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.ABSTRACT = -
' * . . '
An introductory chapter provides aq explanatifn of the
reasons for which this work was-undertaken, and it provides

a background discuseion of the important phySical and chem-

ical propertles of many other peroxldases as well as horse- .

-radlsh peroxidase. Laccase is also ﬁentloned because of 1ts

phenol oxidase activity. \
Rate constante for the'reactioh-berweeh horseradish
peroxidase'Compouhd I and p-cresol have heen deterhihed at
eeveral values of pH berween'2.9§;and 10;81, These rate
o0nstan£s were us!dtto oonstruct”a log (rate)_ps. pH-pQPfiie.
Base catalysis is evidehtﬁ At the maximum rate, pH 8.7¢,
the Arrhenius”activation energy was determined ﬁo be 5.0¢0.5
. kcal/mole. H |
' Over a wide range of pH horseradlsh perox1dase Compou’d
I can be reduced quantltatlvely via Compound II to the native
‘
enzyme by only one molar equlvalent of p—cresol.A Since this
requires twovmolar equivalenrs ok electrone; p-cresol hehaves‘
'ds a two electron’reduotant. ‘A possib;e éxplanation,for p- |
cresol behaving as a two-electron reducrant ihvolvss'the di-
merlzatlon of twq 1n1t1ally formed p-methylphenoxy'radlcals
(from thJVreacttbn of Compound I with p-cresol) to form 2, 2'
dlhydroxy-s 5':d1methylb1phenyl "and this dxmgr is then able’
to reduce Compound II "to native horseradish peroxldase.;_The

© major steady ‘'state oxidation’ product of p-cresol is Pummer—



er's Retone.' It is shown that Pummerer s ketOne cannot be

.

:the main oxldation product\of p—cresol when Compound I and
p- cresol are present in a l:1 molar ratio. ) ey
'I'he rate of formatlon of Lomundl from the reactlon tflm
native horseradlsh peroxidase w1th hydrogen perox1de was

,‘~stud1ed from 3.7 to 70,0°.° The second-order rate‘constants

".\) .

were used to constrdct an Arrhenius plot from which the act-
ivation energy of this reaction was cglculated to be 3.5:1.6
‘skcal/mole. The possibility presented that the rate of, this

‘reactionsis diffusion‘controlled.

' Pseudo flrst-order klnetlcs was usqq to show that

Compound I formatlon is second order from pH 3. 19 to 9.76.

v,

This rate is pH independent,from PH 5.96 to 9.76, and at pH
. ' ’ : | : '

7L04'it'is independent of ionic stréngth from I = 0.0l to
\

| 0.11. . Near pH 7 and at 40° the rate is v1sc051ty 1ndependent

Tas tested in aqpeous glycerol solutlons, thus demonstratlng

that the rate is not dlfoSlon controlied _ The presence of -
~ ethanol decreases both the rate of Compound I formatlon and
_cyanlde binding to the natlve enzyme. slnce CompoundvI for-~

mation and cyanide blndlng involve 11gatlon at the . sixth. co-
ordlnatlon p051tlon of the heme m01ety, the angrg:tlon has
been lnterpreted in terms of the blndlng of ethanoLg probably ,
‘to the sixth p051tlon of the heme 1ron:' "

,,,,,,

i
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CHAPTER I. INTRODUCTION

1.1 GeneralaBackground

The comblnatlon of a metalloporphyrln W1th a protein
(as found in the hemoprotein horseradish perox1dase) is
fextremely fundamental to the ljife’ processes of botn plants
‘and animals. Hemoprotelns and chlorophylls (heme 1s an iron-

\

containing porphyrin and ‘chlorophyll is a magnesium-
containing porphyrin) are foung in most forms of life>\fror
unicellular‘microorganisms to tne higher animals (l) The
only exceptions appear to be some of the aqaerobic bacteria
and lactobacilli which obtain energy by the fermentation of
organic substrates‘(l). | A
The best known ?pmoproteins a;;.probably hemoglobin
which. transports molecular oxygen to resplratory cells and
myoglobin whlch prov1des a storage site for‘the oxygen.
.
‘Horseradish perox1dase has the same heme prosthetlc group.
(Flg. l 1) as hemoglobln and myoglobln, except that in the
-latter hemoproteins'the iron is normally in the ferrous. oxi;
dation stgte whereas in horseradish perox1dase the iron 1s //

normally in the ferric ox1datlon state. - " //
' The basic process of cell respiration involves a serles
of hemoproteins: known as cytochromes. ' During cell resplration,
electrons are transferred from nicotinamide adenine.dinucleoé/,
tide, NADH to O2 through a serles of cytochromes. Cyto--
chromes are ublqultous to most forms of life, including some

anaerobes (l). The cytochromes accomplish electron trans-

-

*




6
7 HOOCCH,CH, ~  CH,CH,COOH

. A

Fig& 1.1
i

The sStructure of fefriprotdporphyrin IX. The
posiﬁigns on the porphyrin are numbered 1 to 8.



port by varying(the oxidation state of the hehe iroh (2).
It is also via chenges in the oxidation state of peroxidase
that this ‘enzyme is able to catalyze the\ox1dat;on of sub-'
strdtes by hydrogen perox1de.

Another hemoprotein, catalase, which is located in the

cellular perokisomes, appears to function as a catalyst to

o convert hydrogen”peroxide to water and Oé when hydrogen

:

. peroxide is formed by!various oxidases (3).

Depending upon the nature of the‘protein to’ which

ferriprotoporphxrin IX is bound, this prosthetic group can

be involved in divérse biochemical functions. Therefore,

-

the proteln m01ety has a large effect on ‘the properties of

heme and may directly determlne the partlcular finction of a

- certaln hemoproteln The central 1mportance of Memoproteins

in. biological processes is difficult to overemphasxze, and

‘consequently, a study of the hemoproteln horseradlsh per—

ox1dase'can be releted, in. part, to a broad area of science
dealing with life processes. \

The en2ymatic.oxidation and subsequenthcoupling of ..
phenolic'compbuhds is a subject of greetuiépOrtance‘in bio-
logical chemistry. Horseradish%peroxidasé easily oxidizes a
variety of phenolic compounds by hydrogen peroxide, éndgthisl
may suggest a possible biological roie'for the enzyme.
BioSynthetic pathWays to a wide variety.ofvnaéu;al products

L

involve enzymatic oxidation and coupling of phenols as the

~—

”key reactions (4). '+ A coﬁsiderable“portion of the monomeric,

aromatic substances (i.e. flavonoids) and the aromatic poly- ;



>
%

\ L

. ' | ' |
mers , (i.e. llgnln, melanln) found in¢ ature are derlved from

relatlvely sxmple phenpllc precursor by oxidative processes
(5). Further examples of natural prod cts derlved from

relatively simple phenollc ,precursors a e tannlns, plgments,

antlblotlcs, and alkaloids (5). 'Lignins and tannins are' the

DR

i - K \ ‘ ,
most abundant and widely distributed phenpliclpolymers found

in plants. Peroxldase and laccase have beén frequently
1mp11cated in the blosyntheSLS of. llgnlnstand tannlns |
because of_the'ablllty of these enzymes to oxidize phenolic
'conpounds which yield lignin-like polymers as productsl(5/6).
The‘nechanism through which damaged plants'protept themselves
from fungal and viral infection appears to involve enzymatic"
oxidation and polymeriz;tion of phenols (7). ?he polymeric
.products are helieved‘to‘inhibit the enzymes of the invading
microorganism.-' | |
‘ ‘The!biosynthesis_of natural products via phenolic ox}—
dation is a complicated progess, and in order to comprehend
‘thls process it is necessary to have a detalled knowledge
. of the mode of action of the enzymes whlch catalyze the re--
actions. Unﬁortunately, knowledge aboutvenzymes that oxidize
‘phewsts is scarce. Since phenolic compounds are substrates
for peroxidase, a detalled study of- the reactlon.between'per—
oxldase and phenollc compounds is an undertaklng of blo—
chemlcalgglgnlflcance. ) “
‘ Tﬁhsifresearch efforts are.presented in this thesis as
follows: The lntroductory chapter descrlbes the present

state of knowledge of horseradish peroxldase and several



- ' ‘o

other peroxidases from both plant and animal sources. Since
much of this thesis,deals with the enzymatic phenolic oxi-
dation of p-cresol by horseradish peroxidase and hydrogen
peroxide,'ajreportbon laccase, which is also capable of

' enzymat;c phenolic.oxidation,,concludes the{introductory
'chapter.‘ In Chapters lI and IIl the results of the kinetic,
‘equilibrium, and'product analysis studies of the reaction
bétween horseradish peroxidase and p-ckesol are presented

A detalled knowledge of both reactants,'Compound I and p-
cresol, is necessary to achieve insights concernlng their:
mode of reaction.y'More information aboutvthe nature of
Compound Iis presented in Chapters IV and V which present

kinetic studies of Compound I formation from the reaction

between native horseradish peroxidase and hydrogen peroxide.

1.2 Historical Background of Peroxidase %-

The occurrence of a substance found in plants and ani- .
,'l N

mals which catalyzed ox1datlons by hydrogen-’ perox1de was
reported 1n 1855 (8). a tincture of gudiacum was used as a
peronidase detecting agent. -The name peroxldase was frrst
1ntroduced by Linossier who isolated the enzyme from pus (9)
Bach and Chodat (10) noted the presence of peroxidase in- sev-
- eral plants and found the horseradish root to be a good
source of the en2yme because the peroxidase was abundant and
relatlvely free of oxidases. willstéter and Polinger (11)

advanced the peroxidase puflflcatlon techniques and intro-

duced the ox1datlon pf pyrogallol as an activity test _ The
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early history of peroxidase has been reviewed (12) Peroxi-
dases are now known as enzymes whlch catalyze the ox1dat10n

of a variety of. ‘organic and 1norgan1c compounds - by hydrogen

peroxide. ' ; i

1.3 Physical and Chemical Properties of Some Native

Peroxldases

Horseradish Peroxidase °

‘ horseradish peroxidase, HRP, is a glycohemoproteln
1solated from the root of the horseradlsh plant. Its physio-
loglcal role has remained uncertain due to the large numker |
of reactlons it catalyzes (13). The enzyme contalns one :
mole of ferrlprotoporphyrln IX,[or heme, as a prosthetlc
group, and the e?zyme has a molecular welght of about

40 000 g/mole based- on heme content and hydrodynamlc measure-
ments (14 15) | Approximately 18% of thlS ‘weight is due to
the covalently bound carbohydrate moiety (16 17). The ex1s—’
tence of a second component called paraperox1dase was re-
ported bvaheorell (18), who also first crystalllzed HRP in
thin needles and reported their optlcal spectrum (19).

Seven 1sozymes have been isolated and characterized by their

chromatographlc behav1or, electrophoretic behavior, spectro—

photometric properties, amino acid analysis, and'carbohydrate

composition (16). The two most ‘abundant isozymes, designated

. B and C, were crystallized. Thln layer 1soelectr1c focusing

has revealed more than 20 dlStlnCt 1sozymes differing in
o ) . ' !
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their isoelectric points (20). Paul and stigbrand (13)
isolated.four isozymes, and their properties.agree with‘the
previous'work (16). |
5 " There are ‘two enzymatic lntermedlates 1n the usual
perox1dase steady state cycle, known as Compound I and’ Com~

pound II, where the Roman numerals 1ndicated their order of

' appearance when’startihg with .HRP and hydrogén peroxide.

/

CY

(1] . HRP- + H,0, f —» Compound I

121 + Compound I + AH -» Compound II + A-

[3] . Compound II + AH : 4=dHRP + A-. \
. S vy

Hydrogen peroxide,.or alkyl.hydroperoxides, convert HRP to

- Compound_,I which is two oxidation equivalents above HRP (21)1
’Anjoxidizable substrate, AH, reduces Compound I to Compound
IT, whichk is oneﬂbx1datlon equlvalent above HRP (22,23).

7
More AH redubes Compound II to ‘HRP ‘so that another cycle can

|
/begln, Flg. 1.2 shows the optlcal spectra of” HRP lsozyme c
'and the two intermediate Compounds The physicdl and chemlcal
properties of the intermediates are discussed‘in section‘l.4;
The electronic structure of the.heme iron can ne investi
igated by magnetic susceptibility- because the paramagnetic‘
: snsceptibility of hemoprotein is princrpally.controlled by the
state of the'3d electrons of(;ze iron. Since the iron is in
the ferric state in the natlve enzyme, there are flve 3d
electrons Dependlng on'the~degree of spin pairing, the eiec—

'tronic structure may vary between 5 and 1 unpaired electrons
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Fig. 1.2 Soret and visible absorption spectra of HRP (A),

Compound I (B), and Compound II (C). Soret maximum molar

. 403 _ - 5 -1 -1 400 _
absorpt1v1t1es €EHRP = 1.02x10" M “cm '_?Compound.I = |
5.31x10% M~ lem™1, and €220 = 1.05x10° M lem Ll (261).

_ Compound II ' .
Visible spectra are unpublished results of J.S. Stillman and

H.B.bDunford.
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which are termed the high and low spin states, respectively.

Theorell measured the paraﬁagnetic susceptibility of
HRP at 20° from pH 4 to 9 and found a spin only QaIUe cor-
responding to about 5 unpaired’electrons (19,24). Since the
fluoride complex’of HRP has a larger paramagnetic suscepti-
bility‘than HRP, the latter is considered to Be only about
80% high spin (25). The paraﬁagnetic susceptibility of HRP
has been measured at pH 4 and 478 from liquid-nitrogen to

room temperature (26) . The square of the effective magnetic

j
moment, usz, is independent of temperature from —l96°.t0 ~90°

3
but upon going from -90° to ‘room temperature usz decreases.*a

Optlcal rotatory dlSper51on and c1rcular dﬁchr01sm have
been used to 1nvest1gate HRP. The ORD curve for HRP shows a
Cotton effect with the inflection p01nt occyrrlng near the
absorptlon max1munuat640 nm (27) From the reduced mean res-
idue rotatlon at - 233 nm, HRP was estlmated to have 4729 a-
helical content, whereas thevapoenzyme formed,by acidesplit*
ting of the heme:ahd protein had only 33% a—helicai ccntent

<4

(28)., The conformations of two HRP 1502ymes, Al and C, and

- their apoenzymes were lnvestlgated usxng CD (29) ‘In the

vVlSlble reglon the two 1sozymes were 1dent1cal in flve of

seven optlcally active bands suggestlng that the heme 51tes
are only sllghtly different in the two 1sozymes., The ultraJ

violet CD showed that both isozymes have appreciable a~hel-

" icity, and when the heme was removed both isobymes'displayed

significant decreases in a-helicity. ‘ :

The eiegtron paramagnetic resonance spectrum of HRP
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. % /
from pH 7 to 8.4 at liquid~-helium temperature showed a single
{ ) ‘ *

paramagnetic species, high spin iron (30). The EPR signaiv
was easily,power;saturated a? liquidehelium temperature,ﬁand
near saturation the details of the spectrum near g=6 were '
"lost._ High spin heme systems usually have axial symmetry,
hcwever HRP has an EPR spectrum of lower than axial symmetry.
ThlS asymmetry was ascribed to a dlstortlon of the = electrons
of the heﬁg. Asymmetry may be induced by the blndlng of an~

other species to the m electrons or by nonplanarlty of the
J
heme. The EPR spectrum of HRP has been reporded at —65° in

a flu1d solution of dimethylformamide (31) and gave the, same
,spectrum as at ~196° (30) in frozen aqueous solution except
that the signal amplitude at -65% was considerably weaker

than that of the sample at -196°. ‘

e

_Determination of the amino acid sequence of HRP has \\

been;undertaken by Welinder et al. (32-34). A commercial

)

preparation of HRﬁ was shown to:be highly,homologous except

by gel isoelectr::Lc focusing over the pH range 8 to 10 which ' ".
resolVed several very close bands. This heterogeniety

was’ assumed to be due to differences in carbohydrate compo-

sition rather than amino acid'composition eé séquence. Amino

acid analySLS after performlc acid ox1datlon ylelded élght

\
. cystelc acid resxdues, all of which are involved'in disulfide

>

bridges as lmplled by the absence of S—carboxymethylcytelne
after iodoacetic acid treatment The sequences of many
tryptic dlgest peptldes were determined Whlch account for

f ¢
203 of the approx1mately 300 amino acid residues of HRP,



. Lo f; o ,;' B,
About 120 thermolytic peptldes were lsolated which acCount o
~ . T VN

for all the tryptic sequences except a dlpeptlde & trxpeﬁ- C el

e,

tide; and a unique thermolytic‘sequence. The sequences v
' . :
around all four disulfide bridges, three histidine residues,
v ' r

and .the single tryptophan residue were elucidated. Eight - 8 |
sites of carbohydrate attachment were identified. A’ pyr— -~

rolidone carboxyl N-terminal residue was tentatively sug-

»

gested. A tryptic peptide containing two histidine residues o~
. { y

appears to be:related.to the distal histidine sequence of the
globin family. The .Similarities and dlfferences of the o
tryp51n dlgeSted HRP has been compared using pephide maps 3
with four perox1dase isozymes from turnlp (35)

The Mossbauer spectrum of HRP isozyme C has beén meas-—
ured at -196° (36). Mossbauer Spectroscopy is sgpsitive to

t

the electronlc ‘configuration immediately surroundlng the

o

nucleus'Bf the heme iron atom. Th\\Mossbauer spectrum of HRP

.D

sharés the following distinctive features with many high- spquw .
/

ferrlhemoprotelns- 51mllar quadrupole spllttlng, 1.96 mm/s-/ f
similar isomer shift, +0.25 mm/s, and a 51m11ar'temperature-
dependent line broadening’ (37)‘ R N ..

Four of the six coordination positions of the ferric

iron in heme are occupied by the four pyrrole nitrogen atoms
of the porphyrin. “In an early paper by Theorell (38) it was

concluded from protein acid-base titration data that- the

a

fifth“position was occupied by a carboxylate anion qf an amino

~acid side chain. Based on dlagnostlc rules derlved from the
j
relatlonshlps among the propertles of heme groups with known X

-

§
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groups in the fifth and-sixth positions, BrilL and Williams
(35{ proposed amino and carboxylat  or amino and water lig—
aﬁds at "the fifth and sixth‘positions rcspectiveiy. However,
recent experimehﬁs iﬁdicatc that the fifth position is Qé—
cupied by the imidazole group of-histiqine. fhis Qas indi- -
cated by difference absorption spectroscopy bélow éSO.nm (49,
41). ,The;cyanide:complex of HRP exhibits an absorption band
at 235 nm which 1is cnaractcri%tic qf a heme-histidine bond
'(ﬁQ).‘ Difference absorption zpectra of Compounds I and II
relative to HRP have been explainéd in part as due to a tran-
sition involving histidine ih the f£ifth position (41).
Photooxidation of the_apoenzymé of HRP isozyme C showed the

d !

loss of one histidinef residue (42) . . When the modified apo-

‘enzyme was recombined with férriprotopdrphyrin IX, the re-

su;tingholoenzymewas much less reactive than the native

' pdﬂgénzyme. The results suggested that the selectively

»

r,photooxidized histidine is located in the heme binding site

of peroxidase. . The EPR spectrum of the nitric oxide complex
of reduced HRP (ferroperoxidase).can be used to deduce the
nature of the ligand in the fifth position (43), ' A triplet

hyperfine splitging was aécribéd to the superhyperfine inter-

. ) 0 ;
~action with another axially bound l4N nucleus. Thus, tbe

fifth liéand was identified as'unprotongted nitrogen, and
since the coupIiﬁg constants are near those reported for
hemoglobin, the imidazole group of histidine was proposed.

Nuclear magnetic resonance has provided additional support

for histidine as the proximal ligand (44). If the coordinated

12

[
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nitrogen atom was derived form lysine or arginine ?Pe

resonances of their side chain aliphatic protons wodld be
anticipated at very high field in the NMR spectrﬁm of the
cyanide complex as has been observed for the resonances of

the methionine ligand in cytochrome c¢ (45). No such high
' : A

i

field resonances were observed for the cyanide complex of
HRP " (44). )

The question of whether the sixth coordination position
of the iron in HRP is Qccuéied by :a water molecule as a lig-
and is not yet cohclusively resolved. High sﬁin ferfic iron
at neutral pH suggeéts that the sixth position is empty or
is oCcupied'by a ligana such as water. By analbgy'with ferri-
myoglobin and ferrihemoglobin, it has ofteﬁ been assumed that
water occﬁpies the sixth position (14, 46-50). Attempts have
béen made using NMR spectroscopy to determine the presence,of
a%jgfzdinated water moleéule. Lanir and Schejter (51) stud-
ied the nuclearlmagnetié longitudiﬁal relaxation of water
~protons in solutions of HRP over a wide range of pH. The
molar relaxivity was constant from pH 3 to 12, and it‘was
‘cencluded that a Qater molecule‘does not occupy the sixth

"position. If there were é coordinated water ﬁolecule a

- dgcrease in relaxivity should have béen observed upon fbrming
alkaline HRP above about pH.ll (49). The séructure’in the
immediate vicinity of the heme was studied by Vuk—Pavlovié
and Benko (52) using NMR in conjunction with a marker tech-
nique in which only the relaxatibn-of the aléphatic protons

of certain low morscular weight alcohols is measured in an
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otherwise deuterated solution. ‘They concluded that the
etﬁanediol marker molecule was too large to enter into the
;heme pocket, and it was not possible to draw conclusions
concefning the pfesence‘of coord;pated;%ater. Howevef, two
recent papers, based on NMR claim that fhe sixth ligand is"
a water molecule (44,53). |

It is possible to séparate'HRP into ferriprotoporphyrin
IX and apoenzyme, and these constituents can be recombined
without loss of activity (54). . The apoenzymé of HRP has
been combined with proto-, meso-, deutero-, protoheme monoﬁ\
methyl éster, and protoheme dimethyl ester (55). Excepting
the protoheme dimethyl ester, all these‘so—called synthetic
penoxidaSeS‘wore able to'form Compoundé I, II, and III; and
allﬂreacted with fluoride, cyanide, and carbon monoxide.

The peroxidases whi¢h~conta'hed meso- or ‘deuteroheme had an
act1v1ty similar to the nadZve enzyme. The protoheme mono-
methyl ester derlvatlve showed only 20% of the act1v1ty of
native HRP. The porphyrln substituents at positions 2 and 4
wére not essential for cafalytic activity, but the free
.carboxyl groups at positions 6 and 7 were essentlal.

Only recently has resonance Raman spectroscopy been ap—
plied to hemoproteins (56)1 Raman spectra were first report-
ed for hemoglobin (57) and cytochrome ¢ (58). The main Ramop Co ’
bands afe attributable to porphyrin vibrations, and.seQeral
freqpencies'qre sensitive to changes in the spin and oki-.
dation state of the iron. Anomalous Raman freqoencies for

HRP at pH 7 sdggest doming=of the porphyrin ring, which is

P
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characteristic of high spin ferriheme (59). This doming ap-
pears to be less pronounced in HRP than it is in aquo-ferri-
hemogldbin. Heme nonplanarity in HRP was also suggeéted'as,
a cause for the axial asymmetry in thelEPR spectrum of4the

‘e

native ehzyme (30).

Cytochrome c Perbxidase
'Cytoch:ome c peroxidase, CcpP, ie a hemoprotein isolated

from haker's yeast and was first’discovered in 1940 (60).
In contrast to most other heme—éohtaihing peroxidases,.CcP is
not, a . glycoprotein (61). The enzyme has a molecularIWeight
of 34,100 g/moie based on hydrodynamic measurements (62).
CcP contains one mole of ferrlprotoporphyrln IX (60) The
EPR spectrum of the nitric oxide complex of ferrocytochrome
o perox1dase indicates that the fifth posltlon of the heme
iron is occupied by the imidazdle group of*histidine‘as in.
3HRP (43). CcP can be obtalned in a hlghly purlfled state
(63) fre; of 1sozymes and can be crystalllzed by dialysis
aga;nst‘dlstllled water (61,64).v The apoenzyme has an. iso-
electric peint of 5.0 and consists of 272 amino acid reSidues
(65,66). Much of the work.on‘CcP up to 1970 has been revieﬁf
ed by Yonetani (67). |

| One mole ef CcP catalyzes the oxidation of two moles of
ferroeytochrome c.to ferricytoohrome c by one mole ot hydro-~
gen peroxide. CcP also catalyzee the oxidation of arhumber
of other reducing agents (63,68). The specificity of CcP

is hlgh toward ferrocytochrome c combared to ascorbate,

pyrogallol, guaiacol, and ferrogyanlde. Ferricytochrome ¢

15
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was shown to act as an inhibitor of the perox1datlon of ferro-
cytochrome c by CcP and hydrogen peroxide (69), From a ki‘
netrc study (69), it was postulated that CcP: and ferrlcyto—
chrome ¢ form a complex. A.complex between‘CcP and ferri-
+ Cytochrome c was detected.by analytical‘centrifugation and
by column ohromatography (70X£ A complex of ferrocytochrome
c and CcP was also detected in the absence of hydrogen per—
oxide (70). Cytochrome ¢ from many different sources forms
complexes with CcpP (71) NMR has been used to 1nvest1gate
the complexatlon between ferrlcytochrome c and CcP (72). . L
The hyperflne shifted resonances of ferrlcytochrome ¢ broaden ..
upon the addltlon of CcP 1n a manner whlch indicates a l l\
stoichiometry of complexatlon and complexvformatlon was re- -
versible (72); The redox potential of horse heart cytochrome
c is unchanged in the presence of CcP, but the EHR spectrum

! \
of spin- labeled cytochrome c did change upon the blndlng -

of CcP (73). - - : '
As is observed for HRP, there’are two intdrmediates-in"

the steady state cycle of CcP - Compounds I and II. Thesge ' »

i

-Compounds of CcP are also analogous ‘to HRP with . regard to

=2

~ their ox1dat10n states (23,74 75)

The,paramagnetlc susceptibility (7Gl and the optical
spectrum (77) of CcP at 20° and pPH 7 1nd1cat that the heme
iron is predomlnately ‘high Spln The para agnetic suscept1~
bility at pH 5 and 7 was measured from -196 to room temper-

ature (78). . The susceptlbllltles deviate from the Curie law

above -100°, and the dev1atlons were explained on the ba51s

P
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that!the Samples are pH dependent mixtures of two species..

In one'species the water molecule assumed toahe bound to the
heme-iron is ionized, and in the second species the water
leeculelishunvionized.' Both_speciis are thought tonhaye
high ahd low spin states populated in thermai equilibrium.

The M&ssbauer spectrum of CcP (79) at pH 7 also suggests

these presence of both a high and low spin species.

ThetEPR spéctra of CcP in theﬂdiseolved or crystallinel
state shdw well defined signals (79) with g-values typical
of those due to the presence of a thermal mixture of high'and
low spin statesvof Heme 'iron (80). This agrees with optical
and paramagnetic susceptibility data (77,78). EPR epectra
of CcP near pH 5, in frozen solutions at liquid-helinm tem-

perature (81) exhibited signals typical of high spin heme' | ]

iron Samples prepared at hlgher PH showed some férmatlon‘

e‘of low spin heme iron, thereby 1nd1cat1ng a pH dependent !

qlxture of spln states.
CcP is resolvable into its_hene and apoenzyme moieties,
and the apoenzyme can be combined with modified porphyrinS‘

and metalloporphyrlns to form unnatural holoenzymes (65)..

t

As with HRP (55), side chain modlflcatlons on the porphyrln

at positions 2 and 4 had little effect on activity' (82),

but esterlflcatlon at p051tlon 6 and 7 1nduces a -considerable
decrease in act1v1ty (83) CcP contalnlng only,porphyrlns

! s ’ ' /
are 1nact1ve (84), but manganese prophyrins do show activity

(85).



Turnip Pe;oxidase

Turnip peroxidase, TP, is a glycohemoproteln isolated

[
from the root of the turnip plant. I;.was crystallized in
1956 (86). Three TP isozymes were' isolated by Hosoya (87)

Mazza et al. (88) found seven 1sozymes, flve of which were

-suff1c1ently abundant for characterlzatlon. The isozymes all .

contain one mole of fe;fiprotbpbrphyrin IX and have molecular
Qeights fro& 34,009‘to 5£,500 g/mole. Théir'isoelect:ic
points vary from 3.3 to ll.6,-énd inzthe oraer of increasing
'isbelect;ic points the. isozymes are célled Pl‘to P7. The
most basic isozyme,'P7,lh$é the lowest molecuia: weight, the
Iowest‘carbohydratg cohtent,‘9.6%, and a distinct amino acid
composition relative to the other‘isozymes (89) ~The optical
pectra of the 1sozymes (88) indicate that the heme lron is
'predomlnately hlgh spln (90) EPR studles of the nitric
oxide complex .(43) of the isozymes of the fefroperpxidases
Pl’ 2r P3, and P7 héve shown gkat the fifth coordination
p051t10n of the heme iron is oc;hpled by alnltrogen atom,

p

perhaps derived from the 1m1da201e group of histidine (91)

Pl and P, have. also been chapacterized with repect to their

'redox potentials as a function of pH (50). 'P7 is more easily

reduced to the ferrous state than is Pl ) and thié.suggested
a significant difference in' the iron gnvironheﬁt between
these two isozymes.

Peptide maps Qf_fouF TP isozymes and HRP were_preéared.

A comparison of these maps showed that all detected half-

4

by high—vblfage'electrophoresis of'theirvtryptic,digests (35).

18



cysteine residues in TP apparently occur as part of disulfide

bridgég. Q% and Pz*differ significantly in only one peptide. .

