ABSTRACT

AKTAR, MST SHARMIN. TheLongOverdueComparison of DHP A and DHP B; Structure,
Dynamics and Reactivitf{Under the directioof Dr. Stefan Franzéen

Dehaloperoxidaseemoglobin (DHP), first isolated from the coelom of a marine terebellid
polychaeteAmphitrite ornatajs an example of a mulfunctional heme enzyme. Long known for
its reversible oxygen binding, further studies have established DHP activity as a peroxidase,
oxidase, oxygenase, and peroxygenase. Miyjpothesis of multiple functiondepends orthe
observation obubstrate binding at various internal and external binding sites. Marine sediments
are permeated with bromatedaromaticcompound, such as pheis, indoles, pyrroles, and others
synthesized by organisms as repellents and fordeénse A. ornatais a tubeworm, which is
exposed to these brominated compounds. While DHP functions as an oxygen transport protein, a
hemoglobin, the multifunctional enzyme hypothesis suggests that the versatility of functions
protects the organism from toxirBHP has two isoform<DHP A and DHP B witha difference
in only five amino aci@ out of 137 Enzyme kinetic studies have shown that the catalytic activity
of DHP B is 3-6 fold higher than DHP A in spite of 96% sequence homology. The study in this
dissertation emphasizes the comparison of kinetics, mechanisticrayctk/stallographic studies
to comparéothisoenzyme®HP A and DHP B.

Chapter 2 focuses oa comparison of the binding and reactivity of the substrate 2,4
dichlorophenol (DCP) in the isoforms DHP A and B. This study found that the catalytic efficiency
is 3.5 times higher for DCP oxidation in DHP B than DHRHAwever, DHP A and B both show
selfinhibition even at modest concentrations of DCP. Thayxcrystal structure of DHP A bound
with DCP determined at 1.48 resolution, shows tight substrate binding inside the heme pocket
of DHP A (PDB 8EJN). This researchrtabutes to thestudies of DHP as a naturally occurring
bioremediation enzyme capable of oxidizing a wide range of environmental pollutants.

Chapter 3 demonstratéisat asecond reactiooccurs followingenzymatic peroxidation of
DCP am DBP. The major products -2hloro-1,4-benzoquinone (ZIQ) and 2bromocl,4-
benzoquinone (BrQ) undergo a spontaneous secondary hydroxylation reaction. Esdeoroe
time-resolved UWvisible spectroscopyHPLC and LEMS suggest that the hydroxylations of 2
ClQ and 2BrQ in the presence of hydrogen peroxide@ are norenzymatic processes
approximately ~10 and ~5 times slower, respectively, than tiyetic oxidation of DCP or
DBP.



Chapter 4 is focused on investigatsugpstratdinding in DHP A to compare the structural
differences withthe many Xray crystallographic structures wa#rious substratesound toDHP
B. By contrast, in DHP A there are only structures of maral trihalophenols previously used
in spectroscopic and NMR experimertiere we demonstrade-ray crystal structureor DHP A
bound with DCP (1.48 A, PDB: 8EJN), DBP (1.52 A, PDB: 8VSKINR (2.03 A, PDB: 8VKC),
4-NC (1.40 A, PDB: 8VKD) and Br-C (1.64 A, PDB 8VZR). When compared with the well
defined structures of DHP B, it is concluded ttiet substratelsind more weakly to DHP A than
to DHP B. Fivesubstrates have been found dimrect comparison of modes of binding in DHP A
and DHP B

Chapter 5discussesthe phenomenonknown as autoreduction in which DHP is
spontaneously reduced from the ferric to the ferrous Jthgesource of electrons for the reduction
is not known. Kinetic measurements obtained from ad@i@n reduction process of ferric DHP
showed modest ptand isozyme dependencdut a significant dependence on presence of
substrates.

Appendix A investigatethe reactivity 0f2,3,4,5,6pentachlorophenol (PCRjith DHP.is
the largest molecule in the halophenol familyne conclusions thatPCP has a strong binding
affinity and binds inside but is a poor substr&€P acts as an inhibitof TCP oxidation at pH
5.

In summary,Binding, catalytic efficiencyselfinhibition of substrate, catalytic inhibition are
greater in DHP B than DHP Al hese studies can give an insight on globin strudtumetion

relationships that are not traditionally seen earlier.
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Chapter 1
Introduction

An introduction and synopsis of versatile hemeprotein
Dehaloperoxidase



1. BACKGROUND

The multifunctional protein dehaloperoxidakemoglobin (DHP) was first discovered as
globin with a globin fold. This unique protein has diverse functions, which depend on heme Fe
oxidation state (ferric or ferrous) and different substrate binding, binding site differences, pH etc
as its name. The initially discovered function was considered to facilitate reversible oxyjyen (O
binding, transport and storage, consistent with the role of a hemofl¢lBut further studies
have established DHP as the first example of globin to have peroxidase §2}ivlyre recent
studies have shown that DHP is capable of catalyzing, oxidase, oxygenase, peroxygenase reactions
as well[31 5] While it has in unique solitary enzymatic function, DHP also has the possibility of
dual functional oxidation. It is a highly relevant example of a combination of different functions
in the oxidation of one molecule that may have physiological relev@peifically, we can
hypothesize that the hemoglobin of the marine worm evolved to also oxidize toxic brominated
substrates via multiple mechanisms, peroxidase, peroxygenase, oxygenase, and so on. Marine
sediments are permeated with bromoaromatics, sughhesols, indoles, pyrroles, and others
synthesized by organisms as repellents and foideédinseThus,DHP is a mechanistic example
of novel structure/function relationships that further expands the versatility of DHP for biological

protective function in its host organism.

2. HEME PROTEINS IN THE GLOBIN FAMILY

There are many examples of heme containing petsuth as hemoglobins (Hbs),
myoglobins (Mbs), cytochromes, cytochrome P450s, catalases, cytochrome c oxidases,
peroxidases and many oth@$12] Hbs and Mbs dollectively calledglobins) are the most
abundantheme containingoroteins in nature. Heme proteins have an-postoporphyrin 1X
prosthetic group. Depending on the organism, globins can perform multiple physiological
functions. Transporting and storing oxygen, scavenging oxygen to protect anaerobic rhizobia in
legumestransporting nitric oxide in the blood and others related to binding of diatomic molecules
to the heme iron. Prior to the discovery of DHP globin adbwaby hydrogen peraxle was
curiosity, although selected mutants of myoglobin were shown to exhibit peroxidase activity. DHP
not only is more reactive towards.®, but also has an internal binding site suggesting a

physiological function tooxidize xenobiotic$6,13i 15] The oxygen transport and peroxidase



functionsarenotnormally observed ia single proteinFor this reason, DHP is sometimes referred

to as adehaloperoxidashemoglobin.

Figure 1.1: Chemical structure ofignr ot opor phyrin | X (Heme b) anc

methine bridges.

A histidine from the peptide chain of protein facilitates the coordination of ez
ligation. The heméd e binds with oxygen when it is in ferrous tHeorm. Globins are involved
in reversible binding of oxygen, storage and transport of oxygen found widely in plants, animals,
and bacteri6,15] The dstal histidine has two structural conformations: open (solegpbsed)
and closed (internal) conformation similar to typical myoglobins (Mbs), such as Sperm Whale
Myoglobin (SWMb) or Human Myoglobin (HMH{)L6] However, the pKof the transition that
permits the histidine to swing outside the protein to the open conformation was observed to be
circa pka=4.5 in SWMb, while in DHP it is p&= 6.9[17,18] The ®lventexposed conformation
of H55 hasa 5¢cHS state antheinternal conformation has6¢cHS state at pH @.9] Xray crystal
structure of Lebioda et. al. shows that H55 is in equilibrium between open and closed conformation
at room temperature and pHX8] This equilibrium is in ratio of 40:60 for 5¢cHS:6¢cHS forms
reported by Nicoletti by RR spectrum analyjdi8] The closed conformation (6cHS) is the
commonly observed conformation where histidine is in distal pocket, oriented to the heme and
interacts with a ligand (CO, DH.O, CN)20][21][22][7,23] coordinated to the heme iron Ay
hydrogenbond. The open conformatioefers to the conformatiowhere H55 isrotatedout to a

solvent exposed position and resides close to the heme propionate shown in Figure 1.2.



The distance between distal histidine and h&or in globins is (4.4 . 6) and f
peroxidases (5:6 . O[l2]Inthec ase of DHP, it is 5.4 [J[i16]f or 't h
This means the heme is more deeply buried in DHP than in other globins and peroxidases. The
firstdeterminedx ay c¢rystal structure of DHP also reve
in the protein than observed in Ni6] This allows the distal histidine to be partially stabilized by
weakly hydrogen bonding with two of the heme propionate side cf28hs.

Distal His 55

=

Figure 12: Representation of distal histi'd/ihe (H55) and proximal histidine (H89) in distal pocket

of DHP located above and below the heme plane, respectively. (PDB code: RQFK).

Unlike monomeric human Mb, the binding of oxygen in tetrameric human Hb is
cooperative and allosterj24] The conformation of heme is also changed from tbedrdinatee
deoxy to the &oordinateebxyferrous heme state upon binding of oxygen. In Mb this reversible
oxygen binding is used by organisms to store oxygen in muscle. Since Hb is a tetramer in humans
and dimer in certain marine organisms, the bindingafa® be cooperative. Cooperative binding
implies that oxygen binding in one subunit of hemoglobin facilitates oxygen binding in the other
subunits.

Many annelids also possessgant hemoglobinknown aserythrocruorin In DHP
erythrocruorin is 8.6 MDaprotein complex containing over 40 hemoglobin monomikrsas
large oxygercarrying capacity in many annelids through their high number of oxygen binding
sites[25] It is not known if that is cooperative. DHP is a homodimer in all crystal structures, yet

there is no evidence for cooperativity in DHP so far.
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Protomer A

Myoglobin (Mb) Hemoglobin (Hb) Dehaloperoxidase (DHPA)

Figure 13: Crystal structure of (A) Myoglobin (Mb) (PDB accession code:1A@®)with seven
Uhelices and one heme prosthetic group, (B) Hemoglobin (Hb) (PDB accession codf@2BRSP)
wi t h -¢wai nUs ( chai n-ch&ns &caid C &)d D) ahdwfaur heme groups, (C)
Dahaolperoxidase A (PDB accession code:2QEN)with two heme groups.

The first discovered dehaloperoxiadse structure by Lebioda and coworkers in 2000
revealed that DHP has@®er-3 -hélical fold (A-H) which is similar to common globij&6] The
helices are shown in Figuredbelow. The heme cofactor in the active site is sandwiched between

the E and F helices.

Figure 14: Crystal structure of Dehaloperoxidase showirmy8r-3 -helical fold with AH
helices (PDB accession code: 1EWWB]]



3. PEROXIDASES

Peroxidases can oxidize substrates by cleaving tkke@nd of cesubstrate hydrogen
peroxide (HO») to activate the heme for electron transfer from substrates bound at the heme
edgel27,28][74] Per o x i d a shelisal fbldain s sttlicture and has 3 different classes
depending on the crystal structure, source, and amino acid sequence differences. The folds of
peroxidases are significantly different than DHP and common globins, despitetttieatamoth
are alpheahelical[29,30] Intracelular Class | peroxidases include ascorbate peroxidase,
Cytochrome c peroxidase, catalase peroxidag#acelular Class Il peroxidases include lignin
peroxidaseArthromyces ramosusnd manganese peroxidase found in fungi. Extracelular Class
[l peroxidases include horseradish peroxidase found in Hd28{9] Among all these
peroxidases, horseradish peroxidase (HRP) is the most widely investigated so far. For this reason,
HRPis choserfor the purpose of comparison.

In a peroxidase reaction cycle, the feiliieme resting state binds 1 equivalent eDk
and cleavesthe-® bond to form an f er r-galion mdical cdllesls wi t
compound I. In cytochrome ¢ peroxidase a second type of intermediate called compound ES is
formed. Compound ES is a heme ferryl species in which the radicali¢naged to an amino acid,
tyrosine. In HRP Compound | is capable of oxidizing phenolic substrates to phenoxy radicals. In
the process it is reduced by one electromtmfcompound I, which is a closethell heme species
(i.e. not a radical form). Compound Il can be further reduced using 1 equivalent of substrate that
can bring the heme into its ferric resting state. So, a complete cycle of peroxidase consists of two

one-electron oxidation steps as showrigure 1.5.[74]
H,0

II1
= Fe

Ferric resting state

AH H,0

o (o)
I | I——
v
Ae \AH Cmpd I

s Fe
Figure 15: Simplified peroxidase catalytic cycle for a general substrate.
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4. PEROXYGENASES

Peroxygenases are a class of enzymes that use peroxide ssurce of @for their
oxidative reactions. Usually, they perform the oxidative reaction by hydroxylation or epoxidation
in various aromatic, linear and cyclic compoursigfoxidation and Moxygenation, dichlorination
and halide oxidatiof31i 34] DHP has some established substrates that follow a peroxygenase
mechanismCytochrome P450 is class of enzymes, are well known monooxygenase that have
catalytic cycle named fiPeroxi de Shu338834Thevhi ch
first example of peroxygenase activity in DHP was the oxidation of haloindoles published in
20144] and subsequently, peroxygenase activity was observed for py@6lesirophenold3]
cresolg36] The peroxygenase mechanisinvolves Oatom transfer, while the peroxidase
mechanism involves two sequential electron transfers. The cytochrome P450 monooxygenase
mechanism has a ferrous resting state, bindm@ is primed for activity by two electron transfers
from a flavoprotein that reduce found. @ found HOGQ. [4] Compound | is a common
intermediate in the two mechanisnifie peroxidase mechanism is thoughirteolve thePoulos
Kraut puskpull mechanism via two orelectron oxidation step in the presence of
H202.[37][38][39] [4] It is ofgreat importance to study this substrate binding and reaction kinetics

to understand how these mechanisms caexest and what protein features are important for each.

5. DEHALOPEROXIDASE -HEMOGLOBIN: A MULTI -FUNCTIONAL PROTEIN

The hemeprotein dehaloperoxidase is found in the coelom tbé marine terebellid
polychaeteAmphitrite ornata Dehaloperoxidase (DHP) functions as a monomeric hemoglobin for
transporting oxygef0,41] It was first discovered as a hemoglobin in 1F{7and later itwas
discovered as an enzyme with peroxidase function in [#H6demeproteins are responsible for
reversible oxygen binding and peroxidase enzymes caizexidferent substrate Despite of
having lower similarity in sequence with globins and different structure than peroxidases, DHP
can act as botfil6] The peroxidase activity in DHP igpproximately 1Qtimes higher than

myoglobin andLOtimes lower than horseradish peroxidase (HRP).

f



Figure 16: The marine wormAmphitrite ornatas a terebellid polychaete.

Different species of marine worms in the hemichordate farSi#ic¢oglossus kowalev3kii
and the polychaete familyNptomastus lobastyso-habit benthic ecosystems witkmphitrite
ornata[2] A benthic ecosystem refers to a shallow marine coastal area, typically with a mud rather
than sand bottom. Many worms, including the ones mentioned above, synthesize and sometimes
secrete toxic halogenated metabolites such as bromophenols, bromoindotepyroles as part
of their defense against predatf@ Amphitrite ornatas atube worm and is therefore immobile.
The hypothesis is thaf\. ornatasurvives in this toxic environment by using dehaloperoxidase
enzyme to oxidize these toxic compounds as method of detoxification. Oxidation of substrate by
DHP was first reported for the substrate 2#ilgalophenol that is oxidized to 2¢haloquinone
in the presence of 40> as oxidar{] and this mechanism seemed to involve Peflasa ut - A pus h
pull o mechani sm de s[87142}[#3¢ The penoxidase tadivity (oxygenl o w.
incorporated from ED) has been established in previous studies of mdnrptri-halophenols and
guaiacold5,11,44]Recent studies of DHP also have expanded in some other activities such as
oxygenase, oxidase and peroxygenase. Nitrophgiops;rroleg35] and indolept] oxidize via
peroxygenase function (oxygen atom incorporated fre@H 5-bromo3-oxindole, one of the
products of Soromoindole has been found to possess oxigasehanism (@from molecular
oxygen)[4] 2,3-dimethylindole and 2;8imethylpyrrole can oxidize through oxygenase function
in the presence of molecular oxyggni6] Figure 17 shows all 4 functions of DHP. The only
established inhibitor is -Bromophenol which is a monohalophenol unlike, dand tri

halophenol$45] So, it can be said that the functional switch in DHP is substrate dependent.
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Figure 17: Representation of DHP catalyzed (A) peroxidase, (B) peroxygenase, (C) Oxidase, (D)

Oxygenase in the presence of0das cesubstrate.

Two separate genes (dhpA and dhpB) encode two isofofriddP: DHP A and DHP
B.[46] Both DHP isoenzymes contain 137 amino acid residues with a molecular weight of 15.5
kDa (DHPA) and 16.3 kDa (DHPB) and almost similar structural conformpignrhe DHP A
and DHPB isazymesdiffers by 5 amino acid residues in the positions: 19L, R32K, Y34N, N81S
and S913d20,48][46] Despite the fact that the difference in amino acid sequence is relatively
small, DHPB has been reported to hawé Bold higher peroxidase activity than DAHor various
substrates and pMalues[43,47] There is no explanation that why these twazysnes have
different catalytic activitygiven thathey have almost identical sequence homology. The sequence
of DHP is enrichedhn aspartic, glutamic acids and methionines relative to glahitise phylum
chordata A recent analysis in our research group shows that the enrichment in methionine is
common to many hemoglobins in annelid and mollusc familiesDHP contains only two
histidine residues. These are called the distal and the proximal hisf@l#h@gl7]By contrast,
Sperm Whale Myoglobin (SWMb) has teistidines.[75]Theperoxidaseatalytic activity of DHP
is 10 times greater than SWN$11,42]
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Figure 18: Crystal structure of DHPA (PDB accession code: 2QFEK)(Left side) and DHPB

(PDB accession code: 3IXBB] (Right side) representing the difference in 5 amino acids.

One of the research goals is to understand how DHP can oxidize various natural brominated
and chlorinated aromatic compounds such as bromophenols, bromoirsshalespmopyrroles.

The naturally occurring brominated xenobiotics are secreted in the environment by other marine
organisms, including many worms. Chlorinated xenobiotics are mainly released into the
environment because of anthropogenic actipM8j. The hypothesis is thah. ornatasurvives by
oxidizing these toxic compounds using DHRiasnzyme. DHP has also been reported to degrade

7 out of 11 phenolic toxic compounds listed in the EPA PridPijlutants.[81] Thesstudies
provide a motivatiorio investigate DHP as a catalytic tool to degrade more pollutants that are
toxic to the environment.

A previous study has shown that some substrates cara pbdg in the functional switch
between the peroxidase and peroxygenase function inEDJdPRecent studies also reported that
DHP B can oxidize a class of substrate by both peroxidase and peroxygenase function
simultaneously36] This observation suggests that substratesregualate or activatspecific
enzyme functioaby conformational changes that occur upon thiiding. It is possible that the
binding of a particular substrate acts like a switch that pernsitstableoxidative reactionThe
peroxygenase function occurs via oxygen atom transfer whehstrate binds in the internal bind
site of heme pocket. One requirement for peroxidase chemistry is thatte to be oxidized
to C-O-H by oxygen insertion must be baten 45 v from the heme irof50,51}[52] Yet, the

distal histidine must also be able to hydrogen bond in the distal pocket in order to activate the
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heme. Peroxidase activity has a different set of requirements because of the electron transfer from
the substrate to the henf@ur hypothesis is that the specific location and conformaticineof
binding sitein the distal pocketefinesthe enzyme functionf DHP. These factorsvill be probed

for a particular substrate, 2RICP. The binding affinity of 2DCP is significantly higher than

for any other substrate except-BHBP [53] Given the additional challenge tife low solubility

of 2,4DBP, 2,4DCPis selectedor this initial phase of the project. The binding assay is consistent
with tight binding inside the heme distal pocket. Comparison with other heme proteins, such as
cytochromes P450, would suggest that internal binding is indicative of oxidation wggenase
mechanism. However, thidoes not exclde a peroxidase mechanism. Both are possible for a

single substrate.

Figure 19: Surface map of monomeric DHPA (PDB accession code: 2[QBK¥howing the

active site for binding in solvent (heme cofactor is in cyan color).

Most peroxidases have a distal histidine above the Hreméslobins also have distal
histidines, but witha different hydrogen bondingnvironment near heme F&ypically,
peroxidases have a more polar environment that may facilitate proton coupled electron transfer,
while in Mbs and Hbs the distal pocket is more hydrophobie significance of the polar
environment is that strong hydrogen bond to bou@d could lengthen th©-O bond and weaken

it. This is an essential step in enzymatic activation. @nother hand, Igbins deliver diatomic
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oxygen without changing its structy@] In peroxidases, distal histidine plays an important role

in the Q O bond cleavage using a neighboring arginine regisiiel he distal histidine stabilizes
boundhydrogenperoxide in peroxidase$he distal histidine is further awdgom the heme Fe in
peroxidases thanin mostglobeasnd A pul | s 0 t.Thischenooalmdivagpomwgethex i d e
wi th t he &polarzddmoxirhal lostidineaccelerate the formation of the ferryl heme
radical known as compound3d5] But in DHP the distal histidine (His539gcksarginineas an
auxiliary hydrogerbondings upport and t he di st ancrangedfreh ween |
4. 8 t q19]DHRA may overcomehts lack ofa nearby arginindoy virtue of the greater
flexibility of H55. And the ability of H55 to alter its hydrogen bonding geometry and its higher
pKathan otheglobins maypermit it toplay a role as acidase catalyst for peroxidase function
Unlike globins and peroxidase, DHFhas a weakly polarized proximal histidine
(H89)[38][16][56] DHP also lacks Aslis-Fe triad that isesponsible for charge relay effect in
peroxidase mechanisfa7][58] Instead, H89 in DHP has a very strong hydrogen to the backbone
carbonyl of M86D in DHP A58] In DHP, thebinding of any molecules inside the hydrophobic
pocket is regulated bihe distal histidine.The heme Fe is in thecHS stateavhen H55 is in the
solventexposed conformatioand in the6cHS statavhen H55 is in théenternal conformation at

pH 6]19] Binding of substrate pushes the internal H55 statieetopen conformation.

DHPO s a b i bind tsupstrateon an internal binding sitas unlike any other
peroxidasg16,59] In fact, oth substrate and inhibitor can bind inside DidP distal pocket
binding site. Trihalogenated phenols can bind in the distal pocket but require high concentration
and noraqgueous solven{§0] Dihalogenated phenols bind more tightly, in fact;RRP is by far
the tightest binding substrate studiedtil now.[61] Monohalogenateghenols are reported as
inhibitor since it inhibits the activity of other substrpté]

6. KINETIC THEORY RELEVANT TO DHP FUNCTION

The study of enzyme kinesicfocuses on the catalytic rates and binding affinity of
substrate and inhibitos. It is amechanisticstudy ofthe chemical reaction rate catalyzed &y
enzyme that explains how reactigeometry and dynamicsn be controlletdy protein structure
and motion This researchas focused o understanding the factors that govern the rate of

oxidation of various substratesDHP. We consider basic enzyme kinetics, Arrhenius rate theory,
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and electron transfer theory, which have been used in this res€hechinetic analysis permits
measurement of the electron transfer rate const@ts)d’Q, from substrate to heme iron in the
ferryl heme radical (Cmpd I) and ferryl neutral heme (Cmpd II) forms, wdnietof the greatest
interest for comparison of substrate binding and reactivity. The electron transfer mechanism
required for both catalytic activity and regulations is discussed further in chapter 2 of this

dissertation.

7.ARRHENIUS RATE THEORY: THE TEMPERATURE DEPENDENCE OF THE RATE
CONSTANT

The estimation of activation energy, Wtimately gives an estimation of rate constant, k in
atemperaturaelependent reactioftheArrhenius calculations usedo estimate the rate depending
on the different temperature changéke Arrhenius equatioobserves the effect of temperature
on the rate constant of a reaction, as shown below:

Q 0qQ

As shown above equation, the rate constant, k, is defined by the activation eggttyy, E
gas constant, R, and the temperature, T. It is also defined by teggmeential factor, A, which
describes the frequency at which molecules will collide in the correct orientation for a reaction to
occur. Subsequently, the equation can be linedrés shown below.

iTa x 110

The resulting linear graph will have a slope equaBgRT. If the slope of an Arrhenius
plot is relatively flat, it can be concluded that the activation energy of a reaction is not changing
significantly with the temperature, meaning the rate of reaction is not temperature depemelent.
activation energy of a reaction can be found by using an Arrhenius plot. A general Arrhenius plot

is the In(rate constant) vs. 1/temperature. A general Arrhenius plot is shown below.
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y-intercept = In A

Slope = (-Ea/R)
In k

1/Temperature
Figure 1.D: General Arrhenius plot for measuring activation energy.

8.MICHAELIS -MENTEN KINETIC THEORY: THE MOST GENERAL APPROACH TO
ENZYME KINETICS
Enzyme kinetics can be described by the Michadisiten enzyme kinetics model (MM).
This rate law in this model is not integrated as is commonly done in dinst seconarder
kinetics. Thereforethe initial rate of product formation can be expressed as a MiciMefigen
rate equation where an enzyme and substrate react to form a product through making an
intermediate enzymsubstrate complex. We are using initial rate for calculatinlyl Mquation
rate because at that point the rate of the reactiondtasegun to slow down since it is assumed
that the concentration of enzyme and substrate will remain unchanged. The Mibteagbs
curve can be obtained by measuring the rate of the reaction as a function of substrate concentration.

In the most basic form, the initial rate of product formation is given by the equation

— (A)

where P is the product and S is the substrate. We often write the initial rgtendsch
replacesQ §Q 6 The MichaelisMentan constant (i) is an important constant unique to each
enzyme/substrate combinatishich is discussed in detail in the supporting information of chapter
2.
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9. THE SHORT-TIME APPROXIMATION: A CONVENIENT APPROACH IN ENZYME
KINETICS

In M-M enzyme kinetic shottime approximations used It is assumed that at the very
beginning of the reaction the concentration of enzyme and substrate namhangedafter a
sufficiently short period of tim& he slope of the short time kinetics is equal §arMhe Michealis
Menten scheme and by extension to combinations of rate constants in the peroxidase reaction
schemeT hat 6 s w htye df theereastibnasrtaken into consideration to fit théMurve
This is the justification for the use of the short time approximation.

