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ABSTRACT

In order to investigate the nature of compounds
I and II of horseradish peroxidase, the kinetics of the
horseradish peroxidase catalyzed ferrocyanide oxidation were
studied using stopped-flow and steady-state methods. With
the stopped-flow technigue, the PH dependence of the
apparent second-order rate constant for ferrocyanide
oxidation by compound I prepared from ethyl hydroperoxide
and m-chloroperbenzoic acid was interpreted in terms of
- a single ground-state dissociation constant having a pKa
of 5.3. This was identical to the result obtained previously
for hydrogen peroxide. The second-order rate constant for
the ferrocyanide-compound II reaction also showed the same
pH dependence fof the three oxidizing substrates. The
"reaction was interpreted in terms of two ground-state
acid dissociation constants having pKa values of 8.5 and
< 2. The same dependence on PH suggested structurally
identical active sites for both compounds I and II prepared
from the three different oxidizing substrates.

The effect of cyanide on the steady-state oxid-
ation of ferrocyanide catalyzed by horseradish peroxidase
was studied at pH values 9.00, 7.10 and 5.00. An inhibition
was observed which could be explained by the binding of
cyanide only to the native enzyme. This indicated that a
species, likely a hydroxyl group, was bound at the sixth

coordination position of the iron in both compounds I and
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II. Equations were derived from which the rate of attain-
ment of the steady-state could be computed.

The kinetics of aromatic amine oxidation catal-
yzed by horseradish peroxidase was investigated as a
function of pH at 25° and ionic strength 0.1l. p—-Amino-
benzoic acid was used as a substrate to reduce compounds
I and II. 1In reactions with both these intermediates
deviations from a first-order relationship in the enzyme
were explained in terms of a free radical interaction of
product with the enzyme. Observed deviations from first-
order in substrate were explained by a mechanism involving
an enzyme-substrate complex which reacted with an additional
molecule of substrate but at a slower rate. The log rate-
pH relationships similar to those obtained for ferro-
cyanide suggested similar proton-transfer mechanisms for
both reducing substrates. The reduction of compound II
by p-aminobenzoic acid appeared to be influenced by two
ionizable groups on the enzyme affecting the electronic
environment of the heme. The lack of influence of sub-
strate ionizable groups on the rate indicated that the
reaction in the acid region of pH was diffusion-controlled.
The reduction of compound I by p-aminobenzoic acid was
characterized by the influence of two ground-state ion-
izations only one of which could be assigned unequivocally
to the enzyme. The dependence of the dissociation con-

stant for the enzyme-substrate complex on pH indicated a
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preferential binding of p-aminobenzoic acid's completely
protonated state. The reaction mechanism for both inter-

mediates was discussed in terms of transition-state theory.
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CHAPTER 1

INTRODUCTION, A SURVEY

An attempt has been made in this chapter, sub-
divided for the convenience of the reader, to review the ex-
tensive literature of horseradish peroxidase. Following a
brief historical note, several well known peroxidases are
discussed to emphasize some of their basic similarities
and differences.

A discussion of the physical properties of horse-
radish peroxidase centers about the enzyme's active site,
critical to the enzyme's kinetic response. The electronic
nature of the prosthetic group, ferriprotoporphyrin IX, as
manifest in optical spectra as well as ESR and magnetic
susceptibility studies is described. Speculation dealing
with the iron's two axial ligands is mentioned. Investigat-
ions demonstrating the influence of groups on the porphyrin
ring are described. The isoenzymes isolated from crude
extracts and the structure of the enzyme's protein moiety
are discussed in detail.

To provide a background for later chapters the
peroxidatic activity of horseradish peroxidase, the nature
of its enzymatic intermediates and the types of compounds
able to function as oxidants and reductants are described.
Inhibition and activation of the enzyme are mentioned.
Finally, kinetic studies over a wide range of pH, which

demonstrate the proton transfer mechanisms participating



in the peroxidatic reaction, are considered.

1.1 Peroxidases

Historical Note:

Peroxidases are enzymes catalyzing the oxidation
of a variety of organic and inorganic compounds by hydrogen
peroxide or related compounds. Widespread in plant materials,
peroxidases have been implicated with the control of plant
growth (Galston et aql., 1956) and the participation in coup-
led oxidations (Keilin and Mann, 1955). The interest in
these enzymes has largely centered about the mechanism of
their reactions in an attempt to demonstrate their function
and determine reasons for their presence in living tissues.

Peroxidase activity was first reported when a fresh
horseradish root was observed to turn guaiacum an intense
blue colour (Planche, 1810). Much later, certain substances
occurring in plant tissues were observed to catalyze the
oxidation of organic compounds in dilute hydrogen peroxide
solutions (Schonbein, 1855). By the turn of the century
horseradish peroxidase had been isolated and shown to catalyze
reactions involving phenols and aromatic amines (Bach and
Chodat, 1903). It was discovered also that ethyl hydrogen
peroxide could replace hydrogen peroxide as the oxidizing
agent. The purification of horseradish peroxidase (Willstatter,
1923) and the determination of its activity (Willstatter,

1932) was followed by a demonstration that a proportional
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relationship existed between peroxidase activity and the
absorption of the enzyme preparation in the Soret spectral
region (Kuhn et al., 1931). Soret spectral bands were known
to be typical of iron prophyrins indicating that horseradish
peroxidase was a hematin compound, a fact that was confirmed
later (Keilin and Mann, 1937). The cleavage and resynthesis
of the peroxidase showed, subsequently, that ferripropo-
porphyrin IX (Fig. 1.1) is the prosthetic group. (Swedin
and Theorell, 1940; Theorell et al., 1942).

In 1939 the oxidase function of the horseradish
peroxidase - Mn+2 - dihydroxyfumaric acid system was described
(Theorell and Swedin, 1939). By 1942 horseradish peroxidase
became the fourth hemoprotein to be crystallized, succeeding
hemoglobin, myoglobin and catalase (Theorell et dZ., 1942).
Participation of peroxidases in some hydroxylations was dis-
covered by Mason et al. (1957). Dolin (1957), discovered a
metal-free peroxidase in Streptococcus faecalis and identified
it as a flavoprotein.

Oceurrence and Characteristics of Peroxidases:

Peroxidases occur in most higher plants as well as
bacteria and fungi. They are also found in animals at most
levels of evolutionary development. In many plants the per-
oxidase content is greatest in the root system (Wachholder,
1942). However, there are variations in content depending
upon the season and the specimen's maturity. As well, per-

oxidases located in different tissues of the plant may have
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different properties, making it difficult to generalize con-
cerning the distribution of peroxidatic activity within
plants. The roots of horseradishes are particularly rich
in the enzyme for unknown reasons (Sumner and Howell, 1936).
As a result, this has become a convenient source of the much
studied horseradish peroxidase (EC 1.11.17; donor: H202 ox-
idoreductase) referred to hereafter as HRP. Before consid-
ering HRP in detail, a brief discussion of several other
known peroxidases will serve to outline the diverse charac-
ter of this group of enzymes performing a similar function.

Chloroperoxidase, although having many chemical
and physical properties in common with HRP, has pronounced
catalatic properties (the ability to decompose hydrogen
peroxide) as well as the unique ability to catalyze the
oxidation of chloride ions. Upon isolation and crystal-
lization from the mould Caldariomyces fumago (Morris and
Hager, 1965), the prosthetic group was shown to be ferri-
protoporphyrin IX. The minimal molecular weight was 40,200
based on heme content and 42,000 based on hydrodynamic
measurements. This enzyme is a glycoprotein with the carbo-
hydrate moiety contributing 25% to 30% to its total molecular
weight. The protein moiety is rich in four amino acids:
aspartic acid, glutamic acid, serine and proline. These
residues constitute 45% of the tctal amino acid content.

The native enzyme has an absorption maximum at 403 nm.

(e = 7.5 x lO4 M—l cm-l) similar to HRP. The biological
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function of chloroperoxidase is believed to be related to
the oxidation of chloride ion in the biosynthesis of the
fungal metabolite Caldariomyein (2,2-dichloro-1,2-cyclo-
pentanediol).

Another hemoprotein known to contain a single
prosthetic group (ferriprotoporphyrin IX) is cytochrome c
peroxidase. Its molecular weight of 34,100 is somewhat lower
than other peroxidases because of the absence of a carbo-
hydrate moiety (Yonetani, 1970). Although first isolated
from baker's yeast in 1940 (Altschul et al., 1940), it was
not until 1965 that a highly purified preparation was obtained
(Yonetani and Ray, 1965) and the enzyme crystallized (Yonetani
et al., 1966). 1Its specific activity toward ferrocytochrome
¢ is exceedingly high when compared with other reducing
agents. Apparently, this specificity is integrally involved
with the formation of a.definite complex with both oxidized
and reduced forms of cytochrome c. The interaction between
the two macromolecules may be electrostatic since they are
acidic and basic proteins (Yonetani, 1970).

Iodide oxidation is almost ubiguitous to hemoproteins.
The biosynthesis of the growth hormone, thyroxine, occurs
through the oxidation of iodide catalyzed by a peroxidase
isolated from mammalian thyroid glands (Hosoya, 1968).

Thyroid peroxidase has also been implicated in the iodination
of tyrosine residues of thyroglobulin (Taurog, 1970). Just

recently it has been shown that the enzyme exhibits specificity
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in the iodination of tyrosine residues in a peptide linkage,
which suggests specific interaction of the protein with the
peptide substrate (Krinsky and Fruton, 1971). Thyroid per-
oxidase, isolated in a relatively pure form (molecular weight
62,000) exhibits spectral characteristics typical of hemo-
proteins (Taurog, 1960). However, because the spectral
details are somewhat different from HRP, it would appear
that the prosthetic group is more tightly bound or, possibly
not ferriprotoporphyrin IX. Nevertheless, the heme may be
extracted with 0.2 N HCl-acetone indicating that it is not
covalently bound to the protein moiety.

A green hemoprotein, myeloperoxidase, was isolated
from the white blood cells found in pus (Agner, 1941), and
was subsequently crystallized (Schultz, et ql., 1957; Agner,
1958). The molecular weight was determined as 149,000
(Agner, 1941) with an iron content corresponding to two
prosthetic groups. The carbohydrate moiety was shown to be
absent. The Soret spectrum exhibits two distinct maxima in
the absorpticn pattern. Apparently one of the porphyrins
was extracted readily with acetic acid ~ether whereas the
second was more tightly bound. Neither group has been
positively identified. The enzyme is capable of activating
chlorine, apparently to hypochlorite. Since the two pros-
thetic groups of myeloperoxidase are unique, this may be a
prerequisite to formation of the chloride compound (Paul,

1963} .

Bovine lactoperoxidase, readily purified from cow's
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milk, has been the most extensively studied animal peroxidase.
This glycoprotein has a molecular weight of 75,000-80,000
with a single heme group (Rombouts et al., 1967). The
prosthetic group has not been unequiveccally identified because
of the difficulty in extracting it from the protein moiety
with organic solvents. However, it has been suggested that
the prosthetic group may be a derivative of mesoheme IX,
with the heme-protein linkage occurring through an ester bond
(Hultquist and Morrison, 1963). The prosthetic group is not
ferriprotoporphyrin IX, the different hemes of lactoperoxidase
and HRP manifesting themselves in the different absorbances
characteristic of the native enzymes and their complexes.
Despite these differences, the catalytic properties of lacto-
peroxidase-catalyzed oxidation of iodide (Maguire and Dunford,
1972a) and p-cresol (Maguire and Dunford, 1972b) bear a
striking resemblence to the HRP-catalyzed oxidation of these
compounds (Roman et al., 1971; Critchlow and Dunford, 1972a).
Japanese-radish and turnip peroxidase, both iso-
lated from plant roots, are two enzymes which have the same
prosthetic group as HRP. Recently, the Japanese-radish per-
oxidase crude extract has been reported to consist of eigh-
teen isoenzymes (Morita et al., 1970). Isoenzymes, usually
characterized by different molecular forms of the protein
moiety, will be discussed in considerable detail for HRP
later in this chapter. An abundance of an acidic isoenzyme,

designated by these workers as No. 3, was found. This was
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in contrast to the preponderance of a neutral species in HRP
crude extracts. The molecular weight of isoenzyme No. 3
was reported as 45,000 (Morita et al., 1971) whereas a
second basic isoenzyme which was readily crystallized was
found to have a molecular weight of 30,000. Some of the
difference in the molecular weight reflected a smaller carbo-
hydrate moiety. Turnip peroxidase has been shown to contain
five isoenzymes (Mazza et al., 1968) which show marked dif-
ferences in their spectral characteristics, unlike HRP iso-
enzymes. Recently, an investigation of the most basic- and
most acidic isoenzyme has indicated differences in the
environment of the heme iron (Ricard et al., 1972).

A number of peroxidases which are not hemoproteins
are known to exist in living tissues. One of these is
glutathione peroxidase first reported by Mills (1957) and
later shown to be present in a wide variety of tissues (Mills,
1960). Originally isolated from bovine erythrocytes, this
enzyme was shown not to be inhibited by azide or cyanide
(Mills, 1959). The enzyme is heat labile and plays a primary
role in protecting hemoglobin from oxidative degradation in

both catalase-rich and catalase-deficient erythrocytes (Cohen

and Hockstein, 1963). Recent kinetic studies confirm that
the main metabolic pathway of hydrogen peroxide destruc-

tion at low concentration (10-6M) is the enzymatic oxidation
of glutathione by glulathione peroxidase (Flohe et al., 1969).

The sulphydryl compound is oxidized to the corresponding di-
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sulphide. The enzyme shows a radically different reducing
substrate specificity when compared with hemoproteins.

For example, pyrogallol, guaiacol, or toluidine will not
serve as hydrogen donors (Mills, 1959). As well, this
peroxidase oxidation has a maximum activity at pH 8 with no
observable activity below pH 6. This behaviour, together
with its insensitivity to conventional inhibitors of heme-
proteins, is characteristic of flavoproteins.

Another flavoprotein with peroxidase activity was
isolated from the bacterium Streptocuccus faecolis and
purified (Doiin, 1557). The enzyme has a minimum molecular
weight of 120,000, contains flavin adenine dinucleotide
(FAD) as a pfosthetic group with no heme or metal ion.
Unlike hemoproteins, the enzyme shows a high degree of sub-
strate specificity with diphosphopyridine nucleotide (DPNH)
the only known physiological rasductant. Kinetic inves-
tigations suggest the formation of a ternary complex with a

possible mechanism (Dolin, 1961):

FP + DPNH Z FP.DPNH (1.1)
>
FP.DPNH + H,0, ¥ FP.DPNH.H,0, (1.2)
>
FP + H202 ¥ FP.H,0, (1.3)
FP.DPNH.H,0, + gt > rp + pent o+ 2H,0 (1.4)

where FP represents the native flavoprotein, FP.DPNH, FP.H202,

FP.DPNH.H the three possible intermediate complexes and

292
DPNT the oxidized form of diphosphopyridine nucleotide.
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Peroxidatic activity has been observed also with
other hemoproteins such as hemoglobin, myoglobin and catalase
but their function as peroxidases are inefficient in com-
parison with true peroxidases. Catalase catalyzes the de-
composition of hydrogen peroxide to oxygen and water.
Catalase and peroxidase are related enzymes insofar as they
are both capable of promoting hydrogen peroxide oxidation

by mechanisms which involve similar enzymatic intermediates.

Model systems consisting of metal ions in agueous
solution (Barb et al., 1949; 1951a; 1951b; Baxendale, 1952;
Kremer and Stein, 1959, Haggett et al., 1960; Kremer, 1962;
1963), hemin (Kremer, 1965; 1967; Gatt and Kremer, 1968;
Brown et al., 1968; Brown and Jones, 1968) and various
chelated cations (Wang, 1970; Sigel, 1969) have been inves-
tigated. Frequently, catalytic efficiencies of such systems
were found to be orders of magnitude less than true peroxidases,
and, at least in some cases, the oxidation products were
found to be different (Saunders et al., 1964). This would
suggest reaction mechanisms for model systems that are dif-
ferent than for peroxidases. Jones et al. (1959) proposed
a mechanism for the decomposition of hydrogen peroxide
catalyzed by ferric salts involving the replacement of water
molecules in the hydration shell of the cation forming ferric-
peroxy complexes. Later, spectrophotometric evidence for
complexes of the type [Fe(HZO)S(HZOZ)]+3 was presented

(Haggett et aql., 1960). Studying the hemin-catalyzed
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oxidation of ascorbic acid, Kremer (1967) proposed that
the reaction proceeded through two enzymatic intermediates
in an analogous fashion to the HRP-catalyzed reaction. How-
ever, in this investigation no consideration was given the
autoxidation of hemin. Brown et al. (1968) showed the hemin-
catalyzed reaction cannot be studied easily since the latter
was oxidized by hydrogen peroxide to a spectroscopically
well defined, catalytically active species designated as
hemin (A). A study over the pH range 6.5 - 13.2 suggested
that hemin (A) and hematin (A) functioned as independent
catalytic entities (Brown and Jones, 1968). Recently,
spectrophotometric evidence for a peroxidatic deuterhemin-
peroxide complex similar to the HRP intermediate compound I
has been reported (Portsmouth and Beale, 1971). These
workers and others (Kurozumi et ql., 1961l) have accounted
for slower reaction rates of model peroxidase systems in
terms of the rate of formation of this enzymatic intermediate.
The rate at which this intermediate reacts with reducing

agents is affected to a lesser extent.
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Structure of Ferriprotoporphyrin IX.
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1.2 Physical Properties of HRP

Optiecal Spectrum:

Hemoproteins are most frequently characterized
by their ultraviolet and visible spectra. The interpretation
of spectra for several hemoproteins has been reviewed by
Smith and Williams (1969). Metalloporphyrin spectra exhibit
three distinct bands resulting from 7 + 7 transitions in the
conjugated ring system. Two of these bands appear in the
visible spectral region (molar absorptivity -~ lO5 M-lcm_l).
Heme proteins present a more complex spectrum with several
additional visible spectral bands probably resulting from
charge transfer. The band in the Soret has been used in
this work, as in most other investigations involving hemo-
proteins, as a monitor of concentration. The change in the
maximrem absorption in this spectral region also has been
used to distinguish between the various enzymatic species
of HRP and complexes which it forms. The intensity of this
band permits one to follow the rate of appearance or disap-
pearance of the HRP intermediates conveniently in very
dilute solutions (~10"°M).
The Structure of Native HRP:

Native HRP consists of a protein moiety to which
is bound the prosthetic group, ferriprotoporphyrin IX
(Fig. 1.1). The enzyme's molecular weight is 42,000. A
carbohydrate moiety associated with the protein structure

constitutes 18.4% of this total weight. Although the protein
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consists of nearly 300 amino acid residues, many having
ionizable groups, one need only consider the enzyme's
active site in order to explain most gross kinetic effects.
It is generally accepted that the paramagnetic iron is
located at this active site. The reasons for this belief are
many. Transition metals are easily interconverted between
their oxidized and reduced forms. All metals of the first
transition series are known to catalyze oxidations in
solution (Bateman, 1954; Waters, 1958). 1In addition to the
peroxidatic activity observed for iron salts and hematin in
dilute aqueous solution, the respiratory hemoproteins myo-
globin and hemoglobin, that have the same prosthetic group as
HRP, are known to bind oxygen. In a similar manner to HRP,
this process can be retarded by classic anionic inhibitors
such as fluoride, cyanide and azide. The corresponding
change in the visible spectrum attributed to the binding of
these species to heme can be observed. Hence, because of
its prime catalytic importance, the configuration of the iron
and its immediate environment have been investigated extensively.
The paramagnetic iron is octahedrally co-ordinated
with the four equatorial positions occupied by pyrrole
nitrogens (Fig. 1l.1l). These four ligands are conventionally
numbered one through four. The axial ligands are numbered:
five for the donor group which is associated with the protein,
and six for the site accessible to the aqueous medium believed

to be occupied by a weakly co-ordinated water molecule. The
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structure of metmyoglobin is known to a resolution of 1.4 i.
In this enzyme the iron atom is located 0.3 - 0.5 g on one
side of the planar porphyrin ring equidistant from the four
nitrogen atoms (Watson, 1968). The ESR studies of Blumberg
et al. (1968) have indicated a lack of axial symmetry about
the co-ordinated iron in HRP. Recent investigations of the
native enzyme and the protein moiety after removal of the
prosthetic group (apoenzyme) demonstrate major structural
differences between the two proteins far beyond those reason-
ably expected from conformational change (Phelps et al., 1971).
Although it has long been thought that the ease with which
the heme may be reversibly detached from the apoenzyme is
good evidence to indicate that the heme is not covalently
bound to the protein, the titration data of Phelps et al.
would suggest that the protein-heme interaction, nevertheless,
may be sufficiently strong to distort the protein backbone
and the structure of the heme group.
Nature of the Axial Ligands:

The manner in which the prosthetic group in HRP is
attached to the protein is not known with certainty. It is
generally accepted that the fifth co-ordination site is oc-
cupied by an amino acid residue of the polypeptide chain. 1In
the case of myoglobin, which has spectral and magnetic prop-
erties similar to those of HRP, it has a histidine residue
at the fifth position and a water molecule at the sixth co-

ordination position. However, it has been suggested that
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the different chemical behaviour of these two hemoproteins
may be related to the nature of the bound species at the
iron's axial co-ordination sites. Brill (1966) has sugges-
ted that there are only a limited number of possibilities for
the ligand at the fifth position of the heme iron in HRP: a
carboxylate anion, a histidyl imidazole, an amino group, a ty-
rosyl phenolate, or a sulphydryl group of cysteine. The last
possibility may be excluded since all cysteine groups present
in HRP partake in disulphide bridges (Welinder et al., 1972).
On the basis of titration data, Theorell (1943)
first suggested that a carboxyl group was co-ordinated to
the heme iron. Investigations of mixed ferriprotoporphyrin
IX complexes in aqueous solution indicated that nitrogenous
ligands are more effective in enhancing the peroxidatic
activity than oxygenated ligands (Tokjo et al., 1962).
Nakamura et al. (1963) observed a maximum peroxidatic
activity with a mixed ligand system at the axial positions,
namely, histidine and guanidine. This suggested that his-
tidine may occupy the fifth position in HRP. By way of a
trans effect, this would necessarily imply a weakly co-
ordinated ligand in the sixth position. Since lower rates
of peroxidation were associated with a much slower rate at
which peroxide interacted with the heme, this trans effect
would account for the rapid interaction of peroxide at the

sixth position to form the HRP intermediate compounds.

Smith and Williams (1969) have similarly concluded that
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histidine and water are the axial ligands in HRP by com-
paring its visible spectrum with myoglobin and hemoglobin.
Using difference spectroscopy below 250 nm. the same con-
clusion has been reached (Brill and Sandberg, 1968).
Structural Modification Studies:

Myoglobin, having the same prosthetic group and a
visible spectrum similar to that of HRP has often been used
as a model to describe the molecular structure surrounding
the heme of HRP. In myoglobin the porphyrin ring is held in
a crevice of the protein with the vinyl groups buried in a
hydrophobic interior, the iron co-ordinated in the fifth
position with an imidazole side-chain, and the propionic
acid groups weakly bound to basic amino acids near the
protein's outer perimeter (Kendrew, 1962).

That the side-chains of the heme group are fun-
damental to the heme-protein association and to the catalytic
activity of HRP has been demonstrated by investigations in-
volving modified heme groups. Many years ago Theorell (1941)
demonstrated the reversible cleavage of HRP into ferriproto-
porphyrin IX and the apoenzyme. Later, it was shown that
recombination of the apoenzyme with protoporphyrin IX (no
chelated iron atom present) could be accomplished and that
ferriprotoporphyrin IX and protoporphyrin IX compete for
the same site on the protein (Maehley, 1961). Apparently,
heme side-chain interactions play a primary role in binding
to the protein. Furthermore, it has been well established

that the propionic acid residues at positions six and seven
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of the porphyrin ring (Fig. 1.1) are essential to the enz-
ymatic activity of HRP (Theorell et al., 1942; Paul, 1958;
Paul, 1959). The esterification of these acid groups greatly
reduces the affinity of the protein for the heme (Maehly,
1961; Tamura et al., 1972). The monomethyl ester's activity
was 20% of that of the native enzyme's, and the dimethyl
ester was inactive (Tamura et al., 1972). Substitution of
the vinyl groups in the two and four rihg positions in some
cases caused a decrease in activity but the effects could
be described as minor, never rendering the modified system
enzymatically inactive (Paul, 1959).

Further evidence exists that would suggest that
the heme side-chains play a very specific role in the per-
oxidatic mechanism. The monomethyl ester of ferriproto-
porphyrin IX upon recombination with the apoenzyme reacted
in a normal fashion with cyanide, fluoride and carbon mon-
oxide to form well-defined complexes. Intermediate compounds
of HRP were readily formed from hydroperoxides. However,
in the case of the dimethyl ester, neither ligand binding
nor intermediate compound formation were observed suggesting
that the ionizable carboxyl group at positions six or seven
was mandatory for ligand binding and peroxidatic activity
(Tamura et al., 1972). Substitution of the vinyl groups
for acetyl groups depressed the enzyme's activity, but the
rate at which peroxide reacted with the modified enzyme to

form the intermediate compounds was not affected. The rate
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at which compound II reduction occurred accounted in total
for the observed decrease in the overall reaction rate
(Chance, 1960). (See Fig. 1.2 for reaction cycle).

The Electronic Configuration of Heme Iron in HRP and its
Complexes:

ESR, magnetic susceptibility and visible spect-
roscopy have been used to probe the paramagnetic iron's
electronic configuration in hemoproteins. Magnetic moments
have been measured for native HRP and its complexes (see
Table 1.1). Generally, the ESR signals obtained have agreed
with earlier conclusions regarding the number of unpaired
electrons (Peisach et al., 1968). A thermal equilibrium
between high and low spin states of ferric hemoproteins
was originally suggested by Theorell and Ehrenberg (1951).
This implies that the iron porphyrin has an electron pairing
energy such that at very low temperatures the low spin state
will predominate but will be converted to the high spin
state with increasing temperature as the electron pairing
energy is overcome. To pursue this point further, tem-
perature dependent studies of paramagnetic susceptibilities
of hemoproteins using a sensitive torsion balance demon-
strated that the Curie Law was not obeyed (Iizuka et al.,
1968; Iizuka and Kotani, 1968, 1969a, 1969b). This
phenomenon was explained by thermal mixing of high and low
spin states. The ESR signal of Japanese-radish peroxidase

was found to be characteristic of high and low spin states



Table 1.1: The Magnetic Properties cf Native HRP and

Complexes

Magnetic Moment
(Bohr Magnetons)

HRP 5.52
HRP-OH 2.7%
HRP-CN 2.7%
HRP-F 5.92
HRP-N, -

8geilin and Hartree (1951)
bPeisach et al. (1968)
c
Tamura (1971a)
d

Tamura and Hori (1972)

€ramura (1971b) .
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at liquid nitrogen temperatures (Morita and Mason, 1965)

as was cytochrome-c peroxidase (Yonetani and Ehrenberg, 1967).
A similar thermal equilibrium was used to explain the tem-
perature dependence of magnetic susceptibilities of the HRP-
azide complex (Tamura, 197la). Investigations from liquid
nitrogen to room temperature indicated that the HRP-CN
complex was a pure low spin complex and HRP-F was a pure

high spin complex. The native enzyme, however, appeared to
consist of a pH dependent mixture of three distinct molecular
forms, only two of which were, in turn, thermal equilibrium
mixtures of high and low spin states (Tamura, 1971b).

An ESR study at liquid hydrogen and liquid helium
temperatures was completed over a range of pH for two iso-
enzymes of HRP, the acid and neutral forms (Tamura and Hori,
1972). Isocenzymes and the heterogeneity of HRP are dis-
cussed in detail below. The results obtained were coﬁsistent
with the existence of the three pH dependent components of
each isoenzyme where interconversion could be accounted for

in terms of ionizations of single acid groups:

K K
1
HRP(acid) T HRP(1l) % HRP (Alkaline)

The pK's for the neutral isocenzyme were pK1 = 9 and pKz =11
whereas for the acid isoenzyme the values were pK1 = 6.5 and
pPK, = 9. It was suggested that there were two enzymatic
components in acidic solution, HRP (Acid) and HRP(1l), each

of which appear thermally equilibrated between the two spin
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states. 1In the alkaline pH region only one component, HRP
(Alkaline), appeared to exist in a pure low spin state over
the temperature range 1.4 - 293°K. The optical absorption
spectra were in good agreement with these conclusions (Tamura
and Hori, 1972). Fromoptical spectra the PK,, indicative

of the transition from HRP(1l) to HRP(Alkaline), is observed
at room temperature. This transition has been simply ex-
plained by the deprotonation of a water molecule co-ordinated
~at the heme iron's sixth position:

+3 22

Fe'> - om, 2 ret

3 om +&
This equilibrium has been investigated by optical spectros-
copy (Keilin and Hartree, 1951; Ellis and Dunford, 1969),
magnetic susceptibility (Theorell, 1942) and ESR measurements
(Morita and Mason, 1965; Blumberg et aql., 1968). However,
the transition from HRP(Acid) to HRP(l) is not observed
optically at room temperature. This is explained readily
because of the similarity of the two high spin forms of
HRP(Acid) and HRP (1) predominating at room temperature. The
transition from HRP(1) to HRP(Alkaline) is observed because
of the change in spin state which must occur at room tem-
perature.

