
ABSTRACT 

MCCOMBS, NIKOLETTE LUCAS. Unraveling the Multiple Enzymatic Activities of the 
Dehaloperoxidase-Hemoglobin from Amphitrite ornata. (Under the direction of Dr. Reza A. 
Ghiladi). 
 

The coelomic hemoglobin dehaloperoxidase (DHP) from the marine annelid 

Amphitrite ornata, was originally known to be a bifunctional hemoglobin also possessing a 

biologically relevant peroxidase activity as a detoxification mechanism to combat 

haloaromatic compounds that are excreted from other organisms within its ecosystem. 

Previous studies showed that DHP was capable of oxidizing trihalophenols to their 

corresponding dihaloquinones by this peroxidase mechanism. More recently, studies showed 

that DHP also possesses a physiologically relevant peroxygenase activity to oxidize 

haloindoles to several oxygenated products, namely 2-oxindole and 3-oxindolenine. The 3-

oxindolenine product was shown to further convert by an oxidase mechanism to form indigo. 

The studies presented herein further demonstrate that DHP is a multifunctional hemoglobin 

possessing peroxidase, peroxygenase, oxidase, and oxygenase chemistry with native and non-

native substrates. These mechanisms are elucidated by LC/MS 18-O labeling studies along 

with HPLC studies. Stopped-flow UV-visible, Electron Paramagnetic Resonance, and 

resonance Raman spectroscopies were utilized to characterize the reactive intermediates during 

substrate oxidation. Small molecule ligand binding will be discussed where X-ray 

crystallography, UV-visible binding, bioassays, resonance Raman, and Density Functional 

Theory (DFT) provide evidence of direct ligation of azole compounds to DHP forming 

hexacoordinated low-spin adducts. Furthermore, mechanistic DFT studies will be presented to 

support experimental results for the peroxygenase activity of DHP.   
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Chapter 1 - Electron Transport, H2O2 and O2 Activity in Iron 
Containing Enzymes 
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Heme Proteins 

Heme proteins contain an iron porphyrin (Figure 1.1) as their prosthetic group and are 

extensively used in nature. Protoporphyrin IX is a cyclic molecule containing four methyl 

groups, two vinyl groups and two propionate side chains. The iron atom, being bound in the 

center, is chelated to four nitrogen atoms resulting in an Fe(II) center and a net charge of 

zero. The structure of the protein and organization of the heme within the protein depicts its 

function. Some of these distinct functions include: oxygen storage and transport (i.e. 

globins), electron transfer (i.e. Cytochrome c) and catalysis (i.e. P450’s and peroxidases) 

which are typically carried out by separate enzymes in most organisms. A great deal of 

research today focuses on understanding the structure of proteins and how it relates to its 

function, which still remains a challenge.1 
 

 

 

Figure 1.1. Protoporphyrin IX prosthetic group. 

 

Shown in Figure 1.2 are the relative oxidation states commonly found in heme 

enzymes. Globins require the ferrous (FeII) state of the enzyme to reversibly bind O2, 

peroxidases, peroxygenases and other oxidoreductases require ferric (FeIII) to carry out 

α

β

γ

δ

A B

CD
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catalysis. The activated forms of heme enzymes take place through a ferryl (FeIV) iron-oxo 

species termed Compound I, Compound ES, and Compound II. 

 

Figure 1.2. Relevant oxidation states of heme-containing enzymes 

 

Structure and Function of Globins 

The globin family is responsible for the oxygen storage and transport function in 

biological systems and typically have no side reactions. Myoglobin (Mb) and Hemoglobin 

(Hb) are the two of the major globins studied in the literature which are responsible for 

oxygen storage in muscles and transport of O2 from the lungs to peripheral tissues, 

respectively. All globins have a characteristic fold which consists of eight alpha helices, A-H, 

as seen in Figure 1.2. Molecular oxygen will reversibly bind to the globin active state of 

heme, FeII. There are several conserved residues in all globins, such as proximal and distal 
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Figure 1.3. Heme reversible binding of O2, and ribbon structure of myoglobin, 1MBA.  

 

 

histidines, which aid in the binding of dioxygen (Figure 1.3). The heme, buried in a 

hydrophobic pocket, is coordinated to the proximal histidine residue with a distal histidine is 

on the opposite side of the heme which stabilizes the O2-bound form along with hydrogen 

bonding with other distal residues (Figure 1.3). The five-coordinate system enables binding 

of other diatomic ligands and water, but the small, hydrophobic, compact nature of the active 

sites do not allow binding of small organic molecules.2, 3 The distal histidine can be found in 

two different confirmations, the “open” or “closed” configurations, as shown in Myoglobin 

in Figure 1.3. X-ray crystallographic studies have been used to determine this flexibility and 

its role in stabilizing exogenous ligands. The reduction potential for globins are positive to 

facilitate dioxygen binding and retain the Fe(II) oxidation state. 
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Peroxidases 

 Peroxidases all have a similar characteristic fold but are very distinct in their covalent 

bonding and structural differences. There are the mammalian and plant peroxidases where 

the plants are divided into three classes: (i) the intercellular enzymes such as cytochrome c 

peroxidase, (ii) secreted fungal peroxidase such as lignin peroxidase and (iii) higher plant 

peroxidases such as horseradish peroxidase c (HRP C). Peroxidases have been found to have 

many substrates including aromatic phenols, indole-3-acetic acid and ferulic acid.4-8 Figure 

1.3 shows a general catalytic cycle beginning with the peroxidase active state, FeIII, and 

utilizes hydrogen peroxide as the oxidant. Hydrogen peroxide will displace the H2O bound 

ligand, bind the ferric form of the enzyme, and subsequently undergo heterolytic O-O bond 

cleavage yielding the high-valent iron-oxo complex, Compound I (step i). This conversion is 

assisted by several amino acids in the distal cavity, including the histidine and arginine as 

seen in Horseradish Peroxidase (HRP).  Compound I is then reduced in a one electron 

fashion by a substrate (SH) to yield Compound II (step ii), then Compound II is reduced by 

another equivalent of substrate in another one electron step, generating back the ferric resting 

state of the enzyme (step iii).  The stability of the reactive intermediates can vary, for 

example in HRP compound II can be detected for up to 24 hours.9  Peroxidases typically have 

negative reduction potentials so that they can retain the ferric state as to not convert to the 

peroxidase inactive form, oxyferrous. 
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Scheme 1.1. General peroxidase catalytic cycle beginning with resting state ferric. 

 

O-atom Transfer and Cytochrome P450 Chemistry 

The peroxygenase enzymes utilize H2O2 as the oxidant and catalyze the follow 

reaction: 

AH + H2O2  à  A-OH + H2O 

where AH is an organic reducing substrate. Unlike peroxidases, these enzymes are capable of 

O-atom transfer chemistry from H2O2 in the active site. Instead of a proximal histidine, as 

seen in peroxidases, there is a proximal cysteine residue that is conserved in a number of 

peroxygenases. Specifically, one of the most well studied families are the P450s. The 

cysteine residue plays an important role in the catalytic activity and upon mutation of the 

proximal cysteine residue, much lower catalytic activity was observed which shows the 

necessity for cysteine as the proximal heme iron ligand.10-13 

 A general peroxygenase catalytic cycle is shown in the southern hemisphere of 

Scheme 1.2, labeled as the “peroxide shunt” which originated from the P450 cycle. In the 

presence of hydrogen peroxide the ferric active form of the enzyme will yield compound 0 
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which undergoes O-O bond cleavage to generate compound I, and direct incorporation of the 

ferryl O-atom into the substrate will regenerate the resting state ferric. Crystal structures of 

the binding of peroxygenase substrates for APO and P450spα show them to be in very close 

proximity to the heme, binding in the distal cavity allowing for O-atom transfer from 

compound I. 10, 11  

 

 

Scheme 1.2. Catalytic cycle for a general monooxygnease (northern hemisphere) and 
peroxygenase (southern hemisphere) with substrate R-H. 
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The cytochrome P450s also possess oxygenase chemistry where they utilize dioxygen 

as the electron acceptor and incorporate one or both of the oxygen atoms into their products, 

which are classified into monooxygenases and dioxygenases, respectively. The reactive 

species for these enzymes is the ferrous state, as seen in the northern hemisphere of Scheme 

1.2 for monooxygenases. Upon electron transfer from heme iron to dioxygen yields the 

ferric-superoxide complex then electron transfer from a reducing agent or the substrate yields 

the ferric-peroxide species, compound 0, and the cycle proceeds as was discussed in the 

peroxide shunt pathway.14 The exact mechanistic details of oxygen insertion into substrates is 

still under debate, however several schemes are been proposed and are believed to be 

substrate dependent15 and remains an area of extensive research. 

 

 

Dehaloperoxidase-Hemoglobin 

 Dehaloperoxidase (DHP) is a hemoglobin from the marine worm Amphitrite ornate 

(Figure 1.4A) that inhabits costal mudflats in an environment with toxic haloaromatic 

compounds that are excreted by other organisms as a defense mechanism to ward off 

preditors.19, 20 Amphitrite ornata does not exhibit this defense mechanism and thus is able to 

thrive in such an environment by living under the umbrella of protection of these organisms 

but will also ingest these halometabolites. A. ornata evolved its hemoglobin, DHP, under the 

evolutionary pressure to metabolize these compounds upon ingestion and act as a 

detoxification enzyme.  Hence, it was found that DHP, apart from being an O2 transport 

protein, possesses a biologically relevant peroxidase activity, the first known globin-
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peroxidase. DHP is capable of oxidizing trihalophenols to dihaloquinones in a 

dehalogenation reaction that utilizes hydrogen peroxide as the oxidant, Figure 1.4B.18, 20 A 

question of how this globin can function as a peroxidase still remains to be a structure-

function relationship paradox but has been previously investigated.21-24 

 

 

 

 

 

 

Figure 1.4.  (A) The marine polycheate Amphitrite ornata, (B) Reaction of DHP with 
trihalogenated phenols and hydrogen peroxide to yield their corresponding dihaloquinones. 
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The bifunctionality of dehaloperoxidase represents a paradox due to the different 

oxidation states of globins and peroxidases for activation. Globins bind O2 through a ferrous 

heme, and peroxidases are activated only through a ferric heme. This paradox was previously 

addressed by mechanistic investigations including stopped-flow UV-visible, Electron 

Paramagnetic Resonance, resonance Raman, and other spectroscopic techniques. Scheme 1.3 

shows the mechanism proposed at that time for the trihalophenols oxidation.23, 24    Ferric 

DHP in the presence of  H2O2 will yield compound I (iii), which in DHP undergoes internal 

electron transfer to form compound ES (iv), and this activated form of the enzyme will react  
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Scheme 1.3. Proposed catalytic cycle for trichlorophenol oxidation. 
*Adapted from references 23 and 24 

 

  

with an equivalent of TCP to yield the dichloroquinone product (DCQ) and reduce the 

enzyme back to ferric resting state (v). It was then found that when enough DCQ product has 

been produced, that compound ES in the presence of O2 will yield oxyferrous, restoring DHP 

to its native globin state (vii). As well, ferric DHP was found to react with DQC to yield 
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oxyferrous and oxyferrous is capable of reacting with H2O2 in the presence of TCP substrate 

to yield back ferric, the peroxidase active form. This provided evidence and clarification on 

how DHP is able to function as both a globin and a peroxidase where oxyferrous is in fact a 

catalytically competent form, capable of initiating the peroxidase catalytic cycle. To that end, 

ferric and Compound ES will also restore DHP to its globin function by reacting with the 

peroxidase product.  

However, at that time DHP was known as a dualfunction hemoprotein but other 

activities such as peroxygenase, oxidase, and oxygenase had not been identified. In Chapter 

2, several nitrophenol compounds were investigated with DHP and it was shown through 

stopped-flow UV-visible studies, HPLC analysis, UV-visible binding studies, and X-ray 

crystallography that DHP is capable of catalyzing the degradation of nitrophenols by a 

peroxygenase mechanism. Chapter 3 explores the binding of azoles to DHP yielding six-

coordinate low-spin heme complexes providing evidence for environmental pollutants to 

potentially harm marine organisms. In Chapter 4, the oxidation of the biologically relevant 

compound pyrrole is investigated with DHP and unprecedented reactivity is observed when 

compared to other enzyme systems. Namely, a single monooxygenated product was 

identified unlike in other systems where the generation of polypyrrole is observed. This was 

determined to go by a peroxygenase mechanism. Lastly, in Chapter 5 oxidation of 2,3-

dimethylindole was investigated using bioassays and spectroscopic studies to determine a 

novel oxygenase mechanism for DHP. 
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ABSTRACT: The marine hemoglobin dehaloperoxidase (DHP) from Amphitrite ornata was 

found to catalyze the H2O2-dependent oxidation of nitrophenols, an unprecedented non-

microbial degradation pathway for nitrophenols by a hemoglobin. Using 4-nitrophenol (4-NP) 

as a representative substrate, the major monooxygenated product was 4-nitrocatechol (4-NC). 

Isotope labeling studies confirmed that the O-atom incorporated was derived exclusively from 

H2O2, indicative of a peroxygenase mechanism for 4-NP oxidation. Accordingly, X-ray crystal 

structures of 4-NP (1.87 Å) and 4-NC (1.98 Å) bound to DHP revealed a binding site in close 

proximity to the heme cofactor. Peroxygenase activity could be initiated from either the ferric 

or oxyferrous states with equivalent substrate conversion and product distribution. The 4-NC 

product was itself a peroxidase substrate for DHP, leading to the secondary products 5-

nitrobenzene-triol and hydroxy-5-nitro-1,2-benzoquinone. DHP was able to react with 2,4-

dinitrophenol (2,4-DNP), but was unreactive against 2,4,6-trinitrophenol (2,4,6-TNP). pH 

dependence studies demonstrated increased reactivity at lower pH for both 4-NP and 2,4-DNP, 

suggestive of a pH effect that precludes the reaction with 2,4,6-TNP at or near physiological 

conditions. Stopped-flow UV-visible spectroscopic studies strongly implicate a role for 

Compound I in the mechanism of 4-NP oxidation. The results demonstrate that there may be a 

much larger number of non-microbial enzymes that are underrepresented when it comes to 

understanding the degradation of persistent organic pollutants such as nitrophenols in the 

environment.  
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INTRODUCTION 

The biodegradation of xenobiotics in marine and aquatic environments is mainly viewed 

as being principally a microbial function,1, 2 with many recent studies focusing on the 

biotransformations of such compounds by microbial enzyme systems for potential applications 

in bioremediation.3-5 By comparison, relatively little is known regarding how infaunal systems 

impact the fate of persistent organic pollutants (POPs). This lack of knowledge when compared 

to the microbial systems may play a critical factor in i) the successful modeling of pollutants 

in the environment, ii) fully understanding how POP metabolites may arise, thus impacting the 

surrounding ecosystem in an unforeseen way, and iii) accurately estimating the individual or 

combined effects of POPs and metabolites, particularly with respect to their bioaccumulation, 

transport, and fate through environments where human exposure is substantial.6-8 Thus, there 

is a significant need to identify systems of non-bacterial origin that may be involved in the 

degradation or biotransformations of POPs in order to be able to fully assess the impact of 

these chemicals, including their metabolites, on the environment. 

Recently, the substrate scope of the catalytic globin dehaloperoxidase from the infaunal 

marine worm Amphitrite ornata has generated much interest given that this enzyme exhibits 

activities commonly associated with the peroxidase and P450 families of enzymes. This 

coelomic hemoglobin was originally named dehaloperoxidase (DHP) due to its ability to 

catalyze the oxidative dehalogenation of 2,4,6-trihalophenols to their corresponding 2,6-

dihaloquinones.9-13 More recently, it has been shown that both known isoenzymes of DHP (A 

and B) exhibit peroxygenase activity when haloindoles are employed as substrates.14 These 

activities are believed to have arisen from the evolutionary pressure to overcome high levels 

of volatile brominated secondary metabolites (e.g., halophenols and haloindoles) that are 
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secreted as repellents by other infaunal marine organisms that co-inhabit the benthic 

ecosystems within which A. ornata is found.11, 15 Mechanistic studies16-27 have shown that DHP 

appears to function via a Poulos-Kraut type mechanism28 in which H2O2 reacts with a ferric 

heme to form DHP Compound I,22, 25 the iron(IV)-oxo (ferryl) porphyrin π-cation radical 

species that is common to both the peroxidase and P450 cycles. Given its activity against 

naturally-occurring halogenated phenols and indoles, the ability for DHP to degrade similar 

compounds of anthropogenic origin may shed insight on how infaunal organisms may impact 

POPs in previously unreported ways. 

Here, we have explored if deactivated phenols, and in particular nitrophenols [2-

nitrophenol (2-NP), 3-nitrophenol (3-NP), 4-nitrophenol (4-NP), 2,4-dinitrophenol (DNP), 

2,4,6-trinitrophenol (TNP)] could serve as potential substrates for DHP. Nitroaromatic 

compounds are commonly used in the syntheses of industrial compounds including dyes, 

herbicides, and explosives, and are extremely toxic to living organisms.29 The U.S. 

Environmental Protection Agency (EPA) has listed 4-NP, which is exclusively anthropogenic 

in origin, as a priority pollutant,30 and is thus the focus of the present report. We have identified 

the reaction products of the DHP-catalyzed degradation of 4-NP using a combination of HPLC 

and LC-MS. Labelling studies demonstrate that DHP functions via a peroxygenase mechanism 

with this substrate leading to 4-nitrocatechol formation (4-NC), which itself was found to be a 

substrate for DHP as well. The results reported here will be discussed in the context of DHP 

as a multifunctional enzyme capable of peroxygenase, peroxidase, and O2-transport activities, 

and the structural and/or electronic properties of the protein, heme cofactor and substrate that 

ultimately dictate which activity is observed. More importantly, however, the results 

demonstrate that there may be a much larger number of enzymes than are currently known that 
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are underrepresented when it comes to understanding the degradation or biotransformations of 

POPs, findings which may be highly relevant across a number of areas including the 

environmental impact assessments of chemicals and their metabolites,31-36 as well as enzyme-

based, toxicity-extrapolation, or other models of terrestrial or marine ecosystems.37-41 

 

EXPERIMENTAL 

Materials and Methods. Isotopically labeled H2
18O2 (90% 18O-enriched) and H2

18O (98% 

18O-enriched) were purchased from Icon Isotopes (Summit, NJ). Acetonitrile (MeCN) was 

HPLC grade and all other chemicals were purchased from VWR, Sigma-Aldrich or Fisher 

Scientific and used without further purification. UV-visible spectroscopy was performed on a 

Varian Cary 50 UV-visible spectrophotometer. Stock solutions (2 mM) of all substrates were 

prepared in 100 mM KPi at the desired pH, stored in the dark at -80 °C until needed, and were 

periodically screened by HPLC to ensure that they had not degraded. Aliquots were stored on 

ice during use. Solutions of H2O2 were prepared fresh daily and kept on ice until needed. The 

concentration was determined by UV-vis (ε240 = 46 M-1cm-1).42 Ferric samples of WT DHP B, 

DHP B (Y28/38F), and WT DHP A were expressed and purified as previously reported.17, 18, 22 

Oxyferrous DHP was obtained by the aerobic addition of excess ascorbic acid to a solution of 

ferric DHP, followed by application of the enzyme over a PD-10 desalting column.21 Enzyme 

concentration was determined spectrophotometrically using εSoret = 116,400 M-1cm-1 for all 

isoenzymes.18 Lyophilized horseradish peroxidase and horse heart myoglobin were purchased 

from Sigma-Aldrich and stored at -20 °C until utilized. Anaerobic studies were performed as 

described above in an MBraun Lab Master 130 nitrogen-filled glove box using argon degassed 

solutions of buffer, peroxide, substrate and enzyme. 
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Enzyme Assay Protocol. Reactions were performed in triplicate at the specified pH in 100 

mM KPi at 25 °C. Buffered solutions (total reaction volume 250 μL) of DHP (10 μM final 

concentration) and substrate (500 μM final concentration) were pre-mixed, and then the 

reaction was initiated upon addition of H2O2 (50, 100, 250, 500, or 1000 μM final 

concentrations). Experiments were performed in the presence of D-mannitol (500 μM), 

superoxide dismutase (SOD) (~2 U/µL), DMSO (10% v/v). For the studies with sodium 

formate, a buffered solution (100 mM KPi; 500 μM sodium formate) at pH 6 was utilized. 

After 5 minutes, reactions were quenched with excess catalase. A 100 μL aliquot of reaction 

sample was diluted 10-fold with 900 μL of 100 mM KPi at the reaction pH. Diluted samples 

were analyzed using a Waters 2796 Bioseparations Module coupled with a Waters 2996 

Photodiode Array Detector, and equipped with a Thermo-Scientific ODS Hypersil (150 mm x 

4.6 mm) 5 μm particle size C18 column. Separation of observed analytes was performed using 

a linear gradient of binary solvents (solvent A - H2O containing 1% trifluoroacetic acid: solvent 

B - MeCN). Elution was performed using the following conditions: (1.5 mL/min A:B) 95:5 to 

5:95 linearly over 4 minutes; 5:95 isocratic for 1 minute; 5:95 to 95:5 linearly over 1 minute, 

then isocratic for 7 minutes. Data analysis was performed using the Empower software package 

(Waters Corp.). Calibration curves for all nitrophenols were performed using serial dilutions 

of commercially available analytes to determine the amount of substrate conversion. 

LC-MS Studies. Experiments were analyzed using a Thermo Fisher Scientific Exactive 

Plus Orbitrap mass spectrometer with heated-electrospray ionization (HESI) probe (Thermo 

Scientific, San Jose, CA) equipped with a Thermo Hypersil Gold (50 x 2.1 mm) 1.9 µm particle 

size C18 column. Analyte separation was performed using a linear gradient of binary solvents 

(solvent A - H2O containing 0.1% formic acid: solvent B - MeCN), with an elution profile (0.5 
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mL/min, A:B) of 99:1 to 0:100 over 20 minutes. Samples were analyzed using electrospray 

ionization in negative mode to provide observation of the [M-H]- species. Spectra were 

collected each second while scanning in the range from 55 – 1000 m/z. Data analysis was 

performed using Thermo Xcalibur software. Quantitation of the amount of 18O-labeled 

incorporated was performed using previously established methods.43, 44 In the H2
18O2 studies, 

an aliquot of 2.15% (w/w) solution of 90% enriched H2
18O2 was diluted 3-fold to provide a 

peroxide solution at 20 mM concentration. A final reaction volume (100 mM KPi, pH 7) of 

250 μL containing 10 μM enzyme, 50 eq. of substrate, and 50 eq. of labeled peroxide was 

allowed to react for 5 min before quenching with catalase. For the H2
18O studies, stock 

solutions of the reactants ([enzyme] = 120 μM; [H2O2] = 12.5 mM) in unlabeled water were 

kept at sufficiently high concentrations to allow for the 98% enriched H2
18O to be diluted to 

~89% in the final reaction mixture. Labeled water (207.5 μL) was charged with 21 μL enzyme, 

10 μL H2O2, and 12.5 μL substrate (in MeOH) and reacted for 5 min and then quenched with 

catalase. 20 μL aliquots of undiluted reaction mixtures were injected for LC-MS analysis. 

Substrate-Binding Studies. Adapted from previously published protocols,45 50 mM stock 

solutions of nitrophenol substrates were prepared in 100 mM KPi buffer at the appropriate pH. 

The UV-visible spectrophotometer was blanked with buffer only, and spectra were then 

acquired in the presence of the nitrophenol substrate at the concentration indicated in the figure 

legends while maintaining constant enzyme (50 µM) concentration. Analysis by nonlinear 

regression using the GraFit software package (Erithacus Software Ltd.) of the experiments 

performed in triplicate provided a calculated Amax, which was in turn used to calculate α for 

the average ΔA for each substrate concentration. A nonlinear regression plot provided the 

reported apparent Kd values. 
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Fluoride-binding studies were also performed per literature protocol46 to determine the 

extent of substrate binding at pH 5 and 7. DHP (50 µM) and substrate (500 µM) in 100 mM 

KPi buffer at the appropriate pH were titrated with NaF (180 mM stock solution prepared in 

buffer) to the concentration indicated in the corresponding Figure legend. The absorbance 

at 605 nm was monitored, and the analysis was performed as published.  

Stopped-Flow UV-visible Studies. Optical spectra were recorded using a Bio-Logic SFM-

400 triple-mixing stopped flow instrument coupled to a rapid scanning diode array UV-visible 

spectrophotometer. The temperature was maintained at 20 °C with a circulating water bath, 

and all solutions were prepared in 100 mM KPi (variable pH). Data were collected (900 scans 

total) over a three-time domain regime (2.5, 25, and 250 ms; 300 scans each) using the Bio 

Kinet32 software package (Bio-Logic). All data were evaluated using the Specfit Global 

Analysis System software package (Spectrum Software Associates) and fit to exponential 

functions as one-step/two-species, two-step/three species, or three-step/four species 

irreversible mechanisms where applicable. For data that did not properly fit these models, 

experimentally obtained spectra at selected time points detailed in the Figure legends are 

shown. Data were baseline corrected using the Specfit autozero function. 

Experiments were performed in single-mixing mode where enzyme at a final concentration 

of 10 µM was reacted with 2.5-25 equivalents of H2O2. For substrate pre-incubation studies, 

the enzyme solution also contained substrate (2.5 - 50 equiv.). Double mixing experiments 

were performed using an aging line prior to the second mixing step to observe Compound ES 

/ Compound I reactivity with nitrophenol substrate (2.5-50 eq.). Control experiments were also 

performed as above in the absence of hydrogen peroxide. 
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Protein Crystallization and X-ray Diffraction Studies. Non-His tagged DHP B was 

overexpressed and purified per literature protocol27 with minor modifications as described in 

the Appendix. DHP B crystals were obtained through the hanging-drop vapor diffusion 

method. Prior to hanging drops, DHP B was incubated for 1 hour at 4 °C with the desired 

substrate. Final incubated concentrations of DHP B, 4NP and 4NC were 12 mg/mL, 8 mM and 

4 mM respectively. The crystals were grown from mother liquor solutions of 30% PEG 4000 

and 0.2 M ammonium sulfate at pH 6.4, and were equilibrated against identical reservoir 

solutions. Protein to mother liquor ratios varied between 1:1, 1.33:1, 1.66:1 and 2:1. At 4 ˚C 

crystals grew from each condition after 3 days. The crystals were cryo-protected by briefly 

dipping them in reservoir solution enhanced with 20% glycerol and then flash frozen in liquid 

N2. Data were collected at 100 K on the SER-CAT 22-ID beamline at the APS synchrotron 

facility, utilizing a wavelength of 1.00 Å. All data were scaled and integrated using 

HKL2000,47 molecular replacement was performed with Phaser-MR48 from the PHENIX49 

suite of programs using 3IXF27 as the search model, model building and manual placement of 

waters utilized COOT50 and refinement was carried out using phenix.refine.51 

 

RESULTS 

DHP-Catalyzed Nitrophenol Reactivity with H2O2. The hydrogen peroxide-dependent 

oxidation of nitrophenol as catalyzed by WT DHP B when initiated from the ferric state at pH 

6 was monitored by HPLC. Reactions were initiated upon addition of 500 µM H2O2 to a 

solution containing 10 µM enzyme and 500 µM nitrophenol, incubated at 25 °C for five 

minutes, and then quenched with catalase. Reactivity was greatest with 2-nitrophenol (Table 

2.1), but overall a less than 1.2-fold difference was observed as the position of the nitro 
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substituent was varied (2-NO2 > 3-NO2 > 4-NO2). A trend of decreasing overall reactivity was 

noted upon increasing substitution (4-nitro > 2,4-dinitro > 2,4,6-trinitro). To determine if the 

pKa of the substrate played a role in this observed trend, the reactions were repeated with DHP 

B as a function of pH. No turnover was observed for any substrate at pH 8, only 4-nitrophenol 

(pKa 7.1552) showed activity at pH 7, and both 4-nitrophenol and 2,4-dinitrophenol (pKa 4.0752) 

showed activity at pH 6 and 5. Picric acid (2,4,6-trinitrophenol; pKa 0.4252) was unreactive 

under any condition examined, and no turnover of substrate occurred when either DHP (non-

enzymatic control) or peroxide (non-oxidant control) were excluded from the reaction. 

 

Table 2.1. Enzyme-Catalyzed Reactivity of Nitrophenols.a 
Enzyme Conversion (%) 

Substrate Variation 
DHP B Ferric  
   + 2-nitrophenol 49.6 (± 0.8) 
   + 3-nitrophenol 43.7 (± 1.3) 
   + 4-nitrophenol 39.4 (± 0.7) 
   + 2,4-dinitrophenol 16.2 (± 1.6) 
   + 2,4,6-trinitrophenol n. d.b 

Enzyme Variation 
DHP B Oxyferrous   
   + 4-nitrophenol 37.6 (± 1.7) 
DHP B (Y28/38F) Ferric   
   + 4-nitrophenol 37.2 (± 1.0) 
   + 2,4-dinitrophenol 16.6 (± 0.6) 
   + 2,4,6-trinitrophenol n. d. 
DHP A Ferric  
   + 4-nitrophenol 21.6 (± 0.1) 
   + 2,4-dinitrophenol 4.1 (± 1.3) 
   + 2,4,6-trinitrophenol n. d. 
HRP  
   + 4-nitrophenol n. d. 
hhMb  
   + 4-nitrophenol n. d. 

Mechanistic Probes 
DHP B Ferric + 4-nitrophenol  
   anaerobic 43.2 (± 0.4) 
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Table 2.1 (Continued) 
 
   + 500 μM mannitol 37.6 (± 0.6) 
   + 500 mM formate 35.6 (± 0.2 
   + SODc 37.8 (± 4.2) 
   + 10% DMSO 38.3 (± 0.4) 
   + 4-Br-phenol n. d. 

pH Effects with Ferric DHP B 
pH 5  
   + 4-nitrophenol 44.9 (± 1.6) 
   + 2,4-dinitrophenol 24.6 (± 0.2) 
   + 2,4,6-trinitrophenol n. d. 
pH 7  
   + 4-nitrophenol 34.0 (± 0.1) 
   + 2,4-dinitrophenol n. d. 
   + 2,4,6-trinitrophenol n. d. 
pH 8  
   + 4-nitrophenol n. d. 
   + 2,4-dinitrophenol n. d. 
   + 2,4,6-trinitrophenol n. d. 

aReaction conditions: [nitrophenol] = [H2O2] = 500 µM, [enzyme] = 10 µM, 100 mM KPi buffer 
at pH 6 (unless indicated), 25 °C, 5 min. bn. d. = none detected. cSOD = ~2 U/µL. 

 

The reactivity with 4-nitrophenol was virtually identical for oxyferrous DHP B compared 

to the ferric enzyme, indicating that the reaction can be initiated from either the globin active 

(FeII-O2) or peroxidase-active (FeIII) states, a result that has been observed previously for TCP 

(peroxidase) and haloindole (peroxygenase) oxidations.21, 26 The mutant DHP B(Y28F/Y38F), 

which forms Compound I rather than the Compound ES species observed in WT DHP B,22 

exhibited nearly the same reactivity as the native enzyme. WT DHP B was also found to be 

~1.8-fold more reactive than WT DHP A, which is consistent with the ratio of the catalytic 

efficiencies (kcat/Km) of these two enzymes for TCP oxidation (~2.6) and haloindole reactivity 

(~2.4) that have demonstrated a greater activity for isoform B over A.  

In the presence of 500 µM 4-bromophenol, a known inhibitor of TCP and haloindole 

oxidation,53 no oxygenation of 4-nitrophenol was observed. To determine if solvent accessible 
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radicals are playing a role in substrate turnover, reactions were performed in the presence of 

radical scavengers (DMSO, sodium formate, D-mannitol) and superoxide dismutase (SOD); 

all showed nearly equivalent 4-nitrophenol conversion when compared to the reaction run in 

their absence, suggestive of a non-radical based mechanism. No changes in product 

distribution were observed by HPLC (data not shown) in the presence of these radical 

scavengers. Reactions were performed anaerobically under N2 to probe if ambient molecular 

oxygen from the air played a role in the oxygenation reaction. When performed under such 

anaerobic conditions, no decrease in 4-nitrophenol oxygenation was seen, consistent with 

previous studies of WT DHP B and TCP that demonstrated an O2-independent reaction 

pathway.18, 21 Finally, studies performed with horseradish peroxidase (HRP) or horse heart 

myoglobin (Mb), the respective archetypes of the peroxidase and globin superfamilies, showed 

no reactivity with 4-nitrophenol substrate. 

Identification of Reaction Products by HPLC. A representative HPLC trace at 350 nm 

is shown in Figure 2.1 (top) for studies performed with 4-nitrophenol (4-NP). Products were 

identified by their characteristic retention times and electronic absorption spectra as compared 

to authentic samples, by similarity to those of their respective unsubstituted analogue when the 

substituted versions were not commercially available, and/or by mass spectrometry (Figure 

2.1, bottom A-D).  

The product that eluted at tR = 4.2 min exhibited an identical retention time and UV-visible 

spectrum (Figure 2.1A & B), as well as mass (m/z 154, [M-H+]-; Figure 2.1A), as an authentic 

sample of 4-nitrocatechol (1a, 4-NC, Figure 2.A1C & D), providing unequivocal evidence for 

the identity of this species as being formed from O-atom incorporation into the 4-NP substrate. 

The product that eluted at tR = 3.9 min exhibited a mass (m/z 170, [M-H+]-; Figure 2.1B), 
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consistent with O-atom incorporation into 4-NC, suggestive of a nitrobenzene-triol product. 

Three constitutional isomers are possible: 4-nitrobenzene-1,2,3-triol (i.e., 4-nitropyrogallol, 

NPG), 5-nitrobenzene-1,2,3-triol, or 5-nitrobenzene-1,2,4-triol. The UV-visible spectrum (λmax 

= 346 nm; Figure 2.A2B) of this product, while consistent by Woodward-Fieser rules54-57 with 

its assignment as a nitro-containing triol, rules out NPG (λmax = 380 nm58). As such, the product 

was assigned as 5-nitrobenzene-triol (5-NT), however the data cannot distinguish between the 

two remaining possible constitutional isomers, either as 5-nitrobenzene-1,2,3-triol or 5-

nitrobenzene-1,2,4-triol. When 4-NC was employed as the substrate in the enzymatic reaction 

(Figure 2.1 middle, and S2A & B), the 5-NT species was observed with virtually identical 

retention time and UV-visible spectrum (Figure 2.A2C & D). This suggests that 5-NT 

formation in the original nitrophenol reaction is derived from a secondary reaction where an 

O-atom is first incorporated into 4-NP to yield 4-NC, followed by a second O-atom 

incorporation to yield 5-NT. 

