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oy ' ABSTRACT
‘ The‘kinetics of the  oxidation .of'vg—dianisidine by
compound I and compound II o‘hhorseradlshtperox1dase were
inyestigatéd as a fUhCElOD of pH by the stogped flow
technlqut , The enzyme ﬂQXermedlates involved in the
reactions .were studled \b rapld scan spectrbmetry. The

second order rate constant for the reaction of o-dianisidine

with compound I was independent of the pH between pH 7.91

“.and. pH 110.60 (" = 10® M 's"' at .10,0°C). At pH lower than
E . -

. _
7.91, the rate increased beyond the s?opped—flow time scale.

A plot of the paeudoffirst order’ rate constant for the

reaction of ‘compound I1 with .o-dianisidine versus the

-

o-dianisidine concentration. was not linear. Therefcre, it~

was concluded that the reaction occurred in two. steps. The

first step involves the fast-binding of the substrate to the
enzyme fogrfming an enzyme-substra&i complex. The complex
undergbes .a confeormational change or an intramolecular

rearrangemeht to yield the free product and native enzyme,.

e

At high concentrations, the second step becomes rate

-

limiting. The existence of the complex “was confirméd by
spectrbphotometfic measurements. The rate of the reaction of

o-dianisidine with compound II decreased with increasing the

pH inditaﬁigg\iif influence of an enzyme ionizing group#with

pKa= B8.6.



) ’ ‘ - PREFACE

-Horseradish peroxidase has been extensively studied

over the last forty years. The.intermediates ( compound I
and compound - Il ) of .the enzymatic cycle have . been

identified and studied in great detail (for',a review see

~

-

referen¢é 19.
o-Dianisidine - (3y3'zglmetho7yben21d1ne)' has . been
Tfequeptly used &as$ E probe for the detectlon of pe*ox1dase

activsty and pe:ox1de generatlng systemst TH% ‘ﬁﬁ&mgﬁal

B | )
intermediates and products 0f  the perox1da¢13~. of
~o-dianisidine by herseradish peroxidase have been

identified.  The final product was found to be biazobiphenyl
i N -
(2,3).

-

Thqg“present' study coTcentrates on (the reactions of -

-

compound I and compound II  with o-dianisidine. The
) . ‘ ,
stopped-flow technique has been used to study the kinetics

of both react¢ons. The enzyme intermediate% were identified

-

by rapld scan and conventlon‘l spectrophotometry. In the
introductory chapter, some properties of\ peroxidases 1in
general and horseradish peroxidase in \particular are

presented. A summary of the existing literature on the
R

peroxidase catalyzed oxidation of o-dianisidine 1s al]so
included. Chapter II contains the experimental procedurgs.

In chapter 111, the results Of the kinetic studies ﬁre

- //
e

presented and analyzed. In the final chapter, 'the results

‘

are discussed and compared to data from the literature.

Vi
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~ ‘ 1. INTRODUCTION

A. PEROXIDASES

peroxidases (E.C.1.11.1.7,donor:  hydrogen peroxide
oxidoreductase! are a class of enzymes that were’ discovered
in 1855 by Schoenbein (4). Then, it was reported that

certain 'substances' occurring in plants and. animals were .

re

ound to cata.yze the cxidatlion of certailn organic compounds
in the pre;ence of dilute soluytions of Bydrogen peroxide.
| *
The name 'peroxidase’' was first given to these‘fsubstances'
by Linossier in 1898 who wasg able to 1solate in oxidase-free
preparation of peroxidase from pus (5). Eeroxidases are
" widely distributed in nearl? all plant cells éspecially in
higher plants (6,7). High concentrations of the enzyme occur
in the sap of the fig tree and 1in: the root of the
horseradish plant. Peroxidases are also present 1n many
animal tissues and ﬁluids such as in the adrenals, 1in the
liverf in the kidney, and in the thyroid glands (thyroid
peréxidase), also in the blood (from leucoc}tQS; one can
obtain - myeloperoxidase), 1in milk (lactoperdgidase), and 1in
the saliva (8,9a). Other peroxidases are present in fungi
(e.qg. Pencillium chrysogeum) and in baéperia (e.qg.
Pseudomonas aeruginosa) (8a). |

Peroxidases of "~mammalian origin have diverse

physiologicai functions, for example, myeloperoxidase and
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lactoperoxidase - have antibacterial functions (9b) while
thyrb&d peroxidase catalyzes the “fodination of the protein
‘thyroglobulin to yield the formation of the thyroid gland
hormones (9¢c,10). The functions’of the plant peroxidases are
not clearly understood. This is mainly aue to the inability
-
of s®ientists to identify a specific natural substrate for
.them. In labo:afory conditions, plant péroxidases catalyze
the oxidation of a variety of organ}c compounds “ and
inor3danic - ions such as phencls, aromatic aminés, iodide,

stlphite, nitrize, and ﬂerrocyq&ide in the presence of

fo—)

hydrogen pe@;xide, alkyl peroxides, and peracids(1).

£

The pr®S8thetic group of mest plant péroxidases i3}

protchaemat:in X (also known  as ferriprotoporphyrin
IX)(Figure 1.1.). The protein moiety of the enzyme 1s called
~
. N\ ,
tq‘, apo-enzyme., It 15 generally accepted that the protein
" _

molety and the prosthetic g;oup are essential not only for

the rcatalytic action but also for the specificity of the
’

enzyme (11,12). .

