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Abstaad

Catalaseperaxidases (KatGs) areemedependent enzymelsatuse a sigle active site
to perform twoactivities by proteirbased radical dependent mechanisims.aAcatalasen
its first step, it reducell,O, to waterandthe ferric enzyme is converted to a high valent
ferryl-porphyrin * cation radical intermediate, compound | (i.e., Fe'V:O[porphyrin]ﬂ*).
Thereafter, compound | is proposed to undergo an intramaleelectron transfer where the
porphyrin radical is reduced by a unigoesthionine tyrosine tryptophaM{yW) adduct
cofactor to form compound Ifi.e,, Fe'V:O[MYW]A“). Compound I*then reacts with a
second equivalent of @, producing a oxyperoxidaserocompound IHlike species referred

to as a compound IlI{i.e, F€"-O,"IMYW]*Y. Finally, another intramolecular electron

transfer from theFe”'-OzA hemeto the MYW adduct radicabccursforming the ferric heme
0O,, H,O and a closed shell MYW addudh contrast, for the peroxidase cycle, upon the
formation of compound I, the enzyme is reducedwo squential oneelectronsteps by
exogenous electron donors, fitstform a ferry intermediate known as compound lle(j.
Fe'V=0) andthento the feric enzyme generating twaquivalents of donor radical. Fare
nearly 30 years since its initial discovery, the naturetlod interplay betweerthese two
activities inKatG has not beennderstood. All evidence includirtbe pH-dependence of its
two activties and the properties of site specific variants $iaggestd mutual antagonism
between both diwities. However,our lab recentlyobservedstimulation of KatG catalase

activity by peroxidatic electron donors at conditiotisat coincide with hostdefeng



mechanisms likéhe neutrophibxidative burst (i.e pH 5.0,large[H,0;]). Hence, evidence

is also accumulating that KatG uses a peroxidase scaffold, a uniquByMetp covalent
adduct, and even assistance from peroxidatic electron donors (PxEQ@rfeom its
dominant catalase activity. The synergistic effect expands the conditions for KatG as an
efficient catalase. This is especially useful for plant and animal pathogens which encounter
enormousamounts ofH,O, produced by the immune responses ludirt hosts. This is
particularly important foMycobacterium tuberculosis knownintracellular pathogen most
abundant in host neutrophils and macrophageshis hostile environmenhl. tuberculosis

brings KatG as its only catalase active enzyme.

The pupose of this dissertation is telucidatethe role of PXEDs in this novel
mechanism oH,0, decomposition by KatGNe have observed that the return of KatG ferric
stateat the conclusion of ¥D, consumptionis not catalytically competemd account fothe
rate of catalatic H,O, decomposition. Thesalata suggested that catalase inactive
intermedidaes accumulated durinirnover. We hypothesized inactive intermediates might
accumulate because of gffithway protein oxidation events arRKEDs prevent the
acawmulation of these inactive enzyme formdVe also hypothesized that the proximal
tryptophan (W321 in M. tuberculosisKatG) wa a pominent conduit for offpathway
electron transferln order to evaluate these hypotheses, pvoduced the W321F KatG
variantto make this site unoxidizablend compared its properties with wilghe KatG. At
neutral pH wiere catalase activity is optimahe catalase activity of KatG and its W321F
variant arenearly identical At lower pH where the stimulatory effect of PxEDsmaximal
(pH 5.0), the unassisted catalase activity of \WWBZexceededhat of the wildtype enzyme.

By stoppeeflow, both proteinsshowel identical initial rates of H,O, decomposition and
iii



compound IHllike species(i.e., Fe"

-OZA) dominated the heme speum at theseearly
reaction times. As turnover progressed, viiide KatG more rapidly lostactivity than
W321Fand transitioned to a mixture bémestatesat theconclusion of HO, consumption.

Conversely, W321F sustained higher rates of,® consumpbn and transitioned to a

compound Hike species(i.e., V=0 [porphyrin]A)“ at the time HO, consumption ceased
Thereafter, the W321KatG ferric state returned an order of magnitude more rapidly than
the wild-type enzymePxEDsstimulatedcatalaticH,O, consumptiorby both proteins as well

as thereturn of the ferric state afteH,O, depletion However, theeffect was more
pronounced in both respects foitd-typethan W321F KatG.

Samples of both proteins freegaenchedlO msafter reaction with KD, produceda
narrowdoublet radical specieas detected by electron paramagnetic resonance (EPR)
spectroscopy. This signal é®nsistent witha radical centered on tiYW covalentadduct
of KatG. Reactions of wiletype KatG quenched at the tirieO, consumgion ceased (6 s)
produceda singlet EPR spectrum with clear evidence of exchangelingduemog likely
to the heme centethis is consistenwith a radical centered ahe proximal tryptophanAt
1 and 5 min after pD, depletion, proteirbasedsingld radical speciesvere still detected,
albeit at lesser intensity andith much diminished exchangmupling. These data are
indicative ofradical migration away from the KatG active site with tiAdhough W321F
KatG showed a protein radical signal atetlime of H,O, deletion (.6 s) no exchange
coupling was evident. In addition, the intensity and persistence of radical species at all
subsequent reaction times were substantially diminished compared to thgpeilednzyme

Inclusion of PXED in reactionsof wild-type and W321F KatG with 4D, producedonly the



narrowdoubletsignalcorresponding to the MYW adduct radical dete@etl0 ms.Little or

no proteinbased radical was obsed/at H,O, depletion or any timéhereafterAll these data
supportedour hypahese that PXEDs stimulate KatG catalase activity by rescuing inactive
intermediateshatresult from offpathway protein oxidation everggarting with oxidation of

the proximal tryptophan.

The pH-dependence dahe stimulatory effecof PXEDsis stiking not only because of
the physiological implications of a lepH catalase activitybut also because of known
structural adjustments in KatG that are alsodapendentWithout a PXED, KatG shows
poor catalase activity at pH 5.0. This is attributedeast in part to the position of the
e n z y mecélled agyinine switch (R418 iNl. tuberculosisKatG). At pH 8.5,the R418
guanidinium sidechainis oriented toward the phenolate oxygen of the MYW adduct, and at
pH 4.5, It 1 s or ivenhacoessible sarfade.rAepH©G.5,dhiere aremeégeal s o
populations of both conformational states and this corresponds to KatGs optimum unassisted
catalase activity.

