ABSTRACT

MALEWSCHIK, TALITA. New Directions for the Multifunctional Catalytic Globin
Dehaloperoxidase: Moving Beyond the Limits of the Strueckuection Paradigm of Heme
Proteins (Under the directioof Dr. Reza A. Ghiladi

The enzyme dehaloperoxidase (DHP), the hemoglobin of the marine Avophitrite ornata
is the first and only multifunctional globin discovered to date, and its biologicaliyant
peroxidase activity, firselucidated for the oxidative dehalogenation of 2idifgalophenols, has
been well established in the literatukdore recent studies have shown three additional oxidative
functions, peroxygenase, oxidase, and oxygenase, that along with its peroxidase hatve
considerably expanded the scope of substrates oxidized by DHP: halophenols, indoles,
nitrophenols, pyrroles, and guaiacols. While recent literature on DHP has clearly established this
unusual enzyme as a multifunctional catalytic globin, ontstey questions regarding DHP
substrate scope have emerged. As an example, DHP has recently been shown to be capable of
activating G H bonds, though the limits of this function have yet to be established.

Chapter 1 establishes a background on DHP, focusinstructural aspects and mechanistic
implications of its peroxidase activity. Chapter 2 is a review on the peroxygenase activity of DHP,
comparing DHP to more traditional peroxidases and peroxygenases. These two chapters explore
the structurdunction paadigms of DHP with respect to both electron anéit@m transfer
chemistry.

Chapter 3 demonstrates that DHP can oxidize methyl phenols, commonly known as cresols,
specificallyp-cresol, 4X-m-cresol [X = H, Cl], and 4X-o-cresol [X = H, F, Cl, Br, Ck NGO;].

While investigating the kD.-dependent oxidation of cresols, two monomeric products were found
to be formed, a substituted quinone and catechol. Labeling studiesd@imgriched water and/or
hydrogen peroxide showed that DHP was simultaneously gmnpgldts peroxidase (oxygen
originates from water) and peroxygenase (oxygen originates from hydrogen peroxide) activities in
the formation of these products, a novel result for DHP. With this work, it has now been
demonstrated that DHP can oxidize 10 ofitltd phenolic compounds from the EPA priority
pollutants list, suggesting the possibility that DHP can be used as a detoxification enzyme.

Chapter 4 demonstrates the oxidation of 2 2,6dihalophenols (24and 2,6DXP, X = F,

Cl, Br) by DHP, with aavity towards 2,6DXP being greater than that towards-BDXP. Binding

studies showed the enzyme has higher affinity for2@, and structural studies confirmed



distinct binding positions for the 2,4and 2,6DXP series. Product identification by LS
revealed two oxidation pathways, oxidation&@m insertion) and oxidative dehalogenation (O
atom insertion and loss of a halogen). Labeling studies #@henriched media showed DHP
employs sequential oxidation activities, i.e., peroxidase followed bygxpgenase, in both
pathways. From this work, DHP reactivity has now been studied across the complete series of 4
halophenols, 2;4and 2,6dihalophenols, and 2,418halophenols.

Lastly, in Chapter 5, we established that DHP can perfoitd 6ond activabn in the
oxidation of monoterpenes {R)- and S(-)-limonene,a- andg-terpinene, terpinolen®;thymol
and isothymol). The results showed that DHP can perform staneloregioselective oxidation of
the limonene isomers, yielding tlees- andtrans-1,2-epoxide product, with the diastereomeric
ratio (cisitrans) able to be finduned by specific active site mutations. Labeling studies showed
that the limonend,2-epoxide is formed via peroxygenase activity. Aromatization and
functionalization of the drpinene isomers vyielded-qymene and oxygenated products,
respectively. Labeling studies witflO revealed the origin of the oxygen atom(s) to be water,
hydrogen peroxide, or both, depending on the substrate. The thymol isomers were found to yield
the sare six oxyfunctionalized products, proposed to be formed via sequential oxidation steps,

with all inserted oxygen atoms originating from water.
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the doublemixing reaction of preformed Compound | (@®) with a 1Gfold
excess of MBr-o-cresol (614 scans over 10 s); inset: the skiwngdeelength

(407 nm) dependence on time obtained from the raw daiom panel
experimatally obtained spectra for Compound | reacted witBr-cresol
(black, t = 0 s), its reduction to the ferric enzyme (red, t = 0.14 s) and the
formation of the FeBr adduct (blue, t = 10 s)B) Ferric WT DHP
B/Compound ES:top pane] stoppeeflow UV -visible spectra of the double
mixing reaction of preformed Compound ES with afdld excess of 4Br-o-
cresol (610 scans over 10 s); inset: the simgdgelength (418 nm) dependence

on time obtained from the raw spectra and its fit with a superposition of the
calculated spectral componenididdle pane] the calculated spectra of the
three reaction components derived from SVD analysis: Compound ES (black),
ferric DHP B (red) and the Her adduct (blue).Bottom panelthe time
dependence of the relative concatibns of the three components shown in
the middle panel as determined from the fitting of the spectra in the top panel.
C) Oxyferrous WT DHP B/Compound II: top pane] stoppeeflow UV-
visible spectra of the doublaixing reaction of preformed Compound litiv

a 10fold excess of Br-o-cresol (619 scans over 10 s); inset: the single
wavelength (420 nm) dependence on time obtained from the raw spectra and
its fit with a superposition of the calculated spectral componklslie pane|

the calculate spectraf the three reaction components derived from SVD
analysis: Compound Il (black), ferric DHP B (red) and thé8Fadduct (blue).
Bottom panelthe time dependence of the relative concentrations of the three
components shown in the middle panel as detemnireem the fitting of the
spectra in the toP PANEL.........coou i 91

Figure 3.7 Kinetic data obtained by optical spectroscopy for the reaction of oxyferrous
DHP B with 4Br-cresoland HO.. A) stoppedflow UV -visible spectra of
the singlemixing reaction of oxyferrous WT DHP B (IfM) preincubated
with a10-fold excess of Br-cresol andeactedwith 10 equivH2O, at pH 7
(900 scans over 50;3hset- the singlewavelength (406 nm) dependence on
time obtained fronthe raw spectraB) the initially observed oxyferrous DHP
speciegblack, t = 0 sec), its reduction to the ferric enzyme (red, t = 8.7 s)
and the formation of the HBr adduct (blue, t =50 S)......ccoeeeviiiiiiiiiiiiieeeninnn, 93

Figure S3.1A) HPLC chromatogram (260 nm) of the reactiorb@0 v 4-Br-cresol with
10 mM DHP Biin the presence of 508M H2O. at 25°C in 5% MeOH/100
mM KP; (v/v) at pH 70, and the corresponding UWMsible spectrum of the
reaction producttg = 4.4 min). B) HPLC chromatogram (260 nm) of an
authentic sample of-thethylbenzoquinon-MeBq) under identical elution
conditions as panel A, and its corresponding-d&ible spectrum................... 113
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Figure S3.HPLC calibration curve for the quantification oeBq (07 30 mM) andits
molar absorptivitycoefficient determined usinfgmax = 249 nm; nset: UV
visible spectrum obtained from the HPLC chromatogram-MeBg................ 114

Figure S3.3A) HPLC chromatogram (282 nm) of the undiluted reaction of BBDp-
cresol with 10nrM DHP B in the presence of 50 of H20- at 25°C in 5%
MeOH / 100 mM KR (v/v) at pH 7 and the corresponding UVisible
spectrum of the reaction produtt € 4.4 min). B) HPLC chromatogram (282
nm) of an authentic sample otMe-catechol under identical elution conditions
as panel A, ands corresponding UWisible spectrum...........cccccoevvvivevviennn.. 116

Figure S3.4Total ion chromatograms (TIC) obtained by S for the hydroxylation
reactions of the cresol derivatives as catalyzetyitmsinase: A) 4-o-cresol,
B) 4-Cl-o-cresol, C) 4Br-o-cresol, D)m-cresol, § 4-Cl-m-cresol, and F) 4
NO2-o-cresol. See Experimental and the preceding discussion for reaction
details. The asterisks denote impurities from the column.......................... 118

Figure S3.8Chromatographic and spectroscopic comparison obtained by HPLC for the
undiluted DHRPcatalyzed oxidation reactions (top) and tyrosinase
hydroxylation reactions (bottom) &) 4-F-o-cresol and B) NO»-o-cresol...... 119

Figure S3.8Chromatographic and spectropeo comparison obtained by HPLC for the
undiluted DHRPcatalyzed oxidation reactions (top) and tyrosinase
hydroxylation reactiosi(bottom) of A) 4Cl-m-cresol and (B)n-cresol............. 120

Figure S3.ptical difference spectra (top) and titration curves (bottomp) 4-F-o-
cresol, B) 4Cl-o-cresol, and C) Br-o-cresol.Conditions: Substrat€l - 75
equiv) binding to 50mM ferric DHP B in 5 % MeOH 100 mM KR (v/v) at
0] o R 121

Figure S3.8ptical difference spectra (top) and titration curves (bottom) of-&esol,
B) m-cresol, and Cp-cresol.Conditions:Substrat€12.5- 150 eaiv) binding
to 50mM ferric DHP B in 5 % MeOH 100 mM KR (v/v) at pH 7................... 122

Figure S39 Optical difference spectra (left) and titration curves (right) of Ayle€o-
cresol, B) 4-Cl-m-cresol, C) 4NO»-o-cresol, and D) pentachlorophenol
Conditions:Substrat€0.5- 100 eaiiv) binding to 50vM ferric DHP B in 5 %

Figure S3.0 X-ray crystal structuresbtained for DHP B in complex with) 4-F-o-cresol
[cyan, PDB 60NG], 4Cl-o-cresol [pink, PDB60ONK], 4-Br-o-cresol [green,
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cresol [blue, PDB60ONZ], 4NO-phenol [green, PDBSCHQ[7]], 4-NO»-0-
catechol [grayPDB: 5CHR[7]] and 4NO»-o-guaiacol [purple, PDB6CH5
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[6]]; D) 4-Cl-phenol[beige, PDB 3LB3 [8]], 2,4,6trichlorophenol [purple,
PDB: 4KMW [9]], pentachlorophenol [magent2DB: 6008]; E) 4Cl-o-
cresol [pink, PDB60ONK], 4-Me-o-cresol [yellow, PDB60ONR], andp-cresol
[purple, PDB 6006], with hydrogen bonding interactions cetmordinated

to the color of the substratd?anels preide atomic distances afwt
interactions between substratenformationsand amino acids and/or heme
MACTOCYCIE. ..ot e et e e e s 125

Figure S3.1 X-ray crystal structures obtainémt DHP Bin complexwith A) 4-F-o-cresol
[blue, PDB: 60NG] for the different conformati@mobserved in chain B, B} 4
Cl-o-cresol [pink, PDB 60NK] for the different conformations observed in
chain A, C)o-cresol [orange, PDB60O01] for the different conformations
observed in chain B, and D) pentachlorophenol [burgundy,: QB8] for
the diffeeent conformations observed in chain Banels provide atomic
distances and interactions between substaigormationsand amino acids
and/or NEMEe MACIOCYCI..........coouuiiii e 126

Figure S3.2 Kinetic data obtained by optical spectroscopy forréection ofpreformed
Compound ES withd) 4-F-o-cresol, B) 4Cl-o-cresol, and C) -4Me-o-cresol.... 129

Figure S3.B Kinetic data obtained by optical spectroscopy forréection ofpreformed
Compound ES withd\) o-cresol, B)m-cresol, and Cp-cresol.......................... 130

Figure S3.4 Kinetic dataobtained by optical spectroscopy for tteaction ofpreformed
Compound ES withA) 4-Cl-m-cresol, B) 4NO.-o-cresol, and C)
pentachlorophenol......... ... 131

Figure 4.1 (A) RepresentativélPLC chromatograms for the reaction of ferric WT DHP
B with H20O: in the presece of 2,4difluorophenol (red} = 265 nm), 2,4
dichlorophenol (bluel = 265 nm) and 24libromophenol (greer, = 285
nm). (B) Respective UWisible spectrafor each substratextrapolated from
the chromatograms in panel. Reaction conditions: [enzyme] = @M,

[substrate] = [HO2] = 500nM, 100 mM KR, pH 7,5% MeOH,5 minreaction
time, quenched with excess KCN. AstessK) representhesubstrate peak... 143

Figure 42 Total ion chromatogram obtained by IMS (negaive ion mode [M H]") for
the DHRcatalyzed oxidation of 2;®BP to productla (left) and its
subsequent oxidation to produbt (right). Observed peaks are labeled with
the corresponding m/z and peak ratios are in parenti®sid.0/H,O, B)
H280/H,0;, C) H0/H:'80,, andD) H:'®0/H,*¥0,. Reaction conditions: 10
nmM ferric DHP B, 500nM substrate, 500M H202, 5 % MeOH/ 5 mM KP
(v/v), pH 7, ..25..e.C,..45...minut.es...... 150

Figure 43 X-ray crystal structures depicting the halophenol binding sites within the distal
pocket of DHP BA) 2,4-DCP; (grey, PDB: 7LZN)B) 2,4-DCH, (cyan, PDB:
7LZK), C) Superposition of 24CP, and 2,4DCR, binding sitesD) 2,4
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Figure 44

DBP (green, PDB: 7LZOX) 4-CP (purple, PDB: 7MOH) anéF) 4-BP (blue,
PDB: 7TIMOR). .. ettt e e e e et e e et e e e e e e aeeee 161

Kinetic data obtained by optical spectroscopy for the oxidation of 2,4
dibromophenol in the presence of®i-activated DHP B at pH 7A)
Compound |I: Top panel,stoppedflow UV-visible spectra of the double
mixing reaction of preformed Compound | (d®1), itself formed in an initial
mixing step from the reaction of ferric DHP B (Y28F/Y38F) with afdld
excess of BHO- in an aging line for 75 ms, with afbld excess of 2,4
dibromophenol (900 scans over 49igxet: the singlewavelength (409 nm)
dependence on time obtained from the raw d&dttom panelexperimentally
obtained spectra for Compound | reacted withdptomophenol (black, t =

0 s), its reductio to the ferric enzyme (red, t = 3.9 s) and fihal spectrum
(blue, t = 49 s)B) Compound ES: Top panel,stoppedflow UV-visible
spectra of the doublmixing reaction of preformed Compound ES {1@),
itself formed in an initial mixing step from the o®n of ferric WT DHP B
with a 18fold excess of kD in an aging line for 420 ms, with aféld excess

of 2,4dibromophenol (900 scans over 49is¥et:the singlewavelength (419
nm) dependence on time obtained from the raw dB@tom panel,
experimentally obtained spectra for Compound ES reacted with- 2,4
dibromophenol (black, t = 0 s), its reduction to the ferric enzyme (red, t = 4.3
s) and thefinal spectrum(blue, t = 49 s).C) Compound II: Top panel,
stoppedflow UV-visible spectra of the doublaixing reaction of preformed
Compound Il (10vM), itself formed in an initial mixing step from the reaction
of oxyferrous WT DHP B preincubated with 1 equiv of 2;4®P, with a 10
fold excess of KDz in an aging line for 3.2 s, with afbld excess of 24
dibromophenol (900 scans over 49isket: the singlewavelength (422 nm)
dependence on time obtained from the raw d&bttom panelexperimentally
obtained spectra for Compound Il reacted withdpBfomophenol (black, t =

0 s), its reduction to theriac enzyme (red, t = 1.4 s) and tfweal spectrum

(o U TC T A L ) U 163

Figure 4.5 Kinetic data obtained by optical spectroscopy for the oxidation of 2,6

dibromophenol in the presence of®i-activated DHP B at pH Double
mixing methods for reactions employing preformed Compounds I, ES, and II
were as described in Figure 4A). Compound I: Top panel,stoppedflow
UV-visible spectra of the reaction of Compound | (i) with a 16fold
excess of 24&libromophenol (900 scans over 49 #)set: the single
wavelength (409 nm) dependence on time obtained from the ravBdéiam
pane| experimentally obtained spectra for Compound | reacted with 2,6
dibromophenol (black, t 8 s), intermediate specissowing the450 nm band
(red, t = 12.6 s) antthefinal spectrunwith the 470 nnfeature(blue, t = 49 s).

B) Compound ES:Top panelstoppedflow UV -visible spectra of the reaction
of Compound ES (1@&M) with a 106fold excess of,6-dibromophenol (900
scans over 49 sjnset: the singlewavelength (419 nm) dependence on time
obtained from the raw datBottom panelexperimentally obtained spectra for
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Compound ES reacted with 2ddbromophenol (black, t = 0 s), intermediate
specesshowing the450 nm band (red, t = 7.0 s) atiee final spectrumvith

the 470 nnfeature(blue, t = 49 s)C) Compound II: Top panelstoppedflow
UV-visible spectra of the reaction of Compound Il (@) with a 10fold
excess of 24libromophenol (900 cans over 49 s)jnset: the single
wavelength (416 nm) dependence on time obtained from the ravBdéti@m
panel, experimentally obtained spectra for Compound Il reacted with 2,4
dibromophenol (black, t = 0 s), intermediate spesieaving the450 nm bad

(red, t = 2.2 s) anthe final spectrumwith the 470 nnfeature(blue, t = 49 s)... 164

Figure 4.6 Kinetic data obtained by optical spectroscopy for the reaction of oxyferrous
DHP B with the substrate in the presence oOHat pH 7. A) 2,4
dibromophenol: Top panel:stoppedflow UV-visible spectra of the single
mixing reacting of oxyferrous WT DHP B (M) preincubated with 5 equiv
of 2,4dibromophenol and reacted with 10 equiv ofox (900 scans over 49
S); inset: the single wavelength (419 nm) dependence on time obtained from
the raw spectraBottom panelexperimentally obtained spectra for oxyferrous
DHP B reacted with 2;dibromophenol (black, t = 0 s), its reduction to the
ferric enzyme (red, t = 11.6 s) anast species (blue, t = 49 §) 2,6
dibromophenol: Top panel:stoppedflow UV-visible spectra of the single
mixing reacting of oxyferrous WT DHP B (1M) preincubated with 10 equiv
of 2,6-dibromophenol and reacted with 10 equiv of0: (900 scans over 49
s); inset: the single wavelength (419 nm) dependence on time obtained from
the raw spectraBottom panelexperimentally obtained spectra for oxyferrous
DHP B reacted with 2;8ibromophenol (black, t = 0 s), its reduction to the
ferric enzyme (red, t = 12 s) and last species (blue, t =49.8)..................... 168

Figure S4.1 Representative HPLC chromatograms (A) for the reaction of ferric WT DHP
with H2O:z in the presence of 2BFP (blue] =290 nm), 2,DCP (purple)
= 285 nm) and 2;®BP (orange|] =275 nm) and (Bjespective UWisible
trace for each substrafReaction conditions: [enzyme] = b, [substrate] =
[H20] = 500nM, 100 mM KR, pH 7, 5% MeOH, 5 min, quenched with excess
KCN. Asterisk represents substrate peak..............ccooeeeviieeiiiiiiiiecvin e, 183

Figure S4.2 Percent conversion for BiB-catalyzed oxidation a2,4- and 2,6DXP (X =
F, CI, Br) reported as a function of timReaction conditions: [enzyme] = 10
mM, [substrate] = [HO2] = 500 M, 100 mM KR, pH 7, 0.257 30 min,
guenched With @XCeSS KCN........cciiiiiieie e e e e 189

Figure S4.3 ESMS total ionchromatogram (negative ion mode i[M]") of the DHR
catalyzed oxidation of A) 2;DFP, B) 2,4DCP, and C) 2DBP with
observed monomeric producBeaction conditions: 10M ferric DHP B, 500
mM substrate, 500rM H>O2, 5 % MeOH/ 5 mM KP( v/ v ) , pA 7,
minutes(asterisk denotes the substrate)...............ccooviiiieeii i, 195
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Figure S4.4 ESMS total ion chromatogram (negative ion modei ff") of the DHR
catalyzed oxidation of A) 2;6FP, B) 2,6DCP, and C) 2/BP with
observed monomeric producBeaction conditions: 18M ferric DHP B, 500
mM substrate, 500rM H>O2, 5 % MeOH/ 5 mM KP( v/ v ) , pH 7,
minutes(asterisk denotes the substrate).............ccoooviiiiiiiiiii s 196

Figure S4.5 Total ion chromatogram obtained byME (negative ion mode [MH]") for
the DHRcatalyzed oxidation of 2;®BP tointermediate produdtb. Observed
peaks are labeled with the corresponding m/z and peak ratios are in
parenthesis.A) H>O/H,0z, B) H»'®0/H,0,;, C) HO/H:'%0, and D)
H2®0/H,'0,. Reaction conditions: 16M ferric DHP B, 500mM substrate,
500mMM H202, 5% MeOH/ 5 MM KP( v/ v ) , pH 7,...25..e10

Figure S4.6 Total ion chromatogram obtained byME (negative ion mode [MH]") for
the DHRcatalyzed oxidation of 2;BP to productld. Observed peaks are
labeled with the corresponding m/z and lpeatios are in parenthesis (peaks
highlighted with asterisk represent background peak$)H.O/H.O,, B)
H>'80/H,0,, C) H:0/H:'%0;,, and D) H'0/H,'0,. Reaction conditions: 10
mM ferric DHP B, 500nM substrate, 500M H202, 5 % MeOH/ 5 mM KPP
(v/iv), pH 7 s..25..eC.,.. 4 5..minut.e........ 198

