oWT and mMWT KatG were shown in A. Similarly, reconstituted
variants (M255I, rwW107F, and'Y229F) were compared with reconstitud and shown in

panelsB, C, D, respectively.
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3.3.2. Catalase and Peroxidase Activiti®8T KatGand Its MYW-targeting Variants

We scrutinized the impact MYW residue substitution on KatG catalytic function by
evaluatingthe catalase and peroxidase adegitof each enzym@VT, M255I, Y229F, and
W107F) prepared in itsr- and mKatG forms (Table 3.2. Where catalytic activity was
observable, two kinetic parameters were obtained and are reported: 1) The maximum catalytic
output under ideal conditions.€., saturating concentration of substrakey, and 2)the
catalytic efficiency Kon or kcafKm). summarizes the data of these stestdye Kkinetic
investigationgkcatand catalytic efficienckea/Km). Upon reconstitutionthe catalase activity
for rwT KatG (kcat = 4630 $?) was in close agreement with that reported previouslyniui
KatG*" Similarly, kea/lKm values, within error, were identical for andrWT KatG. KatG is
well known to have diminished but measurata¢alase activityt acidic pH €.g, 5.0)208245
Interestingly, at this pHWT KatG showed a substantially greatesfor catalase activity than
themWT enzyme. Thé&.a/Kwm values for the two preparations were highly similar. These data
are consistent with our recent finding thaKatG preparations of enzyme show greater

vulnerability to BO»-dependent catalase inactivation at low pH than tik&tG counterparts.

Disruption of the MYW covalent adduct by site directed mutagenesis drastically
reduced the catalase activity observed in all three reconstituted varfa&5(, rY229F and
rW107F) consistent with previoirsvestigations*>"2"Among these, M255I variant, capable
of forming partial adduct (YW), exhibited slightly elevated catalase activity at bothQzahé
7.0determined by monitoring the release of dioxygen with a @lgyk electrode, but not with
the U\V-vis spectrum. Howeveseverely disrupted adduct in Y229F and W107F completely
abolished the catalase activity, hence used the notation ND (not determiieth)ar3.2. In
contrast, all these variants were able to catalyze tk-Hependent oxidation of an organic

electronrich substrate, ABTS, thus showing peroxidatic activity. Titration with increasing
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concentrations of #D. and constant ABTS concentration (0.1 mM), showed asabarable
kinetics comparable witWT KatG, hence accounted for apparent vafie&?2 Negligible
catalase activity and corapableperoxidase activity observed in the variants indicate that the
loss of integrity of the covalent adduct converts bifunctionaiG<e the monofunctional

peroxidase.
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Table 3.2.Activity parameters for WT KatG and the MYMdrgeting variants

Activity KatG Kinetic Parameters
Kcat (S?) Kea/Km (M-1s?)
rWT 4630+19 (1.1+0.10)x 19
Catalase (pH 7.0} mwT 4780 +36 (1.0 +£0.20) x 1
rM2551, rwW107F rY229F ND ND
mM2551, mMW107F mY229F ND ND
rWT 244+01 (3.2+0.4)x16
mwT 1.66+0.1 (2.5+0.2)x 16
rM255I 10.90 +0.16 (2.95+0.12) x 19
mM255I 1.41+0.05 (8.7 +0.10) x 10
Peroxidase (HO2) b ¢
rwWi07F 27+02 (3.7 £0.09) x 19
mW107F 5.6 0.1 (1.04 + 0.09) x0*
rY229F 1.5+0.07 (9.2+0.02) x 19
mY229F 2.3+0.09 (5.43+0.08) x 19
rWT 83006  (8+1)x 10
mwWT 163 +0.3 (3.1 £0.03) x 1¢°
rM255I 192 +023 (2.2+0.02) x 16
Catalase (pH 5.0}
mM255I 99 +0.15 (1.4 £0.05) x 16
rwW107F rY229F ND ND
mMW107F mY229F ND ND

a Activity by H>O> consumption (240 nm) 23 °C in 100 mM phosphate, pH 7.0.

b All peroxidase activity evaluated at 23 °C in 50 mM acetate, pH 5.0.

