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ABSTRACT

Verification of the purity of a commercial Horseradish
peroxidase (HRP) preparation, kinetic analyses of two
chromogenic assays and an investigation of the mechanisms of
enzyme inactivation by two of its substrates, hydrogen
peroxide {H,0,) and phenol, are described.

Isoelectricfocusing of Boehringer Mannheim Grad II HRP
preparation revealed that it is composed of neutral isozymes
B and C, as reported by the Manufacturer. ' No other
contaminating iscenzymes were detected.

Kinetic analysis (T=25°C, pH 7.4) of the 4-amino-
antipyrine (AAP) /3, 5-dichloro-2-hydroxybenzenesulfonic acid
(HDCBE) chromogen system yielded K, values for H,0, ARP
and HDCBS of 41.0pM, 3.94mM and 1.4mM, respectively. Values
of 800, 1,200 and 1,000min" were determined as a k. for
H,0,, AARP and HDCBS. Similar analyses performed on the
ARP/phenol colourimetri~ assay demonstrated inactivation
with increasing concentrations of AAP, suggesting two
different mechanisms for these two systems during the
formation of the final chrompgenic product. Values of I57uM
and 1.37nM were determined as the K, for H;0, and pnhenol,
respectively. Values of 21,800 and 26,700min™ were
determined as the k.. for both substrates, H;0, and phenol.

Hydrogen peroxide, in the absence of donor substrates
and at concentrations above 100pM, inactivates HRP in a
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time-dependent and irreversible mechanism-based suicide
inactivation that does not require a pre-association of H.0;
with HRP before substrate turnover. Protection against
inactivatien is afforded ir the presence of donor
substrates. Inactivation curves of % remaining activity vs.
time are biphasic in shape and are comprised of two
sections: (i) an initial (fast) phase in which the
majority of inactivation occurs very rapidly and exhibits a
dependence, in terms of rate and magnituvde of activity lost,
on H,0, concentration; (ii) a phase that follows from the
initial phase, which appears to be neither exclusively an
inactivation nor a period of recovery of enzyme activity.
Tnactivation data during the fast phase fit well to double-
exponential decay curves and appeared to be second-order
with respect to H;0, and enzyme concentration (second-order
inactivation rate constant, K.,p, 0.023M7's™). Kinetic
parameters describing inactivation, dialysis data and
spectrophotometric investigations indicate inactive enzyme
intermediate formation, Compound P¢,, to be predominant at
H,0, concentrations above 1.0mM. Below 1.0mM, Compound III
formation appears to be predominant and its formation may be
responsible for the rapid inactivation phase observed at all
H,0, concentrations.

Phenoxy radicals generated during the oxidation of
pnenol by HRP/H,0, also inactivate the enzyme in an
irrevercible, mechanism-based time-dependent inactivation

iv



that follows a single-exponential decay. Inactivation is
preceded by a slight activation of enzyme activity at low
enzyme and low phenol concentrations; higher enzyme
concentrations appears to offer some protection at higher
phenol concentrations. A dependence of rate but not final
magnitude of inactivation on pnenol concentration is
opserved. A second-order inactivation rate constant

(T=25°C, pH 7.4) was determined to be 0.0193Ms™!.



“When scmebody's lost in thought, it's because
they are in unfamiliar territory"

- anonymous

mhis work is dedicated both to the Baynton family
and to my very, very good friends, A.C., E.S., and
especially G.S. and G.H. who encouraged and
supported my expeditions into the unknown "where
no one has gona hefore™ and who showed me the way
when I became lost.
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CHAPTER 1

INTRODUCTION

1.1 General

Horseradish peroxidase, a 40,000 dalton glycoprotein
containing 2 calcium ions per molecule, is the most
intensively investigated of all known peroxidases (Dunford
and Stillman, 1976; Everse et al., 1990). Its broad
spectrum of actifity and lack of specificity towards the
second donor substrate in the peroxidatic reaction, make it
amenable to a number of applications ranging from enzyme
markers in histo- and immunochemical techniques (Artiss et
al., 1979; Conyers and Kidwell, 1991; Ngo and Lenhoff, 1980)
to removal of toxic organics from industrial waste effluent
(Dec and Bollag, 1990; Klibanov et al, 1980, 1981, 1983;
Maloney et al., 1986; Nicell, J., 1991; Oberg et al., 1990).

Brown~-coloured HRP contains a protoporphyrin IX

(hemin) prosthetic group containing a penta-coordinate
ferric iron (Fe III) (Figure 1i-1). Interact.on of the hemin
with crucial amino acid groups in the hydrophobic hene
ncrevice" active site confers to HRP not only its activity
(Ator and Ortiz de Montellano, 1987; Dawson, 1988; Ortiz de
Montellano, 1987; Ortiz de Montellano et al., 1987; Sakurada
et al., 1986) but also its characteristic visible absorption

1



Figure 1-1 Model of the heme cravice in native HRP

r:lgu_rt 1-2

showing the 8-mathyl (M*) and d-methylene
bridge of tha porphyrin ring where eleccron
transfer baetween subgtrata and enzyme
occurs (after Ortiz de NMontellano, 1987)."
Vavinyl group (CH,=CH-); Psproprionic acid
((CH,),CO,H); A, B, C and Da=pyrole.; o.f.Y
and Eamthylm bridges.

4 8 =
! ] I
400 600
A mp

Visible spectrum of a metallated
porphyrin in neutral or alkaline
solution showing the bands obsexved

in the native HRP spectrum. ¢Esextinc-
tion coefficient; A=wavelength in milli-
nicrons (mp) (Saunders et al., 1964).
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spectrum (Figure 1-2). The « and P bands located towards
the far red region of the visible spectrum (480-650nm)
possess low extinction coefficients and are sometimes absent
in the spectra of HRP's catalytic intermediates. The Q band
is situated between 550-650nm in conjunction with the P
band, which is observed between 480-550nm (Saunders et al.,
1964). The only universally observed absorption band in a
hemoprotein visible spectrum is an intense, high enexgy
absorption band possessing a molar extinction coefficient on
the order of 10Mlem!: the y or Soret band appearing around
400nm (Saunders et al., 1964). Monitoring isosbestic
points between intermediate absorbance spectra and the
appearance/disappearance of the bands towards the far red
region over time are useful but rather ambiguous tools used
frequently to identify and quantify the intermediates
presenﬁ during catalysis, and to determine reaction rate
constants (Dunford and Stillman, 1976). Despite this
ambiguity,_identification of HRP's redox intermediates
relies heavily on their characteristic visible spectra.
Table 1-1 is a compilation of the absorption maxima and
extinction coefficients taken from different authors,

characterizing native HRP and its intermediates.

1.2 HRP Compounds and Overview of the Peroxidase Cycle
Exposure of native HRP to various oxidants and

reductants quickly changes the iron's oxidation state,



Compound Mudma __ Coefficient M-lem-l)
Native 403 102,000
498 11,250
640 3,230
Cpd. 1 400 53,000
525 -
577 -
622 -
651 3,000 (2)
Cpd. I 420 105,000
527 9,500
554 9,650
660 () 3,000
Cpd. II (3) 416 97,000
546 10,000
583 8,700
673 2,300
Cpd. IV (b) (Pg70) (¢) 2237 = ()
560 4,000 (b)
655 7,100 (b)
670 3,000 (b)
680 6,900 (b)

(a) Keilin and Hartree, 1951
(b) Chance, 1949
(¢) Yamazakl and Yokota, 1973

Table 1-1 Absorbance maxima and extinction
coafficients of native HRP and its
reaction intermediates (taken from

Dunford and - Stillman, 1976 except as
noted).



generating reaction intermediates whose subsequent
inavolvement in various reactions is dependent on the redox
nature and concentration of substrates with respect to each
other (Yamazaki and Yokota, 1973). In the peroxidatic
reaction where sequential l-electron oxidations of a variety
of organic substrates is carried out in the presence of

H,0,, HRP has served as a model for all other peroxidases
(Everse et al., 1990). The first obligatory step requires
the entry and subsequent interaction of H,0, or another
organic peroxide at the iron atom of the porphyrin,
resulting in the formation of the unstable iron-peroxide
complex, Compound O (Baek and van Wart, 1989; 1992; Oberg et
al., 1990). Subsequent 2-electron oxidation of the
ferriheme occurs'through a two-step heterolytic cleavage of
H,0,'s 0-0 bond (Walsh, 1979) brought about by distal and
proximal histidines 42 and 170, respectively, along with
arginine 38 (Dawson, 1988; Poulos, 1987). A molecule of H,0
is released and green-coloured Compound I, containing two
oxidizing equivalents more than ferric HRP (+5), is produced
(Dunford and Stillman, 1976) in a second-order reaction
possessing a rate constant (k;) around 1.8-2.0 x 10'M'gec™
(25°C, neutral pH) (Dolman et al., 1975; Nakajima and
Yamazaki, 1986). Compound I is reduced to pale red Compound
II by 1 equivalent of endogenous Or exogenous donor
substrate (AH,) throvgh a l-electron transfer to the

porphyrin ring at the 3-mesocarbon and the g-unethyl group of



the heme {(Ator and Ortiz de Montellano, 1987; Ator et al.,
1987; Oberg et al., 1990; Ortiz de Montellano et al., 1988).
Decay of I to II is second order with rate constants (k)
ranging from rapid (10°M" sec’!) to almost zero, depending on
the hydrogen donor (Oberg et al., 1990). In the rate-
limiting step, Compound II is reduced back to the native
enzyme through the abstraction of an electron from another
molecule of donor substrate (Dunford and Stillman, 1876). A
simplified reaction scheme describing the peroxidatic cycle

is (Everse et al., 15990):

Ky

HRP + H,0, —2 Cpd I + H0 (1-1)
ks

cpd I + AH, —> Cpd II + AHe (1-2)
ks

cpd II + AH,™2 HRP + AHe + HO (1-3)

where HRP represents the native, ferric enzyme, Cpd I and II
compounds I and II, respectively, and AH, a donor substrate.

Summing the above equations yields:

H,0, + 2AH, =P 2H,0 + 2AHe (1-4)

which suggests a reaction stoichiometry of 1 molecule of

H,0, for every 2 donor molecules oxidized. Under conditiops

of relatively low H;0, and high donor concentrations, the

passage of Compound I to Compound II becomes rate limiting

and the integrity of cycling from native enzyme through to
6



compounds I and II back to native enctyme is maintained.

This cycling is theoretically sustainable if sufficient
donor substrate is available to protect HRP from oxidative
attack by H.0, (Arnao et al., 1990a,b) should the stoichio-
metric ratic predicted in eguation 1-4 become greater than
0.5, and intermediates/products formed are not inhibitory to

the enzyme (Dunford and Stillman, 1976) .

1-2 Isocenzymes

The existence of multiple forms of HRP has been
ascribed to microheterogeneity associated with the
composition and orientation of post-translationally added
carbohydrate residues, as well as heterogeneity arising from
sartifacts" of enzymatic hydrolysis during the purification
process (Everse et al., 1990). Kay et al. (1967) developed
a classification system that is widely accepted and used to
identify the 12 major isozyme classes known presently. The
acidic isozymes (pI's = 3-4), designated A1l-A3, exhibit
similar kinétic properties distinct from the most prevalent
isozymes, B and C (Kay et al., 1967). B and C are neutral
to slightly basic, possessing pI's of approximately 8-9.
The strongly basic isozymes with pI's of at least 10 are
denoted D and E. Class E is further broken into isozymes
E1-E6 (Aibara et al., 1981). B through E possess similér
kinetic properties, placing them into a group kinetically

distinct from the A isozymes.



Isoenzyme A3 possesses intermediate activity to classes
21/A2 and B/C in the oxidation of oxaloacetate and peroxi-
dation of o-dianisidine (Kay et al., 1367) (Table 1-2). This
has been ascribed to inactivation that occurs during
catalysis (Kay et al., 1967). Tnactivation was not observed
with any of the other isozymes.

Most commercially available HRP preparations contain
isozymes B and C (Dunford and Stillman, 1976; Everse et al.,
199C). Acidic isozymes are generally easy to separate and
are absent in most preparations. Both Boehringer Mannheim
and Sigma Chemical Co. manufacture HRP preparations
containing essent;ally isozyme_c (designated HRP-C). There
has been little evidence to indicate the presence of
multiple components in most of the commercially pure HRP
preparations (Everse et al., 1990; Kasinsky and Hackett,
1968). Support for this has come through the use of
transient state kinetics. Multiple enzyme forms possessing
different reactivities yet capable of catalyzing the same
reaction tend to yield bi- or multi-phasic rather than
typical pseudo-first order kinetic traces {(Dunford and
Stillman, 1976; Everse et al., 1980; Segel, 1975). This
phenomenon has not yet been'reported in commercial HRP
preparations. However, absence of obviocus bi- or malti-
phasic behaviour does not preclude the presence of multiple
components. Multiplicity may go undetected even if K, and

V,., values are very different among components. Minor

8



Isozyme Specific Acdvity** Km***

o _(mM)F
Al 2.2 16.0
A2 2.3 18.8
A3 0.9 3.8
B 0.1 1.7
C 0.1 1.6

** molas of H,0, consumed per minute per mole
of HRP during o-dianisidine oxidation (Kay
et al., 1967)

«s+ for H,0, with o-dianisidine oxidation (Kay
et al., 1967)

Table 1-2 Comparative kinetic properties of
pative HRP iscenzymas (Gonzalez et al.,
1985).



components may be present in such minute quantities that
they do not affect the overall kinetics of the major
component to any significant degree. Equally, transient
state kinetic properties of the minor components may be
similar enough to those of the major component that little
if any influence on the final results is observed (Dunford
and Stillman, 1976; Segel, 1975).

Despite the reputed purity of most commercial HRP
preparations, verification emploving isoelectric-focusing
(IEF) or column chromotagraphy is advisable if one intends

to perform any kind of detailed kinetic analyses.

1.4 HRP Inactivation Pathways
1.4.1 Tnactivation by Hydrogen Peroxide

Exposure of Compound I to 1 equivalent of H,0, in the
absence of donor substrates results in a 2-electron
reduction in a weak catalase reaction. A molecule of oxygen
is produced along with ferric HRP, which is ready to take
part in another round of catalysis {Arnao et al., 1990a).
The second-order rate constant of this reaction is 500M's™!
{(pH 7.0, T=25°C) (Hayashi and Yamazaki, 1£79; Nakajima and
Yamazaki, 1987). However, at H,0, concentrations greater
than 1 equivalent, in the presence or absence of donor
substrates, HRP is inactivated in a time- and H,0,-dependent
manner (Figure 1-3) (Arnao et al., 13990Db). The route of

inactivation can proceed along one of two pathways which are
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suggested to be partitioned either at the level of Compound
I in the presence of donor substrates (Arnao et al., 1990b;
Nakajima and Yamazaki, 1987) {Figure 1-4), or at a Compound
I-H,0, intermediate, in the absence of donor substrates
(Arnao et al., 1990a) (Figure 1-5). The present uncertainty
surrounding the existence of Compound I-H0, {Baek and van
wart, 1992; Dunford and Stillman, 1976) and Compound II-H,0;
intermediates {(Dunford and Stillman, 1976) and the
reversibility of these pathways (Dunford and Stillman,
1976), however, does not pneccessarily render them mutually
exclusive as suggested by the authors. One pathway involves
obligatory production of Compound II in the familiar 1-
electron reduction of Compound I by either a donor substrate
(AH,}] or an extra eduivalent of H,0,, which can play the role
of reductant in the presence of Compound I's strong
oxidative power and in the absence of traditional &onor
substrates (Arnao et al., 1990a; Hayashi and Yamazaki, 1979;
Ortiz de Montellano, 1987). Further addition of H;0, to
Compound Ii'in the presence and/or absence of donor
substrates results in the formation of a red, relatively
inert HRP-intermediate, Compound III (Everse et al., 1390).
Under conditions of 'excess‘.Hﬁh, Compound III's formation
from Compound II is predcminant over decay of Compound II
back to the native enzyme (Nakajima and Yamazaki, 1987:.
Adediran and Lambeir, 1989). Compound III formation and

accumulation is rapid (ks = 20M!s™!; Adediran and Lambeir,
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k,_‘ AH; am-. AR, AH.
E + H0; = Compound I Al Compound IY -—2+ E

” \n i} Ky ky

{Compound I—Hzoz)

K

Pg7o

Figure 1-4 Scheme depicting partitioning
of reaction pathways that aexists at
Coxpound I in the presance of donor
substrates (AH,) and greater than 1

equivalent of H,0, (modi:ied from Armnao et
al., 1990a).

HRP + Han - de. i+ Han
¢ ky lT K2
of % (Cpd. 1 - Hz05) = P-670
™ &
ke 3
H:0, — 03
ke ‘ ky
Cod. Il =% (Cpd. Il - H,05) == Cpd. Il
- -

Figure 1-5 Schemse demcnstrating the partitioning of
possible reaction pathways at the level of
a Compound I-H.,0, intermediate, in the
absence of donor substrates: k,-a
mechanism-based inactivation leading to
formation of Compound P,,,; k,-a weak
catalase resction regsnerating native HRP,
and; k. +k;+k,~-resulting in the formation
of Compound III (modified from Arnao et
al., 1990b).
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1989), H,0,-dependent (Noble and Gibson, 1970) and follows
via one of two parallel and simultanecus pathways. They

are distinguishable by superoxide scavenger tetranitro-
methane's (TNM) inhibitory effect over one path but not the
other (Nakajima and Yamazaki, 1987; Adediran and Lambeir,
1989). 1In the predominant TNM sensitive pathway, the
ferryl iron (IV) of Compound II is first reduced to ferric
iron {III), resulting in a transient intermediate identical
in nature to the native enzyme, along with production of a
superoxide radical (HO,"}. The second-ordér rate constant
of this step, at '5°C, pH 7.0, is 2.1M's™! (Nakajima and
Yamazaki, 1987). The ferric intermediate can either react
with the superoxide radical to produce Compound III in
another second-order process (k=10'M's"!} (Adediran and
Lambeir, 1989; Nakajima and Yamazaki, 1987} or it can react
with a.molecule of H,0,, present in excess, producing
Compound I (Nakajima and Yamazaki, 1987). From Compound I,
either more Compound III can be formed or the second, siower
pathway (k; = 0.00392s™!; Arnao et al, 1990a) may be
followed. Along this path, in the presence or absence of
donor substrates, HRP °"commits suicide® in a mechanism-based
inactivation reaction characterized by a first-order, time-
dependent loss of activity in which the enzyme half-life
{t,,.) is related to the rate constant of inactivation (k;)
by t,,;=0.693/k (Arnac et al., 1990a,b; Walsh, 1977a).

Inactivation can result not only from excess H,0, (Arnac et
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al., 1990a,b; Bagger and Williams, 1971; Nakajima and
vamazaki, 1980) but other hydroperoxides as well {Chance,
1949; Marklund, 1973; Nakajima and Yamazaki, 1980);
protection is afforded by high donor to peroxide
concentrations (Arnao et al., 1990a,b; Dunford and Stillman,
1976). An irreversibly formed, green compound {"verdo-
haemoprotein®), referred to as Compound IV or P, {due to
the 670nm absorbance maximum witnessed in its presence), is
produced via at least one intermediate (P,,) (Bagger and
williams, 1971; Nakajima and Yamazaki, 1980). It exhibits a
visible absorption spectrum resembling protein-heme products
of oxidative hemoglobin degradation in which the porphyrin
ring has been irreversibly cleaved at one of the methylene
bridges, generating a tetrapyrrole (Baggex and Williams,
1971; Brown et al, 1968; Smith et al., 1982). The choice of
paths at the level of Compound I depends on the H,0, con-
centration in the presence/absence of donor substrates
(Arnao et al., 19%0a,b). Upon obtaining most of the rate
constants débicted in Figure 1-5 and Table 1-3, Arnao et al.
{1990a) calculated several partition ratios based on the
parameter r, described as the number of turnovers given by 1
mole of enzyme before inactivation: r. is the ratio (kiy/k;)
of the rate constants leading to native enzyme {catalatic
pathway) and Compound Pgrq, respectively, from a purported
Compound I-H;0, intermediate. A calculated value of 449

indicates the catalatic pathway would be favored over the
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Coustant/Paratneter Value

Refercnce -

k, 2 z 10°M 8!
k, 5§ x 10°M:is!
~
kk: 1.76s1
k, 7.85 x 103s1
:: -
ke 20M:1st
k, 4.18 x 103!
k 3.92 x I3y
re (kyfi) 4495
Fealll Gidi0) 2
e + Feolll 451
rc’ Teolll 225

N/A - not available

Yamazaki and Nakajima, 1986
Arnao et al, 1990a

N/A
N/A
Adediran and Lambeir, 1989
Nalnjima and Yamazaki, 1987
Arnao et al., 19902

"
”
”

"

Table 1-3 Rate constants and parameters describing the
inactivation/catalytic pathways of HRP, in
the presence of H,0,, referred to in Figure
1-5 and the text. 211 values were determined
at 25°C, and neutral pH unless otherwise

indiczted.
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inaccivation pathway under their experimental conditions;
Teorrp 1S the ratio (k./k,) of rate constants describing the
paths leading towards Compound III and Compound Pyq
formation, respectively. & determined value of 2.00
indicates that for every 2 catalytic turnovers producing
Compound III, 1 inactivation would occur; the ratio Tro/Te:
indicates the number of catalytic cycles given by the encyme
behaving as a catalase to those in which Cempound III would
be generated. A value of 225 was determined undex their
conditions and indicates that the number of catalytic cycles
given by the enzyme behaving as a catalase is approximately
two orders of magnitude higher than those given by the
pathway including Compound IXI. Upon addition of r. + Teou
values determined under their experimental conditions, they
obtained a parameter which indicated that in a system
containing only H;0, and enzyme (Sigma, type IX) and under
conditions of relatively high H,0, (greater than 1
equivalent) (T=25°C, pH 6.3), 451 catalytic turnovers
involving both the catalatic and Compound III forming
pathways would occur before one inactivation event would
take plale.

Generation of Compound‘iII is accompanied by amino acid
oxidation (Adediran and Lambeir, 1989) and is thought to be
an attempt by the enzyme to protect itself from fatal
oxidative attack at the porphyrin ring under conditions of

»exces<* H,0, {(Bagger and Williams, 1971; Nakajima and
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Yamazaki, 1987). Depletion of H0, results in slow re-
generation cf the native, active enzyme from Compound III
with rate constant {(k,) of 4.18 x 107’s™* (Nakajima and
vamazaki, 1987). Formation of Compound P signals a
failure of Compound III to prevent the self-induced death of
HRP by its own substrate, H;O,, which it continues to
rurnover until it is no longer able (Arnac et al., 1990a,b;

Bagger and Williams, 1871).

1.4.2 Inactivation by Enzyme-Generated Phanoxy Radicals
During the peroxidatic cycle, all neutrally charged
phenolic donor substrates bind to Compound I in the vicinity

of the heme 8-methyl group (Figure 1-1), assisted by
hydrophobic interactions with the tyrosyl-i85 residue
(Sakurada et al., 1986). Irreversible oxidation occurs by a
1 electron abstraction generating Compound II and a neutral

free radical (AH-) (Brewster et al., 1891):

ky
Cpd I + AH{'%’de II + AH- (1-2)
Compound II, in a similar but slower reaction, can react
with a second donor molecule producing another free radical

and regenerating native HRP (Job and Dunford, 1976; Shiga

and Imaizumi, 1973; Yamazaki et al., 1960):
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K,
Cpd II + AH,—>HRP + AH: {1-3)

Once produced, the radicals diffuse away from the enzyme's
active site (Danner et al., 1973; Yamazaki et al., 1960) and
their chemical reactivity and structural characteristics
detarmine the nature of the final products formed (Dunford
and Stillman, 1976; Everse et al., 1990; Walsh, 1979;
vamzzaki et al., 1960).

Phenoxy radicals are extremely reactive towards: (1)
each other (Tripathi and Schuler, 1982; 1954; Walsh, 187%);
(2) a molecule of phencl and/or product of phenol oxidation
{Klibanov et al., 1880; 1931; 1983; Tripathi and Schuler,
1982); and/or, (3) the enzyme itself (Ma and Rokita, 1988;
Klibanov et al., 1983; Lindsay et al., 1986).

Reactions between radicals produced in basic solutions
and pulée radiolytically are extremely rapid, decaying with
a half-life (t,,) of ~2us (Schuler et al, 1976; Tripathi
and Schuler, 1984; Ye and Schuler, 1989). These
ﬁredominantly second-order reactions exhibit rate constants
approaching diffusion controlled limits - 2x10°M’'s™
(Tripathi and Schuler, 1982; 1984; Ye and Schuler, 1989).
The most common radical-radical reaction involves radical-
radical coupling/combination (Figure 1-6):

k,

AH- + AH- =P HA-AH (1-5)
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Pigure 1-6 Reaction pathway schema for enzyme-
genarated phenoxy radicals (after
Buixian, 1991; unpublished)
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Figure 1-7 PFormation of tha hydroperoxy radical
(in brackets) from rsaction betwesn an

enzyme-gensrated phenoxy radical and
" molecular oxygen (Ma and Rokita, 1988).

20



producing any of 5 major products - o,c'~biphenol, p,p'-
biphenol, o,p-biphenol, o-phenoxyphenol and p-phenoxyphenol
- may be produced (Huixian, 1991; unpublished; Sawahata and
Neal, 1982; Ye and Schuler, 198%). Most of these dimers are
reasonably scluble in H,0 producing brownish-yellow coloured
solutions (Huixian, 1991; unpublished; Ma and Rokita, 1988;
Sawahata and Neal, 1982) and possess higher extinction
coefficients than the parent phenel in the far uv. region
(Huixian, 1991; unpublished). As these dimeric products
accumulate to concentrations approaching those of free
radicals, radical-directed secondary electron transfer
reactions can occur, resulting in further oxidation and
subsequent polymerization of products to trimers (Huixian,
1991; unpublished; Schuler et al., 1976; Tripathi and
Schuler, 1984; Ye and Schuler, 1983%) and more conmplex,
insoluble oligomeric preoducts that tend to precipitate out
of solution (Huixian, 1991; unpublished; Klibanov et al.,
15990; 1981; 1983). The enzyme is also capable of oxidizing
some of the dimers, producing similarly complex and
insoluble products (Klibanov et al., 1983; Nicell, 1991;
Sawahata and Neal, 1982).

Another 1ess‘common radical-radical reaction involves
inter-radical electron transfer or disproportionation
(Brewster et al., 1991; Tripathi and Schuler, 1982; Walsh,

1979; Ye and Schuler, 1989):

21



AH- + AH- ™ A + AH, (1-6)

producing an oxidized species (A: hydrogquinone) and another
donor molecule capable of undergoing further enzymic
oxidation/phenoxy radical attack {Ye and Schuler, 1989).
Phenoxy radicals may also react with molecular oxygen
producing another very oxidatively reactive intermediate,
the peroxy radical (Figure 1-7) (Ma and Rokita, 1988; Ortiz
de Montellano and Grab, 1986; Walsh, 1979).

At concentrations comparable to phenoxy radicals,
phenol or products of radical-radical reactions may undergo
phenoxy radical-mediated oxidative attack resulting in the
production of further radical intermediates capable of
reacting in radical-radical coupling/disproportionation
reactions, ultimately producing products obtained from
phenoiy radical-radical reactions (Huixian, 1991; unpub-
lished; Klibanov et al., 1980; 1981; 1983 ; Sawahata and
Neal, 1982; Schuler et al, 1976; Ye and Schuler, 1989). The
pseudo-first order rate constant for radical-neutral species
reactions is slower than radical-radical reactions - on the
order of 2 x 10°M's™? - reflecting the predominance of
radical-radical reactions over secondary and tertiary
radical reaction mechanisms (Ye and Schuler, 1989).

