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ABSTRACT

The iodination of tyrosine is the first reaction in the biosynthesis of the
thyroid hormone thyroxine. Because of this physiological significance, the
kinetics and mechenism of the reaction catalyzed by both plant horseradish
peroxidase (HRP) and mammalian lactoperoxidase (LPO) were studied using
rapid scan spectral analysis and stopped-flow techniques. The difference in
the catalytic abilities of the two sources of enzymes was clearly demonstrated
by the mechanisms that fit the rate data. In both enzymatic iodination
systems, native enzyme (Fe'!!) reacts with H2O, to form compound | (FeV=0).
Compound | oxidizes I- to become an enzyme-bound hypoiodite (Fe'!-O-I7)
from which free HOI is released. The role of HRP is to catalyze the formation
of HOI, which reacts with excess I to form Iz and la~. Either Iz or HOI or both
can be the iodinating species (nonenzymatic iodination) in the HRP system.
For the mammalian LPO, an LPO-bound hypoiodite, LPO-O-I", is an efficient
iodinating species and under physiological conditions is probably the only
iodinating agent. The overall iodination rate is about 10 times faster for LPO
compared to HRP under comparable conditions. Our data show that HOI may
be the inorganic iodination reagent. Our results also support the picture of a
simple evolutionary progression: from the use of HOI free in solution to the
use of the enzyme-bound hypoiodite as the iodinating agent.

The lactoperoxidase compound Il (LPO-ll)-catalyzed oxidation of
Trolox C, a vitamin E water-soluble derivative, was investigated at pH values
ranging from 3.0 to 7.0. The oxidation of Trolox C by LPO-ll occurs initially by
guantitative 1 : 1 binding to a site near the heme. The tighter binding of
Trolox C at lower pH facilitates this reaction. A mechanism of Trolox C

oxidation by LPO-II has been proposed in which protonation of an amino acid



residue on LPO-Il (pKa = 2.3) is essential. in addition, the ionization of the
carboxylic acid group (pKa = 4.03) on Trolox C accelerates the reaction rate.
As an efficient antioxidant, Trolox C is more reactive at low pH values which
correlates with the trend in lipid peroxidation. The second order rate
constants for the oxidation of Trolox C by LPO-Il were determined to be (4.1 &
0.5) x 106 M-1s-1 for protonated Trolox C and (1.9 % 0.3) x 107 M-1s-1 for
deprotonated Trolox C.

Chloroperoxidase (CPO) is efficient as a catalase as well as a
peroxidase. The catalatic activity of CPO exhibits saturation kinetics under
steady state conditions, which is not observed with catalase under similar
conditions. Our resuits indicate the formation of a complex with CPO
compound | (CPO-I) and H202. The dissociation of this complex is the rate-
determining step in the overall reaction that generates Oz from H202. The
demethylation of N,N,N',N'-tetramethyi-p-phenylenediamine (TMPD) by CPO
was used tc determine the peroxidatic activity of CPO. The catalatic activity
of CPO was controlled by using a small amount of H202 compared to TMPD.
The machanism of the peroxidatic reaction catalyzed by CPO is identical to
that established for HRP i.e., the modified ping-pong mechanism. However,
by using comparable concentrations of H202 and TMPD, both the peroxidatic
and catalatic reactions occur in the reaction system containing H2O2, TMPD
and CPO. The catalatic activity of CPO is thus demonstrated to be affected
by its peroxidatic activity and vice versa. In addition, the interaction of
catalatic activity with peroxidatic activity is due to the competition of H2O2 and
TMPD for CPO-I.

The reaction of CPO with HOCI was investigated at pH 6.2, ionic
strength 0.11 M using both rapid scan and stopped-flow techniques. CPO-I



formation from CPO and HOCI has a second order rate constant of (4.0 + 0.1)
x 106 M-1s-1, Before the completion of CPO-I formation, CPO compound il
(CPO-II) formation was observed. The presence of CI- in the mixture of CPO
and HOCI does not affect the CPO-1 formation rate but a saturation curve was
obtained for CPO-II formation rate versus the CI- concentration. HOCI can
bleach CPO and CI- cannot protect the enzyme from the bleaching. In
contrast, a large amount of CI* can protect the bleaching of myeloperoxidase
(MPO) by HOCI. The differences for CPO and MPO are speculated to be due
to the different CI- binding to the enzymes.

The catalytic activity of HRP on the iodide oxidation was observed not
to be inhibited by EDTA at pH from 3.5 to 5.0 and at EDTA concentration from
0 to 30 mM, which is 0 to 300-fold in excess of iodide concentration.
Nevertheless, the pseudo-catalatic activity of HRP was inhibited by the
presence of EDTA in the system. EDTA reacts with HOI with a second order
rate constant of (2.6 £+ 0.1) x 105 M-1s-1 at pH 3.5, ionic strength 0.18 M. The
inhibition of EDTA on the pseudo-catalatic activity of HRP is due to its
competition with H202 for HOL.

Nitric oxide synthase (NOS) was purified from porcine cerebella. The
purified NOS monomer has a molecular weight of 128 KDa. The effects of
EGTA, hematin and calmodulin concentrations on the NOS activity were
examined. EGTA inhibits NOS activity and calmodulin enharices the activity.
Hematin enhances the NOS activity when its concentration is less than the
enzyme concentration but inhibition was observed when a high concentration
of hematin was used. More than 70% of the total NOS activity was lost after
the storage at -70°C for six days. The low yield and instability of NOS prevent

us from doing some kinetic studies on NOS-catalyzed reactions.
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ABBREVIATION

AHy, reducing substrate

AH:, free radical product

CPO, chloroperoxidase

CPO-l, chloroperoxidase compound |

CPO-ll, chloroperoxidase compound |l

CPO-I-H202, chloroperoxidase compound I-hydrogen peroxide complex
[CPOJo, total chloroperoxidase concentration

DIT, diiodotyrosine

EDTA, ethylenediaminetstraacetic acid

EGTA, ethylene glycol-bis(B-aminoethyl ether) N,N,N',N'-tetraacetic acid
H4B, tetrahydrobiopterin

HRP, horseradish peroxidase

HRP-|, horseradish peroxidase compound |

HRP-II, horseradish peroxidase compound |l

HRP-O-I-, horseradish peroxidase bound hypoiodite

LPO, Lactoperoxidase

LPO-, lactoperoxidase compound |

LPO-O-I°, lactoperoxidase bound hypoiodite

MIT, monoiodotyrosine

NADPH, nicotinamide adenine dinucleotide phosphate

pKe, dissociation constant of an amin2 acid residue near heme of peroxidase
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis
TMPD, N,N,N'N'-tetramethyl-p-phenylenediamine

TMPD:, free radical of TMPD



Tyr, tyrosine
varmpep), the product formation rate of TMPD demethylation
v(0p). the initial formation rate of O2 evolution
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CHAPTER ONE

INTRODUCTION

1.1 PEROXIDASES
1.1.1 Definition
Peroxidases are enzymes catalyzing the oxidation of a variety of organic

and inorganic compounds by hydrogen peroxide or other peroxides of the
ROOH type. As recommended by the Nomenclature Committee of the
International Union of Biochemistry, peroxidases are classified as a sub-group
of the oxidoreductases with EC number of 1.11.1.

Peroxidases play diverse physiological functions in nature. The fact
that they can be used with a variety of synthetic substrates has stimulated a
large number of investigations by organic chemists, biochemists and
biophysicists for many years. It is probably true to say that among all
enzymes few have attracted more attention than peroxidases. With various
state-of-the-art techniques, more information is being continually gained about
structure, function and their interrelationships. Our group has been
concerned with kinetics and mechanisms. It is the purpose of this thesis to
give a progress report on the function and mechanism of action of
peroxidases. In this introductory chapter, background information is given
which is relevant to the experimental studies reported later in the thesis.

Peroxidases are widely distributed throughout bacteria, fungi, moids,
plants and animals and carry out a variety of biosynthetic and degradative
functions (1). A peroxidase from the mold Caldariomyces fumago,

chloroperoxidase, has been isolated and characterized (2-4). Cytochrome ¢



peroxidase is obtained from aerobically grown baker's -sast. A cytochrome ¢
peroxidase has also been isolated from Pseudomonas aeruginosa (5-8). In
many plants, the peroxidase content varies with its tissue location.
Horseradish peroxidase, turnip peroxidase and Japanese radish peroxidase
are examples of plant peroxidases (9). Horseradish roots and the sap of fig
trees are the richest sources of plant peroxidases. Peroxidases from animal
sources which have been studied extensively are thyroid peroxidase of the
thyroid gland which is involved in the biosynthesis of the hormones thyroxine
and triiodothyronine (10-12); myeloperoxidase of neutrophils which takes part
in the phagocytic process (13); lactoperoxidase which has antibacterial
activity in a number of mammalian exocrine gland secretions (14);
prostaglandin H synthase (15) which catalyzes the initial two reactions in the
biosynthesis of prostaglandins. A plausible hypothesis for the function of all
peroxidases is that they were first used by primordial organisms in their
defence mechanism against oxidative damage by toxic oxygen species and
that once survival from oxidation was firmly established, more specialized

functions evolved (13).

1.1.2 Active site of peroxidase

Enzymes are proteins. The tertiary structure of an enzyme usually
contains a crevice. The crevice contains the active center of the enzyme.
The substrate enters the crevice in order to react, and is held by groups in the
crevice walls, which are suitably placed. The cleft penetrates far into the
hydrophobic core; it has in fact been suggested that the remarkable catalytic

power of enzymes is due to the hydrophobic environment into which the



reactants are brought. If a metal atom is present, it is usually found deep in
the crevice, not far from the center of the molecule.

Generally, peroxidases consist of a heme group and glycoprotein. All
the peroxidases purified so far from plants contain the prosthetic group hemin
or ferriprotoporphyrin 1X (Fig. 1.1). Peroxidases from animal sources present
some exceptions. Usually they have prosthetic groups different from ferric
protoporphyrin IX (9). The structure of the prosthetic group and its intimate
interaction with the protein moiety result in a unique set of catalytic properties
for each peroxidase. The heme prosthetic group contributes to the catalytic
function of the enzyme in two ways: (i) the iron activates the heterolytic
cleavage of peroxides and stores one oxidizing equivalent obtained from the
oxidizing substrate, either a hydroperoxide or a peroxy acid, and {ii) the
porphyrin regulates the oxidation-reduction potential and stores the other
oxidizing equivalent. However, in terms of more detailed structure at the
active site of peroxidase, much remains to be resolved (16). For example, the
type of ligand at the sixth coordination position, and the nature of the
halogenating intermediate, are still topics of controversy. The role ¢f the
carbohydrate in these enzymes is uncertain. However, horseradish
peroxidase has long been known to be a very stable enzyme, even under
conditions of elevated temperature, and this property could be due in part to
the carbohydrate associated with the enzyme.

The picture given by X-ray crystallography is of the enzyme in the
crystalline state, and the question arises whether the enzyme retains the

same conformation in solution.



1.1.3 Reaction of peroxidase

The catalytic cycle of peroxidases normally is:

Peroxidase + HoO2 — Compound | + H20 (1.1)
Compound | + AH; — Compound Il + -AH (1.2)
Compound Il + AH, — Peroxidase + -AH + H20 (1.3)

where AH, represents the reducing substrate, commonly called the hydrogen
donor. The structures of the intermediates (compounds | and Il) are
independent of the oxidizing and reducing substrates used to form them. The

overall reaction is:

Ho02 + 2AH, — 2-AH + 2H,0 (1.4)

and is known to be a modified form of “ping-pong" kinetics in which the
reaction steps are not reversible, and the rate constant of the second reaction
step (compound Il formation) is larger than that of the third step (regeneration
of the native enzyme) (17). The free radical product has several fates,
depending upon its structure and the environment. It may dimerize, react with
another substrate molecule, or attack another species causing cooxidation. it
may also reduce dioxygen, if present, to superoxide or it may be scavenged
by dioxygen to form a peroxyl radical.

Compound | is formed by the addition of & stoichiometric amount of

hydrogen peroxide to the native enzyme. It appearstobe a ferryl porphyrin n-



cation radical, wherein one of the oxidation equivalents is stored as the ferryl
iron, Fe!V=0, while the other equivalent is stored as a porphyrin-centered n-
cation radical. Electron donating substrates reduce compound | to the native
ferric enzyme in two steps via the formation of compound I, the second
intermediate of the anzyme. Compound II contains one oxidizing equivalent
above the native ferric enzyme. Thus it is a formal +4 state of the enzyme.
Peroxidases contain two histidine residues which are proposed to be essential
for activity. One of the histidine residues (proximal) is the axial ligand of the
heme. The other histidine (distal) is located in the distal pocket. Residues in
the distal pocket have been proposed to participate in peroxide cleavage to
form compound | (18, 19).

The stability of the intermediates, compound | and Il, and the intense
environmentally sensitive Soret absorbance at about 400 nm have facilitated
the large number of studies that have been carried out on peroxidases (1, 9,
16, 20, 21).

1.2 HORSERADISH PEROXIDASE
Horseradish peroxidase (HRP; donor H,O. oxidoreductase, EC 1.11.1.7)
is a heme-containing glycoprotein. There are three important isoenzymes of
HRP: isoenzyme A (acidic); isoenzyme C (neutral or slightly basic), and a
strongly basic isoenzyme E (22). Isoenzyme C which is the dominant
isoenzyme of the horseradish root is used for the work presented here.
The amino acid sequence of HRP has been determined (23-28). HRP
consists of 308 amino acid residues. The carbohydrate is located on the
surface of the molecule with eight points of attachment to side chains of

asparagine residues. There are four disulfide bridges and two Ca2+ ions are



bound per HRP molecule (30). The enzyme has less thermal stability when
the Ca2+ is removed. One of the Ca2+ ions contributes to the structural
stability in the region of the active site as determined by NMR, ESR and metal
ion substitution experiments (31-33). The polypeptide chain has a molecular
weight of 33,890 as calculated from its sequence. The hemin group weight
550.5 and with approximately 18% carbohydrate and two Ca2* present, the
molecular weight is about 42,100, excluding any bound water.

No crystal structure of HRP has yet been determined.

A ferric ion normally has a coordination number of six. The
coordination number of the ferric ion in peroxidases is fundamental to an
understanding of their chemical and physical properties. For HRP, four
nitrogen atoms of the porphyrin ring are ligated to the ferric ion. The neutral
imidazole of histidine residue 170 occupies the fifth coordination position. The
prosthetic group of native HRP is identical to that of metmyoglobin and
imidazole is the fifth ligand of the ferric ion in both species. Nevertheless,
evidence has been mounting that the sixth coordination position of the ferric
ion of HRP is vacant (34-36), unlike metmyoglobin, where the sixth position is
occupied by a water molecule (37). Therefore, the striking difference between
the two classes of native species is that the native peroxidases have five-
coordinate ferric ion, the native ferric globins are six-coordinate.

The single heme group of HRP, identical to that in hemoglobin and
myoglobin which display quite different biological functions, is non-covalently
linked to the protein matrix through hydrophobic and electrostatic interactions
among the propionic groups and the basic amino acids of the active site (38,
39). The dynamics of protoporphyrin IX in the heme pocket of HRP have

been studied using fluorescence methods and compared with those of



hemoglobin and myoglobin (40, 41). The local motion of the protoporphyrin IX
in the heme pocket of HRP is, in fact, similar to that found for hemcglobin and
myoglobin.

The number of unpaired electrons present in a transition metal ion is a
function of its oxidation state, coordination number and field strength of its
ligands (21, 42). For native HRP, the experimental observation is that the
ferric ion at room temperature has an intermediate spin state, a mixture of S =
3/2 and S = 5/2 (43-45).

Chemical and kinetic evidence for an essential histidine residue in the
electron transfer from the aromatic donor to HRP compound | has been
reported (46). Diethyl pyrocarbonate, a histidine-specific reagent, was used
to modify HRP. The modified enzyme forms compound | with H202 but not
compound I, suggesting that the electron transfer process is blocked. The
modified HRP compound | cannot oxidize guaiacol, an aromatic electron
donor. The most likely distal residue is histidine 42 which controls aromatic
donor oxidation by regulating electron transport without affecting donor
binding or compound | formation.

A resonance Raman spectroscopic study of bovine liver catalase
compound Il shows it has essentially the same behavior exhibited by HRP
compound Il (47). Thus, the structure and environment of the heme group of
the compound Il species of HRP and catalase are very similar. This indicates
that the marked differences in their reactivities as oxidants are probably due
to the manner in which the protein controls access of substrates to the heme
group.

Two HRP-C isoenzyme genomic DNAs were cloned and sequenced

(48). They code for 347 and 349 amino acid residues, respectively. The



cDNA sequence of a neutral HRP has been reported (49). The predicted
amino acid sequence is nine amino acids shorter than the major isoenzyme
belonging to the HRP-C group and the sequence shows 53.7% identity with
this isoenzyme. Expression of each HRP isoenzyme-encoding gene in
transgenic plants or microbial cells might be a fruitful approach to clarify the
physiological function of these isoenzymes.

In order to define structure-function relationships for HRP relevant to
the preparation of novel catalysts, site-specific mutagenesis studies of HRP
have been performed recently by Ozaki and Ortiz de Montellano (50). In the
absence of a crystal structure for HRP, they chose Phe-41 for initial
mutagenesis based on the sequence alignments of HRP with cytochrome ¢
peroxidase and lignin peroxidase, two peroxidases for which crystal structures
are available. The results clearly identify Phe-41 as a major determinant of
peroxygenase substrate binding in the HRP active site and suggest a model
of the features of the active site that determine stereospecificity.

HRP is the most widely studied peroxidase since it is found in high
congcentration in horseradish roots and can therefore be readily isolated. A
good preparation of HRP will give a purity number, commonly called the R. Z.
(reinheitzahl), the ratio of absorbances at 403 nm and 280 nm, of 3.2 to 3.4.
The R. Z. is a measure of hemin content using the aromatic amino acid
content as reference, but is not a direct indication of enzymatic activity.

HRP is often used as a model of other peroxidases partly because of
its stability and commercial availability. One of the other reasons is that all
the discovered members of the peroxidase family form similar one- and two-
electron oxidized intermediates, although the reaction mechanisms and the

structures of the intermediate compounds of HRP are not yet fully understood.



1.3 LACTOPEROXIDASE

A peroxidase activity is found in exocrine secretions including milk, tears,
and saliva, and perhaps in other secreted fluids. The enzymes responsible
for this activity are synthesized in the glands that produce the secretions. A
representative enzyme was first isolated from bovine milk and named
lactoperoxidase (LPO; donor H202 oxidoreductase, EC 1.11.1.7). LPO had
been considered important for the inhibition of lactic acid production by lactic
bacteria (51). The original proposal of using LPO in food to the Food and
Agriculture Organization (1957) was therefore based on the prevention of
souring of milk, which is the most common form of spoilage. LPO, along with
related peroxidases in tears and saliva, forms part of an antimicrobial defense
system (52).

Bovine lactoperoxidase consists of a single peptide chain (53) of
molecular mass 77,000 (54), a heme and about 10% carbohydrate (53, 55,
56). A calcium ion was found to be strongly bound to bovine LPO (57). The
heme group of LPO has recently been identified to be a modified derivative of
protoporphyrin 1X, whose 8-methyl substituent is replaced by an 8-
mercaptomethyl group and linked to apoprotein through the formation of a
disulfide bond (58). The heme moiety of LPO is more difficult to remove from
the enzyme than the heme moieties of most other hemoproteins.

The protein sequence of LPO from cow's milk has been recently
determined (59). The primary structure of LPO displays a striking similarity
with human leucocyte peroxidases (myeloperoxidase and eosinophil
peroxidase) (60-65) as well as murine myeloperoxidase (66, 67). The single
peptide chain of bovine LPO contains 612 amino acid residues, including 15

cysteine and 4 or 5 potential N-glycosylation sites. The occurrence of an odd



number of cysteine in bovine LPO supports the finding of a heme thiol
released from this enzyme by a reducing agent (59).

No crystal structure of LPO has yet been available to indicate the
pattern of disulfide bonding or the residues that make up the heme-binding
site.

Extensive spactroscopic studies of LPO, including MCD (68), EPR (69,
70), NMR (71-75), and resonance Raman (RR) (76-78), have established that
the enzyme contains a five-coordinate high-spin ferric heme in the resting
state with histidine serving as the proximal ligand. Recently, resonance
Raman studies have shown a close structural similarity of the heme active site
of LPO to those of well-characterized cytochrome ¢ peroxidase and
myeloperoxidase, although a narrower heme pocket for LPO was observed
(79). An extended X-ray absorption investigation of the structure of the active
site of LPO has been recently reported (80). This study shows that the
structure of the active site of LPO is similar to that of native lignin peroxidase
(81) and different from that of horseradish peroxidase (82).

LPO exhibits similar optical spectra to other mammalian peroxidases
such as thyroid peroxidase and intestinal peroxidase (83). However, the
optical spectra of these mammalian peroxidases are different from those of
typical plant or fungal peroxidases such as HRP (84) or lignin peroxidase (85).

LPO absorbs strongly (86, 87) at 412 to 413 nm at neutral pH, with a
millimolar extinction coefficient of 112.3 to 114. The ratio of the heme
absorbance at 412 nm to the absorbance of heme and aromatic amino acid
residues at 280 nm is often used as an indication of the purity of LPO

preparations, and values of 0.90 to 0.96 have been reported (88). However,
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the oxidation of aromatic amino acid residues and the limited proteolysis could
lower the 280 nm absorbance and give a mistaken impression of purity.

LPO, like other hemoprotein peroxidases, catalyzes the HzO:-
dependent oxidations of iodide and many organic compounds including
phenols, aromatic amines, and ene-diol compounds. LPO has barely
detectable activity with CI- and Br~. The reaction of H202 with the ferric LPO
converts LPO to the compound | state, which can accept two electrons. The
compound | state is not well characterized because it is short-lived. Even
highly purified LPO preparations contain enough one-electron donors to
reduce compound | to compound Il. The endogenous one-electron donors
have not been identified, but it has been proposed that they consist of tyrosine
residues of LPO and any other proteins that may be present.

Following the reaction with a molecule of H202, LPO is able to catalyze
the oxidation of endoge:.>us thiocyanate to the antimicrobial hypothiocyanite
ion in mammalian secretion systems (89). A nove! view of the biological role
of the LPO/H,0./SCN- system has been developed (90) and the chemistry of
peroxidase-catalyzed SCN- oxidation has been reviewed (91). in brief, the
major observed product is the hypohalite ion analogue OSCN-
(hypothiocyanite ion), which is in equilibrium with the hypohalous acid
analogue HOSCN (hypothiocyanous acid). The pK, of HOSCN is 5.3, and
solutions at physiologic pH are HOSCN/OSCN- mixtures containing primarily
OSCN-. Nevertheless, HOSCN is the more reactive form of the oxidized
SCN- which inhibits the lactic acid formation by lactic bacteria. Therefore, it
appears that the physiologic role of LPO is to use the H202 and SCN-
produced by host cells and microorganisms to produce HOSCN, which

inhibits microbial metabolism and growth, particularly at low pH (92, 93). The
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keeping quality of the milk collected at high ambient temperature (30 °C) was
increased by supplementing the thiocyanate level to 0.58 mM and adjusting
the peroxide level to 0.4 mM. Milk treated with LPO/H202/SCN- system did
not become sour and was stabilized for more than 8 hours, while the
untreated milk spoiled after 4 hours (94).

The kinetics of reactions catalyzed by LPO and other peroxidases are
of the "ping-pong" type as described for many other enzymes with two
substrates, that is, H202 and an electron donor (95, 96). The mechanism of
the oxidation of organic and inorganic substrates by hydrogen peroxide
catalyzed by peroxidases involves an initial binding of the electron donor to
the enzyme (9). Several studies have therefore been reported on the binding
of oxidizable organic and inorganic substrates to the native enzymes. Among
the oxidizable inorganic substrates, the interactions of iodide ion with HRP
(97) and LPO (98) have been studied in order to understand the mechanism
of the biosynthesis of the thyroid hormone catalyzed by thyroid peroxidase
and lactoperoxidase. The prosthetic group of HRP is a protoheme IX, while it
is an iron porphyrin thiol for LPO (58, 99). lodide ion binds to HRP at almost
equal distance from the heme peripheral 1- and 8-methyl groups at the distal
side of the heme, and the interaction becomes stronger in acidic medium with
protonation of the ionizable groups with the pKa value of 4.0 of HRP (97). The
interaction of iodide ion with LPO was studied by the use of TH NMR, 127|
NMR and optical difference spectrum techniques (98). It was suggested that
iodide ion binds to LPO outside the heme crevice but at a position close
enough to interact with the distal histidyl residue which possibly mediates
electron transport in the iodide oxidation reaction. Beside iodide, thiocyanate

is also an attractive inorganic substrate because the system of
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LPO/H202/SCN- provides a potent nonspecific bacteriocidal activity (100,
101). The use of 15N- and 1H-NMR spectroscopy shows that thiocyanate ion
binds to LPO at the distal side of heme at histidy! residue (pKa of 6.1) (102).
However, thiocyanate binds to HRP, away from the distal histidine, near 1-
and 8-methyl heme groups with an amino acid group of pKa of 4.0 (103, 104).