Figure S4.7 ESMS total ion chromatogram (negative ion modei fif) for the DHR
catalyzed oxidation of 2;®CP to product2a (left) and its subsequent
oxidation to product2c (right). Observed peaks are labeled witle th
corresponding m/z and peak ratios are in parenthé3idd.O/H.O, B)
H2'%0/H202, C) H:O/H,'®0;, and D) H'0/H,'®0,. Reaction conditions: 10
mM ferric DHP B, 500nM substrate, 500M H202, 5 % MeOH/ 5 mM KPP
(v/iv), pH 7,..25..eC,..45...minut.es...... 199

Figure S4.8 ESIMS total ion chromatogram (negative ion modei i) for the DHR
catalyzed oxidation of 2;DCP to product2d (left) and its subsequent
oxidation to product2e (right). Observed peaks are labeled with the
corresponding m/z and peak ratios are arepthesis.A) H.O/H.O,, B)
H2'%0/H202, C) H:O/H,'®0;, and D) H'0/H,'®0,. Reaction conditions: 10
nmM ferric DHP B, 500nM substrate, 500M H202, 5 % MeOH/ 5 mM KP
(v/v), pH 7,..25..eC,..45..minut.es...... 200

Figure S4.9 Predicted peak ratio and distribution calculated using the binomial approach
for the monomeric products observed in the Bdditalyzed oxidation of 2;4
DBP, 1A) productla, CsH4O2Br2, 1B) productlb, CsHsOsBr2, 1C) product
1c, GsH20sBr2 and, 1D) productd, CsHsO-Br. Isotopic contributions fot’C
and®C, 'H and?H were not included in calculations................ccccoeveenn..n. 201

Figure S4.10 Predicted peak ratio and distribution calculated using the binomial approach
for the monomeric products observed in thdHcatalyzed oxidation of 2;4
DCP, 2A) producRa, CsH402Cl», 2C) producc, CGsH>0sCl,, 2D) product2d,
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CsHsO0.Cl and, 2E) producRe, CsH3O0sCl. Isotopic contributions fot’C and
13C, *H and?H were not included in calculationS.............ccceeeeveeeeeeeecveeenee. 202

Figure S4.11 Optical difference spectra (top) and titration curves with resp€gtiakies
(mM) (bottom) of A) 2,4DFP, B) 2,4DCP, and C) 2DBP. Conditions:
[ferric DHP B] = 10nM, substrate (0.21 500 equiv), 5 % MeOH/ 100 mM
KPi (V/V) @E PH 7t 203

Figure S4.12 Optical difference spectra (top) and titration curves with resp€gtiakies
(mM) (bottom) of A) 2,6DFP, B) 2,6DCP, and C) 24BP. Conditions:
[ferric DHP B] = 10mM, substrate (25 750 equiv), 5 % MeOH/ 100 mM KP
(VIV) @EPH 7 et 204

Figure S4.1Xinetic data obtained by optical spectroscopy for the reaction of preformed
Compound ES with A2,4-DFP, andB) 2,4DCP........c.cccccoiveviiiiieeiiceeeeeeeenn 205

Figure S4.1&inetic data obtained by optical spectroscopy for the reaction of preformed
Compound ES with A2,6-DFP, andB) 2,6DCP...........ccccovveviiiiieeiieee e 206

Figure S4.15 Superposition of selected halophenol binding #ie&,4-DCP; (PDB:
7LZN, silver) and 2,4DCP elucidated by SFX (PDB: 617F, pinB) 2,4-DBP
(PDB: 7LZO, green) and 2sBCP, (PDB: 7LZN, silver),C) 2,4DCPx (PDB:
7LZN, silver), 2,4DBP (PDB: 7LZO, green) andBr-o-cresol (PDB: 60NX,
yellow), D) 4-BP (PDB: 7MOF, blue), 2;40BP (PDB: 7LZO, green) and
2,4,6TBP (PDB: 4FH6, magentalg) 4-CP (PDB: 7MOH, purple), 2;DCPx
(PDB: 7LZN, silver) and 2,4;6 CPn (PDB: 4KMV, pink). F) 4-CP (PDB:
7MOH, purple), 2,4DCR, (PDB: 7LZK, silver) and 2,4/d8CP. (PDB:
AKMW, PINK) .1ttt ettt s e e en e e e e s e e e e e e e e eaeeeeeeresesnrnnes 209

Figure S4.16 Xray crystal structures of dehaloperoxidase complexed with APDE
(PDB: 7M1K, orange), Bhonspecific binding position fo2,6-DFP (PDB:
7M1K, orange), C) 24CP (PDB: 7M1l, beige), D) 2;6CP, (PDB: 7M1l,
beige) superimposed with 2,4J&Pext (PDB: 4KMW, pink), E) 2,6DBP
(PDB: 7M1J, brown) and F) bisistidine ligation observed for protomer A in
the 2,6DBP structure (PDBTMLJ)......ccouiiiiiiiiieeiii et ee e 210

Figure5.1 Monoterpenes studied as new substrates for the enzyme dehaloperoxidagd6

Figure5.2 Active site of DHP B (PDB: 5V5J) observed from thed®dge and Byedge,
highlighting the distal pocket residues (F21, green; F35, red; Y38, blue; K51,
orange; V59, purple) targeted for mutation to probe enzyme stereoselectiZi®

Figure 5.3 Representative GC chromatograms for the WT DHE&atalyzed oxidation of
A) R-(+)-limoneneg(1), andB) S-(-)-limonene(2). Reaction conditiongDHP]
=10nM, [substrate] = [HO-] = 500nM, 100 mM MES (pH 6.5), 5% MeOH
(V/v), 0 °C, 10 min, [MPA]= 0.91 MM.....ccoiiiiiiiiiiiiieee it 225



Figure5.4

Figure5.5

Figure5.6

Figure5.7

ESIMS total ion chromatograms obtained in positive ion enddr the
limonenel,2-epoxide product observed in the Did&talyzed oxidation of the
limonene isomersA) H.0/H,0z, B) H2*¥0/H,0,, C) H.0O/H:'%0,, and D)
H2'%0/H,'%0;,. Reaction conditions: [meddHP B] = 10 miM, [substrate] =
[H202] = 500nmM, 100 mM MES(pH 6.5), 5% MeOH,RT, 10 min.................. 229

X-ray crystal structures obtained for DHP B in complex with Aj+R
limonene (PDB: 7SJI, red), and B)(§-limonene (PDB: 7SJH, blue). Panels
show atomic distance and interactions between the substrate andaamdso

Representative GC chromatograms for the WT DHP B catalyzed oxidation of
A) a-terpinene(3), B) gterpinene(4), and C) terpinolene(5). Reaction
conditions [enzyme] = 10rM, [substrate] = [HO2] = 500nM, 100 mM MES
(pH 6.5, 5% MeOH (v/v), RT, 10 min, [MPAJ= 0.9 mMM. ..........coevriiiiiiiinnes 233

Results obtained for the oxidationAf a-terpineng3), B) g-terpineng4) and

C) terpinolene(5) in the presence of the V59 varianBeaction conditions
[enzyme] = 10mM, [substrate] = [HO2] = 500mM, 100 mM MES(pH 6.5,

5% MeOH (v/v), RT, 10 min, [MPAJF O.9L MM .......cooiiiiiiiiiiieeeceeieei e 234

Figure 5.8 X-ray crystal structures obtained for DHP B in complex wjha-terpinene

Figure5.9

(PDB: 7SJB, pink)B) gterpinene (PDB: 7SJC, greeR)) terpinolene (PDB:

7SJD, orange), an®) p-cymene (PDB: 7SJE, teal). Panels show atomic
distance and interactions between the substrate and amino acids and/or heme
0 F= T 0103 o [ TSP 238

Oxidation of thymol isomers asatalyzed by DHP BA) Representative
chromatograms at 255 nm, aBylUV-visible spectrum foo-thymol (bottom)

and isothymol (top). Reaction conditiorjsnzyme] = 10mM, [substrate] =
[H202] = 500mM, 100 mM MES(pH 6.5, 5% MeOH (v/v), 37 °C, 30 min.
*Asterisk represents substrate peak and square represents thymoquinon239

Figure5.10Kinetic data obtained by optical spectroscopy for the reaction efopneed

Compound ES with thymol isomers at pH 64. o-thymol, top panel:
stoppedflow UV-Visible spectra of the doublmixing reaction of preformed
Compound ES (10mM) with 10 equiv of substrateinset: the single
wavelength (420 nm) dependence on time obtained from the raw spectra and
its fit with a superposition of the caletied spectral componentsliddle
panel: the calculated spectra of the four reaction components derived from
SVD analysis: Compound ES (black), Compoundf&&c mixture (red),
ferric (blue), and oxyferrous (purpleBottom panelthe time dependence of

the relative concentrations of the four components shown in the middle panel
as determined from the fitting of the spectra in the top p&)akothymol,

top panel:stoppedflow UV-Visible spectra of the doublmixing reaction of
preformed Compound ES (@) with 10 equiv of substrat@set:the single
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wavelength (420 nm) dependence on time obtained from the ravBdétiam
panel: experimentally obtained spectra for Compound ES reacted with
isothymol (black, t = 0 s), its reduction to the ferric enzyrad,(t = 4.5 s) and
Compound RHike formation (blue, t =500 S)......cocvvvviiiiiiiiiieeieeineeeeine e 245

Figure5.11 X-ray crystal structures obtained for DHP B in complex who-thymol,
chain A (PDB: 7SJF, purpleB) o-thymol, chain B (PDB: 7SJF, purple])
thymoquinone, active site (PDB: 7SJG, cyan), Bjthymoquinonecysteine
adduct (PDB: 7SJG, cyan). Panels provide atomic distances and interactions
between the substrates and amino acids and/or heme macracycle

Figure5.12 Product distribution forlte oxidation reactions of A)-ditrophenol and B) b
bromoindole as catalyzed by WT DHP B and the V59 variants. Product
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Chapter 1
An Introduction toDehaloperoxidase: An unusual globin from the marine worm

Amphitrite ornata

Talita Malewschik and Reza A. Ghiladi*
Department of Chemistry, North Carolina State University, Raleigh, North Carolina-826495

1. BACKGROUND

Amphitrite ornatais a terebellid polychaete marine organism found in mud flats of benthic
ecosystemsHigure 1.1). The segmented worm lives indhaped sandncrusted tubes, and from
one of the open ends it extends its tentacles to roughly 40 cm in length in searadforbe
bright red color associated with this organism is due to its coelomic hemoglobin, first characterized
by Bonaventura et al. in 19771 3]. In the same environment, brominated phenols and pyrroles
are secreted by other organisms such Sascoglossus kowalewskyiHemichordata) rad
Notomastus lobatu@Polychaeta) as a defense mechanism, Aandrnatasurvives in this toxic

environment by employing its hemoglobin, dehaloperoxidase (DHP), as a detoxification enzyme

[4].

Figure 1.1. Marine wormAmphitrite ornata(left) and sketch showing its segmented body and
small tentacles (right).

In 1996, Chen and coworke discovered that DHP performs the oxidative dehalogenation
of 2,4,6tribromophenol, a native toxin, into its corresponding-d@iBomoquinone via a
peroxidase activity, hence it wanamed dehaloperoxidase (DHM). At that time, DHP
represented the first globin to possess a biologigalvant peroxidase activity, and became

known as a catalytic globifb]. The peroxidase activity of DHFFigure 1.2, red) has ben
1



thoroughly investigated4,6-21], and its mehanistic implications paved the way for new
discoveries. In addition to trihalophenols, other phenolic substrates have also been found to react
via a peroxidase activity, including guaiac¢®2], cresols Chapter 3) [23] and, 2,4 and 2,6
dihalophenolsChapter 4) [24].

(A) Peroxidase (B) Peroxygenase (C) Oxidase (D) Oxygenase
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Figure 1.2 Reaction scheme of the four different oxidative functions performed by

dehaloperoxidase: peroxidase (red), peroxygenase (blue), oxidase (magenta), and oxygenase
(green).

While investigating the chemistry of DHP with other substrates, a new catalytityastas
found for DHP: the substratetsomoindole was oxidized intolBromo-2-oxindole and Soromo
3-oxindolenine, and the oxygen atom incorporated into each of the products was found to originate
from hydrogen peroxide, constituting a peroxygenaseigc(iFigure 1.2, blue)[25]. While 5
bromo-2-oxindole showed no further chemistry with DHP, the former showed no further rgactivi
with the enzyme, the reaction of DHP wittbBomo-3-oxindolenineled to the formation of a blue
pigment that was f daibrontbindigo. THiseeadtidm enly groceasied,inthe , 5 6
presence of molecular oxygen, which led to the discoveryebfigother oxidative function for
DHP, namely an oxidase activitlyiQure 1.2, magenta)25]. In addition, unpublished resultsosi
that DHP possesses an oxygenase activitigufe 1.2, green) in the oxidation of 23
dimethylindole[26]. The major products were found to béyiroxy-2,3-dimethylindole ana-
acetoamidoacetophenone, which showed the incorporation of one and two oxygen atoms into the

substrate, respectively, originating from ewllar oxygen26]. The four activities that DHP



performs, efter exclusively, sequentially and/or simultaneously, have expanded the scope of the
substrates oxidized by this enzyme, from both natural and anthropogenic sources, which includes
indoles and derivativg®6,27], nitrophenolg28], pyrroles[29], guaiacolg22], cresols Chapter
3) [23], substituted benzen¢30], and bisphenols (data not published). DHP also has the ability
to bind a variety of molecules from the azole fanf@y].

The first substrates for DHP, 2,4y6halophenols (2,4 XP) [4], led to the study of 4
halophenols (4XP) and 2,4 and 2,6dihalophenols (2/4and 2,6DXP) as potential substrates (X
= F, CI, Br, 1). Interestingly, while 4P were found to be substrates for DHP, they have become
known as inhibitors of the oxidativerfations DHP performs against other substrptes 32 34).
More recently, ractivity and mechanistic studies with 2ahd 2,6DXP (Chapter 4) showed that
these compounds are oxidized sequentialyperoxidase and peroxygenase activities. Structural
studies also show that the ZDXP substrates bind in similar positions when paned to 2,46
TXP, while 2,6DXP have different binding conformatiorSt{apter 4) [24].

2. DHP STRUCTURAL OVERVIEW

Two isoforms were identified for DHP, encoded by separate gdime# and dhp B. The
protein sequence shows 137 amino acids in both isoforms with differences in the position of five
amino acids (A/B: 19L,R32K, Y34N, N81S, S81G)17,35] The first crystal structure of
dehaloperoxidase was published in 2000 by Lebioda @andr&erg36]. It revealed that DHP has
a 3over3 a-helical fold (AH) common to globinsKigure 1.3A). While DHP crystallizes as a
homodimer in the asymmetric unkigure 1.3C), it is primarily a monomer in solutidd7]. The
active site contains aeme cofactor, sandwiched between the F and E helices, ligated on the
proximal side by a histidine residue (H89) that interacts with the backbone of the carbonyl group
of L83, forming a LetHis-Fe catalytic triad. On the opposite side, the distal histifittb) has
an unusual flexibility and assumes open (solvent exposed) and closed (internal) conformations
(Figure 1.3B). The active site is close to the surface of the scaffold, where it is readily accessed
by ligands, substrates, inhibitors and solvéigre 1.4D) [36].



Figure 1.3 Crystal structure of DHP reported by Lebioda and coworkers (PDB: 1EAY6&3:
over3 a-helical fold with helices denoted by the letterdHAB) proximal and distal side of the
heme cofactqrC) two identical monomers in the asymmetrical unit, Bigsurface map showing
the solvertaccessible active site.

Lebioda and coworkers showed the role of the distal histidine (H55) in the peroxidase catalytic
mechanism of DHP. The distance betwdaNe® of H55 (closed conformation) and the heme iron
is 5.4A [38], which is larger than the distarsdeund for globins (4.44.6 A[39,40), but closer
to the distances in peroxidases (5.6 and 6.0 A, cytochmperoxidasd41] and horseradish
peroxidas€g42], respectively)40]. In globins, one of the functions of the distal histidine is to
stabilize the bound molecular oxygen and preventing its protonation that leadtodxidation
[43]. In peroxidases, this residue participates in the cleavage of the bound peroxide, thus
facilitating the formation of the catalytically active species (e.g., Compouptf]) Thus, the
distal histidine in DHP was fountb possesses both functions, and its flexibility allows for a
functional switch between its globin and peroxidase funciié;&6,38]

In the ferric resting state (g two different coordination spheres are observed, 5cHS and
6¢HS, which are highly dependent on the position of the distal histiditiee 6cHS state, a water

molecule is bound to the iron, stabilized by H55 in the closed conformation. The 5¢cHS state arises



when H55 is in the open conformation, which destabilizes thigénd. DHP adopts the 5¢cHS
state when-halophenols are boundtine distal pockef32,34] which positions the distal histidine

in the open conformation that is unable to facilitate peroxid@ kbnd cleavage, and is a likely
explanaton for their role as inhibitors. The open and closed conformations of H55 are also found
to be pHdependent, where low pH pushes H55 to the open conformation due to protonation of the
residue (Ka = 6.9)[8,45,46]

3. PEROXIDASE STRUCTURE-FUNCTION ACTIVITY RELATIONSHIPS

In addition to the distal histidine, othersidues in the proximal and distal sides are found to
contribute to the catalytic activity in peroxidases. The proximal side contains the classic catalytic
triad (AspHis-Fe), composed of a strong hydrogemnding interaction between the proximal
histidine and a neighboring carboxylate moiety from an aspartate residue. This interaction
under pins what is commonl y KkigueW4), whee the thiael infi p u s h
the proximal side pushes electron density onto the heme cofactor, which tadlizeshigher
oxidation states, leading to the formation of the active catalytic species, Compoidein{ra).
The distal histidine acts as a general acid/base catalyst, and the arginine residue on the distal side
aids in charge stabilization, by finf electron density from the cofactor. When hydrogen peroxide
binds to the iron center, the distal histidine facilitates proton transfer by abstracting a proton from
01, developing a negative charggep i), and subsequently protonating O2 thastabilized by
the arginine residuesiep ii). The O1 02 bond is cleaved, and a water molecule is releated (
iii ). The resulting species is a high valent iron(dXp porphyripp-c at i on r adiV=Q 1 [ ( Po
[44,47]
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Figure 1.4. Pushpull effect that leads to the formation of the active catalytic species, Compound
l, in the classic peroxidase mechanism.

The distl side of the binding pocket of DHP does not have an arginine residue, which means
that the distal histidine is solely responsible for the activation and cleavage of the peroxo bond. In
addition, the push effect is weaker, seeing how the hydrbgedinginteraction on the proximal
side occurs between the proximal histidine and the carbonyl backbone of a leucine Fagidee (
1.3B). A catalytic triad was created in the active site of DHP viaditected mutagenesis, where
a methionine residue (M86) thia in close proximity to H89 was mutated for an aspartate residue
(M86D). The mutant showed a decrease in the redox potential (+202 mV in WT DHP vs. +76 mV
for M86D), which typically indicates an increase in peroxidase activity, however it also resulted
in decreased catalytic activity towards the oxidation of 2dcBlorophenol compared to the WT
enzyme (~4fold) due to inactivation of the protein by formation of a stable 6cHS spd@gs

In addition to mutations on the proximal side, the distal histidine wss eéchanged for
aspartate, arginine, asparagine, and valine residues (H55D, H55R, H55N, H55V). The catalytic
efficiency of the mutants was examined for the oxidation of ZILB and 2,4 4BP and
compared to WT DHP. The two mutants H55D and H55R shottedumated activity (Fold and
6-fold, respectively), while the other two showed virtually no activity. Structural studies performed
with the mutant H55D shows this residue in a ~100% open conformation (solvent eXgpsed)
These studies show that the flexibility thie distal histidine, in the open (solvent exposed) and

closed (inside the pocket) positions, is an important feature of DHP. The distal histidine in the



closed conformation is required for activation of hydrogen peroxitigu(e 1.4 and for
stabilizatin of ligands in the ® coordination position of the heme, such ag22,38,49] H.O
[22,49] CN[50,51] and CO52,53]

Another feature of the DHP active site was elucidated in 2010 by de Serrano and cqworkers
where protein crystal xenon gas derivatization was performed (PDB: 3MOU). The structural study
of proteins often utilizes xenon to idéy hydrophobic binding cavities in the protein fold. Xenon
is a bulky, inert, gas that possesses the highest solubility in water, at physiological conditions,
compared to other noble gases (0.083 mL/mL). ThepiXeein interaction provides structural
insight because Xe does not perturb the protein structure and binds in the hydrophobic cavity of
proteins via van der Waals forcgst]. The crystal structure of DHP in the presence of xenon
revealed two binding cavities, termed Xel and XERyre 1.5). The Xel binding cavity is
surrounded by amino acid residues F21, F24, F35, V59, F60 and L100, which constitute the distal
hydrophobic binding cavity of DHP. The Xe2 site, located in the proximal side of the heme
cofactor, is surrounded by D79, T82 and [[83,34] Upon substrate binding, the amino acids that
constitute the Xel hydrophobic binding pocket, in conjunction with the hydrophilic amino acids
T56, H55 and Y38, and the propionate arms of ibene cofactor, interact and stabilize the
substrate in the active site. The substrates, as well as the inhibitors and ligands mentioned
previously, have all been found to bind inside the hydrophobic cavity of DHP, albeit in different
positions[10,22 24,28,34,55]
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Figure 1.5. Xenon gas derivatization of the crystal structure of DHP revealing two hydrophobic
binding pockets, Xel and Xe2 (PDB: 3MOU).