¢ Peroxidase parameters with respect i#@Hvere determined using 0.1 mM ABTS.
d Activity was determined by £production at 23 °C in 50 mM acetate, pH 5.0.
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3.3.3. Evaluation of MYW Adduct Formation: WT KatG and MYMWArgeting Variants

In Chapter Two, we demonstrated the gradual formation of MYW adduct upon
peroxidatic treatment afiKatG employing the tryptic digestion of the protein in combination
with liquid chromatography (LC) and tandem mass spectrometry (MS/MS). Here again, we
compaed theLC-MS data of theWT KatG against the reconstituted MYwWeégative variants
to provide evidencéhat adduct formation is solely dependent on the presence of Met255, Y229
and W107 residues. Employing the similar techniques, previous studies also identified the
presence of crosslinkgeeptidefragment (CLPF) in Mycobacterium tuberculosi$>,
Bulkholderia pseudomon&8 and Synechocysti®CC 6803%* KatG and its absence in the
adduct negative variants. One notable difference between their studies and our attempts is
analyzing the reconstitutedqiein for the first time and targetirige adduct formation using
H20.. It is noteworthy to mention that higheramounte®li s t he enzymeds nat
and can be used for catalytic turnover after formaticghe@MYW adduct. Previous study with
PAA showed significant decrease of the MYiMated ions most likely due to oxidative
damage caused by the reaction with PAPEach of the key residues in the MYW structure is
located on a separate tryptic peptide fragment, and the absence of those fragments combined
with the presence of larger fragmenfsalculated neutral (zwitterionichass would confirm
the presence of traduct A list of specific MS ions and their corresponding peptide structures

are provided in Table 3.3.

In this studyall proteins (WT, rM255I, rY229F andrW107F) were treated with 50
equivalents of KO, before digestion with trypsin to ensure the formation of addiivése
clusters of ions resulted from thyptic fragments>>M AMNDVETAALIVGGHTFGK 274
2IDLENPLAAVQMGLI YVNPEGPNGNPDPMAAAVD IR?%, and1®MAWHAAGTYR!
were detectable by LC/ESIS analysis. For our treatedWT KatG, one of the digested

components showed a molecular mass of 1377.6 (+5) (Fighird)3.This monoisotropic
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neutral mass is very close to the sizes predicted for combined peptides in the MYW adduct
observed for other KatG as w&fl**® In chapter two, we showed the fragmentation of the
MYW adduct becabiomandtme sulfur @omoof the Met residue. This was evidenced
by the 672.3 (3+jn/zion and the 1216.3 (4#h/zion as insource fragments resulted from
1147.6 (6+)M/zion. These two ion sources are the representative of tryptic peptides fragmented
at the thiomethyl position. Theoretical calculation of parent ion 486h/Zand 2013.9m/z
indicates the YW adduct attached with the thiomethyl group2isb-bearing tryptic peptide
detached from the thiomethyl group, respectivélyin contrast to thatperoxide treated
rM255I variant showed the presence of YW adduct represented by ions H06.32 (4+)

and 965.26 (5+) (Figure 8B). The combined monoisotopic value (4822.4 Da) is in good
agreement with the calculated value of YW adduct!®® Tandem MS analysis of same tryptic
fragment also showet/z1205.82 (4+) and 964.86 (5+) which is a mass 2 Da lower than that
calculated for the Tyfrp adduct. The 2 Da lower value of the tryptic fragment is well agreed
to the mass of quinodike intermediate, resulted from the2oxidation of the YW adducf®
Complete absence of partiallgr fully-formed, adduetontaining tryptic peptides were not

observed in the treate229F andW107F variants (Figure 34 andB).
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Table 3.3.Tryptic peptides detected by mass spectrometry