To investigate the participation of R418 in the mechanism of Pstitbulated catalase
activity, we evaluated R418K and R418A KatG. In most respects, R418K was
indistinguishable from wildype KatG.In contrast,R418A KatG showeda diminished
kealKwm (7.4 % 103 M™*s?) for catalase activitat pH 7.0. Activity increased appreciably at pH
5.0 with a keafKy of 5.2 x 10 °> M's*. PxEDswere able to stimulate R418A KatG to an
extent similar to wiletype KatG, albeit with much more PXEDs required for its catalase
restoration Similarly, R418A KatG produced morexED radicals to HO, consumed also
suppats its need for mord®xED for its rescue mechanismBy rapidfreeze quench EPR

R418A KatGproduced aMYW narrowdoublet radical at 10 neter its reaction with pD5.
\Y



Over time at its point of D, depletion (i.e., 20 s), R418kansitioned to an exchaeg
coupled proximal tryphanyl radical More so, remote proteinbased radicals persisted
throughout turnoveeven at later times of its reaction with®4. The less broad and less
intense radicals observed are consistent with radical migration from tikie site. When
PXEDs were included in the reactioi®18A only formed the narrodoublet radicakt 10
ms Strikingly, the intensity of the narredoublet radical produced by R418A Kat@en
PXED was added was twold greater than that seen for eithatdatype or W321F KatG.
This suggested that R418A KatG recycle more-kbf\W adduct radicals back to the active
MYW adduct radical As with wild-type KatG and W321F KatG, little or no other radical
was detected dhe point of HO, depletion and thereaftefll these data suggest that R418
influences KatG activity, inactivation, and restoration mechanisms.

In conclusion, akarly reaction times corresponding to the most rapid rates,©f H
decompositionall KatG proteins formed a putativee'\*—OzA[MYW]A§pecies. Wildtype
KatG and R418A KatG transitioned to an exchaogepled proximal tryptophanyl radical
intermediate (EV=0 [W321ﬁ*]) at their points of KO, depletion This species slowly reverts
to the KatG ferric resting statén contrast, W321F fornte an uncoupled radicakhich
rapidly returns to its ferric statdhese data suggest that KatG proximal tryptophan is the
first residue that gets oxidized for KatG inactivati®xEDs reduce all neMYW radicals
but leave the MYW adducadical untouchethereby stimulating KatG catalase activitye
proposethat PXEDs restores catalase active states simultaneous with optimizing catalatic
H,0, degradation.This thesis enlightens us on KatG intramolecular electron traasfir

proteinbased radicalsvhich rdates the enzymes catalase and peroxidase mechanisms of

vi



H.O, detoxification. As such, walso proposehat the proximal tryptophafacilitates the
mutual synergism of both theatalase and peroxidase activit@sKatG. Until the present

time, the identityand role of KatG physiological electron donor has been a conundrum in the
field. The synergism observed in this dissertation may provide some insights into the
characteristics of the unknown physiological electron donor. This will carry important
ramificaions for those organisms which utilize KatG to detoxify the threat posed:®@y, H
most importantly for organisms likiel. tuberculosiswhose only catalase active enzyme is

KatG.
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Chapter One: Literature Review
1.1 Oxygen and its Toxicity

Oxygen (Q) can beviewed asa O d-ed gl d [§-4].0Thedvérsatility ofO, as
both a terminal electron acceptor and an oxidant allows for the generation of enormous
amounts of energy in the forwf ATP captured by oxidative phosphorylation fraime
oxidation ofnutrientcarba to carbondioxide Molecular oxygen, with a triplet (i.€05)
groundstate is relatively unreactive towardsnost biological molecules because they are
singlet in their ground stadeThe kinetic barrier presented by this spin restriction can be
over@mme in multiple wayskFirst, triplet O, can be excited to one of two singlet stqies,
singlet'0,) by the reversal of the spin of one electr@fig. 1.1A) [1, 5]. Second redox
active transition metals cancilitate electron transfer from singlet biological molecules to
O, to generatesuperoxide(ozA), hydrogen peroxide (30,), hydroxyl (Ol-f) radicals andor
H2O. This is because redeactivetransition metals are capable adfcommodatingnultiple
oxidationand spin stateS.herefore, i should not be a surprise thithesemetals (especially
Fe)appear throughoytrocessesonnected to @

Despite the use of transition metals to circumvent i iIestrictionpresented byD,,
the uncontrolled consequence$ this interaction are formidableAs such there are
specializedsystems in placat alltimesthat are designetd control the interaction between
transition metals and OThesesystems are preseatthe pointsof transition metal transport
and storageoxygen transprt and storage and at any plagberethe redox properties of

transition metals are requiréd/hether generated from initial production of singbeor by
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transition metatatalyzed processes, partially reduced oxygen sp@j}ésl-ﬂzoz, andOH)S)

along with related derivativeperoxyl andalkoxyl radicals) are termed reactive oxygen
species (ROS) because of their capacity to react rapidly and indiscriminantly to achieve full
reduction to water (Fig. 1.1 BJl]. The collatera consequences of these reactions are
observed by the modification of biomolecules of all types.

1.2 ROS: Sources, Biomolecular Alterationand Mechanismsof Detoxification

All organisms that live iraerobicenvironmentgwhether or not they themselveseus
0O,) must confront the problem of ROS to one extent or another. The useasfa&terminal
electron acceptor in oxidative phosphorylatioproduces numerous opportunities for
premature anchcomplete Qreduction. Although ROS are used to some extergignaling
and regulationespecially of cellularedox status and redox processes, their accumulation
holds damaging consequences for every class of biological molgculg. Indeed, it
appears that nature hakea note of the toxicity of ROS. Higher eukaryotes in particular
rely on ROS for antimicrobial defenses. The oxidative burst of neutrophils is an example of
this phenomenofi7]. The effect ofROS depends on both & identity and theirrelative
concentrations. Théollowing section will focus on different types of ROS, their origin,
effects on biological systemand how they can be detoxified.

1.2.1 Superoxide (QA)

Superoxide (@&) is the primary gateway forthe generation oimost if not allother
ROS, and it isformed from the single electron reduction of (Big. 1.1 B). There are
numeroussourcedor the endogenousormation ofOzA, but perhapghe largest contributor
is mitochondrial or aerobic prokaryotiespiration During cellular respiration, electron

carries like fully reducedflavins, flavin semiquinone radical§Fig. 1.2), and transition
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metal complexes athe electron transport chaotcasionallyreduce Q to form Of‘, This
circumvents the full dur-electron reductiorof O, at the cytochrome oxidase Gw@me a
reaction centefl, 6, 8, 9]

Flavin (FAD or FMN)-dependent proteins are ubiquitous in metabolism. The flavins
can accommodate a number of interratelredox states (Fig. J.2Most commonly, the
fully oxidized states (FADor FMN) can be reduced by a single electron to yield the
flavosemiquinone radical. A second eglectron reduction produces the fully reduced
(FADH, or FMNH,) states. Rduced flauns reactrapidly with O, to form an initialflavin
peroxyl radical capable of a variety of chemical transformations, not the least of which is the
formation ofOzA (Fig. 1.2)[8, 10].

