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Abstract

Catalase-peroxidases (KatGs) are heme-dependent enzymes that use a single active site
to perform two activities by protein-based radical dependent mechanisms. As a catalase, in
its first step, it reduces H,O, to water and the ferric enzyme is converted to a high valent
ferryl-porphyrin = cation radical intermediate, compound | (i.e., Fe'Y=O[porphyrin]™).
Thereafter, compound | is proposed to undergo an intramolecular electron transfer where the
porphyrin radical is reduced by a unique methionine tyrosine tryptophan (MYW) adduct
cofactor to form compound I* (i.e., Fe'Y=O[MYWT]™"). Compound I* then reacts with a
second equivalent of H,O, producing an oxyperoxidase or compound Il1-like species referred

to as a compound III* (i.e., Fe"-0,"[MYW]™). Finally, another intramolecular electron

transfer from the Fe'"'-O," heme to the MYW adduct radical occurs forming the ferric heme,
0., H,0O and a closed shell MYW adduct. In contrast, for the peroxidase cycle, upon the
formation of compound I, the enzyme is reduced in two sequential one electron steps by
exogenous electron donors, first to form a ferryl intermediate known as compound 11 (i.e.,
Fe'V=0) and then to the ferric enzyme, generating two equivalents of donor radical. For the
nearly 30 years since its initial discovery, the nature of the interplay between these two
activities in KatG has not been understood. All evidence including the pH-dependence of its
two activities and the properties of site specific variants has suggested mutual antagonism
between both activities. However, our lab recently observed stimulation of KatG catalase

activity by peroxidatic electron donors at conditions that coincide with host-defense



mechanisms like the neutrophil oxidative burst (i.e., pH 5.0, large [H,0O,]). Hence, evidence
is also accumulating that KatG uses a peroxidase scaffold, a unique Met-Tyr-Trp covalent
adduct, and even assistance from peroxidatic electron donors (PXEDs) to perform 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
enormous amounts of H,O, produced by the immune responses of their hosts. This is
particularly important for Mycobacterium tuberculosis, a known intracellular pathogen most
abundant in host neutrophils and macrophages. To this hostile environment, M. tuberculosis
brings KatG as its only catalase active enzyme.

The purpose of this dissertation is to elucidate the role of PXEDs in this novel
mechanism of H,O, decomposition by KatG. We have observed that the return of KatG ferric
state at the conclusion of H,O, consumption is not catalytically competent to account for the
rate of catalatic H,O, decomposition. These data suggested that catalase inactive
intermediates accumulated during turnover. We hypothesized inactive intermediates might
accumulate because of off-pathway protein oxidation events and PXEDs prevent the
accumulation of these inactive enzyme forms. We also hypothesized that the proximal
tryptophan (W321 in M. tuberculosis KatG) was a prominent conduit for off-pathway
electron transfer. In order to evaluate these hypotheses, we produced the W321F KatG
variant to make this site unoxidizable and compared its properties with wild-type KatG. At
neutral pH where catalase activity is optimal, the catalase activity of KatG and its W321F
variant are nearly identical. At lower pH where the stimulatory effect of PXEDs is maximal
(pH 5.0), the unassisted catalase activity of W321F exceeded that of the wild-type enzyme.

By stopped-flow, both proteins showed identical initial rates of H,O, decomposition, and
iii



compound 11l-like species (i.e., Fe"'-O,") dominated the heme spectrum at these early
reaction times. As turnover progressed, wild-type KatG more rapidly lost activity than
W321F and transitioned to a mixture of heme states at the conclusion of H,O, consumption.
Conversely, W321F sustained higher rates of H,O, consumption and transitioned to a
compound I-like species (i.e., Fe'V=0 [porphyrin]™*) at the time H,O, consumption ceased.
Thereafter, the W321F KatG ferric state returned an order of magnitude more rapidly than
the wild-type enzyme. PXEDs stimulated catalatic H,O, consumption by both proteins as well
as the return of the ferric state after H,O, depletion. However, the effect was more
pronounced in both respects for wild-type than W321F KatG.

Samples of both proteins freeze-quenched 10 ms after reaction with H,O, produced a
narrow-doublet radical species as detected by electron paramagnetic resonance (EPR)
spectroscopy. This signal is consistent with a radical centered on the MYW covalent adduct
of KatG. Reactions of wild-type KatG quenched at the time H,O, consumption ceased (6 s),
produced a singlet EPR spectrum with clear evidence of exchange-coupling due most likely
to the heme center. This is consistent with a radical centered on the proximal tryptophan. At
1 and 5 min after H,O, depletion, protein-based singlet radical species were still detected,
albeit at lesser intensity and with much diminished exchange-coupling. These data are
indicative of radical migration away from the KatG active site with time. Although W321F
KatG showed a protein radical signal at the time of H,0O, deletion (1.6 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 the wild-type enzyme.

Inclusion of PXED in reactions of wild-type and W321F KatG with H,O, produced only the



narrow-doublet signal corresponding to the MYW adduct radical detected at 10 ms. Little or
no protein-based radical was observed at H,O, depletion or any time thereafter. All these data
supported our hypotheses that PXEDs stimulate KatG catalase activity by rescuing inactive
intermediates that result from off-pathway protein oxidation events starting with oxidation of
the proximal tryptophan.

The pH-dependence of the stimulatory effect of PXEDs is striking not only because of
the physiological implications of a low-pH catalase activity, but also because of known
structural adjustments in KatG that are also pH-dependent. Without a PXED, KatG shows
poor catalase activity at pH 5.0. This is attributed at least in part to the position of the
enzyme’s so-called arginine switch (R418 in M. tuberculosis KatG). At pH 8.5, the R418
guanidinium side chain is oriented toward the phenolate oxygen of the MYW adduct, and at
pH 4.5, it is oriented to the protein’s solvent accessible surface. At pH 6.5, there are equal
populations of both conformational states and this corresponds to KatGs optimum unassisted
catalase activity.

To investigate the participation of R418 in the mechanism of PXxED-stimulated catalase
activity, we evaluated R418K and R418A KatG. In most respects, R418K was
indistinguishable from wild-type KatG. In contrast, R418A KatG showed a diminished
keai/ Km (7.4 x 10 3 M*s™) for catalase activity at pH 7.0. Activity increased appreciably at pH
5.0 with a kea/Ky of 5.2 x 10 ° M™s™. PxEDs were able to stimulate R418A KatG to an
extent similar to wild-type KatG, albeit with much more PxEDs required for its catalase
restoration. Similarly, R418A KatG produced more PXED radicals to H,O, consumed also
supports its need for more PXED for its rescue mechanism. By rapid-freeze quench EPR,

R418A KatG produced a MYW narrow-doublet radical at 10 ms after its reaction with H,0..
\%



Over time at its point of H,O, depletion (i.e., 20 s), R418A transitioned to an exchange-
coupled proximal tryptophanyl radical. More so, remote protein-based radicals persisted
throughout turnover even at later times of its reaction with H,O,. The less broad and less
intense radicals observed are consistent with radical migration from the active site. When
PXEDs were included in the reactions, R418A only formed the narrow-doublet radical at 10
ms. Strikingly, the intensity of the narrow-doublet radical produced by R418A KatG when
PXED was added was two-fold greater than that seen for either wild-type or W321F KatG.
This suggested that R418A KatG recycle more non-MYW adduct radicals back to the active
MYW adduct radical. As with wild-type KatG and W321F KatG, little or no other radical
was detected at the point of H,O, depletion and thereafter. All these data suggest that R418
influences KatG activity, inactivation, and restoration mechanisms.

In conclusion, at early reaction times corresponding to the most rapid rates of H,O,
decomposition, all KatG proteins formed a putative Fe''-O,"[MYW] "species. Wild-type
KatG and R418A KatG transitioned to an exchange-coupled proximal tryptophanyl radical
intermediate (Fe'V=0 [W321™]) at their points of H,O, depletion. This species slowly reverts
to the KatG ferric resting state. In contrast, W321F formed an uncoupled radical which
rapidly returns to its ferric state. These data suggest that KatG proximal tryptophan is the
first residue that gets oxidized for KatG inactivation. PXEDs reduce all nhon-MYW radicals
but leave the MYW adduct radical untouched thereby stimulating KatG catalase activity. We
propose that PXEDs restores catalase active states simultaneous with optimizing catalatic
H,O, degradation. This thesis enlightens us on KatG intramolecular electron transfer and

protein-based radicals which relates the enzymes catalase and peroxidase mechanisms of
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H,O, detoxification. As such, we also propose that the proximal tryptophan facilitates the
mutual synergism of both the catalase and peroxidase activities of KatG. Until the present
time, the identity and 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
ramifications for those organisms which utilize KatG to detoxify the threat posed by H,0,,
most importantly for organisms like M. tuberculosis whose only catalase active enzyme is

KatG.

vii



Acknowledgments

My sincere gratitude goes to my advisor Dr. Douglas Goodwin. He has been an
exemplary mentor who has been patient with my lack of biochemistry background from the
genesis of this project to the revelation. Indeed, this dissertation would not have been
feasible if not of his encouragement, willingness, and persistence. His enormous sacrifice
and contribution to my career goals and professional aspirations seconds no other. His goal
for my career has been for me to become nothing short of an extraordinary scientist.

| am also grateful to my committee members, Dr. Holly Ellis, Dr. Steven
Mansoorabadi, and Dr. Christopher Easley, for their contribution and support to see that this
dissertation comes out outstanding. | am thankful to Dr. Jin Wang for her time, suggestions,
and corrections. | am also grateful to Dr. Eduardus Duin for his assistance with the use of the
X-band EPR spectrometer. Finally, I am thankful to our collaborators at Georgia State
University (Dr. Aimin Liu and lan Davis) and the National High Magnetic Field Laboratory
at Florida State University (Hans VVon Tol, Andrew Ozarowski, and Sebastian Stoian).

| would also like to thank my research colleagues, (Drs. Yu Wang, Elizabeth Ndontsa,
and Haijun Duan), Rene Fuanta, Hui Xu, and Jessica Krewall along with several
undergraduate students whom | worked with for their support and friendly environment.

My greatest appreciations go to my family, relatives, and friends for their constant love and
support throughout my studies. | dedicate this work to my mum (Mrs. Lisonge Sophie

Mojoko), my dad (Mr. Monyenge Njuma John), sisters (Lisonge Rita and Enanga Lisonge),

viii



and brother (Njuma John Njuma Il) and my entire family for encouraging me through the

happy and difficult seasons | encountered during my graduate school career.



Table of Contents

ADSTFACT ..ottt e I
ACKNOWIBAGMENTS ... bbb viii
LESE OF FIQUIES ..ottt b e bbb ene e xiii
LISE OF TADIES ..t b bbb XVi
Chapter One: LItErature REVIBW ..........ooiiiiiiiiiiieieie et 1
1.1, OXYgen and itS TOXICITY.....cciiveiieiiieiieie sttt ettt sra e enes 1
1.2.  ROS: Sources, Biomolecular Alterations, and Mechanisms for Detoxification ............ 3
1.2.2. SUPEIOXIE (O27) urininiii ettt 3

1.2.2. Hydrogen PeroXide (H2O2) ...t 9

1.2.3. Hydroxyl Radicals (HO") .......c.coivieireireeeee s 11

1.3.  Defense Mechanisms AgaiNSt HoOa........oouviieiiiieiiee e ese e see e 14
L4, CaLAIASES. .....eeeeeeeee et 14
1.4.1. Heme-Dependent Catalases...........cooeriririiieieieiene e 15

1.5, POIOXIAASES. ... ettt bbb bbbttt bbb 23
1.5.1. PeroXidase-CYCIOOXYQENASE. ........ccuririeienieieesiesie st 24

1.5.2. Peroxidase-Catalase Superfamily..........ccccooiiiiiiiiniiicee s 27
1.5.2.1. Class H1 PeroxXidases ..........cccooeiirieeieiiiniiiisieeeieseesre s A

1.5.2.2. Class Il PEIOXIASES .......ccveviieieiriiiiiesiisie e A



1.5.2.3. ClasS | PEIOXIAASES ....eeeveeeieeeeeieeee ettt eeeeeeeeeeeeeens 35

1.6 Catalase-PeroXidaSes .........ccciiiiiiiiiiiiieie e 38
1.6.1. SOUICES OF KAIGS ...c.voiiiiiiiiisiesie et 38
1.6.2. Active Site of KatG’s DOMAINS..........c.cceeiieiirieniieieciesie e seeve et eee e eaeseeens 39

1.6.3. Formation of the MYW adduct...........cccoceiiiiiiiiiiieecee e 44

1.6.3.1. Diagnosis of the MYW covalent adduct by SDS-PAGE and LC-ESI-

TSP TR PP PRSP 48

1.6.4. Catalatic Mechanism Of KatG............coeiiiiiniiiiiieieceee e 51

1.6.5. Interrelationship between KatGs Catalase and Peroxidase Mechanisms......... 56

1.7.  Implications for the Physiological Function of KatG KatG..............cccccceevveviiiieinnne. 57
1.8.  Protein-based Radicals in Catalase-Peroxidases KatG.............ccccoovrireiniinensienennen. 57
1.8.1. The MYW cofactor protein-based radical.....................cooooiiiiiiini., 63

1.8.2. The Proximal tryptophan protein-based radical...........................oooee. 63
1.8.3. Interrelationship between KatG two protein-based radicals ...................... 63
1.9. Heme, structure, and SIgNALUIES. ... cccuiuirinieteiiet e e e eee e e eeens 64
1.9.1. Evaluation of heme states by UV-visible spectroscopy............cccoevevenenn... 66
1.9.2. Evaluation of heme states by EPR........c...c.ooooiiiii 72

1.9.3. Detection of protein-based and porphyrin-based radicals......................... 77

Chapter Two: Proximal Tryptophan Participation in Catalase-Peroxidase Inactivation:

Peroxidatic Electron Donors and the Stimulation of Catalase Activity............ 82

ADSTIACT. .. 82
7220 I (011 oo 0 Tox 1 o o PSSR 83
2.2.  EXperimental PrOCEAUIES ........cccuieiiieiieeiie sttt sree e e nreas 89

Xi



2.2. 0 MAIEIIAIS. ..o 89

2.2.2. MULA@EINCSIS . . ..t vttt enteiiee ittt e sttt et e e st e s b e b e et e st e e st e e st e e e s e e e snbeeeennes 89
2.2.3. Protein expression and purifiCation............cccccevveveiieieeie s 90
2.2.4. UV-visible spectra and aCtiVity 8SSAYS........ccceoerereriririenieieeereese e 91
2.2.5. Yield of ABTS oxidation vs. HyO, consumption .........cccccevveevviveiienecvie s 93
2.2.6. STOPPEU-TIOW. ... 93
2.2.7. Freeze-quench preparation of EPR Samples..........ccccooiieiiiiniicninsecene 94
2.2.8. EPR MEASUIEMENTS. ....c.viiiiiiiiiieieie et 95
2.3, RESUIS AN DISCUSSION. .....cviiiiiiiiiiieiieiieieie ettt 95
2.3.1. PXEDs not redox-cycling surrogates for the MYW adduct............c.ccceeervennnne. 95
2.3.2. Conclusion of H,O, consumption vs return of resting KatG .............cccoceevieieennnne 96
2.3.3. wtKatG vs W321F: H,0O, consumption and heme states ...........c.cccevevveieennns 99
2.3.4. wtKatG protein-based radicals upon reaction with H,O, alone ...................... 102
2.3.5. W321F protein-based radicals upon reaction with H,Oalone ....................... 107
2.3.6. Effect of PXEDs on wtKatG and W32L1F ..........cccoviiiiiinecenceeeeeeee e 111
2.3.7. Off-pathway electron transfer through W321F...........cccociiiininiiiiicieie 117
Chapter Three: Arginine Switch control of KatG intramolecular electron transfer: Activity,
Inactivation and ReStoration..............c.coviiiiiiii e 123
F N 0] 1 v To] 123
3.1. INErOAUCHION. ... et e 124
3.2. Materials and MEthOUS ..........cooiiiiiiie e 130
32,1 REAGENTS ..ottt 130
3.2.2. MIUTAGENESES ...ttt bbbttt ettt b bt ene s 130



3.2.3. Protein expression and purifiCation ...........c.ccooceeeieeiinin e 131

3.2.4. UV-visible spectra and aCtiVity @SSAYS .........cccceerereerueiieeseeresieeseesseeeesseeseas 132
3.2.5. Analyses of steady-state Kinetic data ...........ccccevvvieriieri i 132
3.2.6. Extent of ABTS oxidation vs. H,Oz CONSUMPLION .....ccvviiiiiciece e 133

3.2.7. Stopped-flow kinetic studies of R418A..........ccoviiiiiiiieiieeneieenn. 134

3.2.8. Freeze-quench preparation of EPR samples................ccoiiiiiiiiiininn, 134
3.2.9. EPR MEASUIEMENLS. .....ouutitintititie it e 134
3.3, RESUIS AN ISCUSSION.......coiiiiiiiiitieiesiieee et 135
3.3.1. Steady-state kinetic evaluations of R418 variants..............cccceevevviiievvciennnnn, 135
3.3.2. Catalase pH profiles for R418 variants: ...................c.cccviiivieiiesieseennn. 138
3.3.3. Stimulation by R418 Variants by PXEDS............ccccoiiiiiiiiiiiin 142
3.3.4. Stopped-flow evaluation of RAISA KatG..........cooveviiiiiiiiiiiiieeieienenen. 144
3.3.5. Rapid freeze-quench EPR evaluations of R418A KatG ................c......... 150
3.3.6. pH, alternative mechanisms, and PXED-enhanced catalase activity.............153
3.3.7. The arginine switch and off-catalase electron transfer............................. 156
3.3.8. What is the KatG peroxidase aCtiVity?.........ccooereririneninieienene e 160
Chapter FOUI: SUMMAIY . ... .ot e et e e e e eaeaas 167
4.1.  Bridging the Divide: Research Findings.............coooviiiiiiiiiiiiiiiieeees 169
4.2, FULUIE IFeCtiONS. ... vttt ettt et et e et et e et et e e 173
RETEIENCES ...t b bbbttt 174

Xiii



List of Figures

Figure 1.1: Molecular orbital diagram for dioxygen in its ground and excited singlet states and

reduction 0f O2 t0 HoOx.vvvneieii e 2
Figure 1.2: Flavoproteins contribution to the generation of ROS ..........ccccocoiivieviccccieen, 5
Figure 1.3: Active site of three types of superoxide dismutases............ccccevvveiivereiiiervennene 8
Figure 1.4: Potential damages caused by reactive 0XYgen SPECIES.........ccvveveerreeivereerieanenn. 13
Figure 1.5: Active site of heme-dependent catalases and simplified catalase cycle.............. 16
Figure 1.6: Classical reaction mechanism for heme-dependent catalase ............c.cc.ccoeeee. 18
Figure 1.7: The multimeric structure and subunit of E.coli HPII catalase.............c.c.co....... 20
Figure 1.8: Catalase fold structures of three different clades of catalases..............c.ccccuennee. 20
Figure 1.9: Active site of myeloperoxidases, its modified heme and catalytic cycle.......... 26
Figure 1.10: Ten helical structures of class I, I, and I1l non-animal peroxidases............... 28

Figure 1.11: Three helix structures around the active site of non-animal peroxidases........ 29

Figure 1.12: Active site of non-animal peroxidases showing five conserved residues, and

their general catalytic CYCIE.........ccoooviiiiii e 31
Figure 1.13: Catalytic mechanism of typical peroxidases by Poulos Kraut........................ 33
Figure 1.14: Active site comparison of class | and Il non-animal peroxidases................. 36

Figure 1.15: Three dimensional structure of catalase-peroxidases and three helices that

bracket the active two domains..............cooeveiiiiiiiiie e 40
Figure 1.16: Structure of the Methionone-Tyrosine-Tryptophan adduct in KatGs............. 43
Figure 1.17: MauG-dependent formation of Tryptophan tryptophylquinone...................... 45

Xiv



Figure 1.18: Proposed mechanism for the formation of the MYW covalent adduct...........47
Figure 1.19: Detection of the MYW covalent adduct by SDS and mass spectrometry........ 49

Figure 1.20: Detection of the MYW covalent adduct by SDS using various peroxides.......50

Figure 1.21: KatG catalatic and peroxidatic reaction cycles..................ccceevivviniennnnn. 52
Figure 1.22: The exchange-coupled proximal tryptophan cation radical from CcP............ 54
Figure 1.23: Isoniazid structure and activation....................c.cooeiiiii i, D8
Figure 1.24: Tryptophan and tyrosine contributions to MtKatG surface .......................61
Figure 1.25: Tryptophanyl and tyrosyl radicals identified in various KatGs...................62
Figure 1.26: Heme structure and Various tYPES. .......cccvivevueieereeiieieesieerresee e esee e sre e 65
Figure 1.27: Types of transitions observed for heme peroxidases.............ccoocvevveiivenviiiennnn, 67
Figure 1.28: Typical absorption spectra of KatG in the Soret and charge transfer............. 71
Figure 1.29: EPR spectra showing splitting of the spin states of electrons....................74
Figure 1.30: Three different classes of anisotropy showing absorbance and

AEIIVALIVES. ...t 76
Figure 1.31: Simulated EPR spectra observed for ferric KatG...................ccccceeveenen . 78

Figure 1.32: Simulated spectra of protein-based radicals at 9.3 GHz and at 285 GHz.......81

Figure 2.1: Superposition of key residues of key residues in the active sites of KatG and
CYLOCNIOME C PEIOXIAASES. ... c.viviieiieiieieie ettt 86

Figure 2.2: Putative superposition of the catalatic and peroxidatic cycles of KatG.......... 87
Figure 2.3: H,0, consumption and return of the ferric state of wtKatG and W321F.......98
Figure 2.4: Spectra from reaction of wild-type and W321F KatG with H,0,.................... 101

Figure 2.5: EPR spectra recorded for freeze-quenched samples from reaction of wtKatG with
HaO ettt 103

Figure 2.6: Evaluation of protein-based radicals detected during wtKatG with H,O......... 104

XV



Figure 2.7: Effect of the power on the radicals observed for wtKatG after its reaction with
HyO2at 10ms, 65, aNd L MIN oviuiiiiieieee s 105

Figure 2.8: Effect of temperature on EPR spectra observed for wtKatG at the cessation of
H,0, consumption following reaction with H,Oz alone..........ccoccovveiveeinnnee. 106

Figure 2.9: EPR spectra recorded for freeze-quenched samples from reaction of W321F KatG
with [ 10 2 TR 109

Figure 2.10: Effect of power on the radicals observed for W321F KatG after reaction with
H,0, at 10 ms, and 1.6 s, and wtKatG alone at 6 sand 1 min.........ccccccceenee. 110

Figure 2.11: Effect of ABTS on the return of the KatG ferric state following H,0,
CONSUMPEION. L., 112

Figure 2.12: Effect of PXEDs on catalase apparent kg, for wtKatG and W321F
Figure 2.13: Yield of ABTS™ generated to H,O, consumed for wtKatG and W321F
Figure 2.14: EPR spectra from freeze-quench samples for wild-type and W321F upon

reaction with H,O; in the presence of PXEDS.........ccccociiiiiinininiiice 116

Figure 2.15: Comparison of EPR spectra for protein-based radicals 10 ms after mixing with
H,0, and ABTS for wtKatG and W321F KatG...........ccccoovreiiiniineneiniene, 118

Figure 2.16: Comparison of EPR spectra for protein-based radicals at H,O, depletion after
mixing with H,O, and ABTS for wtKatG and W321F KatG............c.ccen..... 119

Figure 2.17: Scheme representing the proposed mechanism for inactivation of KatG catalase
activity and its prevention by a PXED.........cccccccoviviiiiiieie e, 123

Figure 3.1: Active site structure of M. tuberculosis KatG active site showing the two
conformations OF RALS........c.ooiiiee e 125

Figure 3.2: Effect of H,O, concentration on catalase activity of wild-type KatG and R418
Variants at PH 5.0......coiuiiieic e 137

Figure 3.3: pH-dependence of the catalase activity of R418A and R418K KatG in the
presence and absence of 0.1 MM ABTS.......ccocioiiiienieee e 140

Figure 3.4: Effect of PXEDs on apparent kg, for catalase activity of wtKatG and R418
R LT Lo (P SURRO 143

XVi



Figure 3.5:

Figure 3.6:

Figure 3.7:

Figure 3.8:

Figure 3.9:

Yield of ABTS™ generated to H,O, consumed for wtKatG and R418A

KA. .ot 145
H.0, consumption and return of the ferric (resting) state of wild-type and R418A
KaAEG Lo, 146
Spectra from reaction of wild-type and R418A KatG with H,0,..................... 148

EPR spectra for protein-based radicals observed during R418A KatG reaction
with H,0, in the absence and presence of ABTS/ascorbate.............cccceeveenee 151

Comparison of EPR spectra for protein-based radicals 10 ms after mixing with
H.0, and ABTS for wtKatG and R418A KatG..........ccccccvvvvevveie e 152

Figure 3.10: Comparison of EPR spectra for protein-based radicals at H,O, depletion after

mixing with H,O, and ABTS for wtKatG and R418A KatG...........c.cccceueeee. 155

Figure 3.11: Effect of power on the radicals observed for wild-type (A) and R418A KatG (B)

at their points of H,O, depletion 6 s and 20 s respectively............cccooevennne. 157

Figure 3.12: Effect of microwave power on EPR signal intensity for KatG radicals observed

upon reaction With HoOo.....cueiiiiiiiiecece e 158

Figure 3.13: EPR spectra recorded for freeze-quenched samples from reactions of R418A

KatG with [ L YT 159

Figure 3.14: Effect of temperature on the radicals observed for R418A KatG at 20 s, 100 s,

Figure 3.15: Scheme representing the proposed mechanism for inactivation of KatG catalase

activity by way of the arginine switch and its prevention by a PXED............ 164

Figure S3.1: Superimposition of the exchange-coupled radical captured at points of peroxide

depletion for wild-type (6 s) and R418A (20 8).....cveviririniiiieieieenenns 165

XVii



List of Tables

Table 2.1: UV-visible absorption characteristics of MtKatG variants............cccccooceveenns 92
Table 2.2: Catalase and peroxidase kinetic parameters for MtKatG and variants........... 98
Table 2.3: Effect of PXEDs on catalatic kinetic parameters for wtKatG and W321...... 101
Table 3.1: UV-visible absorption characteristics of MtKatG and R418 variants.............. 136
Table 3.2: Catalase and peroxidase kinetic parameters for MtKatG and R418 variants... 141
Table 3.3: Effect of electron donors on catalase kinetic parameters at pH 5.0................. 166

Table S3.1: g-values for radicals observed for R418A after reaction with H,O, at 20 s, 100 s,

xviii



Chapter One: Literature Review
1.1. Oxygen and its Toxicity

Oxygen (Oy) can be viewed as a ‘double-edged sword’ [1-4]. The versatility of O, as
both a terminal electron acceptor and an oxidant allows for the generation of enormous
amounts of energy in the form of ATP captured by oxidative phosphorylation from the
oxidation of nutrient carbon to carbon dioxide. Molecular oxygen, with a triplet (i.e., °0,)
ground state, is relatively unreactive towards most biological molecules because they are
singlet in their ground states. The kinetic barrier presented by this spin restriction can be
overcome in multiple ways. First, triplet O, can be excited to one of two singlet states (i.e.,
singlet '0,) by the reversal of the spin of one electron (Fig. 1.1 A) [1, 5]. Second, redox
active transition metals can facilitate electron transfer from singlet biological molecules to
O, to generate superoxide (O,"), hydrogen peroxide (H,O,), hydroxyl (OH") radicals, and/or
H,O. This is because redox-active transition metals are capable of accommodating multiple
oxidation and spin states. Therefore, it should not be a surprise that these metals (especially
Fe) appear throughout processes connected to Os.