Py is quite distinct frof P;j and P, , but these three iso-

zymes appear to be related to each dthér and to HRP in their

amino acid sequences around the four disulfide bridges. The
‘ ‘ : | i ‘

basic isozyme P7 differs from Pl to P3 and HRP in its amino

;did sequence in the region of twovof‘its'disulfide biidgeé}
Two highly homologous sequences which contain histidine.Wefe
piesent in all five‘en2ymes’that wére'examined.

Proton NMR studieswof amino gcids'near fhe heme have
been used to évaiuate the vériatiéﬁs'in the st:ucturefof the
heme'crévice among Pl'-PZ' b3, Py, and HRP (44). 'Thé‘elec—
tronic structure of the heme and the teftiafy structure of-

the heme crefoe are éssentialif the same for Pl and P, and

to a lesser'extent.P3, but they differ mafkedly in P7.

i

=]

Japanese Radish Peroxidase

JapaneseVradish:péroxidase, JRP, is a glycohéﬁoprbtein
_isolated from the root of the Japanese radish élant;f92).‘
‘The three abUndéﬁt‘isézymes, lgbeied a, b, and ¢ (93), all
contain fenriprotopoféhyrin IX as a prosthetic grbup (92). .
Up to 18 isozymes of JRP have been detéc;ed using polyacryl-
amide gel elect;ophéresis (94). Thé moleCular\weights of
JRPa.and JRPc are 54,500 and 41;500 g/mole (95,9%), respec4v
tively; JRPa and JRPc have beenzcrystallized (95,96). Many

properties of JRPa ‘and JRPc -have been compared (97). The

Sy
A

amino acid composition (98) -and the acid-base titrimeiric



behavior (99) of JRPa have been determlned JRPa“is 28%
.carbohydrate by weight (100). The amlng‘ac1d com;osition'
wasgdetermlned for seven peptides isolated from the pebtic
hydrosylate of performiciacid oxidized JRPa (101). The
aromatic amino acid residues in JRPa change their titrimetric
1102) and Spectrophotometric 1103) behavior upon the removal
of the heme. Tyrosine appearslto be_relatively masked or;
 buried in the’ holoenzyme com;ared tqﬁth; apoenzyme .

The EPR_spectreJof JRPa and JRPc have .oeen obtained in
the crystalline state and in frozen'solutions Letween -193°

_ . .

and -93° (104). Both isozymes_exhibited absorptions. in the.

regions g=6 and g=2, and the temperature dependencies were

explained in terms of a thermal equilibrium between high‘andﬁ

low spin forﬁs of the heme iron._‘At neutral pH the iron in
JRPa is essentially higﬁ spin, whereas JRPc is essentially
low spin. The equiiibrium between spin stétes:agrees with
the temperéture dependence of the optical spectra. o

| The‘MéssbAuer spectra of JRPa have\been determined at’
four'temperatures‘(105;106).‘ The téﬁperature dependence ef
the quadrupole splittiné was considtent with a thermal equi-
librium between spinlstates. '

The circular dichroic spectrum of JRPa in the ultra-

violet region indicated the presence of' about 35% b-helical

_structure (lO?). The ultrav1olet CD spectrum of JRPa showed

)
~ that removal of the heme caused the a—hellcal structure to

L3

disappear and be replaced by a B— or pleated—sheet structure.

i !
i
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Chloroperoxidase .

!

Chloroperoxidase, ClP, is a glycohemoprotein isolated
from the mold CaZdarégmyaes.fumago; add it Has'Beeh'obtained
in the crystalline form (108—109) ClP has the unusual abil-
ity to oxidize the chloride ion (119 lll), but it can elso
oxidize the usual peroxidase substrat&s-sqch as guaiacol and
pyrogallolf(llZ), and exhibits catalase éctivity (113).

Since C1P cetalyzes halodenation, except fluorination;‘it
;has been used in a dlverSLty of halogenation appllcatlons
(110 114-117). .The enzyme, contalns one mole of ferrlproto—
porphyrln IX as a prosthetlc group and has a molecular welght
of 42,000 g/mole, 25 to. 30% qf which is carbohydrate (109).
The amino acid compOSLtlon of ClP reveals a hlgh amount .of
aspartlc and glutamic ac1d, serine, and proline (109)

By means of Mossbauer spectroscbpy the exlstence of a

thermal equlllbrlum between spin states of the- heme iron- in

‘ClP was demonstrated (118) .- Below about —70° the iron is in g

the low spin ferric state, whereas above this temperature

the ‘iron is in the high spin ferric state. This agrees with -

the«opticai spectra of ClP, which, at room temperature, is
typ1cal of a hlgh spln ferrlhemoproteln, but at ~196° the
spectrum is typical of ‘the low spln state (118).

ClP has been exten51vely compared with cytochrome P=450.

The cytochromesiof the P-450 type derive their name; in part,

from the absorption maximum they'exhibit near 450 nm when

i

reduced 'and ligated with oerbon monoxide (119). The carbon

monoxide complex of ferro~ClP is of the P-450 type (IZOXR

-t
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It-ie thought on the basis of model studies that thidlate’
ligands (121—123) may be fesponsible for the P-4SO type ab-
sorption, and the'P-420 type;may be ligated by the imidazole
grouo of histidine. Vfor ClP, however, solfhydryl reagents
andvamperomotric titrations indicated that thié.enzyme-does
not contain a sulfhydryl group (124). - The MSssbauer and
magnetlc Moasbaoer spgctra of ferrous cytochrome P-450 (125),
 in which the heme group may have a thlolate llgand (119), >~
ate very similar to thé\%ossbauer and magnetlc Mossbauer
spectra of ferro ClP (126). This was taken as evidence that -
cytochrome P-450 and Cl1P have closely related, if not iden-
tical, ligand- structures of,the hemejiron. Cytochrome P-450
va;d ClP in their ferric' and ferrous statea;and in their fer-
rous carbon monoxide complex have similar magnetic circular’
dichroic spectra (127). This provided'furthe; evidence for
.the.similarity of their heme environmenta.

)

Lactoperoxidase

Lactoperoxidase, LP,‘a glycohemoprotein, was originally
. - ' o ' ‘ o
isplated from cow's milk (128). It has been obtained in
crystalline‘form (128). LP has aLeo been ldentlfled u51ng
highly sensitive immunological technlques in bovine tlssues
other than mammary glands.  The sallvary glands of both,male
and female cattle,'fhe cow submaxillary and the steer sub-
' - . ' | \‘ ‘ .
‘lingual glands' (129), and the bovine harderian and lacrimal

glands (130) contain LP. The enzyme has a molecular weight

of 78,000 g/mole, 0% of which is carbohydrate (131).° Peptide
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.has not yet been resolwed completely.

[

. ) . .
. }
4

\ T i H . . . ’
maps of the soluble tryptic peptides suggest that LP may con-

sist of»twobnearlyjidentical subunits, but the 51ngle mole
of heme per mole of LPjis of unknown structure (131) LPt
was estlmated to have 17% a-hellcal content based on the ORD
trough’ at 233 nm (132)

Treatment of LP wrﬂuacrdlfledacetone failed to extract
the heme indicating that the heme could be covalently bound
to Lhe protein (133). The thloether.bond as found in cyto-

chrome c, was.unllkeltho be present because reagents known

- to cleave this bond did not cleave the heme from LP (133)

‘A number of chemlca} procedures were developed in order to

A

cleave the heme from the proteln, and the spectral and
chromatographlc properties of the heme led to the conclu51on
that the prosthetlc group of LP is a derivative of meso-
prophyrin’ X (134). on the basis of\its reactivity, the

'

covalent llnkage between. the heme and the proteln was 1den-

tlfled ‘as an ester bond (134) It was also suggested that

the llnkage could be an amide bond (135). In a 1ater\study

(136), proteolytlc dlgestlon of LP with pronase released 7a{:

o heme which could be exhracted into an organic solvent. This

~ extracted heme gave the pyrldlne hemochromogen of ferr1~

protoporphyrln IX The nature of the prosthetic group of LP

|
Tl
w : f

The EPR spectrum of the nitric oxlde complex of ferro—
.l

LP did not show the superhyperflnéﬁspllttlng whlch was found

- for HRP and CcPp, and was assxgned to the nitrogen atom in the

fifth coordination position of the heme iron (43). .It could

1
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not be determined if the absence of superhyperflne spllttxng
in ferro—LP was due to fast relaxation of electron spin or'
due to the -absence of cobrdinated nitrogen in the proximal
site. However, histidine has been implicated in the cata-
lytic mechanism of LP  (137). Chemical modification oftfwo .
histidine rgéidues by 3-amin0el:2:4—triazoyiéaﬁsedLP to

lose enzymatic activity. The oxidation Sf iodide catalyzedw

- by LP is m1especiéllyfé0ile’reaction,‘and this may suggest

a blologlcal!role for the enzyme (138). All of the glands

in whith LP has bﬁqe‘shown,to exist are also efficient in
their ability to concentrate 1od1de (139 140) This prOV1des
éresumptlve evidence that LP may have a role in halogenation
reactions which occur in mammalian tissue. This led to ) -

! ~ .
studies-of‘the rates of Lp catalyzed reactions of tyrosine

!

derivativess and tyrosine- contalnlng peptides (141). Tyro~
. sine re51dues have been 1mp11cated in the blosynthe51s of

thyroxine, an iodinated hormone of the thyroid gland. The -
iodination capabilities of LP have been used with‘lzsl
t0~iAbel protejins (142,143) and.chloroplpstsr(l44), and
”pIéfletK+l4STl46) and -erythrocyte (147,148) mémbranes.

e P, via the catalyzed‘o;idation of tyrosine (149,150),
has bgen implicéled in the fofmgtion of melanin, an aggregate

of'qhinonoid pigment in a protein matrix found in dark skin"
: : , v \

and hair. LP may also be involved iﬁ‘controlliné‘bacterial
/ - ‘ Ea
flora (130,151) since LP can inhibit bacterial growth under
’ B . Al
- aerobic conditions. . <

Most recent repérts on LP concern the use of this en-
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zyme as a means of labeling with radioactive iodine. 1In
partjpular, this technique has been used to determine whether
membrane - bound Proteins are on the inside or outside of.a

cell wall (152). | )

Thyroid Peroxidase

Thyroid peroxicase,vThP, is a glycohemoprotein isglated

from rat (l53), cattle (153,154), sheep (155),.and pig (139,
f156) thyroid glands: The. porcine enzyme is the most '‘exten-
sively characterized. ThP cont&ins ferrlprotoporphyrln IX
‘as a prosthetic group (157-159), and the molecular weight 3
has been determined to be about 60,000 g/mole_(157,160).

A molecular weight of 104,000}g/mole (156), which was later
revised to 200,000 g/mole(158), has been reporteh. 9£sc gel
Telectropboresis of theee high molecular weiéht samples ln‘.
‘sodium dodecyl sulfate reyealed monomeric subunite cf about
70,000 g/mole (158). This could account fcn the'discrepancy'
in reported molecular welghts. The presence of a ThP:carbo-
hydrate moiety has been verlfled (161) —

ThP is a tightly bound membrane enzyme belleved to be

located pr1nc1pally on the rough- surfaced endoplasmlc ret1c-
ulum (162 163), and it is only released 1n soluble form after
dlgestlon of: the membrane system with proteolytlc enzymes
(156). . Trypsin treatment of thyroiqﬁmemnranes causes a -
drastic change in the mclecular size 6fv§ll detectable
thyroid membrane proteins (164). Hence, ThP obtained by

proteolytic digestion may not represent the intact enzyme.
o O ..
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Recently ThP has been won from the membrane system w;th.non—
ionic detergents (165). The molecular weight‘of ThP obtained
by deterqent solubilization could be as high as 500,000
g/mole. Difficulties obtaining purepreparations of ThP have
hampered the chéracterizatioﬁ of "this en;me.
There is considerable evidénce that ThP has an éssentfal
role in the biosynthésis-of‘thyréxine. iodinatidn of tyro-
'sine residues in thyroglobulin, Ehe majox iodop?otein in the
thyroid gland, is an essential step in thyroxine formation.
It is believed that the iodide ion, which isvfhe form.in 
which iodide enters the thyroid gland, must be oxidized be-
fore it can act as an iodinating agent (161,166). Free 3,5-
diiodotyrosine at micromolar concentrations can.inhibit the
rate of thyroglobulin iodination (167). The free 3,S—diiqdo—
tyrosine probably competes with a tyrosine residue in thyro-
globuliﬂ for a binding site of ThP (167). Although iodide
ion is.necessagy for the ThP cétalyzed iodination reactions,

it was Shown%ﬂﬁat-excess,(i.e. millimolar) iodide can inhibit

"}Jthe iodination of thyroglobu}ih (168). Also, ThP will cause -

the tyrosine in a‘pBptide to be preferentially iodinated if

L] A
the sequence is Glu-Tyr, but no such preference was noted

for LP or HRP (169).

" Myeloperoxidase 7///5 coo

Myeloperoxidase,, MP, is a hemoprotein isolated from
blobq leukocytes (170—122), experimental rat chlordma tumor

tissue (173,174), bone marrow cells of the guinea pig (175),

N .
/ . |
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and the pus of infécted dog uteri (176). The enzyme has a

molc-—-iar weight of about 104,000 g/mole depending upon its

source (177 178) MP does not contain a carbohydrate moiety
(179,180). MP from infected dog uteri has been crystailized_
176) .

! e

The amino acid composition of“y% varies with its source
(178-180) . PreparatiVe disc electroghoretic separation of
MP from normal human leukocytes démonstrated the presénce of
six isozymes (181). Each isozyme is dimeric and consists of
any pair of three different subunit monomers. The existence

‘of a(d}meriC'structure of MP is supported by the fact that

it can be split into two parté, each con;aining protein and
heme, , in thé-presence of 50% pyridine (176). This accounts
for the heterogeneity of MP (182) for which up to ten éom—

ponents were observed (183). |

MP was shown to contain two atoms of irqn (176), and
the paramagnetic susceptibility of MP shows the iron to be
high spin (184). For an interpretation of the EPR spectrum
of MP it was suggested ﬁhat theitwo heme prosthetic groups
have different environments (184) which is in accord with‘the
idea that the two heme groups have different reactivities
(176,178). |

The structure of the heme groups and their modes of
llﬁkage to the protein are not yet- known ~ Ferro-MP has

spectral similarities with ferrosulfmyoglobin (185) indi-

cating the possibility of a thiolate ligand. The pyridine a

hemochromogen of MP is similar to»that;of formyl or diacetyl
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heme or heme'a (179). It was suggested that at least one of L

the heme conjugated substituents is a carbdnyl group ana
that the hemé& contains two electrophilic groups on opposite
pyrroles-as in gytéchrome,oxidase-(186). MP, when modified
with HC1, xields a new form of the enzYmeL and this new form
displays spectral characteristics siﬁilar'to cytochrome
oxidéée (1873. This supgorts the possibility 'that the pros-
thetic group of'MP-is_analogous to heme a. !

Acidic acetone will not cleave the heme from MP (188).
Low yields of heme are obtained with reagents which ?leave..
ester boﬁds C186;189). Recently; tﬁe rate of heme‘cleavage
Qith sodium methoxide in méthanol was used as an indication
£hat‘the heme and protein.may be linked by an amide bond'
(190).

Much of the present work with MP'conc?fps the elucida-~
tiqn of its role in phagqcytosié. The pr%mary function sf
the leukocyte is thg phagocytosis and destfuction of micro-

organisms. The role of MP as an antimicrobial agent is the

subject of extensive biochemical studies (191-195).

1.4 Oxidation-Reducdtion States of Peroxidase

There afe five known okidation—redubtioh states of
peroxidase. Thesé states are ferrous, ferric, Compouné 11,
Compound I, and Compound III, in‘order‘of increasin§ oxi-
dation state. TheSé stategyége represented as shownlin
Fig. 1.3. 'The native enzyme,iwhich is in the ferric state,

can be reduckd to the ferrous state by sodium dithionite,

28



E ]

[

Ferri-HRP(1Il)"

\e-i- H'v'

Compound I (V)

Compound III (V1)
“or Oxyperoxidase

~

.'Pig. 1.3 "The oxidation-reduction and proton balance-
relationships among the various forms of HRP. The formal

oxidation state'is indicated ih the parentheses;‘

Compound 11 (1V)
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‘potassium borohydride, or by éétalytic redéction‘ober pal-
ladium or platinum on asbestos ip the presence of a medi-~
ator such asymethyl'violqgen (196). Compound &'is'the re-
action prodﬁct oﬁ’hydrogen‘peroxidé with thg native enzyme
and gontains two 6xidation§equi§alents more than the native
state 121,23):' Compound II is the one electron reduction
product of Compound I. Compound IITI, or oxyperoxidase, can
be }orhed by the feaction of Compound I1I with‘hydrogen per-
oxide or by_thé reaction of molecular oxygen with ferroper-
voxidage‘(l96,197). Fefroperoxidaée~can reversibily form
complexes with carboh monoxiae, methyl_isoc?anide, cyaﬁide,
and n&trié oxide; and ferripéroxidase Gqan reversibily form

complexes with cyanide, sulf;de, fluoride, azide, hydfoxyl~

, amine, and nitric oxide.

Ferroperoxidase and its Ligand Complexes

Férroperoxidasermust.be formed in the absence of dxygeh
becauserxygen %s éble to okidize ferfoperoxidggg‘to feréi;
peroxidase (47). The oxidation-refuction potentials of the
fe}rof and ferri-HRP system have fpbeen detérmined péteﬁtioQ
‘metrically from pH 4 to 11 (47): A variation of potential
with pH was éxplaiqed by an oxidation-linked proton eéﬁi—
librium in both ferro- and ferri-HRP. This agrees with the
resulﬁs of'a'pH Stat titration which showed that the forma-
tion of ferro-HRP from ferri—HRP'is accompahieduby the up-
take of one proton (198). Fhe oxidation-reduction potentials

of HRP with different substituents on the 2 and 4 positions

s
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of the heme group have been measured as a function of pH

(199). The oxidation-linked proton equilibrium was attrib-
uted to a distal amino acid residue, and there appears to be
strong hydrogen bonding between the base of the distal res-
idue and the oxygen’atom of,water as‘a sikth ligand in the
ferric state.‘ Yamada et al. (198,199)lconsider-it likely
that ferroperoxidase has no water molecule coprdinated_at

the sixth position as in the case of myoglobin. Oxidation-

reduction potentials have been measured for turnip isoper-

s

oxidases P, and P, (50). From the presehce of two oxidation--

linked proton equilibria, it was concluded that the two

isozymes have the same axial’ llgands, water and hlstldlne,
K

but they have dlfferent dlstal groups, a carboxyl group in

Pl and an 1m1dazole group in P7;. The ox1datlgn—reductlon

epotentials of the ferro- and ferri-ClPR couple have'also been

measured as a function of pH (200). Besides_eth&@ting an

oxidationelinked pretbn equilibrium,ithis system aﬁso showed

a sharp discontinuity in potential at pH 4 7 suggee§1ng that

e

elther ‘the ferric or ferrous form of- ClP is drastlcally
modified by changes in pH. Data on carbon»mdnoxide binding

indicate that ferro-ClP may Re the species Which is greatly

1

modified near pH . 4.7. x Co ‘

The absorption spectra.of ferro—HRB and its carbon mon-

)

oxidelcomplex have been published (14,30), and they are very

- similar to the spectra of ferro-CcP and its carbon monoxide

complex (81). However,“thedcarbon monoxide complex of ferro-

ClP is markedly different (120),‘which may be due to the
1 C \
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presenceiof a thiolate ligand instead of an imidazoleiligand
} o

i

in the fifth coordinatlon position. A"carbon'monoxide‘com-
plex of ferro-MP has been obsérved (184), but only under

restrictlve conditions (201). A carbon monoxide complex'of
ferro-LP. has also been observed (202) The cyanide conplex

' of ferro-HRP has a dlssoc1atlon constant 103~fold larger

than the complex with ferrl HRP (203) The ferro-HRP cyanide\

i complex has an abSOrptlon spectrum similar to the cyanlde
complexes of hemoglobln, myoglobin, and ferro-CcP (8l). The
cyanide and carbon monoxide complexes of ferro—HRP are both
photodissoclgble (203). The kinetics of carbon monoxldet
(264) and cyanide (205) binding, to ferro;HRP and their
equ111br1um constants. of blndlng have been lnvestlgated
Carbon monox1de blnds at pH 7 w1th a rate constant of
2.3-x103 Mfls—l (204). The klnetlcs of cyanlde blndlng
occurs in ‘one step at pH 9.1 but is compllcated and very

‘dlfferent at pH 6.0, and the egquilibrium constant of cyanide
bindiné is_nighly pH”dependent. | -
The Mossbauer spectruﬁ.of ferro-JRPa is cnaracteristic

- of the1ferrous high‘spin state, and the spectrum of”tne\\\\\

ferrous carbon monoxide complex is characteristic of the

ferrous low‘spin state_(le).' This spinvstate‘elucidatlon
by Mossbaner spectroscopy agrees with the)magnetic suscept-.
ibility measurements of ferro-HRP ‘and its carbon monoxide
complex'(25).. As expected, the ]ow spin cyanlde complex

of ferro-HRP (18) or ferro—CcP (81) has no EPR 51gnal.

Magnetic circular dichroism is sensitive to the spin and

32
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oxidation state of the iron‘in.hemobroteinsa The MCD spectré

of ferro-HRP and irs carbon monoxide complex (206) are

: nearly identical with those of myoglobin and its carbon

monoxide’complex. The MCD spectrum of the cyanide oomplex

of ferro-HRP is typical of a low spih ferrous derivative

like oxymyoglobin. The ¢D spectrum of ferro-JRPa‘exhibits

significantly'difrerent-CD'bands compared to native JRPa

except for a close similarity in the ultraviolet region (107).

This indicateSdachangeim the heme group, but little or

‘no chahge in the rertiary structure of the protein upoﬁ‘

reduction. . | |
The'protonation‘of a heme-linked group causes changes

in the vi;ible‘spectrum of ferro-HRP £199); and the pKa of

this gromp changes upon tﬁe formation‘of the carbon monoxide

complek k207), The pKa vaide for the carbonlmonoxide com-

plex of ferro-HRP varied by chenging the subsﬁituemts at the

2 and 4 positions of the'heme:group (208). The_cdange in

pKa waS'interﬁreted in rerms of hydrogen g%ndihg betweenfa

distal amino.acid residue~and thevligand atom directiy ‘

bound to the heme iron. | |

Compound III or Oxyperoxidase ' . ; T : A s

©

The ex1stence of a spectroscoplcally'dlstlnct Compound ';ag
of HRP Wthh was formed when a large excess of hydrogen per-
oxide was added to a solutlon of HRP was flrst notlced by
Kellln and  Mann (202). This" Compound eventuallx became ' '

known as Compound'III (14,209) because GeoréeV(l97) discévered



. tnat it was formed by the reactlon of hydrogen peroxrde with

!

Compound II. Chance (210) recorged the absorptlon\spéctrum

of Compound III formed in this mannera Compound III was (”

also formed in the aeroblc dlhydroxymaleic acid system in

' which HRP acts as an ox1dase (211 212) HRP is reduced to
5ferro HRP and in the presence of molecular oxygen forms
Compound III. Yamazakl and Piette (213) concluded from a
study of aerobic oxidase reﬁptlons catalyzed by HRP that
-CompOund III and oxyperox1dase were one and the. Same derlv—
ative of HRP Compound III can be formed in three ways:
l,,ferroeHRP'and molecular oxygen- 2, ferri—HRP and super-
oxide anion; and 3, Compound II and H202 HR? acts as an
ox1dase toward dlhydroxyfumarlc acid, and Tae ree radlcal
product of this substrate can reduce molecu. 11 oxygen to
2, "the superox1de anion radlcal Compound II1 can .be
formed by reducing ferrl- to ferro-HRP with NADH (214)

and then 1ntroduc1ng‘molecular oxygen (215).. It can also be

Ly

\
5 ] e

formed when indolacetic aci? reduces HRP or TP (216) under’
aerobic conditions. Oxyperoxidase_of TP isozyme P7 is‘
especiélly stable, and this'may be a reflection of the
oxygenase'activity of this‘hemoprotein (50,21§); During
.the xanthineboxidase reduction of p-benzoquinone, the ng’
'-formed is trapped by LP to form Compound III of LP (217).
The -amount of 02 formed by photosen51tlzatlon wlth fluorescein
has been measured by using the extent of LP Compound III

formation (218). . Compound III of MP has been formed from

the reaction between electrolytlcally produced O2 and ferri-
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MP (.219) .y

The reaction of HRP Compqund,;II Qith Varioﬁs oxidizable
subétrates showed it to be very much less reactive than
Compound II (220,221).

Wittenberg et al. (197) have made an excellent study of
Compound III. At pH.7 the reaction between ferro-HRP and
molecular oxygen is first order in both reactants and has a
fate constant of 5,8x104 M1s7L,
is 1:1, and o#yperoxida;e is formed without detectable interT
med;ates. Oxyperoxidase is ébie to bxidize a fuftherlthree

moles of ferroperoxidase indicating that it retains the four

"oxidation equivalents of molecular oxygen. Oxyperoxidasé

undergoes‘a slow first-order decompoSition'to ferri-HRP
without detectable intermediates, and photodissociation does
not ‘occur even with intense 'light. ;

i
oxyperoxidase shows little

The optical épecirum of HRP
change with temperature indicatiﬁg the absence of a thermalj
equilibrium_betweén spin statgs; and the EPR spectrum shows
n? signal attributabie to.bxyperoxidase (30). O#ypéroxidase
is probably diaﬁagnetic as is oxyhémoglobin (252). CcP
o#yperoxidase aléo has no EPR signai (81).. Noble and Gibson
(2?3) have demonstrapédvthat hydrogen perokide can oxidize

ferro-HRP to oxyperoxidase in a sequence of two steps.'

Compound Ii,is first formed from that reaction of ferro~HRP

_Qith hydrogen peroxide, and then Compound II reacts with

more hydrogen peroxide to fgfm:oxyperoxidase, Both reactions

are first order with respect to each reactant, and they

The reaction stoichiometry
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proceed without detectable intermediates. Phelps et al. (224)
'have found no detectable intermediates within the mllllsecond
time range 1q the reaction of ferro-HRP with molecular oxXy -
gen to form oxyperox1dase and 1o,the decomposition of oxyper-
oxidase to form ferri4HRP The formatlon of O2 during the
decay of HRP oxyperox1dase has been detected (195).

k The stablllty of HRP oxyperoxldase with the heme modi-
\fled at thef2 and 4 p051tlons increases in the order mesof,
proto-,'chlorocruoro—, and dlacetylperox1dase (225). From
these results it appeared that the stablllty of oxyperox1dase
was affected by the electron density at the heme iron.  For
the stable dlacetyldeutero—oxyperoxldase a heme- llnked |
proton equllxbrlum of pK =8.0 has been detected spectrqphoto-’
metrically (208). Proton balance studles have shown no net
amount of protons are gained or lost when forming o#yperoxi;

272
gained by the enzyme when ferri~HRP is formed from

dase from Compound II w1th H.,O, , but‘three protons are

oxyperoxidase- (198). _ o : -

Ligand Complexes of Ferriperoxidase

A variety of inorganio ligands ligate to ferriperoxidaée,

B .
presumably by displacing a water molecule from the sixth co-
,ordination position of the heme iron. Common ligands are

fluoride, azide, cyanide, and possibly hydroxide ions. (The’

alkaline éorm of peroxidase may or may not be a hydroxide

complex, and this point will be discﬁesed further.)
Paramagnetic susceptibility measurements show that the

:binding'of a ligand to native peroxidase causes a change in



thé spin state of the heme iron. The paramaénetic suscepti-
biiity valugé of sevéral hembpgotgins inc}uding peroxidase
have been summarized (25,226). When ligated with fluoride
or water £he ferric iron is usuqlly predéminantly high spin,
whereas ézide and cyanide produce complexes of intermediafe
anq low spiﬁ states,,resﬁeCtivelyk(l4,25). The MP cyanide
cdmplex,yhowev§r, has aﬁ'unusually large paramagnetic sus-
ceptibiiity (154). A thermal equilibrium between the high
and low spin states of the HRP azide complék haé been demon-
 strated by(ﬁagnetic susceptibility between -196° and room
temperatg;é (227). 1In contrast, the HRP'cémélexes with
f%uoride»and cyanide are/burely high and low spin, respéc—
tively, over this temperature range, and their péramagnetic’
suscepéibiiities obey the‘Curie_law (26). Thé'EPR”signal

of the cyanide complex and the alkaline form of HRP is typi-

cal of low spin ferrihéme (30). For native HRP the pH depen-.

dent magnetic suscep%ibility and optical spéétra have been’
explained ﬂélpefms of an acid, and alkaline form, and each of

: ' | |
these fo;zg has high and- low spin states populated in thermal

‘equilibrium (26). Similar results have been obtained for
‘ E ; I
\ : /

CeP (77). The fluoride and cyanide complexes of CcP have

optical spectra typical of high and low spin heme iron, re-
: : - i

spectively. These spectra are temperature independent. The!

M&ssbauer spebtrum of the CcP fluoride_compléx indicaﬁes
‘high spin heme iron (228), and the CcP cyanide complex has
an\EPR spectrum typical of low spin heme iron (8l). The .tem-

]

;o » , - | o
perature dependence of the optical spectrum of the CcP

37



\ v

!

azide complex indicates a spin state thermal equilibrium (77).

fhe optical spectra of LPucompléxés with fluéride_and cyanide
aré tygiéal of the high and low spin states, respeétively;
but the aikdline form §f LP could not be formed prior to
dénaturation (229). The EPR (104) and M8ssbauer (106)
spectra of the derivétives of JRPa)show that its fluqnide
COmblex is high spin, and its alkaline form is low spin, a;
is its cyanide complex. The cyanide complex, however, is a

/

temperathré dependent mixture of spin.states. -Also, the

soret and visible CD spectra of the fluoride and cyanide

- camplex and  /the élkaline form of JRPa have been recorded

(107) 1%

»
R

Chloride, bromide, and iodide all form spectroscopically

diSt}nct‘complexes with ClP at low pH, and this pH require-
ment for binding may be respons1ble for t \ pH optlmum
‘of ClP catalyzed halogenatlon reactlons (113) The fluorlde

a;d 1od1de complexes of ClP are hlgh spin over'a wide tem~

L

perature range (118) as determined by their Mdssbauer spectra.