The importance of nitric oxide in biological systems was discovered
recently (105-107). The interest in NO has therefore greatly increased (1 08).
Polymorphonuclear neutrophils generate both nitric oxide and superoxide and
these molecules can combine to form peroxynitrite. In order to know the roles
of peroxidases in NO biology, the interaction of peroxidases and catalase with

peroxynitrite has been therefore studied (109).

1.4 CHLOROPEROXIDASE

Chloroperoxidase (CPO; chloride:hydrogen peroxide oxidoreductasse,
EC 1.11.1.10) is a heme-containing monomeric glycoprotein with molecular
weight of 42,000. The one isolated from the mold Caldariomyces fumago
(110) is the main isoenzyme.

Chioroperoxidase has been the subject of several investigations
because of its versatile catalytic properties typical of peroxidases, catalase,
and oxygenases (111-115). In addition, CPO catalyzes the halogenation
(except fluorination) of substrates in the presence of halide ions and hydrogen
peroxide (110, 116, 117). The four distinctly different types of reactions

catalyzed by CPO are as follows:

Halogenation: AH + H203 +X~ + Ht—— AX + 2H,0 (1.5)

where X" =ClI, Brorl;
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Dehydrogenation: 2BH + HoO,— B-B + 2H,0 (1.6)

Decomposition of HoO2: 2H205 —— O3 + 2H0 (1.7)

(Catalatic-like reaction)

Oxygen insertion: R + HoO, — RO + H0 (1.8)

Although most peroxidases are able to utilize bromide and iodide
anions as halogen source, only chloroperoxidase and myeloperoxidase (118)
can catalyze the HaO2-dependent oxidation of chloride ion to incorporate it
into organic substrates. CPO is also unusual among peroxidases in
possessing strong catalase activity (115). Most recently, CPO has been
found to be capable of some cytochrome P-450 type reactions such as the N-
dealkylation of alkylamines (119, 120) and the epoxidation of alkenes (121,
122). Organic sulfides are also substrates of chloroperoxidase (123, 124) in
oxygenation reactions that are typical of cytochrome P-450s and flavin-
dependent monooxygenases (125-128).

Aithough CPO has been isolated in high yields from fermentation
broths of the mold C. fumago and has been crystallized {110), only
preliminary X-ray crystallographic data have been published (128). Various
kinds of studies have been conducted to delineate the fine structural features
of CPO that allow the enzyme to possess chemical and physical similarities to
the peroxidases, catalase, and P-450 cytochromes.

When the optical spectra of various ferric and ferrous states of

chloroperoxidase were characterized, many similarities between CPO and
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cytochiome P-450s were discovered (130). It is particularly noteworthy that
the carbon monoxide complex of ferrous chloroperoxidase exhibits an
absorbance maximum near 450 nm, the feature which distinguishes and
confers the name of the cytochrome P-450 class of hemoproteins (131, 132).

Extensive spectroscopic studies of CPO, including UV-visible
absorption, magnetic circular dichroism (MCD), EPR and Md&ssbauer
spectroscopy, have supported the conclusion that an endogeneous thiolate
sulfur donor ligand is coordinated to the central heme iron of the enzyme
(133-139). The most direct and conclusive evidence for the presence of a
sulfur donor axial ligand in CPO has been provided by the EXAFS
spectroscopy in which the Fe-S bond length has been determined (133, 134).
A resonance Raman spectroscopic study has shown the detection of the Fe-S
bond vibration of CPO (140). Thus, CPO has many spectroscopic properties
similar to cytochrome P-450, the only other known thiolate-ligated heme
protein (112, 141, 142).

The other axial ligand of the ferric CPO depends on its spin state. In
the case of the high-spin (S = 5/2) species, the sixth ligand position of the
enzyme is thought to be vacant (113). While the low-spin chloroperoxidase,
produced from the native high-spin species by lowering the temperature
below 200 K or increasing the pH above 7.0, is thought to have a histidine
sixth ligand (143, 144).

Recently, the sequence of the chloroperoxidase-encoding gene from C.
fumago has been reported (145). The complete primary sequence of CPO
contains 300 amino acids having a molecular weight of 32,974. The CPO
gene encodes three potential glycosylation sites. This study revealed the

existence of three cysteine residues, only two of which had been detected as
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a disulfide pair by an earlier chemical analysis of the enzyme (146). This has
clarified the earlier puzzle about the identity and the origin of the axial thiolate
ligand for CPO (147).

The roles of the proximal ligand in heme proteins have been recently
studied (148). A replacement of the proximal histidine of human myoglobin
with cysteine by site-directed mutagenesis results in a proximal cysteine
mutant myoglobin which exhibits the altered axial ligation analogous to
cytochrome P-450 and chloroperoxidase. The thiolate ligand enhances the
heterolytic O-O bond cleavage of the oxidant.

The recent resonance Raman spectral studies have shown that CPO
weakens the Fe-ligand linkage in the nitric oxide and carbon monoxide
adducts (relative to imidazole-ligated heme proteins), but to a lesser extent
than does cytochrome P-450 (149). The results of this study are entirely
consistent with the current view that CPO possesses a peroxidase-like heme
active site and a coordination linkage similar to cytochrome P-4565 (144,
150).

The proton nuclear Overhauser effect study of the heme active site
structure of CPO indicates structural similarity of the CPO heme pocket to the
relatively better characterized peroxidases cytochrome ¢ peroxidase (CCP)
and HRP, rather than to the monooxygenase cytochrome P-450 (151). One
piece of evidence is that, as in HRP and CCP, a distal histidine residue is also
present in CPO-CN, which is in agreement with the previous chemical
modification work of Blanke and Hager (152). Nevertheless, in terms of the
hydrogen bonding with the ligated cyanide ion, the distal histidine in CPO-CN
seems to differ from other peroxidases. The distal histidine N-H proton is
hydrogen bonded to the ligated cyanide ion in HRP-CN (153) and CCP-CN
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(154). However, there is no distal histidine in the case of cytochrome P-450
(155) as shown in its crystal structure. Another piece of evidence is that, as in
HRP and CCP, the presence of an arginine residue in the heme pocket of
CPO is reported (151), although the spatial disposition and heme distance
ditfer from that in CCP and HRP. The B-CHgz protons of arginine are 4.5 A
from the heme iron in CCP (156). The arginine in HRP is also placed at a
similar distance from the heme (153). The arginine protons are calculated to
be 6.6-6.8 A from the iron atom in CPO (151). However, there is no arginine
residue close to the heme periphery of cytochrome P-450. Thus, the active
site of CPO-CN is quantitatively similar to other peroxidases, although there
are subtle differences in terms of the stereochemistry of the two catalytically
important distal histidine and arginine amino acid residues. Therefore,
despite of the similarities between CPO and cytochrome P-450 in their
physical properties such as the Felll-S bond length (133) and the Felll-S
stretching frequencies (157), their reactivities are quite different: cytochrome
P-450 serves as a monooxygenase but CPO works as a peroxidase.

The first evidence of the identification of the Fe!V=0 heme for a S--
coordinated heme enzyme was obtained recently from the resonance Raman
and visible absorption spectra (158).

The mechanisms of chloroperoxidase-catalyzed chlorination reactions
have been the subject of considerable interest. Conceming the identity of the
enzymatically produced chlorinating species, data have been variously
interpreted as supporting one of two possible forms of "active chlorine®: free
HOCI (159-161) and an OCI- species coordinated to the heme iron (ill) of
chloroperoxidase (118, 162, 163). The exact mechanism of the chlorination

reactions remains unknown.
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1.5 SPECTROSCOPY

The current thrust of biochemistry and molecular biology is to
understand life processes — replication, movement, communication, and
control — at the atomic level. The techniques of physical chemistry that yield
the most detailed information on the atomic level are the diffraction and
spectroscopic methods. X-ray, neutron, and electron diffraction have the
advantage of yielding a direct and often easily interpretable picture of matter,
but these methods suffer from some limitations. The pictures frequently do
not reveal as much molecular or atomic detail as one might wish. Moreover,
the pictures are at best static snapshots of molecular events. The essential
dynamics of enzymatic catalysis or transport, or whatever process is being
studied, must be inferred from one or more of these snapshots. In addition,
these pictures provide more details in the solid state rather than for the
solution state that is more characteristic of living systems.

In contrast, spectroscopic techniques are applied readily to solutions,
and can be used to follow dynamic processes. Many of them are sufficiently
sensitive to detect movements on the order of tiny fractions of an angstrom or
a small change in concentration of one component among many. The major
limitation of spectroscopic techniques is that the information is in a less easily
interpreted form: it consists of a list of the energy level differences of the
system under study. Thus, to understand any system in much detail, both
classes of techniques usually are necessary. The information from each

complements the other.
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1.6 THYROID HORMONES

There are two kinds of hormones secreted by the thyroid gland,
thyroxine and L-3,5,3"triiodothyronine (Fig. 1.2). One of the physiological
functions of the thyroid hormones is known to be involved in mammalian body
temperature regulation. The mechanism of this process is not fully
understood. However, it is known that when these hormones are released,
they cause an increased metabolic rate. This in turn results in an increased
heat production, thus raising the body temperature.

lodide is concentrated by thyroid tissue in vivo. The thyroid hormones
are synthesized from two successive oxidative reactions, both of which are
known to be catalyzed by thyroid peroxidase, TPO (164). In the first reaction,
~30 out of ~130 tyrosine residues present in the polypeptide backbone of
thyroglobuline are either monoiodinated or diiodinated in a reaction involving
I~ and H20». In a second reaction, ~8 of the iodinated tyrosines are coupled
to form thyroxine, (L-3,5,3',5"-tetraiodothyronine), or L-3,5,3"triiodothyronine.
The mechanisms of these reactions have been the subject of many
investigations (10, 164-167). The kinetics and the mechanism of the
iodination of free tyrosine catalyzed by HRP and LPO will be discussed in
detail in tt > following chapter.

The antimicrobial activity of peroxidases is due to their ability to
catalyze the Ho,O,-dependent oxidation of halide ions or SCN- to produce
powerful oxidizing agents (168). Besides their roles in the synthesis of the
thyroid hormones, peroxidase-catalyzed iodination reactions play important

roles in the biological defense systems as well.
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1.7 HYDROLYSIS OF IODINE IN AQUEOUS SOLUTION

In aqueous solution, the iodine system has been shown to be complex
due to the number of oxidation states available to iodine (169). Many studies
have been carried out to determine the most important iodine species present
in aqueous solution under different conditions. An increased interest in kinetic
and equilibrium studies of Iz hydrolysis has now been brought about by the
need for designing effective measurements to prevent the release of
radioactive iodine species into the environment following a nuclear reactor
accident (170). As a result, equilibrium constants have now been datermined
for most of the known equilibria in aqueous iodine solution, and kinetic
parameters have been determined for many of them (169-173). Molecular
iodine is known to be in equilibria with other species in aqueous solution as

shown in the following equations:

k
b+l -.—T—’-‘ Iy (1.9)
9
k10
I+ HO HOI + T + H* (1.10)
k-10

where kg = (6.2 £ 0.8) x 109 M-1s1, kg = (8.5 + 1.0) x 108 s'1 (171) and kio =
3.0 s, k.10 = 4.4 x 1012 M2s-1 (172). The thermodynamics of the formation of
I3~ from I2 and I- have been extensively studied; reported values of Kg are 768
M-1(173), 721 M-! (174), 698 M-1 (175) and 746 M-! (176), within
experimental error of 729 M-1 obtained from the kinetic data. The equilibrium
constant of Ky is 5.4 x 10-18 M2 at 25 °C (177).
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From temperature-jump relaxation studies on the hydrolysis of iodine
(169, 172, 178), a mechanism has been proposed in which the formation of
HOI is controlled by the disproportionation of 1,O0H- (178). The proposed

mechanism is shown as follows:

I, + H;O===2|,OH" + H* (1.11)
I, + OH === | ,OH" (1.12)
I,LOH" ====m-HOl +T (1.13)

The existence of I,OH" as an intermediate was confirmed by the results of a
Raman spectroscopic study of the disproportionation of hypoiodite in basic
solutions (170).

1.8 ANTIOXIDANT
1.8.1 Definition

The spontaneous reaction of atmospheric oxygen with organic
compounds leads to a number of degradative changes that reduce the lifetime
of many products of interest to the chemical industry as well as causing the
deterioration of lipids in foods. Antioxidants are present naturally in virtually
all food commodities, providing them with a valuable degree of protection
against oxidative attack.

The reaction between lipids and oxygen, which is an autoxidation
reaction, is a free radical chain reaction. Like all chain reactions, the
mechanism can be discussed in terms of initiation reactions during which free

radicals are formed, propagation reactions during which free radicals are
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converted into other radicals, and termination reactions which involve the
combination of two radicals with the formation of stable products. According
to a very general definition, antioxidants are substances capable of delaying,

retarding or preventing oxidation processes.

1.8.2 Classification of antioxidants

Ingold (179) classified all antioxidants into two groups, namely primary
or chain-breaking antioxidants, which can react with lipid radicals to convert
them to more stabla products, and secondary or preventive antioxidants which

reduce the rate of chain initiation by a variety of mechanisms.

Primary (chain-breaking) antioxidants

A molecule will be able to act as a primary antioxidant if it is able to
donate a hydrogen atom rapidly to a lipid radical and the radical derived from
the antioxidant is more stable than the lipid radical, or is converted to other
stable products. Phenol itself is inactive as an antioxidant but substitution of
alkyl groups into its 2, 4 or 6 positions increases the electron density on the
hydroxy! group by an inductive effect and thus increases the reactivity with
lipid radicals. The radical formed by the reaction of a phenol with a lipid
radical is stabilized by the delocalization of the unpaired electron around the

aromatic ring as indicated by the valence bond isomers:
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- = - - . (1_14)

The stability of the phenoxyl radical reduces the rate of the propagation of the
autoxidation chain reaction since propagation reactions caused by phenoxyl
radical with oxygen are very slow compared with the propagation reactions of
lipid radicals with oxygen. Endo et al. (180) have suggested that the
antioxi~ant effects of chlorophyll in the dark occur by this mechanism.

The antioxidant action by donation of a hydrogen atom is unlikely to be

iimited to phenols.

Secondary antioxidunts

Compounds which are able to retard the rate of autoxidation of lipids by
processes other than that of interrupting the autoxidation chain by converting
free radicals to more stable species are termed secondary antioxidants.
These may operate by a variety of mechanisms including compounds that
bind metal ions, scavenge oxygen, decompose hydroperoxide to non-radical
species, absorb UV radiation or deactivate singlet oxygen. For example,
ascorbic acid which functions by oxygen scavenging, an entirely different
mechanism from that of phenolic antioxidants, is used as antioxidant to
remove oxygen in solution.

Some secondary antioxidants usually only show their antioxidant

activity if a second minor component is present in the sample. This minor



component is called a synergist. Synergists are substances enhancing the
activity of antioxidants, without being antioxidants themselves. The
synergistic effects of ascorbic acid and its derivatives with tocopherols have
been demonstrated (181-191). Packer et al. (192) reported direct
observations of the interaction of a-tocopherol and ascorbic acid and showed
that they act synergistically. a«-Tocopherol acts as the primary antioxidant
and the resulting o-tocopheryl radical then reacts with ascorbic acid to
regenerate a-tocopherol.

Some enzymes can be used as antioxidants as well. Various radicals
can contribute to the lipid oxidation in biological systems. Superoxide radicals
which may be produced by the enzyme xanthine oxidase and hydrogen
peroxide (193) may be removed by the enzyme superoxide dismutase

according to the following eq.:

20, + 2H+ SUPErXde _ 1.0,+0, (1.15)
dismutase

The enzyme catalase may also play an important role in converting the

hydrogen peroxide to water and oxygen:
oH,0, 228 _ 5H,0+ 0, (1.16)

1.8.3 Vitamin E: an antioxidant

The view that the only components of the diet necessary for health,
growth and reproduction were proteins, carbohydrates and certain minerals
had to be changed when it was realized early this century that minute

amounts of additional substances were also required. These ‘accessory food
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factors' were given the names 'vitamins' and divided into two classes: the fat-
soluble class and the water-soluble class. Eventually, it was realized that
both of these classes were mixtures of chemically unrelated compounds and
the fat-soluble vitamins, found mainly in fatty foods, were later classified as A,
D, E and K.

Because vitamin E is so widespread in foods and, like other fat-soluble
vitamins, is stored in the body, deficiency states are rarely seen. A possible
exception may be in premature infants with low fat stores. Although vitamin E
is known to be necessary for normal fertility in rats, it has never been
absolutely proven to be necessary for man. However, with a renewed interest
in the adverse effects of lipid peroxidation, it is now frequently assumed to be
essential.

Vitamin E is known to be a powerful antioxidant and prevents the
peroxidation of unsaturated fatty acids. The products of peroxidation of
unsaturated fatty acids can cause damage to cells if the oxidative process is
not kept in check, and such damage appears to be exacerbated in animais
given diets deficient in vitamin E. These observations have led to the
postulation that vitamin E plays a vital role in the prevention of the oxidation of
membrane fatty acids in living cells.

The activity of vitamin E is shared by a family of compounds known as
tocopherols, the most active of which is a-tocopherol (Fig.1.3). a-Tocopherol
is present in the lipid bilayers of biological membranes and may play a
structure role there.

The richest sources of vitamin E are vegetable oils, cereal products
and eggs. It is a generally held view that intake should be considered in

relation to the polyunsaturated fatty acid content of the diet rather than in
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absolute amounts.
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Figure 1.1. Structure of ferriprotoporphyrin IX: the prosthetic group of
most peroxidases. The intense environmentally sensitive

Soret absorbance at about 400 nm is due to the conjugated

tetrapyrroles.
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Figure 1.2. Tyrosine and the thyroid hormones.
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CHAPTER TWO

KINETICS AND MECHANISM OF THE PEROXIDASE-
CATALYZED IODINATION OF TYROSINE

2.1 SUMMARY
The kinetics of iodinatioi of tyrosine by hydrogen peroxide and iodide,
catalyzed by both horseradish peroxidase (HRP) and lactoperoxidase (LPO)

were studied. The initial rates of formation of both molecuiar |, and
monoiodotyrosine (MIT) were measured with stopped flow techniques. The

following reactions occur in both systems:

Enzymatic: Fe" + H,0, — Fe'=0+H.0
Fe'=0 + I —= Fe'-O-I
Fe-O-I" + H* —— Fe''+ HOI

Fe'"-O-I' + I + HY —— Fe + I, + HO"

lodine Equilibria: I+ ==—= |y

I, + H.O HOIl + I' + H*

A version of this chapter has been published. Sun, W., and
Dunford, H. B. 1993 Biochemistry 32: 1324-1331.
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Non-Enzymatic lodination. One or both of the foliowing:
Tyr + HOl —— MIT + H,0
Tyr + lp ———= MIT + I + H*

where Felll is native peroxidase, FeV = O is compound | and Tyr is tyrosine.
The big difference in the two systems is that the following reaction also

occurs with LPO:

Fe"-0-I' + Tyr ———» MIT + Fe'l + HO’

and is the dominant mechanism of iodination for the mammalian enzyme.
The overall rate of formation of MIT is about 10 times faster for LPO
compared to HRP under comparable conditions. A small decrease in rate
occurs when D-tyrosine is substituted for L-tyrosine in the LPO reaction.
Thus 1.PO has a tyrosine bir:lii.3j site near ths: horne. A kirstically-controlled
maximum is observed in I3~ concentration. Once equiiwoniuir is established,
Iz is the dominant form of inorganic iodine in solution. However hypoiodous

acid may be the inorganic icdination reagent.

2.2 INTRODUCTION

Because of the physiological significance of tyrosine iodination, several
studies have been devoted to the peroxidase catalysis of this reaction. There
are conflicting reports in the literature with respect to the iodination
mechanism. The main conflict centers upon the identity of the iodinating

species. Although it was suggested that Iz is an obligatory intermediate (1)



there is evidence indicating that i> is not the active iodinating agent in
thyroid peroxidase-catalyzed iodination (2). Other experimental results
support the conclusion that iodination does not occur by way of free Iz, but
rather via an iodinating species associated with the enzyme (3-5). It has
been suggested that the iodinating species is enzyme-activated hypoiodous
acid, HOI, based on a kinetic analysis of tyrosine iodination catalyzed by
HRP at low pH (6). Magnusson et al. (7) claimed that free HOI is the active
iodinating species in the LPO iodination system. A proposal has been made
that both of I2 and HOI may play roles as iodinating agents (8). The effect of
iodide on the interconversion of oxidized enzyme species has been studied
for lactoperoxidase and thyroid peroxidase (9). Huber et al. (10) concluded
that a highly reactive iodinating intermediate is produced on
lactoperoxidase, which diffuses from the enzyme before reacting.

The experiments described here were designed to study further the
possible iodinating species in mixtures of hydroge< peroxide, iodide and

tyrosine catalyzed by two different enzymes: the plant enzyme horseradish
peroxidase (HRP, donor: H,O, oxidoreductase, EC 1.11.1.7) and the

mammalian enzyme lactoperoxidase (LPO, donor: H,O, oxidoreductase, EC
1.11.1.7). The initial rates of formation of |, and MIT were measured at 460
nm (€1, 7.46 x 102 M 'em™ (11)) and at £90 nm (g7 2.30 x 10° Mem”,
(Fig.2.1)), using the stopped-flow technique. Initial rates of I, formation
were compared in the presence of tyrosine and in blank experiments without
tyrosine present. It is shown that different mechanisms are required in order
to describe the two different enzyme-catalyzed *dJination reactions.

in the peroxidase-catalyzed iodination of tyrosine, the first step is the
reaction of the native enzyme with H,0, to form compound I, which contains
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two more oxidizing equivalents than the native enzyme. This compound is
able to oxidize an electron donor in a one-electron or two-electron transfer
reaction. It has been shown that the oxidation of iodide by enzyme
compound | is a two-electron transfer process. lodide is oxidized to an
oxidation state of +1 and compound | is reduced directly to the native
enzyme (12). The direct oxidation of tyrosine is a one-electron transfer
process in which compound | is reduced to compound Il and a tyrosyl radical
is generated (13). The oxidations of both iodide and tyrosine by HRP-Il are
strongly pH dependent. The HRP-I reaction with iodide is much faster in the
pH 3-4 region than at alkaline pH (12) whereas the reaction of HRP-| with
tyrosine reaches a maximum at pH 9.6 (13). In order to minimize the direct
oxidation of tyrosine and maximize the oxidation of iodide we used a pH of
3.60 for the HRP system. For LPO, we used the same pH for optimal rate of
iodination observed by Morrison and Bayse (14). pH 5.0.

2.3 EXPERIMENTAL

Horseradish peroxidase was purchased as an ammonium sulfate
suspension from Boehringer-Mannheim. After dialysis against deionized
water from the Milli-Q system, a purity number of 3.25-3.40 was determined
from the ratio of absorbances at 403 and 280 nm. The concentration of the
enzyme solution was measured spectrophotometrically at 403 nm where the
molar absorptivity is 1.02 x 10° M-'em™ (15). Lactoperoxidase with a purity
number (A4, /Axgo) Of 0.85 was purchased from Sigma as a purified,
lyophilized powder. Its concentration was determined using a molar
absorptivity of 1.12 x 10° M'em™ at 412 nm (16).