The PK, was observed to be 8.9 for HRP (neutral
isoenzyme) reconstituted from the monomethyl ester of ferri-
protoporphyrin IX, but 10 - 11 for HRP reconstituted with

hemes containing different substituents at positions two and
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four of the ring (Tamura et al., 1972). These latter
values for pK2 were not very different from that of the
native enzyme. Therefore, these results would suggest that
the propionic acid ionization is integrally involved in the
transition HRP(1l) - HRP(Alkaline). Interestingly enough,
this is the same conclusion arrived at for intermediate
compound formation and complex formation. By comparison
with metmyoglobin and methemoglobin one might conclude that
the pKl is a result of ionization of histidine at the heme
iron's fifth co-ordination position in HRP (George et al.,
1961). This discussion will be pursued further in a later
chapter concerning a well-defined pKa observed for the HRP
intermediate compound II in the alkaline region of pH.
Heterogeneity of Native HERP:

The presence of more than one component in HRP
was first reported by Theorell (1942). Of the two species
separated electrophoretically, the second peroxidatically
active component was called paraperoxidase. These two
enzymatic species were identical in composition except that
paraperoxidase lacked the carbohydrate moiety (Theorell and
Akeson, 1943). The paraperoxidase was found to denature
much more readily at extremes of pH and in unbuffered
solutions at room temperature. This would suggest that the
carbohydrate serves to stabilize the tertiary structure of

HRP.

Later, further enzyme heterogeneity was established.
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Several components, called isoenzymes, were isolated from
the crude HRP extract. Generally, each isoenzyme of a crude
enzyme preparation has the same enzymatic specificity but
possesses different molecular forms of the prctein and, in
some cases, exhibits different activity. Isoenzymes generally
differ in their primary amino acid sequence, but recent
success in demonstrating the interconversion of the multiple
enzyme forms of chicken mitochondria malate dihydrogenase
(Kitto et al., 1966) would suggest that some isoenzymes
also may differ only in their conformational forms. As
many as twenty different isoenzymes have been reported for
HRP using thin layer isoelectric focusing (Delincée and
Radola, 1970). Although the authors argue that this iso-
electric focusing technique provides a higher degree of
resolution than other investigations, these workers have
not bLeen able to characterize the reported isoenzymes. As
a result the possibility of enzyme fragmentation or protein
aggregation cannot be ruled out in these experiments.

From a crude ammonium sulphate suspension of HRP
Shannon et al. (1966) have isolated and purified seven iso-
enzymes, Al, A2, A3 and B,C,D,E, by column chromatography.
Each isoenzyme was characterized with regard to electrophor-
etic mobility, sedimentation coefficient, RZ value (ratio of
the absorbance of the Soret maximum to that at 280 nm.) ,
chromatographic behaviour, amino acid composition (Table 1.2)

and carbohydrate analysis. No interconversion among these iso-
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eénzymes was detected and the two most abundant isoenzymes
B and C were crystallized. The HRP heterogeneity was found
to affect the catalytic properties (Ray et ql., 1967). As
is apparent from Table 1.3, these isoenzymes of HRP can be
classified into two distinct groups based upon their per-
oxidatic activity, Al, A2 and A3 comprising one group and
B, C, D and E comprising the other group. Strickland et ¢7.
(1968) have investigated the isoenzymes Al and C and the
corresponding apoenzymes using circular dichroism in the
Visible-ultraviolet spectral regions. Their results and
the tryptic mapping experiments of Chen (1968) have demon-
strated that these isoenzymes may be further classified into
three groups based primarily upon their amino acid com-
position which in turn is reflected in their different cor-
formational forms and electrophoretic response: an anionic
group Al and A2, a second anionic group A3 and a third
cationic group B, C, D, E.

Paul and Stigbrand (1970) have isolated four iso-
enzymes from an HRP extract by column chromatography: a
highly acidic HRP(I), a neutral species HRP(III) and two
basic fractions HRP(V) and HRP(VI). These homogeneous
fractions were characterized by gel and disc electrophoresis
as Qell as by isoelectric focusing. Their isocelectric points
well reflected the amino acid composition. Possibly there
are only three isoenzymes isolated in this case since HRP (VI)

was essentially identical to HRP(III) except that a fragment



Table 1.2:

The Amino Acid Composition

of HRP Isoenzymes (Residues-Mole !)

Amino Acid

Lysine
Histidine
Arginine
Aspartic Acid
Threonine
Serine
Glutamic Acid
Proline
Glycine
Alanine
Half-Cystine
Valine
Methionine
Isoleucine
Leucine
Tyrosine

Phenylalanine

aShannon et al.

Praul and stigbrang (1970)

(1966)

Ba

22
54
27
23
20
17
18
25

18

13
39

24

“Welinder et az. (1972)

Ca

50
23
22
19
17
15
23

17

13
36

23

HRP (IT1)P

6

3
18
47
25
26
21
17
17
22
16

4
13
34

6
20

26

Mann

20
47
25
26
20
17
17
23

Cc

18"

12
35

20
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Table 1.3: The Catalytic Properties of Horseradish

Peroxidase Isoenzymes in o-Dianisidine Oxidation

Isoenzyme pH Optimum Azide Required 20, Required
For 50% Inhibition For 50% Inhibition
(10-3M) (10—3M)
al 5.8 7:7 75
A2 5.6 9.8 75
A3 5.6 2.0 25
5.0 0.8 2.3

M O O w

(54}
o
o
~J
N
L]

(N}
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of forty amino acids was absent in the former. From a com-
parison of the electrophoretic response and the relative
amounts of arginine and methionine in the amino acid analyses
(Table 1.2), isoenzyme HRP(III) may be identified with B and
C,and HRP(I) associated with Al, A2 and A3. However, there
appears to be nothing corresponding to HRP(V). Therefore,
there is agreement that an acidic and a neutral isoenzyme are
present in HRP preparations but results are not as well
defined for the basic enzymatic forms. The fractions B and
C show little difference in their amino acid composition
but C has a carbohydrate moiety about 20% smaller than B.
For this reason Paul and Stigbrand (1970) have suggested
that B may have been formed from C under the rather
severe acid conditions used in elution of these fractions
from the CM-cellulose column. Although the inconsistencies
among these workers may be attributed to variations in the
composition of the crude extract dependent upon environ-
mental conditions of the plant, there is no conclusive
evidence to indicate that this is, in fact, the case.

It has been shown that both isoenzymes HRP(III)
(Paul and Stigbrand, 1970) and B, C (Shannon et al., 1966)
account for about 50 % of the total enzymatic activity in
the crude extract. Several commercial samples of HRP have
been investigated using the techniques of Shannon et al.
(1966) and Paul (1958). No acidic isoenzymes were detected

(Kasinsky and Hackett, 1968). Welinder et al. (1972) have
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isolated an electrophoretically pure component corresponding
to HRP(III) from HRP purchased from Mann Research Laboratories,
and show that the tryptic peptide maps of electrophoretically
pure HRP from Worthington Biochemical Corporation to have
no significant differences from the Mann product. Using
gel isoelectric focusing (pH = 8 - 10) the two bands ob-
served in the sample were attributed to differences in the
carbohydrate moiety and not the primary amino acid sequence.
Phelps and Antonini (1969) have isolated HRP(III) as the
major component from HRP obtained from Boehinger-Mannheim.
Similar results have been reported from this laboratory
(Romar:, 1972). Kinetic results obtained using both the
second grade and electrophoretically purified HRP from
Boehinger-Mannheim have shown no significant differences.
At no time could the observed kinetics be interpreted in
terms of HRP heterogeneity. Therefore, it would appear that
this commercial source of HRP, used for all investigations
described in this thesis, contains a large preponderance
of the isoenzyme HRP(III) with kinetically undetectable
amounts of the acid form HRP(I). A further discussion on
this point will be postponed until Chapter 3.
Structure of the HRP Protein Moiety:

As mentioned previously, attempts to define the
protein's primary structure in the form of amino acid analysis
have shown the major differences among the HRP isoenzymes

to be attributable to different amino acid composition.
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Recently, amino acid sequence studies of HRP(III) (Welinder
et al., 1972) have defined complete sequences for 21 tryptic
peptides accounting for 203 of the approximately 300 amino
acid residues. Eight sites for carbohydrate attachment were
identified of which seven appear to involve asparagine.

Four disulphide bonds were identified, and an N-terminal
pyrrolidone carboxyl group suggested.

Investigations of protein structure by optical
rotatory dispersion (ORD) and circular dichroism (CD) have
made major contributions to the measurement of the presence
and extent of secondary structure. The phenomenon of ORD
occurs when a medium containing assymetric molecular forms
transmits the two circularly polarized components of an in-
cident beam of plane-polarized light unequally. The result
is an emerging ray of plane-polarized light rotated with
respect to the incident ray. In the case of CD the two
circularly polarized components of the incident ray are
absorbed unequally giving rise to an elliptically polarized
emergent beam. The two effects are intimately related. ORD
is a dispersive phenomenon whereas CD is an absorptive
phenomenon, observable only in the frequency intervals where
optical absorption occurs. As a result, CD spectra may be
interpreted with far less ambiguity.

In proteins, the optical activity is not necessarily
an additive function of the various amino acid optical ac-

tivities comprising the polypeptide chain. More specifically,
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the a-helix shows a very marked extra dextrarotatory power
because of its own particular conformational assymetry.

The depth of the ORD trough at 233 nm has been shown to be
conformation dependent and its depth has been used as a
measure of the protein's g-~helical content (Simmons et al.,
1961). An ORD investigation of HRP indicated an a-helical
content of 43% which was reduced significantly upon splitting
the heme from the protein (Ellis and Dunford, 1968a). How-
ever, no gross conformational changes could be attributed

to complex formation (i.e. HRP-CN, HRP-F and HRP-OH).

The protein's conformational characteristics were
investigated for the two isoenzymes HRP(I) and HRP(III) by CD
(Strickland et al., 1968). The results suggested very similar
active sites with only minor conformational differences in
protein structure. The a-helical content for each was es-
timated at 40%. Upon formation of the HRP intermediates,

a minor change in the CD spectrum at 282 nm was attributed

to the reorientation of one or two aromatic amino acids.
Otherwise, the similar spectral pattern suggested the same
secondary structure in the native enzyme and its intermediate
compounds. A comparison of the CD and absorption spectra of
ferrimyoglobin, ferri-HRP, and the corresponding cyanide
complexes suggested that the conformation of the protein
moiety surrounding the heme in ferri-HRP was significantly
different from that of ferrimyoglobin (Willick et al.,

(1565). The dramatic reduction in the heme-associated
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optical activity upon HRP reduction from the ferri to the
ferro form indicated that HRP undergoes a local conformational
change with respect to the heme upon its change in oxidation
state (Willick et al.)}.

1.3 Peroxidatic Activity of HRP

Catalysis:

HRP catalyzes the peroxidation of aromatic amines,
phenols and a variety of inorganic reducing agents. The
reaction proceeds by way of a number of intermediate steps
distinguished by the formation of unstable intermediate
compounds with profoundly different spectroscopic properties.
These reaction steps are represented diagrammatically in
Fig. 1.2. As may be surmised from the diagram, the perox-
idatic reaction involves primarily the two intermediates HRP-I
and HRP-II. Kinetic experiments have confirmed that HRP-I
precedes HRP-II and have demonstrated that HRP-II was
formed only from HRP-I (Chance, 1949a). George (1952)
showed by means of titrations with ferrocyanide, ferrous
sulphate, and ferrocytochrome-c that HRP-II reduction to
HRP involved a one-electron transfer. Chance (1952a) found
a similar one-electron transfer when HRP-I was reduced to
HRP-Ii. For many years it was believed that HRP-I could be
converted only to HRP-II (Chance, 1949a) but recent inves-
tigations have shown that HRP-I may be reduced directly to
HRP in a two-electron transfer process with some inorganic

reducing substrates (Roman and Dunford, 1972a, 1973).



33

—> HRP <
RS, I Q3. RS.
HRP-1l = HRP | —
H202“R-5 ALKOOH
HRP-III 1202 HRP-
= |
(Slowly) v

Fig. 1.2: The Interrelation of HRP and its Intermediate

Compounds. R.S. = Reducing Substrates; 0.S. = Oxidizing

Substrate; ALKOOH = alkyl hydroperoxide.
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Although HRP-I and HRP-II may function as rate-determining
enzyme-substrate complexes, neither is a Michaelis-Menten
complex in the original sense. Both contribute to the over-
all mechanism in a bimolecular step.
Nature of the Oxidizing Substrate and the Properties of HRP
Compounds:

Long before any intermediate compounds were known
(Keilin and Hartree, 1937; Theorell, 1941), early inves-
tigations indicated that alkyl hydroperoxides could function
as oxidizing substrates in HRP-catalyzed reactions (Boeseken,
1930). Inactivity with dialkyl peroxides demonstrated that
the OOH structure was an essential characteristic of the
oxidizing agent (Elliot, 1932). 1In addition to dialkyl
peroxides, no reaction was observed for secondary and
tertiary alkyl hydroperoxides. This observation was confirmed
for tert-butyl hydroperoxide, cumene hydroperoxide and p-
methane hydroperoxide (Cotton, unpublished results). The
acyl hydroperoxides were also acceptable oxidizing sub-
strates (Boeseken, 1930) as well as many inorganic non-
peroxidic oxidants: HOCl1l, HOBr, NaClOz, Cloz, KBrO3, KIO4,

0, and KZSZOS + Ag+ (George, 1953). Recently, Markland

3
(1971) has shown that hydroxymethylhydroperoxide is also
an oxidizing substrate for HRP although it was believed
for many years not to be.

Chance (1949c) obtained the Soret spectra of

HRP-I and HRP-II formed from Hzo2 and its monosubstituted
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alkyl analogs. Accurate spectra for these intermediate
compounds have been determined recently (Fig. 1.3) (Critchlow
and Dunford, 1972b, Roman, 1972). Because Chance observed
these spectra to be independent of oxidizing agents which
he used, he concluded that each compound must involve the
same type of iron-peroxide bond. He suggested an enzyme-
substrate complex HRP- OOR as a possible structure for HRP-I
(Chance, 1949c). George examined the spectra of HRP-I and
HRP-II prepared from various inorganic oxidizing agents and
obtained similar spectral results to those of Chance in each
case (George, 1953a). Therefore, he proposed that HRP com-
pounds formed from these different oxidizing substrates
must have a common structure. Rather than an enzyme-
substrate complex, he suggested that a more acceptable struc-
ture for HRP-I might be a higher oxidation state of the
prosthetic group. However, later experimental evidence
(Fergusson, 1956) indicated that formation of HRP-I from
at least some inorganic oxidants may be preceded by hydrogen
peroxide formation which then formed the HRP "complex".
Another interpretation, based primarily upon
spectral studies in the visible and Soret regions (Brill
and Williams, 1961) proposed that HRP-I prepared from ethyl
hydroperoxide was an equilibrium mixture of two compounds,
one containing the alkyl fragment at the active site. Mag-
netic susceptibility measurements indicated that HRP-I may

be comprised of iron in its pentavalent state (three unpaired
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electrons) and HRP-II may contain iron in its quadrivalent
low spin state (two unpaired electrons) (Theorell and

Ehrenberg, 1952). However, because of the transient nature

of these intermediate compounds accurate measurements are

difficult to obtain. Probably these experiments need

to be repeated using the steady-state approach to insure a
preponderance of one intermediate species at a known con-
centration. Nevertheless, using the magnetic susceptibility
and the visible spectrum for HRP-II, Brill (1966) has con-
cluded that this intermediate must have the ferryl structure.
This structure was first proposed by George (1953b) and
consists of a quadrivalent iron with a single oxygen atom
coordinated at the sixth position.

The information obtained from low temperature
optical spectra (15 - 77°K) and ESR spectra (1.4°K) 1led
Peisach et al. (1968) to propose a structure for the active
site of HRP-I and HRP-II. A ferric complex for HRP-I was
postulated with two oxidizing equivalents temporarily stored
at a methine bridge carbon or pyrrole g-carbon of the por-
phyrin ring represented by X in the structural representation:

I' [X]II

5 II

[HRP (heme d3/2)]

The. expression in parenthesis indicates the spin mul-
tiplicity of the heme. The axial ligands provide a very

weak component to the ligand field. Therefore, HRP-I for-
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mation was envisioned as simply the two electron removal
from HRP by the oxidant with no permanent complex formation.
For HRP-II a ferrous low spin electronic configuration of
the heme was suggested with an oxygen-containing ligand

where the two oxidizing equivalents of the species resided:

[HRP (heme dg)_OOH]IV

Support for such a proposal was obtained by Noble and Gibson
(1969) who demonstrated that the ferroperoxidase underwent
a single electron transfer upon oxidation with hydrogen
peroxide to form HRP-II. These structures predict similar
active sites for HRP-I formed from hydrogen peroxide and
alkyl hydroperoxides but possible structural differences
for HRP-II prepared from different oxidizing substrates.
From evidence presented in Chapter 4 concerning the effect
of cyanide on the steady-state HRP-ferrocyanide oxidation,
this structural model for HRP-I is an improbable one.
Recently, m-cation radicals of metalloporphyrins
have been shown to be stable and have visible spectra similar
to that of HRP-I but not HRP-II (Dolphin et a7., 1971).
This has led to the currently popular view that HRP-I for-
mation involves the transfer of one electron from the iron
atom and one from the porphyrin morbitals. The reduction
of HRP-I to HRP-II must then involve electron transfer to

the porphyrin leaving a quadrivalent iron complex. This is
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in agreement with the conclusion from Mossbauer spectros-
copy that the electronic configuration of the iron in these
two intermediates is the same (Moss, 1969). Further support
for these proposals has been obtained by preparing stable
one-electron oxidation products of ferric porphyrins. These
systems are best characterized as being electron deficient
at the metal atom rather than in the porphyrin = system

(Felton et al., 1971).

Hager et al. (1972) suggest a definite chemical
composition for compound I of chlorcperoxidase. Their O18
labelling studies demonstrated that at least one oxygen
from the acyl hydroperoxide, m-chloroperbenzoic acid, was
incorporated into compound I upon its formation and that
no solvent exchange occurred. Both Hager et al. (1972)
for chloroperoxidase and Schonbaum and Lo (1972) for HRP have
shown that m-chlorobenzoate and p-nitrobenzoate, respectively,
are the products on compound formation. This provides con-
vincing evidence for an HRP-I formation step involving 0-0
bond cleavage (rather than C-0 bond cleavage) incorporating
one oxygen .atom into compound I. The kinetic study discus-
sed in Chapter 2 (Cotton and Dunford, 1973) provides quan-
titative evidence for the similarity of the active site of
HRP-I and HRP-II formed from different oxidizing substrates
over the accessible range of pH. Recent investigations demon-
strating the apparent inaccessibility of cyanide ion to the

active site of these intermediate compounds indicate a tightly
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bound ligand at the iron's sixth coordination position
(Cotton et al., 1973). These results present a reasonable
model for the active site of HRP-I and HRP-II discussed in

a later chapter.

Much less information has been obtained concerning
the intermediate compounds HRP-III and HRP-IV. The inter-
mediate HRP-III is formed not only from HRP-II in the
presence of excess hydrogen peroxide but also upon addition
of dihydroxyfumarate in aerobic solutions, necessarily im-
plicating HRP-III in the oxidase reaction (Mason, 1957).
This intermediate compound reacts readily with reducing
agents to give the native enzymatic form. An oxyperoxidase
structure like oxymyoglobin oOr oxyhemoglobin was originally
suggested by George (1956) (Fe+202) and was confirmed later
by observing the direct formation of HRP-III from ferro-
peroxidase and oxygen (Yamazaki, 1965; Wittenberg et al.,
1967). Apparently, HRP-III does not play an important role
in the peroxidatic reaction.

Using a mixture of dimethylformamide and aqueous
buffer (volume ratio 70:30), Douzou et al. (1970) success-
fully prepared intermediate compounds of HRP at temperatures
from -15°C to -65°C in liquid solution. This allowed the
preparation of stable solutions of the HRP intermediates
for spectral investigations (Douzou et al., 1971). The

fast reactions were conveniently studied by classical spectro-
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photometric methods using this technique of thermally con-
trolled rates (Douzou, 1971a). Isolation of HRP-III at -40°C
to -65°C permitted the study of its reactions in an aerobic
system (Douzou, 1971b). In the presence of indoleacetic

acid (IAA) and dihydroxyfumarate (DHF) cyclic conversion
between HRP-II and HRP-III was successfully induced and
followed spectrophotometrically on a Cary 14 at -30°C.

IAA
HRP-III ———= HRP-II (1.7)

DHF

A spectroscopically distinct HRP-IV is formed
from HRP-II or HRP-III upon addition of large excesses of
peroxide. Recent investigations in the near infrared
(Bagger and Williams, 1971) have demonstrated that HRP-IV
may be formed by way of another unstable but, nevertheless,
spectrally distinct intermediate formed from HRP-II called
P-940. However, HRP-IV formation results in the simul-
taneous destruction of the enzyme and its biological sig-
nificance seems doubtful.
Nature of the Reducing Substrate and Products of Reaction:

While HRP shows a specific preference for organic
peroxides containing the -OOH group, its reducing substrate
specificity is not as clearly defined. 1In fact, it is dif-
ficult to point to any specific group on the reducing agent
for which peroxidases are specific. This is rather surprising

and difficult to rationalize considering that catalase, a
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hemoprotein having many structural and mechanistic features
in common with peroxidase, oxidizes only primary and secon-
dary alcohols or their related structures (Chance, 1949b).
For HRP, organic reducing substrates fall into essentially
three categories: phenols, aromatic amines, and endiols;
but there are a number of exceptions including many in-
organic reducing substrates (Table 1.4).

The rate of HRP-I reduction, generally, is at
least an order of magnitude faster than that for HRP-II re-
duction at neutral pH. Less information concerning the rate
of HRP-I reduction is available because, quite frequently,
this reaction is very fast, and it is impossible to monitor
by classical or stopped-flow kinetic techniques (Critchlow
and Dunford, 1972a). Because HRP-II reduction is often
the slowest, and, therefore, the rate-limiting step in the
peroxidatic cycle, steady-state kinetics can be used only
to determine experimentally the rate constant for this
reaction step. It should be emphasized that the rate
constants tabulated in Table 1.4 may serve only as a very
crude comparison of reducing substrate dependent reaction
rates. These constants are pH dependent and valid con-
clusions concerning the dependence of structure on reaction
rate are difficult to attempt until this pH dependence is

better understood.

The products isolated from HRP-catalyzed reaction
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Table 1.4: Reducing Substrates for the HRP-Catalyzed

Peroxidatic Reaction and the Apparent Rate Constants for

HRP-II Reduction at 25 - 30°C.

Type of (11
Reducing Reducing Substrate 3 (M S 7)) pH
Substrate 'app _
Phenols p-Hydroxydiphenyla ~8 x 107 7
Hydroquinonea 3 x 106 7
Hydroquinone Monomethyl Ether® 2 x 106 7
catechol® 2 x 108 7
. a 5
Resorcinol 3 x 10 7
b 6
p-Cresol 1x 10 7
. . .__a 7
Amines o-Phenylenediamine ~5 x 10 7
a
m-Phenylenediamine 1x 106 7
Aniline? 7 x 10* 7
p-Aminobenzoic Acid® 1 x 10° 7
p-Aminobenzoic Acia® 5 x 102 7
Endiols Reductone? ~1 x 106 4.2
Dihydroxymaleic Acid? ~1 x 104 7
Ascorbic Acid? 2 x 10* 4.7
Miscellaneous Uric Acid? ~2 % 104 7
Leucomalachite Greena 3 x 105 4.7

(Table continued

on next page)



Table 1.4 continued

Ferrocyanided

DPNHZ
Sulfite®
Todidef

Nitrite?

@Chance (1951)

b

CChapter 3, this thesis
dCotton and Dunford (1973)
©roman and Dunford (1973)

fRoman et al. (1971)

Critchlow and Dunford (1972a)

x 10
10
10
x 10

x 10
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mixtures indicate that free radicals often are intermediates.
The initial steps for an organic reducing substrate AH,
where a single electron transfer is involved in the peroxi-

datic reaction are:
k

1

HRP + H,0, — HRP-I (1.6)
k)

HRP-I + AH, —— HRP-II + AH- (1.7)
k3

HRP-II + AH2~ —HRP + AH. (1.8)
kg

2AH «=—> A, + AH, (1.9)
kC

2AH e=——s HA - AH (1.10)

Yamazaki et ql. (1960) have identified free radical formation
in the oxidation of ascorbic acid, hydroquinone and dihyd-
roxyfumaric acid by ESR. They estimated the intermediate
steady-state concentrations in their flow system to be

5 - 20 times greater than the initial enzvme concentration.
They could obtain no evidence for interaction of enzyme and
the free radicals. The technique used was likely sensitive
to the preferential oxidation of the free radical by either
HRP-I or HRP-II but it is doubtful whether the change in
free radical concentration for an equimolar free radical -
enzyme interaction would be observable at the HRP concen-

8 =7

tration used (10 ° - 10 M) under steady-state conditions.

Considerable effort has been expended in the
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isolation and characterization of reaction products. This
work has been extensively reviewed (Saunders et al., 1964;
Mason, 1957). From a mechanistic point of view such an
approach provides information concerning the nature of the
initial free radical generating reaction. A comparison of
products derived from the action of Fenton's reagent and
HRP demonstrates the specificity created by the presence

of the protein moiety and porphyrin ring. 1In the case of
mesidine oxidation, the peroxidase gives a single product,
2,6—dimethylbenzoquinone—4—(2',4',6'—trimethyl) anil (Chapman
and Saunders, 1941) whereas the ferrous salts give an ill-
defined dark mass of multiple reaction products.

An understanding of the products resulting from
the oxidation of a given substrate can allow the selection
of a suitable reducing substrate to simplify the steady-
state reaction. 1In order to obtain kinetically meaningful
data readily from the steady-state it is essential that a
region exist in the absorption spectrum in which the reducing
substrate absorbs or in which products, related to the
initial reaction step either directly or by way of very
fast reaction steps, absorb. If several observable products
are formed consecutively at similar rates, the steady-state
system is not easily interpreted. As a result, activity
tests usually utilize reducing substrates that yield a
predominant product. Examples of such substrates are

pyrogallol and mesidine. Hydroquinone is known to form
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the free radical semiquinone structure (Yamazaki, 1960)

which then forms quinone. Guiacol forms a single substituted

biphenyl product through a coupling reaction. Both of these
last two substrates were used in a steady-state kinetic
study with lactoperoxidase (Maguire et al., 1971). Vanillin
(Baumgartner, 1966) and tyrosine (Morrison, 1972) give rise
to a single biphenyl product allowing a reasonably facile
investigation of the kinetics in the steady state. This

was not the case for the nonsubstituted or p-disubstituted
aromatic substrates. For p-cresol several reaction products
have been isolated and attempts to study the steady-state
system failed (Critchlow and Dunford, 1972a). Similarly,

a variety of reaction products have been isolated from the
oxidation of aniline, p-toluidine, p-anisidine, and p-
chloroaniline. A successful steady-state investigation of
ferrocyanide oxidation yielding the single product, ferri-
cyanide, is discussed in both chapters 2 and 4. In Chapter
3 mention is made of the unsuccessful attempt to study
p-aminobenzoic acid by the steady-state technique.
Modification of Peroxidatic Activity:

Enzymes frequently show inhibition or activation
in the presence of metabolites which are substrates, pre-
cursors or products in the metabolic pathway. Quite
frequently, these processes are particularly important in
maintaining the concentrations of species at acceptable

physiological levels. This regulation or control of
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metabolic activity may be mediated by changes in the
enzyme's conformation or by changes in the electronic en-
vironment of the active site. Usually, such phenomena may
be explained by binding of the activator or inhibitor to a
binding site that is not the active site. If this binding
site is located near the active site then inhibition may
arise from steric interference. Possibly, with the addition
of suitably oriented reactive groups located on the bound
species, the transition state may be attained with greater
or lesser facility depending upon the interaction of this
bound species (near the active site) and the reacting sub-
strate.

Somewhat related to this last case is the hypothesis
of nonproductive binding. If a good specific substrate
exists with one or more binding groups complementary to
binding sites on the enzyme (thus, allowing the substrate
to be located in a particularly advantageous position for
reaction) then, conceivably, a poor substrate could exist
in which one or more binding sites are missing, or the
steric orientation of the enzyme-substrate reactive center
is unfavourable to the attainment of the transition state.
Therefore, complex formation, although apparently enzy-
matically unproductive for one substrate, may be the major
catalytic pathway for another related substrate. Little
evidence exists for a productive HRP complex with a reducing

substrate but, recent kinetic results would suggest that the
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HRP-p-cresol complex is unproductive (Critchlow and Dunford,
19724). Such complex formation may be a good indication
that a reducing substrate may exist which forms a very
efficient productive complex with the enzyme. The rate
given for compounds such as p-hydroxydiphenyl for HRP-II
reduction (see Table 1.4) would indicate that the reaction
for such substrates may be approaching the diffusion-con-
trolled limit. 1In addition, such complex formation may be
an initial indication that a control mechanism serves to
regulate the enzyme's activity in vivo.

A decade ago, Fridovich (1963) found that ammonia,
pyridine, imidazole and hydrazine, although not functioning
as electron donors in the peroxidétic reaction, activated
the HRP-catalyzed oxidation of dianisidine above pH 7.
Because competitive activation was observed for ammonia and
pyridine, a single activating site was presumed to exist
with which these nitrogenous ligands may interact rapidly
and reversibly. Since these compounds are known for their
ability to ligate to hemin iron (Nakamura et al., 1963), as
are hydroxide and cyanide which Fridovich found to compete
with them, it was suggested that the binding site may be
one side of the iron porphyrin possibly involving the ligand
at the iron's fifth co-ordination position.