Superoxide has consistentheenobserved to originate frorthe respiratory chaiat
complexes | and IlIThe nostabundant source @, is O, reduction by complex | FMNH
(or FMNA) rather than electron transféo the appropriate Fe/S clustés, 8, 10, 11]
Another common source oi)zA comes fromthe reduction ofO, by the ubiquinone
semiquinone radical @mplex I11[10].

Photosystems | and 1l (i.e., P&d PSII) located in the thylakoid membrane are also
known for their contribution in the generation oiAOn plants, cyanobacteria, and algae
during photosynthesig§12-14]. For eample, in PSlthe transfer of electrons from
plastocyanin to ferredoxin also produceg:&.()\/lore so, the incomplete oxidation of water
may result to the Al eakingo of el ectytoons fr
form Of‘ [12]. Further, in PSlithe excited energy transferred from chlorophyll P700
electron donor to its electron acceptors can also result in the formation of Y¥qtE3).

Superoxide readily oxidizes Fe/S clusters, and therefore has the ability to interfere with
4
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a wide range of metabolgathways[16, 17] The Fe is readily detached from the cluster
during Fe/S cluster inactivatigra processthat occursvery rapidly with rate constants of
10°-10" M's™ [18]. Interestingly, the release of iron in this manner has the capacity to
induce further destruction as uncontrolled Fe is able to catalyze the generation of additional
ROS.Further,OzA also inactivates catalase and glutathionepdase, and as such has the
ability to interfere with subsequent steps in ROS detoxification.

There are two consequences of supereh@sedproduction andlamage One is that
some organisms capitalize on the destructive nature of ROS todaiddsive reponses
against hostile invaders. The second is that there are enzymatic defensive systems to prevent
the accumulation 0D;". The former occursn the context of the ret-defense pathogen
interaction. @e of the efficient modes of defense against inv@adhiricroorganisms is the
rapid release of ROS (especia@f) from various cell types during respiratory burst. The
ROS are crucial weapons for the host. Memb#amend NADPH oxidaseis used by
neutrophils and macrophages to generate copious amou@aé\ dfL9]. Also, the primary
source of ROS in NADPH oxidase is predominantly expressed in phagocytes. The ROS
generated in this manner is strictly controlled to prevent further damage to neighboring
tissues[7]. The superoxide formed isonverted enzymatically té1,0, by superoxide
dismutase. The ¥, produced in this manngslays an integral role in killing invading
pathogensFirst, it can participate directly in thexidation of pathogenDNA, lipids and
proteins[20]. More than this, KO, is usedoy myeloperoxidase to generate HOCI, a potent
bactericidal aget. These systems are not without their consequences. IntieeRCQSand
other reactive speciaterived from phagocytes have recently been shown to be involved in

the development ohumerous chronic conditions connected to chronic inflammation,
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includingmany cancers, coronary artery diseases, and digBéies

Superoxi@ onceformed can only preeed to form other ROS. More importantlyese
are potentially more destructive ROS like;®: and ’OH. Not surprisingly, thesare often
iron (or other redox transition metatptalyzedreactions. An example is the -Eatalyzel
HaberWeiss reactionEgn. 1.1).

Fe¥™ + 0 —» Fe?" + 0O, (1.1)
Fe** + H,0, —— Fe’" + OH+ OH' (Fenton Reaction)
0O; +H,0, ——> 0, +OH+OH  (Net Reaction)

In terms of defenses againié«gA based molecular damagdcCord and FridovicHirst
isolateda blue Cucontaining protein (erythrocuperin) from bovine erythrocytes i
ability to scavengeOzA [22]. The 02’5‘ scavenging enzymedater called superoxide
dismutases (SODgsareall metlloenzymesand they are produced yl aerobic organisms
They catalyzeOZA disproportionation to formH,O, and Q. The rate constant for the
uncatalyzed,” dismutation is optimal at aHpof 4.5 (2x 107 M’s?) and decreaséds 5 x
10°> M™s? at pH 7.0. Under tk later conditions, SOD produces a rate constnabout
four orders of magnitude high i.e., 1.6 x 18 M™s™) which isatthediffusion limit [23].

The tiree main types of SOD are classified based on their protein fold and metal
cofactor[23] (Fig. 1.3). @pperZinc SODis a homodimerfound primarily in prokaryotes
and mammalsandis found in the cytoplasni24]. The Cuion is ligated bythe imidazole
side chains ofour histidineresicuesand one water molecul®ne ofthe His ligands to the
Cu also ligates th&n ion whichis also coordinated to two other histidines anchapartate

(Fig. 1.3 A)



Figure 1.3.Active sites of threetypes of SODsCuwZn-SODs (A), Fe or M¢iSOD (B), and
Ni-SOD, (C).Amino adds are colored as follows: Histidine-Yellow, Aspartate-Tv_blue,
Tyrosine-Orange GlycineGreen, Cystein&ight Magneta, ValinéPurple Proline-Red,
LeucineGray. Amino add oxygen and nitrogen elements are colored in red and blue,
respedively. Stuctures were taken from PDB accession domain 1SDY [25], 2BPI[26],
and 1QD [27] respectively



Together FeSOD and MRSOD constitute asecond type of SOD found in
prokaryotesprotists and ireukaryoticmitochondriaand chloroplastf28]. These SODs are
dimers or tetramers. Themononuclear metal center is ligated thyree histidines, one
aspartate and either,@ or OH depending on the oxation state of the metal (Fi§.3 B).
The FeSODs are found in thehtoroplasts of plants while the MBODs are found in
mitochondria andgeverabacteria.

Finally, Ni-SOD constitutes the third type of SODsund primarily in prokaryotes
[29]. Theyare mainly hexamers, each conhding an Nterminal hook that chelate¢he Ni
ion. The Ni cycles between the +2 and +3 states for its catalytic actvitonserved
proline provides the hook bfporming a sharp behin the polypeptide chainAlso, two
cysteines, one histidine artde anine of theN-terminus provide thdigands forthe Ni
cofactor[29]. All SODs, regardless of metal cofacttwllow the samegeneralsequence for

o disproportion Egns. 1.2and1.3).

M®D_SOD + O, M™"-SOD + O, (12)

M"-SOD + 05 +2H" M™D_SOD + H,0, (13)

where M =Cu,n=1; Mn,n=Fe,n=2,Ni,n=2.