10. X-RAY CRYSTALLOGRAPH IC STRUCTURAL STUDIES OF DHP

One major hypothesis for the multifunctional activity of DHP is that substrate binding
triggers a change in function. Substrate binds at the heme ebgesaradistperoxidase (HRR)
which is calledexternal binding62] However, there is extensive evidence of internal binding of
TCP and DCP and no direct evidence of external substrate bied}{§4][65] Furthermorethe
oxidative functions of DHP can occur with substrate bound internally. In some cases, this is
mandatory. The peroxygenase function requires the substrate to bind inside the heme pocket in
order to receive the O atom from the ferryl intermediate fornyeldydrogen peroxide binding to
heme[5]

DHP can bind substrates at several internal binsliteg which is unlike any other known
globin or peroxidasfl6,59] Both substrate and inhibitor internal binding sites as shown in
Figure 111 Though they both bind internally their function is different-Aalogenated phenols
can bind in the distal pocket but require high concentration anth&¥tanol[60] For preparation
of X-ray crystals with substrate bound internally even higher percerdhgesaqueous solvents
have been used. Dihalogenated phenols bind more titjathyany other type of substr®d ,66]

Although it is still unknown which specific determinants of substrate binding trigger
changes in enzyme function, it is clear that substrate shape and reactive groups in the distal pocket
are crucial for determining reactivity. These observations emphasg&einiportance of
understanding how substrates regulate the functional switch in DHP by binding in different sites

within the distal pocket.
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Comparison of internal binding
sites of substrate and inhibitor

Substrate Inhibitor

%\
20 ﬂ%
h ¢ % i

PDB: 4FH6 PDB: 3LB2

Figure 1.1: Representation of different internal substrate binding sites in DHP. Tribromophenol
(TBP) on left (PDB accession code: 4FH®)] and 4bromophenol (4P) on right (PDB
accession code: 3LBP}5]

11. BACKGROUND OF X-RAY CRYSTALLOGRAPHY

Protein Xxray crystallography is a technique that determines the high resolution, three
dimensional structure of any protein crystal by having Hsyx diffraction pattern. Xay
crystallography has three basic steps: making good crystal, getting eldetmeity map by
diffracting crystal and model building. A very brief description of thea¥( crystallography is
provided in the scheme in Figutel2

Diffraction Pattern Electron Density Ma Atomic Model

w—_

Crystal

i aed 3 o

) e H

A ® B o

i st ] L) 3 ')

‘ Refinement |

Figure 1.2: Schematic workflow for solving molecular structure usingay Crystallography.
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The first and most difficult part of-ray crystallography is growing a good quality crystal.
The crystamustbe highly pure. Even a small impurity concentration can ruin crystal growth. The
crystal needs to be large enough in all dimensions and free of any internal imperfections such as
cracks or twinning. Usually, the crystal dimension should be 0.1 mm or.[&®]€lhe crystal is
placed in single wavelength, intenseay beam to obtain a diffraction pattern. The diffraction
pattern is unique for each protein. The obtained diffraction pattern is processed computationally
along with the corresponding chemical infotroa to get the electron density map. The density
map is then refined multiple times to get the atomic model of desired protein. The final refined

model of atomic arrangement is called the crystal structure.

The output of experimental observablesdiffractedintensities whichare labeled by the
Miller indicesh, k, and | These define the crystal planes that satisfy the Bragg condition. Bragg
condition shows a set of parallel planes with indices h,k,| and interplanar spedhmf, the
condition is necessary to produce and calculate the diffraction intensities. The equation that
satisfies the Bragg condition is,

1 (COOEF

Where,1 is the wavelength of Xay and—is the scattering angle. The diffraction
intensities are inversely proportional to the square of structural factor. Since The intensities are the
product of the complex square of the structure factors the phase information is lost when intensities
are meaured. This leads to the wddhown phase problem in crystallography. The process of
solving a structure involves finding an initial set of phases that can be used to Fourier transform
structure factors to obtaiaelectron density. e Fourier transform of th®liller indices with
appropriate phasgsovidethe electron densitfa7] The equation for structure factor is as follows:

R 2) "QQ
Where,® s the structure factofQis the scattering factor of atomdgyhwhi are the

coordinates of atom jin the unitcélhe electrodensi ty, }, can be cal cul

by constructing Fourier Transforai the structure factor® , obtained from the intensities.

¢
¢

B E D Q
W .
h A
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This expression implies that structure fadad electron density are mutually related by
reciprocalFourier Transform[79,80]

The diffracted intensity is proportional to the square of the structure factor amplitude.
During a diffraction experiment, the phase cannot be directly recorded. Thus, the phases must be
determined by the use of a heavy atom or using mathematical apEddolezular replacement
is one possible solution to tpease problem in Xay crystallography68] Molecular replacement
is basically a simple trisdnd-error method for solving crystal structure using an available related
model corresponding to the desired structure. It is a general methadating and translating
known molecular modeih the unit cell to optimize the phases with the information available from
the model and its positiof69] To solveDHP A crystalstructuresthemolecular modelith PDB
code 2QFHK20] is used which is the ferric form of DHP A. The crystal growth procedure and the
data refinement process are described in the experimental Sac@bapter 41t is worth noting
the structure containedi@dophenol in the distal pocket was attempted because researchers soaked
the iodinecontaining molecule into DHP crystals to introduce a heavy atom (PDB code
1EWA).[16] We can surmise that the researchers did not expect the molecule to bind inside the
protein. But it did. The unexpected result was the starting point of studies of internal molecule

binding, both inhibitor and substrate.

12. STRUCTURE-ACTIVITY RELATIONSHIP SIN DHP

In DHP, the binding of any molecules inside the hydrophobic pocket is regulated by distal
histidine. Binding of substrate pushes the internal H55 state to open conformation. The closed
conformation of H55 is necessary for activation @DHand for ligands stabilization in thd'6
position of the hem{h,2022,70] This flexibility of distal H55 is considered to mediate
functional switch between globin and peroxidase functions of [1ld.8,56]

The binding of substrate also depends on the size, shaghsubstituestof the substrate
molecule. It is reported in previous studies that bulky atoms like Cl, Br can bind deep in the
hydrophobic pocket of DHRB6,71] This unexpected aspect of internal substrate binding was
explained by the Xe crystal structure. Figlirg3shows the Xel hydrophobic binding pockél]

The Xel binding site, in the distal side of heme is surrounded by some of the amino acids as shown
in Figurel.13F35, F21, F24, F60, V59, L100, | ocated
much smaller, hydrophilic binding site called Xe2 hydrophobic binding pocket in the proximal
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side of heme is surrounded by T82, L83 and [2).Another study reported that change in the
size of substituent subsequently changes the binding in DHP. Binding is significantly different for
-methyl vs-methoxy group in the substrg&6] The Xe binding crystal structure for SWMb shows

a quite different disposition of Xe binding sites. In SWMb, the largest protein cavity (Xel binding
site) is located below the heme. The pattern of Xe binding sites is indicative of functional
differences beveen DHP and typical MJ3.3][19]

182

Figure1.13 Xel and Xe2 hydrophobic binding pockets inside DHP distal cavity (PDB code:
3MOU) [72]

13. SUMMARY AND OUTLINE

Many questions regarding the comparison of DHP A and DHP B are unresibliiad.
been dserved thathere are many experimeriteathave been done on either DHP A or DHP B.
But there are some key questions that have not been andwaraderstand structufenction
relation$ip such as what the origin of their functional differencesOsspite their higher
homology (96%) in amino acid sequence, DHP B has been reported to Hafa@d3higher
peroxidase activity than DHPA in the presence of differenttsaties and pHEven more striking
is the peroxygenase activity of DHP B that is almost absent in DH#3,A7] There is no
explanation that why these two isoforms have different catalytic activity though they have almost

identical sequence homology.
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The extensive mutagenesis used to try to identify which amino acid datgesA to
resembleDHP Band vice versalhough their structural differences seem so snsthysterious
that the crucial amino acid change is I19L. Thipdaition is far from the distal pocket which is
thought of as the active site aiscan important factor in modulating DHP catalytic activity in two
isoenzyme$70] The dynamics must be important, but that substrate binding differences could
also be important. the most important difference in the distal pocket is3teamceY 34 inDHP
A isN34 inDHP B. This is also the region that shows the greatest difference in dynamics according
to recent studies.[78]

In this dissertation the effort has been placed to address this lack of evidence that compares
both isoenzymes by kinetics, mechanistic anth¥ crystallographic studies in both DHP A and
DHP B.
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ABSTRACT

The dehaloperoxidadeemoglobin (DHP)first &=
isolatedfrom the coelom of a marine terebelli
polychaeteAmphitrite ornatajs an example of

a multi-functionalheme enzyme. Long knowt
for its reversible oxygen (& binding further
studies have establishddHP activity as a
peroxidase, oxidase, oxygenase, and
peroxygenaseTlhe specific reactivitylepend

on substrate bindingt various internal anc

external binding sites. This study focuses on

comparison of the binding and reactivity of the subs&zatelichlorophenol (DCPin the isoforms
DHPA and B.There is strong interest the degradation of DCP because of its wide use in the
chemical industry, presence in waste streams, and particular reactivity to form dioxins, some of
the most toxic compounds knownhd catalytic eftiency is3.5times higher for DCP oxidation

in DHPB than DHPAby a peroxidase mechanisidowever, DHPA and B botshow sel
inhibition even at modest concentragoof DCP.This phenomenon is analogotesthe self
inhibition of 2,4,6trichlorophenol (TCP) at higher concentratidine activation energies dhe
electron transfer steps iBDCP in DHPA and DHPB are 19.3+2.5 and 24.3+3.2 kJ/mol,
respectivelycompared t@7.2+6.5kJ/mol in horseradish peroxidase (HRP), which may be a result
of the more facileslectron transfer of an internally bousdbstraten DHPA. The xray crystal
structure of DHPA bound with DCéetermined at.48A resolutionshows tight substrate binding
inside the heme pocket of DHRRDB 8EJN) This researchbontributes to thetudies oDHP as

a naturally occurring bioremediation enzyme capable of oxidizing a wide range of environmental

pollutants.
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1. INTRODUCTION

Dichlorophenols have a wide range of applications as intermediates in the synthesis of pesticides
and herbicides, but also are present in waste streams from the pulp and paper itidBstme|
dichlorophenols are useddisinfectants and preservatives in personal care and cosmetic products.
However, excessive exposure to dichlorophenols can lead to a number of health and environmental
problems.p] Moreover, dichlorophenol is considered as a pollutant by the Environmental
Protection Agency (EPA) in the United States because it is produced during the chlorination of
drinking water and is found in wood preservativ@slhere are two main types of dichlorophenol:
2,4-dichlorophenol (2,4DCP) and 2,&lichlorophenol (2,8CP) and both of them are classified

as priority pollutants by the EPA and known to cause adverse health effects and are monitored in
drinking water an@ther environmental sample$%,6] We will focus on 2,4DCP, which is called

DCP in the remainder of the study. DCP is also a precursor to the formation of dioxins which are
among the most toxic compounds known. In the marine environment polybrominated gibenzo

dioxins (PBDDs) have beasolated from an aquatic spongphydatia Fluviatilis[7,§]

Oxidative dehalogenation of trihalophenols into their corresponding dihaloquinones is a
well-known reactio catalyzed by peroxidase enzynj8k.In the peroxidase reaction cycle,
following activation by hydrogen peroxide bound to a heme, two sequential electron transfers lead
to formation of neutral phenoxy radicals. These radicals disproportionate to form one equivalent
of substrate and onequivalentof a phenoxy cation, which reacts to form a quinone by
incorporation of oxygen from a water molecule and loss of a hydrohblaeever, radicals can
also initiate polymerization initiated by reaction of the phenolate radical witiHab@nd of a
neutral phenol. The carbons in the ortho and para positions are most reactive. For a given substrate
the polymer yield depends on whether the binding occurs externally as in HRP or internally as
observed in DHP. We anticipate that the polymerization yielldo@imuch greater for DCP than
for TCP in HRP because of the chlorine atoms in both ortho positions of the latter. Previous studies
have shown that DCP binds internally in the distal pocket of DHP which may reduce the
polymerization yieldJ0] This is one hypothesis to be tested by comparing the reactivity and

structure of DCP binding in to the two different isoforms of DHP.
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The naméHP refers to dehalogenation via a peroxidase mechamstR.is found in the
coelom of a marine terebellid polychadtenphitrite ornata. DHP functions as a monomeric
hemoglobin for transporting oxygéhl,17 It was first discovered as a hemoglobinl&7]13]
and later it is rediscovered as an enzyme with peroxidase function in 49@6the earliest
guantitative study, the peroxidase activity of DHPA was measured in aqueous buffer at pH 7 and
found to be 12 times higher than myoglobin and 13 times lower thaf HRBubseguent studies
have revealed a range of functions, including peroxygenase, oxygenase, and oxidase, each related
to the specific structure of a class of substrates that bind in or on THHP7] Different species
of marine worms in the hemichordate family suclsascoglossus kowalevséid the polychaete
family Notomastus lobastuso-habit benthic ecosystems withmphitrite ornata. A benthic
ecosystem refers to a shallow marine coastal area, typically with mud rather than sand bottom.
Many worms, including the ones mentioned above, synthesize and sometimes secrete toxic
halogenated metabolites such as bromophenols, bromoindabesofyrroles as part of their
defense against predato8$.]Amphitrite ornata is atube worm and is therefore immobila.
ornatais believed to survive in this toxic environment by using the enzyme DHP to oxidize and
dehalogenate brominated aromatic compounds in the benthic ecosystem. The general
dehalogenation mechanism of phenolic substrate involves pcotgried electron transf from
the substrate to the enzyme, leading to a formation of an intermediate radical which undergoes
disproportionation to form a haloquinone with loss of one halogen substituentteonng.
Substrates have various internal binding sites that depend on their structure. These have been
classified by comparing crystal structures of bound substrates witht the g, andd-edges of
the heme. Thé-binding site is inhibitory, while thad- andg-binding sites promote peroxidase
and peroxygenase function, respectively, with the possible occurence-wmihgation at high
substrate concentratiohd 24] The heme structure and definition of the edges relevahese

descriptions are shown in Figure S1 in the Supporting Information.

1.1. Peroxidase Kinetic Theory: Substrate Oxidation via Heme Activation and Electron
Transfer
Figure 1 shows the reaction cyclde distal histidinan DHP, H55, catalyzethe first step
in the peroxidase mechanism of DHP which is the reduction©f té H.O by cleaage of theD-
O bond.This process convertser r i ¢ DHP t o compound |, an o0XO0
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cation radical. Thigationradical can be transferred to an adjacent amino (X34 for DHPA
and Y38 for DHPB]J25] through internal electron transfer and a new specediedcompound
ES is formed. Compound ES can oxidize -Bjfhalophenol into its phenoxy radical, forming
compound I} an Fe oxo intermediate with a neutral he@empound Il can oxidize second

substrate molecujevhichreturrs DHP to its ferric resting state.

DXP ks

[l w
—Fe—

Compound Il

DXP ® k2
f—»\\
N%/NH\ *0
o}

DXP

H v
—Fe—

Compound ES

HO
X

‘ m
—Fe—

Compound RH
Figure 1: Proposed peroxidase mechanism for {obilyzed oxidation of dihalophenols

N%/NH

Therate constant for the activation step, kas been characterized by ®PmulosKraut
mechanism showing a rearrangement of0{el)OH to FeO-OH; followed by rupture of the O

O bond. The role of the heme and protein is characterized lpustoull mechanismwhich
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refers to strong ligation of the Fe to support high oxidation states of the ferryl intermediate and a
role by distal amino acids to extracted (H) and replace it on the more distal O atom. The activation
of H202 is not shown explicitlyn Figure 1, whiclshows théwo oneelectron oxidation stegthat
complete the enzymatic cydle the presence of #0..[26,27,9] The peroxidase mechanism has
historically been observed as an external substrate biridilogved by electron transfel§]
However, substrates can bind in various locations negretige of the hemé&.]-73] DHP crystal
structures have shown three internal substrate binding sites in the distal pocket of thel'gobin
a-site deep in the protein may facilitate tst@p peroxidase chemistry in situ. Thsite is known

as an inhibitor site and thgesites in DHP may permit peroxygenase or peroxidase mechanisms.

There are conformations that do not conform to any of these three main modes of binding.

Figure 2 shows theoxidative dehalogenation of 2,4téchlorophenol (TCP) to 2;6
dichloro-1,4-benzoquinone (DCQ) and of 2dichlorophenol (DCP) to -2hlorol,4-
benzoquinone (ZIQ). The brominated analog, 2d¢dbromophenol is a naturally occurring
xenobiotic that is significantly more prevalent in marine ecosystems thanti@yogdnophenol
(TBP).Despite its relatively low prevalence in the environment, TBP has been studied as substrate
due to its high toxicity. 2,4;&ichlorophenol (TCP) is a more sble analog of TBP that has been
widely studied as well. On the other hand,-&i¢hlorophenol (DCP) has been studied relatively
recently. The kinetic behaviors of these reactions are important examples of environmental

detoxification in marine ecosystems.

OH Q
+ H0 + HCl
+ H,0, — DHPIHRP 2

Cl 0
Figure 2: Peroxidase reactions of halophenols catalyzed by DHP. When X=H, the DCP oxidation
yields 2chloro-1,4-benzoquinone and when X=CI, TCP oxidation affords-di¢hloro-1,4-

benzoquinone.

Figure 2 alsoshowsthatthe major product oliydrogen peroxideH>O2)/DHP catalyzed
oxidation reaction of 2,4-dichlorophenol DCP) is 2-chloro1,4benzoquinone (ZI1Q).
Malewschik and coworkers concluded that DHPB catalyz@dation of DCP by two different
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mechanisms namely oxidation and oxidative dehalogengt@ninitial substrate oxidation
follows peroxidase activity and the subsequent oxidation via hydroxylation®y kh addition

to this major pathway, Malewschik also reported direct oxidation of DCP to a catechol product,
via a peroxygenase mechanisifhe peroxygenase mechanisedso involves formationof
compound | followed by €@tom transfer to the substrate, usually to insert betweei d@hd.

[17] The peroxygenase mechanism requires internal binding of the substrate to faciiitata O
transfer{17]

HRP isalsoknown to oxidize DCP and other dihalogenated phenols to form the quinones
accompanied by significant polymerizati9,6,30i 32 HRP binds substrates at an external site
on thed-edge of theheme,p8] while DHP kinds DCPat a site isidethe distal pocket of the
globin. Internal binding of DCReduces the extent qdolymerization,which is important for
biological functiongiven that DHP is found in the coelomAfornata DHP appears to facilitate
peroxidase chemistry via two sequential electron transfers from substrates bound in the distal
pocket, thus minimizing the polymerization side reaction. Polymerization of halogenated phenols
is a principal goal of HRP studies fitve purpose of remediation of polluted wat3,34 Kinetics
is less complex for TCP, which has a lower polymerization yield. TCP has used a model of
peroxidase kinetics.

A complete analysis of the rate scheme in Figure 1 is presented in the Supporting
Information section S.ZThe kinetic analysis permits measurement of the electron transfer rate
constants}Q and'Q, from substrate to heme iron in the ferryl heme radical (Cmpd 1) and ferryl
neutral heme (Cmpd Il) formElectron transfeks is the rate limiting step in the peroxidase
reaction cycle Measurements show thaj ik between 10 and 20 times smaller thaf3k] For
sake of a consistent comparisanjs assuned here thaksis 10 times slower thank The
comparison of Michaeli#lenten and peroxidase rates schemes showk:thatlks are related to
'Q /0 . Using the approximations given in tBapporting Information (Eqn. S1&)e can obtain

the value oko.

o) o)

0 LR P
The linear portion of the Michaeligenten saturatioplot, shown in Figure S2, which has
aslope ofQ /0 atlow substrate concentration, [S] §<. Eqgn. 1 shows that even for limited

substrate concentrations the linear region of the peroxidase saturation plot prtfaideation
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on the electron transfer rate constants from substrate to heme iron. The kinetic plots are nearly
linear for HRP and is large and the saturation region is not observed. Since DHPA and B have
slower rates, the saturation region is observed and one can obtain separate estifflatesnfbr

0 , permitting all three peroxidase rate constants to be obtained. However, the electron transfer
rate constantsQ and'Q, are of the greatest interest for comparison of substrate binding and
reactivity.

From anArrhenius plotof the temperature dependence@fandQ we measuredhe
activation energy, which can be interpreted in terms of Marcus thesrgiescribed in the
Supporting Information section S.3 asbown in Eqn. S18While the reorganization energy
cannot be directly measured, it can be obtained from the activation energy, measured from an
Arrhenius plot,and the driving forcemeasured previously by electrochemistry and pulse
radiolysis.B5/39] The reorganization energy provides information relevant to the solvent
environment of the substrate. Therefore, the experiments in this study address the issue of the role
of internal binding of substrates in DHP compared to the known external bindiigRn The
high-binding-affinity internal mode of binding of DCP in both isoforms of DHP suggestselfat s
inhibition is important. The role of a molecule as substrate or inhibitor depends on the mode of
binding in the distal pocket. To address this isaugeehave determined theray crystal structures
of bound substrate and compared DCP binding in the two isoforms of DHP.

2. EXPERIMENTAL
2.1.Materials and Methods

All chemicals were purchased from Sigkrich, Acros, VWR or Fisher Scientific and
used without further purification. Acetonitrile (ACN) and trifluoroacetic acid (TFA) were HPLC
grade. WildType (WT) HistidineTagged (His6X) DHPA and DHPB were expresard purified
following the previously described proced(it®,2qQ The protein was oxidized, to obtain the ferric
state, before each kinetics, HPLC or -M5S experiment by addingn excess of potassium
ferricyanide, K[Fe(CN)Y] and passinghe solutionthrough a PBLO/sephadex @5 desalting
columr21] to remove the excessfke(CN)] . Hor ser adi s h 4p-d02000Md as e (
lemh[24] was procured from MilliporBigma and used as received. Stock solutions of the
substrates: 2,4;@ichlorophenol (TCP), 2:ichlorophenol (DCP), were prepared in 100%

methanol (MeOH}tock solutionsand stored in a80°C freezer until needed. The percentage of
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methanol in the final sampleas 5%in all experiments where MeOH was a cosolvénstock

solution of hydrogen peroxide §8,) 246 £043.6 Mlcm™) was freshly prepared using 30%

reagent grade hydrogen peroxide in 100 mM KPi buffer of corresponding yppHdf7H>02 in 10

ml of buffer) before each experiment and kept on ice before using. The concentration of DHP,
HRP, BO>were determined spectrophotometricallg i ng e xt i n cate¥146900dVo e f f 1 C |
lem?, 4038 102,000 Micmita n eho=1¥3.6 Mcm respectively[20] Catalase (MP Biomedicals,

LLC, Solon, OH) was used to quench the reaction mixer in HPLC experiments. Catalase was stored

at 4°C until neededstock solutiors of 3.5M anmonium sulfatesodium cacodylate (pH 6.8nd

different grades of PEG (2000, 4000, 5000 and 8000), crystal setting well plates, cryoloops, crystal
caps, cover slips and all the solutions used for crystallization experiments were purchased from

Hampton Research, California.

2.2. Temperature Dependent U\WVisible Kinetic Assay with DCP andTCP

The temperatureontrolled kinetic reactions were performed in triplicate for DHPA,
DHPB and HRP with both substrates (DCP and TCP), using the kinetic mode ir\asihé
spectrophotometer; Agilent Cary 3500 WA Compact Peltier spectrophotometer (Mulgrave,
Australia). The analysis was performed using Cary UV Workstation software. Themsaetre
carried out at four different temperatures: 10°C, 15°C, 20°C, and 25°C. Experiments were also
attempted at 30°C but had low yields and a significant decieasg¢e, which we attributed to
denaturation of the protein due to the combination of temperature and the use of 5% methanol in
the solution and were not further pursued. The instrument was set to the target temperature and
each sample was allowed to ddurate for 3 minutes prior to each experiment. All the kinetic
reactions were carried out in a quartz cuvette of 0.4 cm pathlength from Starna Cells (Atascadero,
California), keeping the total sample volume 1 m5% MeOH solution. The final concentratio
of the enzymes was kept constant, 2V for both DHPA andDHPB and 60 nM for HRPThe
substrate concentration for DCP varigetween0.03and 1.5 mM and for TCP 0.08.5 mM
Initially enzyme and substrate were mixed togethersaidequentljthereaction was initiated by
addingfreshly prepared D at a constant concentrationI#00‘ M. The producformation,2-
CIQ for the DCP reaction andl6DCQ f or the TCP reactioss wer e
=16,900 Mlcm)[22 a n d 2 7.3+1820q Nfcm?),[23] respectivelyKinetic experiments

were monitored fo80 seconds with spectral measurements over a range from 220 to 320 nm taken
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every 2ip seconds at pH 7. The wavelength range was selected to permit the obsenttbn of
the formation of quinone products, including hydroxylated quinones and consumption of
substrates DCP and TCP.
2.3.HPLC Reactivity Studies

ReverseePhase HPLC was used to identify the reactivity, percent conversion of substrate
into products, identification of product/products from the oxidation of DCP and/or TCP catalyzed
by DHPs and HRP reactions at different pHs (pH 5a8d8). Theinstrumentwas comprised of
a Waters e2695 bioseparations module with a Waters 2998 photodiode array detector provided
with a ThermeScientific ODS Hyeprsil, particle size 5um (150x4.6 mm)&column. A binary
[Aqueous (A) and Organic (B)] solvent system wasdito perform the separation of analytes
(solvent A: water+ 0.1% TFA and solvent B: ACN+ 0.1% TFA) as mobile phase. Separation was
carried out by a linear gradient of solvent A and B at a flow rate of 1.5 ml/mithamdution
condition was as follow€5:5 (A:B) to 5:95 linearly for 12 min; 5:95 isocratic for 2 min; 5:95 to
95:5 isocratic over 1 min and then isocratic for 3 min. The Empower 3 software package (Waters
Corp., Massachusetts) was used to analyze the latgme assay reactions were perfoinme
triplicate in 200mM KPi buffer (pH 7 unless otherwise mentioned) at 25°C with the final sample
volume of 250 L containing 5% MeOH. Substrate stock solutions of 10 mM were prepared in
MeOH. Initially DHP (10 M) and substrate (500M) were mixed, and reaction wagarted by
adding HO> (500° M). The reaction was quenched after 5 mins (unless stated otherwise) with 5
‘ L of catalase. Subsequently, the reaction mixture was dilufetd4vith 100 mM KPi at the
corresponding pH in order aetermine the extent of substrate conversion. Control experiments
were performed in absence of eithesGd (norroxidant control) or enzyme (nesnzymatic
control)
2.4.Product Identification by Liquid Chromatography -Mass Spectrometry (LGMS)

Analysis of undiluted samples (2 injection volume)wvas carried out on a higiesolution
mass spectrometéthe Thermo Fisher Scientific Exactive Plus MS, a benchtogséalh Orbitrap
mass spectrometer using Heated Electrospray lonization (HESI). Samples were analyzed via LC
injection into the mass speaineter at a flow rate of 500 uL/min (mobile phase AQHvith 0.1%
formic acid and mobile phase B, acetonitrile with 0.1% formic acid with a starting gradient at 95%
A, 5% B). The mass spectrometer vogerated in positive and negative ion mode. The LC column

was a Thermo Hypersil Gold (50 mm x 2.1 mm, 1.9 um particle size) C4 column. The spectra were
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collected using the scanning range ((I@WO0) m/z. The assay included 10 uM DHP, 500 uM
substrate, and 500 uM202in 5 mM KPi buffer pH 7 with a final volume of 250 L of reaction
sample. The reaction was allowed to react for 15 min and quenched with ctdatisp the

product formationData analysis was performed using Thermo Xcalibur software.