Andrejew et al. (1959) demonstrated that isoniazid
(Isonicotinyl Hydrazine) and hydrazine competitively in-

hibited HRP in the acid region of pH. Apparently, compounds



50

of the structure HZN-NH-R cause irreversible inhibition
whereas those of the form HZN—O—R function as reversible in-
hibitors for HRP (Hidaka et al.., 1971). Hidaka and Udenfriend
(1970) have also shown that iproniazid (Isopropyl isonicotinyl
Hydrazine) reacts stoichiometrically and covalently in a
1:1 ratio with theenzyme. The apoenzyme retained 80% of the
radioactivity that was retained by the native enzyme upon
treatment with 14C-iproniazid. They have attributed this
phenomenon to a hydrazine reactive group such as a carbonyl
or thiol located on the apoenzyme near the active site.
Ricard et al. (1968) reported a difference spec-
trum for the interaction of g-indolebutyric acid with HRP.
Addition of the acid to the native enzyme caused a small
spectral shift with a marked enhancement occurring in the
400 - 440 nm region. These results were explained by a
reversible binding of the acid to HRP. A difference spectrum
for the g-indolebutyric acid-hemin system was also obtained.
This spectral shift was remarkably similar to the acid-HRP
interaction. The interaction of indoleacrylic acid with
HRP also showed a difference spectrum with an enhanced ab-
sorption in the 400 -440 spectral region (Gasper et al.,
1972). Since there was no evidence for complex formation
with the apoenzyme, a heme-binding site was suggested.
Therefore, considering results obtained for these acids and
the hydrazines, there would appear to be at least two

binding sites at the active center of the native enzyme,
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one associated with the heme group and the other on the
protein. A spectral shift similar to that for g-indole-
butyric acid has been reported upon the addition of acetic
anhydride to native HRP (Schonbaum et al., 1971). Although
little evidence exists to suggest that acids alter the
activity, these workers have reported a 50% inhibition with
acetic anhydride which they attributed to acetylation of a
histidine residue near the active site. Volkov et al. (1971)
have reported recently that glutamic acid may alter the
activity of the thyroid gland. Possibly, this observation
is implicated with the activity of thyroid peroxidase.

As has been mentioned earlier, Critchlow and
Dunford (1972a) have interpreted the kinetics of the HRP-
catalyzed oxidation of p-cresol in terms of an inactive
complex formed in the alkaline region of pH. At pH values
above 10, this'complex appeared to react at a reduced rate
with a second molecule of p-cresol giving rise to an ad-
ditional second order reaction. Difference spectra obtained
for the interaction of p-cresol with the native enzyme
were attributed to binding (Critchlow and Dunford, 1972a).
However, the difference spectra for the p-cresol-HRP and
the B-indolebutyric acid-HRP interactions in the 440 -
400 nm region are significantly different.

The kinetics of the oxidation of p-aminobenzoic
acid has been investigated and interpreted in terms of sub-

strate inhibition due to reversible binding to the enzyme.



52
These results will be discussed in detail in Chapter 3.
Kinetic Studies:

Enzyme kinetics seeks to define the mechanism by
which an enzyme catalyzes biclcgical reactions. It attempts
to describe biochemical functions in detail, and, indirectly,
to establish the structural nature of an enzyme's active
site. Since one of the fundamental characteristics of any
enzyme is its unique ability to promote efficiently a specific
reacticn, kinetics is a powerful tool for investigating its
function and structure.

Two basic kinetic approaches exist in this field.
Originally enzymatic reactions were studied in the steady
state. Using small concentrations of the enzyme, quite
frequently only obtainable in minute quantities through
tedious purification procedures, experimentalists were able
to slow the over—-all reaction and study its kinetics by
classical techniques (see Appendix 2). By systematic
variations of the reactant and product concentrations, one
is able to deduce a considerable amount about the mechanism
(Cleland, 1963). However, if the mechanism is complicated
by several enzyme intermediates, which is frequently the
case, unambiguous interpretation of the steady-state kinetics
can be very difficult. Many of the kinetic parameters can-
not be evaluated quantitatively either because they are
associated with reaction steps much faster than the rate-

controlling step or because they are not separable as in-
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dividual constants. The second approach involves observing
a single turnover of the enzyme or, preferably, a single
reaction step. This necessarily requires, in most cases, a
fast reaction kinetic method. The stopped-flow technique
is particularly amenable to the HRP-catalyzed reactions. The
kinetics can be conveniently simplified by studying each
reaction step separately. This is possible only because the
HRP intermediates, although unstable, nevertheless, can be
prepared immediately prior to an experiment with a half-life
of about fifteen minutes. The rates of HRP-T and HRP-II
reduction with an excess of reducing substrate are within the
time regime of the stopped-flow method (half-life =~ 0.005 -
0.1 seconds). Under these pseudo-first-order conditions
the need to know the slowly decaying initial concentration
of the HRP intermediate is avoided. The large change in the
Soret molar absorptivities upon reduction of the enzyme inter-
mediates allows one to observe the rate of disappearance of
these species spectrophotometrically. Therefore, in the
kinetic investigations that follow, the HRP-catalyzed oxid-
ations were studied primarily by the stopped-flow technique.
Whenever possible, the stopped-flow data were complemented
by the steady-state method. The latter approach proved a
particular asset in the cyanide binding study to the HRP
intermediates.

Early reports indicated that the reduction of

HRP-I and HRP-II with reducing substrates were both pH
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dependent (Getchell and Walton, 1931; Balls and Hale, 1934;
Wilder, 1962) and pH independent (Chance, 1952b). Kinetic
investigations of the binding of fluoride (Dunford and
Alberty, 1967) and cyanide (Ellis and Dunford, 1968b) in-
dicated the presence of ionizable groups at the active site
of HRP. A study of the ferrocyanide oxidation over the
range of pH 3 - 11 showed that the rate of HRP-I reduction
varied over two orders of magnitude and HRP-II reduction
five orders of magnitude (Hasinoff and Dunford, 1970). The
log rate-pH profiles were interpreted in terms of a single
jonization at 5.3 for HRP-I and three ionizations at 3.4,
5.2 and 8.6 for HRP-II. The kinetics of several inorganic
reducing substrates have been investigated (Roman et al.,
1971; Roman and Dunford, 1972a; 1973). For HRP-I reduction
a single ionization (pKa = 4.6) was postulated to account
quantitatively for the observed pH-rate profile with iodide
whereas with sulphite two ionizations at 5.1 and 3.3 were
jndicated. For HRP-II reduction by iodide no ionizations
were observed over the accessible range of pH (2.7 - 9.1).
With sulphite the pH dependence in the region 2.4 - 6.9
was interpreted in terms of a single ionization at 3.9. In
the reduction of both intermediates the log rate-pH profile
was interpreted in terms of a sulphite ionization at 6.2.
Critchlow and Dunford (1972a),studying the
oxidation of p-cresol by HRP-II, found a well-defined enzyme

pK, at 8.6. Two further enzyme ionizations at 2.2 and 5.7
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were indicated. The substrate PK, = 10.4 was also observed.
As discussed previously, the existence of an HRP-II-p-cresol
complex was demonstrated. Since the dissociation constant
for the complex and the second-order rate constant for HRP-IT
reduction do not depend on any common ionizing group of the
enzyme, it was argued that the complex was unproductive.
p-Cresol was shown to react only in its unionized form over
the experimental range of pH. This fact was demonstrated by
showing that the calculated concentration of the anion was
so small that for the observed rate, the second-order rate
constant would have to be larger than the diffusion-controlled
limit. This would suggest that electrostatic arguments could
not explain the degree of complexity of the log rate-pH
profile for this phenol oxidation. An attempt was made to
correlate the log rate-pH profiles, observed isotope effects
and over-all rate constants of the ferrocyanide, iodide and
p—-cresol oxidations with HRP-II in terms of a mechanism in-
volving intramolecular general acid catalysis (Critchlow
and Dunford, 1972b) which gi?es way to a specific acid
catalysis in sufficiently acidic solutions. The slower the
over-all rate of reaction the higher the pH at which specific
acid catalysis begins to compete successfully.

This thesis, then, is part of a continuing program
to elucidate the mechanism and structure of HRP. The
ferrocyanide oxidation has been used as a convenient system

to probe the nature of the enzyme's active site. Aromatic
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amines are one major class of reducing substrates. As a
result, p-aminobenzoic acid was chosen as a convenient
representative species to explore the kinetic response and
to obtain more information with which to augment and expand

|
upon existing mechanistic ideas.
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CHAPTER 2

THE FERROCYANIDE PEROXIDATION CATALYZED BY HORSERADISH

PEROXIDASE AND THE NATURE OF THE ENZYME'S ACTIVE SITE

2.1 Introduction

It has been proposed by many that a peroxide frag-
ment must be retained at the active site (Chance, 1949;
Brill and Williams, 1961; Hollenberg and Hager, 1972;
pPeisach et al., 1968) when HRP intermediate compounds are
formed. Spectral investigations in the Soret spectral
region of HRP-I and HRP-II suggested that the HRP compounds
formed with different oxidizing agents contain the same
type of iron-peroxide bond (Chance, 1949), or simply contain
a prosthetic group in a higher oxidation state (George,
1959) . However, it has been shown that the chlorinating
compound formed from HRP and NaClOz is spectrally identical
to HRP-I (Hollenberg and Hager, 1972). Since HRP-I is not
a chlorinating agent, spectral evidence alone is not a suf-
ficient criterion for a proposed structure of the active
site.

Although many techniques have been applied to the
study of the HRP intermediate compounds (Moss et al., 1969;
Peisach et al., 1968; Brill and Sandberg, 1968; Ellis and
punford, 1968; Willick et al., 1969), the kinetic method,
in principle, provides one of the better sources of in-
formation concerning the nature of the active site. The

rather complex dependence of reaction rates upon pH ob-
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served for different reducing substrates in HRP-catalyzed
reactions are indicative of proton-transfer processes
which affect the rate-determining step. These proton tran-
sfers involve ionizable groups present on the enzyme or
reducing substrate. Formation of HRP compounds with hydro-
peroxides may result in structural changes if the organic
fragment is retained at, or near, the active site of the
enzyme. This fragment could conceivably interfere with,

or block, one or more proton transfers that have been shown
to occur during the reduction of HRP-I and HRP-II prepared
from hydrogen peroxide. A distinctly different pH depen-
dence would then emerge. Therefore, in order to inves-
tigate these possibilities which may have remained undetec-
ted by experimental approaches less sensitive to such
alterations, two organic hydroperoxides, ethyl hydroperoxide
and m-chloroperbenzoic acid, were chosen to study the
peroxidase-catalyzed ferrocyanide oxidation. The ferro-
cyanide oxidation was chosen because a previous investigation
utilizing hydrogen peroxide to prepare HRP-I and HRP-IT

had demonstrated three protonations over the accessible
range of pH for HRP-II reduction and at least one for HRP-I
reduction, (Hasinoff and Dunford, 1970). A shift in the
observed pKa's or their disappearance would show that the
structure of the active site was dependent upon the struc-

ture of the oxidizing substrate.
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2.2 Experimental

Materials:

Horseradish peroxidase was obtained from Boehringer-
Mannheim as a highly purified ammonium sulphate suspension.
Prior to use, the suspension was dialyzed and filtered
through a Millipore filter of 8 micron pore size. Using
the spectrophotometric purity criterion, the final enzyme
preparation had a P.N. of not less than 3.0. The purity
number (P.N.) is the ratio of the absorbance at the Soret
maximum of 403 nm to the absorbance at 280 nm. The enzyme
was characterized and its concentration determined spectro-
photometrically as is described in considerable detail in
Apprndix 5.

Water, distilled from alkaline potassium perman-
ganate followed by double redistillation from glass, was
used in the preparation of all solutions. A constant
ionic strength (p) of 0.1l was maintained in all reaction
mixtures with 0.01 contributed by the buffer and the re-
mainder by Fisher reagent grade potassium nitrate and
potassium ferrocyanide. Ferrocyanide stock solutions were
prepared immediately prior to use under diffuse lighting
and stored in the dark.

The ethyl hydroperoxide was obtained form Poly-
sciences Inc. as a 10% aqueous solution. A polarographic
analysis of the reagent in dilute alkaline lithium sulphate

solution detected no hydrogen peroxide (Bruschweiler and
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Minkoff, 1955). The presence of other possible oxidizing
agents known to form compounds with HRP was not observed
by NMR. A 5 x 1074 u aqueous solution of the alkyl hydro-
peroxide was stored at 5°C and its concentration was
analyzed periodically by spectrophotometry utilizing the
HRP-catalyzed oxidation of iodide to triiodide. This
analytical technique was developed from a method for the
analysis of hydrogen peroxide using molybdate as a catalyst
(ovenston and Rees, 1950; Ramette and Sandford, 1965).
Molybdate is a poor catalyst for alkyl hydroperoxides and
the rate of formation of triiodide is too slow to be anal-
ytically useful. In the newly developed method, a solution
consisting of 0.05 M sodium iodide and 10"% M HRP was pre-
pared in an acetate buffer of pH 3.8 and ionic strength
0.01. A 2 ml aliquot was pipetted into a cuvette and the
absorbance change observed upon the addition of 50 ul of
the hydroperoxide solution. The amount of triiodide formed
was determined quantitatively by measuring its absorbance
at 353 nm on the Cary-14 spectrophotometer using a molar

1 1 (Ramette and Sandford,

absorptivity of 2.55 x 104 tem™
1965). The solutions of hydrogen peroxide used to prepare
the HRP compounds were also stored and analyzed in a similar
ménner.

An independent analysis of hydrogen peroxide
present in the ethyl hydroperoxide solutions made use of

the difference in the relative rates with which hydro-
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peroxides and hydrogen peroxide react with iodide (Johnson
and Siddigi, 1970). In the presence of 0.005% by weight
ammonium molybdate the hydrogen peroxide oxidation was very
rapid and occurred within the time required to mix the
solutions in the cuvette. Comparing this dead-time reaction
with the total change in absorption when HRP was added,
showed that less than 2% hydrogen peroxide was present in
the ethyl hydroperoxide.

Technical grade m-chloroperbenzoic acid was ob-
tained from the Aldrich Chemical Company. A 10% solution
of this acyl hydroperoxide was made up in acetone and stored
at -10°C. Stock solutions of about 4 x 10-4 M were prepared
prior to each day's experimental work by adding 0.1 ml
acetone solution to 100 ml distilled water. The concen-
tration of the acyl hydroperoxide was determined by the
spectrophotometric method described above for ethyl hydro-
peroxide. However, because m-chloroperbenzoic acid rapidly
and spontaneously oxidizes iodide, no HRP was required to
catalyze the reaction. Hydrogen peroxide oxidation of
iodide is very slow in the absence of a suitable catalyst.
Therefore, spontaneous oxidation was used in the deter-
mination of the acyl hydroperoxide concentration and ad-
dition of HRP facilitated the determination of the total
concentration of oxidizable material (hydroperoxide +
hydrogen peroxide concentration). It was estimated by

this means that slow hydrolysis (Swern, 1971) or contamin-
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ation of the acyl hydroperoxide resulted in <5% of the total
peroxide as hydrogen peroxide in the stock solutions 8 -

10 hours after preparation.

Kinetie Experiments:

Investigations were carried out using a stopped-
flow apparatus thermostatted at 25°C. Details of the in-
strument are described elsewhere (Ellis, 1968, Hasinoff,
1970). The experimental traces were monitored on a 564B
Tektronix storage oscilloscope, and the stopped-flow data
were recorded as an amplified photomultiplier voltage print-
out digitized at 30 equally spaced intervals of time. 1In

a typical experiment, HRP-I was prepared by adding 0.8

6

molar equivalents of the hydroperoxide to a 2 x 10 ° M

unbuffered agueous solution of the native enzyme. The
HRP-II was prepared by adding 0.4 molar equivalents of pP-
cresol to HRP-I based on the original native HRP concen-
tration. The absence of HRP-I was checked periodically by
observing the absorbance at 411 nm, the wavelength at which
HRP and HRP-II are isosbestic. The absence of a change
in the absorbance at 411 nm as HRP-II decays to HRP demon-
strates the absence of HRP-I. In a kinetic study of HRP-II
reduction, the presence of HRP~I in the enzyme preparation
is not a critical factor provided that the rate of HRP-I
reduction is sufficiently fast to permit essentially com-
plete time separation of the two reactions. This, in fact,

was the case for the ferrocyanide oxidation. The potassium
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ferrocyanide solution was prepared separately and, with the
exception of the HRP-II studies at low pH to be discussed

in more detail shortly, contained the buffer, potassium
nitrate and about 10-9M HRP. The latter component removed
small amounts of oxidizing impurities and prevented anomalous
formation of HRP intermediates in the initial time interval
which would have interfered with the observed exponential
decay of their concentrations. The other syringe contained
the HRP compound. Its final concentration in the instrument's

7

observation chamber was about 5 x 10° ' M with not less than

a 10 molar excess of the ferrocyanide. The reactions were
followed by observing the increase in absorbance at 411 nm
for HRP-I reduction and the decrease in absorbance at 425 nm
for HRP-II reduction. Not only did the change in absorbance
at 411 nm have a reasonably large change in the molar ab-
sorptivity upon conversion of HRP-I to HRP-II, but also

the interference from HRP-II reduction was minimized since
this latter reaction was not observable at sufficiently
narrow slit widths (~0.3 mm). At 425 nm the change in

molar absorptivity upon reduction of HRP-I1 was a maximum
and close to the wavelength at which HRP-I and HRP are
isosbestic. The observed first order rate constants were
calculated in the manner described in Appendix 1. An
average rate constant and standard deviation were determined
from 8 - 12 experimental exponential traces.

The kinetics of the HRP-II-ferrocyanide reaction
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also was investigated at pH values between 9 and 10 using
the Cary 14 spectrophotometer with the cell compartments
thermostatted at 25°C. 1In these experiments 2 ml of

2.0 x 10—6 M HRP, containing the buffer and potassium
nitrate, were pipetted from a constant temperature bath
into a cuvette. HRP-II was prepared by the appropriate
addition of hydroperoxide and p-cresol. Then, at least a
20 molar excess of ferrocyanide was quickly added. First
order rate constants were calculated from the resulting
spectrophotometer traces in a manner analogous to that used
for the stopped-flow data.

The Cary-14 spectrophotometer also was used to
study the steady-state kinetics over the range of pH 5 -
3.2. The reaction was followed by measuring the absorbance
of ferrocyanide at 420 nm. The molar absorptivity at this
wavelength was found to be 1030 M"1 cm-l,in good agreement
with previously published results (Hasinoff and Dunford,
1970; Birk, 1969). Ferrocyanide and sufficient water to
make a total volume of 2.2 ml were added with Hamilton
microliter syringes to a cuvette containing 2 ml of buffer,
potassium nitrate and HRP. The reaction was initiated by
rapidly mixing the peroxide with the cuvette's contenté
using a Teflon plumper on which microliter quantities of
the oxidizing substrate were deposited. The initial
velocity of the reaction was computed at the extrapolated

zero time by measuring the slope of the absorbance-time
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trace. Initial HRP concentrations were in the range (1L - 2)
X 10—8 M and initial peroxide concentrations (5 - 20) X 10-5
M. A detailed discussion of the steady-state method is

given in Appendix 2.

2.3 Results

The formation of HRP-I results from the addition
of oxidizing agent to the native enzyme. HRP-II is pre-
pared by addition of suitable quantities of p-cresol as
discussed previously. The established equations for the
ferrocyanide oxidation with the two intermediates are
(George, 1952; Chance, 1952) :

-4 k2aPP
HRP-I + Fe(CN)6 — — +HRP-II + Fe(CN)6 (2.1)

-4 3app (2 2)
HRP-II + Fe(CN)6 ———HRP + Fe(CN)6 :

With excess ferrocyanide, the reaction becomes pseudo-

first order and the differential rate expressions in each

case are:

) d[m;:—l] = Koy [HRP-T] (2.3)

_ d[HjP;—II] - X, _[HRP-II] (2.4)

where: Koyops = kZapp[Fe(CN)g4] (2.5)
K3ops — 3apP[Fe(CN)6 ] (2.6)
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Egs. 2.3 and 2.4 were confirmed for both the alkyl and acyl
hydroperoxides as oxidizing substrates by obtaining linear
plots of log Av vs. time for reaction traces of many dif-
ferent pH values (AvV = voltage change which may be related
to absorbance change AA). The linear correlations of k20bs
and k3obs with ferrocyanide concentrations were verified by
studying the reaction rates at different ferrocyanide con-
centrations, using HRP-I or HRP-II prepared with ethyl
hydroperoxide or m-chloroperbenzoic acid. The data from
several experiments are shown in Fig. 2.1 for HRP-I and
Fig. 2.2 for HRP-II. Similar studies were performed at a
number of other pH values on the stopped-flow apparatus

for HRP-I, and on both the stopped-flow apparatus and
spectrophotometer for HRP-II. Each stopped-flow study of

k as a function of [Fe(CN)g4] represented 5 - 9 different

obs
concentrations of ferrocyanide over an order of magnitude
range and the analysis of 50 - 90 Av vs. time traces.
Kineties of the HRP-II-ferrocyanide reaction:

Values for k3app were determined by the stopped-
flow technique over the pH range 4 - 10.6. At high pH,
k3app values were determined on the Cary 14 spectrophoto-
meter also. The data are presented in Table 2.1 and Fig.
2.3. The result of the steady-state studies of the HRP-
catalyzed ferrocyanide reaction in the acid pH region, with

ethyl hydroperoxide and hydrogen peroxide as oxidizing sub-

strates, are presented in Table 2.2. The steady-state
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kobs(s-])

2 4 - 8 10 12
[FelcN)t] x 103 (M)

Fig. 2.1l: Two studies of the dependence of the HRP-I-

ferrocyanide reaction on ferrocyanide concentration. At

the two pH values indicated, k2°bs is plotted against

[Fe(CN);4]. The linear correlations were determined from

a weighted linear least squares analysis. Within the ex-

perimental errors, the intercepts were zero. The rate

constants determined from the slopes are: PH = 8.99,
5 -1 -1
- + . = =
k2app (6.1 + 0.3) x 10° M~ s "; pH 7.50, k2app
(6.8 + 0.3) x 10° ML s,

Key: O, HRP-I prepared from ethyl hydroperoxide; ®, HRP-I

prepared from m-chloroperbenzoic acid.
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[Fe(cN)2] = 104(Mm)
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Fig. 2.2: Three studies of the dependence of the HRP-II-

ferrocyanide reaction on ferrocyanide concentration. Plots

of k [Fe(CN)g4] are shown with correlations deter-

3obs VS
mined from a weighted linear least-squares analysis at the
pH values indicated. In each case the intercept is zero

within experimental error. At the different pH values the

rate constants determined from the slopes are: pH = 6.45,

- 4 -1 -1
= + . = =
k3app (2.7 * 0.1) x 10" M s ~; pH 6.92, k3app
4 -1 -1
+ . = = +
(1.8 £ 0.1) x 10" M s 7; pH 7.28, k3a (1.8 £ 0.1) x
104 M_1 s—l.

Key: O, HRP-II prepared from ethyl hydroperoxide; ®, HRP-II

prepared from m-chloroperbenzoic acid.
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Table 2.1: The second order rate constants determined for

the HRP-II-Ferrocyanide reaction at 25° and

u = 0.11,
pu? k3app(M_1s-l)b Buffer® Oxidizingd
Substrate
4.01 (2.0:0.2)x10° cT M
4.20 (1.1:0.1)x105 cT E
4.38¢ (8.3+0.6)x10° a E
4.39 (7.8+1.4)x10° a H
4.60° (4.9+0.2)x10° a M
4.78 (3.0:0.3)x10° a H
4.78® (3.3+0.1)x10> a E
4.98 (2.120.4)x10° a M
5.16 (1.5:0.1)x10° a M
5.16 (1.410.1)x10° A H
5. 40 (9.8+0.3)x10% A M
5.77 (5.9:0.4)x10% p E
5.89 (5.0£0.5)x104 p E
5.94 (4.3:0.1)x10% p H
5.96€ (4.420.1)x10% p E
6.12 (3.7£0.2)x10% p E
6.25 (3.0£0.1)x10% p E
6.45° (2.7:0.1)x10% Cca E
6.61 (2.2:0.1)x10% P M

(Table continued on next page)



Table 2.1 continued

a -1 -1.b c
pH k3app(M s 7) Buffer
6.92 (1.8:0.1)x10% p
7.06 (1.820.4)x10% P
7.13 (1.7+0.1)x10% P
7.28° (1.8+0.1)x10% P
7.50 (1.420.1)x104 T
7.73 (1.5+0.2)x10% P
7.95 (1.120.1)x10% T
8.57 (7.2+0.9)x10° T
9.00f (3.410.5)x10°3 T
9.37 (2.2+0.2)x10° c
9.51¢ (2.1+0.1)x10° GN
9.87f (6.7%0.3)x102 c
9.94% (5.8%0.3)x102 c
10.56 (1.6%0.1)x102 c

%Errors on PH values estimated at 0.02.

70

Oxidizing
Substrate

M

E
M
M
M
E
M
E
E
M
E
E
E
M

bErrors on rate constants represent twice the standard

deviation calculated from experiments performed at a

given pH.

d

(Table continued on next page)
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Table 2.1 continued

CBuffer abbreviations: A, acetic acid-sodium hydroxide;

CA, cacodylic acid-sodium hydroxide; P, potassium dihydrogen
phosphate-sodium hydroxide; T, tris-nitric acid; C, sodium
bicarbonate-sodium hydroxide; CT, citric acid-sodium

hydroxide; GN, glycine-sodium hydroxide.

deidizing substrate abbreviations: E, ethyl hydroperoxide,

M, m-chloroperbenzoic acid; H, hydrogen peroxide.

eStudy of the dependence of k on [Fe(CN)g4] from which

30bs

k was calculated from the slope of a linear least-

3app
squares analysis.

fStudy of k vs. [Fe(CN)g4] performed on the Cary 14

3obs
spectrophotometer.
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10®

10°

104

kopp(M™ 57T)

103

102 L L ! L . .
4 k) ,\6 7 8 -] 10 n

FPig. 2.3: Semiloéarithmic pfgis of the apparent second
order rate constants vs. pH for the HRP-I-ferrocyanide

and HRP-II-ferrocyanide reactions. The correlations ap-
pearing as solid curves were obtained from the non-linear
least-squares analysis of the data. The error limits, to
be found in Tables I and IV, were omitted for clarity.
Different oxidizing substrates were used in the preparation
of the HRP compounds. KXey: [J, hydrogen peroxide; O, ethyl
hydroperoxide; ®, m-chloroperbenzoic acid, 4} , 4 , study

-4
of the dependence of kobs on [Fe(CN)6 ]
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Table 2.2: The second order rate constants for the HRP-II-
Ferrocyanide reaction determined from steady-

state kinetics at 25° and u = 0.11

C

pHa k3app(M-ls—l)b Buffer Oxidizingd
Substrate

3.27 (6.9%1.4)x10° cT H

3.63 (3.6£0.3)x10° cT E

3.85 (2.0£0.2)x10° cT H

4.23 (8.3+0.8)x10° cT H

4.60 (4.9£0.3)x10° a E

5.01 (1.9%0.2)x10° a H

a,b,¢,dme same as in Table 2.1
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data obtained at four pH values are shown in Fig. 2.4. The
steady-state determinations are in good agreement with
those published previously (Hasinoff and Dunford, 1970;
Critchlow and Dunford, 1972). The apparent second-order

rate constants (k ,s) determined by this method are con-

3app
sistently about 20% lower than those obtained by studying
the HRP-II-ferrocyanide reaction in isolation from the

other reactions involved in the steady-state cycle, that is,
by stopped-flow kinetics. Since the rate constants ob-
tained from the steady state are dependent upon the total
concentration of HRP whereas the stopped-flow results are
not, this discrepancy may be due to uncertainty in the value
of the molar absorptivity of HRP at 403 nm (Keilin and
Hartree, 1951). Values for the molar absorptivity published
more recently (Shannon et al., 1966; Paul and Stigbrand,
1970) indicate that the value of Keilin and Hartree (1951)
at 403 nm is too small. In addition to introducing error

in measurement of the rate constant using the steady-

state method, an imprecise value for the molar absorptivity
of HRP may lead to the use of incorrect amounts of oxidizing
and reducing substrate in preparing the HRP intermediates.
From a kinetic point of view only an excess of oxidizing
substrate poses a serious problem. This invariably leads to
more than one turnover of the enzyme. The native enzyme

resulting from HRP-II reduction will form HRP-I if oxidizing

substrate is present, and another oxidation-reduction cycle
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Fig. 2.4: Plot of [HRP]y/v vs. l/[Fe(CN)g4 at four pH

values obtained by steady-state kinetics. The cor-

relations shown were determined from a linear least-

squares analysis. For each set of data, pH, [H202]0 or

[C OOH]O, and [HRP]0 were constant at the following

2ts
respective values: 3.85, 5.60 x 10—4 M, 1.3 x 10_8 M;

4.23, 2.36 x 1074 M, 1.4 x 10”8 M; 4.60, 1.91 x 1074 M,

5 8

1.2 x 10”8 M; 5.01, 4.91 x 10 °M, 2.2 X 10°° M. Key:

the same as for Figure 3.
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will begin. This results in an observed rate constant

that is too small. To prevent this complication, less

than a molar equivalent of peroxide was added to allow for
as much as a 20% error in determining the HRP concentration,
and the absorbance at 411 nm was checked periodically to
ensure no observed change due to HRP-I decay. If the molar
absorptivity of 9.1 x 10° MY cm~! is indeed too small,

then the calculated concentration of HRP is too large and
the 0.8 molar equivalent peroxide added may be very close to
a one molar equivalent. It was observed that small amounts
of oxidizing agent in the water used to dilute the native
enzyme preparation often caused small absorbance changes

at 411 nm in an HRP-II preparation. This would suggest
that the amount of peroxide added may be very close to the
one molar equivalent limit. The situation was easily rec-
tified by reducing the amount of peroxide and p-cresol
added.