The enzyme itself may be attacked, in a phenoxy
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radical-mediated time-dependent, mechanism-based
inactivation reaction (Klibanov et al., 1983; Lindsay et
al., 1986; Ortiz de Montellano and Grab, 1987; Ma and
Rokita, 1982) dependent on both phenol and H,0;
concentrations, and potentiated by molecular oxygen (Ma and
Rokita, 1982) (presumably through formation of peroxy
radicals) (Ortiz .de Montellano, 1986; Walsh, 1979).
Tnactivation is apparently first-order, exhibiting a value
of 0.211lmin"! in the absence of oxygen and 0.337min™ in its
presence (Ma and Rokita, 1982}. Inactivation may occur at
the active site in a manner analogous to that of azide,
alkylhydrazine and phenyl-hydrazine mechanism-based
inactivations, which are primarily the result of racdical
attack and association at the d-meso carbon, followed by
oxidative degradation of the porphyrin (Ator and Qrtiz de
Monteliano, 1987; Ator et al., 1987; Ortiz de Montellanoc et
al., 1988). Inactivation could also arise from radical
oxidation of crucial amino acid groups located at the
surface of éhe enzyme (Ator et al., 1987; Ator et Ortiz de
Montellano, 1987; Ma and Rokita, 1988). The enzyme
intermediate(s) involved in this particular inactivation
mechanism is(are) not known (Ortiz de Montellanc et al.,
1988) and a systematic kinetic analysis has not yet been
performed. What is known is that inactivation likely occurs
somewhere at the level of Compound II since oxidation of

phenol by Compound I is absclutely necessary Co generate
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radicals (Ortiz de Montellano et al., 1988). It is thought
that Compound III, as with H;0, inactivation, may be
involved playing a similar protective role against
oxidative, irreversible enzyme itnactivation, perhaps
involving the formation of an unreactive intermediate

reminiscent of or identical to Compound Py, {(Nicell, 1381).

1.5 Kinetic Considerations

There are certain p.tfalls associated with attempts to
gather accurate kinetic data of peroxidase reactions using
traditional methods (Dunford and Stillman, 1976). The k
values cited in the literature and representative of
traditional rate constants, are not indicative of the true
situation. HRP reaction intermediates, in particular
Compounds I and II, react with their donor substrates in
second-order fashion and do not form true Michaelis-Menten
complexes. Compound I is not considered to be a true
enzyme-peroxide complex, but rather an unstable derivative
possessing-dn'oxidized active site (Davies et al., 1976).
Compound II, upon reacting with a donor, is described as a
covalent compound distinct from a Michaelis-Menten complex
{Dunford and Stillman, 1976); Therefore, Compounds I and II
do not necessarily conform to Michaelis-Menten treatment
(Dunford and Stillman, 1976)}.

There is evidence to suggest that when using proper

substrates with the right redcx potentials the three
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reactions in the peroxidase cycle (1-1, 1-2 and 1-3) are
irreversible and there remains the gquestion of complex
formation on the paths generating the HRP compounds (Dunford
and Stillman, 1976; Everse et al., 1990). Quantitatively,
it is impossible to know if 100% conversion of one inter-
mediate has occurred to produce exclusively another
intermediate. Kinetic evaluations are usually hampered by
the abilities of Compounds I and II (in particular Compound
I} to react with endogenous donors or oxidizable immurities
that are capable of promoting their rapid and residual
spontaneous decay. Impurities can be detected in buffers,
H,0, solutions, activity reagents and the enzyme prepar-
ations by running appropriate blank reactions (Dunford and
Stillman, 1976). Light produced from spectruineters and the
slow attack of enzyme molecules on each other have also been
shown to accelerate spontanecus decay of both Compounds I
and II (Everse et al., 1980).

Conventional treatment of results obtained in
inactivation studies is precluded by the complexity
associated with a 2 substrate system, the number of possible
enzyme-intermediates involved and the apparent irreversible
nature of both complex formation and inactivation itself
(Marklund, 1973). HRP treads a fine line between catalysis
and inhibition/inactivation. Substances acting as
substrates at low concentrations can become inhibitors/

inactivators when present at higher concentrations. To
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circumvent this, substrates possessing this potential are
often present in activity assay solutions at concentrations
well below their K, (non-saturating). Thus, kinetic
parameters are more accurately described as apparent
constants, but in practice, they are rarely cited as such
(Ryu and Dordick, 1992). Adding further to the confusion,
what was once thought to be a fairly well-understood
mechanism in the peroxidase-oxidase reaction between HRP and
nicotinamide adenine dinuclentide (NADH), has recently been
shown to be much more complex, exhibiting periodic-chaotic
sequences that involve at least five enzyme intermediates
{Aguda and Larter, 1991). A similar complexity of
mechanism, under the right conditions of substrate and
enzyme concentrations, could in fact exist in the perox-
idatic reaction.

Despite these obstacles, perfectly valid Michaelis-
Menten K, values may be defined for both oxidizing and
reducing substrates. The use of pseudo-first order kinetics
has assistéa since neither knowledge of absolute molar
absorptivities nor concentrations of reactants, products nor
inert species contributing to the total absorbance is
required during the first-order process. A serious and
frequently encountered problem of pseudo-first order kinetic
measurements is that they require large excesses of
substrate which may accelerate the reaction to a point where

the initial portion becomes t.0o0 fast to follow (Dunford and
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Stillman, 1976). However, the large molar absorptivities of
peroxidases and huge absorbance changes that occur with the
more sensitive chromogen systems used to measure HRP
activity, make it possible to determine reascnably accurate
and reproducible rate measurements as long as the encyme
concentration is kept low. This permits a somewhat more
quantitative kinetic evaluation than could be achieved
previously under first-order conditions, although strictly
speaking, it should be borne in mind that such investi-
gations are in reality still more qualitative than
quantitative.

The purpese of this present study was to perform
steady-state kinetic analyses in attempts to investigate two
modes of HRP inactivation, namely H,0,-mediated and enzyme-

generated phenoxy radical-mediated inactivation.
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CHAPTER 2
MATERIALS AND METHODS
2.1 MATERIALS

2.1.1 Enzymes

Horseradish peroxidase (HRP) ([Donor:‘ Hydrogen-peroxide
oxido-reductase; EC. 1.11.1.7] Grade II, RZ. 2) was obtained
as a lyophilizate from Boehringer-Mannheim Canada, Derval, PQ.
This preparation consisted predominantly of the neutral
isoenzyme C. The enzyme activity, as quoted from the
supplier, is approximately 200 U/mg lyophilizate where one
unit will catalyze the oxidation of one pmole of guaiacel, in
the presence of H;0,, at 25°C, pH 7.5. Concentrated, agqueous
stock solutjons were prepared for subsequent dilutions and
stored at 4°C. |

HBorseradish peroxidase iscenzymes (acidic [Type VII, RZ.
3.7; Type VIII, RzZ. 3.2]; basic [Type IX., RZ. 3.2]), for
isoelectric focusing gels (IEF), were obtained from Sigma
Chemical Company, St. Louis, MO. Samples were stored at 4°C,
in aqueous solutions until required.

catalase (EC. 1.11.1.6, from bovine liver) was purchased
from Sigma Chemical Co., St. Louis, MO. The quoted activity
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from Sigma Chemical Co. is 9,700 U/mg solid and 15,70C U/mg
protein, where one unit will decompose 1.0 wmole cf H.0, per
minute at 25° C, pH 7.0 while H,0, concentraticns fall from
10.3 to 9.2 mM. Enzyme was stored dessicated at 0°C until
needed for dialysis.

The following pI protein standards for IEF were obtained
from Sigma Chemical Co.: glucose oxidase (pI 4.2), soybean
trypsin inhibitor (pI 4.6), B-lactoglobulin (pI 5.1}, carbonic
anhydrase {(pI 5.4, 5.9}, myoglobin (pI 6.8, 7.2) and lectin
from Lens culinaris (pI 8.5).

2.1.2 Chemicals
2.1.2.1 Reagents for HRP Activity Assay, Hydrogen Peroxide
(H,0,) Colourimetric Assay and HRP Inactivation Studies
3.S-dichloro-?.-hydroxybenzenesulfonic acid (HDCBS), 4-
aminoantipyrene (AAP)} and phenol crystals {(purity of 99% or
greater) were purchased from Aldrich Chemical Co., Milwaukee,
WI. All solutions were prepared as needed in 0.1M sodium
phosphate bBuffer pH 7.4 (NaPP) and stored in the dark at room
temperature until needed. Hydrogen peroxide {(60% w/v) was
supplied by BDH Chemicals, Toronto. Stock solutions were
prepared fresh daily. Disodium hydrogen phosphate (Na,HPO,)
and sodium dihydrogen phosphate (NaH,PO,) for phosphate buffer

were supplied by BDH chemicals.
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2.1.2.2 Reagents for Iscelectric Focusing Gels (IEF)

Acrylamide, Bis (N,N'-methylene-bis-acrylanide),
riboflavin-5'-phosphate (FMN), ammonium persulfate, TEMED
(N,N,N! ,N'—tetramethylene—ethy1enediamine) and ampholyteax
(Bio-Lyte 3/10) were purchased from Bio~-Rad, Mississauga. BDH
Chemicals supplied ethanol, acetic acid, nitric acid, sodium
carbonate, glycerol, methanol and s-sulfosalicyclic acid (3-
carboxy-4-hydroxy- benzenesulfonic acid}. Formaldehyde,
trichloroacetic acid (TCA), copper sulfate, potassium
dichromate and silver nitrate were obtained from Aldrich.
Coomassie Brilliant Blue G-250 (CBB) was purchased from
Eastman Kodak, Rochester, NY.
2.1.3 Instrumentation/Equipment

All spectrophotometric measurements were performed on a
Hewlett Packard Diode Array Spectrophotometer Model 845i.
Dialyses were carried out using 42mm dialysis capsules and 12,
000 - 14,000 MWCO membranes supplied by Diacell, Union Bridge,
MD. Gel supports, 0.4 mm slab gel apparatus, power supply and

Mini IEF Cell Model 111 were obtained from Bio-Rad.

2.2 METHODS

2.2.1 Preparation of Buffers
A 0.1M NaPP stock buffer was prepared from appropriate
weights of Na,HPO, (21g/L) (dibasic) and NaH;PO, (2.64g/L)

(monobasic). Solutions were prepared in distilled, deionized
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water. Final pH determinations were made using a Fisher
Scientific Accumet model 910 pH meter standardized with BDH
and Fisher supplied standard buffers to = 0.01 pH units at the

appropriate temperature.

2.2.2 BEnzyme Stock Solution Preparation
Dilutions of the stock solution prepared as described

below were used for subsequent inactivation experiments.

2.2.2.1 BEnzyme Purification

BM. HRP solutions were prepared in 0.1M sodium phosphate
buffer (NaPP) pH 7.4. Dialyses were perfuormed against
distilled water for periods of time recommended by the
dialysis c¢ell manufacturer (Diacell) based on the volume of
the solution. Enzyme purity was determined
spectrophotometrically by the RZ. (reinheitszahl) defined as

the ratio of absorbance at 404 and 278 nm.

2.2.2.2 Determination of HRP Concentration
Concentrations of HRP solutions were determined
spectrophotometrically by measuring the protein heme which
displays a characteristic absorbance maximum at 404 nm (the
Soret band), and using an extinction coefficient (€4 of
102,000 Mlcm? (Everse et al., 1990) and molecular weight iMW)
of 40,000 g/mole (Everse et al., 1990) (see Appendix A for

sample calculation and visible spectrum of native enzyme).
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2.2.2.3 Assay for HRP Activity

The assay described was developed by previous workers in
the laboratory (Artiss et al, 1979). Initial velncities were
determined in a 1.0mL assay mixture containing 250uL 9.6mM AAP
(2.4mM final concentration}, 500uL 18.0mM HDCBS (9.0mM final
concentration), 130-150uL 0.1M NaPP and 20-50uL HRP solution
(final concentration of 5-10nMj. The reaction was initiated
by adding 100uL of freshly prepared 1.0mM HO, solution (final
concentration of 100uM). The appearance at 510nm of a
chromogen (Egom = 25,000 M'cm based on H,0,) formed from a
reaction between AAP and HDCBS was monitored at room
temperature for one minute in a plastic cuvette. Specific
activities were typically 158.4 = 17.9 U/mg peroxidase where
one unit of peroxidase activity is that amount of peroxidase
needed to convert one umole of H,0, per minute at room
temperature (see Appendix B for specific activity calculation

and plot of Aabs. 510/time) .

2.2.3 Isocelectric Pocusing Technique (IEF)

IEF was performed according to cell manufacturer
instructions (Bio-Rad) and medified by B. Harake (PhD. thesis,
1991). This was done to detect the presence of isoenzymes
(especially acidic) in the BM. HRP preparation.

The gels were prepared from the following stock
solutions:

A) Monomer Concentrate: 24.25% (w/v) acrylamide, 0.75%
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(W/v) Bis (N,N'-methylene-bis-acrylamide) dissolved in
distilled water and filtered with a 0.45um filter. Stored for
up to one month at 4°C.

B) FMN: 0.1% (w/v). Stored for one month in the dark at

4°C.

C) Ammonium Pexrsulfate: 10% (w/v). Prepared fresh as

needed.

For preparation of monomer-ampholyte solution (enough for
two 125 x 65 X .4 mm gels) S5.5mL of distilled water, 2.0mL
monomer concentrate, 2.0mL of 25% (w/v) glycerol and 0.5mL of
broad range (pH 3-10) ampholytes (40% solution) were mixed
separately and degassed for £five minutes under wvacuum,
Catalyst solution was prepared by mixing together 20uL of 10%
(w/v) ammonium persulfate, 50uL 0.1% (w/v) FMN and SupL TEMED.
The catalyst solution was added to the degassed monomer-
ampholyte solution and swirled. This solution was pipetted
immediately between the glass plate and the casting tray, and
the entire slab was irradiated for 45 minutes. The glass
plate was then turned glass side down on to the casting tray
and irradiated for a further 15 minutes to eliminate any
unpolymerized monomer on the gel surface.

Samples for IEF were prepared in distilled water and were
layered in 2uL (typically 0.06-.4ug protein based on heme
content) volumes on top of the gel by means of a 20uL Gilson
Pipetman. Electrophoresis was run at 25°C for 15 minutes at

stepped voltages of 100V and 200V respectively, followed by a
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one hour run at 450V.
Proteins were stained using one of the techniques in the

following sections.

2.2.3.1 Coomassie Brilliant Blue G-250 Stain (CBB)

Foliowing Bio-Rad specifications for detection Methed A&,
gels were immersed in a fixative solution consisting of 4%
(w/v) sulfosalicyclic acid, 12.5% (w/v) TCA and 308 (v/v)
methanol for 30 minutes. The gel was then placed in a
staining solution (filtered two times) containing 27% (v/v)
ethanol, 10% {v/v) acetic acid, 0.04% (w/v) CBB and 0.3% (w/v)
copper sulfate for 1-2 hours. Three washes of 15 minutes
each, using a destaining solution comprised of 12% (v/v)
ethanol, 7% (v/v) acetic acid and 0.5% (w/v) copper sulfate,
were performed following staining. The gel was washed two
more times for 15 minute periods in a second destaining
solution of 25% (v/v) ethanol and 7% (v/v) acetic acid until

the last tracos of stain and copper sulfate were removed.

2.32.3.2 Silver Stain

According to the method of Neilson and Brown (1984), the
gel was fixed for 30 minutes- in 10% (w/v) TCA, washed three
tines for 10 minute periods with 10% (v/v) ethanol in 5% (v/v)
acetic acid and then oxidized for 6 minutes with 3.4mM
potassium dichromate in 3.2mM nitric acid. The oxidant

solution was discarded and the gel washed three times (5
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minutes each) with distilled water. The gel was then placed
into a 12.0mM silver nitrate solution for 20 minutes and then
washed two times for approximately 1 minute with distilled
water. All of these steps were performed at room temperature
accompanied by mild shaking. The gel was then incubated for
30 seconds at 40°C in a developer solution ccnsisting of 0.28M
sodium carbonate and 0.0185% (v/v) formaldehyde (added just
prior to use). A second developer solution was added to the
gel after discarding the first, and the gel was incubated for
a further 5 minutes or until brown/black protein bands were
discernible. Staining was stopped by replacing the developer

solution with 5-10% (v/v) acetic acid solution.

2.2.4 Kinetic Evaluation of Horseradish Peroxidase
2.2.4.2 <xXinetic Evaluation: HEDCBS/AAP System

Kinetic evaluations of HRP with respect to H,0,, HDCBS
and AAP concentrations were performed to determine the K, and
. V,.x of each of these substrates. Knowledge of these values
was necessary for optimizing methods used to determine
residual enzyme activity during inactivation of HRP by H,0, and
phenoxy radicals, thereby minimizing potential interference by
components arriving from the incubation samples into the
activity assay mixture. Triplicate determinations monitoring
reaction rates (appearance of product at 510nm) were performed
at corcentrations of the variable component ranging from 100uM

to 10mM, while the other two assay components were kept at
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constant and saturating concentrations (Section 2.2.2.3).
Enzyme concentration was constant at approximately 20nM (20
pmoles). From plots of absorbance units vs. cime, initial
velocities were calculated {absorbance units {A.U.]/minute)
and plotted against substrate concentration. Values for K,
and V,,, were obtained from non-linear regression of the data
sets using enzyme kinetics computer program ENZFITTER™.
Calculated values observed for H,0, were compared to values
obtained from previous workers using this chromogen system.
vValues obtained for HDCBS and AAP were compared to values
obtained from previous workers in this laboratory'(Boss, 1986;

Barake, 1988.)

2.2.4.2 Kinetic Evaluation: Phenol/AAP System

K, and V., values were determined for this chromogenic
system which was used in place of the HDCBS/AAP system to
determine rémaining activity during phenoxy radical
inactivation of HRP. Substitution of phenol for HDCBS as the
partner to form a chromogen (absorbance maximum 510nm) with
AAP eliminated the possibility of interferences arising from
phenol present in samples removed from incubation solutions.
Triplicate assays were performed as discussed above for the
HDCBS/AAP system. Concentrations examined for H,0,, phenol and
AAP ranged from 1pM to 20mM at enzyme concentrations of 5 and
10nM, respectively. Components not being varied were held at

constant and saturating concentrations. A plot of initial
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velocities vs. substrate concentration was developed and
evaluated by ENZFITTER™ using non-linear regression analysis
to yield K, and V,, values for each substrate. Component
concentrations wﬁich yielded the fastest reaction velocity
were also determined (see Appendix C for phenol/AAP activity
reagent recipe).

An extinction coefficient was determined based on H;0,
concentration. Solutions were prepared containing in a 5mL
total volume, 1.25mL 9.6mM AAP ({final] = 2.4mM}, 0.133mL
0.375M phenol stock ({final] = 10mM), 0.4nL 0.1M NaPP and the
appropriate volume of H,0, from a 10mM stock to yield
concentrations between 10 and 200uM. The solutions were made
up to 5mL in distilled water. A volume of 900uL was measured
into a semi-micro cuvette. A 100xL aliquot containing 100nM
HRP (10nM [finalj) was added to initiate the reaction. The
increase in absorbance was monitored until it developed no
further. The end-point value at 510nm was measured at this
point. These end-point values were plotted against [H;0.]
using a linear least squares treatment of the data (see

Appendix ¢, Figure Cl).

2.2.5 Inactivation Studies

2.2.5.1 Inactivation of HRP By H;0. puring Substrate Oxidation
Characterization of the behaviour of the BM. HRP during

HDCBS/AAP oxidation, while succesive aliquots of limiting

amounts of H,0, were added to the reaction mixture over time,
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was undertaken as a preliminary experiment to compare with
results obtained from similar experiments by Arnao et. al.
(1990b) using the Sigma HRP and employing ABTS as the
reductant. All measurements were performed in triplicate.
Two concentrations of HRP and H;0, were examined. To a plastic
cuvette containing 9.0mM HDCBS and 2.4mM AAP (at saturating
concentrations) in 1.0mL, a 20-50uL aliquot of enzyme diluted
from a concentrated stock to yield final concentrations in the
cuvette of 0.5 or 1.0nM (0.5 and 1.0 pmoles: concentrations
similar to and 2-fold greater than those used by Arnac et al.)
was added. The reaction was initiated by the addition of a
20uL aliquot of H,0, yielding final concentrations, in 1.0mL,
of 0.5 or 20uM respectively (0.5 and 20 nmoles: 1,000 to
20,000-fold molar excess over the enzyme) . The reaction was
allowed to proceed until no further increase in absorbance at
510nm with time was obsarved, indicating all H,0, had been
consumed. At this point, another aliquot of H,0, was added to
yield a concentration of 0.5 or 20uM in the cuvette,
initiating further reaction. This procedure was repeated
until no further increase in absorbance with time was observed
upon subsequent addition of H;0,. To confirm that the lack of
increase in absorbance was due to enzyme inactivation by the
accumulation of H,0, and not due to the depletion of the donor
substrates, HDCBS/2AP, a 20uL aliquot of a concentrated
mixture of HDCBS/AAP yielding final concentrations of 9.0mM

and 2.4mM, respectively, in a 1.0mL volume, was added to the
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reaction mixture. Absence of increaséd absorbance with time
corroborated complete inactivation of the enzyme. Presence of
accumulated H,0, as a result of the enzyme becoming inactivated
and unable to use it for substrate turnover wac further
demonstrated by introducing an aliguot of HRP (0.5 or 1.0nM
final) to the cuvette already containing excess H,0: and

HDCBS/AAP.

2.2.5.2 Time-Dependent Inactivation of HRP

Arnao et. al. (1990Db) examined time~dependent
inactivation of TRP (at a concentration of 1uM) in the
presence of H,0, concentrations ranging from 1 to 50mM.
Exposure of the enzyme to H,0, lasted 30 minutes. Similar
ﬁime-dependent inactivations were carried out in the present
study using BM. HRP exposed to concentrations of H;0, ranging
from 100uM to 50mM. Inactivation was monitored for periods
lasting from as little as 60 seconds to as iong as 60 minutes.
Triplicate test tubes representing given time periods of
exposure of the enzyme to H;0, were set up to contain the
desired coﬁcentration of HRP in a 1.0mL final volume.
Inactivation was initiated by the addition of an aliquot of
H,0, to the enzyme. As the desired time of exposure of enzyme
to H,0, approached (as wcnitored by a Micronta stop watch), a
20uL aliquot was withdrawn from the incubation sample and
plunged exactly at the desired time into a plastic cuvette

containing the activity assay components in a 1.0mL volume
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(9.0mM HDCBS, 2.4mM AAP and 100uM H;0;). This diluted the
enzyme-H,0, sample, effectively halting the inactivation
process and yielding a value that corresponded to the extent
of inactivation achieved for that particular time of exposure
of enzyme to a specific concentration of H,0,. Enzyme activity
was determined from the rate of increase of absorbance at
510nm with time (A.U./minute). Control samples to which
jdentical volumes of water were added to the enzyme in place
of H,0, were similarly assayed for activity at times
corresponding to those at which the incubation samples had
been tested for activity. This permitted % remaining
activities at given times to be calculated. Various samples
were incubated at room temperature for an additional 24 hour
period and assayed to determine if any activity lost during
the initial inactivation experiment had been recovered. Other
samples were dialyzed, in the presence of catalase, for 20
minute and 24 hour periods in attempts to recover lost
activity. Finally, samples exposed to H;0, for 24 hours were
dialyzed for 20 minute and 24 hour periods, in the presence of
catalase, in attempts to recover lost activity.

Once time-dependent inactivation data had been obtained,
rate constants of inactivation (k,,) for each K0,
concentration were determined by EWZFITTER™ fitting the data

to both double and single exponential decay models.
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2.2.5.3 Qualitative Investigation to Identify the Enzyme
Intermediate Present During H,0,-Induced HRP Inactivation

A qualitative examination to identify the enzyme species
present during the time-dependent inactivation of HRP by H.0.
was undertaken. The pressnce of a particular encyme species
could be indicated by spectrophotometrically monitoring
changes that occurred in the native enzyme visible spectrum
upon the addition of specific concentrations of H;0.. The
Soret band (404nm) anc. the alpha (o} and beta (B) bands (640nm
and 4%8nm, respectively) were monitoréd for any shifts
(bathochromic o¥ hypsochromic) and/or hyper/hypochromic
effects upon addition of H;0,. Concentrations of H;0, examined
were 100uM to 100mM. Changes occurring in the Soret region
were monitored from 350 to 450mm using enzyme concentrations
from 2.3 to 15pM. Changes occurring in the alpha and bera
bands were examined from 450 to 750nm, using enzyme
concentrations from 23 to 46uM. Enzyme samples were monitored
in a quartz_ cuvette for periods ranging from 60 seconds to as
long as 72- hours. Spectra were measured at 30 second
intervals (or as often as every S to 10 seconds for the 60
second experiment) until 60 seconds, at which time measurement
ihtervals were increased to one measurement every 10 to 15
minutes. Plots of the spectra were overlaved on a spectrum of
the native enzyme for comparison and the major absorbance
peaks were recorded for each spectrum measured. Ab:'.-urbanc:g

peaks identified during the experiment were compared to
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literature values which stated the wavelengths where
absorbance maxima (4Anax) are found in spectra obtained from
"pure" HRP intermediates.

In order to compare the above spectra with actual HRP
compounds and to determine the enzyme species from which
compound P;,, develops, enzyme intermediates were prepared from
the native enzyme using only H,0,. Spectra, as well as the
wavelengths where absorbance maxima occurred were recorded
once the intermediate had been generated. Presence of an
intermediate was indicated by a stable visible abscrption
spectrum that underwent no further increase or decrease in
absorbance at the characteristic wavelengths reported in the
literature. Enzyme intermediates were prepared from a sample
of native enzyme as follows (after Arnao et al., 21990;

Saunders et al., 1964):

Compound I: To a 17.5uM HRP solution in a 1.0mL volume, 15uL
of 1.0mM H,0, stock solution was added (substoichiometric;
15uM). The presence of Cpd. I was confirmed by the presence
of relatively stable absorbance maxima at 520 and 656nm
(Dunford and Stillman, 1976; Keilin and Hartree, 1951),
approximately 3 minutes after the addition of H,0, to the

enzyme.

Compound IXI: To a 1lmL sample of 17.3uM native enzyme, 42.5uL

of 1.0mM H,0, (2.5~fold molar excess) was added. Approximately
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1 minutes were required for complete conversion of native
enzyme. Concentration of Cpd. II was approximated using an
€s,» of 9,500M'/cm and an €,, of 9,650 M'/cm (Dunford and
stillman, 1976). Presence of Cpd. II was confirmed by the

existence of stable absorbance maxima at 529 and 556nm.

Compound III: To the above solution of Cpd. IT, 30uL of 100mM
H,0, (176~fold molar excess) was added and the development of
the spectrum characteristic to Cpd. III was monitored for
approximately 5 minutes. Presence of de.' III was confirmed
by the appearance and stabilization of absorbance maxima at
546 and 580nm. Conversion of Cpd. II into Cpd. III was
confirmed using €5 ©of 10,000 M'/cm (Keilin 2nd Hartree,

1951) .