2.5.Protein Crystallization and X-ray Diffraction Studies

Non-His tagged DHPA was overexpressed in RoS¥(RE3) pLysS competent cells
(NOVAGEN) purchased from EMD Millipore Corporation (California, USA) and purified
following establishedprotocols[l9,40 42] with some minor modifications. The protein was
oxidized to the ferric state, before each experiment by adding excess amount of potassium
ferricyanide and passing through the-P@(sephadex @5) desalting column, to remove excess
oxidizing agent.Cr yst al s wer e hangingadvap vapos diffugion métreod with
crystallization solutiosatratios ofl:1 and 2:1 of protein: reservoir solutiona volume of .
Crystalswere formed in(30-32) % PEG 4000, 0.2 ammonium sulfate, 0.021 sodium
cacodylate (pH 6.5) by mixingith 6 mg/mL proteindissolvedn 20mM sodium cacodylate (pH
6.5). Crystals grew after 3 days and wsubsequenthsoaked overnight at 4°C in precipitant
solution supplemented with substrate atMM and 80mM of concentrationcontaining5%
DMSO. After soaking, the crystals were cryoprotected with 25% glycerol added to the soaking
solution and flash cooled and stored in liquid nitrogetil data collection. The Xay diffraction
data were collected remotely at 100K on the SEAR BM22 beamline using wavelength of 1.00
A° and ashutterless Ryonix MX300HS detector at Advanced Photon Source, Argone National
Laboratories. The collected data were indexed, scaled, and integrated using the HKL2000 program
suite.f43] The new crystals had the same space group (P212121) as the ferric metaquo structure
form (PDB accession code: 2QFK)] The structures were solved by molecular replacement
using 2QFK coordinates as a starting model with the Phaser molecular replacement gégram|
and refinement is performed using REFMAQE[ in the CCP4 suitd[7/] and manual model
building, and visualization is performed in COOT model building softwégeWater molecules
were placed into the refined structure in COOT molecular graphics software. The final models
were validated using validation module in COOT and by using Molprd8ityjoftware. Data
collection, processing and refinement statistics are summaniZéble S4, and structuridjures

are prepared with PyMol Molecular Graphics System, (version 1.2r3pre, Schrodinger, LLC).
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3.RESULTS
3.1.Kinetic measurementsof saturation curves based orthe short time approximation

UV-visible spectrophotometricirketic data were obtained for both subssdCP and
TCPin DHPA, DHPB, and HRPThe solvents used were aqueous phosphate buffer (referred as
Ain pH 706 in Figure 3) or the same buffer con:
3) to improve substrate solubility, since TCP and DCP are both sparingly solutdgeinThe
initial reaction ratesVo were obtained by linear regression of the initial 13 seconds of the kinetic
measurement. Timdependent singlevavelength kinetic data were obtained at 255 nm and 273
nm for products ZIQ and 2,6DCQ of reactbns with DCP and TCP, respectively. These rates
were then plotted against substrate concentration in Figure 3. Using theseheategKin for
each species (DCP, TCP and enzyme DHPA, DHPB, MiRR)evaluatecand compared in Table
1.

DCP oxidation was compared to TCP oxidation at pH 7 to facilitate comparison with a
large body of prior researcB3,50,51,52,53,25] The substrate pKaaluesof 6.1 and 7.9 are also
factors that may affect the relative solubility of TCP and DCP, respectb4b5] Substrates like
TCP bind near thd-edge of the heme in our reference enzyme, HE8PHowever, both DCP
and TCP bind in the distal pocket of DHPA and B to an extent depending on the dissociation
constant, K. Significant seHinhibition of peroxidase activity is observed for TCP in DHPA above
1.4 mM.3] Self-inhibition is even more important in DHPB consistent with its lowerv#&ue
of 210* M.[10,56] We can surmise thaelt-inhibition should be even more important D€P,
which hasavery lowKgq valueof 29* M in DHPB.[LO] The relative k has been measured using
a competitive binding assay for fluoride in DHPA, providing a relativé #mes greater for TCP
than DCP in DHPA57] The above values for DHPB give a ratio TCP:DCP of 7 for
comparison]0,56] Using Ky data for the mondalophenols in DHPA]3] we estimatahat Ky ~
750* M for TCP and therefore &~ 150‘ M for DCP in DHPA. The 4 times higher binding
affinity of substrates for DHPB relative to DHPA may be associated with the greater rates of
reaction since substrate must be present when binds to initiate the reaction cycle. However,
the concentration range of activity may be limited by-sdifbition by the substrates. While most
previous assays of TCP have been conducting in the substrate concentration rarfgf@ftom
1500° M, because of the relatively lowgkound for DCPtherangein this studywas from30‘ M
to 500° M.
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Figure 3: Kinetic data for timdependent UWisible spectroscopic experiments for DHPA,
DHPB and HRP with both substrates, TCP and DCP at 100 mM KPi pH 7 with and without 5%
methanol and different temperatures (10°C, 15°C, 20°C, 25°C). Reaction condtiPA] &
[DHPB]= 2.4t M, [HRP]= 60 nM, [DCP]= (56600)t M, [TCP]= (106500)t M, [H202]= 1200

t M.

The saturation curves and linear dependené&&Ri shown in Figure 3 providecommon
basis for measurement of the ratsstants K ko andks for the two isoforms of DHP as explained
in Egns. SiS15 of the Supporting Information. The valuaskea: and Kn were not uniquely
determined for HRP because all data are in the linear range well below saturation, but the ratio
KcalKm is still defined.
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3.2. Temperature Dependent U\WVisible Studiesof DCP and TCP Oxidation

We can see in the kinetidata in Figure 3 that there temperature dependence for the
initial rate of the DCP oxidation reactiohll three enzymes show an increasing trend in rate from
10°C to 20C. The maximum rate for all species is observed &2t is significantly reduced
at 30C with HRP showing the greatest rate decre@se likely explanation is that the enzymes
may partially denature in 5% MeOH at 30°C and accordingly, the data at 30°C were not included
in this analysisThe sensitivity of HRP to denaturation may be heightened in solutiorSf T

Table 1: MichaelidMenten parameters for bench top mixing kinetic assay of DCP and TCP.
Temper kcat™® Km(EM) kedtk  ki(mMls ka(mMlis

(°C) ( mNs?) 1) >
DHPA+DCP in 5% MeOH
10 0.545 108N1 5.0@. 0. N7 27N7F.
15 0.6812 127N2 5.9 (0. N®4 29NH.
20 0.6610 108N1 6.M%. 0. ND5 33N®.
25 0. 7308 95.8N 7.682N0. N®5 42N6.
DHPB+DCP in 5% MeOH
10 0.319 11.6KNK27.4N0. N®3 151N1
15 0.429 24. 9K 17.8N0. ND9 98. K
20 0.427 19.8K 21.a8N0. ND8 120N1
25 0.524 13.5K 38.9N0. AD8 214N1
HRP+DCP in 5% MeOH
10 N A N A 1 2N\a.1 N A 6 6N\D.8
15 N A N A 1 3\8. 3 N A 7 3\D1 2
20 N A N A 2 2NB.9 N A 126800
25 N A N A 1 4RB.9 N A 138021
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Table 1 (continued).
Temper .  kcaty Km (€M) kedtlk  ki(mMls ke(mMls

(°C) (mMist) Y Y
DHPATEP in 5% MeOH
10 5.09¥. 1830N3 3.8D. 2.MO. 21NE&.
15 2@2N3.480N3 4.R3. 8.M1. 23NB6
20 9. RN. 180N2 7.82. 3.80. 40NRO
25 1P2N3. 14886 7.8%5. 4.8B. 43N21
DHPB+TCP in 5% MeOH
10 4. MB. 19N21 28B8.N2. 1.80. 12Nl 4.
15 4. 8@. 13N24 27N4. 1.8®. 15N26.
20 5.00. 11825, 44NB0 2.KA. 2 4N65 8 .
25 5.80. 11 0N1; 5BN6. 2.8®. 2 8\636 .
HRP+TCP in 5% MeOH
10 N A N A 120 N 4 N A 658NE
15 N A N A 104 N 4 N A 57 3NE€
20 N A N A 125NE N A 6 89 NC
25 N A N A 134N7 N A 732N1

Temper : kcat™d Km(eM) kedtk  ki(mMls  k2(mMls
(°C) (mM's?) D) D)

DHPA€P pH 7

10 0 58N0 32N39 2.8a. 0580. 12N7T.
15 0.ZMO0 26f45 2.N®G. 0.0B0. 15N2.
20 0.BR0O 36N45 2.8@. 0. ®3ND. 15N5.
25 0.4NO 16f94, 4. NF. 0.3D. 26NDR6
DHPB+TCP in pH 7
10 2. N@d. 20N3( 1BN2. 1.NG. 69NB2
15 2.M0. 8T7N3. 2®N1. 1.0®. 1 6N8.
20 2.8®B. 108517. 27. 0N 1.N®. 148824
25 3.0B8. 11829, 28 N7. 1.R®. 1438
HRP+TCP in pH 7
10 N A N A 34. 5N N A 189 NC
15 N A N A 57 . 3N N A 315Nz
20 N A N A 48. 5K N A 267 N1
25 N A N A 97. 9N N A 538NE

Table 2 shows the results that have been obtained from the Arrhenius plot for each of the
temperaturalependent data sets. For the T@&lation reaction, DHPAndDHPB have similar
activation enengs Ex in aqueous buffeand higher & in 5% MeOH We have no current

hypothesis for why HRP has a significantly smaller activation energy in 5% MeOH thaquaous
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buffer. The activation energy of TCP oxidation in HRP is 6 times lower in 5% MeOH buffer
solution than in buffer solution onlyWe do not have an explanation for this anomaly at this time.
The activation energsfor DCP oxidation by DHPAandDHPB are19.3+2.5and24.3+3.2J/mol
respectivelyThe corresponding activation energies for TCP in 5% MeOH/buffé7agz6.5and
41.4+4.5J/mol, which may be higher due to the greater solvent exposure of the TCP, which binds
externally under these conditions. The activation energy of TCP oxidation by DHIRA/#7.2
kJ/mol, which is smaller than the valueddf kimol measured previoushyL8] However, the 95%
confidence limits are much larger in aqueous buffer, probably because of the difficulty of
dissolving TCP in a consistent manner due to its poor solubility. Nonetheless, the activation energy
for oxidation of TCP and DCP is larger for RRhan DHPA or B except the TCP substrate in
5%MeOH)/buffer. According to the hypothesis the larger values are consistent with external
binding in HRP. The exception is 5%MeOH/buffer and TCP substrate, which may possibly be a

result of lack of stability oHRP even in 5% methanol.

Table 2: Activation energy for DHP catalyzed oxidation of DCP and TCP.
Acti vat i oa( kBEJnf/emogly) E

TCP Oxidati on DCP Oxi dzé¢

Enzym 5% Me OH pH 7 5% Me OH
DHPA 37.2N6. 30. 7N7. 19. 3N2.
DHPB 41. 4N4 . 29. 9N15 24. 3N3.
HRP 7.0N4. 4 41.5N11 37.2N6.

Note: The error estimatiaepresentthe +95% confidence interval.

The reorganization enagg , ia Table 3, werecalculatedbased onthe measured
activation enengs, Es in Table 2and driving forcs, U, i n In Eone of th& dxi@ation
reaction of DHP and DCP, the thermodynamic driving force for the reaction of compaithd
reducing substrate is the difference between thepwoidt potentials of compound I/compound Il
and DCP radical/DCP coupleswlo di f fer ent experiment al appro
electrode electrochemistry and 2.) pulse radiolysis relative to the standard hydrogen electrode.
The measured migoint potential focompound/compound Il was 0.879 V at pH 7 in
standard hydrogen electrode in pulse radiolysidRH 35 and oxidation potential for DCP and
TCP is 0.55 V and 0.76 V respectively using the standard calomel ele@8pda.[the first
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approach, the data obtained from the calomel electrode for chlorophenols were converted into the
standard hydrogen electrode by the addition of 0.241 V to the calomel electrode potential of
respective chlorophenol and used to calculate the driving far¢kelsecond approadghe mid

point potentials of compound I/compound Il and chlorophenol were taken into account from pulse
radiolysis. Pulse radiolysis data were available onlyf@i phenol. The reduction potential was

0.94 V using pulse radiolysislence the value fgo-Cl phenol is used for both substrates, which

is clearly only an estimate.

Table 3: Reorganization energies for DHP and HRP.

Reaction Con Reorgani zatai c

(eV)

Correc Pul se
Cal omc radi ol

El ectr
DHPA+DCP (5% 0.97 0.92
DHPB+DCP (5% 1.18 1.13
HRP+DCPMeg GHY 1.72 1.67
DHPA+TCP (5% 1.78 1.67
DHPB+TCP (5% 1. 96 1. 84
HRP+TCP (5% N 0.51 0.40
DHPA+TCP ( pH 1.51 1.40
DHPB+TCP (pt 1. 48 1.38
HRP+TCP ( pH 1.96 1.85

3.3. Effects of Polymerization on Kinetic Observations

DCP oxidation by HRPresults insignificant polymerization, which complicates the
comparison. Indeed, there is a small yield of multimers and polymers under all conditions, but this
is not large foDHPA and Bbecausé¢he substrate binds internally, which is the case for B@P
even TCP at high substrate concentratidie. investigated the polymerization yield by applying
singular valuelecomposition (SVD) to the spectrophotometric tiregolved data. Figures <0
in the Supporting Information show the spelctiad time components of the two important SVD
basis spectra. Table S1 provides the single exponential fits to the components. This is consistent
with parallel process that we have interpreted as an increase in background absorbance due to

scattering for he first component and the produeactant difference spectrum for second
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component. The scattering background in first component is thought to arise from polymerization.
The second component arises from the enzymatic conversion of phenol to quinone. There is a
substantial difference between DHP and HRP that is evident in tBes§My. Table S2 shows
weighted amplitudes for each SVD component compared for three enzymes. HRP has a
significantly more rapid and significant first component when DCP is the substrate associated with
significant polymerizationDHPA and B timeresolvedspectra for DCP oxidation have two
components with time coursélsat are nearly identical. This result suggestsingle process
dominated by oxidation of the phenol to a quinofiee amplitude of the first component is
significantly smaller when TCP is the substrate. The yielg®lyinerization of DCP and TCP are
approximately 60% and 17%, respectively, in HRP by this anaWsconclude thatise ofthe
shorttime approximations valid for both isoforms of DHP. However, the HRP data for DCP
oxidation have significant polymerization. These data are also the most problematic for the
Arrhenius analysis because the protein appears to denature in 5% MeOH)/buffer solutions. The
binding and reetivity of TCP in DHPA has been studied previously by these methods and the data
are consistent with binding of TCP in the phenolate form, precisely as observed in HRP. The
spectra of the phenolate forms with absomptiands at 314 nm and 249 nm can be seen in HRP
and DHPAIn Figures S7 and S8. It is known that TCP binds internally in the distal pocket of
DHPA at higher concentration, but at 584 it is expected to be in the phenolate form as observed

in Figure S8. The surprising finding in the SVD analysis is that the initial spectrum of substrate
TCP appears to be primarily in the phenol form in the DHPB speatrufagure S9 It is not
possible to prove that the phenolate form binds externally, but it seems unlikely that a charged
molecule would bind in the hydrophobic distal pocket. On the other hand, the phenol form would
be expected for internal binding. This suggeststttetnode of bindingf TCP substrate could be

quite different in DHPA and DHPB.

3.4.HPLC Reactivity Studiesof Effects of Secondary Oxidation on Kinetic Observations

It has been reportgateviouslythat 2,6 DCQ, the oxidation product of TCRemains stable
below 10°C anda secondary hydroxylatiaeaction takes place above this tempergtu@ The
secondary oxidation process is not enzymatic and occurs in control experiments \RGC &
a substrate in the presence ofXd TheH20O. dependent reactions of ferric DHPA and-B&P
and 2,6DCP were monitored by HPLC at pH 5, 6, 7 and 8 and the percentage of corresponding
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substrate conversion (i.e., substrate loss) is repamtddble 4.The reaction was started with
addition of500 uM H20. to a5% MeOHsolution of 10uM DHPA, 500uM DCP mixerin 4
different pHsand quenchedith catalasafter5 min.Non-enzymatiqno DHP) and noroxidative

(no HO2) control reactionsverealso run. Thehromatograra wereobserved at 256m.

Table 4: DHP catalyzed studies for oxidation of substrate. The reaction was initiated by the
addition of 500t M of H2O. to a solution of 1 M ferric DHPA, 500t M subsrate in 5%

MeOH/100 mM KPR buffer pH 7. The reaction was quenched with catalase after 5 minutes.

Substr a Conversion (%)
DHPA WT F pH 5 pH 6 pH 7 pH 8
+
2 -DICP 14. 8 26. 5 53.0 29. 6
2 -BbCP 14. 3 31. 4 41. 3 26. 5

The datan Table 4 reveaiat the percent conversion is higher at pH 7 than foi Both
substratesBecause 2DCP had the highest conversion rate at pH 7, this substrate and pH were
selected for studies of the secondary oxidation reaction by HPLC using 255 nm as the detection
wavelengtt{58] Since this is the only experiment in which-RE€P was studied we refer to DCP
as the acronym for 2,BCP elsewhere in this manuscrifthe chromatogram for thBHPA
catalyzed reaction of DCP in the presence giDHs shown in Figuré. The chromatogram also
shows the formation of-Z1Q as a product which elutes with 5.8 min retention time confirmed by
the retention time o 2-ClQ standardunder the same experimental conditiotiaténot shown).

The substrate peak is observed at 8.5 min retention Amebserved in previous studies, neither

substrate turnover nor product formation were observednirol experiments that lacked either
H20. or DHP enzyme.
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Figure 4: HPLC chromatograms for H®aReactioan of
condition: [ferric DHPA] = 1M, [2,4-DCP] = 500eM and [HO2] = 500eM at 100 mM KPi
buffer pH 7 with 5% MeOH quenched with catalase after 5 min. Asterisk indicatesCP peak.

Percent conversio®§%

3.5.Product Identification By LC -MS

The 2-CIQ and secondargroductwere further analyzed by L-®S. Relevant peaks were
detected byhegative ion mode for both enzym&iPA andDHPB and three main peaks were
observed in different reaction samples. The species, in order of retentiowéarad)CP, 2CIQ
and hydroxylated quinone2-CIQOH. 2CIQOH is theproduct of asecondary hydroxylation
reactionthat takes place after the oxidation reaction of DCP and the evidence and data for this
reactionwill be presented in a separate manuscript. The retentiors tmdPLC and LCMS
depend orlifferent column compositiofC18 for HPLC and C4 for LBAS), but the order of the
retention timeof the species is the samrhe peaks with retention times of 1.8 min feZI)OH,
5.8 min for 2CIQ and 8.5 min for 24DCP in HPLC correspond to 0.5 min, 1.6 min, and 2.3 min
in LC-MS, respectively. The datalasttwo rows of Table S3 confirms that ZXCPin the control
with H202in absence of the enzyndees not form ZIQ or 2CIQOH. This result compliments
the HPLC data obtained previousiihe evidene for the secondary hydroxylation reaction will

be presented in a future manuscript.
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S o

2,4-DCP (CgH,Cl,0) 2-ClQ (CgH3CI0,)  2-CIQOH (CgH5CIO3)
MW: 163 MW: 142 MW: 158

Figure 5: Chemical structure of the major peaks in negative ion mod¢3.C

3.6. X-ray Crystal structure of bound DCP in DHPA

The crystal structure for neris tagged WTDHPA in a complex with substrate 2,4
dichlorophenol (DCP) was determined at a resolution of i.LBHPA. Two protomers in the unit
cell were observeger asymmetric unit as in evepyior DHP crystal structurélhe protomers are
labeled A and B by convention. This presents the potential for ambiguity since both DHPA and
DHPB possess these two protomdrise unit cellwas P22:2; as observed previous[$9] The
structure was deposited the RSCBprotein database with the PD&cession numbeof
8EJNThe X-ray data collection and refinemestatistics are listed iTable S4and selected
distances are listed in Talle

The substrate 2;BDCP was found to bind internally in chain A of the asymmetric subunit
shown in Figures. It was found to bind in twoonformers with equal partial occupancy of 30%.
In a third conformer that lacks 2[ICP there is a water molecule bound to the heme molecule
with the same partial occupancy of 30%. When the DCP is bound in the distal pocket, H55 is in
the open conformatiqrbut when HO is bound to Fe H55, it is observed in the closed (internal)
conformation.

Table5: Selected distancesrigstroms) for DHPADCP complexes (protomer A)

PDB entry 8EJN
Substrate occupanA, 30% /
Di st-@l oddlcupancy 40 %
Fééqistz(al H 2.28
F21Y¢C3( DCP) * 3.0& .98
F21Qéé(:2(DCI?)* 4 . B@ES e 5
Di stzﬁélfH!HSU N 3.68
FeéHg8 9V N 2.10

*The 2,4DCP conformations are denoted with subscript Pé@il DCR asin Figure6.
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The R-Fc map shows wherheexperimentdy observediensity disagrees with the atomic

model. Negative densityis shown inred (atoms in the modethat lackelectran density) and

positive densityn green(excesxlectron densityacking anatomic modeél. The electron density

map in the blue color in Figugis the 2b-Fcma p

electron density fits the atomic model and green color density indicakesia p

level.
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Figure 6: Two different conformations of DCP binding (RG#d DCR) with DHPA (PDB ID
8EJN. Each panel shows 2 conformations. The internal or closed conformation of H55 has an

occupancy of 0.3. The occupancies of the RidRd DCR are both ~0.3.

Based on the electron densityp distinctconformations of DCP binding shown in Figure

6 were observed with ~0.3 occupancy eatthen substrate fitting was performedtite DCPa

conformation with a partial occupancy of 30%, thevgas excess densityhat appeared to

correspond to a secomtnformation which also fitsin the density with a partialccupancy of

30%. Hence, another binding conformation as P@&s proposedSo, in total 3 conformations

of nearly equal occupancy wesbserved(1) Closed conformation of H55-bonded to water 2

DCPa and open conformation of H55 and (3) DGihd open conformation of H55. In Figuee

eachpanelshows 2 conformation®f the substrate separately.
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Figure 7: Crystal structure of DHPA and DCP with all possible binding conformdB@ ID
8EJN.

Figure 7 shows the crystal structure f&HPA with the two conformations of 2BCP
binding internally with the binding site being located above the heme plane toward the beta edge

of the heme pocket.

E

T56

F24

H89

Figure 8: Crystal structure of DHPA and DCP showing the two binding conformations of the
substrate as well as the neighboring amino g&@s 1D 8EJN).
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Figure 8 shows DCP along with neighboring amino acids. DCP is oriented to have
favor abl e i-statkingwatltR21. Bha Cl btgms are positioned internally while the OH
groups are directed towards heeuge, at a hydrogen bonding distance fpyopionate group D.
When DCP is bound inside, H55 is in open conformation arlig&ed water molecule is not
present. The-Cl atom in both conformations of DCP substrate orients to occupy the Xel binding
site.[60]

4. DISCUSSION

We have used the standard enzyme kinetic saturation model, known as the Michaelis
Menten model in Reaction Scheme 1 in supportive information, to obtain parametans kK
shown in Figure S2. Thisiodel is useful because it is mathematically related to the peroxidase
reaction scheme, yet the analysis permits us to obtain quantitative valueskgrakd k rate
constants of the peroxidase reaction schameshown in both Figure 1 and Reaction Scheme 2.

The comparison of two distinct substrates arftedint peroxidases permits one to dissect the
significance of the rate constants in the peroxidase reaction scheme. The peroxidase scheme has
three steps, 1.) activation by-sabstrate B> binding to Fe, with rate constant,k.) a first

electron transfer from substrate to the heme-raxticatcation, with rate constantkand 3.) a

second electron transfer from substrate to the k@mentermediate to return to the resting state,

with rate constantdalso showiin Figure 1.There have been relatively few studies of the electron
transfer rate constants in peroxidase enzymes in terms of Marcus tB@oRefhaps, this is
because the structural evidence has placed substrates near the heme edge, but without a clearly
identified geometry. The situation changes for DHPA and DHPB where there is strong evidence
that certain substrates bind internally in th&talipocket.