Regardless of whether 4-NP (Figure 2.A3A & B) or 4-NC (Figure 2.A3C & D) was 

employed as substrate, both reactions also yielded a product that eluted at tR = 1.9 min whose 

spectral features (λmax = 380 nm) were consistent with the electronic structure of a 1,2-

benzoquinone.59 The mass of this species (m/z 168, [M-H+]-; Figure 2.1C) was found to be 2 

amu less than 5-NT, and together with the absorption spectrum suggest that this species is the 

1,2-benzoquinone oxidation product of 5-NT. As there are two possibilities for the structure of 

5-NT, two structures for the resulting oxidation product, defined here as H-5-NBQ, are also 

possible, either as 3-hydroxy-5-nitro-1,2-benzoquinone or 4-hydroxy-5-nitro-1,2-

benzoquinone. 
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Isotopically-labeled Oxygen Studies. As the observed reactivity was O2-independent 

(anaerobic study, Table 2.1), studies employing labeled H2
18O2 and H2

18O (90% and 98% O-

atom enriched, respectively) were performed with 4-nitrophenol and 4-nitrocatechol, and 

 
Figure 2.1. HPLC chromatograms for the reactions of (top) 4-nitrophenol (1, 500 µM) or 
(middle) 4-nitrocatechol (1a, 500 µM) with DHP B (10 µM) in the presence of H2O2 (500 µM) 
at 25 °C (100 mM KPi, pH 6). The reactions were quenched upon addition of catalase and 
subjected to HPLC analysis as described in the text. (bottom) ESI-MS total ion chromatograms 
obtained for (A) 4-nitrocatechol, 4-NC (1a); (B) 5-nitro-benzene-triol, 5-NT (1b); (C) 
hydroxy-5-nitro-1,2-benzoquinone, H-5-NBQ (1c); and (D) the substrate 4-nitrophenol, 4-NP 
(1). 

 

subsequently analyzed by LC-MS to determine the source of the O-atom incorporation. The 

background-subtracted total ion chromatograms (TICs) for the 4-NP studies are shown in 

Figure 2.2. The isotopic distributions for the monooxygenated product 4-NC were determined 
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using previously established methods.43, 44 Products were identified by the respective m/z of the 

(M-H+)- ion and retention time as compared to available standards. In the presence of H2
18O 

and unlabeled H2O2, no significant increase in mass was observed (m/z: 154, 99%; 156, 1%; 

Figure 2.2A) when compared with the absence of an 18O source (m/z: 154, 100%; 156, 0%; 

Figure 2.1A), thus ruling out solvent water as the source of the O atom incorporated. The same 

experiment employing H2
18O2 and unlabeled H2O showed a clear increase to higher mass for 

4-NC by 2 Da: m/z: 154, 2%; 156, 98% (Figure 2.2B). The results showed a 98+% 18O 

enrichment (normalized), providing unequivocal evidence that the oxygen atom was derived 

from H2O2. 

 

 

Figure 2.2. ESI-MS total ion chromatograms obtained for the reaction product 4-nitrocatechol 
(A: H2

18O, H2
16O2; B: H2

16O, H2
18O2). Reaction conditions: [4-nitrophenol] = [H2O2] = 500 µM, 

[enzyme] = 10 µM, 100 mM KPi (pH 7), 25 °C. 

 

To determine the origin of the second O-atom incorporated into the dioxygenated products, 

5-NT (1b) and H-5-NBQ (1c), the above experiments were performed using 4-NC (1a) as the 

starting substrate (Table 2.S1). For 5-NT (1b) (unlabeled reaction, m/z: 170, 100%; 172, 0%; 

Figure 2.1b), the presence of H2
18O and unlabeled H2O2 led to a mass increase (m/z: 170, 9%; 

172, 51%; 174, 40%) with a ~1:1 ratio of single:double labeled products (Figure 2.A4). These 

results suggested that in addition to the incorporation of a single 18O label from a peroxidase 
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cycle, that scrambling with the H2
18O solvent also occurred. Whereas the same experiment 

employing H2
18O2 and unlabeled H2O showed no significant increase to a higher mass for 5-

NT (m/z: 170, 95%; 172, 5%; 174, 0%), the double-labeled experiment with H2
18O2 and H2

18O 

showed nearly the same results (m/z: 170, 9%; 172, 47%; 174, 44%) as with H2
18O and 

unlabeled H2O2. Thus, the data suggest that H2
18O2 does not play a role in the incorporation of 

the second O-atom into 5-NT, and together are strongly indicative of a peroxidase mechanism 

for the secondary metabolite formation. 

For H-5-NBQ (1c) (unlabeled reaction, m/z: 168, 100%; 170, 0%; Figure 2.1c), the results 

were complicated by a significant amount of label scrambling. Specifically, H2
18O/H2O2 led to 

a moderate mass increase (m/z: 168, 58%; 170, 34%; 172, 8%), H2O/H2
18O2 showed only a 

minor increase to higher mass (m/z: 168, 87%; 170, 9%; 172, 4%), and H2
18O/H2

18O2 exhibited 

nearly the same results (m/z: 168, 52%; 170, 36%; 172, 11%) as with H2
18O and unlabeled 

H2O2 (Figure 2.A5, Table 2.S1). The lack of influence on the label distribution as a function of 

hydrogen peroxide again is indicative of a peroxidase mechanism. As the double-labeled 

conditions yielded ~50% unlabeled product, we investigated if dioxygen may have played a 

role in the label scrambling by repeating that experiment under anaerobic conditions, however, 

we observed identical results as the aerobic study (data not shown). Thus, as the only other 

source of oxygen, we suggest that the 4-NC substrate itself, present initially at 500 µM, is the 

source of the unlabeled oxygen. As the results for H-5-NBQ (1c) formation were in-line with 

those of 5-NT in that they were still indicative of a peroxidase mechanism, the exact details of 

the label scrambling were not further explored, but precedents for such label scrambling via 

intermolecular reactions in model complexes of catechol dioxygenases are known.60, 61 



 

 

 

32 

Substrate Binding Studies. The electronic absorption spectrum of 4-NP62 at pH 7 (Figure 

2.A6) exhibited maxima at 324 and 398 nm (the latter extending as far as ~450 nm), 

overlapping with the spectrum of ferric DHP B [408 (Soret), 508, 540 (sh), 585, 635 nm], and 

thus precluding the use of the Soret or Q bands for substrate binding studies. Rather, the 

combination of the hypsochromic shift of the charge transfer band to ~615 (4-NP) or 625 nm 

(4-NC, 2,4-DNP) and its hyperchromicity upon substrate binding was employed. Optical 

spectra were recorded per literature protocol as a function of substrate concentration (2.5-100 

eq; Figures S7-S9).45 Analysis by nonlinear regression plots provided a calculated Amax value, 

which in turn was used to calculate α for the average ΔA for each [substrate]. A second 

nonlinear regression plot provided the apparent dissociation constants (Kd) for 4-NP, 4-NC, 

and 2,4-DNP. 

As shown in Table 2.2, binding for 2,4-DNP (pH 5, 48 µM; pH 7, 105 µM) was ~2.5-fold 

stronger than 4-NP (pH 5, 134 µM; pH 7, 262 µM) at both pH values. Moreover, a small pH-

dependence on binding was also noted: the Kd values for 4-NP (pKa 7.1552) and 2,4-DNP (pKa 

4.0752) both decreased ~2-fold upon lowering the pH from 7 to 5, suggesting that binding was 

stronger to DHP when the substrates were in their neutral phenol form. This increase in binding 

at pH 5 when compared with pH 7 may also contribute to the increase in reactivity observed 

at lower pH values (vide supra). For the product 4-NC (pKa 6.6963), the Kd value increased ~2-

fold upon lowering the pH, possibly suggesting stronger binding for the catecholate form. 

Structural elements of the DHP active site involving H-bonding to 4-NP and 4-NC were 

elucidated by X-ray crystallography and are discussed below (vide infra). Notably, the Kd 

values for 4-NP and 4-NC were on a par with the ones for the other known peroxygenase 

substrates, the 5-substituted halogens (5-I-indole: 62 ± 10 µM; 5-Br-indole: 150 ± 10 µM; 5-
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Cl-indole: 317 ± 23 μM), and significantly lower than that for 4-bromophenol (Kd ~ 1.15 

mM53), a known inhibitor of the enzyme.  

 

 

Table 2.2. Kd Values for Substrate Binding to Ferric DHP B. 
Substrate Kd (µM), pH 5 Kd (µM), pH 7 Kd

F‾  (mM) b Ref. 
4-NP 134 ± 7 262 ± 23 18 ± 1d a 

4-NC 79 ± 4 40 ± 1 31 ± 3d a 

2,4-DNP 48 ± 8 105 ± 21 90 ± 9d a 

2,4,6-TNP n. d.c n. d. 30 ± 1d 

5.9 ± 1.0e 
a 

4-BP n. r.f 1150 12 ± 1e,g 53,46 
   13 ± 1d,g 46 
2,4-DBP n. r. n. r. 172 ± 9e,g 46 
2,4,6,-TBP n. r. n. r. 24 ± 1e,g 46 

a this work, b Kd value of fluoride binding in the presence of 500 µM nitrophenol substrate, c n. 
d. = not determinable due to lack of spectral changes, d pH 5, e pH 7, f n. r. = not reported in 
reference, g [halophenol] = 1 mM. 

 

No Kd value for 2,4,6-TNP could be directly determined as the UV-visible spectra did not 

exhibit any substrate-dependent shifts (data not shown). We originally attributed this outcome 

to either the unlikely binding of the phenolate form of 2,4,6-TNP (pKa 0.4252) to the 

hydrophobic active site of DHP at either pH 5 or 7, or simply due to the additional steric 

hindrance present in the tri-substituted phenol. However, in order to further probe 2,4,6-TNP 

binding to DHP, a competition assay with the heme-fluoride binding equilibrium was 

employed (Table 2.2).46 In this method, substrates that bind within the DHP active site lead to 

a decreased binding affinity of fluoride to the heme (Kd
F- = 4.5 ± 0.4 mM). Interestingly, while 

2,4,6-TNP was not observed to significantly affect Kd
F- (5.9 ± 1.0 mM) at pH 7 (Figure 2.A10A 

& B), the presence of this substrate at pH 5 led to an increase in Kd
F- to 30 ± 1 mM (Figure 

2.A10C & D), a value that represents stronger substrate binding than 4-NP (Kd
F- = 18 ± 1 mM; 
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Figure 2.A11A & B), is on a par with 4-NC (Kd
F- = 31 ± 3 mM; Figure 2.A11C & D), but still 

weaker than 2,4-DNP (Kd
F- = 90 ± 9 mM; Figure 2.A11E & F). As such, the lack of reactivity 

at this pH value likely represents factors (e.g., substrate E°) unrelated to 2,4,6-TNP binding. 

Finally, a comparison of the Kd
F- values at pH 7 reveals that 2,4,6-TNP binding is weaker than 

that of the bromophenols, with substrate binding affinity in the order: 2,4,6-TNP < 4-BP < 

2,4,6-TBP < 2,4-DBP. 

Stopped-Flow UV-visible Spectroscopic Studies with 4-NP. Single and double-mixing 

stopped-flow methods were used to investigate the reaction of 4-nitrophenol with H2O2-

activated DHP, pre-formed either as Compound I [DHP B(Y28F/Y38F)], Compound ES, 

Compound II, or with the oxyferrous species itself as the starting state. 

Compound I Reactivity – The 4-nitrophenol reactivity studies performed with preformed 

Compound I using DHP B(Y28F/Y38F) were identical at pH 6 (data not shown) and pH 7 

(Figure 2.A12): no activated enzyme (i.e., preformed Compound I [406 (Soret), 528, 645 

nm]22) was observed. Rather, ferric DHP B(Y28F/Y38F) [406 (Soret), 507, 540 (sh) nm] was 

the first spectrum recorded, suggesting that Compound I was reduced by the substrate within 

the mixing time of the stopped-flow apparatus. A conversion to a ferric-like species [411 

(Soret), 503, 621 nm] was noted after 83 s. These spectral features are markedly different from 

those observed for the decay product of H2O2-activated DHP B (Y28F/Y38F) in the absence 

of substrate [404 (Soret), 518, 542 (sh) nm], and they do not match with the oxyferrous form. 

As such, they are possibly indicative of substrate- and/or product-bound DHP B (Y28F/Y38F), 

but this was not further explored. The rapid reaction of Compound I with 4-nitrophenol is 

reminiscent of its reactivity with 5-Br-indole, which was also found to reduce Compound I to 
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the ferric enzyme within the mixing time of the stopped-flow apparatus via a peroxygenase 

mechanism. 

Compound ES Reactivity – Ferric WT DHP B (10 µM) was reacted with 10 molar 

equivalents of H2O2 at pH 6, incubated for 220 ms to allow for the maximum accumulation of 

Compound ES,18 and subsequently mixed with 2.5, 10, or 25 equivalents of 4-nitrophenol. 

When reacted with 10 equiv. substrate (Figure 2.3), the preformed Compound ES [UV-visible: 

419 (Soret), 545, 585 nm] was reduced (kobs = 0.021 ± 0.003 s-1) back to ferric DHP B [407 

(Soret), 507 nm], a decrease in the 4-nitrophenol peak at 321 nm was noted, and an increase in 

the baseline was noted at wavelengths shorter than 400 nm that can be attributed to the 

absorption of the reaction products 4-NC, 5-NT, and H-5-NBQ. The experimental values of 

kobs for Compound ES reduction varied linearly with 4-NP in the range of 2.5-10 molar equiv, 

yielding a biomolecular rate constant of (2.73 ± 0.06) x 102 M-1s-1. Under these conditions, 

Compound RH, the stable form of DHP that forms from H2O2-activation in the absence of 

substrate, was not observed. Notably, the conversion to the oxyferrous form of the enzyme that 

is noted in similar assays that employ the physiological substrates (i.e., trihalophenols and 

haloindoles) was not observed. 

When the above reaction was performed at pH 8, no changes to the ferryl spectrum [UV-

visible: 417 (Soret), 545, 585 nm] were noted over the first 80 s (Figure 2.A13). At longer 

observation times up to 800 s, a slow conversion to the ferric enzyme was observed (data not 

shown), with no significant changes attributed to substrate loss or product formation. The lack 

of reactivity observed in these stopped-flow experiments at pH 8 correlates with the lack of 

reactivity noted in our HPLC studies when performed at the same pH (Table 2.1).  
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Compound II Reactivity – As previously reported,19,24 oxyferrous DHP can be activated by 

H2O2 in the presence of as little as 1 eq. TCP21 or haloindole14 substrate, leading to Compound 

II formation.21 Here, we investigated the reactivity of pre-formed DHP Compound II with 4-

NP using sequential double-mixing stopped-flow methods: oxyferrous DHP B containing 1 

 

 
Figure 2.3. Kinetic data for the reaction of pre-formed Compound ES with 4-nitrophenol. A) 
stopped-flow UV-visible spectra of the double-mixing reaction of preformed DHP B 
Compound ES (10 µM), itself formed in an initial mixing step from ferric DHP reacted with a 
10-fold excess of H2O2 in an aging line for 220 ms, with a 10-fold excess of 4-nitrophenol at 
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pH 6.0 (900 scans over 83 sec); inset - the single wavelength (419 nm) dependence on time 
obtained from the raw spectra and its fit with a superposition of the calculated spectral 
components. B) calculated spectra of the two reaction components derived from the SVD 
analysis: Compound ES (black) and ferric DHP B in the presence of excess 4-nitrophenol (red). 
C) time dependences of the relative concentrations for the two components shown in the 
middle panel as determined from the fitting of the spectra in the top panel. 

 

equivalent TCP was reacted with 10 molar equivalents of H2O2 at pH 6, incubated for 85 sec 

to allow for the maximum accumulation of Compound II [417 (Soret), 547, 585 nm],21 and 

subsequently mixed with an additional 10 equiv of 4-NP (Figure 2.4). Notably, the Compound 

II spectrum converted to the ferric spectrum [either as substrate or product-bound: 405 (Soret), 

503 nm] within 60 s, on a par with the Compound II reactivity observed for TCP and indole. 

 
Figure 2.4. Kinetic data for the reaction of preformed DHP B Compound II with 4-nitrophenol. 
A) stopped-flow UV-visible spectra of the double-mixing reaction between preformed DHP B 
Compound II (10 µM) and 10 equiv 4-nitrophenol at pH 6.0 (900 scans over 83 sec); inset - 
the single wavelength (419 nm) dependence on time. DHP B Compound II was itself formed 
from an initial reaction between oxyferrous DHP B pre-incubated with 1 equiv. trichlorophenol 
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and 10 equiv. H2O2 and reacted for 85 sec prior to the second mix with 4-nitrophenol. B) 
experimentally obtained spectra for Compound II derived from TCP (black, t = 2.5 ms), and 
its reduction to ferric DHP B observed in the presence of 4-nitrophenol (t = 60 s). 

 

 

Figure 2.5. Kinetic data for the reaction of oxyferrous DHP B with 4-nitrophenol and hydrogen 
peroxide. A) stopped-flow UV-visible spectra of the single-mixing reaction between 
oxyferrous DHP B (10 µM) pre-incubated with 10 equiv. 4-nitrophenol and a 10-fold excess 
of H2O2 at pH 6.0 (900 scans over 83 sec); inset - the single wavelength (418 nm) dependence 
on time. B) experimentally obtained spectra for oxyferrous DHP B (black, t = 2.5 ms), DHP B 
Compound II (blue, t = 8 s), and its reduction to ferric DHP B observed in the presence of 4-
nitrophenol (t = 68 s). 

 

 

Oxyferrous DHP Reactivity – In the absence of substrate, previous studies have shown that 

a slight bleaching of the Soret band and/or long timescale conversion to Compound RH occurs 

upon the reaction of oxyferrous DHP with H2O2, and only when TCP21, 26 or indole14 substrates 
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were present were fast timescale reactive intermediates observable. This substrate-dependent 

activation of DHP was investigated here with 4-NP using stopped-flow methods. Upon rapid 

mixing of a solution of oxyferrous DHP B pre-incubated with 10 eq. of 4-NP with 10 

equivalents of H2O2, substantial spectral changes were observed (Figure 2.5). The oxyferrous 

form converted to a species whose spectral features [417 (Soret), 545, 578, 590 (sh) nm; t = 8 

s] matched those of Compound II formed from our previous identification of this species when 

employing indole as the substrate.14 The Compound II species was found to convert at longer 

times to the substrate or product-bound ferric enzyme [405 (Soret), 500 nm] within 68 s, 

matching the reactivity observed for pre-formed Compound II with 4-NP (vide supra). 

The main observations from these stopped-flow studies with 4-NP were i) Compound I 

was rapidly reduced by 4-NP within the mixing time of the instrument to the ferric enzyme, ii) 

Compounds ES and II were reduced to the ferric enzyme after ~60-70 s, and iii) 4-NP was 

found to activate oxyferrous DHP with H2O2 via a Compound II intermediate. 

Stopped-Flow UV-visible Spectroscopic Studies with 4-NC. Single and double-mixing 

stopped-flow methods were also used to investigate the reaction of 4-nitrocatechol with H2O2-

activated DHP, pre-formed either as Compound ES (WT DHP), Compound I [DHP 

B(Y28F/Y38F)], or Compound II, or with the oxyferrous species itself as the starting state. 

Compound I Reactivity – The 4-nitrocatechol reactivity studies performed with preformed 

Compound I using DHP B(Y28F/Y38F) yielded similar results to those observed for 4-

nitrophenol above (data not shown): no activated enzyme (i.e., preformed Compound I) was 

observed, but rather a ferric-like DHP B(Y28F/Y38F) species [411 (Soret), 503, 621 nm] was 

first identified, suggesting that Compound I was reduced by 4-nitrocatechol within the mixing 

time of the stopped-flow apparatus. 
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Compound ES Reactivity –Compound ES was preformed at pH 6 as described above, and 

subsequently mixed with 2.5, 10, or 25 equivalents of 4-nitrocatechol. When reacted with 10 

equiv. substrate (Figure 2.A14), the preformed Compound ES [UV-visible: 417 (Soret), 544, 

584 nm] was rapidly reduced to a species that exhibited a ferric-like Soret absorption (410 nm) 

within 200 ms, and underwent further reaction to yield ferric DHP B [407 nm (Soret)] after 83 

s. An increase in the baseline attributed to the absorption of both the 4-NC substrate as well as 

reaction products made assignment of the Q-band features indeterminate. 

Compound II Reactivity – The reaction of pre-formed DHP Compound II with 4-NC was 

investigated using sequential double-mixing stopped-flow methods: oxyferrous DHP B 

containing 1 equivalent TCP was reacted with 10 molar equivalents of H2O2 at pH 6, incubated 

for 85 sec to allow for the maximum accumulation of Compound II [419 (Soret), 545, 583 

nm],21 and subsequently mixed with an additional 10 equiv of 4-NC (Figure 2.A15). The 

Compound II spectrum converted to the ferric spectrum [either as substrate or product-bound: 

405 nm (Soret)] within 13 s, and remained relatively unchanged up to 83 s. 

Oxyferrous DHP Reactivity – Upon rapid mixing of a solution of oxyferrous DHP B pre-

incubated with 10 eq. 4-NC with 10 equivalents of H2O2, it was observed (Figure 2.A16) that 

the oxyferrous form [418 (Soret), 543, 578 nm] converted to a species whose spectral features 

[418 (Soret), 544, 584 nm; t = 3 s] matched those of Compound II formed from our previous 

identification of this species when employing TCP as the substrate.21 The Compound II species 

was found to convert at longer times (t = 18 s) to the substrate or product-bound ferric enzyme 

[405 nm (Soret)]. 
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The main observation from these stopped-flow studies was that the reactivity with 4-

nitrocatechol mirrored that with 4-nitrophenol in terms of reducing the activated enzyme back 

to the ferric state, but appeared to be significantly faster overall. 

X-ray Crystallographic Studies of DHP B Complexed with 4-NP and 4-NC. Data 

collection and refinement statistics for WT DHP B co-crystallized in complex with 4-

nitrophenol and 4-nitrocatechol are found in Table 2.S2, and selected substrate-protein and 

heme-protein distances can be found in Table 2.S3. DHP B crystallized as a homo-dimer in 

the asymmetric unit, consistent with each previously deposited crystal structure. There is full 

occupancy of 4-NP in both protomers, while 4-NC fully occupies subunit B however exhibits 

partial occupancy of 0.5 in subunit A, with O2 present in the absence of 4-NC. The orientation 

of each substrate is identical in both of its corresponding subunits. The subsequent structural 

analysis focuses solely on subunit B: both substrates were found to bind in the distal pocket, 

oriented between the heme β edge and Fe (Figures 6 and S17). Both molecules are bound 4.2 

Å above the heme with a tilt angle of 25° (in reference to the heme normal) away from the β 

edge. The aromatic rings are oriented for π-stacking interactions with F21. The nitro groups 

are positioned internally, residing in the Xe1 binding site, with the OH groups situated near 

the pocket entrance, stabilized by H-bonding interactions: the heme propionate D and Y38 

form a H-bonding network with 4-NP, with distances of 2.6 and 2.7 Å, respectively, to the 

OH1 of 4-NP. As a tighter binder exhibited by the lower Kd, 4-NC forms H-bonds with both 

of its OH groups: the heme propionate D and Y38 form H-bonds with OH1, exhibiting 

distances of 2.7 and 2.8 Å respectively. The OH2 interacts with T56 at a distance of 2.6 Å, and 

also has a weaker H-bond with Y38 at 3.2 Å. The hydrogen bonding interactions between OH1 

of 4-NP or 4-NC and the protein/heme propionates aligns well with the observation from tables 
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1 and 2 that DHP prefers protonated nitrophenolic substrates. This binding mode has been 

observed previously for the p-halogenated phenols (Figure 2.6, C and D). LSQ superposition 

of the subunit B distal pockets resulted in a 0.114 Å r.m.s.d, with the two substrates occupying 

identical orientations. 

 

 

Figure 2.6. As viewed from the β edge, panels A and B provide atomic distances for 4-NP and 
4-NC, respectively. Panels C and D present the distal superposition of 4-NP (5CHQ, green), 
4-NC (5CHR, silver) and 4BP (3LB253, purple) structures. As shown, the 4-NP and 4-NC 
molecules superpose with little deviation, while 4BP is slightly displaced with regard to the 
OH at the distal entrance. Panel C is viewed from the β edge, and panel D presents the view 
from the distal entrance, the γ edge. 

 

DISCUSSION 

The activity studies presented here demonstrate that dehaloperoxidase is able to catalyze 

the oxidation of nitrophenols as previously unreported substrates for DHP despite their being 

of anthropogenic origin and not native to the benthic ecosystems in which A. ornata is found. 

Isotope labeling studies demonstrated that the oxygen atom incorporated into the 4-
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nitrocatechol product was derived exclusively from hydrogen peroxide, analogous to the 

“peroxide-shunt” of cytochrome P450s and indoleamine 2,3-dioxygenase.43, 64-66 Consistent 

with a peroxygenase mechanism, substrate reactivity readily proceeded under anaerobic 

conditions, as well as in the presence of superoxide dismutase and radical quenchers. Such 

peroxygenase chemistry has only recently been reported for dehaloperoxidase,14 but with 

haloindole substrates, as halophenols proceed via a well-established peroxidase mechanism.67 

Interestingly, the peroxygenase product, 4-nitrocatechol, itself proved to be a substrate for 

DHP, yielding 5-nitrobenzene-triol (5-NT) and hydroxy-5-nitro-1,2-benzoquinone (H-5-

NBQ) products in what labeling studies indicated was via a peroxidase-based mechanism. 

Relevant to the studies here on DHP, the microbial biodegradation of 4-nitrophenol has also 

been shown to proceed via 4-nitrocatechol and 1,2,4-benzenetriol intermediates in a number 

of systems that employ hydroxylase/monooxygenase enzymes, including Arthrobacter sp. 

strain JS443,68 Arthrobacter protophormiae RKJ100,69 Bacillus sphaericus JS905,70 

Burkholderia cepacia RKJ200,71 Ralstonia sp. strain SJ98,72 Rhodococcus opacus AS2 and 

Rhodococcus erythropolis AS3,73 and Serratia sp. strain DS001.74 

In support of the observed peroxygenase activity, the crystal structure of DHP B complexed 

with 4-NP showed the substrate in close proximity to the heme Fe from which the inserted O 

atom is derived. As there is no ferryl structure of DHP B, analysis of a superposition of the 4-

NP structure with a surrogate oxyferrous DHP A structure (2QFN75) approximates the reactive 

C3 carbon of 4-NP at ~2.9 Å from the O bound to the heme Fe, sufficiently positioned for O-

atom transfer to yield the 4-nitrocatechol product. Interestingly, with the OH2 group located 

7.9 Å from the heme Fe, 4-NC resides in an orientation that suggests rearrangement following 

initial 4-NP oxygenation. The possibilities of molecular rotation inside the distal pocket or 
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product removal followed by rebinding as a substrate are logical explanations for the 

crystallographic 4-NC binding site. 

The orientation and proximity of both 4-NP and 4-NC resemble that of the putative 5-

haloindole binding site that was determined by computational methods and supported by 

resonance Raman studies,14 and suggest a common peroxygenase binding site for O-atom 

transfer. By contrast, this peroxygenase substrate site differs from the previously determined 

peroxidase substrate binding sites: TBP76 and TCP77 both bind deep in the distal cavity beneath 

F21 in close proximity to L100 at the α edge of the heme, residing in the Xe1 binding site78 

with the hydroxyl group pointed towards the heme Fe, and with H55 found in the ‘closed’ 

(internal) conformation (Figure 2.A18).53, 79 This is in contrast to the nitrophenol structures 

where only the nitro group resides in the Xe1 binding site. Moreover, the peroxidase substrates 

not only reside near a heme edge, they are both positioned such that a halogen substituent is 

facing the heme iron, thus sterically hindering O-atom transfer from an activated ferryl 

intermediate to a nearby carbon atom on the substrate. By way of comparison, 4-nitrophenol, 

and haloindoles by extension, reside near the reactive heme center well-positioned for O-atom 

transfer directly from the ferryl intermediate, with no such steric hindrance. Distal 

superposition of peroxidase and peroxygenase substrate binding sites is provided in the 

Appendix. Interestingly, TCP also possesses a second binding site that closer resembles 

nitrophenol binding: the Cl substituent of the C4 carbon is directed toward the heme-Fe, H55 

is found in the ‘open’ (external) conformation and the phenolic OH is within hydrogen bonding 

distance to Y38, as seen with the nitrophenol substrates. This alternate TCP binding site is 

situated at the γ edge of the heme, with the molecule residing between both heme propionate 

arms. Thus, when one considers all possible substrates (halophenols, haloindoles, 
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nitrophenols) for DHP, there is ample evidence to suggest a common binding motif necessary 

for peroxygenase activity, but such binding alone is not sufficient as to determine 

peroxygenase vs. peroxidase activity. 

The peroxygenase substrate binding site appears to imply a close interaction with the H2O2-

activated form of DHP (as necessitated by O-atom transfer). As the principal reactive species 

in heme peroxidases,80 peroxygenases,81 P450s,64, 66 and other hemoproteins,82, 83 the Compound 

I, ES and II intermediates were explored here for their mechanistic role(s) in the DHP-

catalyzed oxidation of 4-NP and 4-NC. Compounds I and ES, either of which is formed from 

the reaction of the ferric enzyme with hydrogen peroxide, both contain an Fe(IV)-oxo species, 

yet differ in that Compound I possesses a second oxidizing equivalent as a porphyrin π-cation 

radical, whereas Compound ES has this radical residing on an amino acid (i.e., a tyrosyl radical 

in DHP22) rather than on the porphyrin ring.17, 18 Compound II, formed either from the more 

traditional 1e‾ reduction of Compounds I/ES or from the reaction of oxyferrous DHP with 1 

equiv H2O2 in the presence of either trihalophenol21 or haloindole14 substrates, also possesses 

an Fe(IV)-oxo species, but no additional oxidizing equivalent residing on either the protein or 

the heme cofactor. Using the DHP B(Y28F/Y38F) mutant to form Compound I owing to the 

lack of tyrosines near the heme active site,22 its reactions with both 4-nitrophenol and 4-

nitrocatechol yielded ferric DHP within the mixing time (<2.5 ms) of the stopped-flow 

apparatus. By contrast, Compound ES was found to be at least 2-orders of magnitude slower 

in its reactivity with these two substrates, whereas preformed Compound II was found to react 

with substrate significantly slower (seconds to tens of seconds) than either Compounds I or 

ES. Thus, a greater than 104 magnitude difference in reactivity between the H2O2-activated 

forms of DHP was observed from the pre-steady-state kinetics with nitrophenol/nitrocatechol 
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substrates. These results agree with our previous observations with haloindole substrates, 

where DHP Compound I (<2.5 ms), ES (~150 ms), and II (>30 s) also exhibited a ~104-fold 

range in chemical reactivity, and together strongly advocate for a two-electron oxidized 

intermediate as the catalytic species mediating DHP peroxygenase chemistry. 

Despite the broad range exhibited in their pre-steady state kinetics, the results from the 4-

nitrophenol endpoint assays (Table 2.1) show that whether ferric DHP B(Y28F/Y38F) 

(Compound I), WT ferric DHP B (Compound ES), or oxyferrous DHP B (Compound II) were 

employed, virtually identical substrate loss and product formation were observed. One possible 

interpretation of these kinetic vs. endpoint assay results is that DHP proceeds through a 

common pathway regardless of the starting conditions. As all three reactive intermediates 

(Compounds I, ES, and II) were reduced by substrate to the ferric enzyme, we suggest that in 

addition to the 2-electron O-atom transfer chemistry associated with Compound I, one-electron 

processes may play a role in the initial turnover of DHP, for example, to reduce Compound II 

to the ferric state, and that the subsequent activity (either peroxygenase or peroxidase) proceeds 

as observed from the ferric enzyme. 

On the basis of the results obtained above, and through modification of the previously 

established mechanisms for peroxygenases,43, 64-66 we propose the following catalytic cycle for 

the in vitro hydrogen peroxide-dependent oxidation of nitrophenol by ferric DHP from A. 

ornata (Scheme 2.1): ferric DHP reacts with 1 equiv H2O2, forming either Compound I (step 

i-a) or Compound ES (step i-b). The reaction of either of these two ferryl species with 

nitrophenol leads to H-atom abstraction (steps ii-a or ii-b), followed by an oxygen rebound 

step (step iii), leading to regeneration of the ferric enzyme with incorporation of the oxygen 

atom into 4-nitrophenol yielding 4-nitrocatechol. The ferric enzyme is then available for 
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reactivation by a second equivalent of hydrogen peroxide, thereby leading to additional 4-NC 

formation when reacting with 4-NP as the substrate (via a second peroxygenase cycle), or to 

5-NT formation via a peroxidase cycle. While we propose here that the initial step of substrate 

oxygenation can be viewed as an H-atom abstraction to yield a phenoxyl substrate radical and 

an Fe(IV)-OH that together subsequently undergo oxygen rebound to generate the 

nitrocatechol product, we cannot rule out other possible mechanisms for O-atom insertion into 

an arene,84-86 such as epoxidation via an electrophilic ferryl species, and additional studies, 

including computational efforts, are currently underway. 
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Scheme 2.1. Proposed 4-Nitrophenol Peroxygenase Cycle for Dehaloperoxidase B. 