However, the Mossbauer spectrum of the C1P Chlorlde complex

is qulte similar to that of native C1P Suggesting that chlor-

f
ide may not blnd as an axial ligand to the heme iron.. Re-
. .. .
cent broad-line NMR results show' a spe01f1c interaction
. ) oo .
between C1P and chloride at low pH which does not involve

coordination to the heme iron (280).% The oxidation-reduction.

‘”potentials of CLP complexes with chloride, bromide} and
_ ’ s '
"lodide differ little from that of native ClP (201). . This

also suggested that“thése'halide ions may‘nOt bind to the

38
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heme irOn.

ORD spectra of the fluorrde ahc cyanide complexes of
YHRP (28) and LP (132), and the alkaline form of HRP, show
that there is no grossﬂchange in protein conformation~upon'
formation‘of'these derivativés. No large orientational
change of the heme with respect to the protein occurred-in‘
l,,lIRP,‘but: a change apparently did occur in LP.

Rece;tly, the magnetlc c1rcu1ar dlchr01c spectra of the
1fluor1de and cyanide complexes and the alkaline form of HRP
were recdrded (206). These spectre were compared to the cor-
responding derivatives of ferrimyogﬁobin The MCD technlque
LS sens1t1vq>to the spin and ox1dat10n state of the heme
lron. "The MCD spectra for the cyanide complexes of ferri-
andlferro~HRP ahd_the carbon monoxide complex are nearly
iQentlcal with the McD spectra of the analogous ferrimyoglobin
derivatives except for the alkaline forms; The“alkaline form
-of HRP eXhibited an entirely‘different MCD spectrum than that
of Eerrimyoglobin hydroxide It could be that the alkaline
form of HRP is not a hydrox1de complex There are other
indications that ‘fail to support the analogy between the
alkaline form of HRP anad ferrimyoglobin hydroxide. - The maé—
netic moment of the alkaline formlof~HéP is much different
from thatoof ferrimyoglobin hydrox%de (90),.and the pKa
value for the transition to their hasic forms Es a full tw?
pK _units hlgher for HRP than for ferrlmyoglobln (231),

pK —ll compared to 9, respectlvely. However, these dlfferen—

ces mlght be caused by other factors than the possibility

HAY,
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that the alkaline form of HRP is‘not a hydroxide complex.
It has oeen suggested on the oasis of a kinetic study of the
alkaline ionization of HRP that“an amino acid side cnainAis 
ionized when Hﬁf is_brought to aikaline pH from neutral pH
(232). A subsequent conformational change allows the side
chain to ligate to the“sixen position of the heme irqn.
Kinetic seudies of ligand binding to pé&roxidases has
led to information about the nature of“the heme active site.
The pK values of catalytlcall& important ionizable groups.‘
on both the enzyme and ligand can be determined by measuring
the rate of complexatlon as a functlon of pH (233 Q34) The
klnetlcs of cyanide blndlng to ferri-HRP between pH 4.2 and
11.3 was studied using the stopped-flow technique (235).
The results were interpreted in terms of acid- base catalysis,

<

and three 1onlzable groups on HRP and the 1onlzatlon of

hydrocyanlc ac1d affect the binding:rate, :The rate of fluor-
ide binding to HRP pdtween pH 4.1 and 7.9 is affected by two
.ioniaable groups onxfhe enzyme of nearly the same pké valne

- as those'groups on the enzyme thch affecﬁed the rate of
cyanide binding (235,236). ‘The kinetics of cyanide binding

©

to &P betWeen pH 4.6 and 10.6, studies by;the temperature-

jump method, showed .that the rate of complex formation was
affected by'two‘ionizable gfoups on LP and by the ionization
of hydrocyanic acid (237). ’A kinetic study of cYanideibind—
ing to TP isozymes P and P showed ehat'binding occurred in
one step (238). F%uoride bindinq to Pl occurred in_one step
but fluoride bindifg to P, exhibited tnree d%Efinct proces-

o _ p:
. .o
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ses. Two ionizable groups on Pl affect- the rate of fluoride

‘and cyanide binding,“but.three ionizable groups affect the

binding rate of these ligands to P7. Kinetic studies of
fluoride (239) and cyanide (240) binding to écP have been
made as a fpnction of pH. The rate of fluoride and cyanide
binding is strongly influenced by Lhe ionization of thé acid
form of the ligana and by a group on the gnzyme‘pKa=5.5:

Above pH 7 the CcP cyanide complex undergoes two isomeri-

zatlion reactions.

.« U

Compound I and Compound II a4

Compounds Ivand II are oxidized intermediates in the
peroxidatic enzymatic cycle previously showglin,Equaﬁigns_

[l] to [3]. Hydrogen peroxide reacts with pefoxidase to form
Compound I Qith.no net gain or loss of protons (198).
Compound I 1is reduced by an oxidizable substrate to Compound
II With a net’gain of one proton to the enzyme (198). When
Compound II is reduced to HRP, the enzyme gains another \
proton'(i§8). : ;

Compound II was discovered (202) priér to Compound I
because the much more reactive Compound © vas quickly reduced
to Cdmpound II by oxidizéble”substrates wiilch were bresent
as impurities in the enzyme preparation.. Theorell (i9) with

purer preparation first noted the transient appearance of
Compound I. The rapid-flow method was then used to meaéure
the optL;al spectrum of Compound Il(209,210). Titration with

¢ * . i
ferrocyanide established that Compound II requires one oxi-
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dation equivalent of electrons (22,23? and Compound I>fe—
guires two equivalents (21,241) to be réduced to native -
peroxidase. Since Cqmpound I contains the two oxidatién
equivalents of the hydrogen peroxide, it was initiélly sup-
posed that the oxidized intermediates were enzyme-substrate
complexes (209,210,242-246). It was laéer demonstrated that
spectroécopically.identical preparaﬁions of HﬁP Compounds I
and II could be f&rmed from a variety of Qxiéizing agents
(247-249). Much of the work on peroxidages has been directed
towafd the elucidation of the chemical stfuéture, physical
properties, amd mechanism of action of Compounds I and II.
Magnetic susceptibility measurements of* HRP Compounds
I and II showed that they contain three and two unpaired
electrons, réspectively (24,250)L For Compound II this is
consistent with a lpw spin fgrryl peroxidase. ' In ferryl
peroxidase the ferric heme_i; oxidized and can be férmally,'
represented'aé_Fe(IV)d The formulation of Cgmpound II as. a
ferryl type structure is widely accepted, ahd Fﬁﬁlphssibility
of the e#istence of Fe(IV) porphyrins has been demonstrated
by cycli¢ voltammetry (251). The locétion of the oxidized
sites' in Compouna I is more elusive. The existence of tﬁree
unpaired electrons in Compound I éanbbe expiéing@;;p,tpree;“
ways. Compound I could be in the Fe (V) oxidation'statg o?Sir

it could be a low spin ferryl structure with a free radical

in the porphyrin or protein moiety (252).

The free radical nature of HRP Compound I seems to be

uncertain. Morita and Mason (104) fognd an EPR free radical
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signal at g=2.003 for HRP Compound.I at -175°, 'but its spin
concentration wes veny low relative to the,conCGntration:of
cempound I. Also, the decay of the signal did not corres-
pond to the decay of the optical absorbance‘of Cempound i.
Blumberg et 4dl., (30) found no EPR signel attributable to
Compound I, but Douzou and Leterrier (31) found a free'radical
signal at g=2.003 during the conversion of Compound ;I to Ii.
An EPR sﬁndy of HRP Compound I by Aasa et aZ;3(253) describee

an.asymmetrié signal for Compound I below -253° at g=1.995,

The spin concentfation of this signal was approximately 1% '
of the concentration'bfvCompound’I A tltratlon of HRP w1Lh-
H202 demonstrated that the SLgnal Lnten51ty was proport10nal
to the amount of Compound I, and the signal intensity and
optical,abgorbance decayed'simultaneously The low signal
1nten51ty may be due to a nearby fast- relaxxng ferryl iron.

It has frequently been suggested that if a free radlcal
is present in Compound I it may be contained in the prophy-
rin-p222,251,254,255).y Onek0f these studies (255) is based
on the two electron oxidation ;tvluct. of cobaltous octa—
ethylpprphyrin which]is a stable ﬂ—:ation radical with an
opeical spectrum very simi}ar to HRP Compound I. The idea
that the secbnd oxidation equiyalent in Compound I :is noﬁ
found in a Fe(V) configuration was supportea!by the MdOssbauer
spectra of -both JRPa (256) and HRP:(257) Compounds I :and II.
‘Tpe'same MOssbauer spectra are obtained_fgr Comp?unds I and

II indicating the same electroqic cenfiguration of the heme

iron in beoth Compoﬁnds. The second oxidation equivalent

.



must be located at a site other than the heme iron.

yLaeer Raman spectra of HRP Compounds I and II (258)
show that in contrast to napive.HRP (59) the heme iron .in
Compound II is;in the plane of the porphyrin. The Raman
epeotrum of Compound I was typical of model‘porphyrin n—'
cqtion radicals (259). |

The photolysis product of HRP Compound I at -196°
(260 262) has been shown recently to produce a product of
unusual pardmagnetlc character (263 264). The EPR signal
intensity of the photolysxs product is very much greater
than the sxgnal of Compound I or HRP. When the product is
kept ;n the dark the.51gnal dlmlnlshes put reappear; when
the‘semple is reirradiated. ) _‘ o

CcP reacts with one mole of H202 to form a Compound
known as ES (64,75,264,265). Compound ES can also be formed
from CcP and chlprite (81), N—bromosuccinimide (266),1and
'o—benzoylhydroxylamine (266).w Compound ES retﬁins bo%h
'ox1d121ng equlvalents of the hydrogen perox1de (265),k ut
has an optlcal spectrum nearly . 1dent1cal to HRP Compound II.
(265). Thls observation waE taken to suggest that one of\the
two ox1datlon equlvalents may be retained ln the' proteln |
moliety since the optical Spectra are believed to .reflect ;h
electrpnic structure of heme groups (39). Unlike HRP Corr-
~pound‘(I- Compound ES showed an intenee sharp free radioal
signal in the EPR spectrum at g—2 004 (79,81, 267 268) . The

intensity of this signal correéponds to one unpalred electron

per molecule of Compound ES. Large changes in the ultra-

i
]
1
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violet abserption spectrum are observed upon the fgrmation"
bf Compound ES (79,268), and it appears like1§vthat one of
the two ogidation‘equivaleuts-of Compound ES' is retained as
a free radical in an afomatic amino acid'residue of the pro4
tein and not 1n the porphyrln = orbltals as is suggested for
HRP Compound I. In Compound ES the EPR signals for para—
magnetic iron in native CcP have dlsappearedllndleatlpg that
the iron has an even number ef electrons as.is expected: for
the ferryl or Fe (IV) Qxidation state (55}. This interpre-
tation agrees with the magnetic susceptlblllty measurements
on Compound]ES (269) . L )

*  An oxidized 1ntermed1ate of CcP which is only one oxi-
dation equ1valent above the native enzyme was flrst noticed
in the biphasic reductlen of Compound ES by ferrocyanide
(75). The second pﬁase of this reaction corresponds to the
reduction of the second oxidized intermediate known as CcP
'Cempound:II:(270). It is not known which of the sites in
Compound ES is reduced in the formation of CcP Compound lI.
Compound II could be Fe(IV) or Fe(III) and a free radical.
An equilibrium between these twapestulated forms of CcP
Compound II'might exist (270).

A pessible chemical composition for ClP Coméound I has
been elucidated using 18O labeled substrates (271)] le was
reacted 51multaneously with unlabeled and doubly 1abeled 18
m~chloroperben201c acid, and molecular oxygen whlch was re-'
leased as a product was analyzed for isotopic. dlstrlbutlon.

Scrambling had occurred since molecular 160-180 was.obtained
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as a product. A reasonable scnemevwh;ch accounts for
scrambling involves incorporation of one oxyvgen atom from
the peracid into the ~ enzyme probably as a ligand at the
heme iron.‘.There is a‘concomitant release of the parent
carboxy11C\ac1d as Compound I is formed (272). ThlS is fol-.
‘lowed by the reactlon of Compound I with a Second peracid

{-:
molecule to form molecular oxygen (273). In contrast, the

ClP catalyzed evolutlon of molecular oxygen from a mlxture‘

"of unlabeled and doubly labeled 18O H202 proceeds by_a re-

I
tention mechanism where no 16O—;8O is produced (274)
3 _

The following overall formulations for Compounds I and
II emerd;'from the presently available data. Compound i of
‘ HRP may contaln an oxygen atom derived from H2 (271,273), -
and the oxygen atom is probably bound\to Fe(IV)‘heme.
'The‘second oxidation equivalent may be located either on.the
porphyrin as a m-cation radical (255) or on an amino acid
residue as a free radical. %or CcP Compound ES this second
oxidation equiyalent 1s almost certainly located of the pro-
teinAin an aromatic amino acid.side‘chain (268) . Since both
HRP Compounds I and II have ferryl or Fe(IV) type structures
.(257), presumably it is the‘reduotion of the free~radical
51te which occurs when Compound I dis reduced to Compound II
If Compoud II retains the oxygen atom (273) present in Com-
pound I, then Compounds I:and II dan be represented by

R- Fe(IV)O and. RFe(IV)O respeetively The free radical

ferryl heme, and the iron- bound oxygen atom are represented

—~

vl

by R, Fe(IV), and O.
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The reactions of Compounds I and II with several ox1—
dizable substrates have  been studied by tran51ent state

kinetics. The stopped—flow_apparatus using spectrophoto-

.metric detection is particulary»suitable for'thisvapplication

becaude the reduction of Compound. I or II is usualIy accom-
panied by sufficiently large absorbance changes in the Soret
region even when the enzyme is in less than micromolar con-
Vcentration. Compouna‘I can be prepared bﬁdthe addition of

¢

an equimolar amount of H202‘ to a solution  of the native
enzyme prOViding that the solution is free of oxidizable
impurities. :d prepare Compound II an equimolar amount of a
one electron reductant is added to a solution of Compound I.
The particular intermediate can then be reacted with an oxi-
di;able substratetherebyneasuring theréactionrate of a
s1ngle relevant step from the overall enzymatic cycle.

+ Kinetic and eqnilibrium measnrements of the properties
of systems containing'peroxidase,have heen the main research
operations used in this laboratory. Reaction rate measure-
ments, considerb:ions\of thelrateQinfluencing factors;'and'
the proposal Of reaction mechanisms from -these measurements
is known 'as the dlSClpllne‘Of chemical kinetics. Equilibrium
and kinetic measurements are complementary by their nature.
Measurements of a system at equilibrium serve to define the
state of ' that system whereas kinetic measurements define
the manner in which one particular defined equilibrium state

'is converted into another defined equilibrium state, For

example, equilibrium measurements can determine the state of
. ’ B
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~the reactants and products of an enzyme catalyied reaction,",

but kdinetics 'is required to determine the mode of enzyme -

ACtion during the reaction. By means of chemical kinetics

one attempts to define each 'individual concerted stepﬁqﬁ a
reaction. However, the study of chemical kinetics 'seldom
provides an,exclusive reaction pathway, but it is very use-

ful bec;uée of its?ability to exclude one or more pathways

so thét‘the totél number of pqssibilitiés is reddced. Since

many life pfoceéses are éatalyzed'by enzymes, an unaer- eSS
sténding of the mode of enzymatic .catalysis is fuhdamenﬁal to ;

‘molecular biology. The measurement of the rate @f an enzy-

b
i -

matic'reaction over a wide range of pﬁ,can reveal the exis-
tence an? the.pKa values of cdtalytically impo;tant ioniz—‘
ggle groﬁps on the enzyme and on the substrate (233,234).

- Since Chance (246) ‘measured the effect of pH on the
‘'rate of oxidation of a %ew substrates by HRP Compound II,
thére'havevbeén.several studies on the eff?ct of pH on the
rate of'Compéund I formationsand on'the reactiéns.of Coﬁpounds
“I and.II with a variety,df substratés (275)., The pH depen—'
dence of the fate‘of Compound I formation of LP (276,277),
CcP (278), and HéP (279) with H,0, has been studied. The
.rafe of LP Cdmpound-I fprmaﬁion is independent of pH from.
3;0.to 10.8 (277).‘ For CcP the rate of Compound I fbrmation
‘ls inhibited by the prptonation of an ionizable grbup with a
PK of 5.5 and by the deprotopgtion éf a group with aApKa
of.9.8x(278). At pH yalugs between these two pKa values

CcP reacts rapidly with H202. The rate of HRP Compound I



formation is pH iqdependent from pH 5 Fo’9, but the proton-
‘ation of two groups with‘pKa values of 3.9 and 3.2 cause the
rate to decrease (279). ‘At‘low pH the rate of Compound I
formation.for CcP ana HRP is base catalyzed. The pH depen-
dere of the rate of HRP Compoynd I formation with several
substituted perbenzoic acids indicated that the un-ionized‘
form of the peracid is the reactive form, and the patfe;n of
substituen£ effects did not agree with ﬁhe ekpectatione/for
electrophilic oxidatidn of. the enzyme (280). The reactions
of LP Compound II with iodide (281) and p-cresol (282) are
acid catalyzed. The rates of iodide oxidation by HR? Coh—
pounds I and II‘(283 284) are acid catalyaed, and it was
shown that 1od1de reduced Compound I directly to HRP with-
out the tranSLent appearence of Compound II (283). The rates
of oxidation of ferrocyanide by CcP Compounds I and II (270)
~and by HRP Compounds I and II, formed with Hzo2 (285) or
with ethyl hydroperox1de’(286) or m- chloroperben201c ac1d
(286), have been studied as a function of pH. 1In the dﬁ?ﬁ
of HRP the rate of ferrocyanide oxidation is 1ndependent of
the oxidizing agent used in the preparation of Compounds I
and II (286). The steady state rate of ferrocyanide oxi-
dation by HRP waevinhibited by cyanide (287). The cyanide
bound only to HRP. The rate of oxidation of sulfite and
nitrite by HRP éompounds I and II is acid catalyzed, and,
like iodide (283), sulfite is able to reduce Compound I to
HRP without the transient appearence of Compound II (288{

289). The reaction rate between HRP Compound II and p-

&
Z
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cresol, ferrocyanide, iodide (290,291), and p-aminobenzoic
acid (292) have been studied in water and deuterium oxide

over a wide range of pH or pbD.

"Fig. 1.4 is a compilation of the results of rate measure- .

ments as a fundtlon of pH for the reaction of HRP Compound

w1th several substrates (262) . The log of the
kr rate coostant k is plotted as a function of pH.
fffngsi :s;?f‘acid Yegion of curve A forbp-cresol as the
‘ : all &?e reactions are acid catalyzed. A cata-
Jytlcalky lmpartant ionization on HRP<~II, pK 6, is indi-
cated by 4, for the substrates A p-cresol (290); B ferro-
cyanide f285); and D ;—aminobenzoic aoid (293). Imoortant
_iohiZations on pTCreSOl, pK#=lO.4 (290); and C bisulfite ion,
pKa=6.§ (288) , are indicated by 4. The plots for E. and F,
nitrite and iodide ‘ions, show a single important ionization
with a pKa value beyond theApH range. of the study (284,288).
Fig. 1.5 shows the rate of HRP.Compound I reactions as
a function of pH for several substrates. All the.reactioos
»shown are acid cétalyzed A; 1on12able group on Compound I
with a px value of about 5.1 is evident, +, with the ‘sub-
strates A ferrocyanide (285); B.p-aminobenzoic acio (293) ;
D iodide ion ; and E bishlfite ion (288). The PK, of 6.9
for the dissociation of the bisulfite ion is indicatei by *+.
The fast rate of the reaction of g-cresol with both Compound
II and Compound I (see Chapter II) may suggest that phenolic

compounds are the natural substrates fof peroxidase.

;mﬁé .
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'Fig.rl.4 Plots of the log'of the second-order rate constant
k vs. pH f&r the reactibnjof HRP qémpdund II with several
substrates. , A p-cresol, B ferrocyanide, C bisulfite, D.p~
aminobenzoic acfa, E nitrite ion, and F iodide ion. The ar-
rows indicate pKa values -on Compouﬂé IIil and Qn'the sgb*',

strate 1 . These plots are taken from Dunford, H.B., and

Stillman, J.S. (1976) Coord. Chem. Rev. 19, 187-251.

&
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,Fig. 1.5 Plots of the iog of.the second;orderlrate cdnstant
'k vs. pH for the reactlion 6§.HRP Compound’ I with qéveral'
f substrates: Asferfocyanide, B p-aminobenzoic écid, c nitrite
ion &P iodide ion,_and E bisulfite ion. The arrows iﬁdicate
PK, values on Compound I | and on the substrate . These
.plots are taken from Dunford, ﬁLBL, and Stillman, J.s. (1976)
c@% Chem. Rav. 19, 187-251. | |
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"1.5 Laccase

The presence of a substance responsible for the darken-

ing and hardening of latex from the»Jépanese lacquer tree,

]
o

Rhué vernicifera, wés noted in 1883 (294). This 'substance
is néw known to be a coépe;-contaih;ng enzyme called laccase
or p-diphenol oxidagg (E.C. 1.10.3.2 p-diphenol: O, oxido-
reductase) . Laccaseiis founé in a great Aany fungi (295)
and plénts (296) . The\eérly hist&ry of laccase has been:
reviewed (197—299f; Laccase has anfairly low substrate

specifiFity (3005, but the’ catalyzed oxidation of p-diphenol

"to p-benzoquinone by_moleéular oxygen 1is especiéily faéile,

4
|

Laccase -

k §

+ 5Q2

" Thus, molecular oxygen is fully reduced to' water. “ -

Early reports were contradictbry concerping'the laccase

s ' 3 A ' -
catalyzed ox1datlons'ofumonophenohs such as p~cresol. Laccase
AN

-—

was reporteq to be both inactive (301,302) and active'(306,

. - Al '
303) with p-cresol. h& attempt to resolve these discrepan—

cies (300) 1nd1cated that pvcresoL was only very 1ncompletely

<

'ox1dlzed by laccase because the quyme had qu;ckly become

1nact1vated.. Howevepr—thls lnaﬁf ation could be prevented

,'_
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by the simultaneous presence of p~cresol and catechol, gel-
atin, or p&lysorbate B0 ( a mlxture of polyoxyethylene
ethers of mlxed oleic acid esters of sorbltol anhydride). .

In the presence of one of these addltlves.which prevent in-

., - T R

activation, p-cresol and many other monophenols (304,305)

can rapid:fy be oxidized by laccase The axidation products %% 'gﬂ
of p-cresol formed by laccase (300) and HRP (306) are the

sg%e In an unusual appllcatlon laccase was used to cata-, e
&
lyze the oxldatlon of steroidal hormones with ‘a phenollc -fof ‘; ;
‘group in the A ring (307). ::
. The most extensl,nly studied laccases arevfrom the.
Japanese lacquer tree, Rhus verntczfera, (308~ 312) and the‘° o 22 'x?.
- Indo-Chinese lacquer gYee, Rhus suipedahea, (301 302 ,309) : -

anﬂ from the wood-rotting. white fungus, Polyporus verszcolor

(313,314). Laccase from Rhus vernzczferawand espec1all} 3

from PoZyporus ve?E?EETDr~arelrelgglvely avallable and hence

v

the most completely studied of the laccases The fungal

"

isozymes contaln four moles of copper per. mole of :enzyme’

:-,laccase has two isbzymes called A and B (314), and both 4 ////

(314, 315) Laccase A and B hage 51mllar molecular: welghgs,

about 62 000 g/mole (313 315), ght laccase A is 14% carbo- -

hyd?ate (313 ~315) whereas &accase B is less than 1% carbo-

-

hydrate (31%) Laccase from Rhus vernzczfera has a molecular
weight of 110,000 g/mole (308 309 316) and 1t is 45% carbo-

hydrate (316) :Rhus succeédanea and Rhus vernzctfera lac~
N > .

case have similar molecular weightsa(309x Rhus vernicifera
laccase was once thought to have 5 to 6 moles of’ copper per
" . \ . ' . ,:\'1‘
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mole of enzyme (309,317,318), but this has been ré&vised to

4 moles of copper (308,316). The blue color'of laccase
(sometimes these enzymes are referred to as the blue oxi-
dases) 'is due to the presence o. copper coordinated to the

1~proﬁein “-The optical spectrum of laccase in its‘oxidized
ﬁand,beduced form is sﬂﬂwn in Fig. 1.6. The coppcr is
ﬁrghtly bound to the proteln as a prosthetic group since it
}s,not'removed by dlaly51s. Ihe copper in Rhus verntczfera
laccase‘oOes not eXchangeuwith 64Cu(IIL1n solution,ibut the
copper in the redUCed form of the enzyme w1ll exchange with
Scu 310y

i) . An.ollgomeric subunit structure‘was proposed for fungal
a

‘ccase. A (313)' and: thls proposal was qngorted by hydro—

dynamlc measurements of the enzyme. made in the presence of ot

J‘guanidine hydrochloride (319). Laccase A may consist ofrfour

subunits of similar size which are linked by‘disulfide

bridges and noncovalent interactions to form a tetramer (319).
Electron mlcroscopy of a dlfferent fungal laccase from the

Ascomycete Pdod;pora anserigda 1ndlcates that this enzyme

N

bex1sts 4s a ‘tetramer with the subunlts arranged at the cor- !

ngrs of a rectangle (320). The molecular welght of laccase
»
fgzm this source .is 390 OOQ g/mole (320-322).

y 2 )
Oxidases generallycrequlre metals for their catalytic

[

activity, and the copper - in laccase may be involved in-a

meghanism in which high valence Cu(II) is reduced to Cu(I) by
. | Sk ' |
the'substrate which is oxidized. The Cu(I) cou&d then be .

»

,ré6x1dlzed to Cu(II) by molecular oxygen. whlch 1s eventually

s Y . R |
) , .

- h'
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MILLIMOLECULAR EXTENCTION
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Fig; l.6 Absorption”spectra of laccase, ——, and reduced
laccase, —-==--. , in phosphate buffer'étfpﬂ 7. These spectra

~are taken from Nakamura, T. (1958) Biochim. Biophys. Acta

& 30, 44-52, ,
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reduced to water.

[5] Cu(Il) + substrate — Cu(i) + product

(6] cu(m) + %o, N — = Cu(II) + KH,0

A mechanlsm 1nvo]vrng a valence change rn copper has been

”n

establlshed by Malmstrom et aZ (323) u51ng B@R Slnce

l?, is dlamagnetlc,

4 1

Cu(II) dg, is paramagnetic and Cn(I),

EPR spectroscopy has been widely appliﬁd to,bopper*contaip-

ing proteins (324) This mechanlsm d@ dﬁtion for laccase ’;g

was further- substantlated by Nakamura (BbEwQQB) who showed

that 4 Cu(I) _ions were oxldlzed by one molecu¥ ef“cxygeﬁmx
The valence change of copper was also detected by magnetlc

susceptlblllty (326) ’ _-_‘y

\

The heterogenelty of the 1lhples of - copper within a
2

51ngle molecule of laccase is well established (324). The

copper ions’ have dlSttht env1ronments in the enzyme which =

cause thelr nonequlvalence The nonequivalence of the copper

ions was first detected by EPR forifungal laccase (327)5

and later for Rhus vernicifera laccase (328). The EPRgglgnal

1nten51ty accounted for only 50% of the total copper content

l .

and it was flrst concluded that half of the cqpper was pres-

oy

ent as Cu(I) (327 389). ”Magnetlc susceptlblllty measurements

also 1nd1cated that only half ofnthe copper 1s paramagnetlc

\ Ed '
1n fungal (330) and Rhus vernzczfera laccase (331) However{

. the presence of all dlvalent copper, but with two Cu(II; ions

f"
spin- palred, was included as a p0551b111fy (330) .

[

R
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Not only is half of the copper in laccase heterogeneoue
because,half is paramagnetic and half is diamagnetic, but
the copper is further heterogeneous because the EPR-detect-

able copper 'is of two unique.types in both fungal laccase. A
! ’ SRR A i

~and B (332) énd'Rhus*vernicifera laccase (328). There are

three types of copper in laccase whlch are referred to in the

present llterature as Type l 2, or 3. Type 1 has an un-
. 0
Y
usual EPR spectrum characterlzed by an unusua}ly small hyper-

ixlne spllttlng (328,333). 1Type 2 has a more normal.EPR
spectrum, and Type 3 refers to the diamagnetichcopper. NMR
proton relaxetion measurements_show that neither Type 1 nor
Type§2 copper binds easily with exchahgable,water (332). .
It has been p01nted out that Type i copper is in a
rather unlque env1ronment (328, 329 333), and thlS unigue
bond}ng to copper is responsible for the strong blue color
of laccase (327). The reductlon or deqdﬁuratlon of fungal

laccase causes a. Toss of blue color and a change in the EPR.

signal due to Type 1 Cu(II) (332) EPR experlments have

shown that p—dlphenol reduces Type 1 Cu(II) more readily than

Type 2 Cu(II) (332). Type 1 Cu(II) of" fungal laccase (334),

but not of Rhus vernzctfera laccase (328fF has ‘an exceptlon-

a

T'Blly high redox potentlal E°=0.767 V at pH 6.2 (334). As

-5

jﬁﬁged by the EPR spectrUm, the Type 1, but not Type 2

Cu(Ig) of fungal laccase can be reduced to CufI) with .
- i

51muitaaéoqs loss of blue color by ralslng the pH from 6

. ~ew

to 9 (335). Only one ox1datlon equlvalent is required to

restore .theiblue colof’and the EPR spectrum of Type 1 Cu(II)
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Type 2 Cu(II) does not contribute significantly to6 the
!

optical spectrum of laccase. Under certain conditions Type

~

(336).