4. PROPOSED DHP PEROXIDASE CATALYTIC CYCLE

The crystal structures, combined with reacyivépectroscopic, and mechanistic studies, have
contributed to the proposal of a catalytic cycle for the peroxidase activity of[BH&16i 20],
which has been found to procedd the classic peroxidase cycle proposed by Poulos and Kraut
[44] (Schemel.l). The ferric enzyme interacts withe®, and the @O bond is homolytically
cleaved, forming Compound | [(PB)Fe(IV)=0 AA], ahighly reactive tweelectron oxidized
ferryl species with a porphyrip-cation radical §tep i) [15]. In DHP, Compound | has been found
to be shoHived due to internal electron transfer from a local amicid aesidue, giving rise to
Compound ES [(Por)Fe(IV)=MAA] (step ii) [14,16] When Compound ES reacts with a substrate
molecule étep iii), the enzyme returns to the ferric resting state via two selgltdron processes,

with Compound Il [(Por)E(IV)=0 AA] as an intermediatesiep iv) [18]. In the absence of

substrate, Compound RH is formed, which is a stable, unreactive species, likely as a defense

mechanism against autooxidation of the protein scaffold from leftover oxidizing equi@kents
V) [8,14]. The catalytic cycle can also be initiated from the oxyferrousist#the presere ofboth

substrate antydrogen peroxidesfep vi), which leads to théormation of Compound 1]18].



Scheme 1.1General peroxidaseatalytic cycle proposed for DHP.
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The formation of Compound ES as the active catalytic spatiksu of Compound | Yide
suprg led to the discovery of a radical pathway by Dumarieh and coworkers in[26[LI wo
redoxactive tyrosine residues were replacgdpbenylalanine residues, and this was found to
inhibit the rapid internal electron transfer responsible for Compound | to Compound ES conversion
observed in the WT enzyme. The Y34 and Y38 residues in DHP A, and Y28 and Y38 in DHP B,
were replaced by phelajanine residues to generate the single mutants Y34F and Y38F (DHP A),
and Y28F and Y38F (DHP B). While the single mutants still gave rise to Compound ES, the double
mutants Y34F/Y38F and Y28F/Y38F (DHP A and B, respectively) generated Compound I, thus

erabling its reactivity to be investigat¢to].

5. SUMMARY

Compared to the peroxidase activiiy of DHP, the mechanistic implications eof th
peroxygenase, oxidase and oxygenase functions of DHP have not been as thoroughly studied. The
oxidation of indoles[27], nitrophenols[28], pyrroles [29], cresols Chapter 3) [23], and
dihalophenols Chapter 4) [24] via peroxygenase activity showed that product formation is
occurring either by oxygen rebound oce@lophilic addition, and is discussed in detaChapter
2 [56].

Dehaloperoxidas has a wide substrate scop&é suprd, and it includes toxic compounds

from anthropogenic sources, such as nitrophef@®. Thus, methylphenols (cresols) and



derivatives were chosen from the EPA Priority Pollutants List and the Toxic Substances Control
Act as new substrates for DHEHapter 3) [23]. As previously mentioned, halophenols have been
found to have different functions for DHP depending on the number of substituents, where 2,4,6
trihalophenols are substrates antdadophenols are inhibitors. However, little is known about the
behavior of dihalophenols with DHP. Therefore, studies were conducted to determine the function
of 2,4 and 2,6dihalophenols (DXP, X = F, Cl, BriGhapter 4) [24]. More recently, DHP has

been shown to performi® bond activation in the oxidation of styrene, ethylbenzene, and indane
[30]. Thus, monoterpenes were chosen to be studied as substrates for DHHr(iRnene, (-
)-limonene, a-terpinene, g-terpinene, terpinolenep-thymol and isothymol) Ghapter 5).
Altogether, the results described herein help to further our understanding of the unusual
multifunctional catalytic globin DHP when compared to more traditional monofunctional
enzymes, such d®rseradish peroxidase and cytochrome P450.
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ABSTRACT

The hemoglobin from the marine worm
Amphitrite ornatahas been found to possess
multiple enzymatic activities in addition to its \
Oo-transport function. Named

dehaloperoxidase (DHP), this globin employ$*
four mechanisms for substrate oxidation a m
defense mechanism against toxic metabollt

spanning electron(peroxidase and oxidase) No,

and Oatom (peroxygenase and oxygenase) B

transfer. As such, DHP can be defined as a R H
multifunctional catalytic hemoglobin. Given Dehaloperoxidase

that its peroxidase function is already well

established in the literature, this review aims to pre¥idther structural and mechanistic details into the
other three activities performed by DHP, with a particular emphasis on its peroxygenase activity.

KEYWORDS: dehaloperoxidase, peroxygenase enzymes, hydrogen peroxide dependent
oxidation, structurdéunction relationship

ABBREVIATIONS: 2-NP, 2nitrophenol; 2,4DNP, 2,4dinitrophenol; 2,4,6TBP, 2,4,6
tribromophenol; 2,44 CP, 2,4,arichlorophenol; 2,46 NP, 2,4,6trinitrophenol; 4Br-C, 4
bromoo-cresol;4-BP, 4bromophenold-NC, 4nitrocatechol;4-NP, 4nitrophenol;5-Br-I, 5-
bromoindole; AA, amino acid; Compound I, tvetectron oxidized heme cofactor compared to the
ferric form, commonly referred to as iron(Réxo porphyrinp-cation radica[(Por™)Fe(IV)=0
AA]; Compound II, onelectron oxidizd heme cofactor when compared to the ferric form
[(Por)Fe(IV)=0 or (Por)Fe(IM)OH AA]; Compound ES, tweelectronoxidized state containing
both a ferryl center and an amino acid (tryptophanyl or tyrosyl) radical, analogous to Compound
ES in cytochrome peroxidase [(Por)Fe(IV)=0 TAA]; Agrocybe aegerita unspecific
peroxygenase, @UPQO); CPO, chloroperoxidasePHP; dehaloperoxidasePMPO, 5,5
dimethyl1-pyrroline Noxide;DMSO, dimethyl sulfoxide; EPA, Environmental Protection
Agency; HRP, horseradish perdase; IDO1, human indoleamine 2j®xygenase; Mb,
myoglobin; NDO, naphthalene 1;8ioxygenase;3H-DMI, 3-hydroxy-2,3-dimethylindole; o-
AAP, o-acetaminoacetophenoneRFQ-EPR, rapidfreezequench electron paramagnetic
resonance; SET, single electron transf8FX, serial femtosecond crystallography; SOD,

superoxide dismutase; UPO, unspecific peroxygenase; WT-typitd
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1. INTRODUCTION

The segmented marine worAmphitrite ornatacoinhabits benthic ecosystems with other
organisms that secret toxic halogenated metabolites as a defense mechanism. Insardeeto
such harsh environment&, ornataemploys its hemoglobin, named dehaloperoxidase (DHP), in
the detoxification of these substan¢e<l]. DHP is a catalytic globin, a term that was first coined
by Lebioda and coworkel®] after the first identified oxidative function of DHP, peroxidase
activity, was discovered in 1996 for the®}-dependent oxidative dehalogenation of halophenols
[2, 5]. The substrate scope of DHP has been expanded to include metxdgplguaiacols) and
methylphenol (cresols), which were also found to be oxidized via this peroxidase aEtyutse(
2.1, red and purpl€)s, 7]. More recently, thre additional oxidative activities were discovered for
DHP: peroxygenas¢8], oxidase[8] and oxygenase (McCombs, dissertation 20[B{) The
peroxygenase function of DHP, first described in 2014 for the oxidation of halegj8hlis also
employed in the oxidation of nitrophen$19], pyrroles[11] and cresol§7] (Figure 2.1, blue and
purple). The peroxidase function of DHP has been thoroughly investigated and reported in the
literature [12-37], thus the purpose of this review is to focus on the more recently identified

functions for DHP and more specifically, its peroxygenase function.

W Halophenols Guaiacols
2 OH OH OH OH OH OH
a) X X o« cl OCH; OCH; Br OCH;
x
¢}
= cl cl Br
w
o X X Cl X

X=F,CLBr,I X=F,Cl,Br X = H, F, Cl, Br, CHs, OCHz, NO,

Cresols

OH OH OH OH
CHj, CHj,
X cl CH,

X =H, F, Cl, Br, CH;, NO,

PEROXIDASE
+
PEROXYGENASE
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OH oH

OH o o " ot o
O o"| O 0.
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Figure 2.1. Substrate scope of dehaloperoxidase showing the peroxidase (red) and peroxygenase
(blue) activities employed in substrate oxidation.
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1.1.DEHALOPEROXIDASE OVERVIEW

The A. ornatabenthic environment is coinhabited by organisms sudicsmastus lobatus
(Polychaeta)and Saccoglossus kowalewslk¢#iemichordata) that release high levels of toxic
halogenated aromatic compounds as repellents against pref@at®in While living under the
umbrella of protection of it ei ghbor s6 ¢ hemi c aA. orrthtadmploys #.s me ¢ h ¢
hemoglobin, DHP, as a biocatalyst to oxidize these repellents, thus enabling it to survive in these
harsh environmental conditiofi8-5, 3840]. The reaction for which DHP became known as a
catalytic globin is the oxidative dehalogeatof 2,4,6trihalophenol (2,4,6 XP) yielding the
corresponding 2;@ihalo-1,4-benzoquinone (2;©XQ) (Figure 2.2, top) [2].

+ H,0 + HX
202 Hzo
X=FCl, Br

2,4,6 TXP 2,6- DXQ
OH B o o) o) ]
X X X X X X X X
2 2e—2H+> 2 - -
X X X X
2,4,6-TXP - N
+H*
2,4,6-TXP
(0] (0] (@] (e} (0]
+ HX
X X X X X X X X non- X X
Q { enzymatic
4\ ® OH
x ‘OHz X OH, (; 8\—H e} e}
2,6-DXQ 2,6-DXQOH

Figure 2.2. Top: Peroxidase activity of DHP in the oxidative dehalogenation of 2,4,6
trihalophenol (2,46 XP) into its corresponding 2@ihalo-1,4-benzoquinone (2;®XQ).
Bottom: Possible pathways for product formation, adapted fioin 37]

Structural and spectroscopic efforts were employed to understand and elucidate the peroxidase

mechanism of the DHEatalyzed oxidation of halophenols, and it was determined that the
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peroxidase catalytic cycle of DHP follows the general one proposed bysfand Kraut for heme
peroxidase$41, 42} the ferric form of the enzyme binds to hydrogen peroxide, and heterolytic
cleavage of the O° O boistidine (H55), adsg ts theefamationp oft h e
Compound |, a highly reactive iron(IM)xo center with a porphyrinp-cation radical
[(Por™)FeV=0 AA] species. In the catalytic cycle of DHP, Compound | was found to be short
lived [15], yielding Compound ES, [(Por)FeO TAA] after internal electron transfer with a local
amino acid residugl8, 25, 33] This twoelectron oxidized species reacts with a substrate
molecule in two onsecutive onelectron stepfd4], with Compound Il [(Por)Fé=0 AA] as an
intermediate[19], returning the enzyme to its ferric resting state. With regards to the substrate,
once the phenoxyadical is formed Kigure 2.2, bottom), it has been suggested that radical
disproportionation leads to carbocation formation, which then rearranges to form the quinone
product upon addition of solvent wafé#]. Finally, it has been shown that the -D&Q product
undergoes a spontaneous, albeit slow,-@zymatic oxidation, giwig rise to 3hydroxy-2.6-
dihaloquinone (2,XQ0OH) [37].

Structurally DHP has a-8n3 a-helical structure, a known fold for globins, and thus it is
characterized as such according to the SCOP dategbimset(ral Classification of Proteins), even
though it bears little sequence homology when compared to other known ¢¥ht&ing22,43, 44]

The first crystal structure of DHP (PDB: 1EW6) was reported by Lebioda and coworkers in 2000
[43], which reveals that the distal histidine (H55), located on leetikthe structure, plays a major
role in the catalytic process and displays an increased flexibility compared to other fl8bins
23, 43, 45, 46]In subsequat functional and structural studies, residues L100, F21, F24, F35, V59
and F60 were found to form a hydrophobic cavity, named the Xel binding distal peigkee (
2.3A) [47], that accommodates and interacts with substrates such as halopRetd@|s20, 21,

26, 34, 35, 48]haloindoleq8, 49], nitrophenolq10], azoleg50], guaiacold6] and cresol$7].
Residues Y38, T5fp1] and H55 are often found to form stabilizing hydrogen bonding interactions
with the substrates in the pocket of DHRglre 2.3B). The proximal side afhe protoporphyrin

IX cofactor is stabilized by a proximal histidine (H89), which in conjunction with the backbone
carbonyl oxygen of L83, forms a Letis-Fe catalytic triad, in comparison to the commonly

known AspHis-Fe triad of classic peroxidasgsl, 52]
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Figure 2.3. Relevant amino acid residues in the distal and proximal sides of the heme cofactor in
the enzymalehaloperoxidase A) hydropholaimino acid residues that constitute the Xel binding
pocket (PDB: 3MOU), and B) residues responsible for hydrogen bonding interactions with
substrates (PDB: 60NX).

1.2.HEME PEROXYGENASE ENZYMES

Peroxygenases, a class of enzymes that employ peroxide as -dwmn Gsource for
oxyfunctionalization of small molecules, have been increasingly investigated for their substrate
promiscuity and versatility. They perform a variety of different oxidative reactions, such as the
hydroxylation and epoxidation of aromatic,dar and cyclic alkanes and alkenes, sulfoxidation
and Noxygenation, dechlorination and halide oxidation, amongst offa&$2]. A notable
example of a peroxygenase enzyme is the fungal unspecific peroxygenase (UPO), also referred to
as aromatic peroxygenases (APOs), which exhibits high catalytic activity and specificity using
Mg?* ions as a cofactor. The hydroxylation of naphthalene, shown to proceed via an epoxide
intermediate, was the first reaction to be identified for UPB3s56, 6368]. UPOs only require
H20- as a cesubstrate for catalytic turnover, and they are independent from NAD(P)H or electron
trander chains due to the fact that they are extracellular prd®&in$9] in contrast with the super
family of cytochrome P450 enzymes. The P450 class of enzymes are known monooxygenases and
their catalytic cycle is @and NAD(P)Hdependent, however they can also employ hydrogen
peroxide as an oxidant, where thet &apgaglyway c
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70]. One example of a P458eroxygenase enzyme is the CYP152 family of bacterial cytochromes,
such as CYP152A1P45@ sy and B1P45G p)y which catalyzes the hydroxylation of fatty acids
in the presence of hydrogen peroxjé8, 5761, 7173].

In general, structural differences between peroxidases and peroxygenases impact their
reactivity with substrates, where the mainfehénce is the proximal ligand: histidine for
peroxidases and cysteine for peroxygenases (UPOs and cytochrome P450s). In addition, in
peroxidases there is a local aspartate residue at the proximal side that contributes to the formation
and stabilization othe ferryl active species by interacting with the histidine, which constitutes the
catalytic triad (AspHis-Fe) mentioned above and is shown for horseradish peroxidase (HRP) in
Figure 2.4A [41, 42, 7476]. In unspecific peroxygenases, this triad is characterized by a highly
conserved PCP motif (prolineysteineproline) that has been found to be essential for catalytic
activity (Figure 2.4B) [56, 65, 66, 68]At the distal side, the presence of general-baisk catalytic
residues, such as histidine, aspartic acid and glutamicFkagigré 2.4A and2.4B), can impact the
activation of hydrogen peroxide, leading to the formation ofittteve ferryl specieptl, 42, 74,

77]. In the case of P450s, three natural bacterial enzymes, namebsR #3553 r and P450.4,

have been identified and found to perform the hydroxylation of fatty acids in the presente.of H
Their active site doe-<asarestdues sornnste@ad the carbogylicfagde n e r
group of the fatty acyl acid substrate, shown as palmitic adidgure 2.4C, interacts with the
guanidinium moiety of a local arginine residue, creasirgalt bridge. This is considered to be the

first step of the HO>-d ependent catalytic cycl e -assisted it [
acti vat i on57meadtitom sheratkyl-chain carboxylic acids (C€10) were found

t o At r igekidto pBribronidg nomative substrate transformations. The enzyme
misrecognizes these shorter carboxylic acide r med fAdecoy mol ecul eso,
thereby mistakenly initiating the catalytic cycle. As these shorter fatty acids are not hydroxylated

themselves, exogenous compounds are oxidized in their[5{&a80]
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Figure 2.4. Main structural differences between three classes0btdependent heme enzymes:

A) peroxidases, represented by horseradish peroxidase, HRP (PDB: 1ATJ), B) peroxygenases,
represented bymushroom Agrocybe aegerita(AaeUPO) (PDB: 2YP1), and C) bacterial
cytochrome P456, from Sphingomonas paucimobili®ntaining palmitic acid (native substrate)
(PDB: 11Z0).

The oxidation mechanisms employed by peroxidases (such apiaRReroxygenases (such
as UPO)[53, 54, 56, 78pnd cytochrome P450s (such as CYP152A1, R45(b3, 57, 59, 70,
79] have all been well established in the literature. The formation of theyhigattive ferryl
species is very similar for all three classes of enzymes mentioned, which proceeds through binding
of hydrogen peroxide to the ferric enzyme, fo
mediated by an amino acid residue acting as@dbase catalyst. However, the oxidation of
substrates via a peroxidase (or oxidas#e infrd) mechanism proceeds through electron transfer,
whereas peroxygenase (or oxygenasie infrg) proceeds via an-@tom transfer. The sequential
oxidation of sibstrates by UPO enzymes proceeds via pathways comparable to the well described
pathways of cytochrome P450 enzyniB6, 70, 80] Functionalization of substrate (shown in
Scheme 2.1 using pyrrole as an example) can occur via three different path{vays i)
electrophilic attack of substrate by Compound | [[P&€V=0 AA], resulting in the formation of
ferryl-radical substrate species that leads to a substrate epan@lenediate; ii) Hatom
abstraction by Compound I, followed by oxygen radical rebound of a caged ferryl (Compound II,
[(Por)Fe'=0 AA] or [(Por)Fé'-OH AA]) and substrate radical species; and iii) single electron
transfer (SET) from Compound | to the substrate, followed by an electrophilic attack to the ferryl
center, resulting in a ferdcationic substrate intermediatg/0]. Subsequently, further

rearrangement (e.g., NIH shift, indicated by the green hydrogen atoms) leads to product formation.
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Scheme2.1. Three proposed pathways for pyrrole functimaion via Gatom transfer by
Compound | in heme enzymes.
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As mentioned above, the proximal ligand is important for reactivity, and in the case of UPOs
and CYP450, the proximal cysteine has been shown to affect the formation and stabilization of
bothCompound | and Compound[[i0]. The oneelectron reduction potential of Compound | and
the Ka of Compound Il (in its protonated state, [(PofYF@H]) are the two physical parameters
that dictate the driving force of hydrogen atom transfer (HAT)-IH Gctivation reactions, which
can be calculated using the thermodynamic square scheme developed by B&chestig2.1,
pathway ii)[70, 81-83]. The Ka of Compound Il can be used to estimate the reduction potential
of Compound I, which has proven difficult to determine due to its short lifetime. The difference in
the Kavalues for different heme proteins is very pronounced, where heme thiolate phateens
very basic ferryl species, for examplaePO (Ka = 10) and CYP158 ff. = 12.2), compared
to histidineligated heme proteins, myoglobin (Mb)Kp 2.7) and HRP (Ka 3.5)[70]. A high
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pKa for Compound 1l indicates a basic [(Por)Y=©H] species with a strong-8 bond, which in

turn increases the driving force of HAT by CompourdQ]. The increased basicity for heme
thiolate enzymes has been associated with the cysteine proximal ligand, which pushes electron
density onto the ferryl oxygen, rendering Compound Il more basic, and thus turning thesessnzym
into potent biocatalys{g0, 80, 84]

Structural characterization of ferryl species byray crystallography i€hallenging due to
reduction and/or protein damage caused by radiation. However, more recently cofactor
replacement of the microbial CYP450 family enzyme CYP102A1 (R#&PQvas reported by
Stanfield and collaborators as an example of a successful moties fierryl species. The authors
report the replacement of the native iron protoporphyrin IX cofactor by oxomolybdenum
mesoporphyrin IX (Mo(O)PIX). The new, nanat i ve Sy st e Muoddnddistace a Mo
of 1.8 A, which is virtually identical to the repot e d ok l@nd@istance for chloroperoxidase
(1.82A); thus, this system represents an excellent model for Compound Il [(FeQFaA] of
the classic cytochrome P450 catalytic c\j&g].