 
 

Three additional comments can be made about the nitrophenol peroxygenase mechanism 

in DHP: first, although Scheme 2.1 shows the catalytic cycle initiating from the ferric state, it 

has been demonstrated previously that DHP is able to initiate both peroxidase and 

peroxygenase catalytic cycles from the globin-active oxyferrous state: oxyferrous DHP reacts 

with H2O2 in the presence of either trihalophenol21, 26, 87 or haloindole14 substrate, thereby 

forming Compound II. Here, we also observed Compound II formation when employing 4-

nitrophenol and 4-nitrocatechol as substrates and when starting from oxyferrous DHP (step iv-
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a). Thus, it is likely that when starting from the oxyferrous form, that Compound II is formed 

initially, but undergoes a 1e‾ reduction (non-productive; step iv-b) to the ferric form, from 

which the catalytic cycle in Scheme 2.1 commences. Second, it is important to note under these 

conditions that Compound RH, the stable form of DHP that forms from H2O2-activation in the 

absence of substrate, was not observed. Third, the conversion to the oxyferrous form of the 

enzyme that is noted in similar assays that employ the physiological substrates (i.e., 

trihalophenols and haloindoles) was also not observed. Thus, the product-driven14, 18 return of 

ferric DHP to the globin-active oxyferrous form was not observed here, an outcome that was 

not unexpected given that nitrophenol is of anthropogenic origin and not a physiological 

substrate. Although not the subject of the current study, this latter point may be of consequence 

to the mechanism by which nitrophenols are toxic to marine invertebrates such as A. ornata in 

that they may lead to met-Hb formation.  

As a consequence of the negative mesomeric and inductive effects of the nitro 

substituent(s) leading to electron-deficient aromatic systems,88, 89 nitroaromatics can be more 

difficult to degrade than their unsubstituted analogs. Microbial biodegradation of 

nitroaromatics has been shown to proceed via both reductive and oxidative pathways,29, 90 but 

for DHP it is clearly an oxidative one. The ability for peroxidases to oxidize substrates is 

dependent upon the ferryl/Fe(III) reduction potential: for instance, 4-NP [E° = 1.23 V vs NHE, 

pH 7]91 is not oxidized by Type VI-A horseradish peroxidase (HRP) [E°CmpII/Fe(III) = 0.89 ± 0.1 

V], but is oxidized by fungal peroxidases such as Coprinus cinereus peroxidase (CiP) 

[E°CmpII/Fe(III) = 1.18 ± 0.15 V] and Bjerkandera adusta versatile peroxidase (VP) [E°CmpII/Fe(III) = 

1.37 ± 0.19 V].92 As a globin, DHP possesses a much higher redox potential of +206 ± 6 mV18, 

20 for the Fe3+/Fe2+ couple than those reported for peroxidases (HRP, -266 mV93; cytochrome c 
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peroxidase, -182 mV94; myeloperoxidase, -5 mV95), and even for other globins is at the high 

end of the range reported (sperm whale Mb, -43 mV96; horse heart Mb, +46 mV97, horse heart 

Hb, +152 mV98; human Hb, +158 mV99). Modulation of the heme redox potential, and hence 

the reactivity of the enzyme, may be achieved by a number of ways, including heme 

distortion,100 the hydrophobicity of the heme pocket,101, 102 changes in heme iron ligation103 and 

spin state,104 and/or modulation of the H-bonding networks involving the distal105 and 

proximal20 ligands or the heme propionates.106 The functional consequence of this high redox 

potential is to minimize autoxidation to the ferric state, thus ensuring that O2-binding is 

maintained, as only a heme in the ferrous oxidation state can reversibly bind molecular oxygen. 

However, such a high redox potential that is a necessity for globin function may have another 

consequence for DHP: in peroxidases, there is a strong correlation between the redox potential 

of the Fe3+/Fe2+ couple and the estimated redox potential for the ferryl/Fe(III)+ couple.92 On the 

basis of this correlation and the known value for the Fe3+/Fe2+ couple in DHP, we have 

estimated that the redox potential of the DHP ferryl/Fe(III) couple to be ~1.58 V, which would 

make it one of the highest of any known hemoprotein. Thus, it appears that the high reduction 

potential of the ferryl species in DHP, which is a consequence of its primary role as a globin, 

not only facilitates reactivity with halogenated substrates, but also plays an important part in 

its catalytic functions, i.e. peroxidase and peroxygenase activities, against deactivated 

aromatics of anthropogenic origin such as mono- and dinitrophenols, and nitrocatechols. 

In summary, DHP catalyzes the degradation of nitrophenols via a peroxygenase pathway 

that is highly reminiscent of bacterial/fungal monooxygenases despite possessing neither 

structural nor sequence homology to them. Such peroxygenase activity now appears to be more 

widely applicable to DHP than previously thought given that two classes of substrate, 
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nitrophenols and haloindoles, have been shown to undergo O-atom transfer. What makes DHP 

versatile as a biocatalyst may stem from its globin origins: a relatively high redox potential 

that imparts increased activity to the H2O2-activated enzyme when compared to other 

peroxidases. DHP also possesses a hydrophobic cavity that can accommodate small molecule 

binding to support O-atom transfer chemistry, a feature that peroxidases generally lack. More 

importantly, the inclusion of nitrophenols (2-NP, 4-NP, and 2,4-DNP) to the list of pollutants 

that DHP can oxidize now increases its total of EPA priority pollutants that are substrates to 7 

(out of 126) when including the known (halo)phenol substrates: phenol, 2-chlorophenol, 2,4-

dichlorophenol, and TCP. While it remains to be seen if other priority pollutants are substrates 

for DHP (e.g., 2,4-dimethylphenol, p-chloro-m-cresol, 4,6-dinitro-o-cresol), it appears that 

multifunctional globins may be promising platforms as promiscuous bioremediation catalysts, 

and other marine globins from the benthic ecosystems from which A. ornata originates should 

be explored for this potential. Moreover, in addition to impacting our understanding of the 

biotransformation pathways specific to persistent organic pollutants, the consequences of these 

findings suggest the need for expanding the breadth of organisms considered in enzyme-

decomposition ecosystem models or environmental impact assessments of chemicals to 

include those beyond microbial origin. 
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ABSTRACT: The toxicities of azole pollutants that have widespread agricultural and 

industrial uses are either poorly understood or unknown, particularly with respect to how 

infaunal organisms are impacted by this class of persistent organic pollutant. To identify a 

molecular basis by which azole compounds may have unforeseen toxicity on marine annelids, 

we examine here their impact on the multifunctional dehaloperoxidase (DHP) hemoglobin 

from the terebellid polychaete Amphitrite ornata. UV-visible and resonance Raman 

spectroscopic studies showed an increase in the 6-coordinate low spin heme population in DHP 

isoenzyme B upon binding of imidazole, benzotriazole, and benzimidazole (Kd values = 52, 

82, and 110 µM, respectively), suggestive of their direct binding to the heme-Fe. Accordingly, 

atomic resolution X-ray crystal structures, supported by computational studies, of the DHP B 

complexes of benzotriazole (1.14 Å), benzimidazole (1.08 Å), imidazole (1.06 Å), and 

indazole (1.12 Å) revealed two ligand binding motifs, one with direct ligand binding to the 

heme-Fe, and another where the ligand binds in the hydrophobic distal pocket without 

coordinating the heme-Fe. Taken together, the results demonstrate a new mechanism by which 

azole pollutants can potentially disrupt hemoglobin function, thereby increasing our 

understanding of their impact on infaunal organisms in marine and aquatic environments.  

  



 

 

61 

INTRODUCTION 

A number of persistent organic pollutants (POPs) are comprised of five-membered 

nitrogen (N)-containing heterocyclic rings belonging to the azole class of compounds. Such 

compounds, examples of which include benzotriazole (Bta), benzimidazole (BIm), indazole 

(Inz), and imidazole (Im), as well at their derivatives, have found a number of industrial and 

agricultural uses. Benzotriazoles have been used as UV absorbers to protect polymers from 

photochemical degradation, and more recently as anticorrosive additives (e.g., in cooling and 

hydraulic fluids, antifreeze products, dishwasher detergents).1, 2 Recalcitrant to wastewater 

treatment where effluent concentrations are as high as 10 µM,1, 3, 4 they have been detected in 

rivers, lakes and groundwater with concentrations as high as 1032 ng/L for benzotriazole and 

516 ng/L for methylbenzotriazole, and have been reported as the fourth most common 

European groundwater pollutant.5 Likewise, benzimidazole and its derivatives have been used 

both as fungicides for crop protection (applied directly to soil or sprayed over fields),6-8 and as 

veterinary antiparasitic drugs administered to livestock (cows, sheep, hogs),9, 10 where they 

have been shown to enter into the environment primarily through excretion (urine or feces). 

Similarly, indazole11 and imidazole12-14 derivatives have a wide variety of industrial, 

pharmaceutical, and agricultural uses. Importantly, no azole-containing compounds are on the 

EPA priority pollutant list, and as such these and similar compounds are often overlooked as 

environmental contaminants. 

POPs enter marine and freshwater ecosystems through effluent releases, atmospheric 

deposition, runoff, and other means, where their low water solubility results in strong binding 

to particulate matter in aquatic sediments.15 As a result, sediments can serve as reservoirs or 

“sinks” for azole POPs that lead to their exposure to sediment-dwelling organisms,9 either 
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through contact upon burrowing or via ingestion by deposit feeders. With very limited data 

available, their persistence and fate in marine environments, as well as their toxicities to marine 

organisms, are either unknown or poorly understood, with an added caveat that studies have 

shown that some azole metabolites are more toxic than the parent compound.7, 16 Thus, as 

relatively little is known regarding the underlying molecular basis for how infaunal systems 

are impacted by the azole class of POPs, this lack of knowledge may lead to i) an 

underestimation of the environmental toxicity of azole compounds that are currently in 

production or use, ii) approval of other azole compounds for industrial or agricultural use 

despite their unknown potential for harming marine environments, iii) limited cleanup or 

(bio)remediation efforts upon environmental contamination due to a lack of concern regarding 

such compounds, and iv) a lack of awareness of the individual or combined effects of POPs 

and their metabolites, particularly with respect to their bioaccumulation, transport, and fate 

through environments where marine annelid exposure is substantial. Thus, given their growing 

use across a breadth of applications, it is of increasing importance to achieve a full 

understanding of how azole POPs and their metabolites may impact marine environments. 

Our platform for assessing the molecular basis by which azole compounds may have 

unforeseen effects on infaunal organisms is the coelomic hemoglobin from the terebellid 

polychaete Amphitrite ornata.17 In addition to its role in oxygen transport,17 this multifunctional 

hemoprotein, historically named dehaloperoxidase (DHP) due to its ability to catalyze the 

oxidative dehalogenation of 2,4,6-trihalophenols to their corresponding 2,6-dihaloquinones,18-

21 is believed to have evolved in A. ornata to detoxify high levels of volatile organobromine 

secondary metabolites secreted as repellents against predation by neighboring sediment-

dwellers in benthic ecosystems. In addition to this biologically-relevant peroxidase activity, 
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the two isoenzymes of DHP (A and B)22 have recently been shown to possess peroxygenase 

activity against both native haloindole23 and anthropogenic nitrophenol24 substrates. As such, 

A. ornata DHP represents a multifunctional catalytic globin that possesses a broad substrate 

scope with activities commonly associated with the peroxidase and P450 families of 

enzymes.25 Thus, given its native peroxygenase activity against naturally-occurring 

halogenated indoles that are structurally related to the aforementioned azole pollutants, 

questions thus arise as to whether DHP binds, and/or potentially reacts with, similar 

compounds of anthropogenic origin, the answers to which may potentially provide insight into 

previously unknown molecular mechanisms for how infaunal organisms may be impacted by 

POPs. 

To address these questions, here we have explored heterocyclic azole compounds, 

comprising benzotriazole, benzimidazole, indazole and imidazole (Figure 3.1), for their ability 

to bind to and possibly modulate the function of DHP. Using a combination of substrate 

binding studies, biochemical assays, solution and crystal resonance Raman spectroscopy, and 

X-ray crystallography, we have identified a previously unknown binding motif for azole 

compounds with the hemoglobin of A. ornata. More importantly, however, the results 

demonstrate that there may be a much larger number of heterocyclic compounds of 

anthropogenic origin that can bind to marine hemoglobins, leading to a new mechanism by 

which pollutants can disrupt hemoglobin function, a finding which may be important when 

assessing the environmental impact of chemicals such as POPs and their metabolites on aquatic 

systems. 
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Figure 3.1. Azole ligands investigated for their binding to DHP. 

EXPERIMENTAL 

Materials and Methods. Reagent-grade chemicals (VWR, Sigma-Aldrich or Fisher 

Scientific) were used without further purification. Acetonitrile was HPLC grade. UV-visible 

spectroscopy was performed aerobically on a Varian Cary Bio50 spectrophotometer, or 

anaerobically on an Agilent 8454 diode-array spectrophotometer in a glovebox. Stock 

solutions (10-50 mM) of all compounds were prepared in MeOH, stored at 4 °C, and were 

periodically screened by HPLC to ensure that they had not degraded. Aliquots were stored on 

ice during use. Solutions of H2O2 were prepared fresh daily and kept on ice until needed. H2O2 

concentration was determined by UV-vis (ε240 = 46 M-1cm-1).26 DHP variants were expressed 

and purified as previously reported.27-29 Oxyferrous DHP was obtained by the aerobic addition 

of excess ascorbic acid to a solution of ferric DHP, followed by desalting (PD-10 column). 

Enzyme concentration was determined spectrophotometrically using εSoret = 116,400 M-1cm-1 

for all isoenzymes.28 Anaerobic studies were performed in an MBraun Labmaster 130 nitrogen-

filled glovebox using Ar-degassed solutions of buffer, peroxide, substrate and enzyme. 

Substrate-Binding Studies. Adapted from previously published protocols,30 50 mM 

azole stock solutions were prepared in 100 mM KPi buffer (pH 7). The UV-visible 

spectrophotometer was first blanked using a solution of 10 μM ferric wild-type (WT) DHP B 
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in buffer containing 10% MeOH. Difference spectra were then acquired in the presence of 2.5-

100 eq. azole while maintaining both constant enzyme and MeOH concentrations. Analysis by 

nonlinear regression23, 24 using the GraFit software package (Erithacus Software Ltd.) of the 

experiments performed in triplicate provided a calculated Amax, which was in turn used to 

calculate α for the average ΔA for each substrate concentration. A nonlinear regression plot 

provided the reported apparent Kd values.23, 24 

Resonance Raman Studies. Samples for solution resonance Raman spectroscopic 

studies were prepared with final concentrations of 75 μM WT DHP B and 3.75 mM azole in 

100 mM KPi (pH 7 or 9) containing 10% MeOH (v/v), and then transferred to a 5-mm o.d. 

glass NMR tube. Anaerobic samples were prepared inside a glovebox in the same fashion using 

septum capped NMR tubes. Spectra were obtained by Soret band excitation (400-430 nm; 60 

mW power) as previously described.23 

In order to validate the ligand states in DHP-azole crystals, additional single crystal 

resonance Raman data (SCRR) were measured, from separate crystals, using the on-line MS3 

microspectrophotometer31 at the Swiss Light Source beamline X10SA with an excitation 

wavelength of 405 nm. Raman shifts were calibrated using 4-acetaminophen as reference, and 

all data were analysed using the SLS-APE32 in-house suite. Several RR spectra were measured 

from each crystal prior to X-ray exposure in order to test for laser-induced photoreduction of 

the heme-Fe. Averaged, accumulated spectra were measured for each DHP-azole crystal prior 

to, and following, measurement of X-ray data (diffraction data not shown). 

Protein Crystallization and X-ray Diffraction Studies. Crystals of non His-tagged 

recombinant DHP B24 were obtained through the hanging-drop vapor diffusion method: 12 

mg/mL DHP B in 20 mM Na cacodylate (pH 6.4) was mixed with a reservoir solution 
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comprising 14-20% (w/v) PEG 4000 and 150-250 mM ammonium sulfate. Drops were 

prepared using 1:1 and 1:2 protein:reservoir ratios, obtaining final drop volumes of 4 and 6 

µL, respectively. Crystals grew at 4 °C in 3-6 days. DHP B ferric crystals were soaked in 

reservoir solutions supplemented with either imidazole (5 mM) or indazole, benzimidazole or 

benzotriazole (10 mM, each in 2% DMSO). Crystals were soaked for 5-10 min, before transfer 

to a cryo-solution containing reservoir solution supplemented with 20% glycerol prior to flash-

freezing in liquid nitrogen. 

Data were measured to atomic resolution for DHP B ligand complexes using Diamond 

Light Source beamline I04-1. Data measured at Diamond were processed automatically in Xia2 

using XDS33 and Aimless34 with the resolution limit based on a criterion of CC1/2 >0.5 for the 

highest resolution shell. Data from SLS were manually processed using XDS and Aimless 

using the same criteria. Structures were refined by maximum likelihood methods in Refmac5 

within the CCP4 suite using the CCP4i2 GUI. Ligands were modelled into strong sigmaA-

weighted Fo-Fc electron density features with ligand chemical structures and restraints taken 

from the HIC-UP35 database (Uppsala) and from SMILES. Validation of structures utilised 

MolProbity36, the JCSG Quality Control Server and the PDB validation server. Coordinates 

and structure factors were deposited in the RCSB Protein Data Bank with accession codes 

given in Table 3.A1. Absorbed X-ray doses were determined using Raddose 3D.37 

Computational Methodology. All calculations were performed using the Gaussian 09 

software package. Structures were optimized in the low spin doublet state in vacuum utilizing 

the B3LYP functional and 6-31G* basis set for C, N, O, H and the double-ζ basis set of Schafer 

et al.,38 enhanced with an extra p function (exponent 0.134915) on Fe. The geometry optimized 

structures were carried out until reaching an energy difference of 10-8 Ha on successive 
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iterations without constraints. A protoporphyrin IX model was employed that replaced the 

propionate arms with methyl groups, and the proximal histidine with a methylimidazole axial 

ligand. 

 

RESULTS 

UV-visible Spectroscopic Studies. The electronic absorption spectra in 100 mM KPi 

(pH 7) containing 10% MeOH (v/v) at 25 ºC for ferric DHP B alone [407 (Soret), 507, 540 

(sh), 635 nm; black] and in the presence of 100 eq. Im [416 (Soret), 537, 565 nm; pink], Bta 

[418 (Soret), 541, 575 (sh); blue], BIm [410 (Soret), 537, 565 (sh); green], and Inz [408 (Soret), 

506, 635 nm; red] are shown in Figure 3.2A. Relevant spectral features and analysis are found 

in Table 3.1, and additional discussion supporting the oxidation state assignment of the DHP-

azole adducts as containing 6cLS ferric hemes (as opposed to 6cLS ferrous) can be found in 

the Supporting Information. The shifts in the relative populations of 5-/6-coordinate (5c/6c) 

high-/low-spin (HS/LS) heme species in DHP B caused by azole binding can be demonstrated 

by analysis of the ASoret/A380 and A614/A645 ratios29, 39, 40: the presence of the azole led to an 

increase in the ASoret/A380 ratio, from ~3.04 for DHP-Bta and DHP-BIm, to as high as 3.74 for 

DHP-Im, versus 1.86 for WT DHP B alone. Similarly, the A614/A645 ratio was also increased 

per the trend Im > Bta > BIm > Inz ≈ DHP B. Taken together, for Bta, BIm, and Im, the 

bathochromic shifts observed upon ligand binding (as revealed by the ASoret/A380 ratio) and loss 

of the charge transfer (CT1) feature (highlighted by the A614/A645 ratio) were suggestive of a 

6cLS heme in DHP. Notably, indazole binding did not significantly alter the spectral features 

of the starting ferric enzyme. Overall, these UV/vis spectroscopic results for azole binding are 
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in good agreement with the interpretations provided by resonance Raman spectroscopy (vide 

infra). 

 

 
Figure 3.2. (A) UV-visible spectra of WT ferric DHP (10 µM, black) in the presence of 100 
equiv. of imidazole (pink), benzimidazole (green), benzotriazole (blue), and indazole (red) in 
10% MeOH/100 mM KPi (v/v) at pH 7. (B) Resonance Raman spectra of DHP-azole 
complexes as in panel A at 75 µM enzyme and 50 equiv. azole. 
 
 
 
Table 3.1. UV-visible spectroscopic data for WT DHP B and its azole adducts.a 
  λmax (nm) ASoret/A380 A614/A645 
DHP B  407 (Soret), 507, 540 (sh), 635 1.86 1.11 

+imidazole (Im)  416 (Soret), 537, 565 3.74 1.64 
+benzotriazole (Bta)  418 (Soret), 541, 575 (sh) 3.04 1.34 
+benzimidazole (BIm)  410 (Soret), 537, 565 (sh) 3.05 1.16 
+indazole (Inz)  408 (Soret), 506, 635 2.08 1.08 

a 10% MeOH (v/v) in 100 mM KPi, pH 7, 25 °C, 100 equiv. azole. 
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Additionally, a pH-dependence on the spectral features consistent with the known 

alkaline transition41 in DHP was observed at pH 9 in the absence of the azole ligands [415 

(Soret), 546, 565 (sh)] and in their presence: Im [417 (Soret), 537, 565 (sh)], Bta [421 (Soret), 

546, 577 (sh)], BIm [416 (Soret), 546, 577 (sh)], and Inz [415 (Soret), 546, 577 (sh)] (Figure 

3.A2). Qualitatively, the magnitude of the spectral shifts at pH 9 and their interpretation follow 

the same trends as pH 7 (Bta > Im > BIm >> Inz). 

Solution Resonance Raman Studies. Resonance Raman spectra obtained aerobically 

in 100 mM KPi (pH 7) containing 10% MeOH (v/v) at 25 ºC are shown in Figure 3.2B for 

ferric WT DHP B (75 µM; black) alone and in the presence of 50 equiv of Im (pink), Bta 

(blue), BIm (green), and Inz (red), with features reported in Table 3.A2. The DHP core size 

marker bands ν3 (1470 – 1510 cm-1) and ν2 (1560 – 1580 cm-1) represent the population 

distribution of six coordinate vs. five coordinate heme species, respectively, and are sensitive 

to spin state.42 For WT DHP B in the absence of an azole ligand, the presence of 10% MeOH 

in the buffer solution leads to an increase in the 6cHS heme-Fe population (to nearly 100%) 

when compared to aqueous buffer that is normally a mixture of 5cHS and 6cHS metaquo 

heme.43 This shift due to the presence of MeOH has been attributed to a destabilization of the 

distal histidine (His55) in the solvent exposed (or “open”) conformation in the 10% MeOH 

buffer solution.23 

The following observations were noted for DHP B in the presence of an azole ligand: 

imidazole yielded the greatest shift in the DHP heme core size marker bands, from that of a 

6cHS spectrum (ν3 = 1477 cm-1, ν2 = 1563 cm-1; black) to one that reflects 6cLS (ν3 = 1504 cm-

1; ν2 = 1580 cm-1; ν10 = 1643 cm-1; pink). Specifically, the DHP-Im ν3 LS band was seen at 1504 

cm-1 with a small abundance of ν3 HS at 1471 cm-1, while the ν2 LS band was noted at 1581 
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cm-1 with a small shoulder representing the weak abundance of the ν2 HS band. A slight 

shoulder at ~1350 cm-1 and an increase at 1617 cm-1 corresponding to the νc=c ferrous core size 

marker band both suggest a minor reduction of DHP occurs in the presence of imidazole that 

was not observable by UV-visible spectroscopy. With the exception of these ferrous 

components, the features of DHP-Bta and DHP-BIm were similar to those observed with DHP-

Im: core size marker bands were observed at ~1505 cm-1 and ~1581 cm-1, with small scattering 

for the HS features for both azole adducts. Overall, these three azole ligands yielded spectral 

features in DHP that are consistent with other ferric LS hemoprotein adducts of DHP44, 

horseradish peroxidase44, horse heart myoglobin44, and P450BM3
45-47 (Table 3.A2). Finally, 

while the presence of Im, Bta, and BIm led to a significant shift from a primarily 6cHS heme 

in DHP to a 6cLS one, DHP-Inz exhibited little to no LS features apart from the typical 

distribution for WT DHP alone, in agreement with the UV/vis spectroscopic studies (vide 

supra). 

In contrast to the 6cLS heme formed upon azole binding, other DHP substrates lead to 

a 5cHS ferric heme: the 4-halophenol series,19, 48 5-substituted haloindoles,23 4-nitrophenol24 

and 4-nitrocatechol24 all have known binding sites inside the distal pocket that displace the 

distal His55 to the ‘open’ conformation (Figure 3.A3A), thereby destabilizing the iron-bound 

water ligand, and yielding a 5cHS ferric heme. None, however, bind directly to the iron. Thus, 

the observation of a 6cLS heme for DHP complexes of Im, Bta, and BIm strongly suggests that 

these three ligands are binding directly to the heme-iron, in agreement with the ligand binding 

motif revealed by X-ray crystallography (vide infra). 

Two additional resonance Raman studies were performed: i) spectra were obtained 

anaerobically at pH 7 (Figure 3.A4), and showed no significant differences when compared to 
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the aerobic ones; ii) spectra collected aerobically at pH 9 (Figure 3.A5) were similar to those 

observed at pH 7, with only minor differences that were attributable to the known acid-alkaline 

transition41 in DHP. 

Ligand Binding Studies. Using the observed hypochromicity and bathochromic shift 

of the Soret band upon ligand binding, optical difference spectra were recorded as a function 

of azole concentration (2.5-100 eq; Figure 3.A6) to determine the apparent dissociation 

constants (Kd). The Kd values for Im, Bta, and BIm were within ~2-fold of each other (52–110 

µM,Table 3.2). As Inz showed no significant optical changes, no Kd value was determined. 

When compared to the naturally-occurring haloindole peroxygenase substrate 5-Br-indole 

(150 µM), the three azoles showed higher affinities for DHP, although the comparison is mixed 

for the other 5-substituted halogenated indoles (5-I-indole: 62 µM; 5-Cl-indole: 317 µM) that 

are not native to benthic environments.23 The binding affinities for the three azoles were also 

on a par with, or slightly stronger, than the anthropogenic 4-nitrophenol (262 µM), 2,4-

dinitrophenol (105 µM) and 4-nitrocatechol (40 µM) substrates,24 and were significantly lower 

than that for the native 4-bromophenol (1.15 mM43), a known inhibitor49 of the enzyme. 

Additional discussion of the binding affinity of the azoles as informed by X-ray 

crystallography can be found below. 
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Table 3.2. Kd Values for Ligand Binding to Ferric DHP B at pH 7. 
Ligand  Kd (µM), pH 7 Ref. 
Azole    

imidazole (Im)  52 ± 2 a 

benzotriazole (Bta)  82 ± 2 a 

benzimidazole (BIm)  110 ± 8 a 

indazole (Inz)  n. d. b a 

Indole     
5-I-indole  62 ± 10 23 
5-Br-indole  150 ± 10 23 
5-Cl-indole  317 ± 23 23 

Phenol    
4-nitrocatechol  40 ± 1 24 
2,4-dinitrophenol  105 ± 21 24 
4-nitrophenol  262 ± 23 24 
4-Br-phenol  1150 43 

a this work, b n. d. = not determinable due to lack of spectral changes. 
 

 

X-ray Crystallographic Studies of DHP B Complexed with Azoles. Crystal 

structures were determined to atomic resolution for all four azole ligands. Data collection and 

refinement statistics are found in Table 3.A1. Additional single crystal resonance Raman data 

conducted on crystals prepared in the same manner identified all crystals as being initially in 

the ferric state, with rapid conversion to the ferrous form following X-ray exposure (vide infra). 

In each case, full occupancy ligand binding was observed in at least one molecule of the DHP 

B dimer, and the relevant discussion below is thus limited to the results for the best defined 

ligand sites. All ligands were found in the distal heme pocket, and interacted directly with the 

iron with the exception of indazole. A comparison of the different binding environments for 

each ligand is shown in Figure 3.3 and selected Fe-ligand distances can be found in Table 3.3. 

For DHP-Im (Figure 3.3A), the imidazole ligand is observed with full occupancy in 

both of the active sites of the dimer in the asymmetric unit. It forms a hydrogen bond with a 

water molecule 



 

 

73 

 

 
 

Figure 3.3. Comparison of the different binding modes at the DHP heme active site by (A) 
imidazole, (B) indazole, (C) benzotriazole and (D) benzimidazole. Note that in panel (A) only 
one of two partial occupancy waters that hydrogen bond to imidazole is shown for clarity.  
 
Table 3.3: Heme iron-ligand distance for each complex and hydrogen bonds observed. 

 
 

Complex 

 
Kd (µM) 
pH 7 a 

 
Fe-ligand 
distance 

(Å) 

 Hydrogen bonds (Å)  
H2O-
ligand 

H2O-
propionate 

H2O-
Tyr38 

Ligand-
His55 

Imidazole 52 ± 2 2.02 2.76/2.89b 2.87/4.23 - - 
Benzotriazole 82 ± 2 2.05 - - - 2.65 
Benzimidazole 110 ± 8 2.05 2.78 2.88 - - 

Indazole n. d. c 3.94 2.57 2.63 2.50 - 
a fromTable 3.2; b values given for monomers A & B; b n. d. = not determinable due to lack of spectral 
changes 
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in the pocket (this water occupies a single position in monomer B, or two alternate partial 

occupancy water positions in monomer A) and coordinates the iron (Table 3.3), with His55 

swung out of the distal pocket. In DHP-Bta (Figure 3.3C), the benzotriazole ligand interacts 

directly with the iron at the heme distal pocket, and is stabilized by forming a 2.65 Å hydrogen 

bond with the Nε2 atom of His55, which is swung fully into the pocket. Benzotriazole is found 

in just one of the active sites (monomer B), while in the other one we observe a hemichrome 

species with His55 interacting with the iron and forming a hexacoordinated complex (data not 

shown). For the DHP-BIm adduct (Figure 3.3D), the benzimidazole ligand also complexes the 

heme-iron in the axial position resulting in a hexacoordinate species, and forms a hydrogen 

bond with a water present in the pocket. Benzimidazole is found in both active sites with good 

occupancy. For all the double ring aromatic ligands, residues Phe 21, Phe 35, Val 59 and Leu 

100 provide a hydrophobic environment in the pocket to favour their binding. A superposition 

of the DHP-Im, DHP-BIm and DHP-Bta binding modes, together with the positioning of 

indazole in the pocket, is given in Figure 3.4. The ligands superimpose well, albeit with the 

smaller Im being rotated slightly away from His55. The residues forming the hydrophobic 

pocket Phe24, Phe35, Val59, Leu100, are in near-identical orientations in all three structures. 

Notably, for Bta and BIm, Phe21 is forced to rotate ~13° away from the heme in order to 

accommodate the larger ligand. A shift in the protein backbone occurs in the DHP-Bta 

structure, likely the result of the hydrogen bond formation between His55 and the bound 

ligand. 
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Figure 3.4. Superposition of the active site for the azole-DHP complexes, showing the binding 
environment with the most relevant residues in each case. Imidazole is shown in purple, 
indazole in gold, benzimidazole in blue, and benzotriazole in orange.  
 

In contrast, in the case of DHP-Inz (Figure 3.3B), the indazole ligand is found with full 

occupancy in the distal pocket, but does not complex the heme-iron. Rather, it is located more 

distant from the heme plane than the other ligands, and presents hydrogen bond interactions 

with Thr56-Oγ1 and a neighbouring water molecule. It also has a hydrophobic stacking 

interaction with the aromatic ring of Phe 21, with the ring planes close to parallel and separated 

by ~4 Å. Overall, the ligand binding motif in DHP-Inz is in good agreement with the 

observations noted above for both UV-visible and resonance Raman spectroscopies that 

suggested a HS heme persists in DHP even in the presence of the indazole ligand.  

Single crystal resonance Raman data were measured from separate DHP-azole crystals 

(Figure 3.A7 and Table 3.A3), grown and soaked in the same manner as described above, in 

order to facilitate comparison with solution data and to monitor redox and ligand states. The 

5c ferric heme in DHP-Inz crystals was highly susceptible to photoreduction by the 405 nm 

excitation laser, while the 6c hemes of the remaining complexes were not, provided that 
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relatively low laser powers were used. All crystals underwent rapid reduction in the X-ray 

beam consistent with previous reports on cryo-radiolytic reduction of heme proteins.50 This 

suggests that the DHP-azole structures represent a mixture of ferric and (predominantly) 

ferrous hemes. 

Computational Studies. To investigate azole binding and the possible ligation with 

the heme Fe, a density functional theory (DFT) computational approach was utilized. All 

structures converged to the binding of the free azole nitrogen to the iron, as seen in Figure 3.A8 

and Table 3A4. For Bta, there are two possible binding conformations (Figure 3.A8D and E) 

that are < 1 kcal/mol different in energy, however the binding through the N2 nitrogen is 

stronger (Fe-N distance of 2.038 Å) versus 2.087 Å through N3. The crystal structure shows 

only one binding conformation for Bta (Figure 3.3C) that matches closely to the calculated 

conformation in Figure 3.A8D. The imidazole DFT structure showed coordination to the iron 

through N2 with a Fe-N distance of 2.04 Å (Figure 3.A8A), which matches nicely with the 

crystal structure (Figure 3.3A). BIm also showed heme ligation through BIm N2 with an Fe-N 

distance of 2.040 Å (Figure 3.A8B) that matches well with the observed crystal structure 

(Figure 3.3D). Indazole was calculated to bind in a similar fashion to the Bta conformation 

(Figure 3.A8C and E, respectively), but in the crystal structure is shown to bind in the distal 

pocket ~4.0 Å away and not directly coordinate to the heme iron (Figure 3.3B). Bta (E) and 

Inz (C) likely do not bind in these conformations due to steric effects with other residues inside 

the distal pocket (Figure 3.A9, see Discussion below). 

Biochemical Assays. The azoles were explored as possible peroxidase/peroxygenase 

substrates for DHP (see Supporting Information for experimental details). However, HPLC 

analysis revealed that under all conditions tested (variable pH, variable H2O2 concentration), 
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no oxidation nor degradation of these compounds was noted (data not shown). Further, 

stopped-flow UV-visible spectroscopic studies of the two high-valent iron-oxo species 

typically invoked in hemoprotein reactions, Compounds I29 and ES27, when pre-formed and 

reacted with 10-100 eq. of azole, showed that neither were able to oxidize the azoles (data not 

shown). 