1.2.2 Hydrogen Peroxide (HO,)

Not only is 0" destructive in its own rightout it leads to formation of other ROS
(Fig. 1.1 B). Prominent among theseHgO,. Interestingly, the SOD defense agaiﬁlsf\
does notesolve the prdem of H,O, accumulation or its downstream consequenchsre
are multiple mechanisms for,8, generation: enzymatic and nenzymatic, radical and

nonradical. Oxidation of compounds can lead to the direct production®f &kscatalyzed
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by numerous oxidseg9]. For examplethe oxidation of alcohols to aldehydes by alcohol
oxidase enzymes may also produce it as a byprq80¢tinterestingly,in E. coli aflavin-
dependent-aspartateoxidase (NadB) contributegbout one fourth of thél,O, generated
inside the cel[31]. A source ofH,O;, in plant chloroplasts is PSI where it is gested by
directreductionof O, [32].

As mentioned before, @, will also be produced as a result of any reaction
(enzymatic or nofenzymatic) that generatesg’l(])ecause d rapidly disproportionates to
form H,O,and Q. Superoxide dismutase only catalyzes the reaction so it doesmmtee
but insteadhastes the generation dfl,O,.

Like oxygen,Hydrogen peroxide islso widely known as aloubleedgesword. At
lower concentrations, it can be used in signal transduction pathiv@yalso critical in the
host immune responsesf highe eukaryotes[31, 33] On the other hand, at higher
concentrations, it has been shown to directly inactivate numerous proteins. The proteins
most sensitive to pD,-dependent inactivation rely on redox active traos metals (e.g.,
FelS proteins)[34, 35] As stated earligrin the context of immune responses for higher
eukaryotes, NADPH oxidase produces superoxide which disproportionategOio Hhe
H.O, produced can besed by myelperoxidases and lactoperoxidases to oxidize halides
and pseudohalides (e.g., chloride and thiocyanate) to generate the corresponding hypohalous
acids (e.g., HOCI and HOSCN33, 36] These are powerfudxidizing and halogenating
agents widely known for their bactericidal properties and their role in the irmatane
responselndeed, theH,O, generated in this manner plays an integral role in the interaction
of hosts and thpathogens that seek to coiosthem

Given its central position in the generation and consequences of ROS in biological
10



systems, it is not surprising to find that nature employs a diverse array of enzymes to safely
remove HO,. These enzymes can be dividettoi two main categories;atalasesand
peroxidaes [37]. Catalase and/or peroxidase activity can be produced by a number of
strategies including cysteidependent (e.g., alkyl hydroperoxide reductase [AhpC]),
selenocysteindependent (e.g glutathione peroxidase and NADPH peroxidgs8), 39]

and transition metadependent (e.g., manganesatalases) mechanism40]. However,as

will become clear in subgeent sections of this reviewne of the most widely exploited
cofactors for diffusing the threat posed )0, is heme[41]. As with superoxideH,O-is a
formidable and destructive oxidant in its own righit it is more prominently a precursor to

far more destructive oxidants (Fig. 1.1 B).

1.2.3 Hydroxyl Radical (HOa)

The hydroxyl radical is an indiscriminant oxidarE®{ = +2.33 V) tha reacts at
diffusion-limited rates with all classes of biological moleculesluding nuclec acids,
lipids, amino acids, and carbohydratégy. 14) [6, 31, 42, 43] The primary mechanisrof
"oH radicalsgeneration is onelectronH,O, reduction facilitated either by reaction with
reduced transition metal@.g., Fé' of the Fenton reaction) or by exposure to ionizing
radiation(Eqgn. 1.1) [42, 44]

There are virtually no kinetic or thermodynamic barrier&2l reduction by anglass
of biological molecule.lt has an extremely short lifetime which means that its site of
reduction is likely to be very close to its site of generation. In this respexthi¢ iocation
of redox active transition metals and the sitélgd, generation that are predominant factors
in determining where damadpsy ’OH is most likely to be observedhis is also the point

where enzyme/protein based defenses are deployed asatitzsirategies again%DH
11



- Peptide fragmentation

- Charge alteration - Lipid peroxidation

- Enzyme inactivation - Increase membrane fluidity

- Site specific amino acid modification (e.g., Phe to 0-Tyr) - Chain breaks

- Increased susceptibility to proteolysis - Increased membrane permeabilily
- Aggregation of crossed-linked reaction products

PROTEINS LIPIDS

DNA

- DNA-protein crosslinks

- Strand breaks

- Base modifications (e.g., 8-0xo guanine)
- Nucleotide removal

- Deoxyribose oxidation

Figure 14. Potential molecular damageaused by ROS to altlasses of biological
molecules
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must be preventive. As there is no real kinetic barriéDtd reaction once formed, there is
little point in enzymebasel systems to reduce it. Rather, sacrificial radical scavengers (e.g.,
ascorbate, flavonoids, tocopherols, etc.) are the only viable strategy to dorisence
generatedl.3.Defense Mechanisms Against D,

The need to detoxif{H,0, is made even more wgt in the context of a pathogen
facing host defenses. Superoxide rapidly disproportionates due to the lowef {hid
environments where it is generateud the action of SOOhe HO, produced especially by
phagocytic leukocytes usedby myeloperoxidasto generate HOCI, a centraleaponof
defense immunity for the hodduring oxidative stress, aerobic organisms require systems to
fight and survive the threat posed by ROSor the purpose of this research, we will focus
our discussion on strategiestun@ has employed to eliminate®. As mentioned before,
heme is the most widely used cofactor by enzymes to eliminate the threat pos€a.by H

Two broad categorieso detoxify HO, are catalase and peroxidase mechanisms.
Catalases are enzymes whicktatyze the decomposition of,&, to water and oxyge(2
H.O, — 2 H,O + ). In contrast, peroxidasestaly2z the reduction of various peroxides
with a vast array of electron dondqi4,0, + RH — 2 H,O + 2 Ré) In both caggories, the
catalyst repremnted can be divided into herdependent and nememecofactor dependent
mechanisms.

1.4. Catalases

Catalases are ubiquitous in nature, fotimdughout eubacteria, mamychaebacteria,
and across all major groups etikaryotes[45]. A small group found only irselected
ewbacteriaand archaegelies on a dinuclear manganese center for its catalase aptijty

45]. Given the wide distribution of herdependent catalases, it begs the question as to why
13



there might be this completely distinct approach for catalai@, ldecompositionFactors
that may have influenced their emergence pedsistencen naure includet he enzymeod
thermostability,and resistanceto ligands like cyanidg40]. It may also coincide with a
lower peroxide stress for the organisms known to carryheir catalae reaction cycle
contrastghat of hemelependentatalases in that there are no free radicals involved, there
are no reactive intermediates in their cyeled both water moleculesrom H,O, reduction
are formed during the first step of the reac{dd, 45, 46]