Despite the use of transition metals to circumvent the spin restriction presented by Oy,
the uncontrolled consequences of this interaction are formidable. As such, there are
specialized systems in place at all times that are designed to control the interaction between
transition metals and O,. These systems are present at the points of transition metal transport
and storage, oxygen transport and storage and at any place where the redox properties of

transition metals are required. Whether generated from initial production of singlet O, or by
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transition metal-catalyzed processes, partially reduced oxygen species (O,", H,O,, and OH")
along with related derivatives (peroxyl and alkoxyl 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 B) [1]. The collateral consequences of these reactions are
observed by the modification of biomolecules of all types.

1.2. ROS: Sources, Biomolecular Alteration, and Mechanisms of Detoxification

All organisms that live in aerobic environments (whether or not they themselves use
O,) must confront the problem of ROS to one extent or another. The use of O, as a terminal
electron acceptor in oxidative phosphorylation produces numerous opportunities for
premature and incomplete O, reduction. Although ROS are used to some extent in signaling
and regulation, especially of cellular redox status and redox processes, their accumulation
holds damaging consequences for every class of biological molecule [1, 6]. Indeed, it
appears that nature has taken 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 phenomenon [7]. The effect of ROS depends on both their identity and their relative
concentrations. The following section will focus on different types of ROS, their origin,
effects on biological systems, and how they can be detoxified.

1.2.1. Superoxide (0,")

Superoxide (O;") is the primary gateway for the generation of most if not all other
ROS, and it is formed from the single electron reduction of O, (Fig. 1.1 B). There are
numerous sources for the endogenous formation of O,", but perhaps the largest contributor
is mitochondrial or aerobic prokaryotic respiration. During cellular respiration, electron

carriers like fully reduced flavins, flavin semiquinone radicals (Fig. 1.2), and transition
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metal complexes of the electron transport chain occasionally reduce O, to form O," This
circumvents the full four-electron reduction of O, at the cytochrome oxidase Cu/heme a3
reaction center [1, 6, 8, 9].

Flavin (FAD or FMN)-dependent proteins are ubiquitous in metabolism. The flavins
can accommodate a number of intermediate/redox states (Fig. 1.2). Most commonly, the
fully oxidized states (FAD or FMN) can be reduced by a single electron to yield the
flavosemiquinone radical. A second one-electron reduction produces the fully reduced
(FADH, or FMNH,) states. Reduced flavins react rapidly with O, to form an initial flavin
peroxyl radical capable of a variety of chemical transformations, not the least of which is the
formation of O, (Fig. 1.2) [8, 10].

Superoxide has consistently been observed to originate from the respiratory chain at
complexes | and I11. The most abundant source of O, is O, reduction by complex | FMNH,
(or FMN™) rather than electron transfer to the appropriate Fe/S cluster [6, 8, 10, 11].
Another common source of O, comes from the reduction of O, by the ubiquinone
semiquinone radical at complex 111 [10].

Photosystems | and 11 (i.e., PSI and PSII) located in the thylakoid membrane are also
known for their contribution in the generation of O," in plants, cyanobacteria, and algae
during photosynthesis [12-14]. For example, in PSI the transfer of electrons from
plastocyanin to ferredoxin also produces O,". More so, the incomplete oxidation of water
may result to the “leaking” of electrons from PSI which may subsequently react with O, to
form O," [12]. Further, in PSII the excited energy transferred from chlorophyll P700
electron donor to its electron acceptors can also result in the formation of singlet 'O, [13].

Superoxide readily oxidizes Fe/S clusters, and therefore has the ability to interfere with
4
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a wide range of metabolic pathways [16, 17]. The Fe is readily detached from the cluster
during Fe/S cluster inactivation, a process that occurs very rapidly with rate constants of
10°-10" Ms™ [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, O, also inactivates catalase and glutathione peroxidase, and as such has the
ability to interfere with subsequent steps in ROS detoxification.

There are two consequences of superoxide-based production and damage. One is that
some organisms capitalize on the destructive nature of ROS to build defensive responses
against hostile invaders. The second is that there are enzymatic defensive systems to prevent
the accumulation of O,". The former occurs in the context of the host-defense pathogen
interaction. One of the efficient modes of defense against invading microorganisms is the
rapid release of ROS (especially O,") from various cell types during respiratory burst. The
ROS are crucial weapons for the host. Membrane-bound NADPH oxidase is used by
neutrophils and macrophages to generate copious amounts of O,” [19]. 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 is converted enzymatically to H,O, by superoxide
dismutase. The H,O, produced in this manner plays an integral role in killing invading
pathogens. First, it can participate directly in the oxidation of pathogen DNA, lipids and
proteins [20]. More than this, H,O, is used by myeloperoxidase to generate HOCI, a potent
bactericidal agent. These systems are not without their consequences. Indeed, the ROS and
other reactive species derived from phagocytes have recently been shown to be involved in

the development of numerous chronic conditions connected to chronic inflammation,
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including many cancers, coronary artery diseases, and diabetes [21].

Superoxide once formed can only proceed to form other ROS. More importantly, these
are potentially more destructive ROS like H,0, and ‘OH. Not surprisingly, these are often
iron (or other redox transition metal)-catalyzed reactions. An example is the Fe-catalyzed
Haber-Weiss reaction (Eqgn. 1.1).

Fe’"+0;5 —  » Fe?'+ 0, (1.1)
Fe** + HO, —— Fe**+ OH+ OH' (Fenton Reaction)
0O; +H,0, ——> 0, +OH+OH  (Net Reaction)

In terms of defenses against O, based molecular damage, McCord and Fridovich first
isolated a blue Cu-containing protein (erythrocuperin) from bovine erythrocytes with the
ability to scavenge O,” [22]. The O," scavenging enzymes, later called superoxide
dismutases (SODs), are all metalloenzymes and they are produced by all aerobic organisms.
They catalyze O, disproportionation to form H,O, and O,. The rate constant for the
uncatalyzed O, dismutation is optimal at a pH of 4.5 (2 x 10 * M™s™) and decreases to 5 x
10 > M™s™ at pH 7.0. Under the latter conditions, SOD produces a rate constant of about
four orders of magnitude higher (i.e., 1.6 x 10 °* M™s™) which is at the diffusion limit [23].

The three main types of SOD are classified based on their protein fold and metal
cofactor [23] (Fig. 1.3). Copper-Zinc SOD is a homodimer, found primarily in prokaryotes
and mammals and is found in the cytoplasm [24]. The Cu ion is ligated by the imidazole
side chains of four histidine residues and one water molecule. One of the His ligands to the
Cu also ligates the Zn ion which is also coordinated to two other histidines and an aspartate

(Fig. 1.3 A).



Figure 1.3. Active sites of three types of SODs; Cu/Zn-SODs (A), Fe or Mn-SOD (B), and
Ni-SOD, (C). Amino acids are colored as follows: Histidine-Yellow, Aspartate-Tv_blue,
Tyrosine-Orange, Glycine-Green, Cysteine-Light Magneta, Valine-Purple, Proline-Red,
Leucine-Gray. Amino acid oxygen and nitrogen elements are colored in red and blue,
respectively. Structures were taken from PDB accession domain 1SDY [25], 2BPI [26],

and 1QO0D [27] respectively.



Together, Fe-SOD and Mn-SOD constitute a second type of SOD found in
prokaryotes, protists and in eukaryotic mitochondria and chloroplasts [28]. These SODs are
dimers or tetramers. The mononuclear metal center is ligated by three histidines, one
aspartate and either H,O or OH" depending on the oxidation state of the metal (Fig. 1.3 B).
The Fe-SODs are found in the chloroplasts of plants while the Mn-SODs are found in
mitochondria and several bacteria.

Finally, Ni-SOD constitutes the third type of SODs found primarily in prokaryotes
[29]. They are mainly hexamers, each constituting an N-terminal hook that chelates the Ni
ion. The Ni cycles between the +2 and +3 states for its catalytic activity. A conserved
proline provides the hook by forming a sharp bend in the polypeptide chain. Also, two
cysteines, one histidine and the amine of the N-terminus provide the ligands for the Ni
cofactor [29]. All SODs, regardless of metal cofactor follow the same general sequence for

O, disproportion (Eqgns. 1.2 and 1.3).

M®D_SOD + O, M™"-SOD + O, (12)

M™-SOD + O, +2H" M®*D_SOD + H,0, (1.3)
where M =Cu,n=1; Mn,n=2; Fe,n=2,Ni,n=2.

1.2.2. Hydrogen Peroxide (H,0,)

Not only is O, destructive in its own right, but it leads to formation of other ROS
(Fig. 1.1 B). Prominent among these is H,O,. Interestingly, the SOD defense against O,
does not resolve the problem of H,O, accumulation or its downstream consequences. There

are multiple mechanisms for H,O, generation: enzymatic and non-enzymatic, radical and

non-radical. Oxidation of compounds can lead to the direct production of H,O, as catalyzed
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by numerous oxidases [9]. For example, the oxidation of alcohols to aldehydes by alcohol
oxidase enzymes may also produce it as a byproduct [30]. Interestingly, in E. coli a flavin-
dependent |-aspartate oxidase (NadB) contributes about one fourth of the H,O, generated
inside the cell [31]. A source of H,O, in plant chloroplasts is PSI where it is generated by
direct reduction of O, [32].

As mentioned before, H,O, will also be produced as a result of any reaction
(enzymatic or non-enzymatic) that generates O, because O, rapidly disproportionates to
form H,0;, and O,. Superoxide dismutase only catalyzes the reaction so it does not remove
but instead hastens the generation of H,0..

Like oxygen, Hydrogen peroxide is also widely known as a double-edge sword. At
lower concentrations, it can be used in signal transduction pathways. It is also critical in the
host immune responses of higher eukaryotes [31, 33]. On the other hand, at higher
concentrations, it has been shown to directly inactivate numerous proteins. The proteins
most sensitive to H,O,-dependent inactivation rely on redox active transition metals (e.g.,
Fe/S proteins) [34, 35]. As stated earlier, in the context of immune responses for higher
eukaryotes, NADPH oxidase produces superoxide which disproportionates to H,O,. The
H.O, produced can be used by myeloperoxidases and lactoperoxidases to oxidize halides
and pseudohalides (e.g., chloride and thiocyanate) to generate the corresponding hypohalous
acids (e.g., HOCI and HOSCN) [33, 36]. These are powerful oxidizing and halogenating
agents widely known for their bactericidal properties and their role in the innate immune
response. Indeed, the H,O, generated in this manner plays an integral role in the interaction
of hosts and the pathogens that seek to colonize them.

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 H,O,. These enzymes can be divided into two main categories, catalases and
peroxidases [37]. Catalase and/or peroxidase activity can be produced by a number of
strategies including cysteine-dependent (e.g., alkyl hydroperoxide reductase [AhpC]),
selenocysteine-dependent (e.g., glutathione peroxidase and NADPH peroxidase) [38, 39],
and transition metal-dependent (e.g., manganese catalases) mechanisms [40]. However, as
will become clear in subsequent sections of this review, one of the most widely exploited
cofactors for diffusing the threat posed by H,O; is heme [41]. As with superoxide, H,O- is a
formidable and destructive oxidant in its own right, but it is more prominently a precursor to
far more destructive oxidants (Fig. 1.1 B).

1.2.3. Hydroxyl Radical (HO")

The hydroxyl radical is an indiscriminant oxidant (E° = +2.33 V) that reacts at
diffusion-limited rates with all classes of biological molecules including nucleic acids,
lipids, amino acids, and carbohydrates (Fig. 1.4) [6, 31, 42, 43]. The primary mechanism of
"OH radicals generation is one-electron H,O, reduction facilitated either by reaction with
reduced transition metals (e.g., Fe' of the Fenton reaction) or by exposure to ionizing
radiation (Eqn. 1.1) [42, 44].

There are virtually no kinetic or thermodynamic barriers to *OH reduction by any class
of biological molecule. It 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 respect, it is the location
of redox active transition metals and the site of H,O, generation that are predominant factors
in determining where damage by "OH is most likely to be observed. This is also the point

where enzyme/protein based defenses are deployed as enzymatic strategies against ‘OH
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- 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 1.4. Potential molecular damage caused by ROS to all classes of biological
molecules.

12



must be preventive. As there is no real kinetic barrier to ‘OH reaction once formed, there is
little point in enzyme-based systems to reduce it. Rather, sacrificial radical scavengers (e.g.,
ascorbate, flavonoids, tocopherols, etc.) are the only viable strategy to diffuse ‘OH once
generated. 1.3. Defense Mechanisms Against H,0,

The need to detoxify H,O, is made even more urgent in the context of a pathogen
facing host defenses. Superoxide rapidly disproportionates due to the lower pH of the
environments where it is generated and the action of SOD. The H,0O, produced especially by
phagocytic leukocytes is used by myeloperoxidase to generate HOCI, a central weapon of
defense immunity for the host. During oxidative stress, aerobic organisms require systems to
fight and survive the threat posed by ROS. For the purpose of this research, we will focus
our discussion on strategies nature has employed to eliminate H,O,. As mentioned before,
heme is the most widely used cofactor by enzymes to eliminate the threat posed by H,0..

Two broad categories to detoxify H,O, are catalase and peroxidase mechanisms.
Catalases are enzymes which catalyze the decomposition of H,O, to water and oxygen (2
H.0, — 2 H,0 + Oy). In contrast, peroxidases catalyze the reduction of various peroxides
with a vast array of electron donors (H,O, + RH — 2 H,0O + 2 R"). In both categories, the
catalyst represented can be divided into heme-dependent and non-heme cofactor dependent
mechanisms.

1.4. Catalases

Catalases are ubiquitous in nature, found throughout eubacteria, many archaebacteria,
and across all major groups of eukaryotes [45]. A small group found only in selected
eubacteria and archaea relies on a dinuclear manganese center for its catalase activity [40,

45]. Given the wide distribution of heme-dependent catalases, it begs the question as to why
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there might be this completely distinct approach for catalatic H,O, decomposition. Factors
that may have influenced their emergence and persistence in nature include the enzyme’s
thermostability, and resistance to ligands like cyanide [40]. It may also coincide with a
lower peroxide stress for the organisms known to carry it. Their catalase reaction cycle
contrasts that of heme-dependent catalases in that there are no free radicals involved, there
are no reactive intermediates in their cycle, and both water molecules from H,O, reduction
are formed during the first step of the reaction [40, 45, 46].

1.4.1. Heme-dependent Catalases

Heme-dependent catalases are far more widely distributed in nature [45]. These
monofunctional (i.e., typical) catalases are homotetramers where each subunit bears a heme
prosthetic group. In most catalases, heme b is used though heme d is observed in a handful
of enzymes [45]. The heme iron is coordinated by a tyrosine phenoxide anion as its proximal
Yigand. The anionic character of the ligand produces a very negative Fe''/Fe" reduction
potential for the heme. As such, catalases are isolated in the ferric state, and they are also
capable of stabilizing higher iron oxidation states (i.e., Fe'V=0) [47, 48]. On the distal side
of the heme are an invariant histidine, asparagine and serine (Fig. 1.5 A). The distal histidine
imidazole plane is roughly parallel to the heme. This residue binds H,O, through a hydrogen
bond network. The distal histidine is proposed to serve as the general base to abstract a
proton from hydrogen peroxide during compound | formation [47, 48]. The distal asparagine
stabilizes the negative charge which develops on the distal O as the O-O bond is polarized

and heterolytically cleaved (Fig. 1.6). The serine residue participates in a hydrogen bond

! By convention, the side of the heme where the protein-based ligand coordinates the iron is referred to its
proximal side (Px).
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Figure 1.5. Active site of heme-dependent catalases showing four conserved residues (A)
and the simplified catalytic cycle of monofunctional catalases (B). The structure image was
generated from coordinates deposited under PDB accession domain 1IPH [49]. Ds (distal
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with the N° of the imidazole and increases its nucleophilicity hence stabilizing the heme
pocket for facile H,O, oxidation [47, 48]. For compound | reduction, the distal histidine has
been proposed to act as an acid-base catalyst to oxidize H,0, for facile release of O, and
H.O [50]. Together, these four residues help all monofunctional (or typical) catalases to
perform their catalytic mechanism. The catalase cycle is a two-step mechanism where H,0,
acts first as an oxidant and then a reductant [45, 47, 48, 51, 52]. The ferric enzyme reacts
with the first equivalent of H,O, to form compound | and H,O. For the second step, H,O; is
oxidized and compound 1 is reduced back to the ferric enzyme, releasing O, and H,O (Fig.
1.5 B). All heme-dependent monofunctional catalases show a broad plateau for pH optimum
in catalase activity. Hence, these enzymes have the ability to degrade H,O, over a wide
range of pH (i.e., pH 5-10) values.

Ferryl (Fe'V=0) heme states are well known for their reactions with different peroxides
and electron donors. Though they also form Fe'V=0 states, catalases are very limited in
these kinds of reactions. One important feature of the typical (i.e., monofunctional) catalases
is that the heme is deeply buried within the protein 20 A from the closest surface [47]. A
very narrow access channel for catalases leads to the active site heme and only allows
passage of small molecules like H,O, and ethanol to enter. However, large molecules like
most peroxidatic electron donors are not able to access the active site. This is one prominent

reason why catalases generally show poor peroxidase activity.
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Though there are distinctive features among them, the heme-dependent catalases all
have a common fold. It consists of a core beta barrel domain, an alpha-helical domain, an N-
terminal arm domain, and a “wrapping loop”. The latter is a long protein segment that links
the two globular domains (Fig. 1.7 B). This loop bears the proximal tyrosine ligand. The 3
barrel is the main feature of the catalase fold, and it constitutes an 8-stranded antiparallel 8
barrel that also contains about six o helices. The barrel is preceded by an extended N-
terminal arm followed by the wrapping loop and terminated by the second globular domain
(i.e., a helical domain). The first half of the barrel is situated at the distal side of the heme
which constitutes strands B1 to f4. The second half of the barrel contributes to the NADPH
binding domain for those enzymes that require NADPH and spans from strands g5 to 8
[53].

Despite the broad structural similarities between catalases, they are divided into three
main clades based on sequence and structural distinctives [51]. Clade 1 enzymes are found
in eubacteria, algae, and plants are characterized by a relatively small subunit size (55-69
kDa) [54]. They use heme b as their prosthetic group. Catalase CatF from Pseudomonas
syringae is a typical example of a clade 1 catalase (Fig. 1.8 A) [54]. Clade 2 catalases found
in eubacteria and fungi have a considerably larger subunit, (75-84 kDa). They use heme d as
their prosthetic group (Fig. 1.8 B). The extra mass is contributed by a “flavodoxin-like”
domain similar to the family of the type 1 glutamine amidotransferases (Fig. 1.8 B) [52].
Heme d is a derivative of heme b where one of its propionate side chains has been converted
to a cis-hydroxy-y-spirolactone, and the corresponding pyrrole ring C has lost the double
bond between the outer C-6 position and the hydroxyl group of C-5 [55]. In addition, clade

Il enzymes also form a covalent modification between the PC of the proximal Tyr ligand and
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Figure 1.7. The multimeric structure (A), and the subunit (B) of E.coli HPII catalase. The
globular beta barrel domain (Yellow), alpha helices (Green), and wrapping loop (Cyan).
Structures were taken from PDB accession domain 1IPH [49].
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the °N from the imidazole group of the distal His [52, 56]. Catalase HPII from E. coli is an
example of a clade 2 catalase (Fig. 1.8 B) [49, 52]. Clade 3 enzymes are the most widely
distributed of the three. They are found in archaea, eubacteria, fungi, protists, plants, and
animals [53]. They are highly similar to clade 1 catalases, especially in the use of heme b as
their prosthetic group, and they also have a relatively small subunit size (43-75 kDa). They
contrast other clades in that they bind NADPH as a second redox active cofactor (Fig. 1.8
C). The NADPH cofactor binds about 20 A from the active site, but it is not directly
required for catalatic turnover. It is proposed that NADPH serves as a reductant to restore

catalase-inactive intermediates to the Fe'"

state and maintain catalatic activity [51, 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 of heme-dependent
catalases. CatF (clade 1) (A), HPII (clade 2) (B), and human erythrocyte catalase (clade 3)
(C). Structures were constructed from PDB accession numbers IM7S [54], 1IPH [49] and,
1QQW [57] respectively.
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1.5. Peroxidases

In contrast to the H,O, disproportionating activity of catalases, enzymes which utilize
different peroxides as electron acceptors to catalyze a wide range of oxidative
transformations are generally referred to as peroxidases. These enzymes are found in all
classes of living organisms. As with catalases, they can be divided into two groups
depending on whether or not they use heme as cofactor. The non-heme members can be
divided into five independent families [58]. These include the thiol peroxidases (e.g.,
glutathione peroxidase and peroxiredoxines), alkylhydroperoxidases (AhpC), manganese
catalases, NADPH peroxidases, and the non-heme haloperoxidases [38-40]. Most of them
use FAD as cofactor and are capable of reducing lipid hydroperoxides, alkyl peroxides, and
H.0,. It is noteworthy that the primary role of these enzymes is protection against oxidative
stress; the identity of the oxidized electron donor is typically of secondary importance.
Particularly in the context of prokaryotic organisms, these non-heme peroxidases are
especially important for the disposal of endogenously generated H,O,. AhpC, for example,
shows a very low kg and a very low apparent Ky, for its H,O, substrate. Consequently, it is
very efficient, but it is also very easily overwhelmed. Thus, it is not likely to provide
bacteria and other microorganisms sufficient defense against copious exogenous H,O;
generated by higher eukaryotes under threat of infection. As will be addressed later, heme-
based H,0O, disposal systems are better positioned to address peroxide-based threats of this
nature.

The heme containing peroxidases can be divided into four superfamilies. The first,
previously known as the plant/fungal peroxidases or non-animal peroxidases is the

peroxidase-catalase (Px-Ct) superfamily. The second, formerly known as the animal
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peroxidases, is the peroxidase-cyclooxygenase (Px-Cx) superfamily. There are also the
peroxidase-chlorite dismutase, and peroxidase-peroxygenase superfamilies [59]. The former
two superfamilies are the largest and have the greatest bearing on the research presented in
this dissertation, so they will be the focus of this literature review.

1.5.1. Animal Peroxidases (Peroxidase-Cyclooxygenases)

The peroxidase-cyclooxygenases were initially called mammalian peroxidases, but the
emergence of other members in plants, fungi and bacteria warranted another nomenclature
[58, 60, 61]. Though His-based ligation of the heme is common to both the Px-Cx and Px-Ct
superfamilies, the modulation of the ligand by H-bonding is distinct. An Asn residue (rather
than Asp in Px-Ct enzymes) H-bonds the proximal His producing more positive reduction
potentials in the Px-Cx superfamily. Similarly, on the distal side of the heme, both
superfamilies have a His and an Arg residue, but, Px-Cx enzymes also have a distal side
Asp, GIn, and Met which are absent from the Px-Ct superfamily. A frequent, though not
universal feature of Px-Cx members is the post-translation modification of the heme. Most
commonly, ester linkages are established with Glu and Asp residues from the peroxidase
protein. Another common though not universal feature of Px-Cx members is their oxidation
of halide and pseudohalide substrates, leading to the generation of the corresponding
hypohalite ions as products. Though all Px-Ct enzymes can oxidize at least some halides
(e.g., I'), this does not figure prominently in their physiological function. In contrast,
hypohalite ion production by the Px-Cx enzymes myeloperoxidase (MPO), lactoperoxidase
(LPO), and eosinophil peroxidase (EPO) is an essential component of innate immunity.
Another Px-Cx member, thyroid peroxidase (TPO), leverages I" oxidation towards the

generation of trilodothyronine and thyroxine.
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However, in this regard the most striking Px-Cx enzyme is MPO. MPO, a mammalian
enzyme, is most abundant in neutrophils where it is stored in the cell’s unique granules [60,
62]. It is also expressed to lesser extents in monocytes and some macrophages. MPO is a
tetramer consisting of two light and two heavy polypeptide chains [62, 63]. These chains
arise from the excision of a single polypeptide precursor. The chains are linked together by
a disulfide bridge from a conserved Cys residue [62]. The heavy glycosylated chain contains
the active site bearing the modified protoporphyrin IX heme. Also, a binding site for Ca?*
has been identified in the structure of MPO [62, 63]. The essential residues at the active site
are the distal Arg239, GIn91, and His95. At the proximal side, H336 is the axial ligand
which is also H-bonded with the carbonyl oxygen of Q421. The post-translational
modification of rings A and C is a common, but not conserved feature for these enzymes
(Fig. 1.9 B). Also, the vinyl group of ring A through its beta carbon forms a covalent
association with the sulfur of a conserved methionine, a feature only unique to MPO [62,
63]. As would be anticipated, these modifications give rise to some unique spectral and
redox features of MPO, hence its special catalytic abilities. Indeed, the 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 color [62].

Most, if not all peroxidases are capable of oxidizing I" to OI". Fewer are able to oxidize
Br" to OBr’, but MPO is unique among both the Px-Cx and Px-Ct superfamilies in its ability
to oxidize CI" to OCI" at the expense of H,O, reduction, a fundamental part of the
antimicrobial function of MPO in neutrophils. This special ability of MPOs has been linked
to the presence of a third modification of the pyrolle ring A by a methionine. Also, MPO

serves as a key mediator of molecular damage that accrues due to chronic inflammation with
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X" (halide), XOH (hypohalous acid),
AH, (peroxidase reducing substrate)

Figure 1.9. Active site of mammalian myeloperoxidase (A), structure of modified heme in
MPOQO, and catalytic mechanism of myeleoperoxidase (C). Amino acid oxygen and nitrogen
elements are colored in red and blue, respectively. Ca" -green sphere. Structures were

taken from PDB accession domain 1CXP [62].
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respect to pathogenic bacteria. The presence of MPO substantially raises the stakes of H,O,
degradation. The failure of a pathogen to efficiently remove H,O, exposes it to substantially
greater damage from OCI".

The first step of the catalytic mechanism of MPO is similar to all heme peroxidases;
the ferric enzyme reduces H,O, to form compound |. However, an excess of peroxide is
required to observe it. It has been proposed that the distal histidine and arginine assist in the
first step where the H,O; is oriented and bound to the ferric enzyme. This allows for the
heterolytic O-O bond cleavage. Compound | oxidizes halides (CI" is unique to MPO) and
several other peroxidatic electron donors (observed in most peroxidases) (Fig. 1.9 C). For
the former cycle, compound 1 is reduced back to the ferric state by oxidizing a halide [62].
The latter cycle typical of peroxidases, compound 1 is reduced by the presence of
peroxidatic substrates. It is hypothesized that the available substrate will determine what
pathway dominates.