Given their Kd values of ~50-110 µM, the azoles were explored as possible inhibitors 

of peroxygenase activity: 10 µM ferric WT DHP B was preincubated with 50-750 mol 

equivalents azole, reacted with 50 eq. each of 5-bromoindole and H2O2, and then subjected to 

HPLC analysis. Substrate conversion of 5-bromoindole was uninhibited over the azole 

concentration range analyzed. This differs from the known inhibitor49 4-bromophenol (Kd = 

1.15 mM43) that inhibits both peroxygenase and peroxidase activities. We rationalize this 

counterintuitive result by the following: the weaker binding 4-bromophenol inhibitor binds 

internally in the distal pocket (without directly ligating the heme iron), thereby inhibiting 

substrate binding. On the other hand, although Im, Bta, and BIm directly coordinate to the iron, 

the binding of H2O2 is stronger: we estimate the Kd of H2O2 to have an upper bound equal to 

the !"#$%$ value of 35 µM (from Michaelis-Menten kinetics: if k1 << k-1, then KM = Kd; if k1 ≥ 

k-1, then KM > Kd). Therefore, H2O2 is able to displace the coordinated azole ligands, allowing 

for both enzyme activation and substrate turnover. 

 

DISCUSSION 

Given its native peroxygenase activity against naturally-occurring halogenated indoles, 

the aim of the present study was to explore if DHP is able to bind, and/or potentially react with, 

structurally related compounds of anthropogenic origin. Typically, inhibitors of O2 transport 
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in hemoglobins are small molecules (e.g. carbon monoxide, cyanide, azide, nitric oxide) owing 

to the lack of an active site pocket capable of allowing access to facilitate binding of larger 

ligands.51 As such, larger N-containing heterocyclic compounds, such as those found in the 

azoles investigated here, would not be considered as ligands capable of binding in a globin 

active site, let alone coordinate to the heme-iron. However, owing to its multifunctional nature 

as a detoxification enzyme that is unrelated to its primary function as an O2 transport globin, 

DHP possesses an active site pocket capable of halophenol and haloindole binding that 

supports both peroxidase and peroxygenase activities, respectively.25 

We have previously postulated that when one considers the known substrate binding 

sites for halophenols, haloindoles, and nitrophenols in DHP, there is evidence to suggest at 

least two different substrate binding motifs (Figure 3.A3B).25 The first binding motif is 

observed for the peroxidase substrates 2,4,6-tribromophenol (TBP) and 2,4,6-trichlorophenol 

(TCP): both TBP (in WT DHP A)52 and TCP [in the DHP A(Y34N) mutant]53 deeply bind in 

the distal cavity near the α edge of the heme in close proximity to L100, the substrates (but not 

the bromine atoms) encompass the Xe binding site, the phenolic-OH is pointed towards the 

heme Fe, and the substrate is far enough removed that His55 is found in both the ‘open’ and the 

‘closed’ (internal) conformations.42, 43 The second motif is observed for 4-nitrophenol, 4-

nitrocatetchol, and the 4-halophenol series: these substrates bind above the heme with a tilt 

away from the β edge, the aromatic rings are oriented for π-stacking interactions with F21, the 

halogen and nitro substituents of the phenolic substrates are positioned internally in the Xe1 

binding site, the phenolic-OH is situated near the pocket entrance with stabilizing H-bonding 

interactions to the heme propionate D and/or Y38, and the distal histidine (His55) is swung 

into the solvent exposed ‘open’ conformation.24 TCP has also been shown to bind in an 
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alternate orientation in the DHP A(Y34N/S91G) double mutant that more closely resembles 

this second binding motif: situated at the heme γ edge between both heme propionate arms, the 

phenolic-OH hydrogen bonds to Y38, the Cl substituent of the C4 carbon points toward the 

heme-Fe, and His55 is found in the ‘open’ conformation.53 

In the case of the azole compounds Bta, BIm, and Im, a third ligand binding motif is 

now identified, one in which the ligand binds directly to the heme-Fe through a coordinate 

covalent bond from a nitrogen atom, resulting in a hexacoordinate low spin (6cLS) adduct. 

Such a direct ligation of N-heterocyclic compounds to heme proteins has been previously 

studied in the cytochrome P450 monooxygenases: organic building blocks such as imidazoles 

and triazoles, among other azole derivatives found in pharmaceuticals, have been shown to 

coordinate directly to heme iron through the nitrogen, termed type II binding ligands.54 The 

binding of azole compounds to P450s has been shown to be inhibitory owing to the change in 

spin and coordination state from a 5cHS to a 6cLS heme, thus making it more difficult for 

reduction to take place to initiate the P450 catalytic cycle.54, 55 In the case of DHP, the azole 

derivatives that were explored in this work also lead to this spin state shift upon their binding, 

resulting in significant optical changes similar to those observed with the P450s. However, 

unlike the inhibition that is seen with the P450s in the presence of azole compounds, there is 

no hindrance on the peroxidase and peroxygenase activities of DHP as such an initial reduction 

is not invoked in the DHP peroxidase/peroxygenase catalytic cycles. Rather, binding of H2O2 

likely displaces the azole ligands, leading to enzyme activation via the resulting reactive ferryl 

species. 

The DFT computational results, performed in the absence of the protein using a model 

heme, support a direct ligation of all four azole compounds to the heme iron. In the case of 
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imidazole and benzimidazole, the calculated binding through the N3 nitrogen is in good 

agreement with that observed by X-ray crystallography. For benzotriazole, two different 

binding geometries of nearly degenerate energy were calculated, one through the N2 nitrogen, 

the other through N3. However, the crystallographically observed ligand binding geometry 

matches that of the N2 conformation, likely due to steric hindrance with the protein that occurs 

with the more ‘vertical’ orientation of the azole ligand (Figure 3.A9). Interestingly, indazole 

was also calculated to bind through the N2 nitrogen in this ‘vertical’ arrangement owing to 

protonation at N1 (the 1-H tautomer of indazole is 15.1 kJ/mol more stable than the 2-H 

tautomer56), but was found to not bind directly through either nitrogen by X-ray 

crystallography; rather, indazole binding in the hydrophobic pocket more closely resembles 

the second motif described above for 4-nitrophenol, 4-nitrocatetchol, and the 4-halophenol 

series. We surmise that the observed binding orientation of indazole in the DHP active site 

pocket must be more favorable than the annular tautomerization needed for N1 binding and 

direct ligation to the heme iron, with steric hindrance precluding the ‘vertical’ binding 

arrangement required for N2 binding (Figure 3.A9). 

Consistent with the postulate that small-molecule binding sites may exist with 

regulatory implications in DHP, we have put forth that both the conformational flexibility 

(‘open’ vs. ‘closed’, Figure 3.A3A) and the tautomeric state of the distal histidine, His55, may 

govern how DHP switches between its hemoglobin and enzymatic activities upon substrate 

binding.48, 57-60 Although the azoles themselves are not substrates, this conformational 

flexibility of the distal histidine is well-highlighted from the distances between Fe and His55 of 

the four azole-bound structures of DHP, from the fully ‘open’ conformation of DHP-Im (9.47 

Å), to the progressively more ‘closed’ structures of DHP-Inz (8.54 Å), DHP-BIm (7.11 Å), 
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and DHP-Bta (5.93 Å), Figure 3.4 (note: the shorter of the Fe-Nε2 or Fe-Nδ1 distances is given, 

or in the case of DHP-BIm, Fe-Cδ2). The movement of His55 encompasses a side chain 

reorientation but also a shift of the protein backbone (Figure 3.A3C). Thus, the potential 

physiological consequences of azole binding to the DHP hemoglobin are two-fold: first, being 

directly bound to the heme-Fe, the azole could possibly sterically hinder O2-binding to a ferrous 

heme, and second, the distal histidine would need to undergo substantial active site 

reorganization to effectively stabilize an oxyferrous adduct. This is particularly noteworthy, as 

DHP already exhibits a much lower O2 affinity (KO2 = 3.23 µM) than observed for sperm whale 

myoglobin (KO2 = 0.27 µM), a direct consequence that arises from the need for the distal 

histidine in DHP, with a Nα2-Fe distance of 5.4 Å, to serve two roles: dioxygen stabilization 

and acid/base catalyst.61, 62 By comparison, in globins the corresponding distance is 4.1–4.6 Å63 

[e.g., human Hb: 4.24 Å (2W6V64); equine hemoglobin: 4.35 Å (1NS965); sperm whale Mb: 

4.61 Å (1BZP66)], where it is well positioned to stabilize the oxyferrous adduct formed upon 

O2-binding to the ferrous heme. For peroxidases, the distance is greater (5.5–6.0 Å), where the 

role of the distal histidine is to serve as the general acid/base catalyst that facilitates H2O2 

heterolysis, leading to enzyme activation. Thus, based on the results from the present study, 

we suggest that azole binding has the potential to disrupt hemoglobin function, although the 

effects of this possibility still need to be investigated in more detail. 

The UV-visible and resonance Raman spectroscopic data are in excellent agreement 

with the structural characterization of azole binding afforded by X-ray crystallography, and are 

well supported by our computational work. Together, they provide strong evidence for the 

direct binding of the azole ligand to the heme iron, leading to a hexacoordinate low-spin 

adduct. Although not the direct subject of the present study, the physiological implications for 
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marine annelid survival are significant: taken together, the results suggest a new hypothesis 

where azole pollutants can potentially disrupt hemoglobin function, and on this basis suggest 

a much larger number of structurally related compounds may need to be re-evaluated as 

potential marine environmental contaminants that pose significant health risks for aquatic 

organisms. Future studies will focus on the evaluating the oxygen binding affinity of 

dehaloperoxidase as a function of azole ligand, to further elucidate if this newly identified 

interaction represents a previously unknown mode of toxicity. 
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ABSTRACT: The use of oxidoreductases as biocatalysts in the synthesis of functionalized, 

monomeric pyrroles has been a challenge owing to, among a number of factors, undesired 

polypyrrole formation. Here, we have investigated the enzyme dehaloperoxidase (DHP), the 

coelomic hemoglobin from the terebellid polychaete Amphitrite ornata, for its ability to 

catalyze the H2O2-dependent oxidation of pyrroles as a new class of substrate for this enzyme. 

Substrate oxidation was observed for all compounds employed (pyrrole, N-methylpyrrole, 2-

methylpyrrole, 3-methylpyrrole and 2,5-dimethylpyrrole) under both aerobic and anaerobic 

conditions. Using pyrrole as a representative substrate, only a single oxidation product, 4-

pyrrolin-2-one, was observed, and notably without formation of polypyrrole. Reactivity could 

be initiated from all three biologically relevant oxidation states for this catalytic globin: ferric, 

ferrous and oxyferrous. Isotope labeling studies determined that the O-atom incorporated into 

the 4-pyrrolin-2-one product was derived exclusively from H2O2, indicative of a peroxygenase 

mechanism. Consistent with this observation, single- and double-mixing stopped-flow UV-

visible spectroscopic studies supported Compound I, but not Compounds ES or II, as the 

catalytically-relevant ferryl intermediate involved in pyrrole oxidation. Electrophilic addition 

of the ferryl oxygen to pyrrole is proposed as the mechanism of O-atom transfer. The results 

demonstrate the breadth of chemical reactivity afforded by dehaloperoxidase, and provide 

further evidence for establishing DHP as a multifunctional catalytic globin. 
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INTRODUCTION 

Pyrroles are an important class of heterocyclic compounds, both for being found in a 

broad range of natural products as well as being a critical building block for organic synthesis 

and drug design. Notable examples include: i) as the key structural fragment in tetrapyrrole 

macrocycles1 (e.g., heme, chlorophyll a, vitamin B12), the pyrrole nucleus is fundamental to 

such biologically-related processes as respiration, photosynthesis, and biocatalysis; ii) pyrrole-

containing bioactive natural products comprise a number of marine alkaloids isolated from 

bacteria, worms, sponges, and other invertebrates,2 such as the antihistamine dispacamides 

from Caribbean Agelas sponges,3 the antimicrobial oroidin from Agelas sp.,4 the anticancer 

hanishin from the Red Sea sponge Acanthella carteri and related longamide B of the Caribbean 

sponge Agelas dispar,5 and the tambjamines from bryozoans, nudibranchs and ascidians that 

exhibit antitumor, antimicrobial and immunosuppressive activities;6 iii) pyrrole-based 

pharmaceuticals7 include the non-steroidal anti-inflammatory agent tolmetin,8 the 

antipsychotic elopiprazole,9 the antibiotic macrolide nargenicin,10 and the cholesterol-lowering 

agent atorvastatin;11 iv) semiconducting materials, including polypyrrole12 and related 

conducting polymers,13 are of particular interest due to their stability and redox properties. 

Accordingly, extensive research has been devoted to the synthesis and/or functionalization of 

pyrrole and its derivatives, with an emphasis on traditional organic methods.14-17 

By comparison, relatively little effort has focused on the use of enzymes for pyrrole 

derivatization. This is not surprising given the significant challenges often associated with 

biocatalyst development,18 particularly for oxidoreductases that represent the leading 

candidates for pyrrole functionalization. For example, the cytochrome P450 enzymes are able 

to selectively oxidize C-H bonds and alkenes in both a stereo- and regiospecific manner,19 yet 
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the substrate specificity of P450s may need to be overcome, either through traditional 

mutagenesis or directed evolution,20 in order to successfully apply them to the biocatalytic 

conversion of new substrates.21 Moreover, P450s require a reductase partner for electron 

transfer from NADPH,22 adding both complexity and cost. Peroxidases, on the other hand, are 

able to resolve some of these issues, and the enzyme-catalyzed oxidative polymerization of 

pyrrole to polypyrrole has been reported in a number of systems, including horseradish 

peroxidase (HRP)23 and laccase.24 However, polypyrrole formation highlights yet another 

barrier to employing oxidoreductases in the synthesis of pyrrole derivatives: oxidative 

polymerization via radical (1 e‒) chemistry appears to be the dominant reaction for enzymes 

that function via electron transfer (i.e, peroxidases) for substrate oxidation,24-26 rather than O-

atom insertion (i.e., P450s). Despite the many advantages of a biocatalytic approach, the use 

of a non-native substrate, multicomponent enzyme systems, costly reducing cofactors, and 

undesired polypyrrole formation are significant. As such, the use of enzymes for the 

chemoenzymatic synthesis of functionalized, monomeric pyrroles remains elusive. 

To facilitate biocatalyst development, identifying an enzyme whose native substrate is 

pyrrole at the outset is a key first step. Amphitrite ornata, a sediment-dwelling marine 

polychaete, inhabits coastal mudflats that are rich in biogenically produced halometabolites: 

excreted from other organisms as a repellent or defense mechanism against predation, these 

include brominated indoles, phenols, and - of particular relevance to the present study - 

pyrroles.27-31 To overcome the challenges posed from this diverse array of toxic haloaromatic 

compounds, Amphitrite ornata employs its hemoglobin to function both as a detoxification 

enzyme and as an O2-transport protein.32 Named dehaloperoxidase (DHP), this coelomic 

hemoglobin33-35 possesses a broad substrate specificity for the oxidation of the aforementioned 
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halophenols36, 37 and haloindoles,38 and is therefore the first known multifunctional catalytic 

globin to possess biologically-relevant peroxidase36 and peroxygenase activities38, as well as 

an oxidase activity that leads to the formation of indigo.38 Against compounds of 

anthropogenic origin, it has recently been shown that DHP catalyzes the H2O2-dependent 

oxidation of nitrophenols,39 and that DHP is also capable of binding azoles, including 

imidazole, benzotriazole, benzimidazole, and indazole.40 The key feature that enables such a 

broad substrate scope and sets DHP apart from traditionally studied globins (e.g. myoglobin 

and hemoglobin), or even many heme peroxidases, is a small molecule binding site located in 

the distal heme pocket that can accommodate a variety of different substrates.32, 38-45 When 

paired with the highly reactive H2O2-activated forms of DHP, namely the Compound I46 or 

ES47 intermediates (the redox potential of the DHP ferryl/Fe(III) couple is estimated to be 

∼1.58 V39), this hydrophobic cavity enables DHP to function as a versatile biocatalyst against 

a wide variety of substrates, which may include potential applications in chemoenzymatic 

synthesis. 

To that end, here we have investigated the ability for DHP to catalyze the oxidation of 

pyrroles in the presence of H2O2. The rationale for doing so is as follows: i) (halo)pyrroles are 

native to the marine environments in which A. ornata resides,2, 48, 49 and likely represent 

physiologically-relevant substrates of the enzyme, ii) DHP has been shown to oxidize 

indoles,38 substrates that contain a pyrrole nucleus, via a peroxygenase mechanism, and iii) the 

O-atom insertion chemistry of DHP38, 39 may circumvent the undesired formation of 

polypyrrole seen in traditional (monofunctional) peroxidases. In this context, we have 

employed biochemical assays to monitor the H2O2-dependent/DHP-catalyzed oxidation of 

pyrrole, N-methylpyrrole, 2-methylpyrrole, 3-methylpyrrole, and 2,5-dimethylpyrrole. Using 
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a combination of spectroscopic and spectrometric methods, we have identified the reaction 

product(s) to be primarily monomeric in nature, in stark contrast to polypyrrole formation 

when employing other enzymes. Stopped-flow UV-visible and rapid freeze-quench electron 

paramagnetic spectroscopies were used to elucidate a peroxygenase mechanism for pyrrole 

oxidation, and isotope labeling studies provided further support of the proposed catalytic cycle. 

As will be discussed, the results demonstrate that pyrrole may be considered the third class of 

biologically-relevant compounds, along with haloindoles and halophenols, that 

dehaloperoxidase is capable of acting upon. More importantly, the results further establish 

DHP as a multifunctional hemoglobin capable of peroxygenase activity, an adaptation that not 

only enables A. ornata to persist in environments that contain a diverse array of toxic 

haloaromatic compounds, but one that may possibly be exploited via protein engineering 

methods for practical applications. 

 

Experimental 

Materials and Methods. Reagent-grade chemicals and HPLC grade acetonitrile were 

purchased from commercial sources (VWR, Sigma-Aldrich or Fisher Scientific) and used 

without further purification. Isotopically-labeled H2
18O (98% 18O-enriched) and H2

18O2 (90% 

18O-enriched) were purchased from Icon Isotopes. Stock solutions of pyrrole, N-

methylpyrrole, 2-methylpyrrole and 3-methylpyrrole were dissolved in 100 mM KPi buffer at 

the desired pH and stored at -80 °C until needed. UV-visible spectroscopy was performed 

aerobically on a Varian Cary Bio50 spectrophotometer, or anaerobically on an Agilent 8454 

diode-array spectrophotometer in a glovebox. DHP variants were expressed and purified as 

previously reported.46, 47, 50 Oxyferrous DHP was obtained by the aerobic addition of excess 



 
 

94 

ascorbic acid to a solution of ferric DHP, followed by desalting (PD-10 column). Enzyme 

concentration was determined spectrophotometrically using εSoret = 116,400 M-1cm-1 for all 

isoenzymes.47 Lyophilized horseradish peroxidase and horse heart myoglobin were purchased 

from Sigma-Aldrich and stored at -20 °C until utilized. Solutions of H2O2 were prepared fresh 

daily and kept on ice until needed. H2O2 concentration was determined by UV-vis (ε240 = 46 

M-1cm-1).51 Anaerobic studies were performed as described above in an MBraun Lab Master 

130 nitrogen-filled glove box using argon degassed or deoxygenated solutions of buffer, 

peroxide, substrate and enzyme. 

Enzyme Assay Protocol. Reactions were performed in triplicate at pH 7 unless 

otherwise indicated, in 100 mM KPi at 25 °C. Buffered solutions of DHP (10 μM final 

concentration) and pyrrole (500 μM final concentration) were pre-mixed, and the reaction was 

initiated upon addition of H2O2 (500 µM final concentration, ~15 mM stock concentration). 

Experiments were performed in the presence of D-mannitol (500 μM), superoxide dismutase 

(SOD) (~2 U/µL), and DMSO (10% v/v). For the studies with sodium formate, a buffered 

solution (100 mM KPi; 500 μM sodium formate) at pH 7 was used. Reactions were quenched 

at 5 minutes with excess catalase and diluted 1:2 for pyrrole and 1:5 for all other substituted 

pyrrole substrates. Diluted samples were analyzed using a Waters 2796 Bioseparations Module 

coupled with a Waters 2996 Photodiode Array Detector, and equipped with a Thermo-

Scientific ODS Hypersil (150 mm x 4.6 mm) 5 μm particle size C18 column. Separation of 

observed analytes was performed using a linear gradient of binary solvents (solvent A - H2O 

containing 0.1% trifluoroacetic acid, solvent B - MeCN). Elution was performed using the 

following conditions: (1.5 mL/min A:B) 99:1 to 0:100 linearly over 18 minutes; 0:100 isocratic 

for 2 minutes; 0:100 to 99:1 linearly over 1 minute, then isocratic for 4 minutes. Data analysis 
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was performed using the Empower software package (Waters Corp.). Calibration curves for 

all pyrroles were performed using serial dilutions of commercially available analytes to 

determine the amount of substrate conversion. 

For the 18O-labeling studies, assays were performed using the same final concentrations 

as above. However, the stock enzyme (220 µM) and substrate (25 mM) concentrations were 

higher to allow maximum addition of the label in each sample. In the H2
18O studies, 226.9 L 

H2
18O (out of 250 L total reaction volume) was achieved using a stock unlabeled hydrogen 

peroxide concentration of 18.3 mM in 100 mM KPi. In the H2
18O2 experiments, the stock 

concentration of 90% enriched H2
18O2 was 20.1 mM. After 5 minutes, the reactions were 

quenched with excess catalase, and 20 µL of the undiluted solution was injected immediately 

for LC-MS analysis. 

LC-MS Studies. Analysis was carried out on a Thermo Hypersil Gold (50 x 2.1 mm) 

1.9 µm particle size column with the Thermo Fisher Scientific Exactive Plus Orbitrap mass 

spectrometer with a heated-electrospray ionization (HESI) probe (Thermo Scientific, San Jose, 

CA). Analyte separation was achieved by using a linear gradient of binary solvents (solvent A 

- H2O containing 0.1% formic acid: solvent B - MeCN), with an elution profile (0.5 mL/min, 

A:B) of 99:1 to 0:100 over 20 min. Samples were analyzed using electrospray ionization in 

positive ion mode to provide observation of the [M + H]+ species. Spectra were collected each 

second while scanning in the range from 55 – 1000 m/z. Data analysis was performed using 

Thermo Xcalibur software. 

Stopped-flow UV-Visible Studies. Optical spectra were recorded using a Bio-Logic 

SFM-400 triple-mixing stopped flow instrument coupled to a rapid scanning diode array UV-

visible spectrophotometer. The temperature was maintained at 20 C with a circulating water 
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bath, and all solutions were prepared in 100 mM KPi (variable pH). Data were collected (900 

scans total) over a three-time domain regime (2.5, 25, and 250 ms; 300 scans each) using the 

Bio Kinet32 software package (Bio-Logic). Kinetic data that were sufficiently well-behaved 

were evaluated using the Specfit Global Analysis System software package (Spectrum 

Software Associates) and fit to exponential functions as one-step/two-species, two-step/three 

species, or three-step/four species irreversible mechanisms where applicable. Data were 

baseline corrected using the Specfit autozero function. 

Experiments were performed as follows: i) single-mixing experiments reacted either 

ferric or oxyferrous WT DHP (10 µM final concentration) that was pre-incubated with pyrrole 

(10-50 equiv.) with 10 equivalents of H2O2; ii) double-mixing experiments were performed 

using an aging line prior to the second mixing step to observe Compound I/ES/II reactivity 

with pyrrole substrate (2.5-50 eq.): Compound I was pre-formed by reaction of ferric DHP B 

(Y28F/Y38F) with 10 equiv. of H2O2 in an aging line for 150 ms prior to mixing with the 

substrate, Compound ES was pre-formed by reaction of ferric WT DHP B with 10 equiv. of 

H2O2 in an aging line for 650 ms, and Compound II was formed by reaction of oxyferrous DHP 

B pre-incubated of 1 equiv. of TCP with 10 equiv. of H2O2 in an aging line for 82 s. 

Preparation of Reaction Intermediates by Freeze-Quench Methods. Rapid freeze-

quench experiments were performed with a BioLogic SFM 400 Freeze-Quench apparatus by 

mixing a 50 μM ferric WT DHP B solution (final concentration) pre-incubated with 50 mol 

equiv. pyrrole with a 10-fold excess of H2O2 in 100 mM KPi (pH 7) at 25 °C. A standard 4 mm 

O.D. quartz EPR tube was connected to a Teflon funnel, and both the tube and the funnel were 

completely immersed in an isopentane bath at -110 °C. The reaction mixtures were quenched 

by spraying them into the cold isopentane, and the frozen material so obtained was packed at 
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the bottom of the quartz tube using a packing rod equipped with a Teflon plunger. In this 

manner, a packing factor of 60 ± 2% was consistently achieved. Quench times were 100 ms 

and 1 s. Samples were then transferred to a liquid nitrogen storage dewar until analyzed. After 

analysis, the 100 ms sample was allowed to thaw on the bench top and subsequently re-frozen 

in liquid nitrogen to generate a 10 min sample. 

X-band EPR Spectroscopy. EPR spectra were recorded with an X-band (9 GHz) 

Varian E-9 EPR spectrometer (Varian, El Palo, CA). A standard 4 mm o.d. quartz EPR tube 

containing the sample was placed into a quartz finger dewar insert filled with liquid nitrogen. 

The temperature of the samples was maintained at 77 K for the duration of the data acquisition, 

which required periodic refilling of the dewar due to the evaporation of the liquid nitrogen 

during longer acquisition runs. The typical spectrometer settings were as follows: field sweep 

200 G, scan rate 3.33 Gauss/s, modulation frequency 100 KHz, modulation amplitude 4.0 G, 

and microwave power 2 mW. The exact resonant frequency of each EPR experiment was 

measured by an EIP-578 (PhaseMatrix, San Jose, CA) in-line microwave frequency counter. 

2.7 Substrate-Binding Studies. Fluoride-binding studies were performed per literature 

protocol52 to determine the extent of substrate binding. DHP B (50 µM) was incubated with 5 

mM pyrrole, and 10 – 400 equiv. of fluoride (using a 180 mM NaF stock solution) were titrated 

in 100 mM KPi buffer at pH 7. The absorbance at 605 nm was monitored, and the analysis was 

performed as published. 

Non-enzymatic Pyrrole Oxidation Studies. Adapted from literature protocols,53-56 

100 mM pyrrole dissolved in water was brought to reflux in the presence of 100 mM H2O2. 

After reflux for 4 hours and subsequent cooling to room temperature, diluted samples (1:25-

1:100 in water) were then analyzed by HPLC as described above. Reaction conditions were 
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identical for the non-enzymatic oxidation of N-methylpyrrole and 3-methylpyrrole. 

 

RESULTS 

Pyrrole Oxidation by DHP. Substrate Variation – The hydrogen peroxide-dependent 

oxidation of pyrrole substrates as catalyzed by DHP was monitored by HPLC, and the results 

are summarized in Table 4.1. Reactions were initiated upon addition of 500 μM H2O2 to a 

solution containing 10 μM enzyme and 500 μM pyrrole, incubated at 25 °C for 5 min, and then 

quenched with catalase. For reactions employing ferric WT DHP B under aerobic conditions, 

substrate turnover was as follows: 2,5-dimethylpyrrole > 2-methylpyrrole > 3-methylpyrrole 

> N-methylpyrrole > pyrrole, a trend that mirrors the basicity of pyrrole and its mono-methyl 

substituted analogs as revealed by their pKa values for -protonation57 (pKa: 2-methyl-, -0.21; 

3-methyl-, -1.00; N-methyl-, -2.9; pyrrole, -3.8). When the pyrrole oxidation reaction was 

repeated under anaerobic conditions, pyrrole and N-methylpyrrole yielded virtually identical 

amounts of substrate loss regardless of the presence of O2, suggesting that the oxidation of 

these substrates was independent of molecular oxygen and wholly dependent upon H2O2. By 

contrast, 2-methyl-, 3-methyl-, and 2,5-dimethylpyrrole all exhibited slightly attenuated 

substrate turnover under anaerobic conditions, results that possibly indicate a secondary 

dioxygen-dependent pathway in addition to the H2O2-dependent one. It is important to note, 

however, that the same reactivity trend as a function of substrate pKa was noted in the anaerobic 

reactions as in the aerobic ones, and that no substrate turnover occurred when either DHP (non-

enzymatic control) or peroxide (non-oxidant control) were excluded from the reaction for 

pyrrole, N-methylpyrrole, and 3-methylpyrrole. However, as reactivity was observed for 2-

methyl and 2,5-dimethylpyrrole in the absence of hydrogen peroxide yielding polypyrrole,  
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Table 4.1. Enzyme-Catalyzed Reactivity of Pyrrole Substrates.a 

 

Enzyme Conversion (%) 
Substrate Variation 

DHP B Ferric 
+ pyrrole 31.7 ( 2.5) 
   anaerobic 30.6 ( 2.1) 
+ N-methylpyrrole 40.8 ( 2.2) 
   anaerobic 40.1 ( 3.1) 
+ 2-methylpyrrole 84.9 ( 1.9) 
   anaerobic 70.0 ( 3.3) 
+ 3-methylpyrrole 58.4 ( 2.4) 
   anaerobic 42.2 ( 3.7) 
+ 2,5-dimethylpyrrole ~ 100% 
   anaerobic 92.2 ( 1.9) 

Enzyme Variation with Pyrrole 
DHP B Ferrous 27.9 ( 3.8) 
DHP B Oxyferrous 17.8 ( 1.0) 
DHP A Ferric 42.8 ( 3.1) 
DHP A Oxyferrous 12.7 ( 3.4) 
DHP B (Y28F/Y38F) 25.6 ( 1.7) 
Mb n. d.b 
HRP 8.6 ( 1.9) 

pH Effects with Pyrrole 
DHP B Ferric   
   pH 5 50.8 ( 2.0) 
   pH 6 38.8 ( 3.2) 
   pH 8 10.8 ( 2.2) 
DHP A Ferric  
   pH 5 35.2 ( 2.9) 
   pH 6 36.1 ( 3.4) 
   pH 8 26.8 ( 1.2) 
DHP B Oxyferrous  
   pH 5 45.9 ( 2.9) 
   pH 6 23.9 ( 3.4) 
   pH 8 10.3 ( 1.2) 

Mechanistic Probes with Pyrrole 
DHP B Ferric  
   + 10% DMSO 8.1 ( 0.5) 
   + 500 mM formate 25.6 ( 0.2) 
   + 500 µM mannitol 25.9 ( 1.6) 
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Table 4.1 (Continued) 
 

   + SODc  29.5 ( 2.2) 
   + 4-bromophenol 5.14 ( 0.64) 
DHP A Ferric  
   + 4-bromophenol 5.39 ( 0.37) 

Reaction conditions: [pyrrole] = [H2O2] = 500 µM, [enzyme] = 10 µM, 100 mM KPi buffer at 
pH 7 (unless otherwise indicated), 25 °C, 5 min.; b n. d. = not detected; c SOD = ~2 U/µL. 

 

 

these substrates were excluded from further investigations here and will be discussed in a later. 

Enzyme Variation – Nearly the same amount of pyrrole conversion was observed when 

initiating the pyrrole oxidation reaction under anaerobic conditions with ferrous WT DHP B 

(27.9  3.8%) as with the ferric form (30.6  2.1%). When starting with oxyferrous DHP, 

however, attenuated substrate conversion (isoenzyme A, 12.7  3.4%; isoenzyme B, 17.8  

1.0%) was noted at pH 7. While these results demonstrated that pyrrole oxidation could be 

initiated directly from the globin active (FeII-O2) state, they differ from the previously studied 

halophenol58 (peroxidase) and haloindole38/nitrophenol39 (peroxygenase) substrates that 

showed that reactivity was independent of the starting DHP oxidation state. As one possible 

explanation for this difference, we surmise that the relatively weak binding of the pyrrole 

substrate (Section 3.4), when compared with the halophenol, haloindole, and nitrophenol 

substrates, is unable to promote the known32, 58-60 substrate-dependent activation of oxyferrous 

DHP (see Discussion). 

Three additional studies were also performed: i) the mutant DHP B(Y28F/Y38F), 

which forms Compound I rather than the Compound ES species observed in WT DHP B,46 

exhibited nearly the same reactivity as the native enzyme; ii) studies performed with horse 

heart myoglobin (Mb), the archetype of the globin superfamily, showed no reactivity with 
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pyrrole; iii) horseradish peroxidase (HRP) was found to react with pyrrole, but differed from 

the reaction with DHP in that multiple products were observed, consistent with previous 

studies that showed oligomeric and polypyrrole formation.23, 25 

pH Dependence – A comparison of pyrrole reactivity between the two DHP 

isoenzymes, A and B, revealed marked differences between the two in their pH dependences. 

Isoenzyme A exhibited only a 1.6-fold difference in substrate conversion from pH 5-8: 

maximal pyrrole oxidation was observed at pH 7 (42.8 ± 3.1%), with a slight loss in activity at 

pH 6 (36.1 ± 3.4%) and pH 5 (35.2 ± 2.9%), and a more pronounced loss at pH 8 (26.8  1.2%). 

By contrast, pyrrole oxidation for isoenzyme B exhibited a ~5-fold difference over the same 

pH range, and was maximally active at pH 5 (50.8  2.0%), with activity decreasing 

progressively as the pH was increased: pH 6 (38.8  3.2%) > pH 7 (31.7  2.5%) > pH 8 (10.8 

 2.2%). While pH effects have been observed for other DHP substrates,61 most notably for 

haloindoles38 and nitrophenols39 that were studied with the identical HPLC assay employed 

here, their conversion was always higher at lower pH, which differs from the DHP A results 

reported here for pyrrole. Moreover, DHP B consistently yielded greater substrate turnover 

when compared to DHP A for those peroxygenase substrates regardless of pH, which again 

differs from the results with pyrrole for pH 7 and 8. Given its pKa of -3.8 for -protonation, as 

well as a pKa of 17.5 for the N-H proton,57 it is unlikely that the pH effects observed here over 

the pH range of 5-8 are substrate related. While we surmise that structural differences between 

DHP A and B may lead to subtle differences in the availability of protons at the active site 

through alterations of the H-bonding networks that are specific to the pyrrole oxidation 

pathway, the origins of differences in the pH-dependences for the two isoenzymes was not 

further explored. 
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Mechanistic Studies – The pyrrole oxidation reaction was performed in the presence of 

radical scavengers to probe if solvent accessible radicals played a role in substrate turnover. 