1.4.1. Hemedependent Catalases

Hemedependent catalases are far more widely distributed in nfddie These
monofunctional (i.e., typical) catalases are homotetramérsreeachsubunitbears a heme
prosthetic groupln most catalases, henbds used though hengkis observed in a handful
of enzymeg45]. Thehemeironis coordinated by a tyrosinenoxide anioms itsproximal
Yligand. Tre anioniccharacter of thdigand produces a veryegativeFée"/Fée' reduction
potentialfor the heme As such,catalaes are isolated in tHerric state and they are also
capable of stabilizing highéron oxidation stategi.e., Fé'=0) [47, 48] On tte distal side
of the heme araninvarianthistidine,asparagine and seri(ig. 1.5 A). The distahistidine
imidazole plane is roughlyarallel to the hemeThis residudinds HO, through a hydrogen
bond network.The distal histidine is proposed to serve as the general base to abstract a
proton from hydrogen peroxide duringnspound | formatiorj47, 48] The distal asparagine
stabilizesthe negative chargehich developn thedistal O as th€-O bondis polarized

and heterolytically cleaveFig. 16). The seringesidueparticipatesn a hydrogen bond

! By convention, the side of the hem@ave the proteibased ligand coordinates the iron is referred to its
proximal side (Px).
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and the simplifieccatalyticcycle of monofunctional catalas€B). The dructureimagewas
generated from coordinateleposited undePDB accesion domain 1IPH49]. Ds (distal
side of heme).
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with the N of the imidazole and increases its nucleophilicity hence stabilizing the heme
pocketfor facile HO, oxidation[47, 48] For compound | reduction, the distal histidine has
been proposed to act as an dsase catlyst to oxidize HO, for facile release oD, and
H,O [50]. Together, these four residues help all monofunctigmalypical) catalases to
perform their catalytic mechanism. The catalase cycle is st®&mmechanism where,6,
acts first as an oxidant and then a reduciést 47, 48, 51, 52]The ferric enzyme reacts
with the first equivalent of kD, to form compound | and 4. For the second step,®} is
oxidized and compound | is reduced back to the ferric enzyme, releasengd®O (Fig.
1.5 B).All hemedependent monofunctional catalases show a broad plateau fotiptiiop
in catalase activity. Hence, these enzymes have the ability to degs@deVér a wide
range of pH (i.e., pH-A0)values

Ferryl (F&'=0) heme states are well known for their reactions with different peroxides
and electron donors. Though they afsom Fé'=O states, catalases are veryiied in
these kinds ofeactionsOne important feature dfie typical (i.e., monofunctional) catalases
is that theheme is deeply buriedithin the protein2 0  j from t hd47]cA osest
very narrow access channel for catalalesgls to the active site heme and oallows
passage of small molecules like®4 and ethanoto enter However, large molecules like
most peroxidatic elgron donorsare not able to aess the active sit@his is one prominent

reasorwhy catalases generally show poor peroxidase activity

16



His‘.\_{\jIH

N

@I
Ferric
Hi

His\_@H

H,0,
5

N

( H

H\O/O

Fel[l

His%H

N

e O
SHG

0,
SO b

Figure 1.6. Classical reaction mechanism of hedependent monofunctional catalafe3).

17

- 7

H,O

Hist

N

Compound |



Though there are distinctive features among themhémedependentatalass all
have a commofold. It consists of a corgeta barredomain analphahelicaldomain anN-
terminal arm domai , and a f wr algiteris@a png lproteinpségmentthaelinks
thetwo globular domains (Fig. 2.B) . This | oop bears the proxi
barrel is the main feate of the catalase faldind it constitutes ang8t r anded ant i pa
barrelt h at al so contains about six U heiices.
terminal arm followed by the wrapping loop and terminated by the second gldbuhain
( i . belical ddthain) The first half of the barrel is situated at the distal side of the heme
whichconstitute®éddstTaedsebdntdohal f of the bar
binding domain for those enzymes that reqiNeDPH and spans fronstrandsb 5 bt8o
[53].

Despite thebroad structurasimilarities between catalases, they are divided into three
main cladesased on sequence and structural distinc{ivgg Clade lenzymes are found
in eubacteria, algae, and plants eharacterized by relatively small subnit size(55-69
kDa) [54]. They use hemeé as their prosthetic group. CatalaSatF from Pseudomonas
syringaeis a typical example of a cladecatalasd€Fig. 18 A) [54]. Clade 2 catalasdsund
in eubacteria and fungiave aconsiderablyarge subunit, 75-84 kDg. Theyusehemed as
their prosthetic group (Fig. 8.B). The extra mass is contributed byid | axinb d & e 0
domain similar tothe family of the type Dlutamine amidotransferaséSig. 18 B) [52].
Hemed is a derivative of hemle where one of its propionaside chaindias been converted
to a cishydroxy-o-spirolactone and the corresponding pyrrole ri@has lost the double
bond between the out&-6 position and the hydroxyl group of%&[55]. In addition, clade

Il enzymes also form a covalent modification betweerf@hef the proximal Tyr ligand and
18
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Figure 1.7. The multimeric structure (A), and the subunit (B)Ebtoli HPII catalase. The
globular beta barrel domain (Yellow), alpha helices (Green), and wrapping loop (Cyan).
Structures were takefrom PDB accession domain 11P48].
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the °N from the imidazole group of the distal HE2, 56] Catalase HPII fronk. coliis an

example ofa clade 2 catalase (Fig.81B) [49, 52] Clade 3 enzymes are thestwidely
distributedof the three. They around in archaeagubacteria, fungi, protistglants, and
animals[53]. Theyare highly similar taclade 1catalases, especially the use of hemb as

their prosthetic groupandthey alsohave a relativelysmall subunitsize (43-75 kDa) They
contrastother clades in that thdyind NADPH as a second redox active cofaqtig. 1.8

C). The NADPH cofactorbindsa b o u t 20 f r oot ittishnet direatlyt | v e s
required for catalatic turnovelt is proposed that NADPH serves as a reductant to restore
catalasdnactive intermediates to the 'Festate and maintain catalatic activii§l, 53]

Examples of clade 3 catalases include bovine liver catalase and human erythrocyte catalase

[35, 53, 54]
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Figure 1.8. Catalase fold structures for representatives of three clades otdepaadent
catalases. CatF (clade 1) (A), HPII (¢tad) (B), and human erythrocyte catalase (clade 3)
(C). Structures were constructedrom PDB accession numbers 1M7354], 1IPH [49] and,
1QQWI[57] respectively.
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1.5 Peroxidases

In contrast to the KD, disproportionating activity of catalasesizgmes which utilize
different peroxides as electron acceptors to catalyze a wide rangexidhtive
transfomations are generally referred to as peroxidases. These enzynfesiratdn all
classes of living organismsAs with catalasesthey can be divided intdwo groups
depending on whether or not they Usameas cofactar The norsheme members can be
divided into five independent familie$58]. These include the thiol peroxidasés.g.,
glutathione peroxidase and peroxiredoxines), alkylhydroperoxidasesCJAhpmnganese
catalasesNADPH peroxidasesand the noieme haloperoxidasg¢38-40]. Most d them
use FAD as cofactand are capable of reducihigid hydroperoxidesalkyl peroxides, and
H.O.. It is noteworthy that the primary role of these enzymes is froteagainst oxidative
stress; he identity of the oxidized electron donor is typically of secondary importance.
Particularly in the context of prokaryotic organisms, these-heane peroxidases are
especially important for the disposal of endogenously generategd MhpC, for example,
showsavery low k.o anda very lowapparenKy, for its H,O, substrateConsequentlytiis
very efficient, but it is also very easily overwhelmed. Thus, it is not likely to provide
bacteria and other microorganismsfficient defense against copious exogenéi®,
generated by higher eukaryotes under threat of infection. As will be addressed later, heme
based HO, disposl systems are better positioned to address perdoaded threats of this
nature.