Compound P, /Compound JIV: Iin the paper by Arnac et al.
(1990a), it was suggested by results obtained during similar
experiments that Pg, might arise from/at the level of cpd.
III. Therefore, 30zl of 1.0mM H,0O; (approximately 2-fold
excess) was added to the akove solution of Cpd. III. Presence
of P, was indicated by the gradual disappearance of the
absorbance maxima at 546 and 580nm accompanied by the
appearance of a peak which stabilized, approximately 2 to 3
minutes after the addition of H,0,, at 670nm. Figure 2-1 shows
the spectra of each pure HRP intermediate generated by the
method outlined above.
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2.2.5.4 Inactivation by Phenoxy Radicals

Experiments designed to measure the time-dependent
inactivation of HRP by enzyme-generated phenoxy radicals at
enzyme concentrations of 25, 50 and 100nM, H.O., concentrations
of 0.5 and 1.0mM and over a range of phencl concentrations
from 0.2 to 5.0mM, were undertaken in the following manner.
all measurements .were performed in triplicate or duplicate.
To test tubes containing 4mL of HRP of the appropriate
concentration to yield the desired final concentration in a
SmI, volume, and representing specific periods of time of
exposure of enzyme to phenoxy radicals, phenol was added from
a prepared stock solution just prior to addition of H,0,;.
Stock phenol concentrations were determined £from the
absorbance value at 272nm and an extinction coefficient of
1,300 M'/cm (see Appendix D for spectrum and calculation).
H,0, was added to initiate the inactivation process. The
inactivation solutions were incubated at room temperature
until just prior ‘to measuring the activity. At this point, a
100 to 4001.11; aliquot of sample was removed and plunged into a
1mL plastic cuvette containing 600 to 900uL of the phenol/AAP
activity reagent. Concentrations were adjusted to yield the
desired final concentrations in the activity assay. The volume
of sample removed from the incubation was such to yield final
concentrations of enzyme in the cuvette (activity assay) of
approximately 10nM (10 pmoles). This amount of enzyme yielded

reliable activity results. Inactivation was effectively
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halted by exposure of enzyme to excess amounts of substrates.
An indication of the extent of inactivation for the incubation
duration was obtained from the results of these assays.
Activity was measured as the change in absorbance units per
unit time (A.U./min.) at 510nm, and values obtained were
divided by values representing the activity of the native
enzyme incubated in the absence of both phenol and H,;0; for the
same incubation period. From these values, percent remaining
activities were calculated for each incubation span. Each
phenol concentration was characterized for extent of enzyme
inactivation for periods lasting for 20 minutes, 5 minutes and
1 minute respectively, at constant HRP and H,0, concentrations.
Control test tubes were set up to contain enzyme alone, enzyme
plus phenol and enzyme plus H,0;. Rate constants of
inactivation (k..,) for each phenol concentration at specific
HRP and H,0, qoncentrations were calculated using ENZFITTER™
single-exponential decay program, from linearized plots of the
data (ln % remaining activity vs. time), and from half-life
calculations using the equation t;,, = 1ln 2/k, which utilized

data from plots of % remaining activity vs. time.

2.2.5.5 Hydrogen Peroxide Concentration Determinations
Consumption of H,0, was monitored for each time interval

to determine reaction stoichiometry and the point during the

inactivation process where inactivation had overcome catalysis

(as indicated by continuing decline in activity in the absence
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of further H,0, consumption). A reagent solution was developed
by researchers in this laboratory (Taylor and Nicell, 1990;
unpublished) which contained phenol (10mM final) and AAP
(2.0mM final) at saturating concentrations so that the
limiting component was the H,0, arriving from the incubation
solution. The extent of colour development at 510nm was
dependent on the concentration of H,0;. Maximum colour
development was obtained within 5 minutes. The reagent
solution contained 50nM HRP. All determinations were
performed in duplicate and results had less than 0.1% error
between samples. Volumes of 800uL were pre-measured inte
plastic cuvettes. 200pL samples were removed from the‘
incubation solutions after the appropriate amount of time, and
pipetted into the H,0, reagent solution. A standard sample
containing the amount of H,0, originally present in the
incubations at t=0 seconds (200uL of a 1.0 or 0.5mM H,0, stock
solution added to 800uL reagent) was set up and final H,Q,
concentrations were determined by dividing the absorbance of
the sample at 510nm by the absorbance of the standard at 510
nm (typically 0.75-0.8 absorbance units for a 1mM H,0, sample)
and multiplying this value by the concentration of the H,0, in
the standard. A blank cuvette was prepared by adding 200uL of
NaPP buffer to 800ulL of reagent solution (see Appendix E for

sample calculations).
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CHAPTER 3
RESULTS AND DISCUSSION

3.1 BENZYME CHARACTZRIZATION

For the purposes of most kinetic experiments, only
isozyme classes A, C and E are impo;tant {Dunford and
Stillman, 1976). However, for inactivation studies supposed
to characterize one specific, commercially obtained isocenzyme,
it was necessary to establish the absence of other
con’ aminating isoenzymes, in particular, A3, so that kinetic
behaviour could be attributed to the isozyme of interest, C in
this case. Plate 3-1 is the resultant CBB.-stained 25%
polyacrylamide isoelectric focusing gel, containing ampholytes
in the pH range of 3-10, performed on BM. HRP Grad II
(predominantly HRP-C) from different lot numbers (lot number
12003025 in lane #6 and lot #112006949 in lane #5), along with
commercially available pure isozymes (lane #3: acidic isozyme
type VII; lane #4: acidic isozyme type VIII; lane #2: basic
isozyme type IX). pI standards (described in Materials and
Methods) were run concommitantly in lane #1 for qualitative
comparison of. pI's. The polarity of the gel from top to
bottom is cathode (-) and anode (+)}, respectively. Based on
the manufacturer's stated pI's, the order of the pI standards
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Plate 3-1 Coomassie BB.-stained 25% polvacrylamide

Legend:

gel of Boehringer-Mannheim Grad II

HRP preparation. Presence of one

band in lanes #5 and #6 that run

close to Sigma basic isoenzyme negates the
presence of contaminating isozymes.

Lane #l: IBF standards
Lane #2: Sigma Type IX, basic isozyme

(pI ~ 8)

Lane #3: Sigma Type VI, acidic isozyme
(pI - 3-4)

Lane #4: Sigma Type VII, acidic isozyme
{pI ~ 3-4)

Lane #5: BM. HRP, Grad II, lot #112006949
Lane #6: BM. BRP, Grad II, lot #12003025



(not all obvious) from top to bottom is lectin from Lens
culinaris (pI 8.5), myoglobin (pI 7.2, 6.8), carbonic
anhydrase (pI 5.9, 5.4), p-lacteglobulin (pI 5.1), soybean
trypsin inhibitor (pI 4.6), and glucose oxidase (pI 4.2).
Comparing lanes #3 and #4 (acidic iscenzymes; pl = 3.8 and
4.2) with lanes containing the BM. enzymes (lane #5 and 6,
respectively), it can be seen that the BM. preparations
exhibit a single protein band that migrated towards the
cathode from the point of application, indicating the presence
of predominantly neutral/basic isozymes. This is the expected
pattern from a preparation containing the neutral to slightly
basic isoenzymes B and C. There are no other detectable bands
closer towards the cathode, nor towards the anode. This
indicates that there are no extremely basic or acidic isozymes
present in the BM. preparations, at least not at
concentrations detectable by the CBR. stain technique employed
{sensitive to as little as lpg protein}. From these results,
it was assumed that if there were any acidic isozymes present
in the BM. preparations, their concentrations were low enough
to not significantly affect any subsequent transient-state
inactivation kinetic investigations. Thus, subsequent results
obtained from inactivation studies were attributed to HRP
isozymes B and C, which have been shown to possess similar

kinetic behaviour (Gonzalez-Vergara, 1985:; Kay et. al, 1967).
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3.2 KINETIC INVESTIGATION OF HORSERADISH PEROXIDASE

HRP's turnover number (how fast it produces one molecule
of dye) depends only on the electron donor and 1its
concentration. The colour formed and used to evaluate enzyme
activity is highly dependent on this second, donor substrate.
To obtain a reascnably accurate estimation of enzyme activity,
it becomes extremely important that this component 1is not
interfered with by the competitive substances (Conyers and
Kidwell, 1891). However, HRP's oxidative unspecificity
towards the donor substrate can result: in just such a
competition arising between the chromogen producing substrate
and an interfering substance. Competition arises if the
interfering substance is a better hydrogen donor than the
substrate, or if it maintzins the substrate in a perpetually
reduced state (Artiss et al., 1981). Such negative
interference ultimately reduces the effective concentration of
the chromogen. This situation is further complicated if the
interference forms a chromogen possessing a high extinction
coefficient at an absorbance maximum close to the one being
observed, vyielding false high activities. Equally, the
interference may exhibit both oxidized and reduced forms that
do not contribute in any way to the final colour, resulting in
false low activities (Artiss et al., 1981).

Interferences can be eliminated or minimized if the
substrate, apart from exhibiting sensitivity, good stability

and solubility of itself and its product, and small blank
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reactions, is more reactive, demonstrating greater initial
reaction velocities and affinity for the enzyme than the
interference. It should not be so reactive that it inactivates
the enzyme (Conyers and Kidwell, 1991; Sharp, 1972; Sharp et
al., 1972).

Kinetic analyses were performed on the activity assays
used to determine residual activity of HRP exposed to
inactivating agents. 2apparent kinetic constants obtained were
used to optimize dctivity assay conditions serving to minimize
possible interference arising from substances  arriving in
aliquots removed from the inactivation incubaticn solutions.

The reaction sequence characterizing both chromogenic
assays used in this study involves the non-enzymatic coupling
of enzyme-activated 4-aminoantipyrine (AAP; the "Trinder
Reagent") with phenol or a sulphonated derivative of 2,4-
dichlorcphenol; in this case 3,5-dichloro-2-hydroxybenzene
sulphonic acid (HDCBS). Activity assays employving the Trinder
Reagent and a phenol have been successfully used in the
determination of HRP activity by a number of researchers
(Artiss et al, 1979; 1981; Boss, 1986; Conyers and Kidwell,
1991; Harake, 1988; Nicell, 1991; Peake et al., 1978;
Porstmann et al., 1981; Purcell et al., 1978; Putz et al.,

1976) .

3.2.1 EVALUATION OF AAP/HDCBS ACTIVITY ASSAY

In end-point determination experiments comparing the
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sensitivities of various chromogenic systems employing HRP/H,Q;
and AAP plus a phenol, Artiss et. al. (1981) demonstrated that
the combination of AAP/HDCBS, in a millimolar ratio of 2.4:9.0
raespectively, at'}h02 concentrations between 3.5-176pM (T=
37°C, pH 8.0), yielded the most sensitive and reproducible
results. H,0, concentrations beyond 0.3mM were later found to
be inhibitory (Harake, 1988). Results obtained from this
present study concur with those observed by previous
researchers. At HRP, AAP, HDCBS and H.0; concentrations of 10-
20nM, 2.4mM, 9.0mM and 0.1lmM, respectively (T=25°'C and pH
7.4), linear, reliably fast and reproducible results were
obtained with A.U./min. of 0.5-10 over 30-60 secouds..
Standard errors were typically + 0.008-0.01 A.U./min. among
triplicate samples. HRP activities, expressed as both
specific activity and Kea. (Appendix F) were determined by
dividing the cﬁange in A.U./min. by a pre-determined
extinction coefficient of 25,000M'em’ (based on HO:
concentration) (Artiss et. al., 1981), and HRP concentrations
based on heme content (Appendix A). Blank reactions
demonstrated no detectable colour change during the assay
period.

Observed and calculatea rates determined by non-linear
regression analysis performed by the ENZFITTER™ enzyme
kinetics program for each substrate at constant and saturating
concentrations of all other components, along with the

corresponding plots, are shown in Tables 3-1, 3-2, 3-3 and
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[Hz02] (uM)

Rate (uM/min.) Calculated
1.00000E+Q1 1.79300E+Q1 3.14782E+Q1
3.00000E+Q1 7.36500E+01 6.78374E+0%
5.00000E+01 9.32100E+01 8.82165E+01
7.00000E+Q1 1.04800E+02 1.01252E+Q2
9.00000E+0" 1.10300E+02

1.00000E+Q2
1.10000E+Q2

1.11820E+Q2
1.12400E+02

1.10308E+02
1.13873E+0Q2
1.16965E+Q2

mable 3-1 Observed and calculated rates (determined
by BEnzfitter™) vs. H,0, concentration
(AAP/HDCBS assay: [AAP]=2.4mM; [HDCBS]
=9.0mM; [HRP]=20nM; T=25°C, pH 7.4)
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vigure 3-1 Plot of rate (uM/min.) vs. H,0, concentration
(uM) values in Table 3-1. Inset: Lineweaver-
Burke representation of same data using
parameters fromnon-linear regression analyses.
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[AAP] (mM)

Rate {(mM/min.)

Calculated

1 .00000E+Q0
2.50000E+0C
4 .00000E+00
5.50000E+Q0
7 .00000E+QQ
8.50000E+Q0

4.25000E+Q0
8.95000E+00
1.27000E+01
1.47000E+Q1
1.55000E+01
1.56000E+01

4 ,.85691E+00
9.31598E+00
1.20912E+01
1.39848E+01
1.53594E+01
1.8402&E+01

Table 3-2 Observed and calculated rates
(determined by Enzfitter™) vs. AAP
concentration (AAP/HDCBS assay: [(H,0,]
=0.1mM; [HDCBS]1=5.5mM; [HRP]=20nM;
T=25°C, PR 7.4).
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Figure 3-2 Plot of rate (mM/min.) v8. AAP
concentration (mM) values in Table 3-2.
Inset: Lineweaver-Burke representation of
game data using parameters from non-linear
regraession analyses.
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[(HOCBS] (mM)

Rats (mMd/min.) Calculated
1 .0C6Q00E+Q0 8.92000E+00 8.72927E+Q0
2.06000E+Q0 1.18800E+01 1.23178E+01
3.00000E+Q0 1.42700E+01 1.42737E+Q1
4 .00000E+Q0 1.58400E+01 1.55047E+01
5.00000E+0Q0 1.688800E+01 1.835Q08E+(01
6 .00000E+Q0Q 1.85800E+01 1.68881E+01

Table 3-3 Observed and calculated rates (determined
by Enzfitter™) vs. HDCBS concentration

(AAP/HDCBS assay: [H,0,]=0.1mM; [AAP]=2.4mM;
[HRP]=20nM; T=25°C, pH 7.4)
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Figqure 3-3 Plot of rate (mM/min.) vs. HDCBS

concentration (mM) values in Table 3-3.
Inset: Lineweaver-Burke representation of

same data using parameters from non-linear
regression analyses.
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Substrate K, Vinax k /K

_(mM (mM/min-Yy - (mM Vmin,)
Hy0,  (4101+1L15)x10-3 16.1 +1.67 19,512
AAP 394+0.847 2.0+221 304.6
HDCBS 1.40 +0.148 209 +0.669 714.3

Table 3-4 Kinetic constants of H,0,/AAP/HDCBS
chromogen system: T=25°C, pH 7.4;
[HRP]=20pmoles (20nM).
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Figures 3-1, 3-2 and 3-3, respectively. Kinetic constants K,
Voax (assumed to b2 apparent), determined by ENZFITTER™, and
k.../K, are shown for each substrate in Table 3-4. A K, of
41.01 + 1.15 uM determined for H,0, agrees reasonably well with
values obtained by previous researchers working with this
chromogen system: 25.1 = 4.1 pM, pH 7.5, T = 25°C, BM. Grad
I, II (Harake, 1988); 59.0 = 5 uM, pH 7.4, T=25°'C, BM. Grad I,
IT (immunoassay grades) (Boss, 1886). Despite general
consensus that HDCBS is not a proper substrate, varying its
concentration generated concentration-dependent rate curves.
The K, for HDCBS was determined to be 1.40 + 0.148mM and is
similar to unpublished results obtained in this laboratory’
(T=25°C, pH 7.5) of 1.8-1.9mM (Lockstadt, 1987; unpublished).
A K, for AAP of 4.3mM (Lockstadt, 1987; unpublished) agrees
well with the K, determined from this study to be 3.94 =«
0.847mM. The millimolar ratio of H,0,:AAP:HDCBS of 0.1:2.4:5.0
recommended by Artiss et. al. (1981) has all components but
AAP at saturating concentraticns well above their K,'s. This
ratio was maintained in activity assays used in this present
study to evaluate residual enzyme activity during H;0,
inactivation investigations.

Based both on work performed in this laboratory
(Lockstadt, 1987; unpublished), and on information available
in the literature {Ryu and Dordick, 1992), AAP concentration
may have been kept below its X, to avoid possible enzyme

inactivation. The intermediate of enzyme-activated AAP is a
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reactive radical species (Griffin and Ting, 1978) possessing
the potential to attack and inactivate the enzyme (Ma and
Rokita, 1988; Sawahata and Neal, 1982). Kinetic investigations
have shown that HRP incubated with H,0, and AAP alone (0.1lmM
and 2.4mM, respectively) underwent inactivation {Lockstadt,
1987; unpublished). Based on these observations, it seemed
best to keep the AAP concentrations low to ensure that any
observed inactivation of HRP could be attributed almost
entirely to the H,0, in the incubation solutions and not to
other possible mechanisms of inactivation existing in the

assay solution.

3.2.2 EVALUATION OF AAP/PHENOL COLOURIMETRIC ASSAY

This chromogen sytem is effective but less sensitive
compared with other AAP/phenol or phenol-derivative chromegten
pairs used to evaluate HRP activity (Artiss et. al., 1981;
Barham and Trinder, 1972; Porstmann et. al., 1981). Despite
poorer limits of detection, it was ideal for measuring
residual activity during enzyme-generated phenoxy radical
inactivation. All substrates (with the possible exception of
AAP) were present at saturating concentraﬁions above their K,.
Replacing HDCBS with phenol reduced the possibility of
competition arising between these two phenolic substrates upon
addition of aliquots which were removed from incubation
solutions containing enzyme, H,0, and phenol and placed into

the assay containing HDCBS. Phenol arriving in the aliquot
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did not affect the reaction rate as long as phenol present in
the activity assay was maintained at saturating conc-
entrations. Linear and reproducible results were obtained at
25°'C and pH 7.4, with standard errors among triplicates

+ 0.001-0.3 A.U./min.

typically between

Gallati (1977) examined kinetics and optimal conditions
of this same assay using swall concentrations of HRP. His
reaction scheme contrasts with other proposed schemes
(Trinder, 1969; Barham and Trinder, 1972) in that it is the
phenol, not AAP, which is enzymatically activated producing a
quinone which undergoes non-enzymatic nucleophilic attack by
AAP's amino group nitrogen, forming a red quinonimine.
However, in contradiction to his own proposal, Gallati
reported that a soluticn of phenol incubated with HRP/H,0, in
the absence of AAP, generated no colour upon addition of AAP.
Samples' removed from these solutions demonstrated varying
degrees of inactivation, the extent of which depended on
phenol concentration. Absence of colour formation (at 500nm)
in solutions containing only HRP/H,0, and phenol was attributed
to the formation, from enzyme-generated phenoxy radicals, of
products that were unreactive towards AAP and exhibited
absorbance maxima distinct from 500nm. These radicals may have
inactivated Gallati‘'s enzyme, rendering it incapable of
oxidizing AAP upon exposure.

This assay is employed by a Japanese company (Suntory) to

evaluate HRP activity and recommended concentrations of H;0,,
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2AP and phenol are 0.4, 0.84 and 10mM, respectively.
Experiments examining concentrations of compeonents that
generated the fastest reaction rates and were saturating were
performed in this study (data not shown) for use in subsequent
kinetic analyses. Suitably rapid and reproducible reaction
rates were obtained using millimolar concentrations of
H.0.:AAP:phenol at 0.4:0.84:10, concurring with Suntory's
recommendatinns. Assay solutions evaluating HRP inactivation
by phenoxy radicals were prepared with components at these
concentrations. In similar experiments, Gallati determined
optimal phenol concentration to be 25mM under conditions of
2mM AAP and 0.75mM H,0, and unknown enzyme concentrations
{(T=37°C, pH 7.4); essentially double the substrate
concentration ratio used in this assay (0.75mM H,0,:2mM
AAP:25mM phenol = ~2{0.4mM H,0,:0.84mM AAP:10mM phenol)).

In experiments examining dependence of the reaction rate
on substrate concentration, Gallati observed that varying the
concentration of AAP at saturating concentrations of H)0,
{0.75mM) and phenol (25mM} had no effect. A slight inhibitory
effect was observed in this study at saturating concentrations
of other components {phenol and H,0,) (Table 3-5}, and is
contrary to the results obtained from identical evaluations
performed on the AAP/HDCBS system (Table 3-2; Figure 3-2).
Independence of initial reaction rate on AAP concentration
suggests that AAP is not recognized as a substrate by HRP, at

least not in this chromogenic system, supporting Gallati's
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Rate

(A.U./min.-1)
[phenol]

[AAP] [HRP) (mM) .

(mM) (nM) 5 10
a.0% 5.0 0.54 +0.02 0.695 +0.02
0.075 " 0.54 +0.02 0.664 +0.02
601 " 050+0.004 0.631 +0.053
0.15 " 6.49+0.014 0.610+0.053
0.05 10.0 1.20+0.031 1.10 +0.17
0.075 " 0.93+0.043 1.30+0.16
0.10 " 0.853+0.02 140+0.25
0.15 hd 0.75+0.025 1424007

Tabkie 3-5 Inhibitory influence on reaction rate of
changing AAP concentration (AAP/Phenol

activity assay). [H,0,] = 0.4mM; T=25°C, pH
7.4-
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hypothesis. Gallati's and the present results point to the
existence of different reaction mechanisms in each assay
system: the affinity of the enzyme for AAP may depend on the
enzyme's affinity for the phenolic substrate. Phenol by
itself, is a reasonable substrate (Ma and Rokita, 1988;
Ssawahata and Neal, 1982; present study) and may even be a
better substrate than AAP. Wwhen present at saturating
concentrations, phenel, once oxidized to its radical
intermediate, may undergo radical-radical/phenol coupling that
could be favored over chromogen formation with AAP and may
somehow serve to protect against inactivation by AAP.
However, from Table 3-5, at the high phenol concentration.
({10mM) and both enzyme concentrations (5 and 10nM), there is
still some colour formation at the lowest AAP concentration,
suggesting coupling with phenol c¢an still occur. At both
phenol concentrations, a slight decrease in reaction rate is
observed with rising AAP concentration, suggesting AAP-induced
enzyme inactivation may be occurring.

Decrease of reaction rate as a result of increasing AAP
concentration made determination of optimal conditions for
evaluating kinetic constants difficult. Ideally in kinetic
determinations, all substrates, except for the one being
examined, should be present at saturating concentrations
(Fersht, 1977); AAP's behaviour made saturating conditions
difficult to ascertain. As a result, assays were desicned to

yield fast and reproducible rates, with the focus on
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maximizing phenol concentrations in order to minimize possible
AAP-induced inactivation. AAP concentrations of 0.84mM
generated fast, reproducible reaction rates without any
obvious signs of inactivation at phenol and H,O, concentracions
of 10.0 and 0.4mM, respectively. This concentration of AAP
was employed in the subsequent kinetic analyses. The fact
that AAP was likely not present at saturating concentrations
during these experiments renders the kinetic constants
apparent rather than true qualitative determinants of kinetic
behaviour.

Gallati obtained a K, for phencl of 11.3mM, despite the
difficulties encountered with AAP. This is approximately a 10-
fold difference over our value of 1.37mM (Tables 3-6, 3-8;
Figure 3-4}. However, a temperature difference of 17°C
existed between conditions used in this study and Gallati's.
Substrate concentrations that are saturating at one
temperature ars not always saturating at another, rendering K,
a temperature dependent value. The V,,, was calculated to be
0.267mM/min for phenol. A K, for H,0, was determined to be
162pM which does not agree very well with Gallati's K, of
250uM (Tables 3-7 and 3-8; Figure 3-5). A V., for H,0, of
0.157mM/min. was determined. Despite the ambiguity introduced
by AAP's lack of Michaelian behaviour, an assay was developed
that minimized potential interference from substances arriving
in the aliquots removed from the incubation solutions. For

future investigations, a close examination of the mechanistic
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[(phenol]l (mM)

Rate (mM/min.) Calculated
2 .00000E—-Q1 3.83000E~Q2 3.396849E-Q2
5 .00000E-Q1 7 .43000E-Q2 T7.12883E-Q2
7 .50000QE-Q1 9.16000E-Q2 9.43233E-0Q2
1 .00000E+Q0 1.12400E-Q1 1 .12438E~-01
2.500C0E+QQ 1 . 89G0QE-01 1.72232E-Q1
5.00000E+QQ 2.16000E-01 2.09272E-01
{ .000Q0E+N 2.21300E-Q1 2.34487E-01
1 .50000E+01 2.5900QE-Q1 2.44298E-Q1
2 .000Q0E+Q1 2.44Q00E-01 2.49519E-01

Table 3-6 Observed and calculated rates {determined

by Enzfitter™) vs. phenol concentration

(AAP/Phenol activity assay:
[AAP]=0.84mM;

[H,0,1=0.4mM;

[HRP]=10nM; T=25°, pH 7.4)

ol

e
I
N v
L |0 - L0
£ -
[ : 1.“’ .
L \ L] ¥ L] * .
e 000 - 000 200 400
e 1/tphenocll
e 240
0,00 : A — : .
0.00 0.40 0.9 LD L& ol

Cephenall <(mit)

Figure 3-4 Plot of rate (mM/min.) ve. phenol
concentration (mM) values in Table 3-6.
Inset: Lineweaver-Burk representation of
game data from non-linear regression analyses.
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[H202] {(uM/min)

Rate (uM/min)

Calculated

3.00000E+01
5.00000E+01
1.00000E+02
2.50000E+02
4.50000E+02
6.50000E+02
8.50000E+C2

1.16000E+01
2.36900E+C1
5.85000E+0Q1
1.11190E+0Q2
1.27800E+02
1.23600E+02
1.18200E+Q2

2.41118EB+0%
3.64811E+01
3.92945B+01
3.49029E+01
1.15445E+02
1.25928E+02
1.32288E+02

jable 3-7 Cbserved and calculated rates (determined

by Bnzfitter™) vs. H,0, concentration (uM)
(AAP/Phenol activity assay:
[AAP]=0.84mM;

[phenol] =10,0mM;

[ERP]=10nM; T=25°, PH 7.4)

0.00-

zo0 1072
1/TH2021

L0 200 30 400 S0 600 00

LH2021 (uM/min)

102

Figure 3-5 Plot of rate (pM/min.) vs. H,0,

concentration (uM) valves in Table 3-7.
Insaet: Lineweaver-Burk representation of
gsame data from non-linear regression analyses.
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Substrate Km Viaxr Keat/Kim

{mM) (mM/min.) (mM-‘Imin.)_
phenol L37+0.12 0.267 +0.001 19,490
Hy03 (162 +54.4)x 103 0.157 +0.017 136,250

Table 3-8 [Kinetic constantsg of H,0,/AAP/Phenol
chramogen system: [HRP]I=l10pmole (10nM);

;h.:P]:O.BimH: (Dhenol]=10.0mM; T=25°C, PH
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details involved in this and the AAP/HDCBS assay systems would
be warranted. aAlsoc of interest would be to determine if AAP is
enzymatically-activated into a radical intermediate capable of

inactivating the enzyme.

3.3. Inactivation of HRP
3.3.1 Inactivation by H;0;

Hydrogen peroxide, the oxidant substrate of HRP in the
peroxidase catalytic cycle, has been shown to inactivate the
enzyme either in the absence of the protection afforded by
reductant (H-donor) substrates, or in their presence, at
concentrations determined to be "excess" {(Bagger and Williams,:
1971; Dunford and Stillman, 1976; Nakajima and Yamazaki, 1987;
Arnao et al., 1990a, 1990b; Everse et al., 1990). Figure 3-6
demonstrates protection of HRP against H.O,~induced
inactivation in the presence of the donor substrates AAP and
HDCBS. This is a typical plot illustrating the results
obtained from one of many experiments in which single aliquots
of H,0,, yielding final concentrations of 5-20pM in 1lmL (1000-
2000 fold greater than enzyme concentration}, were added to a
system comprised of 9.0mM HDCBS, 2.4mM AAP and 0.5-1nM HRP
(T=25°C, pH 7.4). Reaction progress was fcllowed as the
change in absorbance at 510nm vs. rime. Aligquots (20pL) of
250-1000aM H,0, solutions were added successively (arrows) to
the assay solution when absorbance change ceased. In the

experiment depicted by Figure 3-6, at least 10 aliquots were
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= 0.980004
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Figurea 3-6 Donor-substrate protection of HRP against
inactivation from addition of consecutive
aliquots of H,0, (20pM): [HRP]=0.5nM; [AAP]
=2.4mM; [HDCBS]=9.0mM; T=25°'C, pH 7.4).