2. DEHALOPEROXIDASE PEROXYGENASE SUBSTRATES

As the number of substrates found to undergo oxygen atom transfer by DHP has dramatically
increased over the past few years, the focus of this review is to provide the structural and
mechanistic underpinnings of the DHP peroxygenase activity by drawing on some of the recently
published results for the oxidation of indo[8%, nitrophenold10], pyrroles[11] and cresol$7].
Literature reports on the oxidation of these substrates (and their derivatives) by other heme
enzymes will be used to correlate the strucfuretion relationships relevant to dehaloperoxidase.
For completeness, the oxidase and oxygenase functions BfvidlHbe introduced and briefly
discussed here. In addition, electronic and structural effects are addressed and discussed in order
to broaden our understanding of the function switch present in this multifunctional catalytic globin.
And lastly, final renarks provide perspective on how the studies performed on DHP over the past
two decades advance our understanding of catalytic globins within the context of the structure

function paradigm(s) of the heme protein superfamily.
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2.1.INDOLE AND DERIVATIVES

Dehabperoxidase has been investigated as a biocatalyst in the oxidation of indole and
derivatives in the presence of hydrogen peroxide at physiological pH by Barrios and coworkers
[8]. Enzymatic assays were performed and analyzed via HPLC, with substrate conversion ranging
between 24 48% (unoptimized) after a fiveninute reaction periadProduct identification by
HPLC when 5Br-indole (5Br-I) was employed as the substrate showdt-2-oxindole and 5
Br-3-oxindolenine as the two major products formed in a 1:1 ratio. Minor products were identified
as 5Br-2,3dioxindole, 5Br-3-hydroxy-2-oxindole, N-(4-Br-2-formylphenyl)formamide,
and (E)-5 , -dbymo| 2 -biidddjinylidene}3 ,-doNge Scheme 22). The latter exhibited an
intense visible band at 600 n nrBr-indigopiumohfurthea s as s

spectroscopic invaigation (oxidase mechaniskigde infra) [8].

Scheme2.2. Products identified in the 3®@.-dependent oxidation ofBr-indole as catalyzed by
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(E)-5,5Njlibromo-[2,2Npiindolinylidene]-3,3Njlione

Molecular dynamics (MD) simulations were originally employed to generate a geometry
optimized structure, revealing-Br-1 to be situated in the distal pocket of DHRearly
perpendicular to the heme cofactor, with the indole nitrogen facing away from the iron center and
the bromine located in the Xel binding §B¢. More recently, the structure of dehaloperoxidase
in the presence ofBr-I (Figure 2.5A) was resolved by serial femtosecond crystallography (SFX)
[49]. This new structure corroborates the eadalculated model, wherein the substrate was found
to reside within the distal pocket with the halogen atom positioned internally in the Xel
hydrophobic binding pocket. The occupancy of the Xel site by a substrate halogen has been
previously observed fdralophenol$26, 47, 86] haloguaiacolfs] and halocresol¥]. The amino

acid F60 is displaced to accommodate bidky halogen atom, F21 is oriented to fop¥p
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interactions with the aromatic ring of the substrate, and the distal histidine (H55) is in the closed
conformation interacting with the substrate via hydrogen bonding. The indole nitrogen, C2 and C3
are 4.9,4.8 and 5.4A away from the heme iron centerespectively, which contributes to
understanding the selective oxidation ebromoindole at the C2 and C3 positiof@. The
presence of the substrate inside the pocket was also confirmed by resonance Raman experiments:
an increase in the-&oordinate high spin (5¢cHS) heme population (emaesponding decrease of

the 6¢cHS population) were noted upon addition-&r3 to wild-type DHP. Originally, this was
interpreted to be consistent with the displacement of a hemédemnd water, as it was believed

that the presence of the largd8B| substrate would force the distal histidine (H55) into an open
conformation[8], rendering it unable to stabilize the bound water through hydrogen bonding.
However, the newly obtained SFX structure suggests that the increase in 5cHS heme instead occurs
due to hydrogen bonding of the distal histidine in the closed conformation thatststabilizing

the substrate, rather than the Woound watef49].

The reactivity of indole has been reported for-heme iron enzymes, UPOs, and cytochrome
P450s (wild type and mutants, human and microbial), where the observed products were also 2
oxindole, 3oxindole and indigo[87-95]. Bell et al. reported the catalytic activity and crystal
structure ofbacterial cytochrome CYP199A4 in the presence of aromatic carboxylic acids,
including indole6-carboxylic acid Figure 2.5B) [96]. The position of this substrate in the active
site of the enzyme provides an explanation for the oxidation atposifion of the ring, because,
although the authors did not observe a product byMECanalysis, previously published results
for this substrate showed the formation eih8olinone6-carboxylic acid96, 97] Even though,
the positioning of ind@&6-carboxylic acid in the CYP199A4 structure differs from what was
found for 5Br-1 in DHP [49], the distances between the heRegeand the indole nitrogen, C2 and
C3 atoms (4.3, 4.2 and 583 respectively) are comparable to those found for DHP. Additionally,

a receny published crystal structure of human indoleaminedig&ygenase 1 (IDO1) complexed
with its native substrate tryptopharigure 2.5C), reveals an orientation that favors oxidation at
the C2 position, (distances from indole nitrogen and C2 to the -Renae 4.1 and 4.8,
respectively)98, 99] similar to what has been observed for indolic substrates bound to DHP and
CYP199A4.
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Figure 2.5. Crystal structures of A) dehaloperoxidase B in the presencéfrioindole (PDB:

616G, magenta), B) bacterial CYP199A4 complexed with indedarboxylic acid (PDB: 4EGO,
cyan), and C) human indoleamine -»8/genase with tryptophan (PDB: 6E46, oranglect

atomic distances!) and interactions between substrate and amino acids and the heme macrocycle
are shown.

In the DHRcatalyzed oxidation of-Br-I, isotopically labeled water and hydrogen peroxide
(H2*®0 and H®0y) indicated that the source tife oxygen incorporated into the substrate was
derived from hydrogen peroxide, providing unequivocal evidence that the substrate was oxidized
via a peroxygenase mechanism. These results, in conjunction with stitgypedV-visible
spectroscopic data, alled for the proposal of a mechanism for th©Hdependent oxidation of
haloindoles by DHP8]. While it focused on the observed heme intermediate species and not on a
stepby-step substratbased mechanism, the authors mention the possibility of oxygen rebound
chemistry or other mechanisms associated with peroxygenase/CYP450 eraychessi) H-
atom abstraction yielding a caged substrate radical and ferryl intermediate, ii) electrophilic
addition followed by formation of an epoxide intermediate or iii) SET followed by electrophilic
attack Scheme2.1 andFigure 2.6).

Previous mechanistic reports of the oxidation of indole by the heme enzyme IDO1 suggest that
the formation of the products-dxindole and Zxindole products is likely to proceed via an
epoxide intermediate or by hydroxylati¢®9, 95, 100] similar to cytochrome P450 catalyzed
reactions. The report madsy Barrios et al. corroborates the assumption about the possible

mechanistic pathways for the DHatalyzed oxidation of indole derivativgy.
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Figure 2.6. Possible intermediates for thex®t-dependent oxidation of-bromoindole to 5
bromo2-oxindole: (i) caged substrate radical and ferryl species intermediate, (i) epoxide
intermediate, and (iii) ferriccationic substrate species. The green hydrogen atom represents a label
that would undergo an NIH shift in the cases of ii anfrl]. Note: for simplicity, the Soromo
3-oxindole product that was also formed in a ~1:1 ratio, is not shown but is proposed to involve
the same intermediates as depicted above-fooBo2-oxindole.

2.2.PYRROLE AND DERIVATIVES

Un- or lightly-substitutel pyrroles are heterocyclic aromatic compounds that are highly
unstable in the presence of light, acid and oxygen conditions. The rapid, spontaneous formation of
polypyrrole often hinders the use of this chemical as a scaffold for sequential chemidahseact
[101, 102] Thus, the synthesis of substituted pyrroles can be costly, laborious and environmentally
unfriendly[101].

Enzyme catalyz# pyrrole oxidation to polypyrrole has been reported for HRP and laccase due
to the technological application of this product as a conducting po{i®&y 104] Guengeich et
al. also reported the use of oxygenases, such as CYP450, in the activation and catalysis of pyrrole,
although the authors do not mention the nature of the product(s) f¢r6@d

McCombs et.al. employed the multifunctional globin DHP as a biocatalyst for the
functionalization of pyrroles under physiological conditiofisl], where 32% conversion
(unoptimized) of pyrrad to 4pyrrolin-2-one and Joyrrolin-2-one in a 1:9 ratio was achieved after
5 minutes of reactionScheme2.3). Methylated pyrrole derivatives were also investigated (
methyl, 2methyl, 3methyl and 2,&imethylpyrrole) and exhibited increased conversion
compared to the parent compound. Substituted pyrroles showed the formation of multiple
monomeric products, with the-édhe being the major product. Trace oligomeric products were
observed at longer reaction times (24 h) byMGS. The functionalization ofysroles at thea-

position was expected and electrophilic attack at this position has been found to be kinetically
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favored owing to the large orbital coefficients in the HOMO for C2 and C5 and the higher stability

of thes-complex intermediate formed in the oxidation of these compojli@ds.

Scheme2.3. Products identified in the 2#.-dependent oxidation of pyrrole as catalyzed by DHP.
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The single oxygen atom incorporated at #hposition ofthe ring was confirmed b{fO labeling

studies to have originated from a hydrogen peroxide molecule, providing strong evidence of
oxidation by a peroxygenase mechanidrh]. Mechanistic studies performed by stopiiledv
UV-visible and rapiereezequench electron paramagnetic resonance (EP® spectroscopies
allowed for the proposal of a stepwise catalytic cycle for tigtependent oxidation of pyrrole:

a single, tweelectron electrophilic addition of the ferryl oxygen of Compound | to pyrrole forms

a cationic tetrahedrdike intermediatecomplex, which undergoes further rearrangement forming
the 4pyrrolin-2-one producfl11]. The authors propose that the distal histidine (H55) is likely
acting as the acid/base, and further rule out the possibility of a mechanism involving radicals due
to the absence of polypyrrole formation,iahnis initiated by the coupling of two pyrrole radical
cations[11]. Pyrroles are more likely to undergo electrophilic attack owing to their electron rich
nature[105], and a cationic intermediate has been established to be common when the product
formed is a ketoner an aldehyd¢70]. This cationic intermediate, described in the mechanism
proposed by McCombs et al. in one simplified step, may also be formed frodiswete, one
electron steps, where a single electron transfer (SET) from Compound | to substrate is followed
by electrophilic attack of the ferryl oxygen to the activated substBatieefne2.2, Pathway iii)

[70].

2.3.NITROPHENOL AND DERIVATIVES

In addition to its ability to degrade naturally occurring phenolic compounds, DHP also
possesses the ability to oxidipeetabolites of anthropogenic origins. The U.S. Environmental
Protection Agency (EPA) lists@itrophenol (2NP), 4nitrophenol (4NP), 2,4dinitrophenol (2,4
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DNP) and 2,4 ,8rinitrophenol (2,4,6TNP) as Priority Pollutanfd06], the majority of which were
also found to be substrates (except 2A\) for DHP that are oxidized via &f@xygenase
mechanisnjl10].

The enzymatic assays analyzed via HPLC were performed in the presence of ferric WT DHP,
hydrogen peroxide and the aforementioned substrates at pH 6, and showreetrsion range of
16-50% after five minutes (unoptimized). In the case-oitdophenol, three main products were
identified: 4nitrocatechol (4NC), which was further oxidized into-fitrobenzendriol (two
isomers possible), and even further to fdryaroxy-5-nitro-1,2-benzoquinone§cheme2.4). In
order to determine the origin of the oxygen atom inserted in the subst@dapeling studies
(H2'%0 and H®0,) were performed, revealing that the oxygen incorporated #N® #ielding 4
NC is derivedfrom a HO. molecule, consistent with a peroxygenase mecharjEbh
Interestingly, however, the labeling studies also demonstrated that the other oxidation products
were formed through sgessive peroxidadeased oxidations. Three sequential oxidations by two
different mechanisms (peroxygengseroxidaseperoxidase) yielding the hydro¢nitro-1,2-

benzoquinone product demonstrates the nature of DHP as a multifunctional cStlgshé€2.4).

Scheme2 4. Products identified in the #.-dependent oxidation ofditrophenol as catalyzed by
DHP.

OH OH
N __DHP
DHP DHP HO—: +2e +2H"
H202 H,O HZOZ H,O — H202 H,O
NO, NO,

4-nitrophenol 4- mtrocatechol 5-nitrobenzene-triol hydroxy-5-nitro-1, 2 benzoquinone
(4-NP) (4-NC)

The enzymatiortho-hydroxylation of 4NP has been reported for both fungal URP&4 and
mammalian CYP450 enzymes (CYP2E1 and CYPJA@Y-110]. The substrate was established
to be anin vitro probe to the @NADPH-dependent catalytic activitipr the P450 family of
enzymes and chromatograpfl®©7] and spectrophotometrj@d 10] methods have been developed
to detect the formation of theecatechol product. Additionally, Raner et al. reported the oxidation
of 4-NP (to 4NC) and 4NC (yielding 2,3,4trihydroxonitrobenzenea)sing Cytochrome P4%5Q3
[111, 112] The reaction of NP and 4NC by P45@ws requires NADPH and molecular oxygen,

and the authors proposed that the mechanism occurs via the formation of an epoxide intermediate,
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a more common pathway for the hydroxylation of the aromatic substtatdsThus, whilst DHP
and P456vs are both capable of oxidizingMP to trihydroxynitrobenzene, DHP accomplishes
this via two different activities (peroxygenase and peroxidase), whereasve4&bforms two
successivenonooxygenations.

McCombs et al. were also able to obtairray crystal structures of bothMP and 4NC
complexes with dehaloperoxidase (the first reported structures of a heme protein in complex with
these compounds), which show the substrate and pradeidh the distal pocket and oriented
perpendicular to the heme plakggure 2.7). Theo-CH of the substrate and the heme iron are in
close proximity (~4.6 ) , and taking into account that th
species Fe(IV)=0 is arount.8 A [70], hydroxylation at theortho-position of the ring was
expectedThe hydroxyl group of both-BlPand4NC i s pointed towards the
nitro groups are positioned internally. Hydrogen bonding interactions with Y38, T56 and the heme
propionates, as well gsp stacking interactions with F21, provide adulital stabilization. The
rotation of the product to position tlleOH group towards hydrophilic amino acids such as Y38

and T56was expected seeing that the product is more polar than the parent corfii@und

Figure 2.7. Crystal structures of dehaloperoxidase complexed witiirdphenol (PDB: 5CHQ,
yellow) and the oxidation productritrocatechol (PDB: 5CHR, cyan). Select atomic distances
(A) and interactions between the substratsof coordinatedand active site amino acids or the
heme macrocycle are shown.

Similar to the oxidation mechanism of haloindoles by OBIR the peroxygenase mechanism

proposed for the oxidation ofditrophenol to 4nitrocatechol focused on the heme intermediate
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species and not on the stepwise mechanism of substrate oxidation.tionadé authors do not
propose a mechanism for the sequential peroxidase mechanisms taking place after the formation
of 4-NC. However, the authors mention that the oxidation of the substrate most likely occurs
through an oxygen radical rebound mechanisum,they do not rule out the possibility of&@om
incorporation by another mechaniskgure 2.8) [10].

NO, NO, NO, NO,
O
HO H HO H -Or- HO"“<H  -or- /Q HO H
H H HO™ X ®H
OH o H

H OH
ﬁl\J?' | i i
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Compound | B 0] (i) (i)

Figure 2.8. Possible intermediates for the:®-dependent oxidation of-ditrophenol to 4
nitrocatechol (i) caged substrate radical and ferryl species intermediate, (ii) ejpberdeediate,
and (iii) ferrid cationic substrate species.

2.4.CRESOL AND DERIVATIVES

Methylphenols, commonly known as cresols, are released into the environment from industrial
waste, such as the combustion of petroleum and wood. Due to their environioeiotgl and
persistence, these chemicals were included in the Environmental Protection Agency (EPA) Priority
Pollutants List and Toxic Substances Control A€6, 113]

The reactivity of cresols with DHP in the presence gdHwvas demonstrated by HPLC and
the studied substrates displayed a range e8&2 conversion after five minutes of reaction
(unoptimized). Product identification showed two distinct monomeric products for select
substrates, the-@hethytl,4-benzoquinone anthe o-catechol derivative$7]. It is also worth
mentining that oligomeric products (n up to 6) were also identified, which could be the result of
subsequent quinone radical coupling reactions. Labeling studies using enriti@duht H20y,
performed on bromo-o-cresol (4Br-C) as a representative substtashowed that the formation
of 2-methyl1,4-benzoquinone occurred via a peroxidase mechanism, where the source of the
oxygen was a water molecule. The oxygen inserted airthe-position of 4Br-C to generate-5
bromo-3-methyt1,2-benzediol(an o-cateclol derivative)originated from a hydrogen peroxide
molecule, consistent with a peroxygenase mechanisathgme 25). The same

oxyfunctionalization pattern was also observed for other cresd{so4resol (X = H, F, Cl, Br,
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NO2) and 4X-m-cresol (X = H andCl), whereas dMe-o-cresol ando-cresol only yielded the-
catechol derivative-methyl1,2-benzediol derivative. Dehaloperoxidase is therefore employing
both peroxidase and peroxygenase mechanisms in the oxidation of cresols iprafamemntial

manner a result that had not been previously observed for this enjjme

Scheme2.5. Products identified in the #D>-dependent oxidation ofBromo-o-cresol as catalyzed
by DHP.

OH OH
CHj HO CHs;
DHP
H,0,, Ho0
Br

Br

4-bromo-o-cresol 2-methyl- 1 ,4-benzoquinone  5-bromo-3-methyl-1,2-benzenediol
(4-BrC) (Peroxidase product) (Peroxygenase product)

!

Oligomeric products

Structural studies performed usingry crystallography revealed that the cresol substrates
bind in the hydrophobic distal pocketl@HP in different positionsKigure 2.9). The structure of
4-bromo-o-cresol (4Br-C) and p-cresol showed both substrates in the hydrophobic binding
pocket, the former buried inside and the | att
halogen aim of 4Br-C is located in the Xel binding cavity displacing the residue F60, similar to
the 5Br-1 structure Figure 2.4A), while the hydroxyl group is found pointing towards the iron
center and interacting with H55 in the closed conformation. On the b, p-cresol is
perpendicular to the heme cofactor, and the hydroxyl groypapésol is interacting with the

propionate group D, Y38 and T56. To accommogabeesol, H55 is in the open conformation

7.
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4-bromo-o-cresol (green)
p-cresol (purple)

Figure 2.9. Crystal structures of dehaloperoxidase complexed wititofnoo-cresol (PDB:
60NX, greeh andp-cresol (PDB: 6006, purple). Select atomic distandgsafd interactions
between substrate, amino acids and the heme macrocycle are shown

The biodegradation of cresols has been reported for other enzymes, such as UPO
(peroxygenasdp7], HRP and CPO (peroxidagé)’, 114]as well as for microorganisms, such as
bacteria and fungi. However, to the best of our knowledgesttidy by Malewschik et al. is the
only report on the reactivity of cresols that includes mechanistic, spectroscopic and structural
studies[7]. Mechanisms for each of the DHRtalyzed activities employed in the oxidation of
cresols were proposed: a peroxidassed one that accounts for the formation of the 1
benzoquinone product, and a peroxygerzsed one that leads to the formation ofctzatechol
product. The latter was in accordance with the most recent mechanism proposed for the DHP
catalyzed oxidation of pyrrolgd.1], and also in agreement with w&hown cytochrome P450
pathways[70]. The authors proposed two different pathways for the formation of the catechol
derivative, electrophilic attack of the substrate with Compound | or oxgiperund, but no further
investigations were mentioned to determine a definitive pathirigyie 2.10).

The oxidation of cresols and derivatives has expanded the number of phenolic compounds in
the EPA Priority Pollutants list which can be oxidized by DHP to 10 out ¢7]1Jand suggests
that this catalytic globin may be promising in applications as a bioremediation catalyst, as

previously posited by Lebioda asdworkerd5].
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Figure 2.10. Possible intermediates for the®}-dependent oxidation ofBromoo-cresol to the
o-catechol product (i) caged substrate radical and ferryl species intermediate, (ii) epoxide
intermediate, and (iii) ferriccationic substrate species.

3. O>-DEPENDENT DHP ACTIVITIES
3.1.OXIDASE ACTIVITY

Oxidase ezymes are ubiquitous in nature, and are responsible for the oxidation small
moleculed115-117], electron transpoffi18-121]and formation of reactive oxygen spedit22,

123]. They possess a variety of different cofactors, including heme antiame iron, multi

copper centers, and flavin. The cofactors mediate redox processes in the presence of molecular
oxygenas the oxidizing agent, and when oxidative dehydrogenation occurs (hydrogen atom
abstraction), it leads to the formation of®or HO, [124].