In the stopped-flow experiments a systematic
deviation in reaction rates determined in successive ex-
periments was observed in the acid region of pH. Apparently,
this was due to interference from an acid-catalyzed reaction
which occurred in the stopped-flow apparatus and competed
for ferrocyanide. The slow decay in ferrocyanide ccncen-
tration occurring in the apparatus somewhere between the
driving syringes and the observation chamber resulted in a

gradual decline in the observed reaction rates. An un-
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changed signal amplitude indicated a reasonably stable con-
centration of HRP-II over this short time period. Following
the initial 2 - 3 consecutive experiments, each successive
trace had a progressively longer half-life and was not a
duplicate of the trace immediately preceding it. An attempt
to ensure fresh ferrocyanide solutions of the correct known
concentration was made by thorough flushing of the ins-
trument with the reactant solutions prior to each experiment.
This resulted in reproducible data showing good first-order
correlations in ferrocyanide. Interference from this com-
peting reaction was also partially overcome by preparing
HRP-II in the low pH buffer rather than making up the
ferrocyanide solution in the acidic medium. Therefore,

for the experiments below pH 6, the ferrocyanide solution
was unbuffered prior to the final mixing of the reactants

in the stopped-flow apparatus. Under these conditions, any
enzyme denaturation in the acid solution was insignificant
and did not affect the observed HRP-II ferrocyanide rates.
Greater precision was attained at a given pH by doing many
experiments at different ferrocyanide concentrations to
ensure a good first-order response in ferrocyanide. Several
such studies were performed at low pH. Below pH 4, this
correlation was no longer linear and the investigations

were terminated. Because these systematic errors were not
detected in the previously reported work (Hasinoff and

Dunford, 1970) the standard deviations for experiments
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performed in the earlier investigation at low pH were much
larger than originally estimated.

A major kinetic problem was encountered in one
of the two stopped-flow apparatuses with which the ferro-
cyanide oxidation was investigated. Although no difficulty
was observed for iodide (Roman et al., 1971) or p-cresol
oxidation (Critchlow and Dunford,l972a), the reaction of
HRP-II with ferrocyanide was zero order in the latter
reactant. This problem was ultimately overcome by using an
older, less sophisticated apparatus. A tentative explanation
might be that ferrocyanide interacts with some component
in the system to produce a highly reactive reducing agent
which then reduces HRP-II preferentially. The same problem
was encountered in the HRP-I-ferrocyanide study and in
the investigation of lactoperoxidase compound II reduction
by ferrocyanide (Maguire, unpublished results).

The resulting log k ve. pH profile did not

3app
justify the inclusion of an acid dissociation constant with
a pKa of 5.2 as was reported previously (Hasinoff and
Dunford, 1970). This was the case for HRP-II prepared

from hydrogen peroxide as well as the two hydroperoxides.
The steady-state data confirmed this conclusion and
provided no evidence for the PK, reported at 3.4 (Fig. 2.5).
There was no evidence for any acid dissociation occurring

on the enzyme or substrate over the pH range 5.0 - 3.2.

Below pH 3.2 the formation of HRP-I became rate-limiting
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Fig. 2.5: Semilogarithmic plot of k3app determined by
steady~-state kinetics vs. pH for the HRP-II-ferrocyanide
reaction. Error limits were estimated as the 95% con-
fidence 1limit from the linear least-squares anﬁlysis at
A each pH. The correlation was obtained from a weighted
nonlinear least-squares analysis of the data using the Kt
and K2 values appearing in Table 2.3 as fixed parameters.

Key: the same as for Figure 2.3.
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so that k3app could not be evaluated under steady-state
conditions. The agreement among the rate constants using
all three oxidizing substrates at high pH for HRP-II re-
duction with ferrocyanide is excellent.

The solid curves shown in Fig. 2.3 represent the
best-fit correlations from a nonlinear least squares analysis.
For the HRP-II-ferrocyanide reaction, a good fit was ob-

tained using the phenomenological equation:

+ +
Al[H 1(1 + [H ]/A2)

k (2.1)

3¥PP (1 4 [HT1/3,)

In order to assign kinetically meaningful parameters to the
values determined for the variable parameters Al, A2 and

A. two different approaches have been used. One method was

3
to attempt a prediction of a reaction scheme including all

possible reactions of the various protonated forms of the
enzyme and substrate. In such a scheme it was assumed
that proton transfer is much faster than reactions between
the enzyme and the reducing substrate. (Alberty and
Bloomfield, 1968). One may derive an expression for the
pH dependence of the apparent rate constant in terms of
the rate constants and equilibrium dissociation constants
of the proposed reaction scheme. The denominator will
contain a term for each enzyme or substrate acid dissoci-
ation constant. Nonlinear analysis should permit the un-

ambiquous determination of a quantitative value for each
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equilibrium constant. 1In the case of k3app for the HRP-II
reduction, A, may be readily identified with the single
acid dissociation assigned to the enzyme. The numerator
usually consists of more complex terms and the parameters
Al and A2 are identified with clusters of constants, each
of which cannot be determined unambiguously. An analysis
of this type was performed for the alleged three acid dis-
sociations observed for the HRP-II-ferrocyanide reaction
and the single dissociation of the HRP-I-ferrocyanide
reaction (Hasinoff and Dunford, 1970). These dissociation
constants must necessarily refer to molecular rather than
group ionizations. This is so because kinetics can observe
only ionizations occurring on a molecular species but can-
not distinguish the specific group at which ionization is
occurring if two or more ionizable species are present.
Therefore, in order for thevalue assigned to the specific
parameters to be correct, the detailed mechanism initially
assumed involving group ionization constants must first be
correct. This problem has been discussed in detail by Roman
(1972).

The second alternative involves transition-state
theory and the assignment of inflections in the log rate-
pH profile to ground-state and transition-state acid dis-
sociation constants. The expression for the apparent rate
constant's dependence on pH has the same terms in the

denominator as in the first approach, but the clustered
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parameters making up the terms of the numerator are now
replaced by transition-state acid dissociation constants.
The transition-state method has been derived elsewhere
and its application to enzyme-catalyzed systems discussed
in considerable detail (Critchlow and Dunford, (1972c).

To demonstrate the application of transition-
state theory to an analysis of the log k3app vs. pH plot
of the data, consider a hypothetical pH profile obtained if
one were able to study the oxidation of ferrocyanide by
HRP-II at very low and very high pH. At a sufficiently
low pH all groups of the substrate and enzyme will be
predominantly in their protonated forms. As a result, con-
tinuing to reduce the PH will produce infinitely small
changes in the concentrations of these protonated forms
and the reaction rate will appear independent of pH. Very
small changes in the concentrations of the unprotonated
forms at sufficiently high pH, necessarily, results in
another pH independent region. If no further inflections
in the curve occur in the PH regions which are not observ-
able, except those required to satisfy these two limiting
cases at the extremes of pH, the minimum PH profile will
resemble Fig. 2.6. The broken line represents the assumed
nature of the log rate-pH profile in the unobserved regions
of pH.

The dependence of the apparent rate constant on

PH may be treated in a way somewhat analogous to the depen-
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Fig. 2.6: Plot of log k vs. pH for the HRP-II-ferro-

3app
cyanide reaction shown schematically. The solid line

represents the experimental curve and the broken line the
unobservable hypothetical curve at the extremities of pH.
The arrows shown above and below the curve represent the

two possible pairing mechanisms assuming the curve may be

described by a single mechanism over the entire range of pH.
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dence on pH of the Michaelis-Menten association constant
discussed by Dixon and Webb (1964). By a simple extension
of the rules applying to the latter situation (Dixon, 1953),
a unit change in slope of the curve (Fig. 2.6) may be
related to either a transition-state acid dissociation
constant if the change is negative or ground-state acid
dissociation constant if the change is positive with dec-
reasing pH. Beginning at highest pH in Fig. 2.6, a tran-
sition-state acid dissociation constant is implied at
pH > 11 as the slope changes from 0 in the pH independent
region to -1. A ground-state acid dissociation constant
is encountered at pH = 8.5 with a positive change in slope
from -1 to 0. This is followed by another transition state
acid dissociation and, finally, by the ground-state acid
dissociation implied at pH < 2,

The pH dependence of the apparent rate constant,

then, takes the general form:

( Kf LU W )
ces —m + 1 + + Fecese

k'
3 + F
_ 7] Kiv1  Kiso (2.8)
KE rat] kS ah)
cee —%— + 1+ = ..t i + 1+ — +...)
[H'] Ki+1 [H] Ki+l

In this expression k3 is a pH independent rate constant, Ki

the transition-state acid dissociation constant of the ith

ionizable group and Kf, Ki refer to ground-state ionizations
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occurring on the enzyme and substrate, respectively. For
the proposed log rate-pH profile of Fig. 2.6 the transition-

state approach leads to the following expression for k3 :

app

+ +.2

[H ] [H ]
k' [1+ +

3 kT KTKT

2 1%

k = (2.9)
3a

PP 08 54
1+ +

Ky KK,

where Kt is the transition-state acid dissociation constant
above a pH value of 11 and Kt the transition-state dis-
sociation constant at neutral pH. In this case ké refers
to a pH-independent second-order rate constant at high pH.
The two ionizable groups of the ground-state having a

major kinetic effect are represented by the acid dissociation
constants K, and K,. The ionization at a pKa value of 8.5
(pKz) has been assigned to a group on the enzyme since it
cannot be associated with any of the protonated forms of
ferrocyanide. The effect of this group has also been ob-
served\for the HRP-II oxidation of both p-cresol (Critchlow
and Dunford, 1972a) and p-aminobenzoic acid (see Chapter 3).
The assignment of the ionization associated with Kl to a
group on the enzyme is not clear from the HRP-II-ferro-
cyanide data alone. Several ionizations of ferrocyanide

at pKa values < 2 (Jordan and Ewing, 1962) would suggest

that K, may be a substrate dissociation constant. However,

1
it has been conclusively shown that an enzyme pK_, < 2 has
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a major influence on the HRP-II-iodide reaction (Roman
et al., 1971). A similar kinetic response for p-amino-
benzoic acid indicates that Kl is very likely substrate
independent; hence, it has been assigned to an enzyme ion-
ization. The simplest mechanism which adequately describes

the data is

H2P

4
X

- 3app
HP + Fe(CN) 64

Products (2.10)

where Fe(CN)g4 refers to all protonated and unprotonated
forms of ferrocyanide and H2P, HP and P represent the
various protonated forms of the enzyme distinguishable
kinetically.

The parameters estimated from the nonlinear least
squares analysis (Al' Az, A3 in Eq. 2.7) may be readily
identified with the dissociation constants of Eq. 2.9. In
the numerator the first term in parentheses makes a neg-
ligible contribution over the pH range 2 - 11, and may be
ignored. The third term in parentheses in the denominator
also makes a negligible contribution over the pH range
studied since the effect of K, is not observed. As a

1
result Eq. 2.9 simplifies to:
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Table 2.3: The parameters obtained from a nonlinear
least squares analysis for the HRP-II-

: . . a
Ferrocyanide reaction

ké/xj = (1.8 + 0.1) x 10t M%7t
Kf = (9.2 % 0.6) x 107/ M
—_ + ‘9
K, = (3.3 £0.2) x 107 M

3rhe errors reported were the standard deviations obtained

from the nonlinear computer analysis.
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3wt |, mh
k¥ KT
2 1
_ (2.11)
k3app— [H+]
1+
Ky

which is of the same form as Eg. 2.7. Results froﬁ the
nonlinear least squares analysis of the data are tabulated
in Table 2.3. The K2 value reported here is in good agree-
ment with the acid dissociation constant published earlier
(Hasinoff and Dunford, 1970). The correlation of Fig. 2.5
was obtained from the steady-state data using the parameters
of Table 2,3.

For a log rate-pH profile over the entire pPH
range including the unobservable rates at the pPH extremities,
such as is represented in Fig. 2.6, the number of ground-
state and transition-state acid dissociationsmust be the
same. In principle, all ionizable groups on both substrate
and enzyme intermediate must be capable of protonation or
deprotonation in the transition state at some.hydrogen ion
concentration. Each ground state ionization may then be
identified with a transition state ionization. 1In general,
pairing of the pKa's and pKi's leads to n different pairing
schemes or n! different mechanisms where n is the number
of pKa's or pKt's in the log rate-pH profile. 1In a par-
ticular mechanism, if the pKi value of a particular group

is higher than the pKa value to which it is paired then
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protonation promotes the reaction. However, if the pKa
value is lower than its corresponding PK, then deprotonation
of this group promotes the reaction. The‘difference
between the pKa of a group in the ground state and its pKa#
in the transition state is a measure of the extent to which
proton transfer of this group affects the kinetics. The
larger the |pKa - pKt] the greater the sensitivity of the
reaction rate to protonation. If there are one or more
ionizable groups at or near the active site one may expect
the reaction rates to be very sensitive to the extent of
their protonation. However, for many ionizable groups of
the protein well removed from the enzyme's active center,
protonation may have no observable effect on the rates.
Such insensitivity results when pKt = pKa. These con-
siderations should allow one to discriminate between several
possible pairing schemes and inductively arrive at the most
rational mechanism.

The two possible mechanisms for the HRP-II-
ferrocyanide reaction are shown as two pairing schemes,
one above and the other below the curve of Fig. 2.6. First,
let us consider the mechanism involving the pairing scheme
in which K, is paired with Kt and K, with Kt. Such a
mechanism describes an ionizable species having a pK < 2,
the protonation of which has a very large accelerating
effect on the rate (]pKl - pKtl is very large). Such a

group probably would have to be a part of the porphyrin
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ring or a group at the iron's fifth or sixth coordination
position. Ionization influences the electronic configuration
of the active site or aids in the bond-breaking step upon
displacement of the bound species at the iron's sixth
position of HRP-II. Protonation of the second ionizable
group has a much smaller effect on the reaction rate. Since
pK2 > pKf, protonation retards the reaction. Because of

the apparent insensitivity of the reaction to the influence
of the acid group corresponding to the latter pairing

scheme it would be reasonable to assign such an ionization
to a group on the protein located near the bound species at
the sixth position.

Such a mechanism was postulated in an attempt
to rationalize the difference in the log rate-pH profiles
obtained for the HRP-II-ferrocyanide and the HRP-II-iodide
reactions (Roman, 1972). In the latter case a slope of -1
was obtained with no inflections corresponding to pKT or
pKz. Roman (1972) suggested that the mechanism for the two
reactions may differ only in the small effect resulting
from an ionizable group on the protein lying very near the
active site which influences the ferrocyanide but not the
iodide oxidation. Since deprotonation of this group appears
to promote the reaction, this would imply a base-catalyzed
mechanism. This is in sharp contrast to the overall acid
catalysis as indicated by the dominant negative unit slope

in the log rate-pH profile. 1In order that all inflections
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in the log rate-pH profile may be meaningfully assigned

to dissociation constants either in the ground or transition
state, a single acid-catalyzed mechanism must apply over

the entire range of pPH. Thereforé, the effect of a neigh-
bouring group must be by way of participation in the overall
acid-catalyzed mechanism if a single mechanism is to apply.
From electrostatic considerations, protonation of a neigh-
bouring group should promote the approach of the large
negative charge on the ferrocyanide anion. Inspection of
Fig. 2.6 shows that a mechanism involving the pairing of K2
and KT necessarily implies that protonation of this group
retards the rate by about two and one-half orders of mag-
nitude. This is very difficult to rationalize. Again,

this would suggest that such a mechanism should be dis-
counted.

The second mechanism is a more acceptable alter-
native. The pairing of Kl - KT and K2 - Kt implies that
the reaction is influenced by two protonations both of which
promote the reaction. This is essentially the mechanism
proposed by Critchlow and Dunford (1972) discussed in con-
siderable detail elsewhere. They view the acid—cétalyzed
reduction of HRP-II as occurring through a rate-determining
electron-transfer step involving the displacement of a
group occupying the iron's sixth co-ordination position as

is shown schematically in Fig. 2.7. The transfer of a
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Fig. 2.7: The proposed mechanism for reaction of HRP-II

with p-cresol shown schematically.
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proton to this species, likely a hydroxyl group, may occur
by two different processes. In an alkaline medium where
hydrogen ion concentration is low, protonation occurs mainly
through the participation of a neighbouring group. Proton-
ation of the group at the sixth position, then, is a result
of intramolecular proton transfer from the neighbouring
distal group to the group about to be displaced. As the

pH decreases in the alkaline medium, more and more of the
distal group's acid form will be present to participate in
the proton transfer process. The rate of HRP-II reduction
shows an increase with decreasing pH until the distal
group having a pKa of 8.6 is completely in its acid form.
At pH values below the pKa of this group the log rate-pH
profile exhibits a pH independent region. However, with

a further decrease in pH, a second proton transfer process
becomes significant. The group at the sixth position is
capable of being protonated by hydrogen ions from the acid
medium. Therefore, the rate of reaction is no longer pH
independent and a unit negative slope develops in the acid
pPH region of the log rate-pH profile as the pH decreases
further.

Although several ionizable groups may be present
which are potentially capable of influencing the electronic
configuration of the porphyrin ring, it is very reasonable
to postulate that a nucleophilic displacement of the bound

species at the iron's sixth position is sensitive to pro-
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tonation of the species being displaced. Protonation
greatly enhances its ability to function as a leaving

group in much the same fashion as protonation of a hydroxyl
group in the acid-catalyzed esterification of primary
alcohols. The mechanism as proposed by Critchlow and
Dunford (1972), necessarily implies a strategically situ-
ated ionizable group having a PK, of 8.6 in the environ-
ment of the active site. There is little evidence, to date,
for the existence of this distal species in the vicinity

of the active site.

Both of these mechanisms described by the pairing
schemes of Fig. 2.6 assume that the effect of pH on the
reaction rate may be described by one mechanism affecting
the rate-determining step over the entire range of pH.

Of course, this may or may not be the case. Consideration
of Fig. 2.6 might suggest a third alternative involving
two independent acid-catalyzed mechanisms. An attempt to
depict two possible overlapping mechanisms is shown in Fig.
2.8. The pKT is now not kinetically observable. The neg-
ative change in slope occurring at pH = 6 is a result of
the change in mechanism and is not interpreted in terms of
a transition-state acid dissociation. As with the second
mechanism described above, this scheme implies that two
ionizations affect the reaction rate, both promoting the
reaction upon protonation. The critical difference between

the second and third proposal is that the rate-determining
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LOG kqpp
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Fig. 2.8: Plot of log k vs. pH for the HRP-II-ferro-

3app
cyanide reaction showing, schematically, the possibility
of two overlapping mechanisms each involving a single
ionization. The solid line represents the experimental
curve, whereas the broken line represents the unobservable

hypothetical portions. The only possible pairing mechanism

for each ionization is shown by arrows.
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step is influenced by protonation of a single group in the
former case rather than by two independent ionizations.

If two independent ionizable groups are to influence the
rate-determining step, then they most likely will affect
the electronic structure of the heme. Such groups may be
identified with an ionization at the sixth position, an
ionizable group on the heme, or, possibly, one located on
the residue at the fifth position. If two such groups
exist, the ensuing change in the electronic configuration
upon their ionization should be observable in the native
enzyme as well as its two intermediate compounds. Until
recently, only one such jonization had been known for the
native enzyme of pKa - 11. However, temperature dependent
E.S.R. investigations of Tamura and Hori (1972) provide
rather strong evidence for two jonizations. The reduction
of HRP-II with p-aminobenzoic acid, also, is probably best
described in terms of such a dual mechanism. However, a
detailed discussion of this mechanism will be postponed
until the kinetics of p-aminobenzoic acid oxidation is
considered in Chapter 3.
Kineties of HRP-I Ferrocyanide Reaection:

values for the k2app calculated from Eg. 2.5
are tabulated in Table 2.4 and plotted in Fig. 2.3 for
both oxidizing substrates. Problems encountered in the
study of HRP-I in the acid region of pH were similar to

those discussed for HRP-II. The fast rates of the HRP-I-
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Table 2.4: The second order rate constant determined for

the HRP-I-Ferrocyanide reaction at 25° and

v = 0.11
pHa k2app(M-ls_1)b Bufferc Oxidizingd
Substrate
4.78 (7.3+2.2)x10° a E
4.97 (7.5+1.4)x10° a M
5.38¢ (5.3+0.3)x10° ca M
5.48 (4.1:0.8)x10° A E
5.73 (3.0£0.4)x10° a M
5.94 (1.9:0.4)x10° P E
6.12% (2.320.1)x10° 3 E
6.23° (1.6:0.1)x10° P M
6.43 (1.2+0.1)x10° ca E
6.61 (1.120.1)x10° 3 n
6.93 (9.1:0.1)x10° p E
7.14 (7.5£0.8)x10° P M
7.34 (7.521.2)x10° P E
7.50° (6.840.3)x10° T M
7.62 (6.3+1.2)x10° P M
7.98 (6.1:0.6)x10° T E
8.57 (5.5:1.4)x10° T E
8.99° (6.1£0.3)x10° T E
9.75 (5.9£0.9)x10° c M

(Table continued on next page)
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Table 2.4 continued

pHa k (M_ls_l)b Buffer® Oxidizing
2app a
Substrate
9.98 (6.0+0.6)x10° T E
10.63 (3.3£0.6)x10° c M
a,b,c,d

The same as in Table 2.1

€study of Kyops U8+ [Fe(CN);4] from which k as

w
2app
calculated from the slope of a linear least-squares

analysis.
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ferrocyanide reaction made tests of Egs. 2.3 and 2.5 very
difficult at low pH. As a result, the data obtained below
pH = 5 have large experimental errors and the pH profile
could not be defined readily below pH = 4.8 using the
stopped-flow techniqgue. The steady-state method is not

amenable to an estimate of the k because k is at
2app 2app

, the rate

least an order of magnitude faster than k
3app

constant for the rate-controlling step.

The HRP-I-ferrocyanide reaction kinetics may be
best considered in terms of transition-state theory in a
manner completely analogous to the HRP-II-ferrocyanide
reaction. The simplest hypothetical log rate-pH profile
is sketched in Fig. 2.9 with the dotted areas designating
the unobservable extremities of pH. The one possible pairing
mechanism for this proposed pH profile is also shown.
This mechanism involves a single enzyme ground-state ion-
ization having a dissociation constant K3 and a transition-
state dissociation constant Kt. Protonation of this group
pramotes the reaction as in the case of HRP-II reduction;
one may calculate k2app from the relationship:

K ([H+]/K§ + 1)

2
k = (2.12)
2app ((H'1/Ky + 1)

In this expression ké is the pH independent limiting second
order rate constant at high pH. Results from the nonlinear

least-squares analysis of the data are given in Table 2.35.
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LOG kgpp
Z

Fig. 2.9: Plot of log k vs. pH shown schematically

2app
for the HRP-I-ferrocyanide reaction. The solid line
represents the experimental curve, whereas the broken line
represents the unobservable hypothetical curve at extremities

of pH. The only possible pairing mechanism is also shown.



101

Table 2.5: The parameters obtained from nonlinear
least-squares analysis for the HRP-I-

. . _a
ferrocyanide reaction

ky = (6.0£0.2)x10> M s
Kt = (2.5:0.2)x10"'M

Ky = (4.240.8)x10™° M
k3P = (6.0£0.2)x10° w157
Ktb = (4.0%0.6)x10"' M

K3 = (4.9:1.6)x10™% M

8The errors reported were estimated as in Table 2.3

bFrom previously reported data for HRP-II prepared from

hydrogen peroxide (Hasinoff and Dunford, 1970).
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For purposes of comparison the data reported earlier for
the HRP-I reaction prepared from hydrogen peroxide (Hasinoff
and Dunford, 1970) were reanalyzed in terms of transition-
state theory. These also appear in Table 2.5. The two
sets of best-fit parameters are identical within experimen-
tal error.

The mechanism for HRP-I reduction is very similar
to that for HRP-II reduction. There is one major difference.
The HRP-I reduction is influenced by only one ground state
ionization. The pKa of any group associated with the heme
will be shifted to lower pKa values with increasing positive
charge at the active site. Therefore the ionization of
HRP-I at pK3 = 5.3 may be due to the same ionizable group
which has an ionization with PK, = 8.5 in HRP-II since HRP-I
has one more oxidizing equivalent than HRP-II. It is rather
difficult to explain the shift of PK; < 2 to PKy = 5.3
with increasing positive charge. Hence, of the two ion-
izations influencing the HRP-II reaction, it is probable
that only the ionizable group associated with a pK2 = 8.5
in the HRP-II reaction affects the HRP-I reaction with an
observed pK3 = 5.3.

Results published earlier for the HRP-I-ferro-
cyanide reaction (Hasinoff and Dunford, 1970) for PH < 5
were interpreted in terms of an additional pKi at about 4.
This would suggest an additional pKa < 2. However, such

an interpretation is based upon two experiments performed
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at pH ~ 4 where the reaction rate was very fast and the
ferrocyanide system was known to be unstable. It is dif-
ficult to weight these two experimental values very heavily.
The data obtained for the HRP-I-p-aminobenzoic acid would
appear not to justify the inclusion of any further param-
eters beyond those of Fig. 2.9. Although the possibility
that the ionization associated with the pKl < 2 in HRP-II
reduction affecting the HRP-I reaction cannot be ruled out,
it would appear that the PH profile for the HRP-I-ferro-
cyanide reaction has only one major ground-state ionization.
2.4 Discussion

The evidence presented above indicates that the
proton-transfer mechanisms involved in the reduction of
HPP-I and HRP-II by ferrocyanide are identical, over a
wide range of pH, regardless of the organic hydroperoxide
used as oxidizing substrate. The two ionizable groups
previously identified in the acid region of pH for HRP-II
reduction, when hydrogen peroxide was used as oxidizing
substrate, do not appear to be significant when the experi-
mental errors are considered carefully. This implies that
the same mechanism is operable no matter what the oxidizing

agent. 1In each case the active site must be structurally

the same.

Recently, O18 labelling studies (Hager et al.,

1972) in compound I formation from chloroperoxidase and

product studies from HRP-I formation (Schonbaum and Lo,
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1972) provide rather strong evidence for the incorporation

of a single oxygen atom of the oxidizing substrate upon
formation of the intermediate compounds. These results,
together with the experimental data presented here, would
suggest an 0O-O bond cleavage on HRP-I formation with the
oxygen-containing organic fragment functioning as the leaving
group. It is probable that the OH group is retained at
the sixth co-ordination position in HRP-I. Reduction of
this intermediate compound involves the abstraction of an
electron from the reducing substrate with the OH group
being retained at the active site in HRP-II. Protonation
of a group which is integrally involved with the heme's
electronic environment would be expected to accelerate the
electron-transfer process. The slower reduction of HRP-II
must involve not only an electron-transfer, but also the
displacement of the OH group. Protonation of this group
obviously will enhance the required transfer of electronic
charge to the oxygen in the bond-breaking step leaving a
weakly co-ordinated water molecule in the sixth position
of the native enzyme. Such a model is compatible with
recent studies (Moss et al., 1969; Dolphin et al., 1971;
Felton et ql., 1971) which indicate that quadrivalent iron
is present in both HRP—I and HRP-II but the former shows
characteristics typical of m-cation radicals. This suggests
that HRP-I reduction results from charge transfer to the

porphyrin ring but HRP-II reduction involves charge transfer
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to the iron upon Fe-0 bond cleavage.
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CHAPTER 3

" AROMATIC AMINE PEROXIDATION CATALYZED BY

HORSERADISH PEROXIDASE

3.1 Introduction

The proton-transfer mechanisms for the peroxidase-
catalyzed reactions of compounds I and II with several in-
organic reducing agents (Hasinoff and Dunford, 1970: Roman;
1972) as well as for the reaction of HRP-II with p-cresol
(Critchlow and Dunford, 1972a) have been investigated. The
characteristics of the pH dependence of the reaction rates
were different for each substrate. This would suggest that
either more than one mechanism is operative, or each sub-
strate may interact in a unique manner with a sterically
restrictive active site. A further study by Critchlow and
Dunford (1972b) has attempted to explain the observed
kinetics for HRP-II reduction with iodide, ferrocyanide and
p-cresol in terms of a single mechanism involviﬂg an intra-
molecuiar proton transfer. However, no information was
available concerning HERP-II reduction with the aromatic

amines, a major class of organic substrates.

In order to determine whether proton-transfer
mechanisms were similar for the oxidation of aromatic
amines and phenols, p-aminobenzoic acid (PABA) was chosen
as a representative of amine reducing substrates. PABA
has long been implicated as a bacterial growth factor. It

is one of the raw materials used for the biosynthesis of
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folic acid. Lipmann (1941) was one of the first to report
the oxidation of PABA by HRP. Under steady-state con-
ditions, he observed the development of a red colour which
he attributed to a rather complex mixture of oxidation
products. Saunders et gl., (1964), Saunders and Stark
(1967) , Holland and Saunders (1969, 1971) and Holland
et al., (1969) have studied the oxidation products of a
variety of substituted anilines, and Chance (1951) has
reported rate constants for aniline and PABA at pH of 7.
Little evidence has been published regarding the mechanism
of the initial reaction in amine oxidation.

PABA was readily available in the neutral form
and as the potassium salt, a white crystalline solid con-
taining < 1% impurity. The potassium salt, being readily
soluble in water, made the preparation of solutions much
easier. The reported rates at pH = 7 (Chance, 1951) in-
dicated that the reaction was slow enough to permit the study
of both HRP-I and HRP-II reduction. Since the oxidation of
p-cresol exhibited kinetics which were nonlinear with in-
creasing substrate concentration, and a substrate interaction

with native HRP had been reported for aniline (Critchlow and

Dunford, 1972a), a slow rate of reaction was desirable to
allow the characterization of the kinetics over a wide
range of substrate concentration. The protonation of the
carboxyl group at the position para to the amino grbup en-

hances its electron-withdrawing effect. A study of the
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dependence of the rate on pH in the vicinity of the PK_ of
the substrate carboxyl group should provide information
about substituent effects.

3.2 Experimental

Materials:

HRP was obtained from Boehringer-Mannheim as a
highly purified ammonium sulphate suspension. It was
dialyzed, filtered and assayed as described in Chapter 2.

PABA, both as the free acid and as its potassium
salt, were obtained from Sigma Chemical Company as Crys-
talline 99+% Grade 1-P. The molar absorptivity at pH = 7.6
was determined from the absorbance at 265 nm and found to
be within 1% of the literature value of 1.45 x 10% M™% cm™t
(Rekker and Nauta, 1956). The substrate was observed
spectrophotometrically at 265 nm in typical buffered
solutions of ionic strength 0.11 over the entire pH and
concentration range of the study and found to be stable,
having molar absorptivities similar to those published.
NMR analysis showed no spectral anomalies.