2 Cu(II) can be selectively removed from fungal laccase (337).

-The removal of Type 2%u(II) does not change the optical
’characterlstlcs of Type 1 Cu(I1I), but the enzyme 1s almost
completely devoid of actlulty (337) This 1ndlcates a
necessary role for Type 2 Cu(II) in the catalytic function
Activity c¢an be- restoxed by 1ncubat1ng the partlally copper—
depleted enzyme with Cu(II) and ascorbate (337) Treatment
of fungal laccase with azide does not' affect the optical
'absorptlon band at 615 nm, buttlt does, alter the EPR signal )
of the Type 2 Cu(II) (332).° Several anions are ‘known to |
bing to Type 2 Cugaé) of both fungal (332,338) and Rhus =
vernzczfara (339) ﬁaccase, and these apgons also inhibit the
_ox1dase activity. (332 338 339) This’ prov1des more support
for{ the catalytic role of the Type 2 Cu(II) The EPR spec—_
trum of the cyanlde tomple; of Type 2 Cu(II) in fungal '
. laccase has a hyperfine structure which indicates that the .
Type 2 Cu(II)‘may be coordinated‘to three or four nitrogen
atoms (332,338). - - %

Type 3 or diamagnetic copper iu'laccase could exist
. as Cu(I) or as two spln—palred Cu(I1I) ions. JThe first
_experlmental evidence for two spln paired Cu(Il) ions came
from the anaerobic tltratlons of fungal laccase (340)

Type 1 Cu(II) could be fully reduced but Type 2 Cu(II) could

be only partlally reduced. Slnce 3 7 equ1valents of
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electrons were required. to reduce theoenzyme, there must be
two additional electron accepting srtes Electron accepting
51tes on the protein appeared unlikely?“so the Fupric cuprlc
pair was- an attractlve cholce The presence of a closely
linked Cu(II) pair in laccase is supported by the finding

that the closely related copper-containing protein cerulo-
i

plasmln has an EPR spectrum typlcal of a cupric-cupric pair

when reduced and treated with nitric oxide (341). A degree

of positive cooperativity among'all four electron accepting
'

sites was also noted (340). Type 1 Cu(I1I) could not be fully

o

reduced untll 3.7 equrvalents of electrons were added, and

the enzzhé showed an 1ncreased affinity for the!second and

'l l

third electron. This "two- electron acceptlng site in fungal
laccase (342) and Rhus vernzczfera laccase" (343) has been':
associated with an intense absorption band at about *330 nm.
The differencé absorption spectrum of reduoed relative to
oxidized laccase has bands at 330 and: 615 nm whlch are due
to Type 3 and Type 1 copper, respectlvely Thesetwo bands

are reduced simultaneously with 3.5 equivalents of ascorbate

(342). Thls lndlcates cooperat1v1ty between Type 1 and

Type 3 copper The redox potentlal of the two electron

accept;ng site fn Rhus vernzczfera laccasé“ls 0. 782 V at pH
j
5.5 (344) At hlgh pH where Type 1 Cu(II) of fungal laccase
\

is rednced, the two-electron accepting site can be reduced

by two electrons from octacyanotungstate(IV) (336).

-

Cooperat1v1ty between Type 2 and Type 3 copper has been

noted during the anaerobic reduction of fungal laccase B

» S
~
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(345). The rate of oxidation'by moleculaf oxygen of Type 2
‘and‘Type 3 copper is similar, and their rate}of oﬁidation
change in a similar manner as a function of pH (345). Sopef—'
hyperfine lines in the hioh—field papt of the EPR.spectrum

of. partlally reduced Type 2 copper indicated that Type 2
copper is llgated with nltrogen (345). Nelther anaeroblc'
!reductlon of fungal laccase A by ferrocyanlde and p- dlphenol

-

_nor 1ts reoxidation by molecular oxygen follows sécqnd order
kinetics (346). ‘The Type 1 coppér is only reox1dized‘by
“molecular oxygen after the other sites are reduced. The
kinetic results are consistent with a mechanism involving the
cooperation of several electron eccepting sites (346). The
kinetics of the anaerobic;reductlop of fungal laccasé B by
p-diphenol, ascorbate, or'ferrocyanide show a secondlbfde:
‘reduction of the Type 1 Cu(II) (BA?gg The‘fate ofﬂreauotioni
of Type 3 copper; which is‘essocieﬁed wiph the absorption
band at 330 nm, is independent of tpe subsfrate concentration
(347) fﬁls rate may be limited by a transition withln the
?laccase molecule. The rate of-Type;B‘copper'reduction is
inhibited by fluoride (347l,oan epion which selectively binds
to Type 2 copper (338). It appears that Type 2 Cu(II) is a
'fedox'mediator between-Type 1 and Type”3_coppe;. Forlexample,
neerly four equivalents of elecﬁrone are required to/fully
feduoe Type 1 Cu(IIl to Cd(I) (340). The reducing substrate
mqy_ipitially transfer an electron to Type 1 Cu(I11), and this
electro;,may proceed’to Type.3 copper via Type 2 copper.

The binding of anions to Type 2 Cu(II) (332,338) inhibiigﬁ
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loccasé perhaps by inhipiting the rate limiting mediator
function of Type 2 copper. |

The mechanism of reox1datlon of laccase by molecu%
oxygen is an 1nterest1ng'aspect of this enzyme. The reduction
of molecular oxygen to water occurs,in cell respiration ano
is a very important‘biochemical process. A comparison of *
the experlmental evidence for the reox1dat10n 0f laccase’ and
the modes of reductlon-of molecular oxygen may suggest a .

.

redsonable pathway for this react%on.

Oxygen is a good oxidizing ageht from the thermodynamic

point of view, but, depending upoh its environment, it is R

&

' ; - E°=0,82 V
(7] %0, + e + H = %H,0 :
S ' at pH 7

often .rather inert kinetically. Equations.[BJ(to (11] summa-

. E°, pH 7
(8] o, + e a = 0, - . -0.45 V
j - o _ 3 w4 ,
(9] 0, + & ¢ 2n” = 5202 '0.98 v
(10] H,0, + e + H' )= H,0 + . HO- 0.38 Vv
[11] . HO- + e~ + WY = ' H,0 | 2.33 v

‘rise'four'possible staggs»for the reduction of molecular oxy—
gen. (The values of E° ore from reference 348.) Mechanistic
conc1u51ons cannot be deduced from half-cell potentlals How-
ever, the last free radlcal lntermedlate, HO-, is extremely
reactive and may 1ead to 51de reactlons whlch appear |

not to be observed. phe'presence of HO--Wi}l not occur if

.o
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the reductlon of oxygen to water occurs via two double~

electron transfers, Equatlons [12] and [13]

i vf~~w_§i4_Eﬂ_z

/
/

. ) - + . !
(12] 50, + e + H = lsﬂzo2 v 0.27 v

]

i

[13) sﬂzoz + e + gt H,0 - 1.35 v
l

,The‘two double-elec¢tron transfers from the reduced form of

A3

laccase may be possible via the cooperatlve nature of the
oxldatlon reductlon sites in the enZyme This is in accord
w1th the klnetlc studies which showed the Type 1 Cu(I) is
only reox1dlzed by molecular oxygen when thei other sites in
the enzyme are’reduced (346). The first intermedxate pre—

duced by the first double-electron transfer is hydrogen

w0

pezox1de. From EPR studies it was deduced that hydtegen
! peroxide blnds to the Type 2 CuSII) in native fungal laccase
and . causes the appearance of a new optical absorptlon band

at 400 nm (350) . An 1ntermed1ate has been found in the re-

« -,

'.

oxldatlon of fungal laccase by molecular ‘OoXygen (351). The
opt1ca1 anc =PR Properties of this new rntermedlate are
‘similar”™ to those of the complex between Type 2 Cu(II) and
hydrogen peroxide. The detection of bound hydrogen 9erox1de
- as an intermediate does not help to dec1de the questlon of a
four or two‘step reduction of molecular oxygen since hydrogen
peroxide would be present from either mechanlsm
. The cytochrome oxidases like laccase, reduce oxygen
s;zt\water and also contalngfour metal ions, in thislcase two.

s . .
copper ions and two heme grqgfs Since cooperation among
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- déueous solution (352): D-galactose oxidase may involve

'Cu(III) in its catalytic cycle (553 /354),

is quite stable when bound to’deprotonated peptides in

-
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CHAPTER II. THE OXIDATION OF ‘p- cu&ox, BY HORSERADI&)‘;

Y
PEROX IDASE COMPOUND I

2,1 Summary

.Rate constants for the re c
fﬁ

perox1dase Compound I and p»cre determlned at .

several values of pH betwee2 nghignd lﬁ:>3f; These raég

~ constants were used tp,constructﬁe log (rate) ve. pH profiie
from wnich it:is.seen that the moét reactive form of the
enzymevis its most basic form within this pH range so that
base catalysis is occurring.' At the maxlmum rate a second-

order rate constant of (5. l 0. 3)x107 M lsfl at 25° is ob-

tained. ' The actlvatlon eneréy Lf the reaction at the max-
imum rate was determined from an Arrhenius plot to be .
5.0%0.5 koal/mole. Evidence for.ah“exception‘to the'generally
accepted enzymatic'cyole of horseradish peroxidase is pre-
.sented. One half molar equivalent of'p—cresol can convert
Compound 1 quantitatipely to Compohnd 11 °at high pH, whereas,
usually thlS step requlres one molar equivalent o“)reductant
_The st01ch10metry of this reactlon is pH dependent ]

! a \

1
& \

2.2 Introduction

Tne facikity of oxidatioﬁ and_the«rormation of colored
products are perhaps the reasons tn?t the reection of‘phenols
Qith pefoxidase has beeo known since 1300 (1). 'ﬁnenols also
represent a class of substrates supposed to behave as the

-5

'usual reductant AH, in the followxng general mechanlsm whlch
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w

. another But_different ﬁyée of exception ;d this general

.depicgéﬁthe enzymatic cyclef(zzg)”, R ——

-~

’ *‘
(1] HRP + H,0, ~———p HRP~1I
(2} HRP4I + AH' -y HRP-II '+ A-
(33 ° HRP~II + AH  ————— HRP' + A. o

~

1A
)

Jative horseradish beroxidase (E.C.1.11.1.7 donor-ﬂ2q2
oxidoreductase) and its two speéctroscopically and kinetically

distinct intermediates,‘Compounds I and II, are abbrgdviated

" as HRP, HRP-I, and HRP-II. 1In tais general mechanism one

mole of reducing substrate is required to convert one mole

of HRP-I to HRP-II, and a further mole is necessry to com-
plete the cycle by reducing HRP-II back to mptlve HRP.
Lxceptlons to ‘this general mechanlsm occur -with the substrates
sulfite (5) and iodide (6), which have ‘been shown to trans-

fer two electrons in one step thereby converting HRP~I

~directly to HRP without -intermediate formation of HRP-II.

p-Cresol and at least. one other phenol, guaiacgl (7), are
mechanism. Under certain conditions either of the phenols
need be present in only half molar equivalent quantities to

convert HRP-I quantitatively to HRP~II,~and.an additional

'half‘molar'equivalent of the phenol will convert HRP-II to

HRP.  Therefore a total of only one molar equivalent of
phenol will complete the enzymatic cycle.
Tliis \cnapter gives an analééis of the kinetic param-

eters of the reaction between HRP-I and p-cresol obtained by

92
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studying the regction over as large as pos:xble PH range mc;__;

- == =k ey

!

using pseudo first-order kinetics with single turnovers of

B

the enzyme. The temperature dependence of the reaction rate
. L
wag also studied. The. pH dependence of the conversion of

HRP-I to HRP-II using p-creiol in half molar quantities is

discussed.

2.3 Experimental o
Materials 2

Horseradish peroxidase gLot 7344226) was purchased from
Boehringer7Mannhéim Corp. as an aﬁmonium sulfate precipitate
and was prepared for use by extgnsive dialysis against
multiply distilled water and Qubsequent Millipore filtration.
, The enzyme was stored in the cold., Isozyme C, using the
notation of Shannon et éz., (8) and of Paul and Stigbrand (9);
has been determined to be the major component of.HRP'obtained‘ 
from this supplier (10), and there“has neve£ been any evi-

dence from this lab of a second isozyme component of

detectably dlfferent react1v1ty (11)

» Enzyme purlty was determined from the absoroance ratlo
of 403 to 280 nm which was greater than 3.45. This is
close to the value of the crystalline enzymé. The concentra-
tion of HRP wgs‘determined spectrophotomef;ically at 403 nm
using a molar ébsorptivity of 1.02x105 Mlem 1 (12). Highest
gréde p-cresol with §9+% purity obtained from Aldrich Chemical

Co., Inc. was used without further purification. 1Its gas

s
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" Glas-Col heating mantle. A third qgstillation was

. .
v v 2 Y | K.

cnromatogram shawed ‘a single sharp peak, gotasaium nftrate_

Ly

. and'buffer compbnents were ‘reagent grade, T "

The stanlity of COmpound I depends greatly upon the

extent that tne water in which it is dissolved is' free of - .; -

oxidizable-impurlties Water trom‘this dopartment 8 central

O

distillation system w;§~further purified in the following
»

: manner. A second distillation (from alkallne perm#ngihakp) u . ,

was performed using a Corning AG—B distillation apparatus.

» The oistillatedwas fed into a 3 liter round~bottomed flask

containing more alkaline permanqanmte and ey ped with a.

through an 18 inch oolumn.packed with 1/8 inch k. D. élass
‘helices obtained from SGA Scientific., The condenser was
only partially cooled by running tap water very slowly R B

~2{' N

' through the’ outer jacket from top to bottom so’ that it dld

" not fill wién‘water | The wvapor was’ partially condensed with

the uncondensed portion vented,to the atmosphere through an,:

8 mm O.D. tube loosely packed with Pyrex glass wool. Thiﬂ‘ “

procedure facilitated a steam distillation of trace ccn-rc"“ T
' taminants. Two more identical Aistillations, except without
alkaline permanganate, completed the water purification 'ﬁf iq"

procedure. ' The resultant water had a ‘resistance of 6. 2x10 .":?”'~Qq

ohms (cell. constant 0.8) wnich can be compared to a resastance

of (1- 4)x106 ohms - for water purified elsewhere in this '_ SR - .

department u51ng ion exchange The higher conddct1v1ty k.

(lower Fesistance) of | our preparation is more than offset by

i - . -

the elimination of. trace organic cdntaminants which are

T { ’-\(‘:\\ -
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always present in ion-exchange purified water.

Apparatus *

The rate measurements were performed with a Gibson-
Durrum stopped—fiéw spegfrophotometer model D-110 using at
least a tenfold excess of p-cresol to maintain pseudo first-
order conditions. For each set of reaction conditibns
between six and nine, usually eight, individual determina-
tions of the rate constants were performed which were then
averaged for a single best value. The progress of the
reaction resulted in a decrease in transmittance and was
followed at the isosbestic wavélength between HRP-II and HRP;
At the isosbestic wavelength, no change in transmittance
could be attributed to the further reaction of HRP-II to HRP
which occurs inlthe presence of excess p-cresol. The
isosbestic wavelength was slightly pH dependent and varied
between 410.0 and 410.8 nm according to the wavelen jth scale
on the Durrum instrument, The isosbestic wavelength could be

\
accu%stely determined at a certain pH walue by compdring the

’

transhittance at the end of the HRP—I“reactibn with the

- ) .
transmittance at tipe infinity. Also, if the wavelength

a

was close’to the isosbestic value, but not edactly equal to
. ‘

it, a small reproducible irregularity occurred in the
oscilloscope trace at the point where HRP-II became present

in sufficient quantity to react with p—cresol and cause a

L3

transmittance change.

~

The data collection and storage system fér the stopped-
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flow experiments have been previously described (13). <he
stopped-flow spectrophotometer was equipped with a two
centimeter cuvette, and temperature was maintained constant
(10.1°).by cir;ulatipg tnermostated water. All rate constants
except those used to construct the Arrhenius plot were
measured at 25°,

All absorbance measurements were performedon a Cary 14
spectrophotometer, énd pH was measured with an Ofion 801

PH meter outfitted with a Fisher combination electrode

calibrated with standérd‘buffers.

Methods ‘ ' a .

r‘ For the stopped-flow experiments one.drive syringe
confained the p-cresol solution and buffer (ionic strength
0.02); and the second_drive syringe contained HRP-I at a
conceﬁtration of 1.2 uM, while both syringes contained
potassium nitrate (0.1 M). Therefore the total ionic
strength of the reaction mixture was 0.11. Having the
buffer in only one drive syringe avojded the increased speed
of decay of the moderately labile HRP-I at pH values other
than 7. This pH-jump method is viable because the proton
equilibria are complete well within tﬁe.dead time of the
instrument. Kinetic méas;rements were performed in subdﬁed
light and with the storage syringe contalng the HRP-I masggd
w1th opaque tape to avoxd the recently discovered photo-
chemical reaction of HRP-I (14).

Drive and storage syringes were copiously rinsed with



e

multiply distilled water between kinetic runs, and before

filling they were rinsed twice with the appropriate solution.

Just prier to adding the enzyme solution to the storage

syringe, a 95% molar equivalent of hydrogen peroxide con- ,
. .\\

tained in a few microliters of solution was added to convert
the native enzyme to HR?-I. Excess h&drogen peroxide had to
be avoided to ensure only'a single turnover in the relevant

single step of the overall enzymatic cycle. |

PR

' The rapidity of the HRP-I reaction with p-cresol at pH

7 to 8 even with only a ten%old excess of p-cresol, led to
pseudo first—order_rate constants 1arger than 400 s-l.- This
corresponds to a half-life of less than 2 ms, " and this -
pushed the stopped-flow method td its limits. However, the

beauty of first-order kinetics is tnat ‘half-life is not a

. , . :
_function of concentration thereby making possible accurate

;;%erminations of the rate conStant even Qhen the dead time ‘
obscured the first part of the reaction. The dead time,bf
the instrument was determined to be about 3 ms.

'The/pseudo first-order’rate constant of each determina-

tion was obtained as a parameter from a weighted nonlinear

least squares analy51s of the OSClllOSCOpe trace ( each data

.point weighted equally). The first-order kinetics were

described by Equation [4]

(4] _d[HRP-I] _ |
: . F k [HRP-I]

where"igbs is the observed pseudo first-order rate constant



Fig. 2.1 A stopped-flow oscilloscope trace of the reaction of/f'

"HRP-1I (0.6 uM) with p-cresol (6.0 pM) at PH 8.74 in tris buf-
fer. - Ordinate: 100 mV per large division, absicissa: 2 - ms

per, large division, RC time constant: 0.5 ms.
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~and was checked weekly.
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including the excess concentration of p-cresol. As shiown in

Fig. 2.1, simple exponential traces were obtained for data

‘collection on a time scale as fast a 2 ms per division. The

amount of noise on, the trace is due to theAlow ﬁesistance-
capac1tance (RC) time constant necessary to av01d dampenlng
.and thus distorting of .the exponentlal curve.. -

The solutions.of p-cresol were made upiimmediatély
prlor to a day's experlments and kept for the duration of

use (about 5 hours) in a black-palnted flask 1mmersed in an

Ehah USN

ice-water bath at 0°.  The concentratlon "of p- cresol was

determined spectrophotometrlca;ly using a mqlar abso:ptivity

of 1.7x10°3 M lemrl at 277 nm. (15). Isolation from light

and low temperature storage.were‘necessary to avoid the
photooxidation reactian of p-cresol (16). With these pre? :
cautions a check of the absorbance ‘at 277 nm showed no

significant change in the p-cresol qoncentiatign over the 5

™~
~

hour interval. The'concentrationfof'hydrogen peroxide was
: ’ . ‘ S T .
determined as described elsewhére using the HRP assay (17)._

R

\ !
Spectra were run on a Cary 14 spectrophotometer. The

1 cm cuvett contalned a 2 ml solutlon of potaSSLum nltrate

(O.IEM), buf@er (ionic strength 0.0l)‘and,HRP (6.3 pM).

\
HRP-I was forhmed.by the addition of a molar equivalent of

1

hydrogen peroxide in a few microliters of solution on the

'end of a Teflon plumper. The plumper technlque was repeated

for the addltlon of the p- cre;Si A

~

\

B 2 N

"~
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2.4 Results ' f ;.

+ vooa metnoa £

A very good method for testing for adherence to true
3 \
second—order klnetlcs performed under pseudo first-order

condltlons is to plot the observed pseudo flrst-order rate

o /

constant from Equation [4) against the concentration of the

excess reactant for several concentrations. Two types of

this plot were obtalned for the HRP-I oxldatlon of p dresol

llnear above about pH 6 and nonlinear below this PH. Typlcal

k4
o

results are shown in Figs. 2.2 and 2.3,

The plot of thefldg of the second-order 'rate constant,
kl,app' for tne reactibnfof‘hRP-I with\p-cresoi vs.‘pH is\
shown in Fig 2.4. The Shape of this profiie at lower pH
indicates that a basic HRP-I species is reactive. From ‘the
shape of the profiie at higher pH; it can be deduced that
the reactive form of p-cresol is the acid (electrically
neutral) species.‘ (The pK“ of p-cresol, pK is 10 12.)

p Cresol is the first substrate to be shown to be reactlve

with basic. HRP-1I. A ’

The large value of the rate constant from PH 6 to 10

‘shows that p—cresol is very readily oxihized | At pH 8.74

where the rate is max1mal the rate was- 1nvest1gated as a

functlon of temperature The actlvatlon energy, Ea,'was
computed to be 5. O 0.5 kcal/mole from the slope of the.
Arrhenlus plot in Figq. *5 using a llnearileast squares

analysis. - The error in E; was estimated from the aVerage

fractional'deviatibns for all the rate constants, The ratq/j

constant at the hlghest temperature was increased and the

f

S ealmN Mmoo e



phosphate buffer, pH 6. 03

'The slope 1s thg apparent second-order rate constant, k

i 1 3| | 1 | 1 1 1 | 1 1 ] 1
0O 1 2 3 4 5 6 7 8 ¢ 10 11 12 13 14 15
o o lObX[p cresol] M

[N

I » ) .

Fig. 2.2 Examples of linear plots of k ve.
tion of p-cresol w1th 510pes caICulated with a welghted

linear leaiiqqguares analy91s u51qg Equation. [8]. | Plot A:"

=

: S,
Plot B:

1,app’
and the Lntercepéibare zero within standard deviation. .

PR

‘the concentra-.

carbonate buffer, lelo.Sd.

101
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0 ! 1 | I i ! L1 1 1

0O 5 10 15 20 25 30 35 40 45 50
| 1(56*[p-cresol] M

Fig. 2.3 Example of a nonlinear plot in citrate buffer at
! . ' } o
o pH 3.70 analyzed using Equation [7].

i
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pH
l,app) vs. pH profile fo% the reac#ion of

Fig. 2.4 Log (k
HRPfl wiﬁh plcresol. Base catalysis is evﬁdént. The best
line tﬁrough the data was' calculated using a weighted non-
linear ;e;§t squar§§ analysis of'Equgtion]fQJJbr 410]; ‘The
séﬁematiCIIOg (conééngration) ve. pH plots explain thé ghape

- of the log (k ) profile using three enzyme and one p-'

lrapp'

cresol dissociationconstants. Boldlines indicate forms con-

tributing most to thé'apparent rate. " The vertical dashed
lines indicate theﬂcalculated pH at which forms of the enzyme

differing by one proton contribute equally to the rate.
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}
4

Fig. 2.5 Arrhenius plot for the reaction of HRP-I with p-
cresol at PH 8.74. At this pH the most basic form of HRP-I

is the predominant enZyme species COhtributing to the ob-
served raté. ~The'be§t straight line was calculated by a

linear least squares analysis.
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rate constant at the lowest temperature was decreased by this
average fractional deQiétién. A new slope was calculated
using these two new points which gave an E_ diffé;ent by

0.5 kcal/mole. |

When second-order kinetics are obeyed strictly, a plot

of k vs. the concentration of p-cresol will have a linear .

obs
slope and zero inte;cept. However, such was not the case at
low pH where nonlinear (concave towards the abscissa) plots
were obtained. This.typé of non&inearity has‘pfeviously |
been dete;ted for the follow1ng reactlons, also only at
certain values of pH HRP - iI with p-cresol (18), and HRP- I

" and HRP-II with p—amxnobenzoxc acid (ll). All of these
substratesbare aromatiC‘compounds. This nonlinear'responSé

~ has been descrlbed as due to a blndlng interaction between

the enzyme and substrate. The most commonly c1teé case of
'such a phehomenon occurs in Michaelis-Menten kinetics in .\
‘which an enzyme-substrate QOmplex reacts uniﬁolecuiarly as

illustrated by Equatioﬁ (5]

K : X

‘ » M . . _
[5] - HRP-I + PC <S——— HRP-I-PC ————»Products

—ee——
where K, is the Michaelis constant and PC is éicfesol.
Howe?er, conventional double-reciprocal ploté of the data
showed marked aeviations:from linearity.

In thé pregious,exaﬁplesAof‘nonlinear ploﬁs involving
HRP-I or.HRRfiI this Michéelis-Menten scheme was also proven

to be inadequate and was supplanted By a scheme in which both

T P T R
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uncomplexed enzyme and a nonproductive enzyme-substrate
complex can react bimblecularly with a substrate molecule
(11,18).

k
l,a
HRP-I + PC 3PP

(6] Ky Tl S Products
' 2,app

Y

HRP-I-PC + PC

which leads to
| (7] | k kl,app
| | °bs 1+ [pCl/K,

: , 2,
(pc] + k; oo [PCI/Ky

An equivalent alternative scheme, as far as kinetic (

arguments | are concerned, is one in which productive binding

’

occurs, but in which a step corresponding to the lower half

<

of Equation [6] as well as Equation [5] is included'(18,l9).
. \ .
' From Equation [7], the nonlinear plots df-kobé vs. the
concentration of p-cresol with.aidecrease in slope towards |

high concentration indicate that k is larger than

1,app

k (Table 2.1). Whether pfoduétive or nonproductive‘

2,app ‘
binding occurs, :egctions of this type indicate a tYpevof
negative cooperativity fdr_a single subunit enzymé.‘_Tﬁe
kinetic pérameiérs were found by fi;tidg Equation [7] td £he)
data using a nonlinear least.squares analysis. .The‘kinetic
parameters‘for the nonlineaf plots of koﬁs vs. thelcon;entra—
_tion of p-cresol are summarized in Table 2.1." |

As a value of pH 6 was approached from the acid region

i

|

~J
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plots of the type shown 4in Fig. 2.3 become more nearly
! - ‘»

| linear, and reliable values of k ‘and KM could-not be -

, 2,app
obtained. At this pH and higher values the linear plots

were fitted using Equation (8]

(8] kobs = kl’app[PC]

_ \ i
It should be noted that obedience of Equation [8] does
not disprove the existence of a enzyme-substrate oohplex, but’
it does impose limits on the pertinent rate constants. For.
instance, if oroductive binding wereoccurriﬁg J}near plots
would still be obtained if the 'unimolecular reaction of the
complex going to products was-very much faster tnan the rate
of formation of the complex. Futnermore, if the Michaelis,
constant (a dissociation constant) is large, the terms 1n
Equation [7], k2 , app [PC] /KM and [PC]/K“; become vanlshlngly
.small whereupon,quatlon 17] becomes equal to Equation [8].
| ) vs. pH profile for the

l,app” ~
oxidation of p-cresol by HRP-I. The rate constants.which.