1.5.2. Px-Ct Superfamily: the Non-animal Peroxidases

This group represents the second superfamily of heme peroxidases. They are found
predominantly in plants, fungi and bacteria [58, 61, 64]. All enzymes in this group have
several structural similarities. Indeed, they all have a so-called peroxidase fold which is
composed of 10 alpha helices (A-J) and little or no beta sheet (Fig. 1.10). The helical
structure surrounding the active site heme is also quite distinct and comprises helices B, E,
and F (Fig. 1.11). Within the active site, the heme is always heme b, and there are five
residues invariant across the superfamily. These include the proximal histidine which is
modulated through a strong H-bond to an Asp, the distal His modulated by an H-bond to an

Asn, and the distal Arg (Fig. 1.12 A). All of these facilitate the peroxidase catalytic
26



Figure 1.10. Ten helical structure representatives of the three classes of the Px-Ct
superfamily. Cytochrome c peroxidase (class I) (A), manganese peroxidase (class I1) (B) and
horseradish peroxidase (class I1) (C) are shown. Ca®* ions are in orange while Mn** is
shown in purple Structures constructed from PDB accession numbers 2CYP [65], LMNP

[66], and 1H5A [67] respectively.
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Figure 1.11. Three helix structures around the active sites of non-animal peroxidases.
Helical structure of cytochrome c peroxidase (A), manganese peroxidase (B) and
horseradish peroxidase (C). Helix B is shown in red, helix E is shown in yelow and helix F
is shown in blue. Ca*" are shown in orange while Mn?* is shown in purple Structures were
taken from PDB accession domain 2CYP [65], LMNP [66], and 1H5A [67] respectively.
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mechanism (Fig. 1.12 B).
Another important characteristic of peroxidases is that they have optimum activity at acidic
pH (i.e., pH < 4.5) and relatively low concentrations of H,0,.

Since all non-animal peroxidase have similar active site residues, it is important to
understand the basic structure of this type of active site and the intermediates it supports
towards peroxidatic catalysis [68, 69]. The proximal His (H175 in CcP) serves as the ligand
to the heme iron. The proximal Asp (D235 in CcP) through its hydrogen bond to the N° of
the His ligand imparts a substantial anionic character to the imidazole (i.e., imidazolate)
ligand. This produces a much lower reduction potential (-186 to -226 mV) compared to
other histidine ligated hemes (e.g., myoglobin; + 50 mV). As such, peroxidases are
consistently isolated in the ferric oxidation state, and they have the capacity to stabilize
higher heme oxidation states (e.g., Fe'V=0). The strictly conserved distal His (H52 in CcP)
serves as a general base to facilitate the heterolytic cleavage of H,O, to form H,O and the
Fe'V=0 porphyrin n"™* intermediate known as compound 1 [70, 71]. A strictly conserved Arg
(R48 in CcP) in the distal cavity also facilitates heterolytic O-O bond cleavage by
electrostatically offsetting the negative charge that accumulates on the distal oxygen as the
initial peroxide complex, compound 0 (Fe"'-OOH), is converted to compound I. This
mechanism was first put forward by Poulos-Kraut in 1980 (Fig. 1.13) [72]. Recent
computational studies have revealed that the experimentally observed rates of compound |
formation are not competent with the distance between the distal His and the heme iron.
The distance cannot account for rapid enough H" transfer to support compound | formation.
This problem could be resolved by conformational dynamics (i.e., may be the His can get

closer than has been shown on the crystal structures). This seems unlikely because all
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Figure 1.12. Active site of non-animal peroxidases showing five conserved residues and heme
b prosthetic group (A) and simplified peroxidase cycle of non-animal peroxidases (B). R
represents reducing substrates for various peroxides. Structure was taken from PDB
accession domain 1H5A [67]. Px represents proximal side of heme while Ds signifies the

distal side of heme.
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indications are that the structure is rigid. The barrier was lowered by three fold when an
intervening water molecule was added to serve as a H" relay from the peroxide to the distal
histidine [73-75], accounting for the experimentally observed rates.

In contrast to catalases, compound | is reduced by two equivalents of peroxidase
electron donors. A typical peroxidase completes its catalytic cycle by two sequential one-
electron reductions (Fig. 1.12 B). Following the first reduction, the intermediate referred to
as “compound II” is generated. The most common structure for compound Il is a Fe'V=0
intermediate where the porphyrin radical is reduced prior to the ferryl center. Following the
second electron reduction, the resting state is achieved. Thus, the return of a peroxidase to
its ferric state generates two equivalents of an exogenous electron donor radical.

One important feature of typical peroxidase active site is that large aromatic electron
donors have access to the 6-meso heme edge for rapid electron transfer to reduce these high
oxidizing species to their resting form [68]. This site is the one which affords robust
peroxidase activity [68, 69].

In the absence of peroxidase electron donors or if the electron donor concentration is
very low, peroxidases are readily inactivated in the presence of excess H,O, to generate a

compound 111 (i.e., Fe""-0,") species (Fig. 1.12 B) [68, 69].
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Figure 1.13. Catalytic mechanism of typical peroxidases including the Poulos Kraut
mechanism for compound I formation.
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Since the contours of the superfamily were first described in 1992, three subdivisions
(classes) have been recognized (class I, 11, and II1) [59, 64]. Detailed sequence analyses
reveal that all three classes originated from ancestral Negibacteria with transfer via
endosymbiotic events to eukaryotic cells [59].

1.5.2.1. Class 11 peroxidases

These peroxidases are dominated by the plant secretory enzymes [64]. They are
monomeric and glycosylated. The class 11l peroxidases have phenylalanines on the distal
and proximal pockets of the heme which prevents intramolecular electron transfers within its
active site.

Horseradish peroxidase (HRP), soybean, and guaiacol peroxidases are examples of
class Il peroxidases. HRP will be discussed extensively as a representative of class Ill
enzymes because it has been extensively studied and characterize [76, 77]. It is a 44 kDa
glycosylated protein with four disulfide bridges and two calcium ions are located around the
active site and these stabilize its conformation [76, 77].

HRP plays an important role in the processes of the life cycle of plants such as auxin
metabolism, lignin and suberin formation, cross-linking of cell wall components, defense
against cell pathogens and cell elongation [68, 69]. It can also oxidize a wide range of
substrates including phenols, aromatic amines, indoles, and sulfoxides.

1.5.2.2. Class Il peroxidases

These are largely fungal secretory proteins with molecular weights between 41-46
kDa [59, 64, 78, 79]. Their apparent primary physiological function is to initiate the
degradation of lignin in wood to CO, [80, 81]. Lignin, manganese, and versatile peroxidases

are three enzymes secreted by Basidiomycetes (white rot fungi), the organisms are best
33



known for their unique ability to degrade lignin. Lignin peroxidases are notorious for their
utilization of several electron donor substrates because they possess a high redox potential
relative to the class Il peroxidases [80, 81]. Indeed, it can oxidize both phenolic and non-
phenolic compounds. Similar to HRP, they also have two conserved calcium binding sites
and disulfide bridges. However, the way they are arranged is different from class IlI
peroxidases [59, 64, 78, 79]. Manganese peroxidase (MnP) is an acidic glycoprotein of
about 42 kDa which has been thought to play the most vital role in lignin degradation [81,
82]. It has a fifth disulfide bridge contrasting other class Il peroxidases in that it helps to
anchor the Mn?* in place for proper binding [81, 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 (Fig. 1.14 B). Hence,
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 electrons to the heme cofactor by a
long range electron transfer mechanism [83].

1.5.2.3. Class | Peroxidases

In a number of respects, the class | enzymes of the Px-Ct superfamily stand distinct
from classes Il and I1l. Indeed, it has been proposed that class I diverged from the others at
an earlier point in evolutionary history [59, 79]. The class | enzymes do not bind Ca®, and
disulfide bonds are very rare. The only disulfide linkage identified to date is observed in an
extracellular fungal KatG enzyme [84]. The distribution of class | enzymes is also
considerably wider, both in terms of species and cellular compartment. There are

mitochondrial and non-mitochondrial forms of cytochrome c peroxidase (CcP) found across
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Figure 1.14. Active site comparison of cytochrome c¢ peroxidase (class 1) (A) and
manganese peroxidase (class IlI) (B). Structures were constructed from accession domain
1BEM and 1IMNP [65, 66] respectively.
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the range of eukaryotes from yeast to mammals. Ascorbate peroxidase (APx) is found in
plants where there is a chloroplast form and a cytosolic form [59, 64, 85-87]. The latter is
particularly abundant in the root nodules of plants that house nitrogen fixing bacteria [88].

The catalase-peroxidases (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 enzyme [52, 89-94]. 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 to arise from multiple horizontal gene transfer events in the
evolutionary history of these enzymes [89].

Class | enzymes are also distinct in terms of function. Where alternative metabolic
functions can be identified for class Il and Ill enzymes (e.g., lignin degradation and lignin
synthesis, respectively), H,O, detoxification appears to be the primary function of class I.
CcP is well placed in terms of cellular location and available substrate (Fe'-cytochrome c)
to degrade H,O, derived from misfiring of respiratory electron transport [95, 96]. APx (as
opposed to catalase) is an ideal mechanism for H,O, decomposition in root nodules and
chloroplasts where O, would inactivate nitrogenase and inhibit photosynthesis [85, 88, 97].
Finally, KatG has a substantial catalase activity that imparts a capacity to degrade H,0O, far
beyond any other members of the Px-Ct superfamily.

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 11l enzymes are replaced by Trp

residues in class I. For this reason, intramolecular electron transfer to reduce Fe'V=0
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[porphyrin]™ (i.e., compound |) intermediate figures 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 from substrate (cytochrome c) heme to enzyme (CcP)
heme, both of which are buried within their respective proteins. In APx, such intramolecular
electron transfer must be specifically prevented by the binding of a K adjacent to the
enzyme’s proximal Trp. This raises the potential of the Trp, such that the porphyrin radical
form of compound | is stabilized [98, 99]. This helps maximize the specific oxidation of
ascorbate by APx. Due in part to the research described in this dissertation, pathways of
intramolecular electron transfer and their roles in KatG catalysis are beginning to be
understood.

1.6. Catalase-peroxidases

Catalase-peroxidases (KatGs) are the third example of class | enzymes in the Px-Ct
superfamily [64]. Until now, we have been discussing the independent mechanisms of H,0,
decomposition, either catalatic or peroxidatic. Across nature, all catalases (heme or non-
heme) are poor in peroxidatic turnover while peroxidases show little or no catalase turnover.
In contrast, KatG utilizes a single active site to scavenge H,O, by both a catalatic and a
peroxidatic mechanism [100, 101]. This unique ability has raised great interest in the study
of KatG structure and function.

1.6.1. Sources of KatG

As mentioned earlier, KatG is found across a wide range of prokaryotes from archaea
to gammaproteobacteria to mycobacteria to cyanobacteria [59, 93, 101, 102]. In fact, KatG

is also found in several lower eukaryotes like protists (e.g., Heterocapsa trigetra) and fungi
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(e.g., Magnaporthe grisea) [84, 91, 103]. Despite this wide distribution, there is very little
sequence diversity among KatGs from various sources. Multiple sequence alignments show
that these are very closely related enzymes despite their diverse origins. This also points
toward lateral gene transfer as a common phenomenon in KatG evolution [89].

X-ray crystal structures have been solved for KatG from H. marismortui,
Synechocystis PCC 7942, B. pseudomallei, M. tuberculosis, and Magnaporthe grisea which
also solidify the conclusions that KatGs from various organisms are closely related because
they contain similar features [84, 104-107]. All KatGs are multimeric (homodimers or
homotetramers) and the KatG subunit is a two domain structure where each domain has a
typical peroxidase scaffold (Fig. 1.15). The two domain structure of KatG is unique in the
Px-Ct superfamily, even among class | enzymes and appears to be the result of a gene-
duplication and fusion event.

1.6.2. Active Site of KatG’s Domains

With its two peroxidase domains, the scaffold for an active site is present in each
domain. However, the C-terminal domain neither binds heme nor directly catalyzes any
reactions involving H,O,. Closer inspection of the C-terminal domain “active site” reveals
that an Arg replaces what should be the His ligand. Heme binding is further precluded by a
large hydrophobic side chain (Leu or Met) in the adjacent position (Fig. 1.15 C) which
protrudes into the heme binding cavity. In contrast, the N-terminal 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 the C-terminal domain is a vestigial structure and

superfluous to KatG function. However, there are no KatGs that lack this structure.
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Figure 1.15. Three dimensional structure of KatG (A) and helices B, E, and F that bracket
the active N-terminal domain (B) and the inactive C-terminal domain (C). Three helices are
color coded as follows Helix B (Red), Helix E (Blue) and Helix F (Yellow). Structures were

taken from PDB accession domain 2CCA [108].
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Moreover, a KatG variant expressed without its C-terminal domain lacks both catalase
and peroxidase activity. Its heme is hexacoordinate and low spin due to the introduction of the
distal histidine as a sixth ligand to the heme iron [109]. A separately expressed and isolated C-
terminal domain returns the enzyme to the correct active site structure and full catalase and
peroxidase activity [110]. It is proposed that the C-terminal domain serve both to maintain an
active environment for heme coordination and as a platform for the proper folding of the N-
terminal domain despite its location 30 A away from the active site [110]. Indeed, a recent
report has shown that conserved amino acids at the N- and C-terminal domain interface are
critical to maintaining correct heme coordination and active site function [111].

Contrary to the C-terminal domain, the N-terminal domain binds heme and has all the
residues of a typical Px-Ct enzyme occupying its active site (Fig. 1.15 B). Consistent with
its active site, KatG has robust peroxidase activity. However, in contrast to all other
members of its superfamily, KatG also breaks down H,0O, through a catalase mechanism.
This begs the question, what gives KatG this unique ability? Clearly, the answer should lie
with features beyond those conserved in all peroxidases. A step back from the active site
reveals that the KatG N-terminal domain has three interhelical loops that are substantially
longer than their counterparts in other peroxidases. These are large loop 1 (LL1), large loop
2 (LL2) and large loop 3 (LL3) [84, 104-107].

LL3 is far from the active site and shows poor sequence conservation across KatGs. In
contrast, LL2 which originates at the termination of the F helix and ends just before the G
helix contributes to a more constricted active site channel than is observed in other
peroxidases. Although sequence conservation is weak, its length and conformation are

essentially invariant. Site-directed and deletion mutagenesis studies indicate that LL2 helps
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regulate the organization of water and hydrogen bonds in the distal cavity of the active site
[112]. It appears to be particularly important for ligand binding (e.g., CN’, H,O,) and
compound | formation and therefore, is necessary for optimal peroxidase and catalase
activity [112].

In contrast, LL1 varies considerably in length, but portions of the structure are
invariant across all KatGs. It is located between helices D and E, and also contributes to the
more constricted active site access channel of KatG [84, 104-107]. The narrower channel
produced by LL1 and LL2 is reminiscent of the long narrow channel observed in the typical
catalases. It stands to reason that such a structure does favor catalase activity by limiting the
oxidation of exogenous electron donors at the heme edge instead allowing oxidizing
equivalents to be directed toward oxidation of H,O, to O,.

Although this structural arrangement favors H,O, oxidation, it is not sufficient to
explain KatGs catalase activity. The strictly conserved C-terminal one-third of LL1 is also
critical because it includes a tyrosine (Y229 in MtKatG). This tyrosine lies between the
active site distal tryptophan (W107 in MtKatG) and a methionine (M255 in MtKatG), and it
bridges the two in a novel MYW covalent adduct (Fig. 1.16) [84, 104-107]. The first
evidence pointing toward this adduct as essential to catalase activity came when the distal
tryptophan was replaced by phenylalanine using site-directed mutagenesis. This substitution
resulted in the complete loss of catalase activity, but there was no effect on peroxidase
activity [113, 114]. At the time, this result resisted a simple explanation because the
analogous tryptophan was present in other class | peroxidases (see distal Trp 51 in CcP Fig.
1.14 A), all of which lacked any catalase activity. The first KatG crystal structure revealed

the structure of the MYW adduct [107].
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Figure 1.16. The structure of the methionine, tyrosine and, tryptophan (MYW) covalent
adduct of KatG.
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Electron density consistent with covalent bonds between the Cn2 of the distal tryptophan
and C¢l of the adjacent tyrosine and between tyrosine C¢2 and the Met S to produce a
sulfonium cation was observed (Fig. 1.16) [84, 104-107].

1.6.3. Formation of the MYW adduct

One of the growing lists of post-translationally derived modifications catalyzed by a
metal center could be advantageous or deleterious-remarkably frequent that it has been
leveraged for a catalytic purpose. Most of these modifications frequent in enzymatic protein-
based radicals. Several enzymes have the ability to harbor these protein-based radicals either
temporally or in paramagnetic centers. Tyrosyl (Y®), tryptophanyl (W), glycyl (G"), and thiyl
(S") radicals frequent in these protein-based reaction mechanisms [115, 116]. An example of
such post-translational modification is seen in the tryptophan tryptophylquinone (TTQ)
protein derived cofactor from the heme-dependent MauG enzyme [117-119]. TTQ is used by
Methylamine dehydrogenases (MADH), an oxidase which catalyzes the deamination of
primary amines to ammonia and an aldehyde.

The post-translational modification of TTQ is a six electron oxidation process where
Trp57 is oxidized in the first step [119]. The oxidized Trp57 forms a covalent cross-link with
Trp107 to yield a quinol. The modified quinol side chain is oxidized to form the unique TTQ
cofactor (Figure 1.17). The reaction is known to occur when MauG forms a bis Fe'" state in
which one of the heme is in a unique Fe' state ligated by His and Tyr while the second is a

more typical Fe'V=0 state [117-119].
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Figure 1.17. MauG-dependent oxidation of two tryptophans to yield tryptophan
tryptophylquinone (TTQ) cofactor.
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The KatG MYW adduct has numerous similarities to these systems housing protein-
based radicals and it plays an integral role in the catalytic mechanism of KatG. The
formation of the MYW adduct requires heme and the inclusion of peroxide (Fig. 1.18). The
adduct is constructed from oxidizable amino acid side chains and has all the marks of a free
radical-based mechanism. Though many details remain to be sorted out and only fully
covalent intermediates have thus far been detected, a reasonable mechanism for MYW
formation has been proposed [120, 121] (Fig. 1.18). The proposed mechanism requires the
formation of compound | as an oxidizing intermediate. It has been proposed that the MYW
adduct is formed in sequential steps. First, the adduct Tyr and Trp are been oxidized to their
radical states. Next, a bond is formed between the Cel of Y and the Cn2 of W [i.e.,Y(Cel)-
W(Cn2)]. The second oxidation converts the Tyr-Trp partial adduct to a quinoid state. This
creates an electrophilic milieu for the Y(Ce2)-Met(S6) sulfonium cation to complete the

entire Met-Tyr-Trp covalent adduct [120, 121].
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Figure 1.18. Proposed mechanism for the formation of the MYW cofactor. The YW (red)
andYW quinol (green) intermediates have been identified in KatG variants where the adduct
Met has been replaced by lle [120, 121].
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1.6.3.1. Diagnosis of the MYW covalent adduct by SDS-PAGE and LC-ESI-MS.

An early concern was that the MYW adduct may be an artefact of X-ray irradiation.
Tryptic peptide mapping of KatG from several sources by LC-mass spectrometry has shown
that the covalent adduct is present in KatG as isolated following protein expression,
provided the protein is expressed in its holo form [120-123].

An interesting alternative procedure for evaluating the presence of the adduct has
emerged which relies on SDS-PAGE to evaluate the effect of the cross-link on the
hydrodynamic volume of the unfolded protein. Because the adduct is not disrupted by SDS,
KatG bearing the MYW adduct retains a more compact structure than KatG which lacks the
adduct, including apoKatG which has never contained heme and KatG variants unable to
form the adduct (e.g., Y226F KatG). These latter proteins migrate with an apparent
molecular weight of ~ 3 kDa larger than mature MYW adduct-bearing KatG [112].
Interestingly, LC-ES-MS spectra protein from either SDS-PAGE band show identical
molecular weights, demonstrating that the molecular weight difference observed by gel is an
apparent difference only (Fig. 1.19). From the procedure, it can be shown that MYW adduct
formation requires the presence of heme and peroxide as an oxidant (e.g., H2O,, m-
chloroperoxybenzoic acid, or t-butyl-OOH) (Figs. 1.19-panel B & 1.20). It can also be
shown that E. coli KatG variants can lack catalase activity because they are unable to form

the adduct (e.g. Y229F KatG) or for other reasons (ALL2 KatG).
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Figure. 1.19. Effect of reconstitution and treatment with H,O, on SDS-PAGE separation (A)
and ESI-MS (B) of wild-type KatG. Wild-type KatG (lanes 1 — 3) and ALL2 KatG (lanes 4 —
6) were separated as unreconstituted proteins (lanes 1 and 4), proteins reconstituted with 0.9
eq. hemin (lanes 2 and 5), and reconstituted proteins reacted for ten minutes with 20 eq.
H,O, (lanes 3 and 6). All reactions contained 5 pg protein (~ 3 uM) and were carried out in 5
mM phosphate, pH 7.0, at room temperature. Reactions were quenched by the addition of an
equal volume of SDS-PAGE loading buffer (2% SDS final concentration), and 2.5 pg
protein was loaded into each lane. Reconstituted wtKatG was evaluated by LC-ESI-MS

before and after reaction with 20 eq. H,O,.
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Figure 1.20. Effect of reconstitution and treatment with peroxides on SDS-PAGE separation
of wild-type and ALL2 KatG. Wild-type KatG (lanes 1 — 5) was compared to ALL2 KatG
(lanes 6 — 10). Unreconstituted proteins (lanes 1 and 6) were run next to proteins
reconstituted with 0.9 eq. hemin (lanes 2 and 7). Each reconstituted protein was reacted for
ten minutes with 20 eq. H,O, (lanes 3 and 8), 10 eq. m-chloroperoxybenzoic acid (lanes 4
and 9), or 10 eq. t-butyl-OOH (lanes 5 and 10).
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1.6.4. Catalatic Mechanism of KatG

More recently, a catalatic mechanism for KatG has been proposed in which the
covalent adduct redox cycles between a fully covalent (reduced) and free-radical (oxidized)
state. Upon the formation of compound | like canonical catalases and peroxidases, KatG
undergoes an intramolecular electron transfer to form a Fe'V=O[protein]"" intermediate.
Indeed, the unique MYW covalent adduct is proposed as the electron donor, giving a
Fe'V=O[MYW]"" intermediate referred to as compound I* [124, 125]. Compound I* reacts

with the second equivalent of H,O, yielding a compound 111 (i.e., Fe'"

-0,") species typical
of canonical peroxidases. This species also has the radical on the covalent adduct associated
to it, (i.e., Fe"'-O, [MYW]™) referred to compound 111* [124-126]. With the MYW adduct
radical only about 3.4 A from the heme, another intramolecular electron transfer is proposed

wherein the Fe'"-O," species reduces the MYW adduct radical to its fully covalent state. In

principle, this produces a transient Fe'

-O, state which undergoes facile dissociation to
release O,, leaving the enzyme in its initial ferric (resting) state (Fig. 1.21, bold black and
blue).

The MYW adduct radical (narrow-doublet) is the sole radical produced when KatG
reacts with steady-state concentrations of H,O; in the millisecond time range [127]. An
elaborate study of site-directed mutagenesis of all 21 Tyr of KatG, deuterium labeling of the
B-methylene protons and 3,5-ring protons of the adduct tyrosine, along with rapid-freeze
qguench and manual quench EPR were done to assign the narrow-doublet radical. All these
data pointed towards the tyrosyl radical located on the MYW covalent adduct [124, 127].

Indeed, all tyrosines of MtKatG which were mutated to phenylalanine produced the narrow

doublet radical and produced wild-type levels of catalase activity except that located on the
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located on the MYW adduct. Further, deuterium labeling of the -methylene protons did
produce a singlet radical which contrasted the narrow-doublet radical. The collapse of
MYW narrow doublet radical supports that the radical was tyrosyl based. Deuterium
labelling of the 3,5-ring protons produced the narrow-doublet radical like wild-type KatG.
This also supports that the protons at that position had been replaced by neighboring groups
of the Met and Trp to form the entire MYW covalent adduct. KatG variants targeting the
covalent adduct lack the ability to produce the uniqgue MYW narrow-doublet radical along
with their loss in catalase activity.

Alternative radicals are observed when KatG is treated with other hydroperoxides just
like other members within its peroxidase class [128-130]. For example, cytochrome c
peroxidase (a class | peroxidase) forms an exchange-coupled proximal tryptophanyl radical
(Fe'Y=0 [W191]™") i.e., Compound ES after its reaction with H,O, (Fig. 1.22) [131, 132].
Indeed, the radical located about 5.1 A from the heme is integral in the catalytic mechanism
of CcP. The proximal tryptophanyl radical serves as a mediator for electron transfer from
the ferrocytochrome c donor to the cytochrome c peroxidase acceptor. In addition to the
proximal tryptophanyl radical formed by CcP, it can also readily form compound Il in the
presence of excess H,O, and low concentrations of ferrocytochrome c. The compound IlI
intermediate is known to be stable and readily inactivates CcP. The compound Il
intermediate is also known to play an active role in KatG catalase mechanism but CcP does
not perform catalase activity.

KatG also loses its catalase activity by forming the exchange-coupled proximal
tryptophanyl radical along with other protein-based radicals when it is reacted with peracetic

acid. The presence of these alternate protein-based radicals may be detrimental to KatG cat-
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Figure 1.22. The exchange-coupled proximal tryptophan cation radical from yeast
cytochrome c peroxidase.
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alase activity, hence converting KatG back to its peroxidase roots. For KatG optimum
catalase activity, oxidation of the protein has to take place during turnover and the oxidizing
equivalent have to stay close to the heme. There are potential consequences of this type of
mechanism where other amino acids can get oxidized and there is a loss in the catalase
activity. This idea brought forth the basis of this research with purpose of evaluating routes
for off-pathway protein oxidation events and KatG inactivation.

All KatGs isolated have an invariant conformational dynamic arginine switch which is
also an important participant in its catalase mechanism. R418 (MtKatG numbering) located
about 20 A from the heme center is known to occupy two conformational dynamic positions
as pH changes. Structures resolved for BpKatG reveal that an ‘out’ conformation formerly
known as ‘R’ state is favored at acidic pH (i.e., pH < 4.5) [133, 134]. This state is known to
favor the MYW adduct oxidation. In contrast, an ‘in’ position formally known as a ‘Y’
conformation is favored at a pH > 6.5. This conformation has been suggested to favor the
MYW adduct radical reduction. At a pH where both conformations are equally populated
(i.e., pH = 6.5), KatG has optimum catalase activity. This pH-dynamic Arg switch is also
connected to KatGs catalase and peroxidase activities which are also known to be pH-
dependent [135, 136].

1.6.5. Interrelationship between KatG’s Catalase and Peroxidase Mechanisms

It is also important to understand the nature of interaction between the catalase and
the peroxidase activities of KatG. This is because this thesis also cuts across the mechanism
by which peroxidase reducing substrates are hypothesized to rescue catalase-inactive
intermediates. Indeed, KatG is capable of using a single active site to degrade H,O, through

a catalatic and a peroxidatic mechanism [100, 101]. The fascinating question is that how do
54



these activities interact? This is especially important as they share the same active site and
the same type of intermediate i.e., compound I, (Fig. 1.21, black arrows). Historically, both
activities have simply been superimposed within a single scheme. The consequence of this
arrangement is both activities are mutually competitive with one another. Specifically,
peroxidatic electron donors would be predicted to inhibit the catalase activity of KatG.
Consistent with this model, conditions which favor KatG catalase activity (pH = 7.0, high
[H.O-]) do not favor its peroxidase activity (pH = 4.5, relatively low [H,0-], and vice versa
[100, 101]. Further, catalase-negative variants almost always show enhanced peroxidase
activity [113, 114, 121, 125]. Finally, the first characterization of KatG reported that a
common peroxidatic electron donor, o-dianisidine did inhibit the catalase activity at pH 7.5
[137].