The catalytic globin DHP was found to possess oxidase activity, discovered in 2014 during the
investigation of theperoxygenase activity with-Bromoindole (5Br-1I) as a representative
substrate. The reaction led to the formation of two major produds;2soxindole and =r-3-
oxindolenine and one minor product of interég)-5 , -dibkymo| 2 -biiddejinylidene}3, 3 N;j
dione (substituted indigo). Labeling studies wit®,, nonenzymatic and noeoxidant controls
were performed, indicating that the formation of botbx&hdolenine and the substituted indigo
were dependent on both DHP angl[g].

The reaction of Br-3-oxidole with DHP in the presence ot @ielded 5Br-3-oxindolenine
(Figure 2.11, top). In addition, the formation of the indigo product, first identified by HPLC, was
further assessed by UMsible spectroscopy. The reductanBB3-0 x i n dmex¥ 383 Mm@ was
generatedh situusing 5Br-3-acetoxyindolg25 equiv.) and liver esterase, in the presence of DHP
under aerobic condit i ons ,-BraMebcoindigo als andntetmediate,h e f
before the fBodi mai g 8380 el 645 nniBp
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5-Br-indole 5-Br-3-oxindole 5-Br-3-oxindolenine 5,58Br,-leucoindigo 5,58Br,-indigo
(5-Br-1)
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2,3-epoxyrr‘1dole 3-oxindolenine

Figure 2.11. Top) Oxidase activity performed by DHP in the presence oWkere thein situ
generated Br-3-oxindole forms 8Br-3-oxindolenine, which ultimately leads to the formation of
5 , -Brgindigo. Bottom) Different pathways (pathway@) for the formation of indigo catalyzed
by oxygenase and oxidase enzymes: A}eéhB8xyindole intermedia in the formation of the-3
hydroxyindole product, B) oxidation of theydroxyindole product to form indigo, C) formation
of two intermediates,-8xindole and 3xindolenine.

Indigo has been observed previously in the oxidation of indole when catélyzgtbchrome
P450s, UPOs, and indoleamine -#8j8xygenase Rigure 2.11, botton). The first step is the
hydroxylation of indole at the C3 position, performed by oxygenase enzymdesirifra) [95],
either by direct hydroxylation of the substrate (CYP43tyre 2.11, bottom step i), or by
formation of an epoxide intermediate (UPOB)gre 2.11, bottom pathway A)[95]. The 3
hydroxyindole product is then further oxidized to form indig@(re 2.11, bottom pathway B)

[95, 125] In addition, the dhydroxyindole can be oxidized to formaXindole fFigure 2.11,

bottom step ii)[100], where two equivalents of this product can lead to the formation of indigo
directly (Figure 2.11, bottom step iii), or undergo further oxidation to form an intermediate
product 3oxindolenine, observed in the IDO1 oxidation pathwiigyre 2.11, bottom pathway

C) [100]. The enzyme HRP has also been found to catalyze the oxidation of indoles to form indigo,
which was propsed to proceed via a hydroperoxide intermediate. After water elimination, 3
oxindolenine was formed, which is further oxidized to formax®dole radical that undergoes

radical coupling to form the final product (not shoyi6].
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3.2.0XYGENASE ACTIVITY

Oxygenases are a class of enzymes, which use molecular oxygen for substrate
functionalization. They can be subdivided into monooxygenases or dioxygdmesgtion of one
or two oxygen atoms, respectivelfd27]. These enzymes have been found to catalyze the
oxidation of a variety of different substrates, such as ph¢bd8, catechol§129], amino acids
and proteing99, 130] lipids and fatty acid$130, 131] amongst others. Similar to oxidases,
oxygenases possess different cofactors, such as heme ahdmeriron, mono and multicopper
centers, ranganese, and flavifi$24, 127, 132135].

Dehaloperoxidase has been found to exhibit oxygenase activity in the oxidation- of 2,3
dimethylindole (McCombs, Ph.D. disrtation 2017)9]. The major products identified were 3
hydraxy-2,3-dimethylindole (3HDMI) and o-acetamidoacetophenone-AAP). Minor products
were identified to be-2arboxyaldehyd@-methylindole and ®arboxy2-methylindole Echeme
2.6). The origin of the oxygen atom(s) inserted into the major products wamdetdrby isotopic
labeling studies employin§O., which indicated that the-@om(s) were derived from molecular
oxygen. The formation of the major products,-BNlI and o-AAP, could have originated from
monooxygenase and dioxygenase activities, respectively. AlternativetyAB® product could
have been formed by two sequential monooxygenase steps. Further studies need to be performed

to differentiate between these tywossibilities[9].

Scheme2.6. Products identified in the Bdependent oxidation of 2@methylindole as catalyzed
by DHP.

2,3-dimethylindole

2-carboxyaldehyde-3-methylindole  3-carboxyaldehyde-2-methylindole

Examples of enzymes that perform monooxygenation reactions are cytochrome P450 enzymes,

lipoxygenase, and naphthalene-#j8xygenase, among others. The cytochrome P450 family of
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erzymes has been found to hydroxylate indole at the C3 position as an intermediate for the
formation of indigo Figure 2.11B, step i)[95]. Lipoxygenase insertsx@to polyunsaturated fatty
acids and the final product possesses a hydroperoxo moiety, which can undergo sequential
oxidation, reduction rearrangement, and/or lysis to afford smaller prodiigtsd 2.12, pathway
A) [131, 136] Naphthalenel,2-dioxygenase (NDO) performs the hydroxylation of aromatic
molecules, such as indoleigure 2.12, pathway B). The indol©-O-Fe adduct is an intermediate
complex, leading to the formation of then@droxyindole product after water elimination from
indoline-2,3-diol [137]. UPOs have also been found to catalyze the formatiorhgéiBxyindole,
however therntermediate was observed to be-8pdxyindole[95]. The final product of both the
NDO- and UPQcatalyzed oxidation of indole is indig®5].

Ring opening products from indole (kynuric products) have been observed in microbial
biotransformations, where sequential hydraxign of the substrate has been reported, followed
by cleavage of the pyrrole ring to yield tNeformylanthranilate product=jgure 2.12, pathway
C). This product can undergo further oxidation and the smaller products are used as carbon,
nitrogen and oxygn sources for these organigih25]. HRP, a canonical peroxidase enzyme, has
been reported to oxidize a series of substituted indoles into their respective kynuric products in the
presence of ®and HO, proposed to occur via a dioxetane intermediate (not sh{il2e).
Additionally, tryptophan 2,&lioxygenase and IDO1 are enzymes that perform the insertion of two
oxygen atoms into their respective substrates, followed by pyrrole ring gieaviae mechanism
of oxygenation is thought to proceed via the formation of a substrate datjoing 2.12, pathway

D) or radical, which leads to either an epoxide or dioxetane interm¢@éat238]
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Figure 2.12. Oxygen insertion catalyzed by monand dioxygenase enzymes A) hydroperoxo
functionalization of polyunsaturated fatty acids catalyzed by lipoxygenase, B) hydroxylation of
indole catalyzed by naphthalene -tlidxygerase (NDO), C) hydroxylation and ring cleavage of
indole observed for microbial organisms, and D) ring cleavage of indole catalyzed by tryptophan
dioxygenases.

McCombs and coworkers suggest that the oxidation of-diép@thylindole by
dehaloperoxidase isolfowing an Q-dependent radicdlased mechanism similar to the
lipoxygenase pathwa@]. In addition to*®0; labeling studies, the following were observedni
the absence of an oxidant and under anaerobic conditions no reactivity was observed, ii) the
presence of radical scavengers in solution was shown to hinder the reactivity of the enzyme with
the substrate, which suggests a radimded mechanism arni@ anaerobic studies performed in
the presence of ferric DHP, 2[3VI and carbon monoxide shows the formation of ah' FE O
adduct, indicating that the substrate reduces the enzyme to a ferrous state, a result that was also
confirmed by resonance Ramaudies. Overall, the authors do not propose a stepwise mechanism
for the formation of the main products, ¥l and o-AAP, but suggest that the indole
hydroperoxide as the primary intermediate, similar to the lipoxygenase prddgote( 2.12,
pathway A)[9].
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4. ELECTRONIC AND STRUCTURAL EFFECTS: HOW DHP DIFFERENTIATES

BETWEEN ACTIVITIES
4.1.REDOX PROPERTIES

Dehaloperoxidase possesses an unusually high redox potential for the Fe(lll)/Fe(ll) couple for
both DHP A and DHP B (+204 and +206 mV vs. SHE respectiy&kj) 139]compared to other
heme proteins, suclH40phs ERPoCEe omeil PME)0and/ Ee =
other globins (Mb = +59 m\{142] and, Hb = +158 m\[143]). Additionally, the Fe(IV)/Fe(lll)
reduction potential for DHP was estimated to be ~1.980/25], whichis higher than that for
HRP (Ee H141Hh0.anad WP O ([BB. Thesehigh.relictiol potentials could
facilitate the reactivity of DHP with the wide substrate scopgure 2.1) and allow this
multifunctional globin to perform these different oxidative activifie3, 25]

As previously mentioned, the proximal side of heme enzymes plays a vital role in the formation
of the active oxygen speciedde suprd. The proxinal cysteine ligand present in peroxygenases
and CYP450s is an excellent electron donor, conferring these proteins with their ability to perform
the oxyfunctionalization of inactivated-E bonds. Thus, as an illustrative example, the proximal

histidine of nyoglobin was replaced with a cysteine via siteected mutagenesis, which

considerably decreased the Ee ([14H é(addition)heFe (1 1

catalytic triad (e.g., the Aspis-Fe in peroxidases and the PCP motif in UPOs) also plays an
important role in the reactivity of these enzymes. Efforts were nmahstalling an AspHis-Fe
triad in DHP, where a local methionine was replaced with an aspartate residue (M86D). However,
the mutant presented attenuated activity towards oxidation of-t2ighrophenol (peroxidase
activity) compared to the wild typeneyme (~4fold decrease). Whilst the resultant changes in
redox properties (+202 mV vs SHE for WT DHP vs. +76 mV vs. SHE for M86D) typically favor
an increase in peroxidase activity, this was outweighed by the formation of a 6¢cLS system, where
the sixth lgand was proposed to be the distal histidine or a strongly bound solvent molecule, which
precluded HO>-binding and led to significantly less peroxidase activity compared to the WT
enzyme52].

The presence of a substrate in the binding pocket of heme proteins has been found to alter the
redox potential of the systefacilitating catalytic activity. A classic example is the catalytic cycle
of cytochrome P450, where upon substrate binding, the spin state of the iron changes from low to

high spin, accompanied by a positive change in the redox potential (e.g-388%0/ to P45Qam
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-163 mV[144]). Only then can the rea partners transfer an electron to the heme cofactor, leading

to dioxygen binding and formation of a resultant Fe(superoxide that further undergoes
reduction and €D bond cleavage, yielding the Compound | active spdtis, 146] Thus, in

addition to the contribution attributed to the protein scaffold, the redox potential of the protein can

be finetuned by altering the environment around the heme prosthetic group. It is known that the
introduction of hydrophobic or aromatic interactions into the secondary coordination sphere (SCS)

of the heme as well as new hydrogen bonds between the substraterandding amino acids
(both the proxi mal and distal Ssides) [14ldn exer
Additionally, the presence of a negative charge or dipoles around the metal can decrease the redox
potential by stabilizing higher oxidation states, which could facilitate catalytic aqtivity 141]
Lastly, the propionate groups, the fAelectrost
in catalysis and electron transfer processes where hydrogen bonding interactions, either from a
substrate molecule or by satmding amino acid residues, can tune the reactivity of the heme
[147].

4.2.STRUCTURAL EFFECTS: SITEDIRECTED MUTAGENESIS
Site-directed mutagenesis studies of amino acids located either within the distal cavity or on
the surface of DHP have been used to evaluat®thef specific residues with respect to catalytic

activity (Figure 2.13):
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Figure 2.13. Structure of DHP highlighting the amino acid residues that were targeted for site
directed mutagenesis (PDB: 616G). Amino acid numbering follows that for DHPW&Ven some
of the mutagenesis studies were performed using DHP isoenzyfirie 36, 38, 44]

ii)

Mutagenesis stuels were performed on the distal histidine (H55D, H55N, H55R, H55V,
Figure 2.13 red) and their activities evaluated: H55D and H55N showfedtiGand 11fold
attenuated activity, respectively, for the oxidation of 2/ACE> compared to the WT enzyme.

The mutant H55D could display an open/closed configuration, as shown by structural studies
(~100% open conformation, solvent exposed) and FTIR (carbonmonoxy form, closed
conformation), which provided an explanation for the partial peroxidase activity compared
to the WT enzyme. The H55R mutant was shown to be protonated and in the open
conformation, retaining only 1-68CR/TBF),wWd DHPO
H55V was shown to be virtually inactive. These studies highlighted the importance of the
digtal histidine as an acidase catalyg23, 148]

In addition, the proximal histidine was exchaddor a glycine residue (H89Gigure 2.13

green), which showed an approximate-fald and 16fold decrease in the oxidation of 2,4,6

TCP and 2,4 BP respectively23, 148] compared to WT,;

Mutations to T56 Figure 2.13, blue) were also studied as this residue was hypothesized to

be critical to the distal histidine (H55) conformational flexiil T56G was found to have a
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5-fold lower enzymatic efficiencyk{a/Km) with respect to 2,4;86 CP oxidation compared to

the WT enzyme, a result that showed that T56 is required for maintaining the distal histidine
in position for optimal peroxidase activif20]. Even though the other mutants exhibited
increased enzymatic efficienci4/Km) compared to WT DHP (T56S, -féld; T56A, ~3

fold; T56V, 1.3fold), most likely attributed toolwer steric hindrance which confers H55
with more flexibility, the same mutants also displayed an increased formation of a stable,
hexacoordinate hemichrome species (i.eHB& adduct) which has been implicated in
enzyme inactivatiofbl];

Compound ES, a ferryl species withradical on alocal radical amino acid residue
[(Por)FéV=0 TAA], is the typically observable activated species in the absence of substrate.
Replacement of tyrosine residues Y28 and Y38 with redagtive phenylanines
(Y28F/Y38F- Figure 2.13 orange) led to the formation of an alternative active catalytic
species, Compound | [(PByFeY=0 AA], a ferryl species with a porphyrpication radical.
Single-point mutations (Y28F or Y38F) still showed the formatiorCoeimpound ES, thus
showing that either of the tyrosine residues are capable of reducing the poppbgtian

radical of Compound I. Even though the doulvletant Y28F/Y38F showed an increased
catalytic efficiency for the oxidation of 2,48CP (~1.6fold) compared to WT, it also
suffered from an increased rate of heme bleaching. Thus, the tyrosine residues in the WT
enzyme act as endogenous reductants to quench Compound |, which helps prevent
irreversible oxidative damage to the protein scaffold by left@xidizing equivalents due to
inefficient substrate oxidation and/or absence of substrate altodeher0, 149]

Electrostatic effects were investigated with surface mutations (N96D, R33Q, R33A, K36A,
N61D, N61K, K58A, K51A, K87A- Figure 2.13 black). These studies demonstrated that
mutants that led to a more negative chargethensurface of the enzyme exhibited an
attenuated catalytic efficiency in the oxidation of 2;#@®&P compared to WT DHP (varied

from 0.60.89fold). Conversely, the mutant N61K that introduced a more positive charge
compared to WT DHP displayed an increasenzymatic efficiency for 2,4;6 CP oxidation
(~1.2fold). These results suggested that surface electrostatics play a central role in the
catalytic activity, and is likely affecting substrate binding given theqh 6.2 for 2,4,6TCP

[150];
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vi) The F21W mutantKigure 2.13 cyan), wherein phenylalanine within the distal cavity of
DHP was substitutedy tryptophan, was found to decrease peroxidase activity in the
oxidation of 2,4,6TCP (>#fold decrease) while showing virtually no change in
peroxygenase function in the oxidation of haloindoles-R11Xold decrease). Previous
structural studies showat TCP has two distinct binding sites in the DHP distal c§2&y,
which in turn represent two different functions: T&#s a solvent exposed position and
inhibits peroxidase function, and THs buried in the pocket where it undergoes oxidation
(Figure 2.14A). The F21W mutant places a large amino acid residue where thg TCP
binding site is, thus the peroxidase activity is decreased due to steric hindrance, whereas
TCPaxremains viable for binding peroxygenase substrates. These results sheslettate
tuning of DHP activity can be accomplished via single point mutations, without affecting
H20- activation despite H55 being in the open conformajiiéin 151]

Most of the aforementionedutagenesis studies focused on the peroxidase function of DHP, given

that the other native functions of DHP were not identified until more recently. However, the results
highlighted that the majority of ssequence haver al m¢
a negative effect on catalytic activity, and that positive effects are accompanied by changes that
lead to protein inactivation. Overall, these studies indicate that the native protein structure of DHP

is robust and that select residues ie #iructure are responsible for i) defense against auto
oxidation and bleaching, ii) amino acid mediated electransfer pathways, iii) the stabilization

of substrate interactions, and iv) serving as acid/base catalysts. Thus, stwattion
relatiorships, albeit subtle, exist in DHP, and through specific mutations certain relationships can

be selectively tuned or exploited.

4.3.MULTISPECIFICITY AND ACTIVE SITE FLEXIBILITY

Substrate functionalization using the same oxidative function, e.g., peroxddtiséy
employed in the oxidation of halophenols, guaiacols and cresols, allows for DHP to be classified
as a multispecific enzyme. This broad specificity, also referred to as substrate promiscuity,
translates into a flexible active site that accommodatewiety of substratd65, 152, 153] The
active site of DHP is close to the surface of the protein scaffold, #maering it more solvent

exposed when compared to other enzymes such as CYP450 and UPOs. Additionally, the active
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site is largely composed of hydrophobic amino acid residues, and esszyasigate hydrophobic
interactions (in addition to hydrogen bondingdaglectrostatic interactions) are an important
driving force stabilizing substrate binding, which in turn facilitates the formation of the enzyme
substrate transition statpib4, 155]

The previously determined crystal structures of 2% and 2,4 BP [26, 86] (Figure
2.14A) were superimposed withBr-1, 4-Br-C, 4NP, andp-cresol Figure 2.14BandC) in order
to directly compare and understand the structural interactions of the distal cavity of DHP. As
mentioned previously, 2,4,6CP has two different binding sites in the distal cavity of DHP,
internaland external. TCRi s buried in the distal ppareck et ( C
halogen atom is located in the Xel hydrophobic cavity and the hydroxyl groupfisaduly from
the heme iron and interacts with H55 in the closed conformatiBﬂ.(ﬂ\A). TCPRx is positioned
close to the entrance ohéhydroxygrodp irderaats witlpkdssik et ( 2
the open conf b25@pand nY I8 H( MB). el chlorde afom in the
para-position is at a distance of 33from the heme iroffi26]. The brominated derivative, 2,4,6
TBP, also binds internally with thgara-halogen atom located in the Xel hydrophobic cavity but
positioneda little deeper compared to TePecause of its size and hydrophobic interactidhs.
TBP hydroxyl group is farther away from H55¢BI3A) due to its position pointing down towards
the heme iroX[8q.Fe OH, 3.6

The binding mode of TBP and Té&Hs slightly rotated relative to each oth&igure 2.14A),
owing to the aromatic ring planes being angled at approximately &%8lting in the osition
halogens being separated by 4.6 A (not shown). The Br in position 6 is oriented towards a more
hydrophobic region of the pocket, in proximity to V59, M63 and L100, whereas the Cl in the same
position is rotated toward F21, Faft also pointing towards a carbonyl oxygen of T56 (CI to
C=0 is 3.8 A) (not shown). The halogens in th@2d 4positions occupy the overlapping space
in the Xel binding cavity, with the Br in position 4 being positioned a little deeper due to its size
and hydrophobic interactions (mutual distance of 0.4 and 0.7 A, respectively).

The superimposed structures of the substrates that bind internally,TZR6 (cyan) [26],
2,4,6 TBP (pink)[86], 4-Br-C (green)7] and, 5Br-1 (magenta]49] are shown irFigure 2.14B.
H55 is shown in both the open and closed conformation, where the substrates intersiofvith
H55 (closed conformation), with distances that range froni 2.8 A (exceptTBP, 5.3 A). The

halogen atom of all substrates is in the Xel hydrophobic cavity, albeit in slightly different
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positions. The structures showBs-I and 4Br-C in nearperfect overlap (0.4\ displacement
between the Br atoms, and 032between the phenolioxygen and indole nitrogen), with an
identical distance from the heme iron andafiH55 to either the indole nitrogen irB§-I or the
phenolic oxygen of Br-C (4.8A and 2.5 A, respectively). The residue F60 was displaced-for 5
Br-land 4Br-Ctoafiopend confor mati on, possibly to accc
both these substrateBSigure 2.14B). Other residues F21, F24, F35, L100 and V59 were found to
be in slightly different conformations for all four substrates, while still positionestbtalize the
substrates via hydrophobic interactions (not shown). The residues Y38 and T56 do not have
interactions with these substrafés26, 49, 86]

Conversely, 2,48 CP.x (cyan)[26], 4-NP (yellow)[10] and,p-cresol (purple]7] bind closer
to the entrance of the pocket (HEgure2ld@)Al and t
three substrates are positioned almost perpendicular to the heme cofactor, HEei®@en
conformation in all three structures, and the hydroxyl group of the substrates, which points towards
t he o edg e, NYwith distancascranging Wwamt25 to 429 In addition, the distance
between C2 and the iron center is A.%or p-cresol and 4P, which provides an explanation for
hydroxylation in this position. Even though the distance between C2 and the iron center is 5.7 A
for TCPex, this carbon is sterically hindered for this substrate. The residues F21, F24, F35, F60,
L100 andVv59 were found to be in slightly different conformations for all four substrates, while
still positioned to stabilize the substrates via hydrophobic interactions (not shown). The substrates
interact with Y38 (2.7 A for TCP andMP; 3.8 A forp-cresol) andoth 4NP andp-cresol interact
with the propionate group D (2.6 and 3.1 A, respectively). Lasttyesol interacts with T56 (3.8

A, not shown).

| 5-Br-I (magenta) C *]
4-Br-C (green) Y38

Figure 2.14. Superimposed crystal structures of dehaloperoxidase, as seen fraimetuge,
complexed with A) 2,4 CP (TCRy, PDB: 4KMV; TCRyx, PDB: 4KMW) and 2,4,6/BP (PDB:
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4|LZ), B) 5-bromoindole (PDB: 616G, magenta)pdomo-o-cresol (PDB: 60NX, green), TGR
(PDB: 4KMV, cyan) and 2,4;6BP (PDB: 4ILZ, pink), and C) -hitrophenol(PDB: 5CHQ,
yellow), p-cresol (PDB: 6006, purple) and T&RPDB: 4KMW, cyan).