"Fig. 2.4 shows the log. (k

define the‘profile, k , were obtained in three ways: 1,

1,app

from kl,app in the nonlinear plots of k obs V8- the concentra-

.tion‘of p-cresol (Equatlon t?f); 2, from the linear plots
(Equation [8]); and 3,.when tWo to four determinations of
kobs' the pseudo flrst order rate constants at dlfferent'
concentratlons of p~ cresol were d1v1ded by the approprlate
concentratlon of p- cresol for that determlnatlon to obtain a

" few values of k which were then averaged for a’best

1,app
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value. Values of kl p obtained in these ways are listed.

in Table 2.2. Plots of koﬁs vs. the concentration of p-cresol

were:made.at several pH values in all parts of the profile

to ensure the validity of calculating k by the third

1,app
and least tedious '‘method. )

2.5 Discussion L8
p-Cresol appears te be unique among the substrates .

‘whose reactions with HRP-I have been studied:intensively’ o

as a functlon of pH, because 1t is the only substrate for

whlcn HRP- I exhlblts base catalysis and because of its fast ,

reaction rate. The HRP-I substrates for whlch exten51ve pH:

dependent rdte studles have been perfprmed are the 1od1de

ion (6), ferrocyanlde ion (17), bisulfite ion (5), and

'p-amlnoben201c acid (ll). Fo; these substrates»HRPvI

exhibits acid catalysis. S - ‘.‘ ,
Referrlng to Fig. 2.4, there arefthreelobseruedb

negatlve lnflectl\hs which are most readlly assigned to px

estlmates of 5.0, 8.0[ and 10.0 for acldvgroups on the (

reactant mqleeules. Under the conditions of the kinetic

experiments, the dissociation constant of p-cresol 'has been

'speetrophetomet;ically meaSured te have the value,pKa =
10.12:0.01 (18). Therefore the pK_ value of about 10.0
ican be assigned to the substrate, and since p-cresol has no ’
tother_ionizations:withindthe experiﬁental pH range the

remaining'pK values must be a551gned to the enzyme. By'use

V of the diffusion- controlled limit for blmolecular reactions



B

>

in solution it can be shown that only the acid form of

!

p~cresol is reactlve (20) Upon more rlgorous inspection of

the log (k ) profile, the slope of the linear part in the

1,app
acid region.should have a value of #1 if a single klnetlcally_

important ionizatioh occurs (20). The slope of this section

is about +0.6 howeﬁer, and therefore the value Jf log (k )

1,app
does not decrease as rapidily as 19 should w1th decreasing
‘.pH; ‘p-Cresol reacts only in the un-ionized, and therefore
uncharged form, and this eliminates the possibility of
enzyme-substrate eleCtrostatic interactionsiaffécting the

magnitude of k (21). A blausible explanation is that

1,app |
other kinetically important forms of the enzyme become
important; and that these are further protonated spec1es
also capable of reactlng w1th p -cresol but at a'reduced .

rate i

To-explain the entire lo§ (k ) proflle in terms of

1l,app
ac1d base cataly51s it was necessary .to use four dlfferent
catalytically important forms of the‘enzyme .and the acid |
form of p-cresol. -This scheme is represented in different

~ways in Figs. 2.4 and 2.6. Two equations that represent the

log (k ) profile can be deduced from Figs. 2 4 and 2. 6

1, aPP
xhese equat10ns,}[9] and [lO], are fundamentally equlvalent
yet contain different terms in their numerators. Equation

[9] 1is derlved from the colllslon‘theory of ac1qrbase cataly51s
and uses molecular (macroscoplc) ‘ionization constants (22).

The\symools ka through kd represent second-order pH

‘independent rate constants corresponding to Fig. 2.6.

IS
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T | . - Y }Products

-KE3 | | ;! k | |
. L | C’ /
CBHz + SH ——— |
| T K,
SH ——

e

Fig. 2.6 Reactlon scheme proposed to explain the log (k )

1l,app
PpPH proflle involving four forms of the enzyme (three ac1d

d;ssoc;atlon consrents, En ) and two forms of p- cresol (one

acid dissociation oonstant K ) All four enzymes forms re-

act with tne ac1d form of p-cresol, SH and no enzyme form i’
i i

'able to react with the p-cresolate anion, S. 'ka through kd

_ IR : :
represent pH independent second-order rate constants.



kT ok mt1? - ka3 ,
K +° + S 4+ 4
. a Kp1 Ke1KE2 Kg1Kg X3
(9] k, - = ' ‘ — :
* ) l»l app. : L+ i +.2 +.3 K
1+ [H] + (H ) [H ] 1 + S
K Ko KK =3
El e1¥E2 E1"E2E3 | (uh)

I

.The acid dlssoc1atlon constants on the enzyme and substrate

are represented by KE\ and K \ The derivation of Equation

[9] is given in the Appendix.
,Equation-IIO] can be written by inspection of the

log (k. ) prof11ef(23 24). and has its origins in the

1,app
transition state theory of acid-base catalysis (25),.

. ' ("] +.2
k 1l + + [H]
Fal\lToF
e Kgy' K ¥Kp,
1101 ky o s , , "
‘ + a2 4.3 s .

g1 KpiKgy KEIKEZKEB e

In Equat%on‘[lO], ka is the pH lndependent rate constant at
high pH K *  is a tran81tlon ‘state acid dlgsOCLatlon
ronstant and corresponds to a p051t1ve 1nflectlon (lncrease

1n slope) in the log (k ) proflle, whereas KE represents

1 »app
initial state 1onlzatlon constants correspondlng to a
negative 1nf1ect10n
Comparlng equatlons, note tnat only from Equatlon (9]
can all the pH 1ndependent rate constants be obtalned and .
En
both equations yield all. the initial state dissociation

in only Equation [10] are the X. * Values obtainable, while
o v : v

s

e

. 115



\ 116

Table 2.3 The parameters for the log (kl app) ve. pH profile
! ‘ ! B f ' o
\.

, calculated by nonlinear least squares analysis.

‘Transiti n Theory

Collision Theory
Equation ([10])

kinetic parameter !
v Equation [9]

N
"
e

ok, n7isTL | (5.1£0.3)x10’ (5.320.4)x107.
-1 .-l ‘ [7 h : 7a
ky (M77sTH) (4.0%0.2)x10 (4.2%0.2)x10
ke M 1s™1, (2:10)x10% ———————
kg m7isTh (1:2)x10°
pkElI U & 8 .'\.0:0’. 4
prir ---------- 3.820.1
w2y e 12
Ky TRgyT 01) 1 (2:5)x10
pKEi 8.0x0 3‘ 8.1:0.4 \
pK_. 5.08:0.012 5.1040.04°7
Plgs ! - 10
PK .10.1910.05 .10.22+0.06
Koy Kgy. (%) (8215)x10™ 14 (7il7)x10-12
-2 . -9 -
. Ky Kgy (1) (7£170)x10’ (8224)x10°
PK B 3.1:1.6° "2.6¢on7b
| 3 o =17 -16.
Kg) Kgp Ky 07 (7:364)x10 (7£56) 107"

vélue'ébtaingd-from equation '[11]
value obtained from équation [12]

i o , i
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constants. Note that Equation [10] does not reqnire a cubed

hydrogen ion concentratlon term in the numerator as KE3+ lies
cutside the range of the experlmental data (in othnr words

there are only two p051t1ve 1nflectlons in the experlmentally

N
determlned log (k ) vs. pH plot). The best fit values

1,app ,
for the kinetic parameters in Equations [9] and- [10] were
obtained by a nonlinear least squares analysis and are

' ] .
compiled in Table 2.3. The best‘fit line'drawn through
' \

. . \
the data of the log. (k ) proflle can be gererared using

1,app
‘Equatlon [9] or [lO], and the .curves v1rtually ozerlap .'
over the entite range of pH .@ ‘ /

It was found'advantageous to fit the 'log (k )

| T 1,app

profile only from pH = 7.85 to 2.98 :as this allowed a much
, more precise determination of KE2' the most catalyticaliy
. significant enzyme dissociation constant.  1If KE2 and K E2
were calculated from Equatlons [9] or [10], the 51ngle
mlnlmlzlng value from the nonlinear least squares analysxs

| te ¥ nuct be divi
f6r the product of KEl g2 ©OF KEl KE2 must be divided by

\ P ' . '
K or K +. .These last two terms contain a large error

)

“ause they represent a small 1nflectlon in the log (k,
i

proflle, and consequently the product of KEl g2 ©F

1 1 8PP’

KL1+KE2+ also lncorporate this large error. Further, the

large error -in KE3 is mainly due to the value of pKE3 not
”'beinglsufficiently uithin the experiment;l_pH range. The
two-equations for each theory; collision and transition
.state, which correspond to ' the, data between pH = 7.85 and !

2.98 are, , ' v y
| . s
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k (1] k. [H"]
k, + —lr +
. | b . K X
oy , _ g2 k) .
- 1,app T 5 L
S+ et
Kg2 e2e3 .
- W 1
and ‘ ; ‘ : ( Py
£ ! w: it
k 1+ ;lﬂ_%,
b ‘\K
., - \ “E2 e
[12) Ky app = — ‘ .
Kpo Ke2Ke3 ,

- B ' ’ . / '
. ' 3 v : ’
The kinetic parameters are compiled in Table 2, 3.

_The difference, pKEl+ - PKp, = ~0.1£0.08, is negative
indicating base'égEalysis, and the small difference reflects ~
T .
. the small magnltude of base catalysdis in the v1c1n1ty of

pd 8. A much larger base catalysis effect occurs in more

acid solutlon The difference, pKE2+ ~ pK E2 = -1.420, l

‘\ i
£or the second enzyme lonlzatlon has a very ‘pronounced.

effect on ‘the value of k The-value of pKE3* could

1l,app”
not be determlned and thus no comparison with pKE3 is

‘possib;e. The acid dissociation constant with the largest

effect on. cataly51s is PKp, = 5.08:0.01, and a compilation o

of the 1mportant PKp values for HRP-I reactions with the

substrates p-aminobenzoic acid, ferrocyanide, bigulfite




ion, and iodide ion shows kingtically important values o
pKE = 5 (26). The values of pK obtalned from both Equatlo S
[9] and [10] are the same within thelr standard devratlons
and agree Very favorably with the spectrophotometrlcally
measuredevalue of \pK ‘= 10.12¢0.01"

The schematlc log (concentration) vs. pH plot in the

bottom of Fig. 2. 4 explains ‘the shabe of the log (k )

l app
'profile \in terms of the concentrations of the 1n1t1al
reactants. The reactive forms giving.the largest'contrigh;
tion\to the apparent rate ouer a certain.pH range are .
emphasized with bold lines‘ The dashed vertical lines connect
these forms and mark the calculated pH value where the rate
contributions are equal for two fqrms of HRP-I dlfferlng by
one. proton. The percentage of. the ac1d form of p- cresol

"SH, remains essentlally constant for pH values significantly
less than the" value of pK The shape of the log (kl,apé)
lproflle at pH values greater than. pK ean be explained by

‘the slope of -1 for log [SH] vs. pH and a slope of zerc for -
log [E] ﬁs. pH. ' At pH values less than pK any parts of

the log (kl,app) proflle wlth a nonzero slope are attributed
to catalytically important ionizations'ozlthe‘enzyme; The
slight dip, moving towardlower ﬁH,Eoccurs at pH = pKEl = 8.0
where an aeid ferm of the enzyme, EH, starts to prov1de

the largest contrlbutlon to the apparent rate., The con-
tribution to therrate'by‘E has been curtailed due to 1its

lew concentration. Moving to yet.lower pH the more acid

becomes. -atalytically important. = When

form of HRPfI,-EHZ,

119
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the pH 1s less than the pKE2 value of 5.08 the concentration'
’of.EH2 is largér than»the cohcentration of EH but the
former does not contrlbute equally to the apparent rate
until a pH of 3 8. This ocours because EH2 is only 1/20

- as reactive as EH uith p—cresol. (Compare k, and k..) at
even higher acidity whereipH = pKE3 = 2 -3, a further
protonated form of HRP-I, EHj, contributes to the apparent
rate although the form EH, is probably never predominant '
W1th1n the experlmental ‘range of pH. Since the value of

pPK E3 corresponds to a pH value of the edge of the accessible
data it is not well defined. The abatement in rate upon
entering the ac1d reglon is due to ‘the dlmlnlshed cOncen-
‘tration of the two very reactivé forms of HRP- I JTepresented
by E and’ EH, which dre’ replaced w1th‘the much less reactive

. forms EH2 and EH3. Since less acid forms of HRP-I are more , | 3
reactive, ‘the reactlon is properly descrlbed as‘base

catalyzed.

Theiuniqueness of p-cresol as a substrate for HRP-I -

N
.

can be attrlbuted to a dlfferent proton transfer mechanlsmv

during ox1datlon when compared to the _Previously studled

|
substrates. Slnce the 1od1de 1on (6), ferrocyanlde ion (17), .

%

brsuLfate ion (5), and p-amlnoben201c ac1d (11) as substrates”
for HRP I all have 'similar log(k p?) vs. pH curves, o

N approx1mately the same proton transfer mechanls applies to
~each substrate The apparent second-order rate | ohstants

for these substrates increase when a klnetlcally 1mportant

1onlzable group w1th a pK of about 5.1 is protonated




-

1
. N |

The most kinetically 1mportant lonlzable group determined

wiéﬁ ‘p-cresol as the substrate 1s pKEz'w1th a value of 5.08.

It is plausible that‘thls refers to the same ionizable
group on HRP-I found for the other substrates, but for
p—Cfesol the protonation of this ionizable group inhibits
the reactian, indiqatingYa\subetantielly different .
mechanism.  Many phenolic comeoqnds includihg p~cresol have
been studied by electron:spin reSohance by Shiga and
Imaizumi (27) and are kno&n te be oxidizea with HRP in the
etéady.state<by dehydrogend“gn 3? yield the correspondihg
nphenOxy radical. This indicates that for p-cresol both a

s

protonrand;an electron are removed'by oxidatﬁon. Therefore
there may be a mandatory proton transfer from P cresol to
'he group~:2?h a pK of 5.1 to facilitate the elect!on
transfer, hegbe base Catalysis. Perhaps p-ami@dbenzoic
acid and the inorganic ione require tﬁe posiﬁive charge of
a proton on the ionizable group to fac111tate electron
transfer, whlch 1s not accompanied by proton transfer and -~
therefore their rates of ox1datlon_are acid catalyzed. |
'Tbe‘magqitudes'ef ka’an?-kb,may be large enoﬁgh to
represent e.bimoledular reaction rate thaf-epbroaches the
_diffusion-controlled limit (28). The rate of a bimolecular
reaction in solu#ién is usually though£ to be diffusion |

controlled when a limit of abou 1010 M_}sf% is approached.

’ N / PO
Howeveé( entyme reactions are likely to: have very dimportang.

37

steric requirements, and it has been suggested that a

bimolecular reaction rate between an enzyme and a substrate

(=}

8

-
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Table 2.4 The second¥brder rate consfants for the reaction of

p-cresol wit# HRP-I at several temperatures at pH 8.74 where

the most basic enzyme species is predominant.

L

T(°C) 1077 x k;’app(m‘ls”H
1.9 1.8%0.1
3.4 1.9%0.1
6.0 2.0%0.1
9.5 2.6%0.1
11.1 2.4%0.1
12.1 2.6%0.2
14.0 3.0:0.1
16.0. 3.2:0.1
17.3 3,3:0.1
20.3 3.310.1
23.8 4.710.3 )
25.0 4.840.2
26.3 3.8+0.2
28. 4 3.9:0.2
30.6 3.9:+0.2 - |
31.1 4.2:0.2 |
34.1 4.9+0.2 .
34,8 4.8:0.3
‘ 3
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in*the range of lO7 to 108 M"ls—l may be diffusion controlled

(29,30). The activation energy can provide an aid in

deciding if a reaction rate is diffusidﬁ controlled. Fig. 2.5

shows the Arrhenius plot for the ‘oxidation of p-cresol by

HRP-I at pH 8.74. At this pH the most basic form of HRP-I

is thevpredominant reactive species (Fig. 2;4[. Values of

kl,app as a funetion of temperature are given in Table 2.4.

- Tne value of Ea is 5.0:0.5 kcal/mole_and i1s not much above
the activation energy for diffusion in aqueous solutions
(28). .The value of the entropy of activation,‘AS:-Ff is

(-6*1) cal/mole-deg as calculated from the Arrhenius pre-

exponential factor, A, obtained from the interce, t in

.
-

Fig. 2.5, The negative value of AS+ correlates with an

*»

important steric factor, according to the collision theory.
A recent study of the reaction of many phenolic compounds
w1th HRP-I in the pH independent region has shown that a

rate constant of 2xlO8 M—ls_-l could be attalned at 27° (31)

L
As mentioned eaxiler, the reduction of HRP-I by p-cresol
has revealed an unusual 2:1 stoichiometry. For this to occur

prcresol must contain two reduc1ng equlvalents, and yet these

-t
)

two electrons capnot be transferrea simultaneously because
if they weres HRP-I would be reduceddlrectly to HRP w1thout
lnfefmedlate formation of HRP-II. The conversion of HRP-I
td HRP-II is known to be a one electron reduction (32).
Conversions of HRP-I to HRP-II at three different values of

ph using only a half mole of p-cresol have shown that the

’* HRP-II yield decreases with decreasing pH. EQualitétive
Ly .
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features of the unusual stoichiometry for the reaction of
HRP-1I with p- ‘esol were observed earlier (33), butrthe
pH dependence was not studied. Advantage’was téken of the
upper limit of the 2:1 stoichiometry to form HRP-II from
HRP-I and p-cresol in such a manner that HRP-I caused no
iﬁterference with a study of the reactioqs of,HRP—II. A
variable yield of HRP—II; mixed with native HRP,‘obtained

as a function of pH, was not important to the kinetic

studies since the studics were conducted under pseudo

first-order conditions where neither absolute concentrations

nor absolutq molar absorptivities are required to obtain
accurate results (33). The stoichiometry of the reaction of
HRP-X with p-cresol has been investigated in detail and the

results are presented in the following chapter.
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2.7 Appendix

Refer to Fig 2a6‘

!

v = k [E]

' l J .
1,app = kaIFIFSH] + kg [EH] [SH] + ‘

total[sltotal

kc [.EH2] [SH] + kd[EH3] [SH]
[Elioeay = [E) + [BH] + [EH,] + (=3 3]

| \ :
[S)popay = [S] + [SH]

[SH](ka[E] + KbFEH] + kc[EHZ] + kd[Eﬂjl)

'kllapp\, B . : . : . . . ,
([E) + [EH) + [EH,] + [EH;]) ([SH] + {&])

!

!

Koo and Ks'represenf acid dissociation constants.

\ .

. N . -~ . ‘

kW k% k)3 | |

¥a * K, 7 K ' K. K. K

"Bl Kgi¥m2 KpiKgoKps

‘k = ; , . .
llapp " )

+ +.2 4.3 K

1+ B, [H1T . {H] 1+ _S )

: - K K. . K. . K

¥l Xe1¥e2  KpiKioKes (']
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CHAPTER III. STOICHIOMETRY OF THE REACTION BETWEEN HORSE-

\BADISH PEROXIDASE AND p-CRESOL - -
!

Over a Qide‘range of pH horseradish peroxidase Compound

- 3.1 ‘Summary

I can be reducea quantltatlvely via Compound II to the native
' enzyme by only one molar equivalent. of p- cresol Slnce two
molar equivalents of electrons are required for the single
1turnover of the enzymatic cycle, p- crespl behaves as a two
electron reductant "With g-cresol and Compound I in a 1:1
raé%o, Compound II aﬂd p-methylphenoxy radicals are obtajined

in the transient state.\ Compound II is then reduced to the

native enzyme‘ A possrble explanatlon for. the-facrle red-

uction of Lompound II 1nVolves reactlon with the dlmerlzatlon,

product of these radlcals, a half molar equlvalent of 2 2'-
dlnydroxy-bﬂ5'—dlmethylblphenyl If only one- half molar
equlvalent of p-cresol is present then at hlgh pH the red-
uctlonlstops at Compound II. lhe major steady state perox-
1dase ox1datlon product of p- cresol ( with p-cresol in- large
excess compared to the enzyme concentratlon) is Pummerer s
ketone Pummerer s ketone 1s only reactive at pH values
greater than about 9 where srgnlflcant amounts of tha enol
can be formed via the enolate anlon.' Therefore, in alkallne
,solutlon it is reactlve w1tn Compound I, but not with
Compound II whlch is converted into an. unreactlve basrc
form. These results lnd;cate.that.Pummerer,s ketone cannot
be the intermeéiate free radical product responsible for

1
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reducing Compound II in the .single turnover experiments. It
. g ‘ ,

h ! ] . . . . "
is postulated that Pummerer's ketone is formed only in the
i ‘ Vo

steady state by the reaction of the p-methylphenoxy radical‘

\

wiFh excess p-cresol.

‘ , . -

3.2 Introduction - / 5 Ty
L : \

Horseradish peroxidase (E.C. 1.11.1.7 donor-H,0, oxido-

réduétasé) and its two;intermediates, Compound I and Conipound

1, are all spéctrdscopically distinct. The characteristic
nature of the spectra between 350 and 450 nm is frequently

!

-used for monitoring their interconversion. ;
) !
. , ‘ : |
For some time we have been aware of a unusual 2:1

stoichiometry for the reaction of‘Compound’} with p-cresol
(l,Z)} The yield of Compound'Ii W%E,maximized when only a
half mole of p-cresol was used as a“reductént per mole of
,Compound‘I (2); ' Two moles of reduct;nt are ‘usually necéssary
.éo complete a siﬁgle turnover of £he enzyﬁe. The 2:1
stoichiométry prbvideé an interestiqg exception té the‘wigely

i

accepted general mechanism which depicts the enzymatic:

!

cycle (3-5) | o | \

(1 HRP + H,0, - > HRP-I

[2] HRP-I + AH —HRP-II + A+

[3] : HRP-II + AH ! >HRP + A

' ] ‘ : ' » . | | |
Horseraﬂish perox;daée, Compound I, and Compound II' are

répresented by HRP, HRP-I, .and HR?—II;”and AH represents an
! . : A - :

i
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ox1dlzable substrate Many phenolic compounds are oxidized
by perox1dase The visual changes of color and precxpltaﬂ
tlon which accompanled the formation of the’ox&datxon prog-
ucts of p-cresol were recorded (6) and the identification
of sevetal of the ﬁain oxidation products was undertaken
(7,8). Shiéa and Imaizumi 29) have used electron spin

\

.resonance spectroscopy in combination with a continous flow
system-to determine thé initial forﬂ‘tlon of the p—methyl~
phenoxy radical from the oxidation of p-cresol by ‘peroxidase.

It is the purpose of this chapter to present exper1~

. ;

mental evidence for a mechanism of the reduction of HRP-I
by plcresol which explains the 2:1 stoichiometry of the
reaction. The majdf'steady state peroxidase .oxida:* .or
‘product of'p-cresol is 4a,9b—dihydfo-$,9b—dimethyl—J\4H)~
dibenzofUranone (I) which is better known as Pummerer's‘ |

ketone (10).

An extensive kinetic and equilibrium study' of Pummerer's

' ketone indicates that it cannot be the’ same oxidation prod-

i

uct formed in the transient state single turnover’experiments,

!

3.3‘Experimental' ' . ‘

Horseradisn'peroxidase'was purchased, from Boehringer
b . . ". X : . )
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: Mannhelm GmbH as a - purified ammonlum sulfate preolpltate
(Lot 7394427) The enzyme was prepared as described
elsewhere (11). The purlty number of the enzyme, determlned
by the ratlo of absorbances at 403 ‘and 280 nm, was 3 34.
The’ concentratlon of HRP was determined spectrop“otometr1Cal—
ly at 403 nm using a molar absorpt1v1ty of l.OZ*lOS M tem™!
(12). p Cresol w1tn a stated purlty of 99+% was obtained
'from Aldrich Chemlbal Co Inc. and was used without further :
'puriflcation, Potassium.nitrate and buffer components were
reagent grade. Very pure water free from ox1dlzable con-‘
ttamlnants was used for all experiments that 1nvolved sol-‘
utlons of the enzyme. The method used to purify the water
has been descrlbed in the prev1ous chapter

Spectra were obtalned with a Cary 14 spectrophotometer*
by the following. procedure HRP (O 244 ml of 57.4 uM) was
plpetted into a 1 cm cell along with potassium nitrate
f(0 200 ml of 1 M), buffer (0 100 ml of ionic strength 0, 2),
and 1.456 ml of purified water. This gave a total volume of
2 ml which was 7.0 pM (14 nmole) in HRP, 0.1 M in potassium
nitrate, and buffer with an ionic’strength of' ' 0.01 for a | |
total ionic strength of- 0. ll The spectrum of hativevHRP'
was recorded/~/To obtain the spectrum of HRP-I, 5.13 ul of
2.73 mM hydrogen perox1de (14 nmole) were deposited thh a
Hamilton mlcrollter syringe on the end of a Teflon plumper

which was then used to mix the- h§drogen peroxide solution

with the solution in the celi. The spectrum of HRP-I was

. immediately recorded. The Same:plumper technique was used ' o L
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to addta subStrate to the solution of Compound I. The. sum
of the volumes of the hydrogen'perokide selutiqn and sub-’
strate solution never exceeded 10 pl so that the dilution
of the original solution in the cell was insignificant. The
speetra were scanned from 450 to 350 nm at-a rate'of-2'5

nm/s. The Cary 14 was also used to measure the abgorbance

"at 295 nm of Pummerer s ketone as a function of pH. From

pH 7.10 to 10.18 phosphate, trii, and carbonate buffers
were used to control the pH;- and from pH 10.09 to 14.30
the pH was calculated from the known amount of eedium
hydroxide.edded to an uhbuffexed'aqueous soiutien of
Pummerer's ketone wifh a mic&oliter syringe. Correetions
were -made for the change in absdrbance caused by dilution
| with the sodium'hydﬁoxide titer volume, For the buffer and
titration technique the reference cell contained all the
solutes in the sample cell except Pumherér's ketonei

The concentratlon of hydrogen perox1de was determlned
by the HRPassaynmthod of Cotton and Dunford (13), and - o
the”concentration of p—cresol was‘determlned spectrophoto-

" metrically at 277 nm using a molar absorptivity of 1.7x10°

M iem™t (14); The pH was measured with an Orion model 801 °
pH ﬁeter eqﬁipped with a Fisher combination glass electrogei
The meter was calibréted'to £0,02 ﬁsing commercial standard
buffers. |

Pummerer's ketone was isolatea from a mixture of the

‘enzyme oxidation products of p-cresol formed in the'steady

state. p-Cresol (10.49 g, 97 mmole) was dissolved 'in 900 ml
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of pH 7. 2 phosphate buffer - (xonlc strength 0.01). Hydrogen
1iperox1de (97 mmole) in 25 ml of purlfled water was slowly “
‘1added to the continuously stirred solution of p-cresol with
'7 intermittant additions bf 0.5 ml of 57.4 uM HRP over a
period of two‘hours.  This allowed HRP to cycle in the |
steady state. A cream-white oily precipitate formed im-
mediately which was removed by centrifugation. . It showed at
least five spots on a silica gel thin layer chromatograh
developed with 20% v/v ethyl ether 1n chloroform Pummerer's
ketone was se;arated from the other compounds using dry
column chromatography (15) with fluorescent 5111ca gel
'(graqe'II—IIi) as'the adsorbent and chloroform as the
._solvént: Fluorescent silica gel was used so that the ad-
" sorbed compoond could be located by the'absence of fluoreé—
ence under ultraviolet light. A column of Nylon'tuoing’
permitted thelsection containing the componnd to be sliced
from the column rather ‘than eiuted.
Pumﬁerer's tone was also prcparcd nonenzymaticolly

using a variation of tne original preparation by Pummcrer
et al. (10) p-Cresol (64.24 g, 0.594 molef.was dissolved
with‘sodiumycarbonate (84.65 g, 0,79% molo)'in 1.2 1 of
water. Potassium ferricyénide (236 g, 0.717 mole) was

added lntermzttantly over a period of 30 mlnutes to the
ontlnuously stirred solution. After.24 hours of.stlrrlng
at 30° the pH was lowered from 8 to 5 with concentrated HC1,

and the reaction mixture was extracted with 800 ml (total

volume of several extractions) of methylene chloride. ‘The

1
|



135
dark brown residue after evaporation of the methylene
chloride was vacuum distilled at 2-3 mm. The first fraction,
66°, was unreacted p-cresol (identified by NMR); and the
seqoﬂd fraction, 155-16b°, proved to be Pummerer's ketone »
(identified by NMR and/@ase specrroscopy) in 14% yield. It
was recrystallized twice from boiling methanol and had a
melting p01nt of 125°, |
A Hewlett- Packard 5750 gas chromatograph was used to
\determlnevthe npmber of components 1ﬂ some reaction mixtures.
LThe colum3 (8 feeﬁ.by l/? inch 0.D.) was LS%‘SET3O supported’
305 80-100 mesh Chromosorb W. The OQén temperatdre waS‘200°;
andpthe He flow rate was 23 ml/min. The same column and
'condltlons were used for the. coupled gas chromatograph and
mass spectrometer. The ana1y515 ‘system con51sted of a
Varlan 1200 gas chromatograph coupled w1th an A,E.I.
mass spectrometer with the.computaFions performed by a
Nova 2-10 ~wnmputer with ap A.E.I. DS50 program h
| -The kinetic experlments were performed w1th a Durrum - 2
model D llO stopped- flow apparatus.  One drlve syringe
contalned HRP I and 0. l M potassxum nltrate whlle the second
drlve syringe contalned substrate, 0.1 M pota551um nltrate,.
and 0. 021on1c stre;gth buffer. The mixing volumes were
equal ano the concentratlons quoted later refer to 1n1t1al
reactant concentratlons in’ the cuvet{t% ] |
The:three'q~carbonyl protons of Pummerer's ketone were

~ exchanged with deuterium by diésolvihg the ketone in a warm '

solution of sodium deuteroxice, 1.35 M, in deuterium oxide



| !
H . A

(prepared by the addifion of freshly cut sod;um metal to
Geﬁteriﬁﬁ oxide). -Partially deuterated Pummercr's ketone
precipitated uﬁon!cooling the solutioo. No resonances in
_the NMR spectrum due to the o~ carbonyl protons could be
degec;ed. The sodlum salt of Pummerer s ketone was prepared
by the dropwise add;tion of sodiun ethoxide in ethanol to

"a solution of the ketone in ethyl ether. The‘yellow:selt ‘

precipitated immediately. . | . w

2 . §

3.4 Results ands Discussion —

Transient State ResuLts for  HRP~I and p-Cresol in a 1: 1 Ratlo
’
From pH 3.5 to 10.2 the addltlon of one mole of p- cresol

‘to one mole of HRP-I (both at 7.0 uM concentration) produced
e complete single turoover in the enzymatic c§ele regener-
eting native HRP. When another mole o} hydrogen peroxide
was added to 'the solution of regenerated HRP a stable prep-
aration of HRP-I was formed indicating tpe’absence of any
further oxioizable substrate. vThe stopped—flow apparatus
wes used to demonstxate that this reduction of one mole of
HRP I to HRP by one mole of p-cresodl pxoceedea via HRP-II.