While the presence of superoxide dismutase (29.5  2.2%) did not significantly alter the 

amount of substrate conversion, the inclusion of both sodium formate (25.6  0.2%) and D-

mannitol (25.9  1.6%) showed a slight loss in activity when compared to the reaction run in 

their absence (31.7  2.5%). The addition of DMSO led to a much greater loss in activity (8.1 

 0.5%). No changes in product distribution were observed by HPLC in the presence of these 

radical scavengers (data not shown). When 4-bromophenol (Kd = 1.15 mM62), the known 

inhibitor of DHP peroxidase and peroxygenase activities,38, 47 was included in the reaction at 

500 M, conversion of pyrrole was significantly reduced (5.14  0.64%). Taken together, the 

results suggest that the lower activity of DHP in the presence of DMSO and the other radical 

scavengers is likely related to the weak binding of pyrrole (Section 3.4) rather than as 

suggestive of a radical-based mechanism. 

Identification of Reaction Products by HPLC. Pyrrole (1) – A representative HPLC 

chromatogram of the DHP-catalyzed oxidation of pyrrole as monitored at 248 nm is shown in 

Figure 4.1A, and a summary of the reaction products is shown in Chart 4. 1. Under the 

conditions employed, only one reaction product was observed (Figure 4.1B, tR = 3.5 min). This 

product exhibited an identical retention time and UV-visible spectrum (Figure 4.1B), as well 

as mass (m/z 154, [M+H+]+; Figure 4.1A), as an authentic sample of 4-pyrrolin-2-one (1a), 

providing unequivocal evidence for the identity of this species as being formed from O-atom 

incorporation into the pyrrole substrate. The authentic sample of 4-pyrrolin-2-one was 

generated following a literature protocol53 where equimolar pyrrole and hydrogen peroxide 

were reacted via reflux in water. Per that literature precedent, it was noted that two major 
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products were formed, 4-pyrrolin-2-one (1a; tR = 3.5 min) and 3-pyrrolin-2-one (tR = 3.2 min), 

in a 1:9 ratio, respectively (Figure 4.A1). The non-enzymatic reaction was reported to be 

unable to generate 1a in good purity due to its isomerization into the more thermodynamically 

stable product, 3-pyrrolin-2-one, that occurs rapidly at the elevated reaction temperature.53 

Under the room temperature conditions employed for the DHP-catalyzed reaction, only 1a was 

formed. However, when the reaction mixture was left at room temperature for 24 hours, 

isomerization to 3-pyrrolin-2-one with a ~1:9 (1a:3-pyrrolin-2-one) ratio was observed (Figure 

4.A2), consistent with the non-enzymatic reaction. Moreover, when the DHP-catalyzed and 

non-enzymatic reactions were mixed in a 1:1 ratio, only an increase in the 1a peak was detected 

(Figure 4.A3). With the above information, it was concluded that the product in the DHP 

catalyzed oxidation of pyrrole is 4-pyrrolin-2-one. 

The oxidation of pyrrole was monitored as a function of H2O2 concentration at pH 5 

and 7 (Figure 4.A4). At pH 7, 4-pyrrolin-2-one (1a) was formed linearly across the range 

studied up until ~150 µM H2O2, at which point product formation plateaued. At pH 5, a similar 

observation was noted with the plateau occurring at ~200 µM H2O2. The lack of further product 

formation under conditions of excess peroxide is in line with previous observations that DHP 

enters a peroxidase-attenuated state,37 Compound RH,46, 47 under conditions of low [substrate]. 

N-Methylpyrrole (2) – The DHP-catalyzed oxidation of N-methylpyrrole (2) yielded three 

singly oxygenated products (tR = 4.1, 4.4 and 4.7 min; Figure 4.A5), all which exhibited a m/z 

of 98 ([M+H]+: C5H8NO). On the basis of their retention times, mass, and UV-visible spectral 

features (Figure 4.A6) when compared with authentic samples that were synthesized per 

literature protocol,53, 56 we conclude that N-methyl-4-pyrrolin-2-one (2a) to be the major 

enzymatic product at 4.4 minutes and N-methyl-3-pyrrolin-2-one (2b) is the minor enzymatic 
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product at 4.1 minutes (Chart 4. 1). As with the parent pyrrole reaction, a slow isomerization  

 

Figure 4.1. (A) HPLC chromatogram of the reaction of 500 µM pyrrole with 10 µM DHP B 
in the presence of 500 µM H2O2 at 25 °C in 100 mM KPi (pH 7). The reaction was quenched 
after 5 minutes with the addition of excess catalase. (B) UV-visible spectra of pyrrole (1, tR = 
4.7 min) and the reaction product 4-pyrrolin-2-one (1a, tR = 3.5 min). 

 

 

Chart 4.1. Peroxygenase products identified by HPLC/LC-MS for the DHP-catalyzed 
oxidation of pyrrole (1), N-methylpyrrole (2) and 3-methylpyrrole (3). 

 

of 2a to 2b was observed after > 24 hours. Similarly,the product at tR = 4.7 minutes may 
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represent O-atom insertion at the 3 or 4 position, but was not further explored here. 

3-Methylpyrrole (3) – The reaction of 3-methylpyrrole (3) with DHP and hydrogen 

peroxide produced four products (tR = 4.3, 4.4, 4.7 and 4.8 min; Figure 4.A7A), all which 

exhibited a m/z of 98 ([M+H]+: C5H8NO). Consistent with the data reported in Table 4.1, the 

reactions ran under anaerobic (data not shown) and aerobic conditions yielded identical 

products, but with a slightly different distribution. Following literature protocols,53, 56 an 

authentic sample of 3-methyl-3-pyrrolin-2-one (3a) was synthesized and subjected to HPLC 

analysis (Figure 4.A7B). The reported product of the non-enzymatic reaction matched the UV-

visible spectrum, mass, and retention time of the 3-methylpyrrole/DHP-catalyzed oxidation 

product at tR = 4.4 min (Figure 4.A7C). The other three singly oxygenated products observed 

in the DHP-catalyzed reaction could be the O-atom insertion at the 4- or 5- positions, and/or 

possibly their corresponding pyrroline isomers, however these were not structurally 

characterized. 

Isotopically-labeled Oxygen Studies. The identified product in the pyrrole oxidation 

reaction, 4-pyrrolin-2-one (1a), incorporated an O-atom via an O2-independent reaction (Table 

4.1). Therefore studies employing labeled H2
18O2 and H2

18O (90% and 98% 18O-atom enriched, 

respectively) were performed with pyrrole, and subsequently analyzed by LC-MS (Figure 4.2) 

to determine the origin of the O-atom incorporation. The isotopic distributions of the [m/z]+ 

values are shown in Table 4.A1. In the presence of H2
18O and unlabeled H2O2, no significant 

increase in mass was observed (m/z: 84, 100%; 86, n.d.; Figure 4.2A) when compared with the 

absence of an 18O source (data not shown), thus ruling out solvent water as the source of the O 

atom incorporated. The same experiment employing H2
18O2 and unlabeled H2O showed a clear 

increase to higher mass by 2 Da for 4-pyrrolin-2-one (1a): m/z: 84, 21%; 86, 100% (Figure 
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4.2B). Similarly, the experiment performed with both labels, H2
18O and H2

18O2, showed 

virtually the same 18O-atom incorporation into the 1a product as the H2
18O2 only study (m/z: 

84, 20%; 86, 100%; Table 4.A1). The results provide unambiguous evidence that the oxygen 

atom was derived from H2O2, consistent with a peroxygenase mechanism for pyrrole oxidation. 

 

 

Figure 4.2. ESI-MS total ion chromatogram for the reaction DHP pyrrole reaction product: 
(A: H2

18O/H2
16O2, B: H2

16O/H2
18O2). Reaction conditions: [pyrrole] = [H2O2] = 500 µM, 

[DHP] = 10 µM, 100 mM KPi (pH 7), 25 °C. 
 

 

The above isotopically labeled experiments were repeated for the N-methylpyrrole (2) 

and 3-methylpyrrole (3) substrates. For N-methylpyrrole (Figure 4.A8 and Table 4.A1), the 

results provide further evidence for a peroxygenase mechanism: all three products showed no 

18O-atom incorporation with H2
18O/H2

16O2, and virtually full label incorporation with 

H2
16O/H2

18O2 and H2
18O/H2

18O2. In the case of 3-methylpyrrole, as this substrate exhibited a 

secondary aerobic reaction (Table 4.1), the isotopically labeled studies were performed 

anaerobically. Of the four reaction products (Figure 4.A9, Table 4.A1), three (tR = 4.3, 4.7 and 

4.8 min) exhibited a minor amount of label incorporation with H2
18O/H2

16O2, likely indicative 

of scrambling with the solvent, whereas the product at tR = 4.4 min showed no 18O addition. In 
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the H2
16O/H2

18O2 reaction, the most abundant peak for each of the four products corresponded 

to 18-O incorporation, but a significant amount of unlabeled products were still present. 

However, when both H2
18O/H2

18O2 were present, all four products exhibited virtually full label 

incorporation. Although it is evident that scrambling of the label with the reaction solvent 

occurs for the 3-methylpyrrole oxidation products, taken together the results are consistent 

with a peroxygenase mechanism. 

Fluoride Binding Studies. The optical absorbance spectrum of ferric DHP B [407 

(Soret), 508, 540 (sh), 633 nm] was unperturbed even in the presence of >100 equiv. of pyrrole 

(data not shown), thereby precluding the use of the Soret or Q bands in substrate binding 

studies for direct measurement of the Kd values. Thus, a competition assay with the heme-

fluoride binding equilibrium was employed to indirectly measure substrate binding (Figure 

4.A10).52 In this method, substrates that bind within the DHP active site lead to a decreased 

binding affinity of fluoride to the heme (Kd
F- = 2.5 ± 0.2 mM, pH 5). In the presence of 5 mM 

pyrrole, a ~2-fold increase in the Kd
F- to 5.2 ± 0.4 mM at pH was observed (Table 4.2), 

consistent with pyrrole binding to the active site of DHP. Similar Kd
F- values were also obtained 

for N-methylpyrrole (5.4 ± 0.2 mM) and 3-methylpyrrole (5.1 ± 0.2 mM). When compared 

with the Kd
F- values reported for other peroxygenase (5-bromoindole, 13.2 ± 0.5 mM; 4-

nitrophenol, 18 ± 1 mM) and peroxidase (2,4,6-tribromophenol, 23.8 ± 1.0 mM) substrates, it 

is evident that the pyrrole substrates bind with a significantly weaker affinity to DHP. 
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Table 4.2. Kd
F‾ Values for Substrate Binding to Ferric DHP. 

 

Substrate Kd
F‾ (mM) Kd (µM), pH 5 Kd (µM), pH 7 ref. 

pyrrole 5.2 ± 0.4 a,d n. d.  f n. d. h 
N-methylpyrrole 5.4 ± 0.2 a,d n. d. n. d. h 
3-methylpyrrole 5.1 ± 0.2 a,d n. d. n. d. h 
4-bromophenol 13 ± 1 b,d n. r. g 1150 52, 62 
2,4,6-tribromophenol 23.8 ± 1.0 b,e n. r. n. r. 52 
5-bromoindole 13.2 ± 0.5 b,e n. r. 150 ± 10 38, 52 
4-nitrophenol 18 ± 1c,d 134 ± 7 262 ± 23 39 
4-nitrocatechol 31 ± 3 c,d 79 ± 4 40 ± 1 39 
2,4-dinitrophenol 90 ± 9 c,d 48 ± 8 105 ± 21 39 
2,4,6-trinitrophenol 30 ± 1c,d 

5.9 ± 1.0 c,e 
n. d. n. d. 39 

Kd value of fluoride binding in the presence of a 5 mM substrate, b 1 mM substrate, c 500 M 
substrate; d pH 5; e pH 7; f n. d. = not determinable due to lack of spectral changes; g n. r. = not 
reported in reference; h This work. 

 

Stopped-flow UV-visible Spectroscopic Studies with Pyrrole. Single and double-

mixing stopped-flow UV-visible spectroscopic methods were used to investigate the reaction 

of pyrrole with DHP and hydrogen peroxide. Studies were performed with H2O2-activated 

DHP (i.e., pre-formed as Compound I [DHP B(Y28F/Y38F)],46 Compound ES,47 or 

Compound II58), or by pre-incubating DHP with pyrrole followed by H2O2 addition. 

Compound I Reactivity – Preformed Compound I, itself generated in an initial mixing 

step of ferric DHP B(Y28F/Y38F) with 10 equiv. H2O2 in an ageing line for 150 ms,46 was 

reacted with 50 equiv. pyrrole at pH 7. No activated enzyme (i.e., Compound I [406 (Soret), 

528, and 645 nm]) was initially observed (Figure 4.3A). Rather, ferric DHP B(Y28F/Y38F) 

[406 (Soret), 507, 540 (sh) nm] was the first spectrum recorded, suggestive that Compound I 

was reduced by the substrate within the mixing time of the stopped-flow apparatus. The rapid 

reaction of Compound I with pyrrole is reminiscent of its reactivity with 5-Br-indole38 and 4-
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nitrophenol39 in that both were also found to reduce Compound I to the ferric enzyme within 

the mixing time of the stopped-flow apparatus via a peroxygenase mechanism. Due to the 

experimental conditions of excess H2O2 employed here, the resultant ferric enzyme 

subsequently converted within 2 s to a ferryl containing species [416 (Soret), 545, 585 (sh), 

blue] assigned as Compound II (see Section 3.6), which further formed oxyferrous DHP [416 

(Soret), 542, 578 nm, red] after 20 seconds. For both of these, a small amount of ferric enzyme 

was also observed to be present. At longer observation times (data not shown), the reaction 

underwent bleaching. We surmise that the known reactivity of Compound II with H2O2 to yield 

the oxyferrous state in other hemoproteins63-65 as well as in the DHP A(Y38F) mutant46 is 

likely the origin of oxyferrous DHP B (Y28F/Y38F) here. 

Single-mixing studies were also performed: ferric DHP B(Y28F/Y38F) preincubated 

with 50 eq. of pyrrole was reacted with 10 eq. of H2O2 at pH 7 (Figure 4.A11A). No formation 

of Compound I was seen under these conditions, likely due to its immediate reduction in the 

presence of pyrrole substrate. Rather, the ferric enzyme was initially observed [406 (Soret), 

507, 540 (sh) nm, black; t = 2.5 ms], followed by conversion to a ferryl species [419 (Soret), 

545, 585 nm, blue; t = 2.6 s] that reformed the resting state ferric enzyme [406 (Soret), 507, 

540 (sh) nm, red] after 83 s. No formation of oxyferrous DHP B(Y28F/Y38F) was noted under 

these conditions. 

Compound ES Reactivity – Ferric WT DHP B (10 M) was reacted with 10 molar 

equivalents of H2O2 at pH 7, incubated for 450 ms to allow for the maximum accumulation of 

Compound ES,47 and subsequently mixed with 10-50 equiv. pyrrole. As a representative 

reaction, the preformed Compound ES [419 (Soret), 545, 584 (sh) nm, black; t = 0 s] was 

converted in the presence of 50 eq. pyrrole to a second ferryl-containing species [419 (Soret), 
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545, 577 (sh) nm, blue; t = 22 s] that underwent further reduction to the resting ferric state after 

830 s (Figure 4.A11B). Under these conditions, Compound RH,47, 50 the stable yet inactive 

form of DHP that arises from H2O2-activation in the absence of substrate,37 was not observed. 

Moreover, no product-driven reduction of the enzyme to the oxyferrous form was observed, a 

departure from similar assays that employed other physiological substrates (i.e., 

 

Figure 4.3. Kinetic data for the reaction of H2O2-activated DHP with pyrrole. (A) DHP B 
(Y28F/Y38F): top panel, stopped-flow UV−visible spectra of the double-mixing reaction of 
preformed Compound I (10 μM) with a 50-fold excess of pyrrole at pH 7.0 (650 scans over 20 
s); inset: the single wavelength (416 nm) dependence on time obtained from the raw data and 
its fit with a superposition of the calculated spectral components; middle panel, calculated 
spectra of the three reaction components derived from the SVD analysis: ferric DHP B (black); 
ferryl/ferric DHP mixture (blue), and an oxyferrous/ferric DHP mixture (red); bottom panel, 
time dependences of the relative concentrations for the three components shown in the middle 
panel as determined from the fitting of the spectra in top panel. (B) Ferric DHP B: top panel, 
stopped-flow UV−visible spectra of the single-mixing reaction between ferric DHP B (10 µM) 
preincubated with 50 equiv pyrrole and reacted with 10 eq. of H2O2 at pH 5.0 (900 scans over 
83 s); inset: the single wavelength (417 nm) dependence on time obtained from the raw data 
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and its fit with a superposition of the calculated spectral components; middle panel, calculated 
spectra of the three reaction components derived from the SVD analysis: ferric DHP B (black), 
formation of ferryl DHP B (blue), and its reduction back to ferric DHP (red) in the presence of 
pyrrole; bottom panel, time dependences of the relative concentrations for the three reaction 
components shown in the middle panel as determined from the fitting of the spectra in the top 
panel. (C) Oxyferrous DHP B: top panel, stopped-flow UV−visible spectra of the single-
mixing reaction between oxyferrous DHP B (10 μM) preincubated with 50 equiv pyrrole and 
reacted with 10 eq. of H2O2 at pH 6.0 (900 scans over 830 s); inset: the single wavelength (418 
nm) dependence on time obtained from the raw data and its fit with a superposition of the 
calculated spectral components; middle panel, calculated spectra of the three reaction 
components derived from the SVD analysis: oxyferrous DHP B (black); oxyferrous/ferryl DHP 
mixture (blue), and the final observed DHP species (red); bottom panel, time dependences of 
the relative concentrations for the three components shown in panel B as determined from the 
fitting of the spectra in panel A. 

 

trihalophenols47 and haloindoles38). 

To further investigate this reaction, single-mixing studies were also conducted: ferric 

WT DHP B (10 M) preincubated with 50 eq. of pyrrole was reacted with 10 eq. of H2O2 at 

pH 5 (Figure 4.3B). The ferric enzyme [UV-visible: 407 (Soret), 510, 635 nm, black] was 

converted to a ferryl species [417 (Soret), 544, 584 nm, blue; kobs = 5.35  0.09 s-1] that 

subsequently underwent slow reduction back to the ferric state [407 (Soret), 510, 540 (sh) nm, 

red; kobs = 0.11  0.01 s-1]. Similar results were seen at pH 7 (data not shown). Neither 

Compound RH nor oxyferrous DHP were observed. 

For both of the above reaction conditions, several lines of evidence suggest the identity 

of the second ferryl species as DHP Compound II rather than Compound ES: i) the spectral 

features are subtly different from Compound ES (i.e., ~5% hypochromicity of the Soret band 

and a slight blue shift in the broad Q band shoulder from >583 nm to 578 nm), and match the 

substrate-bound forms of Compound II observed previously with 5-bromoindole38 and 4-

nitrophenol39; ii) Compound II has been previously shown to exhibit a slower substrate-



 
 

112 

dependent reduction to the ferric enzyme than Compound ES for 2,4,6-trichlorophenol,47, 58 5-

bromoindole,38 and 4-nitrophenol.39 As such, in the above experiments employing preformed 

Compound ES, the persistence of the second ferryl species for over 800 seconds is consistent 

with Compound II reactivity; iii) were the Compound ES species not to react with pyrrole to 

generate Compound II, Compound RH would be observed in the above experiments,47, 50 

however this was not the case; iv) the lack of an EPR spectroscopic signature consistent with 

Compound ES46, 47, 50 by rapid-freeze-quench EPR studies (Section 3.6). 

Compound II Reactivity – Previous studies have shown that oxyferrous DHP can only 

be activated by H2O2 in the presence of substrate (TCP,59, 60 5-bromophenol,38 or 4-

nitrophenol39), leading to Compound II formation, whereas its activation in the absence of a 

substrate leads to the bleaching of the Soret band and/or slow conversion to Compound RH 

without the formation of any observable fast timescale reactive intermediates.58 Here, we 

investigated the reactivity of preformed DHP Compound II with pyrrole using sequential 

double-mixing stopped-flow methods: oxyferrous DHP B containing 1 equivalent TCP was 

reacted with 10 molar equivalents of H2O2 at pH 6, incubated in an aging line for 83 s to allow 

for the maximum accumulation of Compound II [419 (Soret), 545, 585 (sh) nm, black],58 and 

subsequently mixed with an additional 50 equiv of pyrrole (Figure 4.A11C). The Compound 

II spectrum was found to convert to ferric DHP [407 (Soret), 505, 540 (sh) nm, blue] within 

152 s, followed by formation of a species whose spectral features [411 (Soret), 540, 576 (sh) 

nm, blue] matched those of a mixture of ferric DHP B and the oxyferrous enzyme, the latter 

likely arising from the known secondary reaction between Compound II with excess H2O2 that 

generates the oxyferrous state in hemoproteins.63-65 Little to no optical changes were observed 

when pyrrole was reacted with Compound II at pH 7 or 8 (data not shown). 
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Oxyferrous Reactivity – Single-mixing stopped-flow methods were used to investigate 

if pyrrole was able to initiate the substrate-dependent activation of oxyferrous DHP B. Upon 

rapid mixing of a solution of oxyferrous DHP B pre-incubated with 50 eq. of pyrrole with 10 

equivalents of H2O2 at pH 8, no significant optical changes were observed (data not shown), 

consistent with the low reactivity of oxyferrous DHP with pyrrole at this pH (Table 4.1). 

However, when repeated at pH 7, a slow conversion of oxyferrous DHP B [418 (Soret), 543, 

578 nm, black] to a transiently observable Compound II intermediate [419 (Soret), 545, 578 

(sh) nm, blue; kobs = (1.87  0.05) x10-2 s-1] was seen (Figure 4.3C), although without full 

formation owing to its decay with nearly the same rate [kobs = (6.98  1.02) x10-3 s-1] to a 

mixture of Compound RH and oxyferrous DHP [410 (Soret), 536, 575 (sh) nm, red] after 830 

seconds. 

The main observations from these stopped-flow studies with pyrrole were i) Compound 

I was rapidly reduced by pyrrole within the mixing time of the instrument to the ferric enzyme, 

ii) Compounds ES was initially reduced to Compound II, followed by further reduction to the 

ferric enzyme, iii) Compound II reacted with pyrrole to reform ferric DHP, and iv) pyrrole was 

found to activate oxyferrous DHP towards reactivity with H2O2 via a ferryl (likely Compound 

II) intermediate. 

Confirmation of Compound II by EPR Spectroscopy. In an effort to unambiguously 

establish the ferryl intermediate observed in the stopped-flow UV-visible studies as Compound 

II, rapid-freeze-quench methods were employed to stabilize this species for subsequent 

characterization by continuous wave (CW) EPR spectroscopy. Specifically, X-band EPR 

spectra at quench times of 100 ms and 1 s were obtained for the reaction of 75 µM ferric DHP 

B premixed with 50 equiv of pyrrole with 10 equiv of H2O2 at pH 7. After spectral acquisition, 
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the 100 ms sample was gently warmed to room temperature, and then refrozen in liquid 

nitrogen to obtain the 10 minute quench sample. Very weak EPR signals at g = 2.0059 that 

lacked hyperfine structure were observed for all three quench times (Figure 4.A12), none of 

which were reminiscent of the strong tyrosyl radical signal(s) attributable to fully formed 

Compound ES46, 47, 50 in WT DHP B. As the free radical concentration in Compound ES is 

nearly quantitative with respect to the enzyme concentration (∼0.93 spin/heme) in DHP,66 the 

very weak signals could be attributed to a minor amount of protein that remained unreacted 

with pyrrole, leading to a trace amount of Compound ES and its corresponding tyrosyl radical 

EPR signal. We rule out the signals as being attributable to the presence of the monomeric 

substrate pyrrole radical cation (singlet, g = 2.002567) as this has been reported to have a 

lifetime of 30 s,68 which is shorter than the freeze-quench times employed here; however, 

oligomeric pyrrole radical cations may still be a possibility. In all, the RFQ-EPR spectroscopic 

data unequivocally rule out the intermediate observed above in the stopped-flow studies as 

Compound ES. 

 

DISCUSSION 

The activity studies reported here demonstrate that dehaloperoxidase was able to catalyze 

the conversion of all pyrroles studied under physiological conditions, representing a new class 

of substrate for this enzyme. Although brominated analogues were not investigated due to lack 

of commercial availability, we suggest that they are likely a biologically-relevant substrate: 

bromopyrroles have been isolated in the benthic ecosystems within which A. ornata resides,2, 

48, 49 and the oxidation chemistry observed with the other known naturally-occurring 

haloaromatic substrates of DHP, i.e. halophenols and haloindoles, also correlates well with 
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their non-halogenated analogs.38, 69 The isotopic labeling studies unequivocally show that the 

oxygen atom incorporated into the products for pyrrole and N-methylpyrrole originate 

exclusively from H2O2, analogous to the “peroxide-shunt” pathway of the cytochrome P450s, 

and consistent with previous reports of DHP peroxygenase reactivity with the physiological 

haloindole38 and non-physiological nitrophenol39 substrates. Labeling studies also confirmed 

the presence of a peroxygenase oxidation mechanism acting upon 3-methylpyrrole under 

anaerobic conditions, although significant solvent scrambling was noted for this substrate. 

Enzyme-catalyzed oxidations of pyrrole have been well-investigated in the literature70-

72 owing to their formation of polypyrrole, a conductive polymer that has applications in 

electronic devices and chemical sensors. Notable examples include i) the oxidation of pyrrole 

by horseradish peroxidase23, 73, 74 in the presence of an oxidant generates water-soluble 

polypyrrole at low pH (< 4), and with only minor amounts of smaller molecular weight species 

observed; ii) production of polypyrrole with glucose oxidase75 and H2O2 (or glutaraldehyde) 

has also been reported and is optimal at pH 6.5 with no evidence of lower molecular weight 

compounds being formed; iii) laccase24, 76 has also been shown to catalyze the polymerization 

of pyrrole into a conducting polymer using dioxygen as the terminal oxidant; iv) soybean 

peroxidase77, 78/H2O2 has also been shown to form polypyrrole, with increased yields in the 

presence of redox mediators. The consensus first step for the mechanism of polypyrrole 

formation as catalyzed by these enzyme/oxidant systems is that the oxidative polymerization 

proceeds via a one-electron oxidation of pyrrole monomer (𝐸0𝑜 = 1.31 V vs SCE79) yielding a 

pyrrole radical cation.26, 80 Coupling of two radical cations followed by deprotonation yields 

2,2’-bipyrrole, with chain elongation following from either the successive coupling of the 

pyrrole oligomer with the monomeric radical cation, or from the coupling of the oligomer 
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radical cation with a neutral monomer.24, 81 By contrast, the H2O2-dependent peroxygenase 

reactivity exhibited by DHP for pyrrole yielded a single oxygenated product, 4-pyrrolin-2-one. 

Moreover, the DHP-catalyzed reaction showed no polypyrrole formation by UV-visible 

spectroscopy (absence of the characteristic polypyrrole absorbance at ~450 nm82), and only 

trace oligomeric products detected by LC/MS. These observations suggest that pyrrole 

oxidation to 4-pyrrolin-2-one likely does not proceed via a radical mechanism (or at least one 

that involves diffusible radical species), and is consistent with a single two-electron oxidation 

step for O-atom transfer via a peroxygenase mechanism. 

Peroxygenase activity necessitates a close interaction between the pyrrole substrate and 

the catalytically-relevant H2O2-activated form(s) of DHP in order to effect O-atom transfer. 

Thus, the Compound I, ES and II intermediates were explored here for their role(s) in the DHP-

catalyzed oxidation of pyrrole. While all three activated forms were found to react with pyrrole, 

an analysis of their relative rates reveals mechanistic insight: Compound I, the two-electron 

oxidized form of DHP that contains an Fe(IV)-oxo and a porphyrin π-cation radical,46 itself 

pre-formed from the reaction of the ferric DHP B (Y28F/Y38F) mutant with hydrogen 

peroxide, was found to react within the mixing time of the stopped-flow apparatus (<2.5 ms), 

yielding the ferric enzyme as the first observable species. By way of comparison, Compound 

ES, the two-electron oxidized form of DHP comprised of an Fe(IV)-oxo and a tyrosyl 

radical,46, 50 reforms the ferric enzyme from its reaction with pyrrole ~104 times slower than 

Compound I. Compound II, pre-formed here from the reaction of oxyferrous DHP with 1 equiv 

H2O2 in the presence of trihalophenol substrate, possesses an Fe(IV)-oxo species but no 

additional oxidizing equivalent residing on either the protein or the heme cofactor,58 and was 

found to react with pyrrole (yielding a mixture of the ferric and oxyferrous forms) ~104-105 
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times slower than Compound I. Taken together, the results strongly implicate Compound I as 

the species responsible for pyrrole oxidation via O-atom transfer. 

 

 

Scheme 4.1. Proposed Peroxygenase Cycle for Pyrrole Oxidation with Dehaloperoxidase B. 

 

Based on the available evidence, and paralleling well-established mechanisms for O-

atom insertion into an arene by hemoproteins,83-87 the following mechanism is proposed for 

the H2O2-dependent oxidation of pyrrole (1) to 4-pyrrolin-2-one (1a) as catalyzed by DHP 

(Scheme 4.1): the ferric enzyme reacts with 1 equiv of H2O2 to yield Compound I (step i). 

Electrophilic addition of the ferryl oxygen to the pyrrole yields a tetrahedral-like intermediate 

(step ii) that undergoes further rearrangement to form the 4-pyrrolin-2-one product and 

regenerate the resting enzyme (steps iii and iv). The distal histidine likely plays the role of the 

general base/acid for the deprotonation/protonation events in steps iii and iv, respectively, 
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although we cannot rule out that a solvent water molecule or other amino acid is involved. 

Displacement of the product upon binding a second pyrrole molecule (step v) readies the 

system for reactivation with H2O2 and subsequent turnover via an additional peroxygenase 

cycle, allowing for further production of 4-pyrrolin-2-one. 

Although Scheme 4.1 shows the catalytic cycle initiating from the ferric oxidation state, 

substrate conversion was also observed when starting with ferrous or oxyferrous DHP. It is 

known that DHP from both of these oxidation states forms Compound II58 when activated with 

H2O2 in the presence of either trihalophenol,59, 60 nitrophenol,39 or haloindole substrates,38 and 

is therefore able to initiate a peroxygenase (or peroxidase) catalytic cycle. In the present work, 

Compound II formation was also observed when employing pyrrole and starting from 

oxyferrous DHP, yet is excluded from Scheme 4.1 on the basis of the slow reactivity observed 

for this intermediate. Rather, we suggest that Compound II is simply reduced via pyrrole to the 

ferric state, which is then available for turnover as described by Scheme 4.1. A similar 

argument can also be made for the exclusion of Compound ES from Scheme 4.1 owing to its 

slow reactivity. 

Interestingly, the substrate conversion percentage was lower for oxyferrous DHP by 

~1.6-fold when compared to ferrous DHP, and lower by ~1.8-fold when compared to ferric 

DHP. As no differences in peroxygenase activity have been noted previously between the 

oxyferrous and ferric oxidation states for haloindole38 and nitrophenol39 substrates, the 

differential reactivity noted here is unique to the pyrrole substrate. Previous studies58, 60 have 

shown that oxyferrous DHP activation in the absence of a substrate leads to the bleaching of 

the Soret band and/or slow conversion to Compound RH without the formation of any 

observable fast timescale reactive intermediates. In the presence of a substrate, we have 
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proposed that substrate binding to DHP destabilizes the oxyferrous state in the presence of 

hydrogen peroxide, leading to a reaction between ferrous DHP and H2O2 that activates the 

enzyme via a Compound II intermediate that is subsequently quickly reduced to the ferric 

enzyme.58 In line with this hypothesis, the haloindole and nitrophenol substrates possess a high 

binding affinity and thus show no differences in reactivity between oxyferrous and ferric DHP 

(Table 4.2), whereas we surmise that the relatively weak binding of pyrrole is therefore less 

able to destabilize the bound molecular oxygen in oxyferrous DHP that is ultimately necessary 

for enzyme activation. Alternatively, it has also been proposed that substrate radicals, 

themselves formed from trace amounts of the ferric enzyme reacting with substrate and 

hydrogen peroxide, oxidize oxyferrous DHP to the catalytically-active ferric form.59, 60 Here, 

the slow reactivity of Compounds ES/II with pyrrole, leading to the pyrrole radical cation, 

would also be consistent with the substrate radical activation of oxyferrous DHP in a manner 

that would lead to the observed differential reactivity when compared to the ferric enzyme. 

 

CONCLUSIONS 

In summary, it has now been shown that dehaloperoxidase is capable of peroxygenase 

activity with pyrrole substrates. While enzyme-catalyzed oxidations of pyrrole have been 

previously reported, the reactivity observed here with DHP is unique in that a single 

oxygenated product is produced with virtually no detectable polypyrrole or oligomeric species 

as seen in other systems. Moreover, evidence strongly suggests that the mechanism for pyrrole 

oxygenation proceeds via electrophilic addition of Compound I. It is interesting to note for 

DHP that while peroxidase activity has so far been observed only with phenolic substrates, 

peroxygenase chemistry is observed across pyrrole, (halo)indole and nitrophenol substrates. 
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When evaluated together, it is likely that the orientation (relative to the activated ferryl heme) 

and chemical reactivity of the substrate appear to play pivotal roles in determining which 

enzyme activity DHP performs: sterically accessible substrates are oxidized via a 

peroxygenase mechanism, whereas sterically hindered substrates proceed via a peroxidase 

pathway (as O-atom transfer is blocked). This plasticity of chemical reactivity for DHP that is 

related to the substrate itself leads to a new view (specific to multifunctional catalytic globins) 

for interrogating protein-structure function relationships: drawing from the language of 

hemoglobin regulation, the various substrates act as allosteric effectors, not just of O2 binding, 

but of function itself. Taken together, the breadth of chemical reactivity demonstrated by DHP 

not only provides a unique system to explore our understanding of metalloprotein mechanism, 

activation, and design, but also highlights the flexibility of a single heme active site within a 

globin-fold to function as an O2-carrier for aerobic respiration, as a peroxygenase for pyrrolic 

and indolic substrate oxygenation, as a peroxidase for phenolic substrate oxidation, as well as 

an oxidase for secondary metabolite formation. 
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ABSTRACT: The marine globin dehaloperoxidase (DHP) from the terebellid polychaete 

Amphitrite ornata was found to catalyze the oxidation of 2,3-dimethylindole, a previously 

unknown substrate for DHP. Reactivity could be initiated from either the ferric or oxyferrous 

states with the monooxygenated product 3-hydroxy-2,3-dimethylindole and dioxygenated 

product o-acetamidoacetophenone identified as the major products. Anaerobic controls 

showed the requirement of molecular oxygen for reactivity to occur. Consistent with these 

results, isotope labeling studies confirmed that the oxygen atom incorporation was derived 

exclusively from molecular oxygen, indicative of a previously unreported oxygenase activity 

for DHP.  Interestingly, horseradish peroxidase, myoglobin, and hemin were also shown to 

have reactivity with 2,3-dimethylindole, albeit with lower conversion than DHP. When the 

radical scavengers DMSO and formate were employed, it was found that they hindered 

reactivity, suggestive of a radical based mechanism. Resonance Raman spectroscopy showed 

a broad decrease in the heme v4 band indicative of a ferrous heme formation in the presence of 

2,3-dimethylindole, and as such the initial step of the reaction cycle is proposed to be a 

reduction of the ferric heme by the substrate to yield a substrate radical that then reacts with 

molecular oxygen. Our proposed mechanism for the observed radical-based oxygenase activity 

of DHP is reminiscent of the enzyme lipoxygenase, a non-heme dioxygenase. Overall, our 

results demonstrate that in addition to the oxygen-transport, peroxidase, and peroxygenase 

activities of DHP, this hemoglobin is capable of oxygenase activity, which adds further 

complexity to understanding the paradigms of structure-function relationships in 

multifunctional heme proteins. 
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INTRODUCTION 

 Dehaloperoxidase (DHP), an enzyme from the sediment dwelling marine polychaete 

Amphitrite ornata, is known to possess a biologically relevant peroxidase activity in addition 

to being an oxygen-transport hemoglobin.1-5 Amphitrite ornata inhabits coastal mudflats and 

is surrounded by other organisms that excrete secondary metabolites as defense mechanisms. 