Contrary to all these observations, the Goodwin lab reported that PXEDs stimulated the
catalase activity of KatG. The effect was most pronounced under conditions where catalase
activity is normally diminished and peroxidase activity increases (i.e., acidic pH and low
[H2O2]) [138]. This result has three implications. First, the model for understanding the
interplay of these two activities is clearly flawed. Second, it points toward a mechanism for
far more efficient detoxification of H,O,, and third, it broadens the conditions under which
vigorous H,O, decomposition can be accomplished, especially with respect to pH. In this
thesis, we used site-directed mutagenesis, steady-state and transient-state Kkinetics, UV-
visible and EPR spectroscopies to explore the mechanisms by which PxEDs stimulate KatG
catalase activity. We observed that PXEDs stimulate KatG catalase activity by rescuing
inactive intermediates which result from off-pathway protein oxidation events and the

proximal tryptophan is a major conduit for such misdirected electron transfer events.
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1.7. Implications for the Physiological Function of KatG

In addition to its role in H,O, degradation to protect cells against the harmful effects of
ROS, KatGs have also been consistently linked as virulence factors to a wide range of
pathogenic organisms. These organisms range from extracellular pathogens (plasmid
encoding E. coli O157:H7 and Magnaporthe grisea) to intracellular facultative pathogens
(Legionella pneumophila and Yersinia pestis) [45, 84, 91, 103]. Further, the enzyme from
the intracellular facultative Mycobacterium tuberculosis is widely known to activate
isoniazid, a frontline drug in the treatment of tuberculosis (Fig. 1.23) [100]. The mechanism
of activation is not fully understood but it is proposed to oxidize the prodrug to its active
isonicotinoyl acyl radical form which further reacts with NADH to form an INH-NADH
adduct (Fig. 1.23).

Several KatG protein-based radical mechanisms have been proposed for INH
activation which can be divided into two main groups (Fig. 1.23 B). The first is a peroxide-
dependent mechanism which uses a compound I-like intermediate or its equivalent as the
prominent species [135-137]. The second is a peroxide-independent mechanism where a
compound Il intermediate is proposed as central player [135, 137, 138]. Both mechanisms
can be formed in the presence or absence of added oxidants like peroxides.

As such, a clear understanding of KatG protein-based radical mechanisms will open
possibilities on how the pro-drug could be oxidized by KatG. It has been initially proposed
that electron donors like isoniazid act to reduce remote protein-based radicals formed in
KatG catalysis [130]. This thesis also sheds light on the protein-based radical types observed

during KatG reactions with H,O,.
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Figure 1.23. Isoniazid (INH) structure and activation. Formation of IN-NAD adduct (A) and
three mechanisms proposed for KatG-dependent oxidation of INH to IN" (first step indicated
in panel A). Steps in green are proposed to represent the oxidation of INH in the absence of
any oxidant. Steps in blue indicate the presence of an endogenous oxidant while steps in red
are indicative of endogenous peroxide.
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The INH-NADH adduct is a potent inhibitor of InhA, an enoyl acyl carrier protein
reductase necessary for mycolic acid biosynthesis (a long chain fatty acid for the organism’s
cell wall). Mutations which disrupt the katG gene occur in the large majority of isoniazid
resistant cases, though the mechanism of inactivation has not been fully comprehended

[100].

1.8. Protein-based Radicals in Catalase-Peroxidases (KatG)

KatGs are an exciting system to consider the use of protein-based radicals for its
unique catalytic abilities. As mentioned before, KatGs fall into the class | of non-animal
peroxidase superfamily of enzymes. KatG contrasts all other members within its superfamily
in that it uses a single active site to catalyze the decomposition of H,O, by two distinct
mechanisms as suggested by its name. The active site of KatG is almost superimposable
with that of cytochrome c¢ peroxidase. Also, the active N-terminal domain of KatG has far
more oxidizable amino acid residues than other proteins including 18 Trp, 12 Tyr and 13
Met. Figs. 1.24 A and B show Trp (red) and Tyr (orange) contributions to the MtKatG
surface viewed from substrate access channel side (A), and its opposite (B). The N-terminal
domains are blue, and the C-terminal domain domains are gray. The presence of far more
oxidizable residues present in KatG makes protein-based radicals frequent in its catalytic

mechanism.

It has been agreed that radical transfer migrates from the active site to the solvent
exposed surface to remote Trp and Tyr residues. Also, H-bonding network within the active
site plays a pivotal role in KatG intramolecular electron transfer processes [139, 140]. KatG

from various organisms are known to stabilize different protein-based radicals when the
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enzyme is reacted with peracetic acid. For example, SyKatG forms a radical on Trp105 and
a Tyr radical while MtKatG and BpKatG rather form the exchange-coupled proximal Trp
and a Tyr radical (Fig. 1.25) [126, 129, 140]. KatG uses two distinct protein-based radicals
to catalyze two distinct mechanistic activities: The MYW narrow doublet radical and the

proximal tryptophanyl radical.
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Figure 1.24. Trp (red) and Tyr (orange) contributions to MtKatG surface viewed from H,0,
access channel side (A) and its opposite (B). The N-terminal domains are blue, and the C-
terminal domains are gray. Green circles indicate the access channel opening. White circles
indicate a cavity where INH has been detected in another KatG [141]. Image constructed
using PyMOL v.1.6.0.0.
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Figure 1.25. Tryptophanyl and tyrosyl radicals identified in MtKatG (Mt), BpKatG (Bp), and
SyKatG (Sy). Radicals assigned in each KatG are annotated in blue. If a radical has not been
detected in a given position, it is annotated in gray. Image constructed using PyMOL
v.1.6.0.0.
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1.8.1. The MYW cofactor protein-based radical

Evidence is accumulating that a unique narrow doublet (MYW) radical cofactor is
essential for the catalase activity of KatG [124, 127, 142]. This radical is known to have a
tyrosyl-like character. It is the sole radical observed by RFQ-EPR when KatG is reacted
with steady state concentrations of H,O; in the millisecond time range. The radical persist
through out the conclusion of H,O, consumption. Mutations on these residues constituting
the covalent adduct lack catalase activity and the ability to generate the narrow doublet
radical. The radical is formed in the presence of heme and peroxide. It has been proposed to
be formed by heme catalyzed free-radical chemistry (Fig. 1.18) [120, 121].

1.8.2. The Proximal Trp protein-based radical

The proximal Trp protein-based radical persists during conditions of peroxidase
turnover (Fig. 1.21, dashed arrows). As mentioned before, this radical has been consistently
detected when KatG reacts with PAA [129, 130, 140, 143]. Due to its proximity to the heme
iron, it has been hypothesized to form an exchange-coupled interaction with a nearby
ferromagnetic center, presumably the heme. This idea support the proximal tryptophan as
the first residue to be oxidized if the porphyrin radical or MYW adduct radical gets off-track
the catalatic mechanism. The radical will subsequently migrate to the surface of KatG to
remote residues. It has also been thought that because of the narrow substrate access channel
for KatG, peroxidase electron donors like isoniazid may not have full access to the active
site or access to the 6-meso heme edge as utilized by canonical peroxidases. Hence, they

might act to reduce the remote protein-based radicals.
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1.8.3. Interrelationship between the two protein-based radicals in KatG

Two protein-based radicals observed in KatG catalysis participate in two distinct
mechanisms of H,O, detoxification. The catalase (MYW radical) and peroxidase (proximal
Trp radical) activities of KatG are performed in the same active site where the ferric enzyme
is reacted with one equivalent of H,O, to form an oxo ferryl = cation radical known as
compound I. The route by which both cycles are completed are distinct. For its peroxidase
cycle, two equivalents of exogenous electron donors return compound 1 back to its resting
state at the expense of two equivalents of an electron donor radical and water. The
physiological electron donor of KatG has not been identified yet. In contrast, for KatG
catalase activity, it has been proposed that compound I undergoes an intramolecular electron
transfer and the porphyrin radical is reduced by a protein-based radical. Indeed, the unique
MYW adduct has been proposed as the electron donor to achieve this intramolecular
electron transfer process to form a compound I* intermediate. This intermediate reacts with
a second equivalent of H,O, to form a compound I11* species. A second intramolecular
electron transfer is proposed to occur from the ferric superoxide species to neutralize the
MYW adduct radical making feasible the release of oxygen for the enzyme to return to its
resting ferric state and a close shell MYW adduct. Hence for all intents and purposes, both
KatG protein-based radicals should be mutually exclusive. Up to this point, it is still not
clear how both protein-based radicals participate in these dual mechanisms of H,0,
degradation. This dissertation gives bearing to these two protein-based radicals in KatG

catalysis, thereby unraveling a conundrum in KatG chemistry.
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1.9. Heme, Structure, and Signatures

Heme is composed of a highly conjugated tetrapyrrole macrocycle and an iron ion
ligated by the N of each pyrrole (Fig. 1.26) [144-146]. As such, the range of heme states that
participate in the wide range of chemistry facilitated by heme-dependent proteins can be
monitored by a truly vast range of spectroscopic techniques: UV-visible absorption, circular
dichroism, magnetic circular dichroism, resonance Raman, Madssbauer, Electron
Paramagnetic Resonance (EPR), and others. With respect to the work presented here, we
have made extensive use of UV-visible absorption and EPR in conjunction with rapid mixing
Kinetic techniques to evaluate protein-based radicals and heme intermediates in KatG
catalatic mechanisms. In order to provide some background and a context for the
interpretation of the results, an overview of heme-state evaluation by UV-visible absorption
and protein-based radical evaluation by EPR is presented.

1.9.1. Evaluation of heme states by UV-vis absorption spectroscopy

Two types of transitions (i.e., 1 — ©n* and charge transfer) are the most frequently
detected by UV-visible absorption with heme and heme-dependent proteins. The =1 — =n*
transitions arise due to the absorption and excitation of porphyrin = electrons, and the second
type are observed when there is charge transfer between the d electrons of iron and the
orbitals of the porphyrin (Fig. 1.27). In some cases, there might also be axial ligand to metal
charge transfer bands. The alpha (a or Qq), beta (B or Qoy), and gamma (Soret or y)
absorptive bands all arise from porphyrin 1 — ©* transitions. The Soret band is the highest
energy transition (lowest Amax) because it originates from a lower © energy level (i.e., ai),

and excites to a higher n * energy level (i,e., eg). It is also the most prominent feature of the
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Hemes Chemical formula | Functional group (R,) | Functional group (R,) | Functional group
(Rs)
Heme a FEC49H5605N4 -CH(OH)CH;_Farnesyl ‘CH=CH2 -CH=0-
Heme b FeC3404N4 -CH=CH, -CH=CH, -CH3
Heme ¢ FEC34H3604N482 'CH'(CyStein'Syl)' ‘CH‘(CyStein‘Syl)' 'CH3
CH3 CHS
Heme d FeC34H3,019N4 -CH=CH, -CH=CH, -CH;

Figure 1.26. General structure for hemes and the various types. Heme types were taken
from PubChem Open Chemistry Database using the CID numbers; 5288529 for heme a,
444098 for heme b, 444125 for heme ¢, and 49800103 for heme d respectively.
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Figure 1.27. Types of transitions observed for heme peroxidases. The energy levels for both
the d-d transitions for the iron are shown on the left while the energy levels typical for the
porphyrin are shown on the right.
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heme spectrum. In contrast, the a and B transitions originate from a higher © energy level
(i.e., apy) and terminate at the m * energy level (i.e., g), translating into longer wavelength
spectral features. The f transition is of slightly higher energy than the a transition because it
terminates at vibrationally excited energy levels in e4. Thus, the B band is observed at shorter
wavelength (~ 520 - 540 nm) than the a band (~ 550 - 580). When the porphyrin electrons
are excited from their highest-—filled energy levels to their lowest unoccupied d-orbital of the
iron, a charge transfer transition is observed. The wavelength range for the charge transfer
transitions overlaps with that of the a and B bands. The nature and type of ligands have a
dramatic influence on the optical properties of both types of transitions, but for different
reasons. The impact of axial ligands is to alter the redox and spin-states of the metal center
which is indirectly captured by alterations to the energies of m to ©* transitions. Obviously,
the ligands have a more direct impact on the ligand and metal charge transfer bands.

Through the long accumulation of substantial empirical spectral data, UV-visible
absorption spectra provide a useful gauge of the oxidation state and coordination
environment of heme proteins. For ferric heme not complexed in proteins, the Soret band
appears at wavelength of about 380 nm. This is due, at least in part, to the formation of p-0xo
hemin dimers in solution, a structure that cannot be accommodated in most heme-enzyme
active sites. Thus, ferric heme ligated to its requisite protein produces a red shift of the Soret
band to a wavelength of about 400 nm. Factors that could affect this wavelength include spin
and oxidation states of iron and the identity of ligands. Indeed, the ferric resting state of
KatG has a Soret maximum band near 408 nm. The charge transfer bands are typically
observed with high spin states but not low spin states. For the high spin heme, the Anax for

the CT transitions varies with the identity of the weak field ligand. For example, if fluoride is
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the ligand, it has CT1 and CT2 bands at 612 and 448 nm respectively. If hydroxide is the
ligand, no CT bands are detected [144]. The absence of CT transitions in low spin states is
because an electron is dropped from the porphyrin «* orbital into a d-orbital of the iron to
completely fill it. Ferric KatG is dominated by high-spin states. Its charge transfer bands
appear at 502 nm (CT2) and 630 nm (CT1) respectively.

As discussed previously, the proximal His ligand modulated through the proximal Asp
H-bond acceptor produces a substantial imidazolate character to the ligand and a relatively
low Fe''/Fe" reduction potential (-200 mV) [103]. As such, KatGs are routinely isolated in
the ferric state. UV-visible absorption spectra usually display a Soret band maximum near
408 nm. The Amax and line-shape of the spectrum both suggest a mixture of ferric states.
Pentacoordinate high-spin peroxidases (e.g., HRP) tend to show lower Amax and molar
absorptivities in the Soret band (Amax 403 nm) [144, 147]. Hexacoordinate high-spin
peroxidases (where H,O or a halide ion is the sixth ligand) show red-shifted Soret bands
(~410 nm) with greater (by ~25%) molar absorptivities. In the ferric high-spin states, charge
transfer bands at ~ 500 nm and ~ 640 nm are plainly evident, and they tend to obscure the
ferric o and B transition which fall in between them [144, 147]. The Amax Of the CT band at
640 nm will shift depending on the identity of the sixth ligand. As isolated, ferric KatG is
dominated by high-spin ferric states with a mixed population of hexacoordinate and
pentacoordinate states [100, 112, 148]. The former appears to dominate, and the sixth ligand
in question is most likely a water molecule. On occasion, a strong field ligand can be
introduced into the KatG heme ligand sphere. This produces a substantial red shift in the
Soret band to ~ 418 nm, the loss of the CT bands, and as a result, increasing prominence of

the B and o transition at ~ 535 nm and ~ 570 nm, respectively. This can also be accomplished
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with exogenously added strong field ligand like CN™ or N3, but it is also observed in some
KatG variants where an active site structural shift allows the distal His to coordinate to the
heme iron [109, 110]. As isolated, the hexacoordinate low-spin state makes little if any
contribution to the KatG absorption spectrum. From UV-visible absorption, a general sense
of the distribution of spin and coordination states of the ferric enzyme can be discerned. In
order to get a more definitive picture of the states represented and their relative abundances,
other spectroscopic techniques, most especially EPR, must be employed.

In addition to determining the ferric state of KatG, UV-visible absorption can also be
used to detect the higher oxidation state intermediates formed when KatG is reacted with its
substrates by rapid reaction kinetics. Indeed, when ferric KatG reacts with peroxides, a new
species is formed. If one equivalent of H,O; or peracetic acid is used, there is little or no shift
in the Soret band, but about a 40% hypochromicity is observed along with a broad increase
in absorbance above 520 nm (Fig. 1.28) [126, 144]. These are signatures of a ferryl
compound I-like intermediate. If m-chloroperbenzoic acid or 2-methyl-1-phenyl-2-propyl
hydroperoxide (MPPH) is used, the Soret band red shifts to ~ 416 nm and the subsequent 3
and o transitions are detected at ~ 530 and ~ 560 nm respectively. These transitions are
typical of a compound Il-like intermediate [120, 126, 149]. Also, the one-electron reduction
of compound | readily forms compound II. These species for compound I and Il contain a
ferryl (i.e., Fe'V=0) heme intermediate. In contrast, a ferric superoxide (i.e., Fe"'-O,")
intermediate can also be detected when KatG is reacted with excess concentrations of H,O,.
Here, the Soret band also red shifts to ~ 418 nm and the B and a transitions are also red
shifted to ~ 540 and ~ 570 nm respectively [120, 126, 149]. So, both ferryl and ferric

superoxide KatG heme states are low spin states (Fig. 1.28).
69



- High spin ferric
— Compound |
— Compound Il1

350 400 450 500

- High spin ferric
— Compound |

—— Compound I

500 550 600 650 700

Wavelength (nm)

Figure 1.28. Typical absorption spectra of KatG in the Soret (A) and charge transfer (B)
regions.

70



1.9.2. Evaluation of heme states by EPR

While UV-visible absorption provides a largely qualitative understanding of the
population of spin and coordination states which contribute to the ferric form of a given
heme protein, EPR is able to provide a much more definitive description of the states present,
and their relative contribution to the whole. Simultaneously, UV-visible spectra can be
obtained for ferryl (Fe'V=0), ferrous (Fe") and compound III or oxyperoxidase (i.e., Fe''-
0,") states where these forms are silent to at least standard perpendicular mode EPR
measurements. Integer spin systems (e.g., high-spin Fe' [S = 2] and Fe'V=O [S=1and S =
2]) are accessible by parallel mode EPR measurements, but these will not be addressed here.

For the purposes of this dissertation, EPR was useful for evaluating the structural
specifics of the ferric KatG state, and from a kinetic perspective, its disappearance upon
reaction with H,O, and reemergence upon H,O, depletion. Although the other iron states
were not observable in our EPR experiments, KatG protein-based radicals formed as a result
of reactions with H,O, were. EPR techniques applied to both are described in greater detail
here.

EPR is a spectroscopic technique that measures the absorption of microwave radiation
by a paramagnetic species within a molecule when placed in an external magnetic field. To
be detectable by EPR, a species must have unpaired electrons. For this reason, evaluation of
the ferric state of KatG and its protein-based radicals can be monitored using EPR.

The interactions between an applied magnetic field and the dipole moment of an
unpaired electron give rise to an absorption energy called the Zeeman effect (Fig. 1.29). The
Zeeman energy is dependent on both the magnitude of the applied magnetic field and a

proportionality factor (g) specific to a given paramagnetic species (Eqn. 1.5).
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Zeeman energy (AE) = hv = gfiBoms (1.5)
Here, h is Planck’s constant (6.62 x 103 J s™), v is operating frequency of the radiation of the
spectrometer, By is the strength of the applied magnetic field in Tesla, f is the Bohr
magneton (9.274 x 10 J™), and ms is the electron spin quantum number. Each electron
possess a magnetic moment and spin quantum number s = % with magnetic components ms =
+1/2 and mg = -1/2 attributed to it. The electron’s magnetic moment can either be aligned
parallel (ms = +%2) or antiparallel (ms = - %2) to a magnetic field.

The g-factor or a species specific proportionality factor relates the Zeeman splitting of
a paramagnetic species to the applied magnetic field. It reflects the nature of interaction
between the applied magnetic field and the unpaired electron. Also, the g-factor gives
information on the position, neighbors, and other interactions with unpaired electrons. The g-
factor of a free unpaired electron is isotropic with an exact value of 2.0023. In contrast, the
g-factor for complex paramagnetic species is dependent on the orientation of the molecule in
the external magnetic field, hence their g-factor is a tensor. So, the degree of spin orbit
coupling reflects on the magnitude of g-anisotropy. For instance, the g-factor of small
organic radicals all have g-factors very similar to that of the free electron while for transition
metal ions, the g-factors are substantially different from that of a free electron because of a
larger spin orbit coupling. Also, the spin states of metal ions can be very different from one
another by EPR.

EPR spectra are recorded as the first derivative because the absorption spectrum is very
broad (Fig. 1.29). Most commonly, EPR spectrometers run at constant frequency (e.g., X-
band ~ 9.5 GHz), and a sweep of the applied magnetic field is performed. Given that h and g

are also constant, the value of g for a given species will correspond to the magnitude of B.
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Figure 1.29. EPR spectra showing splitting of the spin states of the electron with absorption
and first order derivative.
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Further, the g-factor will also depend on orientation of the magnetic field relative to the
paramagnetic species, meaning it is anisotropic. Depending on the orientation of the
magnetic field along the x, y and z axes, the g-factor can divide into as many as three
different g-values, producing three types of symmetry (isotropic, rhombic, and axial) (Fig.
1.30). The isotropic is observed when the g-values in the X, y, and z directions are equal (gx =
gy = 0;). In contrast, when two g-values are equal, axial splitting is evident. The two equal g-
values are perpendicular to the x and y directions (g+) while the unique g-value is parallel to
the z-axis (g;). Two types of axial signals are possible (g, > g+ and g, < g+). Finally, rhombic
signals arise when the three g-values are different (gx # gy # 9,). Hyperfine interactions give
rise to splitting of EPR lines. These are interactions between the spins of electrons and their

applied magnetic field.
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Figure 1.30. Three different classes of anisotropy showing their absorbance and first
derivatives [150].
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EPR spectra for KatG routinely indicate a mixture of at least two high spin states.
These species are distinguished by differences in g-tensor anisotropy. This is most apparent
in the g ~ 6 region of the KatG EPR spectrum. There is often substantial broad rhombic (gx ~
6.6 and gy ~ 5.1, g, ~ 1.95) and a narrow rhombic (g« ~ 6.0, gy ~ 5.6 and g, ~ 1.99)
contribution to the spectrum, and an intermediate species has also been detected (g ~ 6.3, gy
~5.3and g,~ 1.97) (Fig. 1.31) [100, 112, 148]. The distribution between these different high
spin states appear to correlate with the distribution of H,O within the active site, particularly
the extent to which a H,O molecule coordinates to the heme’s sixth coordination site on the
distal side. As such, the distributions of these states are sensitive to buffer type, pH, age of
protein, mutations around the enzyme’s active site and the type of substrates used [100, 112,
129, 139, 148, 151].

1.9.3. Detection of protein-based and porphyrin-based radicals

Tyrosyl and tryptophanyl radicals are the most widely studied protein-based radicals.
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
spectroscopies. For example, a tyrosyl radical has been identified in MtKatG after its reaction
with H,O,, tryptophanyl radicals have been detected in BpKatG and SyKatG after their
reactions with peracetic acid while the proximal tryptophanyl radical has been identified in
CcP after its reaction with H,O, [127, 129-132, 140, 143]. Most protein-based radicals have
a characteristic line shape unless they are ferromagnetically coupled to a nearby
paramagnetic center. For example a tyrosyl radical coupled to Cu metal has been identified

in galactose oxidases, with a distinct line shape [152]. Tyrosyl radicals could have different
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Figure 1.31. Simulated EPR spectra observed for catalase-peroxidases (KatG). Panel A
shows 6 ¢ high-spin ferric KatG. Panel B shows 5 ¢ high spin rhombic. Panel C shows a low
spin spectrum for KatG while Panel D shows a mixture of high spin rhombic (broad, narrow

and intermediate) for Q293V KatG species.
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line shapes even though they are not coupled to a paramagnetic center. The differences in
these types of radicals have been attributed to their respective environments which translates
to different g-values observed [153]. Despite the differences in the overall EPR spectra for
tyrosyl radicals, the spin distribution between the unpaired electrons is similar. The subtle
differences may only arise from dihedral angles between the B methylene hydrogens, [

methylene carbons, and the p, orbital on C1 ring of tyrosines [153].

The effect of isotope substitution on EPR spectra has been used to determine the
structure, orientation and electronics of protein-based radicals. The subsequent section will
focus on the use of EPR to identify protein-based radicals for the intermediates of heme.
When ferric heme of a non-animal peroxidase is reacted with peroxides, a radical is formed
either on the macrocyclic porphyrin ring or on an oxidizable amino acid. The former has
been characterized in heme peroxidases referred to as compound 1. The porphyrin © cation
radical is very broad (~ 2000 G) with effective g-values of 2.35 for g1 and 2.00 for g, [144,
147]. The latter has been identified to be either a tyrosyl, tryptophanyl or a mixture of both
radicals. The g-values of tyrosyl and tryptophanyl radicals at X-band (9 GHz) are similar. To
unequivocally distinguish between these radical types, multi-frequency and or multi-field

EPR and even isotopic labeling are required.

The most commonly used EPR frequency (i.e., 9 GHz) can be used to assign g-values
(Fig. 1.32 A). However, it is not sufficient to resolve g-tensor anisotropies for different
protein-based radicals because they are broadened by both field-dependent and independent
terms. As such, it is somewhat difficult to distinguish between different organic (including

protein-based radicals). Higher magnetic fields (and the higher frequencies that go with
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them) permit resolution of g-anisotropies at the X, y, and z-directions, the first order spectrum
is observed and the magnetic field can also quantize the electron and nuclear spins. With
multi-frequency/multi-field EPR, one can more definitely identify the source of a protein-
based radical (Tyr, Trp, Gly, etc) based on their line shapes and g-values (Fig. 1.32 B).
Ivancich and coworkers have consistently utilized multi-frequency EPR to distinguish
between different KatG protein-based radicals [129-131, 140]. Tyrosyl radicals have been
noted to have modestly higher g-values (gx = 2.009, g, = 2.0034, and g, = 2.0018) than
tryptophany! radicals (gx = 2.0033, gy = 2.0024, and g, = 2.0021) [154]. Contrary to a regular
tyrosyl radical, a structurally or electronically modified tyrosyl radical has been noted to
have a lower g, component of about 2.006 [124]. The electronic modification could be due
to hydrogen bond of the radical with the phenolic oxygen. In this dissertation, X-band and
multi-frequency EPR has been used to identify and distinguish between different KatG
protein-based radicals that were detected in freeze-quenched samples of KatG or its variants

reacted with H,O; in the presence and absence of PXEDs.
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Chapter Two: Proximal Tryptophan Participation in Catalase-Peroxidase
Inactivation: Peroxidatic Electron Donors and the Stimulation of Catalase
Activity.

Abstract

Contrary to prediction, peroxidatic electron donors (PXEDs) do not inhibit but stimulate
KatG catalase activity tenfold or more, substantially expanding the pH range of efficient
catalatic H,O, degradation by KatG. Without PXED, a compound IlI-like state corresponds
to the early and most rapid rates of H,O, decomposition; this gives way to a mixture of states
at H,O, depletion, followed by very slow re-emergence of the ferric enzyme. This suggested
inactive intermediates accumulated during H,O, consumption. EPR showed a methionine-
tyrosine-tryptophan (MYW) cofactor narrow doublet radical early in reactions with H,0..
However, at H,O, depletion, a broad singlet species consistent with a proximal tryptophanyl
radical (W321™") was observed. Concomitant with the return of ferric KatG, more remote and
less intense radicals were detected. W321F KatG sustained rapid consumption of H,0,
longer than did wild-type KatG, and a more rapid return of ferric enzyme was observed after
H,0, depletion. Compound I1I-like heme and a MYW™" narrow doublet identical to wild-type
were observed early, but at H,O, depletion a starkly different radical was detected. PXEDs
stimulated KatG by preventing accumulation of inactive states, the primary mechanism of
which is off-catalase oxidation of W321. A new paradigm of mutual synergy between KatG
catalase and peroxidase is proposed that carries important ramifications for microbial

defenses against peroxides.
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2.1. Introduction

Catalase-peroxidase (KatG) is a bifunctional heme-dependent enzyme found in bacteria
and lower eukaryotes [155] which is integral to the defense of these organisms against H,0,
toxicity [37, 156]. KatG function appears to carry especially important ramifications for
plant and animal pathogens [90, 157, 158] because these organisms are likely to encounter
excess H,O, produced by their host’s immune response (e.g., oxidative burst). Among these
enzymes, the function of KatG in Mycobacterium tuberculosis (MtKatG) is especially
important because it is the only catalase-active enzyme carried by M. tuberculosis [89], and
it activates the front-line antitubercular agent, isoniazid [94]. A large proportion of isoniazid-
resistant M. tuberculosis strains carry mutations that alter KatG function [159, 160]. The
mechanism of isoniazid activation and the molecular basis for how mutations to the katG
gene interfere in said activation are the subjects of ongoing investigation [100, 124, 141,
161].