The heme containingeroxidasesan be divided intdour superfamilies. he first,
previously known as the plant/fungal peroxidases or-atwmal peroxidases is the

peroxidasecatalase (Px-Ct) superfamily. he second, formerly known as the animal
22



peroxidasesjs the peroxidasecyclooxygenasgPx-Cx) superfamily There are also the
peroxidasechlorite dismutaseand peoxidaseperoxygenase superfamiligs9]. The former

two superfamilies are the largest and have the greatest bearing on the research presented in
this dissertabn, so they will be the focus of this literature ravie

1.51. Animal Peroxidases (Peroxidas@yclooxygenases)

The peroxidaseyclooxygenases were initially called mammalian peroxidases, but the
emergence obther members in plants, fungnd bacteria arranted another nomenclature
[58, 60, 61] Though Hisbased ligation of the heme is common to both th€®xand PxCt
superfamilies, the modulation of the ligand bybbinding is distinct. ArAsn residue (rather
than Asp inPx-Ct enzyme}¥ H-bonds the proximal His producing more positive reduction
potentials in the RCx superfamily. Similarly on the distal side of the heme, both
superfamilis have a His and an Arg residue, ,bexCx enzymes alsdavea distal sice
Asp, Gh, and Met which are absefibm the PxCt superfamily A frequent though not
universal feature of RE€x members is the pestanslation modification of the hemi®lost
commonly, ester linkages are established with Glu and Asp residues frorarth@dpse
protein. Another common though not universal feature e€CRxnembers is their oxadion
of halide and pseudohal& substrates, leading to the generationtlodé corresponding
hypohalte ionsas productsThoughall Px-Ct enzymes cawoxidize at l@ast some halides
(e.g., I), this does not figure prominently in their physiological function. In contrast,
hypohalite ion production bthe PxCx enzymes myeloperoxidase (MPO), lactoperoxidase
(LPO), and eosinophil peroxidas€EPO)is an essential compameof innate immunity.
Another PxCx member, thyroid peroxidas€l'PO), leverages ‘| oxidation towards the

generation of triiodothyronine and thyroxine
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However, in this regarthe most striking PYXCx enzymeis MPO.MPQO, a mammalian
enzymeis most abunddnn neutrophilsnher e it 1is stored [60 t he
62]. It is alsoexpressedo lesser extentsm monocytes and some macrophadéd®O is a
tetramer consisting of two light and two heavy polymbpichains[62, 63] These chains
arise from the excision of a single polypeptide precursor. The chaihska® togetheby
a disulfide bridge from a conserv€ysresidueg62]. Theheavy glycosylatedhan contains
the active site bearinthe modified protoporphyrin IXheme Also, a binding site foiC&*
hasbeen identifiedn the structure of MP@62, 63] The essentiakesidues athe active site
are the distaArg239, GIn91, and His95. At the proximal side, H336 is the axial ligand
which is also H-bonded with the carbonyl oxygen of Q421. The pasinslational
modification of rings A and C is a commobut not conservetkeature for these enzymes
(Fig. 19 B). Also, the vinyl group of ringA through its beta carbon forms a covalent
association with the sulfur of a conserved methignanéature only unique to MP[82,

63]. As would be anticipated, &se modiftations giverise to someunique spectrahnd
redoxfeaturesof MPO, hencetis special catalytic abilitie$ndeed, he Soret band for MPO

is red shifted to about 425 nm along with very intense bands at the visible region giving the
enzyme a unique green col62].

Most, if not all peroxidases are capable of oxidizirtg IOI. Fewer are able to oxidize
Br to OBr, but MPO is unique among both the-ex and PxCt superfamilies in its ability
to oxidize Cl to OCI at the expense oH,O, reduction, a fundamertgart of the
antimicrobial function of MPO in neutrophil3his special ability of MPOs has been linked
to the presence of a third modification of the pyrolle iadpy a methionineAlso, MPO

serves aa key mediator of molecular damage that accruesalakronic inflammation with
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Compound IT

X" (halide), XOH (hypohalous acid),
AH, (peroxidase reducing substrate)

Figure 1.9. Active site of mammalian myeperoxidase (A), structure of modified heme in
MPO, and catalytic mechanism of myeleoperoxidase A@)ino aad oxygen and nitrogen
elements are colored in red and blue, respedively. Cd -green sphereStructures were

taken from PDB accession domain 1CXP[62].
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respect to pathogenic bacterfde presence of MPO substantially raises the stakes@f H
degradation. The failure of a pathogen to efficientijmove HO, exposes it to substantially
greater damage from OCI

The first step othe catalytic mechanisnof MPO is similar to all heme peroxidases;
the ferric enzymeeducesH,0, to form compound |. However, agxcess of peroxides
required to obsewrvit. It has been proposed that the distal histidine and argassistin the
first step wherdghe HO; is oriented and bound to the ferric enzyris allows for the
heterolytic QO bondcleavage. Compounddxidizes halidegClI is unique toMPO) and
severalother peroxidatic electron donor®bserved in mosperoxidasesjFig. 1.9 C). For
theformer cycle compound | is reduced back to the ferric statexidizing a halidg62].
The latter cycle typical of peroxidasesompound | is reduced byhe presence of
peroxidatic substrates. It is hypothesized that the available substrate will determine what
pathway dominates.