Water was distilled from alkaline potassium per-
manganate, then redistilled. The H202 was stored as des-
cribed previously. Reagent grade aniline from Allied
Chemical and USP sodium benzoate from Fisher Scientific
were used without further purification. The concentrations

of these reagents and PABA were monitored spectrophoto-

metrically in phosphate buffer (pH = 7.6) with the following
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molar absorptivities: PABA, eggs = 1.45 x 104 M_l cm—l,
25 _ 1,37 x 10° vt en”! (zang, 1971), sodium

aniline, €581

6.0 x 103 M-l cm-l (Perkampus et al., 1971).

25
benzoate €570
Stopped-Flow Experiments:

The techniques used in stopped-flow experiments
have been described in Chapter 2. The PABA investigations
were performed using comparable methods. The reduction of
HRP-II was followed at 425 nm and HRP-I reduction at 411
nm. At low pH values the rates for reduction of the two
intermediate compounds of HRP were similar. With substan-
tial amounts of both HRP-I and HRP-II in solution, kinetics
typical of two pseudo-first-order reactions occurring in
series were obtained at 425 nm (Frost and Pearson, 1961).
This would be expected if HRP-I was reduced through two
one-electron transfers rather than a single two electron
transfer as occurs in the oxidation of iodide (Roman
and Dunford, 1972). As a result, it was imperative to
insure that no HRP-I was present when observing the
HRP-II reduction. This was accomplished by monitoring the
reaction at 411 nm on the stopped-flow apparatus prior to
each set of experiments. Since HRP and HRP-II are iso-
sbestic at this wavelength no change in absorbance should
be observed. A narrow band pass was insured by using a
slit width of <0.2 mm. Unlike the HRP-II reduction where
interference from HRP-I decay may be eliminated by conver-

ting HRP-I entirely to HRP-II, in the HRP-I reduction
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HRP-II is formed as a product. The presence of HRP-II can-
not be eliminated, but the contribution to the observed
absorbance change due to the decay of HRP-II may be min-
imized to a point where it is insignificant. This is not
a major consideration if the rates at which these two inter-
mediates are reduced are well separated in time. However
if these rates are approximately the same, it becomes
important to experimentally define the wavelength at which
HRP and HRP-II are isosbestic (~411 nm). To establish
this wavelength precisely, the monochromatic light source
was set to obtain no change in absorbance for an HRP-HRP-
IT mixture. One was assured, then, that the absorbance
change resulting from product decay was not significant.
The HRP-HRP-II mixture was removed from the feed syringe,
an enzyme preparation containing largely HRP-I was added,
the instrument flushed and the resulting stopped-flow
traces monitored for any given PABA concentration.

The potassium salt rather than the free acid of
PABA was used because the latter dissolved much more easily.
Both were found to give the same kinetic results. The PABA
aqueous stock solutions were stored in the dark to prevent
spontaneous oxidation. Although it was found that solutions
stored for several days produced kinetic results similar to
those from freshly prepared solutions, PABA solutions were
prepared prior to each day's experiments as a precaution.

Use of the PABA potassium salt in acid solutions often
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required an adjustment of pH prior to each set of exper-
iments. This was particularly true for studies involving
the dependence of the observed rate constant on PABA con-
centration. Over the large concentration range used it was
difficult to buffer the solution adequately and, at the
same time, avoid buffer effects. As a result the buffer's
jonic strength contribution was always maintained at 0.01
and the pH of the solution containing the PABA, buffer and
nitrate was adjusted to a constant pH value by the addition
of microliter gquantities of 1M nitric acid. The total
ionic strength was always maintained at 0.11. Whenever
jonic strength contributions from the nitric acid or the
PABA were significant (>2%) appropriate adjustments were
made in the KNO3 concentration. Immediately following each
set of experiments the pH of the solution was measured
with an Orion pH meter in conjunction with a Fisher com-
bination electrode.

Reactions, conducted at 25°C, had half-times
from 5 milliseconds to several seconds. The PABA was always
at least in ten-fold excess over the HRP intermediate com-
pound insuring pseudo-first-order conditions. The resulting
absorbance changes were normally <0.04 absorbance units;
hence, observed voltage changes could be regarded as propor-
tional to the change in absorbance (see Appendix 1). An
average rate constant with standard deviation was obtained

from 8 to 12 traces for each set of conditions.
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The Order of Reaction with Respect to HRP-II:

The order of the reaction with respect to HRP-II
when the reaction proceeds slowly (half-times > 1 min.)
was observed to deviate significantly from unity. This in-
vestigation was carried out on the Cary-14 spectrophotometer
with a 0 - 0.1 absorbance slide wire. The method used
to observe the slow decay of HRP-II was identical to that
described from the HRP-II-ferrocyanide reaction at high
pH.

The pKa Values for PABA:

Under conditions comparable to those of the
kinetic experiments (u = 0.11, temperature 25°C) the two
ionization constants of PABA were determined spectrophoto-
metrically on the Cary-14. The pH, maintained by buffers
in which the reaction had been investigated, was measured
for each sample directly in the cuvette using a Fisher
combination microprobe electrode. The sample contained
PABA at a total concentration of 10™% M. Both sample and
reference solutions contained 0.1 M potassium nitrate and
buffer (p = 0.01). Absorbance measurements were made at
265 nm, the wavelength at which the spectrum appeared most
sensitive to the changing concentrations of the three states
of ionization of PABA. The system was investigated at 31
different pH values from 9.37 to 1.40. The curve obtained
when the absorbance was plotted against pH was analyzed

using a nonlinear least-squares program in terms of two
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pKa values.
Binding to Native HRP:

Absorbance changes upon the addition of PABA to
a buffered solution of the native enzyme were studied spec-
trophotometrically over the range 380 - 440 nm on the Cary-
14 spectrophotometer. These equilibrium experiments were
normally conducted at pH = 5.0 using acetate buffer. Aall
solutions were maintained at a total ionic strength of
0.11 by suitable adjustments in the KNb3 concentration.
Because the spectral changes were generally < 5%, a 0 - 0.1
absorbance slide wire was used and the absorbance change
observed by difference spectroscopy. Typically, 10—5 M
HRP solutions were pipetted as 2 ml aliquots into both
sample and reference cuvettes. To each cuvette was added
10°6M p-cresol. This was too low a concentration to affect
the HRP spectrum but insured that any intermediate HRP
compounds, possibly formed from the inadvertent introduction
of oxidizing agent, were promptly reduced. A predetermined
amount of PABA was added to the sample cuvette with a micro-
syringe followed by a similar addition of distilled water
to both the reference and sample to bring the total volume
to 2.2 mls. The solutions were stirred with a Teflon
plumper. The pH was measured directly in the cuvette after
obtaining the difference spectrum with the use of a micro-
probe electrode. Similar studies were performed using

benzoic acid and aniline.
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Steady-State Experiments:

The steady-state investigation used techniques
identical with those already described for the ferrocyanide

study. The rates were monitored at 265 nm for PABA con-

4

centrations < 10 'M and at 320 nm at higher PABA concen-

trations. Experiments were performed in carbonate buffer

(p = 0.01) with 0.1 M KNO, making the total ionic strength

3
0.11. The initial horseradish peroxidase concentration

7 6

[ERP] , was 7.4 x 10 M and

5

M, with [H202]o = 6.3 x 10

4

[PABA] =5 x 107°M to 1.3 x 10 - M at 265 nm, and up to

5 x 107%M at 320 nm.
3.3 Results
The pKa Values for PABA:
The dependence of absorbance on pH for three

different states of ionization of the same chemical species

may be shown to be (see Appendix 3):

+.2 +
eHZB[H ] egplH’]
+ —  + Eg (B],
Kis ®os Kis (3.1)
A = .
+ +
¥ 12 mh
+ +1
Kls Kzs Kls

where A is the absorbance at a given hydrogen ion concen-

tration, ¢ and £, the molar absorptivities for the

H,B' €uB B
three ionizable species, [B]o the total substrate concen-

tration and Kls’ KZs the two dissociation constants. The
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data obtained are shown in Fig. 3.1 with the best-fit

curve obtained from the nonlinear least-squares analysis

using the molar absorptivity of the species in alkaline

solution (ey) of 1.45 x 104 w1 cm™l.  The molar absor-

ptivity for the neutral species (eHB) was estimated at

(9.78 ¥ 0.08) lO3 Mt cm-l. For the filly protonated form
-1

€y_p Was calculated to be (3.2 % 0.3) 102 M_l cm ~. The
2

values of K,  and K,  were estimated at (1.68 * 0.08) 105
M and (3.54 % 0.30) 10™> M. The value for the protonation
of the amino group is less well defined than that for
protonation of the carboxyl because of the inability to
work in the low pH region where this group is completely
protonated. The pKa values pKls = 4.77 * 0.02 (carboxyl)
and PK, = 2.45  0.04 (amino) are in good agreement with
those determined potentiometrically (Albert and Goldacre,
1942; Lumme, 1957). The spectrophotometric results of

Robinson and Biggs (1957) (see Ref. 208) are also in agree-

ment and verify the proposed group assignments.

The Order of the Reaction in HRP-II:

The simple exponential traces wusually obtained
from stopped-flow kinetics below pH = 7 demonstrated that
the reaction was first-order in HRP-II. The rate constant
was determined from the voltage changes observed for each
trace using a nonlinear least-squares program. A typical
semilogarithmic plot obtained at PH = 5.17 in acetate
buffer is shown in Fig. 3.2, With a small excess of PABA

(PABA concentrations in 10~100 fold excess of HRP) the slow
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pH
Fig. 3.1: Plot of absorbance vs. pH for PABA at 1074 M
in buffer solutions of total ionic strength 0.11 (25°C).
The curve represents the nonlinear best-fit to Eg. 3.1l.
Parameters from the statistical analysis are to be found
in the text. The pK  values of 4.77 ¥ 0.02 for the
carboxyl and 2.45 ¥ 0.04 for the amino group were obtained.
The errors representing the standard deviations from the

analysis.
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Fig. 3.2: Semilogarithmic plot of the voltage change, Av,
against time for the HRP-II reduction with PABA at pH =

5.17 in acetate buffer. This experiment was performed on

the stopped-flow apparatus for [PABA] = 10_4

7

M and [HRP-II]O~

8 x 100’ M at a wavelength of 425 nm.
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rate of HRP-II reduction at alkaline pH values can be
studied on the Cary spectrophotometer. However, under such
conditions, the reaction showed significant deviations from
a pseudo-first-order response. A semilogrithmic plot

of the data obtained at pH = 7.08 (Fig. 3.3) illustrates

the nature of the observed log absorbance change (AA) vs.

5

time trace at 425 nm and PABA concentration of 2 x 10 - M.

An identical response was observed over the Soret spectral
region 390 - 440 nm. Therefore, it is unlikely that such
a reaction trace is a result of another, spectrally distin-
guishible, intermediate of HRP.

The data of Fig. 3.3 suggest two parallel first-
order reactions as a possible explanation. Similar devi-
ations from the expected first-order rate law have been
observed in the hydrolysis of diethyl-t-butyl-carbinyl
chloride (Brown and Fletcher, 1949). The observed depar-
ture from first-order kinetics may be treated in an analog-
ous fashion for HRP-II reduction by PABA (see Appendix 4
for a detailed mathematical treatment). Such a treatment
implies that the HRP intermediate may be reduced to HRP by
way of two parallel pseudo-first-order reactions which
probably provides the simplest explanation of the results:

kl

HRP-II —°PS, (3.2)
kll
HRP-IT —O°PS (3.3)

This would suggest that either two spectrally indistinguish-
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Fig. 3.3: Semilogarithmic plot of absorbance change at 425
nm against time for HRP-II reduction with [PABA] = 2 X 107°
M, pH = 7.08, phosphate buffer. This experiment was per-

formed on the Cary 14 spectrophotometer.
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able but kinetically different forms of HRP-II exist or
that HRP-II is reduced by two different species. The
kinetic parameters of each reaction may be determined by
first analyzing the linear portion that occurs after the
first half-time of Fig. 3.3. In this region only one of
the reactions predominates and the system may be treated
as a simple first-order case. Extrapolation of the linear
best-fit line to zero time, then, allows one to calculate
the absorbance change in the initial phase due to this
reaction. As a result, the absorbancé change due to the
simultaneous reaction which contributes significantly
initially (causing the deviation from linearity) may be
determined. This calculated absorbance change for the
simultaneous reaction is plotted against time in a semi-
logarithmic fashion in Fig. 3.4. The linear response is

a positive test for the pseudo-first-order nature of the
interfering initial reaction. From these considerations,
the data appear to fit the proposal of two parallel first-
order reactions.

Although the separation of the initial curvature
and the final linear portion of the curve becomes less
well defined above PABA concentrations of 10_4 M, an attempt
to study both reactions over the substrate concentration
range 2 x 107°M - 2 x 10~ % M resulted in reproducible
traces similar to that of Fig. 3.3. The dependence of the

rate on substrate concentration is shown in Fig. 3.5 for
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Fig. 3.4: Semilogarithmic plot of the calculated absor-
bance change vs. time for the observed deviation from
linearity in the initial portion of the plot in Fig. 3.3.

The results conform to the first-order rate law.
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151

kobs X ]0*2 ( S.‘)

4 12 20
[PABA] x10°M

Fig. 3.5: Plot of the kobs vs. [PABA] for the first-order
initial reaction proposed for typical kinetic responses

such as Fig. 3.3 (pH = 7.08, phcsphate buffer). The apparent
second-order rate constant calculated from the slope is

1.35 x 105 »t sec™ !
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Fig. 3.6: Plot of the kobs vs. [PABA] for the final
linear portion of the reaction trace typified by Fig. 3.3

(pH = 7.08, phosphate buffer). The apparent second-order
rate constant determined from the slope is 2.35 x 102 M-l

-1
sec
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the initially dominant reaction and in Fig. 3.6 for the
finally dominant reaction. The correlations shown in both
figures indicate that the rate constants of Egs. 3.2 and
3.3 are linearly dependent on substrate concentration. The
small negative intercept of Fig. 3.5 may be a manifestation
of deviations from linearity caused by the slow accumulation
of reaction products absorbing in this spectral region.

The proposed reaction scheme for the reduction of
HRP-II by PABA, which involves two parallel first-order
reactions, may be interpreted in several ways. If the
native enzyme preparation consisted of two kinetically dif-
ferent isoenzymes of HRP such as the acid form, HRP(I) and
the neutral form, HRP(III) (using the nomenclature of
Stigbrand and Paul (1970) which is not to be confused with
the designations HRP-I or HRP-III for the intermediate
compounds) present in about equal concentrations, one would
expect a kinetic response similar to that just described.
One would predict that the observed deviation from overall
first-order kinetics in the initial time interval should be
independent of substrate concentration and the deviation
should be clearly defined at high concentrations. Fig. 3.7
is a semilogarithmic plot of the voltage change vs. time
observed on the stopped-flow apparatus for HRP-II reduction
in phosphate buffer (pH = 7.10) at an initial concentration

3

of 3 x 10°° M PABA. No significant deviation from the

first-order rate law was observed. Traces similar to those
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Fig. 3.7: Semilogarithmic plot of the voltage change vs.

time for HRP-II reduction on the stopped-flow apparatus by
(PABA] = 3 x 10™3 M (pH = 7.10, phosphate buffer). The
linearity of this trace is in sharp contrast to Fig. 3.3

obtained at lower [PABA]. The apparent second-order rate

constant from this experiment was calculated to be k3app =

(4.00  0.05) x 102 ML sec™t.
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cbtained on the Cary-14 spectrophotometer at PABA concen-
trations of about 2 x 10“4 M were obtained using the stopped-
flow technique, which indicated that the psuedo-first-order
response was not a result of the different experimental
technique. Therefore, a mixture of HRP isoenzymes is not

an adequate explanation.

If the PABA contained small amounts of a reactive
impurity which reacted much faster with HRP-II, then, a
kinetic anomaly dependent upon substrate concentration
might be expected. This would lead to a second-order rate
law for the initial reaction and Eg. 3.2 would be replaced
by:

: '

HRP-IT + i f_?l’s (3.4)
where i is the impurity. With increasing substrate concen-
tration, the concentration of the reacting impurity would
gradually increase until it became large compared to the
HRP concentration. Under such conditions the kinetic re-
sponse of Fig. 3.7 would be expected.

That this may not be the case is indicated by the
observation that the initial reaction always appears to
satisfy a first-order rate law. However, the response of
the system to successive additions of hydrogen peroxide
provides the most convincing evidence that an impurity can-
not account for the observed kinetics for these experiments.

On the Cary 14 spectrometer 0.8 molar equivalent hydrogen
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peroxide and 0.4 molar equivalents of p-cresol were added
simultaneously to a puffered solution of native HRP con-=
taining a 10 molar excess of PABA. Prior to the initial
response of the instrument, the peroxide formed HRP-I1
which rapidly decayed to HRP-II upon reduction with p-—
cresol. The HRP-II then reacted with PABA to give the
typical kinetic response of Fig. 3.3. If the initial non-
linear portion were attributable to an impurity, then,
following the complete decay of HRP-II to HRP, a second
addition of peroxide and p-cresol should give a good first-
order linear response since all the impurity would have
reacted. However, upon five successive additions of per-
oxide and p-cresol, the observed kinetics were unchanged
from those of the first turnover of the enzyme. Thus, a
highly reactive impurity cannot be responsible for the
observed deviations from the first-order rate law.

The apparent second-order rate constant calculated
from Fig. 3.5 and Fig. 3.6 are not in agreement with that
of Fig. 3.7. Instead, the rate of high substrate concen-
tration (Fig. 3.7) is approximately the same as that ob-
tained from the initial slope of Fig. 3.3. This suggests
an alternative mechanism. Instead of the parallel reactions
of Eqs. 3.2 and 3.3, a more likely possibility is the
sequential mechanism

[} "
obs kobs

HRP-II > HRP-II' > (3.5)
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These consecutive reactions imply that HRP-II reacts ini-
tially with PABA, and that the products formed alter the
activity of the enzyme intermediate. The results obtained
upon successive addition of peroxide and p-cresol, described
earlier, would indicate that, if HRP-II interacts with pro-
duct, this product species must be transient in nature.
This is suggestive of a free radical interaction occurring
during the first half-life. Examination of Fig. 3.3 shows
that, on reduction of half the HRP-II, sufficient free
radicals have been produced to alter the remaining enzyme
intermediate's activity. Therefore, as a tentative proposal
let us consider a mechanism involving a type of product in-
hibition: ‘

k

3app
HRP-II + PABA ——— HRP + P, (3.6)

kl
HRP-II + P. ———— HRP-II' (3.7)
fast
k
P. + PABA —E . PROD. (3.8)
fast
kll
HRP-II' + PABA — S2PP _ump + P, (3.9)
where P.represents the initial free radical formed on PABA
oxidation and PROD. the products resulting from P. reacting
with PABA. The radicals, PROD. and P., may undergo further
reactions with substrate or other product species in the

usual free radical chain propagation andtermination reactions.

When k' [HRP II] > kp[PABA] the log AA vsg. time traces
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exhibit a distinct initial curvature which is concave to
the time axis. With increasing [PABA] this curvature is
extended into the linear portion until reaction 3.6 domin-
ates. A pseudo-first-order kinetic response will be ob-
served when k' [HRP-II] << k3app [PABA]. This mechanism is
the only one of those discussed which has the merit of

offering a reasonable explanation consistent with all the

observations.

At sufficiently low pH with excess PABA, the
reduction of HRP-II conformed to the pseudo-first-order
rate law (Fig. 3.2) and disappearance of HRP-II may be

expressed as:

. =d[HRP-II]
[HRP-II] (3.10)

=k
at 3obs

The same rate law applies in the alkaline region of pH at
sufficiently large excess of PABA. A similar kinetic
response was also observed for the HRP-I suggesting that
the same arguments would apply. However, this reaction
was not well documented. At the fastef rates, it was not
possible to study the reaction on the Cary spectrophoto-

meter.

The Order of the Reaction with Respect to Substrate:
In the alkaline region of pH the oxidation of

PABA by HRP-II was studied over a wide range of substrate

2

concentration (up to 10°° M). At PABA cqncentrations in
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sufficient excess for eq. 3.10 to apply, the system showed
good linear responses when kobs was plotted against the

PABA concentration. These kinetics may be described by:

=k [PABA] (3.11)

X30bs 3app

Such a correlation is shown in Fig. 3.8 at pH = 6.15 in

cacodvlic acid buffer. The rate measured at [PABA] = 10_2

1

M (not plotted in Fig. 3.8) of k= 4.92 sec ~ demon-

strated a pseudo-first-order response over a concentration
range of two orders of magnitude. Although small positive
intercepts were encountered below pH = 6, they were never

greater than 0.3 sec-l. Similar results were obtained in

the case of ferrocyanide and p-cresol oxidation by HRP-II.
These small intercepts are believed to be attributakle to

small amounts of reducing agent inadverently introduced as
impurity.

At pH values < 5, a nonlinear response was observed in
the K3opg VS- [pABA] plots. This is readily apparent from
the data at pH = 4.17 in acetate buffer shown in Fig. 3.9.
This kinetic response was studied over the range of pH
from 2.4 to 5.0. The investigation was necessarily ter-
minated at pH = 2.4 because the rapid rates did not permit

one to determine the rate constants over a large enough

range of substrate concentrations. Above pH = 5.01 exces-

2

sively concentrated solutions of substrate (< 5 X 1074 M)

were required to define accurately the dependence of kobs
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Fig. 3.8: Plot of the pseudo-first-order rate constant
against [PABA] for the stopped-flow experimental results
obtained at pH = 6.15 in cacodylic acid buffer. The good
linear response demonstrates that the reaction, under

thesé conditions, is first order in PABRA.
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Fig. 3.9: A plot of the observed pseudo~first-order rate
constant, k3obs' against [PABA] for HRP-II reduction at

PH = 4,17, acetate buffer., The nonlinear response illus-~
trates the deviation from first-order behaviour in paBa.
The error bars are the standard deviations calculated from

experimental traces at each set of conditions.
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on substrate concentration.

This nonlinear response of the kObs with in-
creasing PABA concentration behaviour may be described by
a binding interaction between the two reactants. The
simplest mechanism one might consider is the Michaelis-
Menten case where substrate binds to the enzymne in a rapid
equilibrium step to form an enzyme-substrate complex which
then reacts in a unimolecular slow step:

KM k3
HRP-II + PABA HRP-II-PABA —— (3.12)

—
tfm——

where KM is the Michaelis constant and k3 a first-order

rate constant. For this mechanism

-d[HRP-II] _  [HRP-II-PABA] (3.13)
dt 3
[HRP-II1] [PABA] (3.14)

Since Ky = THRP-II-PABA]
and [HRP—II]O = [HRP-II] + [HRP-II-PABA] (3.15)
where [HRP—II]O is the concentration of the enzyme inter-

mediate prior to mixing with PABA, then substitution of

egs. 3.14 and 3.15 into eg. 3.13 demonstrates that:

k3 [PABA]
k = (3.16)
30bs g + [PABA]
One would predict ahyperbolic curve when k_, is plotted

against [PABA]. A saturation effectoccurring at high sub-
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Strate concentration causes the Observed rate to become
independent of substrate concentration. The data of F'ig.
3.9 show no such saturation effect. The Lineweaver-Burk
plot of the data in Fig. 3.9 is shown in Fig. 3.10. The
straight line represents the linear correlation estimated
from the data at low substrate concentration. All of the
data are not plotted in Fig. 3.10 to allow suitable ex-
pansion of the co-ordinates in order to demonstrate the
systematic deviation from linearity at high PABA concen-
trations. The marked nonlinearity of Fig. 3.10 illustrates
the inadequacy of the Michaelis-Menten mechanism as a model
for the observed kinetics.

The linear dependence of rate on PABA concen-
tration at high substrate concentrations suggests a reaction
of an enzyme-substrate complex with an additional molecule
of PABA (see Fig. 3.9). Reaction of such an enzyme-sub-

strate intermediate would be first-order in substrate.

That is:
K X
4a
HRP-II + PABA z==e HRP-II-PABA — -2PP_ (3 17
PABA

where the k4app is a pH dependent second-order rate con-
stant. Because of the two linear portions of the kobs vs.
[PABA] plot, two reactions that are first-order in substrate
are indicated. The simplest mechanism involving an enzyme-
substrate interaction which adequately describes these

results is:
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Fig. 3.10: Lineweaver-Burk plot of the data of Fig. 3.9.
The linear correlation shown has been estimated from the
data at lower substrate concentration. The expanded scale
of the co-ordinates does not allow all data to be plotted
but does indicate the deviation from simple Michaelis-

Menten kinetics.
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k
HRP-IT + PABA 3PP

KyJ[PABA
K4app (3.18)

HRP-II-PABA + PABA ____,

In a manner completely analogous to the simple Michaelis-

Menten case, an expression may be derived for the kobs:

—d[HRP—II]o
= k3app [PABA] [HRP-II] +
at
k4app [PABA][HRP—II—PABA] (3.19)
[(ERP-1T] = Xm [HRP-II-PABA] (3.20)
[PABA]

[PABA][HRP—II]O/KM
[HRP-II-PABA] = (3.21)
1+ [PABA]/KM

The [HRP-II]o represents the total concentration of HRP-II
as defined previously. Substitution of Egs. 3.20 and 3.21
into Eq. 3.19 shows that:

k [PABA] + k

2
_ *3app [PABA] “ /K,

4app (3.22)

1 + [PABA]/KM

k3obs

When [PABA] << KM then [PABA]/KM, << 1 and [PABA]2 << [PABA],

therefore,

k30bs = k3app [(PABA] (3.23)

and the second-order rate constant may be determined from
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the slope of the k35,5 vs. [PABA] plot. Similarly when

[PABA] >> KM

k3obs = k4app [PABA] + k3app KM (3.24)

and k4app then may be determined from the slope of a plot

of k [PABA].

3ocbs Ye-
A nonlinear least-squares analysis was used to
determine the best-fit curves (see Fig. 3.9) and the three
kinetic parameters. At [PABA] << KM, a condition which
applies to all results obtained at PH > 5, the reaction of
the complex with substrate is insignificant and the single
parameter, k3app’ may be obtained from a linear least-
squares analysis of the k3obs vs. [PABA] data. Results
for the HRP-II reaction are shown in Tables 3.1 and 3.2.

A similar kinetic response for the HRP-T reaction

suggests an identical mechanism to that for HRP-II:

k
HRP-I + DPABA _23PP_
KM IlPABA
' k5app
HRP-I-PABA + PABA —_— (3.25)

where k2app and kSapp are the appropriate second-order
rate constants. Analogous to Eq. 3.22 the first-order rate
constant k20bs may be related to the three kinetic para-

meters:

_ k2app [PABA] + kg, [PABAI /K, (3.26)

k =
20bs 1 + [PABAl/K,
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Table 3.1: The second-order rate constants determined for
the HRP-II-PABA reaction at 25°C and up = 0.11
under conditions such that Eq. 3.10 and Eq. 3.23
apply.
pHS k3app (M-lS-l)b Buffer®
2.489 (6.8+0.1)x10° GNH
3.109 (1.2£0.2)x10° GNH
3.394 (6.320.6)x10% GNH
3.78¢ (2.5:0.1) x10% A
4.35 (8.8:0.1)x10° A
4.54 (5.420.1)x10° a
4.88 (2.8%0.1)x10° A
5.17 (1.6£0.1)x10° a
5.43 (8.9+0.1) %102 a
5.75 (6.420.1) %102 A
6.15 (4.8%0.1)x102 caA
6.35 (4.8£0.1)x102 p
6.58 (4.320.1)x10° ca
6.77 (4.0%0.1) %102 3
7.309 (4.0%0.1)x10° p
7.66 (3.8£0.1)x10° T
8.089 (3.4%0.1)x10° T
8.31 (3.2$0.1)x102 T
8.70 (2.3%0.1)x10° T

(Table continued on next page)
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Table 3.1 continued

pH? % app m g™ Buffer®
9.12¢ (1.0£0.1)x10° c
9.34% (6.3+0.3)x10 c
9.53 (5.1£0.1)x10 c
9.619 (4.1:0.1)x10 c

qprrors in pH values estimated at +0.02

bErrors of rate constants represent the standard deviation

calculated from data at a given pH.

Cpuffer abbreviations are the same as for Table 2.1 with
GNH being glyine-nitric acid.

dOnly these data represent a set of experiments performed

at the given pH and single [PABA]. In all cther cases the

first-order dependence on [PABA] was established.
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Table 3.2 continued

qErrors in pH values estimated at +0.02

bErrors of rate constants represent the standard deviation

calculated from data at a given pH.

CBuffer abbreviations are the same as for Table 2.1 with

GNH being glyine-nitric acid.
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Thus, the HRP-I reaction with PABA was conveniently inter-
preted in terms of a binding mechanism important over the
same range of pH as in .the HRP-II-PABA reaction. At PH > 5
the reaction may then be represented as:

k

HRP-I + DPABA _22PP (3.27)

from which k2app may be obtained from k20bs:

k2obs = k2app [PABA] (3.28)

The data are tabulated in Tables 3.3 and 3.4 The Michaelis
constant determined for the HRP-I and HRP-II at any given
PH were the same within the experimental error. Apparently
the differences in the active site for these enzyme inter-
mediates have had little effect on this parameter., As a
result, no attempt has been made to distinguish between the
KM's for the two reactions. Data for k2app' k3app and
l/KM are plotted as a function of pH in Fig. 3.11.