Parent | Observed Structure of the molecule Condition | Identity
ion ion observed
m/z m/z
1377.8 NH-AM
(+5) mWT and
1148 4 CO-HAAGTYR 50 eq FU”
68800 (+ 6). H202 MYW
CO-VNPEGPNGNPDPMAAAVDIR | treated adduct
984.4 rwT
(+7) NH-ILGMQVAALPNELD
mWT and M255
672.3 CO-AMNDVETAALIVGGHTFGK 50 eq peptide
2013.9 3 +') Y H202 without
HoN treated | thiomethyl
rwWT group
CO-HAAGTYR
mWT and YW
50 eq adduct
1216.3 H20» .
4861.2 with
(4+) treated | iomethyl
. FWT y
group
\ CO-VNPEGPNGNPDPMAAAVDIR
NH-ILGMQVAALPNELD
1206.35 NH-AM c o
4+ e
(44) CO-HAAGTYR H20; Partial
4822.4 trea adduct
965.26 CO-VNPEGPNGNPDPMAAAVDIR r 25 Yw
(5+)
NH-ILGMQVAALPNELD
NH-AM
1205.83 50 eq
482032 (4+) CO-HAAGTYR H,0, YW
: treated quinoid
964.86 CO-VNPEGPNGNPDPMAAAVDIR rM255I
(5+)

NH-ILGMQVAALPNELD
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Figure 35. LC-MS detection of fully formed MYW adduct and partially formed YW adduct
revealed byrWT and rM255I upon treatment with 50 equivalents ofQ4. Tandem MS
analysisof the 1377.8n/zion confirms the presence covalently bonded MYW cofactor whereas
1206.3m/zand965.26m/zconfirm the presence partially formed YW adduct.
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Figure 3.6.LC-MS detection of notMYW related ions irY229F and'W107F variants upon
treatment with 50 equivalents obEhb.
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3.3.4. HemelntermediateObserved on Peroxide Reaction wit'T and mWT K atG

Optical stoppedlow reactions of 3 uM KatG with 1mM #D, at pH 5 showed
subsequent changes in the heme oxidation states and returned back to the resting state after
depletion of HO> Although bothrKatG and mKatG are capable of catalatic turnover,
substantialdifferences in heme states betweeWT KatG andrWT KatG were observed
during reactions with kD> under sustained turnover conditions (Figui®.3[he first spectrum
recorded (2.5 ms) after mixing wKatG with 1 mM ROz (i.e., 333 molar equivalentshowed
absorption features at 414, 540, an@ Bih, observed by steaestate kineticgFigure 3.7 A)

This was followed over the next 265 ms by a shift in the Soret band to 418 nm along with a
broad nordescript increase in absorbance above 520 nm with a sliglshifdn absorption
bands to 86 and 5& nm (Figure 3.7 B). This heme state persisted for ~ 4 s (FiguieB).
before HO- was depleted and the ferric state reemerged (Figdi€)3This is typical folWWT
KatGwith a fully formed MYW cofactoreactingwith H-O> under multipleturnover or steady
state conditiong#41794 The intermediate which dominates during the consumption ofibe H
substrate has been referredascompound I} or oxyperoxidasdike owing to absorption
features which bear a resemblance to thé-G¢" state observed in canonical peroxidase
systems. In contrast, the first heme state observed (2.5 ms) after mixkgt@fwith 1 mM

H20; (amax at 414, 529, and 58 nm) (Figure 37 E) was typical of a ferrylif., F€V=0) state
known asCompound Il in canonical peroxidast&s’%18” ForrKatG this state persisted for 270
ms of reaction time, followed by a slow transition to & f&™-like intermediatedmax at 416,

546, and 55 nm) (Figure 37 F). Notably, a concomitant increase in absorbance around 315
nm was observed at this stage oftéaction (Figure 3.H). Following nearly 18 s of reaction
time, HO, was depleted, and the return of the ferric state was observed (Figu@&).3.
Accordingly, an extended delay in the return of the ferric state was observdat@ that
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was absent ineactions withmKatG (Figure 37 D). To confirm whether formation of
compound Il was the early intermediate resultant from the reactiopf H double mixing
protocol was used. HereVT KatG was premixed with-&olar equivalents of peracetic acid
(PAA) and allowed to form the adduct in the first mixing phase (resting enzyme plus PAA
incubated for 30 s), followed by the addition ofQd. Interestingly we have observedearly
identical responses to ¥D- as observed fanKatG (Figure 3). Specifically, the initial phase

of the reaction dominated by the'¥=O-like state was absent, and®} was rapidly depleted
(within 2 s) as signified by the subsequent return of tHé $tate (Figure 3 A). Finally,
absorption increases near 315 nm were substantially diminished and only observed along with

the initial loss and eventual reemergence of the ferric form of the enzyme (Fig&e 3.