Over the last half of a century, horseradish peroxidase
ras become one of the more extenéively studied peroxidases.
This is due to its ready availability and its high purity
and stability upon lsoclation. Moreover, 'horseradish
peroxidase  has the ability to mimic the catalytic action of
some mammalian enzymes of physiological importance; e.g.

o

thyrc:d peroxidase, that are not easily isolated and can not

be studied due to their high instability (10).

P
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~literature -sometimes referred

‘isoelectric point close to 9

;diSplphide bridges and tHreé*histidyl residues

B. HORSERADISH PEROXIDASE
~ ] .

1. Structure -of Horseradish Peroxidase
Horseradish, peroxidase is known.to have seven major

(13) and fourteen‘ minpr isoenzymes:(14). The seven major

-

isoenzymes are classifie into: acidic (A1,A2,A3), neutral

(B- andj c), -and basic \(D and E) components ‘(13); The

different isoenzymes could\be easily separated by analytical

technigues such as salt precipitations, paper

. i ) . , , K] : V . b .
electrophoresis, or chromatodraphy due to the differences 1in
- {!

their 'isoelectric points (8 Isoenzyme C (in the vlder

to as III b) has an

and is relatively high in

abundance compared to other isoenzymes in horseradish roots/
. . : ’ /

(15)." , ' - : /
‘ . N - _ ! : /
Horseradish peroxidaSe is a mon meric.‘glycohemOpropkin

of molecular weight 44,000 \(15).\ It. has 43% a-helix

/

structure(16), and a carbohydrate content ‘of 18%. by//weight
q : ' s

(17). Amino aéid seguencing (17) indicates the ehzyme

{

consists of a single polypeptide chain \comprised of 308

amino acid residues. The enzyme éontaihs ne propohaematiq
Ix‘émd 'eiéhth~&eutral carboﬁzﬁgaté/ side hains éttached’
thfou@b_;fésparagihe residUééJK Also presknt are foué
‘ | His 40,His

42,His 170). One of th histidines (namely His 170) was

7



\ “found ;b ‘occupy the fifth coordination position of the
\ : = A (
\ ferric ion (18) while the other two residues (His 40,His 42)

\\fre ‘present . in the distal side of the heme *{19)., His 42 is
¢consigered to work as the distal  histidine group of

catalytic importance (19). The presence or absence of.a
water molecule in the'sixbh/ coordination position of the
heme hés‘been‘déﬁgted.>A recent Raman spectroécopy study of

the enzyme has lead to the proposgl that the sixth
coordiration position of the heme iron.of native ferric
horseradish per&xidase is vacant, but ‘uwpon fbindingflof - a

particulaf substrate (in the study the substféte,‘was
benzhyd<okamic acid) a water molecule is accommOdgﬁéd iqfthe

)

axial coordination position of the heme (20 ‘This was

concluded frgm the comparison of the Raman 'Speqtﬁafféf - the
. I t e . PR ‘ A _l: ":,“3 ,
native ferric ‘horseradish peroxidase ~which was' that of a

penta-coordinated ferric high spin heme and that ‘for 'the
horseradish peroxidase-benzhydroxamic acid complei‘which.was

typical of a hexa®coordinated structure.

~

. . .
The presence of "two calcium ions per enzyme molecule

4

was de{etted (21). The binding of one calcium ion to (;hgf'

enzyme was found to be.essential in maintaining the protein

«

«
-

structure in the heme enviroment. It appears to stabilize. .

E)

¢ : )
.the higher oxidation’ state of the heme in compound I of

- horseradish peroxidase (22).



2. The Enzymatic cycle of Horseradish Peroxidase

There are two enzymatic intermediates in the catalytic
cycle of horseradish peroxidase ( compound I and compound
I1). The formation of compbund I is achieved by the reaction

of h&drogen péroxide with the native ferric enzyme. During

N 1 .
this ‘reaction, the enzyme acquires an oxygen atom from

- -

hydrogen peroxide. Therefore, compéuhd I has a formal

oxidation state of +5. The one-electron reduction of

RIS
AL

compound 1 by the reaction,with a substrate yields compound
I11. Therefore, compound II has an intermediate oxidation

state of “+4 between ccmpound I and the natiwe ferric enzyme.

Yy ! N ~
. o) . . : N
The three species (native enzyme, compound I, and compound

'I1) have very dfstinguisthle Soret peaks, and 'the study of

the formation: and decay/ of each intermediate is rendered

feasible due to the presence of distinct isosbestic ' points

,
-

(Figure I.2.). . ' o,
Studies have indicated that ‘the enzymatic <cycle for

_horseradish peroxidase 1is dependent ugon the nature of the

-

reducing subst:até. For the horseradish peroxidase-catalyzed

oxidation of ferrocyanide (24,25), p-aminobenzoic acid (26),

~and .nitrite (27), the following scheme was found to be

representative of the series of reactions occurring .within
the cycle:

S

HRP + H,0, —————> HRP-I + H,0 - (1)

»

1
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Figure 1.2. Molar Absorptivity in the Soret region of
.Horseradish peroxidase (23): '

(A) native enzyme

(B) compound 1, and

(C) compound 11



& ¥

HRP-1 + 'S ————> HRP-II + S' ‘ (2)

HRP-I1 + § ——> HRP + §' : (3)

: . |
where HRP, HRP-I, HRP-II, S and S' are the native ferric

enzyme, compound I, compound II, the reducing substrate . énd
the product, respectively. ' ' .
For the bxidation of p-cresol, (28,29), the following

scheme applies ::

HRP + H,0, ———> HRP-1 + H,0 . (1)
HRP-1 + HS ——> HRP-II + S' . (4)
HRP-11 + HS———> {HRP-11-HS} ———> HRP + §' (5)

.where HS, HRP-II-HS, and §S' represent the substrate, the

enzyme-substrate complex and the ™ substrate radicai, -

respectively.
In spme other reactions of horseradish peroxidase,
compound [II was not detected within the enzymatic cycle even

though it itself was found to react with the substrates.