Although the interpretation of the data in terms
of an enzyme-substrate complex offers an adequate and
reasonable explanation, an alternative explanation might be
briefly considered. Aas already pointed out, the PABA
appeared stable under all experimental conditions. However,
the change in the observed rates with increasing concen-
tration might suggest a change in the activity of PABA in
the aqueous solution. Let us consider the various possible

interactions which may occur between molecules of a benzoic
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Table 3.3: The second-order rate constants determined for
the HRP-I-PABA reaction (25°C, y = 0.11) under
conditions such that the rate was first-order

in both reactants.

pH? X japp O S Buffer®
2.51 (1.120.5)x104 GNH
2.59 (1.1:0.5)x10% GNH
2.73 (1.320.1)x10% GNH
2.95 (1.9%0.1)x10% GNH
3.05 (1.9:0.1)x10% GNH
3.07 (1.920.1)x104 GNH
3.64 (2.420.1)x10% a
3.78 (2.3:0.1)x10% A
4.09 (2.420.1)x10% a
4.51 (2.520.1)x10% a
4.899 (1.7£0.1)x10% a
5.02 (1.720.1)x10% A
5.06 (1.6:0.1)x10% a
5.19 (1.640.1)x10% A
5.32 (1.420.1)x10% A
5.41 (1.320.1)x10% a
5.49 (9.740.2) x10°> A
5.67 (9.7%0.1)x10°> A
5.81 (8.0%0.1)x10° a

(Table continued on next page)
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Table 3.3 continued

pE® K app M s Buffer®
6.15 (6.8+0.1)x10° ca
6.36 (6.2+0.2)x10° P
6.58 (5.5:0.1)x10> ca
6.76% (5.8£0.1)x10° P
6.95 (4.7+0.1)x10° T
7.10 (4.6:0.1)x10° P
7.56 (4.320.2)x10° T
8.03 (4.3:0.1)x10° T
8.23 ‘ (4.4%0.2)x10° T
8.61 (4.2:0.1)x10> T
9.399 (4.8+0.1)x10° c

qErrors in pH values estimated at +0.02

bErrors of rate constants represent the standard deviation

calculated from data at a given pH.

CBuffer abbreviations are the same as for Table 2.1 with
GNH being glyine-nitric acid.

dStudy of the dependence of k20bs on [PABA] from which

k2app was calculated from the slope.
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Fig, 3.11: Semilogarithmig';lot of 1/K, for the HRP-II (O)
and HRP-I reaction with PABA (m) as well as the rate con-
stant for the HRP-I-PABA reaction k2app(o)’ and the rate
constant for the HRP-II-PABA reaction, k3app(‘)’ against
pH. The curves were calculated from a nonlinear least-
squares fit of the data to Egqg. 3.60 for l/KM and Eg. 3.56

and Egq. 3.50 for k2app and k3app'
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acid in aqueous solution (Martin and Rossotti, 1959) :

K
A+ H —2ts aH (3.29)
K12
AH + A _——Z, AZH (3.30)
K
+ 22
AH + H = A2H2 (3.31)
Ka

where A represents the unprotonated benzoate anion and the
K's are association constants. It would appear that a
reasonable case for the dominance of the monomolecular
jonization (Eg. 3.29) has been made for [A] < 5 x 10-'2 M,
a concentration above which the PABA oxidation was not
studied. The polynuclear equilibria become significant
only at higher concentrations. The hydrogen dibenzoate
(benzoate - benzoic acid) ion has been shown to exist in
aqueous solution at concentrations of benzoate above 0.1 M
(Kolthoff and Bosch, 1932a). Although it is difficult to
determine the effect of hydrophobic association, some
hydrophobic interaction has been proposed for butyric acid
in aqueous solution (Nash and Monk, 1957). However, the
trends for the various dissociation equilibria are in the
order of that expected for ion-ion, ion-dipole and dipole-
dipole interactions; that is, Kll > K22 > Ky, 2 KA which
suggests that the dimer prefers the extended form of Eq.

3.30. The system is further complicated by the presence of
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the acetic acid-acetate buffer. At [Acetate] = 0.7 M the
amount of the acid-acetate dimer is reported to be about 10%

Kolthoff and Bosch (1932b) have determined an
activity coefficient of 1.00 (within a 2% error) for 2.66 x
102 M benzoic acid in a 0.09 M KNO,, aqueous solution. The
dissociation constant as defined by Eq. 3.30 at 2 x 10 2 M
acid was K12 = 1.6 M. If at least 90% of the aromatic acid
were associated at 2 x lO_2 M and pH = 5.0, as it must be
if we are to interpret the results by this mechanism, then,
[HA,] = 9 x 107> M, [A] ~ [HA] = 1073 M and K, =~ 1074 m,
The experimentally determined value for K12 is much too
large for any significant amount of the dimer to be present
at 2 x 10-2M. Furthermore, the ultraviolet spectrum of
PABA has been studied over the pH range 1.1 - 1.5 in

4 M aqueous solution (Rekker and Nauta, 1956 ).

2 x 10°
The interpretation involves only monomolecular dissociatons
of the type in Eq. 3.29. Therefore, it would appear un-

likely that association of the acid in these dilute agqueous

solutions is significant. One may conclude that the mech-

anism:
HRP-II + 2PABA —» (3.33)

although kinetically indistinguishible from a reaction of
the proposed HRP-II complex with substrate (Eq. 3.18), is

not a viable alternative explanation.
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Spectrophotometric Evidence for an Enzyme-Substrate
Interaction:

Conceivably, the formation of an enzyme-substrate
complex, implied in Eq. 3.18, could result in an observable
spectral change if there were a large enough difference in
the molar absorptivities of HRP-II and HRP~II-PABA. Because
of the transient nature of HRP-II in the presence of PABA,
the amplitude of the stopped-flow trace resulting from
HRP-II reduction is the most convenient parameter to monitor
such a spectral change. To determine whether the change in
molar absorptivity upon HRP-II reduction was sensitive to
the enzyme-substrate interaction, a preliminary set of
experiments was performed. The amplitude at low PABA con-
centration at pH = 5.01, acetate buffer ([PABA] = 10 > M)

5.2 volts) at 425 nm. The syringe con-

was observed (AV
taining the PABA solution was qguickly replaced with PABA

at 5 x 1072 M, the stopped-flow flushed, and the amplitude
again noted (AV = 4.9.volts). Under these conditions at

time zero for each experiment there will be about 50% of

the total HRP-II present as a complex. In the instrument
dead-time (~7 ms) < 20% of the reactive intermediates will
have decayed. Similar results at 420 nm and 430 nm also
indicated no significant change in the amplitude. Apparently,
any complex formed does not affect the change in molar ab-
sorptivity enough to be experimentally observable. This is

in contrast to the results obtained for p-cresol where the
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amplitude for HRP-II reduction at lO-3 M p-cresol and 426
nm (pH = 9.84) was reported to be about 20% of its value at
107> M (Critchlow and Dunford, 1972a).

Since any spectral change upon HRP-II-PABA complex
formation was, apparently, too small to be detected by
monitoring the amplitude of the stopped-flow signal, it
seemed reasonable to investigate the native enzyme for small
spectral changes indicative of enzyme-substrate interaction.
Difference spectroscopy has been used previously to define
quantitatively spectral changes of < 3% in terms of the
binding of p-cresol (Critchlow and Dunford, 1972b). A
similar approach has been used to study the effect of pH on
spectra of HRP (Theorell and Paul, 1944) and turnip perox-
idase (Ricard et al., 1972). A preliminary investigation
showed that small spectral changes in the Soret region were
dependent upon PABA concentration. A typical difference
spectrum is shown in Fig. 3.12 at pH = 5.0 in acetate buffer.
A recently published dissociation constant for the binding
of aniline to HRP determined by difference spectroscopy
(Critchlow and Dunford, 1972b) as well as thz small spectral
changes resulting from the interaction of HRP withvorganic
acids (Ricard et al., 1968; Gasper et al., 1972) indicated
that both functional groups of PABA may be involved. To
further complicate the system, acetate buffers have been
shown to cause small spectral changes in the Soret region

(Horne, 1967). As a result, it was decided to investigate
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Fig. 3.12: The difference spectrum of the native enzyme

3

in the presence of 7.5 x 10 -~ M PABA relative to HRP.

Enzyme concentration in both sample and reference was

1.6 x 10> M in acetate buffer (contribution to the total

ionic strength 5.5 x 1072) pH = 5.0.
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acetate buffer, aniline, benzoic acid and PABA at PH = 5.0.
First, consider the binding of any substrate §
to the native enzyme assuming a 1:1 stoichiometry:

K
HRP-S —=> HRP + S (3.34)

where Ks is the dissociation constant for the complex. The
total concentration of native HRP originally added to the
cuvette, [HRP]O, will be distributed between the free native

enzyme form HRP and its complex HRP-S:

[HRP]o = [HRP] + [HRP-S] (3.35)
Therefore:
[HRP]
[HRP] = ° (3.36)
1+ [S]/KS

Since no substrate is added to the reference cuvette the

absorbance AR will be:

AR = eHRP[HRP]o (3.37)

where €4RP is the molar absorptivity of the enzyme. For
the sample cuvette the absorbance AS will be the sum of the

absorbances of the two species present

AS = EHRP[HRP] + € [HRP=-S] (3.38)

HRP-S

where EHRP-S is the molar absorptivity of the complex.

Expressing [HRP-S] in terms of [HRP] and substituting the
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the value of [HRP] from Eq. 3.36 one obtains:

IHRPJO

A. = (e + € [S1/Ky) e (3.39)
S HRP HRP-S S 1+ [s]/Ks

Therefore, the difference in absorbance upon addition of
the substrate to the sample cuvette may be expressed as:

(e - € ) [HRP] _[S1/K
- _ _ HRP HRP-S o S
AA = AR AS = (3.40)

1+ [S]/KS

If AAS is defined as the absorbance difference observed at

infinitely high [S] where all the enzyme is present as the

complex ([HRP]O = [HRP-S]) then:
ARG = BAp - Ag = (€gpp ~ Egpp-g) [HRPl,  (3.41)
AAS[S]/KS
and AA = @ 2 (3.42)
1+ [S]/KS

The effect of the acetate buffer upon the Soret
spectrum of the native enzyme was investigated initially
at pH = 5.0. For these studies the total ionic strength
was maintained at 0.1l by adjusting the concentration of
KNO3 in solution. 1In the reference cuvette the buffer
contributed 4.5 x 10 > to the total ionic strength. The
difference spectrum was obtained as a function of buffer
concentration by varying the acetate buffer's contribution

to the total ionic strength in the sample cuvette from

4.5 x 103 to 0.10. A typical spectrum is shown in Fig.
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Fig. 3.13: The difference spectra of the native enzyme in
the presence of aniline and acetic acid-acetate buffer
relative to HRP.

Upper Curve: [Aniline] = 3 x 107%M; [HRP] = 8 x 10~° M;

acetate buffer (u' = 5.5 x 10°2); pH = 5.0.

Lower Curve: Sample consisted of acetate buffer at u' =

0.1 and reference consisted of acetate buffer at u' =

4.5 x 1073

8 x 107% M; pH = 5.0.

, total ionic strength of solutions 0.11; [HRP] =
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3.13. Since the position of the base line may be subject
to small errors arising from the presence of extraneous
matter either in solution or on the cuvette, the difference
in absorbance differences between sample and reference at
410 nm and 395 nm, AA', was used as a monitor. The simple
model of Eg. 3.34 may be used to describe the observed
dependence of this spectral change with increasing ionic
strength of the buffer. The quantity AA' will obey a
relation analogous to Eq. 3.42. Because the acetate con-
centration will be proportional to its ionic strength
contribution p' at any given pH and constant total ionic
strength of the solution without regard to the concen-
trations of its state of ionization:

AAé cp'

AA' = —,——— (3.43)
1+ cy'

[S]/Ks. [S] now refers to the total acetate-

where cp'
acetic acid concentration and ¢ is a proportionality con-
stant. The results obtained for AA' at different ionic
strengths for the acetate buffer are plotted in Fig. 3.14.
The solid curve represents the nonlinear least-squares best-
' fit to the data. From the analysis the values of the two
‘parameters AAé and 1/c were calculated. The results
together with standard deviations are tabulated in Table
3.5. For any given value of p' the value of [S]/KS may

be determined.
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Fig. 3.14: Plot of AA410 - AA395 for the changing abso

bance difference against the contribution which the acetate
buffer makes to the constant total ionic strength (0.11).

The abcissa is logarithmic. The best-fit to Eg. 3.43 is

. _6 _
shown. [HRP] = 8 x 10 M. pH = 5.0
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digrp] = 3.2 x 10 ° M
©(gRP] = 1.6 x 10 °M
Erat = AR, - AA

395 435
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Benzoic acid was examined in acetate buffer (pH =
5.0) for spectroscopic evidence of an enzyme-substrate
interaction. Again, the spectral change (Fig. 3.15) was
monitored using the difference in the absorbance difference
at 410 nm and 395 nm. The data were analyzed by a nonlinear
least-squares method using as a model competitive binding
of benzoic acid and acetic acid at a single enzyme site.
Such an assumption seemed reasonable. That the data con-
formed to this model was shown, within the limits of ex-
perimental error, by studying the binding of benzoic acid
at a buffer ionic strength p' = 0.10 as well as u' =
5 x 1073 and obtaining similar results (see Table 3.5).
In both cases the acid concentrations used to calculate
the KS were the total of its protonated and unprotonated

forms. At a constant buffer concentration it may be shown

that:

. sal[Bl/
par = plBl/Kg (3.44)
1+ [A]/KA + [B]/KB

in an analogous fashion to Egq. 3.42. 1In this equation [A]
and [B] represent the concentrations of acetate—-acetic acid
and benzoate~benzoic acid, KA and KB thé dissociation con-
sﬁants of their respective complexes with the enzyme and
AAé the absorbance difference at infinite [B] as indicated
by the difference AA410 - AA395. The results, together
with the best-fit curve, are shown in Fig. 3.16.
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Fig. 3.15: The difference spectrum of HRP in the presence

of 7.5 x 10_3 M benzoic acid relative to HRP. Enzyme

concentration in both sample and reference was 8 x 10_6 M

2

in acetate buffer (contribution to ionic strength 5.5 x 10 °);

pPH = 5,0.
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Using a similar approach, the binding of aniline
and PABA were investigated in acetate buffer (pH = 5.0).
From the difference spectra of Fig. 3.13 it is apparent
that the difference AA410 - AA395, although a good monitor
for the spectral change with increasing PABA concentration,
is insensitive to changing aniline concentration. As a
result the difference AA395 - AA435 was used. The data
were analyzed by a nonlinear least-squares method assuming
that each substrate binds competitively with acetate at a
single site. The results from the analysis are plotted
in FPig. 3.16 and tabulated in Table 3.5. Results at dif-
ferent buffer concentrations were similar for both aniline
aﬁd PABA indicating that competitive binding with acetate
is a reasonable model. Using Egq. 3.43, the parameters for
acetate buffer at pH = 4.4 were determined and the experi-
mental procedure repeated for PABA at this pH (see Table
3.5). Attempts to work below pH = 4 resulted in nonre-
producibility which may be attributed to enzyme denaturation.

At 2 x 1072

M PABA in phosphate buffer at pH = 7.0 no
spectral changes were observed suggesting that the dis-
sociation constant was too large to be determined experimen-
tally.

With aniline, benzoic acid and acetate buffer
present, the data is consistent with competitive binding.

At a constant buffer concentration, an expression for the

absorbance change AA' = BRgi0 ~ AA395 may be derived in a
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()

AA' x 10 (absorbance units)
o

SUBSTRATE CONCENTRATION (M) x102

Fig. 3.16: Plot of the changing absorbance difference

against the substrate concentration. The abcissa is

logarithmic. For benzoic acid (0) AA' = AA410 - AA395,
= -6 . = -

[HRP] = 8 x 10 M; PABA (@) AA' = AA410 AA395, [{HRP]

-5 q s _ _ -

1.6 x 10 ° M, aniline () AA' = AR, o AAsgc, [HRP] =

8 x 107% M. 1In each case pH = 5.0 acetate buffer (y°'

5.5 x 1072).
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similar manner to Eq. 3.42 and Eq. 3.44:

AA!  [An]/K,_ + AA![B]/K
AAY = —2n an * 2% B (3.45)

1+ [A]/KA + [An]/KAn + [B]/KB

where [An] is the aniline concentration without regard
to its state of protonation and KAn is the dissociation
constant for the HRP-aniline complex. Since AAAn' the
absorbance change as monitored by the difference AA410 -
AA395 at infinite [An], is approximately zero, Eq. 3.45

becomes:

AAZ[B]/
_ Ap(Bl/%g (3.46)
1+ [A]/KA + [An]/KAn + [B]/KB

AR'

Using the previously determined parameters for aniline and

benzoic acid the value of AA' may be calculated for any

2M (pH =

given set of concentrations. At [An] = 2 x 10
5.0, acetate buffer) the concentration of benzoic acid was
varied and the AA' determined from the difference spectra.
These values are plotted against the values calculated
from Eq. 3.46 at the same concentrations in Fig. 3.17.

The solid line represents the expected relation if aniline
and benzoic acid bind competitively. Within the experimen-
tal error, deviations from Eq. 3.46 are not significant.

Using a previously published dissociation constant

{(Critchlow and Dunford, 1972b) and a value of AA; deter-
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Fig. 3.17: Changing absorbance difference (AA' = AA410 -

AA395) observed plotted against the AA' calculated from

Eq. 3.46 with [Aniline] = 2 x 1072 M, [HRP] = 8 x 10~° M,

3 2

[Benzoic acid] = 10°°M - 2 x 10°“ M, pH = 5.0, Acetate buffer

2). The linear relation shown having a 45°

(W' = 5.5 x 10~
slope represents the predicted relation if tne experimental
data conform to the Eq. 3.46, a criterion for competitive

binding.
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mined experimentally for p-cresol, the spectral change
with increasing p-cresol concentration in the presence of

2 M PABA was observed at pH = 5.0. A plot of these

2 x 10°
data against the AA' calculated from an expression analogous
to Eg. 3.45 is shown in Fig. 3.18. Again, deviations from
the competitive binding of PABA and p-cresol, represented
by the solid line, are not significant.

Using an approach completely analogous to that

used to derive Egq. 3.42, it may be shown for benzoic acid

and aniline binding at two different sites on the enzyme

that:

Y < ARG [B]/K, + AAAn’B[An] [B]/KAn'BKAn (3.47)
1 + [Al/K, + [An]/K, + [B]/Ky + [An] [B1/Kp, B¥an

Where AA, is the limiting value of AA' at infinite

An ,B
concdentrations of both aniline and benzoic acid and

KAn B = [HRP-An] [B] /[B~HRP-An]. If one assumes that the
r
binding of aniline or benzoic acid is not affected by the
complex formed by the other substrate then KAn B = KB and
14

' [ ' . . . ’
AAAn,B = AAB + AAAn' With this latter assumption, the
values -obtained for AA' at various benzoic acid concen-

2 M, pH = 5.0, acetate buffer)

trations ([An] = 2 x 10~
are plotted in Fig. 3.19 against values calculated from
Eqg. 3.47 at these same concentrations. Unlike Fig. 3.17
in which the data weretested for competitive binding, the

model requiring two binding sites does not represent as
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represents the predicted relation for competitive binding

of PABA and p-cresol.
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good a description of the experimental results.
Dependence of the Kinetic Parameters on pH:

The data plotted as a function of pH in Fig.
3.11 for k3app' the second-order rate constant for the
reduction of HRP-II by PABA, shows a remarkable similarity
to that for the HRP-II-ferrocyanide reaction. There are
two major differences. The rates are slower by a factor
of fifty and a small shift of the positive inflection
(with increasing pH) in the log rate vs. pH profile to a
lower value on the abscissa occurs upon going from ferro-
cyanide to PABA oxidation. Apparently the same proton-
transfer mechanisms must apply for both substrates as
indicated by the overall similarity of the two pH-rate
curves. The reduction of HRP-II with both PABA and ferro-
cyanide are influenced by the same two ionizable groups
neither of which can be readily assigned to the substrate.
The dependence on pH of both reactions appears to be sub-
strate independent. A consideration of transition-state
theory and the two possible pairing schemes, already dis-
cussed in considerable detail in Chapter 2, should result
in similar argquments for PABA as for ferrocyanide oxidation.
These will not be reconsidered at this point. The log
k3app ve. pH profile was analyzed by a nonlinear least-
squares program fitting the data to the phenomenological

equation of Eq. 2.7 reproduced here for convenience:
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+ +
A [H'1(1 + [H']1/A,)
= 1 2 (3.48)

(1 + [H'1/A,)

k'3app

In a completely analogous fashion to that for the HRP-II-
ferrocyanide reaction, one may assume a single mechanism
to describe the log rate-pH profile over the entire range
of pH. Assigning the two pKa values to ionizable groups
on the enzyme, the transition-state approach leads to an

expression for kéapn similar to Eg. 2.9:

kg (1 + [H+]/K+ + [H'] /K*K*)
= (3.49)

+ +
(1 + [8°1/K, + [B'1%/K;K,)

X3app

where ké is a pH independent rate constant at high pH, Kt
and Kt are transition-state acid dissociation constants
having values of pKT = 5.7 and pKt > 10 and Kl and K2, the
ground state acid dissociation constants having values

PKy < 2 and PK, = 8.6. When the terms making a negligible
contribution to the observed pH dependence are neglected,
eq. 3.49 becomes:

+ ¥ +1 ot
k'[H 1/KT (1 + [H 1/K})
=3 2 1 (3.50)

(1 + [H+]/K2)

k3app

Eq. 3.48 and Eq. 3.50 are of the same form which allows the
identification of the parameters estimated from the non-

linear analysis with acid dissociation constants. The non-
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linear correlation is shown in Fig. 3.11 and the results
are tabulated in Table 3.6.

For the HRP-II reduction by PABA; the rates are
insensitive to the protonation of the carboxyl or amino
group on the substrate. Because protonation of the carboxyl
anion will result in a stronger withdrawal of electrons
reducing the electron density at the amino nitrogen, electron
transfer would be expected to be more difficult and the in-
fluence of the substrate pKa should appear in the PH profile.
Such a result has been observed for protonation of the p-
Cresolate anion (Critchlow and Dunford, 1972a). Protonation
of the amino group should also influence electron transfer
but, again, no inflection in the appropriate region of the
PH-rate profile is observable. One explanation of these
results may be that all three forms of the substrate react
with HRP-II at the same rate because of the fortuitous can-
cellation of all factors affecting the rate. This must be
regarded as unlikely. A second possible explanation may be
that the protonated form of the enzyme as it exists at
PH < 2 reacts with PABA by way of a diffusion-controlled
brocess. 1In such a case a reaction will occur whenever
this protonated form of the eénzyme encounters a molecule of
PABA having the correct orientation for reaction no matter
what its state of ionization. Although the various proton-
ated forms of PABA may have the potential to react at dif-

ferent rates with the enzyme, the diffusion-controlled limit
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essentially levels all rates to a single value. Probably,
this approach offers the simplest explanation.

Therefore, the reaction is influenced only by two
ionizable groups on the enzyme. One of these groups may
be a hydroxyl group located at the iron's sixth coordination
position. Protonation of this species will greatly enhance
its ability to function as a leaving group. The protonated
hydroxyl group need not physically leave the active site
when the reduction of HRP-II occurs but simply may revert
electronically to a neutral water molecule weakly associated
at the iron's sixth position. With this group protonated,
the active site is potentially capable of reacting with the
reducing substrate at every encounter. Hence, it is not
unreasonable to assign K, to this hydroxyl group. The
second ionizable group may influence the electronic con-
figuration of the heme in the alkaline region of pH because
of a change in its state of prptonation. On the other hang,
because of its possible strategic location (in close prox-
imity to the hydroxyl group), it may be capable of proton-
ating the hydroxyl species by intramolecular transfer of a
proton (Fig. 2.7). If this latter situation were the case,
then, the reduction of HRP-II should be influenced by
protonation of this hydroxyl group over the entire range
of pH. Since reaction with HRP-II containing the protonated
hydroxyl group is diffusion-controlled, reduction should be

insensitive to substrate ionizable groups at both acid and
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alkaline pH values. However, the substrate pKa for p-cresol
oxidation has a value > 10. If one accepts the fact that

a similar proton transfer mechanism likely governs phenol
and aromatic amine oxidation, this piece of evidence,
together with the insensitivity to the substrate pKa values
at pH < 6, favours the mechanism involving two ionizable
groups each independently affecting the heme's electronic
environment. The protonated form of the species having

pKl < 2 reacts at the diffusion-controlled rate with the
substrate whereas the protonated form of the group having a
pK2 = 8.6 does not. The two ionizations may be thought of
as influencing the reaction independently rather than one
group assisting protonation of the other in the alkaline
region of pH. This mechanism has been discussed in Chapter
2 and the resulting log rate ~pH profile shown schematically
in Fig. 2.8.

In the oxidation of PABA, it is conceivable that
electron transfer may occur at the carboxyl rather than the
amino group. Protonation of the carboxyl group increases
the electron density at the oxygen. The peroxidatic reac-
tivity of phenols is greatly enhanced by protonating the
phenolic anion, as has been shown for p-cresol (Critchlow
and Dunford, 1972a). These considerations might suggest
that the reaction of PABA with HRP-II may occur by way of
. an electron transfer from the protonated carboxyl oxygen

rather than from the aromatic amine. Since the reaction is
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diffusion-controlled, the kinetic data cannot yield any
information about the center at which electron transfer
occurs nor about its state of protonation. More will be
said of this later in connection with the HRP-I reaction.
If the log rate-pH relation is considered to

result from two ionizations independently influencing the
reaction, the pH dependent second-order rate constant may
be expressed as the sum of two independent rate constants
each influenced by a single ionizable group:

" + + ] + +
k" (1 + [H ]/KD) kt(1 + [H 1/K})
-3 1,3 2 (3.51)

k
3app (1 + [H'1/K;) (1 + [E'1/Ky)

where k3 and kg are pH independent rate constants at high
pH for reactionms influenced by the ground state acid dis-
sociation constants K, and K, respectively. This transition- -
state approach adheres to the convention established earlier
in this thesis. That is, the pH independent rate constants
are arbitrarily taken as the 1imiting values at high pH.

One could have defined the pH independent constants as
limiting values at low pH (k3,l and k3'2). The resulting

equation would then be:

e+ b/E k., + &/ED
3,2 1 + 3.1 2 (3.52)

k = .
3PP (1 4 K /IHD) (1 + K,/ [H'])

Since KT/[H+] << 1 and Kz/[H+] << 1l,eq. 3.52 may be simp-
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lified to:

k3 2 ki1
k. = < + - (3.53)
app (1 + K, /[H']) (1 + K,/[H'])

This is tantamount to saying that the transition state acid
dissociations are not observed; therefore, they need not
be considered in order to define the pH-log rate profile.
However, in order to show that the phenomeno-
logical equation used to describe the data will differ only
in the interpretation of the parameters A1 and A2 (Eq. 3.48),
let us return to the original expression of Eq. 3.51. Over
the observable pH range [H+]/K1 << 1, [H+]/KT >> 1 and
[H+]/K; >> 1; therefore, upon rearrangement Eg. 3.51

becomes:

_ oey/R + xy/kd N+ w1/ kg BRy kD) + xy)
3app (1 + [5'1/K,)

(3.54)
Thus, the original transition-state dissociation constant
KT identified with A, now no longer has any simple sig-
nificance in terms of transition-state theory but the non-
linear least-squares analysis of the data remains unchanged
regardless of mechanistic considerations.

The pH dependence of k the second-order rate

4app’
constant for the HRP-II-PABA complex reacting with PABA, is
shown in Fig. 3.20 with tabulated results in Table 3.6.

The solid line is the best-fit to the data using Eq. 3.48
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Fig. 3.20: Semilogarithmic plot of k4app for the HRP-II
complex reacting with a second molecule of PABA against
pH. The linear relation was determined from a nonlinear
least-squares fit to Eqg. 3.48 using parameters of Table
3.6. The error bars represent the standard deviation for

k estimated from the statistical analysis.

4app
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and the parameters of Table 3.6 determined for k The

3app”
results suggest a similar pH dependence for k3app and k4app

over the pH range where k could be conveniently inves-

4app
tigated. This implies that the proton-transfer mechanisms
for the complexed and uncomplexed forms of HRP-II reacting
with PABA are the same.

The pH dependence of the second-order rate cons-

stant, for HRP-I reduction with PABA is shown in

kZapp’
Fig. 3.11. The solid curve represents the best-fit from a
nonlinear least-squares analysis of the data. Again, the
similarity of the HRP-I reaction with PABA and ferrocyanide
is evident. This similarity between the two pH curves would
suggest that one of the ground state pKa's for the HRP-I
reduction by PABA should be assigned to an ionizable group
on the enzyme (pKa = 5.1). This is completely analogous
to the HRP-I-ferrocyanide reaction. The other pKa may be
assigned to the amino group on the substrate (pKa = 2,7).

It would be difficult to rationalize the assign-
ment of the pKa of 5.1 to the substrate's carboxyl group
if one assumes that the amino group is the only site for
electron transfer. The ground state dissociation constant,
pK3 = 5.1, has a value very close to that determined spect-
rophotometrically for the carboxyl group of PABA. However,
protonation of this group should reduce the electron density
at the aromatic amine's nitrogen, which should retard the

reaction. If the PK, of 5.1 were assigned to the substrate,
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then, the protonated form must react at a faster rate than
the anion. This result may be expected only if protonation
of the carboxyl group enhances its ability to function as a
site for electron transfer. There appears to be very little
evidence to support this hypothesis. The literature cont-
tains no reports of aromatic acids acting as reducing sub-
strates in the peroxidatic reaction with HRP, whereas the
oxidation of aromatic amines is well established (Saunders
et al ., 1964). The HRP catalyzed oxidations of p-nitro-
aniline, p-aminoacetophenone, and benzoic acid at pH = 7
are very slow (kapp < 10) if, indeed, there is any reaction
at all (Saunders et al., 1964). No significant reaction
was observed for benzoic acid (acetate buffer, pH = 3.8).