The activation step involving binding of28. and rearrangement to form a heme
intermediate is similar in all peroxidases, although the magnitude of the rate constaniek
considerably. The initially formed intermediate, Cmpd I, is an-o®o heme radical cation. Some
peroxidases undergo a rapid electron transfer between an amino acid in the protein and the heme
radical cation to form an amino acid radical catisually to form tryptophanyl or tyrosyl radical.

DHPA and B are both examples ofghype of behavior. There is evidence for several tyrosyl

radicals in a species that is analogous to compound ES of cytochrome ¢ per@b&¢eBd.he

52



differences in the activation step may be related to differences in reactivity of the various forms.
Examination of Table provides an estimate of the relative activation rate constants.

These results are consistent with prior research. First, we obsernfethaghitude okca/Km
for DHPA at pH 7 and 258C is reported in previous studies as Z@H8mMM1s?,[53] 6.63mM"

151118 4.0 mMs'[62] which are in reasonable agneentwith our measurement @f.772.98
mM-1s?, Second, the reaction rate const#ais higherfor DHPB than DHPAfor both DCP and

TCP oxidationreactions While the greateratalytic efficiency kca/Km, for DHPB was observed
previously, the correspondingly faster electron transfer is confirmed in the present réBearch
reaction rate is 3.5 times greateDhIPB thanDHPA for DCP, 6 times greater for TCP in DHPB

with 5% MeOH andnearly10 times greater for TCP in DHPB in buffer solutidime catalytic
efficiency has been reported to be-Bb& higher inDHPBthanDHPAat pH 7 by DOANt C
coworker and 8 times higher by Dhanvant&d coworkerg63,62] The differences in rate of
electron transfer iDHPA and B may depend on thkffering number oftyrosines in the two
proteins[62,64,25] Several oxidized tyrosines can participatethe formation of a compound
ES[25 The crucialY34 is not present iDHPB and the path of charge hopping is different in
DHPA andDHPB. The distances affect the rate of theslectron transfer procesByrosinesare

known to affect throughhond and througispace coupling in protein electron transfer and these
effects may affect & Since DCP binds internallyt is likely to compete with formation of
compound ES. The fact that amino acid 34 is a tyrosine (Y34) in DHPA and asparagine (N34) in
DHPB may affect this competition and play a role in the relative rates of electron transfer.

The electron transfer rate constantaikd kin Tablelwere obtained by analysis af:kKm. In
Following Folkes and cavorkers we assumed thatik ten times larger thars.k35] This result is
consistent with the similarity in the electron transfer processes in HRP. In a general model the
relative rate is expressed as the parametde =| ks. To obtain a numerical value we have
assumed that p 1o give Eqn. 1, based on the finding by Folkes anavorkers for many
phenolic substrates. The general derivatesults in Eqn. S15 in the Supporting Information. The
electron transfer rate constants have been compared for DHPA, DHPB, and HRP. Freraythe X
crystal structures another data it is clear that internal binding should have a large effect on the
rate of electron transfer and therefore the overall peroxidase mechanism. HRP provides an
experimental control in the sense that external substrate binding iestalishedWe have
compared the electron transfer rate constants for DHPA and DHPB accounting for internal binding
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of DCP and possible internal and external binding of TCP. The role of solvent was compared to
determine the effect when 5% MeOH was added to solubilize the substrates. Finally, we have used
an activation energy obtained from the Arrhenius equation to a&stithe reorganization energy

for the various enzymes, which provides information on the solvation environment of reacting
substrates.

The electron transfer rate constarksand ks, aredependent on solveméorganization
energywhich differs for external substrate binding in buffebaffer+5% MeOHandfor internal
binding The reorganization energf methanol solvent iess than wateand it is predicted that
5% MeOH in buffer will have a lower reorganization energy due to a reduction dielectric constant
of the solvent mixtureThese effects may be ndinear because MeOH will tend to sequester a
hydrophobic solute. Thus, the local dielectric function can be significantly lower tf@nnHa
5% MeOH solvent mixture. éhce the reorganizatiorenergywould be predicted to be lower in
the methanol mixtures.gsuning that the electron transfer is in the normal region of Marcus theory
where- _, lowering_ also lowers the activation energy. We must also consider the effect of the
electronic factor on the ET rate. The electronic factor decreapesentially with distancéf the
substrate binds inside the heme pocket, the reaction rate will also be incetaibesl to external
bindingdue tothe shorter distancelhis can be a large effect since the difference in distance can
be greater than 3.

Table3 shows that there ssignificant differencen reorganization energy between DCP
and TCP For transfers involvinddCP as a dongr isal.5 timessmaller forDHPA andDHPB
thanfor HRP which is consistent with the notion that DCP binds outside in HRP and inside in
DHP.The protein dielectric function should be considerably lower than 5% MeflHzken with
preferential MeOH solvation of the hydrophobic substf2865] This also complements the
observed internal substrate binding geometry irctigstal structure

If DCPbinds tathe surfacef HRP, consistent with previous stud[€$] andis surrounded
by a hemisphere afater then it will have larger reorganization eneitgnDCP boundinside the
distal pocketof DHPA and DHPBThis structural picture can explain why DHP A and B have
smaller reorganization eneeg than HRPThe outer sphere reorganization energy has been
estimated to be in the range of .25 eV in case gberoxidase$l8,35,67 In Table3, some of
the reorganization energs are larger than this range, perhaps becausesydtematic erroin

comparing energies obtained from an Arrhenius plot to electrochemical measurements of the
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thermodynamic driving forceNonetheless, the trends in the reorganization energies provide a
basis for inferring different modes of substrate bindirige exception is HRP in 5% MeOH/buffer
solution. The very small activation energy in that case may result from the onset of protein
denaturation under these conditions.

The superimposed crystal structures efiitophenol (4NP), tribromophenol (TBP),
internally bound trichlorophenol (TGR), dichlorophenol (DCP) and-dromophenol (4BP)
shown in Figure 9 demonstrate the range of binding conformations froa: d#redb-, to theg
site. 4BP is a peroxidase inhibitor, binds directly above the hREmand inhibit$120; activation
in theb-site.[68] Peroxygenassubstrate NP, whose binding site is positioned close to the heme
center in a conformation slightly higher than thsite allows direct O atom insertion from the
ferryl intermediate. The binding site is slightly different feBRB than 4NP but they bind close to
each other. This slightly different binding results in a significant difference in catalytic activity.
The DCP binding site in DHPA is closer to the heme tha@P4and 4NP and 4BP and 4NP is
oriented higher above the hemidhep-CIl atom in both conformations of DCP are well positioned
in the Xel binding cavity region which is consistent with otherdealatedsubstratesuch ag}-
BP,[68] TBP,[53] 4-bromao-cresol,p9] 4-bromoo-guaiacol[15] DCP binds in an intermediate
positions between TCP and TBP binding modes.

180°

Figure 9: Superposition of selected substrates of DHP. Binding site superposition is shown for
TBP (yellow, PDB entry 4FH6}3], TCPent and TCPext (green, PDB entry 4KI$3)] 4-NP
(light coral, PDB entry 5CHQJJ6], 4-BP (purple, PDB entry 3LB2§B], and DCP (cyan, PDB
entry 8EJN).

Malewschik et. alalsoreported two conformations of DCP binding internally with DHPB
(7LZK for DCPb a)jld] Thelsup&imgosed crybtal sructures of DHPA and
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DHPB with DCP shows that DCP @re identicdl withDC®t i o n
conformation of DHPAshown in Figure S10. Another crystal structure of DHPB complexed with
DCP (PDB: 617F) was recently determined by Mor€&tacano et. al. by serial femtoseconday
crystallography (Figure S12J(] They observed only one binding conformation for DCP which
significantly differs from the observed positions for D@RAd DCR. The variety of conformations
observed are consistent with the great accessibility of the distal mdékdf. The conformations

may result in changes in function since the conformation required for peroxygenase chemistry
requires a specific distance and orientation between the heme ironthmadi@. The peroxidase
mechanism can function both for extergalhd internally boundubstrates as long as they do not

conflict with the binding of cesubstrate, bDo.

5. CONCLUSION

Thetemperature dependence of thiial rate ofthe DCP oxidation reactioprovides an
estimate of the activation energy and, by extension, the reorganization energy for each isoform of
DHP in comparison with HRAEDHPA and B have similar reorganization energies and electron
transfer driving forces for both TCP and DCP substrdtes.catalytic efficiency(kca/Km) is 3.5
times higher for DCP oxidation iDHPB thanDHPA, which may be a function of the mode of
binding of DCP in the distal pocket, which was observed to differ in significant ways by
crystallogaphic structure determinatioDCP shows selihhibition evenat modest concentration
(<0.2 mM).

Based on this studyDCP binds tightly inside the heme pocket BHPA in two
conformations, which are different from DHPB, although both show high occupancy for
internalized DCP substrateBhe treechlorinated phenolsTCP, 4-CP and DCPbind in three
different sitesmainlya-, b- andg-sites, respectively, but also an additional internal site in the case
of DCP.Moreover, the binding heterogeneity of DCP in the DHPA and B isoforms may affect
electron transfer rates and even mechanism. A fraction of the substrates undergoes peroxygenation
in DHPB. Similar trends exist for the brominated analogs of each of theseutes. These have
great relevance to the marine ecosystem but are correspondingly difficult to study because of the
low solubility of brominated substrates. Chlorinated phepiadside versatile models of the muilti
functional nature of DHPA and B.
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S.1Nomenclature of the heme edge

Figure S1. The chemical structure ofisprr ot opor phyrin | X (Heme b)

four methine bridges.

S.2Derivation of Michaelis-Menten and Peroxidase Enzymatic Rate Equations

A general enzyme substrate reaction is,

kOﬂ kcat
E+S ==—=ES—> P+E
koff

Reaction Scheme 1: The Michadiienten reaction
where E = enzyme, S = substrate, P = product andkd, keat are rate constants. In

Reaction Scheme 1pokand katare binding and catalytic rate constants.i& the offrate for S,
which is the dissociation of the enzyssgbstrate, ES complex. The derivation of the Michaelis
Menten model begins with the rate laws filemmation of ES and P. Then the steady state is used
to solve for ES and mass balance is employ@d = [E] + [ES]) to derive the standakichaelis

Menten kinetic equation:

) QY
0 Q Q N
~ !Q Y
, Q O Y
S SR -
Q
w Y .
@ U] Y P
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Note the distinction O | which gives the total enzyme concentration and [E], which
represents the concentration of unbound enzyme. Both equations can be related to the standard

form by noting the following definitions,

w Q0 "X
, Q Q 5
' T
which gives the textbook form of the Michaelitenten equation:
WY .

When the curve approaches the maximum velocika{Vit approaches a maximum value
as the substrate concentration is increa3ée linear regiorof the MM plot at low substrate
concentration ([S] << k) arises from a secormtder process, E and S combining in solution to
form the ES complex. The saturation region is observed when [Sj=an&it is first order in ES.

It is dominated by d; the rate constant fazonvesion of ES to E+P. Information about the
reaction can be obtained when substratelslaly limits the M-M plot to the linear regiom plot

of Equation Sis shown in Figure &

1.0 5
0.8 1
0.6

0.4

Catalytic Rate Constant (k)

0.2 1

0.0 - : T !

0 1 2 3 4
Substrate concentration [S]

Figure S2: Michaelidvlenten plot of enzyme kinetics.
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At first glance it is difficult to see an analogy between the peroxidase kinetic scheme and

the MichaelisMenten schemé he 3step peroxidase rate schemesafiven by,

000 06 ©6¢£an0O Yo '@
6EanN®®O6Ean@O 0O Q Yo @n
6€an @0 000 600 Q Yo @n

Reaction Scheme 2: The peroxidase reaction

Here,0 s defined as a radical product, P, AH is the substkatéo, andks are reaction
rate constamstfor activation and electron transfer associated with bindig@p kb the ferric state
of either DHP or HRPenzyme. Thisactivation mechanism is knowras the PoulosKraut
mechanism Nearby amino acids polarize the bonds to the heme iron leadithg foushkpull
mechanismThe named mechanism arises from a study that explained the activation of the heme
ironforOO bond cleavage by ahipusdonéramdt Apulpl ¢
histidine.Since there are two electron transfers to each of two substrate molecules, AH, step 3 in
Reaction Scheme 2 is also known gsraypong mechanisifil,2] The pingpong name comes
from the fact that there are two electron transfer reactwesidentical at the substrat€he
oxidation reactionshave different electron acceptors, either Cmpl or Cmpll diffdrent rate
constants but they both form the same product, the radiGalThe rate laws for each of the

reactions above are:

Q000 . . ...
— QO0'0L0v
Qo
——— Q00000 Q6 ¢ andoo "V
Qo6 ¢ an 00 .| M w s r s e “
—,an QoéfanM@Moéean O Yp

Eqn. S7 showthe steady state approximatifam Compound | and Compound II,
QO € anNfQo mh Q0 € anNfQO® n "X

the following relationships can be obtained.

66



From EquationS5
m Q00006 Q¢ andco
QO0006 Q6£ andco
andfrom EquationS6, . .
m QO6€&€an6C0 Q06€¢an®O
MOoeEand0o Q6éan®O
To give the solutions
0€an (;Q ?HOGHOG
Q00
Q00000

8¢ &1 0BO——
d 060

Both of the electron transfer stepsakd k yield product in this reaction cycle. The
product is a phenol radical. If we include the disproportionation of these radicals in solution to
form a quinone product, the factor of 2 will be consumed in that second order process. However,

we ignore that deil in this level of analysis.
W Q—U Moean@Moéan @
Qo
© Q— Q—— 060
® ¢QO000L00
Here, total enzyme concentrationg|[is:
O 000 6£an0déan 00
Inserting this definitionnto equation,
6 000 jo! 'o~"06"ocj o) 'cz"oﬁ"ots
Q00 Q00
0 000p 78 © U 79 ° U
Qo0 Qo0

o o005, 208 e P
P TE0 T 1
The algebra to reach a definition of the rate of radical formation,
@ ¢Q'00L00
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Assuming a reaction at a constanOA concentration we can define two parameters that

have the form of the Michaelidenten equation

W ¢CQO0 © (S9
0 — — Q00U (S10
Thus,
o w 00
0 00

This showsthe relationship ofMichaelisMenten kineticmodel to theperoxidase rate
scheme A similar equation can be written at a fixed value of [AH]. This is equivalent to a

MichaelisMenten curve except that it is plotted against theudustrate concentratioriQ U

we 00
e OO0
In this case
wee ¢Q 600
and
VE? DZQ—~~Q 00
QQ

We have shown elsewhere that DHP follows this expression and hasdarteuasional
M-M surface. Returning to the [AH] dimensionads the catalytic rate constant that represents
the activation of heme iron to from compound ES and apparently proportional to k
0 0 06 6 p
Rearranging equatidhand10respectively,
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Assuming that
Q 1Q Y T
Where 10 ¢ < 20, we can obtain a general expression,
— — (S19

which permits determination of the tvetectron transfer rateonstants, kand k, shown
in Reaction Scheme. Previous studies of the rates of disappearance of Cmpl and Cmpll have
provided evidence that 10/<< 20. Therate constant®) and'Q represent the electron transfer

from substrateAH to Cmpl or Cmpll, respectively.

S.3Electron Transfer Theory Applied to Peroxidase Mechanism

Marcus theory explains the rate of electron transfer from one chemical species to another
in a polar solvent. It applies mainly to outer sphere reorganization due to the solvent rearrangement
surrounding donors and acceptors. The inner sphere reorgamigagogy involves changes in
bonding distances as the donor is oxidized and the acceptor is reduced. The inner sphere term is
typically much smaller than the outer sphieren[5] When the inner sphere reorganization energy
is neglected, the Frang€Bondonfactor in Marcus theory has a Gaussian form.

o~ P = T o
00 ——=Qwn —=
0" n QY Yo
where_is the reorganization energy i s e nTde emergy i§ agpivalent to the free

energy change of the electron transfer reaction. The electron transfer rate constant has an electronic

factor s and a nuclear factor FC.
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Where |V} is the electronic factor and FC is the Fras@dndon or nuclear factor. The
electronic factor depends on the overlap of reactant and product wave functions. It has an
exponential distance dependence. If the substrate binds inside, it is much closéretodhson
and therefore electron transfer should be much faster. Since the distance dependence is
exponential, this effect can be large, approximately a factor of ten for angstrom of distance. The
FC factor gives the line shape. It is normaliZEderefore, the integrated area is 1. The electronic
factor determines the magnitude of the rate constant, and the FC factor determines the dependence
on energy. The energy gap in an electron transfer reaction is determined by the oxidation potential
of the donor and the reduction potential of the acceptor. For optical transitions, such as charge
transfer bands that energy is provided by a photon. Foradiative electron transfer reactions
there is a unique energy given by the difference between tHatmx potential of the donor and
reduction potential of the acceptor.

We represent the donor and acceptor each by a sphere withiradidi , respectively.

The distance between the sphere¥.i$he low frequency solvent dielectric functiof isand the

high frequency dielectric function is . The nuclear motions associated with solvent
rearrangement give risefto. For liquid water at room temperature the values are approximately

T P& xandf 82. The polarization of electronic charge clouds of solvent molecules give
rise tof . The reorganization energy is defined as the energy necessary to change the nuclear
configuration from the equilibrium state to acceptor state where no electron transfer takes place.
In the Marcus model the reorganization energy is,

The activation energy leads to a gaussian form and the normalization constant is standard
for gaussians.

P
m* _ QY
where( is the normalization constant for the electron transfer rate constant.

G

Theelectronic factor decreases exponentially with the distance between the donor and the

acceptor. A final connection to note is that the temperatute dllows Arrhenius behavior,
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Using a geometric derivation based on Figure S3 one can show that
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|

-4 0 4 8
Nuclear Displacement

Figure S3: Representation of the change in nuclear displacement from reactant (blue) to the product
state (red) wherei s t he reorganization energy and U is
the nuclear displacement along a solvent mode has a dimensionless \Rki®& ofFor a solvent

mode ofo 5 1000 cmt and S = 12.5, the reorganization energy is approximately 1.5 eV since

1 39.

We have used a kinetic analysis of peroxidase reaction scheme plotted as saturation kinetics
analogous to the Michaeldenten model to extract the electron transfer rate constaatsiig.
Using Arrhenius plots we have estimated the activation enefidiesefore Marcus theory can be
used to obtain an estimate for the reorganization energy, which informs on the solvent environment
of the substrateThis provides crucial evidence to strengthen hypotheses regarding the substrate

binding site in solution.
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S.4Singular Value DecompositionAnalysis of kinetic components

Singular value decomposition (SVD) waplied to the time resolved absorbance data over
a 100 nm bandwidth for a period of 90 seconds. SVD decomposes that absorbance vs. time, A(
data set to three matrices.

O _ Y_R o ith o &M "B w

Initially the index n runs from 1 to N, which is the dimension of the of the-tiependent
spectra. Depending on the values of the weights in the W matrix only a few components are
important.”Y _Fg is the spectral matrix ardd £ is the transpose of the matrix of associated
time courses. One can transpose the matrixt o to obtain time courses that correspond to each
U component. The weights or eigenvaluesooft ¢ determine how many of the basis spectra
contribute significantly to the data. Based on the magnitude of the weights one can include only
the most important components in the analysis. In the present data sets, two components suffice to
describe more tha®9% of the information content of the data. The first two SVD components for
each enzyme and substrate are shiowfigures S459.

The orthogonal basis spectra are not a unique decomposition of the data. Any normalized
linear combination can also represent the processes. The kinetic component, ¥tc.
associated with the basis spectra, Uz, can be combined in linear combinations based on a
transformation. One such transformation is obtained by the simultaneous fit to two exponential
components that are common to bothavid \A.

w ©®Q 0 Q
w ©Q ®Q

This means that the spectral SVD components correspond to two processes that have rate
constants kand k. Note that these are not necessarily related; tankl k in the peroxidase
reaction mechanism, but the index scheme of SVD would be awkward if another designation was
used. Using this decomposition, the basis spectra can be converted into spectra that accompany
exponential processes. The coefficients (amplagydéthe fits can then be used as the coefficients
to form linear combinations of the cosponding basis spectra. The two hew components can be

called S and S and they are given by

e
e

Y Y Y
nY '?‘Y ’7‘Y

€
€

72



Fits to two exponentials did not improve the values.In cases where distinct single
exponential rate constants fit the data well, we can assume that-ttiagufhal coefficients are
zero, @ TU This result implies thalY "Y and"Y 7Y. Table Q showsthe analyzed
SVD components obtained by fitting the first two V components of data for each enzyme to single
exponential functions

Figures S459 show the DCP data for all three enzymes in terms of basis speciradU
U>. U1 is the grand mean and the spectral features iar&a difference spectrum of the product
2-chloroquinone minus the substrate-gidhlorophenol. With the exception of DHPB binding to
DCP, these three enzymes have similar spectral components, but differ in their kinetic time
courses, Yand \s.

The data analyzed to compare DCP and TCP results were obtained & 860centration
in 5% MeOH/buffer solutions at pH 7 and®@0 If the lifetimes of the two timeourses are similar,
the meaning is that there is a single procéss, PhenolA Quinone, which has spectral
contributions from both Uand W. This is the case for the DHPA and B data with DCP as a
substratelf there are two different lifetimes, it suggests that parallel reactions are taking place
such as?henolA Quinone and Phend| Polymer.This is apparently the case for HRP with DCP
as a substrate. The yield of each component shown in Table S2 was calculated approximately using
the amplitude of the fitted rate process multiplied by the SVD weight. The yields for the two
components involveBCP oxidation vary between 4/D%. Since the lifetimes are quite different
for the two components in HRP this suggests that the yield for a polymerization process is
approximately 60%, see Table S2.

The first SVD componenn Us includes substrate absorption bands and any scattering
background in the samplec&teringincreases as the fourth power of frequentige distinct
difference in lifetime in HRP and the significant yield of the process associated witthe&)
information in the Wcomponent representspectral change at the monomer level as phenols are
oxidized to quinones, orthguinones or other spectrally distinct produttile multimers could
be included in this mix, the majority procitspecies appears to be the quinone based on the spectral
features.

The data for TCP oxidation have distinct differences relative to DCP. First, the yields are
heavily weighted toward the second SVD componegtjiUHRP, DHPA and DHPB (886%).

The U spectral component consists of both substrate and scattering background that may be
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present. It is also noteworthy that the spectral component DHPB appears to arise from a

mixture of anionic and neutral forms of the TCP substrate. Both forms can be observed at pH 7

since the pKis 6.1. Both HRP and DHPA spectra are consistent with the phenolate as expected if

the substrate binds externally. This has been observed many times in past experiments. The DHPB

spectral experiments are new and were acting mainly as a control for cgonpaith DCP. The

spectral features of the DHPB spectra are consistent with a significant protonated (neutral) TCP

that may be bound in the distal pocket. All the spectra of DCP are consistent with the neutral form,

which is expected because the,dK7.9 We conclude the TCP sequesters to a significant extent

in the distal pocket of DHPB at the concentrations studied here.

Table S1. Fit parameters for kinetic componenta™ s from SVD analysis of enzymes HRP,
DHPA and DHPB with 500 uM substrate concentration

Component Baseline Amplitude Rate Constant | Weight
HRP/DCP/V1 | 0.1773 + 0.0001| -0.0735 £ 0.0007 0.0522 + 0.0002| 50.8
HRP/DCP/V2 | 0.262+ 0.001 -0.644 + 0.002 | 0.0225 + 0.0002| 4.35
DHPA/DCP/V1 | 0.165+ 0.0001 | -0.0189 + 0.003 | 0.0823 + 0.003 | 37.9
DHPA/DCP/V2 | 0.0871+ 0.003 | -0.680 + 0.01 0.0903 £ 0.003 | 1.02
DHPB/DCP/V1 | 0.171+ 0.0003 | -0.0224 + 0.0004 0.0247 + 0.001 | 37.9
DHPB/DCP/V2 | 0.242+ 0.01 -0.560 + 0.009 | 0.0232 +0.001 | 0.97
HRP/TCP/V1 0.158+ 0.0001 | -0.0124 + 0.0002 0.0309 +0.001 | 78.5
HRP/TCP/V2 0.676+ 0.008 -1.008 + 0.007 | 0.0094 + 0.0001| 4.86
DHPA/TCP/V1 | 0.160+ 0.0006 | -0.0056 + 0.0004 0.0213 + 0.006 | 89.0
DHPA/TCP/V2 | 0.550+ 0.007 -0.897 + 0.006 | 0.0115 £ 0.0002| 3.69
DHPB/TCP/V1 | 0.168+ 0.0003 | -0.0213 + 0.0004 0.0362 + 0.0002| 95.2
DHPB/TCP/V2 | 0.107+ 0.001 -0.649 + 0.009 | 0.068 +0.001 |13.3

Table S2. Data from 500 uM sample

s in 5% MeOH/Buffer pH 7 & 20

Species Yield 1 Lifetime 1 (sec) | Yield 2 Lifetime 2 (sec)
HRP/DCP 0.60 19.1 0.40 44.4
DHPA/DCP 0.51 12.1 0.49 11.1
DHPB/DCP 0.67 404 0.33 43.1

HRP/TCP 0.17 32.2 0.83 106.3
DHPA/TCP 0.14 46.9 0.86 87.0
DHPB/TCP 0.19 27.8 0.81 14.7

Polymerization is anticipated to occur when the substrate is bound externally and when the

monomer has resonance structures that stabilize radical initi&olgmerization has been

observed for many types of phenols following HRP turnover. This is commonly studied as a

method for purifying water. Dihalophenols can form dioxins, which makes them an important
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target for purification. Halogen substituents in the ortho and para positions reduce the
polymerization yield. On the other hamydrogen substituents in the ortho or para position should
permit radical attack. Chlorine or bromine in these positions present a steric barrier to radical
reactions and tend to slow polymerizatiéithough TCP binds externally in HRP and may also
bind externally in DHP, it is expected to have a low polymerization Yielthuse of the two
chlorine atoms in the ortho positionCP is expected to have a much higher polymerization yield

if it binds externally as is expected in HRP. Indeed, the yield of the first component, which
corresponds to polymerization in our model is ca. 60% in HRP. On the other hand, DHPA and B
have very snilar lifetimes for the two components; ¥nd \4 for DCP. This suggests that the

process is not primarily polymerization but consumption of substrate.