KatG catalyzes H,O; disproportionation to produce H,O and O; (i.e., it is a catalase). It
does so with an apparent second-order rate constant similar to typical (i.e., monofunctional)
catalases [101, 162] even though it bears no structural resemblance to these enzymes.
Instead, it resides in the plant peroxidase-like superfamily with cytochrome c peroxidase
(CcP), ascorbate peroxidase (APx), and even horseradish peroxidase (HRP) [64, 93]. Indeed,
the active sites of CcP, APx, and KatG are virtually superimposable (Fig. 2.1) [70, 98, 104,
105, 107]. Not surprisingly, then, KatG also catalyzes H,O, reduction to H,O concomitant
with the oxidation of a structurally diverse range of exogenous electron donors (i.e., it is a
peroxidase). Its peroxidase activity is well within the range of other plant peroxidase-like

superfamily members [101, 144, 162], but KatG is the only member of the entire
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superfamily that possesses appreciable catalase activity.

Despite their striking active site similarities, KatG does possess structural features that
distinguish it from other superfamily members. Among them are two large loops (LL1 and
LL2) both of which are essential for KatG function [104, 105, 107, 112, 163]. Both also
contribute to a much narrower channel to the active site heme, which among other things
restricts access of many peroxidatic electron donors (PXEDs) to the heme edge [105, 112,
164, 165]. Additionally, LL1 bears an invariant tyrosine (Y229 by MtKatG numbering) that
participates in a unique methionine-tyrosine-tryptophan (MYW) adduct which serves as a
protein-derived cofactor [104, 105, 107, 122, 123]. Substitutions of any of the residues of the
adduct consistently produce KatG variants with very little catalase activity but peroxidase
activity comparable to the wild-type enzyme [113, 120, 121, 161, 165-168].

Commensurate with an active site completely distinct from typical catalases, KatG also
operates by a novel catalatic mechanism (Fig. 2.2) [100, 124-127, 135, 136, 142, 169]. The
first step is common to all heme-dependent catalases and peroxidases; H,O, oxidizes the
ferric heme of KatG to form compound 1 (i.e., Fe'V=O[porphyrin™7). At this point, KatG
diverges from the canonical catalase mechanism by reducing the porphyrin radical via an
intramolecular electron transfer from the MYW adduct, generating the KatG-unique
compound I* (i.e., Fe''=O[MYW]™). Reaction of compound I* with a second equivalent of
H,0, produces compound I11* (i.e., Fe"-O," [MYW]™). A recent report posits that the
generation of compound I11* may be facilitated by deprotonation of the MYW™", permitting
formation of perhydroxy-MYW and bridged peroxy (Fe"'-OO-MYW) similar to the
proposed role of the distal histidine in monofunctional catalases [136]. Finally, the MYW

adduct radical is proposed to accept an electron from the heme-bound superoxide, resulting
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in the formation of the resting, ferric enzyme and the release of O, [124, 127, 142]. This
ultimate electron transfer has been linked to the conformation of an arginine residue (the so-
called arginine switch) adjacent to the KatG active site. The arginine switch is invariant
among KatGs (R418 in MtKatG), and its conformation is pH dependent [133, 134, 139,
170]. Structures solved for KatG at pH 8.5 show the guanidinium moiety of the switch in a
salt bridge with the tyrosyl phenoxide anion of the MYW cofactor (in Fig. 2.1). At pH 4.5,
the arginine side chain is oriented away from the MYW adduct and toward KatG’s surface
(out Fig. 2.1). At pH 6.5, corresponding roughly to the optimum pH for catalase activity, this
arginine equally populates both conformational states [133, 134]. Substitution of Arg418
with Leu, Ala, or Asn (but not Lys), sharply diminishes the catalase activity of KatG [134,
139, 142]. The mechanism by which Arg418 facilitates catalatic turnover is still under
investigation. In general, its occupation of the out conformation is connected with MYW
oxidation, whereas the in conformation is connected with MYW"" reduction [134-136, 142,
171]. Interestingly, a recent computational investigation suggests R418 facilitates rotation of
the Y and W aromatic rings with respect to one another, enabling MYW™ reduction by a
Fe'-O," heme [135].

What, then, is the place of peroxidase activity and PXEDs in KatG catalysis? As both
catalase and peroxidase catalytic mechanisms involve the H,O,-dependent formation of
compound 1, all that should differ between the two activities is the route by which the ferric
state of the enzyme is regenerated. As outlined above, catalatic turnover requires the
oxidation of a second H,O,, however with peroxidases, an exogenous (usually aromatic)
electron donor is oxidized instead. Typically, compound I is reduced by one electron to

produce compound 11 (Fe'V=0), and the corresponding PXED radical (Fig. 2.2). A second
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R418

Figure 2.1. Superposition of key residues in the active sites of KatG and cytochrome c
peroxidase and the catalase and peroxidase catalytic cycles of KatG. Residues corresponding
to the structure of KatG are annotated and shown with carbons in cyan, and those
corresponding to cytochrome c peroxidase (CcP) are annotated and shown with carbons in
grey. The active site waters (red spheres) and heme are from KatG, and the two
conformations (in and out) of the arginine switch (R418) are shown. KatG residue
numbering is according to the M. tuberculosis enzyme MtKatG. This image was generated
using MacPyMOL 1.6.0.0 [172] using coordinates from PDB accession 2CCA [108] and
2CYP [173] for MtKatG and yeast CcP, respectively.
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Figure 2.2. Putative superposition of the catalatic and peroxidatic cycles of KatG is shown.
The reaction common to both cycles is shown with black arrows, those corresponding to
catalatic turnover are shown in red, and those corresponding to peroxidatic turnover are

shown in blue.
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single-electron transfer returns the enzyme to the ferric state and produces a second
equivalent of PXED radical. According to this model one would anticipate that peroxidase
and catalase activities should be mutually antagonistic, an in particular, PXEDs should inhibit
catalase activity. Indeed, the first published report on a catalase-peroxidase showed that the
classical peroxidase electron donor o-dianisidine did inhibit catalase activity at pH 7 [137].
However, we have recently shown that a number of PXEDs can stimulate catalase activity by
over an order of magnitude [138]. Interestingly, this synergistic effect is most prominent at
lower pH (i.e., ~ pH 5), a condition that coincides with antimicrobial defenses like the
oxidative burst. Clearly, the interrelationship between the catalatic and peroxidatic
mechanisms of KatG is more complex than has been previously appreciated.

In this report, we investigate the mechanism by which PxXEDs stimulate KatG catalase
activity. In the absence of a PXED, there was a stark disparity between the conclusion of
H,O, consumption and re-emergence of the enzyme’s ferric state, suggesting the
accumulation of catalase-inactive intermediates. We surmised that inactivation might occur
due to off-catalase electron transfer, and the enzyme’s proximal tryptophan (W321) seemed
to be a likely candidate for such off-pathway events. To test these hypotheses, we replaced
the proximal tryptophan with non-oxidizable phenylalanine (W321F KatG) and compared it
to wild-type KatG (wtKatG). UV-visible stopped-flow, rapid freeze quench EPR, and steady-
state kinetic analyses of both proteins were carried out in the presence and absence of
PXEDs. Our results suggest that catalase-inactive intermediates accumulate due to off-
mechanism oxidation, primarily of W321, and PXEDs stimulate KatG catalase activity by

preventing the accumulation of inactive intermediates. This informs a new synergistic model
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to understand the interplay of KatG’s two most dominant activities.

2.2. Experimental Procedures

2.2.1. Materials. Hydrogen peroxide (30%), ampicillin, hemin, imidazole, calcium
chloride hydrate, sodium dithionite, 2,2’-azino-bis(3-ethylbenz-thiazoline-6-sulfonate)
(ABTS), 3,3’-dimethoxy-benzidine (o-dianisidine), N,N,N’,N’-tetramethyl-p-
phenylenediamine di-hydrochloride (TMPD), 3,3°,5,5’-tetramethylbenzidine dihydrochloride
hydrate (TMB), chlorpromazine (CPZ), pyrogallol, and |-ascorbic acid, were from Sigma-
Aldrich (St. Louis, MO). Mono- and dibasic sodium phosphate, sodium acetate trihydrate,
sodium chloride, potassium chloride, magnesium sulfate, magnesium chloride and
tetracycline hydro-chloride were purchased from Fisher (Pittsburg, PA). T4 DNA ligase, Pfu
polymerase and E. coli (XL-1 Blue) were obtained from Agilent (La Jolla, CA). All
oligonucleotide primers were purchased from Invitrogen (Carlsbad, CA). All restriction
enzymes and Phusion High-Fidelity PCR Master Mix with GC Buffer were obtained from
New England Biolabs (Beverly, MA). Bugbuster, Benzonase nuclease, nickel-nitrilotriacetic
acid (Ni-NTA) resin were obtained from Novagen (Madison, WI). Isopropyl-p-p-
thiogalactopyranoside (IPTG) was obtained from Gold Biotechnology (St. Louis, MO).
Macro-Prep High Q resin and Buffer Exchange columns (10DG) were purchased from
BioRad (Hercules, CA). Centrifugal filter units (50 kDa cutoff) were acquired from Millipore
(Billerica, MA). All buffers and media were prepared using water purified through a
Barnstead EASYpure II UV ultrapure water system (18.2 MQ/cm resistivity).

2.2.2. Mutagenesis. Site-directed mutagenesis was carried out by applying the “Round-
the-Horn” approach [174] to the construct we use for the expression of wild-type MtKatG.

This construct, pMRLB11, is a pET23b-derived plasmid bearing the M. tuberculosis katG
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gene and was obtained from the TB Vaccine Testing and Research Materials Contract at

Colorado State University. The sense strand primers designed for M2551 (5°-

CGCATCGCAATGAACGACGTCGAAACAGCGGC-37), Y229F (5-
GGGCTGATCTTTGTGA-ACCCGGAGGCG-3’), WI107F (5’-CGTTTCAC-
GCTGCAGGCACCTACCGCATCC-3’), and W321F (5-

GAGGTGGTATTTACGAACACCC-CGACGAAATGGGAC-3) substitution indicate the
sites of codon replacement (bold) as well as mutations designed to introduce diagnostic
restriction digest sites for screening (italics). This approach allowed us to generate reverse
primers without substitutions for M2551 5’-CCGAAA-CGTCTCGCGAATGTCGACCGCC-
3, Y229F 5’-CCCATC-TGCACGCGGCCAGCG-3’, WI107F 5-
CCATCCGGATAAACAGCGGCCC-GTAGTGGC-3’, and W32IF 5’-GATGCCGC-
TGGTGATCGCGTCCTTACCG-3’. All primers were modified by 5’-phosphorylation to
allow for blunt-end ligation of PCR products. PCR for generation of all variants was carried
out using Phusion High Fidelity polymerase (New England Biolabs, Beverly, MA) in GC
Buffer-containing Master-Mix and 3% DMSO. The PCR products were treated with Dpn 1
to eliminate the starting template and ligated using T4 DNA ligase. The ligation products
were used to transform E. coli (XL-1 Blue) by a standard heat shock procedure.
Transformants were selected using ampicillin-containing media, and candidate plasmids
were screened by BsaAl restriction digest. Successful candidates were sent for full DNA
sequence analysis (Davis Sequencing, Davis CA) to verify that the intended mutations were
present and that no unintended mutations were generated.

2.2.3. Protein expression and purification. E. coli C41(DE3) cells bearing the heme

protein expression plasmid pHPEX3 [175] were transformed with the appropriate expression
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construct, and transformants were selected on the basis of tetracycline/ampicillin resistance.
Expression of wild-type MtKatG and all variants was carried out as previously described
[138]. As with wild-type MtKatG, all variants were expressed in a soluble form. Thus, their
purifications were carried out as reported previously [138], with the exception that lysis was
carried out by sonication. A Branson 250 Sonifier (Danbury, CT) fit with a standard tip was
set to constant output and 3.5 duty. Sonication was carried out in eight cycles (42 s on, 42 s
off). Benzonase nuclease (250 U) was added to the lysate following sonication.

2.2.4. UV-visible spectra and activity assays. Following purification, UV-visible
spectra for wild-type MtKatG and its variants were evaluated as previously described [138].
Molar absorptivities were determined using the pyridine hemichrome assay [176]. The
absorption features, Soret band, molar absorptivities, optical purity ratios Asos/Azs: (i.e., Rz

values) for wild-type MtKatG and its variants are provided in Table 2.1.
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Table 2.1. UV-visible absorption characteristics of MtKatG and variants

Protein Absorption Features
Soret () CT?2 CT1 RZ"
MtKatG 408 500 633 0.62
W321F KatG 408 500 633 0.62
W107F KatG 407.5 500 633 0.4
Y?229F KatG 407.5 500 633 0.43
M2551 KatG 407.5 500 633 0.4

CT = charge transfer transition. CT1 is usually near 640 nm, and CT 2 is usually near 500
nm.
PRZ = Reinheitzahl ratio: Ratio of absorbance at the Soret Amax Versus absorbance at 280 nm.
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Peroxidase activity was evaluated as previously described [138] by monitoring ABTS
(the PXED) oxidation to ABTS™ (e417 = 34.7 mM™ cm™) [177]. In evaluating the effect of
H.O, concentration on peroxidase activity, ABTS concentration was held constant at 0.1
mM. In experiments evaluating the effect of ABTS concentration, H,O, concentration was
held constant at 1.0 mM. All peroxidase assays were carried out at room temperature in 50
mM acetate, pH 5.0. The concentration of the enzyme used in all assays was 20 nM. Unless
otherwise specified, catalase activity was evaluated by monitoring O, production over time
using a Clark-type O,-sensitive electrode (Hansatech, Pentney, Norfolk, England) as
previously described [138]. In specified experiments, catalase activity was evaluated
spectrophotometrically by monitoring a decrease in H,O, concentration over time at 240 nm
(e240 = 39.4 M cm™) [178]. Analyses of steady-state kinetic data were carried out as
described previously [138] to obtain kinetic parameters Kcar, Ky, and Kea/ K. In all situations
where these terms are applied, ke IS the asymptotic maximum rate divided by the
concentration of holo-enzyme as estimated by heme concentration. The apparent Ky is not
intended to refer to anything more than the concentration of substrate necessary to produce %
of the maximum rate, and kca/Kwm is considered the catalytic efficiency.

2.2.5. Yield of ABTS™ vs. H,0, consumed. The extent of ABTS oxidation was
measured by setting up reactions containing 0.1 mM ABTS, 20 nM enzyme, and varying
concentrations of H,O, (i.e., 0.1 — 5 mM) and allowing them to proceed to completion (at
least 10 minutes) as previously described [138].

2.2.6. Stopped-flow. Heme intermediates formed by wild-type and W321F MtKatG
under steady-state conditions were observed using a PC-upgraded SX18.MV rapid reaction

analyzer from Applied Photophysics (Leatherhead, UK). As described previously [138], in
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order to more clearly observe absorption due to heme intermediates, we included ascorbate
to scavenge the radical oxidation products of peroxidatic electron donors (e.g., ABTS®)
[138, 179, 180]. Single-mixing experiments were set up such that 6 uM wild-type or W321F
KatG was placed in syringe A in 5 mM phosphate buffer, pH 7.0. Syringe B contained 0.2
mM ascorbate, 0.2 mM ABTS, and varying concentrations of H,O, in 100 mM acetate
buffer, pH 5.0.

2.2.7. Freeze-quench preparation of EPR samples. Wild-type and W321F KatG were
each concentrated to ~300 uM using an Amicon Ultra-4 centrifuge filter (MW cutoff of 50
kD). One syringe contained ~300 uM enzyme in 5 mM phosphate, pH 7.0, and the other
syringe contained 667 molar equivalents of H,O, in 100 mM acetate buffer, pH 5.0.
Reactions testing the impact of PXED included ABTS (2.0 mM) and ascorbate (4.0 mM)
along with H,0,.

EPR samples were prepared by mixing equal volumes of solution from each syringe.
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 a standard rapid quench procedure using a System
1000 Chemical/Freeze Quench Apparatus (Update Instruments, Inc.), and the 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 quenched with liquid
ethane, however, a modified flow-pause-flow freeze-quench procedure was used in which
the quenching time was determined by the pause duration. For reaction times longer than 30
s, reactions were initiated by hand mixing. The samples were centrifuged to remove excess

bubbles, transferred to quartz EPR tubes, and quenched manually in cold isopentane (-130
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°C). Samples were packed into EPR tubes and stored in liquid N, until EPR spectra could be
recorded.

2.2.8. EPR measurements. All X-band (9 GHz) EPR spectra were collected using a
Bruker EMX spectrometer operating in perpendicular mode at 100 kHz modulation
frequency in a 4119HS resonator. The spectrometer was equipped with an ESR910 liquid
helium cryostat and an ITC503S temperature controller (Oxford Instruments), and unless
otherwise indicated, spectra were recorded at 4.5 K. Instrument parameters, unless otherwise
indicated, were as follows: microwave frequency, 9.393 GHz; modulation amplitude, 2 G;
modulation frequency, 100 kHz; microwave power, 1 mW; time constant, 163.84 ms; sweep
time 335.54 s; number of scans, 1; conversion, 327.68 ms; resolution, 1024 point; harmonic
1% receiver gain, 1.0 x 10* and phase 0 deg. Power saturation for select species was
examined by fitting normalized signal intensities using equation 1, where Py, is the
microwave power at half saturation and b describes the contribution from inhomogenous
broadening [181].

/N —
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2.3. Results and Discussion

2.3.1. PXEDs not redox-cycling surrogates for the MYW adduct. We previously
reported that several classical peroxidatic electron donors (PXEDs) stimulate the catalase
activity of MtKatG [138]. The effect was most dramatic (up to 15-fold) under conditions
conducive to peroxidase activity (i.e., low pH and [H,0,] ~1 mM). In addition, the ratio of

PXED oxidized to H,0, consumed (i.e., [ABTS "]/[H.O, consumed]) was less than 0.01. One
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possible mechanism for PXED-dependent stimulation would have the PXED redox cycle in
place of MYW. We produced W107F, Y229F, and M255|1 KatG variants. As has been
demonstrated elsewhere [113, 114, 120, 121, 166, 168], all of these variants lacked catalase
activity but retained peroxidase activity (Table 2.2). Catalatic O, production could not be
imparted to any of these variants by inclusion of PXEDs. Thus, we concluded that PXEDs do
not stimulate KatG catalase activity by acting as redox-cycling surrogates for the MYW
adduct.

2.3.2. Conclusion of H,0O, consumption vs return of resting KatG. Alternatively,
PXEDs may stimulate KatG catalase activity by preventing the accumulation of catalase-
inactive intermediates. Using optical stopped-flow methods, we monitored the KatG heme
state concomitant with catalatic H,O, consumption. We have consistently observed that the
return of the enzyme’s ferric state lags far behind the cessation of H,O, consumption. For
example, in reactions of 3 uM KatG with 667 molar equivalents of H,O, at pH 5.0 (Fig. 2.3),
H.0O, consumption (monitored at 240 nm) ceases at about 6 s, but it takes more than 50 s for
the ferric enzyme (monitored at 408 nm) to completely reemerge. These data are consistent
with the progressive accumulation of catalase-inactive intermediates during turnover.

Recent mechanisms proposed for KatG catalatic turnover invoke intramolecular
electron transfer from and to the MYW covalent adduct, transiently forming a catalytically
essential MYW cation radical (MYW™) [135, 136]. Thus, we propose that off-pathway
electron transfers may account for accumulation of inactive intermediates, a problem that
could potentially be resolved by inclusion of PXEDs. Given its propensity (observed
experimentally and computationally) toward oxidation to form a radical intermediate [128,

130-132, 171], we also propose that the proximal tryptophan (W321 in MtKatG) is a likely
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Table 2.2. Catalase and peroxidase kinetic parameters of MtKatG and variants.

Activity KatG Parameter
kcat (S_l) KM (mM) kcat/KM (M-ls-l) kapp (M-ls-l)
Catalase MtKatG 7736 +82 7.0+0.3 1.1 x 108 -
(pH 7.0y
W321F 7830 + 81 31+0.2 2.5 x10° -
Peroxidas MtKatG 17.2+0.8 0.63+0.04 2.7 x 10* -
e” (H,0,)°
W321F 9.9+1.44 0.26 +0.08 3.8 x 10* -
W107F 72+4 6.9 +0.08 1.0 x 10* -
Y229F 27409 0.004 +0.001 6.8 x 10° -
M255| 31401 0.28 +0.06 1.1 x 10* -
Peroxidas MtKatG 25.0+0.1 0.135 + 0.002 1.9 x 10° -
e (ABTS)"
W321F 13.7+0.1 0.118 + 0.003 1.2 x 10° -
W107F 282+1.6 0.012 + 0.001 2.4 x 10° -
Y229F 2.75+0.093 0.004 + 0.0009 6.9 x 10° -
M255I 1.89 + 0.056 0.005 + 0.0007 3.8 x10° -
Catalase MtKatG 168 +9 0.6+0.1 2.8 x10° (9.2 +0.3) x 10°
(pH 5.0)°
W321F 1390 + 40 9+1 15 x 10° -

aActivity was determined by H,0, consumption observed at 240 nm at 23 °C in 100 mM phosphate buffer, pH 7.0.
PAll peroxidase activity assays were performed at 23 °C in 50 mM acetate buffer, pH 5.0.

°Peroxidase parameters with respect to H,O, were determined using 0.1 mM ABTS.

dperoxidase parameters with respect to ABTS were determined using 1.0 mM H,0,.

*Activity was determined by O, production at 23 °C in 50 mM acetate buffer, pH 5.0.

fKinetic parameters for the low-Ky, component.

9Apparent second-order rate constant for the high-Ky, component.
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Figure 2.3. H,0, consumption (inset) and return of the ferric state for wtKatG (black lines)
and W321F KatG (gray lines). Reactions were carried out by stopped-flow and after mixing
contained 3 uM enzyme and 2 mM H,0,. All reactions were carried out in 50 mM acetate
buffer, pH 5.0, at 4°C. The arrows indicate the times in each trace corresponding to cessation
of H,O, consumption.
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participant in off-pathway electron transfers and KatG catalase inactivation. In order to
evaluate these hypotheses, we eliminated the proximal tryptophan as a site of oxidation by
producing the W321F KatG variant and compared its properties to those of the wild-type
enzyme.

2.3.3. wtKatG vs W321F: H,0, consumption and heme states. Under standard
catalase assay conditions (i.e., pH 7.0), our W321F KatG showed kinetic parameters nearly
identical to the wild-type enzyme (Table 2.2). However, at pH 5.0, W321F KatG actually
showed greater catalase activity (keat = 1390 * 40 s) than the wild-type enzyme (Keat = 168 +
9 s™). Evaluation of the reaction of 3 uM W321F KatG with 2 mM H,0O, by optical stopped-
flow showed the same initial rate of H,O, consumption as that observed for the wild-type
enzyme (Fig. 2.3 - inset). However, the rate of peroxide consumption decreased more rapidly
for the wtKatG than the W321F variant such that it took wtKatG roughly four times longer
than W321F to consume a comparable quantity of H,O,. Furthermore, the return to the
ferric state after H,O, was consumed was nearly ten-fold faster for W321F than wtKatG.

Wild-type and W321F KatG showed nearly identical spectra 2.5 ms after mixing with
2.0 MM H,0; (Fig. 2.4, blue traces). The Soret (Amax Near 415 nm) and Q bands at 542 and
578 nm are consistent with the putative Fe''-O,™ intermediate compound I11* [125, 126,
142]. However, at the time corresponding to H,O, depletion (6 s for wild-type and 1.6 s for
W321F), the spectra were distinct for each protein. For wtKatG, there was little if any shift
in the Soret band (Fig. 2.4 A) and a broad nondescript increase in absorption at wavelengths
above 520 nm (Fig. 2.4 B). Traces of a compound IlI-like species were still observable at
544 and 582 nm. Conversely, W321 showed a decrease in Soret intensity and blue-shift to

about 410 nm (Fig. 2.4 C). There was a similar broad nondescript increase in absorption
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Table 2.3. Effect of PXED on the apparent catalase ey
of wild-type and W321F KatG.

PXED? KatG ke (57)”¢ WB321F ke (57)°°
None 168+ 9 1390 + 40

ABTS 1601 +8 4760 £ 60

CPZ 2769 + 75 3940 + 40

TMPD 3835+ 64 3770+ 10

TMB 1774 £ 57 2640 + 70
o-dianisidine 1756 + 60 1620 £ 10
pyrogallol 227+9 2690 £+ 30
ascorbate 184 + 21 570+ 20

®PxEDs, when present, were at 0.1 mM.
bAll catalase activities from O, production.
°All assays at 23 °C in 50 mM acetate, pH 5.0.
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Figure 2.4. Spectra from reaction of wild-type and W321F KatG with H,O,. Wild-type (A
and B) and W321F KatG (C and D) were reacted with 2 mM H,0, by stopped-flow and
spectra for the Soret band (A and C) and Q bands (B and D) were recorded throughout the
reaction by diode array. Spectra obtained 2.5 ms after reaction with H,O, are shown in blue.
Spectra recorded at the time corresponding to H,O, depletion (6 s for wild-type and 1.6 s for
W321F) are shown in red. Spectra recorded for the ferric enzyme following mixing with
buffer alone are shown by dashed lines. All reactions were carried out as described for Fig.

2.2.

100



intensity above 520 nm, but absorption bands near 540 and 580 nm were not observed.
Instead there was a shoulder near 650 nm (Fig. 2.4 D). These features are consistent with a
Fe'V=O[porphyrin]* (i.e., compound 1) species [144].

2.3.4. wtKatG protein-based radicals upon reaction with H,0, alone. EPR evaluation
of wtKatG freeze-quenched 10 ms after mixing with H,O, showed a complete loss of signals
corresponding to the ferric state (Fig. 2.5 A) concomitant with formation of an intense
doublet radical signal (Fig 2.5 B). This species was consistent with the so-called narrow
doublet (Fig. 2.5 B) reported by others [182-184]. It showed a relatively high P, value
(~0.006 mW) consistent with its close proximity to the heme yet mitigated by substantial
delocalization of the radical over the phenol and indole rings of the MYW adduct. This
signal has been connected with the catalase activity of KatG and has been assigned as the
MYW covalent adduct cation radical [124, 127]. Thus, at the earliest reaction times when
wtKatG shows its most rapid rates of H,O, consumption, the dominant intermediate was a
putative Fe'-O,"[MYW]™ state.