0.200
[H202] = 20uM
0.250+ [HRP] = 0.5nM
e 0.200+¢
S ] :
- 0.150+¢ = — —
2
<]

0.100- .

0.050-

0.000 ‘ ,
1

=500 Time of addition of Hy0, Aliquots
(veconds

E4

Figure 3-7 Total absorbance change over time with
~ addition of each new H,0, aliquot to system

in Figure 3-6 (corrected for volume
changes) .
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added over 4 hours before decrease in absorxrbance change was
indicated. By this time, total concentrations of H;0; in the
reaction mixture were 50-200uM (corrected for dilution
introduced with each aliquot). The levelling of these plots
was due to the consumption of H;0, and not to enzyme
inactivation. Absorbance changes were also corrected for the
volume introduced with each aliquot (20pL), so this decrease
could not be attributed to increased assay volume, which would
gradually reduce the effective concentration of assay
components. Furthermore, this decrease was not the result of
enzyme inactivation as addition of an aliquot of AAP/HDCBES,
yielding final concentrations of 2.4/9.0mM (accounting for the
volume of the system), permitted the reaction to resume as
before. This pointed to consumption of one or both of the
substrates (AAP/HDCBS) being responsible for what appeared to
be a loss of enzyme activity.

Figure 3-7 is a bar diagram with each bar representing
the total absorbance change observed for each individual curve
comprising the overall plot shown in Figure 3-6. Changes have
been corrected for tﬁe slight dilution introduced with each
aliquot of H,0,. As observed in Figure 3-6, except for the
minute differences in baf height, no major decrease in
absorbance change from the addition of one aliquot to the next
is observed until the 9th or 10th aliquots. This again, was
the result of AAP/HDCBS consumption, not enzyme inactivation.

absence of inactivation in this system may be due to
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protection of the enzyme by the donor substrates (AAP/HDCBS).
This was likely accoumplished by keeping the enzyme on the
peroxidatic pathway, preventing the formation of either
Compounds III or Pg, (Arnac et al., 1990b). Donor substrate
protection of HRP against H,0,-mediated oxidative damage was
observed by Nicell using the same AAP/HDCBS system (1981) and
Arnao et al., using 2,2'-azinobis[3-ethylbenzthiazoline-6-
sulphonic acid] (ABTS) as the chromogen (1990a). Arnaoc et al.
observed decreasing consumption of H;0, with time over a period
of 2.5 hours and total concentration of 80uM H0,. Decreasing
absorbance was attributed to H,0,-mediated .enzyme inactivation
due to H,0, accumulation, not ABTS depletion. However, the
nature of their inactivating agent is questionable as they
failed to test the residual activities of solutions containing
HRP and the product of ABTS oxidation, the ABTS radical, which
they <_:ould generate and isolate. It is apparent from this
study (and Nicell, 1991) that the AAP/HDCBS system affords
better protection against H,0, inactivation than the ABTS
system. Also, under these conditions and concentrations of
components, the AAP/HDCBS system does not appear to generate
either intermediates or products that are detrimental to the
enzyme's activity.

Investigations in which HRP (100nM and 1luM) was incubated
for 1 hour with various concentrations of H,0, (1000nM-50.0mM)
in the absence of donor substrates at 25°C, pH 7.4 were

undertaken. Addition of H,0, to an enzyme solution initiated -
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inactivation and aliquots were successively remeved at
specific times (usually every five to ten minutes) and tested
for residual activity using the AAP/HDCBS colourimetric assay.
Figures 3-8 and 3-9 demonstrate the typical curves of %
residual activity vs. time obktained for selected HO;
concentrations and two concentrations of HRP (100nM and
1000n0M) . Inactivation was time-dependent and at all H.O;
concentrations, except those below 0.100mM (not shown), curves
obtained exhibited "biphasic behaviour"'. These were distinct
in shape from the time-dependent inactivation curves obtained
by Arnac et al.(1990a) (Figure 1-3) -who examined H,0;
concentrations identical to our upper range {(>1.0mM) using HRP
(Sigma, type IX) at a concentration of 1pM. Unlike the curves
in Figure 1-3, inactivation curves in Figures 3-8 and 3-9
exhibit an initial rapid phase of inactivation characterized
by the loss of substantial activity over a very short time
{under 5 minutes). followed by a section where activity
declines more slowly over time, if at all. At  very
destructive H,0, concentrations (SmM-50mM; 50,000 to 500,000
fold excess over the enzyme present) initial velocity plots of
absorbance change vs. time monitored over an hour, were
linear. This indicated there was still some remaining activity
(ie. not 100% inactivation) because simultaneously run blank
reactions were always - subtracted from activity determination
values. Activities tested from samples containing low H.0, .

concentrations (0.001mM; still ten-fold excess over the enzyme
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FPigure 3-9 Time-dependent inactivacion of ipM

HRP by H,0, (T=25°C, pH 7.4).
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concentration) left to incubate at 25°C for a total of 24
hours from the initial addition of H,0,, recovered full to
progressively less activity as H.0, concentrations increased.
Ssubstantial losses of activity were observed at H0,
concentrations ranging from 0.20mM-50.0mM from the 60 minute
reading te the 24 hour reading. Table 3-9 lists percent
residual activities during &) minutes of exposure of 100nM HRP
to all H,0, concentrations examined, as well as the last 3
residual activity value observed at the end of 60 minutes and
24 hours. From all data shown in Figures 3-8, 3-9 and Table
3-9, it appears that both rate and final extent of
inactivation are dependent on H)0; concentration, but not on
a 10-fold difference of enzyme concentration.

Incubation experiments were then performed to determine
if any activity lost over 60 minutes could be recovered by
dialysis. This might indicate whether inactivation was
reversible or irreversible, which in turn might yield possible
clues to the catalytic pathway(s)/inter-mediate(s) involved.
Solutions containing 1.0 and 0.1uM HRP were incubated with
0.s, 1.0, 5.0, 10.0, 25.0 and 50.0mM H,0, and tested for
residual activity as described earlier. Irmediately after
performing the activity test at 60 minutes, dialyses were
carried out against a buffer {0.01M NaPP, pH 7.4) containing
catalase to ensure complete destruction of any H:0; -that
dialysed out of the incubation solutions. Dialysis progress

was monitored every 15-30 minutes. All activity that could be
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Hy bation Duration (mimutes Total % Inactivas
[mSDﬂ 2 10 01440 A0mm,  at24tys,
0.001 %S5 979 949 959 100 4.10 0.00
0.01 91.4 88 874 01 7O 9.90 30
0025 872 8139 T2 82 TNO 138 3.0
0.075 n2 66l 66 H2 o 03 . 370
0.10 B3 576 55 496 470 0.4 530
020 69 462 BT 4460 150 544 85.0
0.50 20 459 42 30 00 66.0 99.5
1.00 00 416 3B 233 0460 735 9.4
5.00 180 148 743 380 000 96.2 100
10.0 ' S 130 650 330 000 96.7 100
50 970 930 440 200 000 98,0 100
200 620 630 340 13 000 987 100

Tabla 3-9 % raesiduzl activity and total %
inactivation of 100nM HRP aftaxr

exposure to H,0, for 24 hours
(25°C, pH 7.4).

(HRP] (HyOq) 2% Residual Activity (hougs) % Imeversible Activity

LM  (mM)  ——T (a2 48 howcs)
0. 0.5 52 N6 N8B T4 76
. 1.0 147 362 359 29 67.1
* 50 400 152 139 177 823
* 100 338 %40 103 101 99
. 30 206 §20 S 620 938
. 5.0 130 630 640 700 93.0
1.2 1.0 RS MS T 152 U3
. S0 790 124 124 134 8.6
- 100 460 149 150 1S4 7Y
. .0 190 450 49 510 940
. 50.0 240 430 410 430 9.7

Table 3-10 % residual and irreaversible activity at
48 hours of HRP samples incubated with H,(\,
for sixty aimtes, followed by 3 hour
dialysis and further incubation for 24
and 48 hours (25°C, pH 7.4)
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reclovered was recovered within 3 hours. Samples incubated for
24-48 hours at room temperature following dialysis retained
virtually the same activity observed immediately after
dialysis. Table :-1) lists % residual activities of 100nM HRP
exposed to various concentrations of H;0; during 1 hour of
incubation, immediately following 3 hours of dialysis, and 24
and 48 hours after dialysis. Results show that no samples

recover all lost activity, but for all samples, at least two-
fold the activity observed prior to dialysis is recovered. At
H,0, concentrations below 10.0mM, the higher concentration
enzyme is ketter protected against inactivation and recovers
more activity; the exception being only at 50mM H0,.
Protection is afforded only at Hy0, concentrations <l.O0mM;
above 1.0mM, the enzyme is inactivated to the same extent,
regardless of its concentration. Incomplete recovery of
activity in solutions with or without dialysis points to the
generation of both reversibly and irreversibly inactivated
intermediates during inactivation. The number and nature of
intermediatas formed may depend upon H;0 concentration, since
rotal % inactivation becomes greater and % of activitcy
recovered diminishes with rising H0; concentrations,
irrespective of enzyme concentration. Table 3-11 1is a
compilation of data taken from Tables 3-9 (undialyzed samples)
and 3-10 (dialyzed samples) for 100nM HRP. It reiterates that
some but never all activity lost is recovered even when excess

H,0, is physically removed. Prior to dialysis (*}., % residual
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activities of both dialyzed and undialyzed samples exposed to
the same H,0, concentrations are similar. For most samples,
2-3 times the activity lost during the 60 minutes is recovered
following dialysis (**). The similarity of % residual
activities of dialyzed samples immediately following and 24
hours after dialysis indicates that all H)0; that could be
removed was removed.

The results of these dialysis experiments offers evidence
to support the existence of a partitioning of pathways at one
of the HRP intermediates (Arnao et al., 13902,b). Two types
of inactive intermediate are clearly generated 1in HRP
solutions exposed to H,0,: the amount of one generatad relative
to the other, a reflection of the pathway favored, seems to
depend on H,0, concentration. The greater the 0,
concentration, the less activity recovered suggesting more
irreversibly formed intermediate is present compared to
reversibly formed intermediate. According to Arnao et al.'s
partitioning model, H,0, concentrations xl.0mM result in the
formation of one molecule of irreversibly inactivated
intermediate Py for every two molecules of Compound III
formed. At concentrations >1.0mM (except for 1.0uM HRP), the
% irreversible activity column in Table 3-10 suggests to the
contrary that more Pgy oOVer Compound III may have been
formed. Below 1.0mM for 100nM HRP and <1.0mM for 1.0uM HRP,
substantial activity is recovered, suggesting that the pathway

leading to Compound III formation is favored.
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139:80]

(mM)

0.5
1.0
5.0
10.0
25.0
50.0

% Residual Activity
no dialysis with dialysis

| hour* 24 hours 1 hour* 3 hours** 24 hours***

34.0 0.50 35.2 70.6 70.8
24.3 0.60 14.7 36.2 35.9
3.80 0.00 4.00 15.2 13.9
3.30 0.00 330 9.40 10.3
2.00 0.00 2.00 6.20 5.70
1.30 0.00 1.30 6.30 6.40

Table 3-11 Comparison of % residuals activities

of undialvwsed and dialysed 100nM HRP
solutions exposed for 1 hour to H,0,.

At this time, all samples were taested

for residual activity (*). Undialysed
samples were left to incubate for 24
hours, at which time activity was tested.
Dialysed samples were checked for activity
immediately following 3 hours of dialysis
(**) and 24 hours after dialysis (***)
(25°C, pH 7.4).
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‘Results of the 1 hour incubation experiments showed the
majcrity of inactivation occurred well within the first five
minutes of exposure of HRP to H,0,. Experiments in which enzyme
samples exposed to various ~ouncentrations of H,0, were tested
for residual activity every 5-10 seconds for one minute up to
8§ minutes, then every 5-10 minutes for a total of 20-30
minutes, were undertaken to obtain more information during the
rapid phase of inactivation. A summary of typical values
obtained and averaged from several such experiments employing
100nM HRP is shown in Table 3~12 and graphically depicteé%in
Figure 3-10. As with previous experiments, the magnitude of
time-dependent inactivation demonstrated a H;0, concentration
dependence, with an exception being consistently observed at
0.75 and 1.0mM. The most extensive inactivation occurred well
before 1 minute for all but the lowest H,0, concentration
(0.10mM) . All plots, with this one exception, exhibited
biphasicity. The shape of the 0.10mM curve may reflect a
process in which a catalytic pathway involving a non-
inactivating consumption of H,0, is predominant over an
inactivation pathway. Biphasic behaviour 1is retained upon
linearization of the data (Figure 3-11). In attempts to
qualitatively determine the order of the fast inactivation
phase with respect to H,0, concentration, values gathered over
the first minute for concentrations <1.0mM were fit to-a
linear least-squares line (Figure 3-12). This generated a

family of curves that were reascnably straight and exhibited
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(H202]

Incubation Durarion (secomds

Tortal ¢
{(mM) 5 10 30 & 3 m%
0.10 960 970 870 830 650 T.7 720 28.0
0.25 95.0 940 790 S40 S42 S10 400 60.4
0.50 93.0 900 790 S50 460 390 35.0 64.7
0.75 780 750 540 350 300 300 31.0 69.0
1.00 840 T30 510 380 340 390 350 65.0
5.00 670 560 31.0 150 143 152 15.0 85.0
10.0 200 200 210 140 150 140 120 38.0
50.0 750 750 690 610 620 530 443 95.6
Table 3-12 % residual activity vs. time of triplicates
from one experiment in which 100nM HRP was
exposed to H,0, for 30 minutes (25°C,
pH 7.4). Several values were obtained
during the first minute and used to
evaluate the rapid portions of inactivation
curves observed in Figure 3-10 below.
100
a0 (H20,]
> 80 C-\ (mM)
T -aB —_0 d ot
E I O Q
o 60 —
:g 50 Tt Dovnn ‘—.\\
o AR | | et T PO 0.25
g Q-o ____,..-—-—"—-_"' S B — Q.50
(04 30 "'“-E--- Ar-remeemmenasssasuatinsacsrsanoonns Q.75
» 1.0
20
NS | — = 5.0
10 v 10.0
0 A ) —= ¥ . , 50.0
0 250 S0Q 750 1000 1250 1500 17S0

Time (seconds)

Figure 3-10 Plot of curves obtained from time-dependent

inactivation data in Table 3-12.
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[H232]
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Figure 3-11 Linearization of data piesenﬁed in
Table 3-12.
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Figure 3-12 A closer look at the values cobtained within

the first minoute of exposure of HRP to H,0,.
(Taken from Table 3-12).
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correlation coefficients of at least 0.993. At H,0,
concentrations of 0.75 and 1.0mM H,0,, only peints obtained at
5 and 10 seconds were linear; examination of data beyond 10
seconds yielded terrible linear fits which indicated that the
majority of inactivation occurred in under 10 seconds. An
insufficient number of data points were gathered during this
period of time from the higher concentration samples due to
the inability of available equipment to follow the rapid phase
of inactivation which appeared to be complete in less than 3
seconds. This precluded similar evaluations on these
samples. From Figures 3-11 and 3-12, the slopes of the plots
representing the rapid inactivation phase become steeper with
increasing H,0, concentration, pointing to a dependence of
inactivation rate (of the rapid phase) on H;0, concentration.
Such a dependence was not observed from data obtained during
the slow inactivation portions of the curves in Figures 3-11
and 3-12.

The reasonable linear firs of data obtained during the
first minute at concentrations below 1.0mM hinted that
inactivation was a mechanism-based, £first-order process
implying that H,0, associates at the active site prior to
partaking in a chemical step in which a covalent change (in
the context of an‘irreversible change, such as an irreversible
oxidation) is initiated (Walsh, 197%). 1In this system,
substrate turnover 1s a neccessary prerequisite for enzyme

inactivation and it occurs through a transfer of oxidizing
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equivalents. Based on the occurrence of these two events, the
observed inactivation fulfills the criteria necessary for it
to be considered a mechanism-based or suicide inactivation
process (Walsh, 1977; 1979). This description concurs with
that given to this inactivation by Arnao et al. (1990a).

The biphasic shapes of the curves obtained from the
inactivation data led to the analysis, by the kinetics program
ENZFITTER™, of the goodness of £it, in a manner similar to
Arnac et al. (1990a), to an equation describing double-

exponential decay:
y = Al exp. (-kt} + A2 exp (-k,t}

This equation is the sum of two unique and sequential single-
exponential decay processes (Gentry, 1978). Al and A2 are
the positive constants representing the amplitude of
inactivation demonstrated by each process. These had to be
estimated in order for the data to be evaluated. Values for
Al were given as % remaining activities representing the
amplitude of the first decay process (the rapid phase) and
were usually estimated between 20 and 30. Estimates for A2
were taken as percent remaining activities at the inflection
points of inactivation curves where the % remaining activity
began to change little among subsequent readings (the slow
phase) . The parameter k represents the rate constant {(Kowa)

specific to each individual process comprising the whole.
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Valués for k were also estimated from the slopes of the lines
in the semi-log plets (Figure 3-11) representing each
inactivation phase (fast vs. slow) as determined above. Using
rhese estimates and raw data (% remaining activity vs. time)
collected during the first ten minutes of a twenty minute
incubation (more than an adequate number of points to evaluate
both processes), both a best fit line and inactivation rate
constants for each process were calculated. Single-
exponential decay analyses of data sets thought to represent
each individual process were performed to corroborate results
obtained from double-exponential decay evaluation. Observed
and calculated data, values for Al, A2, k, and k, obtained from
both analyses and plots of calculated double-exponential decay
curves are given in Aappendix G. All data, at all H;0;
concentrations, were successfully fitted to double-expornential
decay curves in less than 4 chi-square iterations, with
calculated values of percent remaining activity demonstrating
good agreement with experimentally obtained values (Table 3-
13, Figure 3-13). Similar agreements and curve fits were not
obtained from single-exponential decay analyses. No inference
as to the mechanism of inactivation could be made from either
analyses, and because the data conformed much better to a
double-exponential decay evaluation, subsequent kinetic
analyses were performed using data obtained from double-
exponential decay treatment only. Inactivation rate

constants, K., determined from both single- and double-
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E

0 100 98.24
5 83.6 85.21
10 733 74.33
20 60.0 5996
30 51.2 5054
50 40.1 40.78
300 M2 as.1e
609 36.7 3639

Table 3-13 Observed and calculated % remaining activity
data vs. time used for double-exponential

evaluation of inactivation from 1.0mM H,0,

aLN:'

- 0.%- 102
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o . £ Remaining
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S0 Le | 200 .00 400 50 102
Time (sec.)

Figure 3-13 Plot of cbsarved data in Table 3-13 fit

to a calculated doukle-exponential decay
curve (l.0mM H,0,).
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eprnential decay evaluations are shown in Table 3-14 for
comparison. Values of k., obtained for the slow process were
generally ill-behaved, exhibiting no clear dependence on H:0;
concentration, suggesting that more than just an inactivation
process was occurring during this time. This rendered further
kinetic analyses on the slow phase difficult and as a resule,
analyses were performed only upon Kgu values determined from
the rapid phase of inactivation. A linear least-sgquares
regression plot of ko, (fast) values determined from double-
exponential decay analysis vs. H0, concentration listed in
Table 3-14 is presented in Figure 3-14. Values for H)0,
concentrations greater than 5mM exhibited increasingly larger
error values, expressing the difficulty encountered in
obtaining a sufficient number of data points for proper
analysis during the fast inactivation phase, which was
extremely rapid and practically complete by the time of the
first activity reading at these higher concentrations.
However, subsequent attempts to fit all data ommitting these
points decreased the correlation coefficient to 0.916; this
became worse upon exclusion of all data above 1.0mM (values
never dropped below 0.90}. However, upon re-examination of
Figure 3-10, it was noted that concentrations of 0.1mM did not
exhibit the typical biphasic inactivation curves observed at
higher H,0, concentrations. If the rationale that what was
being observed in this case (and perhaps at other slightly

higher H,0, concentrations such as 0.5mM) was not entirely the
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(H:0.]
(mM)

Expouential Decay Process kolh. (fast)

10.00

Table 3-14

double
single

double
single

double
single

double
single

double
singls

double
single

double
sngls

kobg (slow)

(x107) (mizrd)  (x20P) (min?)
130+0.27 144 +0.76
038+ 0.04 1.26 +0.99
137 +0.51 036 +5.10
0.76 +0.09 3.16+0.43
373+0.75 1.09+4.32
139 +0.25 2.09 + 145

4544041 () 113+150

719+115 () 432+6.08
719+ 118 744 + 643
370052 4.76 +3.26
B4+229 599+ 346
23.5+728 640 +3.66
1166+819 39.0+36.1
489+ 156 348+217

Values of k,, and their standard errors,

raeprasenting both fagt and slow inactivation

phases, obtained hy single- and double-

exponantial deczy analyses (see Appendix G).

All valuas wera chtainsd using 100nM ERP
at 35°C, pH 7.4.
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Figure 3-14 Least-squarea linear regression plot of
ku, Valuas obtained from double-axponential
dacay analysis shown in Table 3-14 vs.
H,0, concentration: [HRP]=100nM; T=25°C,
pH 7.4.

Data Ko K Correlation
{mMD) (sect) Coefficient
entire set 0.33 0.068 0.744
- SOmM 0.24 0.054 0.731
-50 & 10mM 0.14 0.040 0.732
-50, 10 & SmM 0.09 0.034 0.683
0.10mM 23 0.94 0.96
£0.10 & 50mM 16.4 0.69 0.95
-0.10, 50 & 10mM 440 0.20 0.93
Table 3-15 Values of kinetic constants

(inhibitor binding constant) and k,...
(maximal rate of inactivation at
saturating inhibitor concentrations)
obtained from double reciprocal plots of
Kaue VS. H,0, data shown in Pigure 3-14.
Correlation coefficiants from linear-least
squares treatment of data are also
indicated.
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result of inactivation but also the'depletion of awvailable
H,0,, which was present in these solutions at concentrations
representing 2K,, then this could possibly preclude using this
point in *inactivation* analyses. Indeed, upon omission of
this point in a linear least-squares analysis of fast process
k., values, the correlation coefficient rises back to 0.925
(data not shown). A second-order inactivation rate constanc

(second-order in enzyme and H,0, ~oncentration: k

p =
k(enzyme] {H,0,]) was determined from the slope of the line in
Figure 3-14 to be 0.023 + 0.0047M's"'. The reascnable linear
behaviour of all data points in this plot suggests that
inactivation may in fact be second-order with respect to
enzyme and H,0, concentration (Adediran and Lambeir, 1989).
Therefore, it was clear that two complications were
inherent to the data that could confound further kinetic
analyses: {1) inactivation observed at and possibly higher
than 0.10mM H,0, may not be entirely due to inactivation per
se, but a depletion of substrate (F;0,); (2) inactivation
during the fast inactivation phase at concentrations above
1.0mM was too fast to be monitored with the equipment
available, yielding what was probably an insufficient number
of experimental values for proper analyses to be performed;
However, the concentration range around 1l.0mM was of greatest
practical interest because this range tended to effect the
most efficient dephenclization of waste water, the main focus

of this group's research. In spite of these complications and

8%



with them borne in mind, further analyses were performed on
the data.

Secondary reciprocal plots of kg, Vs. inhibitor
concentration vield two important kinetic parameters given in

the following steady-state equation {Walsh, 1979):

E + Ilm===E1 —> E-I K, = k../k,

Essentially a Lineweaver-Burk plot for the inhibitor, these
plots describe pseudo-first oxder kinetics of inactivation
resulting from a covalent reaction with the inhibitor pre-
bound at the active site (Fersht, 1977; Walsh, 1377). The y-
intercept gives the limiting rate constant (Kjpe or k,) or
maximum rate of inactivation when all enzyme molecules are in
the E'I complex. A finite vertical intercept indicates that
the inactivation follows saturation kinetics and serves to
further substantiate inactivation following from a pre-bound
inactivator. A horizontal intercept of -1/K; gives the
dissociation constant of the inactivator from E'I (the
inhibitor binding constant K} yielding an idea of the
enzyme's affinity for the inhibitor. Double-reciprocal plots
were constructed from linear-least squares fits of double-
exponentially obtained K. (fast) values presented in Table
3-14 in attempts to more closely examine the mechanism of
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inéctivation with respect to H,0, concentration. Attempts to
fit all data to & linear-least squares line gave reasonable
estimates of inactivation constants Ky, and Kige: 0.33mM
and 0.068sec™! (t,,; = 10.2sec), respectively; but exhibited a
low correlation coefficient of 0.744 (Table 3-15). Based on
the previously discussed complications imposed by the data to
this sort of kinetic analysis, attempts were made to fit data
sets excluding either the kg, values obtained at H0;
concentrations above 1.0mM, or at 0.10mM, or excluding both
(Table 3-15). Improvements in correlation coefﬁicients were
obtained upon omission of the 0.10mM value, but the inhibitor
binding constants became worse. Exclusion of 0.10, 10 and
S0mM k., values improved the correlation coefficient and the
inhibitor binding constant value, although it was still
relatively large (4.4mM). Taking this and the generally poor
linear behaviour of the data into consideration, it 1is
vrobable that H,0, does not associate with HRP in the sense of
a true association complex leading to a covalent interaction
of enzyme with irreversible inhibitor. The Kijnee Value
determined from the line excluding 0.10, 10 and 50mM Kg.
values and including the other determined K, values could be
used as gualitative evidence to verify the nature of
inactivation observed in this study compared to inactivation
observed by Arnao et al. (1990a). In spite of their
questionable validity, all kj,. values in Table 3-15 indicate

jinactivation to be much faster than that observed by Arnac et
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al. (k= 0.0039s""). Despite computational difficulties, this
difference is not surprising because the rates and £final
magnitudes of inactivation observed in this study were greater
over shorter periods of time than those cbserved by Arnao et
al. (compare Figures 1-3 and 3-10). However, the slower
inactivation observed by Arnao et al. is somewhat odd because
they examined inactivation at Hy0; concentrations =1.0mM;
concentrations that, in this study, resulted in incredibly
fast inactivation. Discrepancies may be attributable to the
different chromcgen systems used to evglute the residual
enzyme activity (ABTS vs. AAP/HDCBS). Sigma type IX HRP
comprised of basic isoenzymes was used in their study as
opposed to the Boehringer Mannheim Grad II HRP containing
isozyme C used in this study. Differences in behaviour
towards H.,O, have been reported to exist among HRP isozymes
(Section 1-2; Kay et al., 1967).

Despite the ambiguity of the data and differences in the
assay systems used, it was still of interest to compare,
qualitatively, inactivation results with those observed by
Arnao et al. (1990a) since they are the only group to date to
have examined inactivation of HRP by H;0, in some detail.
Parameters T., Yeo: and X + T (Section 1.4.1; Table 1-3)
were calculated for this system using k; and k, values obtained
by Arnac et al. (at a pH of 6.3, using Sigma HRP and a range
of H,0, concentrations 21.0mM; (1990a)}. The Kip.. used in

these calculations was 0.2sec™’ determined from the double -
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reciprocal plot of k., vs. H0 excluding k.. values for 100uM,
10 and S50mM. values of 8.8, 0.04 and 8.84 were determined
£Or Y., Teors: @nd Y. + Iy, respectively. Compared to values
determined by Arnmac et al. (Table 1-3) and despite the poor
behaviour of the data in kinetic analysis, these wvalues in
general point to inactivation being a more predominant process
in this system than was observed in their system; in
particular, the value of 0.04 for the parameter Ye.n suggests
inactivation to be favored over the catalytic pathway leading
to the formation of Compound III. Suppeort for this is seen
in the % irreversible activity column for'H5%°concentrations
>1.0mM in Table 3-10.