The concentration of hydrogen peroxide, obtained from BDH
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Chemicals, was determined after appropriate dilution using the horseradish
peroxidase assay (17). L- and D-tyrosine, MIT and DIT were purchased from
Sigma. Stock solutions of tyrosine, MIT and DIT (~2.8 mM) were prepared oy
dissolution in appropriate volumes of 0.1 M KOH, and then neutralizing the
solutions by adding the same volumes of 0.1 M HNO,. Reagent grade
potassium iodide was purchased from Shawinigan Chemicals. All the
chemicals were used without further purification. Solution concentrations
were determined by weight and fresh stock solutions were prepared just
before use.

Chemicals for the phosphate and citrate buffers were reagent ¢rade
and used without further purification. The ionic strength of the buffers was
0.01 M. Analytical reagent K,SO,, obtained from AnalaR, was used to keep
the total ionic strength of reaction mixtures at 0.11 M.

All solutions were prepared using deionized water obtained from the
Milli-Q system (Millipore).

Optical absorption measurements on a conventional time scale (>1 s)
were made on a Cary 219 spectrophotoineter. Stopped-flow and rapid scan
experiments were performed on a Photal (formerly Union Giken) Model RA-
601 Rapid Reaction Analyzer. O, production was determined with a Yellow
Spring Instruments Model 53 Oxygen Monitor.

A pH-jump method was used for all stopped-flow experiments
because the native HRP and LPO are not stable at low pH. We illustrate for
measurement of rate constants involving HRP-l. One cuvette contained
stable HRP-I (1:1 ratio of H,O, and HRP) in phosphate buffer of ionic
strength 0.01 M, pH 6.17, (total ionic strength 0.11 M); the other cuvette

contained iodide (and tyrosine except for blank expariments) in citrate buffer,
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pH 3.23, ionic strength 0.11 M. After mixing the two solutions, the final pH
was 3.60. A Fisher Accumet Model 420 digital pH meter was used for pH

measurements.
The absorbance scale of the single-beam Photal Rapid Reaction

Analyzer was calibrated using the stopped flow mode at 353 nm. Different
concentrations of I;” solutions were made by dissolving a small amount of

crystalline 1, with a relatively large amount of Kil in pH 3.60 citrate buffer. The
absolute absorbances, A, of these solutions were measured on a Cary 219
spectrophotometer at 353 nm. On the Photal instrument, pH 3.60 citrate

buffer was used as a reference to adjust the baseline to a certain
absorbance, A, and the relative absorbances, A,, of the above |, solutions

were measured. Therefore AA, which is equal to A-Ay, could be obtained.
A calibration curve was made by plotting AA against the absolute

absorbance A for different concentrations of 15"

All experiments were performed at 25.0 + 0.1 °C.

2.4 RESULTS
Spectra of L-tyrosine, MIT and DIT

Fig. 2.1 shows the optical spectra of L-tyrosine, MIT and DIT at pH
3.60. An isosbestic point of MIT and DIT occurs at 292 nm. The biggest
absorbance difference between MIT and tyrosine occurs at 290 nm where a
molar absorptivity value of 2.30 x 10° M-'cm*! was obtained for MIT, while
tyrosine shows almost no absorbance at this wavelength. Similar spectra

were obtained at pH 4.97.
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HRP_Results
Rate of conversion of HRP-1 to HRP In the presence of lodide
and/or tyrosine

Fig. 2.2 shows the rapid scan spectra for the reaction of HRP-I with
tyrosine at pH 3.60. The partial conversion of HRP-I to HRP-Il is observed,
i.e., the start of a one-electron reduction of HRP-I.

in marked contrast Fig. 2.3 shows the rapid scan spectra during the
conversion of HRP-I in the presence of both Kl and tyrosine at pH 3.60.
These spectra are very similar to those obtained when tyrosine is absent.
Over a period of 80 ms, HRP-I is going directly to native HRP, i.e., only iodide
is reacting with HRP-| and the iodide is converted to a +1 oxidation state.

Rate constants of the reaction of HRP-I with iodide were measured at
403 nm without and with tyrosine present at pH 3.60 as a function of iodide
concentration. Linear plots of the pseudo-first order rate constants were
obtained, and from the slopes the second order rate constants for the
reaction of HRP-1 with iodide could be obtained. The results are: (1.8 £ 0.2)
x108 M1s™1 without tyrosine present and (1.9 £ 0.2) x 108 M “Ts*! with
tyrosine present, which are identical within experimental error. Hence, it
was confirmed that tyrosine does not affect the reaction of HRP-I with iodide

at pH 3.60.

Steady-state experiments
(1) The time dependences of I3, I, and I concentrations in the iodination

reaction from the stopped-flow experiments
lodide has no absorption in the region 265-500 nm. Tyrosine has its

maximum absorbance at 274 nm (Fig. 2.1). Triiodide ion has absorbance
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maxima at 353 nm, 267.5 nm and 460 nm ( €555 = 2.64 x 10* M''em™, €547, 5
= 4.00 x 10* M'em™ and €,4, = 9.75 x 10 M'em™? (11)). lodine has its
maximum absorbance at 460 nm ( €4, = 7.46 x 102M-'em™*(11)). The
biggest absorbance difference between MIT and tyrosine is at 290 nm where
gt = 2.30 x 10 M™" em™" while tyrosine does not have any absorption at this
wavelength, as shown in Fig. 2.1. Fig. 2.4 shows stopped flow traces at 353
nm (a), 460 nm (b) and 290 nm (c) obtained from the reaction mixture
containing 1.14 uM HRP, 1.02 mM H,0,, 324 pM Ki and 324 pM tyrosine in
pH 3.60 citrate buffer with ionic strength of 0.11 M. Hence, curve (a) is the
time course for ;" at its maximum absorbance of 353 nm. By using the
calibration curve which was obtained for the Photal instrument, the relative
absorbances obtained from curve (a) could be converted to |5
concentrations. The results shown in Fig. 2.5a indicate that a kinetically-
controlied maximum occurs in l5” concentration. The fast enzymatic oxidation
of I to HOI is followed by reaction of HOI with 1~ to generate lz; the overall

process is shown in eq 2.1. The Iz in turn reacts with excess I to form I3™ (eq

2.2).

Peroxidase

H,0, + 2I ———=—""5 |+ 20H (2.1)
K1

o+ N —————= |, 2.2

2 o 3 (2.2)

It follows that:
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[ IG-] = k1

=729 M (2.3)

2=

NTSIG! ke

[Flom=[1]1+2[12]+3[l5] (2.4)

The thermodynarhics of the formation of I;” has been extensively studied;

reported values of Kz are 768 M-1 (18), 721 M-1 (19), 698 M-1 (20) and 746
M-1 (21), within the experimental error in eq 2.3. Using the measured |3

concentrations and combining the equilibrium constant of eq 2.3 with the
mass conservation in eq 2.4, the corresponding I” and I, concentrations at

different times were calculated. The results shown in Fig. 2.5b clearly show
that once equilibrium is established, molecular 1, is the dominant form of
inorganic iodide in the solution. Therefore, in curve (b) of Fig. 2.4, the
absorbance at 460 nm at times less than 400 ms is attributable to a mixture

of I, and I;". In order to determine an accurate initial rate of I, formation, the

tangent from the starting point of curve (b) was taken because at that point
only I, has been formed without any interference of |5 (Fig. 2.4). At times

longer than 1.0 s, it was observed that the absorbance at 460 nm decreases
which indicated that |, is being consumed. The time course at 280 nm in
curve (c) of Fig. 2.4 shows that the absorbance increases after 1.0 s which is
caused by MIT formation without any interference from |,". By using the
tangent from the starting point of this increase in absorbance in curve (c), the
initial rate of MIT formation could be obtained accurately. Overall, from the
results of Figs. 2.4 and 2.5b, we conclude that the iodination reaction

coincides with depletion of the I, concentration.

Stopped-flow experiments were used to monitor the disappearance of
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I» at 460 nm. Results over a 60 s span are shown in the absence (curve (a))

and presence (curve (b)) of tyrosine at pH 3.60 (as shown in Fig. 2.6). Curve
(a) shows a small decrease of |, in the absence of tyrosine caused by the

pseudo-catalatic (catalase-like) reaction of HRP (see later). Curve (b) shows

the much larger decrease in 1, in the presence of tyrosine.

(2) O, production from degradation of H,O,

Several investigators have reported that the so-called pseudo-
catalatic degradation of H,0, was detected in the lactoperoxidase iodination
system (8, 22-24). The experiments described here were designed to study

this phenomenon in the HRP iodination system. Under steady-state
conditions with Kl, H,0, and HRP present, curve (a) of Fig. 2.7 shows that a

large amount of O, was produced. In contrast, when tyrosine was present,

the catalase-like reaction was markedly inhibited, as shown in curve (b).
This indicated that H,0, was utilized primarily for iodination in the

presence of tyrosine, even though the degradation of excess H,0, by
hypoiodous acid, HOI, was still competing with the tyrosine iodination. The

pseudo-catalatic reaction can be explained as follows:

Fe" + H,0, — Fe'=0+H,0 2:3)
Fe'= O + H*+ —— Fe'' + HOI (2.6)
HOl+H0p — Qo + H:O + HY + I 2.7)

2H,0, — 0, +2H,0 (2.8)
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where Felll represents native HRP and FeV = O HRP-I.

(3) Effect of I' concentration on the initial rates of formation of I,and MIT

The steady-state conditions were changed by increasing the iodide
concentration and hence the [I')[tyr] ratio. All experiments were carried out
by keeping the concentrations of tyrosine, H,0, and HRP constant. The [I°
Vityr] ratio was varied over the range 1 : 1 to 6 : 1.  Fig. 2.8 shows a
representative time course at 460 nm for 750 ms and the initial rate of I,
formation for an [I")[tyr] ratio of 1 : 1. Data for all [I"}/[tyr] ratios are collected
in Table 2.1.

For the same experimental conditions, the time courses at 290 nm
were measured. As the ratio of the [I'}[tyr] increased from 1: 1to 4: 1, the
absorbance trace at 290 nm over 80 s was observed to change from a
monophasic to a biphasic curve. Fig. 2.9 shows the curve for the [I'}/[tyr]
ratio of 4 : 1 in the HRP system. The initial rate of MIT formation was
obtained by constructing the tangent from the starting point of the first phase
as shown. The second phase might be due to the mixture of the second

product DIT and I The initial rates of MIT formation were determined as the

[I"Vtyr] ratio increased. Data is shown in Table 2.1.

(4) The effect of tyrosine on I formation
Experiments were performed to investigate |, formation in the

presence and absence of tyrosine. The initial rates of |, formation are
collected in Table 2.2. The rates of |, formation are almost the same with and

without tyrosine present.
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LPO_Results
Steady-state experiments

(1) Effact of I concentration on the initial rates of formation of Iz and MIT

The same steady-state conditions were used as for the HRP
iodination system except that the pH was 4.97. The results are displayed in
Fig. 2.10. Absorbance at 353 nm reflects the concentration of I3". The 290
nm results show interference from I3~ absorbance if 13" is present; in its
absence they are an accurate measure of MIT concentration. There is an
initial burst in 13- formation followed by its rapid disappearance as the
equilibrium in eq. 2.2 is established. For a 4.5 : 1 ratio of [KI}/[tyr] or lower the
absorbance of I3- falls effectively to zero and remains there, whereas MIT
formation is occurring. This shows clearly that I3~ is not the iodinating
species. For higher ratios of [KIJtyr] the results in Fig. 2.10 show some
reformation of I3~ in later stages of the reaction. There is a lag phase in I3”
reformation which is made shorter by higher ratios of [KIV/[tyr]. During the lag
phase initial rates of MIT formation can be measured without interference
from I3~ absorbance. Hence, it is ensured that the measurement of the initial
rate of MIT formation at 290 nm was accurate, i.e.: without any interference of
the 17, in the limited range of I” concentration used in this study. We did not
attempt to measure rates for [KI)/[tyr] greater than 5.5 : 1 where the
roformation of 13~ could not be distinguished from MIT formation. As is
explained below the initial rates of MIT formation are a true measure of the
LPO-catalyzed reaction and the reformation of I3~ in the later stages is
indicative of non-enzymatic iodination which occurs when all H2O2 is
consumed. '

The same method used to determine the initial rate of I formation for

56



HRP was applied for LPO as well. The initial rates of I formation were
determined as the [I"}]tyr] increased from 1 : 1 to 6 : 1. Data is collected in
Table 2.1. Comparison plots of the rates of I formation versus the [I°]/[tyr]
ratio for the two systems are displayed in Fig. 2.11a. Under the same
experimental conditions, the time courses at 290 nm were measured. The
initial rates of MIT formation were determined as the [I")/[tyr] ratio increased
by the same method used for HRP. These data are also shown in Table 2.1.
The overall rate of formation of MIT is about 10 times faster for LPO
compared to HRP under comparable conditions. Comparison plots of the
rates of MIT formation versus the [I"}/[tyr] ratio for the two systems are shown
in Fig. 2.11b. Inhibition of MIT formation was observed in the LPO system as
the [I")/[tyr] ratio increased to 5.5 : 1.

(2) Thy effect of tyrosine on Iz formation

Experiments in the presence and absence of tyrosine were also
carried out for LPO. The initial rates of 2 formation were measured as the [I"]
changed from 324 uM to 1.94 mM. Data are collected in Table 2.2. The
rates of |, formation are about five times faster without tyrosine present for
LPO than when tvrosine was present. Thus when LPO is used, tyrosine is an
eflective comneti-ur for the l2 precursor. The HRP results, where the
nresence or zu=Gince of tyrosine had little or no effect on I2 formation ars in

sharp contrast.

(3) lodination of D-tyrosine
Measurements have been made under the same experimental

conditions using D-tyrosine instead of L-tyrosine in the LPO-catalyzed
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reaction. The results are shown in Table 2.3. It was observed that D-
tyrosine is less reactive in MIT formation; this leads to more |, formation.

2.5 DISCUSSION

Although peroxidases are generally considered to catalyze oxidation
in a similar manner and to be relatively nonspecific with regard to substrates,
closer investigation shows striking differences. The present investigation
shows that lactoperoxidase is more efficient than horseradish peroxidase in
its ability to cataiyze iodide oxidation, and much more efficient in its ability to

catalyze iodination of tyrosine.

HRP_mechanism

With respect to the HRP iodination system, the initiai rate of I,

formation was found to be unaffected by the presence of tyrosine (Table 2.2).
This indicates that the species resulting from iodide oxidation, in which the
iodine is i a +1 oxidation state, reacts much faster with excess I to form the
I, than with the tyrosine to form MIT. Molecular iodine is known to be in
equilibria with other species in aqueous solution as shown in egs. 2.2 and
2.9.

K4

o+ I ————= |, (2.2)

k2
ky =(6.2+0.8)x 10° M's™, k, = (8.5 £ 1.0) x 10° §°7 (25).

Kk
o+ HyO==—o—= HOIl + I+ H* (2.9)
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The overall rate constant for the forward reaction, ks, is 3.0 s°7, kg4 is 4.4 x
10'2M2 5™ for the reverse reaction (26) and the equilibrium constant Kg is
5.4 x 10-13 M2 at 25.0 °C (27). From Kgone can calculate the value of [HOI][I-
/[12] at any pH, and at pH 3.6 it is 2.2 x 108 M: strong supporting evidence for

our contention that | is the predominant species of iodine. It is shown clearly
in Fig. 2.5b that |;" is not involved in the iodination reaction at all. Thus, the

depletion of 1,, shown in Fig. 2.6, is due to iodination of tyrosine by either I,
or HOI, which cannot be distinguished because of the equilibrium in eq 2.9.
Therefore in the case of HRP, either I, or HOI is the iodinating reagent. The
pseudo-catalatic degradation of H,O, by iodide and HRP was observed by
detection of O, evolution. The following overall mechanism is proposed for
the reaction of I, HoO2 and tyrosine in oxygenated aqueous solution
catalyzed by HRP.

HRP Reactions:

HRP + H,0p———> H RP-l + H;0 (2.10)
HRP-| + I —— HRP-O-I
{ } (2.11)
HRP-O-I" + H* ——— HRP + HOI
HRP-O-I"+ I' + H* ———— HRP + l,+ OH (2.12)
lodine Equilibria:
b + Fe——== 15 (2.2)
I+ H0 HOl + I'+ H* (2.9)
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Non-Enzymatic lodination. One or both of the following:

Tyr + HOI —K13 o MIT + H,0 (2.13)
Tyr+ Iy —SM—e MIT 4 I 4+ H* (2.14)

Oxygen Evolution:
HOl + H,C; ————3 0, + H,0 + I'+ H* (2.7)

HRP-O-I- is the enzyme-bound hypoiodite which is not detected in any of our
experiments and which must have a very short half-life. However it provides
the only reascnable mechanism for HOI formation.

The maximum rate constants ¢* eqs 2.13 and 2.14 can be obtained by
assuming that only one of the reactions uccurs for iodination. The HOI
concentration at time of 1.0 s when MIT starts forming (Fig. 2.4c) can be
calculated from eq 2.9 by the known concentrations of iz and I af that time
(Fig. 2.5b). The calculated ki3 is 9.3 x 105 M-1s- which is same as the resuit
of 9 x 105 M-1s-1 obtained by Dunford and Ralston (6), and ky4 is 1.18 x 104
M-1s-1. There is approximately two orders of magnitude difference between
the two rate constants. Since thers is an equilibrium tetween I2 and HOI (eq
2.9), one cannot distinguish which of the non-enzymatic species, {2 or HO!,
is responsible for tyrosine iodination when HRP is the catalyst for their

formation.

LPO mechanism
In the case of lactoperoxidase, the experimental results clearly show
that the initial rate of I, formation is decreased by the presence of tyrosine
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(Table 2.2). Also, the initial rate of MIT formation occurs in the absence of I3
formation (Fig. 2.10). If non-enzymatic iodination were occurring in this
region, either through I2 or HOI, then either of the following mechanisms of

formation of 13~ wot:ld occur:

Tyr+ lp — > MIT+ H*'+ I (2.14)
Tyr + HOl — MIT +H;0 2.13)
'2+ H20 > HOl + H*+ I (2.9)
I"+ |2 " |3' (22)

The combination of either eqs 2.14 and 2.2 or eqs 2.9, 2.13 and 2.2 leads to
13~ formation, which is not occurring in the initial region, but only after H2O2
is exhausted. This indicates that the initial tyresine iodination must  take
place through the LPO-bound hypoiodite complex, (LPO-O-I"). The
initial rate of MIT formation catalyzed by LPO is about 10 times faster than by
HRP system (depending somewhat on the [KI}/[tyr] ratio) as shown in Fig.
2.11b. This provides further evidence that the LPO-bcound hypoiodite

complex serves as an iodinating species which is a much mors efficient
iodinating reagent than either I, or HOI. At the same time, it was observed

that the rate of i, formation remains significant. Therefore, non-enzymatic
iodination becomes important in later stages of the reaction and is the only
mechanism of iodination when H202 is exhausted. The mechanism of

catalysis for LPO is summarized in the following equations:
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LPO Reactions:

LPO + H,0, — LPO-l + H,0 (2.15)
LPO-l + | ——— LPO-O-I' (2.16)
LPO-O-I" + Tyr + HY—=MIT+LPO+H,0  (2.17)
LPO-O-I + H* —> LPO +HOI (2.18)
LPO-O-1" + I'+ H* ———> LPO + |, + OH' (2.19)

lodine Equilibria:

mm———————

'2+ H20

ls" (2.2)
HOI + I+ H* (2.9)

Non-Enzymatic lodination. One or both of the following:

Tyr + HOl——— MIT + H0 (2.13)
Tyr + lp ———= MIT + "+ H* (2.14)

Oxygen Evolution:

HOI + H;0, ——— O, + HO + I+ H* (2.7)

Cver a wide range the rate of I, formation is independent of the initial I’
concentration (Fig. 2.11a) wl:areas at sufficiently low I- concentrations, it is
dependent (data not shown). This phenomenon can be explained by four
ags 2.16, 2.18, 2.19 and 2.9. At low I- concentrations, eq 2.16, 2.19 or 2.9 is
the rate-determining step, therefore the rate of I formation is dependent on I
concentration. However, when I- concentration is increased, the rates of eqs

2.16, 2.19 and 2.9 are increased, so that eq 2.18 becomes the rate-
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determining step which is independent on the 1" concentration.

Our results on the iodination of D-tyrosine are in contrast to those of
Morrison and Bayse (1} who claimed that D-tyrosine is more reactive. Our
results indicate that the LPO-catalyzed tyrosine iodination reaction has some
stereospecificity under our experimental conditions. Therefore, tyrosine is
bound to LPO when the iodination reaction occurs. This is further evidence
that the LPO-bound hypoiodite complex is responsible for the iodination of
tyrosine. Nevertheless, the D-isomer stili has significant reactivity which can
be explained because of the large distance between the chiral carbon
center and the iodination positions.

iodination position
\ chiral center

A}
‘
A

\
4
CHz(i)*HCOOH
NH2

¢
[4
¢
’

iodination éosition

2.6 CONCLUSIONS

The data reported in the present study indicates that either i, or HOI is
the iodinating species in the HRP iodination system. The iole of HRP is to
catalyze the formation of HOI which reacts with excess I~ to form I2. Thus in
the HRP system the actual iodination step is non-enzymatic. For the
mammalian enzyme a LPO-bound hypoiodite complex, LPO-O-I, is an

efficient iodinating species, and under physiological conditions is probably
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the only iodinating reagent. Unde- our experimental conditions either |, or
HOI also is important in later stages ~¢ the reaction. While it is impossible to
make a choice, based exclusively on kinetic data, between HOI and |2 a3
non-enzymatic iodinating reagents, there is a good physiological reason to
favor HOI. Our data show that its rate constant for reaction with tyrosine is
about 100 times larger than that for l2. Therefore, about a 200-fold lower
initial concentration of iodide would lead to the same rate of formation of MIT
from HOI as one would obtain from lo. This also fits a picture of the simplest
evolutionary progression: from use cf HOI free in solution to enzyme-bound

hypoiodite as the iodinating reagent.



TABLE 2.1. Dependence of the initial rates of 12 and MIT formation
on |- concentrations for HRP and LPO iodination systems.
[HRP] or [LPO] 1.14 uM; [H202] 1.02 mM; [tyr] 324 uM.

(] I, formation rate MIT formation rate
(mM) Ms™) Ms™)
HRP LPO HRP LPO

(x103) 1x105) (x10%)
0.324 0.62 2.20 0.44 0.37
0.648 1.23 2.16 0.89 1.04
0.972 1.61 2.25 1.42 2.15
1.93 2.88
1.30 1.94 2.21 2.32 3.66
1.46 5.40
1.62 2.24 2,16 3.05 5.98
1.78 2.10 4.99

1.94 2.47 2.09 4.19




TABLE 2.2. Effect of tyrosine on the initial rate of I, formation for HRP and

LPO systems. Concentrations as in Table 2.1.

I formation rate (x103 M s*1)

[I”] (mM) HRP LPO
with without with without
Tyr present Tyr present

0.324 0.62 0.72 2.20 10.3
0.648 1.23 1.33 2.16 9.69
0.972 1.61 1.60 2.25 10.2
.30 1.94 1.78 2.21 9.57
1.62 224 2.04 2.16 9.76
1.78 2.26 2.10 9.24

1.94 2.47 2.44 2.09 8.92




TABLE 2.3. Stereoisomeric effect of D- and L-tyrosine on the initial rates of
I, and MIT formation for LPO. [LPO] 1.14 pM; [H202] 1.02 mM;

[L-tyr] or [D-tyr] 324 uM.
[ I> formation rate MIT formation rate
(mM) (x103 M s-1) (x10¢ M s°1)

L-tyr D-tyr L-tyr D-tyr

0.324 2.20 2.95 0.37 0.20
0.648 2.16 3.00 1.04 "0.50
0.972 2.25 2.94 2.15 1.08
1.30 2.21 2.78 3.66 1.84
1.62 2.16 2.77 5.98 3.02

1.78 2.10 2.83 4.99 3.95
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Figurs 2.1. Optical spectra 0! 0.2C mM L-tyrosine, 0.20 mM monoiodotyrosine
and 0.20 mM diiodotyrosine in citra':: buffer of ionic strength

0.11 M, pH 3.60, at temperature 25 °C.
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Figure 2.2. Rapid scan spectra over 8.3 s for the reaction of 1.14 uM HRP-|
with 16.7 uM L-tyrosine at pH 3.60. One cuvette contained HRP-1
in phosphate buffer, pH 6.17, total ionic strength 0.11 M; the other
contained L-tyrosine in citrate buffer, pH 3.23, ionic strength G.11 M.
Final pH 3.60. The partial conversion of HRP-I to HRP-Il is shown
clearly. The arrow indicates the direction of absorbance change

with increasing time.
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“igure 2.3. Rapid scan spactra over 80 ms during the direct conversion of
1.14 pM HRP-! to native HRP in the presence of both 17.2 uyM Kl
and 17.2 uM L-tyrosine at pH 3.60. Other experimental conditions
as in Fig. 2.2. The results indicate that the only reaction is the

two-elec:on transfer from iodide to HRP-I.