At the time corresponding to H,O, depletion (6 s), the ferric state had yet to return
(Fig. 2.5 A), but the doublet radical had been replaced by a singlet signal (Fig. 2.5 B). In
contrast to the narrow doublet, this spectrum was very broad (~400 G), indicating an
exchange-coupled interaction with the heme iron (Fig. 2.5 B). The large P, value (~ 0.012
mW at 4.5 K) from power saturation studies was consistent with this conclusion (Fig. 2.6).
Furthermore, a similar radical species has been observed with KatG from M. tuberculosis
and Burkholderia pseudomallei upon their reaction with peracetic acid. In both cases, this
radical has been assigned to the proximal tryptophan (W321 and W330, respectively) [128,

130]. When the reaction was quenched 1 minute after mixing with H,O,, a signal correspon-
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Figure 2.5. EPR spectra recorded for freeze-quenched samples from reaction of wtKatG
with H,O,. The contribution of high-spin ferric species typical of the KatG resting state are
shown in the g~6 region (center field = 1525 G) (A), and the g, component of the resting
state as well as protein-based radicals are shown in the g~2 region of the spectrum (center
field 3355 G) (B). The molar proportions of enzyme to H,O, used for stopped-flow
experiments (1:667) were maintained for these experiments. Consequently, ferric KatG (150
uM after mixing) was reacted with H,0, (100 mM after mixing) for the time indicated prior
to freeze-quenching. 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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Figure 2.6. Evaluation of protein-based radicals detected during wtKatG reaction with
H.0,. The doublet radical observed 10 ms after mixing with H,O, (A) was recorded with
microwave power of 1.0 mW (red line), 0.127 mW (green line), 7.9 uW (blue line), 1.0 uW
(black line), and 0.3 uW (dashed line). The broad singlet radical observed 6 s after mixing
with H,0, (B) was recorded with microwave power of 3.9 mW (black line), 1.0 mW (red
line), 0.063 mW (green line), and 3.9 uW (blue line). The broad singlet species observed at 6
s (dashed line) is compared to the narrow singlets observed 1 (red line) and 5 (blue line)
minutes after mixing with H,O, (C) with all three recorded using 1.0 mW microwave power.
All spectra were recorded at 4.5 K with all other spectrometer settings as described in
Experimental Procedures.
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Figure 2.7. Effect of power on the radicals observed for wtKatG after its reactions with H,O,
at 10 ms (blue trace), 6 s (red-brown trace) and 1 min (green trace).
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Figure 2.8. Effect of temperature on EPR spectra observed for wtKatG at the cessation of
H.O, consumption following reaction with H,O, alone. Samples were prepared and
evaluated as described for Fig. 2.5 and 2.6 B. Spectra were recorded at 4.5 K (dashed line), 8
K (blue line), 20 K (purple line), 50 K (green line), and 77 K (red-brown line) (A). Spectra
recorded at 4.5 K (dashed line) and 77 K (red line) are also scaled for comparison (B).
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ding to the ferric state (g ~ 6) was clearly present (though at diminished intensity compared to
the resting state) along with a singlet protein-based radical (Fig. 2.5). Some broadening,
though considerably less prominent than the species observed at 6 s, was evident (Fig. 2.6 C).
These data are consistent with radical transfer wherein the radical observed at 6 s has been
reduced at the expense of a more remote oxidizable amino acid residue. In samples quenched 5
minutes after reaction with H,0,, a greater contribution from the ferric state (Fig. 2.5 A) was
observed along with a protein-based radical similar to that detected at 1 minute albeit with
lower intensity (Figs. 2.5 B and 2.5 C). Thus, freeze-quench EPR data were in good agreement
with our stopped-flow results where the re-emergence of the ferric state was only observed
after the depletion of H,O, (at 6 s post-mixing), and it occurred at a rate far below that which
achieved the preceding catalatic consumption of >500 equivalents of H,O,. These data suggest
that the primary inactive intermediate to accumulate contained a protein-based radical distinct
from the MYW™ narrow doublet. The exchange-coupling observed from this species is
consistent with the proximal tryptophan (W321) as the site of protein radical accumulation

with subsequent radical migration away from the active site.

2.3.5. W321F protein-based radicals upon reaction with H,O, alone. To further
examine the participation of W321 in accumulation of protein-based radical species, we
carried out RFQ-EPR experiments with the W321F variant. Reaction of W321F KatG with
the same concentration of H,O, (Fig. 2.9) produced a nearly identical doublet radical
spectrum at 10 ms. Similar to wtKatG, the narrow doublet was replaced by a protein-based
singlet radical species at the time anticipated for the completion of H,O, consumption (1.6 s)

(Fig. 2.9 A). However, in contrast to the wild-type enzyme, this species was less intense
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(Fig. 2.9 A), lacked any broadening associated with exchange coupling (Fig. 2.9 B), and
though a radical was detected nearly a full minute later, its intensity was far less than that
observed for the wild-type enzyme at the same time point (Fig. 2.9 C). Finally, where a weak
radical signal was observed for wild-type even 5 minutes after H,O, depletion, no radical
was observed for W321F KatG at the same reaction time. Power saturation of the radical
observed for W321F at 1.6 s was almost superimposable with that observed for wild-type

KatG at 1 min (Fig. 2.10).
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Figure 2.9. EPR spectra recorded for freeze-quenched samples from reaction of W321F
KatG with H,O,. The contribution of protein-based radicals in the g~2 region of the
spectrum for samples quenched after mixing with H,O, at the times indicated are shown (A).
The radical observed for W321F (solid line) at the time of H,O, depletion (1.6 s) is
compared to that recorded for wild-type KatG (dashed line) at the analogous time (6 s) (B).
Likewise, the radical observed for W321F (solid line) and wild-type (dashed line) 1 minute
after mixing with H,O, are compared (C). Reaction conditions and spectrometer settings are

the same as those described for Figure 2.5.
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Figure 2.10. Effect of power on the radicals observed for W321F KatG after reaction with
H.0O, at 1.6 s (A) and power saturation for radical observed for W321F with H,O, alone at
1.6 s (dark red), ABTS/Asc included; 10 ms (orange trace), wtKatG after its reactions with
H.,O, at 10 ms (blue trace), 6 s (red trace) and 1 min (green trace) and with ABTS/Asc

included; 10 ms (purple trace).
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2.3.6. Effect of PXEDs on wtKatG and W321F. Inclusion of the PXED, ABTS,
stimulated the consumption of H,O, and subsequent return of the ferric state for wild-type
and W321F KatG (Fig. 2.11), but the effect was far more pronounced for the wild-type
enzyme (Fig. 2.11 A). Consistent with these stopped-flow data, we observed that a range of
PXEDs were able to stimulate wild-type catalatic O, production to a greater extent than for
the W321F variant (Fig. 2.12).

We have proposed that PXEDs enhance catalase activity by preventing the
accumulation of catalase-inactive intermediates. KatG’s narrow active site access channel is
purported to prevent access of PXEDs like ABTS to the heme edge for oxidation. This would
imply that PXED oxidation only occurs to the extent that there is off-catalase electron
transfer. In other words, PXED oxidation would be a manifestation of conversion of catalase-
inactive states to active enzyme. Accordingly, evaluation of the ratios of ABTS oxidation to
the concentration of H,O, consumed would be a reflection of the need for inactive
intermediate restoration. For both wild-type and W321F KatG, these ratios were low (Fig.
2.13), indicating that off-mechanism electron transfer is a relatively rare event (< 1 in every
60 catalase turnovers). However, for W321F the ratio (<0.003) indicates such an event
occurs no more than once every 170 turnovers (Fig. 2.13). In order to examine the effects of
PXEDs on the intermediates formed for wild-type and W321F KatG, similar RFQ EPR

experiments were performed as those presented earlier.
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Figure 2.11. Effect of ABTS on the return of the KatG ferric state following H,O;
consumption. Wild-type (A) and W321F KatG (B) were reacted with 2.0 mM H,0; in the
absence (a) and presence (b) of 0.1 MM ABTS/0.1 mM ascorbate by stopped-flow at 401 nm
to monitor the return of the ferric state following H,O, depletion. The final concentration of
enzyme in each reaction was 3 pM. All reactions were carried out in 50 mM acetate buffer,

pH 5.0, at 4 °C.
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With PXED (ABTS/ascorbate) included in the reaction mixture, wild-type and W321F KatG
both show the same narrow doublet 10 ms after mixing with H,O,. Spectra recorded for
samples quenched at the time anticipated for H,O, depletion or any time thereafter showed
minimal, if any, contribution from protein-based radicals for either wild-type or W321F
KatG (Fig. 2.14).

A comparison of the narrow doublet obtained in the presence and absence of PXED
from wild-type and W321F KatG, showed very little difference among all four samples (Fig.
2.15 A and 2.15 B). The narrow doublet was the predominant feature at 10 ms in all four
reactions. Importantly, inclusion of a PXED with either protein did not interfere with the
accumulation of the narrow doublet. Indeed, if anything, inclusion of the PXED increased its
intensity. These observations are consistent with the putative role of the [MYW]™ in the
catalatic mechanism of KatG and the stimulatory effect of PXEDs on KatG catalatic activity.
In contrast, W321 substitution and the inclusion of PXED both have a substantial influence
on the radical species observed at the conclusion of H,O, consumption (i.e., radicals that
accumulate over the course of hundreds of turnovers) (Figs. 2.9 & 2.14 A). The broad,
exchange-coupled radical observed with wild-type and its conspicuous replacement by a

much narrower signal in W321F KatG suggest that W321 is a prominent site of oxidation.
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Figure 2.12. Effect of PXEDs on catalase apparent ke for wild-type and W321F MtKatG.
All activity measurements were on the basis of O, production as described in Experimental
Procedures and were carried out in 50 mM acetate buffer, pH 5.0, at 23 °C. All electron
donors were present at 0.1 mM.  2,2’-azino-bis[3-ethylbenzthiazoline-6-sulfonate],
chlorpromazine, N,N,N’N -tetramethyl-p-phenylenediamine, 3,3’,5,5’-tetramethylbenzidine,
o-dianisidine, pyrogallol, and ascorbate are indicated by ABTS, CPZ, TMPD, TMB, o0-DA,
PG, and asc, respectively. The individual ke determinations used for are presented in Table
2.3.
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Figure 2.14. EPR spectra from freeze-quenched samples for wild-type (A) and W321F (B)
upon reaction with H,O, in the presence of PXED. Reactions were carried out as described in
Figure 2.5, except that ABTS (1.0 mM final concentration) and ascorbate (2.0 mM final
concentration) were also included. The reactions were quenched at the times indicated for
each protein. All spectrometer settings were as described for Figure 2.5.
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That a protein-based radical forms even with non-oxidizable Phe in place of the proximal
Trp indicates that other residues can also be oxidized. The absence of exchange coupling
with these radicals suggests they are further from the heme iron. Inclusion of a PXED
prevents the accumulation of non-MYW protein-based radicals generated during turnover of
either wild-type or W321F KatG, presumably by acting as a sacrificial reductant (Fig. 2.17).
2.3.7. Off-pathway electron transfer through W321. A model accounting for these
data is presented in Fig. 2.17. KatG progressively loses catalase activity over time.
Concomitantly, an exchange-coupled radical consistent with W321™" accumulates and is the
dominant species observed at the time H,O, consumption ceases. Spectra recorded at 77 K
indicate that more remote protein-based radicals are present as well (Fig. 2.8), and these are
observed more clearly at 4.5 K as the ferric state slowly returns (Fig. 2.5 A and 2.6 C). These
data suggest radical transfer from W321 in the active site to more distant oxidizable residues.
Strikingly, inclusion of a PXED does not diminish (if anything, it enhances) the MYW™"
narrow doublet associated with catalatic turnover. Simultaneously, PXEDs essentially
abrogate the accumulation of all other protein radical species. This indicates that the PXED
does not directly access the active site, rather W321 is the first step in a radical transfer
pathway that delivers oxidizing equivalents to an exterior site where electron transfer from
the PXED can occur. This is consistent with KatG structures that invariably show the active
site access channel is too narrow for molecules like ABTS to navigate. It is also consistent
with conclusions drawn from EPR spectra of KatG reacted with peracetic acid [128, 130].
The identity of the heme state to accumulate during inactivation is more difficult to
discern, owing to the inherent ambiguity of heme absorption spectra [126]. Nevertheless,

these spectra show the clear markings of a compound I11-like (i.e., Fe'"
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Figure 2.15. Comparison of EPR spectra for protein-based radicals 10 ms after mixing with
H.0O, (A and B). Spectra were recorded for wild-type KatG (A) and the W321F variant (B)
in the absence (blue lines) and presence of ABTS/ascorbate (red lines). Reaction conditions
were as described for Figure 2.5. Spectra shown in panels A and B (10 ms after mixing with
H.0,) were recorded at 77 K.
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Figure 2.16. Comparison of EPR spectra for protein-based radicals at H,O, depletion (A
and B). Spectra were recorded for wild-type KatG (A) and the W321F variant (B) in the
absence (blue lines) and presence of ABTS/ascorbate (red lines). Reaction conditions were
as described for Figure 2.5. When included, the concentrations of ABTS and ascorbate were

1.0 and 2.0 mM, respectively. Spectra were recorded at 4.5 K.
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enzyme’s most active catalatic turnover. That is, during the earliest stages of reaction with
H20,. Over time, this spectrum is progressively obscured by the apparent accumulation of
other species. Bands near 540 and 580 indicate the presence of Fe''-O,” heme. However,
contributions from a compound II-like Fe'V=0 cannot be ruled out. In keeping with the long
known greater reactivity of PXEDs toward Fe'V=0 species relative to Fe'"-O," states, we
propose PxEDs short circuit formation of an inactive Fe'"-O," [non-MYW]" (compound[s]
" in Fig. 2.17) and reduce Fe'V=0[non-MYW]" (compound[s] I' in Fig. 2.17) back to the
ferric state to rejoin active catalatic O, production. With a protein-based radical centered at a
site other than the MYW cofactor, the Fe''-O,", once formed, would be expected to display

the same abysmal rate of catalatic O, production observed for the Fe'"

-O," state in typical
peroxidases [169]. All our data point toward the proximal tryptophan (W321) as the primary
starting point for off-catalase electron transfer. Though substantially less than wild-type,
PXEDs do show a modest stimulatory effect on W321F catalase activity, and remote protein-
based radicals are detected in this protein at the cessation of H,O, consumption. It is possible
that in the absence of W321, more remote W or Y residues are still oxidized albeit at a
slower rate/lesser extent without the intervening W321 to facilitate electron transfer.
Alternatively, other off-catalase radical transfers may be involved. For example, the MYW"™
of compound 1* may be reduced prematurely by more remote protein-based electron donors.

These make a much smaller contribution to the catalase inactivation; however, PXEDs are

able to prevent the accumulation of these species in any case.
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In light of these data and conclusions drawn from them, it is reasonable to ask: Why
does KatG have a proximal tryptophan rather than a phenylalanine? More distant plant
peroxidase-like superfamily members like HRP and manganese peroxidase have a Phe in the
analogous position [185, 186], but the proximal Trp is invariant across all KatGs. In CcP, the
redox cycling of this residue is an integral part of the mechanism of cytochrome c oxidation.
Interestingly, the anticipated distance between the acceptor and donor heme centers of the
reaction necessitates through-protein radical transfer, the first step of which is proximal
tryptophan oxidation by Fe'V=O[porphyrin]"* to form the well-known CcP compound ES
(i.e., Fe'V=0[W101]™") [131, 132]. KatG does not oxidize ferrous cytochrome ¢ [137]. The
W321F substitution showed no deleterious effect on catalase activity at neutral pH, and its
absence enhanced catalase activity at acidic pH.

So, if at best this residue has no impact on the dominant activity of the enzyme, and at
worst detracts from it, why is it still there? We can only speculate. However, it is noteworthy
that the proximal tryptophan facilitates the essentially simultaneous and mutually synergistic
operation of catalase and peroxidase functions. Our data show that PXEDs reduce non-MYW
radicals, leaving the MYW"™" required for catalatic turnover essentially untouched. This
explains why the traditional antagonistic model of catalase and peroxidase interplay does not
hold, and why PxEDs stimulate rather than inhibit catalase activity. The potential
implications of a synergistic rather than the traditional antagonistic model are potentially far-
reaching. For example, by antagonism PxXEDs must necessarily inhibit catalase activity.
Further, control of activity is based largely on external factors: [H,0,], [PXED], etc. In
contrast, in a model of mutual synergism, control of activity distribution rests with the

enzyme itself. The degree to which off-catalase electron transfer is permitted is the degree to
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which radical transfer produces PXED oxidation. From its exterior location and by its own
oxidation, the PXED ensures that catalase-active states are restored, simultaneously
optimizing catalatic H,O, degradation. In such a model, the appropriate PXED for KatG need
only be present to fulfill a stimulatory role, and by this mechanism peroxidatic activity
would never interfere with catalatic turnover.

The advantage, then, would be in leaving open the possibility for PXED oxidation, and
this would imply that such a process served an essential need of the organism. To date, the
identity of a physiological electron donor for KatG is unknown let alone what essential
function its oxidation may serve. However, the distinct behaviors resulting from a synergistic
model (e.g., stimulation not inhibition of catalase activity) may provide insight into the
properties to anticipate for KatG’s physiological PXED. These matters are intimately
connected with the effective application of KatG for H,O, detoxification by the organisms

that carry it.
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Figure 2.17. Scheme representing the proposed mechanism for inactivation of KatG catalase
activity and its prevention by a peroxidatic electron donor (PXED). The KatG catalase cycle
proceeds by way of the ferric or resting enzyme, compound 1 (I), compound I* (I*), and
compound I11* (111*). Off-pathway reduction of the porphyrin = radical of compound | by
the proximal tryptophan (Ws,1) produces the catalase-inactive intermediate compound I' (1.
Subsequent reaction of I' with H,O, is expected to produce a catalase-inactive compound I11-
like intermediate (111") where the protein based radical is unable to facilitate oxidation and O,
release from the Fe''-O,” complex. Species derived from radical migration from Wa; to
oxidizable residues further from the active site (W/Y) could occur with either Fe'V=0 or
Fe''-0," intermediates. The conversion of I' to the active ferric state by a peroxidatic
electron donor (PXED) is proposed. The Met-Tyr-Trp covalent adduct and its corresponding
radical are represented by MYW and MYW™", respectively. The proximal tryptophan and its
corresponding radical are represented by Wap; and Wap™, respectively. An unspecified
KatG oxidizable amino acid and its corresponding radical are represented by [W/Y] and
[W/YT', respectively.
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Chapter Three: Arginine Switch control of KatG intramolecular electron

transfer: Activity, Inactivation, and Restoration

Abstract.

PXEDs have the ability to increase the efficiency of KatG as a catalase by over an order
of magnitude. Indeed, the stimulatory effect of PXEDs is pH-dependent such that it mimics
the conformational shift of an arginine residue (R418) away from the KatG-unique Met255-
Tyr229-W107 covalent adduct. To understand the role of R418 in the control of
intramolecular electron transfers in KatG active site, we disrupted the dynamic switch by
mutagenesis. The R418A variant showed a diminished catalase activity (kea/Kw = 7.9 x 10°
M™s™) at pH optimum for catalase activity (i.e., pH ~ 7.0). However, lowering the pH to 5.0,
the catalase activity for R418A increased by nearly two orders of magnitude (Kcat/ Ky = 5.2 %
10° M's™). PXEDs were able to stimulate R418A KatG to an extent similar to wild-type
KatG and R418K KatG. That the R418A KatG variant also produced a narrow-doublet
radical at 10 ms of nearly equal intensity as that observed for wild-type KatG suggests that
R418A KatG utilizes the MYW adduct radical for its activity. At the time where R418A
KatG ceased consumption of H,0O,, the narrow doublet radical was replaced by an exchange-
coupled signal similar to the proximal tryptophanyl radical observed for wild-type KatG. The
inclusion of a peroxidatic electron donor (PXED) increased the intensity of the MYW narrow
doublet radical by two fold but nearly completely eliminated the exchange-coupled radical
detected at H,O, depletion. Thus PXEDs appear to prevent accumulation of non-MYW
radicals, returning catalase-inactive intermediates to active turnover, thus producing higher
steady state concentrations of MYW™-bearing states. Further, we show that R418A KatG
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catalase turnover produces far more ABTS™ than wild-type KatG at all H,O, concentrations.
This also implies that R418A required an extensive participation of PXEDs for its rescue
mechanism. Taken together, these data demonstrate that R418 acts as a modulator of
intramolecular electron transfer events in KatG catalysis.

3.1. Introduction

Catalase-peroxidases (KatGs) are hemoproteins found in a wide range of prokaryotes
and lower eukaryotes [140, 187]. They have been implicated as virulence factors for a
number of pathogenic organisms including Magnaporthe grisea and Mycobacterium
tuberculosis [93, 103, 188]. Indeed, KatG from the latter has also garnered interest because
it is the only catalase-active enzyme carried by M. tuberculosis, and it is required to activate
the isoniazid prodrug to its antibiotic form [89, 94]. Mutations affecting the katG gene
appear in a large majority of isoniazid resistant M. tuberculosis strains. However, neither the
mechanism of isoniazid activation nor the role of KatG mutations in imparting resistance
have been fully elucidated [100, 159, 160].

KatG is able to degrade H,O, by peroxidatic (H,O, + 2 RH — 2 H,0O + 2 R") and
catalatic (2 H,O, — 2 H,O + O;) mechanisms [100, 101, 137, 162]. KatG is the sole
catalase-active member of its peroxidase-catalase (Px-Ct) superfamily. As a member of this
superfamily, KatG has an overall active site structure of a typical peroxidase (e.g., CcP), not
a typical catalase (Fig. 3.1). As such, it should not be surprising to find that KatG uses a
novel catalase mechanism, one that hearkens back to its peroxidatic roots. Indeed, reaction
of KatG with H,0, alone produces a visible absorption spectrum consistent with a Fe'"-0,"
heme intermediate. This is rarely if ever observed in typical (i.e., monofunctional) catalases,

but is very common among peroxidases.
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Figure 3.1. Active site structure of M. tuberculosis KatG active site showing the two
conformations of R418. Amino acid oxygen and nitrogen elements are colored in red and
blue, respectively. Structural image was produced using PDB accession domain 2CCA

[108].
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What distinguishes KatG from other peroxidases is that the robust O, production is
purported to emerge from the KatG Fe''-O,” state, but the same intermediate in other
peroxidases is inactive [100, 169]. What then converts an otherwise inactive intermediate
into an essential step in catalase turnover? KatG has a unique post-translationally generated
protein-derived cofactor between the side chains of M255, Y229, and active site W107
(MtKatG numbering) (Fig. 3.1) [104, 105, 107, 163, 165]. The covalent adduct has been
demonstrated to be essential for catalase activity. For example, KatG variants targeting the
covalent adduct have no catalase activity and peroxidase activity equal to or greater than
wild-type KatG [113, 114, 139, 166]. The MYW covalent adduct can be oxidized to a free
radical (MYW"™) intermediate in the presence of H,O,. This radical has been identified as a
unique narrow-doublet species by freeze-quench EPR [124, 127, 142, 187]. It is only
observed during active catalatic turnover, and it persists until H,O, is depleted from a
reaction. KatG variants that disrupt the covalent adduct are unable to produce the unique
narrow doublet radical.

For the KatG catalase cycle, the ferric enzyme reacts with a first equivalent of H,O, to
form an oxo ferryl porphyrin & cation radical (i.e., compound I) intermediate. This highly
unstable species undergoes an intramolecular electron transfer where the porphyrin radical
migrates to the MYW adduct forming a compound I* species (i.e., Fe'V=O[MYW""]) [51,
101, 144]. Previous studies have revealed that the tyrosine of the MYW covalent adduct
should be in its deprotonated state for this conversion because this is the only stable state for
the MYW'" while the arginine switch occupies its ‘out’ position [136, 171]. Calculations on
KatG compound | also suggest that the spin density of two-electron oxidized KatG (i.e.,

compound I, compound I*, etc.) is distributed between the covalent adduct and the proximal
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Trp, -and this distribution is pH-dependent. At conditions when the MYW adduct is
protonated and the arginine switch occupies its ‘out’ position (i.e., pH < 6.5), the MYW""
dominates while at conditions when the MYW adduct is deprotonated and the switch is
predominantly in its ‘in’ position (i.e., pH > 6.5), the proximal tryptophanyl (i.e., W321"™)
radical is the dominant intermediate [171]. For the second step, compound I* reacts with a

"0, [MYW]™) intermediate termed compound

second equivalent of H,O, to form a (Fe
l11*. Another intramolecular electron transfer is proposed to occur from the Fe'-O,”
intermediate to neutralize the MYW™, thereby releasing O, and return the ferric enzyme
along with the closed shell MYW adduct [100, 124, 125, 127, 136].

The continuing elucidation of the reaction mechanism of KatG has not been without

.0, state as an active

controversy. First, this represents the only observation of a Fe
intermediate in catalase turnover, and it has only been detected by UV-visible spectroscopy,
a notoriously ambiguous spectroscopic technique. With KatG from Burkholderia
pseudomallei, an apparent peroxoindole derivative of the MYW adduct has been detected by
x-ray crystallography upon reaction of the enzyme with H,O, [136]. Along with
computational evaluation of MYW adduct radical deprotonation and derivatization with Oy,
a mechanism for conversion of compound I* to compound I11* has been proposed [136].
Further, reaction of KatG with an alternative peroxide, peracetic acid (PAA), produces an
entirely different set of KatG intermediates [114, 120, 126, 134]. An oxoferryl state has been
detected by UV-vis and X-ray crystallography [114, 120, 126, 134]. The KatG narrow
doublet associated with the MYW radical is not observed, but instead, a series of porphyrin,

tryptophanyl- and tyrosyl- radicals are detected. In some cases, the porphyrin radical of a

canonical compound 1 is detected, but the most prominent species is a radical centered on
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the proximal tryptophan. A combination of mutagenesis, expression of deutero-Trp- and/or
deutero-Tyr-labeled KatG along with evaluation with multifrequency EPR has produced a
radical transfer sequence of

Fe'V=O[porphyrin] ** — Fe'V=O[proximal Trp] " — Fe'V=0 [remote W/Y]" [129, 131, 140,
189]. This sequence bears a strong resemblance to the reactions of CcP where the proximal
tryptophan (W191) is known to be oxidized to a radical state, and this is integral to the
peroxidase activity of the enzyme [131, 132]. Our research draws a connection between
these two disparate sets of results.

The catalase and peroxidase mechanisms of KatG were initially thought to be mutually
exclusive. However, we recently observed a mutual synergism between both activities [138].
We have also demonstrated that one possible mechanism for peroxidatic electron donor
stimulation of KatG catalase activity is by rescuing inactive intermediates which result from
off-pathway protein oxidation events and the proximal tryptophan is a primary conduit for
such events [187]. Our results suggest that off-pathway electron transfer and the
corresponding need for PXED-based restoration of inactive states increases as pH decreases
from 7 toward 5. This pH change mirrors the conformational shift in KatG arginine switch
(i.e., R418) and the propensity of the proximal tryptophan oxidation [171].