A HRP B DCP
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Figure S4: First two SVD basis spectra and time components from -tleedJV'-matrices,
respectively. V. components have been transposed. Both of V components fit to single exponential

functions. Fitting parameters are given in Table S1.
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Figure S5: First two SVD basis spectra and time components from -tledJV'-matrices,
respectively. V. components have been transposed. Both of V components fit to single exponential

functions. Fitting parameters are given in Table S1.
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Figure S6: First two SVD basis spectra and time components from -tleedJV'-matrices,
respectively. V. components have been transposed. Both of V components fit to single exponential

functions. Fitting parameters are given in Table S1.
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Figure S7: First two SVD basis spectra and time components from -tledJV -matrices,

respectively. V. components have been transposed. Both of V components fit to single exponential

functions. Fitting parameters are given in Table S1.

The first two U and \-components in the TCP data are similar for HRP and DHPA, but

U, is significantly different in appearance for DHPB, which contains contributions from both

phenol and phenolate spectra shown in Figure S6. The spectrum in Figure S5 shows that the

substrate is in the phenolate form in DHPA under the same conditiongrdvides evidence of

internal binding of DCP at lower concentration in DHPB than observed in DHPA.
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Figure S8: First two SVD basis spectra and time components from -tledJV'-matrices,
respectively. V components have béemsposed. Both of V components fit to single exponential

functions. Fitting parameters are given in Table S1.
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Figure S9: First two SVD basis spectra and time components from -tlemdJV'-matrices,
respectively. V. components have been transposed. Both of V components fit to single exponential

functions. Fitting parameters are given in Table S1.
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S.5 Evidence for a secondary oxidation reaction to form hydroxyquinone
Table S3: Product detected for the oxidation ofR@P using LCMSelectrospray ionization in
negative ion mode to yield [Mi]

DM Molecular

Sample

tr (Min)

m/z

(ppm)

Formula

Description

DHPA+2,4
DCP+HO; pH 7

0.50

156.96994

0.912

CsH3ClO3

2-CIQOH

DHPA+2,4
DCP+ HO; pH
5

2.37

160.95673

0.546

CsH4CI20

2,4DCP

DHPA+2,4
DCP+ HO; pH
5

0.57

156.96985

0.370

CesH3CIO3

2-CIQOH

DHPB+2,4
DCP+ HO; pH
7

2.33

160.95677

0.764

CsH4CIO

2,4DCP

DHPB+2,4
DCP+ HO, pH
7

0.54

156.96985

0.321

CesH3CIO3

2-CIQOH

DHPB+2,4
DCP+ HO; pH
5

2.25

160.95678

0.827

CsH4CIO

2,4DCP

DHPB+2,4
DCP+ HO, pH
5

0.53

156.96989

0.603

CesH3CIO3

2-CIQOH

DHPB+2,4
DCP+ HO; pH
5

1.57

140.97486

-0.153

CsH3CIO2

2-ClQ

2,4DCP+ HO2
pH 7

231

160.95669

0.310

CsH4CIlO

2,4DCP

2,4-DCP+ HO,
pH5

2.30

160.95672

0.451

CsH4CIlO

2,4DCP

Reaction condition: 10 uM ferric DHP, 500 uM substrate, and 50(H#@kin 5 mM KPi buffer
pH 7 with 5% MeOH, quenched with catalase after 15 min.

S.6 Parameters Associated with Xay Crystal Structure 8EJN
Comparison of DHPA and DHP#&rystal structures with DCP ashown in Figure S10.

The position of DCPU conformation of DHPB (7L
cl oser to t heconfornmtibg@ DHPA awhmch makd3 sense because the heme of
both structure is not superimposed. The occup
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DCPRsi n DHP A. The ot her t wo ¢ o n fadnr DRIRA areonots | DCHF
identical shown in Figure S11.

Front view

Side view
Figure S10: Superposition of DCP in DHPA and DHPB. (A) Front view of DHPA complexed with
DCP (cyan, PDB entry 8EJN), and DHPB complexed with DCP (light coral) (PDB code: 7LZN)[3]
(B) Back view, (C) Side view.

Figure S11: Superposition of DCP in DHPA and DHPB. (A) Front view of DHPA complexed with
DCPrand DCR( cyan, PDB entry 8EJN), and DHPB compl
DCPb (green) (PDB code: 7LZN and 7LZK)J[ 3] (B)

80



DHPB complexed with DCP (PDB: 617F) was recently determined by Me@micano et.
al. by serial femtosecondnay crystallographghownin Figure S124] They observed only one
binding conformation for DCP whicsignificantly differs fromthe observed positions for D&P
and DCR. The differences in structure are probably caused by different crystallization conditions
used in the two studies.

DCP (SFX): Cyan DCP, & DCPy: Green

Figure S12: Superposition of DCP in DHPA and DHPB. DHPA complexed withRE&® DCR
(green, PDB entry 8EJN), and DHPB complexed with Bxgecyan) (PDB code: 617F).[4]
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Table S4. Data Collection and Refinements Statistics
2 -#AClphenol
PDB Entry 8EJN
Data Coll ec
Wavel ength1.00
Temperatur 100
Space Grou P22

Unicte | | par ameter
A 57.9

B 67. 3

C 69. 2

Uni que Ref 42466
Compl etene 98. 0 ¥
Rme a(s %) 7 .(07 4.
Rpi o %) 3.0 (23
CG/2 1.00 (
| 91 21. 9 (
Mul tiplici 5.2 (23
Refinement

Resol ution 37 .-10.94
Rwor(k%) 13. 95
Rf r € ¢%) 20. 19
No. of Prot2481

No. of Sol v323

R. m.s. devi

Bonldengt hs 0.014
Bond anglesl. 909
Ramachandran St at

Preferred 97. 3
Outliers 0.0
&/alues in parenthesis are for the highest resolution.shell
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ABSTRACT

The enzyme

I J) +H,0 80x10°1 520 nm no{\\ I
T +Hel
g 70-

60

501 — 8
e N =

T 30

Absorbance

Amphitrite ornata

is capable of

enzymatic
peroxidation of 2-dichlorophenol (DCPand 24-dibrom@henol (IBP). There is also at least

one parallel oxidative pathway and the major prod2atsloro-1,4-benzoquinone (Z1Q) and 2
broma1,4-benzoquinone (BrQ) undergo a spontaneosscondanhydroxylationreaction. The
oxidation and hydroxylation reactions have been monitored byvisifdle spectroscopy, High
Performance Liquid Chromatography (HPLC), and mass spectrometigeri€e from time

resolved UWvisible spectroscopguggests that the hydroxylatoof 2-CIQ and 2BrQ in the
presence ohydrogen peroxideH>0,) arenon-enzymaticspontaneous processs approximately

~10 and ~5 timeslower, respectivelythan theenzymaticoxidationof DCP or DBP by DHP in
identical solvent conditions. The productCR) and 2BrQ have_  at 255 nm and 260 nm,
respectively. Both substrates, DCP and DBP, react to form a parallel product peaked at 240 nm on
the same time scale as the formation-6fl@ and 2BrQ. The 240 nm band is not associated with

the hydroxylation process, nor is it #itrtable to the catechol 3dihalobenzend,3-diol
observed by mass spectrometry. One possible explanation is that muconic acid is formed as a
decomposition product, which could follow decomposition either the catechol or hydroxyquinone.
These reactiongive a more complete understanding of the biodegradation of xenobiotics by the

multi-functional hemoglobin, DHP, iAmphitrite ornata
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Keywords: peroxidase, hydroxylation, xenobiotic, halogenated phenol, halogenated quinone,

singular value decomposition

Highlights

Peroxidasecatalyzed oxidation of phenol to quinone in the presence®©f H

Spontaneous neanzymatic hydroxylation of quinone also in the presenceGbH
Hydroxylation of quinone is 10 times slower than the enzymatic oxidation of phenol
Application of Singular Value Decomposition analysis to understand complex reactions

Reactions monitored by UVisible spectroscopy, HPLC, mass spectrometry

Abbreviations: dehaloperoxidase (DHP); cytochrome c peroxidase (CcP); horseradish peroxidase
(HRP); 2,4,6trichlorophenol (TCP); 2,4;&ibromophenol (TBP); 2 4lichlorophenol (DCP); 2:4
dibromophenol (DBP);-2hloro-1,4-benzoquinone (Z1Q); 2bromo-1,4-benzoquinone (BrQ);

high performance liquid chromatography (HPLC); liquid chromatograpaygs spectrometry
(LC-MS); singular value decomposition (SVD).

Synopsis:The decomposition of 2sdihalophenols catalyzed by dehaloperoxidase was studied by
UV-visible spectroscopy, High Performance Liquid Chromatography and Liquid
ChromatograpmMass Spectrometry. Spectroscopic evidence suggests two major products, which
we piopose are -halo-l,4benzoquinone and -Ralomuconic acid. These complementary

techniques give a higlevel view of the degradation of xenobiotics in marine ecosystems.
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1.INTRODUCTION

Catalytic oxidation of chlorinated and brominated phenols by peroxidases is well
known[1i 5] Dehaloperoxidase (DHP), a mditinctional hemoglobirenzyme found in the
terebellid polychaetémphitrite ornata is known to catalyze thexwlative dehalogenation of
halophenols into their corresponding haloquindbeg] There are two isozymes known as DHP
A and DHP B, which both have peroxidase activity. DBIFhas significant activity as a
peroxygenase and other oxidative functions as (28] Previouslyoxidative dehalogenation of
2,4,6tribromghenol (BP) and2,4-dibromghenol (IBP) have been observed to form products
that include the benzoquinone®,6-dibromol,4-benzoquinone (2;6BQ) and 2bromol,4
benzoquinone (BrQ), respectivel\j9] The chlorinated analogs have been studied more often
because of their greater solubilityxi@ative dehalogenation of 2,4t6chlorophenol (TCP) to 2;6
dichloro-1,4-benzoquinone (2;6CQ) and 2,4dichlorophenol (DCP) to -hloro1l,4
benzoquinone (Z1Q) by DHP hae bothbeen showmo occur by a peroxidase mechanighi0]
The chlorinated compounds are common industrial pollutants. The nateallyring brominated
analogs are found in marine sedimgits.14] The brominated aromatic compounds found in
benthic ecosystems are often synthesized as repellents by organisms shNoloraastus
lobatus[13,14] These halogenated compounds are toxids trnatg which is a tube worm found
in shallow coastal mud flat©xidation of DCP/DBPs is important because of their potential to
form highly toxic dioxins.In this paper several techniques were combined to examine the
degradation of these toxic compounds by DHP, but also by spontaneous processes that appear to
fortuitously aid their decomposition.

Peroxidases oxidizghenols to quinondsy cleaving the @ bond of cesubstrate kD>
to activate the heme for electron transfer from the sub$tria®es, 15)For many years the evidence
that substrates are bound at the hedgehad led to the assumption that this is a universal feature
of phenolic oxidations by peroxidagd$,17] Horseradish peroxidase (HRP) is the most widely
investigated in the peroxidase class for its ability to oxidize ph¢b@i49] The structural
difference of DHP with respect to HRP and other known peroxidases has opened a new possibility
that substrates may be bound internally and oxidized by two subsequeniesiotien transfer
reactions.

Although both have a heme active site, the amino acids surrounding the active site in DHP

differ significantly from HRP. Moreover, there is strong evidence for formation of protein radicals
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in the tyrosines of DHP, Tyr38, Tyr28, Tyrl6, and Ty107. In DHP A there is an additional Tyr34
that appears to play a major role in the differences in DHP A and B reaf2dji®ne can compare

this radical formation to cytochrome c peroxidase (CcP), wéecjuentiallyoxidizes the heme of
each of two cytochrome c proteibyg oneelectron oxidation steps involvingharge hopping to
Trpl91to form an amino acid radical peroxidase intermediate comprising an amino acid radical
is called compoun&S[21,22] Thus, peroxidasactivation and electron transfer stefpOHP are
analogoudo HRP, with a compound ES intermediate. One important distinction between DHP
and CcP is that a pool of up to five tyrosyl radicals in DHP acts as a collective oxidative
intermediate rather than the single tryptophan in.RR@PThe mechanisrof activation of HO-

in bothinvolvesPoulosK r aut -pfup o ® h mE8,Mp2a]i s m.

DHP peroxidase activity was first reported for the substrate-gjdf@mophenol that is
oxidized to 2,&dibromoquinone in the presence ol astheoxidant[9] The oxygen atom added
to the para position of the phenol is derived from solvent watarilar activity is observed for
2,4,6trichlorophenol (TCP) and 2,4t6fluorophenol (TFP).Peroxidase activity has been
established in previous studies of mgrah-, tri-halophenols and guaiacd&25,26] DHP B also
hasoxygenase, oxidase and peroxygereadevity. Nitrophenold6] pyrroleg27] and indolef/]
are oxidized viaperoxygenase function.-tiromo3-oxindole, one of the products of- 5
bromoindole has been foutal possesanoxidase mechanisiit] DHP A has limited activity for
these other types of oxidations.

Comparison with other heme proteins, such as cytochromes P450, would suggest that
internal bindingis onerequirement foloxidation viaa peroxygenase mechanigB80] However,
internal binding in DHPdoesnot exclude a peroxidase mechanismhere substrates can be
oxidized by sequential orsglectron stepsn situ. Hence, loth mechanismsare theoretically
possible for a single substra@ne hypothesis to explain these various reactions carried out by a
single enzymas that the binding of a particular substrate acts like a switch that activates the
enzyme to carry out the appropriate oxidative reaction. A previous study has shown that some
substrates can play role in functional switch between the peroxidase andyeease function in
DHP B.[8] Recent studies also reported that DBIean oxidizethe substrate DBP andDCP by
sequentiaperoxidase and peroxygenasactiond28] However, the extremely tight binding of
DCP and especially DBP leads to an apparent contradiction béadésis also inhibited by these

substrate§?9] Selt-inhibition has been observed previously in DfBPHerein, a combination of

88



methods was used to study the mechanism of the double oxidations of DCP and DBP, which have
been reported to include peroxidation and peroxygenf2ijn.UV-vis spectroscopy provides
information on the most abundant species, whereas mass spectrometry reveals many species that
may have low yields. While quinones are the major products of phenol oxidation there are many
other oxidized species present insksquantities.

Research on marine organismvhich has led to the identification ahany novel
metabolitesincluding more than 100 quinongXl] Quinones are intermediates on a degradation
pathway for halogenated aromatic xenobiotAd#iough many quinones are toxic they appear to
be degraded relatively rapidly. There is still missing information due to their low concentration
and relative lack of stability[32] Aqueous photoreactions form hydroquinones and
hydroxyquinone$33] Only a few quinones have ngiotochemical hydroxylation reactions,
which is of major importance for DHP. Catechols formed by peroxygenation of halophenols and
hydroxyquinones can lead to ortlyainone formation, which is a degradation pathway that forms
muconic acid by ring openin§4] In this study focus was ahe spontaneous hydroxylation by
H202 in bifunctional oxidations by DHP. While the primary peroxidase reaction of both DCP and
DBP dominates we find spectral evidence for a parallel degradation pathway in both substrates

and both isozymes.

2. EXPERIMENTAL
2.1. Materials and Methods

All chemicals were pcuredfrom Fisher ScientificVWR, Acros or SigmaAldrich and
used without further purification. Stock solutions of the substratesti@#brophenol (DCPR)2,4
dibromophenol (DBP), -2hloro-1,4-benzoquinone (Z1Q), and 2bromo1,4-benzoquinone (2
BrQ) were prepared in 100% methanol (MeGittck solutiongnd stored in é80°C freezer until
needed. Th&1eOH was used as cosolvetd thepercentage of methanol in the final sampés
5% in all experimentsAcetonitrile (ACN) and trifluoroacetic acid (TFA) were HPLC grade.
Catalase (MP Biomedicals, LLC, Solon, OH) was used to quench the reaction mixer in HPLC
experiments. Catalase was stoaéd°C until needed.

Wild-Type (WT) HistidineTagged (His6X) DHPA and DHPB were expressed and
purified following the previously describgulocedurd35,36] The proteinvas oxidized, to obtain
the ferric state, before each kinetic, HPLC orMGS experiment by addingnexcess of potassium
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ferricyanide, K[Fe(CN)] followed by gravity filtration ina PD10/sephadex @5 desalting
column[37] The 10 kD cutoff of the gel filtration column permitemowal of the excess
K3[Fe(CN)].

Hor ser adi sh p es=d62j0edafcre)[38]Masprocurédtrom Millipore
sigma and used as received. A stock solution of hydrogen peroxi@e) (Hz46 Z43.6 Mlcm?)
was freshly prepared using 30% reagent grade hydrogen peroxide in 100 mM KPi buffer of
corresponding pH (jL of H2O2 in 10 ml of buffer) before each experiment and kept on ice before
using. The concentration of DHP, HRPQ4dwere determined spectrophotometricalgfore each
experimenu s i Nng e Xxt i n cabe¥ HEA00cMIcent, fadsEc102e000t Mt a n dao=U
43.6 Mlcm? respectivel\[36]

2.2. U\-Visible Kinetic Studies of 2CIQ and 2-BrQ

The UV-Visible kinetic reactions were performed in triplicate for DAPDHP B and HRP with

2-ClQ or 2-BrQ as substrat using the kinetic mode in UVisible spectrophotometer; Agilent

Cary 3500 UWVis Compact Peltier spectrophotometer (Mulgrave, Australia). The analysis was
performed on Cary UV Workstation software. All the kinetic reactions were carried @ut in
matched pair ofjuartz cuvetteof 0.4 cm pathlength from Starna Cells (Atascadero, California),
keeping the total sample volume 1 mL/10Q@0with 5% MeOH in solution. The concentration of

DHP A or B was kept constant42 M andenzyme concentration 6fRPwas60dM in all kinetic
experimentsThe DCP and DBBubstrate concentratiswere300‘ M and ® * M, reflecting the
difference in their binding affinity for DHF.hereaction mixture was made addiing appropriate
concentration of thenzyme of interest (ferric DHP or HRP) with substrate at pH & final

volume of 1 mL.Subsequentlyreaction was initiated by adding freshly prepareg®DHat a
constant concentration of 12001. The absorbance oféhloro-1,4-benoquinone (2CIQ) was
monitor ed #1690 5Em)i39] THekinetic experiments were observed for a total
duration of (a) 90 s, spectra after every 7 s and (b) 15 min taken after every 7 s with spectral
measurements over a range from 220 to 550 nm at pH 7. The wavelength range was selected to
permit the observatioof the formation of products including hydroxylated and consumption of
substrates-ZIQ or 2-BrQ.
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2.3. HPLC Reactivity Studies

The reactivity of substrase-CIQ and 2BrQ to form secondary produsand possibly multimers

or other productsvas identified byReverseePhase HPLGt pH 7.A binary [Aqueous (A) and
Organic (B)] solvent system was used to perform the separation of analytes (solvent A: water+
0.1% TFA and solvent B: ACN+ 0.1% TFA) e mobile phaseTFA was replaced with formic
acid in the HPLC experiments conducted to compatd@to 2BrQ hydroxylation. Those data
are presented in the Supporting Informati®he indrumentwas comprised of a Waters e2695
bioseparations module with a Waters 2998 photodiode dategtor (Massachusetetfached to

a ThermeScientific ODS Hyersil, particle size 5m (150x4.6 mm) €18 columnThe £paration
was carried out by a linear gradient of solggntind B at a flow rate of 1.5 ml/min atiteelution
condition wasa linear gradient fror5:5 (A:B) to 5:9%0ver12 min; 5:95 isocratic for 2 min; 5:95

to 95:5using a linear gradient ovdrmin and then isocratic for 3 min. Enzyme assay reactions
were performed in triplicate in 1068M KPi buffer (pH 7 unless otherwise mentioned) containing
5% MeOH at 25°C with a final sample volume of 250L. Substrate stock solutions of 10 mM
were prepared in MeOHFirst, DHP (10° M) and substrate (500M) were mixed Subsequently
reaction was initiated by addirdpO2 (500° M). The reaction was quenchatter 2,5, 10, or 15

min by addition of 5 L of catalase solutiariThen the reaction mixture was diluteefaid by
mixing 200* L of the reaction mixture with 600L of 100 mM KPi at pH 7. Control experiments
were performed either in the absence eDH(nonoxidant control) or enzyme (neenzymatic
control). The Empower 3software package (Waters Corp., Massachusetts) was used to analyze
the data.

2.4. Product Identification by Liquid Chromatography-Mass Spectrometry (LGMS)

A high-resolution mass spectrometethe Thermo Fisher Scientific Exactive Plus MS, a
benchtop fulscan Orbitrap mass spectrometer using Heated Electrospray lonization {##SSI)
used to analyze the oxidation reaction e€I®) and enzymes mediated b{O.. The mass
spectrometer was operated in both positive and negative ion mode. The assay included 10 uM
DHP, 500 uM substrate, and 500 HAO-in 5mM KPi buffer pH 7 with a final volume of 250
UL of reaction sample. The reaction was allowed to react for 15 min and quenched with catalase.
Analysis of undilutedsamples (ZuL injection volume)was carried ouvia LC injection into the
mass spectrometer at a flow rate of 500 pL/min (mobile phase@ with 0.1% formic acid and

mobile phase B, acetonitrile with 0.1% formic acid with a starting gradient at 95% A, 5% B). The
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LC column was a Thermo Hypersil Gold (50 mm x 2.1 mm, 1.9 um particle size) C4 column. Data
analysis was performed using Thermo Xcalibur softwélhe spectra were collected using the
scanning range (160000) m/z.
2.5. Analysis of TimeDependent Spectra: Singular Value Decomposition (SVD)

SingularValue Decomposition (SVD) was usecatoalyze timedependent spectral data of
the substrateconversion to produdgt0,41] The goal of SVD is taletermine basis spectra in the
time-resolved data matrix that is obtained frtme kinetic experiment A(_,t). The basis spectra
provide information on independent reactions, as well as side reactions such as polymerization and
effects of enzyme denaturation that may be manifest in unique spectral components. In the data
matrix, A(_,t), each column is the abgion spectrum taken over timwver the wavelengtrange
from 220-320 nm Measurements were madte triplicate. In SVDdecomposition of thelata

matrix A(_,t) can be written as:

A(_H=UwvT (2)

Where U = orthonormal basis spectrd,2/matrix of timecourse spectra and W eigenvalue

matrix. The eigenvalues comprise a diagonal matriweifjhting factos in rank order that give

the relative numerical contribution of each component to the total (box diagram to illustrate the
process to determine the number of components is simirgure S1 in supportingformation).

The weighting factors can be converted to percentages relative to the first and largest eigenvalue
to ascertain the number of statistically significant basis spectral components.visibl¥ kinetic

experimersg the number of significant components is typically two or three.

3. RESULTS
The catalytic oxidations of DCP and DBP result in two primary products, apparently
formed in parallel. One product has been shown to be the quine@&3,ahd 2BrQ, respectively
shown in Figure 1. There is a second primary product formed in parallel witjuthones with
an absorption maximum at 240 nm observed in Figure 4, and d&gguires S5 an&6. The mass
spectral analysis suggested tBdtdihalobenzend,2-diol was a product formed in parallel with
the 2haloquinond28] However, the spectrum of the catechol {di@) has no band at 240 nm.
A survey of possible species that have an absorption band at 240 nm suggests that halomuconic

acids could be formed as a decomposition product of an orthoquinone. Orthoquinonesstould
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from oxidation of a catechol or an isomer of hydr@aloquinone, which is formed in the same
reaction process as DCP and DBP oxidation by a secondary process with a ~10 and ~5 times slower
time scale than the primary enzymatic oxidation, respectiveye d@ecomposition of 24
dihalophenols is important because it is believed that the -foalttional nature of DHP is

protective function that eliminates toxins found in the benthic ecosystem Whemneataresides.

OH (o) (0]
‘" ke DHP € Knyaroxy pHp Ho-L ] ¢
H,0,/H,0 H,0,/H,0 N
Ci o o
2,4-dichlorophenol (DCP) 2-chloro-1,4-benzoquinone (2-ClQ) hydroxy 2-chloro-1,4-

benzoquinone (2-CIQOH)

Figure 1: The oxidation reaction of 2ddchlorophenol catalyzed by DHP and hydroxylation of
2-CIQ in presence of ¥Ds.

3.1. UW-Visible Studies for secondary hydroxylation of the DCP and DBP oxidation products
Figures 2 and S2show by UV-visible spectrophotometrihat 2-CIQ and HO:> reactto
form a product with an absorbance maximum at 5208mimilar timedependent spectra have been
observed for the reaction ofE2Q andH:O: (Figure S3).The absorbance decreases at the
absorption band maxiaof 255nmand 260 nm, for-ZIQ and 2BrQ, respectivelyThe secondary
product of reaction with ¥D> hasbroad weak band absoreat 520 nmfor both 2CIQ and 2
BrQ. The quinone band at 255 or 260 nm has an absorbance above 2.0 in some of the figures
because we were focusing on the much less intense 520 nm for identification and kinetic fits. The
rate of the secondary hydroxylation reactismearly identical for -ZIQ and 2BrQ at pH 7.
Figure S4 and Table Show that the rate of the secondary reaction increases with pH. The greatest
acceleration occurs above pH 7, presumably because of deprotonatiai®.0foHyield the
peroxide aniorHO. . Since the zhalo-1,4-benzoquinones are primary products of the catalytic
peroxidation of 2,4ihalophenol the observed process is referred to as a secondary redetion. T
observation of a secondary prodigtanalogous to previouskinetic study of the oxidation of
TCP, in whichan absorbance peak at 524 nm was observed following oxidation-dichjero-
1,4-benzoquinone (DCQ) which is the primary product of the catalytic oxidation of T@ in
presence of DHP and-B..[10] A previously published studybservedhat DCQwas convegrd
nortenzymaticallyto 2,6-dichloro-3-hydroxy-1,4-benzoquinone(2,6-DCQOH) when HO; is
presen{l,15,42,43]The conclusion was that hydroxylation by®4 was a spontaneous reaction
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that did not require enzymatic cataly@scause chspectral similarity with previous observations
for TCP and its primary and secondary products, we hypothasiaethe observed basdt 520
nm in DCPDBP oxidation aose from hydroxylation of -ZIQ/2-BrQ to the corresponding
hydroxy-2-halo-1,4-benzoquinone (XQOH) in accord with the previous stufly. These species
are shown in Figure 1. If the hydroxylation reaction wecatalyzedoeroxygenase reactiotien
2-CIQ or 2-BrQ would need to be in the distal pocket. Peroxygenation involves oxygen atom
transfer, which necessitates a distance o#45¥ between the @& bond and the heme Fe. This
distance can only be accommodated by internal binding of the substrate.i§ no evidence that
these quinonesanremain inthe heme pocket once formdgkecause of the slower kinetics, the K
for any hypothetial internal quinone would need to be even smaller than DCP and DBP, which
are the two tightest binding substrates with relative association constants of 5 and 12 times greater
relative to the average of the eleven phenols t¢2&d.