The response oKatG to HO: is striking in that it exhibits two features that have not,
to thispoint, been observed together in KatG catalysis. On the one hand, reaction with excess
H.0, produces an initial appearance ofampound ltlike (F€V=0) state which is followed
by acompound ll-like (F€"-O.") intermediate. This is typical of KatG variants that are unable
to establish the MYW cofactoe(g, Y229F Mtb KatG and analogous substitutions in other
KatGs)%6:174.207 Because of the lack of catalase activity imposed by the absence of the MYW
cofactor, these KatG variants revert to the typical behavior of monofunctional peroxidases in
which they are inactivated in the presence of exceg3,Hoarticularly if an exogenss
electrondonor substrate is abséfit Although this same progression is observedrKatG,
the ferric state reemergesoon thereafter demonstrating that the enzyme is capable of catalatic
H>O> degradation independent of an exogenous electomor substrate. These data are
consistent with an initial H#D>-dependenin situ establishment of the MYW cofactor iKatG
impaiting the catalase activity necessary to consume the balane®gppiesent. A heme state
with the absorption features of a classigdl =0 (compound Il) state dominates during this

phase of the reaction. Simultaneously, there is an increase in absorbance around 315 nm which
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entirely precedes the return of the ferric state (FigureH3. Neitherof these features is
observed witimKatG. The incease in absorption near 300 nm is noteworthy given the previous
observation of absorption features in this wavelength range assignable to the MYW adduct and

precursors theredf16°
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Figure 3.7. Heme states of mature and reconstituted preparations of K3 KatG and

rWT KatG, respectively) upon reaction withh® under sustained turnover conditioBsth

mKatG (A, B, C) andKatG (E, F, G) were reacted with 1 mM8: by stoppeedlow and

visible absorption were recorded over the time frames indicated in each panel. Arrows indicate
the direction of absorption changes over each time span. Absorption at 401 nm (indicative of
the Fd' state) was monitored fonkatG andKatG (D). The time course of absorption changes

at 315 and 401 nm foKatG are also compared (H). All reactions containet¥3nzyme and

were carried out using 50 mM acetate, pH 5.0, at 4.0 °C.
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Figure 3.8. Heme states of mature and PAA {reated reconstituted preparations of KatG
upon reaction with kD> under sustained turnover conditionBoth mKatG (A, B, C) and
5equivalents PAA pretreateatG (D, E, F) were reacted with 1 mM®b by stopped flow

and visible absorption were recorded over the time frames indicated in each panel. Arrows
indicate the direction of absorption changes over each time span. All reactions contained 3 mM
enzyme and were carried out using 50 mM acetate, ptats400 °C.
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Figure 3.9. Effect of pretreatment aKatG with peracetic acid (PAA) on enzyme absorption
features during consumption o8k under multipleturnover/steadystate conditionsFive
molar equivalents of PAA were reacted wiatG. This preparation was then reacted with 1
mM H20; by stopped flow. The contributions of the'Fstate were monitored at 401 nm (A),
and the putativedrmation of the MYW covalent adduct was monitored at 315 nm (B)
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3.3.5. Rapid FreezeQuenchElectron ParamagneticResonancRFQ-EPR) Spectroscopy