Despite the difficulties encountered in obtaining
reliable quantitative data concerning the mechanism of H,0,-
mediated HRP inactivation, many interesting and useful
qualitative details have been discovered that may be of use
for future inactivation investigations and can be added to the
meagre repertoire of information already known about this
bizarre interplay of enzyme and its *“Jekyll and Hyde-like"

s

substrate:

1. Both irreversible and reversible inactivation mechanisms
are responsible for the overall observed inactivation and this
provides evidence in support of Arnaoc et al.'s partitioning

model (1990a, b).
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2. The rate and magnitude of inactivation, particularly
during the initial rapid stages, are time-, and enzyme and H,0;
concentration dependent (second-order). Enzyme concentration
may be an important factor in protection against inactivation
at concentrations of H,0, up to and including 1.0mM. Beyond
this, extent of inactivation «ppears to be the same,

irrespective of enzyme concentration.

3. The pathway favored in Arnao et al.'s partitioning model,
which is reflected in the inactivation observed or the
intermediates formed, also appears to be H;0, concentration
dependent. Below 1.0mM, perhaps even below 0.75mM, the
formation of an intermediate (likely Compound III) which can
recover some activity lost is predominant. Its formation
diminishes but is still predominent as H,0, concentrations
approach 0.75 and 1.0mM. The irreversible inactivation
pathway becomes the more favored path as concentrations rise
above 1.0mM. The absence of apparent concentration dependence
of inactivation at 0.75mM and 1.0mM suggests that this may be
a 'junction* where both pathways are more or less favored
equally. The influence of less obvious factors may serve as
determinants in the choice of pathway followed. These results
provide evidence in support of Compound III as a protector

against oxidative damage.

4. The good fits of % remaining activity vs. time during the
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first 60 seconds of inactivation for all data to calculated
values and plots suggests that the inactivation process as a
whole, could be modelled after a double-exponential decay.
Unfortunately, no direct mechanistic inference can be drawn
from these analyses. The errors associated with calculated
k..s values are reasonable until 1.0mM H;0,; beyond this the
inactivation process becomes oo fast to be evaluated
properly. Poor behaviour of data obtained during the slow
process showed it to be more complex than either single- or
double-exponential decay, and may reflect an equilibrium
situation, rather than strictly inactivation per se, involving

a number of HRP intermediates.

S. Reasonable linear fits of most kg, vs. H;0, concentration
data offers more concrete support for inactivation being
second-order rather than a first-order process with respect to

H,0, and enzyme concentrations, despite the fact that data

collected: (1) at 0.10mM were not representative of
inactivation exclusively; and, (2) above 1.0mM were
insufficient to be properly analysed. As a resulg,

inactivation rate constants were likely underestimates.

6. Double-reciprocal plots of k., vs. H,0, concentration were
ill-behaved and exhibited poor linear least-squares fits.
This suggests that inactivation does not require a pre-

association of H,0, with the enzyme before the turnover event
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resulting in inactivation.

7. Irreversible inactivation resulting in the generation of
Compound Pg.,, has been described as slow (Arnao et al., 1990a;
Nakajima and Yamazaki, 1980} compared to Compound III
formation (20Ms"!; Table 1-3; Adediran and Lambeir, 19%89;
Nakajima and Yamazaki, 1989) and results obtained from this
study support this. Rapid formation of Compound III may
account for the initial rapid drop of activity (the rapid
inactivation phase) observed at all but the lowest H0;
concentrations.

There is slightly more evidence provided from this study
in favor of inactivation being a second-order rather than a
£irst-order mechanism-based process as described by Arnao at
al. (1990a). However, despite, in mechanistic terms, its
questionable interaction with the enzyme prior to
inactivation, the description of suicide substrate suits H;0;
rather well. 1Its turnover by the enzyme is necessary for
inactivation to occur and irreversible inactivation has been
suggested to occur at the active site (Marklund, 1973;
Nakajima and Yamazaki, 1987; Ator et al., 1987). H,0,, like
other mechanism-based inactivators, is known to behave as a
substrate for a part of the catalytic cycle and an inactivator
in others (Walsh, 1977). A “covalent” association or change
occurs by way of an irreversible oxidation leading to

subsequent inactivation. What is very clear from this study
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is that this inactivation mechanism is very complex, invelving
a number of enzyme intermediates whose appearence coincides
with H,0, concentrations and the combination o©f two
inactivation pathways. With equipment capable of efficiently
monitoring rapid processes, it wculd be useful to define, more
precisely than could be done in this study, the kinetic
parameters characterizing this inactivation process. In
particular, the determination of H,0; concentrations causing
one pathway to be favored over the other, and the extent of
this favorability would be of interest., particularily in
applications that require HRP maintain its catalytic integrity

when exposed to higher than normally tolerated levels of H,0,.

3.3.1.1 MNonitoring Spectral Changes

Experiments were performed in attempts to identify,
qualitatively, the HRP intermediate(s) present under
conditions similar to those investigated during H,0,-mediated
dRP  inactivation. Solutions of  native  enzyme, at
concentrations of 10pM and 30uM to permit reliable monitoring
of changes occurring in the Soret and far red regions (o and
B bands), respectively, were exposed to various concentrations
of H,0, similar to those used in inactivation experiments
(100pM-50mM) . Incubations were monitored spectrophotometri-
cally for periods of 1-5 minutes. Plots of visible spectra
recorded every 5 to 10 seconds for 1 minute, and every 30

seconds thereafter up to 5 minutes, were successively overlain
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on a spectrum taken of the native enzyme prior to H;0; addition
(t=0sec). Bands in the far red region are more distinct and
were used to indicate the presence of intermediates (Table 1-
1). Appendix H presents tables listing the absorbance maxima
detected as distinct peaks measured at 10 second intervals
over the reaction course. Plots showing decay and development
of distinct absorbance maxima presented in these tables are
also shown. Attempts to generate solutions exhibiting
absorption spectra characteristic to each HRP compound were
prepared from H,0, only using literature-cited recipes (Arnac
et al., 1990a; Dunford and Stillman, 1976).l Spectra were
recorded to assist in comparison of results and to enable the
identification of intermediates present when accumulation of
absorbance reached a maximum value (Figure 2-1).

Enormous differences in the magnitudes of extinction
coefficients and the presence in solutions of greater than 1
intermediate contributing to the final spectrum (Dunford and
Stillman, 1976) rendered it impossible to determine the exact
origin of the observed absorption spectra as well as the
relative concentrations of intermediates present. Therefore,
no attemﬁts were made to quantitate the amount of
intermediate(s) present over time. Rather, approximations as
to which intermediate was likelv present based solely on the
predominant absorbance maxima exhibited were made. Table 3-16
lists the intermediates estimated to be present at various K0,

concentrations and the time during the incubation when the
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(H204} Tlnse at Maximum Accumulation Compound(s)

(mM) of Absorhance (sec.) Present
0.10 K] I
1.00 30 [
10.9 90 OlPg79
250 60 I/Pg70
50.0 a0 HlPg79

Table 3-16 Summary of intermediates implicated to
be dominant, based soley.on comparisons of
observed absorption spaectra to literature
citations, during exposure of solutions
of HRP to concentrations of H,0, investigated
in time-dependent inactivation experiments.
[HRP] = 30uM; T=25°C, pH 7.4.

.7

Absarbance Units

450 Wavelength 700

Figure 3-15 Appearance of absorbance maxima at
670nm from a spectrum characteristic
of Compound III. [HRP]=30uM; [H,0;]l=
10mM; T=25°C, pH 7.4. Rach plot :
a measurament taken every 10 seconds for
a total of 60 seconds. A spectrum of
the native enzymes, showing the alpha
and beta bands is shown for comparison.
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absorbance value(s) at the characteristic peaks was maximal.
Spectra exhibiting absorbance maxima characteristic of
Compound ITI became quickly predominant {(within the first 5-10
seconds: Tables H2 and H4) at H,0, concentrations of less than
1.0mM. At and above 1.0mM, spectra identified as belonging to
Compound III formed rapidly ({also within the first S-
10seconds) and remained predominant for the majority of the
incubation period (Tables H6, H8 and H10)}. A peak recorded at
§70nm was first detected at approximately 20-30seconds and
developed slowly from Compound III's. -spectrum as the
incubation proceeded. The time until its first detection
decreased with rising H,0, concentration. Peak development at
670nm was taken to indicate the formation of Compound Py,
(Arnao et al., 1990a; Nakajima and Yamazaki, 1987). Absorbance
accumulation at 670nm was accompanied by concomitant gradual
decay of the peaks characteristic of Compound III in the far
red region at 546 and 583nm (Figure 3-15). This phenomenon has
been observed by several workers (Adediran and Lambeir, 1989;
Arnac et al., 1990a; Bagger and Williams, 1971; Marklund,
1973; Nakajima and Yamazaki, 1987). Isosbestic points at
approximately 590 and 438nm suggest that Compound Pg,, may form
directly from Compound III. However, uncertainty exists in
the origin of this spectrum being only Compound III; Compounds
I and II could alsoc be present at low concentrations and
contributing to this spectrum. There is already strong

evidence to suggest that P, forms from Compound I generatedin
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solutions of Compound III as a result from interactions
between the ferric intermediate on the path to Cpd. III
formation and excess H,0, (Arnao et al., 1990a,b; Nakajima and
vamazaki, 1987; Adediran and Lambeir, 1989%9). Once formed,
Compound I then may react with excess H;0; generating Compound
Pso (Arnao et al., 1990a; Nakajima and Yamazaki, 1987).
Solutions exhibiting a 670nm peak were a bright green colour
similar to that observed in Chance's solutions of Compound IV
{1949), reported now to have been the first evidence of
Compound Pgpp's existence (Bagger and Williams, 1971; Nakajima
and Yamazaki, 1980).

Extensive bubble production was observed during Pgy
accumulation and with prolonged exposure beyond 5 minutes,
solutions underwent a complete loss of visible spectrum. This
was observed by Bagger and Williams (1971) and Marklund (1973}
and is apparently indicative of oxidative damage at the
porphyrin resulting in ring cleavage to a linear tetrapyrrole
(Brown et al., 1968; Bagger and Williams, 1971).

These results, though qualitative, corrobate reasonably
well with results of inactivation experiments. At low H,0,
concentrations (below 1.0mM), evidence for the favored
formation of Compound III over P¢, is supported by an absence
of the 670nm absorbance maximum in these solutions. Despite
Compound Pg's low extinction coefficient (Table 1-1) which
makes its presence difficult to detect at reasonable

concentrations, negligible formation of P, was indicated
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earlier by the substantial recovery of activity lost upon
dialysis (Table 3-10). The predominance of a Compound II-like
spectrum in these solutions may result from the reaction of
Compound III's ferric intermediate with H,0, to yield Compound
I {(as described earlier in section 1.3) which is unstable and
quizkly forms II. At higher H,0, concentrations (z1.0mM),
evidence suggests that the slower irreversible inactivation
pathway is now favored (increase % irreversible activity in
Table 3-10) and becomes even more favored as H,0, concentration
rises, with 25 inactivations occurring to. every one pathway
generating Compound III (present study, Section 3.1.1; Arnao
et al., 1990a). Enough Compound III would likely still be
formed to account for the huge decreases in activity observed
during the first few seconds of inactivation at these H,0,
concentrations.

After initial and rapid generation of Compound III (the
rapid inactivation phase), perhaps a cycling of Compound III's
ferric intermediate forming Compound I (Nakajima and Yamazaki,
1987) from which two possible pathways can be followed
producing a number of intermediates, might account for the
unusual behaviour of the data obtained during the slow phase
of inactivation. It would be of interest to re-examine these
pathways in detail to derive more precise kinetic information
and in so doing, determine the approximate amounts and types
of intermediates formed under specific conditions of H;0,

concentration.
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3.3.2 Inactivation by Enzyme-Generated Phenoxy Radicals

The first workers to conduct a detailed investigation of
KRP inactivation by phenoxy radicals generated from enzyme-
catalyzed oxidation of phenol in the presence of H.0; vare Ma
and Rokita (1988). The occurrence of this type of inactivation
had been hinted at previously (Ortiz de Montellano and Grab,
1987). Inactivation was determined to be both phenol and H.0,-
concentration dependent, requiring substrate turnover and
retention of the radical at the enzyme's active site.
Molecular oxygen potentiated inactivation.- Po'ssible reaction
mechanisms or enzyme intermediates generated were not
addressed.

Inactivation of HRP by enzyme-generated phenoxy radicals
was examined under aerobic conditions to determine the effects
of enzyme, H,0, and phenol concentrations. All reactions were
carried ocut at 25°C and pH 7.4. To solutions containing HRP
and phenol, an aliquot of H,0, was added to initiate the
reaction generating phenoxy radicals. Incubations were
monitored for a total time of 20 minutes. Samples were
removed at specific times and tested for remaining activity
using the AAP/phenol activity assay, compared to a control
containing identical enzyme concentrations minus both phenol
and H,0,. All plots of absorbance vs. time were linear except
in cases of complete enzyme inactivation. Figure 3-16
demonstrates the typical inactivation curves observed at most

phenol, H,0, and enzyme concentrations. The lines shown are
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arbitrary but in general, these curves followed time-dependent
single-exponential decay. Inactivation at all combinations of
enzyme, phenol and H,0, concentrations was complete by a
maximum of 5 minutes. Residual activities at all enzyme
concentrations and at phenol concentrations of >0.2mM were
below i0% by S minutes. At phenol concentrations greater than
0.2mM and all concentrations of enzyme and H,0,, inactivation
during the first 100 seconds happened faster than inactivation
during the last 400 seconds. Inactivation at 0.2mM phenol
appeared to be almost linear with time and the % remaining
activity at 30 seconds was very often, greater than the 100%
control value, particularily at the lower phenol
concentrations (<0.5mM). Values decreased with increasing
phenol concentrations until, at phenol concentrations of 0.75-
1.0mM, the first reading at 30 seconds was below 100%. This
was likely attributable to a phenoxy-radical mediated-
activation process. Monophenol potentiation of oxidation
rates of several substrates in reactions catalyzed by HRP has
been previously observed (Danner et al., 1972). Similar
activations were witnessed at concentrations of 50nM HRP and
0.2-0.75mM phenol (at both H,0, concentrations). For
computational reasons and to facilitate the determiration of
kinetic parameters, values of % remaining activity at 30
seconds for these samples only were used as the 100% {control)
data point for subsequent calculations of % remaining activity

vs. time and single-exponential decay analysis. Data obtained
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at higher enzyme/phenol concentrations were better behaved and

did not require this manipulation.

Semi-log plots of ln % remaining activity vs. time of
data collected during the first 60-90 seconds four all samples
generated a family of lines possessing correlation
coefficients of >0.993 and demonstrating a dependence of both
rate and magnitude of inactivation on phenol concentration
{Appendix I: Figures Ila, b; I2a, b; I3a, b; Figure 3-17).
These plots are useful conventional indicators of reaction
order but first-order inactivation rate constants, Kowe wWere
not determined from them, but rather from subsequent single-
exponential decay analysis (to follow}. Plots for the most
part, were reasonably well-behaved but at all enzyme
concentrations, data evaluated beyond 90 seconds at the higher
phenol concentrations began to curve, fitting poorly to a
straight line. Table 3~17 is a summary of averaged total %
activity remaining by 120s and Smin. for various
concentrations of HRP, phenol and H,0,. In general, solutions
containing lower concentrations of enzyme exposed to low
 concentrations of phenol (<0.5mM) were not inactivated to the
extent, during the first 100 seconds (the faster portion of
inactivation observed with these curves), of solutions
containing higher enzyme concentrations at either H,0,.
However, as phenol concentrations increased, the higher
concentration enzyme appeared to be better protected. No

obvious dependence of activity loss during the initial
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(ERP)

[Phenoi] (202]  Total % Remaining Activity
(mM) (M) { :
0.2 5 0.5 81.3 65.5

) Lo 94.3 433

* 50 0.5 627 34.0
* 1.0 67.0 42.0

. 100 0.5 66.0 50.0
" i.0 60.7 37.8

0.5 - 0.5 36.5 9.34
) 1.0 383 9.50

. 50 0.5 74 6.62
. 1.0 25.9 2.67

* 100 0.5 25.3. 10.1
" 1.0 16.8 4.96

0.75 25 0.5 242 9.52
) Lo 19.3 5.90

" 50 a5 13.3 3.50
® 1.0 15.7 3.54

" 100 0.5 176 741
* L0 10.6 260

1.0 = 0.5 174 9.69
° Lo 209 3.99

" 50 Q.S 10.7 220
N K 103 . 199

» 100 0.5 14.5 1.5
" L0 7.90 161

0 = 0.5 641 9.85
. 1.0 7.30 232

¥ %0 0.5 545 114
" Lo 411 .13

" 100 0.5 19.7 22.9
* 10 260 0.36

Tabla 3-17 Summary of total % inactivation of
varicus concentrations of HRP by
enzyme-generated phenoxy radicals in
the presence of a variety of phenol
and H,0, concentrations: T=25°C, pH 7.4.
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portion or total inactivation at the end of 5 or 20 minutes
was observed with respect to the two H,0. concentrations
examined. Inactivation was not observed in solutions
containing HRP and phenol alone, indicating and c¢oncurring
with Ma and Rokita's observation (1988) that inactivation
requires phenol turnover by H,0,-activated enzyme. A greater
degree of inactivation was observed in solutions containing
HRP/H,0, and phenol compared to sclucions containing HRP and
H,O, alone (Figure 3-18) further substantiating the requirement
for catalysis. It also 1illustrates that inactivation
mediatedby phenoxy radicals was more e‘xtensive than
inactivation caused by excess H;0;. Addition of H,;0, to
solutions of HRP and phenol caused a yellow-brown colour to
appear that became darker with time. Visible absorbance
spectra of these solutions exhibited an absorbance maximum at
400nm (Figure 3-1%) and the oxidation product of p,p'-
biphenol, ‘ p-diphenoquinone, is apparently the major
contributor (€=34,700M'!cm’) (Pelizetti et al., 1974; Sawahata
and Neal, 1982).

Appendix I contains summary tables showing H;0,
consumption observed by S5 minutes in the presence of various
concentrations of phenol, H,0, and HRP (Tables Ila, b; I2a, b
and I3a, b). In general, H,0, consumption was not very
efficient at the higher H,0, concentration (1.0mM), being
generally less than one-half at the end of 5 minutes. Morxe

than half of the lower H,0, concentration was consumed by this
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time. At all enzyme and H,0, concentraticns, H;0. consumption
was approximately 200-300uM, increasing slightly with
increasing phenol concentration, but not significantly, the
exception being 25nM enzyme and 1.0mM H.0.. Here it 1is
possible that decreased H)0; consumption was due to combined
inactivation from both phenoxy radicals and excess H;0.. This
does not explain the erroneous result for 0.2mM phenol.
Beyond this concentration, phenol could serve to protect the
enzyme against inactivation, but not very well. However, %
inactivation at the end of the experiment at all entyme and
H.,0, concentration combinations approached 100% with rising
phenol concentration. Consumption of H,0, by the end of 5
minutes at 50 and 100nM HRP had improved to over one-half of
the original H,0, present. Consumption efficiency increased
little or only very slightly with rising phenol concentration.
However, at 1.0mM H,0,, consumption decreased to less than one-
fifth for the 50nM enzyme and only one-third at HRP
concentrations of 100nM. The final extent of inactivation,
therefore, appears to depend not so much on H,0, concentration
as on phenol and enzyme concentration, particularly in terms
of the enzyme's availability to both rapidly produce and be
attacked by phenoxy radicals. Incomplete consumption of H,0,
could be explained if only a certain amount was needed to
generate an adequate nurber of phenoxy radicals capable of
performing non-enzymic oxidation on other phenol molecules and

the enzyme itself. Non-enzymatically generated phenoxy

110



raaicals could continue to inactivate the enzyme and react
with phenol in the absence of further H,0, consumption.

The shapes of the inactivation curves were similar to
those obtained by Arnao et al. (1990a) during H,0,-mediated
inactivation of HRP (Figure 1-3). Successful evaluations were
performed by them using a double-exponential decay equation
identical to that used to inspect H,0,-mediated HRP
inactivation in this study. Double- and single-exponential
decay analyses were performed as described previously in
Section 3.1.1 by ENZFITTER™ using fractional.values of %
residual activity vs. time observed during the first five
minutes ({when inactivation was essentially complete) and
estimates of Al, A2, k, and k,. The majority of the data sets
behaved exceptiocnally well to single-exponential decay
analyses suggesting this to be the better model for
inactivation; major difficulties and errors were encountered
with attempts to fit data to a double-exponential decay
equation. Calculated values, fits to decay curves and first-
order inactivation rate constants, K., obtained from single-
exponential decay analyses are presented in Appendix I. An
example of a single-exponential decay curve £it to data
obtained from experiments in which 25nM HRP was exposed to
1.0mM H,0, and 2.0mM phenol is presented in Table 3-18 and
Figure 3-20. Initial values (A) are also :iven along with
the tables of observed and calculated data values. All values

were approximately 1.00, with one or two exceptioms,
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Time {(seconds)

Residual

Calculated

1 0.00000E+Q0Q 1.00000E+Q0O 1.01863E+Q0
2 3.00000E+Q1 8.22300E-01 5.63569E-01
3 6.00000E+01 2.84400E-01 3.11803E-01
4 9.00000E+01 1.45400E-01 1.72509E-01
8 1.20000E+0Q2 7.83300E-02 9.54433E~-Q2
6 1.5000QE+02 5.98500E~02 5.28054E-02
7 1.80000E+02 3.40000E-02 2.92153E-02
8 2.40000E+02 2.81000E-02 8.94285E-03
9 3.00000E+02 2.32000E-02 2.73742E-03
Table 3-18 Example data set of cobserved and
calculated fractional remaining activity
vs. time used in single-exponantial
decay analysis: [HERP]=25nM; [H,0,]=
1.0mM; [phenol]=2.0mM.
1.“‘
2 .
Fe p—
'; 0.80- a0
we -
- 9 0,00 .
go'”' "] ‘ + T
. ¢ 0.00 0.40 0.8
- € Residual
N ).48-
2
-] -
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W 0.20-
o
‘ ) F S
0.00 Tt bt 1tk s b b
0.0 040 080 - 120 L0 200 240 2% 101
Time <{(seconds)

Pigure 3-20 Plot of experimsntal inactivation

data in Table 3-18 fit to a
single-exponantial dacay curve.
Inset: plot of % rasidual vs.

% remaining for experimental values.
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indicating that the inactivation process began as soon as
activity lower than 100% was observed. For the manipulated
data (see earlier), it also suggested that the highest %
remaining activity values observed during activation (30
second readings) were reasonable estimates of 100% activity
and closely represented where inactivation commenced.
Standard errors associated with these calculated initial
values were small: typically less than 3%.

Tables 3-1%a, b, =-20a, b and -2la, b give single-
exponential decay determined k., values vs. phenol
concentration. Figures 3-21la, b, -22a, b and 23a,b are plots
of this data fit to a linear~least squares line. Values for
k.s exhibited phenol concentration dependence and to some
extent, enzyme concentration dependence, which supports the
hypothesis of the more enzyme present, the more radicals are
generated to inactivate the enzyme and the easier it becomes
for these éadicals to find an énzyme molecule to inactivate.
In all plots except 100nM HRP and 1.0mM H,0, (all values fell
on a straight line) the value for 2.0mM phenol is excluded.
Inclusion of this value at the low enzyme concentration
yvielded what appeared to be saturation curves that behaved
poorly upon attempts to linearize all data (see insets of
Figures 3-2la, b; -22a, b and -23a, b - arbitrarily fit
curves). This was not such a problem at enzyme concentrations
of »>25nM: in general, when the 2mM values were used, these

curves became more linear, exhibiting correlation coefficients
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{Phenol| Koy (10 ) (sec )

(M) (singie-exponeatial decay)
0.2 6.44+0.13
0.5 9.65 +1.08
0.75 1690+ 1.13
1.00 20.65+0.72
.00 22.56 +0.47
(a}
[Phenol} ks (x183) (soc))
(mM) (single-sxpemential decay)
02 4534034
0.5 13.34 + 057
0.75 17.59+ 148
100 19.61 £1.74
] 19.73+ 1.04
(b)

Tables 3-19a, b Values of k,, calculated from
single-exponential decay analysis
for {ERP]=25nM and (H,0,]=0.5mM (a)
and 1.0mM (b).
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Pigure 3-21a, b Plots of k,, vs. phanol concentration
data in Table 19 (a) and (b),
respectively. Inset: values fit to
a second-ordar (with respect to phenol)

regression curve (same axes labels as
primary plot).
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{Phenol} Kops (10 %) (sec'])

(aM) (single-sxponsntial decay)
0.2 187+0.26
0. 11,90 +0.56
0.7S 16.44 +0.38
1.00 13.51+0.84
2.00 29.66+123
(a)
[Pheoel] Koy (x20 3) (sac’))
(mM) (single-expenential decxy)
.2 4514064
s 10.35+0.87
0.78 1595+0.62
1.00 19.15+ .05
2.00 31.04 +0.69
(b)

Tables 3-20a, b Values of k,, calculated from
single-exponential decay analysis
for [HRP]=50nM and [H,0.]=0.5aM (a)
and 1.0mM (b).
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Pigure 3-22a, b Plots of k,, vs. phanol concentration

data in Table 30 (a) and (b),
respectively. Inset: values fit to
a second-order (with respact to phanol)
regrassion curve (sama axes labels as
primary plot).
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{Phenol] Kopg (X106 3) (sec-])

{mM) (singlo-expensntiai deczy)
02 265+0.24
9.5 11.29+ 1.03
0.78 (5.79) + 0.53
1.00 16,44 + 208
200 19.12 + 547
(a)
[Phenei] Kopg (x10 3) (2ecl)
(mM) (single-expensntial decay)
02 331+02¢
05 1490 +0.73
0.73 19.68+0.96
1.00 26.02+1.43
0 4562+ 159
(b}

Tables 3-21a, b Values of k,, calculated from
single-exponential decay analysis
for [HRP)=100nM and [H,0,]=0.5:M (a)
and 1.0mM (b).
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Figure 3-23a, b Plots of k,, vs. phenol concentration
data in Table 21 (a) and (b),
respectively. Inset: wvalues fit to
a second-order (with respect to phenol)
regression curve (sams axes labels as

primary plot).
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of 0.97 te 0.993. Inactivation at 2.0mM phenol was very
rapid: the first point observed at 30 seconds indicated the
major portion of inactivation to have occurred prior to this
time. Much like H,0,-mediated enzyme inactivation, it was felt
that phenoxy radical enzyme inactivation, especially at higher
concentrations of both phenol and enzyme, was too rapid to be
accurately monitored by available equipment. An insufficient
number of data points were likely procured during the initial
stages of inactivation to be analyzed precisely. This in
turn, renders these k,, values, at this high concentration of
phenol, underestimates of the true inactivation rate, at least
at the higher phenol concentrations. If this argument
follows, than the apparent linear behaviour of the data in
these plots points to inactivation being a pseudo-first order
process with respect to phenol concentration or perhaps more
accurately, phenoxy radical concentration. Once formed, the
phenoxy radicals are capable of carrying out oxidations
mimicing enzyme catalysis of phenol, making it appear as if
the enzyme is non-saturable with respect to phenol
concentration. However, support for inactivation being second-
order rather than first-order is supplied from reports of
second-order reactions of phénoxy radicals with a variety of
molecules (Tripathi and Schuler, 1984; Ye and Schuler, 1989).
Plots of k., vs. phenol concentration then behave according to

the equation:
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kobs = kapp [I]

where [I) represents phenol concentration. The slopes of
these equations yielded the second-order inactivation rate
constant k,,,. Table 3-22 lists the k,,, values determined from
each pleot. A mean k,, was calculated from these values to be
{1.93 + 0.391) x 10M''sec’!. Close agreement among these
values, indicated in the relatively =mall standard deviation
(accountable by an insufficient number of data points gathered
during the initial stages of inactivation), further supports
phenoxy radical inactivation of HRP to be a second-order
reaction.