The so-called Arg switch modulates KatG catalase activity despite its location about
20 A away from the active site. This residue’s conformational state is pH-dependent [133,
134]. Crystal structures available for BpKatG reveal that at pH 4.5, the guanidinium moiety
of the switch is directed away from the MYW covalent adduct towards two other arginine
residues (‘R’ or ‘out” conformation). At a pH of 8.5, the side chain of the arginine is pointed

to and interacts with the phenolic moiety of the MYW adduct through a salt bridge
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association (Y’ or ‘in’ conformation). At pH ~ 6.5, near the observed optimum for catalase
activity, the switch equally populates both conformations. It has been suggested that the ‘R’
conformation favors MYW oxidation while the ‘Y’ conformation favors MYW'" reduction
[133, 134].

The R418 residue was recently suggested to play a vital role in the release of O, in
KatG catalase activity [135, 136, 142]. The importance of R418 in the KatG catalase
mechanism is demonstrated by a substantial loss in catalase activity when it is changed to

+

any other residue except lysine [133, 134]. The R418L variant readily produces the MYW"

and Fe'"

-0," species throughout the time corresponding to H,O, consumption [142]. Its low
catalatic turnover was attributed to the inability of the steady state intermediate to release O,
for the enzyme to return to the ferric state. Radical transfer away from the active site is also
apparent over the course of reaction with H,O; is also apparent as observed by increased
oxidative protein oligomerization [142].

The pH-dependence of the stimulatory effect of PXEDs, the pH-dependence of the
invariant arginine switch and the postulated ability of the arginine switch to influence the
electronic structure of the MYW adduct and proximal tryptophan, taken together, point
toward the arginine switch (R418 by MtKatG numbering) as a modulator of intramolecular
electron transfers within the KatG active site. Therefore, we investigated the participation
of the arginine switch in active site intramolecular electron transfer by preparing the switch
variants R418A, and R418K KatG. Our data indicate that the absence of the arginine
switche either by pH or mutagenesis increases radical transfer away from KatG active site

and that PXEDs resolve the problem by reducing catalase-inactive intermediates, returning

them to active catalatic turnover, thereby stimulating KatG catalase activity.
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3.2. Materials and Methods

3.2.1. Reagents. Chlorpromazine (CPZ), pyrogallol, 3,3’,5,5’-tetramethylbenzidine
dihydrochloride hydrate (TMB), N,N,N’,N’-tetramethyl-p-phenylenediamine
dihydrochloride (TMPD), 3,3’-dimethoxybenzidine (o-dianisidine), 2,2’-azino-bis (3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS), L-ascorbic acid, hemin, ampicillin, hydrogen
peroxide (30%), imidazole, calcium chloride hydrate and sodium dithionite were purchased
from Sigma-Aldrich (St. Louis, MO). Tetracycline hydrochloride, mono and dibasic sodium
phosphate, sodium chloride, sodium acetate trihydrate, potassium chloride, magnesium
chloride and magnesium sulfate were purchased from Fisher (Pittsburg, PA). Pfu
polymerase, Herculase polymerase, T4 DNA ligase, and all E. coli (XL-1 Blue) were gotten
from Agilent (La Jolla, CA). Phusion High Fidelity PCR Master Mix with GC Buffer and all
restriction enzymes were purchased from New England Biolabs (Beverly, MA). All
oligonucleotide primers for site-directed mutagenesis as well as sequencing were purchased
from Invitrogen (Carlsbad, CA). Benzonase nuclease, Bugbuster, nickel-nitrilotriacetic acid
resin were bought from Novagen (Madison, WI). Isopropyl-p-D-thiogalactopyranoside was
purchased from Gold Biotechnology (St. Louis, MO). Buffer exchange chromatography
columns (10DG) and Macro-Prep High Q resin were acquired from BioRad (Hercules, CA).
Centrifugal filters (50 kD cutoff) were obtained from Millipore (Billerica, MA). All buffers
and media were prepared using water purified through a Barnstead EASY pure Il UV
ultrapure water system (18.2 MQ/cm resistivity).

3.2.2. Mutagenesis. Site-directed mutagenesis was also carried out by applying the
‘Round-the-Horn’ approach as was described [174]. The forward primers designed for

R418A and R418K KatG construction were 5’-
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CGCAGATATGGGTCCCGTTGCGAGATACCTTG-3’, and 5°-
CAAGGATATGGGTCCCGTTGCGAGATACCTTGG-3’, respectively. The nucleotide
substitutions designed to produce the mutation are highlighted in bold italics. This approach
allowed us to use the same reverse primer to generate both mutants (5°-
TGGATCAGCTTGTACCAGGCCTTGGCGAACTC-3’). All primers were modified to
include 5’-phosphoryl groups, allowing for the blunt-end ligation of the PCR products. PCR
for generation of the R418K mutant was done using Herculase polymerase in manufacturer
supplied buffer. In contrast, the PCR for the R418A mutant was carried out using Phusion
High-Fidelity polymerase in GC Buffer-containing Master-Mix and 3 % DMSO. All PCR
products were then treated with Dpn | to remove starting template and then ligated using T4
DNA ligase. Ligation products were used to transform E. coli (XL-Blue) by a standard heat-
shock protocol [175]. The transformants were chosen on the basis of ampicillin-containing
media and candidate plasmids were screened by PshA | digestion as successful mutation
would eliminate a PshA | unique restriction site. Potential candidates were sequenced (Davis
Sequencing, Davis CA) to verify that our intended mutations were successful and that no
unintended mutations were present.

3.2.3. Protein expression and purification. E. coli C41(DE3) cells bearing the heme
protein expression plasmid, pHPEX3, were transformed with pET-based expression
constructs for R418K and R418A KatG, and transformants were selected on the basis of
ampicillin and tetracyclin resistance [175]. Expression of both R418 variants was carried out
as described elsewhere [138, 187]. As with wild-type KatG, the R418A and R418K variants
were expressed in their soluble forms. Likewise, their purifications were done as

demonstrated for wild-type KatG [138, 187]. The final purified R418K and R418A KatG
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had optical ratios Asos/Azs (i.e., R; values) of 0.61 and 0.57, respectively. The apparent
Kinetic parameters for both catalase and peroxidase activities were in good agreement with
those reported previously for KatG from B. pseudomallei and Synechocystis PCC [133,
134].

3.2.4. UV-visible spectra and activity assays. Spectra for purified R418 variants were
recorded as previously described [138, 187]. The molar absorptivity of R418K, and R418A
KatG enzymes were determined using the pyridine hemichrome assay [176]. Their
peroxidase activities were evaluated as previously described using ABTS as the PxED [138,
177, 187]. Catalase activity was determined by monitoring O, production over time using a
Clark-type O,-sensitive electrode (Hansatech, Pentney, Norfolk, England) as previously
described [138, 187]. In some experiments, catalase activity was also measured
spectrophotometrically by observing a decrease in H,O, concentration over a period of 60 s
at 240 nm (g240 = 39.4 M cm™) [178].

3.2.5. Analyses of steady-state kinetic data. One of three kinetic responses of KatG
and its variants to substrate concentration is observed. If, as is often the case, a standard
rectangular hyperbolic increase in rate with increasing substrate concentration is detected,
the data are fit using a standard Michaelis-Menten, Eqn. 3.1 to obtain the apparent kinetic

parameters Keat, Ky, and Keai K.

V_o = kcat [S]
[E]T KM T [S] (31)
In all situations where the terms are applied, k., is the asymptotic maximum rate divided by

the concentration of holo-enzyme as estimated by heme concentration. The apparent Ky, is

not intended to mean anything more than the concentration of substrate necessary to produce
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Y of the maximum rate, and kc,/Ky is considered the catalytic efficiency. In some instances,
substrate-dependent inhibition is apparent. To obtain an estimate of the kinetic parameters
unobscured by the inhibitory effect of the substrate, the data are fit to Eqn. 3.2. The
apparent K; corresponds to a macroscopic apparent dissociation constant accounting for the

inhibitory properties of the substrate.

VL = kcat [S]
[Elr Ky + [S]+ [ST/K

(3.2)
Finally, we have noted in previous studies that at low pH, (e.g., pH 5.0) wild-type KatG
shows two distinct phases in its responses to H,O, concentration [138]. One appears
hyperbolic with a low apparent Ky for H,O,; the other is linear with H,O, and would
suggest a second hyperbolic response with very high apparent Ky for H,O,. Accordingly,
we used Eqgn. 3.3 to fit the data. Where k¢, and Ky, are the apparent kinetic parameters that
best fit the hyperbolic (i.e., low Ky) component, and kapy, is the slope of the linear (i.e., high
Kwm) component and would correspond to ke./Km for a second H,O, disproportionation

mechanism.

Vo = __ Keat [S] + kapp [S]
[Elr  Km*[S] (3.3)

3.2.6. Extent of ABTS oxidation vs H,O, consumption. The amount of ABTS
oxidized was evaluated by setting up reactions containing 0.1 mM ABTS, 20 nM enzyme,
and varying concentrations of H,O, (i.e., 0.1 - 5 mM) and allowing them for at least 10

minutes as previously described [138, 187]. We also used a stopped-flow method to evaluate

the quantity of ABTS" generated during H,O,-dependent enzyme turnover (see below).
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3.2.7. Stopped-flow kinetic studies of R418A. Dominant heme intermediates formed
by R418A KatG were monitored using a PC-upgraded SX18.MV rapid reaction analyzer
from Applied Photophysics (Leatherhead, UK). As demonstrated previously, we used
ascorbate to scavenge the radical oxidation products of ABTS™ [138, 187]. Single mixing
experiments contained 6 uM R418A KatG in syringe A in 5 mM phosphate buffer pH 7.0.
In syringe B, we had 0.2 mM ascorbate, 0.2 mM ABTS, and varying concentrations of H,O,
in 100 mM acetate buffer, pH 5.0. As mentioned above, we also applied stopped-flow to
determine the quantity of ABTS radical generated during the consumption of a range of
H.0O, concentrations. These experiments were set up in the same way except that ascorbate
was excluded from syringe B. In these experiments, ABTS was quantified by monitoring
absorbance at 645 nm using a molar absorptivity of 13,500 M*cm™ [177].

3.2.8. Freeze-quench preparation of EPR samples. R418A KatG was concentrated to
about 300 uM using an Amicon Ultra-4 centrifugal filter (MW cutoff of 50 kD) as was done
for wild-type MtKatG. The first syringe contained ~ 300 uM R418A in 5 mM phosphate
buffer pH 7.0 while the second syringe contained about 667 molar equivalents of H,O, in
100 mM acetate buffer, pH 5.0. Reactions testing the effect of ABTS (2.0 mM) and
ascorbate (6.0 mM) along with H,O, were also prepared. EPR samples for R418A were
prepared as described previously for the wild-type KatG [187].

3.2.9. EPR measurements. All X-band (9 GHz) EPR spectra were collected using a
Bruker EMX spectrometer operating in a perpendicular mode as previously described [187].
Instrument parameters, unless otherwise stated were the same as had been described for

wild-type KatG. Data analyses were carried out as previously described [187].
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3.3. Results and Discussion

3.3.1. Steady-state kinetic evaluations of R418 variants. Intramolecular electron transfer
from and to the KatG unique MYW adduct appears to be a frequent event necessary for the
enzyme’s unique catalase activity, its inactivation, and restoration mechanisms [127, 129,
143]. We have demonstrated in chapter 2 that the KatG proximal tryptophan is a hotspot for
off-catalase oxidation leading to catalase inactive states. These states are restored by PXEDs
at acidic pH, coincidentally the same conditions under which the arginine switch moves to
its ‘out’ or ‘R’ conformation. In this chapter, we investigated the role of the switch in
controlling KatG intramolecular electron transfer.

We performed site-directed mutagenesis and successfully expressed and isolated
R418K and R418A KatG. Their spectral features were consistent with one another and with
wild-type KatG (Table 3.1). The catalase and peroxidase activities of both variants were
measured under standard assay conditions and compared with wild-type KatG. In every
respect, wild-type and R418K showed highly similar steady-state kinetic parameters for
catalase and peroxidase activities. However, R418A showed a greatly diminished catalase
activity (30-fold decrease in kca; 140-fold decrease in kea/Kn) (Table 3.2). The R418A
variant also showed a 75-fold increase in the apparent ke./Km for peroxidase activity with
respect to H,O, concentration. These results are highly similar for those reported for the
analogous variants of KatG enzymes from other organisms [133, 134, 139, 190]. The
correspondence between the catalase activities of wild-type and R418K KatG was also
observed at low pH (i.e., 5.0) (Table 3.2). Just as we have reported for the wild-type enzyme
[138], there were also two components to the response of R418K KatG to increasing H,0;

concentration (Fig. 3.2) [138].
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Table 3.1. Spectral features of MtKatG and R418 variants®

Protein

MtKatG

R418K

R418A

Absorption Feature

Soret (y) (nm) CTb 2 (nm) CT 1 (nm) RZ
408 500 633 0.64
408 500 633 0.61
407 501 632 0.57

2All spectra were recorded at 23 C using 100 mM phosphate buffer, pH 7.0.

°CT = charge transfer transition. CT 1 is usually near 640 nm, and CT 2 is usually near 500 nm.
°RZ = Reinheitzahl ratio. Ratio of absorbance at the Soret Amax Versus absorbance at 280 nm.
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Figure 3.2. pH-dependence of the catalase activity of O, R418A and R418K KatG in the
presence and absence of 0.1 mM ABTS. Panel A shows the catalase activity of R418K
(circles) and R418A (squares) in the absence (blue) and presence (orange) of ABTS. Panel B
shows the pH dependence of the difference in catalase activity with and without ABTS for
R418A (blue) and R418K (orange). These values were obtained by subtracting rates obtained
without ABTS from those obtained with ABTS. All reactions contained 20 nM KatG
enzymes.
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A hyperbolic phase at low H,O, concentration (< 10 mM) (Keat = 330 57, keat/Km = 2.0 x 10°
Ms™) gave way to a linear component at higher H,0, concentration (kapp = 9.5 x 10° M''s’
1). R418A KatG contrasted with this behavior by showing only a single hyperbolic response
to H,0,. Its parameters (Keat = 150 57, kea/Km = 5.2 x 10° M's™) were most similar to the
initial hyperbolic phases observed for wild-type and R418K KatG. This indicated that there
may be two variations on the catalase mechanism of KatG, one arginine switch-dependent
and the other switch-independent. The ke values were essentially the same for R418A KatG
at pH 7 and pH 5 (accounting for stoichiometry 134 s versus 150 s™, respectively) (Table
3.2). This is in close agreement with data recently reported for R461A variant of
extracellular KatG (KatG2) from Magnaporthe grisea [190]. Strikingly, we also observed
that the apparent kca/Km for H,O, for our R418A KatG variant was 66-fold higher at pH 5.0
than at pH 7.0 (Table. 3.2).

3.3.2. Catalase pH Profiles for R418 Variants. The catalase activities of R418A and
R418K KatG were compared across a pH range from 3 to 8 (Fig. 3.3). This also revealed
evidence of switch-dependent and -independent mechanisms for catalase activity. As we
have observed for wild-type KatG [138], the R418K variant had a clear catalase optimum at
pH 7.5. A shoulder was observed in the profile at pH 5.0 which diminished toward zero
below pH 4.0. Conversely, R418A KatG showed an optimum only at pH 5.0. Interestingly,
R418K and R418A showed virtually identical catalase-activities at pH 5.0 and below.

When a PXED, ABTS, was included, R418K KatG showed two optima for catalase
activity. The one at pH 7.5 was identical to that observed without PXED. However, at pH
5.0, what appeared as a shoulder without PXEDs was now a clear maximum. Indeed, the

activity at pH 5.0, was now about two-fold greater than that observed at pH 7.5. In the
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presence of PXED, R418A KatG still showed an optimum only at pH 5.0, but now the
activity was about eight-fold greater than in the absence of ABTS (Fig. 3.3A). Subtracting
catalase activity observed without ABTS from that detected in the presence of ABTS (Fig.
3B) revealed essentially the same pH profile for the PXED stimulatory effect in both
variants.

Together, these data suggest that there are two variations of the unique catalase
mechanism of KatG. One variation requires a positively charged side chain (Arg or Lys) at
position 418. As discussed elsewhere, the capacity of this side chain to act as a binary
conformational switch is a central feature of this variation, and it appears that PXEDs have
little capacity to stimulate catalatic turnover by this pathway. However, a second variation is
observed at lower pH, producing an optimum activity near pH 5.0. This variation does not
require the arginine switch and produces a comparatively modest catalase activity. However,
inclusion of an appropriate PXED, stimulates the catalatic activity of this mechanism such
that efficient catalatic H,O, degradation is observed at low pH even in the absence of an

arginine switch.
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Figure 3.3. pH-dependence of the catalase activity of O, R418A and R418K KatG in the
presence and absence of 0.1 mM ABTS. Panel A shows the catalase activity of R418K
(circles) and R418A (squares) in the absence (blue) and presence (orange) of ABTS. Panel B
shows the pH dependence of the difference in catalase activity with and without ABTS for
R418A (blue) and R418K (orange). These values were obtained by subtracting rates obtained
without ABTS from those obtained with ABTS. All reactions contained 20 nM KatG
enzymes.

140



Table 3.2. Catalase and peroxidase kinetic parameters for MtKatG and variants.

Activity (substrate) Parameter KatG Protein

MtKatG R418K R418A

Catalase (pH 7.0)*
Keat (5 7736 + 82 5112 +50 268 + 46
Ky (MM) 7.0+0.3 46+0.2 34+13

Kea/ K (M) (1.1£0.06) x 10°  (1.1£0.06) x 10° (8 £4) x 10°

Peroxidase” (H,0,)°
Keat (5™) 135+0.3 16.3+1.0 10.5+0.1
Ky (MmM) 0.24 +0.03 0.30 + 0.04 0.0025 + 0.0001
Kea!Kn (M) (5.6 £0.8) x 10° (6+1) x 10 (4.2+0.2) x 10°
Peroxidase (ABTS)"
Keat (5™) 29.2+0.2 251+04 274%03
Ky (MmM) 0.14 +0.01 0.11 +£0.01 0.14 +0.01

kea/ K (Ms™) (2.1 £0.2) x 10° (23+0.24)x10° (2.0+0.2) x 10°
Catalase (pH 5.0)°

keat ()’ 570 + 30 330 +30 150 + 3

Ky (MM)f 08+0.1 1.6+0.4 0.29 + 0.04

kea/ Ky (M8 (7.1 +1.3) x 10° (20+0.7) x10°  (5.2+0.8) x 10°

Kapp (M's™)° (1.8 +0.1) x 10 (95+0.7) x10° -

dActivity was determined by H,O, consumption observed at 240 nm at 23 °C in 100 mM phosphate buffer, pH 7.0.
PAll peroxidase activity assays were performed at 23 °C in 50 mM acetate buffer, pH 5.0.

“Peroxidase parameters with respect to H,O, were determined using 0.1 mM ABTS.

YPeroxidase parameters with respect to ABTS were determined using 1.0 mM H,0s.

*Activity was determined by O, production at 23 °C in 50 mM acetate buffer, pH 5.0.

"Kinetic parameters for low Ky, component.

9Apparent second-order rate constant for high-Ky, component.
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3.3.3. Stimulation of R418 Variants by PXEDs. As mentioned above, the PXED ABTS
stimulated the catalase activity of R418K and R418A, producing an optimum near pH 5.0.
The stimulatory effect, expressed as ke, enhancement was similar for wild-type, R418K, and
R418A KatG. As observed for wild-type KatG, ABTS, TMPD, and chlorpromazine all
produced at least 5-fold stimulation of catalase activity for R418A and R418K KatG.
Neither pyrogallol nor ascorbate were able to stimulate the activity of either variants (Fig.
3.4). Interestingly, in contrast to the wild-type enzyme, the benzidine derivatives TMB and
o-dianisidine were unable to stimulate the activity of either R418A or R418K.

We have consistently observed that the stimulation of catalase activity by PXEDs (e.g.
ABTS) nets very little in accumulation of the PXED in its oxidized form (e.g., ABTS™)
[138, 187]. The W321F variant produces even less ABTS™ per H,O, consumed than wild-
type KatG [187]. These data are consistent with the hypothesis that formation of oxidized
PXED (e.g., ABTS™) is a manifestation of the rescue of inactive intermediates formed by
off-pathway electron transfer. R418K KatG showed nearly identical behavior to wild-type
enzyme; however, R418A produced substantially greater quantities of ABTS™ at all H,0
concentrations tested (Fig. 3.5). There was a substantial inverse dependence on H,O; such
that at 5 mM H,0,, R418A KatG produced 0.015 equivalents of ABTS™, three fold greater
than that produced by either wild-type or R418K KatG. At 0.25 mM H,0,, R418A KatG
produced 0.1 equivalents ABTS™, 14-fold greater than the 0.007 equivalents produced by
either wild-type and R418K KatG. We were able to observe the same phenomenon using an
alternative stopped-flow method (see Materials and Methods). This approach not only
confirmed the results of our benchtop spectrophotometric assay, but also allowed us to

evaluate ABTS™ yields upon reaction of R418A with as little as 1 molar yields upon
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Figure 3.4. Effect of PXEDs on the apparent k., for the catalase activity of wild-type (blue),
R418A (red), and R418K KatG (green). Activity was measured by O, production as described
in in Materials and methods. Reactions contained 20 nM enzyme and were carried out in 50

mM acetate buffer pH 5.0, at 23 C. All electron donors were present at a concentration of 0.1
mM.
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reaction of R418A with as little as 1 molar equivalent of H,O,. The yield continued to
increase with lower H,0, concentration such that 0.65 eq. ABTS™ (1.95 uM) was generated
when R418A KatG was reacted with one equivalent of H,O; (i.e., 3 uM) (Fig. 3.5).

These data suggest that off-catalase electron transfer becomes a much more frequent
event when the positive charge of the arginine switch is absent. Thus, while the catalase
activity of the R418A variant at pH 5.0 is comparable to wild-type and R418K KatG, it
comes with a larger extent of PxED oxidation. The inverse dependence of H,O,
concentration is also noteworthy. Although a very modest trend is observed with wild-type
and R418K KatG, at low H,0, concentrations, R418A KatG appears to approach a situation
where an off-pathway electron transfer event occurs with nearly every other turn of the
enzyme’s catalase cycle.

3.3.4. Stopped-flow Evaluation of R418A KatG. We monitored H,O, consumption by
wild-type and R418A KatG at 240 nm. To consume a comparable concentration of H,O,
required R418A about 3.5 times longer than wild-type KatG (Fig. 3.6A). Given the
concentration of H,O, used in the experiment, this is precisely consistent with the catalase
kinetic parameters recorded for each protein at pH 5.0. Interestingly, like wild-type, R418A
KatG showed the characteristic slow return of the ferric state following the depletion of
H,O, (Fig. 3.6B). We have shown previously that catalase-inactive intermediates
accumulate during turnover of the wild-type enzyme at pH 5.0. The slow return of the ferric
state is an indicator of that phenomenon. Supposing R418 influences the release of O, for
the ferric enzyme to return as has been proposed [135, 142], then wild-type KatG should
show larger rates of H,O, consumption (i.e., steady-state turnover) and a much faster return

of the ferric state after H,O, depletion than R418A. However, wild-type only shows greater
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Figure 3.5. Amount of ABTS radical generated to H,O, consumed for wild-type (A ), R418A
(m), and R418K KatG (e). All reactions contained 20 nM KatG enzymes and were carried out
in 50 mM acetate buffer pH 5.0, at 23 'C. ABTS was present at a concentration of 0.1 mM. The
extent of ABTS™ production by R418A KatG was also measured by stopped flow (o)
according to the procedure described in Materials and methods at 0.003, 0.006, 0.015, 0.03,
0.06, 0.15, 0.25, 0.5, 1.0, 2.0, and 4.0 mM H,0..
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Figure 3.6. H,O, consumption and return of the ferric (resting) state of wild-type (black),
and R418A KatG (red). Decrease in H,O, concentration (A) was monitored at 240 nm upon
mixing 3 uM wild-type (black) or R418A KatG (red) with 2 mM H,0,. Return of ferric
states, in the absence (B) and in the presence (C) of 0.1 mM ABTS was observed at 401 nm
for wild-type (black) and R418A KatG (red). Reactions were carried out by stopped-flow
using 50 mM acetate buffer pH 5.0 at 4 C. The arrows indicate the time points corresponding
to the cessation of H,O, consumption for each KatG protein.
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rates of H,O, consumption. The return of the ferric state thereafter is nearly identical
between both proteins (Fig. 3.6A). These data suggest that although R418A KatG steady-
state turnover is slower than wild-type due to the participation of the arginine switch in the
KatG catalase mechanism, both proteins accumulate similarly unreactive states during
turnover. Indeed, at the conclusion of H,O, consumption, R418A KatG shows spectral
features that are consistent with inactive intermediates observed for wild-type KatG (Fig.
3.7). However, for reasons that remain unclear, at all reaction times, the spectral features of
R418A KatG are less pronounced than for wild-type enzyme. For example, 2.5 ms after
reaction with H,O,, wild-type KatG shows very clear absorption bands at 416 (Fig. 3.7A), as
well as 540, and 578 nm (Fig. 3.7B); R418A KatG shows a clear Soret band near 416 nm
(Fig. 3.7C), but only weak features are observed at 540 and 578 nm (Fig. 3.7D).

For both wild-type and R418A, inclusion of a PXED (i.e., ABTS), dramatically
reduced the time necessary to consume H,O, and increased the rate of return of the ferric
state at the conclusion of the reaction (Fig. 3.6C). Even in the presence of ABTS, R418A
still required more time than wild-type to consume a given concentration of H,O,. This is
indicative of the direct participation of R418 in the catalase mechanism of KatG [135, 142],
for example facilitating the conversion of compound IlI* (Fe'-0,” [MYW™]) to ferric
enzyme in the last step of the cycle [135, 142]. However, the stimulatory effect of ABTS on
catalatic turnover and the return of the KatG ferric state at the conclusion of H,0,
consumption confirms that wild-type and R418A KatG share similar properties with respect

to accumulation and rescue of inactive states.
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Figure 3.7. Spectra from reaction of wild-type and R418A KatG with H,O,. Wild-type (A
and B) and R418A KatG (C and D) were reacted with 2 mM H,0, by stopped-flow and
spectra for the Soret band (A and C) and Q bands (B and D) were recorded throughout the
reaction by diode array. Spectra obtained 2.5 ms after reaction with H,O; are shown in blue.
Spectra recorded at the time corresponding to H,O, depletion (6 s for wild-type and 20 s for
R418A) are shown in red. Spectra recorded for the ferric enzyme following mixing with
buffer alone are shown by dashed lines. All reactions were carried out as described for Fig.

3.6.
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3.3.5. Rapid Freeze-Quench EPR Evaluations of R418A KatG. Greater off-pathway
electron transfer during turnover of R418A KatG could be accounted for by one of two
scenarios (or some combination of both). In the first, the absence of R418 would increase
the frequency of off-pathway oxidation of the proximal tryptophan (W321), a residue we
have already shown is a hotspot for misdirected electron transfer [187]. Alternatively, the
absence of the arginine switch may make other residues more susceptible to oxidation. In
order to investigate these possibilities, we examined the protein-based radicals formed by
R418A KatG upon reaction with H,O, by RFQ-EPR. Similar to wild-type KatG, a clear
narrow-doublet was observed 10 ms after mixing with H,O, (Fig. 3.8A). Its lineshape
intensity were nearly identical to that observed for the wild-type enzyme under similar
conditions at the same time point (Fig. 3.9).