71

Figure 2.4. Formation and disappearance of I3~ and Iz and formation
of MIT during the HRP-catalyzed iodination of tyrosine:
(a) 13~ measured at 353 nm;
(b) I2 measured at 460 nm and
(¢) MIT measured at 290 nm.
Initial concentrations are: [KI] = [tyrosine], 324 uM; [H,0,],
1.02 mM; [HRP], 1.14 uM. One cuvette contained H,0,
and L-tyrosine in citrate buffer, pH 3.50, ionic strength
0.11 M; the other contained Kl and HRP in K2S04 solution
of ionic strength 0.11 M. Final pH 3.50.



72

o o
T ! T T T 1o | I I (oo}
o
4% o
o
o
g BN
4@ o
o o) 14
o
B 1
" 4% o
© o T
| llo | 1 o _I|||I.PL ’ o
g 8 = g o 2 3 2 g 8§ 8
o o (o] o o o o o o o o
aoueqiosqy 2oueqlosqy ooueqiosqy

Time (s)



8 T |
a

6+ dh h
= o 5
= 0
= O _
~— 4~ a

O .
2 a
u]
DDDD
0 “8on 5 o
0 0.4 0.8 1.2
200 T T
I b
=3 000000090 © ©
= o o0°
0
c
S -4
T 100} 7
5 | .
e a -
S a o |
a
O a - a
[3 84
Qlusmsssiasss s 29900g g e o = |
0 0.4 0.8 1.2
Time (s)

Figure 2.5. {a) i;” concentration over & period of 1.2 s in the reaction
mixture of 1.14 uM HRP, 1.02 mM H,0,, 324 uM Ki and
324 uM tyrosine at pH 3.60. (b) Comparison of tire

dependences of the concentrations of I3-, I" and Ia.

Conditions as in (a).
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Figure 2.6. Disappearance of |2 monitored over 60 s at 460 nmina
reaction mixture of HRP, H,0, and Kl in the absence (curve a)
and presence (curve b) of L-tyrosine. Except for the longer
time scale and the absence of tyrosine for curve (a),

experimental conditions as in Fig. 2.4.



Relative O2 Production

Time (min)

Figure 2.7. Relative O, production in a reaction mixture of 324 uM K,
2.03 mM H,0, and 2.27 uM HRP, curve (a); and same
reaction mixture with 324 uM tyrosine added, curve (b).

Citrate buffer pH 3.60.
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Figure 2.8. Formation of I2 monitored at 460 nm in a reaction mixture of
324 uM KI, 324 uM tyrosine, 1.02 mM H,0, and 1.14 uM HRP

at pH 3.60. Initial rate determined from the tangent to the curve.
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Figure 2.9. Formation of MIT (and subsequent reaction) monitored over
80 s at 290 nm in a reaction mixture of 1.14 uM HRP, 1.02 mM
H,0,, 324 uM tyrosine and 1.29 mM Ki (i.e. a [KI}/tyr] ratio of 4.0)
at pH 3.50. Initial rate determined from the tangent to the first

phase.
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Figure 2.10. Absorbances at 353 nm and 290 nm for the LPO-catalyzed
iodination of tyrosine. The measurements at 353 nm (i) are
proportional to the concentration of I3". Measurements at
290 nm (i) reflect the concentration of MIT, but are interfered
with by the presence of I3" if it is present (initial portions of all
traces (a-d) and the final portions of traces (b-d)). Initial
concentrations are: [tyr], 324 uM; [H,0,], 1.02 mM; [LPO],
1.14 pM with varying concentration of K (a) [KIVityr] 4.5;

(b) [KI}tyr] 5.0; (c) [KI)tyr] 5.5 and (d) [KI}tyr] 6.0.
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Figure 2.11. (a) Plcis of initial formation rates of I, versus the (I"Vityr]
ratio in both the HRP and LPO iodination systems. The
initial formation rates of |, were obtained as shown in Fig. 2.8.
One cuvette contained H,0, and Kl in citrate buffer of ionic
strength 0.11 M, pH 3.50 (for HRP) or pH 4.97 (for LPO);
the other contained HRP or LPO and tyrosine in K2S04
solution of ionic strength 0.11 M. (b) Plots of
monoiodotyrosine formation rates which were obtained
as shown in Fig. 2.9 versus the [Kl]/tyr] ratio.

Experimental conditions as in (a).
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CHAPTER THREE

KINETICS OF TROLOX C OXIDATION BY LACTOPEROXIDASE
COMPOUND i

3.1 SUMMARY

The lactoperoxidase (LPO) compound li catalyzed oxidation of Trolox C,
a vitamin E water-soluble derivative, was studied by rapid scan spectral
analysis and stopped-flow kinetic measurements. Our rapid scan spectral
analysis clearly indicates that LPO compound Il is reduced to native enzyme
by Trolox C; hence the reaction is a one-electron redox process. The reaction
was investigated at pH's ranging from 3.0 to 7.0. Trolox C is more reactive
with LPO-I1 in acidic solutions. Kinetic and spectroscopic studies demonstrate
that LPO has a binding site in the vicinity of the heme for Trolox C. Trolox C
exhibits a quantitative 1:1 binding to native LPO in acidic solutions. The
binding ability of Trolox C to native LPO decreases with increasing pH. The
same trend is observed when the second order rate constants kapp for the
reaction are plotted against pH. A mechanism of Trolox C oxidation by LPO-
Il has been proposed in which protonation of an amino acid residue on LPO-II
with a pKe of 2.3 is essential and ionization of the carboxylic acid group on
Trolox C accelerates the reaction rate. The second-order rate constants were
determined to be (4.1 £ 0.5) x 108 M-1s"1 for protonated Trolox C oxidation and
(1.9 £0.3) x 107 M-1s"! for deprotonated Trolox C.

A version of this chapter has been published. Sun, W., and
Dunford, H. B. 1993 Biochem. Biophys. Res. Commun. 184. 306-311.
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3.2 INTRODUCTION
The biological activity of vitamin E (a-tocopherol) is generally believed to

be due to its antioxidant action to inhibit lipid peroxidation in biological
membranes by donating a hydrogen atom to the chain-propagating peroxyl

radicals (ROO-) and giving rise to chromanoxyl radicals of the antioxidant (1):

ROO:- + Toc-OH = ROOH + Toc-O- (3.1)

where Toc-OH is tocopherol and Toc-O- is the chromanoxyl radical. Trolox C:

CH;
HO

H;C
CHj3

an antioxidant originally designed for food preservation (2), has a chromane
structure similar to a-tocopherol but without the inert hydrophobic tail; it is
both water and lipid soluble. The oxidation of Trolox C by lactoperoxidase has
potential physiological relevance. It could help maintain the catalytic cycle and
activity of animal peroxidases, leading to detoxification of hydrogen peroxide
formed as a product of inflammation processes. A water-soluble derivative of

vitamin E may have more therapeutic value than vitamin E itself (3).

3.3 EXPERIMENTAL

Lactoperoxidase (LPO) (EC 1.11.1.7, donor-H202 oxidoreduc .se) was
purchasad from Sigma. The R.Z. (As12/A2g0) of the samples was 0.70-0.85.
The enzyme concentration was determined by using a molar absorptivity of
1.12 x 105M-'cm-? at 412 nm (4). LPO-ll(Amax 430 nm) stable for 8 min was



prepared after mixing 2.0 pM LPO with 4.0 uM H202 in pH 7.3 and ionic
strength 0.11 M phosphate buffer.

Hydrogen peroxide was obtained as a 30% solution from Fisher. The
concentration of diluted HoO, stock solution was determined by the
peroxidase assay (5). Trolox C was obtained from Aldrich. The solution of
Trolox C was freshly prepared just before each experiment. Trolox C was
found to be stable in buffers in the pH range from 3.0 to 7.0, monitored at its
maximum absorbance at 288 nm. All buffer solutions had an ionic strength
0.11 M, adjusted by adding K2SO4as an inert salt. All solutions were
prepared using the deionized water from a Milli-Q water purification system.

Kinetic measurements were performed on a Photal (formerly Union
Giken) stopped-flow spectrophotometer Model RA-601. The 1-cm observation
cell was thermostated at 25°C for all measurements. A pH-jump method was
used for all experiments because of the instability of LPO-II in acidic solutions.
For stopped-flow experiments, one drive syringe was filled with LPO-Il in 0.01
M phosphate buffer at pH 7.3. Inert salt (K2SO4) was used to maintain the
ionic strength at 0.11 M. The other syringe was filled with Trolox C in 0.05 M
citrate buffers at pH values ranging from 2.8 to 7.0. The ionic strength was
also kept at 0.11 M by adding the inert salt. The pH after mixing the solutions
in the two syringes were in the range from 3.0 to 7.0. At least a 10-fold
excess of Trolox C was used to maintain pseudo-first-order conditions. The
reaction was monitored by the disappearance of LPO-il at its maximum
absorbance of 430 nm. Between six to eight traces were collected for each
substrate concentration. The standard deviation was below 5%.

Measurements of relative absorbance at regular time intervals from the
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recorded exponential traces followed by a nonlinear least-square analysis
gave the observed pseudo-first-order rate constants.

The pKa value of the carboxylic acid group of Trolox C was determined
by titration with concentrated NaOH using a Fisher Scientific Accumet pH
Meter. The ionic strength of the solution was kept at 0.11 M by adding inert
salt (K2SO4) to the dilute Trolox C solution. The effect of the small volume of
NaOH could be ignored.

Trolox C binding to native LPO experiments were performed on a Cary
210 spectrophotometer. Both the reference and sample cuvettes contained
LPO (6.47 puM). Trolox C was added only to the sample cuvette, and
difference spectra in the range of 370-490 nm were determined in several low
pH citrate buffer solutions, ionic strength 0.11 M. The dissociation constants
(Kp) were calculated from the plot of 1/AA versus 1/[Trolox C] where AA is
the difference in absorbance at maximum absorption of the native enzyme.

The number of binding sites near the heme was calculated from AA using a

Hill plot (6).

3.4 RESULTS

Determination of pKy of Trolox C.
The pKa value of the carboxylic acid group of Trolox C was determined

to be 4.03 in the solution of the ionic strength 0.11 M.

Oxidation of Trolox C by LPO-II.
The spectral changes observed during the reaction indicate that LPO-Ii

is reduced directly to native state as shown in Fig. 3.1. The isosbestic point
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appearing at 421 nm is proof of an LPO-lI to native LPO conversion with no

detectable intermediates:

LPO-II + Trolox C — LPO + Trolox C- (3.2)

Kinetic Measurements.
With Trolox C in excess of LPO-ll, pseudo-first-order kinetics were
observed. One example is shown in the inset of Fig. 3.2. The corresponding

differential rate expression is eq. 3.3:
-g[LPO-lI)dt = kobs [LPO-I] (3.3)

where kops is the observed pseudo-first-order rate constant. The apparent

second-order rate constant, kepp, is related to kobs by €q. 3.4:

Values of kapp Were then obtained from the slopes of plots of kobs versus
[Trolox C], as shown by an example in Fig. 3.2. The small intercept is zero
within the experimental error. A plot of kapp versus pH is shown in Fig. 3.3 for

the oxidation of Trolox C by LPO-II.

Trolox C Binding to Native LPO.

Native LPO binds Trolox C in acidic solutions which results in a decrease
in absorbance at the Soret maximum. Results ¢! Hill plots (data not shown)
indicate 1:1 binding within 10% error, and the binding increases with

decreasing pH. The dissociation constants (mM) are 0.56 + 0.04, 40+ 0.3



and 12.1 £ 0.5 at pH's 2.93, 3.18 and 3.38. At pH higher than 3.38, the

binding is weak and the difference spectra could not provide accurate data.

3.5 DISCUSSION

Our rapid scan spectral analysis of the changes in the enzyme oxidation
states clearly indicates that ihe cxidation of Trolox C catalyzed by LPO-llis a
one-electron redox process. The oxidation of Trolox C is similar to that of
vitamin E and the reaction results in phenoxyl radical formation (7-10). The
spectral changes observed upon binding of Trolox C to native LPO suggest
that the binding site of Trolox C is near the heme. The extent of binding of
Trolox C io native LPO as a function of pH indicates that an amino acid
residue with a small pKa value in the vicinity of the heme is part of the binding
site for Trolox C. It has been reported from this group that LPO-II has an
amino acid residue of pKa 2.3 near the heme (7). The simplest mechanism
which will account for the experimental data is one in which the protonated
LPO-Il with a pKe of 2.3 reacting with both the protonated and deprotonated

Trolox C as follows:
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HLPO-II* + {H* K, (3.5)

s —k . product

The kapp-[H*] relationship corresponding to eq. 3.5 is:

kl kz

Kapp =

= +
+KJHDU+KJHT — AHH VKK J/H') (3.6)



Using nonlinear least-square analysis, the experimental kepp-pH data points
shown in Fig. 3.3 were fitted to eq. 3.6 by using fixed values of pKqa = 4.03 and
pKe = 2.3 (11). The best-fit kinetic parameters are k; = (4.1£0.5) x 108
M-1s! and ko =(1.910.3) x 107 M1 s1. The curve computed on the basis
of the best-fit parameters is also shown in Fig. 3.3.

In conclusion the oxidation of Trolox C by LPO-Il takes place first by
binding to a site near the heme. The tighter binding of Trolox C at lower pH
facilitates the reaction. The binding process is followed by hydrogen atom
transfer from the phenolic hydroxyl group of Trolox C to LPO-ll. A simple
although speculative explanation of our results is that the carboxylate group of
Trolox C binds to the acidic form of the LPO-II group with pKe of 2.3.

Lipid peroxidation of iron-loaded liposomes has been found to increase
with decreasing pH (12). The myeloperoxidase-H202-CI” system, a key part of
the phagocytic process, displays maximum activity at about pH 5 (13, 14).
Furthermore a decrease to pH 4 occurs in the vacuole upon phagocytosis
(15). Our kapp-pH profile shows that Trolox C is more reactive at lower pH,
which correlates with the trend in lipid peroxidation. Trolox C is reported to be
the most efficient antioxidant in a series of analogues with a similar chromane
structure to a-tocopherol (2).

This work can be compared to the oxidation of p-cresol by LPO-II, in
which the second-order rate constants were studied over the pH range 2.1-
11.2 by the same technique (11). The second-order rate constant for p-cresol
oxidation by LPO-Il is greater than the rate constant for Trolox C oxidation
over the pH range 3.0-7.0. The difference in the pH-rate profiles for these two
substrates may be a result of different binding sites. Contrary to the Trolox C

results, protonation of an amino acid residue with pKe 2.3 results in a
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decreasing rate of reaction of LPO-Il with p-cresol. The bigger chromane ring
of Trolox C compared to the single benzene ring of p-cresol may result in
some steric hindrance for Trolox C to attain the same position relative to the

heme active site as p-cresol.
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Figure 3.1. Rapid scan spectrophotometric measurements of the reaction
of LPO-Ii with Trolox C over 166 ms. One drive syringe contained
LPO-II by mixing 1.0 M LPO with 2.0 uM HoO2in phosphate buffer,
pH 7.30, total ionic strength 0.11 M: the other contained 30 uM
Trolox C in citrate buffer, pH 4.14, ionic strength 0.11 M. Final
pH 4.33. The partial conversion of LPO-ll to LPO is shown clearly.
The arrow indicates the direction of absorbance change with

increasing time.
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Figure 3.2. Plot of kops versus Trolox C concentration for the oxidation of
Trolox C by lactoperoxidase compound Il. The reactions were
carried out in buffer solutions of final pH 4.33, ionic strength
0.11 M. Experimental conditions as in Fig. 3.1. The inset
shows an example of a first order exponential trace (30 uM

Trolox C) from which keps Was obtained.
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Figure 3.3. The rate-pH profile for the reaction of LPO-II with Trolox C at 25 °C
and ionic strength 0.11 M. The experimental points and the

computer fitted curve are shown.
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CHAPTER FOUR

CATALASE ACTIVITY OF CHLOROPEROXIDASE AND ITS
INTERACTION WITH PEROXIDASE ACTIVITY

4.1 SUMMARY

The catalatic activity of chloroperoxidase (CPO) is demonstrated to
exhibit saturation kinetics under steady state conditions, which is not
observed with catalase under comparable conditions. Results were obtained
on reaction mixtures of CPO and H202 at pH 6.2, using both rapid spectral
scan and single wavelength measurements, and both transient state and
steady state reaction conditions. The observed rectangular hyperbolae can
be fit quantitatively by two methods which are in agreement, measurement of

rates of disappearance of H2O2 and of appearance of O, to

v__ __B4[Hy0,]
[CPO], = B, + [H,05]

A version of this chapter has been submitted for publication. Sun, W.,
Kadima, T. A., Pickard, M. A., and Dunford, H. B. (1994) Biochem. Cell Biol..
Colorimetric assay results on TMPD are those of Dr. Tenshuk Kadima (M.Sc.
thesis, University of Alberta, 1989, under the direction of Dr. M. Pickard,
Department of Microbiology). They are included in this chapter because the
interaction of peroxidatic activity (with TMPD) and catalatic activity (H202) has

not previously been examined.



where v is rate of Oz evolution and [CPO]p is total enzyme concentration. The
mean values of the parameters are By = (9 + 1) x 102 s-1 and B2 = (3.3 £ 0.4)
x 10-3 M. The results indicate formation of a complex of compound | and
H202 which dissociates to native CPQ, Oz and H20 with a rate constant of (9
+1)x 10281,

The determination of the peroxidatic activity of CPO is performed using
the demethylation of N,N,N‘,N'-tetramethyl-p-phenylenediamine (TMPD)
under steady state conditions. Attempts to determine Michaelis-Menten
constants for the substrates TMPD and H2O2 gave rise to apparently
anomalous data. Our data show that the modified ping-pong mechanism
established for horseradish peroxidase is applicable to the peroxidatic
reaction catalyzed by chloroperoxidase.

Both of the peroxidatic and catalatic reactions occur in the reaction
system containing H202, a reducing substrate, and CPO. A combined
reaction mechanism, which fits our experimental results very well, is proposed
for CPO catalyzed-reactions in which the modified ping-pong mechanism
works for the peroxidatic reactions and the complex formation of CPO-I-H202

occurs for the catalatic reaction. .

4.2 INTRODUCTION

Chloroperoxidase (chloride:hydrogen peroxide oxidoreductase, EC
1.11.1.10), CPO, is a heme enzyme which exhibits versatile properties. CPO
name derives from its catalytic ability of utilizing H2O2 to oxidize chloride ion.
CPO is efficient as a catalase and a chlorination catalyst as well as a
peroxidase (1). It has a thiolate ligand in the fifth coordination position of the

heme iron (2). Because of the catalase type of activity, it is difficult to obtain
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pure CPO-I (3, 4). Although the catalatic activity of CPO has been reported
earlier (4, 5), for the first time we demonstrate here that its catalatic activity is
controlled by the dissociation of a complex of CPO-1 and H202, a mechanism
which is not observed with catalase under comparable conditions (6). As a
peroxidase, CPO has been shown to catalyze the N-dealkylation of
arylamines (7). We have developed a colorimetric assay for CPO using
N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD) as the reducing
chromogenic substrate (8).

Horseradish peroxidase (HRP), the most extensively studied

peroxidase, has a mechanism as follows:

HRP + HoOp —X— HRP-l + H20 (4.1)
HRP-l + AHp ——» HRP-Il + AHe 4.2)
HRP-Il + AHp —=— HRP + AHe + H20 (4.3)

where HRP-I and HRP-Il are compounds | and Il of horseradish peroxidase,
AH. is a reducing substrate and AH- is a free radical product. HRP conforms
to a modified form of ping-pong kinetics (9, 10), and not to the classical ping-
pong kinetic scheme (11). The classical ping-pong mechanism is a
reversible, ordered, two-substrate:two-product mechanism. The peroxidase
ping-pong scheme is a non-reversible reaction mechanism, in which
compound | is usually reduced faster than compound i, and the conversion of
the latter to the native enzyme is often the rate-limiting step. The rate

constant ko is about 10 times greater than kg for most substrates of HRP (10).
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Our data show that the modified ping-pong mechanism for horseradish
peroxidase is applicable for the , aroxidatic reaction catalyzed by
chloroperoxidase and that the complex CPO-I-H202 has a finite lifetime. The
latter complex is not detectable under comparable conditions in ihe reactions

of catalase.

4.1 EXPERIMENTAL

CPO from Caldariomyces fumago was isolated and purified by
established procedures (12). The concentration of the enzyme was
determined from the absorbance at 400 nm using a molar absorptivity of 9.12
x 104 M-1cm-1 (13). The R.Z. value (A400/A280) of the enzyme used in our
experiments was 1.26-1.30.

H202 was obtained as a 30% solution from BDH Chemicals (Toronto,
Canada). The concentration of the diluted H202 stock solution was
determined by the peroxidase assay (14). Chemicals for the phosphate buffer
(pH 6.2) were reagent grade and used without further purification. The ionic
strength of the buffer was 0.03 M. Analytical reagent K2SOg4, obtained from
BDH Chemicals (Toronto, Canada), was used to keep the total ionic strength
of the reaction mixtures at 0.11 M. N,N,N',N'-tetramethyl-p-phenylenediamine
(TMPD) was from Sigma (St. Louis, USA). The concentration of TMPD
solution is determined by weight. All solutions were prepared using deionized
water from a Milli-Q water purification system (Millipore Corp., Bedford, MA).

Kinetic measurements were performed on a Photal (formerly Union
Giken, Atago Bussan Co., Tokyo, Japan) stopped-flow spectrophotometer
Model RA-601. The 1-cm observation cell was thermostated at 25°C for all

measurements. For both rapid scan and stopped-flow experiments, one drive
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syringe was filled with H202 in pH 6.2, ionic strength 0.11 M phosphate butffer.
The other syringe was filled with CPO in the same phosphate buffer. The pH
after mixing the solutions in the two syringes was therefore controlled at pH
6.2. Final ionic strength was 0.11 M.

For measuring the rate constants of CPO-I formation as well as its
reverse reaction yielding initial reactants, at least a 10-fold excess of H202
was used to maintain psehdo-first—order conditions. CPO concentration was
kept at 1.0 uM in all measurements. The enzyme behavior was monitored
using the rate of decrease in absorbance at 400 nm. A nonlinear least-square
analysis of the exponential traces at 400 nm gave the observed pseudo-first-
order rate constants.

The catalatic activity of CPO was studied under steady-state conditions
in which CPO cancentration was 10 nM and more than 5 x 104 times the
H>0> concentration was used compared to that of CPO. The disappearance
of HoO2 was monitored at 240 nm by stopped-flow measurements and the
oxygen evolution was determined with a Yellow Spring Instruments (YSI
Incorp., Yellow Springs, OH) Model 53 Oxygen HMonitor. The O2
concentration dissolved in phosphate buffer was found ic: be 260 uM at 25°C
as measured in this lab by a method previously described (15). The initial
rates of both the HoO2 disappearance and the Oz evolution were obtained by
taking tangents to the recorded traces. The molar absorptivity of H2O2 at 240
nm is 43.6 M1 cm-1 (16). Every determination is the average of at least three
measurements.

The colorimetric assay for CPO was carried out essentially as
described (8). Reaction mixture contained 1.2 nM CPO, 20 mM TMPD, 1 mM
H202 and 0.1 M KCI phosphate buffer, pH 6.0. Reactions were carried out at



101

25°C for 5 min and the resulting colour read at 563 nm. Substrate-limited
reactions were used to determine the molar absorptivity of the reaction
product, which was 1.17 x 104 M-1cm-1. Stock solutions of TMPD (200 mM)
were prepared freshly from the dihydrochloride salit and kept cold at pH 3.0
between use to limit the pH- and temperature-dependent autooxidation of
TMPD. Heat inactivated CPO (10 min, 70°C), or the reaction mixture without
CPO was used to correct for autooxidation of TMPD.