Such metabolites include halophenols, haloindoles, haloguiacols, and halopyrroles.6 More 

recently, it has been reported that DHP also possesses physiological relevant peroxygenase and 

oxidase7,8 functions, as well as peroxygenase chemistry with non-native substrates such as 

nitrophenols.9 DHP was also recently shown to bind a series of azole compounds forming 6-

coordinate low spin heme iron complexes. What makes DHP such a versatile catalyst and its 

ability to coordinate small organic compounds, is that it possesses a hydrophobic distal cavity 

which is capable of accommodating small organic substrates. Similar to the P450’s, upon 

reaction with H2O2 DHP generates the highly reactive iron(IV)-oxo intermediate which is then 

capable of oxidizing a variety of substrates. These features taken together make DHP an 

interesting case to broaden the substrate scope to other non-native, yet similar, organic 

molecules to what has previously been reported.  

Radical mechanisms have been explored with lipoxygenases (LOX), enzymes found in 

plants and mammals, containing one non-heme iron that is coordinated to five amino acids and 

a water molecule that make up the active site.18,19 LOXs catalyze the oxidation of 

polyunsaturated fatty acids to yield the hydroperoxide intermediates by insertion of O2 into the 

substrate. The fatty acid hydroperoxides can further metabolize, or undergo non-enzymatic 

degradation. The active form of the enzyme is an FeIII and upon substrate binding the activated 

enzyme will abstract a hydrogen atom, reducing to an FeII and yield the substrate radical. 
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Molecular oxygen is then inserted into the substrate by a protein channel which generates the 

hydroperoxide product and regeneration of ferric-LOX. It has also been speculated that the O-

atom being inserted into the products are not necessarily the O2 molecules that are bound to 

the active site.22 With the above information on the known autooxidation of 2,3-dimethylindole 

and the results presented herein, we propose a DHP radical mechanism that mimics those 

reported for LOX enzyme systems. 

To further investigate the ability of DHP to house a variety of native and non-native 

organic molecules, we extended the study to methylindoles given the recent findings of 

bromoindole oxidation. The reactivity with 2-methylindole (2-MI), 3-methylindole (3-MI), 

and 2,3-dimethylindole (2,3-DMI) was explored. Surprisingly, 2,3-DMI oxidation readily 

proceeded in the absence of H2O2, unlike 2-methylindole and 3-methylindole. Thus, we have 

limited the present study to primarily focus on 2,3-DMI oxidation in the absence of an oxidant. 

Stopped-flow UV-visible, resonance Raman (rR), CO-trapping, and oxygen labeling 

experiments were used to elucidate the mechanism of 2,3-DMI oxidation. The major products 

were identified by HPLC and LC/MS analysis.  The autoxidation of 2,3-dimethylindole is 

known and its decomposition products have been studied and this known10-12 reaction is 

compared to the activity observed here with DHP. Peroxyl radicals leading to the 

hydroperoxide intermediate and formation of dioxetane have been proposed as intermediates, 

as well as detection of radicals on the pyrrole ring with reactions of 2,3-DMI and like 

compounds.10-13 Methylindoles including 2,3-DMI have been investigated with other systems, 

including horseradish peroxidase (HRP) and indolemine-2,3-dioxygenase (IDO) but little 

mechanistic information was obtained.14, 15 Additionally, these results further establish that 
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DHP as a multifunctional hemoglobin that now extends on the previous activities identified 

for DHP to five total different functions. 

MATERIALS AND METHODS 

Isotopically labeled 18O2 (98% 18O-enriched), H2
18O (97% 18O-enriched) and H2

18O2 

(92% 18O-enriched) were purchased from Icon Isotopes (Summit, NJ). Acetonitrile (MeCN) 

was HPLC grade and all other chemicals were purchased from VWR, Sigma-Aldrich or Fisher 

Scientific and used without further purification. UV-visible spectroscopy was performed on a 

Cary 50 UV-visible spectrophotometer. Fresh stock solutions (10 mM) of 2,3-dimethylndole 

were prepared weekly in MeOH to keep degradation products to a minimum. Aliquots were 

stored on ice during use. Anaerobic substrate solutions were prepared by three cycles of freeze 

pump thaw then diluted in the glovebox with degased buffer or methanol. Solutions of H2O2 

were prepared fresh daily and kept on ice until needed. Anaerobic H2O2 was prepared in a 4 

mL septum-capped vial and Ar was allowed to bubble through the concentrated solution for 

30 minutes and diluted to the desired concentration in the glovebox with deoxygenated buffer. 

The concentration was determined spectrophotometrically (ε240 = 46 mM-1cm-1). Buffer 

solutions were deoxygenated by vigorous bubbling with Ar for one hour using a 200 mL 

addition funnel attached to a 250 mL Schlenk flask. The solution was then immediately taken 

into the glovebox.  Ferric and oxyferrous samples of WT DHP B, DHP B (Y28/38F), and WT 

DHP A were expressed and purified as previously reported.2, 3 Enzyme concentration was 

determined spectrophotometrically (εSoret = 116,400 mM-1cm-1) for all isoenzymes. Anaerobic 

studies were performed as described above in an MBraun Lab Master 130 nitrogen-filled glove 

box. 
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Enzyme Assay Protocol - Reactions were performed in triplicate at pH 5 - 8 in 100 mM 

KPi at 25 °C. Buffered solutions (total reaction volume 250 μL) of DHP (10 μM final 

concentration) and 2,3-dimethylindole (500 μM final concentration) were mixed to initiate the 

reaction. When H2O2 was used, its final concentration was 500 μM. Experiments were 

performed in the presence of D-mannitol (500 μM), superoxide dismutase (SOD) (~2U/µL), 

or DMSO (10% v/v). For the studies with sodium formate, a buffered solution (100 mM KPi; 

500 mM sodium formate) at pH 7 was utilized. After 5 minutes, reactions were quenched with 

excess KCN. A 100 μL aliquot of reaction sample was diluted 10-fold with 900 μL of 100 mM 

KPi (variable pH). Diluted samples were analyzed using a Waters 2796 Bioseparation Module 

coupled with a Waters 2996 Photodiode Array Detector, and equipped with a Thermo-

Scientific ODS Hypersil (150 mm x 4.6 mm) 5 μm particle size C18 column. Separation of 

observed analytes was performed using a linear gradient of binary solvents (solvent A - H2O 

containing 1% trifluoroacetic acid: solvent B - MeCN). Elution was performed using the 

following conditions: A:B, 99:1 to 1:99 linearly over 15 minutes; 1:99 isocratic for 1 minute; 

1:99 to 99:1 linearly over 2 minutes, then isocratic for 4 minutes (1.5 mL/min flow rate). Data 

analysis was performed using the Empower software package (Waters Corp.). Calibration 

curves for 2,3-dimethylindole and available products were performed using serial dilutions of 

commercially available analytes to determine the amount of substrate conversion. The 

peroxomonosulfate (PMS) reactions followed literature protocol.23 The solutions were allowed 

to react and immediately subjected to HPLC analysis. 

Preparation of (oxy)ferrous DHP B -  Ferrous DHP B was prepared using excess 

sodium ascorbate followed by desalting with a PD-10 column to remove excess reducing agent. 

For deoxyferrous preparation, the oxyferrous solution was placed in a 4 mL anaerobic septum-
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capped cuvette and Ar gas was used to displace O2. The sample was monitored by bench-top 

UV-vis spectroscopy to ensure complete deoxygenation to deoxyferrous (UV-visible: 432 nm, 

556 nm). 

Preparation of Anaerobic Ferric DHP B - Anaerobic ferric samples were prepared by 

using a 4 mL septum capped vial and Ar was allowed to dimple the surface for at least 20 

minutes. The solution was then taken into the glovebox immediately. 

CO Binding Studies - The CO binding study was done in an anaerobic septum cap 

cuvette containing 8 µM ferric DHP and 12.5 eq. 2,3-dimethylindole or 2-methylindole, 

followed by CO exposure under continuous flow for five minutes before UV-visible 

spectroscopy analysis. 

LC-MS and GC-MS Studies - Experiments were analyzed using a 6210 LC-TOF mass 

spectrometer (Agilent Technologies, Santa Clara, CA). Analyte separation was performed 

using the following conditions: 0.1 % formic acid (solvent A) and MeCN (solvent B), 95:5 

A:B linear gradient to 100% B over 10 minutes. Samples were analyzed using electrospray 

ionization in positive mode to provide observation of the [M+H]+ species. Spectra were 

collected each second while scanning in the range from 100 – 500 m/z. Data analysis was 

performed using Agilent software. In the 18O2 studies, a final reaction volume (100 mM KPi, 

pH 7) of 2.5 mL containing 20 μM enzyme and 50 eq. of 2,3-dimthylindole allowed to react 

for 10 minutes before quenching with anaerobic KCN inside the glovebox. For the H2
18O 

studies, stock solutions of the reactants ([enzyme] = 150 μM) in unlabeled water were kept at 

sufficiently high concentrations to allow for the 97% enriched H2
18O to be diluted to ~90% in 

the final reaction mixture. Labeled water (220.8 μL) was charged with 16.7 μL enzyme and 
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12.5 μL of 2,3-dimethylindole (in MeOH). 20 μL aliquots of undiluted reaction mixtures were 

injected for LC-MS analysis.  

Stopped-Flow UV-visible Studies - Optical spectra were recorded using a Bio-Logic 

SFM-400 triple-mixing stopped flow instrument coupled to a rapid scanning diode array UV-

visible spectrophotometer. The temperature was maintained at 20 C with a circulating water 

bath, and all solutions were prepared in 100 mM KPi (variable pH). Data were collected (900 

scans total) over a three-time domain regime (2.5, 25, and 250 ms; 300 scans each) using the 

Bio Kinet32 software package (Bio-Logic). All data were evaluated using the Specfit Global 

Analysis System software package (Spectrum Software Associates) and fit to exponential 

functions as one-step/two-species, two-step/three species, or three-step/four species 

irreversible mechanisms where applicable. Data were baseline corrected using the Specfit 

autozero function. Experiments were performed in single-mixing mode wherein enzyme at a 

final concentration of 10 µM was reacted with 10-50 equivalents of 2,3-dimethylindole. 

Anaerobic stopped-flow studies were performed inside the glovebox.  

Resonance Raman Studies - Samples were prepared anaerobically with final 

concentrations of 100 µM WT DHP B and 2 mM 2,3-dimethylindole, 3-methylindole, or 2-

methylindole in 10% MeOH (v/v), in a 5 mm diameter glass NMR septum-capped tube. 

Spectra were obtained by Soret band excitation using a Coherent Mira 900 titanium sapphire 

(Ti:sapphire) laser. The Ti:sapphire laser was pumped Nd:yanadate (Nd:VO4) laser producing 

10 W at 532 nm. The beam generated was sent through a Coherent 5-050 doubler to generate 

a normal working range of 400-430 nm for Soret band excitation of both DHP only and the 

DHP / 2,3-dimethylindole complex. The beam was collimated and cylindrically focused to a 

vertical line of ~0.5 mm on the sample. Laser power at the sample was 60 mW. Scattered light 
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was collected with a Spex 1877 triple spectrometer equipped with a liquid nitrogen-cooled 

CCD detector controlled by Spectra-max software.   

 

RESULTS 

DHP-Catalyzed DMI Oxidation. Catalyst Variation and pH Effects. The molecular 

oxygen dependent reactivity of 2,3-dimethylindole as catalyzed by DHP was monitored by 

HPLC (Table 5.1). Reactions were initiated upon the addition of 500 µM 2,3-dimethylindole 

to 10 µM DHP B at 25 C for 5 minutes, then quenched with excess KCN yielding the inactive 

FeIII-CN adduct. No indicated pH effect was observed with ferric DHP B, only an ~1.1% 

difference over the range of pH 5-8. Optimal substrate conversion of 91.1% ( 2.3) at pH 7 

was observed, a slight attenuation in conversion at pH 8 and 6 (86.7  3.4% and 86.7  1.9% 

respectively), and lowest conversion at pH 5 (83.3  3.0). No substrate loss was observed when 

DHP was excluded from the reaction over 5 minutes. Oxyferrous reactivity was nearly identical 

compared to the ferric enzyme at pH 7 with 95.0  1.4%, and same product distribution. This 

is in line with what has previously been observed for TCP, haloindole, pyrrole, and nitrophenol 

oxidation where the reaction can be initiated from globin active (FeII-O2) or ferric (FeIII) 

enzyme states. The double mutant DHP B (Y28F/Y38F) which forms Compound I instead of 

Compound ES as seen in WT DHP,4 also showed similar reactivity, albeit slightly lower 

substrate conversion (78.7  1.1%). The reaction with DHP A yielded ~1.2 fold lower substrate 

conversion (74.0  1.3%), which has previously been reported for other DHP substrates for 

isoenzyme A being less reactive than isoenzyme B. The studies performed with the architypes 

of the globin and peroxidase super-families, horse heart Myoglobin (10.6  2.6%) and 
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Table 5.1: Enzyme catalyzed reactivity of methylindoles. Reaction conditions: [methylindole] 
= [H2O2] = 500 µM, when H2O2 was utilized, in 5% MeOH (v/v) and 100 mM KPi at pH 7 
(unless otherwise indicated), 25 ºC, for 5 minutes. an.d. = none detected. bSOD = ~2 U/µL. 

Enzyme Conversion (%) 
Enzyme Variation with 2,3-dimethylindole 

DHP B Ferric 90.0% ( 1.6) 
DHP B Oxyferrous 95.0% ( 1.4) 
DHP A Ferric 74.0% ( 1.3) 
DHP B (Y28/38F) Ferric 78.7% ( 1.1) 
Mb 10.6% ( 2.6) 
HRP 50.2% ( 3.2) 
Hemin 59.2% ( 3.4) 
Fe3+ n.d.a 

With H2O2 
DHP B Ferric  
  + 2,3-dimethylindole ~ 100% 
       Anaerobic ~ 100% 
  + 2-methylindole 71.7% ( 3.4) 
  + 3-methylindole 30.1% ( 2.1) 
DHP B Oxyferrous ~100% 
Mb  87.4% ( 1.4) 
HRP  94.6% ( 2.8) 
Hemin  80.5% ( 1.2) 

Mechanistic Probes 
DHP B Ferric   
   anaerobic n.d. 
   + 500 μM mannitol 91.1 ( 6.1) 
   + 500 mM formate 61.4 ( 1.9) 
   + SODb 89.0 ( 2.4) 
   + 10% DMSO 63.1 ( 4.2) 
   + 500 μM 4-BP 86.9 ( 5.4) 
   + 100 mM DMPO 5-10% 

pH Effects 
DHP B Ferric   
   pH 5 83.3 ( 3.0) 
   pH 6 86.7 ( 1.9) 
   pH 7 91.1 ( 2.3) 
   pH 8 86.7 ( 3.4) 
DHP B Oxyferrous  
   pH 5 n.d. 
   pH 7 95.0 ( 1.4) 
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HRP (50.2  3.2%), respectively, yielded an ~8.5 fold and ~1.8 fold decrease in reactivity. , to 

understand the limit of the oxidation of DMI, ferric ions and hemin were also studied. Hemin 

was shown to oxidize 2,3- dimethylindole by ~60% substrate conversion in the absence of 

peroxide which is an ~1.5 fold decrease from DHP, whereas ferric ions in solution were found 

to be unreactive (data not shown). A comparison of the oxidation with the different catalysts 

can be seen in Figure 5.A1. 

Mechanistic Studies. 2,3-dimethylindole oxidation was monitored in the presence of 

the radical scavengers superoxide dismutase (89.0  2.4%) and mannitol (91.1  4.1%) and 

nearly identical reactivity was observed. However, in the presence of DMSO (10% v/v) and 

formate, an ~32% decrease in reactivity was observed in both cases. In the presence of radical 

trap DMPO, an ~13.4 fold loss in reactivity was observed. The reaction ran in the presence of 

4-bromophenol, a known inhibitor of DHP 3, caused nearly no loss in reactivity (86.9  5.4%). 

Under anaerobic conditions no reactivity was observed. Taken together, the hindrance on the 

reactivity in the presence of several radical scavengers and no reactivity observed under 

anaerobic conditions, suggests that the reaction proceeds by a radical based mechanism with 

O2 playing a critical role in the oxidation of DMI.  
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Figure 5.1. HPLC chromatogram of the aerobic reaction of 500 M 2,3-dimethylindole (DMI) 
with 10 M DHP B at 25 C in 100 mM KPi, pH 7 and quenched with excess KCN after 5 
minutes. Identified products were determined to be 3-hydroxypyrrole (3H-DMI), 3-methyl-2-
carboxaldehyde (2-CA), o-acetamidoacetophenone (o-AAP), and 2-methyl-3-carboxaldehyde 
(3-CA).  
 
 

 

Methylindole Oxidation with H2O2 – DHP B reactivity with 2,3-DMI in the presence 

of H2O2 aerobically was monitored by HPLC (Table 5.1). The product distributions for the 

identified compounds were virtually the same as reactions ran in the absence of H2O2 (data not 

shown). An increase in the substrate conversion was observed in comparison to the reaction in 

the absence of H2O2 (~100% conversion). LC/MS analysis showed an additional product at pH 

7 (m/z: 152, C8H10O2N) which was not further explored. The H2O2 dependent oxidation of 2-

methylindole as catalyzed by DHP B was ~1.4 fold lower than that with 2,3-DMI (71.7 ± 3.4%) 

and 3-methylindole (30.1 ± 2.1%) was observed to be ~3.3 fold lower in substrate conversion. 

Identification of Reaction Products by HPLC - A representative HPLC trace at 278 

nm is shown in Figure 5.1 for 2,3-dimethylindole oxidation in the presence of O2. Products 
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were identified by their characteristic retention times, mass (m/z), UV-visible characteristics, 

and compared to authentic standards when available. o-acetamidoacetophenone (tR = 6.9 min), 

2-carboxaldehyde-3-methylindole (tR = 6.6 min) and 3-carboxaldehyde-2-methylindole (tR = 

8.5 min). The 3-hydroxy-2,3-dimethylindole (3H-DMI) product was identified by literature 

protocol with peroxomonosulfate.23 The 3H-DMI formation was monitored by UV-visible 

spectroscopy (UV-visible: 228 nm, 291 nm) then immediately subjected to HPLC analysis. 

The 3H-DMI product produced from PMS reaction with 2,3-dimethylindole matched the 

retention time, mass and UV-visible spectrum of enzymatic product at tR = 4.5 min. Thus, we 

conclude that 3-hydroxy-2,3-dimethylindole is a major product of the DHP reaction. No further 

reactivity was observed with the major or minor products in the absence of H2O2 (data not 

shown). However, reactivity was seen with 3-methylindole-2-carboxaldehyde in the presence 

of H2O2 but was not further explored. At earlier time points [15 s – 1.5 minutes, Figure 

5.A2(A)] a product was observed at tR = 4.6 min and is possibly an isomer of 3H-DMI but was 

not further characterized. Other minor products were observed but were also not further 

explored. The UV-visible spectroscopic features of the major products can be seen in panel B 

of Figure 5.A2. 

Isotopically-labeled Oxygen Studies - As the observed reactivity was O2-dependent, 

studies employing labeled 18O2 (98% O-atom enriched) and H2
18O were performed with 2,3-

dimethylindole and subjected to LC-MS analysis (Figure 5.2) to determine the O-atom 

incorporation. In the presence of 18O2 all products showed an increase in mass, [m/z]+: o-

acetamidoacetophenone (m/z: 178, 9%; 180, 7%; 182, 100%), 3-hydroxy-2,3-dimethylindole 

(m/z: 162, 5%; 164, 100%), 3-methylindole-2-carboxaldehyde (m/z: 162), and 2-methylindole-

3-carboxaldehyde (m/z: 162). When labeled H2
18O was employed, no significant increase (o-
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AAP m/z: 162, 100%; 164, 6% and 3H-DMI m/z: 178, 100%; 180, 14%; 182, 7%) was observed 

when compared to the unlabeled reaction. These results provide unequivocal evidence for 18O2 

being the source for O-atom incorporation. 

 

Figure 5.2: ESI-MS total ion chromatograms obtained for the reaction products o-
acetamidoacetophenone (A: 18O2, H2

16O; C: 16O2, H2
18O) and 3-hydroxy-2,3-dimethylindole 

(C: 18O2, H2
16O; D: 16O2, H2

18O). Reaction conditions: [2,3-dimethylindole] = [1 mM, [enzyme] 
= 20 M, 100 mM KPi (pH 7), 25 C. 

  

 

Stopped-flow Studies with DMI and O2 - Single-mixing stopped-flow UV-visible 

spectroscopic methods were used to investigate the reaction of 2,3-dimethylindole and DHP 
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(Figure 5.3). Ferric DHP B [UV-visible: 407 (Soret), 505 nm] was reacted with 25 equivalents 

of 2,3-dimethylindole shown in Figure 5.3A. Under all conditions (10-50 eq of DMI), a slow 

conversion to the oxyferrous state [UV-visible: 418 (Soret), 543, 578 nm] was observed and 

ultimately ending in an oxyferrous/ferric mixture (409 (Soret), 537, 576 nm). 

Single-mixing stopped-flow UV-visible spectroscopic methods were used to 

investigate the reaction of 2,3-methylindole and oxyferrous DHP B (UV-visible: 418 (Soret), 

543, 578 nm) shown in Figure 5.3 B/C. Under all conditions, the first species observed was an 

oxyferrous/ferric mixture that reacted within the mixing time of the stopped-flow dead time 

(UV-visible: 415 (Soret), 541, 577 nm), and further oxidized to the ferric form of the enzyme 

(UV-visible: 407 nm, 506 nm), and ending in a ferric/oxyferrous mixture (UV-visible: 409 nm, 

537 nm, 575 nm). 

CO Binding Studies with 2,3-dimethylindole and 2-methylindole – To probe a 

reduction as the initial step in the O2 dependent mechanism, studies with CO were employed 

(Figure 5.4). Ferric DHP B was anaerobically incubated with 100 eq. of 2,3-dimethylindole 

(UV-visible: 407 (Soret), 508 nm) and then immediately exposed to CO by vigorously mixing 

in a septum capped cuvette. After one hour of CO incubation time, a shift of the Soret to 410 

nm and a shoulder at 420 nm was observed. After 6 hours, the Soret was observed at 410 nm 

and more pronounced at 420 nm, with Q-bands at 539, 569 nm, indicative of the FeII-CO adduct 

(UV-visible: 420 (Soret), 537, 567 nm).3 In the absence of 2,3-dimethylindole, no such 

reduction can be seen after 1 hr, and only minimal changes after 6 hours. As a control, 2-

methylindole was anaerobically prepared and exposed to CO but no reduction was seen for 

this substrate, similar to the ferric only experiment (Figure 5.A3). 
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Figure 5.3. Single mixing stopped-flow UV- visible spectroscopic studies for the reaction of 
10 µM WT DHP B ferric (A) or oxyferrous (B) with 25 eq. 2,3-dimethylindole at pH 7 and 25 
ºC. (C) Experimentally obtained time point snapshots from panel B for an oxyferrous/ferric 
mixture (black) at time 0, ferric (blue) at 59 sec, and ferric/oxyferrous mixture (red) at 832 sec. 
 

A
bs

or
ba

nc
e

Wavelength (nm)

A

409 nm

537 576

pH 7407 nm

A
bs

or
ba

nc
e

Wavelength (nm)

e
(m

M
-1

cm
-1

)

Wavelength (nm)

B

C
407

577

409 nm

541 576

409

537

575

pH 7415 nm

415 nm

541
506

407 

Oxyferrous
Ferric
Ferric/Oxyferrous



 
 

145 

 

Figure 5.4. Absorbance spectra for WT ferric DHP B before the addition of CO (black), 1 hour 
after the addition (blue) and 6 hours after CO addition (red), in the presence (panel A) and 
absence (panel B) of 2,3-dimethylindole.  
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vs. 5cHS is observed and with 10% MeOH addition a primary shift to 6cHS is seen. v4 band at 

1374 cm-1 which is attributed to the destabilization of the distal histidine (His55) in the solvent 

exposed/open conformation in the presence of MeOH has previously established. Upon 

addition of the 2-, 3-, and 2,3-di- methylindoles nearly no spectral changes are observed in the 

v2 and v3 bands. However, the addition of 2,3-dimethylindole (orange) caused a significant 

broadening of the oxidation state core marker band, v4, at ~1351 cm-1 which can be attributed 

to the presence of ferrous DHP, as seen in the ferrous only spectrum (aqua) where the v4 band 

is shifted to 1351 cm-1. A difference spectrum was also obtained for ferric only vs. ferric + 2,3-

dimethylindole (Figure 5.A4),  

 

Figure 5.5. Resonance Raman spectra of Ferric DHP B in 10% MeOH (v/v) (black) 
incubated with either 2-methylindole (blue), 3-methylindole (red), or 2,3-dimethylindole 
(purple) and Ferrous DHP B (orange) in 100 mM KPi at 25 C. 
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which shows the significant broadening of the v4 band. This provides further evidence that 2,3-

dimethylindole is reducing DHP as an initial step in the mechanism. 

DISCUSSION 

The activity studies presented herein demonstrate that dehaloperoxidase is able to 

catalyze the oxidation of 2,3-dimethylindole and represents a new class of substrate for DHP. 

Reactivity was observed and monitored in the absence of an oxidant and the isotope labeling 

studies demonstrated that the oxygen atom incorporated into the major products was derived 

exclusively from O2, indicative of oxygenase activity, a previously unreported activity for 

DHP. In line with an oxygenase mechanism, substrate reactivity did not proceed under 

anaerobic conditions and was hindered in the presence of radical scavengers, indicating a 

radical based mechanism. Such activity has been previously unreported for dehaloperoxidase 

with any substrate.  

Enzyme catalyzed oxidation of 2,3-dimethylindole have been reported with HRP and 

Indoleamine 2,3-dioxygenase. However, in both cases the reactivity was investigated in the 

presence of H2O2. The reported product for both cases was o-acetamidoacetophenone but little 

mechanistic details were obtained. For HRP, the substituted indole mechanism proposed at the 

time was formation of an indolyl radical by ferric-HRP or compound I-HRP, and upon reaction 

with O2 or O2
- generates the indole hydroperoxo intermediate which can cyclize yielding 

dioxetane and through decomposition yields the kynuric product while consuming O2. In the 

case of IDO, oxygen labeling studies were performed and no label incorporation from H2
18O 

or H2
18O2 was observed. In line with what has been reported for these systems, evidence for 

an initial reduction was seen by rR and CO trapping experiments when beginning with ferric 

 



 
 

148 

 
Scheme 5.1. Proposed oxygenase mechanism for the reaction of WT ferric DHP B with 2,3-
dimethylindole and O2.  

 

 

DHP. Stopped-flow UV-visible spectroscopic studies also showed a reduction over the long-

time scale yielding a ferric/oxyferrous mixture.  

Shown in Scheme 5.1 is the proposed radical initiating mechanism, where we propose 

an initial reduction of ferric DHP in the presence of 2,3-dimethylindole, yielding (oxy)ferrous 

DHP and a substrate radical (i). The radical in the presence of O2 will yield a peroxyl radical 

(ii) which can further react with (oxy)ferrous DHP to yield back ferric DHP and the 

hydroperoxide substrate intermediate to yield products (iii) and (iv), allowing for another 

equivalent of 2,3-dimethylindole to react.  
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The reaction may also be initiated from the oxyferrous form of DHP (v). When 

beginning from the oxyferrous state, the reaction could initially proceed under stoichiometric 

conditions where the substrate would donate an electron, producing a ferric-hydroperoxide 

intermediate that can lead to the activated form of the enzyme. Further reaction with the 

substrate would yield the monooxygenated or dioxygenated products, and returning DHP to 

the ferric enzyme state that could then be used to initiate the mechanism as proposed in i – iv.  

Although little mechanistic insight on the 2,3-dimethylindole intermediates were 

determined from the above studies, we propose the indole hydroperoxide species as the 

primary intermediate based on other reported studies. 7, 8, 11, 14, 18, 19 It is possible that the peroxo 

radical intermediate leads to a dioxetane intermediate which has previously been proposed to 

decompose into ring opened kynuric products.10, 12 Though the same reactivity is observed with 

Mb, HRP and hemin, DHP shows to have a greater influence on substrate conversion in 

comparison (Figure 5.A1). This may be attributed to the unusually high redox potential of the 

DHP ferric/ferrous couple (206 mV) in comparison to HRP at 155 mV and globins at ~50 mV.  As 

well, it is not unlikely that DMI could get in close proximity to the heme for electron transfer 

to occur. In Mb, there is a diatomic ligand binding site but no small molecule site, and in HRP 

substrates are known to bind on a solvent exposed site which are prevented from moving closer 

than the heme edge by distal residues.23, 24 However, in DHP it has previously been reported 

that small molecules (i.e. benzotriazole, indole, 4-NP, DNP) can bind close enough to the heme 

iron to disrupt the distal histidine, His55, to the open configuration and shift to a 5cHS heme 

(24, 25). Therefore, it is likely that 2,3-dimethylindole can bind closer to the heme iron than in 

HRP or Mb, thus making electron transfer more likely to occur. As well, DHP B possesses five 
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tyrosine residues which are capable of electron transfer to heme iron for a substrate that may 

be bound on the surface.  

CONCLUSION 

In conclusion, apart from peroxidase, peroxygenase, and oxidase activities of DHP1-4, 

it has been shown from the above studies that DHP is capable of catalyzing a new substrate, 

2,3-dimethylindole, by an oxygenase mechanism. Reactivity could be initiated from either the 

peroxidase active state, ferric, or globin active state, oxyferrous, with equivalent substrate 

conversion and product distribution at neutral pH. The major products, 3-hydroxy-2,3-

dimethylindole and o-acetamidoacetophenone, were shown to get O-atom insertion 

exclusively from O2. Resonance Raman and CO studies showed that the first step in 

dimethylindole reactivity is likely a reduction and radical scavengers decreased this reactivity, 

thus leading to a radical-based mechanism. Though reactivity was seen in other systems, the 

higher reactivity in DHP in comparison further shows the multifaceted nature of DHP and 

provides a unique system that further challenges our understanding of protein structure-

function relationships. Overall, our results show that DHP is capable of oxygenase activity 

which adds to the diverse nature of the protein that is capable of peroxygenase activity with 

pyrroles, indoles, and nitrohpenols, peroxidase chemistry with halogenated phenols, and 

oxidase activity with oxygenated indoles. 
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Protein Purification for X-ray Crystallographic Studies 

The protein was expressed as previously described (Biochemistry 2009, 48, 995-1005; 

Biochemistry 2010, 49, 6600-6616; J. Biol. Chem. 2013, 288, 33470-33482). The frozen cell 

pellet was resuspended in 100 mM potassium phosphate buffer (KPB) pH 8.0, at 25 mL per 

large flask expressed. Cellular lysis was initiated with the addition of 30 mg lysozyme, 15 mg 

phenylmethylsulfonyl fluoride (PMSF), 5 mg soybean trypsin inhibitor (STI) , 5 mg N-p-tosyl-

L-phenylalanine chloromethyl ketone (TPCK) and 5 mg DNAse I, and was allowed to stir for 

3 hours at 4 ºC. Sonication was then performed utilizing an analog Branson Sonifier 450. The 

solution was subjected to 6 rounds of sonication (3 min, power 5, duty 50) while stirring on 

ice with 5 minutes of cooling between each round. Following sonication, the cellular debris 

was removed via centrifugation at 16,260 g for 1 hour. The supernatant was subjected to 

centrifugation again for 30 additional minutes to ensure all cellular debris was removed. Salt 

fractionation was performed utilizing (NH4)2SO4, with DHP precipitating from 55-97.5% 

saturation. The pellet was resuspended in 20 mM KPi buffer pH 6.4, oxidized with an excess 

of solid K3(Fe(CN)6), and placed in dialysis (MW cutoff 12K – 14K Da). The sample was 

equilibrated in 10 mM KPi buffer pH 5.2 after 4 buffer exchanges, 4L each for a minimum of 

6 hours exposure. The sample was centrifuged to remove debris, then loaded on a weak-cation 

exchange, CM Sepharose Fast Flow, column (i.d. 1.5 cm x 17.5 cm, GE Healthcare), pre-

equilibrated with the dialysis buffer.  After complete loading of the sample, the buffer was 

changed to 10 mM KPi pH 6.8, with a constant flow rate of 2.0 mL/min. Fractions of 2 mL 

were collected when the dark red band eluded. Analysis of the fractions was performed by 

obtaining the Rz values, the ratio A407nm/A280nm, with acceptable fractions possessing Rz values 

of 1.5 or higher. These fractions were concentrated to 2 mL and applied to a Sephacryl S-100 
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column (i.d. 2.5 cm x 29 cm, GE Healthcare) equilibrated with 50 mM KPi buffer containing 

150 mM NaCl and 5% glycerol at pH 6.4. When the dark red band began to elute, fractions of 

1.0 mL were collected from the isocratic elution at a constant flow rate of 0.6 mL/min. 