1.52. Px-Ct Superfamily: theNon-animal Peroxidases

This group represents the second superfamily of heme peroxiddsssare éund
predominantlyin plants, fungiand bacterig58, 61, 64] All enzymes in this group have
several structural similaritiesndeed, theyall havea soecalled peroxidase folavhich is
composed ofl0 alpha helicegA-J) and little or no beta she¢Fig. 110). The helical
structure surrounding the active site heme is also quite distmctompriseselicesB, E,
and F (Fig. 111). Within the active site, the heme is always hdmend there aréve
residuesinvariant across the superfamily. These incluthe proximal histidinewhich is
modulatedthrough a strong Hbond toan Asp, the distal His modulated layy Hbond to an

Asn, and the distal Ar(fFig. 1.12 A). All of thesefacilitate the peroxidaseatalytic
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Figure 1.10. Ten helical structurerepresentatives of the three classes of theCPx
superfamily. @tochrome c peroxidagelass I)(A), manganese peroxidag#gass II)(B) and
horseradish peroxidagelass Ill) (C) are shown C&" ions arein orange whileMn®* is
shown in purpleStructures constructedfrom PDB accessionnumbers2CYP [65], IMNP

[66], and1H5A [67] regectively.
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Figure 111 Three helix structures around the active sites of-arumal peroxidases.
Helical structure of cytochrome c peroxidase (A), manganese peroxidase (B) and
horseradish peroxidase (Gjelix B is shown in red, helix E is shown in yelow and helix F

is shown in blueC&* are shown in orange while Mhis shown in purpleStructures were

taken from PDB accessiondomain 2CYH65], LIMNP [66], and1H5A [67] respectively
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mechanism (Fig. 1.12 B).
Another important characteristic of peroxidases is that they dyaw@um activity at acidic
pH (i.e, pH < 4.5) and relatively low concentrations of3.

Since all noranimal peroxidase have similar active site residitess important to
understand the basic structure of this type of active site and the intermedgatpports
towardsperoxidatic ctalysis[68, 69] The proximal His (H175 in CcPserves as the ligand
to the heme iron. The proximal A$p235 in CcP)hrough its hydrogeiondto the N of
the His ligand imparts a substantial anionic character to the imidazole (i.e., imidazolate)
ligand. This producesa much lower reduction potentiéll86 to-226 mV) compared to
other histidine ligated hemes (e.g., myoglobin 50 mV). As such, peroxiases are
consistently isolated in the ferric oxidation stedaed they havethe capacity to stabilize
higherhemeoxidation state (e.g., F& =0). The strictly conservedlistal His (F52 in CcP)
serves as a general base to facilitate the heterolytic cleafagO, to form H,O and the
F'=0 por p&htyermédiat&r’lown as compound[¥O0, 71] A strictly conserved Arg
(R48 in CcP) in the distal cavity also facilitates heterolytigcOCoond cleavage by
electrostatically offsetting the negative ofgathataccumulate on the distal oxygen abe
initial peroxide complex,compound O (F&-OOH), is converted to compound [This
mechanism was first put forward by Poukdsaut in 1980 (Fig. 1.13) [72]. Recent
computational studieBave revealedhat the experimentally observed st conpound |
formation are not competent witthe distance between the distal His and the heme iron.
The distance cannot account for rapid enougtr&hsfer to support compound | formation.
This problem could be resolved by conformational dynamics (i.e.,baahe His can get

closer than has been shown on the crystal strugtureis seems unlikely because all
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Figure 1.12. Active site of noranimal peroxidases showing five conserved residues and heme
b prosthetic group/A) and simplified peroxidas cycle of noranimal peroxidases (BR
represents reducing substrates for various peroxi8escture was taken from PDB
accessiondomain 1H5A [67]. Px represents proximal side of heme while Ds signitftes
distal side of heme.
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indications @& that the structure is rigid. The barrier was lowered by three fold when an
intervening water molecule was added to serve a&ralbly from the peroxide to the distal
histidine[73-75], accounting for the expenentally observedates

In contrast to catalases, compound | is reduced by two equivalents of peroxidase
electron donorsA typical peroxidase completes its catalytic cycle by two sequential one
electron reductions (Fid..12 B). Following the first redction, the intermediate referred to
as fcompound .Ihedosi commpresirectura forecdmpound Il is & @
intermediatenvhere the porphyrin radical is reduced prior to the ferryl ceRt@lowing the
second electron reduction, the restingtestis achieved. Thus, the return of a peroxidase to
its ferric state generates two equivalents of amgexious electron donor radical.

One important feature of typical peroxidase active site is that large aromatic electron
donors have access to tirnesoheme edge for rapid electron transfer to reduce these high
oxidizing species to their resting forfe8]. This site is the one which affords robust
peroxidase activity68, 69}

In the absence of peralase electron donors or if the electron docamcentration is
very low, peroxidases are readily inactivated in the presence of ex¢€sstdligenerate a

compound llii.e., Fé"-0, Yspecies (Figl.12 B) [68, 69]
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Figure 1.13. Catalytic mechanism of typical peroxidasacluding the Poulos Kraut
mechanisnior compound Formation
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Sincethe contours of theuperfamily verefirst descriledin 1992 three subdivisions
(classes) have been recogniZethss I, 1, and I [59, 64] Detailed sequence analyses
reveal that all three classes originated from ancestral Negibacteitia transfer via
endosymbiotic events to eukaryotic c¢9)].

1.5.2.1 Class Ill peroxidases

Theseperoxidasesare dominated by the plant secretory enzyi@eq. They are
monomeric and glycosylatedhe class Ill peroxidases have phenylalanines on thel dista
and proximal pockets of the heme which prevents intramolecular electron transfers within its
active site.

Horseradish peroxidase (HRP), soyheand guaiacol peroxidases are examples of
class Ill peroxidases. HRP will be discussed extensively as asespagiveof class Ill
enzymesbecause it has been extensively studied and characfe@iz&7] It is a 44 kDa
glycosylated protein with foutisulfide bridgesand two calcium ionarelocatedaroundthe
active gte and these stabilizés conformatior{76, 77]

HRP plays an important role in the processes of the life cycle of plants such as auxin
metabolism, lignin and suberin formation, crtis&ing of cell wall compoents, defense
against cell pathogens and cell elongatj68, 69] It can also oxidize a wide range of
substrates including phenols, aromatisines, indoles, and sulfoxides

1.5.2.2 Class Il peroxidases

These ae largely fungal secretory proteins with molecular weighietween 4146
kDa [59, 64, 78, 79] Their apparent primary physiologicdlunction is to initiate the
degradation of lignin in wood to GJ80, 81] Lignin, manganese, and versatile peroxidases

are three enzymes secreted Bgsidiomycetegwhite rot fungi) the organismsre best
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known for their unique ability to degrade ligningnin peroxidases are notorious foeth
utilization of several electron donor substrabesause they possess a high redox potential
relative tothe class Il peroxidasef80, 81] Indeed, it can oxidize both phenolic and f©on
phenolic compounds. Sitar to HRP, they also have two conserved calcium bindimg sit
and disulfide bridgesHowever, the way they are arranged is ddfer from class Il
peroxidased59, 64, 78, 79] Manganese peroxidase (MnP) is aadic glycoprotein of
about 42 kDa which has been thought to play the most vital role in lignin degraiitjon
82]. It has a fifth disulfide bridge contrastiraiher class Il peroxidases in that it helps to
anchorthe Mrf* in place for proper bindinfg1, 82]

The active site of class Il peroxidases is similar to class Il peroxidases in that
phenylalanine occupies both the distal and proximal sides of the heme (Fi§)1Hehce,
intramolecular electron transfer is much less a common event in this class of enzymes.
Lignin peroxidase contrasts its counterparts in that a tryptophan (W171) has been identified
as the site for surface oxidation during the transfer of relestto the heme cofactor by a
long range electron transfer mechan{83j.