By monitoring the reaction course at 420 nm- (HRP-I and
p~cresol, each l 0 uM) 1t was possxble to observe a fast
initial absorbance 1ncrease*followed by a slower absofbance
decrease. The 1n1t1al increase is due to the’ reductlon of

. HRP~I to HRP- II, and the subsequent decrease corresponds to !

‘the ‘reduction of HRP-II to HRP. For all experlments conducted

at pH valugs f;Qm 3.5 .to 10.2 HRP-II was present in the "%ﬁ
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transient state.

The guantitativ® reduction of one moie of HRP-I to
HRP—iI~£o native HRP by ohe mole of p—éresol_requires that
p-cresol must relinquiéh two moles of electrons because the

conversion of HRP-I to HRP-II isfa_known one electron

©
-

¢ . - “«
reduction (16) as is the reduction of HRP-II to HRP (5). It
g -

is also obli@atory that p-cresol does not lose its two’
"% :

available electrons simultaneously because this would permit

the direct reduction of HRP-I to HRP (whi®h is known to occur

)

with bisulfite (17) and iodide (18) ions as substrates). The
transient state observations require that a single molecule

'of p- cresol must lose one electron to one molecule of HRP-I

1
thereby reducing it to HRP II, and the reaction product con-

talnlng one. less electron than p—cresol must in turn reduce

a molecule of HRP-II to native HRP and itself be further

ox1dlzed

» A scheme that meets the abdve requirements for the

&brK’I; turnover experlmen in 1llustrated in Equatlons [4]
g

\

and [5)] and their sum in Equatlon [6]

(41 HRP-I + PC ————» HRP-II + PC.¥
55] . «HRP-II + PC+ ————» HRP + Products
(6] g HRP-I + PC ———» HRP + Products

p—Cfesol.is represehted by PC, and the p-methylphenoxy free
radical is fepresented‘by PC-. The 1n1t1ally formed p- methyl—

pnenoxy free radical has been detected by EPR so that t

H
f
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reaction of Equation [4] does occur (9). However, the
: . ( ) :
validity of Equation [5] can be questioned because of
| : -
evidence presented by Ohnishi et al. (19). It was found

that the free radical derived from p-cresol by the action of

: HRP and hydrogen peroxide can remove an electron from

hydrogen donors which are slowly reacting substrates.for

HRP. Since the free radical is itself an oxidizing agent,

it secms unlikely that it could be further oxidized by HRP-II.

In the normal enzymatic cycle, Equations [1] to [3], th

‘fate of tne enzyme is emphasized. It is usually thought that -

the substrate, if it is an orgaﬁic molecule, is dghydrogenated@”
to form a free radical. The typical conjecture, deduced

from product identificatjon, concerning the further ev?ntsﬁv

of the free radicals involves oi;gémerization reactioq;!

with predominant dimerization : For the peroxidase oxidation

of p-cresol three products were isolated by Westerfeld and

L.ye (7)- Pummerer's ketone, 2;2'-d1hydroxy 5,5'-dimethyl-
blphenyl and an analogous terphenyl (isolated in a weight
ratio of 1 : 0.2_:.0.5, respectively). The orlglnal a551gn- )
ment of the structural formula of Pumme;er's;ketone by

Pummerer et ql. was 1ncorrect (20).  The structure wnhs later
rev15ed by Barton et al. (21), and the revision was ‘snfirmed'
by Arkley et al. (22) tQ éhe_presently accepted structure (I)J;

At least two of the enzymatic oxidation products of p-cresol

Avpear capable of being further oxidized because they are

Phenols, and this might help to explain the 2:1 stoichiometry.

: = : : .
A wide variety of phenols and naphthols can reacgﬁﬁlth

<
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peroxidase except those with-extremely high oxidation.
potentlals like p-nitrophenol (9,23). It is therefore
postulated that the p-methylphenoxy radlca s combine to form
products which are responsible for the subsequent reduction
of HRP-I1I to native_HRP in the single turnover experiments
where HRP-I and p-cresol are in a 1l:1 ratdo ‘Danner et al.
(24) have shown that both phenol and its dimeric ox1datlon
product 2, .—blphenol,’are oxidizable by HRP,.
In a titration study, Santimone (25) has ebown that‘
- guaiacol can also donat; two molar eduivalents of electrons:_
.to reduce HRP-I to HRP. To eXplain this 2-1 stoichiometrx,
Santimone postulated a mechanlsm in which the o-methoxy-
phenoxy free radlcal G-, formed from the dehydrogenation
of guaiacol’ G, loses an electron to dissoiv molecular'
| . .

oxygen thereby formlng the ‘'superoxide radical anlon, 02.

These events are depicted by Equations [7] to [10]

[7) HRP#I + G ‘ ——» HRP<II + G- _.

(8] ‘ G + o, — '4>»O; + Products - ¥
I HRP-II + O, ~ HRP + 0,

[10] . HRP-I + G — > HRP + Products

~ -

\A w . - -
. -

The superoxxde radical anion has been shown to react rapldly
with HRP-I but'to be unreactive with‘ﬁRP{I (26,27), so that

‘the validity of Equation']9]%is doubtful. Tbis schieme  might
also'be‘criticiéed in terms of relative redox potentials.

If G* can be oxldlzed by oxygen to form O:., and even if O;

o
|
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could theA be oxidized by HRP—II;»then the relative potentials
must also permit G- to be oxidized by HRP—II'(beca&se the
free energy change makes a reaction feasible, it does not
prove it must occur). !
A mechanism eonsiStent with all the obser&ations con-
cerning the reduction of one mole of HRP—I via HRP- II to

native HRP by one mole of p-cresol in a single turnover is

1ntroduced in Equations [4] and [11] to [13]
|

[4) HRP-I + PC - -+ HRP-II + PC-
111 . - ~ pc. 2 > %(PC),

[12) HRP-II + %(PC)2 . —» HRP + Products
(13] HRP-I + PC — = HRP + Products

The fate of the p- methylphenoxy radlcals generated in tne
'flrst step is describeq in Equatlon [11] as a dlmerlzatlon
One half mole of this djimer (PC) 1s tnen able to' react with
one mole of HRP-II as shown by Equatlon [12] so that it must
behave as a blfunctlonal molecule The dluerlzatlon of the
free radical is lndicated by thelidentifrcation>of products
from p- cresol oxidation (7,8), of which the most comélete
study was performeo by Cnen‘et at, (28); Ferric CHlbride or t
iHRP was used as an oxidant. The dimer 2 2'Fdihydroxy 5,5'-

blphenyl ( and the andlogous trlmer) and Pummerertf ketone _ ;°‘

(a dl@er) were 1solated along w1th two previously unldentl—

fied compouncs from the HRP oxldatlon mixture. It might be“ ' o

A

’_noted that (PC)2 in Equatlons [ll] and [12] mlght be x



1 :
partially rep}aced by l/3(PC)3'0r k(PC)4, etc.

L - . v o
‘Transient State Results for i{RP-I and p-Cresol in a 2:1 Ratio

t
‘Fig. 3.1l:illustrates tne pH dependence of the reactlon

of HRP I with a half molar equivalent of p- cresol Spectrum
‘A is that of native HRP ‘at pH 10 51, and at this pH half a
molar equlvalent reduces HkP I quantltatlvely to HRP-II as
shown by spectrum ?f At pH values of ?.06 andr4.01, spectra
.C and D, the 2:1 stoichiomtery is no 1onger obvious, and
these spectra both 1nd1cate that the solution contalns a
‘large amount ofiHRP. A possible explanatlon for this pd
dependence'of the HRP-II yield might be found in the relative
rates of the reactionsaof HRP-I and HRP-II with p;cresol‘

; . .
which have been measured over a wide pH range (1,29) as

shown in Fig. 3.2. It can be seen that HRP-I reacts approx-

‘imately 10% times faster than HRP-II at pH 10.5 and only 40

and 10 times faster at pH values of 7.1 and 4.0. The rate of |

reaction of HRP~-II with p-cresol is so slow compared with
vthe rate of HRP I at pH 10.5 that v1rtually none of the

HRP II formed in the initial stages of the reaction of HRP-I
with p- cresol can compete effectlvely for the remalnlng

p- -cresol. At lower pH Values ‘similar arguments apply, but
since a factor of 10 between the rate constants for two
"consecutlve competltlve bimolecular reactlons 1s known to
»separate the two:ratessuff1c1ently S0 that each rate can be
measureg independently (30,31). Cansequently there should

R !
be an insignificant amount of competitive interference by

141
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HRP-II at any pH for the p- cresol substrate. However, the
i

fate of the p—methylphenoxy radicals must also be conSLdered
If the radicals combine quickly to form a new product which

. 4
is also reactive, .the HRP-II can compete'with the remaining

HRP-I to oxidize the new product. If HRP - II is reduced to

i
|

rnative HRP at a rate comparable to that for HRP - I\reductlon
to HRP-II (32) by the radical comblnhtlon product then both
the reduction of HRP-I and the yield of HRP-II will be non-;
&uantltatlve as lS 1ndléated by the lack of an 1sosgest1c
point in Fig. 3.l. Stopped-flow traces 1nd1cated that the
;eduqtion.ofIHRP—I by éhaifmolar-eédivalent of p-cresol

'does not %ollow second—order kinétics, in accord with the
above explanatlon "of the complexltles of the reactlon The

quantltatlve yield of HRP-II observed at only hlgh pH (Flg

3.1, spectrum‘B) can be explained by the conversion of HRP-II

\

\ - .
into a nonreactive basic form. At high pH the reduction

would proceed as illustrated in Equations [4], [11], [14],

and [15] =
X .l
[4]‘ HRP-I + PC - ———» HRP-II + PC-
[11)] ' , pc. " - 15(1>'c)2
[14] HRP-I + %(PC), —» HRP-II' + Products
[15] ' - . 2HRP-I + PC —» 2HRP-II + Products

' The possible role of O; in the reaction of HRP-I with
. {

a half mole of p-cresol was tested by repeating the experi-
| ’ . ’ .
ments discussed in Fig. 3.1 with solutions deoxygenated”

by bubbling with 99.997% nitrogen. There was no<pbservab1e:

v
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change in the results.

A . o i
o

Steady State-Re%ults

We also undertook the isolation and identification of
. . " I g
the products of p-cresol oxidized in the steady state by

gHRP, prim§riiy performed as'avmeans of their s§nthesis( so -
that their poséiblelreactions with the enzyme could be ‘
;studied independentiy oflthefpwcrésol reaction. Pummere#'s \
keton;”was by far the most abundant volatile product and
"yaé«iaehtified'by/infrAréd and NMR spectrbscqpy and by gas
chomatography.éombinéd Qith mass spectrosgopy. The mass

, - % _
and NMR spectra were identical to those already published

(28,33).“The chromqfogram‘of the volatile. products obtained
from the precipitate of the enzYmé oxidation;of p-cresol is
shown in Fig. 3.3, and the large peak at about 17 minutes

. corresponds- to Pummerer's ketone as identified by mass

1

spectometry. Since the area under the peak of the-chromatp—
, ) \ o !
’ graﬁ is directly proportiohal to the amount of the compound,
it was possible to show that about 90% of the volatile

Fy B
. . i . . ¢
products is Pummerer's ketone, M.W. = 214 g/mole. The small

\
ﬁdimethilbiphenyl{ also 214 g/mole. In the steady state

peak at about 12 minutes corresponds to 2,2'-dihydroxy-5,5'-

'both HRP-I andaHRP—II qxidize p-cresol, and it was assumed
that they give the samé products. The validity of this
aSsumption is supportedgbyfthé fact that‘a'diversity.of
oxidizing agents form these.prpducts,frdm p-cresol (34-37).

A very higdn yield of Pummerer's ketone was obtained by
. . . B . (‘) N -

A
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Fig. 3.1 The spectra obtained at dlfferent pH values by ad-

" ding one half molar equlvalent of p-cresol to HRP- I 'The

N

spectra were recorded 1mmed1ately after m1x1ng A; the spec—

;trum of native HRP at 'pPH 10, 51 B: at pH 10.51 shOW1ng a-

quantitative conversion to HRP-II, C: noRG8EMeitative con-

Y .
1 ot

- 1
version at pH 7.06, D: nonquantitative conversion at pH 4.01.

The solutions were 0.1 M with respect to potassium nitrate,

and buffers contributed an iénic strength of 0,01, (A: car-
bonate, B:. phosphate, C: acetate.) The HZO baseline is

included.
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Flg. 3. 2 Tne log (rane) vs. pPH proflles for HRP-I and
(?)HRP IT w1th p- cresol as the substrate. Data forvHRP—I,

-ref. 1; fqr HRP-II, ref. 29, _ . : .
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Fig. 3.3 Gas chromatogram of the volatile peroxidase steady

state oxidation products of p-cresol'from the coupled gas

\

chromatograph and mass/spectrometer. Note the preponderance
: : : \
of Pummerer's ketone, large peak at 17 minutes, compared to

the other peroxidase oxidation products. The small peak at

about 12 minutes corresponds to 2,2'-dihydroxy-5,5'~dimethyl-

biphenyl.
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Bfown adthocks (38) fLom theﬂo#idaﬁionlof p-cresol with
a plant phenol oxidase. ) |

The valldlty of Equatlon [li‘vls 1nd1cated by the many
product ldentlflcatlon studies for the steady state oxldatlon
of p-cresol which reveal mostly dlmerlc,products. More

evidence in'supPOr;‘of Equation [11] comes from the likeli~-

hood that €£hil¥y 'Jtlon occurs very quickly, perhaps //

approachiﬂﬁftﬁﬁ( .‘.; controlled limit for bxmolecular
x y - \
- The rate of c0up11ng of p—methyl~

phenoxy radlcals préduced by lrradlatlon of p-cresol in

unbuffered aqueous solution nas been measured to be 5. 6x109

l -1 (39). Tnis rate should not be much dlfferent for the

.same radlcal produced by enzymatlc dehydrogenation provxded
that the radlcal ‘is not bound to the" ‘enzyme. Shlga and
Imalzuml (9) have shown that the hyperfine llnes of the EPR
.‘spectra of this radical are sharp‘and well ayeraged'and the
observed coupling constants of the hyperfine lines agree

well Qith caiculated values for an unbound and therefore R

.

electronically unperturbed free radical.

Equilibrium ahd Kinetic Studies on Pummerer's Ketone.

The behavior of the major steady state oxidation
product, Pummeref's ketone, was extensively characterized
. by kineﬁic and equilibrium studies. If Pummerer's ketoné is
also the major reaction product in the single tufnover‘
experlments, then its reactivity as a blfunctlonal substrate
accordxhg to Equatians {{6] and [14] can be tested experi-

. mentally. | \ i | -
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The results of the experlmental tests to aSCertaLn the
reactxvxty of Pummerer' S ketone and 1ts reaction st01ch10metry
w1th HRP-I are 'summarized in Flg 3.4. sSpectrum A is the
native enzyme at pH 10,51, and spectruﬁ B is HRP-I prepared
by adding one molar equivalent of hydrogen peroxxde, Equation
(1]. Spectrum C was recorded immediately after addlng a half
molar equivalent of Pummerer' s ketone tol the HRP I, and D

Qand E Wwere recorded after 4 and 8 minutes. Thergfore
Pummerer 's ketone does react quantltatlvely and with a 2:1
stoichiometry. The clearly deflned isosbestic pdlht at
398 nm proves that conversion of HRP-I to HRP-II is the only |

reactlon occurrlng ‘and no HRpP- -II is reduced to HRP The !

lack %§ react1v1ty of HRP-II with Pummener S ketone at hlgh

" PH is an 1mportant point in. later dlscu551on

The same.experlment performed to obtain the data in
Fig. 3 4 was repeated at pH 7. 06 ‘with the results shown in

Fiq. 3. 5 Most of the small change in the spectra d‘fo D

’

-

1is due to the spontaneous redyctlon of HRP I and little due
to the reactlon of HRP-I w1th Pummeter s ketbne as shown by
a control experlment It would appear that enollzatlon
faC1lltated Dy an alkallne medlum, is the cause of the
-reactivity of Pummerer's ketone at hlgh pH and its relatlve
unreactivity at neutral or low pH By recordlng the

{
absorptlon spectrum of Pummerer's ketone froW 380 to 250 nm

v

over a pH range of 7. 10 to 14.30 it was shown that’ three
spectroscoplcally dlstlnct spec1es were formed vThe shape
of the spectrum cnangedaas the pH changed An 1sosbestic/
- Y ) : =
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Fig. 3.4 The spectra ‘A of HRP and B of HRP-I at pH 10. 51 in

carbonate buffer. Immealately after the addltlon of a half
molar equ1iapent of Pummerer s 'ketone to HRP-~I spectrum C was .

recorded. Spectra D and E were recorded 4 and 8 mlnutes

later. The quantitative conversion of HRP-I with no further

feaction"gggﬁﬂ'~ll is indicated by spectrum E and the isos-

- bestic point at 398 nm. The.ﬂ20 baseline is included.
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'Fig'

pH 7.06 in phosphate buffer %gm}brer s ket

at this pH because very little HRP~II was formed after 8
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"wavelengthy of 272 nm was found from pH 7.10 to about 11.5
indicating tn€ interconversion of only two'fgrms (assuming

that there is no thffa species witnh a spectrum identical to
. Ty
one of the other two). From pH 11.5 to 14.3 the isosbestic

. M
point at 272 nm was lost as another distigct specigs appeared,

and a new isosbestic waveiength occurred at 334 nm Eepresent*
‘ R )

‘ing the interconversion of tne secqnd and a third ferm of

i
¥

Pummerer's ketone. The maximum absorption difference among
all three rforms occurred at 295 nm. Fig. 3.6 shows t®o .-

spectrophotometrlc tltratlon curves” at dlfferent wave1engths
.

‘Curve A corresponds to the absorbance at 295 nm, Aoy s and

curve B corresponds to the abso bance at 272 nm, A27é, the

-

N5

1sosoest1c wavelength between the first and second spec1es, ,ff e

.,“__ T
so that Jdt corresponds to tne formation of She third spec1es
-/\ ’ .\l
A scaene to'explaln these results is illustrated in Flg 3.7.

‘The first 1nflectlon w1th 1ncreas1ng PH ‘in curve A prpbably .‘ D)

corresponds to the 1onlzatlon of a proton from the carbon

2

atom at pOSltlon 4 of Pummerhr s ketone (1) whlch ylelds o

the enolate anion (III). Structure.III is wrrtten as a
\ . .
resonance hybrid of the canonical forms(IV), a carbanlon,

and. (V)b an oxyanlon Tne enolic form 05 Pummerer s ketone 7 Y
. l

”(II) i5 also “in eguilibrium with III. The second inflection

-

;‘}1n curve A corresponds to e;ther tgevaddltlon of hydrox1de

e,

1on “to III or’ the 1onrzatlon of anotner proton from III

-

:The B- add1t10n<3fnydrox1de 1on to carbon at p051tlon 1%is .

\

:}
-~ .more plausible since the:protoné on* I1I are probably not

LD

‘sufficiently acidic to be.removed in aqueous: solution. The

2

4

(2



A272 nm

-

Figs 3. 6"Two epectrophotometrlc titration curves at dlffer—
ent wavelengths curve p .295 nm and curve B 272 nm. Curve
B is at the 1sosbest1c wavelength between Pummerer\s ketone

and the enolate anion, hence the absorbance cnange shows  only
o \

3%
the appearance of a thlrd é9201es at nlgh pH. Curve A shows
) >

Lwo 1nflettlons The smdoth lines were calculated u51ng
Equation [léip and the best fit parameters (Table 3.1) were.
obtalned by nonllneaf‘least squares aRalYSlS ' The total con-
centratlon of all forms ?f qumerer's ketone, [I]total' ié

0.266 mM,

152

’ ;éﬁ'c

TR e e g
.



.constant for tne formation of VI.

«
=t

. ) o
A : | B , vw 4 s

,
% Fig. 3. 7 “A p0551ble sCueme for the &hylzatlon of Pummerer s

.

Ketone and enol formatlon Pummerer s ketone (I) ionizes to

”giye its enolate anion'(III) which is written as a resonance

\

hybrld of tne canonical forms, (IV), a carbanlén and (V), an

oxyalen, III is also in equ111br1um witn the enol form . (II)
Kl and Kz‘are acié,dissociatioﬁ bonstants. B-Addition of hy-

7 i ; . :
droxide itn to IL& can form species VI, K, is the equilibrium

Xy .




154

i
b

1

three a-carblonyl protons of Pummerer's ketone were exchanged

v
i

with deuterium by dissolving the ketone in a solutfon of

sodium deuteroxide in deuterium oxide, These protons can

‘also be exchanged in deuterated methanol with a trace of

'_hydrox1de whlch s, formed as a hydrolygas proddbt wh@ﬁ{ ‘f

. o

alkoxide (33). However, the exchange of the proton on carbon

. !

at position 2 need not occur tnrough lonlzatlon. A B addltlon

of deuteroxxde ion to carbon St p051txon 1l can be followed

a‘~ ) '

by excnange and then. el}mlnatlon thereby deuteratlng at ;

pOblthR 2;. ﬁherefore the specxes at hlgn pH is fofhulated .
N Y»' L aRe 1." H B h
as VI. The yellow sodium salt of Pummeret's ke %3 E‘was

! . _. 9y

shown to be a monosodlum salt by tltratlng the sd&gum 5
"--r.,.., ..

R P
EXERCLER S

FEIPIEY %ut“xﬁi”‘i
salt is added to water. : The reversibility of the formation

”, . .
of VI was affirmed by dissolving Pummerer's ketone in warm

1.0 4 NaOH, which glves a brlght yellow .solution, and s
tltratlng w1th l 0 M HCl to obtaln a precipitate which was
ldentlfled by NMR to be unchanged Pummerer's ketone: The
two lnflectlons 0 'the plot of A295 vs. pH cannot be explained )

solely in terms of I, I, and III ‘as it can be shown that

thls scheme would exhlblt one 1nflectlon It is neoessary . &
té include the formation of'VI. Considering the concentra- . H!}
tion of the enol (II) to be relatlvely small (large K ), o
-l
.then Equatldn [16]) j . '
[I]total' CI“V& ] + EVIK:KW + f111
v , Ky (] o '
[16] Ay, = —Ac=r , — - . \
' [H.) 4
' + + 1
\ Ky IR )
“ﬁﬁ
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can be derived using the conservation relations for the total

absorbancey A,4:" and the total concentration of all forms

of Pummerer's ketone, [I]total The molar absorptivitiés

at 295 nm for, Pummerer's ketone (I), the enolate anion (III),

' d

and VI are €;, €ryy, and eyrc X4 is the acid dlssoc1at10n

constant for Pummerer‘s ketone and K4K is the product of

the equilibrium constant of the formation of VI and the

\

autoprotolysxs constﬁﬁﬁ”o?ﬁwater The data in curve A of’

4

[ ‘
Fig 3.6 and Equation [16] were used in a nonlinear least

Iy
i

- ' .
. -

‘deviations The best fit values of the‘constants‘afe com-

squares analysis to evaluate the constants. . When the.data,ﬁ

in curve B aré fit to Bquation [16] the.same values for the

equilibrium constants are obtained within their standgrd
. \ _ ! \

plled in Table 3.1 and were used to calculate the smooth °
fanes through the data in Flg 3.6.

. It\has been shown: that the ionizedzform of'accresol,
the‘p-creso;ate anion, does not reathwita HRP-I (l? or }

y \ . - ‘ .
HRP-II (29). A phenol is a completely enolized compound,

an? since a wlde variety of un-ionized phenols can reduce

.s").
“«

>

\

LI

s
»
te

no. S
3 3"3 »

-~
elp

o -y a
ﬁ 3

’

. ]
" HRP-Y¥ (23) it is reasonable tO‘expect the enol and‘not the

}

. enolate anlon to be the reactive form of Pummerergp ketone.

PG I

.HMe slqureactlon rate at pH 10, 51 might be caused by the

o

i low co&ﬁéé%ratlon of the enol. ' In the experlment described

lﬁ F1g~3 4,}e.manutes were rEqulred to complete thereductlon

of HRP I by a halfﬂhole of Pummerer s ketone.‘
i ¢ N'ﬁ/\
> A 51mp1e stopped -flow experlment proved that the

formatlon of the oxrdlzable fapm of Pummerer's ketone as

‘_,.—" N\
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\Table 3.1 The best fit values of .the parametqrs in
Equation [16] obtained from a nonlinear least squares
analysis of the data in curve A .of Fig. 3.6 ‘ o
| | - | .
i : Parameter . Best Value
— : = -
“ep (ulen™d) . (3.14:0.01)x103.
0 4 §
: -1 -1 : 3
\ s €111 ’(M cm ~) ~,(3.50£0.02)x10 @
ceyr W lem™h ' (6.29%0.08)x10°
‘PK, I \ 10.7x0,1 - ‘ ‘
PAKK, ) & . 13.52:0.03
\ . s . . . ) .
| Q: ) . 4 %, \ ’ .’7'3;— ..
; . [ . ‘\

%rrors represent standard deviations compuited in the
- : ' A R ' .

vanalysis - L .

o -
.
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depicted in Fig 3.7 is réiatively slow. ’With a concentration

|

-of 1, 0 uM HRP-I and a total concentratlon of 139 uM

Pummerer [ ketone in all its forms 1n the observatlon

g

cuvette at pH 9,64, the observed exponential ‘trace on the

osc1lloscope was not that of a flrst-order reactlon. The
i

curve was biphasic show1ng a relatmvely fast reduction of

/

HRP-I followed by a mucn slower one. At time zero the solu-

i
[ 3 1 N

tion contained HRP—I; the ketone; enol, and'enolate'énion.'

The concentration of VI is negllglble at thls pH.” The' rela-

tive proportions of these forms of Pummerer s ketone is pH

dependent, and the biphasic reactlongcan be explained from

theﬁe relatlve\proportloné 031ng the value of Kl from

.a@,

Table 3.1 the concéﬁ%ratlon oﬁ the enolate anion can be

calculated to be about 11 uM wQLCh is more than a tenfold

. i . ° \
excess with respect to the concentration of HRP-I. If the"

-

enolate anion were the reactive form, pseudo firstéorder
kinetics, not'biphasic kinetics, would be obtained. At PH

9,64 the concentration of the. reactlve form of Pummerer's

ketone Lés apparently less than 1.0 uM ‘The fasﬁ reduction

+ of a fraction of the HRP-I corresponds to the immediately

available reactive species, and was followed by a slow .

reduction corresponding . to a rate limiting formation of thew
A e . :

reactive species. The data from the reaction trace were

‘plotted as. ln [(V -V, )/(V -V, )] ve.time, and the plot is
' -shown in Fig. 3. 8 The n?nllnearlty.1llustrates\the bmphasic_y

reaction. The sedpnd section of the plot is linear for more '

than two half-lives and can be used to determined the‘ob-l

i Iy

\

157




15%

40 lvlllfflﬁlll]lllllllllll.l

1715 sec /div

fié 3.8 LOgarlthmlC plot for the reactldﬁfof HRP -I (1.0 uM)
with Pummerer s ketone (135 uM) .at pH 9. 64 The fast 1n1t1§l
rate corresponds"to’the reaction of HRP-I with less than one
molé edﬁ%ﬁalent‘of tne reactive form of ?uﬁmerer's ketone
.pfesent gtitime zero, AThe slower reactian-corresponds to the
';ate limiting femoval of hydrogen ion frém carbpn'at'position

4 necessary to form the feactive enol or the rate liﬁiting
protonation of the enolate énion to‘form the enol. A k_, o
‘'value of l.o S‘l can be determlned from the linear part of

the slope whlch extends for more than two half- lives.

.

e z . /
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|

eerved first-orde} rate coustant’ k obs which is about 1, f
s—l. \The formatlon of the enol (1I). v1a the enolate anion
'(III) lnvolves 1onlzat10n ‘of hydrogen from Carbon. In’ ”%iz'
contrast with the dlSSOClatlon of many weak acids the proton
on carbon is removed relatLVcly slowly, and the equilibrium | ,
between tbe ketone and the enol is therefore not established ',
rapidly (40) whlcn is typlcal of pseudo acxds (41) . Enol
1formatlon by protonatlon of the enolate arion may also be
rate limiting. The rate constants of recombination'for
-:nydrogen ions and anious are very large (42), however the
veloc1ty of recomwination may be relatlvely*small at nlgh
pH values due to the very small concentratlon of nydrOgen
ion. From the scheme in Fig 3.7, kobs is a pseudo first- .
order rate constant for the protonatlon of the enolate anlon .
and equals k 2[5 1 (Y is buffered). ,

The' concentratlon of the enol as the reactlve form can
be calculated at tlme zero from the intercept of the extrap-
olated Ignear section of.the plot in Fig. 3.8 to be aﬁbut
0.53 uM This permits a'calculation of Kz since the PH, the
concentratlon of the" enolate anlon, and the'concentration of
the enol are known. Wlth the equlllbrlum data the rate of
tne reverse reactlon can be calculated The values are
recorded 1n_Table 3.2.

Pummerer's ketone can only be oxidizedlih lts enolic
form and consequently is more readlly oxidized at hlgh pH
Th&s might appear to prov1de an explanatlon of the events

~

.in the' single turnover experiments deplcted in Equathns [4], -

-

o
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Table 3.2 The calculated values of some equilibrium.and.

-rate’ constants from Fig. 3.7
: <

Calculated

Constant | Value a
& 1 ‘
. pK2 - 8.310.1 .
. 9 . |
3_2 (M~ls—l) (7i2)xlo |
ky (s7) | (3t2)x10 L es

'
-~

U.&‘.

a ) .
Frrors were calculated.from these estimated errors, -«

-s

PH $0.03, [enol] = 0.5:0.1 uM, anil Kobs 1.6%0.2 s~ 1
and from the standard deviations for the constants.
evaluated by nOn%éﬁéar least squares analysis.