In summary, different structural aspects were found to affect the substrate binding position and
affinity to the protein, and although subtly in DHP, they represent keyilwatibns that are likely
applied by the enzyme to differentiate between functions. Some of these can be summarized as i)
proximity to the iron center and availability for-&om transferji) enhanced conformational
flexibility, where small side chain reangements of select amino acids (e.g., open or closed
conformation of H55, or displacement of F60) and/or substrate binding position (e.g., internal or
external) in the pocket can play a role in substrate specificity; i) hydrophobic interactions that
bind and stabilize the substrate in the active site and, iii) hydrogen bonding interactions, affected
by different protonation sites within the distal cayit$4, 155]

5. FINAL REMARKS

The investigation of enzymes with promiscuous activities, where protein engineering and
directed evolution offer the means to achieving the desireehative functions, has been the
focus of many research groups. However, such experiments are ofteadabtime consuming,
and costly. As a potential protein engineering platform, the enzyme known as dehaloperoxidase
hemoglobin has provided us with a recent example of a multifunctional enzyme that has the
potential to significantly advance our understagdwf the protein structusinction correlation.
Of course, structure is related to function, but the question is whether, or how, structure uniquely
defines function. In DHP, it appears that the substrate itself plays a pivotal role in determining
which ativity (peroxidase, peroxygenase, oxidase and/or oxygenase) the enzyme performs.
Altogether, this intriguing functional switch in the presence of different substrates may be
triggered by the physical or electronic properties of the substrate, its bimdémgation in the
active site, or by a change in the proteinds |
the enzymatic function of the catalytic globin in much the same way allosteric effectors would
structurally shift the equilibrium ad cooperative hemoglobin. Thus, DHP provides a unique and
advantageous platform for deeply probing mechanistic questions related to the protein
environment: by simply changing the substrate, the unique set of psofestrate interactions

specific to eaclof the five different heme activities of DHP can be studied, enabling us to pose
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guestions related to multiple activities across the heme protein superfamily using just a single
enzyme. Moreover, the relationship of DHP to other hemoglobins, peroxidaspsr@xygenases

aids in establishing new paradigms of protein struetumetion relationships relevant to
multifunctional proteins, complementing those established for monofunctional enzymes. More
broadly, the knowledge gained through the studies peeidrom DHP over the past two decades
advances our understanding of catalytic globins, helps to elaborate the structural features that lead
to activity differentiation across heme proteins (and across metalloenzymes more generally), and
furthers the compars of the structuréunction correlation in enzymes of marine origin in

relation to terrestrial or bacterial ones.
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ABSTRACT
The multifunctional catalytic

: : Dehal id
hemoglobin dehaloperoxidase (DHP) & g 4_§p_ecrrOX'|ase 2
g b \dll 0-Creso ‘h@b
fromthe terebellid polychaetemphitrite & ho, - o Mg
ornatawas found to catalyze the,E»- % P S
dependent oxidation oEPA Priority 9 ~e . NS

Pollutants(4-Me-o-cresol, 4Cl-m-cresol ¢( e |
and pentachlorophenoandEPA Toxtc ., T . q & noy \ I
Substances Control Adompoundsd,  , yesq ﬁ Gatechol

m-, p-cresol and 4Cl-o-creso).

Biochemical assays (HPLC/L-:®S) indicatedormation of multipleoxidationproducts, including

the corresponding catecho2-methylbenzoquinone {(RleBq), and oligomers with varying
degees of oxidation and/or dehalogenatidtsing 4Br-o-cresol as a representative substrate,
labeling studies with®O confirmed thathe Gatom incorporatedhto the catechowasderived
exclusively fromH20>, whereas th®-atom incorporatedto 2-MeBq wasfrom H>O, consistent

with this single substrate beingxidized by both peroxygenasend peroxidase mechanisms,
respectively. Stoppedf | ow UV 1 v itrescopid seidies gtrengly implicate a role for
Compound | in thgperoxygenasenechanismeading tocatechol formation, and for Compounds |

and ES in the peroxidase mechanism that yieldg-eBq product The X-ray crystal structures

of DHP bound with 4F-o-cresol(1.42A; PDB 60NG),4-Cl-o-cresol(1.50A; PDB 60NK), 4
Br-o-cresol(1.70A; PDB 60NX),4-NO;-0-cresol(1.80A; PDB 60NZ),0-cresol(1.60A; PDB

6001), p-cresol (2.10 A; PDB 6006), 4Me-o-cresol (1.35 A; PDB 60NR) and
pentachlorophendll.80 A; PDB 6008) revealed substraiinding sites in the distal pockeh

close proximity to the heme cofactaonsistent with both oxidation mechanismbe findings
establish cresols as a new class of substrate for DHP, demonstrate that multiple oxidation
mechanisms may exist for a given substrate, and profidéer evidence that different
substituents can serve as functional switches between the diffecawities performed by
dehaloperoxidaseMore broadly, theresults demonstratihe complexities of marine pollution
where both microbial and nemicrobial systems mayplay significant roles inthe
biotransformationsof EPA-classified pollutants, and further reinforces that heterocyclic
compounds o&nthropogenic origishould be considereas environmental stressarginfaunal
organisms.

KEYWORDS: cresols dehalopergidase hemoglobinpoxidation peroxidaseperoxygenase

HIGHLIGHTS

Cresols are a new class of substrates for dehaloperoXDBli§)

Substratexidationyields monomeric and oligomeric productsth dehalogenation

1

1

1 Crystallographic studie®veal substratbindingin the distal heme pocket

1 Labeling studieshowconcurreniperoxidase and peroxygenasadation mechanisms
1

DHP oxidizes 10 of the 11 phenolic compoundshe EPA Priority Pollutants List
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ABBREVIATIONS : Asymmetric Unit (ASU); 2MeBq, 2-methy}1,4-benzoquinone;-8Br-C, 4
bromoo-cresol;4-BP, 4bromophenol4-CI-C, 4-chloro-o-cresol; 4F-C, 4fluoro-o-cresol; 3

MC, 3-methylcatechol; MC, 4-methylcatechol; Me-C, 4methyto-cresol; 4NO>-C, 4-nitro-o-
cresol;4-NP, 4nitrophenol;,DMPO, 5,5dimethy-1-pyrroline Noxide;Compound |, twe
electron oxidized heme cofactor compared to the ferric form, commonly a&'a®F@rphyrinp-
cation radical; Compound Il, oredectron oxidized heme cofactor when compared to the ferric
form, commonly as an FecO or FEVi OH; Compound ES, twelectroroxidized state containing
both a ferryl center [Fé=0] and an amino acid (tryptophanyl or tyrosyl) radical, analogous to
Compound ES in cytochroneep er oxi dase; Compound RH, O6Reve
dehaloperoxidasdormed from the decay of Compound ES in the absence-stilostrate; DHP,
dehaloperoxidase; EIl, electron ionization; EPA, EnvironmentalteBtion Agency; ESI,
electraspray ionization; Hb, hemoglobirtRP, horseradish peroxidase; HSM, horse skeletal
muscek; Mb, myoglobin; PCP, pentachlorophenol; TBP, 2#ibromophenol; TCP, 2,4.6
trichlorophenol; TFA, trifluoroacetic acid; WT, wittype.
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1. INTRODUCTION

A number of tnienolic compounds have bedassifiedaspersistent organipollutants(POPS)
by the EPAand World Health Organization owing to their resistance to biodegradatigh As
a onsequencehioaccumulatiorof POPs may causevere anaftenlong-lasting effets on the
environment, spanning atmospheric, terrestrial, and marine syg8edils Of similar concern,
oncereleased into the environmeinbm anthropogenic sourcesomephenolic compounds can
undego biotransformationswing to their similarity to naturallproduced compounds, forming
secondary metabolitéhat can be even more toxic than the ppoempound5]. Relevant to the
present study, examples of phenolic POPs include i) craselhylphenols whichare released
into the environment mainlyybindustrialeffluentor through thecombustion of petroleum, coal,
wood, and tobacc$6], and ii) pentachloroplnol, a common water contamindhat isprimarily
employed as a wood preservative and pesti¢idde Due to their potential for significant
environmental toxicity adverse health effects aftacute or chroniexposure, andong-term
persisence leading tdioaccumulationa range of phenol derivatives, including halophenols,
nitrophenols, and cresolbave elevated threat levels and are either classified by the EPA as
Priority Pollutantd 1] or included in thél'oxic Substances Control A[2].

In light of their environmental toxicity, phenbiodegradatiopathways haveeenthe subject
of numerous investigations. itfoorganismge.g.,bacteria and fungjiemploycresol isomersct,
m-, p-cresol)ascarbon sourcesvith initial oxidation ofp-cresolto 4-methylcatechoando-cresol
to 3-methylcatechol and-ghethylhydroquinone, followed by ring fission that leads to smaller
products [8-11]. Additionally, p-cresol is oxidized by chloroperoxidase[12], manganese
peroxidasg13], and polyphenol oxidasdg14], and in the case dforseraésh peroxidase (HRP)
and ascorbate peroxidase (APX)kommon «idation products include2-dihydroxy5,5
dimethylbiphenyl and tetrahydrodibenzofurdfeu mme r e r 9§ EL5, Ipju Ennymes are also
employed in the degradation ofqtachlorophendlPCP), includingHRP andLiP [16], and PCP
degrading bacteriasuch asSphingobium chlorophenolicumnd Flavobacterium sp employ
multiple enzymes for full mineralization of the chlorinated substfafe18]. Despite the insights
afforded by these studies, the majority of them have focused oroplamtrobial pathways, and
comparatively fewer studies have addresked infaunalorganismsimpact the fate gfor are
themselves impacted by, persistent organic pollufd®22].

One such infaunal system that is potentially involved in the degradation of POPs and related
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xenobiotics is the multifun@inal catalytic hemoglobin dehaloperoxidase (DHP) frammphitrite
ornata[23-29]. As asedimentdwdling marine worm[30], A. ornatatoleratesa diverse array of
biogenicallyproduced organobromine compouifsscreted by other marine organisms as defense
mechanisra [31]) by employing its hemoglobin as a detoxification enzyme. Named
dehaloperoxidaspg7, 32], this O.-transport proteif33, 34] is capable of oxidizing a wide array
of compounds including mong di and trihalophenol§32], habindoles [35], pyrroles[36],
(halo)guaiacols[23] and nitrophenolg25], and also strongly bindszoles [24]. Substrate
oxidation/degradation in DHRakesplacevia one of fourcanonical heméased mechanisms:
peroxidase[37-40], peroxygenasg25, 35, 36], oxidase[35], and oxygenasg¢4l], with no
crossover between these activities for a given class of substrate, i.e., halophenols, nitrocatechol,
and haloguaiacols are oxidized solely via a peroxibased mechanism, and haloindoles, pyrrole
and nitrophenols are exclusively dided via a peroxygenase activity. To date, it is still not
understood how DHP (as a multifunctional enzyme) controls foattigity differentiationgiven
that all activities occur at a single site employing reactive intermediates (i.e., Compddgds |
43|, ES[37, 38, and 1l [44]) that are commonly invoked in these four mechaniffasd7].
Moreover, no mechanistgtudies have explored the oxidation of cresols or pentachlorophenol by
DHP as a model for infaunal organisms.

To address these questions, and in light ohtel forfurther investigatindpiological systems
of nonmicrobial originn assessing the enviroemtal fate and/or impact of phenolic compounds
from the EPA Priority Pollutants and Toxic Substances Control Act lists, here we present
structural spectroscopic,and mechanistic studies describing the reactivity of cresols and
pentachlorophenol with the uttifunctional globin dehalogroxidase, and establish cresols as a
new class of substrate for DHP. We will show that unlike phenols/guaiacols (peroxidase, red box)
and nitrophenols (peroxygenase, blue box), DHP is able to oxidize a given cresol sup$todte b
peroxidase and peroxygenase mechanistigeife 3.1, pur pl e box), and t he
activity through the selection of the substrate (e.g., substituent ef®tgl8 49]) will be
discussed. The results here will demonstrate Dt is aunique example of a mufitinctional
protein that challenges many of thewasptions behind thproteinstructurefunction correlation
that has been built from decades tfdy of monofunctional proteins, and provides us with a
system for exploring how the substrate itself can have a significant influence in tuning the chemical

reactivity exhibited by an enzyme
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Phenol/Guaiacol Cresol Nitrophenol
OH OH OH
R CH,
R =H, OCH, Pero>§r|dase NO,
Peroxidase Peroxygenase Peroxygenase

Figure 3.1. Substituent effectsiodulatedifferentoxidation mechanisnmia DHP: peroxidasdred)
and peroxygenase (blue), with cresols being oxidized by both mechanisms (purple).

2. EXPERIMENTAL

Materials. Ferric WT DHP Bwas expressed andupified as previously reporte[88, 50].
Oxyferrous DHP B was prepared by the aerobic addafaxcess ascorbic acid to ferric DHP B
followed by desalting (PD-10 column [44].
spectrophotometrically usingsoret = 116,400 M cm® [38]. Horse skeletal muscle (HSM)
myoglobin (esoret = 188,000M" £ 1[51]), horseradish peroxidase (HRBRoret = 102,000
M' tmi [52]) and mushroom tyrosinase frohgaricus bisporu§7164 U/mghydrated using 100

mM KP; at pH 7)were purchased from Sigrfddrich and used as receive8ubstratestock

DHP concentration was determined

solutions (10 mM) were preparedn methanoland stored at80 °C Solutions of HO, were
prepared fresh daily in 200 mM KipH 7) and kept on ice until needed. Isotopically labeled
H2'0, (90% 80-enriched) and KO (98% *¥0-enriched) were purchased from Icon Isotopes
(Summit, NJ) Acetonitrile (MeCN) was HPLC grade, and all other reaggatie chemicals were
purchased frolWWR, SigmaAldrich or Fisher Scientific and used without further purification.
HPLC Reactivity StudiesEnzyme assays (25@. total volume)were performed in triplicate
in 100 mM KR at pH 7 (unless otherwise indicatedpntaining 5% MeOH at room temperegu
A typical reaction was initiated by the addition of 58d@ H.O> to a solution containind0 Vi
enzyme and00nM substrate,and quenched after 5 minutegh an excess of catalagenzyme
variants included ferric WT DHP ,Berric DHP B (Y28F/Y38F)42], oxyferrous WT DHP B,
HSM and HRPMechanistic probes were addador to the addition of kD, including500 Vi
4-bromophenol (MeOH), 506M D-mannitol (KR), 100mM 5,5-dimethy}1-pyrroline N-oxide
(DMPO; MeOH) or 10% v/v DMSO, and adjustments were made to ensure a final 5% MeOH
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concentration for all reactions excdpViPO (10% MeOH final)A 200 nL aliquot of the reaction
mixture was diluted 4old with 600niL 100 mM KR at the reaction pH, and tliduted samples

were analyzed using a Watex2695 SeparationdModule coupledo a Waters 2998 photodiode
array detectorrad equipped with a Thermo Fisher Scientific ODS Hypersil (150 mm % 4.6 mm) 5
MM particle size @ column. Separation was performed using a linear gradient of binary solvents
(solvent A, water + 0.1% TFA, solvent B, acetonitrile + 0.1% TFA). The elutioristaa of the
following conditions: (1.5 mL/min A:B) 95:5 to 5:95 linearly over 12 min, 5:95 isocratic for 2
min, 5:95 to 95:5 over 1 min, then isocratic for 3 min. Data analysis was performed using the
Waters Empower software package

ProductDetermination by LEMS. The reactions wergerformed and quenched as described
abovewith the exception thad mM KPR, (pH 7) buffer was employedAnalysisof the undiluted
reaction 0 nL injection aliquot)was carried outising aThermo Fisher ScientifiExactive Plus
Orbitrap mass spectrometemploying a heated electrospray ionization (HESI) prodoed
equipped with &hermo Hypersil Gold (50 x 2.1 mm, patrticle size tr8) C; column. The flow
ratewas set t@50nL/min (solvent A, water + 0.1% formic aktisolvent B, acetonitrile + 0.1%
formic acid)and he mass spectrometer was operateuobii negativeand positive iormodes to
yield the [M-H]" and [M+H]" species respectively Spectra were collected while scanning from
100-1500 m/z and data analysis waperformed using Thermo Xcalibur software. For @
labeling studies, the reactions were performed for 10 minutes in the presence,cfubstPate,
and HOz, where unlabeled ¥D. was replaced with H20,, and/or the KPbuffer was replaced
with H2'0 to ensure >90% of labelé8O was present.

TyrosinaseCatalyzedCresolHydroxylation. The tyrosinaseatalyzedhydroxylation of 4R-
o-cresol R = F, ClI, Br, NQ), 4-Cl-m-cresol,m-cresol andp-cresolwereperformedper literature
protocol with modifications[53-55]. Briefly, to a 1.5dram glass vial was addeatkat cresol
substrate (0.05 mofh), 1.5 equivascorbic acidsolid), 1.665 nh. 100 mMKP; buffer (pH 7) and
335 nL tyrosinase (7880 U/mL)The reactio was stirredopen to airfor 24 hoursat room
temperaturequenched with M HCI (1 mL), and subsequentinalyzed by HPLC and L-™S
(negative ion mode)vide suprafor instrument and method information) prior to workup. The
reaction mixture was then extractaah ethyl acetate (EtOAc2 x 2 mL), and the combined
organicextracts weralried over sodium sulfate, filterednd concentrad in vacuoto yield oils

that ranged from colorless to dark brawre crude product wasdissolved in150 ni. EtOAc,
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followed by the addition of 100 pyridine, 100nL hexamethyldisilazane and 5@L of
trimethylsilyl chloride (HMDSTMCS, 2:1 v/v)[55]. This mixture was \gorously stirred foB0
minutes,allowed to stand for 5 minuteand thercentrifuged for 5 minutes at 10,000 rpm. The
supernatant was analyzed anAgyilent 6890 Series GC System couple@gnAgilent 5973 Mass
Selective Detector using a BEMS column (0.25 mmd. x 30 m 0.25 nm film thickness). The
method employed was as follows: isotherazl00 °C for 2 minutes, a gradient of 2G/min to
280°C, and maintained at 28T for 10 minute$53]. The flow rate (He) was 15 mL/miand the
injection volume wag L. Mass spectra were recorded with arceten beam of 70 eV, scanning
from 50-550m/z

Binding studies.Thesubstrate dissociatiamonstarns (Kq values)weredetermined in triplicate
for ferric WT DHP B using a Cary 50 U¥Vis spectrophotometeas per previously published
protocols[35, 56]. Against areference spectrum of 5@M ferric DHP B in 100 mM KIP(pH 7)
containing 5% MeOH, difference spectra were obtained for the addition-@60.8quivsubstrate
to 50nM DHP Bwhile maintaining constant enzyme, buffer, and MeOH concentratoragysis
of the visibleregion (456700 nm) was performed using the ligand binding function in Grafit
(Erithacus Software Ltd.).

Crystallization and Data Colleatin. Crystallization and data collectiavereperformedusing
non-His-taggedferric DHPB thatwas overexpressed and purifiasl per literature preceddi3,
48-50]. The protén was crystallizedrom the ferric form usingthe hangng-drop vapor diffusion
method.Crystals grew from 3@2% MPEG 2000, 0.2 M ammonium sulfate and 0.02 M sodium
cacodylate (pH 6.5) by mixing protein at 10 mg/mL in 20 mM sodium cacodylate (pH 6.5) and
crystallizing solution at 1:1, 1.5:1 or 2:1 of protein:reservoir solution. Crystals appeared after 3
days of incubation at 4C and were harvested afi@igrowth period obne to two weeks. All the
substratebound formsvereobtainedby overnight soaking of crystals in solutions containing 34%
MPEG 2000, 0.2 M ammonium sulfatmdsupplemented with vanyg concentrations of substrate
(i 100 mM dissolved in DMSOwith a finalconcentration 05% DMSOQOin thesoaking solution.