Inactivation kinetics become more complex in the presence
of donor substrates, which upon conversion into free radicals,
may leave the active site and inactivate the enzyme again at
the active site or at a protein moiety remote from the active
site (Yamazaki et al., 1960). Treatment of inactivation as
one of competitive/un- or non-competitive is precluded by the
absence of a detectable Michaelis-Menten complex of the
inhibitor and the enzyme {(Dunford and Stillman, 1976) and the
irreversibility o¢f the process. However, despite these
limitations, the inactivation observed closely resembles that
examined by Ortiz de Montellanoc et al. (1988) during sodium
azide mechanism-based inactivation of HRP. As with phnenol,
sodium azide had to be catalytically turned-over in the

presence of H,0,, producing the azidyl radical. This radical
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[HRP] (H20,)

kapp
(M) (mM) (x 10 2 Mrlsec)

0.5 L87 + 0.240

" L0 1.88 + 0.347
50 0.5 1.85 + 0.301
" 1.0 . L87+0.131
100 0.5 1.39 + 0.596
" 1.0 2.71 + 0.270

Table 3-22 Valuas of k,,, thas second-order
inactivation rate constant, obtained
from the slopes of plots of k,, VS.
phenol concentration ir Appendix I.
Prom these values a mean k,, value
was determined to be (1.93 & 0.391)
x 107 sec™? at 25°C, pH 7.4.

122



remained at the active site once produced and completely
inactivated the enzyme in a time-dependent manner producing a
series of linear ln % remaining activity curves that became
less linear and more curved over smaller periods of time as
substrate concentration rose. The inactivation reaction took
place primarily at the prosthetic group of the heme rather
than with the protein matrix. A& similar sort of inactivation
was observed by Ator et al. (1987) during exposure of HRP, in
the presence of H,0;, to phenyl- and alkylhydrazines. The site
of attack of both the bigger and bulkier phenyl radical
intermediate of phenylhydrazine and the smaller hydrazine-
derived alkyl radicals was shown to be primarily at the
exposed d-meso carbon of the porphyrin with some secondary-
inactivation resulting from attack at the 8-methyl group
(Figure 1-1). Inactivation occurred at the level of Compound
II and produced an intermediate bearing a visible spectrum
similar to that of choleglobin, an intermediate found along
the path to oxidative hemoglobin degradation that possesses a
cleaved porphyrin prosthetic group. Inactivation by phenyl-,
as opposed to alkylhydrazines, occurred too fast for kinetic
parameters K, and K. to be obtained: a similar difficulty
was encountered in this study. Both groups demonstrated that
catalytic turnover was essential to inactivation and that
inactivation was a pseudo-first order process, dependent upon,
contrary to our findings, H,0, concentration. Along with the

irreversibility of inactivation, these criteria prompted them
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to describe inactivation as a mechanism-based process.
Observance of identical criteria in this study permits this
process to also be labelled as a mechanism-based inactivation.
No such attempt was made to discuss the inactivation mechanism
observed by Ma and Rokita (1988). However, it too was time-
and phenol coucentration-dependent, requiring substrate
curnover.

The single-exponential decay equation used to obtain the
first-order inactivation rate constants kg,. served as a
simple and reasonable model to analyze this process. Despite
the difficulties encountered in obtaining reliable kinetic
parameters when evaluating HRP using traditional kinetic
techniques, the general trends, such as effects of enzyme,
phenol and H,0, concentration were unambiguous rendering more
complex kinetic analyses unwarranted for the purposes of this
study. - However, for future investigations, with the proper
equipment, it would be of interest to determine the exact
order of inactivation with respect to phencl and H)0, (if
applicable). It might then be possible to determine more
reliable kinetic parameters (K;, Ky and kg, over a broader
range of phenol concentrations). With these values, it might
also be possible to determine if a partitioning bhetween
pathways, one catalytic and the other inactivating, perhaps at
the level of Compound II, exists as suggested by Ator and
Ortiz de Montellano in alkylhydrazine mechanism-based

inactivation (1987). A partition ratio could then assist
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researchers, particularly those interested in working under
conditions in which HRP could potentially become inactivated,
in determining the appropriate concentrations of substrates to
use in order to prevent Or minimize inactivation, prolonging

enzyme lifetime and utility in a number of applications.
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CHAPTER 4

SUMMARY AND CONCLUBIONS

The focus of this study was to characterize the time-
dependent inactivation of HRP by H,0, and enzyme-generated
phenoxy radicals. Analytical methods used to detect and to
evaluate inactivation were investigated and if needed,
optimized, permitting both qualitative and quantitative
evaluation of inactivation.

Isoelectric focusing of the BM. HRP Grad II preparation
revealed the presence of only catalytically identical
isoenzymes B and C. Absence of other possible contaminating
isozymes rendered the subsequent kinetic investigations
exclusive to the behaviour of these catalytically identical
isoenzymes.

The K, and k.., based on H,0,, HDCBS and AAP substrates
in the HDCBS/AAP colourimetric assay used to evaluate
remaining activity during H;0, time-dependent inactivation

of HRP, were determined to be (T=25°C, pH 7.4):

K, (mM): H;0, - (41.01 + 1.15) x 107}
HDCBS - 1.4 * 0.148

AAP - 3.94 + 0.847

k.. (min.?'): H,0, - 800
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HDCBS - 1,200

AAP - 1,000

The assay recipe was not changed from its original format
used by previous investigators working in this laboratory
(Artiss et al., 1981; Harake, 1986) (see Appendix B).

K, and k.. based on H,0, and phenol substrates in the
AAP/phenol colourimetric assay used to evaluate remaining
activity during phenoxy radical time-dependent inactivation

of HRP, were determined to be (T=25°C, pH 7.4}:

I{m (InM): HzOz - 0-152 > 0-050

Phenol - 1.37 + 0.12

kcat (min.-l): H202 - 21;800
Phenol - 26,700

Optimal rate generating concentrations of components were
determined to be 10.0mM phenol, and 0.4mM H,0,. Inhibition
was observed with increasing AAP concentrations. Therefore,
its concentration was kept at 0.84mM, based on Suntory
Enzyme company's recommendation for this same assay.
Time-dependent inactivation by H,0, appeared to exhibit
mechanism-based kinetics with respect to H,0, concentratisn.
Inactivation curves of % remaining activity vs. time

exhibited a rapid phase, in which the magnitude and rate of
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activity loss during the first 0-60 seconds for most samples
were H.0, concentration dependent. This phase was followed
by a slow phase characterized by a gradual loss of encyme
activity that was neither time- nor H,0, concentration-
dependent. The presence of donor substrates, HDCBS and AAP,
served to protect the enzyme from inactivation. A pseudo-
first order inactivation rate constant, Kk,,. was determined
for each H,0, concentration using double-exponential decay
treatments of the rapid inactivation data. Plots of all kg,
values vs. H,0, concentration were reasonably linear,
pointing to a second-order dependence on both.enzyme and
H,0, concentration. A k,, of 0.023M's"! was calculated from
the slopes of primary k.. vs. H,0. concentration plots.
However, inactivation was too rapid at concentrations >1.0mM
to follow and evaluate properly. How much of a role
inactivation played at low H,0, concen-trations (ie. 100uM)
where subsérate depletion was very likely responsible for
the cbserved hyperbolic rather than biphasic curves, was
questionable. Despite this, a gualitative maximum rate of
inactivation, Xjn... was determined to be around 0.20sec™
{t,,, = 3.5sec) and an inhibitor binding constant, Kip, was
approximately 4.4mM. In general, these double-reciprocal
plots were ill-behaved suggesting there to be no stringent
association between the enzyme and H;0, prior to
inactivation. The entire inactivation process was more

complex than either double- or single-exponential decay, and
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invoived both a reversible inactivation pathway leading tc
Compound III, which likely accounted for the observed rapid
jnactivation, and a path leading to an irreversibly
inactivated intermediate, Compound Pgs- Formation ©f Py
and an equilibrium situation of Compound III and othier HRP
intermediates probably accounted for the slow phase of
jpnactivation. Formation of Py, along the irreversible
inactivation pathway appeared to ke favored at H;0;
concentrations >0.75mM; likewise, Compound III formation
appeared to be predominant at lower concentrations.
Enzyme-generated phenoxy radical inactivation was
rapid, time-dependent and irreversible, requiring substrate
turnover, and appeared to be second-order with respect to
phenol concentration. Generally, at low phenol
concentrations, low enzyme concentrations were not
inactivated to the same extent as higher concentrations. The
converse was observed at higher phencl concentrations. Rate
and magnitude of inactivation were not obviously dependent
on H,0, concentration. Values of Kg, obtained using a single-
exponential decay equation were likely under-estimates of
the true values, at least at phenol concentrations of
greater than 1.0 or 2.0mM; however, they were dependent on
phenol concentration. A second-order inactivation rate
constant k,,, was determined at all HRP concentrations to be
(1.93 + 0.391) x 10Ms* (T=25°C, pH 7.4). Based on the

irreversibility of inactivation and the requirement for
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phenol turnover, inactivation appears to be mechanism-based.
The final event leading to inactivation is likely the same
in both H,0, and phenoxy radical inactivations (oxidative
cleavage of the porphyrin ring). However, the mechanisms

leading to this final stage of inactivation are different.
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APPENDIX A

CALCULATION OF HRP CONCENTRATION FROM BORET (404nm)
ABSORBANCE

The Soret band is an intense absorbance maximum (€ = 10%)
observed during uv./visible spectrophotometric examination of
hemoproteins containing a Protporphyrin IX prosthetic group
(Figure A-1). It aphears toward the far uv. (400nm) and it is
characteristic of macrocyclic conjugation due to allowed m-m*
electron transitions in a location remote from the iron ion
(Saunders et. al., 1964; Brill, 1977; Smith, 1875). In a
heterogeneous sclution of proteins, the absorbance at this
wavelength can be used as a direct inaication of heme protein
concentration, as long as the extinction coefficient is known.
This circumvents using the absorption maximum, characteristic
to all proteins, located in the uv. around 276 nm, which is
the result of electron density associated with aromatic amino
acid residues such as tyrosine ard phenylalanine. To
determine the concentration of HRP stock solutions, the
foliowing calculation was performed (€404 = 102,000 Ml/cm;

Everse et. al., 1990)
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Absorbance 404nm + 102,000 M'/cm = molar concentration

(mel/L)

To determine ¢the concentration in mg/mL, the molar

concentration was multiplied by “he molecular weight of HRP

140,000 g/mole):

molar concentration HRP (mol/L) 't 40,000 g/mole = g HRP/L

Concentration in mg/mL:

g/L x 1000 mg/g x 1 L/1000mL = mg HRP/mL

The above calculations are based on the assumption that HRP is

the only hemcprotein present in the sample.
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Figqure A1 Visidle spectrum of native NRP

138




APPENDIX B
HDCBS/AAP ACTIVITY ASSAY AND CALCULATION OF SPECIFIC
ACTIVITY
Bli. Activity Aaazay:

In a typical catalytic cycle, HRP is oxidized and
consequently activated by a molecule of H;0,. In this
activated state, HRP can readily oxidize a variety of electron
donors. 4-aminoantipyrine (AAP) is an éxample of a donor
substrate which has been shown to be oxidized by HRP
intermediates to cationic electrophiles (Griffin, 1977;
Griffin and Ting, 1978; Porstman et. al., 1981). Once
generated, these electrophiles can react with electron-rich
aromatic compounds to produce a chromogen (Griffin, 1977;
Griffin and Ting, 1978). The rate of production of the
electrophilic species from the electron donor is dependent on
the donor itself and HRP, but is independent of the aromatic
compound. Consequently, enzyme turnover of substrates into
final dye product is dependent only on the concentration and
structure of the electron donor.

AAP is an excellent electron donor substrate of HRP and
has been used with phenol as the aromatic partner for activity
determinations (Conyers et. al., 1991; Gallati, 1977; Griffin,
1977; Porstmann et. al., 1981). HDCBS has been found by other

workers in this laboratory (Artiss et. al., 1979; 1981) to
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work effectively as the aromatic compound. Non-enzymatic
courling occurs with the AAP cation radical through
displacement of the chlorine atom para to the hydroxyl group
(Emerson, 1943; Artiss et. al., 1981), yielding a stable and
soluble product, which is probably a quinonimine (Abs. maximum
510nm) %y analogy to the one proposed to be gesnerated in the
reaction of AAP with phenol (Figure Bl-l) (Emerson, 1943;
Gallati, 1977). The initial velocity of this HRP catalyzed
reaction is linear (at saturating concentrations of all
substrates and low enzyme concentrations) and readily measured
over a period of 30 to 60 seconds.

Using the nomenclature of Cleland (1963), HRP has been
characterized as exhibiting a Ter Bi Ping Pong (Porstmann et.
al., 1981; ¢Childs and Bardsley, 1975) (Figure Bl-2) or a
Peroxidase Ping Pong (Everse et. al., 1990) reaction mechanism
in which H,0, is the first substrate to be reduced, producing
H,0 which is subsequently released from the active site.
Griffin (1977) has suggested that Cpds. I and II of HRP are
able t~ oxidize AAP in a 2 electron transfer reaction
generating an aminoantipyrine cation free-radical (Figure Bl-
3). This free-radical reacts with a molecule of HDCBS while
another AAP molecule enters the active site to be similarily
oxidized. Griffin and Ting (1978) suggested that the
aminoantipyrine cation radical may undergo further enzymatic
oxidation to yield an iminium cation, which is then hydrolyzed

into an amine and formaldehyde, but that other
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Mo, ":.,ﬁi, . ?_..__ﬂl—‘jﬁé.m

Figure Bi-1 Reaction scheme of AAP and Paenol
in the presence of ERP and H;0.
(Gallati, 1977).

rigure Bi-2 Peroxidase ping-pong mechanism
(Everse et al., 1990; childs and
Bardsley, 1973).
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RN-CHy === RN-CH;: —= RN'=CH,
Amincantipyrene Aminopyrine Imminjus Cation

FENFE + HéB-HO

Tormaldabhyda

rigure Bi-3 Reaction of AAP with oxidised ERP
with Compounds I and II (Griffin and
Ting, 1978).
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routes of oxidation were likely to be more prevalent. However,
in contrast to Griffir and Ting's reaction scheme, Gallati
(1977) suggests that the Trinder reagent, AAP, 1is not
recognized as a substrate by the enzyme in the coupled
reaction with phenol. Rather, he reports that phenol is
enzymatically oxidized to a quinone, which then undergoes
nuclecphilic attack by the nitrogen atom of the amino group on
the AAP molecule to form a Schiff base, producing the
quinonimine product. A variety of phenolic derivatives can
also undergo enzymatic oxidation as the donor substrate
(Saunders et al., 1964) and the question arcose as to which
substrate, AAP or phenol/phenolic derivative, was the first to
react with the enzyme. However, unpublished work performed in
this laboratory (Baynton, 1988), in which solutions containing
H,0./AAP and H,0,/HDCBS were passed through Whatman filter
paper, to which HRP had been chemically immobilised, into
solutiors containing non-enzymatically exposed HDCBS and AAP,
respectively, suggested that the reaction scheme proposed by
Griffin and Ting is the chromogen forming reaction and that
HDCBS is not a direct substrate for the enzyme, despite its
phenolic nature. Solutions containing the H,0./AAP couple,
passed through the enzyme-containing filters into a solution
of HDCBS produced the typical pink colour observed in the
activity assay (A max = 510 nm). No colour formation was
observed when the sclution containing the H,0,/HDCBS substrate

pair was passed through an enzyme-immobilised disk into the

143



solution containing AAP.

The AAP/HDCBS chromogenic system has proven to be most
effective in determining HRP czctivity and sensitivity
correlates well to literature values obtained employing
similar as well as other popular, well-studied chromogenic
systems (Purcell et al., 1978; Putz et al., 1976; Peake et

al., 1978; Conyers and Kidwell, 1991).

Assay Recipe: To a 1.5mL semi-micro cuvette measure the

following:

500uL 18.0 mM (4.8 mg/mL) HDCBS
250uL 9.6 mM (1.95mg/mL) AAP
S0=-100uL 0.1 M NaPP, pH 7.4

50-100uL, HRP sample

Initiate the reaction by the addition of 100uzL of 1l.C0mM H,0,
(prepared from a 10-fold dilution of a 10.0mM H,0,: 56aL of
60% (v/v) H,0, stock solution made up to 100mL in distilled
water). Monitor the reaction at S510ma for 30 to 60 seconds

(Figure Bl1-4).

Reaction Blank: all of above components with 100uL water in

place of H,0,.
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Pigure Bi-4 Increass in adsorbance at 510am vs.
time (EDCBS/AAP activity assay).
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B2 .‘ Specific Activity Calculation (U/mg):

The initial rate of the reaction is determined from the
average slope over a range of data (AAbs. 510nm/min.). Using
this value, the specific activity (the number of umoles
substrate consumed/product preoduced per mg of enzyme) is
calculated using an extinction coefficient of 25,000 M'i/cm

(based on H,0,) as follows:
slope (AAbs. 510nm/min.) + 25.000 M'!'/cm = M/minute
Reaction volume = 1.0mL. Therefore:

M/minute x 0.001 L X 10°° umoles/mole = pmoles/minute or

u

U + mg HRP (based on heme absorbance) = U/mg
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APPENDIX C

PHENOL/AAP ACTIVITY ASSAY REAGENT

This chromogenic system has been investigated by other
researchers for its usefulness in the determination of HRP
activity (Porstmann et al, 1981; Gallati, 1¢77; see Appendix
B for proposed reaction scheme). Generally, 1t is less
sensitive (lower abs. 510 values vs. time and extinction
coefficient: 6,000M!/cm) than other popular chromogenic
systems used to determine HRP activity. But for our purposes,
it was ideal. The saturating phenol concentrations present in
the reagent countered any possible interferences by phenol
arriving in the samples taken from incubation mixtures. As
observed with the HDCBS/AAP activity assay, linear plots of
abs. 510nm vs. time are obtained for the first 30 to 60
secorids of the reaction under conditions of saturating
substrate and limiting enzyme concentrations. The slope
(rate: Abs. 510nm/min.) is calculated over a range of
averaged data points, and values obtained for incubation
samples could be directly éompared to rates obtained for
control samples containing enzyme alone.

To prepare the reagent, measure into a 25-30mL graduated

cylinder:
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3.4 mg AAP (0.171 mg/mL; {final] = 0.84mM)
18.82 mg phenol (crystals) (0.804 mg/mL; [final] =
10.0mM)
800 nL 10.0 mM H,0, (0.034% (v/v); [final] = 0.4mM or

0.0014%)
1.6 mL NaPP, pH 7.4

Make up to 20mL with distilled water. Measure into a 1.5 mL
semi-micro cuvette enough reagent so that HRP arriving from
the sample has a ([final]l (in a 1.0mL react;on velume) of
approximately 1-50 nM (1-50 pmoles) (ie. 800uL reagent + 200uL

sample containing 100nM HRP). Follow the colour development

at 510nm.

Blank: above volume of reagent + volume of NaPP, pH 7.4 equal
to the sample volume.

Aan extinction coefficient was determined for this
activity assay (based on H,0,) to be 6,000M'/cm (Figure Cl;

see Methods section 2.2.4.2).
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S10nm

ABS.

0 H2021 M 100

Figure C1 Standard curve of absorbance at 5i0nm

vs. hydrogen peroxide concentration:
determination of extinction coefficient.
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APPENDIX D

CALCULATION OF PEENOL CONCENTRATION FROM UV.

BPECTRUNM
Molar Concentration:
Abs. 272nm X 1000mmole/nole = mM (phenol)

1,300 M'/cm *

(* determined from workers in this laboratory)

concentration in mg/mL:
M [phenol] X MW. phenol (54.11 g/mol)

(Figure D1: u.V. absorbance spectrum of phenol solution)
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Pigure D1 UV. absorption spectrum of 0.5mM
solution of paenol (in 0.1X phosphate
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APPENDIX E

HYDROGEN PEROXIDE ASSAY AND CONCENTRATION

DETERMINATION

Bl. Colourimetric Reagent Recipe:
This reagent will detect H,0, concentrations ranging from

100uM to 1.0mM. To a 50mL graduated cylinder, measure:
20.25 mg AAP (4.1mg/mL; [final] = 2.0mM)
1.39 mL 0.375M phenol stock (0.941mg/mL; (final] = 10mM)

1.08 mL 2.3uL BM. HRP (0.092 mg/mL; [final] = 5S0nM)

Make up to 50mL with NaPP, pH 7.4. Meagure BOOuL of reagent

int~ 1.5mL semi-micro cuvette. To this, add 200uL sampie.

Standard H.,0, Sample; 800uL reagent + 200uL of stock H,0,
representing the final concentration of H0, present in the

sample at t = 0 seconds.

Blank: 800xL reagent + 200uL water.
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E2. Calculation of H,0, Concentration:

7 X [H,0,] standard = [sample]
Abs. 510nm H,0, stanaard
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APPENDIX ¥

SAMPLE CALCULATIONS OF SPECIFIC ACTIVITY AND
kc.lt:

(HRP concentrations are based on the heme absorpticn at 404nm,
as shown in Appendix A).

1. 8Specific Activity:

A.U./min. x volume of activity assay = moles/min.
25,000 M

moles/min. % 1x10° umoles/mole = umoles/min. = U

Amount of HRP in sample: mg based on heme concentration:

Specific Activity = U/mg HRP in sample

eg. 0.7411min* x 0.001L = 2.9 X 10'moles/min.
25, 000M!
2.9 % 10°moles/min. x (1x10° umoles/mole) = 29U

specific Activity: _29U = 145U/pg HRP
0.2mg

2s  Koael

U/umoles HRP (based on heme concentration) = amount of
substrate molecule turned over/min.

eg. ____29U = 5,800min™
S x 10 umoles

7
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APPENDIX G

% remaining activity vs. time data from K0,
-mediated time-dependent inactivation of HRP,
fit to curves representing double-exponential
decay described by the equation:

¥y = A1 exp -kt + A2 exp -k;t

and tables of data evaluated using single-exponential
decay equations used to evaluate the fast and slow
inactivation phases individually. Data analyses were
performed by the ensyme kinetics program Ensfitter™,
Tables of experimental values and values calculated by
Engfitter™ are presented along with plots illustrating
the fit of the data to the calculated double expon-
ential decay equation. Tables of determined Al, A2,
-k, and -k, off values are also given.
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Time (sec. 5%

0 100 99.73
s 96.0 97.28
10 9.5 95.04
20 91.0 91.11
30 87.2 87.31
50 83.0 $2.70

300 69.0 69.02

600 66.0 €5.99

Table G1 Observed and calculated % fmin:lng activity
data vs. time used for double-exponential
decay evaluation (i100zM H,0,).

Data evaiusted for rapid phase:
Iime(sor) % Remmiginx(Obweved) _ Culvwines
o 100 99.00
5 9.9 97.15
10 %.5 9534
20 1.0 9131
» $72 3841
s 8.2 81.99
Data evaluated for slow phase:
5o 2.0 7.7
300 69.0 7434
600 6.0 71.59
m n" “-,‘
1200 69.0 66.40

Table G2 Observed and calculated ¥ remaining activity
data vs. time used for single-exponential
decay evaluation (100uM H,0,).

156



Expoosatial Inittal Value Inittal Value

ky FastPhase  kj Slow Phase
Decay Process (A1) (A2) (x10-2) (x104
—_— (7D
double 2730+2607 7153 +2.600

1830240267  1.437+0.75%

single 0010832 TLISHSOI0 037710036  1256+0.98S

Table G3 Values of A1, A2, -k, and -k, and their
standard error detarainsd for double-
and single-exponential decay processes

(100uM R.0,).
3 1.00:
- 0.92- |=“°i L 1o

- b._' ]
® o.m- - | Ll
- - -] ¢ ) .

0.84- K 0.5 ,
: o.“: = Remaining |
-t -
5 0.75:
g 0.72-
| o.62-
0.00 1.00 .00 3.00 4.00 .00 10
Time (zec.)

Yigure Gi1 Plot of observed data fit to calculated
dounle-exponential decay curve (100uM B,0,) .

(Inset: plot of % residual vs. & remain-
ing for obszerved values).
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ime (sec. %

0 100 1008
5 93.1 93.71
10 95 91.08
20 9.7 ' $3.00
30 789 7636
50 66.4 65.13
300 45.6 431.56
600 422 412.39

Table G4 Observed and calculated X remaining activity
data vs. time used for double-~exponential
decay evaluation (SoouM H,0,).

Dats evaluated for rapid phase:
¢ 100 912953
-] ”°1 95.2%
10 89S ”7.72
20 9.7 4.9
b | ™0 e
5 6.0 67.6)

Data evalusted for slow phase:

300 45.6 4.09
600 422 4192
900 393 R1
1208 3.7 .67

Table G5 Observed and calculated ¥ remaining activity
data vs. time used for single-exponential
decay evaluation (S00uM B,0,).
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Exposential Inittal Value Initial Value kg Fast Phase

kg Slow Phase
Decsy Process (A1) (A2) (x10-%) (2074
%
doudle 5699+ 10445  4381+10504 1369+0.508  0355+5.103
singie 989741960  50.68+1650  0.762+0.092  3.163 +0.431

Table G6 Values of A1, A2, -k, and -k, and their
standard error determined for double-~
and single-exponential decay processes
(S00uX H,0,).

-~ 16'2 t

e o 2
a.a %=

L4
4

.

ohe

“ Remaining fRotivity
@

0.00 1.00 200, 3.00 4.00 5.00 102
Time (sec.)

Figure G2 Plot of observed data fit to calculated
double-exponential decay curve (S00uM H,0,).
(Inset: plot of % residual vs. & remain-
ing for observed values).
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g
s
2

0 100 95.62
5 779 84.55.
10 753 7535
20 62 61.39
30 53.6 51.76
50 405 40.53
300 .7 29.64
600 37 28.69

Table G7 Obcerved and calculated % remaining activity
data vs. time used for double-exponential
decay evaluatioa (750uk H0,).

Data evaluated for rapid phase:

Thme(sec) % Remaininx(Observed) ___ Calculsted

o 100 93.09

] TS L N

10 753 T1.87

20 - 623 €12

» 536 5234

4 46.6 43.76
Data evaluated for siow phase:

Time(sec) % Rewslniag(Observed) __ Cajcuiated

S0 @2 3878
300 37 3393
600 299 3136
200 R0 92
1200 n7 n.a1

Puble G8 Observed and calculated ¥ remaining activity
data vs. time used for single~exponential
decay evaluaticn (750uM K.0;).
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Exponentia}
Decay Process

double
single

Initial Valve
(A1)

6499+ 5597

9307+3.789  36.12+3.52%

Initial Valoe IthnPhua k;sthhua
(A2) (x10°2) (x1074
30.62 +5.780 373 + 0,747 1.090 + 4319

1587+0252  2.093+1.448

Table G9 Values of Al, A2, -k, and -k, and their
standard error determined for double-
and single-exponential decay processes

(750uM RH0,).

Remaining Activity

7%

|

- 10~2 , '
0.50
3 o.oo{o—rﬂ'—*—p-l—t

L _-aw1 Co i
0.60- o 600 1071

% € Remaining
0.40- X\k

0.00 100 200  3.00 400  5.00 102

Time (sec.)

rigure G3

Plot of observed data fit to calculated

double-exporential decay curve
(Inset: plot of % residual vs.

iag for observed values).

l6l

(750uM H,0,).
% zemain-



Time (sec. % R b

o 100 "n.24
5 8.5 85.21
10 733 T4.83
20 60.0 59.96
30 51.2 50.54
56 40.1 40.78
300 3462 35.10
600 36.7 3639

Table G10 Observed and calculated ¥ remaining activity
data vs. time used for double-sxponential
decay evaluation (1.0mM H,0,).