-

This was evident 1in the oxidation of ‘iodide: (30) and

bisulphfite (27). The suggested reaction scheme is:

PP + H,0, ——> HRP;I + H,0 | (1)



HRP-1 + § ————> HRP + S" g : | (6)

where S" is the two-equivalent oxidized form of the
substrate. L

‘ .

Apart from the three main species of horseradish
éeroxidase that are actively involved in the enzymatic
cycles, another redox £o;m has been studied'(compoUnd I111).
Compound III can be formed by the addition of excess
hydregen peroxide to the native ferric enzyme (31) or by the

binding of oxygen to the ferrous enzyme (7). This species is

catalytically inactive and the peroxidase activity 1s

inhibited due to its formation (7,31).

3. Compound I and Compound IIl: Structure and Reactivity

‘Boﬁh compound I and compound II have the séme ferryl
(Fe(1V)) structure (32). However, in compound_I,‘ there are
two oxidizing equivalents: one equivalent sporéd as a
low—spiﬁ ferryl ion, and the segond equiyaleﬁt.sﬁored as a
porphyrin centered m-cation ;adical (33). Ih compound II,
there i; only one oxidizing equivalent present, The
reactions of compound 11 are general ; slower than ﬁhose of
compound 1 (7). The reactions of compound .1 appear to be
influenced by an enzyme group of a pKa=.5.1, whereas. the
reactiohs of compound Il appear to be influenced by another
enzyme group of pK_= 8.6 (1). Thg protonation of the eﬁzyme
group of pK = 8.6 in éompound 11 has a noticable effect upon

the oxidation rates of most substrates studied such as
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p-cresol, ferrocyanide and p-aminobenzoic acid. However; in
other reactions of compound 1II with substrates such as
iodide and bishlphite, another enzyme group havihg a pK,
lower than 3 greatly affected’ the observed rates of.

oxidation. The importance of the enzymatic group of pKa= 8.6

will be discussed further in chapter 1V.



C. PEROXIDASE CATALYZED OXIDATION OF o-DIANISIDINE

Horseradish peroxidase has been widely exploited for
the detection of hydrogen peroxide and hydrogen peroxide
generating systems in‘analytical biochemistry (34,35). The

oxidation of o-dianisidine by horseradish peroxidase was

first studied as a basis for a convenient- and specific assay

Y

for the determination of glucose’(2). Thé basis of the assay
1s the oxidation of glucose by glucose oxidase to yield
gluconolactone (D-glucoﬁic acid ) and hydrogen percxide., In
the presence . of horseradish peroxidase, the hydrogen
peroxide produced 1is wutilized in the - bxidation of
o-dianisidine to a coloured product. This method was‘further‘

W

extended and used for the determination of carbohydrates

‘e¥pPecially sugar in human blood and urine (36) and for

peroxidase determination in various mammalian tissues(37).
The. horseradish peroxidase /o-dianisidine oxidation
system was’ applied 1in histochemistry. and neuroanatomy.
Horseradish pékéxidase neurchistochemistry 1s one of the
most frequently . used methods of tracing neuronal

connectivity within the central nervous system (38-44). This

1s due to the ready uptake of horseradish peroxidase by

nerve cells and its subsequent transportation through the
centra% nervous system from the original place of 1injection
under the skin to the brain. The detection of the path

undertaken by HRP can be easily visualized>usYng chromogens
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(aromatic amines) which can polymerize and show a more
~

intense colour when oxidized (36-44). ®ne of the most

efficient chromogens used for this method is o-dianisidine.

The optimum pH for thé peroxidation of o-dianisidine was

. 3 A
found to be within the pH range of 3.4 - 6.4 (40)% The.

T

o-dianisidine /horseradish peroxidase system was empjoyed’

Y

also in the determination of the peroxidatic activityﬂ%M
(AR

enzyme itself (45). tﬁ

Despite the extensive application of the o~ ijniﬁﬁfﬁﬂe
> Y SR
4 . L vy Fy-

qxidation .by horseradiéh peroxidase in vaf;fﬂ: : Qg%xw
fiélds,.initially little attention was paid tg¢tﬁe stud;ﬂ%%”
the reaction itself.v A number of studies were published
concerning the fate of o-dianisidine 1in the péroxidation
cycle (2,3,46). In the earliest of these’studies (46), the
enhancement of the rate of the peroxidation‘éf o-dianisidilne
using ammonium salts was investigated. In‘the.abseﬂce of
NH, , the rate of peroxidation decfeased above pH 5.8, and
in the presence of NH, , the rate only decreased when the pH
exceeded 8.8. In-"the present Spudy, all experiments were-
performed in the absence of ammonium salts. Therefore, the
process responsible for the rate enhancement by nitrogenous
l{aands wéll not be - discussed further here. The rate
limiting step fbr the overall reaction wéé believed fo ‘be
the reaction of compound II of'hbrseradish perogidase with

o-dianisidine. The overall reaction scheme was given as

follows:

N

£
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(HRP +H,0, ———> HRP-1I (7)
HRP-1 + DH, ———> HRP-I11 + DH ' (8)
HRP-11 + DH, —————> HRP + DH p (9)

where DH; and DH are the substrate and the substrate
radical, respectively.