The crysals were subsequently cryoprotected by dipping in soaking solution supplemented with
25% ethylene glycolnd flash cooled in liquid nitrogen before data collectioma) diffraction

data were collected remotely at the SERT ID22 andBM22 beamlins atthe Advanced Photon
Source, Argone National Laboratories. The data sets were collected at 100 K avsaglength

of 1.0 A, employing a shutterless Rayonix MX300tSector. The data were integrated and scaled
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with either iMosflm from CCP4 suite or HKIO®O program suitgs7], molecular repleement was
done wth PhaseiMR [58] using 3IXF[50] coordinates as a&arch modelmanual modebuilding
was performed in COOT59], whereas refineménvas carried out using REFMAQSQ] in the
CCP4 suitd61] and phenix.refine in the PHENIX saibf program$62, 63]. Thefinal model was
validated using COOT, MolProbifp4] and PDB_RED(65].

StoppedF | o w  Uibd Sgactsoscopic StudieQptical spectra were recorded using a-Bio
Logic SFM400 triplemixing stoppeeflow instrument coupled to a rapid scann{igh ms)diode
array UVivis spectr op bQdolatiors ivere prepaiett ia 100 m\dikKPe i n
(pH 7), and the substrates solutions were made in buffer containing 5% MeOH. Doixivlg
experiments were performed using an aging line prior to the second mixing step to observe
Compound I/ES/II reactivity with 18quiv substrateas follows:(i) Compound | wagre-formed
from the reaction oferric DHP B (Y28F/Y38F)42] with 10 equiv HOz in an aging line for 85
ms prior to mixing with the substrat@) Compound ES was prlermed by reaction of ferric WT
DHP B with 10 equiv of KO- in an aging line for 400 ms prior to mixingtWithe substratg3§];

(ii) Compound Il waspre-formed from oxyferrous DHP Bhat waspreincubated with 1 equiv

TCP andthenreacted with 10 equief H2O> in an aging line for 2.75 s prido mixing with the
substratg 23, 44]. Data were collected (900 scans total) over a ttiree domain (1.5, 15, and

150 ms)observation periodising the BieKine 32 software package (Blmogic). All data were
evaluated using the Specfit Global Ana$/stystem software package (Spectrum Software
Associates) and fit with SVD analysis esher onestep, twespecies or twstep, threespecies
irreversible mechanisms, where applicable. For data that did not properly fit these models,
experimentally obtaied spectra at selected time points detailed in the figure legends are shown.

Data were baseline corrected using the Specfit autozero function.

3. RESULTS AND DISCUSSION

DHP-Catalyzed Substrate Reactivity withe®. The hydrogen peroxiddependent reaction
of ferric WT DHP B withthe EPA Priority Pollutants and related substratas monitoredy
HPLC, and the corresponding substrate conversion percer{tzagesd upon substrate losse
reported inTable 3.1 Reactions were initiated updhe addition of 500e M ,®} to a solution
cont ai nifarig WILIDHP 8dvMn d 5 Bubstratdihcubated at 25 °C for 5 min, and then

guenched with catalasét pH 7, the substrate conversion ranged from a low value of fb1%
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pentachlorophenol to a high of ~67% fecresol.When repeated at pH 8, only modest changes
(< 2-fold) were noted, likely attributabl® proteindependent pH effects given that the substrate
pKa valuesare below ~5 or above ~9(pKa values:o-cresol, 10.2966]; m-cresol, 10.2666]; p-
cresol, 10.0966]; 4-Me-o-cresol, 10.6Q67]; 4-Cl-o-cresol, 9.7167]; 4-Cl-m-cresol, 9.5567];
pentachloropénol, 4.7468]; 2,4dinitro-o-cresol, 4.3169]). The order of oxidation of the cresol
isomers was found ascresol ~m-cresol <p-cresol, whichmirrors their binding affinitieside
infra). An inverse relationship was observed between halogen size and enzyme reactivity for the
4-X-o-cresols halogen seri€¢X = F, Cl, Br), with a 2fold difference(F > Cl > Br) between the
highest and lowest comsons. While an electronic effect cannot be ruled out, we note a
significant difference in the substrate orientation within the active site feo-4resol 61.8%) vs.
4-Cl-o-cresol (35.2%) and-Br-o-cresol (27.5%) as shown by-rdy crystallographyvide infra,
Figure S3.10. Finally, DHP B was also found to catalyze the oxidatiomperitachlorophenol
(11%), which now adds the fully substituted analog to the halophenol secielsrdphenol
(inhibitor) [32, 70], 2,4-dichlorophenol (substra{@2, 71]) and 2,4,&richlorophenol (peroxidase
substratg 32, 38, 72]). Finally, no reactivity was observed for j#itro-o-cresol under any
conditions examined, even when performed at pH 5 (data not shown), which is neawrtidrep
pKaof 4.31. As DHP is able to catalyze the oxidation ofdftrophenol (K. 4.07[66]) at pH 5

and 6[25], the lack of reactivity here with 2dinitro-o-cresol is possible due to binding or
electronic factors, and not piglated. As expected, @ither substrate turnover nor product
formation were observed in the absence gdF(nonroxidant control) or enzyme (neenzymatic

control) (data not shown).

Table 3.1. DHP-CatalyzedSubstrate Oxidation Studies

Substrate Conversion (%)

DHP B WT Ferric pH 7 pH 8

+ o-cresol 31.6(x6.2) 35. 2.0
+ p-cresol 67.3(x36) 75. 9 (
+ m-cresol 33.8(x22) 35. 7 (
+ 4-Me-o-cresol 65.3(x6.7) 81. 4 (

+ 4-F-o-cresol 51.8(x22) 53. 7 (
+ 4-Cl-o-cresol 35.2(x3.7) 46. 8 (
+ 4-Br-o-cresol 27535 43.8 (
+ 4-NO2-o-cresol 30.3(x30 11.8 (
+ 2,4dinitro-o-cresol n.d. n.d.

+ 4-Cl-m-cresol 354(x19) 23.1 (
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+ pentachloropheno 11.0(x2.1) 8. 9 ( KN

Reaction conditions.[ferric DHP B = 10 mM, [substrate] = [HO-] = 500nM, 5% MeOH/100
mM KP; (v/v) atpH 7 or 8,25°C, 5 min n.d.= no reactivity detected

As the native substrate scope of dehaloperoxidase is believed to be organobromine compounds
[32], and as DHP B has been shown to oxidize brominated analogs of pl8dhpisdoles[35],
and guaiacol$23], mechanistic investigations were performedehaith 4Br-o-cresol (4Br-C)
as a representative substrate for the cresol family, the results of which are summaraaeé in
3.2

() pH dependencea ~3fold increase in substrate oxidation was observed as the reaction pH
was increased from 5 (16.0%) to 8 (43.8%), with only a minor further increase at pH 9 (46.2%).
This suggests that maximal activity occurs as theQgKa of the DHP metaquacid alkaine
transition of 8.1 [73]. This is the opposite behavior as has been previously shown for DHP
peroxygenase substrateshirophenol[25], pyrrole [36], and 5Br-indole [35], where activity
increased as the pH decreased.

(i) Enzyme variationsthe oxidation of 4-Br-o-cresolas catalyzed byxyferrous DHP B
(21.0%)wasslightly attenuated compared to thafferdfric DHP B(27.5%) but still demonstrated
thatthe substrate oxidatioreaction can be initiated from either the glehitive (F&-O,) or the
peroxidase activéFe'"') oxidationstates, a resuttonsistent witHiteratureprecedenf23, 25, 35,

36, 44, 74, 75]. Studies performedith DHP B(Y28F/Y38F),a mutant thayields Compound &s

the initially-observed reactive intermediatther tharihe Compound ESpecie®bserved in WT

DHP B [42], showedonly slightly lowersubstrate conversiof21.9%)compared toNT DHP.
Whereas the canonical horseradish peroxidase (HidJed virtually complete conversion
(98.8%) of 4-Br-o-cresol,horse skeletal muscle myoglobin showed similar conver&8ril %)
compared to WT DHP Bn both cases, the product distributions wdifferent from that observed

for DHP (data not shownJinally, DHP isoenzymeA, which differs from DHP B by only five
amino acid substitutiongl9, 50], showed a higher conversion 49.7% tharthe DHP B analog;

the higher activity of isoenzyme A over that of B has only been observed previously with pyrrole
(a peroxygenase substrafap).

(iif) Mechanistic studiesThe addition of doromophenol K4 = 1.15 mM[70]), a known
peroxicase and peroxygenase inhibitpt6, 77], decreased substrate conversion by-fald,

suggesting that -bromophenol has an inhibitory effect drBr-o-cresoloxidation. When te
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reactionwasperformed in the presencetbk known radical scavengeB-mannitol (26.1%) and
DMPO (21.1%),no significant differences in substrate conversiomroduct distributionvere
noted a result thasuggests thatolvent accessible radical® not play a rolen the oxidationof
4-Br-o-cresol As a comparison,-8r-o-guaiacol, a peroxidase substrate, was similarly unaffected
by DMPO, whereas this radicacavenger did inhibit -Br-o-guaiacol and NO»-o-guaiacol
conversion, suggesting that these peroxidase substrates do proceed through diffusiblg23dicals
Finally, in the presence of DMSO, a giigincreasgto 34.5%)in reactivity without change in
product distributiorwas shownwhichwe attributed tdhe organic solvent facilitatingccess of

the substratéo the hydrophobic binding pocket of DHIPE].

Taken together, the results obtained from the abemeymatic assays showed that
dehaloperoxidase was able to catalyze the conversion of the EPA polludetphysiological
conditions, andestablishesresolsas yet anotheclass ofphenolic substrate for DHP. These
studies do not, however, provide dhdtive evidence for oxidation via either a peroxidase or

peroxygenas®ased mechanism, necessitating labeling studide {(nfra).

Table 3.2. DHP-catalyzed oxidation o#-Br-o-cresolas a function of enzyme variant, pH, and
mechanistic probes

Condition Conversion (%
pH Studies

pH 5.0 16.0( N 1.
pH 6.0 19.1( N 1.
pH 7.0 27.5 (+ 3.5)

- H202 n. d.

- enzyme n. d.
pH 8.0 43.8 (N
pH 9.0 46.2( N 6.

Enzyme Variation
DHP B Oxyferrous 21.0 (£ 3.2)

DHP A Ferric 49.7 (x 1.4)
DHP B(Y28F/Y38F) 21.9 (+1.5)
HRP 98.8 (£ 0.2)
HSM Mb 33.1(+3.2)

Mechanistic Probes
50@MD-mannit26. 1
10% DMSO 34.5
10@M DMPO 21. 1
5 0r@M 4-bromopheno 1 5. 0
Reaction conditions.[DHP] = 10 mM, [4-Br-o-creso] = [H202] = 500mM, 5% MeOH/100 mM

N SN N N
20 20 20 2
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KPi (v/v), pH 7,25°C, 5 min n.d.= no reactivity detected = reactionperformedn 10% MeOH.

Identification of Reaction Products by HPLC and L®S. A representative chromatogram
for each DHP Bcatalyzed substrateidation reaction in the presenckH20- is found inFigure
3.2, and he reaction mixturgwerefurtheranalyzed by LEMS. Under the conditions employed,
multiple products werebservedand although identification dfie exact chemical structures was
not pursued, the products consisted of oligomers (upt@&nwith varying degrees of oxidatipn
a list of the retention tinge masssand chemical formutaobtained fotthe productsupton =3
can be found inTables S3.1S3.4 For the 4X-cresolseries(X = F, Cl, Br), dehalogenatn
products were also observed, consistent with previous studies emp®&ifegrinalophenols
(yielding thecorresponding 2;@8ihaloquinoneg38]) and 4X-o-guaiacols (forming oligomeric
products) that also underwent oxidative dehalogenation cherf2§iry

pentachlorophenol A

4-Chm-cresol k¢ ‘.A_,/wJ‘-—'—'h——J‘—
__J._A_/Y *
4-NO,-o-cresol z J

Y

4-Br-o-cresol 1 A
1

oY

4-Clo-cresol_

Y

4-Fo-cresol

4-Me-o-cresol

Y

m-cresol

R SRS T IR I SR T
*

*

%

p-cresol

*

o-cresol
T T T T

3

A

LI A N S A B B B B I B B B |

5 6 7 8 9 1C
Retention Time (min)

Figure 3.2. HPLC chromatograms for the reaction of DBRvith the EPA priority pollutants and
cresol derivatives in the presence oA Reaction conditions: 18M DHP B, 500mM substrate,
500 MM H202, 5% MeOHL00 mM KR (v/v), pH 7, 25 T. The reaction was quenched after 5
minutes withanexcess of catalase. TheVieBq product is highlighted by the triangle withsa-

4.6 min. The asterisksdenotethe substrateReactions were monitored at 260 nm except
pentachlorophend280 nm), and 4X-o-cresol (X = F, CI, Br; 265 nm).

- -
Al>"‘
—

A
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For seen of the eleven substrat@sdresol,m-cresol, 4Cl-m-cresol and 4R-o-cresol R = F,

Cl, Br, NOy)] studied,a common oxidation product wabservedThis product exhibitedlentical
spectrosopic featuregl max= 249 nn), retention timgtr = 4.6 min) and massn/z121.0, [M-H]

; 123.0, [M+H]") that matched a commercial sample efm&hyl-1,4-benzoquinone 1eBq;

Figure S3.). On the basis of a calibration curvéigure S3.2, the amount oR-MeBq was
determined for each reactiohgble S3.5, and it was found th&-MeBq formationvariedup to
150-fold (0.27 28.9nmM) at pH 7, but only ~Sold at pH 8 6.27 27.8nM, pH 8). The formation

of the 2MeBq indicates dehalogenatiorHX, X = F, C| Br) and loss of nitrite (HNg), and
although no attempts were made identify the leaving groups, stopp#iow UV/visible
spectroscopistudies suggest that the halogen ions ceeitde as ligands to tiiemeFe, forming

Fe-X adductsyide infrg). No 2MeBq product was observed in the reactions witinesol, 4Me-
o-cresol andgpentachlorophenol, and the yield MeBq product wasinaffectedwhen 100 mM
DMPO was includedn the 4Br-o-cresolreaction.Quinone product formation has precedent for

the DHRcatalyzed oxidative dehalogenation of 2;#j6alophenol (X = F, Cl, Br) yielding the
corresponding 2:@lihaloquinone [32], and 4X-o-guaiacol (X = F, CIl, Br) yielding 2
methoxybenzoquinone {21eOBQ) [23], with both reactions proceeding via a peroxidbased
mechanism. Formation of these quinone products has been previously linked to a-grodact
reduction[23, 38] owing to the unusually high redox potential of DHM®], thereby providing a
resolution to the d{§8fevheseinohe praodockof ith pesosidage actiatyl o x 6
(with an Fé' resting state) reduces DHP back to the ferrous oxidation state, thereby rescuing its
oxygentransport function.

Identification of a Catehol Reaction Roduct With the exception of pentachloropheyedch
substrate oxidation reactiaxhibited a product that corresponded to the incorporation ofan O
atom into the substrate (monomer + 1T@bles S3.1S3.3. To determine if these producisuid
be specifically ascribed to catechol formation, authentic samples of the corresponding catechol,
either from commercial sources or prepared enzymatically (see Supporting Information), were
employed as follows:

(i) 4-methylcatechol (4MC) wasfound to have the same characteristic retention tinwe 4.4
min), UV-visible spectruml(max= 225 nm) andnass(m/z[M-H] = 123) as one of the oxidation
products ofp-cresolin the HPLCchromatogramRigure S3.3, confirming the formation of 4

MC during the DHPcatalyzed oxidation gf-cresol.
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(i) 3-methylcatechol (3VMC) showed a retention time of 4.7 minWhx= 225 nm), however,
when compared to the-cresol chromatogram, no peak with the same retention time and
spectroscopic profile was observ@hta not shown)despite the presence of the corresponding
mass /z[M-H] = 123;Table S3.) being observed by L-&S for the oxidation ob-cresol. This
suggests that the iBethylcatechol produas presentat very small concentratioms the reaction
mixture.

(i) As they were not commercially available, the catechol derivatived-®Rio-cresol R =
F, Cl, Br, NQ), 4-Cl-m-cresolandm-cresol were synthesized enzymaticaligployingtyrosinase
following literature protocol$53-55], and their characterization IC-MS, LC-MS and HPLC
can be found in the Supporting Informatigfigures S3.4S3.69. As shown inFigures S3.5and
S3.6 catechol products were identified by their retention time anevidWle spectrum irthe
DHP-catalyzedoxidationof 4-F-o-cresol, 4NO»-o-cresol, 4Cl-m-cresol andn-cresol.

Altogether, Gatom incorporation fofive cresol substrates was confirmed from authentic
samples that were either obtained commercially or enzymatically, with hydroxylation of the
remaining cresol substrates (excluding pentachlorophenol) indicated by tMSLdata. These
results suggest ¢éhpossibility of peroxygenase activity with the cresol substrates, an activity that
has been observed for DHP with pyrr¢86], 5-Br-indole [35], and nitropheno]25] substrates,
but not with halophenol nor haloguaiacol substrates, these latter two beirngedxida a
peroxidase activity.

Labeled Oxygen Studietn order b determine the origin of the-&om that was incorporated
in the para (2-MeBq) andortho (catechol) positiosof the oxidation productslabeling studies
with 4-Br-o-cresol(as a represertige substratejvere conducted employing2HO and H!%O;
(98% and 90% enriched, respectivelgnd the results were subsequently analyzed bISdn
positive and negative moslgo yield the [M+H] and [MH] species respectively The
backgrounesubtraced total ion chromatograms (TdfCare shown ifrigures 3.3and3.4. The data
wereobtained inbothionization modess thecatechokl5-bromo-3-methyt1,2-benzenediol) and
2-methylt1,4-benzoquinong2-MeBq) products could only be observednegativeand paitive
ion modes, respectively

2-Me-1,4-benzoquinone (®eBq):In the presence of unlabeled® and labeled H2O,, no
increase in mass foreBqg was observedf/z 123.(8, 100% igure 3.3C)] when compared

with the results obtained in the absence of¥hsource Figure 3.3A). The presence of #fO
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and unlabeled D>, however resulted in an increase of 2 and 4 Da in tHdeBq massn/z
123.08 10.9% 125.05 38.1% 127.05,51.0% Figure 3.3B)], suggestingncorporation of labeled
oxygen from water, wh further scrambling from solvent occurrinp account for the second
labeled oxygen ir2-MeBq. The results obtained for the reaction employing both label&®H
and H'0, [m/z 123.6, 16.2% 125.05 36.7% 127.05 47.1% Figure 3.3D)] were virtually
identicalto those of the K80/H.O; reaction providing strong evidence for-&om incorporation
derived exclusively from watetand notfrom hydrogen peroxige and consistent with a
peroxidase mechanism for cresol oxidation by Bi¢giling 2MeBq. Additionally, the oligomeric

productswere observedo contain'®0 only in reactions that containddbeled water (data not
shown).

A, H,0/H,0, B ;. H,'%0/H,0,
I~ = C;Hg0, + 4 Da
S 20 123.08 S 15 127.05
< x C;HgO, +2 Da
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09 ]

06 1 GHs0,

123.05

on Count

o r r

o N oo
: °©

o

I

@

Total lon Count (:

03 1 I \
0.0 b b 0.0 S N
122 123 124 125 126 127 128 122 123 124 125 126 127 128
m/z m/z
C . H,0/H,%0, H,!30/H,**0,
P CH0,
S 153 123.08

1.0 4

0.8 4 127.05
C;HgO, + 2 Da

06 ] 125.05

04 1 GHO,
123.05
0.2

t
-
o
Total lon Count (x106) o

e

: } 1 b 0.0 Yrrrri / f 4 ; )

122 123 124 125 126 127 128 122 123 124 125 126 127 128
m/z m/z

Figure 3.3. ESIMS total ion chromatograms obtained in positive ion mode tfe 2
methylbenzoquinon€2-MeBq) productobserved in theeaction of 4BrC with DHP B: (A)
H20/H20;, (B) H'%0/H:02, (C) H:O/H2'0;, and(D) H2!80/H,0,. Reactions conditions: M
DHP B, 500mM 4-Br-o-cresol, 500mM H>0, 5% MeOH/ 5 mM KR (v/v), pH 7, 25°C, 10
minutes.

5-Br-3-Me-1,2-benzenediolin the presence of labeled 0 and unlabeled #., no increase

in mass for the catechoinfz 200.96 (°Br), 48.3% 202.96 $'Br), 51.6% Figure 3.4B)] was
observed when compared with the results obtained in the absenc¥Ofsamurce Eigure 3.4A).
However, h the presence of unlabeled®and labeled H2O, there was an increase of 2 Da in
the catechol massy/z 200.96 7.2% 202.96 (°Br), 48.6% 204.96 $'Br), 44.2% Figure 3.4Q)],
which strongly suggests that the origihthe Gatom incorporated into the catechol product was
derived from hydrogen peroxide. Furthdnetresults obtained for the reaction employing both
labeled H'®0 and H®¥0, [m/z 200.96 1.8% 202.96 (°Br), 48.3% 204.96 §'Br), 49.9% Figure

3.4D)] were virtually identicalto those of the BD/H.'%0, reaction,and provides unequivocal
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evidence that the oxygen atom was derived exclusively from hydrogen peroxide, with
incorporation ofoxygenfrom water,and consistent with a peroxygenase measanfor cresol
oxidation by DHP for catechol formation.