A nonenzymatic spectrophotometric investigatiovas conductedto observe the
reactivities of2-CIQ and 2BrQ with H20.. Thegoal was to detect absorption bands arising from
a suspected produet a second oxidation by2.. Control experiments were conducted to verify
that the hydroxylation reaction was not catalyzed by any of the enzymes. No hydroxylation
product was formed in a control experimem the absence ofH.O.. UV-Visible
spectrophotometric measurements were perforfoe@-CIQ aloneimmediately (red line) and
after llour (black line) compared taeaction of 2CIQ and HO> mixture sample immediately
(yellow line), after 15 min (green line), after atr (dark green line). Initially, ZIQ hal no
absorbance peak at 520 nm (red lingdpwever, the2-CIQ and HO, mixture gave rise to an
absorbance peak at 520 nm (yellow lime few seconds required to load the sample on the HPLC
column. The absorbancef the hydroxylated producd 520nm increases up to maximumafter
at 15 min reaction timef 2-CIQ and HO: (green line) andiecreases slightly aftérhour (dark
green line) A sample of pur@-CIQ in the same buffewithoutH>0, showed no spectral changes
after 1 hour(black line).Similar observations were made feB2Q in experiments described in

the Supporting Information with results compare&igure S4.
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Figure 2:Spectrophotometrimvestigation of 2CIQ without and with the presence of®4 (non

enzymatic). The absorbance foCR) appeared at 255 nm and another absorbance peak is at 520
nm which is the expected hydroxylatedCR) (Left panel). The 520 nm absorbance region is
zoomed in (Right panel). Reaction condition:GR)] =500e M, [H20,] =500e M, 100 mM KPi

pH 7 at room temperature. The absorbance at 255 nm is greater than 2 because the motivation for
this experiment was to observe the range from@@Dnm where the very wealksorption band

of the hydroxylated benzoquinone product is observed.

3.2. SVD Analysis of DHP catalyzed products of DCP and DBP oxidation

UV-visible spectrophotometricitketic data were obtained for both subssdXCP and
DBP in enzymatic studies of peroxidase activity by DHP A, DHP B, and. HiRése are shown
in Figures S5 and Sr DHP andFigures S7S10 forHRP with SVD components also shown.
SVD was used to determine how maRinetic componentsare present ithe enzyme substrate
reactionand to determine their spectral features and rate condtaatscases the formation of a
2-haloquinone is observed and the secondary hydroxylation is approximately one order of
magnitude slower.

The eigenvalues of SVD analysis of all data sets indicated that three basis spectra were
significant. The second and thicdmponents wer&3.915.3% and.4-0.5% as large as the first.
The fourth componentJs, had a magnitudef less thar0.1-0.26 of the firstcomponentUs, in
all data setsThree SVD components are sufficient for analysis of the-tiependent spectra (U
Uz, Us) and time courses (Y V2, V3) to represent the U and the backnsposed/™ matrix,
respectivelyThe Vn, were fit to doubleexponential and baseline model with common fixed rate

constants.
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where0 , 0 andO® are the amplitudes tw&inetic components and baseline
constant for each of the basis time cour$ée two rate constants in the biexponential model are
designated a%¥ andQ. Qcorresponds to the initial oxidation of the DXP to the corresponding
quinone, 2XQ, andQ represents the furthéydroxylation of 2XQ, respectively. The choice of
model construct linear combinations of the SVD components was based on the observation that a

single exponential could not fit any of these three components.
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Figure 3: SVD component of wwisible kinetic data for DHP A catalyzed oxidation of-RB€P at
100 mM KPi H 7 in 5% methanol at ZD. Reaction condition: [DHP A]= 2{M, [DCP]= 50t M,
[H20-] = 1200t M.

Amplitude
Amplitude
Amplitude

The basis time cours¥: in Figure 3 mainly corresponds to the consumption of the
substrate. The corresponding basis spectrunshdws the decrease of the DCP absorption band
with two maxima between 285 nm and 295 nm and a small feature at 23% isna tlifference
spectrum representing the simultanecossumption of substrate and the progress of product
formation, but also may contain components of the secondary hydroxylation reactsbhraws
the decrease in substrate bands because of their negative sign and the increaselQf pinedzict

because of the positive absorption at 255 Yigand W are more complicated, but represent less
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than 1% of the total timdependent absorbance change. The biexponential plus baseline fitting
function is shown as the black curve through the red dots that are the time sQukégandVa.
To determine the spectrdy _ of each exponential process in the range-220 nm, the

coefficients of each exponential were multiplied by the weighted basis spectrum,

The W, values are the eigenvalues of the SVD matrix. This analysis shows the constrained
fit of the three components in Figure 3 to the biexponential plus baseline model. The analysis is
nearly identical for DBP, except that the apparent rate constant for teenkonent is 2.5 times
faster for DHP B. However, since the concentration of DHP B wds d@hile that of DHP A
was 2.4 0, the peroxidation rate of DBP is circa 62% of the rate of DChear combination
of the fits to the W components shad represent the individual processes of oxidation and
hydroxylation. The parameters are given in Tables S2 and S3. An analogous procedure was carried
out for all substrate and enzyme combinations. Both DHP isozymes have similar spectral features.

HRP doesiot show the 240 nm band seen in the DHP enzyme spectra.
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Figure 4: Linear combinations of U components obtained biexponential model in Eqn. 3. The
red component corresponds to the baseline and blue and black lines to the two rate constants. Rate

constant kis ~10 times less than kor DCP and ~5 times greater for DBP.

The first spectral componefited line) in both panels of Figureig mainly fromthe
substrate. There is a sloping baseline in the UV region, which may arisedattering Scattering

is observed in peroxidase reactions wiraritimers and polymes are formedThe second spectral
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componeniblue line)has features of quinonei phenol difference spectrum. Howevéne 2
CIQ spectrum has a maximum at 255 nm and the is an additional absorbance at 240 nm mentioned
above.The third spectral compone(tilack line)has a small increase in intensity near 24Q nm

whichis not observed in thieydroxylation productormed by the secondary reaction.

3.3. U\-Visible Kinetic Studies of the secondary hydroxylation reaction

Figure 5 shows the kinetic data for oxidation eZI®) in the presence of DHP A ahkdO-
acquired for 90 seconds. Similar observation is sHow®-BrQ in Figure S3. Figurg shows that
the rate of formation of substrate peakJ®) at 255 nm decreases and the rate of formation of
product peak (ZIQOH) at 520 nm increases over time. SVD analysis shows that these spectral

changes occur on the same time scale.

255 nm

280 300 400 420 440 860 480 SO0 520 540
Wavelength (nm)

Absorbance

0.54

250 300 350 400 450 500 550
Wavelength (nm)

Figure 5: UWVisible spectroscopic measurement of DHP A catalyzed oxidation-@HiQ2
Reaction condition: [ferric DHP A] = 2&M, [2-CIQ]= 300¢ M and [HO2]= 1200 M at 100 mM
KPi buffer pH 7 with 5% MeOH at 20°C. (B) The absorbance-G1Q is at 255 nm and (C) The

formation of 2CIQOH is at 520 nm.

In Figure6, the observation time for the product formation has been increased to 15 minutes
to measure the-2IQOH yield. The formation of 2ZCIQOH is complete byhe 15minutetime
pointof the kinetic experimerand the band begins to decrease in intensity at longer. tGoagol
experiments were conducted usingn2thyl, 2-methoxy, and 2ert butyll,4-benzoquinone

oxidation by HO, under identical conditions. There were no spectral changes near 500 nm as
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observed for the-Raloquinones and 2@ichloroquinoneFigure S11 and S12 shawe data for

DHP B and HRP.
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Figure 6: TimeDependent kinetics of oxidation of2LQ to hydroxylated ZCZLQOH by DHP A
as a function of absorbance at (A) ZZ0 nm, (B) 226850 nm, (C) 35650 nm. Reaction
condition: [ferric DHP A] = 2.£M, [2-CIQ] = 300¢M and [HO.]= 1200eM at 100 mM KPi
buffer pH 7 with 5% MeOH at 20°C. Left panel is control experiment-grymatic) and right
panel is reaction with DHP A. Time series are same for all the six panéls (A

99




3.4. HPLC Studies of Secondary Product Oxidation by kD2

The chromatograms in Figure 7 were collected using a reaction mixtw@€IQf @ndH>0,
observed immediately and after 1 hour on the benchtop to complement the observation obtained
in Figure 7 from the UWisible analysis \ide suprd. Figure 7 provides evidence that the
formation of a hydroxylated product is spontaneous in the presencgef\itle infra). It also
shows that there is no reaction in buffer solution in the absence@f Mhis reaction is not
catalyzed by any of the enzymes studied (D&M or HRP).A comparison of the reaction of 2
BrQ andH2O> is given in Figure S16. An analogous spontaneous hydroxylation of-the 2

haloquinone is observed with nearly the same rate constant for-i¢h @ d 2BrQ.

5.8 min

0.7
0.6+
0.5+

£ 0.4- i

g 1.8 min —— 2-ClQ + H,0,

< 0.34 1.2 —2-CIQ + H,0, at 1 hour
0.2+ min
0.1- \ l T
0'0 T |—-; T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10
Time (min)

Figure 7: HPLC chromatogram obtained for the reactionr@©@k2 and HO> as a function of time.
The reaction was monitored at 255 nm. The retention time-@IKRis 5.8 min and two major
product peaks appear at 1.2 min and 1.8 min. Reaction conditie@#Q]2= 500¢M, [H207] =
500¢M at 100 mM KPi pH 7 at room temperature.

FigureS13shows chromatogranfor 2-CIQ-only control experimentguenched &2, 5, 10,
and 15 min prior to quenching with catalase. In this control experimesetomndary produds
not observed imetention timeregiors from 1.2 min to 1.8 miasin Figure 7 Based on LEMS
(see below) and comparison with other halogenated quinones the peak with 1.8 min retention time
was assigned to-CIQOH. The identity of the peak with 1.2 min retention time is not known.
Neither of these peaks are observed in a controrempet when 2CIQ is incubated in the absence
of H20o.
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Figure8 showsthe comparative chromatograof 2-CIQ and reaction mixtur@dOHP + 2-
ClQ + H20»). The reaction samples were allowed to react for different times; 2, 5, 10, or 15 min.
The chromatograms at 15 min for both DHP A and DHP B are showigime 8 and spectra
obtained at three other durations are shown in the Supporting Information in Eigussnd S15
at full scale Figure8 is expandedo show the secondary product formation more cledihe
product is formedvhenH20: is presen{cyan and pinlspectra) for both DHP A and DHP. Bhe
magnitude of product peak f@-CIQOH is equalin the DHP B control and in HO--only
experiment. In theorrespondingDHP A chromatograms shown in Figure 8 (left panel), the
unassigned peak at a retention time of 1.2 min is significantly larger than the peak assigned to the
hydroxylated product. One possible interpretation of Figure 8 is that DHP A acts as an inhibitor of
the secondary hydroxylation reaction and thereby changes the product distribution of the

secondary oxidation reaction.

x=— 2.CIQ 15min x — 2CIT5mn
. — 2-CIQ + DHPA 15min 1 ‘
05 N — 2.CIQ + DHPA + H,0, 15min 0.5 l N 2-CIQ + DHPB + H,0,15min
S 04 : 8 04{—= l
2 ru
£ 03— £ 03—t -
: ;
2 0.24 o 0.2- ’
q q l
0.1 e 0.1 - A
G‘n. L) L) L] T T T L) L) L] 1 u.u. T T T L] L) L) L] L] T 1
6 1 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10
Time (min) Time (min)

Figure 8: Figure 8 is zoomed in to show the chromatograms precisely. HPLC chromatogram
obtained for the reaction of DHP A and DHP BCI) and HO- as a function of time. The reaction

was monitored at 255 nm. The retention time f@&IQ is 5.8 min, Asterisk indicates the peak for

2Cl Q. Anot her major peak appeared at 1.-8 min.
Cl Q] = 5000k 25060 §M at 100 mM KPi buffer pt

guenched with catalase after 15 min.

3.5. LC-MS Studies for Product Identification
The oxidation of 2CIQ wasfurther analyzed by L@S. The retention times for-£IQ
and 2CIQOH follow the same order in the LK@S experiments as in HPLCubtheretention

timesareshortenedelativelybecause of different colunpacking materials, C4 (L®™S) vs. C18
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(HPLC) in the two experiment3ablel showstheretention time for all the pealiom different
reaction sampleslydroxylated quinone wasbservedn negative ion modfor all three enzymes;
DHP A, DHP B, HRP The retention time for ZZIQOH was 0.5 min in the LGAS, which
corresponds to the 1.8 min peak in the HPLC chromatogram in Figliteedata in last row of
Table 1confirms thal-CIQ also make&-CIQOH onlyin the presence ¢1.0>andenzyme is not
required (isotopic distribution ifrigures S18 ah S19).This resultestablishes the chemical
composition of the product as a hydre2y¢hloro-1,4-benzoquinone, but does not permit
determination the position of the hydroxy group in the ring.

Table 1: Product detected for the oxidation e€I®) using LCMS, electrospray ionization in
negative ion mode to yield [Mi]°

; Molecular L
Sample tr (Min) m/z DM (ppm) Formula Description
HRPJ’ZE)E:?“L OG> 54  156.06983 0198  CeHiCIOs  2-CIQOH
DHP A+2-CIQ+
H205 pH 7 0.52 156.96982 0.153 CeH3ClO3 2-CIQOH
DHP B+2CIQ+
H20 pH 7 0.51 156.96983 0.207 CeH3ClO3 2-CIQOH

2-ClQ+ HO2 pH 7 0.56 156.96968 -0.723 CsH3ClOs3 2-CIQOH

4. DISCUSSION

Brominated and chlorinated phenols are priority pollutah@P and TBP are the most
toxic, but DCP and DBP can fordioxinsin the environmentBrominated phenols are naturally
occurring pollutants found in the marine speg¢igls 14] Many chlorinated phenchnalogsare
produced in industrial process&sch as paper manufacturing as well as herbicide and pesticide
synthesisDBP and DCP bind 12 times and 5 times more tightly inside the distal pocket of DHP,
than the average of eleven phenols mead@®dhe decomposition of these halogenated phenols
involving two primary products formed in parallel and a secondary hydroxylation reaction reflect
the utility of DHP as a natural detoxification enzyme. The reactivity of DCP/DBP in HRP is
different in two aspcts. First, there is a significant degree of polymerization, most likely because
the substrates are oxidized at the heme edge or protein surface rather than inside a protected pocket
as is the case in DHP A and B. Second, the parallel primary producmathsorption at 240 nm

is formed to a negligible extent in HRP. For these reasons, by comparison with DHP A and B,
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HRP would not be a promising detoxification enzyme for a marine organism sécloasata
Polymer formation inside a living organism is a potentially harmful transformation.

The crystal structuseof DHP A and Bwith internally bound DCP(PDB code: 8EJN
7LZN, 7LZK, 7LZ0)[2,28] strongly suggest that the prodsi2tCIQ and 2BrQ areformed in the
distal cavity.Since DCRand DBPbind internally and the formation yield of dimers and multimers
is relatively smallit is believed thaboth electron transfer steps in tiperoxidasemechanism
occur while the substrate is bound in the distal poakBHP. In enzymatic catalysis the product
usually binds poorly to the active site and dissociates rapidly after the catalytic step. This property
prevents selinhibition by the product. Ithe case of DHPf R2-CIQ and 2BrQ areformed in the
distal pocket, it is reasonable to hypothesizettiet would diffuse out and react in solution. This
analysis is consistent withe UV-vis kinetics, HPLCand LGMS results presented abowehich
suggest that the hydroxylatiaf 2-CIQ in the presence of 8> is a spontaneous procetsmt
occurs in solution

Developing a suitable degradation pathway for these toxic compounds is an important goal
for research into environmentally compatible processes. The catalytic oxidation of phenols to
guinones often reduces the toxicity of the xenobiotic, and the sponsamgdnoxylation may also
contribute to further degradation. Once formed, quinones are sensitive to photochemical
decomposition, autooxidation, electron transfer, ring opening, and nucleophilic attack. Hydroxyl
groups are in resonance with the carbonyl gspwhich increases electrophiliciig¢4] DHP
oxidizesbrominated phenols into brominated quingngkich ultimately leads to formation of
bromide and small organic molecules thereby reducing the toxic load in the organism and the

environment.
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possible that way we could for DHP A and B. The reaction conditions are [HRR]M,]0OBP]
=50t M,and [ / ]=12000 M.

Figure S11:Time-Dependent kinetics of oxidation ofLQ to hydroxylated ZZIQOH by DHP
B as a function of absorbance at (A) Z%0 nm, (B) 22850 nm, (C) 35650 nm. Reaction
condition: [ferric DHP B] = 2.£&M, [2-CIQ] = 300eM and [HO2]= 1200eM at 100mM KPi
buffer pH 7 with 5% MeOH at 20°C. Left panel is control experiment-graymatic) and right
panel is reaction with DHP B. Time series are same for all the six panels.

Figure S12:Time-Dependent kinetics of oxidation of 2LQ to hydroxylated ZZIQOH by HRP
as a function of absorbance at (A) Z80 nm, (B) 226850 nm, (C) 35650 nm. Reaction
condition: [ T e r-ClQ] e 30BERIRr]d [HO2]=61Q00aMMt 100m™I KPi buffer
pH 7 with 5% MeOH at 20°C. Left panel is control experiment {@ornymatic) and right panel is
reaction with HRP. Time series are the same for all the six panels.

Fi g ur eHPLEIcBromatogram obtained forAQ as a function of time. The reaction was

monitored at 255 nm. The retention time fe€Cl) is 5.8 min. Reaction conditiof2-ClQ]= 500
eM at 10 ouffenpH 7KatP2D°C quenched with catalase after 2,5,10,15 min.
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Figure S14: HPLC chromatogram obtained for the reaction of DHP ¥IQ and HO; as a

function of time. The reaction was monitored at 255 nm. The retention time(fi§) & 5.8 min,

Asterisk indicates the peak for@l Q. Reaction conditi onRrClQ=[ ferr.i
500in ¢&M)JaeandOOHeM at 100 mM KPi buffer pH 7
with catalase after 2, 5, 10, and 15 minutes

Figure S15: HPLC chromatogram obtained for the reaction of DHP AJIQ and HO:; as a

function of time. The reaction was monitored at 255 nm. The retention time(fi§) & 5.8 min,

Asterisk indicates the peak for@l Q. Reaction condition@GQ]=1[ferr.]
500 eMx™Xnd 50H0 €M in 100 mM KPi buffer pH 7 wi
catalase after 2, 5, 10, and 15 minutes.

Figure S16.HPLC chromatogram obtained for the reaction éBr®), 2-CIQ and HO> as a
function of time. The reaction was monitored at 260 nm. The retention timeBidp & 9.5 min

and 2CIQ is 5.8 min, and two major product peaks appear at 6.8 min and 6.5 miBfQr and

6.5 min and 6 min for -ZIQ. The peaks at 6.8 min at panelaAd 6.5 min at panel B are
hydroxylated 2BrQ and 2CIQ, respectively. The peaks at 6.5 min in panel A and 6 min at panel

B is unassigned. The peak at 9 min in each figure is for catalase used for reaction quenching.
Reaction conditions: [BrQ]=[2-CIQ] = 500 ¢M, [H202] = 1200eM at KPi pH 7 at room
temperature.

Figure S17:HPLC chromatogram obtained for pure catalase as a function of time. The reaction
was monitored at 260 nm.

Figure S18:DHP B+2,4DCP+H0, pH5 Experimental and Theoretical Isotopic Distribution for
CeH4Cl>0 [M-H] . Reaction: 10 uM ferric DHP B, 500 uM 2 CP, and 500 pMH202in 5 mM
KPi buffer pH 5 with 5% MeOH, quenched with catalase after 15 min.

Figure S19:DHP A+2-CLQ+H.O> pH7 Experimental and Theoretical Isotopic Distribution for

CeH3ClOs [M-H]". Reaction: 10 uM ferric DHP A, 500 uM ZCIQ, and 500 pVH202in 5 mM
KPi buffer pH 7 with 5% MeOH, quenched with catalase after 15 min.
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Analysis of TimeDependent Spectra: Singular Value Decomposition (SVD)

Basis . Ti
Typical ime
Spectra Weights Courses
n W n VT
A A - A U n t
Weights

t n W,=90%
W,=10%
W;< 0.5%

Figure S1: Box diagram of the components of Single Value Decomposition to determine number
of components in reaction, done with the absorbance data. The basis spectra get multiplied by
eigenvalues/typical weights, the weightg;= 90%, W= 10% W< 0.5%.

It is challenging to extract kinetic or chemical information from individual wavelength
measurements in a tintesolved spectral data s&VD analysiscan providea good estimatof
rates for kinetic reactions whemore than a singlprocess isnvolved, as well as a determination
of which processis dominant.This usually requires simultaneous fitting of two or more SVD
components to an exponential modek, U, andUsz are basis spectra that comprise the first three
columns of the U matrix. They are the grand mean, the grand difference mean, and the grand
double difference mean. The grand mean is the average of allépendent spectra. The grand
difference mean is tteum ofthe difference between the grand mean and each individual spectrum.
The components are orthogonal, such that they can also be seen as the zeroth, first, and second
derivatives, respectivel\/1, V2, Vzare obtained from the first three columns of the transpose of
the VT matrix. They give the time dependence of each of the basis spectra in the corresponding
columns of the U matrix.

In our data setve have 100 wavelengthanging from220to 320 nmand37 time points
spaced evenly over 90 Bhe SVD method represents the daiatrix of 3700 elemeniss aset of
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basis spectrd) and basis time courses, with appropriate weighting by the eigenvalues, W. One
can evaluate the relative importance of the basis spectra from the magnitude of the eigenvalues,
but also from the signdb-noise ratio of the components themselves. For DHP A and B catalysis
of DCPand DBP there are only two significant components. These can be assigned as reactant,
difference spectrum between mainlyh@loquinone and 2sdihaloquinone and a third slower
component that consists of a difference spectrum between a species thatat&tilsn and the
2,4-dihalophenol. The species that absorbs at 240 nm has not been identified, but we can rule out
the catechol, 3;8ihalobenzend,2-diol. Muconic acid and its halogenated derivatives absorb at
240 nm. Muconic acid is a ringpened deaoposition product of an orthoquinone. Both the
catechol and hydroxyquinone can readily form orthoquinones under the reaction conditions with
enzyme present.

Kinetic experiments were conducted to study the secondary hydroxylation st€d@ 2
for comparison with 2BrQ in Figures S2 and S3, respectively. The experimental conditions were
identical to those reported above and in the manuscript except #@d f11200° U for this
comparison. This change affects the rate of hydroxylation but has no effect on the spectral changes
or products of the reaction. The oxidation e€l&) at pH 7 is compared with the oxidation ef 2
BrQ and pH 6, 7, and 8 in Figure S4.eTtate constants are reported in Table S1. The rate of
reaction is nearly identical for@IQ and 2BrQ, however, the apparent yield is much higher-in 2
ClQ. One caveat is that we do not know the relative molar absorptivity-@8Q@®H and 2
BrQOH.
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Second stage oxidation of€IQ

(0]
25 . A _a
80x10" 1 520 nm Ho—_ | +H0
2.0 ] 3 520 nm
g 704 2-CIQOH
c © =
315' g 60+ ’7 [
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2 1.04 9 504 =~ >
< 2 s cl
0.5 < 40.\
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304
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220 240 260 280 300 320 340 500 520 540 560 580 600
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Figure S2: UWVisible spectroscopic measurement of DHP A catalyzed oxidation dDQP.
Reaction condition: [ferric DHP A] = 2.4M, [2,4-DCP] = 500eM and [HO2]= 1200eM at 100
mM KPi buffer pH 7 with 5% MeOH at 25°C. The absorbance-@GiQ is at 255 nm and the
formation of 2CIQOH is at 520 nm.

-
A 2.5 260 nm B c
254 B0x10° 520 nm — s
20 . 204 55 —g; :
g o 0 — 495
o £ 154 S —63s
2 —1TTs
g 1 5 2 1.0 g 40 —90s
- o
g . < 3%
re 051 30
o) 2
-g 1 -0 - 200 220 240 260 280 300 400 450 500 550 600
< Wavelength (nm) Wavelength (nm)
0.5~
520 nm
#

200 300 400 500 600 700
Wavelength (nm)

Figure S3: UWVisible spectroscopic measurement eB&). Reaction condition: fBrQ]= 500
eM and [HO2]= 1200eM at KPi buffer pH 7 with 5% MeOH. (B) The absorbance -@&r®) is
at 260 nm and (C) The formation 6B2QOH is at 520 nm.