The more recent studies (2,3) focused on the mechanism

of the oxidation of o-dianis.dine and the identification of

the final products. It was concluded that the oxidation of

o-dianisidine occurs in a rapid two-electron process(2). At

4

low concentrations of the substrate, the first free
detectable product wés identified as the two-equivalent
oxidized form of o-dianisidine which 1s dianisidine
guinonediimine (Figure I.3.). With the concentration of the
substrate in excess of that of the enzyme, the .first
detectable producﬁ was an intermolecular complex consisting
of the guinonediimine and'g—dianisidihe. The final product
was. identified as biazobiphenyl(structure Figure 1.4.). The
interaction of the g—dianisidine molecule with the native
enzyme was also studied (3). Evidence for the formation of
an enzyme-substrate complex was repo;&gd and the ‘importaﬁce
of this finding will Sé elaborated upon in chapter III and

chapter IV.

/

0



o-dianisidine

Figure 1.3,
Quinonediimine.

OCHy

0CH,

dianisidine guinonec:iim.ne

Oxidation of o-Dianisidine to Dianisidine



OCH,

Figure I.4,

S-ructure of Biazobiphenyl.



11, EXPERIMENTAL

Horseradish peroxidase (HRP) (E.C.1.11.1.7,donor:
hydrogen peroxide  oxidoreductase) was obtained from
Boehr inger Mannheim Corp.(Montreal ) as an ammonium sulphate
’precipitate with a purity number (Pa‘io of absorbances at
4C3k nm and 280 nm) of 3.00. Stock solutions of the enzyme
were prepared by dialyzing the precipitate extensively at
4°C against purified distilled water ;btained from a MIT]i-Q
Reagent.~Grade WateF‘SyStem. The concentration of the enzyme
was determined spectrophofometrically at 403 nm using a
molar abso:pti?ity of ¥.02 x10° M ‘cm-' (47). o-Dianisidine
(3,3'-dimethoxybenzidine) dihydrochloride (O-DH:) was

obtained as purified crystals from Sigma (St. Louis!.

o

Because of iﬁs low solubility in water, a stock solution ©f
o-dianisidine was prepared by dissclving 0.3188 g in 200 ml
95% ethanol to yield a concentration of 5 mM. All solutions
made of o-dianisidine (stock and further dilutions) were
protected from light ;nd stored at 5°C to prevent oxidation
(37).

Hydrogen peroxide (30%) ;as obtained from Fisher (Fair
Lawn, New Jersey):and the concentration of H,0, stock
solution was checked spectrophdtomet;ically by HRP catalysis
of the conversion of 1~ to I,  (48). Potassium ferrocyanide

(reagent” grade K,Fe(CN)y.3H;0) was obtained from Baker

Chemical Co. (Phillipsburg, N.J.). Potassium ferrocyanide

16
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solutions of the required concéntration were prepared by

dis%oluing a caretully weiéhed amount in ‘reagent grade

’

e . ';%‘;
water. All other chemicals used as buffer components were of

.

; o ”
reage *@rade and were Uused w1thout further purlflcatlon
m ) . s‘,‘h\«\;‘ .

Spectrophotometrlc measprements were performed on a
Cary 219 spectrophotometer with the cell . compartments

thermostated et 25.0°C. All stopped—flow and rapid scan

measurements were performed on a Union leen Rapld React ion -

'Analyzer Model RA- 601 equ1pped w1th a 1-cm cell *hermostated

Et 1O O+O 2 C Measurements m%re made in buffered solut;ons

nl“

" of a total ionic strength of 0.11M; ’w1th the buffer

eontributing‘0.0IM. The final ionic strength was adjusted to
0.11M by' adding potassiumlsulphate (p§.4.47 ?va'7.00) or
‘potaesium,nitrate (pH 7;00 - pH 10.60) as-inertvdsalts.'-The
conceatration of HRP in the solutions was-i.O - 2,0uM,
Compound I of.horeeradisn peroxidase (HRP-I) was formed
prior to use by;-adding. an eouimolar,amount of hydroégen
peroxlde te 3.0 ml of the eneyme solutlon. The reaction of
dlanlsldlne and compound I yas studled under second-order
conditions~usimg equimoiar amounts of o;dianisiﬁine and HR?.
The reaction .was monitored at 414 nm, the isosbestic point
between.the native enzyme and compoundp}I.

Compound II of horseradish peroxidase (HRP=II) was

: ) . . : S :
formed just prior to use by adding an equimolar - amount of

hydrogen peroxide - to 3.0 ml of the enzyme solution

_ \d I
.containing an equimolar amount of potassium ferrocyanide.
- . . » . v B

For éxperiment% ‘'within the pH range of 7.20~10.60, the

%,
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'enzyme solutions were buffered to an- ionic strength of
0.11M, énq for éxperiments within the pH range of 4.4747.00,
a pH Jjump procedure was followgd# (49). The solutions after

ftheir final pH values

roin

"
each experiment were collected and.

" were determined ,Wigh'a(FiShen digffal bH.metEP (model 420)
ééuipped with a Fisheﬁ MicroProbe ¢bﬁbiﬁatﬁ%§gelectrode. To
enslre pseudo-first order .cohditions for the stopped-flow
experiments, g;dianisidine concehtratio% was af'least 5 fold

greater 'than that of compound IT. The reaction between
comﬁound I1 of horseradish peroxidase and o-dianistdine was
s

-folléwed by monitoring the rate ¢: disappearance of compound
II at 420 nm, the wavelength of its maximum absorbance.