A 18 & H,0/H,0, B 12 5 H,'*0/H,0,
P C,H,0,7%Br  C,H,0,81Br &
2 200.96 202.96 = 09 C;H,0,7%Br C;H,0,5Br
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Figure 3.4. ESI-MS total ion chromatograms obtained in negative ion modéh&osBr-3-Me-
1,2-benzenediol (catechgroductobserved irthe reaction of 8rC with DHP B: (A) HO/H20,
(B) H2'80/H,02, (C) H20/H:*¥0;, and (D) H2'80/H.*¥0,. Reactions conditions: 18 DHP B,
500mM 4-Br-o-cresol, 500rM H20, 5% MeOH/ 5 mM KR (v/v), pH 7, 25°C, 10 minutes.
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Substrate Binding StudieswWhile the titration of substrates (0150 equiv;Figures S3.7
S3.9 to ferric WT DHP B in 100 mM KP 5% MeOH(v/v) showed no significant changes to the
Soret band (data not shown), theb@nd region (45000 nm) showed welbehaved optical

difference spectra, thereby allowing for the determination of the apparent substdibe b

no

constantKq). On a whole, the EPA pollutants exhibited a stronger binding affinity to DHP B when

compared to the corresponding substituted guai28]s halophenol$70] and pyrroleg36], but
relatively similarKq values as thanitrophenol[25], haloindole[35] and azole[24] substrates

(Table 3.3. Across the halogenatee)do-cresol series, a trend of increasing binding affinity with

increasing halogen size was noteldk F < Cl < Br This same trend has been previously reported

for the 4X-o-guaiaco[ 23] and5-X-indole[35] series, ands attributed to the Xel binding pocket

in DHP B (hydrophobic cavity surrounded by amino acids L100, F21, F24, F35 and V59) having

a higher affinity for larger halogen atoms, as deduced from crystallographic studigspifehol
binding to DHP[81]. The binding affinity of 4oromophenol Kq = 1.15 mM[7Q]), is 13fold
weaker than the affinity of-Br-o-cresol(Kq = 0.086 mM), which likely explains why the reactivity
of this substrate was only partially affected (decreasedoldY in the presence of the inhibitor
(Table 3.2.
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Table 3.3. Kq Values for Substrate Binding to Ferric WT DiBRat pH 7

Substrate Kad (MM) Ref
EPA Pollutants
o-Cresol 4594 (K a
p-Cresol 2682 (N a
m-Cresol 6721 (N a
4-Me-o-cresol 309 (N a
4-F-o-cresol 2970 (N a
4-Cl-o-cresol 1304) K a
4-Br-o-cresol 86 (N a
4-NOy-o-cresol 155 (K a
4-Cl-m-cresol 629 (N a
Pentachlorophenol 79 (K a
Substituted Guaiacols
o-guaiacol 14712 (£ 714) [23]
4-Me-o-guaiacol 1433(x 97) [23]
4-F-o-guaiacol 2438 (£ 207) [23]
4-Cl-o-guaiacol 493 (£ 53) [23]
4-Br-o-guaiacol 374 (£ 42) [23]
4-NO»-o0-guaiacol 1341(x 26) [23]
Phenol
4-bromophenol 1150 [70]
4-nitrophenol 262 (£ 23) [25]
Indole
5-Cl-indole 317 (= 23) [35]
5-Br-indole 150 (x 10) [35]
5-l-indole 62 (x 10) [35]
Azole
Imidazole 52 (£ 2) [24]
Benzotriazole 82 (£2) [24]
Benzimidazole 110 (+ 8) [24]
&This work.

X-Ray Crystallographic Studies The structures of DHPB in complex with
pentachlorophenol,-R-o-cresol(R = H, F, CI, Br, Me, N@) andp-cresol were determindualy X-
ray crystallography to near atomiesolution (1.32.1 A). Seleatd distances for substrate
interactions and occupancy in the distal pocket can be fourabie 3.4 andthecrystallographic
data collection, processin@nd structure refinement results are givefiable S3.6(protomerA
andprotomerB), as was reported in our previous stud3 25, 48, 49, 71]. The substrates were
found to bind in the distal heme cavity, positione?12i5 A above the heme moietwith the
phenolring substituents directy substrate orientatioim the hydrophobic binding cayi above

the hemeKigure 3.5.
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Table 3.4. Selected Distances (angstroms) for DHEBA Pollutants Complex (Protomer A).

4-F-o-cresol 4-Cl-o-cresof 4-Br-o-cresof  4-NO,-o-cresol o-cresof p-cresol 4-Me-o-cresof  Pentachlorophen®l
PDB Entry 60ONG 60ONK 60NX 60NZ 6001 6006 60NR 6008
. 0 .
Substrate 80% 100% 70% 70% A: 50%B: 100%  A: 20%, B: 60% A: 40%, B: 15%
occupancy 20%
H55 N..-OH ex7.3 2.7 intp_AprQ 1 &5, g 5.7°/7.18 5.7 7.37.0° 5.14/5.2
(substrate)
H55 N...OH o5 6 4.7 intg_4pg.9 eq 1 3.8/5.0P 3.7 5404, 4.9V5.3
(substrate)
A 1
F21 Ce C 35 3.8 3.8 3.8 4.53.7 4.4 4.0 4.0004.5
(substrate)
F21 cé C' 4.6 4.0 4.0 3.8 3.82.% 4.8 3.1 4.7°/5.%
(substrate)
FeeOH 6.9 4.9 4.8 7.3 7.3Y4.5 7.1 7.004.9 7.547.68
(substrate)
F e é°€Hs
(substrate) 47 5.1 5.1 4.6 4.87.F 4.4 4.7 -
FeédX 5.4 5100
(substrate) 4.8 8.6 8.7 o 2 ; ; 4.87.F 3.742.8
FeéH5%5 ex10.3 5.9 5 6FX9 8 ex10.0 10.2 10.3 10.4 intg 7pX9 4
FeéH5% exg 5 6.4 G 0F1.0.0 exg 1 8.3 8.5 8.5 intg DpXg 7
FeéH8® 2.1 2.1 2.1 2.2 2.2 2.2 2.1 2.2
FetopyroleN 5 o7 0.254 0.188 0.175 0.193 0.158 0.262 0.0942

plane
a For 4CI-C, numbers shown faProtomerB. ° For 4Br-C, H55 was found to be both in the interior and exterior conformations,

designated as interior (int) or exterior (eXtJhe alternate substrate conformations are denoted witrstipts A and B X refers to
the substituent opara position.
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Figure 3.5. X-ray crystal structures obtained fDHP B in complex with{A) 4-F-o-cresol [cyan,
PDB 60NG, (B) 4-Cl-o-cresol [pink, PDBGONK], (C) 4-Br-o-cresol [green, PDBBONX], (D)
4-NO2-o-cresol [blue, PDBBONZ], (E) o-cresol[orange, PDBOO]], (F) p-cresol [purple, PDB
6004, (G) 4-Me-o-cresol [yellow, PDB60ONR], and(H) pentachlorophenol [burgundy, PDB
600§. Panels provide atomic distances and interactions bettheeubstrate and amino acids
and/or heme macrocycle.

For the halogenated cresalsX-o-cresols (X = F, Cl, BrFigure 3.5A-C), bulky atoms such
as Br were found to bind deepettie hydrophobic region, closer to residues L100 and F60 in the
hydrophobic cavity above the U hgmkichisdige ( Xe
accordance with previously published struct(iBd$. When compared with-Br-o-guaiacol (PDB
6CKE [23]), the halogen atoms of@l/Br-o-cresol superimpose exactly with thd3r substituent
of the guaiacolFigure S3.10A in the Xel hydrophobic cavity, while tlleOMe groupcoincides
with theo-Me group Additionally for the 4Cl/Br-o-cresolstructuresH55 was found positioned
inside the heme cavity, which enables hydrogen bonding interactions with the hydroxyl group of
the substrateFigure 3.5Band3.5C). The overall strong affinity of these twolsirates with the
enzyme (4Cl-o-creso) Kq = 130mM; 4-Br-o-creso) Kq = 86 mM; Table 3.3 is a reflection of
these interactions, witdnadditional stabilizatiomrising fromp-stacking of thesubstrat@aromatic
ring with F21 By contrast, 4F-o-cresol was found to bind closer to the hape€lge and the heme
propionateD due to hydrogen bonding interactions of the hydroxyl group with both T56 and Y38,
mediated by a water moleculEigure 3.5A), which could reflectin its weakerbinding affinity

(Ka = 2970nM) compared to 4l-o-cresoland 4Br-o-cresol Two distinct conformations were

86



observed for 4-o-cresoland 4Cl-o-cresol on protomeB and A, respectivelyHigure S3.11A
B), which affectedwhether H55was in the open or closed conformatjoss well assubstrate
occupancy(4-F-o-cresol: A 55%, B, 2094-Cl-o-cresol A 58% and 20%).

The cresol substrategth less bulky substituents the para position were found to bind in a
similar positionas4-F-o-cresol. Two conformations were observeddecresol (protomer A) and
4-Me-o-cresol, where the hydroxyl group is either facing up towardsor&cing down towards
the heme. When facing dowa;cresol(Figure 3.5E) has a hydrogen bonding interaction to a
water molecule positioned 3.3 A away fréime iron centgrand when facing up the hydroxyl group
of o-cresol interacts with propionai@ and Y38. Additionally,0-cresol showed the presence of
only one substrate conformation in protomer Bg(re S3.11Q, oriented such to be able to
hydrogen bond wh Y38 andheme propionate Dl he hydroxyl group of Me-o-cresol(Figure
3.5G) has two different hydrogen bonding interactions when facing @pifteraction with T56
and, ii)aninteraction with propionat® and Y38 mediated by a water molecule, wtizgether
can account forelatively strong affinityof this substrate with the protei{= 309mM). The p-
cresol Figure 3.5F isomet for which only one conformation was observed in both chamas
with the methyl group facing towards the Xejdrophobic cavityshowsH-bonding interactions
of the hydroxyl group with the heme propion&tand Y38,which together correlate tostronger
bindingaffinity compared t@-cresol p-cresol,Kq = 4594nM vs. p-cresol,Kq = 2682mM). When
comparing thestructure of o-cresol, p-creso] and 4Me-o-cresolto 4-MeO-o-guaiacol (PDB
6CH6[23)), the 4MeO-o-guaiacol binding isignificantly different (Figure S3.108B, likely due
to thebulkier -OMe vs -Me group, whichicely illustrates how subtle differences in tis&ze ofa
substituentan lead to a significant change in how that substrate binds to DHP, an effect that can
be used to 6tuned the activity of nimiR348et ween

The binding 0f4-NO--0-cresol is similar to that observed foicresol Figure 3.5D), where
the hydroxyl grougs involved inhydrogen bonding interactions with bopropionate D of the
heme andr/'38, andthenitro group is facing towards the Xel hydrophobic cavity. When compared
to the structure of DHP B complex wittd-NO2-phenol (PDB 5CHQ25]), 4NO.-catechol (PDB
5CHR [25]) and 4NO2-o-guaiacol (PDB 6CH523]) (Figure S3.10Q, the 4-NO»-o-cresol
binding positionis nearly identical to both-MO2-phenol and 4dNO»-catechol, although it is
displaced higher up relative to the heme plane in order to awtétic clash othe methyl group

with the heme plane. As was found wihMeO-0-guaiacol 4-NO2-o0-guaiacolbinding was

87



significantly different from that of the cresol analog doi¢hebulkier-OMe group.

The structure of DHP B in complex witlreptachloropenol K4 = 79 mM) was determined
using chlorineanomalous scatteringee Supporting InformationPentachlorophenol was found
closetot he o and ,andihtevacmformatigngatnearly right angle® each otherone
parallel (15% occupancy) arttie other perpendicular (40% occupanty)the heme cofactor
(Figure 3.5H). The parallel conformatioextends towards the gree between residues F21 and
F35 with H-bonding interactions between the hydroxyl group, Y38 and heme propidhate
whereas th@erpendiculaconformatiore n a b -staclang with F21 and Hbonding between the
hydroxyl group,T56 and Y38Not surprisingly, thiperpendicular conformatias nearlyidentical
in orientation and position as the peroxidase subs#dtétrichlorophenol(TCP, PDB 4KMW
[72]), but also tothe inhibitor 4-chlorophenol PDB 3LB3 [70]) (Figure S3.100. Both
perpendicular angharallel conformations showed slightly shifted positions in chainFRjre
S3.11D, where the hydroxyl groufor both was found to benteracting with Y38 andeme
propionate D.

Overall, three distinct groups éf-bonding interactions for thieydroxyl graup of thecresol
substratavere notedFigure S3.108: i) H-bonding to T56Y38 mediated by a water molecuées
was observedor 4-F-o-cresol and 4Me-o-cresol, whichwere alsotwo of the most reactive
substrateg¢Table 3.1); ii) H-bondingdirectly to Y38and the heme propionate Bbserved foo-,

p- and 4NO»-o-cresol;and iii) H-bondingto H55 oriented inside the distal heme cawitgted for
4-Cl-o-cresoland 4Br-o-creso) i.e.,the substrates that bind deeper in the hydrojgh@gion of
the distal pcket

StoppedFlow UV-Visible Spectroscopic Studie#s a representative substrate, txaation
of 4-Br-o-cresol as catalyzed bpHP B was investigated using stopp#ow UV-Visible
spectroscopy employing single and douivixing methodologies Higure 3.6). Studies were
performed with HO.-activatedDHP, preformed a€ompound [42, 43], Compound E$37, 38],
or Compound 11[44]. As the kinetics were difficult to deconvolute at higher substrate
concentrations owing to competing oxidation mechanisms amdupts formed therefrom, the
studies presented here were limited to 10 equBv-4-cresol, and the data weieasone step/two
species or twestep/threespecies irreversible mechanisms where possible, or alternatively
displayedasexperimentally obtaed spectra at selected time points.

Compound | ReactivityPreformedin an aging line for 85 mgom an initial mixing step of
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ferric DHP B (Y28F/Y38F) with 10 equiv #D. [42], Compound [406 (Soret), 528, 645 nrii?9]

was reacted with 18quiv 4Br-o-cresolat pH 7 Figure 3.6A). The first spectrum had features
that matched that of ferric DHP B (Y28F/Y38F) [406 (Soret), 509, and 63®lack, t = 0g],
suggestinghat Compound Wwasrapidly reduced by the substrate within the mixing tifheés ms)

of the stoppedlow apparatusan observation that has been noted previously for other DHP
substrates, including-Br-indole [35], 4-nitrophenol[25], pyrrole [36], and 4Br-guaiacol[23].
Given the relatively slow reduction of Compound Il bB#o-cresol vide infra), the lack of an
observable onelectron oxidized intermediate (i.e., DHP Compound Il) suggests a single two
electran oxidation of 4Br-o-cresol as opposed to two consecutive -eleetron processes, a
supposition that is supported by the lack of an effect by the radical scavenger DMPO (no diffusible
radical formation). The ferric spectrum slowly converted to a finatisp405 (Soret) 498,605

nm; blue, t = 10s] whose spectral features habeenascribed t@n Fe-Br adduc{76], and suggests
that the oxidative dehalogenationdsBr-o-cresol yields bromide that ultimately binds to theife
enzyme. As opposed to the reaction chemistry with 2rihgmophenol, TCP, andBr-guaiacol,

this is the first time theDHP Fe-X adduct has been observddring Compound {catalyzed
substrate oxidatiorj23, 42]. At longer observation times (500 seconds), HeBr adduct
converted to a species whose spectral features matched those of CompoamirRetivated
form of DHP B (data not showp}7, 38, 82].

Compound ES ReactivityFormedin an aging line fol00 ms from an initial mixing step of
ferric WT DHP Bwith 10 equiv HOz [38], Compound E$418 (Soret), 546, 588 nrblack] was
subsequently reacted with 10 equiBro-cresolat pH 7 Figure 3.6B), which led to reformation
of ferric DHP B [406 (Soret), 505, 636 nin= 0.41 Skobs= 9.59 + 0.07 $; red. Att = 10 s, the
spectrum appeared as a mixture of the ferric enzyme arsathe species observed in Compound
| reactivity, namely theFe-Br adduct[407 (Soret), 48, 605 nm, blue]. Atonger times (50059),
full formation of the FeX adduct was confirmed, withno evidence of other specjebe.,
Compound RH or oxyferrous DHP (data not shawihen this reaction was repeated witfr-4
o-cresol and 4Cl-o-cresol, theobservations of an initial reduction of Compound ES to the ferric
enzyme, followed by formation of the He adduct, were qualitatively similaiFigure S3.13.
Substrateeduction of Compound ES theferric enzyme has been observed in past studies with
hdophenols[38], haloindoles[35], pyrrole [36], nitrophenols[25], and haloguaiacol$23].

However,unlike the produetdriven reduction observed in those stopfled studies (by 2,6
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dichloroquinondg38], 5-Br-3-oxindole[35], and 2methyoxybenzoquinong3]) of the reformed
ferric enzyme to the oxyferrous state, no formation of oxyferrous DHP B was observedaere.
surmise that in the case of the halocresols, the putative redueMeB@, was formed in too small
of a concentrationTable S3.9 to drivethe reduction of the ferric enzymemploying 2MeBqin
benchtop studies showed it was only ablestituce ferridHP to the oxyferrous state aerobically
at or aboves0 M concentration (data not shown).

The reactivity of the remainingubstratesvith prefamed Canpound ES was also investigated
in a manner identical to that described above {8r-4-cresol The timerequiredfor 10 equiv of
each substrate toreduce Compound ES tahe ferric stateis listed in Table 3.5 and the
representative reactions akown inFigures S3.1253.14 All substrates were found to convert
Compound ES ttheferric enzyme, although the timearied >50fold (0.3921.30s): compared
to o-cresol(3.99 s), the R-o-cresolR = F, CI, Br, Me) substrates reduced Compound ES legtwe
2i 10-fold faster, whereas the more deactivated substratesrgsol, 4Cl-m-cresol, and

pentachlorophenol) werd 2-fold slower.

Table 3.5. Summary ofthe StoppedFlow UV-Visible Spectroscopic Data for theeaction of
CompouncES with EPA Pollutants and Related Substrates at.pH 7
Compound Observed

Substrate ES- Ferric, Ferric species
time (s) | max (NM)
o-cresol 3.99 409, 510, 634
m-cresol 9.30 407, 514638
p-cresol 4.34 409, 508, 631
4-Me-o-cresol 1.41 408, 506, 630
4-F-o-cresol 0.88 408, 506, 634
4-Cl-o-cresol 0.39 407, 506, 634
4-Br-o-cresol 0.41 406, 506, 636
4-NOz-o-cresol* n/a n/a
4-Cl-m-cresol 19.80 407, 504, 625

pentachloropheno 21.30 414, 539, 589

*n/a = not applicableCompound RH formatiowas observed

Compound Il ReactivityGenerated from an initial reaction ofyderrous WT DHP Bhatwas
preincubated with 1 equiv of 2,4t6chlorophenol and mixed with 4@, in an aging line for 2.75
s[44], preformed Compound Il [421 (Soret), 546, 582 nm, blackg reacted with 10 equivBir-
cresol (Figure 3.6C). Similar to the findings noted for Compound ES, the Compound Il
intermediate was reduced ferric DHP [405 (Soret), 506, and 638n;t = 1.66 Skos= 5.34
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0.04 <'; red, and then formed a mixture with tir@Br adduct [407 (Soret), 498, 604n; blug, t

= 10 g at longer timesThe reduction of Compound Il to the ferric enzyme has been observed
previously for2,4,6TCP [44], 5Br-indole [35], pyrrole [36], 4-nitrophenol[25], and 4Br-o-
guaiacol[23], however further reduction of ferric DHP to oxyferrous enzyme was observed in
these stugs with the exception of-ditrophenol.Once again, we surmise that the lack of the
productdriven formation here with-Br-o-cresol is attributable to the low concentration of the 2

MeBq product generated during catalytiicnover.

Figure 3.6. Kinetic data obtained by optical spectroscopy for the reactionOfdctivated DHP

B with 4-Br-o-cresol at pH 7A) DHP B (Y28F/Y38F)/Compound I: top panel stoppedflow
UV-visible spectra of the doubfrixing reaction of preformed Compound | (&) with a 16

fold excess of Br-o-cresol (614 scans over 10 s); inset: the sigdeelength (407 nm)
dependence on time obtained from the raw datdétom panelexperimentally obtained spectra

for Compound | reacted with-Br-o-cresol (black, t = 0 s), its reduction to the ferric enzyme (red,

t = 0.14 s) and the formation of the -Be adduct (blue, t = 10 sB) Ferric WT DHP
B/Compound ES:top pane] stoppeeflow UV-visible spectra of the doubmixing reaction of
preformed Cormpound ES with a 1@old excess of 8Br-o-cresol (610 scans over 10 s); inset: the
singlewavelength (418 nm) dependence on time obtained from the raw spectra and its fit with a
superposition of the calculated spectral compondviiddle panel the calculatd spectra of the
three reaction components derived from SVD analysis: Compound ES (black), ferric DHP B (red)
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