3

At benzoic acid concentrations of 5 x 10 ° M and at an

6 M the spontaneous decay

enzyme concentration of 8 x 10~
of HRP-II was observed. The absence of an observable
reaction with benzoic acid does not necessarily mean that
PABA with its electron donating amino group,does not react
by way of a protonated carboxyl group. But, a decrease of
four orders of magnitude upon going from the unsubstituted
to the para-amino-substituted aromatic acid (PABA at pH =
3.8 has .a rate constant for oxidation by HRP-I and HRP-II
of 2.5 x 10° Mt s71) is rather difficult to explain.
Studies of HRP-I reduction by iodide, sulfite, and ferro-

cyanide all exhibit a ground-state pKa near this value

which suggests that it is substrate independent. Therefore,
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existing evidence favours the assignment of the PK_ of 5.1
to the enzyme rather than substrate. The schematic diagram
of Fig. 3.21 shows a pairing mechanism in which the ground-
state acid dissociation constant on the enzyme, K3, is paired
with the transition-state dissociation constant K3+. The
ground-state acid dissociation appearing at pH = 2.7 has
been assigned to a substrate acid dissociation K4. This
ground-state dissociation constant has been paired with
the transition-state acid dissociation K4f at pH < 2.
Using transition-state theory, the general form of Eg. 2.8
becomes:

k3 (1 + /a4 127k, %, )

= (3.55)
2app (1 + [81/Ry) (1 + [(51/K,)

where ké is the pH indemendent rate constant observed at
high pH. Since the third term in the numerator is always
much less than one over the PH range of the study, Eg. 3.55,
which describes the PH dependence of k2a can be written in

PP
the form

ky (1 + [mt1/x,T) |
k = - — (3.56)
2P (1w /Ry (14 (IR,

The parameters obtained by fitting the observed kinetic data
to Eq. 3.56 by the method of least-squares are given in

Table 3.7. The ionization at pK4 = 2.7 has been assigned
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LOG kqpp
z,

- o of

FPig. 3.21: Plot of log k ve. pH for PABA oxidation

2app
shown schematically. The solid line represents the ex-
perimental curve, whereas the broken line represents the
unobservable hypothetical curve at pH < 2. The pairing

mechanism consistent with Fig. 2.9 is shown.
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Table 3.7: Parameters® obtained from a nonlinear least-
squares analysis for the HRP-I reduction by

PABA using Eq. 3.55 for the fit.

kj =(4.5 £ 0.1) x 103 m1s71

Ky = (8.0 % 0.9) x 1078 M
-3

K, = (2.1 % 0.2) x 10° M

Ki = (1.3 % 0.1) x 10°%n

aErrors estimated from the standard deviations of the fit.
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to the substrate's amino group. No ionization in this
region has been observed for either the iodide or sulphite
reactions. Protonation of the amino group would be expected
to retard the reaction since it blocks the electron pair.
The proposed mechanism for the HRP-I reduction with PABA

is then, a simple extension of the ferrocyanide reaction
with the influence of a substrate protonation appearing at
low pH. This would seem to be a reasonable conclusion
considering the similarity of the HRP-II reduction with the
two substrates, PABA and ferrocyanide.

The values for k , the rate constant for the

5app
HRP-I-PABA complex reacting with PABA, are tabulated in
Table 3.4. There were not sufficient data to allow an
accurate nonlinear least-squares estimate of the two para-
meters K3 and K, controlling the pH dependence of the rates.
However, the trend is similar to that for k2app'

Fig. 3.11 summarizes the results obtained for
the dissociation constant K, as a function of pH. The
analysis of data obtained for reaction rates measured at
the same pH for both HRP-I and HRP-II reduction produced
dissociation constants which were, within experimental
error, the same. Because of the fast rates which must be
measured for the HRP-II reaction in order to investigate
conditions of significant binding, the KM values becaome
less well defined at low pH as the reaction rates increase.

Below pH = 2.4, reaction rates could not be measured at
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sufficiently high substrate concentration to allow reliable

estimation of Ky for the HRP-II—PABA complex. In the HRP-I
reaction, the traces for the much slower rates become dis-
torted because of enzyme denaturation at pH < 3. The large
error bars of Fig. 3.11, representing the standard deviation
from the nonlinear analysis of the rate vs. [PABA] cor-
relations, are a manifestation of these two problems. At

pH > 5, the large values of KM required concentrations of
PABA above 5 x 10—2 M. As mentioned previously, above this
concentration, substrate interaction may become significant
and the kinetics difficult to interpret.

The effect of pH on Michaelis constants has been
discussed in detail by Dixon and Webb (1964). The trend
toward a pH independent maximum at low pH appeared to jus-
tify the analysis of the data in terms of a single ionizable
group on either the enzyme or substrate. Because of the
unit positive change in slope with decreasing pH, Dixon's
(1953) rules eliminate the possibility of this inflection
being assigned to an ionization on the complex. Since the
ionizable group has a PK, very close to that expected for
- the amino group of PABA, it has been tentatively assigned
to the substrate. It may be shown that the pH dependent
dissociation constant, KM, defined by the total concen-

trations of all protonated forms of enzyme [E]o, substrate

[S]O and complex [ES]O:
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[E], 18],

[ES]

(3.57)

I{M=

may be expressed in terms of a pH independent constant,

K', defined by the concentrations of the particular ionic

forms of the substrate which affect the reaction:
[E] (8]

[ES]

Kﬁ = (3.58)
Since the state of protonation of E and ES, in this case,
do not affect the rates, they may be ignored. The concen-—
tration term [S] may be defined as the concentration of
the protonated amino species, in which case Kﬁ becomes the
pH independent constant at pH < 2. Then KM and K! are re-
lated by the Michaelis pH function for the two protonated

forms of the PABA amino group:
Ky = Kyl + K/[E'D (3.59)

where K4 is the dissociation constant for the substrate.

]

Therefore: l/KM = l/Kﬁ ( ) (3.60)

+
'] + K,
A nonlinear least-squares analysis resulted in the best-
fit curve to this eguation in Fig. 3.11. The values of the
two variable parameters of this fit, l/Kﬁ and K, are tab-
ulated in Table 3.8.

The dependence of on pH, therefore, indicates
p
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Table 3.8: Parametersa obtained from a nonlinear least-

squares analysis of the l/KM fitted to Eg. 3.59

K = (1.5 + 0.5) x 10" > M

4
l/Kﬁ = (8.6

I+

0.6) x10™> M~1

i+

@Errors estimated from the standard deviations of the fit.
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the preferential binding of the completely protonated form
of the substrate's amino group to a electronegative site on
the enzyme. This site, apparently, remains unchanged upon
reduction of HRP-I to HRP-II. Any conformational or elec-
tronic change occurring in the HRP-I reduction has little
effect upon complex formation. No spectral change was
observed which could account for a complex with HRP-II. If
the magnitude of this spectral change were similar to that
observed for the native enzyme it would not be detected by
monitoring the amplitude of the stopped-flow trace. This
lends credence to the possible explanation that PABA binds
near the active site, either on the porphyrin ring or
adjacent protein structure. Complex formation then hinders
the reaction sterically or changes the electronic nature of
the conjugated iron-porphyrin electron-transfer system.
Negatively charged species such as ferrocyanide would not
associate readily with a basic enzyme site and no complexing
would be observed. Although p-cresol may bind to the same
site as PABA, the complex formed must be intrinsically dif-
ferent as manifested in the large spectral change upon
binding of p-cresol to HRP-II and the much greater inhibitory
effect that complex formation has on the enzyme's activity
(Critchlow and Dunford, 1972a).

The Steady-State Reaction:

Although observation of the steady-state reaction

is potentially a source of considerable information, PABA
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oxidation forms a variety of oxidation products (following
formation of the initial free radical) which absorb in the
UV and visible spectral region. A preliminary investigation
in which the initial PABA concentration, [PABA]O, was varied
and the initial H202 concentration, [H202]o was held con-
stant, demonstrated that the absorbance change was not a
simple function of [PABA]O. In the study of the reaction
with H202 at a much lower concentration than PABA, it was
observed that termination of the reaction results from
depletion of the oxidizing agent. Therefore, at constant
[H202]°, the total absorbance change, that is, the amplitude
of the trace, should always be independent of [PABA]O.
However a 7% decrease in the total absorbance change was
observed fof a three-fold change in [PABA]0 which indicated
that this was not the case. Doubling the [H202]O should
result in an increase in the total absorbance change by a
factor of two. Adding equal increments of H202 to a system
containing an excess of PABA, allowing the reaction to
consume all the oxidizing agent, then scanning through the
UV and visible regions in order to find an area of the
spectrum in which the absorbance change was proportional

to the [Hzozlo, located two potentially useful areas at

440 nm and 320 nm. The absorbance change in the region of
440 nm was too small to provide a good monitor for the
reaction. The absorbance change observed at 320 nm was

due to absorption by one of the products. The steady-state
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kinetic results at 320 nm were the same as obtained at 265
nm but the reduced intensity of this peak allowed one to
work at much higher substrate concentrations. Over a five-
fold range of [PABA]o and constant [H202]o, the latter
being present at concentrations much less than the reducing
substrate concentration, the total absorbance change was
not independent of [PABA]O. The results of a study of the
steady-state reaction under such conditions would be dif-
ficult to interpret unambiguously. It was therefore decided
that this approach was untenable.
3.4 Discussion

The kinetic scheme, summarized in Eqg. 3.18
and Eq. 3.25,may be a result of productive or unproductive
complex formation. That is, the PABA molecule binding to
the HRP intermediate compound may remain complexed upon
reduction, in which case it does not partake in the electron-
transfer process but only partially inhibits the reaction.
Such behaviour would be described as unproductive. On the
other hand, the molecule bound to the enzyme may be integ-
rally involved in the electron-transfer process; hence, it
may be converted to oxidized product. Then the complex
would be productive requiring the second PABA molecule only
to trigger substrate oxidation. These two possible situ-
ations are kinetically indistinguishible.

This kinetic ambiguity has been discussed in

detail for the oxidation of p-cresol by HRP-II (Critchlow
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and Dunford, 1972a). Because the dissociation constant for
the HRP-II-p-cresol complex and the second-order rate con-
stant for p-cresol oxidation do not depend on a common
ionizing group, these authors have argued that the complex
is unproductive. Such an argument cannot be applied to
PABA oxidation. The pK, of 2.8 for the complex formation
is probably related to the pK of 2.7 for HRP-I reduction

by PABA. The presence of a common ionizable group may
argue in favour of productive binding only if it can be
assigned to the enzyme and not to the substrate. However,
other available evidence implies an unproductive complex.

A small spectral change upon complex formation, similar

KM values for all three enzymatic forms, similar pH profiles
for the reduction of the complexed and uncomplexed HRP
intermediates and the two pieces of evidence discussed
earlier, all indicate that PABA does not bind to the iron's
sixth coordination position. The complex is unproductive
in the sense that it does not promote the peroxidatic
activity, but whether the complexed or uncomplexed molecule
of PABA that participatesin the HRP-I and HRP-II reactions
is oxidized cannot be determined unequivocally.

An adequate explanation is desirable for the in-
sensitivity of PABA oxidation by HRP-II to the substrate's
ionizable groups. It is difficult to argue that the avail-
ability of electrons at the amine's nitrogen atom does not

affect the reaction rates. The second-order rate constant
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for HRP-II reduction with aniline has been reported as

7 x 104mM ™! at pH = 7.0 (see Chapter 1). No reaction has
been observed for the para-substituted anilines containing
strong electron-withdrawing groups such as the acetyl or
nitro group (Saunders et al., 1964). If electron density
does not explain the disparity in the overall reaction
rates, then, oxidation must proceed through a mechanism
unique to each substituted aromatic amine. Contrary to
this point of view, such structurally different substrates
as PABA and ferrocyanide appear to have similar proton-
transfer mechanisms. At pH > 7 p-cresol oxidation with
HRP-II also exhibits the same pH dependent response.

A diffusion-controlled rate for PABA at pH < 6
adequately explains the lack of sensitivity to the ion-
izable groups of PABA. Protonation of these groups does
alter the electron availability in the transition state to
which the oxidation mechanism must be sensitive. However,
because the completely protonated form of the substrate
reacts at every encounter with the active site of HRP-II,
the potentially faster rates of the other two protonated
forms of PABA are not observed. These latter two forms
cannot react any faster than the diffusion-controlled rate.

The fifty-fold difference between the PABA and
ferrocyanide rates of oxidation by HRP-II at pH < 6 may be
explained in terms of a larger diffusion-controlled rate

constant for the ferrocyanide reaction. Two primary factors
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may be involved. 1In the first case, the effect of the
electrostatic interactions between the two reactants must
be considered. A theoretical interpretation using equations
of Debye (Alberty and Hammes, 1958) suggests that the min-
imum allowable diffusion-controlled rate involving a
positive center (HRP-II) and a highly negatively charged
species, such as ferrocyanide, will be faster than for a
less negatively charged species such as PABA. The dif-
ference in rates may be as large as an order of magnitude

(n ~ 10-3) depending upon the effective charge on the
reactants. As the ionic strength increases, the difference
in these theoretically permissible values decreases. At
ionic strengths comparable to those at which the HRP-II
reductions were investigated, the difference in rates pre-
dicted likely will be less than an order of magnitude if
one assumes that the product of the charges on the reactants
is about 8. The second factor deals with the role of orien-
tation constraints on a bimolecular diffusion-controlled
rate constant (Schmitz and Schurr, 1972). Using as a model
for the reaction a mobile orientable sphere (the substrate)
and a localized stationary site on a plane (active site),

it was demonstrated, at least qualitatively, that modest
angular constraints placed on the access of substrate to
the active site can produce a large reduction in the dif-
fusion-controlled rate. It is not unreasonable to expect

that the symmetrical ferrocyanide anion with six possible
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sites for electron transfer will have a rate of encounters
with suitable orientation for reaction which is at least
an order of magnitude faster than tﬁe rate of effective
encounters of the somewhat planar PABA molecule with its
single nitrogen group.

The primary difference between the two inter-
mediate compounds, HRP-I and HRP-II, appears to be the
storage of an additional oxidizing equivalent in the former
case. This may be described in terms of two possible
structures for HRP-I. The system may be electron deficient
in the conjugated 7 system of the porphyrin ring which
gives rise to a stable porphyrin free radical (Dolphin et
al., 1971; Felton et al., 1971). Recently‘some doubt has
been expressed concerning a free radical in the porphyrin
ring because a'spectrum rgsembling HRP-I, apparently, has
never been generated for any model system having d-orbitals
in the iron atom correctly oriented to accept an electron
from the 7-ring (R.J.P. Williams, private communication to
H.B. Dunford). This may suggest that the unpaired electron
is stored on an adjacent amino acid residue as has been
described for compound I of cytochrome ¢ peroxidase (Yonetani,
1970) . Whichever may be the case, the large shift in the
Soret spectral region upon formation and reduction of HRP-I
indicates that the electron-transfer processes must in-
fluence the electronic configuration of the heme. Any heme-

linked ionization, potentially, must be capable of affecting
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the kinetics of the electron-transfer process involved in
HRP-I and HRP-II reduction. Since it is highly probable
that the same ionizable groups are present at the active
site of both intermediates, some correlation may exist
between the proton-transfer mechanisms affecting their
reduction.

As mentioned previously, it has been established
that oxygen is incorporated into compound I (Hager et al.,
1972) ; Schonbaum and Lo, 1972). Apparently, this alters
the nature of the iron's sixth co-ordination position. It
is no longer accessible to cyanide (see Chapter 4). This
condition appears not to have changed in HRP-II. Since the
sixth position binds cyanide in the native enzyme, the
evidence would suggest that protonation of the oxygen-
containing ligand at the sixth position in HRP-II (most
likely a hydroxyl group) may enhance the ability of this
species to function as a leaving group but not in HRP-I. This
is not very different from many nucleophilic substitution
reactions which are sensitive to protonation of the hydroxyl
group. In the native HRP, protonation of this hydroxyl
?group has a pKa of 11.0 at an ionic strength of 0.11 (Ellis,
{1968) . This group (OH;) becomes more acid in HRP-II (pKa
< 2). With increasing positive charge in HRP-I, this group
i
I

may be so acidic that no significant protonation occurs in

ithe observable range of pH. Therefore, the unprotonated

hydroxyl group remains at the active site upon HRP-I re-



194

duction, and the influence of its protonated form on the
reaction rates is not significant at pH > 2. The other
group, having a pKa of 8.6 in HRP-II which is shifted to a
lower value (pKa = 5.1) with the increased positive charge
in HRP-I, is the only ionization observed to influence both
HRP-I and HRP-II reduction by PABA and ferrocyanide.

Therefore, the mechanism for the HRP-I reaction
with PABA or ferrocyanide may be identified with that for
HRP-II reduction at pH > 6. Neither reaction is diffusion-
controlled. The HRP-I reduction by PABA is very sensitive
to protonation of the amino group. One would expect to see
the kinetic influence of the substrate's pKa ~ 4.8 (carboxyl
group) ; however, this is not observed. One explanation may
be that the rates are not very sensitive to this ionization.
If the kinetic influence of the other group on the enzyme
(pKa = 5.1) were dominant, the effect of the substrate
pKa would not be detected. The apparent shift of the pKa
of the amino group to a higher value, when one compares
the value obtained from the HRP-II-PABA log rate-pH profile
to that obtained from equilibrium studies on the free sub-
strate, may reflect a small influence of the carboxyl
group's ionization.

A simple explanation for the HRP-I reaction
studied with four reducing agents now emerges. For each
of these substrates, namely, PABA, ferrocyanide, iodide

and sulfite, HRP-I reduction is influenced by an ionizable
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group having a pKa value of 5.1. If the pairing schemes
of Fig. 2.9 and Fig. 3.21 (showing a pKa paired with a
pKi such that pKa < pKt) apply for each reducing substrate,
then, the differences in the log rate-pH profiles may be
rationalized in terms of the reaction's sensitivity to
protonation of this group. The difference pKﬁ - pKa is a
measure of this sensitivity. The oxidation of iodide by
HRP-I has a pKi > 9. It is more sensitive to protonation
of this group (pKa ~ 5.1) than is ferrocyanide with a pKt
of 6.6 which, in turn, is more sensitive to protonation
than PABA with a pKi of 5.9.

This tentative proposal is a further attempt to
organize the available information concerning HRP-catalyzed
oxidations and develop a basis for future experimental
work. In many respects, it offers a simpler explanation
than the mechanism for HRP~-II reduction proposed earlier
(Critchlow and Dunford, 1972b). Such a modification allows
the mechanism for HRP-I reduction, as manifested in the pH
dependent rates, to be incorporated readily into the over-
all picture without substantially changing earlier mech-
anistic considerations or proposing two different mechanisms
for the HRP-i and HRP-II reactions. This mechanistic point
of view has the unique ability of explaining the influence
of a substrate ionization in the pH profile for p-cresol
and the absence of influence of the two expected substrate

ionizations for PABA in HRP-II reduction.
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CHAPTER 4

THE KINETIC EFFECT OF CYANIDE INHIBITION ON THE

STEADY-STATE PEROXIDATION CATALYZED BY

HORSERADISH PEROXIDASE

4,1 Introduction

The following oxidation-reduction cycle of HRP

is well established (George, 1952, 1953; Chance, 1952);

k

HRP + H202—1—>HRP—I (4.1)
- X 3-
HRP-I + Fe(CN) ; —=+HRP-II + Fe (CN)g (4.2)
a- X3 3-
HRP-II + Fe(CN) g ——=HRP + Fe(CN); (4.3)

The reactions in Eq. 4.2 and Eg. 4.3 have been
studied intensively as a function of pH as is evident from
the material of Chapter 2. As well, cyanide is known to
bind tightly to the heme iron of native HRP and the kinetics
of both its binding and dissociation reactions have been
studied (Ellis and Dunford, 1968). However, if the sixth
co-ordination position of the iron is occupied by some
other ligand in the enzyme's intermediate compounds, the
cyanide should have restricted access to this site. There-
fore, to further elucidate the nature of the active site
and to provide evidence as to whether p-cresol, PABA and
other substrates, which may alter the enzyme's activity,

bind to this site, a study of cyanide binding to HRP-I
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and HRP-II was undertaken. Two approaches were used:

(1) the effect of cyanide on the steady-state ferro-
cyanide oxidation was investigated, and (2) a possible spec-
tral change in the Soret region of HRP-II upon cyanide
addition was examined.

4.2 Experimental

Materials:

Horseradish peroxidase was obtained from
Boehringer-Mannheim as a highly purified ammonium sulfate
suspension and the solutions prepared and analyzed as des-
cribed in Chapter 2. Solutions of potassium ferrocyanide,
potassium nitrate and hydrogen peroxide were prepared and
handled as described previously. Kinetic studies were
performed in solutions with an ionic strength, u, of 0.11
+ 0.002 with the buffer contributing 0.06p and potassium
nitrate 0.05py at pH 7.10 and 5.00. At pH 9.00 the glycine
buffer contributed 0.01 to the ionic strength and potassium
nitrate 0.10. Appropriate adjustments were made in the
potassium nitrate concentration when the total contribution
of potassium ferrocyanide and potassium cyanide to ionic
strength exceeded 2%. Solutions of potassium cyanide were
analyzed by titration with a standard silver nitrate
solution (Kolthoff and Sandell, 1952).

Steady-State Kinetic Studies:

The kinetic measurements were performed on a

Cary 14 recording spectrophotometer equipped with a slide
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wire for the absorbance range 0 to 0.1 absorbance units.
The cell compartments were thermostatted at 25°C. In a
typical experiment, appropriaté volumes of potassium nitrate
solution (1.00 M) and buffer (u = 0.20) were pipetted into
a 250 ml volumetric flask to obtain a solution of u = 0.22.
A 5 ml aliquot was pipetted into a 10 ml volumetric flask
and solutions of HRP, ferrocyanide, and cyanide were added
by microsyringe. The solution was made up to volume and
2 ml pipetted into a cuvette which was inserted into a cell
campartment, and allowed to equilibrate to 25°. The reaction
was initiated by stirring the solution with a plumper on
which was deposited a few microliters of hydrogen peroxide.
The production of ferricyanide was followed at 420 nm. An
initial velocity was determined by estimating the slope at
the beginning of the trace.

At any given set of conditions four traces were
obtained and the estimated initial velocities were used
to calculate a mean value. The pH of the solution was
determined immediately upon obtaining the traces using an
Orion model 801 digital pH meter in conjunction with a
Fisher combination electrode. At pH 9.00 the cyanide
solution was adjusted to the pH of the buffer prior to each
kinetic study.
Spectral Measurements:

It was found that reasonably stable solutions

containing a mixture of HRP and HRP-II could be prepared
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from a 10—6 M HRP solution in tris-nitric acid buffer of

pH 7.0 and ionic strength 0.06. sufficient potassium
Hitrate was added to bring the total ionic strength to 0.11.
The HRP solution was allowed to stand at room temperature
for several days. Compound I was prepared by adding 0.9
molar equivalents of hydrogen peroxide, relative to the
total amount of HRP, with a microliter syringe to 2.0 ml

of solution in a cuvette. Compound II was obtained by re-
duction with 0.5 molar equivalents of p-cresol, also
relative to the total amount of HRP. The resulting spectrum
was isosbestic with the spectrum of native HRP at 411 nm.

Tt showed no detectable change at 420 nm after 10 minutes,
a time sufficient to permit the complete execution of the
experiments.

In order to demonstrate that HRP-I had been
reduced successfully to HRP-II, the prepared mixture of HRP
and HRP-II was observed at 411 nm. At this wavelength any
absorbance change should not be related to HRP-II conversion
to HRP. Excess p-cresol was then added to the solution and

3

the change was observed to be 10" ° absorbance units. There-

fore, at a total enzyme concentration of 10_6MI< 2.5% of the
enzyme must be present as HRP-I.

A difference spectrum was obtained by removing
the cuvette containing water as a reference and inserting

a matching cuvette containing the original HRP solution

£o which 2.0 x 10 > M potassium cyanide had been added.
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Then, the sample containing the components HRP and HRP-II
was scanned from 450 nm to 390 nm. Critchlow and Dunford
(1972) used a similar approach in their studies of the
binding of p-cresol to native HRP. Addition of 5 x 10 % M
cyanide to the sample permitted one to obtain a difference
spectrum of the resulting mixture. A rapid spontaneous
decay of a fraction of the HRP-II was observed, caused by
small quantities of reducing agent in the cyanide which was
followed by a period where the HRP-II was comparatively
stable. The decay was estimated to be 10% of the total
HRP-II present, and a correction was made for this concen-
tration change in later calculations. At 5 x 10 % M cyanide
the error involved upon assuming that all of the native HRP
is present as the cyanide complex is < 1%.

4.3 Results

Steady-State Kinetie Studies:

Previous work (see Chapter 2) has demonstrated
that the steady-state peroxidase catalyzed oxidation of

ferrocyanide obeys the double reciprocal form of Lineweaver-

Burk:

(4.4)

<+

1
(X) +

<
|
<=

Using the nomenclature and symbolism of Cleland (1963), v
is the initial velocity, A the initial concentration of

the variable substrate, V the apparent maximum velocity,
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and K the apparent Michaelis constant. Previous work has
shown that cyanide binds to the native enzyme to form a
complex over a wide range of pH (Ellis and Dunford, 1968;
Chance, 1943). Thus, it functions as a dead~end inhibitor.
With cyanide present the steady-state ferrocyanide oxidation
should give rise to linear uncompetitive inhibition if
cyanide combines reversibly with only one enzyme form,
native HRP. The general form of the double reciprocal plot
then becomes:

1 I
)+ g gD (4.5)

1
=

4|
[
<|=

where I is the initial inhibitor concentration, and Ki is
the inhibition constant. However, if cyanide binds to more
than one form of the enzyme, that is, to either or both

of HRP-I and HRP-II, then the general form is one of linear

noncompetitive inhibition:

1l _ K I 1 1 I
=7 (1 * X )(z) +<\7 1+ K.) (4.6)
1S 1

Thus, because of the effect of the apparent inhibition con-
stant Kis' the slope of the double reciprocal plot would
change with changing initial inhibitor concentration.

| Based on the general reaction scheme shown in

Fig. 4.1, the specific equation analogous to Eq. 4.6 is
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HRP-CN™
CN™
+
HRP "
ks ky
n+l k; nes
HRP-11""«— HRP-1
+ +
cN- én
VA N\
HRP-II-CN" HRP-I-CN""

Fig. 4.1: The HRP reaction cycle, showing the pessibility
of cyanide binding to all forms of HRP. CN represents
1]

: _ _ -4
all forms of cyanide, ki = kl[H202]0’ k2 = kz[Fe(CN)6 ]0,

_ -4
and ké = k3[Fe(CN06 ]0.



203

[HRP]0 1 [CN]0
= 1+ +
v 2kl[H202]0 Kl
k, + k 1 1 1
2 34 + [CN]Q] =7
2k k4 2k K, 2k3K3 [Fe(CN)6 lg (4.7)

In this equation the initial velocity is expressed in terms
of the sgcond order rate constants, dissociation constants
and concentrations of the reactants and inhibitor. The
initial concentrations [CN]O and [Fe(CN);4]0 refer to all
protonated and unprotonated forms of cyanide and ferro-
cyanide. The relation between the constants of Eq. 4.6

and the parameters of Eq. 4.7 is shown in Table 4.1.

To minimize experimental error, optimum conditions
were selected to detect cyanide binding. Initial cyanide
concentrations were chosen such that an excess, as large
as possible, was present without the first term of Eq. 4.7
becoming dominant. In order to use an initial cyanide con-
centration of 10—4 M or greater, a condition required for
adequate experimental sensitivity to binding, a concen-
tration of hydrogen peroxide > 10-4 M was necessary at pH
= 5.00. At an initial concentration of 7.5 x 10~ % M
hydrogen peroxide the first term of Eq. 4.7 was not rate-—
limiting, but enzyme denaturation appeared to alter the
reaction trace. However, the rate of destruction was slow

and did not affect the measurement of the initial steady-



TABLE 4.1

A Table Relating Parameters from General and Specific

Steady-State Equations (Egs. 4.6 & 4.7).

K = K10 + k3)
[Hy0,1,
k. .k
2K3
Kl = Kl

k2K2 + k3K3

vV = 2k1[HRP]O[H202]O

204
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state velocity. For an accurate estimate of the initial
velocity, an initial absorbance change of > 0.002 absorbance
units/minute was required. For this reason, the initial
HRP concentration was always large enough to provide a
reaction rate satisfying this minimum requirement, but
small enough to permit a rapid attainment of the steady-
state. Similarly, the initial ferrocyanide concentration
was always large enough to provide a sufficiently linear
initial portion of the absorbance vs. time trace but small
enough to enhance the importance of the second term in the
right side of Eqg. 4.7,

The double reciprocal plots obtained at pd 5.00
for different cyanide concentrations are shown in Fig. 4.2.
Similar results were obtained at PH 7.10 and 9.00. The
slopes of the double reciprocal plots from these data are
tabulated in Table 4.2. Fig. 4.3 is a plot of these slopes
at pH 9.00 against the cyanide concentration. The slope of
such a plot determined for all three pH values by linear
least-squares analysis was zero within the estimated error
limits. These results are shown in Table 4.3.

The kinetic data clearly indicate that this steady-
state system satisfies the case of uncompetitive inhibition.
If one considers the estimated errors in Table 4.3, then
cyanide binding occurring to either HRP-I or HRP-II at pH
5:00 must be such that (1/2 k,K, + 1/2 k,K,) < 3.6 x 1074 s,

If the hypothetical case is considered in which no binding
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12 ! | | T T I .

10 A i

[

[HRP], 7v %102, (71}
o

&

L L L 1 !

10 20 30 40
1/[Fe(CN)], x 1073, (M)

Fig. 4.2: The double reciprocal plots of [HRP]O/v vS.