‘Between 7 and 14 traces of chafige in absorbance versus time

§

were recorded for each reactio

2.
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«I11T. RESULTS

An ovefall visualization of the enzymatic cycle could
be obtained from the rapid -scan spectra. The spectra in
Figures I1I1I1.1., and III.2, revealedlﬁhat the reaction between
compound &1 = of horseradish peroxidase and o-dianisidine is
extremely_f%gt (14-15 ms dpon completion) in the presenée of
a -5 fold excess of gjdianisidine. The reaction of compound
I1 ¢f horseradish peroxidase and an approximatér five .fold
excess of substrate (Figures III.?1, and II1.3.,) is'slower
and dépendent upon the experimental pH (;T?O\@s at‘pH 10.60
and =54 ms at pH 9.80). Figure Iil.é; illusg?étes that Ehe
a&dition of half the eguimclar amgunt'of the:»substratev'to
éompound I yields the formation of compound I1I (IOO%,
magimum absorbénce peak at'420 n@) in a périod of 27 ms at
pH 10.60.

From FiQures IiI.l. énd I11.3., the 1isosbestic point
' bet@een hati;e HRP and HRP-1I was obtained at 412 nm. Under’
_s%ﬁohd%order céndiﬁionsi?ith equéi concentration;'of HRP and
 é—aianisidiﬁe,T the \kinetics of the reaction were analyzed

according to the following differential rate expression:

- d [HRP-1] = k‘[HRP-IJ[Q;dianisidine] ' ~(10)
at. .

The second-order. rate constant k' was calculated from the

initial slopeiof curves such as in Figure 1III1.4. The mean

19 .
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Figure II1.1. Rapid scan measurements of the reaction
of o-dianisidine with HRP=1 at pH 10.60, with [HRP]= 1.73uM;
and [o-dianisidine]= 8uM. Spectrum #1: HRP-1 at t=0 ms,.
spectrum #2: HRP-11 at t= 14 ms, spectrum #3 : the reaction
at ts 38 ms , and spectrum #4: 158 ms after. . '
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Figure 111.2. Rapid scan measurements of the reaction
of o-dianisidine with HRP-1 at pH 10.60 ,with [HRP]= 1.73uM,
and [o-dianisidine] = 1.0uM . Spectum #! HRP-1 at t= 0 ms,
spectrum #2 the reaction after t = 3.ms , and spectrum #3

:+ the reaction after t= 27 ms .,
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0.25

vowt

Absorbance

880 ' 400 420 440 460

Wavelength (nin)

Figure I1I1.3. Rapid scan measurements of the reaction
of o-dianisidine with HRP-II at pH 9.80 with [HRP]= 2.05uM
and [o-dianisidine]= 10uM . Spectrum #1 : HRP-II at t =0 ms,
©spectrum #2 : the reaction after t= 6 ms , and spectrum #3;
t= 54ms after, L _ )
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AR,
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time ‘(mjs)

Figure I11.4. A typiéal second-order trace of the
reaction of HRP-I with o-dianisidine at 414 nm.
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values of k' obtained are presehted in Table 111.1., and a
plot of log k' versus pH is shown in Figure III.5.

Figure II1.6. illustrates a typical psésééﬂfirst order
_éurve of AA (change in absorbance) versus time (msec) for
the regction of compound II with o-dianisidine. Under _
pseudo-first order conditions with the concentration of the
substrate in excess that of the enzwme, the kinetics of the

reaction were analyzed according to the differential rate

expression -(50,51):

*

- g [HRP-11] = k(obs)[HRP-I1] (11)
dt )

such that,
k(obs) = k{app)lo-dianisidine] C(12)

where k(obs) is the observed rate constant, and k(app) 1is
the apparent secona-order rate constant. The observed réte'
constant for eacﬁ experimént was calculated by a non—lingaf
least-squares computer prdgram using\,Gauss‘ method (52).
Plots of k(obs) versuSv[g—dianisiaine] were constructed "at
each experimental pH value énd' the results are shown 1in

Figures I1II1.7. and II11.8.
/



Table III.1,

Values of k'  for the reaction of HRP-I and

o-dianisidine.

_pH k'(M"'s" ") log k'
7.91 , (1.4£0.3)x10° 8.15
9.12 (1.3£0.3)x10° 8.10 "
9.73 - (1.2£0.1)x10°% «\: 8.09
10.33 (1.1+0.4)x10° - 8.05

10.60 (1.0£0.1)x10°8 8.02
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Figure I111.5. Log k' versus-pH for the
HRP-1 with o-dianisidine at 10.0x0.2°C.

reaction of
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Figure I11.6. A typical pseudo-first order trace of the
reaction of HRP-II anc g-dianisidine, at 420 nm and pH 8.2C
with [HRPl= 1.2uM and [o-dianisidinel= 8uM.
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Figure III1.7. Plots of k(obs) versus [o-dianisidine]
for the reaction of o-dianisidine with HRP-II:

(@) at pH 9.00, and

(m) at pH 10.60.

[HRP] = 0.6uM after mixing. NS
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Figure I1i1.8. Plots of k(obs) versus [o-dianisidine]
for the reaction of ¢o-dianisidine with HRP-II:

(®) at pH 7.60,
(®m) at pH 8.20, and
A (A) at pH 9.00.