1




(11), [14), and

\

\

X

[15] where only HRP-I' is reacting. However,

the reaction between Pummerer's ketone and. HRP-I or HRP-II

I

proceeds very slowly at other than high values of pH due to

the relatively small concentration of the enolate anion and

|

hence of the enol, 'Fig.'3.5 shows that the keto form which

is predominantly present at heutral pH is unreactive, and at

the hlgh pH necessary for a srgnlflcant amount of enollzatlon

a catalytlcally important acid group on HRP II is ionized

thus rendering'it unreactive.. The\lonlzed form of HRP-II

i\above pl 8 6 has been shown to be unreactive wrth several

substrates (13 29, 32) The rea@t1v1ty of HRP-I

enol at QH 10.51

was tested by adding a tenfold;'_

Pummerer's ketonecto a solution of HRP-II and observing the

spectral changes

After 15 mrnutes there were no changes in

: the spectrum of HRP - II. An experiment at*pH 9.51 showed .that

very llttle of the reactlve form of Pummerer's ketone was -

present, making reactxon with HRR-I or WRP-II slow, There is

no pH where both

predominantly in

HRP-IT and Pummerer's ketone can exist

-

their reactive forms.

‘ Comparlson of Transient State and Steady State Results

The similarities and differences of the p-cresol ox-

idatlonvproducts

obtained from HRP in the steady state ané

in the single turnover experiments will ‘now be examined.

i

The single turhover of one hole of HRP-I to HRP-II to HRP by

one mole of p—cresol occurs from pH 3.5 to 10. 2. "Hence,

_ HRP-II must react wJ.th FPC)"&Ver this pH range The un-

o

reactivity of;HRP—II:w1tn Pummerer's ketone at high pH and

i

16l



'Vould very likely be'reactive with HRP-II over a wide pH

n x © o162
S‘

the extreme slowness of the actlon at neutral PH indicates

“that the- free radlcal product represented by (PC) in Equa-

-

~tions [ll], (12), and [14) is not Pummerer' s ketone., ‘A’ ‘\g

S , ,
more suitable possibilﬂty for (PC), is 2,2'-dihydroxy-5,5'-

dimethylbiphenyl which, as shown in,Fig; 3.3, was.formed in

the steady state reaction in &mall amount. This biphenol;

range; it would satlsfy the 2:1 stoichiometry requirement of
Equatlons [l2] and [14); and it would explain the followxdg
rate anomaly. Spectrum B of!Fig. 2.1 was recorded as soon
as possible after the addition of a haif mole of p-cresol at
pH 10.51. Thé'reduction of HRP-1 to HRP-II was‘camélete |
within the time of less than 20 s to reach 420 nm. It is

eVJdent from Flg 3.4 that about 8 mlnutes are requlred for

Pummerer s Ketone. to reduce HRP-I to HRP-TX at pH 10, 51
|

and therefore that Pummerer's ketone could not be responsible:

for reducing the second molar equivalent of HRP~I in spectrUm

B of Fig 3.1. However, if'(ﬁc) 'is the biphenol product,

reductlon couyd be complete wltnln 20 s since phenols are

-

facile substrates for perox1dase. .
. \ ' ,

f Theréfore the biphenbl and not Pummerer's ketone is the‘
ﬁajo;.oxidation producf,of‘p-qresol in fhe single turﬁover_ .
experiments. Slnce Pummerer (] ketone is the cnlef steady
state oxidation product of p-cresol the assumptlon that the
steady state and single turnover products are the same o

cannot bhe valld _'There are*reasonable arguments to,support

this assertién.‘;@lthough Shiga and Imaizumi (DY;have used
. e ‘ - €

Yoo R
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EPR to show that the free radicai produced by the reaetion
of peroxidase and p-cresol is a p-methylphenoxy radical it
may have significant para radical character since thls ‘would
nbe a relatively stable tertlary radical. Thls electrophllic'
radical will react with the most available clectron source
which may differ greatly between the steady state and 51ngle
turnover experlments The greatest difference between the
two experlments is the concentration of p cresol " In the
steady state experlment Pummerar,s ketone may be formed via
electrophilic attack of p- cresoI by the p—methylphenoxy
gradlcal Oxidative dimerizations can occur by the substitu-_
. tion of one radical into a neutral p- cresol molecule followed
”‘ * 4 by further oxidation (21). Even if the rate-cons;:ant of thls
ﬁ electrophllic attack is relatlvly small compared to the
rate constants of other p0551ble radlcal reactlons,_the
veloc1ty of the reaction WOuld be large due to the hlgh con-
oentratlon of p-cresol (0.11 M) in the steady state experi- 4
ﬁent. Pummerer's ketone might be formed as shown in Equation- )
[l7];\ Eleétrophilic attack of p-cresol ocours in aeeord with
the generalization that hydroxy groups are ortho directors
when a methyl,group blocks the para position. VIII'might.
be oxidized by another. p-methylpheno%y radical to give.IX.
To complete the formation of Pummerer's ketone a Q—additfon
occurs (21). . . P
In contrast the single turnover‘experiments contain

no excess p-cresol. The formation of the p~qgthylphenoxy

radical is fast (1), and without therscavenging effect of
\ . - %

. i) . .

\ug‘



' OHJQVO -
~ .
H.C H.C '

VII

(17}

0]
L§—addition

p-cresol two radlcals may dimerize. The uﬁpaired eleétfoh‘-\
O

resmdes an the oxygen atom (9), but dlmerlzation to form

o

p~methylphenyl peroxide ls unllkely since 1t would tend to

dlssoc1ate reforming the two radicals. It 'g,s[jpossn)le that

the -meth lphenoxy radjcal also nas si nlflcant ortho ’
v¥he p Y dy a: g .

. . : Eat U ‘ 2
. = 1 CJRNY
' e, - . S

?adical'character (X), and 2 2!-dih§aioxy;§ﬁé'-dimethyl-
blphenyl (XII) may be formed as lngguataggf [18]. éven if
some of the terphenyl analogous tquII was formed by the -
free radlcals in tne single turnover .experiments, it would gj‘ 9:
also be capable of reducing HRP II. Py v‘;f' »- |

Although the react1v1ty of Pummerer s ketone with HRP I

at high pH might explain the’ quantltatlve yleld of HRP-II in §

Fié. 3.1 spectrum B, this is bettar)explained by thewbiphenol

(X1I) as it,was'a single turnover experiment. It also

. .' s




L

explalns the rate anomalyﬁf? . e

Itr was, dlsconcertlng to reallie vthat * Cbmplete -,.:»_; K

(18] N
9 - aromatization
1 and
R enolization
\
..

- >

e T

C R . ,
sxngle turnover in’ whlch HRP I is converted quantltat;vely

to HRP by the d8&§é§;; of two molar equlvelents of . electrons}

from .one molar equi Bnt ofr;~éresol may. 1nvolve a. step,
v .

Equatlon [1214 wﬂich alsé proc%eﬁs with. q 2 l st01chlometry
-
The same 1sétrue for the’ addltlon of‘h half molar equlvalent

o

of p- cresol to HRP - I (Equatlon [14]}). An 1nvestlgatlon of

one stoxcnlometry problem 1mmed1ate1y presented another

st01ch10metry problem. The flrst step 1n the solutlon of

‘this- second problem should be to - 1dent1fy the oxldatlon
By - \

prdﬁucts o Pummerer“s ketqpe and the blphenol in the single

turnover e&perlmentsv Thls would be dlfflcult for the .

<3

.

following reasdnb. A .Single turnover of 100 mg o£ HRP with p

-: .‘“..-",—"-» ‘-( , » i - . . l_ - o

-
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' " "’a \ . B . A' \ /"/
Pummerer's;ketone or'the biphenol as the substrate would

yield less than 0.4 mg of the ox1datlon product if 1t could *

\
»

be 1solated quantltatlvely.( HRP cannot be cyéled in the

- |

4 -

o »'HRRp not react in lts ba51c form., A very large excess

bl

- [

‘, 1n due to the low solubll:.ty of the ketone 1n water.

IAF I ste i ate at hrgh pH to ox1dlze Pummerer s ketone because

of Pumm!rer s ketone relatlve to the en;yme\ls dlfficult to -

A3

EEY ru‘

o

lu ough tne biphenol cowld. be. ox1dlzed Hy HRP Ln\the steady W .

o ! o L%

state, the probablejz§1datl

2

:product ;s the correspondlng

. P o &
w572 2'-d1phen0qu;none Unlessvhegmalyrsdbstltutéd especrally

. .n

4; w1tﬁ?methoxy gxbups, ,2 2 —d1phenoqqgnpnamdéinat1ves are .

-

. ighys
v extremely unstable and cqﬂ}bquently difflcult to 1solate

) (43-45) Also, as thlS dhﬁpter has r§6r¢3de, analysrs of .
. .
~ steady state productsﬁgay haye severe lhmitatLOns 1n defln-
1ng products from single ff mover experlments. ER R
) R rhs) ‘. <. '¥ »

3 :‘

-‘. . »: To 1dent1fy the oxfda;?fv product of ?ummefer s ketone

v@ tHe inywalternatlve 1-%{~t;ely on a model system. Potassium ¥

© 3
ferrlcyanldeﬂwas 1n1t1ally chosen as a iﬁdel oxrdant because

Ny s/
- «

1t ox1dlzes p- cresol by dehydrogenatlon as does HRP, and

. both ox\Hants vlve esSentlally the same prodﬁcts (46) :

-~
e \

o I
- Several unsuccessful attempts, w1tn varylng condltlons of

’ L

solvent and pH to promote enollzatlon were made to oxrdlze
Pummerer S ketone wlth\pota551um ferrlcyanxde Coupled

gas chromatography and mass spectometry con51stently‘showed

Pummerer's;ketone.
o N . 3 : . : . !

“- . Another pos<ibility for a model oxidant involves the

S R { , ) Mh\ T . e - . . .

- S
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K -lfbo complex. .P?xtsmoutn.‘, and Beal (47) have | .

complex to behave,Aike peroxa.dase wlth a varj,éty w 3
o . s

‘ﬁ"of substr?ites " This cofplex can mlmlc HRP- I in qeveral

. ‘ respects ﬁand it" has no lntermedlate analogOUS to HRP-II to

prevent the' steady state cycle. | However, th&r; res%lts

3 N b

_showed §hat osldatlve breakdown of deuterohemln was ‘a .

problem which was“accel@';pted by e:’cf:ess hydrOgen peroxa.de
siv

‘.}"‘4‘

‘ _ ,tA_Hence, t'h{ﬁ model syst '

deuterohemxn would ha

is of aublous valqe because the | T
ﬁled ‘in. the steady state IR o
1&3-;7!:1 orc}er to produte an /amount i

&

w1th gxcéﬁs hyd.rogen

of xgxe Pummefer s ketone oxldatlon ﬂtoduct nacess:zr f.or : A; .

»” i . % [ ; FE ) )
I, ;, l&entlflcatlon : -'f - ' v ﬁ-;“, e

s
<

- ‘ ‘.é' g . f‘ “. o ‘ : . 6 . . ; .
0wy £ 4 A possxble proﬂuct of tr@peroxldation"?of ,Pummerdr’g , Lo
v » e *tg. .

. " - " Y

ketone J.S ‘ihown in- structure XV an&"ﬂerhaps formed as B

g shown 1n E&%atloh [191 . s o ; A" _

XV I . xIv
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w0 - S -5 'y
Accordlng tphthls scheme, the reactive enok (II) is. de- 1 '

hydrOgenéted by’ one.moru of HRP I‘to yield HRP- -II and the ‘

“enol radical represented by he«;wo.cangnxcal gtructgres

&% of uRp-I, Héh§%§og€hates'the Lo

XIII and XIV. The seeonl

o meth;ne hydrogen cpos;txo 45) to glve xv .The required 2:1

:.scoxchlometry, Equatlon [14],‘fo¢ the reductlon of HRP-I to'- .

\

HRP-‘iI .).S ‘met by thls\ scheme -

J " The 2 l btomchlometry for the oxldatkon of guglacol by ,
: o L ,
HRE found by Santlmone (25) might be best explhlned WIth a :
P
mechanlsm similar to that usedxfor p—cresol The o-methoxym ;@?‘
3 o |
phepoxy radlcal G- dlmerlggs to yleld 2 2'-d1hydroxy-5%§' .
» l%m“( ’
dlmﬁthoxyblphenyl (g)z, ?ﬁlhch 13 been 1solat‘ed a? g

.7 'product of the peroxldase oxldatxon of gualacol (8 R .‘«~‘

\ .
o ) , N £ . ‘ . . QY ) . L o
e e ) S !

L ‘ T

w0 ? 7

’nv (7). © '# . HRP-I +”e ' HRP -II + c- _ﬁe' -
ﬁf’rzm S P N < :»a(or
iéxl - HRS?I; + 5(6) S —> HRP +,Products e

- A ., 3 F:

‘5[22]' L HRP-I + G . - > HRP + Products *

T *,. - A . o . - s I | », : ...
.) ~ | \ - : ’ )‘ ’ . ’ . f'\
Thls b;phenol can very llke}y undergo furthex oxmdatlon
' ST :

. x,,p.nd ;&me HRP II to HRPy A p;obablé oxldatlon produch of

- »> ‘ '4 . . .
(6)2 is a 2 2'wd1pnegoqu1none derlvat.xve,.(rXVI) v T © 3

Q
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"Derivativeg of 4 4'-d£phend§u' ones  are well known, And.those
of 2 2'-d1phenoqu1ndpe altholigh much\less common are knbwn
to exist especially when- substltuted with methoxy grou%;
(43-45)', ' The tetzdmerlc product formed by the peroxidase

oxidation of gualacol (8,48) may be a OXLdlZEd dimer of

\ 5 . 1'\"'
2 2'-d1hydr6&y 5 5'—d1methoxyb1phenyl . ' : 3
v ’ v A ’ -
, éié\ | \ w1 | o b
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CHAPTER 1IV. ARRHENTUS ACTIVATION ENERGY FOR THE FORMATION

. OF HORSERADISH PEROXIDASE COMPOUND I

v } o x
4.1 Summary

The rat\\of formatlb&\of Compound I from the reaction

'of native horseradlsh peroxidase w1th hydrogen peroxlde was

»:’"-

* studied from 3.7 t6 70.0°. The second-order ratewigpstant%

‘were used to construct ah Arrhenius plot_from“yhich the

g, . - .
' activation energy of this reaction was calculated to be

;} 3. Stl 0 kcal/mole. The 1rreversxb111ty of the reaction at

¢ 25° was conflrmed b% comparlng the absolute absorbance o

ncnanges-as recorded’ by the stopped—flow appamatus.wlth the

. . ) . &
a - known spectra of the native enzyme and Compound I.
- h ' ’ B ¢ T \

e | : o SR g

4.2 Introduction

. The stolch;ometrlc reactlon for the formatlpn of
Compound I from HRP is L \
() - HRP + Hzoé\ ~————»" Compound .I
. . \‘.\ | . ‘ .:. !\ '
Al | I ) Lo

3 o “'.‘- . .
b and is, known to be seocond order over a range of substrate
\ . . . N . }b

‘concentrations (l)»”“The firSt temperature erendence of the

rate of th;s reactlon was undertakpn in 194Zk'at whlch time

there appeared to be no s;gniflcantly measurable increase in

'"has been,CO?Sideted to be very small, approximately seven -
. v R

orde:§_o£vmagnitude smaller than the'forward rate (1).. The

A o : S R i,

rate with temperature-(2,3). The reverse rate of_reactlon 1

Vo

.
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w8t 7

present paper descrlbes expe

hts performed to obtain the

temperature _dependence of the‘reaction from which the -

!

Ry actlvatlon energy for the formation bf Compound I can be'

[}

y

S ‘ calculated Also, changes in absorbance measurements have

. 9

been used to uerlfi’the éssential 1rreverslb111ty of this

reaction. ! ) o o ]
. o \ A!€b| | :
4:3 Experimentalx s ‘_ C | S v '
S / , i
Materials ‘
Horseradlsh peroxldase (Lot No. 7024524) wa¥ purchased‘
~ from Boehrlnger—Ma" ~)an grmonsum sulfate pre- o
o clpltate and was' p by exgenslve dlai¥51s s
u ‘agans_t“ multiply‘&i_'s‘t '“"’lgd,"ﬁat‘er followed by Mingpore £il- ’
1xrat10n. Isozyme c, “using. the notatlon of Shannon et al. f‘ ) ;
(4) and of Paul and Stlgbrand (5) has been determlned to be o
. the major component of HRP obtalned from Boehrlnger-Mannherp
- \ \_ c\orp. (6). Desp:.te some fa;u.r'ly compl:é‘cated klne\tlcs, there’

. - has never been any valld kKinetic ev1dence for a detectable

amount of\a second 1sozyme component (7) Enzyme purity and
. \ ) ' ”

. -
concentratlon were aetermrned from absorbance measurements

at 280" ahd 403 nm. a purlty number of 3, 54 was obtalne@ ' ‘
, 2 ¥
J Publlshed vak es usually\lle between 2 8 and 3 2 It ‘was %1*;_%L
‘o ? e A C | =
found that extensxve d1a1y51s tends - to increase PN values.‘ " o8

© e e . .
Multlply dlStllled water was used throughout and buffers Y ;
[ ‘\ . ) - w

//were made from reagent grade materlals. R o

-
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Kinetic runs were carrxad out on a Glbson—DurrUm
|

stopped- flow Spectrophotometer model D- 110 in the absorbance

. ~d
‘mode at 403 nm with a 2 cm cuvette. Steady state spectra
M

" and absorbante measurements were made on‘a.Cary 14 spectro-

Q

photometer, pH was measured w1th ‘an .Orion 801 pH. meter out-

fitted with a Fisher comblnatlon electrode callbratEdﬁhlth

3
\

fresh standard buffers, and solution temperatures were maln—.
‘tained to 10.3° by c1rcu1ating thermostated water. The upper
PN limit of the temperature range was-ﬂi&h hecause at any hlgh-

" ar. temperature a signxflcant amoun};»%f HRP denatured durmg

f

the incubatlon perlod§ﬁ§A check s

Cay \ *
peroxide and/or enzzme was carriedgo

solutlons in the dr1Ve syringes for aéperlod of time approx-

1Lmate#r equal’ to the time necessary to perform a klnetrC\ .

;

experiment. Then ‘the solutlons were qwleliﬁpEPIed to 25°‘

q‘a klnetlc experlment performed\ra.ordér to compdre th o
\ . i
absorbance change accompanylng the reactlon after 1ncubat10n

;w1th the absorbance change.expect withput the 1n¢ubatlon
(4

. perlod Because the enzyme absorp 1on'at‘403 nmydecreases

-~

1
wlth denatuxatlon, the lack of. a s;gnlflcant de¢rease in the

. 0

.absorbance chapge 1ndlcated no’ destructron of elther reactane
- 8o v

- N . . .
5 - . . ' . - o, ¢ -

L

MethOdS . i .' ) L " N . l ] '\ ;J' .

! <

Stopped ~-flow klnetlcs were performed under second-order

»~r

P .
L ’ ! -

e wcondltlons where the 1n1t1al concentratlons of HRP and i

hydrogen peroxlde are.equal, The concentratlon_of hydrogen'




b

V4
upero%ide was detefmined as previously described (8). One
.driveusyrihge contained 2.0-uM HRP and the other~contained
2.0 uM‘hydrogen peroxide, fesulting‘in an initial reactant-
concentration\of‘l70 uM for both‘reactants in the 2 cm
cuvette. Both drlvéﬁgyrlnge solutlons had phosphate

. buffer (pH 7.10£0.02 and ionic strength 0.01) and 0.1 M .~

potassium nitrate as common components for-a total ionic
- B '

-strength of 0,11. rThe reaction-resulted in a decrease in =

absorbance as- a;functlon of tlme because the molar absprp—
’t1v1ty‘at 403 nm for Compound I is »ess then for HRP (EHRP
\ W .
5 M~1 4 -1. -
. 1.02x10° M qupound I= 5. 31x10 M cm (10

11) ). Checks of the absorbance#gganges recorded by both e

Cl ; {9) and €

o 4

1n§truments should be the same.  .In the-eXperlments per-

e RTIE o
formed on a Cary 14 speétrophotOmeter, 1n;t1at1bn of the- 7_--

&

on the end of a Teflon plumper.

Steady ~state. spectra,ﬁlnmtlated in the same fashion, :
X i
were ;ecorded wlth [HRP] = 2-0 uM; [I ™ 10 Q uM andtfy“i

IH' ] = 4.0 uM The steady-state spectrum of such a

] ‘\ ’ : g i © ‘

reactlon mlxture Jis known to be Ehat of Compound I (11) _
“To achleve the steady state for a suff1c1ently long perlod

;. of time to- récord the spectrum (about 50 s), the enzyme must

L}

cycle many tlmes, the perlod of the cycle dependlng on the';~

rate cqgsgant of the Compound I reaction Wlth lodlde ion and

the concentratlon of lOdlde whlcn govern the rate coutrolilng

step Iodlde ;on was in- excess of the hydrogen peroxzde so

}

i

LR

176



" tration ‘and combine hn‘a 1:2 EtOLChlometry is

177

that should the steady state end before the spectrum was

scanned the enzyme wouid revert to-the’ native form and’ no
v

1onger exlst as Compound I whlch would facilitate detectlon

of the end of the.steady state. - R

The - 1ntegrated rate expre881on'for the reactlon of HRP

‘@

wrth H202 where theiifactants are in equal initial concen- -/
L B b

e
-

;‘ &
. -

1 h‘ . ’ .

12y, )/[HRP]* }ct +. l/[H.RP] s

o . L3

. . Tt .
., . :
W s : .','- T - -

- v ) [ “ : i ) ' le v
1 [HRP]t =v_[HRP.‘]‘6 (Vt-v'”)/(vo_v«:o_) L

]
wpo & :

7 s “ 2 \ﬁ \))" . >
where V .is 'the stopped flow apparatus photomultlpller 3o§tage .

and Vo, V ' and v, are voltages at times 0 t and @, V. &

)

s . . . 1 . !

. values were determlned by retrlggerlmg the data cdllectlon.

I

d :
system (12) a)aout 8 s after th\e reactlon datp: had been re-

corded Rate constants,were determlned from llnear least-

!

sqnares analySes of plots of 1/[HRP] ;.; These plots Ny o

K

Ajwere llnear for 3 to 5 half~llves. S ’ S |

‘A near neutriﬂ pH of 7.10 was chosen because the rate

of formatlon of Compound I has been showﬁ to bé v1rtually pH

1ndepehdent from pH 5 to 9 (13) Preparlng solutlons at thls

pH at room temperature served to mmnzmlze any change in rate
\

that might be a consequence of the change in pH of the. sol— T L

l . R "\ ) LY > \ @
ution wlth temperature. ; '
-W*TI\' o : : o .

b

<




activation energy of 3.5¢1. O kcal/mole. The actlvatlon energy

L

. hERY -
4.4 geSults and Discxssion—' “ :

The Arrhenlus plot shown in Flg 4 .1 was constructed
}

from the rate constants recorded in Table 4 1 and ylelds an -

; &>
error was estlmated by ra131ng the valhe of the rate constant

..of the highest ¢emperature and lowerlng the,value of the rate .

'constant at the lowest temperature by half of the eXperlment—

50 o

" to 40° (14) | If-the experlmgntal error of(il 0 k&al/mole

al error ln the average rate constant éetermlnatlbn, a newv

[

-éﬁ&culated usxng these two poihts

’ /

energy drfferent bfil 0 kcal/mole

d gave a new A

)tlon energy of Compound I formatlon wlth hydrogen pe OX1i % 1-4".0 -

The value of ~- ’

2 ‘ 5 N . . 178“

. - w\) ?':‘{" :",
and 2.2 kcal/mole, respectlvely. These valu : 'obt\ained b Q@"
. ] : PR I, ' '

from measurements at three temperaﬁures over thes: ge of 10

:{can]also be applled to thelr measurements M14), then ail three rf

‘Values are 1dentical w1th1n experimental error, A small value

"" B o -

for the actlvatlon energy is necessary if HRP is to ’an -3 o
o o I ) /’.. N : . ‘ 7 .!..’: £
‘efficient enzyme, ‘ B ' e : g
The trans.ftlon state theory 1nterprets %Arr_ nius , R
preexponentlal factor A as o " ‘ T :
‘ ) 4 ! C e /f P X
e T ; /f o
(41 . A= 5;‘{3 exp  (astymy -
T he e g o

5 LI ,* o . 2
. . X . i
{

where K, k”[hﬂaand S"= are, respect1Vely, the transmlsSLOn

7]

. .coeff1c1ent Ehsually assumed to be,unlty), Boltzmann s L ””i__‘»' .o

. B - 1 .
-t oy . ) '- # B R ) . o

o - ! -
- X L . VoL

.

. [N
e
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180
178}
17.6
7.4f
wd
_c ‘7.2 ~
170F slope ¢« -1.78 x103 deg
intercept * 2.31 x 10!
16.8 Eact® 3.5 kcal/mole
- A=1.0x100Mmsec?
16.6F+ ‘ -
'16.4 1 1 1 1 1 | 1 1 A1 - J
2.8 . 3.0 3.2 3.4 _3.6 . 3.8
T-1x 103 (deg™)
Fig. 4.1 Arrnenius plot of ln k ws. .T T.

r
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Table 4.1 Second-Order'Rate Constants for the Formation of

Compound I from Native HRP at pH 7.10.

T (°C) kx10~7 (y~1s~lya No. of
] Determinations
3.7 : 1.7:0.1 ‘ , 8
7.4 1.9:0.1 | ' 5
8.6 1.810.2 | . . s
13.0 2.040,2 ‘s
13.5 "2.240.2 ) 5
18.1 2.640.1 8
18.7 . 2.2:0.1 ,Gﬁu I
. 25,0 T 2.510.1 | ' 5
30.0 . 2.3:0.1 | 7 -
35.0 ,  3.820.4 4
40.0 3.740.3 ‘* 6 ¥
45.0 4.6:0.3 6
_“;> 55.4 4.1:0.3 5
" 55.6 4.8:0.3 7
60.0 5.2+0.4 7
65.0 - . 5.320.8 6
'70.0 \; 5.6%0.6 7
-’

a ' . . -8
, Errdérs are the average deviation from the mean.

N «

¥
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constant, Planckiscons;ant, and the entropy of aétivation.
The entropy J?‘activation obtained from Equation [4] is ‘
©-12.810.1 cal/mole-deg. The negative value can be explaindd
in part by a reactioh where the activated complex is more :or-
dered than the two reactants (15). \Howevet, ihe negative en-
tropy also correlates with a smdll ;teric factor accordiﬂg to
collisign theory; and this is to be;expected for reaction at
the active site'of an enzyme, as discussed below.,

The literature on diffusion controlled reactions is not

‘always consistent since different assumptions and boundary

i

conditibns have been used to derive different eguations

4

(16,17). Thus the existence of any steric factor ‘has been
vassumgd to preclude diffusion cantro;‘(18,19). However.,
spheres wiﬁh a uniform surface were assumed to be the re-
actants. ,Suéﬁ a modél is»notbparficularly satisfactory for
an‘enzymatic reaction where the aétive.site is localized

on one portiqh’of é\lqrge sphere or pérhabs is buried in a
cleft of the ﬁphere (20,21). In an interesting publication
by Schmitz and Schurr (22) it is pointed- out that modézhte
angular constraints imposed'on reaqtahts.that orient by
rotational diffusion can;lead to a rather drastic decrease

in the maximum diffusion—controlléd rate from about 1010 to

values of 10° to 5x10° M~ 1s7!, .They contend that it is

plapsiﬂie that reactions thought to be far removed from the

diffusion-controlled rate might in fact be strongly viscosity

dependent. The model used by these workers is a rotating

sphere diffusing to a 1ogé}fiéﬁ site on a plane.. This appears

o

L 4
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v

te bc an accurate model for the planar ferrlprotoporphyrin Ix'
L which is theFaetiwe~51ta of-HRP'-—Whgh a reaction rate is
strongly viscosit& dependent, the actlvatlon energy can in
large part be determined by the temperature variation of the
diffusiaon coeff1c1ents of the reactants as the v1scosxty of
of the water changes and not solely determined by tﬂ.e fraxtion

{

of reasfant molecules with suffxcxent energy to form prodlcts.

Other collisions between the enzyme's protein moiety and )
_hydrogen peroxide may be ineffective. Since coefficients
of~viscosity and»diffusion are lnversely proportional, the
criterion ofga dependence on fluidity of solvent (the‘inverse
of yiscosity). as an indication of diffusion control is used
here %nd in the f0110wing=chabter (17).

Although indisputable proof that the reaction rate * ,
between HRP and hydrogen peroxlde is diffusion-controlled is
lacking, the conjecture is worth con51deratron. Slnce super-—

' oxide dismutase is known to react with the oxygen radical

anion (o:) at a rate of (1.520.1)x10° M~ 1s™! (23), it might

be inferred that 10 M l -1 does. not repreSent/a diffusion-
controlled rate limit. However, no entropj of actlvation
(or steric factor) has been measured for the superoxide i
dismutase reaction. v

When the Naperlan logarithm of the fluldlty of water is
plotted agalnst T l( °K~ ) over tne same temperature range
"as the Arrhenius plot, a slope of (-1.92%0. O3)xlO3 deg is
obtained (24), which when multlplled by the gas constant, R,

gives the activation energy of the fluidity of water as

3.8940.04 kcal/mole (fluidity is the reciprocal of viscosity).

b ]
2
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Thi,s -is the theoretlcal minimum'activation,energy for rep‘

-

actions in aqueous solutlon (17) and xs the same as the

irrhenlus actlvatlon energy for' Compound I formation’ within

"

perimental error.