1/[Fe(CN);4]0 at pH 5.00 with [CN]O varying from 0 to

7.5 x 10°2 M. The invariant slope and changing intercept

is characteristic of uncompetitive inhibition.
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SLOPE OF [HRP]) /v vs. V/[Fe[CNJF] x10%,(M-5)
.
1

5 10 15 20
[eN], x10% (M)

Fig. 4.3: The slopes of [HRP]O/V V8. l/[Fe(CN)g‘l]0 plots
as a function of cyanide concentrations of pH 9.00. The
error bars indicate twice the standard deviation obtained

from a weighted linear least-squares determination of the

slopes.
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TABLE 4.3

The slope of [HRP]O[Fe(CNg4]0/V, the slopes of Table 4.2,

vs. [CN] The estimated errors represent the standard

OO
deviation determined by the linear least-squares analysis

of the data.

pH Slope, s Intercept, M-s
5.00 -(1.6%3.6)x10™ % (2.520.2)x10™°
7.10 (3.0%2.6)x10™3 (2.120.1)x10™°>
9.00 (1.4%2.6)x10°°3 (1.3:0.1)x10 4
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occurs to HRP-II then K, 2 1.9 x 10_4 M. Similarly, if no
binding occurs to HRP-I, then K3 2 6.9 x lO_3 M. The
spectrophotometrically determined Kl for HRP-CN was 2.0 X

lO_6 M. Therefore, any binding which occurs to HRP-I and
HRP-II must be smaller by factors of lO2 and 3.5 x lO3

than that which occurs to HRP at pH 5.00. Similarly at pH

4 52 9.3 x 1073 M, and at pH 9.00
2

M, K3 > 6.6 x 10°° M.

7.10 K, > 2.4 x 100° M, K

-4
K2 > 4.6 x 10

Using the general scheme for first order series
and parallel reactions described in detail by Matsen and
Franklin (1950), a computer program was written in order
to calculate the pre-steady-state changes in intermediate
concentrations. The relevant equations and a brief desc-
ription of the program are to be found in Appendix 2. The
program considered the steady-state cycle as outlined in
Egs. 4.1 - 4.3 and the case of cyanide binding to the
native enzyme, as was indicated experimentally. It made no
provision for changing hydrogen peroxide or ferrocyanide
concentrations, which are components of the system present
in sufficient excess to ensure pseudo-first-order conditions.
Published rate constants for the oxidation of ferrocyanide
(Chapter 2) and the reversible binding of cyanide (Ellis
and Dunford, 1968) were used in the calculations. The
computed results showed that, for all conditions used, the
steady-state concentrations of enzyme species were attained

to within 99% after 10 seconds, the approximate dead-time
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of the instrument. The linear correlation obtained by
plotting the initial velocity vs. HRP concentration at PE
5.00, shown in Fig. 4.4, provides experimental evidence of
the validity of the steady-state approximation. A signif-
icant spontaneous reaction in the absence of HRP was ob-
served only at pH 5.00 in the presence of cyanide. This
spontaneous rate was never more than 20% of the observed
initial velocity and could be completely accounted for as
a small increase in the intercept of the Lineweaver-Burk
double reciprocal plot shown in Fig. 4.4.

From published parameters (Ellis and Dunford,
1968; Chance, 1949) the intercepts from the double recip-
rocal plots were calculated. These are tabulated in Table
4.2 along with experimentally determined intercepts. The
measured spontaneous rate was added to the calculated inter-
cepts at pH 5.00, and it is the sum of these two quantities
which is reported in Table 4.2. Satisfactory agreement with
the observed intercepts was obtained. The value of K3,
2.0 x 105 M—ls-l, calculated from the results at pH 5.00,
is in good agreement with a previous value obtained for the
steady-state ferrocyanide oxidation of 1.9 x 10° M~ g7 I,
Similarly, the k3 value calculated from results at pH 9.00
of 3.8 x 103 ML s7L is in good agreement with previous
results (Hasinoff and Dunford, 1970).

At pH 7.10 with phosphate present at ionic

strength 0.06, total ionic strength 0.11, the calculated
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v %107, (M-s7)

0 10 20
[HRP] %108, (M)

Fig. 4.4: The initial velocity plotted against [HRP]0
at pH 5.00. The linear correlation demonstrates that the

initial rate is first order with respect to [HRP]0 under

steady-state conditions with [CN]0 = 3 x lO—4 M.
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value of k; was 2.4 X 10 u™1 571, This result was about
50% larger than would have been predicted for the steady-
state system from previous work. Experiments performed

in tris-nitric acid buffer, under otherwise identical con-
ditions, gave a k, value of 1.4 x 104 M1 571 in agreement
with the earlier investigations. The rate constant cal-
culated from a duplicaté set of double reciprocal plots at
pH 7.20 and phosphate buffer at u = 0.01 (potassium nitrate
u=0.10)was 1.4 x 104 M_l S_l. This provided good evidence
for a buffer effect observed in the phosphate buffer with
the larger contribution to the total ionic strength. At

pH 7.0 in tris buffer the second order rate constant was

7.0 x 102 M1 571 at a total ionic strength of 0.02. There-
fore, there were two effects observed at neutral pH. The
rate was accelerated by increasing the concentra.ion of
phosphate while the ionic strength was invariant. 1In
addition, the rate decreased sharply with increasing ionic
strength of the solution.

Spectral Measurements:

The spectral results were obtained from solutions
of HRP-II and HRP to which cyanide had been added. If it
is assumed that no cyanide binds to HRP-II, then the only
enzyme species present in solution in appreciable amounts
are HRP-II and HRP-CN. The change in the spectrum at any

given wavelength upon cyanide addition is then related to

the absorbance change occurring upon conversion. of HRP to
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HRP-CN:
By = eppp[HRP] - ¢ o [HRP-CN] (4.8)

The difference in the absorbance between the two spectra,
without and with excess cyanide, is AAD, and €cN is the
molar absorptivity of the HRP-CN. From a spectrum of the
HRP-CN complex the molar absorptivity was determined at any
wavelength relative to the calibration value of 9.4 x 104
M1 em™l at 423 nm (Keilin and Hartree, 1951). The cal-
culated and observed values for AAD are presented in Table
4.4 for a number of wavelengths. Within the estimated
error there is good agreement. Thus, the spectral changes
occurring upon cyanide addition may be accounted for in
terms of only two species present in the cyanide solution,
namely, HRP-CN and HRP-II. Other species which may be
formed upon cyanide addition either must have spectra very
similar to HRP-CN and HRP-II or the total contribution which
they make to the observed absorption at any given wavelength
must be less than about 10%.
4.4 Discussion

The results obtained provide no evidence for ex-
tensive binding of cyanide to either of the two intermediate
enzyme forms. Any major interaction of cyanide with HRP-I
or HRP-II, if it occurs (Fridovich, 1963), must take place
at some site removed from the prosthetic group. This must

necessarily cause only small, undetectable conformational
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or electronic changes at the active site. In such a case,
the binding would be not only unobservable with the tech-
niques used, but also, under these conditions, of little
kinetic significance.

It is generally accepted that the observed complex
formation with native HRP involves the interaction of cyanide
with the heme at the sixth co-ordination position (Smith
and Williams, 1970). Apparently, in HRP-I and HRP-II this
binding site is occupied by a tightly co-ordinated species
which cyanide is unable to displace. This is in agreement
with recent O18 labelling experiments on chloroperoxidase
(Hager et al., 1973). It is also in agreement with the
point of view discussed in Chapter 3 that the displacement
of the bound species in HRP-II is accelerated by protonation
of this bound group. The influence of ionic strength on the
reaction rate indicates that reduction of HRP-II with ferro-
cyanide involves the approach of oppositely charged species.
The large effect of ionic strength suggests that the species
involved have large electrostatic charges associated with
them as one would expect in the case of the ferrocyanide
anion interacting with a positive center. Thus, the data
offer reasonable support to the argument of Chapter 3 in
which the electrostatic interaction of the reactants for
the HRP-II reduction was used to explain, at least in part,
the possible difference in the diffusion-controlled rates

for ferrocyanide and PABA oxidation.
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Appendix 1.
The Analysis of Stopped-Flow Kinetic Data

The direct kinetic measurements of this study
were all investigated under experimental conditions where
the changing concentrations of the intermediate compound
of the enzyme were first-order. In other words, the con-
centration of the HRP cqmpound was always changing exponen-
tially with time as described by the first-order differential

equation:

T RS

dt

(Al.1)

where [C] refers to the concentration of the compound HRP-I

or HRP-II, k is the first-order rate constant and t is

obs
the time. Of course, [C] may also refer to some properties

of the system which is proportional to the intermediate's

concentration. Integration of Eg. Al.l gives:

(fc -1c1 )
in had = k t (al.2)

(tc) -1c1) obs

where [C]o, [C]°° and [C] refer to the concentrations of the
qompounds at time o, » and t respectively. The half-time,
that is, the time required for the concentration to decay
to 50% of its original magnitude, t1/2' is given by:

(fcl-Ic1,)

in =k t =
1/2(1cl -tc1,) 0% M2
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Therefore, the kobs may be obtained without knowing the
intermediate's initial concentration. This is of great
practical significance when studying fast reactions of in-
herently unstable compounds. Under such circumstances the
.absolute starting concentrations are not known with any
degree of precision. A plot of 1ln ([C] - [C] ) against
time will be linear with -a slope of -kobs. The y-intercept
Qill provide a measure of the concentration of the HRP
compound at a time which the experimentalist has chosen to
begin monitoring the exponential change.

For the reaction of HRP-I or HRP-II with a re-

ducing substrate S, the overall second-order rate expres-

sion is:

'ngl = (
it kapP[C][S] (al.4)

In this equation kapp is an apparent second-order rate
constant. Because of its dependence on pH, it must contain
a term in hydrogen ion concentration. If [S] >> [C], then,
the change in [S] during the reaction may be considered to
be very small and can be ignored. Under such conditions

the reaction behaves as a ﬁirst—order rate law would predict.
The redction is said to be oveiall pseudo~first-order and

the rate constants kapp and k are related by:

obs

Kobs = kapp[S] | (Al1.5)
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For the investigations of this thesis, the kobs
were obtained from nonlinear least-squares analyses of the
exponential traces. Graphical analysis of the form |
In ([C] - [C]l)) vs. time were performed occassionally to
give a visual interpretation of ;he errors in the exper-
imental values and to ensure that both graphical and cam-
puter analysis gave essentially the same result. Tﬁe
analyses by computer was well-suited to efficient organ-
ization and calculation of large volumes of repetitous data.
It also provided the facility to weight the initial data
most heavily where the laréest change in'concentration was
occurrin§ and the relation was most accurately defined.
Variation of selected parameters also allowed one to op-
timize the fit to the experimental results. However, a
nonlinear computer analysis must be used with caution.
Graphical methods must be used in conjunction with non-
linear analysis to establish that the first-order rate law
described the data satisfactorily.

In the stopped-flow apparatus, the ?eactions were
observed as a function of é voltage change. The voltage
was proportional to the intensity of the light reachiné-

the photomultiplier and the relation is:
v I
v =7 (al.6)

where I and Io refer to the light intensity through the
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sample and vacuum, respectively, and V, Vo are the cor-
responding voltages. Since absorbance, A, and the intensity
are relaﬁed by:

I

log (=) =2 (21.7)

I
voltage and absorbance may be related through a series
expansion and shown to be related in a directly proportional
fashion for sufficiently small absorbénce-changes (A2 < 0.06)
(Maguire, unpublished results). The equation used.for the
first-order nonlinear analysis was:

obs

Ve = (V- V_)e + vV, (a1.8)

where Vt' VvV, and Vo refer to the wvoltages at times t,
infinity and zero, respectively. The variable parameters
Vor V. and k.  were édjusted to give the best fit to the
experimental values V, and t. It was for this reason

t
that ana priori test for a first-order relation was neces-

sary.
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AEEendix 2

Derivation of Expressions for the Steady-State HRP

Catalyzed Ferrocyanide Oxidation in the Presence of Cyanide

‘The ferrocyanide oxidation with cyanide present

may be cdescribed by the reactions of Fig. 4.1:

k

HRP + H202 e HRP-I (a2.1)
Ky

HRP-CN ——» HRP + CN (A2.2)
ky

HRP-I + S ——=» HRP-II + P (A2.3)
K,

HRP-I-CN .—=» HRP-I + CN (A2.4)
ks

HRP-II + S —»HRP + P (a2.5)
K3

HRP-II-CN m=——= HRP-II + CN (A2.6)

where S = Fe(CN)g4 and P = Fe(CN)g3. One may apply the

following concervation relation:
[HRP]o = [HRP] + [HRP-CN] + [HRP-I] + [HRP-I-CN] + [HRP-II]
+ [HRP-II-CN] (A2.7)

The concentrations with subscript zeros are always with
reference to .initial concentrations. The initial concen-

tration of HRP is then:
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[CN]

) [HRP-1] +
Ky

[HRP] = (1 + l%§l)[HRP] + (1 +
(1 + lgﬁl)[nap-xxl (a2.8)
3

From the steady-state assumption:

d[HRP-I] _ kl[HRP][HZOZ] - kZ[HRP—I][S] =0

dt
(a2.9)

dat :

Therefore from Eq. A2.9 and Eq. A2.10:

kz[S] [HRP-I]

[HRP] = (A2.11)
k, [H,0,]
k, [HRP-I]
[ERP-II] = —2>— (32.12)
ks

Substitution of Eq. A2.11 and Eg. A2.12 into Eg. A2.08 and

rearrangment gives:

[BRP-1I] =
[HRP]o (a2.13)

(k,, [S1/k [H,0,1) (1+[CN] /Ky )+ (1+ [CN1 /K,) +k, /K 5 (1+[CN] /K3)

Following the reaction by monitoring the increase in product

concentration, the velocity may be expressed as:
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alp] _ k, [S] [HRP-I] + k3 [S] [HRP-II] (A2.14)

Substituting Eq. A2.12 into Eg. A2.14 gives:

dlp] _ 2k, [S] [HRP-T] (32.15)

Substituting Eq. A2.13 into Eq. 2.15 and expressing the

system in terms of the initial velocity v:

vV =

2k2[S]°[HRP]o (A2.16)

(k2[S]o/kl[H202])(l+[CN]o/Kl)+k2/k3(l+[CN]o/K3)+(l+[CN]o/K2)

Putting Eq. A2.16 in the form of a Lineweaver-Burk double

reciprocal relationship gives Eq. 4.7:

[HRP] 1 [CN] k, +k
o _ 1+ o " 2 3 +
v 2k1[H202]o K, 2k2k3
1 1
+ [CN]° (a2.17)
2k2K2 2k3K3 [s]o

Since k2 >> k3 this expression may be further simplified to:

[HRP]o
= (a2.18)
\'4
1 [CN] 1 1 1 1
— 1 + °] + + + [eN]
2k1[H202] Ky 2k 2k ,K, 2k 3K [s1,
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The slope of [HRP]O/V plotted against l/[S]O will be

1/2k3 + (1/2k2K2 + l/2k3K3)[CN]o and- the intercept
1/2kl[H202]O(l + [CN]O/Kl). If binding to either inter-
mediate compound occurs then a plot of these slopes against
[CN]o should result in a linear correlation with a positive
slope. However, in order to observe the effect of [CN]d
conditions must be used such that the term in [H202]o of

Eq. A2.18 is not dominant.
If the [CN]0 = 0 then the terms in [CN]O are no

longer significant and the Eqg. A2.18 reverts to the simple

steady-state case published elsewhefe (Hasinoff and Dunford,

- 1970):

[HRP]o 1 1 1 .
= + {(a2.19)

v 2k1[H202]o 2k3 [S]o

In order to establish whether the steady-state
assumption is valid, the time required to attain the steady-
state must be estimated. This is done by calculating the
change in concentrations of the components in the pre-
steady-state phase. The HRP reaction cycle shown in Eq.
A2.1 through Ed. A2.6 with cyanide binding only to the

native HRP may be represented by:
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ki ////’ k)
(a2.20)

3
A = HRP, R = HRP-I, C = HRP-II and D = HRP-CN. A published

where ki, ké and k3 are defined in Fig. 4.1, k& = k4[CN],

value of kl has been found to be pH independent over the
region of interest (Chance et ql., 1967). Values of k2’
k3, k4 and k5 as a function of pH are listed elsewhere
(Hasinoff and Dunford, 1970; Ellis and Dunford, 1968).
The following equations were derived, using the
method outlined by Matsen and Franklin (1950). In the
absence of cyanide, the system is'characterized by two

relaxations ul and Tyt

L -1p00ps+q (a2.21)
! :

1 _

<. = 1/2(p - q (A2.22)

where 2
P =kj +kj+ k} (A2.23)
= [p° - ' e 1y11/2
q= [p 4(kjk) + kikj + kik3i)] (A2.24)

The rigorous equations for [A], [B] and [C] as a function

of time are:



242

(92°2T¥) 4 /3-°

AHF INPVHP
T T T (4 1
T, 3.2 ¥ mqunlw.Jrlelvmbr Bl Ota = (e
/3 2, o .\t T T
1H|+.x+ R AR
H?INHVNP
T 1 T
(s2°2v) Wp® 7 - - - - T +
Wﬂlu_x .xl.xnl._nl
HP INP .HP
T T T . 1
R hﬂlvfw ¢ | %) = [v)



243

(LZ°2VY)

Ory)

[0}



244
Thus for kj = 1.6 x 10°, k) = 3.2 x 102, and ki = 4.3, all
in s-l, the concentration of B reaches 95 percent of its

steady-state value in 20 ms.

When cyanide is present, one obtains from Eq.

A2.20 a cubic equation:

L +pbt gl v r = (a2.28)
T T T
where
p = -(ki + ké + ké + k& + ks)» (22.29)
q = kiké + kiké + kiks + kéké + kéka + kék5 + kéka + kéks

(A2.30)

r = -(kikéks + kikéks + kékék& + kékéks) (A2.31)

A computer program was used to generate a table

. of concentrations of the four enzyme species present at
equal time intervals prior to the attainment of the steady-
state. A listing of the program is to be found on the
final pages of this Appendix. Numerical values for the
three relaxation times were obtained by the solution of

Eq. A2.28. Having four differential equations in four
dependent variables a general solution for an enzyme inter-

mediate E may be expressed as:

[N Mgy

i si’nyne-t/Tn (a2.32)
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The coefficients Y, were obtained by solving the corres-

ponding coefficient matrix at zero time. The constants

X; were calculated from the particular solutions and had

the values:

X = 1 (A2.33)
X, = ki/(ké - 1/11) (A2.34)
X3 = kiké/(ké + k/‘b)(ké + l/'%) (A2.35)
X, = k&/(ké + 1/13) (A2.36)

Under the experimental conditions used, calculated changes
in concentration indicated that the steady-state assumption

was valid.
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C CALCULATION OF STEANY-STATE HRP CYCLE 1ITH CYANIDE
C DATA INPUT: RATE COMSTAMTS

ADHOO

IMITIAL HRP CONCENTRATION
HRP RATE PARAMETERS
COEFICIENT IMATRIX AMD RHS VECTOR

REAL K1,K2,K3,K4,K5,A0,T11,T12,7T13,01,02,D3,04,05,01,N02,03,04,TEL,
1TE2, TE3, INT,STP,RSTN,RT,HRP(500),HRP1(500) ,HRP2(500),HRPCN(500),
2T(500)

REAL B84, 4),RR(H),ALL,4H),8B(4),X(8),EVR(L),EVI(YL),
SVECR(H,4),VECI(4,4),06(4,4)

REAL*§ OPR(50),0PI(50),EPS,ZEROR(50),ZEROI(50),FBND(50)

INTEGER DEGREE,NODIST,MULT(50)

IHTEGER PIVOT(H), INDIC(L)

LOGICAL RLPOLY,FLAG(S50),TRYIMP,FAIL

STN=0.01
AO=1
DEGREE=3
HC=NEGREF+1

10 N=y

READ(S,200)K1,K2,K3,K4,KS, INT
IF(INT.FR.999.)GN TO 104

OPR(1)=1.

OPR(2)=-(K1 + K2 ¢ K3 + K& + K5)
NPR(3)=K1#(K2 + K3 ¢+ K5) + K2#(K3 + KL + K5) + K3+(K4y ¢ KS)
OPR(h)=~(K1eK5«(K2 + K3) ¢ K2#K3e(K4 + KS5))
CALL CS281A(OPR,NEGREE,ZEROR,ZEROI,FAIL)
IF(FAIL) GO TO 10

TI1=ZFROR(1)

T122ZFROR(2)

T13=ZEROR(3)

A(1,1)=1.

A(1,2)=1,

A(1,3)=1.

A(1,4)=1,

A(2,1)=K1/K2

A(2,2)=K1/(K2-T11)

A(2,3)=1/(K2-T12)

A(2,04)=¥1/(K2-T13)

A(3,1)=K1/¥3
A(3,2)=((K1+Kb=TI1)=X4eK5/(K5-T11))/K3
A(3,3)=((K1+K4=T12)=Kh*K5/(K5-T12))/K3
AC3,4)=((K1+Kh=T13)=K4*K5/(K5-TI3))/K3
ACl,1)=KB/KS

AChL,2)=KU/(K5~Ti1)

ACh,3)=KB/(KS=T12)

ACh, )=k /(K5=T13)

8(1)=A0

B(2)=0n.

B(3)=0.

B(h)=1l. - AD

CALL CS009ACA,B,X,N,BB,RR,PIVOT)
N1=X(1)

02=4(2)

N3=X(3)

Oh=X(4)

c
C INITIAL COMDITIONS

N=450
T(1)=0.
HRP(1)=8(1)
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HRP1(1)=B(2) )
HRP2(1)=R(3) '
HRPCN(1)=B(4)
€ GENERATE TARLE OF CONGENTRATIONS
PO 11 t=2,N
TC1)=T(1-1) + INT
TE1sEXP(~T(1)*TI1)
TE2=EXP(=T(1)eT12)
TE3=EXP(~T(1)*T13)

c
HRP(1)=N1 + N2+TE1 + N3«TE2 + O4*TE3
c
HRPI(1)=0N1#K1/K2 + 02#K14TE1/(K2 ~ T11) + O3«K1eTE2/(K2 - TI12) +
104+*K1eTEZ/ (K2 - TI13)
c
HRP2(1)=Q1wK1/K3 +
1N22TE1«((K1 + Ki = TI1)/K3 = K4wK5/(K3*(K5-T11))) +
2N3*TE2+((X1 + K = TI12)/K3 =~ KheKS5/(K3e(K5 - T12))) +
30heTES*((K1 + Kb - T13)/K3 - KueKS/(K3#(K5 - T13)))
c
HRPCH( ) =012KL/K5 + N2¢K4eTEL/(KS = TI1) + 03eKLeTE2/(KS = TI2) +
1NLeKheTES/(KS - T13)
c

TFC(1 + 50).GT.M)GO TO 11
TF(ABS((HRPCN(1) - HRPEN(1-1))/(HRPCHM(I) - HRPCN(1))).LT.STD)N=
s1 + 50
11 CONTINUE
RSTN=100.~-STN*100.
RT= T(1-50)+1000.
XRSTN=100. - RSTD
L={-51
I1=]-50
WRITE(A,201)K1,K2,K3, K, KS,RSTD,RT, L, M, XRSTN, INT
» WRITE(G,204)T!11,T12,TI13
WRITE(6,205)01,n2,03,N4
WRITE(6,202)
no 12 L=1,1
M=i-]1
12 YRITE(S,203)M,HRP(L),HRPI(L),HRP2(L) ,HRPCH(L)

C FORMAT STATEMENTS
99 FORMAT('-COLUMNS ARE ZEROS(REAL, IMAGINARY),BOUNDS,MULTIPLICITY,
10VERLAP FLAGS'//)

200 FORMAT(6F10.1)

201 FORMAT('1', 'THE HRP REACTIONM CYCLE MITI CYANINE BINDING TO HRP'/
15X/5X/"RATE COMSTANTS GIVEN FOR THE REACTION SCHEME ARE: Kis=',6E12,
26/51X,'K2=' (£12,6/51X, %32’ E12.6/51X, 'K4=! ,E12,6/51X, 'X5=",E12.5/
3'THE TIME REQUIRED TO REACH',F6.2,1X, *PERCENT OF TIHE STEADY=-STATE
LEQUILIBRIUN 1S:',F7.2,1X, "MILLISECOMDS, Y/

S'THAT 1S, THE PERCEMT CNNCEMTRATION CHAMGE OF HRPCN BETWEEN ', 13,
61X, 'AND',13,1X,'1S LESS THAN',FS,2,1X, 'PERCENT RELATIVE TO ITS'/
7'TOTAL CONCENTRATIOM CHAMGE FROM ZERO TIME,'/

8'CYAHIDE HAS GEEM ANDFD WITH PEROXINE TN THE SYSTEM.'/
9'INTERVALa' F5,3,1X, 'SECOMDS. ')

202 FORMAT('-"',5X/5X/38X, 'TABLE NF CONCENTRATINNS OF SPECIES PRESENT'/
15X/5X/3uX, IRPY, 12X, *HRP1Y, 11X, 'HRP2?,10X, 'HRPCN' /5X)

203 FORMAT(' ',18%,13,5X,5F15.4)

204 FORMAT('="', 'THE RELAXATION CONSTANTS ARF:',3E15.7)

205 FORMAT('=','THE CNEFFICIENMTS N ARF:'4E15.7)

G0 T0 10

104 SToP

END
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Appendix 3

The Derivationof an Expression for the Dependence of

Absorbance on pH for Two Spectrophotometrically

Observable pK_ Values
Consider the two independent ionizations occurring
on a molecular species having three states of protonation

B, HB, and HZB:

- K

HB «<—25+H + B (a3.1)
KZs

H.Be&———H + HB (A3.2)

2

where the two acid dissociation constants Kls and KZs are

defined by:

[H] [B]
K = 823157 (a3.3)
1ls [HB]
— [H][HB]
K25 = = (A3.4)
[HZB]

The total concentration of all the different states of

protonation [B]o is given by:
[Bl, = [B] + [HB] + [H,B] , (A3.5)

and the total absorbance due to all the various species in

solution, A, at a given pH is:

A= EB[B] + EHB[HB] + €H2B [HZB] (A3.6)
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where €pr €yp and eHZB are the molar absorptivities of B,
HB and H2B, respectively. Substitution of Eq. A3.3 and

Eq, A3.4 into Eq. A3.5 and rearrangement gives:

(8],
[B] = (a3.7)

2
(1 + [H)/Ky  + [HI?/K) K, )

Similarly, substitution into Eq. A3.6 gives:

(]
€

as—2 )2+ BB (py 4 ey| [BI] (A3.8)
KK, Ky

Therefore, the final expression becomes upon combining

Eg. A3.7 and Eq. A3.8:

H.B €
2 w12 + 2B ) 4 e
K%, K,
A= [B] _  (A3.9)
2 o
1+ 8, (H]
K
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AEEendix 4

Concerning the Observed Deviations from First-Order

Kinetics for the Aromatic Amine, p—-Aminobenzoic Acid

First, consider the case of two parallel first-

order reactions producing a common product:

ky

A —=aC (a4.1)
Kk,

B —2+¢C (A4.2)

where A and B may represent two reactive forms of either
HRP-II or the substrate PABA, and C represents the native

enzyme. In the presence of either A or B but not both:

[al = [a]_a ¥1* ~ (24.3)

[B] = [B]oe'kzt (A4.4)

but cl = [a]l  + [B] - ([a] + [B]) (a4.5)
since [cl, = [A]o + [B]o ' (A4.6)
[cl, - el = (al e"F1* + (B e7H2" (24.7)

In this expression [C]_ - [C] may be related to the absor-
bance change AA for HRP-II reduction:

-k, t -k,t

pa = [a] e 1™ [B] e 2 (A4.8)

A plot of log AA vs. time t gives a linear correlation only

if kl = k2, [A]o =0 or [B]O = 0. If HRP-II reduction is
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accurately described in terms of two reactive forms of HRP-~
II or of PABA, then, the system may be readily resolved into
two first-order reactions if one of the reactive forms

(say A) has a smaller concentration that the other form (B).
The final linear portion of the trace shown in Fig. 3.3 may
be analyzed as a simple first-order reaction to yield the
slope of -k2/2.303 and intercept [B]o. From this infor-
mation [A] may be calculated from the initial curvature by

difference:
[A] = [C]°° - [c] - [B] (24.9)

and the resulting data for [A] analyzed also by first-order

kinetics.

This is in contrast to alternative possibility
which is not likely to occur if the two reactive forms are

substrate related or a result of HRP isoenzymes:

a—Lt.c (a4.10)

A »B —2C (ad.11)

In this case an additional step has been introduced in

which B is formed from A rather than being present initially.
This reaction sequence may be described also by Eq. A4.8.
However, because [B]0 = 0 the value of kl'may be estimated
from the initial slope of the correlation (Fig. 3.3). The

coefficient [B] in Eq. A4.8 now represents [A]o minus the
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amount of A which forms C directly rather than by way of
the intermediate B. The final linear portion defines a
regime in which A has been totally converted to B. Again,

first-order kinetics will allow the estimation of k2.



253

Appendix 5

Concerning the Characterization of HRP

The enzyme preparation obtained from Boehringer-
Manrnheim has been isolated in electrophoretically purified
quantities by the classical preparation technique of
Shannon et al. (1968). It has been shown by many workers
(Phelps and Antonini, 1969; Yamazaki et al., 1971) that
such a technique isolated efficiently isocenzymes B and C
(Shannon et al., 1968) from crude horseradish extracts.
That the procedures used to purify the commercially avail-
able sample are consistent with the presence of only iso-
enzymes B and C indicated by laboratory analysis (Roman,
1972) on a lot to lot basis has been established (M. Igbal,
Oxford Enzyme Group, preparation laboratory, personal
communication to H.B. Dunford). Separation of these two
isoenzymes would necessarily involve a tedious five column
procedure (Biozymes Inc., Buckingham-Shire, England). Such
high purity enzyme preparations are only available at

considerable expense.

The consistency of the preparation was monitored
for lot to lot variations by insuring that the P.N., defined
as the ratio of absorbance at 403 nm to that at 280 nm, was
never less than 3.1. This is a good test for an intact
heme-protein system with a minimum amount of denatured
protein present. The kinetic reproducibility indicates good

lot to lot consistency. Such experimental evidence for
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enzyme characterization is analogous to data obtained from

assay methods for activity.
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