In chapter two, the detail of ferric heme states of b&#tG andmKatG have been
discussedbased on heme environment and coordination statkid section, RFEEPR results
will be discussed to gain insight on possible site of protein oxidafidmydrogenbonding
network maintains the reduction potentials of redotive residues, which is an important
factor in the formation of proteibased radicals. These protdéiased radicals act as catalytic
intermediates and were previously characterized by usialgi-frequency EPR, selective
deuterium labeling, and mutagené<isin a previous studymWT KatG produced a narrow
doublet signal bMYWA radicalas early as 10 ms aad exchangeoupled signal or Trp321
radical at 6supon reaction with 667 equivalents of®3.*” Since, optical stoppefiow data
showed the generation &€"-O," species as the very first reaction intermediatenfé/T
KatG, therefore, narrow doublet radical signal obtained from EPR study is reminiscent of that
dominant steadgtate intermediaté**’3244In this study, using 9 GHz EPR spectroscopy, our
rWT KatG, produced radical signals, bearing distinct line shape than those appeared with
mWT KatG. Our stoppedlow data suggested thatvT KatG is capable of produciriggV=0-
like species as the first reaction intermediate and persisted for 2.6 ms to 270 ms (Figire 3.
In RFQEPR, we have been able to quench the reaction as early as 6 ms and obtained a narrow
doublet signal with exchandgoadening (Figure 301 black trace). Tis multifarious feature
may be due to the generation of two or more organic radicals at different population during
catalatic turnover. Power saturation characteristics have been analyz&dTid€atG 6 ms
sample by collecting spectra from &2W t o  ZFiguren3ML A). The radical signal
obtained fromexchange coupling is very pronounced at 20 milliwatt (Figurd 3,1blue
dashed line) but loses intensity with the power attenuation. However, the persistence of doublet
signal is still visible at power dew as 0.2microwatt Figure 3.1 A, red line. Temperature
resistance of the radical species were also characterized by analyzing thé\sakatG 6
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ms sample at 4.5 K and 77 K (Figure BB). The observed decay of the broad shoulder at
higher temperatre, may be due to the log$ exchangenteractionbetween the unpaired
electrons in the heme and the Tr herefore, considering both power and temperature data,

it can be assumed that exchamgelpled radical is more sensitive to power and temperature
than the doublet producing radicdhe duplexity of this 6 ms sample arises the question of
precedence in tms of radical formation. To better understand the individual nature of mixed
signal, we reacted ouWT KatG protein with 40 equivalents of8,, knowing that this low
equivalent of peroxides would only permit"=O or Compound Il like heme state (Figure

3.12 A), before returning the enzyme to the resting state. To capture a radical species,
corresponding to thiSompound Hlike state, we have freeze quenched our sample at 1.5 s.
The radical signal (Figure 2B) observed at this time point is basicallginglet with a broad
feature (~300 G), consistent with previously obserfed32# *generated during 1D
depletion at 6 &’ The same exchand®oadened singlet feature walsserved whemneacting

rWT KatG with 5 molar equivalents of peracetic acid (PABgased on the timepoint insight
obtained from stoppeflow spectroscopyEPR spectra were also collected, quenching the
reaction at 10 ms and 333ompoundll and Compound lItHike heme spectra were observed

at 10 ms and 33 s respectively (Figure33A). The inactive nature of these intermediates was
reflected in the EPR specti@igure3.13 B) also, where narrow doublet collapsed to a singlet.
However, the intense broad signal was clearly present at 10 ms. Absence of narrow doublet
clearly indicates that#A does not give rise to the heme or protein based radical state but plays

a beneficial role to capture catalase inactive intermediates.

As the reaction progress towardgdddepletion (18 s) the exchange coupling signal was
diminishing and only the doudt feature was remaining (Figure @.ted line) It is noteworthy

to mention that narrow doublet signal with g=2.0034 with a principal hyperfine splitting of ~11
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G is only associated with catalase activity of Kat@isTadical signalvas previously assiged

for theMYW ™ radicalof mWT KatG andmore reminiscent to thed" -0, like stae?’