When the reaction between R418A and H,0, was quenched at the point of peroxide
depletion (i.e., 20 s after mixing), a broad singlet radical was observed. This spectrum was
highly similar to that observed for wild-type KatG at its point of peroxide depletion (i.e., 6
s) (Figs. 3.10, 3.11, and S1). Broadening of this nature has been attributed to an exchange-
coupling interaction between a tryptophan-based radical and the iron of the heme center.
More specifically for KatG and one of its closest relatives, CcP, this spectrum has been
assigned as a radical centered on the so-called proximal tryptophan (W321 in M.
tuberculosis KatG; see Fig. 3.1) [130]. Compared to the wild-type narrow doublet, the broad
singlet radicals produced by wild-type and R418A KatG were both resistant to power
saturation, but the broad radical from the wild-type enzyme was more so than R418A with
P1/, values of 0.012 and 0.005, respectively (Figs. 3.11 and 3.12). The best fit of the data for

both radicals returned b values substantially below the theoretical lower limit of 1.0 for
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inhomogenous broadening (i.e., 0.48 for wild-type and 0.55 for R418A KatG). Elsewhere,
this has been interpreted as broadening due to a dipolar coupling interaction [191].

Similar to the wild-type enzyme, R418A KatG protein-based radicals persisted long
after consumption of H,O, had ceased. Reactions freeze-quenched 100 s after mixing
R418A and H,0O, showed a narrow singlet radical species (g = 2.0046) (Fig. 3.13B). The
signal was markedly less intense than that detected at 20 s. Due to its relatively low
intensity, and because the ferric form of the enzyme was also accumulating in this time
range, a second feature (g = 1.9760) was observed in the spectrum (Fig. 3.14B). All
contribution of this feature was absent when the temperature for spectral collection was
raised to 20 K (Fig. 3.14B). Thus the properties of this feature are consistent with the g,
contribution from high-spin ferric KatG. The protein-based radical component of the
spectrum was still observed at higher temperature (20 K and 60 K). The narrow signal (peak
to trough = 14.8 G) and its easy saturation with increasing microwave power all suggested
that this signal was due to a radical more remote from the heme center than that detected 20
s after mixing with H,O,. Even 5 min. after mixing with H,O, (and 4 min. 40 s after
cessation of H,O, consumption), R418A KatG still showed the presence of protein-based
radicals (Fig. 3.13C and 3.14C). The intensity of the protein-based radical contribution was
considerably less, but g, component of the high-spin resting state was essentially unchanged
from that observed at 1 min. As for the protein based radical(s) detected 1 min. after reaction
with H,0,, the signal was narrow and easily saturated by increasing microwave power,
indicating that these radicals were based on a residue(s) more remote from the heme center

than the proximal tryptophan.
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Figure 3.8. EPR spectra for protein-based radicals observed during R418A KatG reaction
with H,0, in the absence (A) and presence of ABTS/ascorbate (B). Enzyme (150 uM) and
H.O, (100 mM) were mixed and allowed to react for the times indicated prior freeze-
quenching with liquid ethane. ABTS and ascorbate, when present, were 2 mM and 6 mM
respectively. The reactions were carried out in 100 mM acetate buffer pH 5.0 at 4°C. The
spectra were recorded at 4.5 K with spectrometer settings as described in Materials and
methods.
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Figure 3.9. Comparison of EPR spectra for protein-based radicals 10 ms after mixing wild-
type (A) and R418A KatG (B) with H,0; in the presence (red trace) and absence (blue trace)
of ABTS/ascorbate. All spectra were recorded at 77 K. Reaction conditions were as
described for Figure 3.8. Spectrometer settings were as described in the Materials and

Methods.
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Just as we observed for wild-type KatG, the narrow doublet radical was the only
radical observed for R418A when a PxED (i.e., ABTS/ascorbate) was included in the
reaction (Figs. 3.8B, 3.9, and 3.10). The narrow doublet captured for R418A in the presence
of ABTS/ascorbate was about two fold more intense than that detected with H,O, alone
(Fig. 3.9B). These data also support the idea that PXEDs provide more assistance for R418A
KatG because it is susceptible to greater frequency of off-pathway oxidation events. As we
have observed with wild-type KatG, inclusion of ABTS/ascorbate prevented the
accumulation of all other radicals observed when R418A KatG was reacted with H,0,
alone.

3.3.6. pH, alternative mechanisms, and PXxED-enhanced catalase activity. It has long
been observed that pH is a critical parameter in KatG structure and function. We noted a
striking correspondence between the pH dependence of PXED-stimulated activity, the
computationally predicted exploitation of the proximal tryptophan as an electron donor to
the Fe'V[porphyrin]™ state of KatG, and the observed conformational position of KatGs
arginine switch. Our investigation of W321F KatG in comparison with the wild-type
enzyme confirmed the connection between formation of catalase-inactive intermediates
during reaction with H,O, and the off-pathway oxidation of the enzyme’s proximal
tryptophan. That these phenomena were all observed under acidic conditions implied that
they were connected to and facilitated by the orientation of the arginine switch away from
the active site. The data we have reported here confirm that the absence of the arginine
switch from the active site is directly connected to a greater propensity toward off-catalase
electron transfer and the need for exogenous electron donors to facilitate efficient catalatic

H,0O, decomposition.
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How an arginine switch-independent catalase mechanism is facilitated at low pH
remains to be determined. Indeed, how the arginine switch itself facilitates KatG’s unique
catalase mechanism is still not fully resolved. However, a consistent feature of mechanisms
proposed to date is that orientation of the positively charged switch toward the phenolic
oxygen of the MYW cofactor (i.e., the in or Y conformation) is favorable toward reduction
of the MYW radical to the fully covalent state. It is possible that in the absence of the switch
(either by its orientation in the out or R conformation or by R418A substitution) is mitigated
to some extent at low pH, providing ample H* to coincide with reduction of the MYW
adduct radical. As has been surmised through DFT calculations [171], and as we have
confirmed previously, the off-pathway oxidation of the proximal tryptophan world also
become prominent under these same conditions. Accordingly, the catalase activity that KatG
could produce under these conditions would be muted by the greater propensity toward
inactivation, and at the same time, inclusion of a PXED would also have a substantial
stimulatory effect by returning these inactive states to active catalatic turnover.

The properties of a KatG completely lacking the arginine switch (i.e., R418A) reveal
the overlap between a catalase mechanism that is independent of the arginine switch with
one that is substantially stimulated by inclusion of a peroxidatic electron donor. Where wild-
type and R418K KatG show both an arginine switch-dependent/PXED-independent (optimal
near neutral pH) as well as an arginine switch-independent/PXED-stimulated catalase
activity (optimal near pH 5.0), the R418A variant only shows the latter. Moreover, the
properties of the latter mechanism correspond well to one another whether produced by

R418A, R418K, or wild-type KatG.
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Figure 3.10. Comparison of EPR spectra for protein-based radicals at points of H,O,
depletion after mixing wild-type (A) and R418A KatG (B) with 100 mM H,0, in the
presence (red trace) and absence (blue trace) of ABTS/ascorbate. All spectra were recorded

at4.5 K.

155



3.3.7. The arginine switch and off-catalase electron transfer. The first experimental
evidence that removal of the arginine switch promotes misdirected protein oxidation was
observed at the termination of the process with R418L variant of M. tuberculosis KatG
[142]. The reaction of this enzyme with H,O, resulted in substantial increases in oxidative
protein aggregation. At the other end of the temporal scale, computational analyses
determined that the absence of the arginine switch along with protonation of the MYW
adduct (as expected at acidic pH) would increase oxidation of the enzymes proximal
tryptophan [171]. The data we present here highlights a strong connection between these
two endpoints. Our EPR data strongly suggests that the W321™ radical accumulates during
catalatic H,O, consumption by R418A KatG. With time, radical transfer away from the
active site appears to occur, generating a protein-based radical(s) that shows no evidence of
exchange-coupling with the heme iron. In contrast to the narrow doublet (i.e., MYW™),
none of these radicals are integral to catalase activity most obviously indicated by the fact
that none of them accumulate if an exogenous PxED (i.e., ABTS) is also present in the
reaction. Additionally, R418A produces far more oxidized PXED (i.e., ABTS™) for a given
concentration of H,O,. Given the relatively large size of ABTS and its inability to transit the
substrate channel and access the heme and active site, its very oxidation indicates that
radical transfer to the enzyme’s solvent accessible surface has occurred to a much greater
extent with R418A than wild-type KatG.

Certainly, W321 (i.e., the proximal tryptophan) is a prominent starting point for off-
catalase protein oxidation (Fig. 3.15, path a) for wild-type KatG and also the R418A KatG
enzyme. Although the R418A variant appears to permit a much higher frequency of off-

catalase electron transfer events, it is not clear whether this still occurs largely via W321F or
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Figure 3.11. Effect of power on the radicals observed for wild-type (A) and R418A KatG
(B) at their points of H,O, depletion 6 s and 20 s respectively.
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Figure 3.12. Effect of microwave power on EPR signal intensity for KatG radicals observed
upon reaction with H,O,. The KatG variant and the time of freeze quenching for each
radical are indicated.
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Figure 3.13. EPR spectra recorded for freeze-quenched samples from reactions of R418A
KatG with H,O,. The radicals observed at 20 s (A), 100 s (B), and 5 min (C) are shown.
Reaction conditions were as described for Figure 7. All spectra were recorded at 4.5 K.

159



if other pathways, perhaps via reduction of the MYW™" by another amino acid instead of by
the Fe''-O,” heme (Fig. 3.15, path b). At the point H,O, consumption ceases, W321""
appears to be the dominant radical. On the other hand, the steep inverse dependence of off-
catalase electron transfer on H,O, concentration may indicate that compound I* (i.e.,
Fe'V=0O[MYW'"]) is an important branch point (Fig. 3.15, path b), not just compound I (i.e.,

Fe'V=O[porphyrin™7).

3.3.8. What is KatG peroxidase activity? Intramolecular electron transfers involving
the KatG-unique MYW adduct appears to be a frequent event necessary for the enzyme’s
unique catalase activity [127, 129, 143]. It is also noteworthy that across KatG’s two-
domain structure, easily oxidizable tryptophan and tyrosine side chains (i.e., ~18
tryptophans, and ~12 tyrosines) are concentrated in the N-terminal domain where the
heme/active site are located rather than in the C-terminal domain which lacks heme and a
functioning active site. Thus, the catalase activity of KatG notwithstanding, the KatG
structure is one which seems ideal for the transfer of oxidizing equivalents from the
enzyme’s buried heme center to the protein surface. At first, this seems counter to optimal
KatG catalase function. The enzyme’s proximal tryptophan is oxidized during catalatic
turnover, leading to the accumulation of catalase-inactive states [187]. This is mitigated to a
large extent by substitution of the proximal tryptophan with a far less oxidizable residue,
phenylalanine. It is odd, then, that the proximal tryptophan is universally conserved among
KatGs in this position, and a universal feature of KatG N-terminal domain is a high density

of other relatively oxidizable amino acids.
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Interestingly, we have also observed that inclusion of selected PXEDs prevents the
accumulation of catalase-inactive states, stimulating catalatic H,O, consumption. Because
these donors are unable to directly access the KatG heme, their action appears to result from
interaction with oxidizing equivalents transferred to the enzyme’s surface, and the extent to
which oxidized PXED accumulates reflects the frequency of off-catalase electron transfer
and rescue of the resulting inactive intermediates.

Thus it appears that the KatG structure has been optimized for more than just efficient
catalase function. Through this combination of factors, KatG is able to maintain a highly
efficient catalase over a wide range of pH. However, in addition to this, a peroxidatic
function is also permitted, but it is carried out in such a way that the PXED substrate never
interferes with catalatic turnover, but instead sustains catalase function simultaneous with its
own oxidation. As such, the control of activity distribution (catalase and/or peroxidase) rests
with the enzyme itself and depends almost entirely on the control of intramolecular electron
transfer. Our investigations suggest that the arginine switch not only manages intramolecular
electron transfer to facilitate a completely novel catalase mechanism, it also more broadly
serves to distribute intramolecular electron transfer to allow for a peroxidase function. As
pH decreases and the arginine switch is directed away from the MYW adduct, peroxidatic
function begins to emerge. But rather than interfering with catalase activity, the PXED by its
own oxidation serves to maintain KatG in an efficient state of catalase turnover while
simultaneously accumulating the PXED in its oxidized state.

The stimulation observed by PXEDs expands KatGs capacity as an efficient catalase
and allows for the simultaneous and synergistic operation of a peroxidase function. Notably,

the conditions most conducive to this mode of KatG action coincide with conditions
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employed by higher eukaryotes to thwart invasion by pathogenic bacteria. The oxidative
burst initiated by human neutrophils in response to bacterial infection is one example.

In light of the versatility of KatG in its mechanisms of decomposition of H;0,,
perhaps it should not be surprising to find its prominent use among notorious pathogenic
bacteria, including M. tuberculosis, Yersinia pestis, E. coli O157:H7, and Magnaporthe

grisea.
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Figure 3.14. Effect of temperature on the radicals observed for R418A after reaction with
H.O, at 20 s (A), 100 s (B), and 5 min (C). The g-value observed for each radical is
presented in Table S3.Reaction conditions are indicated in the Materials and Methods.
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Figure 3.15. Scheme representing the proposed mechanism for inactivation of KatG catalase
activity by way of the arginine switch and its prevention by a peroxidatic electron donor
(PXED). Off-pathway reduction of the MYW adduct radical of compound I* by the proximal
tryptophan (Ws,1) (path a) and or remote radicals (path b) produces the catalase-inactive
intermediate compound I' (I'). Subsequent reaction of I' with H,O; is expected to produce a
catalase-inactive compound I1I-like intermediate (111") where the protein based radical is
unable to facilitate oxidation and O, release from the Fe''-O, complex. Species derived
from radical migration from Ws,; to oxidizable residues further from the active site (W/Y)
could occur with either Fe'V=0 or Fe"'-O," intermediates. The conversion of I' to the active
ferric state by a peroxidatic electron donor (PXED) is proposed. The Met-Tyr-Trp covalent
adduct and its corresponding radical are represented by MYW and MYW™, respectively.
The proximal tryptophan and its corresponding radical are represented by Way; and Wap; ™,
respectively. An unspecified KatG oxidizable amino acid and its corresponding radical are
represented by [W/Y] and [W/YT]’, respectively.
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Figure S3.1: Superimposition of the exchange-coupled radical captured at the points of
peroxide depletion for wild-type KatG (6 s) and R418A KatG (20 s)
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Table 3.3. Effect of electron donors on catalase kinetic parameters at pH 5.0.

Electron Donor?

KatG Protein

Parameter”® MtKatG R418K R418A
None Keat (57) 570 + 30 330 30 148 +3

Ky (MM H,0,)  0.8%0.1 1.6+0.4 0.29 + 0.04

Keat/ K (M257%) (71£13)x10° (21%0.7) x 10° (5.1£0.8) x 10°
ABTS Keat (5™) 3300 + 60 2560 + 40 1184 +0.1

Kw (MM H,0,)  0.83+0.05 0.85 + 0.06 1.1+0.1

keat/ Ky (M) (4.0+0.3) x10°  (3.0+0.3) x 10° (1.1+0.1) x 10°
CPZ Keat (5™) 7940 + 120 2382 + 24 1960 + 60

Ky (MM H,0,)  1.140.1 0.36 + 0.02 48+05

keat/ Ky (M) (7.2+0.8) x 10° (6.6 +0.01) x 10° (4.1+0.6) x 10°
TMPD Keat (5™) 7010 + 60 2700 + 80 1150 + 40

Ky (MM H,0,)  1.2+0.1 0.79 +0.07 1.0+0.1

keat/ Ky (M) (6.0+0.5) x 10°  (3.4+0.4) x 10° (1.1+0.2) x 10°
T™MB Keat (5™) 5220 + 70 490 + 20 82+6

Kw (MM H,0,)  0.70+0.05 0.07 +0.02 3.1+09

keat/ K (M) (7.4+0.6)x10° (7.0 +0.08) x 10° (2.6 +1) x 10*
o-dianisidine  Key (s 5600 + 100 540 + 30 93+5

Kw (MM H,0,)  0.49+0.05 0.13+0.04 41+08

keat/ K (M) (1.2+0.14) x 10" (4.2 +1.5) x 10° (2.3+0.6) x 10*
pyrogallol Keat (57) 630 + 20 820 + 30 250 + 10

Kw (MM H,0,)  0.20+0.03 0.30 +0.04 0.30 +0.04

kcat/KM (M>1S-l)

(3.1£0.6) x 10°

(2.7+0.5) x 10°

(8.3+1.4) x 10°
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Table S3.1: g-values for radicals observed for R418A after reaction with H,O, at 20 s, 100 s

and 5 mins.

20 sradical 100 sradical 100sg;, 5 min. radical 5 min. g;
4 K 2.0051 2.0046 1.9765 2.0047 1.9768
20 K 2.0048 2.0043 2.0044
60 K 2.0047 2.0042 2.0344
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Chapter Four: Summary

In the 30 years since its initial discovery, KatG has been a study in dichotomy. Its
initial characterization noted its two dominant activities; catalase and peroxidase [137, 192].
Kinetically, catalase appeared to dominate, particularly at neutral pH, but structurally, it
became abundantly clear that KatG emerged from peroxidatic relatives and still had an active
site that was nearly identical to cytochrome c peroxidase (CcP), a canonical peroxidase with
no catalase activity. Similar to CcP, its close relative, KatG appears to readily accommodate
intramolecular electron transfer where a canonical compound | (Fe'V=0O [porphyrin]™)
accepts an electron from the protein to form a Fe'V=0 [protein]™ intermediate [124, 126,
127, 129, 140] .

Here, as well two opposing ideas have emerged regarding the identity of the protein-
based radical(s) and their relevance to KatG activity. Reaction of KatG with peracetic acid
(PAA) generates the ferryl intermediate associated with catalytic heme proteins including a
(Fe'V=0 [proximal Trp]™) species first observed in CcP and famously named “compound
ES” [131, 132]. Compound ES is known to be central to the CcP catalytic mechanism [131,
132]. Yet, PAA is not a physiological substrate for either CcP or KatG. The timing of the
observation of the KatG (Fe'V=0 [proximal Trp]™) state does not seem to fit the rates of
catalatic turnover of the enzyme. Indeed, reaction of KatG with PAA produces substantial
oxidative modifications of KatG protein that would be inconsistent with competent
physiological function. On the other hand, reaction of KatG with H,O, produces a
completely different set of radical species. The dominant radical, a narrow doublet, has been

assigned to KatG uniqgue MYW adduct, and the redox cycling of this protein-based cofactor
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has been proposed to account for catalase activity [124, 127, 142]. Still, this species is
associated with an apparent heme state, Fe'"-O,", that has until recently only been associated
with inactive peroxidases and catalases.

KatG’s split personality carries over into the nature of the interplay between its catalase
and peroxidase activities. From the beginning, these have been thought to be mutually
antagonistic. Consistent with this, KatG’s catalase and peroxidase activities show two
distinct pH profiles with little overlap between them. Further, KatG variants that lack
catalase activity often show substantial increases in peroxidase activity. Nevertheless, we
have recently observed that inclusion of peroxidatic electron donors does not inhibit catalase

activity as anticipated, but rather stimulates it by an order of magnitude.

Finally, even in its structure, KatG has an arginine switch that can occupy one of two
positions. An ‘out’ position at acidic pH (i.e < 6.5) and an ‘in’ position at basic pH (i.e., >
6.5) [133, 134]. As with many other KatG features, the position of the switch is pH-
dependent, and computational studies have indicated that the position of the switch helps
determine the electron source to reduce the porphyrin radical of compound I, the MYW
adduct or the proximal Trp. The research described in this dissertation makes a substantial

leap forward in reconciling these binary and often paradoxical observations.

4.1. Bridging the Divide: Research Findings

This research is the first to observe the exchange-coupled proximal Trp radical (i.e.,
W321") in the presence of H,0, rather than PAA, and we are also the first to observe both
the MYW"" narrow doublet and the exchange-coupled W321™" radicals in the same reaction

sequence. Indeed, we captured both radicals at different time points during KatG catalatic
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consumption of H,O,. At early reaction times when KatG shows optimum rates of H,0,
degradation, the MYW"" narrow-doublet is the dominant species. As turnover progresses,
KatG loses activity and the radical is transferred to the KatG proximal tryptophan (i.e.,
W321™) such that it is the dominant species at the cessation of H,O, consumption. This is
the first residue to accumulate in its oxidized radical state, and it appears to be a conduit for
subsequent radical migration to remote sites. With oxidizing equivalents held on remote
residues (and not on the MYW adduct), KatG is unable to complete its catalatic cycle and
catalase-inactive states accumulate. The two KatG protein-based radicals are also connected
to each other by way of the arginine switch. At low pH or in the absence of the arginine
switch, spin density is localized more on the exchange-coupled proximal tryptophanyl
radical while at basic pH, spin density is localized more on the narrow-doublet radical [171].

Second, this thesis elucidates the nature of the interplay of KatG’s two dominant
activities. They are not mutually exclusive as has long been believed. Rather, PXEDs
stimulate catalase activity simultaneously preventing the accumulation of all protein-based
radicals with the solitary exception of the MYW adduct radical. Minimal accumulation of
PXEDs in their radical states relative to the concentration of H,O, consumed (e.g., 0.008
ABTS™ per H,0, consumed) is in stark contrast with typical peroxidatic stoichiometry (i.e.,
2 ABTS™ per H,0, consumed). This reveals that PXEDs produce a substantial stimulation of
H.O, detoxification by repairing relatively rare off-catalase electron transfer events.
Replacement of W321 with a residue that cannot be oxidized by the Fe'V=O[porphyrin]™
state of KatG produces greater catalase activity than wild-type enzyme. As a result, inclusion
of PXEDs produces a smaller stimulatory effect with W321F KatG. In other words, the

problem of off-pathway electron transfer has been addressed at the protein level, reducing
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the need for intervention of exogenous electron donors. The striking conclusion is that KatG
is far more a catalase than previously appreciated; it appears that KatG’s peroxidase activity
is merely a manifestation of ‘misfired’ catalatic turnover, and the role of a PXED is to
maximize catalase activity. Consistent with these ideas and the well-known very narrow
substrate access channel of the enzyme, PXEDs are unable to prevent accumulation of the
MYW'™" radical. Instead, they appear to perform their catalase rescue mechanism at the
enzyme’s surface. Our data suggest that W321 oxidation is the first step in a radical transfer
pathway to the surface.

Third, the research reported here addresses the role of the Arg switch in KatG radical
transfer reaction mechanisms. The unique pH-dependence of the PXED stimulatory effect
(none at pH 7.0 to optimal at pH 5.0) and the clear observation of the MYW™" early and the
W321™ late in the absence of PXED pointed to a potential role of R418 in the inactivation
process.

We observed that R418A KatG has far more catalase activity than was previously
supposed, but this is only observed at low pH. Further, the pH profile of R418A catalase
activity precisely follows the profile of stimulatory effect of PXEDs. Indeed, R418A catalase
activity can be stimulated to nearly the same extent as wild-type KatG by the inclusion of a
PXED. Substantial catalase activity can be observed with R418A, but importantly the extent
of off-pathway electron transfer appears to be greatly enhanced. In an effect which was
inversely dependent on H,O, concentration, the stimulated catalase activity of R418A KatG
required a five-fold greater extent of PXED oxidation than wild-type at 5 mM H,0,, an effect
which grew to 25-fold at 0.1 mM H,0,. R418 has been proposed to participate in regulating

the pathways of electron transfer, and therefore, the level of observed catalase versus
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peroxidase activity. From this thesis, we can postulate that R418 plays an integral role in
modulating electron transfer for KatG activity, inactivation, and its restoration mechanisms.
It remains unresolved how off-pathway electron transfer is affected by the absence of R418.
Does it influence more W321 oxidation or oxidation of alternative residues? A double
variant targeting both the proximal tryptophan and the arginine switch will give us insights
on the flow of electrons for KatG inactivation. We have preliminary data on the double
variant which indicate that it may be a combination of both.

In light of the research presented here, an important question to address is: Why is the
proximal tryptophan still present at all? At the very least, W321 does not appear to be useful
for the individual activities of KatG. Even distant relatives of KatG like HRP lack the
proximal tryptophan. KatGs closest relative, CcP has a proximal tryptophan but does not
have catalase activity, and as mentioned above, oxidation of this tryptophan is integral to its
peroxidatic oxidation of ferrocytochrome c. Notably, because the heme of the substrate
(cytochrome c) and the heme of the enzyme (CcP) are both buried within their respective
proteins, such through-protein electron transfer is necessary to accommodate catalytically
competent rates of electron transfer. We speculate from these findings that the role of KatG
proximal tryptophan is for the mutual synergism of KatG’s two activities. The proximal Trp,
and with it, other oxidizable amino acids in KatG participate in off-catalase electron transfer
pathways. At first glance, this would appear to be detrimental to the catalase function of
KatG. But such events are essential to the peroxidase activity of the enzyme. Elimination of
off-catalase electron transfer pathways (e.g., Trp/Tyr replacement by Phe) might serve to
optimize catalase activity, but it would also substantially limit if not eliminate KatG’s

peroxidatic activity with most exogenous electron donors. Strikingly, these off-catalase
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electron transfer possibilities have remained open through evolutionary history. The
synergistic favor is returned when an exogenous PXED is oxidized, and as a result catalase-
inactive intermediates are returned back to active catalase turnover. A peroxidase function is
retained, but not at the expense of catalase function. In fact, PXED participation makes
efficient H,O, degradation possible over a much wider range of pH. The physiological
ramifications of such mutual synergism are potentially far-reaching. For example, it imparts
to many prominent pathogenic bacteria the capacity to use KatG as a defense against host-
derived H,O, production.

4.2. Future directions.

The results from this dissertation have unraveled many apparently contradictory or
paradoxical features of KatG structure and function. However, many issues remain to be

"0, state has been proposed as a major intermediate in the catalase

resolved. First, a Fe
mechanism of KatG. This is highly unusual because this heme state has previously been
regarded as inactive in all catalase and peroxidases. To date, the primary evidence to support
this heme structural assignment is UV-visible absorption spectra recorded by stopped-flow
during H,O, consumption by KatG. The studies presented here show precisely the kinds of
freeze-quench experiments that will be necessary to prepare samples for Mdssbauer
spectroscopic evaluation. This is expected to provide a much more definitive assignment of
the key heme states in the unique catalatic mechanism of KatG. Second, what could be other
possible pathways involved in KatG inactivation mechanism and are they still rescuable by
PXEDs? A double variant targeting both the proximal tryptophan and arginine switch will

unravel this question. This double variant of KatG will also enlighten us on the direction of

intramolecular electron transfer in the KatG active site for its activity, inactivation and
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restoration mechanisms. For example, if the double variant mimics the behavior of wild-type
KatG or R418A KatG, then the data will suggest that the absence of R418 influences
inactivation through W321 oxidation instead of opening alternative pathways for KatG
intramolecular electron transfer. It would also be important to know if these alternative
pathways are still rescuable by PXEDs.

We have discovered properties that will be helpful to identify the physiological PXED
for KatG. This has persisted as an unresolved question in the field from the first report of
KatG isolation and characterization [137]. We propose that the physiological PXED should
stimulate KatG catalase activity, it should minimize the accumulation of protein-based
radicals but it should not interfere with the unique narrow-doublet radical. As such, we have
a novel paradigm to base our search for KatG’s physiological electron donor, whether it be a
protein like ferrocytochrome c, other larger polymeric material, or a small molecule.
Knowledge of KatG physiological substrate will be important not only to understand the
mutual synergism between KatGs two dominant activities, but also to better understand how

pathogenic organisms use KatG to maximize their survival.
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