The effect of the peroxidatic activity on the catalatic activity of CPO
was studied under steady-state conditions of 13.5 nM CPO and 3.0 mM H202
in the presence of varied concentrations of TMPD. The initial rates of the O2
evolution were obtained by taking tangents to the recorded traces. Every
determination is the average of at least three measurements.

All experiments were performed at 25°C.

4.4 RESULTS
Transient-State Measurements of Compaund | Formation

Fig. 4.1 shows the rapid scan spectra of the reaction of 20.0 uM H202
with 2.0 pM CPO over 166 ms at pH 6.2, ionic strength 0.11 M. The
absorbance decrease at 400 nm is caused by the conversion of native CPO to

CPO-I by its reaction with H202 which can be described as follows:

CPO +H 0, ——‘l—‘(‘-:- CPO-1+H,0 (4.4)

With H20> in excess of CPO, pseudo-first-order kinetics was observed at 400
nm, which shows that the reactions in eq. 4.4 can be isolated from

subsequent reactions by using transient state kinetics. One example is shown
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in the inset of Fig. 4.2. The corresponding differential rate expression is eq.
4.5;

- d[CPO]/ dt = kobs [CPO] (4.5)

where kobs is the observed pseudo-first-order rate constant. The apparent

second-order rate constant, ks is related to kobs by €q. 4.6 (see Appendix 1):

kobs = K4 [H202] + k-4 (4.6)

Values of k4 and k.4 were then obtained from the slope and the intercept of
the plot of kobs versus [H202], as shown in Fig. 4.2. Theretfore, kg = (2.3
0.1) x 106 M-1s-1 and k-4 = (4 + 2) s"1. The reverse reaction of compound |
and water reforming native enzyme and H202 is so small that it does not

influence subsequent reactions.

Steady-State Experiments to Measure the Catalatic Activity
The overall reaction in the steady state system is represented by eq.
4.7:

26,0, CFO- 0,+2H,0 ' 4.7)

Therefore,

-d[H202] / dt = 2 d[O2] / dt = 2v(0y) (4.8)

where v(02) is the initial rate of oxygen formation. The initial rates of H202
disappearance and oxygen evolution were measured as a function of H202
concentration. The plot of v(o,y[CPOJo obtained from monitoring H202
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disappearance versus [H202] is shown in Fig.4. 3. The inset of Fig.4. 3
shows one example of the stopped-flow trace of H202 disappearance at 240
nm. Using a weighted nonlinear least square program, the experimental data
were fitted to rectangular hyperbolae of the form:

V(02) B1[H.02]

[CPOl ~ By +[Hz0d] (“.9)

The smooth curve with zero intercept resulted in By = (1.07 £ 0.02) x 103 s-1
and B2= (3.6 £0.2) x 103 M.

Direct measurement of oxygen evolution yielded another set of
experimental data. The plot of v(02)/[CPO]o from this method versus [H202] is
shown in Fig. 4.4. One example of oxygen evolution measurements is
displayed in the inset of Fig. 4.4. The smooth curve with zero intercept in Fig.
4.4 shows the fit to eq. 4.9 which gives By = (8.0 £ 0.2) x 10251, Ba=(29%
0.2) x 10-3 M. Therefore the mean values from two different methods are By =

(9+1) x102 sV and B2 = (3.3 £ 0.4) x 103 M.

Colorimetric Assay to Measure the Peroxidatic Activity

in accordance with the conventional analysis of two-substrate reactions
(11), the reciprocal of the reaction velocities of TMPD demethylation were first
plotted against the reciprocal of the H202 concentrations, each plot at a fixed
concentration of TMPD. A family of parallel lines were obtained (Fig. 4.5),
which shifted downward with increasing TMPD concentration. The slope of
these straight lines is (5.0 £ 0.1) x 107 M-s. Some of the double reciprocal
plots curve upwards for large concentrations of H202 (close to the ordinate,

Fig. 4.5). The larger the TMPD concentration, the closer the upward
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curvature to the ordinate, until with a sufficiently large concentration of TMPD,
the upward curvature disappears.

The ordinate intercepts of the graphs in Fig. 4.5 were then plotted
against the reciprocal of the TMPD concentrations. The resultant graph
passed through the origin within the experimental error (Fig. 4.6) with a slope
of (3.4 £ 0.1) x 10'5 M-s: thus, the Km, for TMPD was infinite.

Similarly, in an attempt to obtain the Km for H202, the reciprocal of the
reaction velocities of TMPD demethylation obtained at different H202
concentrations were plotted against the reciprocal of the TMPD
concentrations (Fig. 4.7). The slope of these straight lines is (2.8 £ 0.1) x 105
M-s. As with TMPD, the replot of the intercepts passed through the origin,
and therefore the Kn, value for H2O2 was also infinite (Fig. 4.8). The slope of
the straight line is (9.1 £ 0.1) x 107 M-s.

The results were consistent on repetition and indicated that the Km of

CPO could not be determined for either substrate.

Interaction of Catalatic Activity and Peroxidatic Activity

The catalatic activity of CPO was measured at 13.5 nM CPO, 3.0 mM
H.02 in the presence of varied TMPD concentration from O to 25 uM TMPD.
When the concentration of TMPD is increased beyond 25 pM, it was found
that the amount of evolved Oz is so small that it cannot be measured
accurately. Therefore, in order to measure accurately the catalatic activity of
CPO, the TMPD concentration was kept in the range from 0 to 25 uM. With
increasing TMPD concentration, the catalatic activity decreases markedly as
shown in Fig. 4.9. This indicates clearly that TMPD competes with H202 for

reaction with CPO-l. Thus there is a competition between the peroxidatic and
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catalatic reactions. Fig. 4.10 shows the plot of 1/v(0,) ‘obtained from Fig. 4.9

versus [TMPD], where v(o,) is the initial rate of Oz evolution.

4.5 DISCUSSION
From the transient state kinetic results obtained by following spectral

changes of the enzyme, a plot of kobs as a function of the hydrogen peroxide
concentration (Fig. 4.2) gives a straight line from which the rate constant for
compound | formation is obtained. The intercept, although very small, is finite,
indicating that compound 1 formation is slightly reversible. The effect of this
reversibility upon the subsequent catalatic activity is negligible (see below).
The steady state results on the catalatic activity show 2 saturation effect in the
millimolar range of hydrogen peroxide concentration (Figs. 4.3 and 4.4), which
can be fitted very well to the equation for rectangular hyperbolae. The

mechanism of the CPO catalatic activity can, iherefore, be described as

follows:
CPO + B0, — = CPOL + H,0 (4.4)
CPO-I + H,0, =—<= CPO-I-H;0, (4.10)
ks
CPO-I-HzOz—k‘—>CPo +0,+H,0 (4.11)

As a result, eq. 4.12 can be derived from egs. 4.4, 4.10 and 4.11 (see
Appendix lI):
kekskg[H;0,12[CPO]g

\'/ = d[O2)/dt = 4.12
©2 2 (ksks + Kk ks +k 5kg)[H0,] + kks[H,0,]2 (@.12)
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If we assume that k.5 is much smaller than kg (discussed in detail later) then

eq. 4.12 can be put into the form:

Vo) k[H,0,]
[CPOl, (ki +ks)kg Agks + [H20) (4.13)
Therefore, by comparison of egs. 4.9 and 4.13
B1 =ke (4.14)
and
B2 = (K4 + ks)ke/ kaks (4.15)

Using egs. 4.14 and 4.15, we calculated the values of ks and ke using the
known k4 value of 2.3 x 106 M-1s-1, From the stopped-flow experiments
monitoring the rate of disappearance of hydrogen peroxide at 240 nm, ks is
calculated to be (3.4 £ 0.1) x 105 M-1s-1 and kg is (1.07 + 0.02) x 103s"1; and
from the oxygen evolution experiments ks is (3.1+0.2) x 105M-1s1 and ke
is (8.0 +0.2) x 102 s'1. These results from different types of experiments
agree within experimental error.

Our results show that the dissociation of the CPO-I-H202 complex is
the rate-determining step in the overall reaction to generate oxygen from
hydrogen peroxide.

In comparison, there are inconclusive reports regarding saturation
effects in catalase at high [H202] (17-21). The study of Ogura (18) shows that
the initial velocity of O2 evolution is proportional to {H202] at low [H202] from

the initial rate measurements; his "saturation® curves are observed for [H202]
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up to 5 M! The reports of the catalase reaction are primarily concerned with
measurements over long periods of time at very high [H202]. Jones and
Suggett (19) showed that there is a time-dependent inactivation effect and
suggest that compound Il formation, which is not part of the catalatic
mechanism, becomes important at high [H202]. The apparent saturation
effects and time dependent effects of catalase at high [H202] can be
attributed to causes other than formation of a ternary complex. The results of
Ogura confirm our point that there is no saturation exhibited in the catalase
reaction with H202 for initial velocity measurements and for reasonable
values of [H202] (in the millimolar range). It is important to distinguish initial
rate measurements from measurements over a long period of time. It is
customary in enzyme kinetics to make measurements of the initial velocity of
the reaction. This has the advantage of removing complications such as
inactivation of the enzyme during the assay. Therefore, our measurements of
the initia! rates of O2 evolution and H202 disappearance are not affected by
either the possible inactivation of enzyme by high [H202] or the inactive
compound Ii formation. Our results indicate that the catalatic reaction of CPO
is different from that of catalase in which the saturation effect is not observed
under comparable conditions (6,22).

The first Soret spectrum of pure CPO-1 was obtained by the reaction of
native enzyme with peracetic acid (4). The spectra shown in Fig. 4.1 indicate
that pure compound | cannot be obtained using hydrogen peroxide because
of the catalatic reaction. The spectra taken in a reaction mixture of native
enzyme and hydrogen peroxide are always due to the mixture of compound |
with native enzyme. This mixture also contains a finite amount of the

compound I-H202 complex given by (see Appendix lll):
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[CPO-I1-H,0,] _ _ [H,;0,]
[CPOl, - B, +(H,0;]

(4.16)

Under our experimental conditions, the concentrations of H202 are in the
range of 0.5 to 27 mM. Therefore, the percentage of CPO-I-H202 over the
total enzyme concentration in the reaction mixture is calculated to be in the
range of 13 to 89% using eq. 4.16.

The spectrum of the CPO-I-H202 complex may be virtually identical to
that of uncomplexed CPO-I. There is supporting evidence: there are two types
of lignin peroxidase compounds ill. One is simply called LiP il and the other
LiP IlI*. LiP II* is a complex of LiP il and H202, yet the two species have
virtually indistinguishable spectra (23). Our results in Fig. 4.1 obtained using
H202, compared to those using peracetic acid where catalatic activity is
minimized (4), support the assumption that the binding of hydrogen peroxide
to CPO-1 wnuld not affect its Soret spectrum.

The hypothesis that k-5 = 0 is the simplest, but not necessarily the best,
assumption which enables one to fit all of the experimental data with the
minimum number of parameters. An alternative is to assume that compound !
and H202 react at the diffusion-controlled limit to form the CPO-I-H202
complex, which enables one to calculate a value for the rate of the reverse
reaction (Appendix IV).

From the kinetic study of our colorimetric assay, we conclude that
Michaelis-Menten constant cannot be determined for the peroxide-dependent
demethylation of TMPD by CPO. This suggests that the modified ping-pong
reaction mechanism (10) is applicable for the peroxidatic reactions of CPO, in

which the reaction steps are not reversible, and the rate constant of the
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second reaction step (k7, compound Il formation) is larger than that of the
third step (ks, regeneration of the native enzyme). Therefore, this study on
CPO kinetics represents experimental data in support of the modified ping-
pong kinetic mechanism of peroxidases.

The catalatic activity of CPO is demonstrated to be affected by its
peroxidatic activity as shown in Fig. 4.9. The reducing substrate competes
with H2O2 for CPO-I for the peroxidatic reactions. In a reaction system of
CPO, H202 and a reducing substrate, both the peroxidatic and catalatic
reactions occur. Combining the peroxidatic reactions with the catalase type of

reactions, the following scheme is proposed for CPO reaction system:

CPO + H202 & CPOA+H0 (4.4)
CPO4 + HpOp —S = CPOLHR0p (4.10)
CPO--Hz02 —X—= CPO + 02 + Hz0 (4.11)
CPO- + TMPD —X—» CPO-Il + TMPD- (4.17)
CPO-Il + TMPD —%—= CPO + TMPD- (4.18)

Based on this combined mechanism, the peroxidatic activity and the catalatic
activity can be represented by egs. 4.19 and 4.20 respectively (see Appendix
V).
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ACPOL L 1y by lyk )L, ke HOL (49
V(T™PD) k, [H0)] k; ki kk [TMPD]  k&k; [TMPD]

where v(TMPD) is the reaction velocity of TMPD demethylation; and

p
o Lvl sk y L 414 ki [TMPD] (4.20)

Vo) ke ks ksks H,0:] ke kiks [H,0.P

where v(02) is the initial rate of Oz evolution. We have determined that k4 is
(2.3+0.1) x 108 M1s°1, kg is (8.3+0.2) x 105 M-1s*1 and ke is (9 + 1) x 102

s-1 . Assuming k7 > kg, @qgs. 4.19 and 4.20 can be simplified to be:

2{CPOl, =1 1 + A1 +_1$i_ JH:0,] (4.21)
VeurD) k, [H,0J ks [TMPD] ké&; [TMPD]

and
[CPOJ, k141 4 Kk [TMPD] (4.22)
Vo) kSkB [H202] k6 k4k5 [HzOg_P

Therefore, eq. 4.22 indicates that, when we keep the enzyme and H202
concentrations constant, the plot of the reciprocal of the initial rate of O2
evolution versus [TMPD] would yield a straight line which is the result shown
in Fig. 4.10.

The combined reaction mechanism also demonstrates that the

peroxidatic activity of CPO is affected by its catalatic activity shown by the last
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term in eq. 4.21. However, the results we obtained from the colorimetric
assay display that, under most of our experimental conditions (i.e.: [TMPD] is
in excess of [H202]), the last term is so small compared to the other two
terms in the equation that it can be ignored. Therefore, only the modified
ping-pong mechanism for the peroxidatic reactions occurs and there is no
upward curvature in the double reciprocal plot. However, the catalatic activity
affects the peroxidatic reactions when [H202] is large enough compared to
[TMPD]: the catalatic activity inhibits the peroxidatic activity as shown in Fig.
4.5. Overall, for our experimental conditions of colorimetric assay, the
peroxidatic reactions occur preferentially. Thus the catalatic activity of CPO
can be ignored except for very large concentrations of H2O2. For nearly all
experimental conditions of colorimetric assay, the last term in eq. 4.21 can be
ignored, and the modified ping-pong mechanism is valid for the peroxidatic
reactions of CPO. The rate constants of kg and kg can be obtained from the
slopes of Figs. 4.5 to 4.8. The values for k4 are: (1.0 £ 0.1) x 106 M-1s1 (Fig.
4.5) and (9.5 £ 0.1) x 105 M-1s"1 (Fig.4. 8); and for kg: (1.5 £ 0.1) x 104 M-1s-1
(Fig. 4.6) and (1.8 £0.1) x 104 M-1s-1 (Fig. 4.7). The average value for ks
is (9.8 +0.3) x 105 M-1s1 and for kg (1.7 £0.2) x 104 M-1s*1 . The value of
kg4 determined using this steady-state method can be compared to the value
of (2.3 £0.1) x 108 M-1s-1 which we determined directly by the transient-state
measurement of compound | formation from native enzyme and Hz202 .

There have been a number of reports on peroxidase kinetics in which
Michaelis-Menten constants have been determined. In some instances, the
constants were derived from primary plots, where only one substrate was
varied (24-26), and kinetic values were derived, presumably deperdent on the

cosubstrate concentration. In other cases, kinetic parameters have been
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derived from the slopes and intercepts of secondary plots (7, 25). Kedderis
and Hollenberg (7), in their kinetic studies on CPO-catalyzed N-
demethylations, reported kinetic constants for the demethylation reaction
obtained from the intercepts of secondary plots. These authors found that the
values of kinetic constants derived by this method were in good agreement
with the apparent kinetic constants for the demethylation reaction determined
using a single fixed concentration of the second substrate (25). Our results
presented here delineate that the modified ping-pong mechanism works for
the peroxidatic reactions catalyzed by CPO. Nevertheless, the catalatic
activity of CPO affects the peroxidatic reaction when [H202] is high enough
compared to the reducing substrate. The kinetic measurements performed by
the above investigators are based on the only peroxidatic activity for CPO;
they ignored the effact of the catalatic activity. So, the discrepancy between
those kinetic studies and the present study may be caused by the catalatic
activity under different experimental conditions.

In summary, the catalase-like (catalatic) activity of chloroperoxidase
exhibits saturation behavior. All of the kinetic results can be fit quantitatively
by a mechanism in which a complex of compound | and H20z is formed. By
use of transient state kinetics the rate of formation of compound | from native
enzyme and H20; is determined accurately. From steady state experiments
the rate of reaction of the CPO-I-H202 complex to form Oz is also quantitated.
Colorimetric kinetic studies of the peroxidatic activity of CPO demonstrate that
the modified ping-pong mechanism for horseradish peroxidase is applicable
for the peroxidatic reactions catalyzed by CPO. And the interaction of
catalatic activity with peroxidatic activity is due to the competition of H202 and

reducing substrate for CPO-I.
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Figure 4.1. Rapid scan spectral measurements of the reaction of 2.0 uM
CPO with 20.0 uM H202 up to 166 ms. One drive syringe
contained HoO2 in phosphate buffer, pH 6.2, ionic strength
0.11 M; the other contained CPO in the same phosphate
buffer. The partial conversion of native CPO to CPO-l is shown
clearly. The arrow indicates the direction of absorbance change

with increasing time.
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Figure 4.2. Plot of kops versus H202 concentration for the reaction of CPO
with HoO». The reactions were carried out in phosphate
buffer solutions pH 6.2, ionic strength 0.11 M. The final CPO
concentration was kept 1.0 uM. The inset shows an example

of a first order exponential trace (10 pM H202) trom which kobs

was obtained.
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Figure 4.3. Plot of O formation rate/[CPO]p versus [H202] obtained by
measuring the H203 disappearance at 240 nm. The reactions were
carried out in phosphate buffer solutions pH 6.2, ionic strength 0.11
M. The final CPO concentration was 10 nM. Hz02 concentrations
were: 0.5, 0.8, 1.0, 1.5, 2.0, 3.0, 5.0, 7.0, 10.0, 15.0, 20.0, 26.9 mM.
The inset shows an example of the stopped-flow trace of

the disappearance of HoO2 when its concentration is 1.0 mM. |
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Plot of O formation rate/[CPOJp versus [H202] obtained by direct
measurements of Oz evolution. The reactions were carried out in
phosphate buffer solutions pH 6.2, ionic strength 0.11 M. The
final CPO concentration was 10 nM. H202 concentrations were:
1.0, 1.5, 2.0, 3.0, 5.0, 7.0, 12.0, 15.0, 17.0 mM. The inset shows

an example of Oz evolution when H202 concentration is 1.5 mM.
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Double reciprocal plots of the initial rate of HoO2-dependent TMPD
demethylation by CPO. Reactions were carried out at room
temperature for 5 min, using 1.2 nM CPO in 0.1 M phosphate buffer,
pH 6.0. Points displayed are averages of four determinations.
TMPD concentrations : 5 mM ([0 ); 6.7 mM (@ ); 10 mM (A); 12.5
mM ((m); 20 mM (Q); and 40 mM (@a).
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Figure 4.6. Plot of the intercepts from the double reciprocal plots in Fig. 4.5

against the reciprocal of TMPD concentration.
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Figure 4.7. Double reciprocal plots of the initial rate of HoO»-dependent TMPD
demethylation by CPO. Reaction conditions are as described for
Fig. 4.5. Points displayed are averages of four determinations.
Ho0» concentrations: 0.10 mM ([ ); 0.15 mM (®@); 0.20 mM (A);
0.25 mM (M@); 0.5 mM (O); 1 mM (a); and 2mM (OJ).
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Figure 4.8. Plot of the intercepts from the double reciprocal plots in Fig. 4.7

against the reciprocal of H202 concentration.
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Figure 4.9. Plot of the initial rate of O2 evolution versus TMPD concentration
in a reaction mixture of 13.5 nM CPO, 3.0 mM H202 with varied
concentrations of TMPD present, in phosphate buffer of pH 6.2,
ionic strength 0.11 M. The inset shows an example of O2 evolution

when TMPD concentration is 25 pM.
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Figure 4.10. Plot of the reciprocal of the initial rate of Oz evolution versus

[TMPD). Reaction conditions are as decribed for Fig. 4.9.
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CHAPTER FIVE

PURIFICATION OF NITRIC OXIDE SYNTHASE
FROM PORCINE CEREBELLA

5.1 INTRODUCTION

Nitric oxide (NO) is a poisonous gas found in smog, acid rain, and
cigarette smoke. The discovery in 1987/88 that vascular endothelial cells are
able to synthesize nitric oxide from L-arginine as a transcellular signal (1-4)
was initially received by most biologists with considerable scepticism.
However, NO — a small, relatively unstable, potentially toxic, diatomic free
radical — has become in the past few years one of the more studied and
fascinating entities in biological chemistry. It plays a role, often as a biological
messenger, in an astonishing range of physiological processes in humans
and other animals. Its expanding range of functions already includes
neurotransmission, blood clotting, blood pressure control, and a role in the
immune system's ability to kill tumor cells and intracellular parasites (5-7).

The enzyme responsible for the synthesis of NO from L-arginine in
mammalian tissues is known as nitric oxide synthase (EC 1.14.13.39) (6).
Nitric oxide synthase (NOS) catalyzes the five-electron oxidation of L-arginine
to citrulline and nitric oxide at the expense of molecular oxygen and NADPH
(Fig. 5.1). As shown in Fig. 5.1, NO synthesis from arginine is a reaction
which involves two separate mono-oxygenation steps (8-11).

The enzyme was first purified in 1990 (12) from rat cerebella. The
NOS characterized to date falls into two general categories. The NOS

involved in signalling is found to be constitutively expressed and has been



126

purified from rat cerebella (13, 14) and porcine brain (15-17). This NOS
requires both Ca2+ and calmodulin. The NOS from murine macrophages is
inducible and shows no requirement for Ca2* and calmodulin (18). Both forms
of NOS utilize NADPH (18).

Both forms of NOS are dimeric ennzymes containing two identical
subunits. The molecular weight of the monomer is 140 £ 10 KDa. All forms of
the enzyme studied thus far contain four prosthetic groups: flavin-adenine
dinucleotide (FAD); flavin mononucleotide (FMN); tetrahydrobiopterin (H4B);
and a heme complex, iron protoporphyrin IX (heme). Each subunit contains
one molecule of each of the flavin nucleotides and heme (16, 19, 20). The
active enzyme in vivo is thought to contain one molecule of H4B per subunit
although the amount of H4B contained in each subunit varies from 0.1 to 1
molecule when isolated. Although all four of these cofactors are widely found
in nature and help to catalyze a large number of oxidative and reductive
reactions, NOS is the only enzyme known to use all four. Molecular cloning of
several forms of NOS suggests how the enzyme's amino acid sequence might
relate to its function. Each subunit is about equally divided into a reductase
and an oxygenase domain. The link between the two domains is a sequence
that forms the binding site for calmodulin. The amino acid sequence of the
reductase domain, which contains the binding sites for NADPH, FAD, and
FMN, is strikingly similar to sequences present in the mammalian cytochrome
P-450 reductase (21). This similarity suggests that reducing equivalents from
NADPH may be shuttled into the active site via the flavins, which store
electrons derived from NADPH and transfer them to a catalytic center located

within the oxygenase domain. The oxygenase domains, which are highly
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conserved among the NOS isoforms, are presumed to contain binding sites
for heme, H4B, and L-arginine.

The heme complex likely plays a central role in catalyzing NO
synthesis. The similarity of the heme environment in NOS to that in the
cytochrome P-450s suggests that this site is likely to bind and activate
molecular oxygen, which then reacts with L-arginine to produce NO and L-
citrulline (22).

The role of H4B in NOS is not clear. Mayer and Werner at the Free
University of Berlin were the first to show that variable amounts of the cofactor
are tightly bound to isolated NOS, making NOS the first protein known to
contain stably bound H4B. The role of H4B in the NOS reaction involves
stabilization of the enzyme and redox chemistry wherein a 1:1 stoichiometry
between bound pterin and NOS subunit results in maximum activity (23).