[HRP] = 0.5 -0.6 uM after mixing.’
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(\\ The linear relationship between k(obs) and
. s
[9~d9anisidine] predicted by eguation 12 was observed only

\ve;”/low concentrations., At higher concentrations, a

non-lineéky dependence was observed. A similar behavior was

. {

repcrted in the oxidation of ferrocytochrome C (53) iand‘ in

the oxidation of p-cresol (28) by compourd II and was

attributed to the formation of an enzyme-substrate complex.
The binding of the substrate to the enzyme could be

detected spectrophotometrically as shown in Figures 111.9,

and 1I11.10. The. initial spectra of the native gnzyme were

recorded prior to the formation of the enzymatic

. . . : »
intermediates: HRP-I (Figure. 111.9.) and HRP-II (Figure

11

—4

.10.). The spectra were then recordéd immediately after

the addition cf an equimolar amount of o-dianisidine to the
¥ o -
L]

enzymatic intermediates. An increase in the absorbance above

. N o
‘the native enzyme peak (at 403 nm) was observed as well”as

the appearance cf a sroad shoulder at 450 -550 nm. These
results are in agreemen: with the results - previously
reported (3). The increase in the absorbance peak was

, -

attributed tb\;he binding of a partially cxidized substrate
to the active site of the enzyme (3).

From the analysis of the results and data obtained from
the stopped-flow experiments, the oxidation of o-dianis:idine
by compound II can be represented‘as a~two step reaction
mechanism (3,28,54-56). The first step iﬁvolvegw a fast
equilibrium binding of o-dianisidine to ébmpouhd I1. The

'y

second step involves an intramolecular rearrangement or a



Abiorbance x 10®

?

oL N : | : J . :L
350 - 400 450 500 560
Wavelength = (nm) |

. . /
~ ) ; [
. v /

Figure III.9. Spectrgphotometric measurements. of ‘the
reaction of o-dianisidine®with HRP-I at pH 7.60 ,and [HRP]=
1.0uM. Specrum #1 : native erzyme, spectrum #2v.: HRP-I ,
spectrum #3 : the first spectrum obtained after the V
immediate addition of an equimolar amount of o-dianisidimg
td HRP-I" (scan rate= 5nm/s), and spectrum #4 : 170s after
mixing of HRP-I and o-dianisidine. | b

4

i



x 102,

Absorb ance

Qi i ] ] 4

280 400 ‘50 . ’ 8500 . B8O
Wavelength (nm)

1

. Figure I11.10. Spectrophotometric measurements of the.
~reaction of o-dianisidine with HRP-II of .at pH 7.60 and
[ARP]= 1.,0uM . Spectrum #1: native enzyme , Spectrum. #2
HRP-I1 , spectrum #3 :the first spectrum obtained .aftef: the
~ immediate addition of¢an eguimolar amount of o-dianisidine
t6 HRP-1I1, and spectrum #4 : 170s after. 3 :
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conformational change of ‘the HRP-II-o-dianisidine complex

(3,28). The reactidn géheme is given as (54):

HRP-11 + 0-DH, ————— (HRP-I'1-0-DH;) (13)

(HRP-11-0-DH;) . (HRP-product) ' (14)

"Under pseudo-first order conditions and using the

steady state assumption (54,55), it is shown in Appendix . A

" that

“1s:

which

the rate constant for the formation of (HRP-product)

N
) ' '
k1[O_DH2]V‘kz +k.z) +k-2k-1

k(obs) = | n ' (15)
k1[O-DH2] + k-1+ kz ‘

can'be rearranged into the following form:

k1k2[O'DH2] +k-1{ k1[é"Dsz +k-1}
k(obs) = ' ' (16)
ky[o-DH,] + koot ke

. @

If the substrate addition step in equatio%,(13) is a rapid

Sy ' o g &
equilibrium, the rate equation é!?omes:

il
path

kK, [6-DH, ) S

| k(obs) = - + K., _ wb S (17)

— {1 + K1[O—DH2]}

4
. \‘;) .

‘@here Ky = k,./k_., ¢ the equilibrium binding constant; kz'and

@



» - : ’ .' . 34

K., are the forward and‘the':eversé rate constants for the

conformational or rearrangement of the enzyme-substrate

Lﬁggdmplex, respectively. At low substrate concentrations,
' k(obs) will show a linear dependence “upon [o-DH,]

{

k(ObS) = k2K1[O"DH2] + k-z ) ‘ ‘(18)

v
and at higher concentrations,

~k{obs) = k; + k., ) ' (19)

"Within nafhér large error limits, the rate constant k., can
be assumed to be extremely small compéred to k; since the
extrapolation of the slope of the initial portion of the’

k(obs) versus [o-dianisidine] plots appears to go through

the origin. Equation (17) becomes: '

k,K,[0-DH3]  ° gLﬂé;i |
k(obs) = - . (20)
1 + K,[o-DH, ] ‘

N

-

For ‘thé purpose of computer weighted curveﬁgitting of
data, an estimated value of k K, was obtained from the slope
of* the initial portion of the curve. A value for K, was
estimated bj dividing the slope ( k.K,) by the maximum value
of k(obs) atta{nablg at each exferimental pH. Results from_
the'computer fiptiﬁgs are presented in Table: I1I1.2. Values

for the apparent second—ofder'fa;e constant, k(app) (Table
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111.3.), were calculated from the following eqﬁation:

k(app) = kK, (21)
The apparent second-order rate constant remained
constant between pH 4.47 ~-. pH 7.90 and decreased with

-iﬁ?feasing the pH above 8.0 (Figure I1I1.11.).

| -

r
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with g—Diénisidine at 10.0%0.2°C and 1=0.11M

Table 111I.2.