Data evaluated for rapid phase:
Time (sec.) % Renmining (Observed) Calcuiated
0 100 93.35%
5 33.6- 85.35
10 733 77.63
20 0.0 4.21
v k] 5.2 5311
X 40 47.2 43.93
50 40.1 _ 36.34
Data enllntulqtor slow phase:
T! soc, % B ted
50 40.1 J7.19
60 376 37.20
30 .2 ¥7.59
600 36.7 35.08
990 n9 33.53
1200 40.2 39.08

Table Gil Observed and calculated ¥ remaining activity
data vs. time used for singls-exponantial
decay evaluation (1.0mM EH,0;).
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Exporential Imgal Value Initial Valoe kq Fast Phase  kj Slow Phase

Deczy Process 1A1) (A2 (x10-2) (x104
double 6431+2225  3393+2.197  4536+0407  -1126+1.504
single 9385+3.243  ITI1+1546  1397+0.184 4324 +6.079

Table Gl12 Values of Al, A2, -k, and -k, and their
atandard error detarmined for double-

and single-exponsntial decay processes
(1.0mM H,0,).

ml-oo: o I
E 0.9 L ';10'2 .
- =
D 0.80- T 00
0 - -\ W | ) |
<€ 0.10- o 0.60
oy - 1 ® Remaining
Sooe- |4 [
: - 11
head -
7 050 | &
E - x
3 o0 \ L
X 0.0 L0 200 300 400  S00 102
Time (sec.)

Figure G4 Plot of obsarved data fit to calculatid
double-exponential decay curve (1.0mM H,0,).
(Inset: plot of % residual vs. % remain-
ing for observed values).
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0 160 96.31
5 663 7.12
10 56.4 57.02
20 40.7 37.30
k) 31.0 28.35
50 230 2132
o 143 15.56
600 139 12.76

Table G13 Observed and calculated ¥ remaining activity
data va. time used for double-exponential
dacay evaluation (S5.0mMN H,0,).

Data evaluated for rapid phase:
Time (sec.) % Remasining (Observed) Caiculated
0 100 89.57
S 663 74.93
10 56.4 62.69
20 40.7 4337
30 k1 8] 30.70
40 25.2 2149
56 23.0 15.04
Data evaluated for slow phase:
sec. *% R Oh Calculated
50 230 1843
60 152 13.35
300 143 16.44
600 139 1433
900 127 1250

Table Gi4 Observed and calculated % remaining activity
data vs. time used for single-exponential
decay evaluation (5.0mM H,0,).
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Initial Value Inittal Value kg FastPhase Xz Slow Phase
Decay Process (A1) (A2) (x10°2) (x104)
Decay Process AL =~ WS ___

double 7636+4614  1995+368¢ 718611148 T.H11+6477
single $9.57+5995  18.61+2.568  3569+0516  4.57513.263

Table G15 Values of Al, A2, -k, and -k, and their
standard error determined for double-
and single-exponential decay processes
(S.0mM H,0,).

— \
J— |

2 |
» . . !
> 0.00- U] i1 + :
- l g 0.00 j :
L . . '
3 + Sawll |

0.60- _L ] [ B
- @ 0.40 0.8
3 . k I Remaining
el )
5 0.40 - Y
Ig h + |
e 0.2 | t&‘— i

- o=

s -
|
|

0.00 1.00 2.0 LM 4.00 5.00 102!
Time (sec.) .

Figure G5 Plot of observed data fit to calculated
dcuble-exponential decay curve (5.0mM H0,).
(Inset: plot of % residual vs. % remain-
ing for observed values).
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Time (sec.) % Remaining (Observed) Calculated

0 100 100

5 23.7 23.67
10 20.2 20.58
20 18.0 1930
30 20.7 18.18
60 143 15.18

Table G16 Observed and calculated % remaining activity
data vs. time used for double-exponential
decay evaluation (10.0mM H0:).

Data evaluated for rapid phase:

Time (sec.) % Remaining (Observed) Calculated

0 100 98.92

S a7 30.52

10 201 9.413
Data evaluated for slow phase:

Ime (sec. % Ob Calculated
10 20.1 17.08
20 1845 1835
30 1338 16.65
60 143 16.54

300 154 1419
600 115 11.71

Table G17 Observed and calculated ¥ repaining activity
data vs. time used for single-exponential
decay evaluation (10.0mM H)0;).
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Exponential Initial Value Initiat Valoe ky Fast Phase  kp Skow Phase
Decay Process (A1) (A2) (x10-2) (x1074
double 78.24 +3.192 21.76 + 2395 68.41+2286  59.94+34.57
single 9892+12.71  17.19+1362 235247245  6.40413.660
Table G18 Valiaes of Al, A2, =k, and -k, and their
standard error determined for double-
and single-expornential decay processes
(10.0mM E,0,).
l
a 1 , '
* 0.90- = 1072
N O |
‘; 0.%0- ';I . [ \
e \ @ 0.0 0.80 I
. L Remaining !
€03 || |
e .13
- -,, l
0.30- ¢
20N . I
e ' = [
x 0.10 . I ’ : )
0.00 1.00 2.00 3.00 4.00 5.00 10 1t
Time (sec.) ‘

Figure G6 Plot of observed data fit to calculated
double-exponential dscay curve (10.0mM
H;0,) . (Inset: plot of % residual vs. %
remaining for observed valuas).
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Time(sec) % Remmining (Observed) Calculated

] 100 100

5 7.50 7.503
10 7.46 7.092
3 590 6.559
60 613 5835

Table G195 Observed and calculated ¥ remaining activity
data vs. tine used for dcuble-exponential
decay evaluation (50.0mM H,0,).

Dxtz evaluated for rapid phase:
sec. % Calculated
o 100 99.95
5 7.50 8.657
10 748 7498
Data evaluated for slow phase:
Sec, % Calculzted
10 46 6874
30 59 68336
50 7.10 6779
300 ‘ 23 6.214
600 5.60 5.597

Table G20 Observed and calculated % ramaining aétivity
data vs. time used for single-exponential
decay evaluation (50.0mM H,0,).
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Exponeatial Initial Value Inittal Valoe ky FastPhase ko Slow Phase

Decay Process (A1) (A2) (x10-2) (=104
double 9263+1259  7373+09631 11660+8193  39.60+36.07
single 9995+6.809  6898+0.3993 489.26+156.31  3./83+2.168

Table G21 Values of Al, A2, ~k; and -k, and their
standard earror determined for double-

and single-axponsntial decay processes
(50.0mM H,0,).

= I.W' 4- l
nol = 1073
> 0.00- 2 o.ooﬂ—v
vy -
- w ~3,00
Q n \ | | 1
< 0.60- ® 0.40 0.30
o ¥ Remaining |
E 0.‘0‘ l
e I
gy -
" i
g °|2°' \ |
4 :
-3 —— - |
N

0.00 1.00 2.00 3.0 4.00 5.00 1o !!

Time (sec.) ]

Figure G7 Plot of observed data fit to calculated
double-exponential decay curve (50.0mM
H,0;) . {(Inset: plot of & residual vs. %
remaining for observed values).
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APPENDIX H

Tables and figures of changes that occur to the vigiblae
absorption spectra of solutions of native HRP when
various concentrations of H,0, are added. Changes
occurring in the Scret and far red regions were
monitored using HRP concentrations of 10uM and 30uM,
respactively, at 25°C, pH 7.4. Arrows indicate
development (t) or decay (i) cf an absorbance

maximum at a particular wavelength, determined by the
spectrometer to be a significant peak.
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Time Peaks Absorbance
(sec.) observed Values
_ (nm)

0 404 0.731
S 400 0.370
10 402 0.374
20 402 0.375
30 404 0.378
40 406 0.381
S0 406 0.383
60 408 0.388

Tabla H1 Abgorbance clhunges occurring in the Soret

upon exposure to 100uM H,0, for one minute
([HRP]=7.5uM) .

Time Peaks Absorbance

(sec.) Qbserved Values
(rm)

0 494 0.515

640 0.187

656 0.165

5 564 0.317

650 0.264

656 0.261

10 560 0.321

650 0.257

656 0.255

20 558 0.323

650 0.251

656 0.250

30 558 0.323

656 0.246

40 534 0.314

558 0.325

656 0.242

S0 §32 0317

s58 0.327

650 0.243

656 0.240

60 532 0.318

558 0.327

648 0.241

656 0.238

Table H2 Absorbance changes occurring in the far red

region upon exposure of 33uM ERP to 100uM
H,0, for one minute.
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Figure H1

rigure H2

¥
[ N SR

Absosbance Units

1 I3 L b 1 1 1

g 1) . Wavelength (nm) 4580

Davelopment of an absorbance maximum at
406nm upon exposure of 7.3uM HRP to 100uM
H,0, over a period of sixty :wconds (see
Table I-1 for absorbance values).

Absorbance Units

[.v] 4 3 5 3
439 Wavelength (nm) ree

Development of absorbance maxima at

$58 and 656nm upon exposure of 33uM HRP to
100uM K,0, over a pericd of sixty seconds
(see Table I=-2 for absorbance values).
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Time Peaks Absorbance

{sec.) observed Values
{nm)
J 404 0.732
5 400 0.369
1 406 0.374
n 412 0.388
30 414 0412
40 416 0.420
50 416 0.435
60 416 0.441

Table H3 Absorbance changes occurring in the Boret
upon exposura to 1.0mM R,0; for one minute
{[ERP]1=7.5uN).

Time Peaks Absorbance
(sec.) Qbserved Values

— (nm)
0 494 0.515
640 0.187
656 0.163
5 562 0.320
650 0.260
656 0.256
10 558 0.325
648 0.246
656 0.244
20 558 0.328
648 0.239
656 0.236
30 554 0.329
656 0.234
40 556 0.331
656 0.242
50 554 0332
656 0.229
656 0.240
&0 554 0.333
656 0.227
Table H4

Absorbance changes occurring in the far red
region upon exposure of 33u¥ HRP to 1l.0mM
H,0, for one minute.

173



Pigure H3

rigure Ed4

Absorbance Unils

358

Development of an absorbance maximum at
406nm upon exposure of 7.3uM HRP to 1.0mM
H,0, over a peried of sirty seconds (see
Table I-3 for abscrbance values).

Absorbance Unils

450 760

Wavelength (nm)

Development of absorbance maxima at
556 and 656nm upon exposure of 33uM HRP to
1.0mM H,0, over a period of sixty seconds
(ses Table I-4 for absorbance values).
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A
(sec.) observed mx
{nm)

0 404 0.709
5 416 0.402
10 418 0.515
20 413 0.547
30 418 0.559
40 418 0.562
50 418 0.562
60 418 0.560

Table HS Absorbance changes occurring in the Soret

upon exposurs to 10.0mM H,0, for one minute
( (HRP]1=7.5uM) .

Time Peaks Absorbance

(sec.) Qbserved Values
{nm}

0 494 d.51t

640 0.185

: 656 0.160

S 544 0.347

656 0.221

10 542 0.368

576 0.330

656 0.172

20 542 0.383

576 0.340

i356 0.164

30 542 0.394

578 0.347

40 542 0.401

578 0.353

654 0.17

676 0.161

50 554 0.408

578 0.359

654 0.180

676 0.173

60 554 0.413

654 0.190

668 0.190

676 0.184

Table H6 Absorbance changes occurring in the far red

region upon exposurs of 33uM HRP to 10.0mM
BR,0, for one minute.
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Absorbance Unils

358 Wavelengeh (am) 456

Figure HS Decay of absorbance maximum at
418nm upon exposure of 7.3uM HRP to 10.0mM
H,0, over a period of sixty seconds (see
Table I-5 for absorbance values).

Absorbance Units

[~} L - i X -
4509 Waveiength (nm) 700

Figure H6 Decay of ahsorbance maxima at
$54 and 5768nm, and development of a maximum
at 676nm upon exposure of 33uM HRP to
10.0mN H,0, over & period of sixty seconds
{ses Table I-6 for abscibance values).
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Time Peaks Absorbance

(sec.) observed Values
. (am)
0 404 0.682
5 418 0.539
10 418 0.600
20 418 0.602
30 418 0.603
40 418 0.594
50 418 0.591
60 418 ~0.585

Table H7? Absorbance changes occurring in the Soreat

upon axposure to 25.0mM H,0, for one minute
([HRP]=6.6uM) .

Time Peaks Absarbance

(sec.) Observed Values
(ntn)

0 494 0.552

640 0.218

’ 656 0.196

5 542 0.430

576 0.787

10 542 0.458

576 0.398

662 0.172

20 512 0.467

57a 0.403

668 0.181

30 554 0.473

578 0.409

656 0.189

670 0.199

40 542 0.475

578 0.411

670 0.213

50 542 0.479

S8 0.417

670 0.227

60 544 0.476

578 0.413

670 0.234

Table H8 Absorbance changes occurring in the far red

region upon exposure of 33uM HRP to 2S.0mM
H,0, for one minute.
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Absorbance Uniis

Figure H7

Figure H8

<56 Wavelength (am) 45@

Decay of absorbance maximum at

418nm upon exposure of 6.6uM HRP to 25.0mM
H,0, over & period of sixty seconds (sea
Table I-7 for absorbance valuss).

Absorbance Units

43¢ Wavelength (nm) 788

Dacay of absorbance maxima at

$54 and 578nm, and development of a maximum
at 670nm upon exposure of 33uM HRP to
15.0mM H,0, over a periocd of sixty seconds
(ses Table I-8 for absorbance values).
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Absorbance
(sec.) observed Values
{tum)

0 404 0.654
5 418 0.560
10 418 0.590
20 418 0.589%
30 418 0.587
40 418 0.586
50 418 0.588
60 418 - 0.578

mable H9 Absorbance changes occurring in the Soret

upon exposure to 50.0mN H,0, for one minute
({HRP]=6.6uM) .

Time

Peaks Absorbance
(sec.) Observed Values
(nm)
494 0.522
640 0.191
3 544 0.421
578 0.365
676 0.141
10 542 0.429
578 0.366
670 0.134
20 544 0.453
578 0.371
670 0.152
30 554 0.439
578 0.375
672 0.168
40 542 0.440
578 Q.377
670 0.180
50 544 0.443
578 0.381
670 0.193
60 544 0.444
578 0.381
672 0.201

Tabie H10 Absorbance changes occurring in the far red

region upon sexposure of 33uM HRP to 50.0mM
1,0, for cne minute.
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o = L L 1] N s L] 4 1] ]
35¢ Waveicagth (am) 4508
Fiqure H3 Decay of absorbance maximum at
418nm upon exposure of 6.64M ERP to 50.0mM
over a period of sixty seconds (see
Table I-9 for absorbance values).
[
2
S
g
:
LS
@ 2 1 [] H
45@ . Waveiength (am) 708
Figure E10 Decay of absorbancea maxima at

544 and S78nn, and davelopment of a
saximum at 670nm upon exposure of 33uM
HRP to 50.0mM H,0, over a period of sixty
seconds (see Table I-10 for absorbance
values).
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APPENDIX I

Summary tables and plots of observed and calculated values
(from ENFITTER™ using single-axponential decay analyses) of
fractional residual activity vs. time, and tables of H;O,
consumption by 5 minutes at various concentrations of HRP

and phenol (T=25°C, PE 7.4}.
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[Phenot] Total % Inactivation Total (H202] (M)

(mM) by 5 minutes consumed by 5 minutes
0.20 66.1 308
0.50 93.4 328
0.75 96.5 353
1.00 97.8 344
2.00 98.9 328
(a)
[Phenol] Total % Inactivation T
otal
(m\D by 5 [i2021 M)
0.20 58.0
. 233
0.50 91.3 N
0.75 96.5 92
1.00 98.0 156
2.00 100.0 216
(b)

Tables Ila, D Summary of the total ¥ inactivation
and the total H,0, consumed during S
minutes for soluticns containing 25nM
HRP incubated with (a) 0.5mM H,0, and
(b) 1.0mX E,0,, and various concen-~
trations of phenol (T=25°C, pPH 7.4)
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(Phenolj Total % Inactivation Total [H3C9] (uM)

(mM) by 5 minutes consumed by § minutes
0.20 65.6 123
0.50 93.4 170
0.75 95.2 190
1.00 96.9 154
2.00 98.5 181
(a)
[Phenoi] Total °b Inactivation Total [H202] (1)
(mh) bySminutes ~_ consumed by 5 minutes
0.20 56.7 111
0.50 90.5 460
0.75 9.1 143
1.00 96.0 302
2.00 97.7 244
(b)

Tables I2a, b Summary of the total % inactivation
and the total H,0, consumed during 5
minutes for solutions containing 50nM
ERP incubated with (a) 0.SmM H,0, and
(b) 1.0mM H,0,, and various concen=
trations of phenol (T=25°C, PE 7.4)
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[Phenol] Total % Inactivation Total (HyO2] M)

{mM)_ by 5 minutes consumed bv § minutes
0.20 50.0 234
0.50 89.9 329
0.75 92.5 317
1.00 88.5 381
2.00 84.5 468

(a)
[Phenol} Total °% Inactivation Total [H202] (uM)

(mdD by 5 minutes consumed bv S minutes
0.20 62.2 151
0.50 95.0 314
0.75 97.4 321
1.00 98.4 330
2.00 99.6 308

{b)

Tables I3a, b Summary of the total % inactivation
and the total H,0, consumed during S
minutes for solutions containing 100nM
ERP incubated with (a) 0.5aM H,0, and
(b) 1.0mM E,0,, a.d various concen-
trations of phenol (T=25°C, PH 7.4)
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[phenol]

!mM!
0z
0.5

0.75

1.0

In % Rem, Activity

2.0

.000 i + .
200 0 80 100 150 20

Time (seconds)

(a)

[phenol]
{mM)

0.2
0.5

0.75

2.0

In % Fem. Activily

g
[
o
Q
+

V] S0 100 180 200

Time (seconds)

{(b)

Pigures Ila, b Time-dependent inactivation of 25N
HRP by ensyme~gensrated phenoxy
radicals during the first 100 seconds.
(a) [B,0,]=0.5%m); (b) (B;0,]=1.0mM;
T=25°C, PR 7.4.
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M‘ [phenal]
%\ Lg'g“
4.000 1 \.\\ )
o,
2 3.000- 0.5
B4 0.75
' 1.0
é 2.000-
»n
£ 2.0
1.000
0.000 50 100 150 200
Time (seconds)
(a)
[pheg‘ql]
(mM)
4.000"%“@%_ o
o .'\\
3 ~ 0.5
-.3 3.000+4 ~S o
: 1.0
g 2.000+4
m .
» 2.0
£
1.000+
0.000% 50 100 150 200

Time {seconds)

(b)

rigures I2a; d Time-dependent inactivation of SonM

HERP by ensyms~-gsnerated phenoxy
radicals during the first 100 secoxds.
(a) {B,0,)=0.5mM; (b) [H,0;]=1.0mM;
T=25°C, pH 7.4.
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In % Rem. Activity
A
o
o
<
/
< ./
Yy =]
o~
wn

2.500
.000 t } t
2 50 100 150 200
Time (seconds)
(a)
T\ [phenal]
mh
4.000+ X (0_2)
- .
< 30007 '\
£ [ 0.5
O
T &
] 0.75
£ 2000+ 10
* 2.0
1.000 4 + 4
0 50 100 150 200

Time (seconds)

(b)

Pigures I3a, b Time-dspendent inactivation of 100nM
HRP by enzyme-generated phenoxy
radicals during the first 100 seconds.

(a) [H,0,]=0.50M; (b) [E,0,]=1.0mM;
T=25°C, pH 7.4.
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Time (seconds) rResidual Calculated
1 0.00000E+CO 1.00Q00E+0Q 9.93206E-01
2 3.00000QE+01 8.19000E-01 8.18612E-01
3 6.000Q0E+0O1 6.87300E-01 6.74710E-O1
4 9., 00000E+01 5.45500E-01 5.56104E~01
| 1.200Q0E+02 4,68100E-01 4 .58348E-01
6 1.50000E+02 3.64000E-01 3.7T7T778E~-01
7 1.80000E+02 3.13000E-01 3.11367E-01
8 2.40000E+02 2.3070Q0E-01 2.11520E~0O1
Table I4 Observed and calculated fractional
remaining activity data vs. time used for
single-exponential decay analysis:
(ERP] = 25nM; [H,0,]=0.5mM; [phenol]=0.2mM.
Initial value (A) = 99.32 + 0.00955.
N
2 o
" o |
- g 0.00 T x|
[ 4 - I
o 0.2 "
< Y om "ot
- Residual |
3 0.%-
-
"
I 0.%-
0.0 04 4M 1M 160 LM 12
Time {(seconds)
Figure I4 Plot of obsarvad data in Table

I4 f£it to calculated single-
exponential decay curve. Inset:

plot of ¥ residual vs. & remaining for
experinental values.
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Time (seconds)

Residual

Calculated

1 0.00000E+00 1.000C0E+00 1.10556E+00
2 3.00000E+01 9.91000E-01 8.27043E-01
3 6.0G000E+01 6.64000E-01 6.18631E-01
4 9.0000QE+01 4.27100E-01 4.62827E-01
5 1,200008:+02 3.05000E-01 3.46230E-01
6 1.50000E+02 2.19400E-01 2.59006E-01
7 1.80000E+02 1.65500E-01 1.93756E-01
8 2.40000E+02 1.02100E-01 1.084238E-01
9 3.00000E+Q2 6.51000e~-02 6.06788E-02

Table I5 Observed and calculated fractional
remaining activity data vs. time used for
single-exponential decay analysis:

[ERP] = 25nX; [K;0,]=0.SmM; [phenol]=0.5mM.
Initial value (A) = 110.56 %+ 0.0685.

1.00-
s y 1
ot . - 10_ t bt
S 0.80- g bwi L
, D0 Hrmsm—
: 3 g T L
[ " -.lom 1 " v
a 0.60- v 0.50 0.80
- . ¥ Residual
2 o.m0-
h- |
L)
& 0.20-
[+ 4

0.00 0.40  0.80 120 160 200 240 280 102
Time (seconds)

Pigqure IS Plot ¢ observed data in Table
1S £it to calculated single-
exponential decay curve. Inset:
plot of % residual vs. % remaining for
experimental values.
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Time (seconds) . Residual Calculated
1 0.00000E+0Q0 1.00000E+00 9.687T40E-01
2 3.00000E+01 5.27400E-01 5.8367%E-MN
3 6.00000E+01 3.26300E~-01 3.51675E-01
4 9.00000E+0Q1 2.25500E-01 2.11889E-01
5 1.20000E+02 1.58900E-01 1.27666E-01
6 1.50000E+02 1.18300E-01 7.69205E-02
7 1.80000E+02 6.71000E-0Q2 4 _6345T7E-02
8 2.40000E+02 4,.47000E-02 1.68245E-02

Table I6 Observed and calculated fractional

remaining activity data vs. time used for
single-axponantial decay analysis:

[HRP] = 25nM; [H;0,]=0.5mM; [phenocl]=0.75mM.
Initial value (A) = 96.87 + 0.0359.

Residual potivity

L6 %

-2 -
0.80- 40

3 =

< 0.00 =
500 ol

[} 0.00 0.40 0.80
¥ Residual

2.60-

0.4 -

3.20-

ﬁa_______-_
0.00

.00 0.40 0.80 - L.20 1.60 2.0 102
Time (seconds)

Figure

I6 Plot of obaserved data in Table
I6 £it to calculated singla-
exponential decay curve. Inset:
plot of & residual vs. ¥ remaining for
experimental values.
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Time {seconds)

Residual

Calculated

1 0.00000E+00 1.00000E+00 9.95964E-01
2 3.00000E+01 5.33200E-01 5.35976E-01
3 6.00000E+01 2.61000E-M 2.88434E-01
4 9.00000E+01 1.86000E~C" 1.55220E~-01
5 1 .20000E+Q2 8.70000E-02 8.35313E-02
6 1,50000E+02 4.71000E-Q2 4.49522E-Q2
7 1.80000E+02 3.31000E-02 2.41909E-02
Table I7 Observed and calculated fractiomal

remaining activity data vs. time used for
single-exporantial decay analysis:

[HRP] = 25nM; ([E,0,]=0.5mM; [(phenol]=1.0mM.
Tpitial value (A) = 99.60  0.0183.

100
]
[}
'S 0.80-
e
S g 0-
& 00
T
8 0.40-
b~ .
]
n .
9 0.2
2
0.00 1 . [ ' 1 ] [ + [
0.00 0.40 0.8 1.20 1.0 10l
Time (seconds) |

Figure I7 Plot of sbserved data in Table
17 £it to calculated single-
exponential decay curve. Inset:
plot of % residual vs. % remaining for
experimental values
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Time (seconds)

. Residual

Calculated

e~ bhN—~

0.00000E+00
3.00000E+01
§.00000E+01
9.00000E+01
1.20000E+02
1.50000E+02
1.80000E+02
2.40000E+02
3.00000E+02

1 .00000E+Q0
5.21000E-01
2.46300E~01
1.26800E-01
6.41000E-02
4.10000E-02
3.10000E-02
1.60000E-Q2
1.49000E-02

1.00240E+0Q0
5.09386E-01
2.58853E~01
1.31541E-01
6.684439E-02
3.39684E-02
1.72616E~02
4.45755E-03
1.15109E-03

Table I8 Observed and
remaining act

calculated fractional
ivity data va. time used for

single-exponential decay analysis:
[(ERP] = 25nM; [H;0,]=0.5mM; [phenol]=2.0mM.
Initial value (A) = 100.24 #+ 0.0109.

Lo- 4
m -
. a =
T 0.0 i
- S 0.0
° 1,00~
go"o' n * T
i o 000 0.40 080
- ® Residual
" 0.40-
=
v -
on)
‘Q-N'
]
[+
0.00 - s +
' ) ’ ' [ ' . 1 ' ' t |
0.00 0400 08 LI 180 200 24 200 102
Time (seconds)
Figqure I8 Plot of obsarved data in Table

I8 fit to calculated single-

exponential decay curvas.

Inset:

plot of % residuzl vs. % remaining for
experimantal values
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Time (seconds)

- Residual

Calculated

Wo=~ou -

0.00000E+00
3.00000E+01
6.00000E+0Q1
9.00000E+01
1.20000E+02
1.50000E+0Q2
1 .80000E+Q2
2.40000E+02
3.00000E+02

1.00000E+Q0O
9.02400E-MN
6.74600E-01
5.79900E-01
5.79900E-01
5.16200E-01
4.43600E-01
3.35800E-01
2.65000E-01

9.78780E-01
8.53238E-01
7.43799E-01
6.48397E-01
5.65231E-01
4.92732E-O01
4,29533E-01
3.26412E-01
2.48049E-01

Table I9 Observed and calculated fractional

remaining activity data vs. time used for
single-exponential decay analysis:

[ERP] = 25nM; (H;0,]=1.0mM; {phenol]=0.2mM.
Initial value (A) = 97.88 + 0.032.

100 N

| | .

10 -
ot -
= s I B
ws 0.80- E.s_oo l
Fe) ] S T L
c. - . °Iw
< ® Residual
o 0,60~
n
- - .
<
C ]
“ 0.“.
.
(- .

e
0.00 040 0.2 L2 L& 200 240 2.8 102
Time (seconds)

Pigures I9 Plot of observed data in Table
I9 fit to calculated single-
sxponential decay curve. Inset:

plot of & residual vs. % remaining for
axperimental values
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Time (seconds)

Residual

Calculated

1 0.00000E+0Q 1 .000Q0E+0Q0 9,75895E-01
2 3.00000E+01 6.21600E~G1 6.53970E-O01
3 6.00000E+01 4.19800E-01 4.,38241E-01
4 9.00000E+01 2.83700E-01 2.93676E~-MN
5 1.20000E+02 2.09700E-0N 1.96799E-01
6 1.50000E+02 1.58800E-01 1.31880E-01
7 1 .80000E+02 1.03600E-01 B.83757E-02
8 2.40000E+02 7.04000E-02 3.86865E-02
Table I10 Observed and calculated fractional
remaining activity data vs. time used for
single-exponential decay analysis: '
[ERP] = 25nM; [E,0,]=1.0mN; [phenol}=0.5mM.
Initial valua (A) = 97.59 + 0.024.
L %
A
2 .
'; O-go’
amd
- .
2 0.00-
3 0%
‘ -
: 0.20'
0.0 040 0.3 LM L 2
Time (socondsgw 1.00 10
Figure I10 Plot of obsarved data in Table

710 fit to calculated single-

exnonantial 4
plot of § res

experimental values.
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Time (seconds) Residual Calculated

1 Q0.00000E+0QC 1.00000E+00 9.77821E-01
2 3.00000E+01 5.31400E-01 5.77028E-01
3 6.00000E+0Q1 3.51500E-01 3.40514E-01
4 S .00000E+01 1.74100E-01 2.00943E~-01
5 1.50000E+Q2 1.29700E-01 8.99750E-02
6 1.80000E+0Q2 7.90000E-02 4.12940E-02
7 2.40000E+02 5.31000E-02

1.43801E-02

Table I1l Observed and calculated fractional
remaining activity data vs. time used for
single-exponantial decay analysis:

(ERP] = 25nM; [H,0,]=1.0mM; [phenol}=0.75mM.
Initial value (A) = 97.78 % 0.0421.