The relationship of the quaternary structure of the cytokine-induced
nitric oxide synthase from macrophages to its catalytic activity was recently
investigated (24). This study shows that, in contrast to dimeric NOS, purified
subunits do not synthesize NO. Dimeric NOS and NOS subunits are
equivalent in catalyzing electron transfer from NADPH to cytochrome ¢ at
rates that are faster than the maximal rate of NO synthesis by dimeric NOS.
Reconstitution of subunits requires their incubation with L-arginine,
tetrahydrobiopterin, and stoichiometric amounts of heme. The dimeric NOS
reconstituted from its subunits has the spectral and catalytic properties of
native dimeric NOS. In brief, NOS subunits are NADPH-dependent
reductases that acquire the capacity to synthesize NO only through their

dimerization and binding of heme and tetrahydrobiopterin.
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5.2 PURIFICATION OF NITRIC OXIDE SYNTHASE FROM

PORCINE CEREBELLA
5.2.1 Materlals

2',5'-ADP-Sepharose, calmodulin-agarose and Sepharose 4B were
purchased from Sigma. Chemicals: B-NADPH (B-nicotinamide adenine
dinucleotide phosphate, reduced form), EGTA (ethylene-bis-[f-
aminoethylether]-N,N,N',N'-tetraacetic acid), calmodulin (phosphodiesterase
3',5'-cyclic nucleotide activator), pepstatin A and PMSF (phenylmethylisulfonyl
fluoride), and PEG4000 (polyethylene glycol) were purchased from Sigma. L-
arginine was obtained from General Intermediates of Canada. 2-
Mercaptoethano! was obtained from Aldrich. Triethanolamine, calcium
chloride and sodium chloride were obtained from Fisher. EDTA was obtained
from BDH Chemicals.

Citrulline assay materials: the cation exchange resin AG 50W-X8 Resin
was obtained from Bio-Rad Laboratories. 14C-Arginine was purchased from
Amersham. L-Valine, L-citrulline were obtained from Sigma. Scintillant was
purchased from Fisher.

SDS-PAGE materials: TEMED (N,N,N',N'-tetramethylethylene diamine)
is an electrophoresis reagent from Sigma. Acrylamide was obtained from Bio-
Rad Laboratories. Ammonium persulfate was purchased from Bethesda
Research Laboratories. Molecular weight markers were obtained from Sigma.

All other reagents were of analytical grade.

Buffers used for enzyme isolation were as follows:

Buffer A, 50 mM triethanolamine-HCI buffer, pH 7.5, 0.5 mM EDTA, 12.5 mM
2-mercaptoethanol, 0.5 mM L-arginine, 1 uM pepstatin A, 0.1 mM

PMSF.
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Buffer B, 10 mM triethanolamine-HClI buffer, pH 7.5, 0.1 mM EDTA, 12.5 mM
2-mercaptoethanol, 0.5 mM L-arginine, 1 uM pepstatin A, 0.1 mM
PMSF.

Buffer C, 50 mM triethanolamine-HCI buffer, pH 7.5, 1 mM CaClp, 12.5 mM
2-mercaptoethanol, 0.5 mM L-arginine, 1 M pepstatin A, 0.1 mM

PMSF.

5.2.2 Enzyme preparation

The purification of NO synthase from porcine cerebella was carried out
following a combination of published procedures (14-17) with some details
added and some modifications as described below.

Porcine cerebella were obtained from Oullet Packer Ltd., 8 meat-
packing plant in Edmonton, Alberta. Connective fat tissues and arachnoidea
were removed from the cerebella and the cerebella were then frozen on dry
ice within 20 minutes of slaughter. This step is crucial for later purification due
to the fact that the high content of fat material dramatically interferes with the
separation of cytosol from cell tissues. Subsequent centrifugation involving
very high speed and long time was then required. Cerebella which were
stored at -70 °C for three weeks were found to give lower NO synthase
activity than fresh cerebella based on the NO synthase activity measurements
of the cytosols. For isolation, about 1 kg of porcine cerebella (frozen for only
two days) were thawed and blended in a Waring Blender for 1.5 minutes in
ice-cold buffer A at 3-4 mL of buffer per g of tissue. All subsequent
procedures were conducted at 4°C. The mixture was then homogenized with
a IKA-Werk, Ultra Turrac T25 homogenizer equipped with a UT-dispersing

tool at medium speed for 3.5 minutes. The homogenate was passed through
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four layers of cheesecloth to further remove fat material. Instead of
ultracentrifugation used by other investigators, the homogenate was then
centrifuged at 30,100 x g (14,000 RPM) in a Beckman JA-14 rotor at 4 °C for
60 minutes. A clear supernatant was obtained to which ammonium sulfate
was added to a concentration of 176 g/L. (30% saturation) following the
procedure of Mayer et al. (15, 16). The mixture was incubated with
continuous gentle stirring for 2 hours. The solution was centrifuged at 30,100
x g for 40 minutes and the supernatant was decanted. The remaining pellets
were dissolved in buffer B and the resulting solution was then centrifuged for
30 minutes at 30,100 x g. For subsequent column chromatography, the large
volume of supernatant was concentrated to about 20 mL by polyethylene
glycol 4000. This concentration step required approximately 8 hours. The
concentrated protein extract was mixed with 25 mL of buffer B preequilibrated
2' 5'-ADP-Sepharose, as used by all other investigators (14-17). The slurry
was gently stirred for 2 hours and then centrifuged at 3,110 x g (4,500 RPM)
in a Beckman JA-14 rotor for 20 minutes after which the supernatant was
removed. This was required because of the presence of high contents of
non-binding proteins in the slurry. The ADP-binding proteins remained in the
gel as pellets. The pelleted gel was suspenided in 20 mL of buffer B and
poured into a chromatography column (30 cm x 2 cm). The gel was washed
with 25 mL of buffer B, followed by 200 mL of buffer B containing 0.5 M NaCl.
The absorbance at 280 nm (Azso) is used to monitor the protein content in the
eluate; and the elution was stopped when Azgo dropped below 0.08. Finally,
another 60 mL of buffer B was used to wash the column. NO synthase was
eluted with 50 mL of buffer B containing 10 mM NADPH as done previously
(14-17). The NADPH eluted solution was dialyzed against 3 L of buffer C for
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three 2-hour periods (for elimination of EDTA which interferes with NO
synthase binding to the following affinity column) following the procedure of
Schmidt et al. (14). The dialyzed pool from 2',5'-ADP-Sepharose was
incubated for 1 hour with 18 mL of calmodulin-agarose gel and noncoupled
sepharose 4B, (1 : 8 volivol which yields 8.6 nmol of calmodulin per mL of
packed gel), which had been pre-equilibrated with puffer C. The slurry was
transferred to a chromatography column (30 cm x 1.2 cm) and was washed
with 1.5 L of buffer C, followed by 1.5 L of buffer C containing 0.3 M NaCl.
NO synthase was then eluted with buffer C containing 1 M NaCl and 6 mM
EGTA. The eluate was immediately concentrated by use of an Amicon
Centriprep- 30 concentrator to a final volume of 4 mL. The enzyme was

stored at - 70 °C after addition of 20 % (vol/vol) glycerol.

5.2.3 Activity and protein assays

NO synthase activity can be assayed by a range of methods, based on
the formation of either citrulline or (indirectly) NO itself. Formation of 3H- or
14C.|abelled citrulline from labelled L-arginine is perhaps the most widely
used method, using a simple ion-exchange separation of substrate and
product (12, 25).

The following procedure was followed for the 14C analysis. Weigh out
a certain amount of AG 50W-X8 Resin (0.33 g per measurement) and add to
2 M NaOH, swirl and allow to settle. Decant the NaOH and wash three times
with deionized water. After the final wash, add a measured amount of
deionized water to the resin (1.0 mL of water x the number of samples). A
final pH of ~7.0 is required after these steps. 50 mM phosphate buffer, pH

7.2, was used for the assay. The reaction mixture contains 10 mM L-arginine,
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1 mM L-citrulline, 50 mM L-valine, 4 mM H4B, 10 mg/mL PMSF, 0.24 mM
Ca2+ and 1.24 mM Mg2+. Pipstte 100 pL of the above mixture directly into the
bottom of a 2.0 mL Eppendorf tube. Add 5 pL each of different concentrations
of cofactors into the tube for measurement of concentration dependant effects
on the enzyme activity. Place the tubes in a water bath at 37 °C. Pre-
incubate for at least 5 minutes but not longer than 10 minutes. Add 20 pL of
enzyme extract (3.85 ug) to the tube. Vortex briefly at a low setting before
replacing the tube in the 37 °C water bath. Incubate the solution for a total of
12 minutes. At 12 minutes, add 1 mL of activated Dowex resin slurry (swirl
before pipetting) to the tube to stop the reaction. Add 300 uL of water to the
tube and spin at 14,000 RPM at room temperature for 2 minutes. Carefully
remove 700 pL of supernatant from the tube and place it into a small
counting vial. Add 20 uL of the reaction mixture to a separate small counting
vial (for determination of specific activity). Add 2 mL of Scintillant to the vial,
shake vigorously, and take 14C counts for 2.5 minutes. All data are means of
duplicate determinations.

Protein concentration was determined according to the method of

Bradford (26) using bovine serum albumin as a standard.

5.2.4 SDS-PAGE

Two volumes of acetone were added to the protein extracts from
different purification stages and subsequently stored at - 70 °C for 2 hours.
After centrifugation, the protein precipitates were then dissolved in a bufter
containing: 62.5 mM Tris-HCI, pH 6.8, 1.25 % SDS, 30 % glycerol, 1.25 % 2-
mercaptoethanol and 0.125 % (w/vol) bromophenol blue. The mixture was

then heated for 3 minutes in boiling water. After loading the mixtures onto a
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gel, the gel was run at a constant voltage of 200 volts for 1 hour. Bands were
visualized by Commassie Brilliant Blue R250 followed by destaining in an
aqueous solution of methanol : acetic acid : water (10 : 10 : 80 vol/vol/vol).
The protein standards used were: myosin, 205 KDa; p-galactosidase, 116
KDa; bovine serum albumin, 66 KDa; ovalbumin, 45 KDa; carbonic
anhydrase, 29 KDa; trypsin inhibitor, 20 KDa; a-lactalbumin, 14.2 KDa and
aprotinin, 6.5 KDa.

The 15% acrylamide gel consisted of a separating gel (pH 8.8) and a
stacking gel (pH 6.6).

The molecular weight of NO synthase monomer can be determined
from a calibration curve which is the plot of the log of molecular weight of the
standard protein versus the relative mobility. The relative mobility is the ratio
of the protein migration distance to the migration distance of bromophenol

blue.

5.3 RESULTS AND DISCUSSION

Protein concentrations were determined before addition of 20 % glycerol
to the enzyme extracts for storage since glycerol interferes with the assay
(19). A total of 770 pug of protein was obtained from 1 kg of porcine cerebella.

The NO syntha. e activity was determined by the sensitive method of
14C-citrulline assay. A total of 2660 units of activity was obtained. One unit of
activity is defined as one pmole of citrulline formed per min per ug of protein.

The effects of EGTA, hematin and calmodulin concentrations on the NO
synthase activity were examined. As expected, EGTA, a chelator of Ca2+,
inhibits NO synthase activity and calmodulin enhances the activity. Hematin

enhances the NO synthase activity when its concentration is less than the
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enzyme concentration but inhibition was observed when a high concentration
of hematin was used. Ali of these results are shown in Figs. 5.2 to 5.4.

Purified enzyme extract and the eluate from 2',5-ADP-Sepharose gel
were heat-dissociated in the presence of sodium dodecyl sulfate (SDS) and 2-
mercaptoethanol and were analyzed ¢.. 15 % SDS-polyacrylamide gel (SDS-
PAGE) using the discontinuous buffer system (27). Bands were visualized by
staining with Coomassie Brilliant Blue R250 as shown in Fig. 5.5. Using the
calibration curve of Fig. 5.6, the molecular weight of the purified NO synthase
monomer determined by SDS gel electrophoresis is 128 KDa, which is in
agreement with other investigators' reports.

The purified enzyme was stored at - 70°C for six days. The NO
synthase activity was measured again and it was observed that more than 70
9% of the total activity was lost. The original purpose of the purification of NOS
was for some kinetic studies on NOS-catalyzed reactions. However, the low
yield of the enzyme and the instability of the purified NOS enzyme prevent us

from doing some intended further studies.

Some suggestions for future work

After the work on isolation of NO synthase from porcine cerebella was
started, following the procedure of Mayer et al. (15-17), it became apparent
that the complexity of the purification procedure is due in part to the large
amount of porcin: cerebella used as the starting material and accordingly
because of the high content of fat tissue in the porcine cerebella. Schmidt et
al. (14) purified NO synthase from rat brain using a significantly reduced
amount of starting material than that required for porcine cerebella. Because

of the small amount of rat brain used, the purification procedure employing rat
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brain is simplier than that using porcine cerebella. For the same reason, rat
brain should have higher NO synthase activity than porcine cerebella. This
was confirmed by NO synthase activity measurements. The NO synthase
activities of the cytosols from both porcine cerebella and rat brain were
measured. The results show that rat brain has at least a two fold higher NO
synthase activity than porcine cerebella (data not shown). Due to the low
content of fat the cytosol of rat brain is much clearer than that of porcine
cerebella. The facts of the increased enzyme activity and a greatly simplified
enzyme purification procedure for NO synthase from rat brain indicate that

fresh rat brain is a better source for extraction of NO synthase than porcine

cerebella.
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Figure 5.2. Concentration dependence of NO synthase activity on EGTA.
The reaction was carried out in phosphate buffer, pH 7.2 and
the mixture contains 10 mM of L-arginine, 1 mM of L-citrulline,
50 mM of L-valine, 4 mM of H4B, 10 mg/mi of PMSF, 0.24
mM of Ca2+ and 1.24 mM of Mg2+. 123 nM NO synthase and

varied concentrations of EGTA were used.
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Figure 5.3. Concentration dependence of NO synthase activity on

hematin. The reaction conditions are the same as Fig. 5.2.
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Figure 5.4. Concentration dependence of NO activity on calmodulin. The

reaction conditions are the same as Fig. 5.2.
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Figure 5.5. SDS-PAGE ayalysis of purified NO synthase. A 15 %
polyacrylamide gel was stained with Coomassie blue. Lanes:
A, molecular markers; B, 1.0 ml of 2',5'-ADP-sepharose gel

eluate; C, 300 pl of calmodulin eluate.
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Figure 5.6. Plot of the log of molecular weight of the protein standard
versus the relative mobility obtained from a 15 % nongradient

denaturing (SDS) discontinuous gel electrophoresis.

A shows NO synthase.
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CHAPTER SIX

GENERAL DISCUSSION

6.1 SOME PRELIMINARY WORK ON TWO PROBLEMS

Peroxidase-catalyzed iodination reactions are of special importance in
iodine metabolism. It has been reported that peroxidase-catalyzed iodination
reactions can be regulated by suitable electron donors such as EDTA (1-3).
We have studied the mechanism of the tyrosine iodination reaction catalyzed
by HRP and LPO as described in Chapter two (4). 1t is known that the
peroxidase-catalyzed oxidation of iodide is the first step in tyrosine iodination.
In order to know the effect of EDTA on tyrosine iodination, it is necessary to
first study the effect of EDTA on iodide oxidation. EDTA is not a physiological
substrate. The purpose of this investigation was to resolve the controversy
which is described later.

As described in chapter 4 of this thesis, the catalatic and peroxidatic
activities of chloroperoxidase (CPO) and their interactions were investigated.
CPO is important also since it has the ability to use Cl- as an electron donor
for the chlorination of a large array of nucleophilic substrates (5). The
mechanism of the chiorination of organic substrates by peroxide or peracid
und CI catalyzed by CPO has been studied extensively. Determination of the
nature of HOC!, whether it is free in solution or is enzyme-bound, has been a
major common theme in previous investigations (6-11). Chlorination was
believed to proceed via compound | formation and an enzyme-bound
hypochlorite intermediate (6-8). Product analysis studies led to the conclusion

that free HOCI is the most likely chlorinating agent (9) and that the reaction
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does not occur at the enzyme active site (10). However, there appears to be
a difference in the product distribution of uncatalyzed compared to CPO-
catalyzed reactions (12, 13). Recently the peroxidatic substrates catechol
(CAT) and 2,4,6-trimethylphenol (TMP) were used as probes of the CI--
dependent reactions catalyzed by CPO (14). The fact that CAT and TMP
compete for reaction with the free oxidized halogen species (HOCI or Cl2)
provides evidence for the kinetically significant involvement of a free oxidized
halogen species as an intermediate in any CPO-catalyzed reaction. The
exact nature of the chlorinating agent remains unknown.

The only other peroxidase existing in nature that can catalyze
chlorination reactions is myeloperoxidase (MPO). The kinetic studies of the
chlorination of taurine by the MPO/H202/Cl- system indicate that the
chlorination reaction mediated by the MPO system in vivo may involve an
enzyme intermediate species (MPO-I-CI) rather than free HOCI (15). The
direct reaction of MPO with its product HOCI has been carried out by Floris
and Wever (16), in an attempt further understand the chlorination
mechanisms. In order to determine the similarities or the differences between
MPO and CPO catalyzed chlorination reactions, direct reaction of CPO with
free HOC! was examined and the results were compared to those obtained
from the MPO study.

The following two sections summarize our results for preliminary
investigations of EDTA effect on iodide oxidation by HRP and the reaction of
CPO with HOCIl. However, the complexity of the reaction system of
HRP/H202/1"/tyrosine/EDTA was not realizad until after the work had been
started. Subsequently, this complication that is described later prevented the

completion of this work. Furthermore, for the reaction of CPO with HOCI,
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more varied techniques, such as product analysis or multi-mixing stopped-
flow kinetic studies, are required to unambiguously define the exact nature of

the reaction mechanism.

6.1.1 Peroxidase-catalyzed oxidation of iodide in the presence
of EDTA
6.1.1.a Introduction

EDTA, a classical chelating agent (17), is generally used for chelation
of various bivalent cations present in biological macromolecules. Several
enzymes that require bivalent cations are inactivated vwhan the metal ion is
chelated by EDTA and subsequently are reactivated upon addition of the
metal ion. HRP contains 2 mo! of Ca2+/mol of enzyme (18). One tightly
bound Ca2+ of HRP, which is essential for maintaining the protein structure in
the heme cavity for enzyme activity (19-21), could be removed only by very
drastic treatment such as incubation with EDTA or EGTA in the presence of
guanidinium chloride. Therefore, the presence of EDTA in the system of
HRP/H202/I- does not inxstivate the enzyme through removal of the essential
Ca2+ion.

EDTA can also sometimes be used as a reducing agent (22, 23). The
ferrous HRP produced by reduction of native HRP with dithionite absorbs at
435 nm (24), whereas EDTA only causes a small hypsochromic change at
402 nm (2, 25). This suggests that EDTA does not reduce native HRP to
ferrous HRP.

Banerjee et al. (1) have shown that EDTA is an inhibitor of the iodide
oxidase activity of HRP. They concluded that this inhibition of iodide oxidase

activity of HRP is due to the competition between EDTA and iodide at the
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iodide binding site of HRP (2). They recently reported that EDTA inhibits
HRP-catalyzed iodide oxidation in a pH-dependent manner (26). The
inhibition is more effective at pH 6 than at lower pH values. It has also been
demonstrated that among the structural analogues of EDTA,
tetramethviethylenediamine (TEMED) is 80 % as effective as EDTA, whereas
the EDTA-Zn2+ chelate and EGTA are ineftective (26). They concluded that
EDTA competes for the same binding sites with iodide and inhibits iodide

oxidation by acting as an electron donor.

HOOCH,C CH,COOH
>N CH, CH, N<
HOOCH,C CH,COOH
EDTA
HaC CHs
>N CH, CH, N<
H,C CHs
TEMED
HOOCH,C ~_ /CH2COOH

N CH, CHy—— OCH,CH, O——CHLHNI_

HOOCH,C ~~ CH,COOH

EGTA
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t EDTA-Zn?*

However, in a similar reaction system, Shah and Aust claimed that
EDTA is non-enzymatically oxidized to the EDTA radical by the primary
oxidation product of iodide (3); and recently, by ESR spin trapping studies,
they demonstrated that the oxidation of EDTA is mediated by the iodide
radical (27). In brief, they concluded that iodide is oxidized to HOI by
peroxidases and that this HOI then is reduced by EDTA, hydrogen peroxide or
iodide (3, 27).

The related information to the EDTA eftect on the iodide oxidation by
HRP is the binding of EDTA to HRP. Recently, Modi (28) reported from 1H
NMR studies that EDTA binds at or near the iodide binding site at the heme
edge about 0.8 nm away from the ferric centre of HRP, and that the binding is
facilitated by protonation of an acid group of pKa 4.0 in the native enzyms.
This value differs from pKa 5.8 which was reported by Bhattacharyya et al.
(29). Sakurada et al. (30) suggested that EDTA may bind at a higher affinity
to the catalytically active HRP than to the native enzyme.

The exact mechanism for the inhibition of iodination reactions by EDTA

is not yet fully understood. It is a prime topic for further investigation.
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6.1.1.b Some preliminary experiments
Materials and methods

HRP was purchased as a suspension in ammonium sulfate from
Boehringer-Mannheim Corp. After dialysis in deionized water from the Milli-Q
system, a purity number of 3.46 was determined from the ratio of
absorbances at 403 nm and 280 nm. The concentration of the enzyme
solution was measured spectrophotometrically at 403 nm where the molar
absorptivity is 1.02 x 105 M-1cm-1(31).

Lactoperoxidase with a purity number (Ag12/A280) of 0.83 was
purchased from Sigma as a purified, lyophilized powder. A molar
absorptivity value of 1.12 x 105 M-1cm-1 at 412 nm was used for
spectrophotometric determination of its concentration (32).

The concentration of hydrogen peroxide (~30 % solution, BDH
Chemicals) was determined, after appropriate dilution, using the horseradish
peroxidase assay (33).

Analytical reagent grade EDTA was purchased from BDH Chemicals.
Reagent grade Kl and crystalline iodine were obtained from Shawinigan
Chemicals. All of the chemicals were used without further purification.
Solution concentrations were determined by weight and fresh stock solutions
were prepared just before use. A solution of I3 was prepared by dissolving a
small amount of crystalline iodine to a solution of known Ki concentration.
The concentration of the I3- solution was determined spectrophotometrically at

353 nm where the molar absorptivity is 2.64 x 104 M-1cm-1 (34;.
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Chemicals used for the citrate buffers were reagent grade and used
without further purification. The total ionic strength of solution was maintained
at 0.18 M by addition of KNOg.

All solutions were prepared using deionized water obtained from the
Milli-Q system (Millipore).

Stopped-flow experiments were performed on a Photal (formerly Union
Giken) Mode! RA-601 Rapid Reaction Analyzer equipped with a 1-cm
observation cell. Optical absorption measurements on a conventional time
scale (> 1 s) were made using a Beckman DU 650 spectrophotometer.

O, evolution was determined using 8 Yellow Spring Instruments Model
53 Oxygen Monitor.

The pH-jump method was used to measure the initial rate of Iz
formation when the final pH was below 4.0 since native HRP is unstable at
low pH values. One driving syringe contained HRP and iodide ( and EDTA
when necessary) in deionized water, ionic strength 0.18 M; the other syringe
contained H.0: in the low pH citrate buffer solution, ionic strength 0.18 M.
The final pH after mixing the two solutions was the same as the buffer pH, at
a total ionic strength of 0.18 M.

The initial I» formation rates were obtained by taking the tangents from
the starting point of the stopped-flow trace at 460 nm as described in our
previous work (4).

A Fisher Accumet Model 25 digital pH meter was used for all pH
measurements.

All experiments were performed at (25.0 + 0.5) °C.
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Results
Since EDTA binds to HRP only under acidic conditions (pH < 5) (28),

our experiments were therefore performed at pH values lower than 5.0 and at

4.1 in most cases.
In a reaction system of 0.63 uM of HRP, 200 pM of H2O2, 100 uM of Ki

and varied amounts of EDTA at pH 4.1, the initial I2 formation rates were
measured and observed to be constant over the EDTA concentration range
from O to 30 mM as shown in Fig. 6.1. The rate was unchanged even when
the EDTA concentration was increased to as high as 74 mM (data not shown).