36

Values of K, and k., for the reaction of Compound 1II

pH BUFFER(c) K,(M" ') (a)
4.47 CT. (3.4%1.2)x10"
5.33 cT (5.1¢2.8)x10"

6.49. P (2.3+1.4)x10°
7.20 P (2.840.8)x10°
7.60 P (4.7¢o.7)g105
8.20 2 (1.3+0.6)x10°
9.00 C (5.840.6)x10°
9.56 C (1.2+0.6)x10°
9.80 C 13.620.7)x10°
10. 60 ke (7.2¢1.@)x10°
(a) k1 k /k_1q.

.7)x10?
.9)x10
.0)x10
.3)x10

).2)x10

(b) k,:conformational /rearrangement rate constant for the

enzyme-substrate complex;

(c) Buffer key:

CT: citric acid-sodium citrate,

p

potassium dihydrogen phosphate - disodium hydrogen

phosphate, and

C :

sodium bicarbonate =sodium carbonate.
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Values of

Table III.3.

37

k(app) as a function of pH for the teaction

of HRP-II with o-Dianisidine.

_PH
4.47

5.33 .
6.49%’.
7.2035_:.
 7.60[
8.20
9.00
9.56
1 9.80

10.60

J

k(app) (M-

1 S—1)

(6.

3+0.

7)x107

.8)x107
-5)x10’
.6)x107
.5)x107
.3)x107
L6)x107
.7)x10°
.9)x10°8

.8)x10¢°

log k(app)

7.

7.

80

81

.89‘
.95
.85
.57
.07
.87
.46

.38
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Figure III.11, Log k(app) versus pH profile for the

reaction of o-dianisidine with HRP-I1 of horseradish
peroxidase. The best-fit line was determined by weighted

non-linear least sguares analysis using equation 27



IV, DISCUSSION

The  overall reaction for the perokidation of
o-dianisidine by horseradish peroxidase was given 1in the
following scheme (46):

-+ . _ +

H,N Ar NH, + (Fe(IV)%®) —————> {H,N Ar NH,, (Fe(IV)T7] (22)

AN

’ + » +
{u,N Ar NH,,(Fe(IV)%)) —————> {H,N Ar NH, ,(Fe(IV)7} (23)

4+
T .... slow e o
tHoN Ar NH,, (Fe(I1V)7) }— { HN=Ar=NH, (Fe(III)nH, 1(24)

{HN=AT=NH, (Fe(III)7H,? )}

5 HN=Ar=NH + (Fe(III)7H,2") (25)

where HZN Ar NH, is the substrate o-dianisidine indicating
the gréups involved in the oxidation ©process; HN=Ar=NH is
the first free product of the peroxidation of o-dianisidine
which is dianisidine gquinonediimine (the"two—equivalent
+

oxidized form (34) ): and ( Fe(IV)r ) is the electronic
structure representation of compound I of = horseradish
peroxiéase taken to be the Fe(IV) n-cation radical (58).

| The cé}culated rate constant for the reaction of HRP-I

' which is

with o-dianisidirde.. was. in _the. order 10°® M™'s~
approximately 100 times faster than that for the reaction of

. 3
HRP-11 and o-dianisidine. This may explain the fact that the

39
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study of the reaction of HRP-I and o-dianisidine was rot
feasible under pseﬁdo-first ordef conditions., Also, it may
account for the limitation of the accessible pH range of
study (pH 7.91 - pH 10.60) under second-oraer conditions
where the rate of the reaction'was found to be relatively
slow. A futher experimental sﬁudy of the reaction below pH
7.95 has-indicated that the increase in the rate constant

-

\\Yalue was so High that it was not feasible to measure in the
stopped-flow. Therefore, it was not possible to obtain a
‘;;cond-order “plot of k(obs) versus [o-dianisidine] so as tc
' ascertain wheéhér or not the reaction of -‘HRP-I with
g:diaqisidine gxﬁébits the same sype of saturation effect as
the reaction of HRPfiI with o-dianisidine.
| In Figures II11.9. and I11.10., a broad shoulder at 45C
- 550 nm was observedf The width of this shoulder decreased
gradually with time and,eventuaily was limited to the region
from 450 -500 nm. This wag hoted to occur for the |reaction
between o-dianisidine and'gatiQe horséradish peroxfdase and
was aﬁtributgd to the formation of the final product

biazobiphenyl (structure Figb;e 1.4.) (M(max) 453 -275 nm )

S

. . .
s suggested that the enzyme may exist 1in two conformations

In a study done on horseradish peroxidase, it was

(59). The first conformation 1s believed to be more
sterically restrictive and is to be favoured in the native

enzyme. The second conformation favoured by éompound IT of

horseradish beroxidase is believed to facilitate the binding

;



of aromatic molecules, to the enzyme, Evidence for the
: \
\

binding of the substrate to the enzyme in this study can be

obtained from Figures II11.9. and I111.10. The formation of a

complex’ 1is indicated by an increase in absorbénce at 403 nm
for the reactions starting with HRP-1 (Figure 1I11.9.) and
. HRP-II (Figure 111.10.). A further close examination of this
increase in the absorbance peak at 403 nm indicates it to be

-

slightly more for the compound 1I reaction than for the
compoung; I reaction. il |

| It was observed from Figure II1I.11, that the apparent
second-order rate constant remained contant below pH 7.60
and, above pH 8.0, a decrease in k(app) was noticed.’The
simplest reaction scheme that may account for such
observations 1s:

ks
EH + S > products

tm

where E and EH are the basic and acidic forms of the enzyme
with the ionization constant K (E); k,; is tﬁé*%econd order
raté constant for the reaction 'involving the protonated form
of the enzyme, and S is the substrate. Within the pH range

of the study, the effect of the 1onization of the enzyme

functional group was considered and not those for the amino

groups of the substrate. The’pKafor the o-dianisidine was
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reported to have a value of 3.24 (2) which lies outside the
pH range of study. This supportéd the assumption that an
overall charge of zero was éppropriate‘for the feaction of
9~dianisiaine with horseradish peroxidase (2).