Note: The absorbance at 255 nm is higher than 2 since the concentrati@i@i2too
high as the motivation was to cover the range from@@Dnm where the very weak absorption
band of the hydroxylated benzoquinone product is observed.
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Figure S4: Changes mbsorbance of-XQ where X = ClI or Br for the hydroxylation reaction of
DCP or DBP with HO>. The absorbance changes over afiaute observation time are assumed
to be proportional to changes in concentration. The reaction conditions Wel@]R2[2-BrQ] =
500¢M and [HO2]= 1200¢ M in 5% MeOH KPi buffer at the indicated pH.

Table S1:Changes in absorbance and rate constants for hydroxylatioX@f\ghere X = ClI or

Br. The absorbance changes over a-fivaute observation time were measured 520 nm from the
first kinetic trace at 23 seconds to the final trace at 467 seconds. Thensiiznts were obtained
from a single exponential fit to the first SVD component, which represents the increase in
absorbance following mixing with 1296 H20..

) 2-ClQ 2-BrQ (pH 6) 2-BrQ (pH 7 2-BrQ (pH 8
Y0 0.047 M8t o 0.0095 M@t | 0.010 @ttt | 0.072 13t ¢
k (x10° s 2.2 T8 ¢ 19 8to 25 8o 4.4 181 p

Figures S5S6 and Table SB show the results of SVD analysis of DCP and DBP
peroxidation by DHP. There is little difference between DHP A and B so only one set of results is

shown. The&sVD components are shown in the manuscript. ComponentéMand \s were fitted
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to a model with two rate constants and a baseline. The rate constants were determinedifrom V
and then fixed to establish a simultaneous fit for all three components. This permits the components

A1, A2 and A to be used to form linear combinations of thendtrix basis spectra.

Table S2: Fit to exponentials S(t) 3 A A%+ Ase*? for DHP A and DCP. The concentrations
are [DCP]=50Q - and[DHP A] = 2.4t - .
Vi V2 V3

B 0.18137 N -0.99119 N 0.36584 N
A1 0.02515 N 1.669 N (-0.46433 N
i nvTa 0.007 (f 0.007 (f 0.007 (f
A2 0.019219 K -1.2988 N -0.50245 N
i nv7a 0.07 (fi 0.07 (fi 0.07 (fi
0.4
DHP A + DCP

240 260 280 300
Wavelength (nm)

Figure S5Spectral SVD components from DHP A catalysis of DCP compared to thadible
spectrum of ZCIQ are plotted. The components arbageline and two kinetic components, one
rapid on the seconds time scale and the second process on the tens of seconds timeasdale. V
V2 were simultaneously fitted and linear combinations of thandl Lb components gave rise to

the above rotated components.
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Table S3: Fit to exponentials S(t) = A A + Aze*? for DHP B and DBP. The concentrations

are [DBP] =5¢ - and[DHP B] = 10t - .

V1
B 0. 16K 001. 00
A1 0.0097192
0.000329
i nvTa 0.0L9Pi xed
Az 0.014117 F
inva'a 00(3f8|xec
0.8 1 DHP B + DBP
......... Baseline
— kK,
044 —— 2-BrQ

AA

\YZ)
99119 K

38732

-0.
-0 .

0. LHi xed
-0.35389 K
0. O(3f8 x e«

0.2
\;//

-0.2-

220 240

260 280 300 320

Wavelength (nm)

Figure S6: Plot of the Spectral SVD components from DHP B catalysis of DBP compared to the

UV-visible spectrum of -BrQ. The components are a baseline and two kinetic components, one

rapid on the seconds time scale and the second process on the tens of seconds timeasdale. V

V2 were simultaneously fitted and linear combinations of thardl b components gave rise to

the above rotated components.

The HRP reactivity with DCP and DBP is distinctly different from either of the DHPs. We have
intentionally included DHP A kinetics on DCP and DHP B kinetics on DBP because the other

combination is very similar in function.
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Figure S7: For the reaction of DCP with®} catalyzed by HRP Rotated basis spectra ol
and W are not possible in this instance because kinetics of the thra&\and \s components

of is not at all similar. No simultaneous fit is possible that way we could for DHP A and B. The

reaction shown there is HRP(+/

$#0® ¢ #1 1( / ( # IThe reactant conditions

are [HRP] = 1q M, [( / ]= 1200t M, [DCP] = 500 M in 5% MeOH KPi pH 7.
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Figure S8: SVD components
Rotated basis spectra ofi,UJ.,
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are shown for the reaction of DCP wih thtalyzed by HRP.
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80

and U are not possible in this instance because kinetics of the

three \4, V2, and \s components of is not at all similar.
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Figure S9: The reaction shown there is HRFR + $" ® ¢ " O1( / ( ".Ohe
reactant conditions are [HRP] = 48, [( / ] = 1200t M, [DBP] = 500t M in 5% MeOH KPi
pH 7.
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Figure S10: SVD components of HRP + DBPz For the reaction of DBP(W)ithzl@z catalyzed

by HRP rotated basis spectra of, U2, and U are not possible in this instance because kinetics
of the three Y, V2, and \4 components of is not at all similar. No simultaneous fit is possible that
way we could for DHP A and B. The reaction conditions are [HRP] EMQO[DBP] = 50{ M,
and[ / ]=12000 M.

No simultaneous fit is possible for HRP components by analogy with DHP A and B. The
reaction shown is _ N _
OY0L OO0 O6® ¢ 61 L'OL OO0

The reactant conditions are [HRP] =‘181, [[O0 ] = 1200° M [DBP] = 500‘ M in 5%
MeOH KPi pH 7. The secondary reaction eB&) with H.O. is shown.
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Figure S11: TiméDependent kinetics of oxidation of ZLQ to hydroxylated ZZIQOH by DHP
B as a function of absorbance at (A) Z2%0 nm, (B) 22850 nm, (C) 35650 nm. Reaction
condition: [ferric DHP B] = 2.£ M, [2-CIQ] = 300eM and [HO2]= 1200eM at 100mM KPi
buffer pH 7 with 5% MeOH at 20°C. Left panel is control experiment-graymatic) and right

panel is reaction with DHP B. Time series are same for all the six panels.
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Figure S12: Timébependent kinetics of oxidation of@.Q to hydroxylated ZZIQOH by HRP
as a function of absorbance at (A) Z80 nm, (B) 226850 nm, (C) 35650 nm. Reaction
condition: [ f erClQ]e306tRRAd [HO]=61200avMMit 10JmR KPi buffer
pH 7 with 5% MeOH at 20°C. Left panel is control experiment {@ornymatic) and right panel is

reaction with HRP. Time series are the same for all the six panels.
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HPLC Analyses of Reactions of 2ihalophenols with BO>

Iz=5.8 min
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Fi g ur ¢dPLE thHdomatogram obtained for(AQ as a function of time. The reaction was
monitored at 255 nm. The retention time fe€Cl) is 5.8 min. Reaction conditiof2-CIQ]= 500

eM at 100 mM KPI buffer pH 7 at 20AC quenched
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Figure S14: HPLC chromatogram obtained for the reaction of DHP-@Q2and HO: as a
function of time. The reaction was monitored at 255 nm. The retention timeCft§) & 5.8 min,

Asterisk indicates the peak for@l Q.
e Mo a=n d5 O[OH & M

500in

Reacti

at 100

with catalase after 2, 5, 10, and 15 minutes.

on

mM KPi

conditi oRrCIQ=[ ferri
buffer pH 7
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Figure S15: HPLC chromatogram obtained for the reaction of DHP-@Q2and HO: as a

function of time. The reaction was monitored at 255 nm. The retention timeCi§) & 5.8 min,

Asterisk indicates the peak for@l Q. Reaction conditionGQ=1[ferr,]
500 & MxXnd H5O0H & M i buffetr ®HO7 with% KEOH at 20°C quenched with

catalase after 2, 5, 10, and 15 minutes.

A set of experiments were conducted to compare the HPLC chromatogram of the products
of the reactions a2-CIQ and2-BrQ with H>O>. The reaction conditions were the same except for
a highefH202]= 120 0 .dHd HPLC conditiongradient differed in that 0.1% formic acid was
used in the water acetonitrile gradient for the comparison shown in Figure S16. The studies
shown above and, in the manuscript, used 0.1% trifluoroacetic acid. The control shown in Figure

S17 assigns the peat 9 min as a catalase peak
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Figure S16. HPLC chromatogram obtained for the reactiorBof®, 2-CIQ and HO; as a function

of time. The reaction was monitored at 260 nm. The retention time BoQ24s 9.5 min and 2

CIQ is 5.8 min, and two major product peaks appear at 6.8 min and 6.5 miBrfiQrénhd 6.5 min

and 6 min for 2CIQ. The peaks at 6.8 min at panebAd 6.5 min at panel B are hydroxylated 2

BrQ and 2CIQ, respectively. The peaks at 6.5 min in panel A and 6 min at panel B is unassigned.

The peak at 9 min in each figure is for catalase used for reaction quenching. Reaction conditions:
[2-BrQ]=[2-CIQ] = 500e M, [H202] = 1200¢M at KPi pH 7 at room temperature.
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Figure S17: HPLC chromatogram obtained for pure catalase as a function of time. The reaction

was monitored at 260 nm.
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DHP B+2,4DCP+H202 pH5 Experimental and Theoretical Isotopic Distribution for

CsH4Cl20 [M -H1-
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Figure S18: DHP B+2;:DCP+H0O, pH5 Experimental and Theoretical Isotopic Distribution for
CeH4Cl20 [M-H] . Reaction: 10 uM ferric DHP B, 500 pM 2 CP, and 500 pMH202in 5 mM
KPi buffer pH 5 with 5% MeOH, quenched with catalase after 15 min.
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KPi buffer pH 7 with 5% MeOH, quenched with catalase after 15 min.
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Chapter 4

Structural comparison of substrate binding site in
dehaloperoxidase A and B
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ABSTRACT

HemoglobinPeroxidase (DHP) has diverse catalytic activity depending on the substrate
binding pH and steric effects. The structure ofdhlestrate also determines the binding orientation
and modeof interaction with the enzyme that may guide functidéa shed light on how DHP is
capable of switching between functione research hasocused on structusinction
relationships using several structural methods including EPR spectra of protein radicals, NMR
dynamics comparison, and DH®P-B crystallographic diffraction. Enzyme kinetic studies have
shown that the catalytic activity of IHB is 36 fold higher than DHP A in spite of 96% sequenc
homology. There are a variety of ligand structures with DHP B, each providing an additional
insight into nature of enzymatic binding and active site. But there are not as ray X
crystallographic structures of ligands in complex with DHP A to knabihding and activity of
DHP A in compared to DHP B. This study is focused on investigating the phg@nd binding
in DHP A to compare the structural and functional differences with DHP B structures-fye X
crystal structures of DHP A bound wittdZDCP (1.48 A, PDB: 8EJN), 2sBBP (1.52 A, PDB:
8VSK), 4NP (2.03 A, PDB: 8VKC), NC (1.40 A, PDB: 8VKD) and Br-C (1.64 A, PDB
8VZR) revealed substrate binding sites in the distal pocket, closer to the heme ct¥heor.
compared with the welllefined structures of DHP B such as cresols (PDB: 60NG,60NK, 60NR,
60NX, 60NZ, 60016006), 5bromaindole (PDB: 616G), benzimidazole(PDB: 5K1L), 4,4
biphenol (PDB: 8DOI, 8DO0OJ), 4dthylidenebisphenol (BPE) (PDB: 8DOH), 2,4
dimethoxyphenol (PDB: 6CH6), Guaiad®DB: 6CKE, 6CO5, 6CRE), the electron density in
DHP A maps is not sufficient to determine the presence of the substrates, much less their
orientation. We conclude that they bind much more weakly to DHP A than to DHP B. From this
comparison one can furthextend the hypothesis of substrate binding guiding function. Five high
guality examples of direct comparison of modes of binding in DHP A and B for the same substrate

have emerged from this research.
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1. INTRODUCTION

Dehaloperoxidase (DHP) is a multifunctional enzyoxggen transport hemgrotein first
isolated from the marine terebellid polycha&mphitrite ornata Dehaloperoxidase (DHP)
functions as a monomeric hemoglobin for transporting oxyb@j.It is first discovered as a
hemoglobin in 197[8] and later it is discovered as an enzyme with peroxidase function irf4]996.
Hemeproteins are responsible for reversible oxygen binding and peroxidase enzymes can do
oxidation of different substrat&he first discovered dehaloperoxiadse structure was by Lebioda
and coworkers in 2000 (PDB accession code: 1EBJ6ywo separate genes; dhp A and dhp B
encode two isoforms as DHP A and DHP B respectij@lygoth DHP isoenzymes contain 137
amino acid residues with molecular weights of 15.5 kDa (DHP A) and 16.3 kDa (DHP B) and
almost identical structurf@] Some of the first research published on DHP reported that these two
genes for the protein differ only by five amino acids (I19L, R32K, Y34N, N81S and $8,83[6]
Despite their higher homology (96%) in amino acid sequence, DHP B has been reported to have
3-6 fold higher peroxidase activity than DHPA in the presence of different substrates and pH. Even
more striking is the peroxygenase activity of DHP B that is atrabsent in DHP A7,10] There
is no explanation at present for the difference in catalytic activity of the two isoforms.-fidye X
crystal structures of wildlype and mutant DHP A include the substrates like Zrih@lophenols;
trichloro- and tribrome (PDB: 4KMV, 4KMW, 4KN3, 4ILZ, 4FH6, 4FH7) and -“4halopehols;
monofluoro, monochlorg monobrome, monoiode (PDB: 3LB1, 3LB2, 3LB3, 3LB4). There are
some structures of DHP A with carbonmonoxy (CO) (PDB: 4DWT, 4DWU), metcyano (CN)
(PDB: 3KUN, 3KUO). Among these, trihalophenols besl substrates and monohalophenols as
inhibitors. Prior to the current studies, there were no crystal structures of DHP A other than
phenols. On the other hand, DHP B is known to bind a wide range of substrates like 2,4,6
trinalophenols (PDB: 6VDY, 6VDU, ¥DX), 4-halopehols (PDB: 7MOH, 7MOF), 2,4
dihalophenols (PDB: 7LZK, 7LZN), 2,3,4,5pntachlorophenol (PDB: 6008), cresols (PDB:
60NG,60NK, 60NR, 60NX, 60NZ, 6001, 6006), guaiacols (PDB: 6CKE, 6CO5, 6CRE), 4
nitrophenol (4NP) (PDB: 5CHQ), 4itrocatechol(4-NC) (PDB: 5CHR), 2,4imethoxyphenol
(PDB: 6CH6), benzimidazole (PDB: 5K1L), indazole (PDB: 5LK9), imidazole (PDB: 5LKV),
benzotriazole (PDB: 5LLZ), bromaindole (PDB: 616G), bisphenol (PDB: 8DOH), biphenol
(PDB: 8DOI, 8DQJ).
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Many questions regarding the comparison of DHP A and DHP B are unresolved. The
mutagenesis of all five amino acids in DHP A and DHP B shows that I19L is the crucial amino acid
of the five that differ in the two sequences. 19/L9 located in the A loop, AsfaBfrom the heme
active site. Yet studies indicate that amino acid at position 9 is an important factor in modulating
DHP catalytic activity in two isoenzymgkl] The substitution of I9L in DHP A has been reported
to increase the 5cHS heme popul ation which i
binding. Of the 5 five single mutations that make DHP A more like DHP B, only I19L shows
increased catalytic tuover. Nonetheless, the-bay structures of DHP A and I9L DHP A appear
almost identical. The fact that structures of DHP A and B are so similar leads to the hypothesis
that differences in their reactivity must be due to dynamics, which includes modeswéatsub
binding. Only some of these substrate binding modes are likely to be observeeayy X
crystallography given that crystal packing forces restrain internal protein motions.

DHP has great potential as a model for struetunetion relationships in multifunctional
enzymes although the mechanisms of several of
Many previous spectroscopic and enzymatic studies on both isoenzymesA@Hd DHP B,
including X-ray crystal structures have shown similar internal substrate binding and reaction
pathwayd.7,10,12 19] DHP can bind substrate into an internal binding site unlike other
peroxidases which bind at more remote sites nedr-gdge or at tHe-edge in a surface binding
site[5,20,21]In addition, both substrate and inhibitor can bind inside the distal pocket, which is
also the substrate binding site for a mimctional protein. Trhalogenated phenols can bind in
the distal pocket but require high concentraf2]. Dihalogenated phenols bind more tightly, in
fact, 2,4DBP is by far the tightest binding substrate studli®].Monohalogenated phenols are
reported as inhibitors of TCP, which is a reference substrate used in many [4i8jdid= initial
expectation for this study was to crystallize DHP A with at least one or two substrates from each
chemical group, cresol, guiacol, indole, etc., to compare the binding with DHP B structures. We
found empirically that most of the substratesoaemodated by DHP B do not bind to DHP A.
DHP A binds phenols with moderatey k0 the micre and millimolar range in solution. But
substrates such as guaiacol, benzimidazole, dimethoxyphenol, imidazole, indole, bisphenol,
biphenol, were not observed relighh electron density maps. Hence, we concluded that these

substrates do not bind in the crystalline form of DHP A.
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Unlike DHP B, the Xray crystal structures of trihalophenols antbdadlophenols bound in
DHP A have focused on structural comparisons of the effect of the halogen substituents. The
highest quality structure of any DHP is of the inhibitdsrémophenol in DIF A with a resolution
of 1.00v.[18] There are structures that show two conformations of substrate or even single
conformation of substrate with 6cHS® bound to Fe(lll) and 5¢cHS Fe(lll) with inhibitor bound.
A list of DHP A structures is shown in Tableahd DHP B structures in Table @hile many
studies show good fits to the electron density, the substrate quality in some of those structures is
not optimal. The distribution of electron density in the distal pocket of DHP structures has led to
the assignment of partial occupancy of Hugstrates in some structures. This is indicative of
multiple conformations or possibly dynamic motions in the distal pocket. In the simplest
interpretation, partial occupancy is a measure of the population of a particular conformation. In
some cases, anomamscattering diffraction studies have been performed to locate the accurate
position of a substrate. This method has been used to demonstrate the binding of -2,3,4,5,6
pentachlorophenol (PCP) and 2:4i®romophenol (TBP) in the distal pocKé#,22] This is
particularly important for substrates with low occupancy. For example, the partial occupancy of
TBP was below 15% yet the anomalous diffraction clearly showed the orientation of the substrate
in the| -sitg22], and thepartial occupancy of PCP was 15% and 40% for each of two different
conformationg14] Such examples are important because they support the idea that low density
does not mean lack of binding, but we would expect weak binding of such bulky substrates or

inhibitors.
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Table 1: Crystal Structures of DHP A deposited into the RCSB PDB.

DHP A

PDB

Accession| Isoenzyme Ligand Mutant Reference

No.
1EW6 A [5]
1EWA A 4-1P [5]
2QFK A [8]
3DR9 A [23]
3KUN A CN [24]
3KUO A CN [24]
3MYM A CN M86E [25]
3MYN A CN M86D [25]
3K3U A V59W [26]
30K5 A 4-BP H55D [27]
30RD A Xe [28]
3MOU A Xe [28]
ADWT A CO [29]
4DWU A CoO [29]
4GZG A CO [29]
4FH6 A 2,4,6TBP, O [22]
AFH7 A 2,4,6TBP, O [22]
41L.Z A 2,4,6TBP, O [22]
3LB1 A 4-1P [18]
3LB2 A 4-BP [18]
3LB3 A 4-CP [18]
3LB4 A A-FP [18]
4HSW A L100F [16]
4HSX A 4-BP L100F [16]
4JYQ A Co [30]
4KJIT A O L100F [31]
4AKMV A 2,46TCP, Q L100F [32]
4AKMW A 2,4,6TCP Y34N [32]
4KN3 A 2,46 TCP Y34N/S91G [32]
2QFN A O2 C73S [8]
307N A 4-BP V59W [26]
7MNH A V59W [26]
4JAC A T56S [33]
5V5R A O2 9L [11]
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Table 2: Crystal Structures of DHP B deposited into the RCSB PDB

DHP B

PDB

Accession| Isoenzyme Ligand Mutant Reference

No.
3IXF B O2 [9]
5CHQ B p-nitrophenol [15]
5CHR B p-nitrocatechol, @ [15]
6CH6 B 2,4-dimethoxyphenol [34]
5K1L B benzimidazole [26]
5LK9 B indazole [26]
5LKV B imidazole [26]
5LLZ B benzotriazole [26]
5V5J B O2 [11]
6CH5 B 4-nitroguaiacol [34]
6CKE B 4-Br-guaiacol [34]
6CO5 B 6-Br-o-guaiacol [34]
6CRE B 5-Br-o-guaiacol [34]
616G B 5-Br-indole [35]
6I17F B 2,4DCP [35]
7ADX B O2 [26]
7JOR B [36]
7KCU B O2 [36]
7TKFM B O2 [36]
60NG B 4-F-cresol [14]
60NK B 4-Cl-cresol [14]
60NR B 4-methylcresol [14]
60NX B 4-Br-cresol [14]
60NZ B 4-nitro-cresol [14]
6001 B o-cresol [14]
6006 B p-cresol [14]
6008 B PCP [14]
6VD3 B 4-BP MesoDHP B [37]
6VD4 B 4-Br-o-cresol MescDHP B [37]
6VD5 B 2,46TCP MescDHP B [37]
6VD6 B 4-nitrophenol MescDHP B [37]
6VDR B 4-BP DeuDHP B [37]
6VDS B 4-Br-o-cresol DeuDHP B [37]
6VDT B 4-nitrophenol DeuDHP B [37]
6VDU B 2,46 TCP DeuDHP B [37]
6VDV B 4-BP Mn-DHP B [37]

132



Table 2 (continued)

6VDW B 4-nitrophenol Mn-DHP B [37]
6VDX B 2,4,6TCP Mn-DHP B [37]
6VDY B 2,4,6TCP [37]
7ACP B [26]
5V5Q B O2 Lol [11]
5VLX B F21W [38]
5VTS B O2 Y28F [39]
5VTT B O2 Y38F [39]

Another aspect of the structdienction relationship of DHP is the flexibility of the distal
histidine. DHPcontains only two histidine residues, the distal (H55) and the proximal histidine
(H89)[7,10,40]H55 is has greater flexibility than any other globin known, but still plays a role as
an acidbase catalyst for peroxidase function by making a hydrogen bond with bound peroxide.
The flexibility of H55, which is buried deeply in the globin, is greaten 8@ermwhale myoglobin
(SWMb)[7,29] This feature also makes DHP an unique protein than any other myoglobin or
hemoglobin. Recent NMR and folding studies demonstrated that DHP B is more flexible in
dynamic motion than DHP J1] Combining the structure, spectral, and kinetic threads of
investigation, it is of great importance to study substrate binding to develop a fundamental base
for comparing DHP A and DHP B to enzymatic activity in a multifunctional globin.

2. EXPERIMENTAL METHODS
2.1. Materials

Various grades of Polyethylene Glycol (PEG), (2000, 4000, 5000 and 8000), stock
solutions of 3.5 M ammonium sulfate and buffer solution of sodium cacodylate (pH 6.5),
cryoloops, crystal caps, crystal setting well plates, cover slips were purchased frqutoilam

Research, California for crystallization of DHP

2.2. Process of Protein Crystallization and Xay Diffraction Studies:

NonHis tagged DHPA was overexpressed and purified following established
protocol$9,34][11,38,42] with some minor modifications. Rosetf§DE3) pLysS competent
cells (NOVAGEN) purchased from EMD Millipore Corporation (California, USM)e protein
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was oxidized to the ferric state, before each experiment by adding excess amount of potassium
ferricyanide, k[Fe(CNJ]. A PD-10 (sephadex @5) desalting column was used to remove excess
oxidizing agent. Crystals grew from (32) % PEG 4000, 0.2M ammonium sulfate, 0.02M
sodium cacodylate (pH 6.5) by mixing concentrated protein dt21tg/mL in 20mM sodium
cacodylate (bl 6.5).Cr yst al s we r ehaggngdnmvaporsdiffusign ntethael with
crystallization solution at volume 1:1 and 2:1 of proteaservoir solution. Crystals grew after 3

4 days and then were soaked overnight at 4°C in precipitant solution supplemented with substrate
at 40mM and 80mM of concentration with 5% DMSO. After soaking, the crystals were
cryoprotected with 25% glycerol adtléo the soaking solution and flash cooled and stored in
liquid nitrogen before data collection.

The preliminary challenge was to obtain purified DHP A to initiate the crystallization
process. Several modifications like a) including salt fractionation procedure in the purification, b)
changing the cell line to Roset¥{DE3) pLysS were performed in the purification and expression
process, respectively to purify the protein for crystallization. The second challenging step was

soaking the substrate into crystallized protein while maintaining crystal quality.

The X-ray diffraction data were collected remotely at 100 K on the -SBR BM22
beamline using wavelength of 1.00 A and a shutterless Rayonix MX300HS detector at Advanced
Photon Source, Argonne National Laboratories (APS). The collected data were irstesed,
and integrated using the HKL2000 program s[4]. The crystals studied here all had the same
space group (R2:2,) as the ferric metaquo structure form (PDB accession code: 2QFK). The
structures were solved by molecular replacement using g)EKordinates as a starting model
with the Phaser molecular replacement progddin and refinement is performed using
REFMACH45] in the CCP4 suifd6] and manual model building, and visualization is performed
in COOT model building softwafd.7] Waters were placed into the refined structure in COOT
molecular graphics software. The final models were validated in COOT and Moldag]iData
collection, processing and refinement statistics are summariZebla S1and structural figures

are prepared with PyMol Molecular Graphics System, (version 1.2r3pre, Schrodinger, LLC).
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3. RESULTS

In this research comparing-bdy crystal structures of DH8&ubstrate complexes, we
observed that DHP A is more difficult to crystallize than DHSByht modifications were made
to optimize DHP A crystallization. Though the crystallization process showed improvement in
DHP A crystallization, it is found empirically that the success rate of forming DHP A crystals is
half as great as parallel crysta#itions of DHP BWhile slight modification of conditions helped
to increase the yield of DHP A crystalseth was still a lower success rate for DHRuUbstrate
crystals that gave good diffraction during data collection. The optimum condition consisted of a
protein: reservoir solution ratio 2:1 with 32% PEG 4000 at pH 6.bstituted phenols
cocrystallize well in both DHP A and DHP B in our experience, while larger substrates do not
cocrystallize in DHP A at all after multiple attempts. Substrate cocrystallizations were attempted
a minimum of 7 times in DHP A. Each substrégsted here has a published DHP-Ba¥( crystal
structure.