Curve a in Fig. 6.2 shows one example of the stopped-flow trace at 460
nm over 1.0 s in the HRP/H202/I" system which includes 1.14 uM of HRP, 2.0
mM of H2O2, and 1.0 mM of Ki. With 15 mM EDTA present in the reaction
mixture, it can be clearly seen that the stopped-flow trace at 460 nm (curve b
in Fig. 6.2) remains the same as that without EDTA present (curve a). The
reactions were all carried out at pH 3.67.

For comparison with the HRP/H202/l- system, similar experiments
were carried out using the LPO/H202/I- system at pH 3.67 as shown in Fig.
6.3. The reaction mixture is 0.63 uM of LPO, 2.0 mM of H202 and 1.0 mM of
Kl and O (in the absence) or 15 mM (in the presence) of EDTA. In sharp
contrast, the stopped-flow trace at 460 nm was observed to be markedly
affected by the presence of EDTA. A larger absorbance change at 460 nm
with EDTA present (curve b) was observed than that without EDTA present
(curve a) in this system.

Since the binding ability of EDTA to HRP increases with decreasing pH
(28), the initial l2 formation rates were measured at different pH values by

keeping the reactant concentrations constant with and without the presence of
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EDTA. This experiment was designed to observe the pH-dependent inhibition
of iodide oxidation due to the binding of EDTA to HRP. The reaction mixture
was made up of 0.63 uM of HRP, 200 pM of H202, 500 uM of Ki and O (in the
absence) or 300 uM (in the presence) of EDTA. The results are shown in Fig.
6.4. Within experimental error, over a pH range of 3.5 to 5.0, the presence of
EDTA does not have any effect on the initial |2 formation rate.

However, the pseudo-catalatic degradation of H202 by iodide and HRP
was observed to be inhibited by the presence of EDTA by measuring the Oz
evolution at pH 4.1 (Fig. 6.5). In a reaction system of 0.42 uM of HRP, 2.00
mM of HoO2 and 500 uM of KI, the presence of varied amounts of EDTA
clearly shows that inhibition of Oz evolution increases as the EDTA
concentration increases from 0 to 30 mM.

Non-enzymatic reactions were designed to elucidate the role of
enzyme in the reaction process. Chemically synthesized HOI was prepared
by the reaction of H20O2 with iodide (35). The presence of excess iodide leads

to generation of l2 as shown in eq. 6.1:

k
HO! +I'+H+~'_"<"""——-.11——— lp + HpO 6.1)

The overall rate constant for the forward reaction of eq. 6.1, k1, is 4.4 x 1012
M-2s-1, k.1 is 3.0 s-1 for the reverse reaction (36). The initial I2 formation rates
were determined in a reaction system of 10 mM of H202, 10 mM of EDTA and
Ki concentrations ranging from 50 mM to 150 mM at pH 5.2 and an lonic
strength of 0.18 M. The rates were compared with those obtained from the

reaction system without EDTA present. The observed resulits that the I2
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formation rate increases with increasing |- concentration, but remains
unchanged with differing amounts of EDTA are shown in Fig. 6.6. The initial
Io formation rates were then determined by keeping the initial iodide
concentration at 80 mM, HaO2 concentration at 10 mM and increasing the
EDTA concentration from 5 mM to 30 mM at pH 5.2 and a total ionic strength
of 0.18 M. The result that the Iz formation rate is nct affected by the presence
of varied amounts of EDTA is shown in Fig. 6.7. These results (Figs. 6.6 and
6.7) indicate that either EDTA does not react with HOI to affect the I2
formation, or EDTA reacts with HOI but with a much slower rate than the
forward reaction of I formation as in eq. 6.1. Nevertheless, the measurement
of the I> formation rate does not give any evidence for the possibility that
EDTA may slowly react with 2 after its formation.

Triiodide ion is known to be in equilibria with other iodide species in

aqueous solution as shown by egs. 6.1 and 6.2:

HOI + IF + H+ =—== 15+ H20 (6.1)

PEA————Y (6.2)

A non-enzymatic system of I3~ and EDTA in aqueous solution was developed
to verify the existence and the nature of the reaction occurr'ng between EDTA
and the oxidizing iodide species l2 or HOIl. The disappearance of I3-
was observed by monitoring the absorbance at 353 nm (eas3 = 2.64 x 104
M-1cm-1 (34)) over 10 min (Fig. 6.8) in a mixture of 27 uM of I3~ and 30 mM
EDTA at pH 4.1 and an ionic strength of 0.18 M. The stopped-flow

measurements of this reaction were then carried out precisely using the
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Photal instrument in a short time of 30 s at pH 3.50 and a total ionic strength
of 0.18 M. The reaction mixtures contained 25.6 uM of I3~ and EDTA
concentrations ranging from 5 mM to 30 mM. The initial I3~ disappearance
rate was obtained by taking the tangent to the starting point of the stopped-
flow trace at 353 nm as shown in the inset of Fig. 6.9. From the slope of the
trace in Fig. 6.9, the first order rate constant of the reaction was obtained and
found to be (2.5 + 0.1) x 10-5 s-1. From egs. 6.1 and 6.2, the concentrations
of Iz and HO! can be calculated by use of the known concentrations of I3 and
I~. The maximum second order rate constants for the reactions between
EDTA with Io and HOI can be obtained by assuming that only one of the
reactions occurs. The calculated second order rate constants are (2.6 £ 0.1)
x 105 M-1 s*1 for the reaction with HOI and (1.8 £ 0.1) x 101 M-1s"1 with l2.
Therefore, HOI is the dominant species in the iodine aqueous solution which
reacts with EDTA. At the same pH of 3.50, the second order rate constant of
the forward reaction of eq. 6.1 can be calculated to be 1.3 x 109 M-1 s which
is more than three orders of magnitude larger than that for the reaction
between EDTA and HOIl. Therefore, under our experimental conditions, the

effect of EDTA on the |2 formation rate is negligible.

£5.4.1.c Discussion

Our preliminary results presented here show that EDTA does not inhibit
the iodide oxidase activity of HRP, but EDTA does react with the iodide
oxidation product HOL.

It was reported that the inhibition of iodide oxidase activity of HRP was
observed at much higher EDTA concentrations than corresponding

concentrations of iodide. This was explained by the observation that EDTA
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competitively binds to HRP at the same binding site of iodide and that its
binding is much weaker than that for iodide (1, 2). However, by comparing
the association constant of the EDTA binding to HRP, which is 12.8 M-1 (28),
with that of iodide binding which is about 10 M-1 (30) at pH 4.0, the binding of
EDTA to HRP is stronger than that for iodide. Therefore, it is not necessary to
use higher EDTA concentrations than iodide to observe inhibition on the
iodide oxidation reaction catalyzed by HRP. We were unable to observe
inhibition of the iodide oxidase activity of HRP by EDTA even under the
conditions where the EDTA concentrations were in excess of those for iodide
at pH 4.1 and an ionic strength of 0.18 M (Fig. 6.1).

The effect of pH on EDTA binding to HRP has been reported and was
shown to increase with decreasing pH (28). The experiment of measuring the
initial Io formation rates in the HRP/H202/l- system in the presence of EDTA
at various pH values was designed to observe the effect of EDTA binding to
HRP on the enzyme iodide oxidase activity. Within experimental error, the I2
formation rates remain the same over pH values ranging from 3.5 to 5.0 (Fig.
6.4) which indicates that the binding of EDTA to HRP does not cause any
inhibition of the enzyme iodide oxidase activity. We thus conciude that the
binding of EDTA to HRP occurs at a binding site different from that of iodide
and that its binding to the enzyme does not have any influence on the iodide
oxidase activity of HRP.

We reported earlier that HOI is formed in the HRP/H202/1" system and
that HO! reacts with excess I- to form 1z, and with excess H202 to produce O2
(4). The present results show that EDTA inhibits the Oz evolution in the
system (Fig. 6.5). This suggests that EDTA competes with H202 for HOL.
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The 2 formation measurements do not reveal information for the
competitive reaction of EDTA with I for HOl. This phenomenon was
observed in both enzymatic and non-enzymatic systems (Figs. 6.1 and 6.7).
Compared to the I2 formation from HOI and I+, the reaction of EDTA with HOI
is much slower under our experimental conditions. Our kinetic measurements
show that the second order rate constant of the reaction between EDTA and
HOI is (2.6 + 0.1) x 105 M-1s-1 at pH 3.5 and that EDTA does not react with
lo.

It is known that either HOI, l2 , or both, are the iodinating agent in the
HRP iodination system (4). The maximum second order rate constants of the
tyrosine iodination were measured to be 9.3 x 105 M-1s-1 by HOl and 1.18 x
104 M-1s-1 by I at pH 3.5. Compared to the second order rate constant for
the reaction of EDTA with HOI at the same pH, they are of the same order of
magnitude. It is, therefore, speculated that EDTA may inhibit the tyrosine
iodination in the HRP iodination system by competing for HOI with tyrosine.

We tried to observe the inhibition of EDTA on tyrosine iodination
quantitatively by monitoring monoiodotyrosine formation at 290 nm (e2g0 = 2.3
x 103 M-1ecm-1 (4)) in a reaction system of HRP/H202/I"/tyrosine. However, |-
is one of the products of the redox reaction between EDTA and HOI. The
generation of I3 from the product I- with excess |2 was found to interfere with
our measurements because of the larger absorbance of I3~ at 290 nm (e290 =
4.0 x 104 M-1cm-1 (34)) than that -»* monoiodotyrosine. Therefore, the initial
absorbance increase at 220 nm was greater with EDTA present than in the
pure iodination system due to formation of both monoiodotyrosine and 3" in
the presence of EDTA (data not shown). It was thus not possible to

quantitatively measure the inhibition of EDTA on tyrosine iodination directly.
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LPO-OI is the dominant tyrosine iodinating agent in the LPO iodination
system (4). The fact that EDTA interferes with the formation of HO! and
thereby Iz in the LPO/H202/I- system (Fig. 6.3) but not in the HRP/H202/I
system (Fig. 6.2), indicates that LPO-OI has the same oxidizing ability as HOI,
but not the same as HRP-Ol. Formation of I3 from the reaction of I2 with I,
the product of the reaction of EDTA with LPO-OlI, interferes with the
measurement of the initial I2 formation rate at 460 nm due to the greater
absorbance of I~ at 460 nm (e4e0 = 9.75 x 102 M-icm-1 (34)) than Iz {e4sn =
7.46 x 102 M-icm-1 (34)). Therefore, the inhibition of HOI formation anrd
thereby Iz formation by EDTA in the LPO/H202/I- system was unable to be
measured cquantitatively at 460 nm because of the complication. However,
the results shown in Fig. 6.3 indicate that reaction of LPO-OI with EDTA does
occur which indicates that EDTA inhibits the formation of HOI from LPO-Ol.
Therefore, EDTA inhibits the iodice cxidase activity of LPO due to the
competitive reaction of EDTA with I- in contrast to the activity of HRP. EDTA
may compete with tyrosine for LPO-Ol, it is expected thai EDTA inhibits
tyrosine iodination in the LPO/H2O2/I"/tyrosine system.

The reaction between EDTA and HOI is a redcx reaction; EDTA is
decarboxylated when HO! is reduced (3). In our reaction systeins, the
presence of the oxidizing reagent H202 had no effect on EDTA datermined
by monitoring the absorbance of the mixture of H202 and EDTA at 240 nm.
the wavelength at which H202 absorbs (37) {¢ata not showr).

In conclusion, our preliminary experimental results show that EDTA
does not inhibit the iodide oxidation catalyzed by HRP. Nevertheless, EDTA
does react with the iodide oxidation product, HOI, but at a much slower rate

than the reaction of HO! with i- to form la.
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6.1.2 Kinetics and mechanizm of the reaction of CPO with
hypochlorous acid (HOCI)

6.1.2.a Some preliminary experiments

Materlals and methods

Chloroperoxidase from Caldariomyces fumago was isolated and
purified following established procedures (38). The concentration of the
enzyme was determined from the absorbance at 400 nm using a molar
absorptivity of 9.12 x 104 M- cm-1 (39). The R.Z. value (A4oo / Azgo) of the
enzyme used in this study was 1.30.

An aqueous solution of sodium hypochlorite was prepared by
dissolving chlorine, generated by reaction of manganese dioxide with
concentrated hydrochldric acid, in a 0.1 M sodium hydroxide solution (40).
This stock solution of sodium hypochlorite was stored in a cold environment
and was protected from light. Its concentration was detormined from the
absorbance of OCI- at 290 nm (eoc)- = 3.5 x 102 M-lecm-1(41)). Reagent
grade potassium chloride was purchased from Aldrich and used without
further purification. The concentration of the KC! soiution was determined by
weight.

Cheriticals used for the preparation of tiie phosphate buffsr (pH 6.2)
were reagent grade and used without further purificatior.. The ionic strangth
of the buffer was calculated to be 0.03 M. Analytical reagent K280, obtained
from AnalaR, was used to maintain the tota! ionic strength of all rez.  n
mixtures at 0.11 M. A Fisher Scientific Accumet pH Meter was used to

measure the phosphate buffer pH at 6.2.
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All solutions were prepared using deionized water obtained from a Milli-
Q water purification systam (Millipore).

Stopped-flow and rapid scan experiments were performed on a Photal
(formerly Union Giken) model RA-601 rapid reaction analyzer. The 1-cm
observation cell was thermostatted at (25.0 + 0.5) °C for all measurements.
For both rapid scan and stopped-flow experiments, one drive syringe was
filled with HOCI (pKa=7.51) by mixing a small volume of NaOCI stock solution
with a large volume of phosphate buffer pH 6.2, ionic strength 0.11 M. The
other syringe was filled with chloroperoxidase (and KC! when necessary) in
the same ouffer. The pH after mixing the solutions in the two syringes was
therefore controlled to 6.2 and the final ionic strength remained unchanged at
0.11 M.

For rapid scan experiments, both transient state and steady state
conditions were employed for obsetvation of the different steps of the
reaction. A mixture of 1.0 uM of CPO with 6.0 pM of HOCI clearly displayed
compound ! formation. A mixture of 0.16 pM of CPO with 47.4 uM of HOCI
demonstrated the conversion of compound | to compound Il.

In order to me=="ire the rate constant of compound | formation, a
minimum of a 10-fold excess of HOCI was used to maintain pseudo-first-order
conditions. The concentration of HOCI was not allowed to exceed a 35 ...
excess to avoid the added complication of interference from the second
reaction (i.e., the conversion of compound i 1o compound II). The final
concentration of CPO was kept at 0.16 pM for all kinetic measurements. The
rate of the enzyme reaction was monitored at 400 nm. A non-linear least-
squares analysis of the exponential traces at 400 nm resutted in the observed
pseudo-first-order rate constants. At 0.16 uM of CPO anA 2.83 uM of HOC!,
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the formation rate of compound | monitored at 400 nm was examined by
adding KCI to yield concentrations ranging from 50 uM to 10 mM. The initial
rate v-as determined by taking the tangent to the linear part of the stopped-
flow trace at 400 nm allowing 320 ms for mixing. Six traces were recorded for
every determination ard the mean of these values of the initial rates was
used.

For measuring the formation rate of compound II, high HOCI
concentrations need to be used in order to accelerate the conversion of
compound | to compound ll. The effect of CI- concentration on the initial
formation rate of compound Il was studied. The ClI~ concentrations were
varied from 50 pM to 5.0 mM. The final concentration of CPO wes kept
constant at 0.16 pM and HOCI at 47.4 uM. The initial formation rate of
compound Il was determined by taking the tangent to the linear part of the
stopped-flow traces at 438 nm. Usually 6 traces were recorded for every

determination and the mean value of the initial rates was used.

Results
Rapid Scan Measurements

Transient-State Experiments. Fig. 6.10 shows .he rapid scan spectra
taken over 91 ms for the reaction of 1.0 uM of CPO with 6.0 pM of HOCI at pH
6.2 and an ionic strength of 0.11 M. The partial conversion of native CPO to
compound | is observed. The isosbestic points between the native enzyme
and compound | were reported to be 369 nm and 444 nm (42, 43). The fact
that no clear isosbestic point at 444 nm was observed in Fig. 6.10 implied that
not a single conversion of native enzyme to compound | by reaction with

HOCI occurred in the mixture. By increasing the time scale to 830 ms, the
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conversion of compound | to compound Il is observed for the same reaction
mixture (Fig. 6.11). The molar absorptivities of compound i and native
enzyme are similar for most peroxidases. As can be szsn in Fig. 6.11 the
intensity of the absorption band at 438 nm, the wavelength of the maximum
absorbance of compound Il, after the reaction with HOCI is much lower
compared to the absorption of native enzyme at 400 nm. This shows that
HOCI is able to bleach chloroperoxidase irrevessibly as judged by the
absorption loss. This phenomenon was observec zven on a longer time scale
(Data not shown).

Steady-State Experiments. In a reaction mixture of 0.16 uM of CPO
and 47.4 pM of HOCI at pH 6.2, the spectra (Fig. 6.12), taken over 9.1 s after
" mixing, show the absorbance increase at 438 nm which indicates the
conversion of compound | to compound 1. With a longer time scale of 16.6 s,
the spectra (Fig. 6.13) show the conversion of compound Il to native enzyme
in the same mixture. Fig. 6.14 shows that in the above reaction mixture of
0.16 uM of CPO and 47.4 uM of HOCI with 50 mM of KCI, compound Il is stit!

formed and subsequently converted to native enzyme.

Stopped-Flow Mee.surements

Transient-State Experiments. The rate constant for the formation of
compound | from native enzyme and HOCI was measured at 400 nm at a pH
value of 6.2 and an inic strength of 0.11 M under pseudo-first-order
conditions. The inset of Fig. 6.15 shows a typicat exponential stopped-flow
trace at 400 nm fitted by non-linear least-squares analysis in a reaction

mixture of 0.16 uM of CPO and 2.83 uM of HOCI. A linear plot of the

Jbserved pseudo-firsi-orde: rate constants was obtained. The slope from this
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plot resulted in the second order rate constant for the reaction of native CPO
with HOCI and was found to be (4.0 £ 0.1) x 106 M-1s-'. The intercept was
determined to be (0.6 £ 0.1) s-1. The dissociation constant for HOCI binding
to CPO can be calculated from the intercept and slope and is found to be (0.2
+ 0.1) uM which is so small as to be negligible.

The effect of CI- concentration on the initial compound | formation rate
was examined in a reaction mixture containing 0.16 pM of CPO and 2.83 uM
of HOCI and CI- concentrations ranging from 0 to 10 mM. The initial
formation rate of compound | was obtained from the linear portion of the
stopped-flow trace as the change in absorbance at 400 nm per unit time as
shown in the inset of Fig. 6.16. The results shown in Fig. 6.16 (and in the
inset) indicate that the presence of Ci- does not affect the initia! compound |
formation rate.

Steady-State Experiments. Stopped-flow traces were taken over an 80
s sampling period for a reaction mixture containing 0.16 uM of CPO and 47.4
pM of HOCI at 438 nm, the wavelength of maximum absorbance of compound
1, as shown in Fig. 6.17 (A). The first phase of the spectrum, with the sharp
increase in absorbance, indicates the formation of compound Ill. The second
phase where the absorbance decreases reflects the conversion of compound
Il to native enzyme as was observed previously in Fig. 6.13. However, we
cannot rule out the possibility that i~ : second phase is partly due to the
bleaching of the enzyme by HOCI as we found in Fig. 6.11. Fig. 6.17 (A)
shows that compound Il is formed completely in 10 s and begins tc convert to
native enzyme at this time. Therefore, after 10 s the absorbance at 400 nm,
the wavelength of maximum absorbance of native enzyme, is expected to

increase instead of decrease. Howrver, the stopped-flow trace at 400 nm
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(Fig. 6.17 (B)) in the same reaction mixture shows a decrease in absorbance
aiter 10 s which is an indication of the bleaching of native enzyme by HOCI.
The presence of 50 mM ClI- is not able to inhibit the blezching process as
shown in Fig. 6.18.
The initial compound Il formation rate in a reaction mixture containing
0.16 uM of CPO and 47.4 uM of HOCI and varied amounts of KCl was
observed to increase with increasing CI- concentrations ranging from 50 uM to
5.0 mM as shown in Fig. 6.19. The rate was determined by taking the tangent
to the increasing linear part of the absorbance spectrum at 438 nm as shown
in the inset of Fig. 6.19. Compound | formation is indicated because of the
unchanged absorbance 200 ms after mixing. Increasing the CI- concentration
‘from 5.0 mM to 50 mM did not change the compound Il formation rate (data

not shown).

6.1.2.b Discussion

Although chloroperoxidase is similar to horseradish peroxidase in many
of its chemical and physical properties, it has the ability among peroxidases to
catalyze the oxidation of CI~ (44, 45). The only other peroxidase that can
oxidize Cl- is myeloperoxidase (46, 47). Thus, CPO and MPO can catalyze
the chlorination of organic compounds. The chlorinating agents have been
reported to be the enzyme-bound hypochlorite {EOCI) for both CPO (20, 21)
and MPO (29, 36). In this preliminary study, the reaction pathway occurring
between native CPO and the chloride oxidation product HOCI was followed at
pH 6.2 and an ionic strength of 0.11 M. The effect of CI concentration on this

reaction was also investigated.
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It can be seen from Fig. 6.10 that the spectral changes in the Soret
region observed during the reaction of 1.0 uM of CPO with 6.0 uM of HOC!
are similar to those observed during reaction of CPQ with H202 under
transient state conditions (48). The indication of the conversion of native
enzyme to compound | is a rapid absorption decrease at 400 nm. The
second order rate constant of compound | formation from CPO and HOCI was
determined to be (4.0 £ 0.1) x 108 M-1s-1 with a negiligible reverse reaction
(Fig. 6.15). This rate is of the same order of magnitude as that for compound
| formation from CPO and H,O» which is (2.3 £ 0.1) x 108 M-1s-1 (48). The
absence of a clear isosbestic point of native enzyme and compound | at 444
nm (42, 43), as shown in Fig. 6.10, indicates that compound |l formation
occurred prior to completion of compound | formation. Although the isosbestic
points between compound | and compound Il have not been reported
because of the instability of these intermediates, the last four spectra did
show an isosbestic point at about 417 nm taken 335 ms to 830 ms after
mixing 1.0 pM of CPO with 6.0 uM of HOCI as shown in Fig. 6.11. This clear
isosbestic point indicates single conversion of compound | to compound Il in
that time range.

As shown in Figs. 6.12 and 6.13, the formation of compound Il has
been clearly observed under steady state conditions from tha rapid scan
spectra in which an absorption peak at 438 an« *: > ghserved in a reaction
mixture of 0.16 M c¢f CPO and 47.4 uM of HOC:. Sint.. s enversicn of
compound Il to native enzyme is also observed as chovw. in Fig. 6.13, the
stopped-flow trace at 438 nm in Fig. 6.17 (A) can be explained by initial
formation of compound 1l from compound | and then conversion of compound

Il to native enzyme. As mentioned earlier, Fig. 6.11 shicws the absorption
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loss of compound Il compared to native enzyme which indicates bleaching of
the enzyme by HOCI. Therefore, the abscrhance decrease phase at 438 nm
in Fig. 6.17 (A) may bt due to both the partial bleaching of enzyme by HOCI
and the conversion of compound Il to native enzyme. In the time range
required for conversion of compound Ii to native enzyme, the fact that the
absorbance at 400 nm (Fig. 6.17 (B)) decreases rather than increases
provides further evidence that bleaching of CPO by HOCI occure. A large
excess of CI" (50 mM) in the reaction mixture containing 0.16 uM of CPO and
47.4 uM of HOCI did not protect the enzyme from being bleached by HOCI
(Fig. 6.18).

The Soret spectrum of CPO is not affected by the presence of Cl" (data
not shown). Also, the presence of KCl in the mixture of 0.16 uM of CPO and
2.83 uM of HOCI does not affect the initial formation rate of compound | as
shown in Fig. 6.16. This indicates that the reaction of HOCI with CPO to form
compound | is considerably faster than the reacticn of HOCI with CI~ to form

Cl, as shown in eqs.6.3 and 6.4.