1.5.2.3. Class | Peroxidases

In a number of respects, the class | enzymes efPthCt superfamily stand distinct
from classes Il and Ill. Indeed, it has been proposed that class | diverged from the others at
an earlier point in evolutionary histof§9, 79] The class | enzymes do not biné'Cand
disulfide bonds are very rare. The only disulfide linkage identified to date is observed in an
extracellular fungal KatG enzym{B4]. The distribution of class | enzymes is also
considerably wider, both irterms of species and cellular compartment. There are

mitochondrial and nomitochondrial forms of cytochrome c peroxidase (CcP) found across
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Figure 1.14. Active site comparison focytochrome c peroxidase (class ) (And
manganese peroxidase (class Il) (B). Structures were constructed from accession domain
1BEM and 1MNH65, 66]respectively.
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the range of eukaryotes from yeast to mammals. Ascorbate peroxidase (APx) isnfound
plants where there is a chloroplast form and a cytosolic {8n64, 8587]. The latter is
particularly abundant in the root nodules of plants that house nitrogen fixing b§&8éria

The catalasg@eroxidases (KatG) are widely but not universally distributed among
archaea, eubacteria, and lower eukaryotes, and across these species there are cytosolic and
periplasmic/extracellular isoforms of the enzy{b@, 8394]. Indeed, there are numerous
organisms that have both a cytosolic and extracellular isoform. Interestingly, these enzymes
are more closely related by cellular compartment rather than by the species in which they
appear. All this appears tarise from multiple horizontal gene transfer everits the
evolutionary history of these enzyni&9].

Class | enzymes are also distinct in terms of function. Where alternative metabolic
functions can be identified for class Il and Il enzymes (e.g., lignin degradation and lignin
synthesis, respectively),.B., detoxification appears to be the primary function of class I.
CcP is well placed in terms of cellular location and available satbstF&-cytochrome c)
to degrade kD, derived from misfiring of respiratory electron transpg®%, 96] APx (as
opposed to catalase) is an ideal mechanism $@,ldecomposition in root nodules and
chloroplastsvhere Q would inactivate nitrogenase and inhibit photosynthg3s 88, 97]

Finally, KatG has a substantial catalase activity that imparts a capacity to degtadarH
beyond any other members of the @xsuperfamily.

The class | enzymes also stand out at the active site level. The Phe residues (one distal
and one proximal to the heme) found in most class Il and Ill enzymes are replaced by Trp

residues in class |. For this reason, intramolecular electronfdratts reduce Fé=0
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[porphyrin]“(i.e., compound [) intermediatkgures much more prominently in class |
enzymes than others

For CcP, it has long been recognized that such electron transfers are essential to
maximize rates of electron transfer frombsurate (cytochrome c) heme to enzyme (CcP)
heme, both of which are buried within their respective protein&Phy such intramolecular
electron transfer must be specifically prevented by the binding Kt adjacent to the
enzymeobs pr o xasasthé poténtig) of the Thrpich that the porphyriradical
form of compound | is stabilizef®8, 99] This helps maximize the specific oxidation of
ascorbate by APxDue in part to the research described in th&sertationpathways of
intramolecular electron transfeand their rolesin KatG catalysisare beginning to be
understood.

1.6.Catalaseperoxidases

Catalaseperoxidases (KatGs) are the third examplelats lenzymes in théx-Ct
superfamily[64]. Until now, we have been discussing the independent mechanism®of H
decompositiongither catalaticor peroxidatic. Across nature, all catalases (heme of non
heme) are poor in peroxidatic turnover while peroxidageswlittle or no catalase turnover
In contrast, KatG utilizes a single active site to scaveng®, Hy both a catalatic and a
peroxidatic mechanisif100, 101] This unique ability hasaisedgreat interesin the study
of KatG structure and function

1.6.1. Sources of KatG

As mentioned earliekKatG is found across a wide range of prokaryotes from archaea
to gammaproteobacteria to mycobacteria to cyanoba¢ije03, 101, 102]In fact, KatG

is also found in several lower eukaryotes like protists (Elgterocapsa trigetraand fungi
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(e.g.,Magnaporthegrised [84, 91, 103] Despite tiis wide distribution, there is very little
sequence diversity among KatGs from various souideatiiple sequence alignmesshow
that these are very closely related enzyndespite their diverse originhis also points
towardlateral gene trasferas a common phenomenonKatG evolution89].

X-ray crystal structures have been solved for KatG fréin marismortuj
SynechocystiBCC 7942 B. pseudomalleiM. tuberculosis andMagnaporthe griseavhich
also solidify the conclusionthat KatGs from various organisms are closely relatthuse
they contain similar featurel84, 104107]. All KatGs are multimeric (homodimers or
homotetramers) and the KatG subunitiiswo domain sucture where each domain has
typical peroxidase scaffol(Fig. 1.15) The two domain structuref KatG is uniquein the
Px-Ct superfamily, even among class | enzyraesl appears to be the result of a gene
duplication and fusioevent

16 2. Active Site of Kat Goés Domains

With its two peroxidase domains, the scaffold for an active site is present in each
domain. However, the @erminal domain neither binds heme nor directly catalyzes any
reactions involving KHO,. Closer inspection of th€-t er mi n a | d o nmba i rne vieaacl tsi
that an Arg replacewhat should behe His ligand. Heme binding is further precluded by a
large hydrophobic side chain (Leu or Met) in the adjacent position (Fi§.Q).vhich
protrudes into the heme binding cavity contrast, the Merminal domain has the typical
Asp-modulated His ligand to the heme with a Gly residue found in the adjacent position
One could easily conclude that thete&@minal domain is a vestigial structure and

superfluous to KatG function. Hawver, there are no KatGs that lack this structure.
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Figure 1.15. Three dimensnal structure of KatG (A) and helices B, E, and F that bracket
the actve N-terminal domain (B) and thieactive Gterminal domain (C)Three helices are
color coded as follows Helix B (Red), Helix E (Blue) and Helix F (YelldBfjuctures were

taken from PDB accession domain 2CCA[108].
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