From equation 26, equation 27 was derived for the

apparent rate constant ~showing :Its dependence upon the

experimental pH:

The best-fit parameter values and the standard deviations
cbtained from a non-linear least-sguares computer program-

are presented in Table IV.1,

In studies of the vreaction of compound I1I with some
substrates, the effect' of an acid group of pK = B.6 was was

observed (24-26,29,48,59). From the results of this study

. ) ~4
,the calculated pKavalue of 8.81+ 0.18 was assigned to the ~

same enzyme functional group. The ionization of pKa=‘8.6'has
been assigned tc an amino acid residue at the distal side of
~he ‘heme'probably His 42 (T, 19). It was suggested that this
distal positioned histidine was hydrogen bonded with  the

sixth ligand of the heme (60). This distal histidine has a

catalytic function in the compound I1I reactions (1,60). This
distal group in its protonated form is believed to promote
electron transfer to- the histidyl residue occupying the
fifth coordination position of the heme (61). In a more

~
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recent Raman study of ferric horseradish peroxidase (20), it
;as proposed that the ionization of the distal histidine
group plays an essential role in peroxidase catalysis
because it results in a significant ‘change in the
conformation of the polypeptide chain. This change can be
observed as a strain exerted upon the Fe-His{proximal) bond
or the opposite side of the heme.

From both the spectroscopic_and kinetic data, it can be
concluded that g—dianisiéine forms a complex with compound
II. The reac;ion of o-dianisidine with HRP-II ‘can  be

represented by thé following scheme:
HRP-II + o-DH, > {HRP-II1-0-DH,} (13)

kg . : _
{HRP-11-0-DH;} ——————{HRP-product} (24)

This scheme involves a step where tgé substrate binds
to the enzymé‘ipfa fast equilibruim. This complex undergoes
an lrreversibple confﬁrmational change followed by the
separation of the first free’product from the native enzyme.
From this study, it appears thatlthe conformaﬁional change
1s the rate limiting step' of the overall reaction. The
calculated PK, value of 8.8+ 0.2 in this.study was assign;d
to the distal histidine residue of catalytic gaportance.

In sdmmary, an earlier study of the reaction vof

horseradish peroxidase with o-dianisidine was conducted

under steady-state conditions in which only the rate of the
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product formation was measured. In this study, elementary
[ . , -
rate constants for the reaction of both compounds 1 . gnd 1II

with o-dianisidine were obtained as a function of pH.

3 v
i
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“Table IV.1.

Kinetic parameters for the log k (app) versus pH
“obrofile for the reaction of HRP-II with ngianisidine.

~
Iy

"
/“ N v . .
ko (M“'s ') ~ C(7.4+7.6)x07
v K (E) (M) (1.5+0.6)x10"°
_a
pK _ (E) o . | 8.8£0.2
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APPENDIX A: Derivation of equation 15

! '
Considering the following reaction scheme:

k k.
E + § —/—ES Z——EP* : (A1)
k_, |
A l)
(E¢)= [E) +[ES] +[EP*] (A2)
Therefore: [E] = [E,)] - [ES] - [EP*J » ' (A3)

From the steady state épproximation:

-d [ES) = 0 = k,[EJ[S) +k.,[EPx] -k_,[ES] -k,[ES](A4)
dat

Substituting eguation A3 into eguation A&

: ) k}[Eo][S] -k, [EP*][S] +k.,{EPx]
[ES] = ' . .

(AS)
ky[S] +k.y +k.
.
._d[Epx] =k.[ES] -k..[EP*] : - (A6)
dt

Therefore;

3lEP*] = ky(k,[Eol-k,[EP*][S)+ k., [EPx] )  +k.,[EPx]
dt k,[S] +k., +k,

which could be rearranged to the following form;

Ad[EP*] = k;k

1 -[EP*){k,k,[S] +k.,k,[S] +k_,k.,}
dt k

53 !
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Inteérating the above equation yields:
\

K [S] +k. . +kg ln B/A = -t (a6)
k2kq[S] +k-2kTTSj'+k-zk»1

where

and
Bk k [83(s] -[EPx] {kok [S] +k. ok, [ST+k. k. }

rearranging equation A6:

< 3 Joo .
In B/A =k, [S])(ky+k.2) )+ k. k., t
kg [ST +k oy *kg
. y
which is ¢ K
ln B/A = ~-k{obs) t
where
k1[S](k2+k_2) +k-1k_z
k(obs) =

Ky [ST+k -, +k,



APPENDIX B: Derivation of equation 27

r

e

For the reaction scheme in equation 28
N
Qa

[Eo] =[E] +[EH]
k(app) [Eo) = ks[EH)

Substituting for [E,] in the equation for k(app):

ks [EH)

. klapp) =
[E] +[EH]

“

which could be rearranged into the following form:

ks

k (app) =
[E]1/[EH] +1

A -

[E][H"]

[EH]

since, K (E) =

therefore, KafE)/[H‘] = [E]/[EH]

ks

k (app) = —
K (EY/[H"] +1