Felll + HOCI K, FeV =0 + CI- + H* (6.3)
ke
HOC! + CI~ + Ht T Cla + H20 (6.4)

The secona order rate constant of ks was determined to be (4.0 + 0.1 ) x 106
M-1s-1 at pH 6.2. The overali rate constant of ks is 1.8 x 104 M2s"1 and k.4 is
11.0 s (24). The equilibrium constant K, of eq. 6.4 is (2.54 1 0.02) x 103 M2

at 25 °C (49). Since our experiments were carried out at pH 6.2, the second
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order rate constant for the forward reaction of eq. 6.4 is 1.1 x 102 M-1s-! at
that pH value. The second order rate constants provide quantitative
evidence that CI- has almost no affect on the compound | formation rate in a
reaction mixture containing CPO and HOCI.

In the reaction mixture containing 0.16 uM of CPO and 47.4 uM of
HOCI in the presence of a large excess of Cl- (50 mM), the formation of
compound Il from compound | indicates that this occurs via a one-electron
transfer process (Fig. 6.14). Also, it was observed that the initial formation
rate of compound Il increased with increasing Cl' concentration and
eventually reached a saturation (Fig. 6.19). The chloride species that exist in
this reaction mixture are HOCI, CI- and their product Clz as given by eq. 6.4.
The exact manner in which these species are involved in the process of
conversion of compound I to compound Il requires further investigation.

In contrast to the results obtained for the reaction system of HOCI with
MPO, which shows that reaction of MPO with HOCI is inhibited by excess Cl-,
and that CI- protects the enzyme from bleaching by HOCI (30); our present
study of the reaction of HOCI with CPO shows that CI- has no affect on
compound | formation although, it accelerates compound Il formation but does
not protect the enzyme from bleaching by HOCL.

We speculate that the difference between the reaction of HOCI with
CPO and MPO in the presence of CI- may be caused by different Ci- binding
to the enzymes. The fact that CI- binds to the native enzyme of MPO at the
heme iron which is shown in the absorption spectrum (50-52) but not CPO
supports our speculation. Binding of CI- to the native enzyme at the heme
iron prevents the binding of HOCI and therefore inhibits the reaction with
HOCI for MPO.
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6.2 SUGGESTIONS FOR FUTURE WORK

Since the peroxidase-catalyzed iodination reactions were reported to
be regulated by suitable substrates of electron donors, the study of the
peroxidase-catalyzed iodination reaction with a physiological substrate
present is an open topic for investigation. The choice of EDTA as such
substrate might not explain the regulation mechanism of the iodination
reaction that might occur in vivo. Therefore, a suitable substrate should be
used for further investigation of the regulatior. mechanism.

As mentioned in the last section of this chapter, the reaction of CPO
with HOCI can only be studied under steady state conditions because both
CPO-I and CPO-I! are short-lived species. As such the conventional stopped
flow technique cannot be used to examine the individual steps of the reaction
cycle. Some details of the reaction mechanism can be explored by use ofa
multi-mixing apparatus wherein CPO-I can be reacted rapidly with HOCI.
Future work pertaining to study of the reaction of CPO-I with HOCI can
therefore be carried out under transient state conditions. The measurement
of the second order rate constant of the reaction of GPO-I with HOCI could he
carried out by multi-mixing stopped flow measuremen’.> 3t -*38 nm, the
wavelength at which CPO-II has its maximum absorbance. **. effect of Ci-
concentration on the rate of this reaction should also be examined. The
results of measurements from the transient state kinetic studies could then be
ce;:pared with those obtained from previous steady state kinetic studies. The
muit-mixing rapid scan spectral study may provide evidence to show that
GPO-1l does not have an intermediate, namely compound Ill, vihxx HOCI

reduces it back to the native form.
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We have investigated the catalatic activity of CPO under steady state
conditions by the measurements of Oz generation and H2O2 disappearance
(Chapter 4). However, the presence of a large excess of H202 might lead to
formation of compound Hl. Unlike myeloperoxidase (MPO) iittle work has
been done on CPO compound lll. CPO compound il can be generated by
the reaction of native CPO with superoxide Oz from xanthine/xanthine
oxidase (53, 54). A study of CPO compound lll with suitable physiological
substrates could yield valuable information on CPO-catalyzed reactions. It is
interesting to note that ascorbic acid has been reported to react with MPO
compound Ill and accelerate the MPO-catalyzed chlorination reactions. An
investigation of the CPO-catalyzed chiorination reactions with ascorbic acid
present could also lend insight into the reaction mechanism.

Another area suitable for further investigation is the mechanistic study
of catalase reactions. It is apparent that not much work on catalase has been
done since the 1970's. However, the details of the catalase reaction stili

require further investigation as discussed in Chapter 4.

6.3 CONCLUSIONS

One of the requirements for life is the maintenance of molecules in a
reduced state even though they are exposed to an oxidizing atmosphere.
Another requirement is the generation of energy, commonly accomplished by

respiration, in which an essential step is the reduction of oxygen to water:

Og + 4H+ .- 46— 210 (6.1)



This reaction can be catalyzed by a single enzyme, cytochrome oxidase.
However, the partial reduction of oxygen is also a widely occurring biological
process. Among the inorganic compounds of oxygen in oxidation states
intermediate between those of oxygen and water are the superoxide anion,
O2-, and hydrogen peroxide, H202. These highly reactive species are a
threat to life, but they can be efficiently removed by the enzymes superoxide
dismutase, catalase and peroxidase. The peroxidases not only remove H202,
but utilize its oxidizing ability in a variety of interesting ways.

A sharp increase in oxygen consumption is always found to
accompany phagocytosis. Oz is first reduced tc-«. - 1is then converted
to H202 and Oz (46). H202 can oxidize CI- ion 2 giw tUCI by CPO (44, 45)
and MPO (46, 47). HOCI is highly reactive, being able to oxidize many
biological molecules and in this way is considered to exert its bactericidal
action (55). HOCI in itself is a strong oxidizing agent but it can also be a
precursor to some toxic agents. As mentioned in Chapter 1, besides their
roles in the synthesis of the thyroid hormones, peroxidase-catalyzed
iodination reactions play important roles in the biological defense system as
well. H . ver, there was some disagreement regarding the exact
mechar - -3 peroxidase-catalyzed iodination reactions in terms of the
iodinating - ' This puzzle nas clearly been resolved as described in
Chapter 2. The iodination agent in tne plant HRP catalyzed iodination system
is either HOI, Iz or both of them, i.e.: non-enzymatic iodination occurs. In
contrast, enzymatic iodination occurs in the mammalian LPO catalyzed
iodination system and enzyme-bound hypoiodite (LPO-Ol) is the dominant

iodinating agent. The conclusion of this study is that a picture of the simplest

gy
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evolutionary progression has been shown: from the use of HOI free in solution
to thé use of enzyme-bound hypoiodite as the iodinating agent.

Reactions catalyzed by peroxidases are general acid-base catalysis.
The pH dependence of the reaction of LPO-Il with T-.'ox C (Chapter 3)
indicates a mechanism in which the protonated iuiin of the enzyme
intermediate and the ionized Trolox C are the reactive species. Protonation of
a distal amino acid (pKa = 2.3) is required for LPO-II to react. Thus the
reactivity of LPO-Il is decreased with increasing pH. In its reactive form,
which exists below pH 2.3, it accepts both a proton and an electron from the
reducing substrate Trolox C. FelV=0 is reduced to Fe'll, the proton from the
substrate is added to the ferryl oxygen atom as is the proton from the distal
acid group, and pioduce water leaves from the sixth coordination position of
Felll.

The kinetic and mechanistic study of the oxidation of ascorbic acid by
LPO-II was studied by Zhang and Dunford (not yet published). The second
order rate consiant for Trolox C oxidation by LPO-Il is thrae orders of
magnitude biggst than that for ascorbic acid. As described in Chapter 1,
direct observations of the interaction of a-tocopherol and ascorbic a«id have
been reported and they have been shown to act synergistically (56). Our
kinetic studies have further supported the synergistical interaction of Trolox C,
a water soluble vitamin E derivative, and ascorbic acid. Trolox C, an
antioxidant, reduces LPO-Il tc native enzyme. Ascorbic acid, a radical
scavenger, then rapidly reduces the Trolox C radical formec from the
preceding reaction to the neutral Trolox C species, thus enhancing the

antioxidant activity of Trolox C.
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Since the discovery of chloroperoxidase in 1961, much interest has
been focussed on this enzyme because of its versatile properties. However,
its catalatic activity has hampered the investigation of its peroxidatic activity.
The interaction of the catalatic and peroxidatic activities was therefore
examined (Chapter 4). It was found that the interaction of catalatic activity
with peroxidatic activity is attributed to the competition of H202 and reducing
substrate for CPO compound |. Furthermore, the catalatic'activity of CPO is
demonstrated.to have a different mechanism from that of catalase. CPO
compound | forms a complex with H2O2 and it is the dissociation of this
complex that is the rate-determining step in the overall reaction to generate
O» from H202. This study may also trigger further investigation of catalase

reactions.
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Figure 6.1. The plot of initial formation rates of I, monitored at 460 nm versus
EDTA concentration in HRP systems. One driving syringe
contained HRP, KI (and EDTA when necessary) in citrate buffer,
pH 4.1, ionic strength 0.18 M; the other contained H,O, in the
same buff'er, ionic strength 0.18 M. After mixing, final
concentrations are: [HRP], 0.63 uM; [H203], 200 uM; [KI], 100 pM;
[EDTA] ranging from 0 to 30 mM; pH 4.1, ionic strength 0.18 M.



173

Absorbance

| 1 1 |

0 0.2 0.4 0.6 0.8 1.0
Time (s)

Figure 6.2. Stopped-flow traces at 460 nm over 1.0 s in a reaction mixture of
1.14 uM HRP, 1.0 mM Ki and 2.0 mM H,0, without EDTA present
(curve a) and with 15 mM EDTA present (curve b) in the system.
One driving syringe contained HRP and Kl (and EDTA when
necessary) in deionized water, ionic strength 0.18 M; the other
contained H,O, in citrate buffer, pH 3.67, ionic strength 0.18 M.
The final pH is 3.67, ionic strength 0.18 M.
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Figure 6.3. Stopped-flow traces at 460 nm over 1.0 s in a reaction mixture of
0.63 uM LPO, 1.0 mM Ki and 2.0 mM H20, without EDTA present
(curve a) and with 15 mM EDTA present (curve b) in the system.
One driving syringe contained LPO and KI (and EDTA when
necessary) in deionized water, ionic strength 0.18 M; the other
contained H,0; in citrate buffer, pH 3.67, ionic strength 0.18 M.
The final pH is 3.67, ionic strength 0.18 M.
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Figure 6.4. Comparison of the initial formation rates of |2 monitored at 460 nm
versus the pH values with and without EDTA present. One driving
syringe contained HzO> in citrate buffer, pH range from 3.5 10 5.0,
jonic strength 0.10 M; the other contained HRP, Kl (and EDTA
when necessary) in deionized water, ionic strength 0.10 M. After
mixing, final concentrations are: [HRP], 0.63 uM; [H202], 200 uM;
[K1], 500 uM and [EDTA], 300 pM. (Q) without EDTA present, (&)

with EDTA present in the system.
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Figure 6.5. Relative O, evolution in a reaction mixture of 500 uM K, 2.00 mM
H202, 0.42 pM HRP with EDTA concentration changed from 0 to 30
mM. Citrate buffer pH 4.1 and total ionic strength 0.18 M.
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Figure 6.6. Comparison of the initial formation rates of I, monitored at 460 nm
versus the iodide concentration with and without EDTA present in
nonenzymatic systems. One driving syringe contained HzO3 in
citrate buffer, pH 5.2, ionic strength 0.18 M; the other contained Ki
(and EDTA when necessary) in the same buffer solution, total ionic
strength 0. 1'.8 M. After mixing, final concentrations are: [HO3], 10
mM; [EDTA], 10 mM; [KI] ranging from 50 mM to 150 mM; pH 5.2,
ionic strength 0.18 M. (O) without EDTA present, (A) with EDTA

present in the system.
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Figure 6.7. The plot of initial formation rates of I, monitored at 460 nm versus
EDTA concentration in nonenzymatic system. One driving syringe
contained Hy0O,, in citrate buffer, pH 5.2, ionic strength 0.18 M; the
other contained Ki and EDTA in the same buffer solution, ionic
strength 0.18 M. After mixing, final concentrations are: [H205], 10
mM; [KI], 80 mM; [EDTA] ranging from 5 mM to 30 mM; pH 5.2,
ionic strength 0.18 M.
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Figure 6.8. 13 disappearance monitored at 353 nm over 10 min in a reaction
mixture of 30 mM EDTA and 27 uM lz™ in citrate buffer, pH 4.1, ionic

strength 0.18 M.
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Figure 6.9. The plot of initia! disappearance rates of I3~ versus EDTA
concentration. The initial disappearance rates of I3~ were obtained
as shown in the inset. One driving syringe contained I3" in citrate
buffer, pH 3.5, ionic strength 0.18 M; the other contained EDTA in
citrate buffer, pH 3.5, ionic strength 0.18 M. After mixing, final
concentrations are: [l37], 25.6 uM; [EDTA] ranging from 5 mM to 30
mM. The inset shows an example of a trace (15 mM EDTA)
monitored at 353 nm from which the initial disappearance rate of I3

was obtained.
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Fig. 6.10. Rapid scan spectra over 91 ms for the reaction of 1.0 uM CPO with
6.0 pM HOCI at pH 6.2, total ionic strength 0.11 M. One drive
syringe contained CPO in phosphate buffer, pH 6.2, ionic strength
0.11 M; the other contained HOCI in the same phosphate butfer,
ionic strength 0.11 M. The spectra were taken 13, 19, 31, 49, 67
and 91 'ms‘ after mixing. The partial conversion of native enzyme to
compound | is clearly shown. The arrow indicates the direction of

absorbance change with increasing time.
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Fig. 6.11. Rapid scan spectra over 830 ms for the reaction of 1.0 uM CPO with
6.0 uM HOCI at pH 6.2, ionic strength 0.11 M. The experimental
conditions are the same as given in the legend to Fig. 6.10. The
spectra were taken 60, 115, 170, 335, 445, 610 and 830 ms after
mixing. . The results indicate that compound | is converted to form
compound Il. The arrows indicate the direction of absorbance

change with increasing time.
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Fig. 6.12. Rapid scan spectra over 9.1 s for the reaction of 0.16 M CPO with
47.4 uM HOCI at pH 6.2, ionic strength 0.11 M. The maximum

absorbances occur at 438 nm. The arrow indicates the direction of

absorbance change with increasing time.
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Fig. 6.13. Rapid scan spectra over 16.6 s for the reaction of 0.16 uM CPO with
47.4 uM HOCI at pH 6.2, ionic strength 0.11 M. The spectra were
taken 1.2 s (a), 5.6 s (b) and 16.6 s (c) after mixing. The results
indicate that compound |l is formed and then converted to native

enzyme slowly.
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Fig. 6.14. Rapid scan spectra over 16.6 s for the reaction mixture of 0.16 uM
CPO and 47.4 uM HOCI in the presence of 50 mM KCI. The spectra

were taken 1.2 s (a), 2.3 s {b) and 16.6 s (c) after mixing. The

results indicate that compound Il is still formed and then converted to

native enzyme.
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Fig. 6.15. Plot of kops versus HOCI concentration for the reaction of HOCI with
native enzyme. The reactions were carried out in buffer solutions of
pH 6.2, ionic strength 0.11 M. The inset shows an example of a first
order exponential trace (2.83 uM HOCI) followed by a nonlinear

least-square analysis from which kops Was obtained.
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Fig. 6.16. Plot of the initial formation rate of compound | (AA / At at 400 nm)
versus CI- concentration in a reaction mixture of 0.16 uM CPO, 2.83
gM HOCI and varied KCI concentration at pH 6.2, ionic strength 0.11
M. The inset shows an example of a first order exponential trace.
The initial formation rate of compound 1 can be obtained from the

linear part.
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Fig. 6.17. Stopped-flow trace at 438 nm (A} and 400 nm (B) over 80 s in a reaction
mixture of 0.16 pM CPO and 47.4 uM HOCI at pH 6.2, ionic strength 0.11 M.
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Fig. 6.18. Stopped-flow trace at 400 nm over 80 s in a reaction mixture of 0.16
pM CPO and 47.4 uM HOCI with 50 mM KCl present at pH 6.2, ionic

strength 0.11 M.
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Fig. 6.19. Plot of the initial formation rate of compound Il (AA / At at 438 nm)
versus CI- concentration in a reaction mixture of 0.16 uM CPO, 47.4

pM HOC! and varied KCI concentration at pH 6.2, ionic strength 0.11
M. The inset shows an example of the stopped-flow trace from

which the initial formation rate of compound il can be obtained.
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APPENDIX |

Transient-State Equation for Compound | Formation

CPO + H202 CPO-l + Hgo (4'4)

The substrate is in large excess,

[ H.0,) >> [CPO), (4.23)
Therefore k, can be replaced by a pseudo-first-order constant k,'
k' = k4 H,O,) (4.24)
- d[CPOQ]/ dt = k[CPOQ] - ky[CPO-I] (4.25)
Conservation relation
[CPOJ, = [CPO] + [CPO-]] (4.26)
Therefore

-d[CPO] / dt = (k' + ky){[CPO] - ky[CPO), / (ks' + k4){4.27)

At equilibrium K [CPOJoq = K([CPO-l]q
[CPO-l],q = [CPO), - [CPO],,
Therefore
[CPOleq = K4CPOJo / (Ky' + k) (4.28)

Eq. 4.27 becomes eq. 4.29:

- d[CPO]/ dt = ( ks' + k4) ([CPO] - [CPOly,) (4.29)

- d[CPQ}/ ([CPQO] -[CPOl,y) = (k4' + ky) dt

In[(ICPOJ, - [CPOl,o) / (ICPO] -[CPOJsg)] = (ko' + k)t (4.30)

Kops = Ko + Ka (4.31)
Combining egs. 4.24 and 4.31

kovs = K[ HoO2] + k4 (4.6)
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APPENDIX Il

Steady-State Equations Which Fit a Rectangular Hyperbola

Mechanism:

CPO + H,0, —“»> CPO- + H,0 4.4)

CPO-l + H,0, === CPO--H,0; (4.10)
S
CPO-I-H,0, —5+  CPO + 0, + H,0 @.11)
Stoichiometry: 2H,0, = 0, + 2H,0 4.32)
Rate: V0, = d[0.]/ dt = ke[CPO-I-H,O,] (4.33)
Steady State: d[CPO-] / it = k,[CPOJ[H,0,]

(4.34)

“kg[CPO-J[H0,] + k [CPO-I-Hy00} = 0

d[CPO"l'HgOa] /dt= ks[CPO‘l][HzOz] - k.s[CPO""HgOz] = ke[CPO'l'Hzoal =0 (435)

) Qlth-E-O] = K CPOJ[H;0,] - kfCPO-I-H,0,] = 0 (4.36)

Conservation relation:

[CPO], = [CPO] + [CPO-] + [CPO-I-H,0,] . (4.37)

Combination of egs. 4.34-4.37 yields:
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keks[H20,[CPO], (4.38)
(kske + Kaks + kgkeg)[H202] + kgks[H2O,)?

[CPO""HgOz] =

Substitution of eq.4.38 into 4.33 gives the expression for v:

v =d[0y])/ dt = klCPO-I-H,0,]
_ KukskalHzOzFICPOly »
(Keke + Kaks + Kakg)IHz02] + kekelHoO05F 4.12)

Eq. 4.12 can be put into the form by assuming k.5 is much smaller than kg

Vioay _ ke[H20,]
[CPO]D - (k4 + ks)ks /k4k5 + [H202] (4.13)

The experimental result is v ) B,[H,0.] 9)
[CPOL B, +[H,0,]
By comparison of egs. 4.9 and 4.13: B, =kg (4.14)
B, = k4k6 + ksks +k4k.5 ( 4'39)
Kaks

The flux of enzyme which passed through the intermediate CPO-I-H;O, can

be quantitated assuming ks = 0, so that B, becomes

B, = —atKslkg (4.15)
Keks

Since k, was determined independently and kg is obtained from eq. 4.14, ks

is readily calculated.
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APPENDIX Hli

Fraction of Enzyme in the Complex CPO-I-H,0,

Eq. 4.38 becomes

[CPO--H,0.] [H.0] 4.40)
[CPO), (Keke + ksks + kgk.s) + [H205]
Ksks
and with substitution of eq. 4.39 it becomes
[CPO-I-H,0,) [H.0,]
= N (4.16)

[CPO], " B, +[H,0,)]

Therefore the percent of enzyme existing as the complex CPO-I-H,0,

can be calculated for any value of [H,0,].
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APPENDIX IV

Reversibility of Formation of CPO-I-H,0,

In the catalatic cycle there is a net flux of enzyme which passes through the step

k
CPO-l + H,0, ——I-Z—~ CPO-I-H,0, (4.10)
5

The rate constant k_s appears in the parameter B, determined experimentally

from the rectangular hyperbolae

k4k6 + ksks + k4k.5

B, = (4.39)
kqks
ke ks kg
Bo= e (4.41)

The dissociation constant of the CPO-I-H,O, complex to CPO-I and H,0,

K.
isgivenby  Kpjss=——> (4.42)
5
Therefore
By=i , Ko (4.43)
Ke Ks

Since k, is determined from independent transient state experiments and
ke = B,, there are two unknown constants in the single eq. 4.43. There are

two possibilities. One is

k-5=0
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which is the assumption made in the text. The other is to assume kg occurs at the

diffusion-controlled limit
kg = 10° M's™
Substituting known values into eq. 4.43:

9.3 x 102 . —9:8x 102
2.3x108 10°

3.3x103=

Kpiss =2.9x 103 M

and from eq. 4.42
ks=2.9x10%x10°=29x10%s™

It is impossible to ascertain which of the two extreme assumptions is more correct.

The simplest assumption is that k5 = 0.
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APPENDIX V

Combined Mechanism For Reactions Catalyzed by CPO

Mechanism:
CPO + H,0, —&4»CPO-| + H,0 4.4)
CPO-l + H,0, —Xs» CPO-I- H,0, (4.10)
CPO-I- H,0,~—X CPO + 0, + H,0 4.11)
CPO-| + TMPD —£=> CPO-Il + TMPD: 4.17)
CPO-!l + TMPD —K2-» CPO + TMPD + H,0 (4.18)
Steady State:

d[CPO-1)/dt = ky[CPO][ H;0.] - ks[CPO-I][ H.0;] - k,/{CPO-I}{TMPD] = 0

ks[ H.O,] + k;{TMPD]

[CPO] =
K H;O,]

[CPO-I] 4.44)

d[CPO-I- H,0,)/dt = ks[CPO-I][ H,O;] - k] CPO-1- H,0,] =0

[CPO-I- H;0;] = KICPO-IIl H,O,] (4.45)
ke
d[CPO-ll}/dt = k;[CPO-I][TMPD] - kg[CPO-II}[TMPD] = 0
[CPO-lI] = k;[CPO-1V/kg (4.46)

Conservation relation:
[CPO), = [CPO] + [CPO-I] + [CPO-II] + [CPO-I- H,O,] (4.47)

Combination of eqs. 4.44-4.47 yields:

kekgkg[ H20,)[CPO]o (4.48)

CPO-l] =
[ ] (kskekg + kakgka + Kgkgks)[ Ho02] + Kqkskal HoO.)2 + kgk7kg[TMPD]
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(CPOMI] = kskek7[ H.O.)[CPO],
(kskeks + kgkgks + Kgksk7)[ H2O] + kskskgl H2OF + kgk7ko[ TMPD]

(4.49)

Peroxidatic Activity:
From Eqgs. 4.17 and 4.18

Vamep) = -d[TMPDVdt = k;[CPO-I)J[TMPD] + kg[CPO-II][TMPD]

2[CPO),

Vomeo©™ y y o ] . 1 +_|_(,5 : y . ke [H O] (4.50)
ke [H20,] Ky ke kiks [TMPD] kek; [TMPD]

2[CPO), 1 1 4 1,1,k ) 1 ks [H0,] (4.19)
Varmeo) ke HO)]  k; ke  kiy ° [TMPD]  kek; [TMPD]

Catalatic Activity:
V(0,) = dO:)/dt = k[CPO-I-H;0,] = ks[CPO-I][H.O,]
- [CPO],

(el y 1y 1 4 Kk [TMPD] s
Ke ks Ksks [H:0:] ke Kaks [H.0,

v - + N ) 1.1 4+ k [TMPD] (4.20)
((s))) ks ks ksks [H.O,] Ke KsKs [H.O.]?