The process of incubating DHP A crystals was initiated with the potential substrates DBP,
DCP, nitrophenol, NC, PCP, guaiacol, cresols, indole, benzimidazolehiphdnol, 4.4
ethylidenebisphenol (BPE),-¢hloroquinone, BPA, 2;dimethoxyphenol. All of sobstrates
readily crystallized with DHP B except BPA. While DHP A crystals were observed with
internalized DCP, DBP, Cresol, NP, and NC. DHP Acoygstallization with the remaining
substrates was not successful after even more than 8 attempts. Aftemggressial complexes
were studied by Xay crystallographic diffraction. Homodimer DHP A crystallized with
respective substrate in the asymmetric unit a2 space group which is consistent with other
previous crystal structures of both DHP A and DHPM® DHP A was crystallized with two
molecules (protomer A and protomer B) per asymmetric unit as observed previously in every
known DHP crystastructure.

Some substrates bind in multiple conformations. If any substrate that binds inside the distal
pocket in more than one orientation, those orientations are referred to as multiple conformations
with partial occupancy. Sometimes the total electron densgyludtrate is low meaning that only
a small fraction of the DHP proteins bind to a substrate under the cocrystallization conditions. In
those cases, partial occupancy may include DHP protein alone. The sum of all partial occupancies
equals total occupancyhich we give in percent, thus 100%. The internal binding site in the distal

pocket of heme is surrounded by mobile amino acids that respond subtly to internal substrate
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binding. The amino acids F21, F24, F35, F60, Y38, are phenylalanines and tyrosine that tend to
either slide laterally with relatively little rotation occurring in the substrates studied here. On the
other hand, H55 has two conformations, internal and maitewhich respond to substrates.
Therefore, binding of substrate inside also impacts the conformation of those amino acids to have
a favorable interaction which means the neighboring amino acids can also be in multiple
conformations. In some crystal sttues, water molecules are bound inside with partial
occupancy and H55 is in the closed conformation when there is no substrate. Although some
structures can bind both water molecule and substrate in one structure. Binding of substrate pushes
the internaH55 state to the open conformation.

The X-ray data collection and refinement statistics are listéithlsie S1, and the binding
orientation of each substrate is shown in FigurArtalysis of the density in the distal pocket in
X-ray crystal structures of DHP revealed evidence for binding of DCP, DBP, Cresol, NP, and NC
in the distal pocket. These structures have been accepted in the RCSB Protein Data Bank (PDB).

The 2F-Fc density map o nt o u r e d foreeach sulistrate ¢hat ddut@DHP A in
the crystals shown in Figure 1. This is an illustration of a density map after data processing. The
electron density for DCP, NP and Nfound structures was sufficient to dictate the orientation of
the binding inside the heme pocket above the heme. Although, thigydeaps for the other two
substrates (DBP and Cresol) have lower occupancy there is sufficient density to indicate the
presence of a molecule. The binding orientation is not well determined in these data. These results

are reproducible in the sense thimilar electron density was observed in many structures.
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8VKD),2,4-DBP (PDB: 8VSK), 4Br-C (PDB 8VZR), and2,4-DCP (PDB: 8EJN)L2] within the
distal pocket of DHP A.

The X-ray crystal structure illustrating internal substrate binding as well as the neighboring
amino acids within the distal pocket of DHP A is shown in Figure 2; Figure 2A shoviBCR4
with two binding conformations (PDB: 8EJN). This structure was tdik@n Chapter 2 of this
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dissertation which has already been publigi@di.Figure 2B shows 2;BP (PDB: 8VSK),
Figure 2C is the crystal structure oNP (PDB: 8VKC), Figure 2D showsMC (PDB: 8VKD)
and Figure 2E representsB4-C with two binding conformations ofBr-C (PDB 8VZR).

Two binding orientations were determined for the crystal structure feHmtagged WT
DHP A in a complex with substrate Z#chlorophenol (2,£DCP) (PDB: 8EJN) at a resolution of
1.48 A. The substrate 2RCP was found to bind internally in the A crgiépgraphic subunit distal
pocket shown irFigure 2A. The partial occupanoy two conformations (DC£30% and DCR
30%) of DCP was observed, also partial occupancy of a fvewmed water molecule (30%
occupancy, shown in figure 1). When the DCP substsdieund, H55 is in the open conformation,
but when HO is bound to heme Fe H55 is observed in the closed (internal) conformation and there
is no substrate bound. Previously reported BjgRiacol complexes showed that ligand binding
in DHP is possible without displacing the distal water mole[34¢.

The structure of DHP A complexed with Zjibromophenol (2,0BP) (PDB: 8VSK)
shows a single binding site in the distal cavity in Figure 2B at 1.52 A resoldtenpartial
occupancyof DBP is observed to be 40%. In addition, F60 has two conformations indicating that
DBP displaces the F60 side chain when it is bound. In other DHP A structures F60 has a single
conformation, which means that when DBP is bound, F60 is rotated to a catiéorfarther from
the heme pocket. Both F60 and H55 are observed ircomformations Figure 2B shows only
H55 because of the difficulty of binding a view of the distal pocket that includesBethuse it
is difficult to show F60 conformation with the substrate conformation in the same structure as F60
and substrate overlaps similar position in heme pocket. The orientation of F60 is exactly similar
as it is shown in Figure 2E.

The DHP A with bound NP (PDB: 8VKC) has single binding site in the distal pocket at
resolution 2.03 A. The nitro atom is positioned internally in Figure 2C with an occupancy of 100%
and the OH group is directed towards the distal cavity openingoatnidng distances of 2.7 and
3.3 A from the heme propionate D group and Y38 residue, respectively, resulting in H55 in the
open conformation.

A similar binding orientation is observed foiNC as like 4NP in DHP A at a resolution
of 1.40 A (PDB: 8VKD). The occupancy of the substraté@is 50% and there is a hetbeund

water molecule. H55 has open and closed conformation shown in Figure 2D.
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The crystal structure for DHP A andofomao-o-cresol (4Br-C) shows two orientations of
substrate binding at a resolution of 1.64 A (PDB: 8VZRhe partial occupancyf two
conformations is 20% and 40% and F21 and F60 both have two conformations for each and H55
is in open and closed conformations in Figure 2E.

Figure 2. Xray crystal structure illustrating the internal substrate binding as well as the
neighboring amino acids within the distal pocket of DHP A. (A)-R@P; two binding
conformations of DCP (PDB: 8EJNP], (B)2,4DBP (PDB: 8VSK), (C) 4NP (PDB: 8VKC),

(D) 4-NC (PDB: 8VKD), (E) 4Br-C; two binding conformations of-Br-C (PDB 8VZR). (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.
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4. DISCUSSION

The goal of this study was to systematically compare the binding of various substrates in
DHP A and B. Many of the largsubstrates did not bind in DHP A, which may explain the poor
reactivity of DHP A towards those substrates. Figure 3 shows a superposition efayerystal
structures of DHP A and B bound to DCP, DBP, NP, NC, and cresol, the five substrates that bind
well in both isozymes. The reported crystal structure of DCP binding internally with DHP A
(PDB: 8EJN)12] and crystal structure of DHP B (PDB: 7LZN, 7L4K3] shows that each of
them has two conformations. The superimposed crystal structures of DHP A and DHP B with DCP
show that only one conformation of three has a similar binding orientation. The other two
conformations differ in DHP A and B as shown in FigBf&). The superimposed crystal structure
of DBP in DHP A (PDB: 8VSK) and for DHP B (PDB: 7LZ[3] shown in Figure 3(B), reveals
that DBP is deeper in hydrophobic region closer to residues F21, F24, F60, T56 and Y38 in DHP
B. This structural orientation in Figure 3(B) shows that the substrates occupy almost similar
positions in the binding site at theedge with slight displacement. The superimposed structure of
NP with DHP A (PDB: 8VKC) and DHP B (PDB: 5CHQ}p] were found to bind in a similar
orientation, obser ve de¢dgashow im Figure8(C)hFegonre 3() shdwsi n t
the superimposed structure for NC. The substate NC is found to be oriented in a similar manner in
both DHP A (PDB: 8VKD) and DHB (PDB: 5CHR)15] although slightly further from the heme
in DHP A than in DHP B.Br-C in DHP B has a single binding conformation (PDB: 60]NX).
The superimposed crystal structure of DHP A (PDB: 8VZR) and DHP B shown in Figure 3(E)

elucidates that only one conformation of DHP A has an orientation similar to DHP B.
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Figure 3: Superposition ofpay crystal structure dHP A and DHP B. The green color in these
figures refers to the structure of DHP B and cyan color refers to DHP A. Binding site superposition
is shown for; (A) 2,4DCP (PDB entry 8EJN, 7LZN and 7LZKR,13] (B) 2,4DBP (PDB entry
8VSK, 7LZ0)13], (C) 4NP (PDB entry 8VKC, 5CH@}5], (D) 4NC (PDB entry 8VKD,
5CHR)15], (E) 4Br-C (PDBentry 8VZR, 60NX)14].
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Previous studies have revealed that DHP B shows lower folding stiahikyd greater
dynamic range of motion than DHP[AL] Based on this finding, we can hypothesize that larger
molecules can enter the distal heme pocket in DHP B than DHP A. The ability to bind larger
substrates internally in DHP B may be a significant reason for its greater range of function.

The structure of the substrate also determines the binding orientation which ultimately
dictates the mechanistic pathwdyL,34] The structural evidence in this Chapter suggests that
substrates as functional switches the activate different DHP mechanisms. Since DHP A primarily
binds phenols inside the distal pocket, peroxidase function is favored in DHP A. By contrast DHP
B has grater peroxidase activity and numerous other activities, including peroxygenase,
oxygenase, and oxidase. Many of the larger substrates are oxidized by peroxygenase activity in
DHP B, which appears to be absent in DHP A.
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Table S1: Data Collection and Refinements Statistics

4-nitro - 4-nitro - 2,4-di- 4-bromo- 2,4-di-
phenol catechol bromo o-cresol chloro
phenol phenol
PDB Entry 8VKC 8VKD 8VSK 8VZR 8EJN
Data Collection
Wavelength (A) 1.00 1.00 1.00 1.00 1.00
Temperature (K) 100 100 100 100 100
Space Group P22:2, P22:2, P212:2, P212:21 P2:2121
Unit-cell parameters
A
a 58.8 58.4 57.2 58.4 57.9
b 67.9 68.4 66.2 67.8 67.3
c 68.3 68.3 69.1 68.2 69.2
Unique Reflections 16142 48795 39216 32109 42466
Completeness (%) 93.1(79.3} 94.7 (65.0) 99.6 (94.0) 99.8(99.8) 98.0 (97.0%
Multiplicity 3.7 (2.7) 4.2(1.8) 8.8 (3.9) 9.3 (5.6) 5.2 (3.8)
Rmeas (%) 9.7(86.0) 5.9(29.7) 29.5 (78.7) 17.8(71.9) 7.0(74.4)
Rpim (%) 55(55.9) 2.6 (18.4) 8.6 (53.2) 6.0 (37.3) 3.0(36.9)
CCur 0.98 (0.31) 1.00(0.87) 0.979 (0.582) 0.987 1.00 (0.70)
(0.712)
I/sq 12.4(1.3) 27.5(1.0) 21.0 (1.5) 30.8(2.4) 21.9(1.6)
Wilson B factor (A?) 25.8 11.9 14.7 17.1 -
Refinement
F'{fsolution Range 30.432.03 44.401.40 36.691.52 37.141.64 37.091.48
(A)
Rwork (%0) 19.52 14.66 18.1 15.6 13.95
Riree (%) 26.75 19.27 20.5 20.4 20.19
B factor (A?)
Overall 30.0 16.0 17.0 20.0
Protein 29.7 14.7 16.9 20.1
Solvent 324 26.8 25.4 31.1
No. of Protein Atoms 2337 2565 2464 2584 2481
No. of Solvent Atoms 94 194 208 179 323
R.m.s. deviations
Bond lengths (A) 0.008 0.015 0.014 0.010 0.014
Bond angles 9 1.577 1.998 2.045 1.646 1.909
Ramachandran Statistics (%)
Preferred 96.4 96.9 96.2 97.5 97.3
Ouitliers 0.5 0.6 0.0 0.0 0.0

&/alues in parenthesis are for the highest resolution shell.
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Chapter 5

Autoreduction Mechanism in Globin-Enzyme
Dehaloperoxidase A & B
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1. INTRODUCTION

Dehaloperoxidase (DHP), isolated from terebellid polychastphitrite ornatads a unique
heme protein discovered in 19[A], which has also been characterized as an enzyme since
1996[2i 4] DHP has been observed to function with multiple enzymatic activities including
peroxidasg2,5,6] peroxygenasg’i 9] oxidaseg9] and oxygenas¢9] activities alongside the
oxygen transport function of a Hb. Two isozymes of DHP have been discovered in the genome of
Amphitrite ornata DHP A and DHP H10]DHP B shows lower folding stabilify1] and greater
dynamic range of motigh2] that may be correlated with its ability to accommodate a greater
range of substrates and enzymatic activities than DHER3A4] Trihalophenols like 2,4;6
triboromophenol (TBP) and 2,4f6ichlorophenol (TCP) have been studied previously as
peroxidase substrates for DHP in the presence of hydrogen peroxg.[5/6,15,16]Catalytic
oxidation of TXPs involves two consecutive one electron oxidations with active ferryl radical
intermediate$6,17]

Figure 1 shows the competition between formation of Cmpd Il and Cmpjb,R8{19]
When a substrate with sufficient reactivity is present, DHP progresses in its catalytic cycle. When
substrate is absent the protein radical in Cafdcan evolve by proton coupled electron transfer
ultimately leading to hemprotein crosslinking and Cmpd RH formatifd¥] On the other hand,
reduction of the ferric resting state leads to ferrous oxy [Fe{llp© ferrous carbon monoxy
[Fe(I)CO] DHP if CO is present. This spontaneous process, known as autoreduction, may serve
to reset DHP to a ferrous state for the globin function. This could be part of a mechanism for
switching between redox states and thaeflobin vs. enzymatic function. Since substrate is not
part of either the heme crosslinking or autoreduction processes, the required electrons must come
from amino a&ids in DHP.There are 5 tyrosines in DHP A and 4 tyrosines in DHP B, and 6
methionines in both isozymes. These amino acids also react with vinyl groups or even the
porphyrin ring, which makes them primary candidates for crosslinking to heme, along with

histidine and gsteine.
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Figure 1: Proposed peroxidase mechanism for [obilyzed oxidation of trihalophenol.

A separate line of investigation led to the hypothesis that the Met/Cys pool is crucial for
the process known as autoreductibiP has been observed gpontaneouslyeduce fronmthe
ferric totheferrousstate[20] This phenomenon has been termed autoreduckioa reduction of
ferric Feoccurs in a period of a few hours without any external redydtanin the presence of
carbon monoxide (CO) to drive the equilibrium towards the ferrous. Staéereductant in this
process is one or more of the amino acids in DHpical peroxidase enzymes initiate their
catalytic cycle from ferric hemi@1,22] There is no need for a change in oxidation state of the
heme sincets sole function is to oxidize substrates through peroxidase activityever, he
regulation oftheredox state ofthe hemeFe plays an important role in multifunctional enzymes
like DHP. While ferrousheme is the active form for oxygen transport, fehgme isthe usual
resting statéor peroxidase function. The regulation of these two redox active forms is one of the
crucial aspects for the functional switch in DHRis was discussed as the DHP paradox in 2012
by Franzen and Ghiladi. The resolution is the®tcan be activated by both the ferrous and ferric
forms to produce compound Il and compound | as the primary intermgiate.

Most Hbs are known to undergo the opposite process, autooxidation, which is oxidation of
heme Fe byound Q.[43] Onthe other hand, peroxidases have large negative reduction potentials,

which ensures that they will remain in the ferric state. Although Mbs and Hbs require a ferrous
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state, their reduction potentials are significantly lower than those of DHP A and B. The
spontaneous tendency to form ferrous heamBHP is most likely a result of thaghly positive
formal potential oft201.8mV and-193 mVobservedy spectroelectrochemistfgr DHP A and
DHP B, respectively24]

Autooxidation is such a widespread problem for living organismseidailood cells make
use of mdtlb reductase whose function is to redtive heme Fe tthe ferrous fornj25,26],[43]
The tendency towarautoreductionn ferric DHP requireasource of electronglthough Tyr was
an obvious candidate given its known redox activity in DHP enzymatic function, the Met/Cys pool
appears to be the source of the electrons required for spontaneous reduction ofSesf{iH).
containing residues Cys and Met are oxidized in several proteins such as methionine sulfoxide
reductase, thioredoxin and peroxiredoxin by reacting with reactive oxygensj@&ci29] These
oxidized residues are reduced by NADPH dependent reactittimeately oxidation of NADPH
providesthe electron to reduce the oxidized methionines in a system of enzymes, usually with
thioredoxin acting as a sh@fl30i 32] Moreover, intracellular glutathione is also a reservoir of
reducing equivalents that maintains the redox equilibrium in the cell. Glutathione plays a role
similar to methionine in human red blood cells.

The earliest experiments to address autoreduction used relatively concentrated DHP
samples (5 M <[DHP] < 20* M) in a 1 mm path length, required at those high concentrd@®js.
Ferric DHP samples were diluted into a buffer soluéquilibrated in 10% CO/ 90%JINOver the
course more than 12 hours the heme converted from a ferric Fe ( T 1§ &) to ferrous Fe
CO (_ T ¢ § 0). Focusing mainly on sulfezontaining residues as the primary reductants,
the mutants C73S, S78C, M63L, M64L, H55V and double mutants M49C/C73S and M63L/M64L
were studied20] The effect of pH and three different substrates or inhibitorsalsms studied.
Hirota et.al. showed that sperm whaléb (SWMb) mutated by one cysteine had an increased rate
for the COfacilitated reductio33] The rate of the autoreduction process was an order of
magnitude slower in SWMb consistent with the hypothesis that a Met pool is needed to make
autoreduction functionally relevarthe SWMb crosslinkingnechanism involved two cysteines
forming disulfide bonds and releasing two electrons for reduafoine heme Based on the
sigmoidal kinetics observed for WDHP A, it was suggested thahere was cooperative
interaction between proteins through dimerization, similar to &#Mb [33] which contributed

to the autoreductio®™HP has been shown to be primarily a monomer in solution &tfpHsmall
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angle Xrayscattering studies (SAX$34] Nonetheless, the SAXS measurements reveaDiHEt

A is 1020% dimerized in solution. However, SAXS data are not available at lower pHs or for
DHP B.These data suggest that DHP A is in a monedir@er equilibrium in solution.

The involvement of multiple amino acids in the process provides a failsafe for the proposed
regulatory functions. If one Met is oxidized or mutated others in the pool will take its place. The
distribution of amino acids in different Hbs suggests that tkegmce of multiple Tyr and Met

may play a role in function of annelid and other organisms in the superphylum lophotrchozoa,
which consists of sea creatures that lack complicated vasculature and organs found in many
chordata.[44])ess complex organisms magquire multifunctional heme proteins because they
lack organs and differentiated heme enzymes with specialized functions. More specialized
organisms have a plethora of heme enzymes and mechanisms for protecting them from
autooxidation and other inactivag) processes. Herein, we examine the mechanism of
autoreduction in DHP, which has implications for protection of redox active heme and switching

between functional forms.

2. EXPERIMENTAL

2.1.Materials

All chemicals were procured from VWR chemicals and Millipore Sigma and used without further
purification. DHP A and DHP B were expressed and purified as reppridousy[35,36] and
stored in 25% glycerol iR80°C freezer until needed. Compressed CO gas tank was purchased
from ARC3 gases with 10% CO and 90% Argail solutions were prepared in 100 mM
Potassium phosphate buffer (KPi) pH 7, unless specified otherwise. Hydrogen perofde (H
solution was freshly prepared before each experiment by dissolving 3&%irHKPi and
concentration was determined spectroscopically at 240 nmwith.= 43.6 M lusinganAgilent
8453 diode array UVivisible spcé&sWiddypeh(&/T)omet er
His-tagged (6XHis) proteins (DHP A and DHP B) were expressed using a previously reported
protocol[24] Protein was completely oxidized using exdeslg-e(CN)] and was passed through
desalting column PER.0 with Sephadex &5 resinfor buffer exchange and to remove the leftover
Ks[Fe(CN)]. Ferric DHP concentration was determined spectroscopicaliys &boret band
maximumof 406N m W hogtnnts 118,400 M cm 1
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2.2.Measurement ofthe autoreduction rate

5mM Tris(2-carboxyethyl)phosphind TCEP) was added to a vial containing 100 of DHP and
incubated for 1 hour. This is done to reduce any possible disulfide links. Adding TCEP reduced
the protein to its ferrous form. However, TCEP is one of the gentlest reducing agents and is easy
to remove by size exclusion chromatography. Aifteubation, TCEP was removed by passing

the protein mixture into desalting colun®ephadex &5 resin in a PELO column The reduced
protein was completely oxidized by adding potassium ferricyaniigi-e(CN)]. Exces
Ks[Fe(CN)] was removed by passing the protein mixture through desaltingORfdlumn. The
concentration of DHP was determined by obtaining awdible spectrum and calculating the
concentration using absorbance at Soret band maximum of 40T 4sam(= 116,400 M 1

cm' 3.[35] Final concentrations of 1.5, 2.5 andr® DHP were used at pH 5, 6, 7 and 8. 2,4,6
trichlorophenol (TCP) was used in some specified experiments at a concentration of 0.7 mM. A
final volume of 2 mL DHP was transferred to a 1 cm path length cuvette with a magnetic stir bar,
sealed with a septunmd degassed withd\yas for 5 min and then exchanged with 10% CO for 5
min, with constant stirring. The cuvette was placed inRelier temperature controllattached

to an Agilent 8453 UWisible spectrophotometer. The temperature was set to a constant
temperature of 3T throughout the measurement. Kinetics mode was activated on the software
and set to capture a spectrum every 30 minutes #802tburs between 26800 nm wavelength.

Time trace of absorbance at 421 nm (@@@ous DHP) was extracted from the tie resolspéctra

and was used to determine the rate of autoreduction.

2.3. Autoreduction data analysis:
Since the observed rate constantskfor autoreduction showed a dependence on DHP
concentration, the time trace at 421 nm was fitted to a second order model on Igor Pro as shown

below, where f is the fraction of unconverted ferric DHP at time t.
0 0 Q0 p — eqn.1

The observed rate constants obtained for autoreductibiBf A andDHP B were compareds
a function of pH and DHP concentratioly Iperforming a 2-way ANOVA where the two

independent variables were ryme(DHP A and DHPB) andeitherpH or concentration dbHP.
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This statistical test returnedvalue which was used to conclude if the differences observegsin k

is statistically significant. The threshold fignificance of thg-value was set at 0.05

3. RESULTS
3.1. Autoreduction as a function of concentration, pH, DHP mutations, and substrate
molecules

The reduction of ferrkDHP to COferrous DHP was observed by the shift in the Soret
band from 407 nm to 421 nm shown in Figure 2, which showsres@ved spectra of 216U
DHP-A at pH 6.A change in @band was also observed where it shifted from the 504 nm maximum
in 6¢cHS ferric form to thé & doublet at 541 nm and 571 nm of the-spordinate low spin
(6¢LS) ferrous formAll measurements were carried out in the presence of 10% CO because the
rate is 16fold slower in the absence of CRative heme E coordination in DHP is a mixture of
H20 bound 6cHS and 5cHS at room temperature which has an absorption maximum at 407 nm.
The Soret band for DHEO is a sharp band observed at 421 nm. Similar spectral shifts and
transitions are observed for DHPand DHPRB at pHs 5, 6 and 7.
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03 - Ferric, 407 1

nm
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Figure 2: Time resolved UVis spectra of autoreduction of 208/ ferric-DHP A to CGferrous
DHP at pH 6 for 20 hours.

The time courses of the absorbance change at 421 nrfief@@s Soret band) shown in
Figure 3 shows was fit to a second order model for both DHP A and DHP B. These data also fit
reasonably well to a first order kinetic model. However, owing to the sewoed DHP
concentration dependence, the first order model was not considered further. Figure 4 shows the
statistically significant differences indsfor DHP A and DHP B at varied concentrations. The

decrease indsswith increase in concentration indicatidat autoreduction is argooperative.
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Figure 3: Time trace of absorbance at 421 {f€@ous)plotted against time with the second order
model fits for DHP A and DHP B with varied [DHP] at pH 7.
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Figure 4: Time trace of absorbance at 421 {f€@ous) plotted against time with the second order
model fits for DHRA and DHRB at pH7 with varied [DHP]

Sigmoidal kinetics were observed previously at higher concentrations betw&60 2K .
At the concentrations studied here,-5.6M, DHP A has a greater autoreduction rate constant at
lower concentration. At M both isozymes have similar rates.
The second order rate constardsklecreased as pH increased for both DHP A and DHP
B. Figure 5 shows the time courses and the fits to a semoied kinetic model (Eqn)1These
kinetic time courses are relatively similar. However, Figure 6 shows that the decreaséoin k
both isozymes as a function of pH is statistically significant (p < 0.0001). On the other hand, there
is nosignificant difference between the isozymes (p = 0.24; Tak)leTe yield of reduced DHP
is also significantly reduced. The yield is a more straightforward comparison that supports the idea

that the autoreduction rate decreases with pH.
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Figure 5: Time trace of absorbance at 421 {f€@ous) plotted against time with the second order
model fits for DHP A and DHP B with varied pH at [DHP] 2dl.

Figure 6: Time trace of absorbance at 421 {f€@ous) plotted against time with the second order

model fits for DHP A and DHP B at [DHP]=2rBM with varied pH.

Figure 7: Time trace of absorbance at 421 {f€@ous) plotted against time with the second order
model fits for DHP A and DHP B with varied pH at [DHP]= 289 and [TCP]=0.7 mM.
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