At the end of the reaction (50 s), a signal corresponding to the ferric statdeardsy
present (Figure 30l blue line). The ferric state was represented by a singlet pitudsied
radical but with diminished intensity as compared with the resting state (Figdra)3.The
progression of radical signals from the resting state tinteemediate states (6 ms, 0.7 s, 10
s, 18 s) and finally, the reemergence of the ferric state (60 s) is shéiguia 3.4 A and B.
Together these data present greater time resolution of the of the {mageuh radicals
generated during active catatafurnover. The power saturation profiles for the 6 ms, 10 s and

18 s samples are shown in Figure53.1

In our observation, peroxide reaction wittWT KatG produced at least two different
radical species during active catalatic turnover. The EPR speet@ded at 6 ms
unambiguously represents the mixture of multiple radicals evidenced by broad shoulder and
doublet feature. Previously, similar spectral pattern was observed upon applying high
frequency EPR (285 GHz/ 10 T) dvitb KatG?’” and SyKatG!®>, where contribution of two
proteinbasedradicals (Trfzand TyE were confirmed, as expected from the deuteration
results. The broad signal (>300 G) resulted from magnetic interaction with heme is a common
phenomenon among KatGsnd assigned as a proximal Trp through extensive
studiest”195:277.278|n mWT KatG, this F&=0[Trp321™] intermediatavas formed during the
time of HO. depletion and spectral features were corresponding Gahgpound Hlike state

(Figure 37 B).

Our rWT KatG permits monitoring the preceding steps before the occurrence of most
dominant catalatic species. This preceding stegpompoundll like state was never observed

with mWT Mtb KatG. Therefore, it is convenient to propose that exchange broadening
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corresponding with thisompound Hlike state is the contribution of a Trp residue other than
proximal Trp321. Closer inspection of the distance mapping (Figu@® f8dln the active site
heme to the numerous Trp residue reveals that the Trpl107 is the thokesheme iron (4.2
A) and in Hbonding interaction through a water moleciffeOn this basis, it can be proposed
that Trp107 is the site of intramolecular electron transfer and consegsigftdyhe radical to
other oxidative residues. Previous study viittb KatG excluded the possibility of this distal
Trpl07 and Trp91 residueyd to the identical sign#00G broad signaljbtained after site
directed mutagenesis as W& enzyme at 4K/” Our proposed site ahidical formation is at
odds with others mainly because of the use of an enzyme (reconstituted type), which showed
distinguished characteristics than mature type. Moreover, we uSedndtead oPAA. H.O2

is a natural substrate for the enzyme arctucal factor for generatingadicalintermediates

during active catalatic turnover.

Formation of narrow doublet is due to the contribution of botigd@gpd Trigradicals
and previous study with deuteration unequivocally assigned the Tyr229 residue as the MYW
cofactor precursor radical spectésConsistent with the literature, our 9 GHz EPR spectra of
rWT KatG also obtained narrow doublet feature at 6with the features Although this
doublet feature persisted for 18 s or more fdlsulistinction in the line shape is fairly observed
may be due to the migration of radical to other oxidative residues. The collapsing of the signal
from a doublet to a singlet during the time efd4 depletion was observed withWT but not
with rWT. Therefore, it can be hypothesized thatrWT, after first intramolecular electron
transfer from Trp107, the radical migrates to the Tyr229 residues. After that, MYW adduct
redox cycles between a fully covalent (reduced) state andddeeal (oxidized) ste, until the
consumption of all ED- is ensured. Further migration to the radical to another oxidizable

residue leads to the closed shell MYW and the ferric state is resumed. Thusgtreece
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EPR data were in good agreement with our stofflesdresuts where the remergence of the

ferric state was observed only after catalatic consumption of >300 equivalent3:of H
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Figure 3.10. Evaluation of proteifbased radicals fmmed upon reaction afWT KatG and

H20.. The narrow doubletadical with a broadened shoulder observed at 6 ms after mixing
with H20 (black line). The doublet signal without shoulder observed 18 s after mixing with
H20- (red). The singlet radical corresponding to the ferric state observed 60 s after mixing with
H20:2 (blue). Reactions were carried out at 25 °C in 100 mM acetate, pH 5.0. All spectra were
recorded at 4.5 K. Spectrometer settings were as described in experimental procedures.
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