Fractions with Rz values of 3.5 or higher were pooled and oxidized with excess K3(FeCN6) to 

obtain a homogenous ferric sample. Buffer exchange into 20 mM sodium cacodylate buffer at 

pH 6.4 was accomplished with a PD-10 desalting column. The sample was then concentrated 

to 12 mg/mL (773 PM), which was determined spectroscopically utilizing the Soret (407 nm) 

absorbance and the molar absorptivity coefficient, H, of 116,400 M-1cm-1. The purified DHP B 

was stored at -80 °C. 
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Figure 2.A1. (A) HPLC chromatogram monitored at 350 nm of the reaction mixture of 4-
nitrophenol (500 PM) with DHP B (10 PM) in the presence of H2O2 (500 PM) at 25 qC (100 
mM KPi, pH 6). The reaction was quenched upon addition of catalase and subjected to HPLC 
analysis as described in the text. (B) UV-visible spectrum of the tr= 4.1 min peak observed in 
the HPLC chromatogram displayed in (A). (C) HPLC chromatogram of a standard sample of 
4-nitrocatechol dissolved in 100 mM KPi buffer (pH 6). (D) UV-visible spectrum of the tr= 4.1 
min peak observed in the HPLC chromatogram displayed in (C). 
 
 
 
 
  

0.00

0.10

0.20

0.30

0.40

0.50

0.60

225 325 425 525

0.0

0.5

1.0

1.5

1 2 3 4 5

0.00

0.02

0.04

0.06

0.08

0.10

0.12

225 325 425 525

0.0

0.5

1.0

1.5

1 2 3 4 5

Ab
s35

0

Retention time (min)

A

Ab
s

Wavelength (nm)

B
346

244

*

4-nitrocatechol
standard

Ab
s35

0

Retention time (min)

C

Ab
s

Wavelength (nm)

D
346244

*

4-NC (1a)
N O 2

O H
O H

 



 
 

160 

 
Figure 2.A2. (A) HPLC chromatogram monitored at 350 nm of the reaction mixture of 4-
nitrophenol (500 PM) with DHP B (10 PM) in the presence of H2O2 (500 PM) at 25 qC (100 
mM KPi, pH 6). (B) UV-visible spectrum of the tr= 3.9 min peak observed in the HPLC 
chromatogram displayed in (A). (C) HPLC chromatogram monitored at 350 nm of the reaction 
mixture of 4-nitrocatechol (500 PM) with DHP B (10 PM) in the presence of H2O2 (500 PM) 
at 25 qC (100 mM KPi, pH 6). (D) UV-visible spectrum of the tr= 3.9 min peak observed in the 
HPLC chromatogram displayed in (C). For A & C, the reactions were quenched upon addition 
of catalase and subjected to HPLC analysis as described in the text. 
 
 

  

0.000

0.003

0.006

0.009

0.012

0.015

225 325 425 525

0.0

0.1

0.2

0.3

1 2 3 4 5

0.0

0.3

0.6

0.9

1.2

1.5

1.8

1 2 3 4 5

*

*

0.00

0.10

0.20

0.30

0.40

225 325 425 525

Ab
s35

0

Retention time (min)

A

Ab
s

Wavelength (nm)

B 346

246

Ab
s35

0

Retention time (min)

C

Ab
s

Wavelength (nm)

D
344

246

5-NT (1b)
NO2

OH
OH

HO  



 
 

161 

 

 
Figure 2.A3. (A) HPLC chromatogram monitored at 380 nm of the reaction mixture of 4-
nitrophenol (500 PM) with DHP B (10 PM) in the presence of H2O2 (500 PM) at 25 qC (100 
mM KPi, pH 6). (B) UV-visible spectrum of tr= 1.8 min peak observed in the HPLC 
chromatogram displayed in (A). (C) HPLC chromatogram monitored at 380 nm of the reaction 
mixture of 4-nitrocatechol (500 PM) with DHP B (10 PM) in the presence of H2O2 (500 PM) 
at 25 qC (100 mM KPi, pH 6). (D) UV-visible spectrum of the tr= 1.8 min peak observed in the 
HPLC chromatogram displayed in (C). For A & C, the reactions were quenched upon addition 
of catalase and subjected to HPLC analysis as described in the text. 
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Table 2.A1. 18O-Isotope Labeling Studies with 4-NC as Substrate. 

PRODUCT H2
18O H2

18O2 H2
18O/H2

18O2 
5-NT (1b) 170 (9%) 

172 (51%) 
174 (40%) 

170 (95%) 
172 (5%) 
174 (0%) 

170 (9%) 
172 (47%) 
174 (44%) 

H-5-NBQ 
(1c) 

168 (58%) 
170 (34%) 
172 (8%) 

168 (87%) 
170 (9%) 
172 (4%) 

168 (52%) 
170 (36%) 
172 (11%) 
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Figure 2.A4. Mass spectrum of 5-NT ([M-H+]-, m/z: 170) resulting from the reaction of 4-
nitrocatechol with ferric WT DHP B at pH 6 in the presence of (A) H2

18O2, (B) unlabeled H2O2 
in H2

18O (as the solvent), and (C) H2
18O2 in H2

18O. 
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Figure 2.A5. Mass spectrum of H-5-NBQ ([M-H+]-, m/z: 168) resulting from the reaction of 
4-nitrocatechol with ferric WT DHP B at pH 6 in the presence of (A) H2

18O2, (B) unlabeled 
H2O2 in H2

18O (as the solvent), and (C) H2
18O2 in H2

18O. 
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Figure 2.A6. UV-visible spectra of 100 PM 4-nitrophenol at pH 7 (black) and 5 (blue) in 100 
mM KPi. 
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Figure 2.A7. Optical spectra (A & C) and titration curves (B & D) of 4-nitrophenol binding to 
50 µM DHP B in 100 mM KPi at pH 7 (A & B) and pH 5 (C & D). 
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Figure 2.A8. Optical spectra (A & C) and titration curves (B & D) of 4-nitrocatechol binding 
to 50 µM DHP B in 100 mM KPi at pH 7 (A & B) and pH 5 (C & D). 
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Figure 2.A9. Optical spectra (A & C) and titration curves (B & D) of 2,4-dinitrophenol binding 
to 50 µM DHP B in 100 mM KPi at pH 7 (A & B) and pH 5 (C & D). 
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Figure 2.A10. Optical spectra (A & C) and titration curves (B & D) of fluoride binding to 50 
µM DHP B in the presence of 500 PM 2,4,6-trinitrophenol in 100 mM KPi at pH 7 (A & B) 
and pH 5 (C & D). 
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Figure 2.A11. Optical spectra (A, C, and E) and titration curves (B, D, and F) of fluoride 
binding to 50 PM DHP B in 100 mM KPi (pH 5) in the presence of 500 PM 4-nitrophenol (A 
& B), 500 PM 4-nitrocatechol (C & D), and 500 PM 2,4-dinitrophenol (E & F). 
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Figure 2.A12. Stopped-flow UV-visible spectra of the double-mixing reaction of preformed 
DHP B(Y34F/Y38F) Compound I (10 PM) with a 10-fold excess of 4-nitrophenol at pH 7 (900 
scans over 83 sec). Compound I was itself formed in an initial mixing step from ferric DHP 
B(Y34F/Y38F) reacted with a 10-fold excess of H2O2 in an aging line for 100 ms prior to the 
second mix with 4-nitrophenol.  
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Figure 2.A13. Stopped-flow UV-visible spectra of the double-mixing reaction of preformed 
WT DHP B Compound ES (10 PM) with a 10-fold excess of 4-nitrophenol at pH 8 (900 scans 
over 83 sec). Compound ES was itself formed in an initial mixing step from ferric WT DHP B 
reacted with a 10-fold excess of H2O2 in an aging line for 600 ms prior to the second mix with 
4-nitrophenol.  
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Figure 2.A14. Kinetic data obtained by optical spectroscopy for the reaction of pre-formed 
Compound ES with 4-nitrocatechol. A) stopped-flow UV-visible spectra of the double-mixing 
reaction of preformed DHP B Compound ES (10 PM), itself formed in an initial mixing step 
from ferric DHP reacted with a 10-fold excess of H2O2 in an aging line for 220 ms, with a 10-
fold excess of 4-nitrocatechol at pH 6.0 (900 scans over 83 sec); inset - the single wavelength 
(417 nm) dependence on time. B) experimentally obtained spectra for Compound II derived 
from TCP (black, t = 2.5 ms), a partially converted spectrum (blue, t = 200 ms), and its 
reduction to ferric DHP B observed in the presence of 4-nitrocatechol (t = 83 s). 
 
  

A
bs

or
ba

nc
e

Wavelength (nm)

H
(m

M
-1

cm
-1

)

Wavelength (nm)

A

B
417

584/584

417

544 584

407

pH 6

407

410
544/544

t = initial
t = 200 ms
t = 83 s

1.10

1.15

1.20

1.25

1.30

0 20 40 60 80
Time (sec)

A
bs

41
7



 
 

174 

 

 
Figure 2.A15. Kinetic data obtained by optical spectroscopy for the reaction of preformed 
DHP B Compound II with 4-nitrocatechol. A) stopped-flow UV-visible spectra of the double-
mixing reaction between preformed DHP B Compound II (10 PM) and 10 equiv 4-
nitrocatechol at pH 6.0 (900 scans over 83 sec). DHP B Compound II was itself formed from 
an initial reaction between oxyferrous DHP B pre-incubated with 1 equiv. trichlorophenol and 
10 equiv. H2O2 and reacted for 85 sec prior to the second mix with 4-nitrocatechol; inset - the 
single wavelength (419 nm) dependence on time. B) experimentally obtained spectra for 
Compound II derived from TCP (black, t = 2.5 ms), a partially converted spectrum (blue, t = 1 
s), and its reduction to ferric DHP B observed in the presence of 4-nitrocatechol (t = 83 s). 
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Figure 2.A16. Kinetic data obtained by optical spectroscopy for the reaction of oxyferrous 
DHP B with 4-nitrocatechol and hydrogen peroxide. A) stopped-flow UV-visible spectra of 
the single-mixing reaction between oxyferrous DHP B (10 PM) pre-incubated with 10 equiv. 
4-nitrocatechol and a 10-fold excess of H2O2 at pH 6.0 (900 scans over 83 sec); inset - the 
single wavelength (418 nm) dependence on time. B) experimentally obtained spectra for 
oxyferrous DHP B (black, t = 2.5 ms), DHP B Compound II (blue, t = 3 s), and its reduction 
to ferric DHP B observed in the presence of 4-nitrocatechol (t = 18 s). 
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Table 2.A2. Data Collection and Refinement Statistics for WT DHP B Co-crystallized in the 
presence of 4-Nitrophenol (4-NP) and 4-Nitrocatechol (4-NC). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aValues in parentheses are for the highest resolution shell. bRmerge = ∑h∑i[|Ii(h) − 
⟨I(h)⟩|/∑h∑iI(h)] × 100%, where Ii(h) is the ith measurement and ⟨I(h)⟩ is the weighted mean of 
all measurements of I(h). cRwork = ∑|FO − FC|/∑FO × 100%, where FO and FC are the observed 
and calculated structure factors, respectively. dRfree is the R factor for the subset (9%) of 
reflections selected before and not included in the refinement. eRoot-mean-square deviation. 
fRamachandran plot created via COOT. 

 

  

 4-nitrophenol 4-nitrocatechol 
PDB Entry 5CHQ 5CHR 
Data Collection   
     Wavelength (Å) 1.00 1.00 
     Temperature (K) 100 100 
     Space Group P212121 P212121 

Unit-cell parameters (Å)   
     a 59.77 59.88 
     b 67.62 67.19 
     c 67.20 67.44 
Unique reflections 23,022 (1,119)a 19,721 (966)a 

Completeness (%) 99.2 (100.0)a 100.0 (99.7)a 

Rmerge (%)b 21.0 13.0 
I/V(I) 9.2 (2.1)a 9.9 (2.0)a 

Redundancy 4.8 (4.5)a 4.8 (4.6)a 

Vm (Å3/Da) 2.24 2.26 
Refinement   

Resolution (Å) 1.87 1.98 
     Rwork (%)c 16.41 (19.59)a 16.33 (18.91)a 

     Rfree (%)d 23.24 (26.19)a 22.05 (29.51)a 

     No. of protein atoms 2309 2264 
     No. of ligand atoms 20 24 
     No. of solvent atoms 238 206 

R.m.s.d from ideal geometrye   
   Bond lengths (Å) 0.007 0.007 
   Bond angles (˚) 1.084 1.012 

Ramachandran plot (%)   
     Most favored region 97.56 97.8 
     Addl allowed region 2.44 2.20 
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Table 2.A3. Comparison of Selected Substrate-Protein and Heme-Protein Distances in DHP 
Complexes of 4-NP (5CHQ), 4-NC (5CHR), and 4-BP (3LB21). 

 4-NP (5CHQ) 4-NC (5CHR) 4-BP (3LB2) 
                               Substrate related distances 

H55-NG∙∙∙OH (phenol) 4.85 (3.54) 4.51 (3.87) 4.15 (4.34) 
Propionate O1D∙∙∙OH 
(phenol) 

2.63 2.75 2.85 

Y38(OH) ∙∙∙ OH (phenol) 2.75 2.81 3.11 
T56(OH) ∙∙∙ OH (phenol) 5.06 2.59 (OH2)  
Fe∙∙∙ OH (phenol) 6.82 6.91 6.48 
Fe∙∙∙N/X 5.19 5.12 4.94 
Fe∙∙∙O1-NO2 4.66 4.60  
Fe∙∙∙phenol (C3/C5) 4.2 C3 4.23 C5  
    

                                  Heme related distances 
Propionate O1D –H55 NG 2.44 (4.54) 2.64 (4.69) 2.35 (2.98) 
Propionate O2D –H55 NG 3.89 (2.99) 3.76 (2.94) 3.55 (3.62) 
Fe-H55 NG  8.71 (8.76) 8.66  2.35 (2.98) 
Fe-H55 (NH) 9.3 (9.26) 9.22 10.09 (10.40) 
Fe-H89 (NH) 2.25 2.25 2.12 
Fe to pyrrole N planea 0.06 0.12 0.28 

a averages of both subunits. 
1 Thompson, M. K.; Davis, M. F.; de Serrano, V.; Nicoletti, F. P.; Howes, B. D.; Smulevich, 
G.; Franzen, S. “Internal binding of halogenated phenols in dehaloperoxidase-hemoglobin 
inhibits peroxidase function.” Biophys. J. 2010, 99, 1586-1595. 
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Figure 2.A17. Fitting of substrates A) 4NP and B) 4NC into their respective 2mFo-DFc 
electron density maps, contoured to 1V. The nitro group of each substrate is situated in the 
internal Xe1 binding site2 while the hydroxyl groups form H-bonding interactions with the 
heme propionate arms, Y38 and T56. Substrate atomic labels are provided for clarification. 
2 de Serrano, V.; Franzen, S. Structural evidence for stabilization of inhibitor binding by a 
protein cavity in the dehaloperoxidase-hemoglobin from Amphitrite ornata. Biopolymers 
2012, 98, 27-35. 
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Figure 2.A18. Superposition of substrate binding sites within the distal pocket: 4-NP (green), 
4-NC (silver), TBP3 (pink) and both internal and external conformations of TCP4 (cyan). Panel 
A is viewed from the heme J edge while panel B is viewed from the heme E edge. 
2 Zhao, J.; de Serrano, V.; Le, P.; Franzen, S. Structural and kinetic study of an internal 
substrate binding site in dehaloperoxidase-hemoglobin A from Amphitrite ornata. 
Biochemistry 2013, 52, 2427-2439. 
3 Wang, C.; Lovelace, L. L.; Sun, S.; Dawson, J. H.; Lebioda, L. Complexes of dual-function 
hemoglobin/dehaloperoxidase with substrate 2,4,6-trichlorophenol are inhibitory and indicate 
binding of halophenol to compound I. Biochemistry 2013, 52, 6203–6210. 
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Appendix for 
 

Chapter 3 - Interaction of Azole-based Environmental 
Pollutants with the Coelomic Hemoglobin from Amphitrite 
ornata: a Molecular Basis for Toxicity 

 

Nikolette L. McCombs1, Tadeo Moreno-Chicano2, Leiah M. Carey1, Stefan Franzen1, Michael 
A. Hough2, and Reza A. Ghiladi1, 

1Department of Chemistry, North Carolina State University, Raleigh, North Carolina, 27695-
8204 

2School of Biological Sciences, University of Essex, Wivenhoe Park, Colchester, Essex, CO4 
3SQ, UK 
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Assignment of Ferric Oxidation State in DHP-Azole Complexes 
The UV-visible spectra of the Bta and BIm complexes strongly resembled other 6cLS ferric 

DHP heme adducts [DHP B Fe3+-CN: 423 (Soret), 544 nm;1 DHP A Fe3+-N3: 419 (Soret), 542, 
575 (sh)2]. DHP-Im has been previously reported to be a 6cLS ferric adduct by UV-visible and 
magnetic circular dichroism spectroscopies.2 However, the UV-visible spectrum of the DHP-
Bta complex, in particular, also resembles that of oxyferrous DHP [418 (Soret), 541, 577 nm1, 

3], suggestive of a 6cLS ferrous heme adduct. To rule out this possibility, studies were repeated 
anaerobically (Figure 3.A1), yielding virtually identical spectroscopic features as the DHP-
azole complexes that were prepared aerobically. Moreover, exposure of the anaerobically 
prepared azole-DHP complexes to a continuous flow of O2 for 5 minutes showed no significant 
changes (data not shown), again supporting the assignment of the DHP adducts as containing 
6cLS ferric hemes. 
 
 
1. D'Antonio, J., D'Antonio, E. L., Thompson, M. K., Bowden, E. F., Franzen, S., Smirnova, 

T., and Ghiladi, R. A. (2010) Spectroscopic and mechanistic investigations of 
dehaloperoxidase B from Amphitrite ornata, Biochemistry 49, 6600-6616. 

2. Osborne, R. L., Sumithran, S., Coggins, M. K., Chen, Y. P., Lincoln, D. E., and Dawson, 
J. H. (2006) Spectroscopic characterization of the ferric states of Amphitrite ornata 
dehaloperoxidase and Notomastus lobatus chloroperoxidase: His-ligated peroxidases with 
globin-like proximal and distal properties, J. Inorg. Biochem. 100, 1100-1108. 

3. D'Antonio, J., and Ghiladi, R. A. (2011) Reactivity of deoxy- and oxyferrous 
dehaloperoxidase B from Amphitrite ornata: Identification of compound II and its ferrous-
hydroperoxide precursor, Biochemistry 50, 5999-6011. 
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Figure 3.A1. UV-visible spectra of WT ferric DHP B (10 µM) in the presence of (A) Bta, (B) 
Im, and (C) BIm in 10% MeOH/100 mM KPi  (v/v) at pH 7 under anaerobic conditions. 
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Figure 3.A2. UV-visible spectra of WT ferric DHP (10 µM, black) in the presence of 100 
equiv. of imidazole (pink), benzimidazole (green), benzotriazole (blue), and indazole (red) in 
10% MeOH/100 mM KPi (v/v) at pH 9. 
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Table 3.A1: Data collection and refinement statistics for DHP-B ferric crystals in space group 
P212121 complexed with azole ligands. 
 
  Imidazole 

  
Indazole Benzimidazole Benzotriazole 

Unit cell (Å) a=61.4, b=67.4, 
c=67.6  

a=61.3, b=68.4 
c=68.4 

a=60.8, b=68.3 
c=68.5  

a=60.7, b=67.1  
c=69.0 

Resolution (Å) 47.69 – 1.08 48.38 – 1.12 45.41 – 1.08 45.5 – 1.14 
High resolution shell (Å) 1.10 – 1.08 1.15 – 1.12 1.11 – 1.08 1.17 – 1.14 
Rmerge 0.022 (0.113) 0.035 (0.926) 0.049 (1.440) 0.037 (0.801) 
Unique reflections 115028  108968  122447  100913 
I /σ(I) 33.0 (7.6) 50.4 (1.3) 16.7 (1.2) 17.6 (1.4) 
CC1/2 1.0 (0.886) 1.0 (0.576) 1.0 (0.6) 1.0 (0.571) 
Completeness (%) 95.8 (71.0) 98.3 (98.4) 99.8 (99.8) 98.0 (95.3) 
Multiplicity 3.6 (2.4) 6.1 (5.6) 6.9 (5.5) 4.0 (3.2) 
Rwork (%) 12.20 14.30 15.07 14.36 
Rfree (%) 14.06 16.70 17.72 17.94 
Rmsd bond lengths (Å) 0.014 0.018 0.019 0.019 
Rmsd bond angles (º) 1.63 1.76 1.75 1.97 
Ramachandran 
favoured (%) 

98.7 98.3 97.8 97.3 

X-ray absorbed dose 
(MGy) 

0.32 0.63 0.48 0.15 

PDB accession code 5LKV 5LK9 5K1L 5LLZ 
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Table 3.A2: Resonance Raman spectral features for six coordinate heme adducts. 
    ν3 HS (cm-1) ν3 LS (cm-1) ν2 HS (cm-1) ν2 LS (cm-1) Reference 

DHP-Im  1471 1503 n.d. 1581 This Work 
DHP-BIm  1478 1505 1563 1581 This Work 
DHP-Bta  1477 1505 1564 1581 This Work 
DHP-Inz  1480 n.d. 1564 1581 This Work 
DHP-F  1475 1503 1560 1584 Belyea et. al. 
DHP-Cl  1487 1503 1561 1584 Belyea et. al. 
DHP-Br  n.d. 1504 1557 1583 Belyea et. al. 
DHP-N3  1476 1503 1560 1584 Belyea et. al. 
DHP-OH  1476 1502 1552 1582 Belyea et. al. 
DHP-CN  n.d. 1502 1552 1582 Belyea et. al. 
HHMb-OH  1486 1502 1553 1580 Belyea et. al. 
HHMb-CN  n.d. 1506 n.d. 1585 Belyea et. al. 
HHMb-N3  1469 1499 1552 1579 Belyea et. al. 
HRP-OH  1479 1504 1562 1585 Belyea et. al. 
HRP-CN  1477 1506 n.d. 1585 Belyea et. al. 
HRP-F  1479 1505 1567 1582 Belyea et. al. 
P450BM3-NO  n.d. 1502 n.d. 1584 Deng et. al. 
P450BM3-Im  n.d. 1501 n.d. 1582 Smith et. al. 
P-450BM3-Mety  n.d. 1502 n.d. 1580 Macdonald et. al. 

       
Belyea, J.; Belyea, C. M.; Lappi, S.; Franzen, S. Resonance Raman Study of Ferric Heme 
Adducts of Dehaloperoxidase from Amphitrite ornata. Biochemistry 2006, 45, 14275-14284. 
 
Deng,T.; Proniewicz, L. M.; Kincaid, J. R. Resonance Raman Studies of Cytochrome P450 
BM3 and Its Complexes with Exogenous Ligands. Biochemistry 1999, 38, 13699-13706. 
 
Smith, S. J.; Munro, A. W.; Smith, W. E. Resonance Raman Scattering of Cytochrome P450 
BM3 and Effect of Imidazole Inhibitors. Biopolymers 2003, 70, 620-627. 
 
Macdonald, D.G. I.; Smith, E. W.; Munro, A. W. Inhibitor/fatty acid interactions with 
cytochrome P-450 BM3. FEBS Letters 1996, 396, 196-200. 
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Figure 3.A3. A) The room temperature X-ray crystal structure (PDB 1ew61) of WT DHP with 
the His55 ‘open’ (5cHS) and ‘closed’ (6cHS) states in equilibrium. B) Superposition of 
substrate binding sites within the distal pocket: 4-NP (green, PDB 5chq2), 4-NC (silver, PDB 
5chr2), TBP (pink, PDB 4fh63) and both internal and external conformations of TCP (cyan, 
PDB 4kn34). Panel A is viewed from the heme γ edge while panel B is viewed from the heme 
β edge. C) Ribbon representation of DHP-Azole crystal structures including heme and heme-
ligand atoms. Unligated DHP-B in blue (PDB 3ixf5), indazole complex in yellow, imidazole 
complex in gray, benzotriazole complex in orange, and benzimidazole complex in pink. A shift 
in the protein backbone is apparent in the region above the distal site, and the maximum shift 
in Cα positions is shown by an arrow, corresponding to the distance between the unligated 
DHP-B structure and the benzimidazole-bound structure. 
 
1 LaCount, M. W., Zhang, E., Chen, Y. P., Han, K., Whitton, M. M., Lincoln, D. E., Woodin, 
S. A., and Lebioda, L. J. Biol. Chem. 2000, 275, 18712-18716. 
2 McCombs, N. L., D’Antonio, J., Barrios, D. A., Carey, L. M., and Ghiladi, R. A. Biochemistry 
2016, 55, 2465-2478. 
3 Zhao, J.; de Serrano, V.; Le, P.; Franzen, S. Biochemistry 2013, 52, 2427-2439. 
4 Wang, C.; Lovelace, L. L.; Sun, S.; Dawson, J. H.; Lebioda, L. Biochemistry 2013, 52, 6203–
6210. 
5 de Serrano, V., D'Antonio, J., Franzen, S., and Ghiladi, R. A. Acta Cryst. 2010, D66, 529-
538. 
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Figure 3.A4. Anaerobic resonance Raman spectra of 75 µM WT ferric DHP (black) with 50 
equiv. of imidazole (pink), benzimidazole (green), and benzotriazole (blue) in 10% MeOH/100 
mM KPi (v/v) at pH 7. 
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Figure 3.A5. Resonance Raman spectra of WT ferric DHP (75 µM, black) in the presence of 
50 equiv. of imidazole (pink), benzimidazole (green), benzotriazole (blue), and indazole (red) 
in 10% MeOH/100 mM KPi (v/v) at pH 9. 
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Figure 3.A6. Optical difference spectra (top) and titration curves (bottom) for the binding of 
10 µM DHP B in 10% MeOH/100 mM KPi (v/v) at pH 7 to (A) Bta, (B) Bim, and (C) Im. 
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Figure 3.A7: Single crystal resonance Raman data for azole complexes. Data measured at 
SLS beamline X10SA from crystals prepared identically to those from which high resolution 
crystallographic data were measured at Diamond Light Source (see main text). Spectra prior 
to measurement of X-ray data shown in black, spectra following this in orange. The structures 
determined from the SLS data were very similar to those obtained at Diamond but were of 
lower resolution (typically ~1.3Å) so are not described in detail here. All DHP-B – azole 
complexes were originally in the ferric state but became reduced in the X-ray beam. The 
absorbed dose during data collection was calculated using Raddose-3D, and estimated to be 
0.40 MGy in each case. The DHP-B indazole complex was particularly sensitive, and also 
prone to photoreduction by the Raman excitation laser.  
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Table 3.A3: Single crystal and solution resonance Raman frequencies (cm-1) for azole 
complexes: 
 

 
 

Redox marker 
ν4  

 Core size markers   
ν3 ν2 νc=c ν10 

Ferric (solution) 1374 1477 1563/1580 1622 - 
Ferric (crystal) 1367 - 1560 1613 - 

Imidazole (solution) 1374 1504 1580 1620 1637 
Imidazole (crystal) 1377 1507 1589 1621  

Benzimidazole (solution) 1374 1504 1560/1575 1620 1635 
Benzimidazole (crystal) 1375 1470/1507 1582 1618 1638 
Benzotriazole(solution) 1374 1504 1563/1580 1620 - 
Benzotriazole (crystal) 1376 1508 1567/1583 1620 1642 

Indazole (solution) 1372 1477 1560/1580 1620 - 
Indazole (crystal) 1374 1471 1568 1618 - 
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Figure 3.A8. Geometry optimized structures for (A) Im, (B) BIm, (C) Inz, and the two different 
Bta conformations, (D) and (E). Calculations were performed using B3LYP functional and 6-
31G* basis set on C, N, O, H and Ahlrichs p-VDZ basis set on Fe, optimized in the doublet 
state. 
 
 

A B

D E

C
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Enzyme Assay Protocol. Reactions were performed in triplicate in 100 mM KPi at 25 °C 
(pH 5-8). Buffered solutions (total reaction volume 250 μL) of DHP (10 μM final 
concentration) and either benzotriazole, benzimidazole, imidazole, or indazole (500 μM final 
concentration) were pre-mixed, and the reaction was initiated upon addition of 500 μM H2O2. 
After 5 min, the reactions were quenched with excess catalase. A 100 μL aliquot of reaction 
sample was diluted 10-fold with 900 μL of 100 mM KPi at the reaction pH. Diluted samples 
were analyzed using a Waters 2796 Bioseparations Module coupled with a Waters 2996 
Photodiode Array Detector, and equipped with a Thermo-Scientific ODS Hypersil (150 mm x 
4.6 mm) 5 μm particle size C18 column. Separation of observed analytes was performed using 
a linear gradient of binary solvents (solvent A - H2O containing 1% trifluoroacetic acid: solvent 
B - MeCN). Elution was performed using the following conditions: (1.5 mL/min A:B) 95:5 to 
5:95 linearly over 4 minutes; 5:95 isocratic for 1 minute; 5:95 to 95:5 linearly over 1 minute, 
then isocratic for 7 minutes. Data analysis was performed using the Empower software package 
(Waters Corp.). Calibration curves for all compounds were performed using serial dilutions of 
commercially available analytes to determine the amount of substrate conversion. 

For inhibition studies, the above assays were repeated using either 500 µM 5-bromoindole 
or 4-nitrophenol as peroxygenase substrates, but in the presence of Bta, BIm, Im, or Inz (500 
µM – 5 mM). HPLC analysis followed as described above. 
 

Stopped-Flow UV-visible Studies. Optical spectra were recorded using a Bio-Logic SFM-
400 triple-mixing stopped flow instrument coupled to a rapid scanning diode array UV-visible 
spectrophotometer. The temperature was maintained at 20 °C with a circulating water bath, 
and all solutions were prepared in 100 mM KPi (variable pH). Data were collected (900 scans 
total) over a three-time domain regime (2.5, 25, and 250 ms; 300 scans each) using the Bio 
Kinet32 software package (Bio-Logic). All data were evaluated using the Specfit Global 
Analysis System software package (Spectrum Software Associates) and fit to exponential 
functions as one-step/two-species, two-step/three species, or three-step/four species 
irreversible mechanisms where applicable. Data were baseline corrected using the Specfit 
autozero function. 