1.00- ¥
s im0
3 0.80- % O.W-L-L'——Jr
: i ;'s.m' ] ] * []
e 0-‘0' | 0.00 0.“ 0.30

& Residual

;o‘.“'
© .
C_J
o 0.2-
s
! 0.00 040 _ 020 L2 L6 200 12
: Time (seconds)

Pigqure I11 Plot of cbserved data in Table
Ti1 fit to calculated single-
exponential decay curve. Inset:
plot of % residual vs. % remaining for
experimental values.
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Time (seconds) Residual Calculated
1 0.0000GE+00Q 1.00000E+0Q0Q 9.63984E-01
2 3.00000E+01 4.48600E-01 5.35321E-01
3 6.00000E+01 2.96500E-01 2.97275E-01
4 9.00000E+01 1.99000E~-Q1 1.65083E-01
s 1.20000E+02 1.33000E£-01 9.16741E-02
6 1.50000E+02 8.00000E-02 5.09086E-02
7 1.,80000E+02 5.68000E-02 2.82706E-02
a8 2.40000E+02 3.80000E-02

8.71814E-03

Table I12 Obsarved and calculated fractional
remaining activity data vs. time used for
single-exponential decay analysis:

(HRP] = 25nM; [H,0,]=1.0mM; (phenol]=1.0mM.
Initial value (A) = 96.40 + 0.046.
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o
ol
- 0.80- (o ya=2
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E I% 9.00 v I
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0.00 040 0 1 L& 2.0 2
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Pigure Il2 Plot of observed data in Table
I12 £it to calculated single-
exponential decay curve. Inset:
plot of ¥ residual vs. ¥ remaining for
experimental values.
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Time (seconds)

Hesidual

calculated

1 0.0000GE+00 1 .00000E+0Q0 1.01863E+00
2 3.00C00E+O1 6.22300E-01 5.63569E-O1
3 6.00000E+01 2.844A00E-01 3.11803E-01
4 9.00000E+01 1.45400E-01 t1.72509E-01
5 1.20000E+02 7.83300E-02 9.54433E-02
6 1.50000E+02 5.96500E-02 5.28054E-02
7 1.80000E+02 3.40000E~0Q2 2.92153€-02
8 2 ,40000E+02 2.81000Q0E-02 8.94285E-03
9 3.00000E+Q2 2.32000E-02 2.73742E-03
Table

T13 Observed and calculated fractional

resaining activity data va. tinme used for
single-exponential decay analysis:

(HRP]

= 25nM; [E,0;]=1.0mM; [phenol]=2.0mM.

Initial value (A) = 101.86 % 0.0289.

o

—— T 2

Todo 00 L3 LW 20 24 2M mij

Time (seconds)

Pigure I13 Plot of observed data in Table
113 fit to calculated single-
exponential dscay curve. Inset:

plot of X residual vs. % remaining for
experimental values.
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Time {seconds)

Residual

Calculated

1 0.00000E+Q0 1.00000E+00 1.03155E+0Q0
2 6.00000E+01 8.88000E-01 8.17937E-01
3 9.00000E+01 7.46000E-01 7.28342E-01
4 1.20000E+02 6.27000E~01 6.48560E-01
5 1.50000E+02 5.40000E-01 5.77518E-01
6 1.80000E+02 4.98000E-01 5.14257E-01
7 2.40000E+02 4.11000E-01 4.07765E-01
8 3.00000E+02 3.39000E-01 3.23326E-01

Table I14 Observed and calculated fractional
remaining activity data vs. time used for
single-exponential decay analysis:

[ERP] = SOnM; [H,0.]=0.5mN; [phenol]=0.2mM.
Initial value (A) = 103.32 + 0.0311.

1.“' h - -z ]
2w " 0 T |
ol 00”" I% " l ‘
E TE L E
: - |‘ o-“ l
< * Residual ]

0.70-

idual

0.60-
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“Res
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0.00 0.4

0.80 120 1.60 200 2.40 2.8 10!

Time (seconds)

FPigure Il4 Plot of observed data in Table
I14 fit to calculated single-
exponential decay curve. Inset:

plot of % residual vs. % rsmaining for
experimental values.
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Time (seconds)

Residual

Calculated

1 0 .00000E+0Q0 1.00000E+00 1.00806E+00Q
2 3.00000E+01 7 .50000E-01 7.06130E-01
3 6.00000E+01 4 ,66000E-Q1 4.94145E-01
4 9,00000E+01 3.17000E-01 3.45799E-MN
5 1.20000E+02 2.24000E-01 2.41988E-01
6 1.50000E+02 1.79900E-01 1.69342E-01
7 1.80000E+02 1.34000E-01 1.18504E-01
8 2.40000E+02 8.70000E-02 5.80328E-02
9 3.00000E+02 6.62000E-C2 2.84193E-02
Table I15 Observed and calculated fractional
remaining activity data vs. time used for
single-exponential decay analysis:
[HRP] = SOnM; [E;0,]=0.5mM; [phenol)=0.5mM.
Tnitial value (A) = 100.91 + 0.027.
L0 ]
: -
e
S 0.80-
: .
S -
- R
2 ok0-
‘ -
. 0N
: -
| 0.0 04 080 LD LY 240 280 102
Time (seconds)
Pigure I1S Plot of observed data in Table

115 fit to calculated single~
axponential decay curve.

plot of % residual vs.

experimental values
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i'ime (seconds)

Residual

Calculiated

1 0.00000E+0QO 1.00000E+0Q0O 1.01107E+0QQ
2 3.00000E+Q1 6.86000E-01 6.17396E-01
2 6.00000E+01 3.38000E-01 3.77004E-01
4 9.000Q00E+O1 2.09300E-01 2.30212E-O1
5 1.20000E+02 1.38000E-O1 1.40576E-01
6 1.50000E+02 8.80000E-02 8.58406E-02
7 1.80000E+02 7.60000E-G2 5.24173E-0Q2
8 2.40000E+02 4 .850Q000E-02 1.95452E-02
9 3.00000E+0Q2 3.50000E-02 7.28792E-03
Table I16 Observad and calculated fractional

remaining a
singles-exponent
[ERP] = SOnM; [(H,0;]

ctivity data va. time used for
ial decay analysis:
=0.5nM; [phencl]=0.75mM.

Initial value (A) = 101.11 * 0.030.

Residual Activity

1 L 200 2.8

" 0.8
Time {(seconds)

0.40

Tm 103
!

Figure Il6

Plot of observed data in Table

116 fit to calculated single-
exponential decay curve. Inset:

plot of % residual vs. ¥% remaining for
experimental values
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Time (seconds)

Residual

Calculatead

O~ LN

0.CG0000E+QQ
3.00000E+01
6.00000E+01
9.00000E+01
1.20000E+0Q2
1.50000E+02
1.80000E+02
2.40000E+02
3.00000E+Q2

1.00000E+0QQ
6.09000E-01
3.02300E-01
1.73000E-01

1.07000E-01

7.74000E-02
4.86000E-02
4.85000E-02
3.50000E-02

1.00673E+0Q0
5.77743E~-01
3.31556E-01
1.90274E-01
1.091958E-01
5.26648E-02
3.59622E-02
1.18438E-02
3.90063E-03

Table I17 Observed and calculated fractional
remaining activity data vs. time used for
single-expcnential decay analysis:
[HRP] = 50nM; [H,0,]=0.5mM; [phenol]=1l.0nM.

Initial value

(A) = 100.67 + 0.025.
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Pigqure I17 Plot of observed data in Table

I17 £it to calculated single-

exponential decay curvs.

Inset:

plot of % residual vs. % remaining fer
experimental values
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Time (seconds)

Residual

Calculated

1 0.00000E+Q0 1 .00000E+00 9.93294E-01
2 3.00000E+Q1 3.85000E-01 4.07977€-01
3 6.00000E+C1 1.69300E-01 1.67569E~01
4 9,00000E+01 8.80000E-G2 6.88260E-02
5 1.20000E+Q2 5.45000E-02 2.82680E-02
6 1.50000E+02 3.77000E-02 1.16110E-02
7 1.80000E+Q2 1.54000E-02 4.76900E-03
8 2.40000E+0Q2 1.14000E-02

8.04534E-04

Table I18 Observed and calculated fractional

remaining activity data vs. time used for
single~exponential decay analysis:

{HRP] = SOnM; [H,0,]=0.SmM; [phenol]=2.0mM.

Initial value (A) = 99.33 # 0.020.
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Figure I18 Plot of observad data in Table
I18 fit to calculated single-
exponential decay curve. Inset:
plot of ¥ residual va. % remaining for
experimental values
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Time (seconds) - Residual Calculated
1 0.00000E+QQ 1.00000E+00 Q.07122E-01
2 3.00000E+01 7.75900E-01 7.92383E-01
3 6.00000E+01 6.33800E-01 6.92157E-01
4 9.00000E+01 5.47600E-01 6.04608E-01
5 1.20000E+0Q2 5.02300E-01 5.28133E-01
6 1.50000E+Q2 4.,18300E-01 4.61331E-01
1 2.40000E+02 3.43990E-01 3.07482E-01
8 3.00000E+02 3.43990E-01 2.34617E-01

Table I19 Observed and calculated fractional

remaining activity data vs. time used for
single-exponential decay analysis:

[HRP] = 50nM; [H;0,]=i.0mM; [Phenol]=0.2mM.

Initial value (A) = 90.71 + 0.053.

Residual Activity

";'10'1 n-
T
2 0.% LT
w ' -
200 600 107
® Residual
! +
0.00  0.40 L 140 2.00 2480 280 102

Time (seconds)

Figure I19 Plot of observed data in Table
I19 £it to calculated single-

exponsntial decay curvas.
plot of % residual vs. % remaining for
experimental values
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Time (seconds)

Residual

Calculated

remaining

1 0.00000E+QC 1 .00000E+GO 1.055818E+0Q0
2 3.00000E+01 g.98000E-01 7.73501E-01
3 6.0000QE+01 5.44000E-01 5.687017E-01
4 9,00000E+01 3.82100E-01 4,15653E-01
5 1.2000Q0E+02 2.69000E-01 3.04655E-01
6 1.50000E+0Q2 2.06500E-01 2.23357E-01
7 1.80000E+02 1.57500E-01 1.63733E-01
8 2.40000E+02 1.18200E-01 8.79843E-02
9 3.00000&+02 8.67000E-02 4,.72797E-02
Table I20 Observed and calculated fractional

activity data vas. time used for

single-expconential decay analysis:

rERP] = SOnM; [E,0,}=1.0mM; [phenol]=0.SmM.

“nitial value (A) = 105.51 # 0.050C.

Residual fictivity

0.00 0.0 0.8 120 L& 200 2.4

g 280 101
Time (seconds)

Figure 120 Plot of cbserved data in Table
I20 fit to calculated single-
exponential decay curve. Insat:
plot of % residual vs. ¥ remaining for
experimental values
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Time (seconds)

Residual

Calculataed

0.00000E+QQ
3.00000&+01
6§.00000E+01
9.00000E+01
1.20000E+02
1.50000E+02
1.80000E+02
2.40000E+02
3.00000&+02

ooOo~Nounpihn -

1.00000E+Q0
6.23000E-01
3.49000E-O01
2.26000E-01
1.56700E-01
1.08000E-01
7.92000E-02
5.02000E-02
3.54000E-02

9.94234E-01
6.16185E-01
3.81887E-01
2.36678E-01
1.46683E~-01
9.09082E-02
5.63412E-02
2.16407E-02
8.31223E-03

Table I21 Observed and calculated fractional
remaining activity data vs. time used for
single-axponential decay analysis:

(ERP] = 50n¥; [H,0;]=1.0mN; (phenol]=0.7%5mM.
Initial value (A) = 99.42 % 0.021.
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Figqure I21 Plot of observed data in Table

121 f£fit to calculated single-
exponential decay curve. Inset:

plot of & residual vs. % remaining for
experimental values
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Time (seconds)

Rasidual

Calculated

O~NOWMbhsWMN =

0.00000E+00Q
3.00000E+01
6.00000E+01
9.00000E+01
1.20000E+02
1.80000E+02
2.40000E+0Q2
3.00000E+02

1.00000E+Q0
6.22800E-01
2.82000E-01
1.63000E-01
1.02900E-01
4.86000E-02
2.76300E-Q2
1.99000E-02

1.01431E+00
5.71002E-01
3.21443E-01
1.80955€E-01
1.01868E-01
3.22829E-02
1.02307E-02
3.24220E-03

Table I22 Observed and calculated fractional
remaining activity data vs. time used for
single-exponential decay analysis:

[HRP] = SOnM; [H,0,]=1.0mM;

[phenol]=1l.0mM.

Initial) value (A) = 101.43 * 0.029.

Residual fAotivity

1-“" l
OQN' - _2

. gm
0.60- E 0.00 l ?.L -

- ] 1L

L 0.0 0.0 0.8

0.40- & Residual
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0.20-
0.00 1 ‘\u—_— C I,

0.0  0.40 0.3

L0 LB 200 280 2% 102
Time (seconds)

Pigure I22 Plot of observed data in Table
I22 fit to calculated single-

exponential decay curve.
plot of X residual vs. ¥ rsmaining for
experimental values
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Inset:



Time (seconds)

Residual

Calculated

1 0.00000E+QQ 1.00000E+Q0Q 9.98347E-01
2 3.00000E+01 3.88000E-01 3.93355E-M0
3 6.0000QE+Q1 1.54300E-01 1.55016E-M
4 9.00000E+01 6.29800E-02 §.10834E-02
5 1.20000E+Q2 4.11000E-02 2.40697E-Q2
6 1.80000E+Q2 1.83000E-02 3.73737E-03
7 2.40000E+0Q2 4.33000E-03 5.80310E=-04
Table I23 Obzerved and calculated fractional

remaining activity data vs. time used for
single-exponantial decay analysis:
[HRP] = 50nM; [H,0,]=1.0mM; [phenol]}=2.0mM.
Initial value (A) = 99.83 % 0.010.

Residual fpotivity

1.00-

‘ ' . ] L] '
2.0 0.B0 1.0 1.60 o

Pigqure

Time (seconds)

123 Plot of observed data in Table
123 £it to calculated single-
exponantial decay curve. Inset:
plot of ¥ residual vs. % remaining for
experimental values
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Time (saconds)

Residual

Calculated

1 0.00000E+Q0O 1.0000QE+00 9.62719E-01
2 3.00000E+01 9.1800GE-01 8.89198E-01
3 6.00000E+01 8.0050CE-01 8.21292E-01
4 9.00000E+01 7.31000E-01 7.58571E-01
5 1.2000QE+Q2 6.59900E-01 7.006840E-01
6 1.500C0E+0Q2 6.25400E-01 6.47133E~-01
7 1.80000E+02 5.58700E-01 5.97713E-01
8 2.40000E+02 5.37980QE-01 5.09906E-01
9 3.00000E+Q2 4.99600E~-01 4,.3499%E~01
Table I24 Obsarved and calculated fractional
reamaining activity data va. time used for
singls-exponential decay analysis:
[ERP] = 100nM; [H;0;]=0.5mM; [phenol]=0.2nM.
Initial value (A) = 96.27 + 0.028.
J ‘" 1072
A 0.95- s
:51 : § "0 _L.;.:T
: 0.35‘ : m.,l
g . ® Residual
0.75-
oy
a .
3 0.65-
E .
s 0.35-
- -+ ‘
' 0.00 040 080 L2 160  2.00 240 2.80 102
t Time (seconds)

Figure I24 Plot of cbzerved data in Table
I24 fit to calculated single-~
exponential dscay curve. Insat:
plot of § residual vs. ¥ remaining for
experimental values
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Time (seconds)} Residual Calculated
1 0.00000E+0QO 1.00000E+CQ 9.69996E-01
2 3.00000E+0Q1 7.08100E-01 6.91327E-01
3 6.00000E+0O1 3.83000E-O0 4.92716E-01
4 9.00000E+01 3.22000E-01 3.51164E-01
5 1.20000E+02 2.58000&-01 2.50279E-01
6 1.50000E+02 2.033900E-01 1.78376E-01
7 1.80000E+02 1.67300E-01 1.27131E-01
8 2.40000E+Q2 1.29000E-01 6.45769E~-02
9 3.00000E+02 1.00800E-01 3.28023E-02

rable 125 Observed and calculated fractional

remaining activity data vs. time used for

single-exponential decay anal
(ERP] = 100nM; [H,0,]=0.5mM; [

ysis:
phencl}=0.5mM.

Initial value (A) = $7.0 + 0.050.

a -
=]
'S 0.80- =1l
ped ERE =
& 0.8 B 1.0 !
* ' VAT
- . o 0.0 0.40 0,80
" ® Residual
= -
3 0.40 +
oy -
.
o 0.20-
. +
0.00  0.49 T120 LB .00 240 280 101
] Time (seconds)
Figure 125 Plot of observed data in Table
125 £it to calculated single-
exponential decay curve. Inset:

plet of % residual vs. % remaining for
experimental values
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Time (seconds) Residual Calculated
1 0.0000QE+QQ 1.00000E+00 9.40152E-01
2 3.00000E+0Q1 7.95900E-01 7.90211E-01
3 6.00000E+O1 6.10500E-01 6.64184E-01
4 9.00000E+01 5.06500E-01 5.58256E-01
5 1.20000E+02 4.22600E-01 4,69222E-Q1
6 1t .S0000E+02 3.81300E-01 . 3.94388E-01
7 1.80000E+02 3.4220CE-01 3.31489E-01
8 2.40000E+02 2.92400E-01 2.34185E-01
9 3.00000E+02 2.47900E-01 1.65444E-01

Table I26 Observed and calculated fractional
remaining activity data vs. time used for
single-exponential decay analysis:

(ERP] = 100nM; [H,0,]=0.5mM; [phenol]=

0.75mM. Initial value (A)

94.02 + 0.043.

Residual Activity

—

0.0 0.4

0.0 120 1.0 2,00 240 230 102

Time {(seconds)

Figqure I26 Plot of observed data in Table
126 fit to calculated single-
exponential decay curve. Inset:
plot of ¥ residual vs. ¥ remaining for
experimental values
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Time (seconds) Residual Calculated
1 0.00000E+0Q0 1.00000E+Q0Q 9.51565E~01
2 3.00000E+01 4.98000E-01 6.16956E~-O01
3 6 .00000CE+O1 4,.98300E-01 4.00009E-01
4 9.00000E+01 1.93900E-01 2.59350E~-O1
5 1.20000E+02 1.44600E-01 1.68152E-01
6 1.50000E+02 1.25700E-01 1.09023E-01
7 1.80000E+02 1.18900E-01 7.06859E-0Q2
8 2.40000E+02 1.11000E-01 2.97142E-02
=} 3.00000E4+02 1.15000E-01 1.24910E-02
Table I27 Observed and calculated fractional
remaining activity data vs. time used for
single-exponential decay analysis:
[HRP] = 100nM; (H,0,]=0.5mM; {phenol]=
i.0mM. Initial valus (A) = 96.29 % 0.076.
. .\i
ot
S 0.80- ot
-2 ) E T -
- - 3 0.0
o LA
< 0.60- m-L- T -
- . ¢ 000 400 L
g Residual
g nw-
“ -
v
3 00-
+ - -
o0 0.0 0.8 LN 16 20 280 280 17
Time (seconds)
Figure I27 Plot of observed data in Table

127 fit to calculated single-~
exponential decay curva. Inset:

plct of % residual vs. % remaining for
expiorimental values

211



Time (seconds)

Residual

Calculated

1 0.00000E+00 1.00000E+00 8.98598E-01
2 3.00000E+01 3.05300E-01 5.06954E-01
3 §.00000E+01 2.08700E-01 2.85686E-01
4 9.00000E+01 2.33100E-01 1.60994E-O1
5 1.20000E+02 1.97100E-01 9.07255E-02
6 1.50000E+02 1.82500E-01 5.11268E-02
7 1.80000E+02 1.75400E-01 2.88117E-02
8 2.40000E+02 1.55200&-01 9.14976E-03
9 3.00000E+02 1.28800E-01 2.90570QE-03
Table I28 Observed and calculated fractional

remaining activity data vs. time used for
single-exponential decay analysis:

[HRP]
2.0mM.

= 100nM; [(H,0,]=0.5mM; (phenol]=
tnitial value (A) = 89.95 # 0.138.

';10‘1 . +
= o_oo‘m_n_

Residual Activity
L=
b3

n-)
';-2.00-1 .
¢ 0.0 400 1071
. © Residual
°u"-
- S
').20' -+ + + - N

0.0 0.0 0.8 LY 160 200 240 280 107
Time (seconds)

Figure I28 Plot of cbserved data in Table
I28 f£it to calculated single-
exponential decay curve. Inset:
plot of ¥ residual vs. X% remaining for
experimental values
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Time (seconds)

Residual

Calculated

1 Q.000Q0QE+QQ 1.00000E+00 1.00480E+00
2 3.00000E+01 9.46300E-01 8.96303E-01
3 6.00000E+01 8.05000E-01 7.99518E~01
4 S.00000E+O1 6.76000E-01 T.13184E-01
5 1.20000E+02 6.07300E-01 6.36173E~01
6 1.50000E+02 5.41000E-01 5.67478E-01
7 1.80000E+02 4 .88400QE-01 5.06201E-01
8 2.40000E+0Q2 4.16000E-01 4.02782E-01
9 3.00000E+02 3.78000E-01 3.20492E-01
Table I29 Observed and calculatad fractional
remaining activity data vs. time used for
single-exponential decay analysis:
{HERP] = 100nM; [H;0,]=1.0mN; [phenol]=
0.2mM. Initial value (A) = 100.48 #+ 0.0257.
N
- .
: oc”‘
> .
o 0.80-
-] -
€ on0-
3 0.0+
B . .
@ 0.9~
[ -
= 0.%0- .
0.0 040 0.89 120 160 200 2.8 2.8 102
Time <(seconds)
Yigurs I29 Plot of cobserved data in Table
I29 £it to calculated single-
exponential decay curve. Inset:

plot of % residual vs. ¥ remaining for
experimental values
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Time (seconds)

Residual

Calculated

O~y -

0.00000E+00
3.00000E+01
6.00000E+01
9.00000E+01
1.20000E+02
1.50000E+02
1.8000CE+02
2.40000E+02
3.00000E+02

1.00000E+COC
6.36000E-01
3.75300E-01
2.39300E-01
1.68300&-01
1.21000E-01
1.04Q00E-O1
7.04000E-02
4.96000E-02

9.90388E-01
6.33442E-01
4.05143E-01
2.59128E-01
1.65734E-01
1.06001E-01
6.77974E-02
2.77342E-02
1.13453E-02

Table I30 Observed and calculated fractional
remaining activity data vs. time used for
single-exponential decay analy=is:

[ERP] = 100nNM; ([H;0.]=1.0mM; [phendl]}=

0.5maM. Initial value (A) = 99.9%91 + 0.021.
100+ 3
A .
: LT =
- 01”‘ glgm.
] i I
- b - 0.00
FEXE s At
. & 0.00 040 0.8
~ £ Residual
S
-
L)
"
v
[

0.00 040 0.8 120 L.60 200 280 2.8

Time {(seconds)

Pigure I30 Plot of cobserved data in Table
I30 f£it to calculated single-
exponential decay curve. Inset:
plet of & residual vs. ¥ remaining for
experimental values
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Time (seconds)

Residual

Calculated

WO-~Dnp -

0.00000E+00
3.00C00E+ON
6.00000E+O1
9.00000E+01
1.20000E+0Q2
1 .50000E+02
1.80000E+02
2.40000E+02
3.00000E+0Q2

1.00Q0QE+Q0
5.34000E-01
2.84100E-01
1.63200E-01
1.06000E-0O1
8.290Q0E-02
6.67000E-02
4.38000E-02
2.60000E-02

9.89538E-01
5.48229E-0
3.03733E-01
1.68276E-01 .
9.32291E-02
5.16513E-02
2.86161E-02
8.78356E-03
2.69606E-03

Table I31 Observed and calculated fractional
remaining activity data va. time used for
single-exponsntial decay analysis:

(HRP] = 100nM; [H,0,]J=1.0mM; [phenol]=

0.75mM.

Initial value (A) = 98.95 + 0.026.

Residual Activity

+
=
I.LI +l (]
0.00 0.40 0.8
o'w B 1 N . 1 i [} 3 1 . |—‘-.‘| ] =
0.00 040 080 L2 160 2.00 240 2.8 102

Time (seconds)

Figure 131 Plot of obsexved data in Table

I31 fit to calculated single-
exponential decay curvas.
plot of % residual vs. % remaining for
sxperimental values
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Inset:



Time {(seconds)

Residual

Calculated

0.00000E+00
3.00000E+01
6.00000E+0Q1
9.00000E+01
1.20000E+02
1.50000E+02
1.80000&+02
2.40000&£+02
3.00000E+02

OOoO~NOUsEWN -

1.00000E+00
4.27000E-01
1.92000E-01
1.17400E-01
7.90000E-02
5.30000E-02
3.90000E-02
2.39000E-02
1.61000E-02

9.89418E-01
4.53228E-01
2.07613E-01
9.51023E-02
4.35640E-02
1.99556E-02
9.14117E-03
1.91812E-03
4.02486E-04

Table I32

Observed and calculated fractional

remaining activity data vs. time used for
single~exponential decay analysis:
(HRP] = 100nM; [H;0,]=1.0mM; [phenol]=

1.0mM.

Initial value (A)

94 #+ 0.02s.

Rosidual Activity

0.00

 Residual

0.00  0.40

L L&
Time (seconds)

0.9

2.00

2.40

—

2.2 0

Figure I32 Plot of observed data in Table

I32 £it to calculated single-
axponsntial decay curva.
plot of % reaidual vs. ¥ remaining for
exparimental values
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Inset:



Time (seconds)

Residual Calculated
1 0.00000E+00 1.00000E+QQ 9.977T14E-01
2 3.00000E+0O1 2.38400E-01 2.53901E-01%
3 6.00000E+01 8.20000E-02 6.468133E~-02
4 9.00000E+01 4. 30000E-02 1.64430E-Q2
5 1.20000E+02 2.60000E-0Q2 4.18445E-03
6 1.80000E+02 1.31000E=-02 2.70991E-04
mable I33 Obsarved and calculated fractional

remaining activity data vs. time used for
single-exponential decay analysis:

[HRP] = 100nM; [H,0,]=1.0mM; {[phenol]=
2.0mM. Initial value (A) = 100.91 # 0.027.
1.0+
3 .
= 102
g 9.80- g 3
o . ] mmii————*—*
“ ]
8 0.6 I |+, .
. Q L0 0.40 0,80
- = sidual
n 0.40'
3
ﬂ -
w-0.20-
¢
& -
0.00 , . : ‘ T : _
0.00 0.40 0.80 1.2 160 102
Time (seconds)

Fiqure I33 Plot of observed data in Table

I33 fit

exponential decay curve.

plot of

to calculated single-
Inset:
% residual vs. ¥ remaining for

experimental values
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