Experiments were performed in single-mixing mode where enzyme at a final concentration 
of 10 µM was reacted with 2.5-25 equivalents of H2O2. For substrate pre-incubation studies, 
the enzyme solution also contained substrate (10 - 100 equiv.). Double mixing experiments 
were performed using an aging line prior to the second mixing step to observe Compound ES 
/ Compound I reactivity with either Bta, BIm, Im, or Inz (10 - 100 eq.). Control experiments 
were also performed as above in the absence of hydrogen peroxide. 
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Table 3.A4. Iron-nitrogen distances from DFT optimizations in Figure 3.A8. 
Ligand Fe-N distance (Å) 

Im 2.035 

BIm 2.040 

Inz 2.017 

Bta* 2.087 

Bta** 2.038 

*Bta binding through N3. 
**Bta binding through N2. 
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Figure 3.A9. Computed substrate binding modes of benzotriazole and indazole superposed 
onto DHP B heme co-factor, determined crystallographically (3IXF). Van der Waal radii are 
shown in spheres, visualizing the distal steric clashes from V59 and, in particular, F21. As 
viewed from the heme α and γ edges, panels A and B present benzotriazole, respectively, and 
panels C and D present indazole, respectively. 
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Table 3.A5. Input Coordinates for LS Ferric Imidazole 
 
 C                 -0.48633000   -0.51069100    0.30254600 
 C                 -0.88221800   -1.41759900    1.42042400 
 N                 -0.33353700   -2.68051200    1.60387500 
 C                 -1.77968900   -1.27731900    2.44489000 
 C                 -0.89328500   -3.24844900    2.69428600 
 N                 -1.77702900   -2.41830900    3.22685400 
 C                 -4.44990300    0.26361500    4.69036800 
 C                 -5.22883200   -4.11249500    2.78124600 
 C                 -1.51225200   -5.89193300    5.32154200 
 C                 -0.36441300   -1.39135700    6.68061000 
 C                 -5.01760200   -0.78703000    3.98051700 
 C                 -6.20393000   -0.67098400    3.15390500 
 C                 -6.39907100   -1.90077400    2.58076800 
 C                 -5.34039900   -2.76177400    3.08014600 
 C                 -7.47347700   -2.33627900    1.63008100 
 C                 -7.00904900    0.58378300    2.99185300 
 C                 -4.29087300   -4.99298000    3.31484600 
 C                 -4.27365900   -6.41799700    3.06423900 
 C                 -3.23838700   -6.93388200    3.81757000 
 C                 -2.63664000   -5.80653100    4.51008600 
 C                 -5.24346400   -7.15812600    2.19436600 
 C                 -2.79870000   -8.31938000    3.96806700 
 C                 -2.86850100   -9.28346400    3.03773300 
 C                 -0.85645000   -4.81832700    5.91292700 
 C                  0.36957500   -4.92462000    6.67100100 
 C                  0.71829200   -3.63745800    7.02712200 
 C                 -0.31303900   -2.76756200    6.48122600 
 C                  1.11241500   -6.19625300    6.94740600 
 C                  1.88375800   -3.16194200    7.76818200 
 C                  2.54009700   -3.82452800    8.73285300 
 C                 -1.38567200   -0.54831300    6.26512800 
 C                 -1.45382300    0.86792200    6.58401600 
 C                 -2.63057700    1.32986800    6.05495900 
 C                 -3.25990700    0.19685300    5.40304300 
 C                 -0.41002700    1.61729900    7.35613900 
 C                 -3.20513100    2.71429300    6.09785900 
 N                 -4.51093000   -2.06350800    3.92452100 
 N                 -3.29024300   -4.64112700    4.19100900 
 N                 -1.25511500   -3.50277700    5.81085400 
 N                 -2.49029400   -0.93328300    5.54603800 
 Fe                -2.87919100   -2.78086700    4.85829700 
 H                  3.41080000   -3.38840300    9.21310600 
 H                  2.22593400   -4.79927000    9.09223300 
 H                  2.18244400   -5.99838400    7.06461400 
 H                  0.76920100   -6.68110400    7.87119900 
 H                  0.99283100   -6.92275800    6.13711900 
 H                 -2.53066900  -10.29212800    3.25556400 
 H                 -3.23793000   -9.10256600    2.03323200 
 H                 -5.35451000   -8.19190200    2.53599800 
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 Table 3.A5 (Continued) 
 
 H                 -6.23477800   -6.69346000    2.20255100 
 H                 -4.91253600   -7.19641400    1.14769500 
 H                 -7.05279200   -2.69506700    0.68239900 
 H                 -8.07651900   -3.15362900    2.04542800 
 H                 -8.15536700   -1.51518400    1.39470000 
 H                 -6.41251900    1.39481100    2.55539900 
 H                 -7.87002600    0.42433600    2.33764100 
 H                 -7.39140800    0.94592600    3.95428300 
 H                 -2.55814800    3.39788700    6.65349300 
 H                 -3.33406300    3.13150000    5.09116400 
 H                 -4.18934600    2.72826400    6.58239400 
 H                  0.57000700    1.56526000    6.86568700 
 H                 -0.66957900    2.67423100    7.45658300 
 H                 -0.28685300    1.21249400    8.36859300 
 H                  0.58040600   -0.25826800    0.34087300 
 H                 -0.69039800   -0.95879800   -0.67759700 
 H                 -1.05111100    0.42276300    0.36527000 
 H                 -2.42152800   -0.44159900    2.67204900 
 H                  0.37151300   -3.10970100    1.02013100 
 H                 -0.64741400   -4.23124100    3.06411100 
 H                 -4.95605900    1.22164700    4.65340800 
 H                  0.43885400   -0.94327400    7.25331800 
 H                 -1.08706900   -6.87608900    5.47546500 
 H                 -5.95798600   -4.52419300    2.09324000 
 H                 -2.37498500   -8.58040500    4.93732900 
 H                  2.24369100   -2.16892700    7.50109900 
 C                 -4.68317400   -3.27418500    8.64532500 
 C                 -3.66363200   -2.87133100    7.82836700 
 C                 -5.19839700   -3.70867000    6.53437200 
 N                 -5.64556200   -3.80171300    7.80739100 
 H                 -6.53322000   -4.19319100    8.08949600 
 H                 -4.80714300   -3.23449500    9.71595900 
 H                 -2.72473600   -2.40849600    8.08479000 
 H                 -5.74913200   -4.04650800    5.67095700 
 N                 -3.99886600   -3.14825300    6.51737100 
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Table 3.A6. Input Coordinates for LS Ferric Benzotriazole N3 
 
 C                  0.92585000   -1.11023100    1.06459900 
 C                 -0.28402600   -1.64680500    1.75526600 
 N                 -1.31661600   -2.29198800    1.08641800 
 C                 -0.66420800   -1.65405000    3.07044400 
 C                 -2.25866700   -2.65958800    1.98181600 
 N                 -1.88928500   -2.28369100    3.19670000 
 C                 -4.27932600    0.42196700    4.18914100 
 C                 -5.53478000   -4.16564700    3.30551900 
 C                 -1.24149700   -5.55740700    5.04783900 
 C                 -0.58483100   -1.13550300    6.89467600 
 C                 -4.96145900   -0.69851400    3.72744900 
 C                 -6.21390900   -0.65128000    2.99465000 
 C                 -6.60753300   -1.95164800    2.80820300 
 C                 -5.57511200   -2.78273100    3.39701900 
 C                 -7.83553200   -2.47549800    2.12516400 
 C                 -6.90309300    0.61087700    2.57009800 
 C                 -4.46026700   -4.96562800    3.69008200 
 C                 -4.36992800   -6.38797200    3.45428200 
 C                 -3.11917900   -6.77530300    3.89323800 
 C                 -2.48595400   -5.57936100    4.43113200 
 C                 -5.45966700   -7.24009100    2.87801600 
 C                 -2.51131700   -8.10285700    3.90067600 
 C                 -2.74651800   -9.09282200    3.02568500 
 C                 -0.67770400   -4.47389800    5.71066900 
 C                  0.54189900   -4.54019800    6.48708200 
 C                  0.69964500   -3.30045300    7.07353500 
 C                 -0.40759400   -2.48492600    6.60059500 
 C                  1.44251700   -5.73327100    6.58339800 
 C                  1.76139000   -2.81615200    7.95205200 
 C                  2.47432400   -3.54862200    8.82112900 
 C                 -1.54967000   -0.31624300    6.32793100 
 C                 -1.58959000    1.12582100    6.47583100 
 C                 -2.58782700    1.57412500    5.64942100 
 C                 -3.17485500    0.39782700    5.03300400 
 C                 -0.67169100    1.91641500    7.35957000 
 C                 -3.04310400    2.98077500    5.40062700 
 N                 -4.59344200   -2.00001000    3.96709100 
 N                 -3.31253200   -4.49657000    4.28319300 
 N                 -1.22786800   -3.21690500    5.78412000 
 N                 -2.53606700   -0.73933400    5.46359500 
 Fe                -2.91303000   -2.61204700    4.87147700 
 H                  3.25712400   -3.09354300    9.42033400 
 H                  2.29314400   -4.60632000    8.98352400 
 H                  2.47302800   -5.42120200    6.77959100 
 H                  1.14814800   -6.40872900    7.39818800 
 H                  1.43934900   -6.31913000    5.65845900 
 H                 -2.25152300  -10.05380100    3.12785300 
 H                 -3.41105700   -8.97871500    2.17522900 
 H                 -5.38393900   -8.26549000    3.25333600 
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Table 3.A6 (Continued) 
 
 H                 -6.45224100   -6.85970600    3.14043900 
 H                 -5.41055500   -7.29335100    1.78181400 
 H                 -7.58430300   -3.09110100    1.25212300 
 H                 -8.43566000   -3.09989500    2.79859500 
 H                 -8.47658900   -1.66175200    1.77651800 
 H                 -6.25725600    1.22992400    1.93495100 
 H                 -7.81285600    0.39841700    2.00278100 
 H                 -7.19134900    1.22528900    3.43253100 
 H                 -2.43425600    3.70145400    5.95246000 
 H                 -2.97918600    3.24344800    4.33729500 
 H                 -4.08603000    3.13009100    5.70785800 
 H                  0.37789700    1.80246400    7.06023800 
 H                 -0.90608500    2.98347300    7.32614500 
 H                 -0.74602500    1.59689900    8.40638600 
 H                  1.48643400   -1.90148300    0.55203700 
 H                  0.66593600   -0.34676100    0.32118000 
 H                  1.59502700   -0.64896300    1.79509600 
 H                 -0.14595000   -1.25501700    3.92714200 
 H                 -1.35935900   -2.46495900    0.09130500 
 H                 -3.16924000   -3.18033000    1.73200900 
 H                 -4.68211800    1.39330700    3.92478200 
 H                  0.12357800   -0.67161200    7.57057000 
 H                 -0.68595200   -6.48682100    5.07060200 
 H                 -6.37725600   -4.65602500    2.83173200 
 H                 -1.79537600   -8.29478900    4.69867900 
 H                  1.98423100   -1.75177100    7.88779600 
 C                 -5.18041500   -3.19051100    8.50044700 
 C                 -4.88125900   -2.38075300    7.38599300 
 C                 -5.52974100   -1.14474900    7.21558100 
 C                 -6.45356200   -0.78048900    8.18017500 
 C                 -6.74324300   -1.60600500    9.29523200 
 C                 -6.11503500   -2.82604400    9.47997500 
 H                 -5.31438500   -0.50883000    6.36811900 
 H                 -6.97488600    0.16685300    8.08347100 
 H                 -7.47677000   -1.27140100   10.02228700 
 H                 -6.33335400   -3.46118000   10.33195100 
 H                 -4.26861900   -5.10854600    8.89754300 
 N                 -3.92435700   -3.05424800    6.64296400 
 N                 -3.63513500   -4.18322200    7.21845000 
 N                 -4.37367200   -4.28120800    8.32576300 
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Table 3.A7. Input Coordinates for LS Ferric Benzotraizole N2 
 
 C                 -0.84628900   -1.09988800   -0.49990600 
 C                 -0.90804000   -1.59603900    0.90704600 
 N                  0.18827300   -2.12153900    1.57564500 
 C                 -1.93116800   -1.66446700    1.81649100 
 C                 -0.19251200   -2.47904300    2.82445800 
 N                 -1.47654100   -2.21320300    3.00208400 
 C                 -4.20333700    0.46079900    4.58719100 
 C                 -5.21629700   -4.05086100    3.08960700 
 C                 -1.18295400   -5.67900600    5.25374000 
 C                 -0.15211300   -1.16138600    6.73508400 
 C                 -4.85124000   -0.62066100    3.98463200 
 C                 -6.11517900   -0.55252300    3.27265000 
 C                 -6.39990400   -1.83054400    2.84682200 
 C                 -5.30916700   -2.67537200    3.29978400 
 C                 -7.59125000   -2.31705300    2.07815400 
 C                 -6.91955400    0.69819000    3.08350000 
 C                 -4.20871000   -4.91549100    3.53363700 
 C                 -4.17680100   -6.34513600    3.31814700 
 C                 -3.02621200   -6.81249800    3.93394200 
 C                 -2.37483700   -5.65362700    4.52788300 
 C                 -5.22952300   -7.13902300    2.60832900 
 C                 -2.52926700   -8.17984000    4.04549300 
 C                 -2.71560000   -9.17217900    3.16111400 
 C                 -0.52507800   -4.60227100    5.85983600 
 C                  0.69582200   -4.69239100    6.62722000 
 C                  0.99258800   -3.40518800    7.05528900 
 C                 -0.05390600   -2.54283400    6.52925000 
 C                  1.48189500   -5.94511600    6.86481600 
 C                  2.12410700   -2.93131800    7.84608700 
 C                  2.81087800   -3.63014000    8.76348200 
 C                 -1.15873800   -0.30540200    6.28416200 
 C                 -1.19028800    1.13229900    6.48087800 
 C                 -2.33795400    1.59216100    5.87256800 
 C                 -3.00492100    0.43457500    5.30675200 
 C                 -0.13635300    1.91688000    7.20345600 
 C                 -2.84186300    3.00067100    5.76889900 
 N                 -4.38305100   -1.91296500    3.97580300 
 N                 -3.10707700   -4.52616300    4.25678300 
 N                 -0.94994700   -3.29175300    5.80882200 
 N                 -2.27994000   -0.70291800    5.58629800 
 Fe                -2.63543400   -2.61243100    4.81440000 
 H                  3.64786900   -3.18135000    9.28967900 
 H                  2.55435800   -4.64718500    9.04093600 
 H                  2.54878800   -5.72005500    6.96184400 
 H                  1.17275400   -6.45307800    7.78823100 
 H                  1.36252000   -6.66116200    6.04568500 
 H                 -2.31230800  -10.16319400    3.34576500 
 H                 -3.24582500   -9.03191000    2.22473700 
 H                 -5.28351800   -8.15506500    3.01164200 
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Table 3.A7 (Continued) 
 
 H                 -6.21904200   -6.68325000    2.71319300 
 H                 -5.02293200   -7.22704100    1.53304400 
 H                 -7.29467700   -2.81263200    1.14542700 
 H                 -8.17376700   -3.04298500    2.65921200 
 H                 -8.26229000   -1.49592300    1.81392900 
 H                 -6.33615500    1.48152700    2.58377900 
 H                 -7.81002500    0.51572400    2.47678900 
 H                 -7.25573100    1.10872000    4.04400800 
 H                 -2.20123900    3.69840300    6.31409200 
 H                 -2.88023000    3.33780800    4.72540700 
 H                 -3.85564100    3.09837100    6.17671900 
 H                  0.83285200    1.85339000    6.69284800 
 H                 -0.39973000    2.97528100    7.27308300 
 H                  0.01306200    1.54768000    8.22570800 
 H                 -0.13379000   -0.27323400   -0.61026300 
 H                 -0.55174200   -1.89202400   -1.19913300 
 H                 -1.82934200   -0.73441500   -0.80720300 
 H                 -2.95887600   -1.35834800    1.69914900 
 H                  1.11915500   -2.22461200    1.19474000 
 H                  0.46756800   -2.91714500    3.55674100 
 H                 -4.68041800    1.42935000    4.48050900 
 H                  0.63993400   -0.70117700    7.31525900 
 H                 -0.71641300   -6.64967600    5.37372300 
 H                 -6.02606900   -4.50343300    2.52825700 
 H                 -1.94688900   -8.40096800    4.93899800 
 H                  2.42665400   -1.90003700    7.66798400 
 C                 -4.65161600   -2.54153800    8.78615000 
 C                 -5.01391700   -3.84136300    8.36595000 
 C                 -5.80323600   -4.66881300    9.18606700 
 C                 -6.20002200   -4.15214200   10.40605000 
 C                 -5.82855000   -2.84432200   10.81564200 
 C                 -5.05234400   -2.01362000   10.02371700 
 H                 -6.08065400   -5.66631000    8.86260500 
 H                 -6.80992800   -4.75424400   11.07224200 
 H                 -6.16552000   -2.48507000   11.78346300 
 H                 -4.77331200   -1.01580800   10.34554900 
 H                 -3.43670500   -1.19043300    7.58848400 
 N                 -4.47679900   -4.07143100    7.12113400 
 N                 -3.82653500   -3.01072200    6.77310400 
 N                 -3.90859100   -2.07220700    7.74492600 
 
  



 
	

202 

Table 3.A8. Input Coordinates for LS Ferric Benzimidazole 
 
 C                  1.10651400   -0.66410600    1.25429600 
 C                 -0.09401000   -1.38266200    1.77566500 
 N                 -1.00701900   -2.03048000    0.95714000 
 C                 -0.56742900   -1.57826400    3.04668000 
 C                 -1.97372200   -2.58109900    1.72827400 
 N                 -1.73188700   -2.32189200    3.00212200 
 C                 -4.46631200    0.03976200    4.04450800 
 C                 -5.13878800   -4.53650400    2.63218400 
 C                 -0.84317600   -5.69618500    4.53960600 
 C                 -0.86102000   -1.46661200    6.89298000 
 C                 -4.99002200   -1.08857700    3.42295600 
 C                 -6.17825600   -1.09400300    2.59042600 
 C                 -6.41048000   -2.40263000    2.25345300 
 C                 -5.33789700   -3.17996700    2.85200100 
 C                 -7.51829000   -2.97838700    1.42355500 
 C                 -6.96695900    0.12798400    2.22490800 
 C                 -4.01600700   -5.26687700    3.01747000 
 C                 -3.75241100   -6.63231200    2.61928700 
 C                 -2.49630600   -6.94532100    3.10114900 
 C                 -2.03406500   -5.77198000    3.82553400 
 C                 -4.70063300   -7.50888300    1.85938000 
 C                 -1.74513000   -8.19348900    2.99170000 
 C                 -1.81266000   -9.08031200    1.98714500 
 C                 -0.45847900   -4.64120000    5.36154900 
 C                  0.70225000   -4.65311200    6.22221100 
 C                  0.66025700   -3.47965200    6.94940700 
 C                 -0.50918600   -2.74935400    6.48057700 
 C                  1.74100700   -5.73258600    6.25847900 
 C                  1.59246900   -2.97971600    7.95608500 
 C                  2.33873500   -3.72039900    8.78984800 
 C                 -1.85884100   -0.68216000    6.32920600 
 C                 -2.05270600    0.72847600    6.62262500 
 C                 -3.02003900    1.17624200    5.76062900 
 C                 -3.43743300    0.02736600    4.97883900 
 C                 -1.29198000    1.49335100    7.66341400 
 C                 -3.59051700    2.55558900    5.61745200 
 N                 -4.50003500   -2.36359800    3.57211600 
 N                 -2.96857400   -4.76734100    3.75507300 
 N                 -1.17553100   -3.47667600    5.52988500 
 N                 -2.72431600   -1.08904800    5.34466100 
 Fe                -2.86075500   -2.93031800    4.57612400 
 H                  3.01518200   -3.24946000    9.49657700 
 H                  2.28797700   -4.80415500    8.81702900 
 H                  2.71050500   -5.32177500    6.55717700 
 H                  1.49176900   -6.52592100    6.97634700 
 H                  1.86556900   -6.20702500    5.27963800 
 H                 -1.22005900   -9.98984100    2.00833600 
 H                 -2.43173600   -8.92637200    1.10914200 
 H                 -4.53337200   -8.56160600    2.10778600 
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Table 3.A8 (Continued) 
 
 H                 -5.74423900   -7.27119900    2.08966400 
 H                 -4.57617400   -7.41017200    0.77234900 
 H                 -7.13545000   -3.48280400    0.52727800 
 H                 -8.09999700   -3.71834200    1.98718900 
 H                 -8.21218700   -2.20260700    1.09005100 
 H                 -6.34365600    0.87457400    1.71734700 
 H                 -7.79480700   -0.11668300    1.55447900 
 H                 -7.39615600    0.61335700    3.11058700 
 H                 -3.09781200    3.26311000    6.28920700 
 H                 -3.47248600    2.93729900    4.59570500 
 H                 -4.66289900    2.57701900    5.84921100 
 H                 -0.21493100    1.50347000    7.45325000 
 H                 -1.62374500    2.53335700    7.71686800 
 H                 -1.42315400    1.05525800    8.66059500 
 H                  1.77753700   -1.33630900    0.70563600 
 H                  0.83038600    0.15713000    0.58159400 
 H                  1.67229200   -0.23650000    2.08578700 
 H                 -0.15208700   -1.23768100    3.98135600 
 H                 -0.96166300   -2.08773500   -0.05094200 
 H                 -2.80951400   -3.14476800    1.34548600 
 H                 -4.94534600    0.99087700    3.84067500 
 H                 -0.26086200   -1.01160000    7.67183100 
 H                 -0.18302900   -6.55392700    4.49772800 
 H                 -5.88556300   -5.05350500    2.04072500 
 H                 -1.06228300   -8.41232500    3.81173900 
 H                  1.67756000   -1.89650100    8.03076700 
 C                 -5.37638500   -4.01748100    7.89960300 
 C                 -5.04364500   -3.09514900    6.88303700 
 C                 -5.78611600   -1.91502400    6.75548200 
 C                 -6.83026600   -1.70600500    7.64994600 
 C                 -7.14698400   -2.63792600    8.65791100 
 C                 -6.42224300   -3.81534600    8.80089200 
 H                 -5.55686000   -1.18960200    5.98852500 
 H                 -7.41939400   -0.79737100    7.56962900 
 H                 -7.97075400   -2.43365400    9.33477600 
 H                 -6.65820800   -4.53975000    9.57426800 
 H                 -4.41522900   -5.89417200    8.32421100 
 N                 -3.95225500   -3.60314600    6.16260300 
 N                 -4.46884900   -5.05917700    7.75810500 
 C                 -3.65387300   -4.76458100    6.72200900 
 H                 -2.85637700   -5.41667300    6.40296600 
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Table 3.A9. Input Coordinates for LS Ferric Indazole 
 
 C                 -0.42611600   -1.20901200   -0.36734200 
 C                 -0.79800600   -1.84563000    0.93082100 
 N                 -0.39897100   -3.12649700    1.29016100 
 C                 -1.53994800   -1.40298600    1.99277400 
 C                 -0.89203700   -3.41309800    2.51442000 
 N                 -1.59103400   -2.38318900    2.96812300 
 C                 -3.65416600    0.87196500    4.02021500 
 C                 -5.31527100   -3.61402500    3.30395400 
 C                 -1.43592200   -5.47709100    5.52302300 
 C                  0.26820700   -0.98886500    6.15227300 
 C                 -4.45345300   -0.19616700    3.62967800 
 C                 -5.72353200   -0.06189100    2.94111800 
 C                 -6.18772100   -1.33435900    2.73544600 
 C                 -5.19692000   -2.23292100    3.30448700 
 C                 -7.45593500   -1.77717100    2.07029000 
 C                 -6.35043900    1.24569000    2.55915700 
 C                 -4.40981200   -4.51855400    3.84811900 
 C                 -4.59179600   -5.95376300    3.83952800 
 C                 -3.48956400   -6.49209700    4.47207400 
 C                 -2.65619400   -5.36706100    4.86276600 
 C                 -5.78442200   -6.67262400    3.28713400 
 C                 -3.17266000   -7.88874400    4.76257600 
 C                 -3.52101500   -8.95451300    4.02605300 
 C                 -0.61107300   -4.41390300    5.88330800 
 C                  0.66337300   -4.55277900    6.54946800 
 C                  1.14946100   -3.27293300    6.72539000 
 C                  0.15803900   -2.37441600    6.15366200 
 C                  1.31428200   -5.85239600    6.91432200 
 C                  2.41118800   -2.83498500    7.31714000 
 C                  3.08239400   -3.44868700    8.30347000 
 C                 -0.65560500   -0.09436800    5.63353100 
 C                 -0.49452400    1.34982600    5.67064500 
 C                 -1.60487200    1.88127400    5.06930700 
 C                 -2.43159000    0.75739400    4.67077100 
 C                  0.68248800    2.05952800    6.26875000 
 C                 -1.95652500    3.32055100    4.83817400 
 N                 -4.15242600   -1.52050900    3.84031100 
 N                 -3.23122000   -4.18093300    4.47147300 
 N                 -0.90010300   -3.08531200    5.64984500 
 N                 -1.83784900   -0.43153500    5.02307400 
 Fe                -2.52734500   -2.30158800    4.73731700 
 H                  4.02532400   -3.05047000    8.66564100 
 H                  2.71187500   -4.34122800    8.79751300 
 H                  2.40357300   -5.74650600    6.92226600 
 H                  1.01647000   -6.19859900    7.91330300 
 H                  1.06016900   -6.64814400    6.20638000 
 H                 -3.25137500   -9.95870800    4.33875000 
 H                 -4.06050100   -8.86733900    3.08827800 
 H                 -5.93129400   -7.62589000    3.80399700 
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Table 3.A10 (Continued) 
 
 H                 -6.70087300   -6.08496300    3.40110400 
 H                 -5.67205100   -6.89671000    2.21771900 
 H                 -7.25512000   -2.42228200    1.20587000 
 H                 -8.09503100   -2.34546100    2.75759300 
 H                 -8.03826100   -0.92408500    1.71303200 
 H                 -5.70428300    1.82423900    1.88707900 
 H                 -7.30374200    1.09602200    2.04604000 
 H                 -6.54707000    1.87261400    3.43792500 
 H                 -1.18172200    3.98732000    5.22489300 
 H                 -2.07591100    3.54233000    3.77020400 
 H                 -2.89790600    3.59198500    5.33213400 
 H                  1.62024100    1.77212800    5.77699700 
 H                  0.58409000    3.14406300    6.17600700 
 H                  0.79238800    1.83012100    7.33598000 
 H                  0.66104800   -1.11508500   -0.47832900 
 H                 -0.80318100   -1.78058400   -1.22419600 
 H                 -0.85386300   -0.20497200   -0.42345800 
 H                 -2.03610700   -0.45498800    2.12071400 
 H                  0.16892000   -3.74817200    0.73057400 
 H                 -0.73161900   -4.34556800    3.03146600 
 H                 -4.01077400    1.87129800    3.79746600 
 H                  1.15146400   -0.56428000    6.61405000 
 H                 -1.09035800   -6.47483600    5.76462800 
 H                 -6.20137100   -4.02713700    2.83676500 
 H                 -2.59529100   -8.06782900    5.66915400 
 H                  2.83560500   -1.91846000    6.90939500 
 C                 -4.13930300   -2.97366700    8.52646400 
 C                 -4.66156700   -1.66490500    8.34607300 
 C                 -5.45167000   -1.07938200    9.35916900 
 C                 -5.68980700   -1.81400900   10.50428200 
 C                 -5.15855300   -3.12091400   10.66456500 
 C                 -4.38080400   -3.72306400    9.69134400 
 H                 -5.85874900   -0.08018100    9.23831100 
 H                 -6.29348100   -1.39133800   11.30122500 
 H                 -5.37068400   -3.66351100   11.58109900 
 H                 -3.97892500   -4.72262800    9.82216400 
 H                 -2.91555400   -4.09400800    7.15038800 
 N                 -3.43052500   -3.26092400    7.39892300 
 C                 -4.20020400   -1.26240100    7.06764200 
 N                 -3.46916100   -2.22602900    6.51928200 
 H                 -4.36223400   -0.33837800    6.53401500 
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Table 4.A1. Relative 18O-atom % incorporation for the reaction products of the H2O2-
dependent DHP-catalyzed oxidation of pyrrole (1), N-methylpyrrole (2) and 3-methylpyrrole 
(3) as a function of label (H2

18O2 and/or H2
18O) per product HPLC retention times. 

Substrate	 Product	
tR	(min)	

H218O	 H218O2	 H218O/H218O2	

Pyrrole	(1)	 3.5	(1a)	 84	(100%),	86	(n.d.)	 84	(21%),	86	(100%)	 84	(20%),	86	(100%)	

N-methylpyrrole	(2)	 4.1	(2b)	
4.4	(2a)	
4.7	

98	(100%),	100	(n.d.)	
98	(100%),	100	(n.d.)	
98	(100%),	100	(2%)	

98	(12%),	100	(100%)	
98	(20%),	100	(100%)	
98	(18%),	100	(100%)	

98	(2%),	100	(100%)	
98	(28%),	100	(100%)	
98	(12%),	100	(100%)	

3-methylpyrrole	(3)	 4.3	
4.4	(3a)	
4.7	
4.8	

98	(100%),	100	(8%)	
98	(100%),	100	(n.d.)	
98	(100%),	100	(10%)	
98	(100%),	100	(18%)	

98	(76%),	100	(100%)	
98	(41%),	100	(100%)	
98	(18%),	100	(100%)	
98	(60%),	100	(100%)	

98	(18%),	100	(100%)	
98	(17%),	100	(100%)	
98	(9%),	100	(100%)	
98	(8%),	100	(100%)	
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Figure 4.A1. (A) HPLC chromatogram of the reaction mixture for the Lewis-acid catalyzed 
(non-enzymatic) reaction of pyrrole and H2O2 in water. (B) UV-visible spectra of the products 
at tR = 3.2 (3-pyrrolin-2-one, 1b) and 3.5 (4-pyrrolin-2-one, 1a) minutes. 

  

0

0.2

0.4

0.6

0.8

1

1.2

190 290 390 490 590 690
0.00

0.01

0.01

0.02

0.02

0.03

190 290 390 490 590 690

Ab
s2

48
 n

m

A

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08

2 4 6 8 10
Time (min)

Ab
s

Ab
s

Wavelength (nm) Wavelength (nm)

248

206B tR= 3.2 min tR= 3.5 min

1b

1a



 
	

209 

 

Figure 4.A2. HPLC chromatogram taken 24 hours after quenching for the reaction of 500 µM 
pyrrole (1) with 10 µM DHP B in the presence of 500 µM H2O2 at 25 °C in 100 mM KPi (pH 
7). The reaction was quenched after 5 minutes with the addition of excess catalase. Non-
enzymatic isomerization of 4-pyrrolin-2-one (1a, tR = 3.5 min) to the more thermodynamically 
stable 3-pyrrolin-2-one (1b, tR = 3.2 min) was observed. 
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Figure 4.A3. (A) HPLC chromatogram of the Lewis-acid catalyzed (non-enzymatic) reaction 
of pyrrole and H2O2 in water, (B) HPLC chromatogram of the DHP B-catalyzed (10 µM) 
reaction of 500 µM pyrrole with 500 µM H2O2 in 100 mM KPi at pH 7 and 25 °C, and (C) the 
1:1 mixture of the reactions shown in panels (A) and (B). 
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Figure 4.A4. Concentration dependences for pyrrole loss (1, black) and 4-pyrrolin-2-one 
formation (1a, blue) as determined by HPLC for the reaction of 500 µM pyrrole with 10 µM 
DHP B as a function of 0-1000 µM H2O2 in 100 mM KPi at 25 °C and (A) pH 7 and (B) pH 5. 
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Figure 4.A5. (A) HPLC chromatogram of the reaction of N-methylpyrrole (500 µM) with 
DHP B (10 µM) and H2O2 (500 µM). (B) HPLC chromatogram of the non-enzymatic reaction 
with N-methylpyrrole and H2O2 in water following literature precedent for the synthesis of N-
methyl-4-pyrrolin-2-one (2b). (C) UV-vis spectra of the tR = 4.1 min products from panels A 
(left) and B (right). 
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Figure 4.A6. UV-visible spectra of the DHP-catalyzed oxidation products of (A) N-
methylpyrrole (2) and (B) 3-methylpyrrole (3). 
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Figure 4.A7. (A) HPLC chromatogram of the reaction of 3-methylpyrrole (500 µM) with DHP 
B (10 µM) and H2O2 (500 µM). (B) HPLC chromatogram of the non-enzymatic reaction with 
3-methylpyrrole and H2O2 in ethanol following literature precedent for the synthesis of 3-
methyl-3-pyrrolin-2-one (3a). (C) UV-vis spectra of the tR = 4.4 min products from panels A 
(left) and B (right). 
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Figure 4.A8. ESI-MS total ion chromatograms for the products of the reaction of DHP with 
N-methylpyrrole (2) and H2O2: (A: H2

18O/H2
16O2, B: H2

16O/H2
18O2). Reaction conditions: [N-

methylpyrrole] = [H2O2] = 500 µM, [DHP] = 10 µM, 100 mM KPi (pH 7), 25 °C. 
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Figure 4.A9. ESI-MS total ion chromatograms for the products of the reaction of DHP with 
3-methylpyrrole (3) and H2O2: (A: H2

18O/H2
16O2, B: H2

16O/H2
18O2). Reaction conditions: [3-

methylpyrrole] = [H2O2] = 500 µM, [DHP] = 10 µM, 100 mM KPi (pH 7), 25 °C. 
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Figure 4.A10. Optical spectra (A, B, C) and titration curves (D, E, F) of fluoride binding to 50 
µM DHP B in 100 mM KPi (pH 5) in the presence of 5 mM pyrrole (1, A and D), N-
methylpyrrole (2, B and E), and 3-methylpyrrole (3, C and F).  
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Figure 4.A11. Kinetic data for the reaction of H2O2-activated DHP with pyrrole. (A) DHP B 
(Y28F/Y38F): top panel, stopped-flow UV−visible spectra of the single-mixing reaction 
between ferric DHP B (Y28F/Y38F) (10 μM) preincubated with 50 equiv pyrrole and a 10-
fold excess of H2O2 at pH 7.0 (900 scans over 83 s); inset: the single wavelength (407 nm) 
dependence on time; bottom panel, experimentally obtained spectra for ferric DHP B 
(Y28F/Y38F) (black, t = 0 s), ferryl DHP B(Y28F/Y38F) (blue, t = 2.6 s), and its re-reduction 
to the ferric enzyme in the presence of pyrrole (red, t = 83 s). (B) Ferric DHP B: top panel, 
stopped-flow UV−visible spectra of the double-mixing reaction between preformed DHP B 
Compound ES (10 µM) and 50 equiv pyrrole at pH 7.0 (900 scans over 830 s); inset: the single 
wavelength (407 nm) dependence on time. DHP B Compound ES was itself formed from an 
initial reaction between ferric DHP B with 10 equiv of H2O2 and reacted in an ageing line for 
350 ms prior to the second mix with pyrrole; bottom panel, experimentally obtained spectra 
for Compound ES (black, t = 0 s), ferryl DHP in the presence of pyrrole (blue, t = 22 s), and 
its reduction to ferric DHP B (red, t = 830 s). (C) Oxyferrous DHP B: top panel, stopped-flow 
UV�visible spectra of the double-mixing reaction between preformed DHP B Compound II 
(10 μM) and 50 equiv of pyrrole at pH 6.0 (900 scans over 830 s); inset: the single wavelength 
(407 nm) dependence on time. DHP B Compound II was itself formed from an initial reaction 
between oxyferrous DHP B preincubated with 1 equiv of trichlorophenol and 10 equiv of H2O2 
and reacted for 85 s in an ageing line prior to the second mix with pyrrole; bottom panel, 
experimentally obtained spectra for Compound II derived from TCP (black, t = 2.5 ms), its 
reduction to ferric DHP B (blue, 152 s), and the final observed spectrum corresponding to a 
ferric/oxyferrous mixture (red, t = 830 s). 
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Figure 4.A12. Electron paramagnetic resonance spectra of the rapid freeze quench of 75 µM 
WT ferric DHP B with an excess of 50 eq. of pyrrole at 100 ms (black), 1 s (blue), and 10 
minutes (red). 
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Figure 5.A1. Oxidation of 2,3-dimethylindole (500 µM) as catalyzed by 10 µM of DHP B 
(black), HRP (dark grey), hhMb (grey) and Hemin (light grey) in the absence of H2O2.  
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Figure 5.A2.  (A) HPLC chromatogram of the reaction of 2,3-dimethylindole (500 µM) with 
DHP B (10 µM) at 25 °C (5% MeOH in 100 mM KPi, pH 7) at 15 sec. The reaction was 
quenched upon addition of excess KCN and immediately subjected to HPLC analysis. (B) UV-
visible spectroscopic features of 3-hydroxy-2,3-dimethylindole (3H-DMI, tR = 4.4 min), 2-
methylindole-3-carboxyaldehyde (2-CA, tR = 6.6 min), o-acetamidoacetophenone (o-AAP, tR 
= 6.9 min), 3-methylindole-2-carboxyaldehyde (3-CA, tR = 8.5 min) and 2,3-dimethylindole 
(2,3-DMI, tR = 9.8 min) 
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Figure 5.A5. Absorbance spectra for WT ferric DHP B before the addition of CO (black), 1 
hour after the addition (blue) and 6 hours after CO addition (red), with 2-methylindole. 

 

 

 

Figure 5.A4. Resonance Raman difference spectrum of WT ferric DHP B (100 µM) subtracted 
from WT ferric DHP B incubated with 20 eq. of 2,3-dimethylindole. 
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