The percentd@e error in the measuremeﬂt jg\a second- ]
'order rate constant can be calculated accordihg to the
method of Benson (25). Percentage errors calculated w1th
this method at several temperatures gave an average of 3715%‘

The study conducted in 1947 (2) quotes rate constants

6 -1 -1
S

of 8, 9, and 9, all times 10° M at 3, 25, and 42°,

]

respectively,_which are consistently lower than the rate
constants ianable 4.1 measured at COmparable~temperatures.
Dolman et al. (13) pave measured the rate pof Compound I
formation at pH 7.07 and 25° to be 1.84x107 M ls™l. This
value agrees more favorably with the present work

It is Lnterestlng to compare brlefly the comblnlng \
rates of other heme systems with oxygen contalnlng substrateé.
The rate of lactoperoxidase Compound I formation has been
measured at pH 7.17 and 25° by Maguire et aZ (26) to be

1 2x107 M~Ys™1, and by Chance (27)" at pH 7.0 tb be 2x107

‘M 1s™l. The rate of formatjon of HRP Compound I has 9een
measured with methyl, ethyl ), -and hydroxymethyl (28)
hydroperoxides and gave the respective rate constants 1.5,

3.6, and 0.5 all tlmes LQU M 1s -1 which are much slower than

for hydrogen_peroxlde. }Bonnlscnsen et al. (2) have measured
. -

-

the rate of hydrogen peroxide andfhorse blood catalase com-“%'

bination at 25° to be 3. 5x10 M ls 1

!

-——
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Much of the work SM ‘th® kinetics of the react1 n of
hemcloblnA ah! myoglobln wrth oxygen has been complled by
> Antonini/ and Brunorl (29). ; Ilgenfrltz and Schuster recently
used the temperature-jump technlque to measure the rate Qf'

oxygen binding to. hemiil bxn (30) At low oxygen saturation§‘~

a fast blndlng step with a rate constant of- 4x107 M 1ls7! was

S Y
found and at nxgh oxygen ‘saturation two steps were found, a

A

fast‘and a slow step with respect&ve.rate constants of

' ax10’ and 5x10® M™ls7l. vrhey concluded tfat the first bind-

1ng step occurred as fast as ‘the last step and the low af-

Ne
-

finity of deoxyhemoglobln for oxygen}arlses.from theﬁfast -
¢iatian rate of‘Hb402, 103 s71.  The two hemoproteins

. . . . IS .
‘ - show many similarities in their kinetics. However, electric i

.dis

,.field jump measurements have shown a time constant of 1077 s \

for hemoglobin, but a correspondingly short time constant

£

could not,be found for- myoglobln, whlch in "the oxld}zed state,
6 A

]

gave time constants of 10 s (31). The rate of reactlon of

* horse blood catalase w1th hydrogen perox1de has been measured
at two different temperatures.and, assuming the Valldlty of

the Arrhenius equation, the activation energy was calculated

to be 1.7 kcal/mole (2). This valpe ls well below the min?
. .

-imum activation enerqy for-the fluidity of water and is thete- ds
. S e

’.'»:’gf

g
$a-y

{ .

fore of lnterestlng origin. - | K e
- To test whether reaction 1 was 901ng to completlon in
the stopped—flow apparatus, the absorbance change, 'AA, at %S°
QL was determined several times with_an-average.of 0;09510.003.

The theoretlcal AA at this temperature for the same cuvette F
* ] & ‘ &.
i T : _ B A
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. and solutidn speéificatiogs is 0.0978. Steady-state spectra
of Compound Iré%cting with iodide ion, where mo;Efthan 99% of
the enzyme should be in the form of CompdundvI, gave AA = |
0.100 within the reading precision of the recorded géectra“~
Theée qbsorbance measurements substantiate the .claim that‘
reaction 1 is essentially irreversible (1).

| Stpady—state\spectra were attempted aé higher temper- _
atures; but the mueh accelerated spontaneous decay of
Compog%d I to Compouhd 11, Which is a one electron re&uction
o§ the Compound I, interfered with the steady stéte. For\\\
pH vaiueS’slightly greater EA@n 7, Compound I is known to
react witﬂ'iodide ion appfoximately 103 times fdster than
Compound II (11,12). This means that any spontaneously
tormed Compound II will react much less readily with iodl&é\
ion and therefore accumulate in the system if it is fotmed
sponténeous;y. Acéumulatibn of somevCompound Ii'ocburred at
40° therebyAmaking accurate absorbance measureménts im;
possible for steady-state experiments. The AA for steady"
state spéctra at 40 énd~55? ag;ee¢ reasonably well with the
AA as measured at the correspdnding temperature in the
stopged-flbw épparatus, but becguse of the problem of
Compound I spoﬁtaneouéiy forming Compound II, these results
should probably not be relied upon to confirm the irreveré;y/r
ibility of reaction 1 at these temperatures. |

v
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'CHAPTER V. EFFECT OF GLYCEROL AND ETHANOL ON THE REACTIVITY

OF HORSERADISH PEROXIDASE WITH HYDROGEN PEROXIDE

AND CYANIDE @

!

5.1 Summary .
| Pseudo first#oréer kinetics was'used to show that the
rate limiting step of Compound I fotmation of horseradish
pexox1dase is second order from pH 3.19 to 9.76, first order
in horseradish peroxidase and first order in hydrogen per-
oxide. The rate is pH independent from pH 5.96 to 9.76, and
at pH 7.04 it ;s independeot of ionic strength from I=0.01
to 0.11. At pH 7.04 (measured at 25°) and 40° the rate is
viscosity,ihdependent as tested in aqueous glycerol solutions,
thus demonstrating that the rate is not diffusi’g_controlled.
The presence of ethanol decreases both the rate of Coﬁpound 1
formation‘and cyanide binding to the native enzyme.c’since‘ |
Compound I formation and’cyanide’biﬁding involve ligation at
the sixth coordination position of the-heﬁe moiety, the

inhibition has been interpreted in terms of the binding of

. /
ethanol, probably to the sixth position. Evidence of an

enzyme-ethanol complex was obtalned by dxfference absorptlon

and circular dichroic spectroscopy The circular dichroic
T e
spectrum of horseradish peroxidase was studied as a function

of temperature. An evaluation is made of the perox1dase

reactions carried out in aqueous methanol or ethaneol in which

rate changes have been interpreted in terms of the dielectric

constant of the solvent medium.

189
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$5.2 Introduction .-& .

- The rate of~Compound'I~formation of HURP from the re- e
action of the native enzyme with hydrogen peroxide has béen
studied over ‘_wide range of pH (1,2). The rate is indepen-

»
dent of pH between 5 and 9. The rate of Compound I formatlon

\ .

at one pH value in this pH 1ndependent reglon has been
measured as a functlon of temperature. On the basis of an
activation energy value of 3.5 kcal/mole it was postulated N

that this reactlon may be difquLon controlled, albeit w1th

strlngent steric req 1rements (3). The rate of a diffusion’
2

controlled reactlon is 1nversely proportlonal to the viscos-.

1ty of the medlum in which 1t occurs. The rate of Compound I

*formation dmsplayed S'threefold increase from 4° to 70°;

while the viscosity of water dlsplays a 3.8-fold decrease
over the same temperature range. Agueous glyterol solutlons
have been used previously to study the effect of viscosity

on the rate of dirfusion controlled bimolecular reactions
(4-6). Glycerol is particularly'suiﬁahle for this appllcation
due to its high viscosity, high dielectric}constant, and .
'because it forms nearly ideal solutions w1th water (7,8).

Aqueous solutlons of other organic solvents have also

been used to study the effect of,dielectric constant upon
refiction rates (9,10) § and this theory has beenWgplied to

e

enzyme reactions.(ll-l3) The reaction betweenzcatalase and:
f

hydrogen peroxide has ‘been shown to decrease with increasing

concentratlons of ethanol (14, 15) Increa51ng amounts of

ethanol slow the perox1datlon of gualacol by perox1dase
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(from Japanese radidh) and hydrogen peroxlde (16) The rate
7/ |
~of this neme reaction, but- catalyzed by three 1sozyme§_o£__,¢
turnip, peroxidase, gpéreases with increasing amounts of ‘eth- ¢
anol (17). An pxpresuon for the,réaction between dipolar o
. 4

molecules was useqd to 1nterpret these results. The steady
, Sstate rate of oxrﬂation of guaiacol ‘'by HRP and hydrogen per—g\
oxide is inhablted by.metn\Nbl (18). This was explained in

terms of competxtive inhibition where two moles of methenoi“

k :‘,. bind te one mole of HRP. It has beer’ noted previously that
“é:fJ: the rat® of Compouné I formation for HRP isozymes A and C
e doh

- is affected by ethanol, and this was interpreted 1n ;erms of

i

. the hydrophobicmty of the heme pocket (19) g

This chapter presents the results of studying Compoend.I
ﬁormatlon in glycerol ih order to evaluate the postulate of
a diffu31on-controlled rate, The rate was alsovmeaSured in vlw

the presence of ethanol in order to compare this solvent

system with glycérol An ahalogy whlch has evolved between

Compound I formatlon and cyan;de bmndzng is further developed I

L

. : : R R

;2,200 e | B

5.3 Experimental o I j: :

“Materiels ‘

Horseradish peroxidase (E.C. 1.11.1. 7 donor-Hzoz-oxgdo:k: i
reductase) was purchased from Slgma as a lyophilized salt-free. ‘
powder (Type VI, lot 25C~9570), and it was also purchised

. fram Boehringer Maq;helmkcmpH as a purified ammoniium sulfate

Ty, ,/"\‘
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©
suspension (Loty 7315529). ' The Sigma preeeration after vacuum
dialysis agaih t multiply distilled water (21) had a PN of
3.1. The Boehringer Mannhieﬁ preparation had a PN of 3.3

after extensive dialysis against multiply distilled water.

Isozyme C (22,23) has been determined to be the hajor compo-

nent of many commercial preparations (24-26). Glycerel from -

-

Fisher was vacuum distilled (140°, 1.5 torr) to remove trace
impurities which caused a reaction wisk native HRP. All
other materials were reagent grade.
O

Methods | ' , | ,

Absorbance spectra and‘measurements were obtained with
a Cary 14 spectrophotometer equipped with a 0-1-2 and 0-.1-.2
absorbance slidewire. The cell compartment temperature was
maintained by circulating thermostated\water. Difference
spectra were-obtained by first recording the baseline with
2 ml of the aqueous-organic solution in the sample cell and

. : )
2 ml of agueous sciution in the reference cell. Both cells

-

B
e -,

contained buffer. An identical amount of enzyme was pipetted
into each cell, and the solutions were thoroughly mixed with

a Teflon plumper before recording thefspgctrum. CD spectra

el
T e

.wege recorded with a Jasco model ORD/@QéS spectrometer which
had been specially modified for sen51t1ve CD measurements
The cells used to obtain the CD spectra were jacketed and
could be thermostaged with circulating water for precise

temperature control. A rapid fiow of anhydrous nitrogen

through the cell compartment prevented condensation of water

192
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on the cell windows during the low temperature measurements.

From 600 to 250 .nm in a 2 cm cell the concentration of HRP

ol

or Compound I was 9 uM in phosphate buffer pH 7.04 with

I=0.005. - Below 250 nm a 1 mm cell was used with a 1.93 uM
concehtrationlof%COmpound I And HRP in the same buffer.

The rate méasurements were 6btained with a Gibson-
Durrum qtopped—flow apparatus model D-110 using a least a
tenfold excess of hydrogen peroxide or cyénide compared to
the enzymeﬂto ensure pseudo first-order conditions. The
concentratiop of HRP was ' D.6 uM. The rate of reaction of HRP
with hydrogen pero;ide or cyanide was followed at 403 or 420
nm, respectively. Both drive syringes cbntained 0J1 M
potaséium nitrate and buffer of I1=0.01 for a total ionic'
strength of 0.11. For the stopped-flow experiments in
aqueous-organic sdlutions, equal ‘amounts of glycerol or eth-
anol were added to the enzyme and substrate solgtions._ For
each set of conditions'eight indi&idual determinations of the
rate constant were averaged for the best value. The nonlinear
least séuares method of computing first-order rate constants

has been described (27). The kinetic curves were first,

order and. followed Equation [11

—d [HRP)

(1] - k pg [HRP]

where-kobS is a pseudo first-order rate constant. Errors’
given for the rate constants are the larger of either the

average standard deviations or thHe dverage deviation from .

/
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the mean value.

The concentration of HRP was determined-spegtrophoto-

metrically aé 403 hm using a molar. absorptivity of 1.02'x105
M_lcm_l (28) . The concentration of hydrogen peroxide was
checked weekly usiﬁg the HRP assay (29). Potassium cyanide

solutions were prepared immediately prior to use and.were not
used longef than a few hours. . The pH was measured with an
Orion 801 pH meter ?quippedeitﬁ alFisher combination élec—
trode calibrated to 10.03‘pH units wiﬁh commercial standard

buffers. The pH of the phosphate bﬁffer"was measured to be

.’ 7.04 at 25° in the absence of organic solvent. The addition

of glycerol or ethanol (30) alters thé'pH significantly; and
therefore, as the qﬁantity of these-organicusolvents was
varied the pH also changed. - The éhange in pH.was'not a_pfob—
lem because both the rate of Compound I formati&n (1) and the _
-rate of cyanide binding (31) are pH independent near pH 7.

For tﬁe same reason the’change in éH és.a function:qf tem-
pefature does not affect thelrate of Cémpound I formation or

' N
cyanide binding. The ethanol concentrations were corrected

~

to.agcount for using 95% v/v stock solutions. ‘ s

An Ostwald viscometer thermostated at 40° was ‘used to
determine relati§e viscosities. The flow time of a solution
of 0.6 uM HRP in Ofl M potassium nitrate and phosphate buf-

fer pH 7.04, 1=0.01, at 40° was assigned unit relative

40°
rel’

and were- reproducible within 0.2 s with times ranging from

viScdsit}, n Flow times were determined in triplicate

2

72 to 180 s.
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The dielectric constant of the'aqueouSTQrganié solutions
at 40° were inﬁe%polated‘from published data (32) and weﬁe '
then corrected for the effect of 0.11 M electrolyte (33).

The eiectrolyte correction required that the dielectric con=

stant be diminished by 2 units.

5.4;7Resu1ts - . ’ \\

Compound I Formation in H,O . ' ‘ ' \

The value of k obs for the fofmation of Compound I was
feeermined at 25° for several concentrations of Hzo2 and in
seQeral buffers from pH 3.19 to 9.76. These data are plotted
ae k obs V8" [H ] 1n Fig. 5.1. Fig. 5.1A shows the data at
pH 7.04 in phosphaQe buffer, and the data for Flg 5.1B
encompass a wide range of pHr These plots are linear and
have zero intercepts indicatipg,the rate ‘'limiting. step of
Compound I fermation for thie-[H O ]} concentration range is

overall second order, first order in horseradish. perox1dase

and flrst order in hydrogen perox1de. The slope 15 the

second-order apparent rate constant kl app" 'Equation-[zl
: ’ ' ’
_ )
/
-d[HRP] _
[2] T dt - kl,app[HRP]total[H 2]total ' .
- |
'definESkl,app‘ The values of kl,app from the’'data in Fig. 5.1

are ‘recorded in Table 5.1. Between pH 5.96 and 9.76 the rate
is essentially pH independent, whereas at pH 4.38 and 3.19

this rate is much slower. This trend agrees with the work



196

% 10 26~ 30 ) 50
10°% [#,0, ] (M)

Fig. 5.1 Llngar plots of kobs vs. [HZOZ] er\Compound I for-
mation at 25° and several pH'values;v A. Phosphate pH 7.04.

B. 0 Glycine-HNO, pH 3.19; @ Acetate pH 4.38; w Phosphate

.

PH 5.96; A Tris-HNO, pH 8.09; A Carbonate pH.9.22; O Car-
bonate pH 9.76. \When the symbols are bigger than the error,

there are no errdr bars. ;The slopes, which were calculated
\\ .
by a linear least ‘squares analysis, are the values of k

.

. llapp
(See Table'S.l). : - | ‘ 1 '
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Table 5.1 Apparent Second-Order Rate Constants  -for the

Formation of Compound I as a Function of pH- at 25°.

6

7 . 10%k [H,0,]
10 "x kl,app pH Buffer range
10.185:0.008 e 319 Glycine—HNOj 6-50
1.04+0.01 4.38 Acetate 6-50
1.55:0.03 5.96  Phosphate 6-45
1.42:0.03 7.04 Phosphate * 6-65
1.67+0.02 8.09 Tris-HNO, 6-45
1.59%0.02 9.22  carbonate ‘© 6-45
1.52i0.03 9.76 Carbonate 6-45

a

The errors are standard deviations computed

least squares analysis.

/
by the linear
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of Dolman et al. (1). o a .
o . 1 A . . ) ¢
The rate of Compound I formation wag studied as a func-

tion of ionic strength to evaluate %he primary salt effect
v 0
The rate measurements were obtained at 40° in phosphate buf-

fer pH 7 with [H2 2]—15 uM. Since Flg.\ﬁ 1A is linear, kl,app

_,could be obtained by dividing k by lg HM. The Brgnsted-

obs
Debye llmltlng rate equation predlcts that a plot of 109

k vs. the square root of ionic stren?th should bé llnear

- l,app
with:a slope of zero if the net charge on‘one of the reactants

is zerof The ionic strength of the buffer was maintained at

0.0) while that of KNO, was varied. The values of k
ML 3 1,app

as a function of ionic strength-.are recorded in Table 5.2.
There is no significant variation in rate which is in agree-

ment with 2z, , =0 at pH 7,04. Thus, H,0, and not HO, is the

205 272
reactive species in agreement with the results of Dolman et

&

al. (1).

Compound I Formation in Glwcerol

The rate of Compound I formation was studied in the

E]

presence of increasing amounts of glycerol-to determine theé
effect of viscosity on the rate. The ratevmeasurements were
made in phosonazzsgnffer Rear pH 7 at a temperature'of 40°
w1th [H ]=15‘nM The dielectric constant of the solutions,
as well as the v1scdb;ty, is changed by the addition of
glycerol. The valuesab kl ,app’ the concentratlon of glycerol,

the relative v1scosity, and the dielectric constant (corrected

for the presence of electrolyte) are recorded in Table 5.3.

/

(
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Table 5.2 Apparent Second-Order Rate constants for Compound

I Formation as a Function of Total Ionic Strength in Phos-

phate Buf

fer gH 7.04 at 40°.

-7 =l -1 Total
10 'x kl,app (M ) Ionic Strength
1.99+0,05 0.01
1.96+0.05 0.02
2.04%0.06 0.03
2.00£0.07 0.04
1.94:0.07 0.05
1.93£0.07 0.06
2.02:0.07 0.07
" 2.04:0.07 0.08
2.00£0.10 0.09
1.99:0.06 .T - 0.10
’ 2.03:0.10 0.11
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Table 5.3 Apparent Second-Order Rate Constants- for the

Formation of Compound I as a Function of the Concentration
W

of Glycerol in Phosphate Buffer near pH 7 at 40°.

a'DiePectric data from Akerlof ref. 32 is corrected for the

presence of electrolyte by the method of Hasted et al. ref

a
"107 7% K1 app [Glycerol] nd0’ 33;:
1.88+0,06 0.0 1.00 71.4.
1.92:0.07 0.342 1.07 70.6
1.93£0.06 0.685 1.13 69.7
1.98:0.08 1.03 1.20 68.9
1.99:0.09 1.37 1.27 68.1
1.85+0.08 1.57 1.32 67.6"
1.9440.07 171 1.37 67.3
1.8440,07 2.05 1.46  66.6
1.9240.07 2.40 1.58 65.7
©1.8920.07 2.74 1.71 64.9
1.8120.06 2.88 1.78 64.6
1.82:0.07 3.08 1.86 64.1
1.86:0.08 3.42 1.95 63.3
2.05+0.09 3.77 2.19 62.5
'1.80:0.06 4.11 2.42 61.7
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The ratg of Compound I formation is independent of viscosity

and dielectric constant of the solvent.
, [}

bompound I Formdation in Ethanol

The rate of Compound(}’formation was studied in the
presence of increasing amounts of ethanol in phosphate buf-

° : =
fer néar pH 7 at 40 —WJ.th [H202]—15 uM. The values of kl,app’

the concentration of ethanol, and t dielectric constant

corrected for‘the‘effect of electrolyte are recorded in

.

Table 5.4. A significant decrease in kl app occurs with in-
’

‘creasing ethanol concentration. - This result can be interpret-

ed in terms of competitive inhibition, Equatiqp [3];

ka . ) ‘%4
: HRP + H202 ——— Compound I
[3]. K Tl
HRP-EtOH

N o :
Con &
% . P
- ;

where the‘enzyme is in eq;iiibrium.wieh an enzyme-ethanol -
complex. Thiﬁvcomplex ;s considered to be unreactive or at
least‘not significantly reaéﬁiveucompereq to hncdmplexed HRP. .
Defining K as the~dissocietion constant for the HRP—EtOH
complex, and usiﬁg the expression for the reaction velocity;

Equation [4].can be derived.

[4]
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Table 5.4
Formation of Compound I as a Function of the Concentratlon

of Ethanol in Phosphate Buffer near pH 7 at 40°

'

Apparent Second-Order Rate Constants for the

See footnote a of Table 5.3,

- S ‘ 40° ¢
107 % ky o ) (EOH] () ¢ orr
. 2.03%0.1 0.0 71.4
1.8340,09 0.0 71.4
1.72:0.07 ' . 0.811 . 69.5
1.6240.06 1.22 " 68.7
1.48£0.1 2.03 66.5
1.4220.04 2.43 65,4
1.3610;05 2.84 64.é
1.28+0.0% 3.25 63.2
1,22:0.03 3.65 62.1
1.21:0.04 4006 61. 4
éf1{1910.04 4:46 §e¥ 1 60.1
1.14+0.04° 4.87 58.8
a
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If Equations [3] and [4] apply, a plot of the reciprocal of

kl app vs. [EtOH] should be linear. Fig 5.2 shows that this
’

plot is linear, and K=7.2%#0.4 M can be calculated from th
slope and ordinate intefcept or from the negative abscisqg)\

o

intercept. The value of K and ka are recorded in Table 5.6.

Cyanide Binding to HRP in Ethanol

The rate of formation of the cyanide complex of native
HRP is also inhibited by ethanol. The rate meqsﬁrements were
obtained in éhosphate buffer near pH 7 af 40° with [KCN]=50
WM. With this large efcesg of KCN compared to HRP the binding
can be considered to be almost irreversible. The values of
2,5§p ( the second-order apparent rate constant for cyanide

binding)‘are recdrded in Table 5.5. The decrease in k f

2,app

with increasing ethanol concentration can be -interpreted by
the same inhibition scheme that was used for Compound I

formation, Equation [5].

Tk i
b ' :
HRP + Cyanide -—————» HRP-CN

[514/ K 11 < ‘
HRP-EtOH '
Fig. 5.3 shows the linear plot of the recjprocal of k2 app
. . ' ’ ’
vs. [EtOH] which yields the same value of K within its stan-

dard deviation (6.9:0.8 M) as did tﬁg~3&€3}ts for Compound I - °©
fbrmat(Sﬁ. See Table 5.6. , ‘ « |

Y
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3 "41 1 ‘ 1 1
0 - 2 3 a 5

b [ErOH] (M)

’ .
Fig. 5.2 Linear plot according to Equation [4) .of the

'reciprocal of kl'app
: 14

phosphate buffer pH 7 at 40°. ky app Was determined from
. { 7

vs. the concentragtion of ethanol in

kobs at [H20 ] = 15 uM. The values of k and K were ca]cu~

lated from the ordinate lntercept and slope which were

determlned by a llnear least squafes analysis (See Table 5. 6)

‘ \j .
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+

Binding of Cyanide as a Function/of the Concentration of

v
EfBanol in Phosphate Buffer neay pH 7 at 40°,

!

10"°x Ky app M~ ts™d)  [EtOH] (M) .
, ' Y
1.81%0.06 - 0.0
1.7620.04 . o 0.406
1.72:0.02 " 0.811 e
1.56:0.04 D ) 1.23 '

: 1.59+0. 05 . l.e2 &
1.49:0.10 \ 2.03 o
1.46£0.04 . 2.43
1.47£0.03 3 2.84
1.36:0}09 | '/(T/T_—_\N 3.25
1.31:0.06 | | 3.65
1.3240.03 | 4.06 '
1.14+0,08 o 4.46

1.07+0.10 : : 4.87 i



10 7k, ,app (Ms)

Fig. 5.3 Linear plot of the reéiprocal of k vs. the

2,app _
concentratior of ethanol according to Equation [4] but
applied to cyanide binding in phosphate buffer at pH 7 at

40°, k ‘'was determined from kobs at [KCN] = 50 uM; The

2,app ‘
.values of kb and K were. calculated from the ordinate inter-
~cept and slope which were determined by a linear least .

squares analysis (See Table 5.6).
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{ !
spectrophotometric Detection of the HRP-EtOH Complex

> L

Difference absorption spectroscopy was uifd to detect

"the complex between ethanol and native HRP. A difference.
spectrum was recorded as a function of time and is shown in
Fig. 5.4. Positive extrema are located at 409 and 386 nm,

and negative extrema are located at 480 and 255 nm. A éair

- .0f isosbestic wavelengths on the baseliné (452 and 263 nm)

by

lndlcated the 1ntérconver510n of only two spec1es. After 60
‘minutes the snectrum ceased to change. The maximum differ-

ence in'absorbance atf409 nm represents’lessuthan 3% of the
total.absetbanced based on an estimated molar absorptivity of
9‘4x104 M_lcm—l for HRP at 409 nm. D;}ference spectroscopy

| was used to make a determlnatlon of the HRP-EtOH dissociation:
constant, K,~a5‘def1ned in Equatlons [3] to [5]. The rec1p—

409 S

rocal of the absorbance change at 409 nm, AA , was plotted

against the reciprocal of the concentration of ethanol accord—

ing to Equation {6]

. [6] “%ﬁ?‘ ~ — g - 4 409 -
, AAT e TUHRRD oy o [EEOH]  Ae [HRP]tQtal
R , 409 _ _409
where [HRP] . . = [HRP] + [HRP-EtOH] and-Ac = ®HRP-EtOH

eggg; The plot ie shown in Fig. 5.5. The linear slope and

~ordinate intercept or the®negative abscissa intercept can be

used to calculate K=4x1 M. !

Circular dichroic spectroscopy was also used to detect

the ethanol complex of HRP. The CD spectrum of native HRP
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Fig. 5.4 The dlffer\ece absorption spectra in l cm cells of
HRP (17.5 uM) in ethamol (2.6 M) and phosphate buffer pH 7
(lonlclstrengﬁh .005) at 40°. The reference cell contalned
equal quantltles of everythlng in the sample cell but ethanol.
The first spectrum (———)_was recorded‘within;; minute'of
mixing, and the second (----) and third (+--+) at 25 min;te;_’
and 60 mlnutes Iso:bestlc‘pOLnts occur at 452 and 263 nm.
HRP (0.7 ml bf 67.4 uM) was plpetted into the reference then

. sample cell eath containing 2 ml of solution. The - 0-0.1

slidewire was used.

v
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Fig. 5.5 Double recipréca; plot of the.absorﬁanée change

AA vs. the'cqncentration of 'ethanol, in phosphate buffer pH

7 (ionic stféngth 0.005) at 40°. AAxwas.determiﬁed.by dif-
ference spectroscopy. The straié%t line was calculated using
a 1inear_least squares analysis wéighted*by the reciprocal

of the estimateq percent exror in each data point. }The value
of K (See Table 5.6) was obtained frqm the ordinate intercept

and /slope or from the negative absicissa intercept,
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in Fig. 5.6 is identical to‘that'already published:fpr HRP
isozyme C (34,35). 1In 3.5 M ethanol there are slight reprol
ducible differences in the CD 'spectrum, presumably due to

the HRP-EtOH complex. The'ellipticity of the positive gand

in the Soret region is.increased slightly and is shifted from

407 to 410 nm. Also, the negatlve bands at 372 and 340 nm.
have sllghtly smaller elllpth1tleS Other reglons of the CD

spectrum, 1nclud1ng the large negative band at 208 nm (not
. _ )

shown) which correlates with the a-helical content, remain

!

unchanged.

- Spectrophotometric Detection of Interactions between HRP and

i

Glycerol

[ .
leference absorptlon spectroscopy was used to detect a

change in native HRf in the presence of glycerol The spec-
trum is shown in Fig. 5.7, and there was little change with
time.' Broad absorbance maxima occur at 407 and 385 nm, and
a- minimum occurs at about 290 nm.. The absorbance change at
407 nm represents appréximately 1.5% of‘the total absorbancet

'Che CD spectra of HRP in water and in glycerol are .identical

from 600 to 190 nm within instrumental sensitivity.

+
!

Temperature Dependence of the CD Spectrum of HRP

The temperature dependence of the CD spectrum of HRP,

Fig. 5.8, was investigated to see if there are thermally in-

duced structural changes. Increasing the temperature from

4° to 67° decreased the ellipticity of the positive Soret
. 3 N R '

-
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Fig. 5.6 Circular dichroic spectra of HRP ( ) and its
ethanol complex (----). The enzyme concentration was 9.0

uM with phosphéte buffer pH 7 (ionic stréhgtﬁ 0.005) at 40
in{aA2’cm éell. The'ethanql copcentratiop was 3.5 M. The
absorption spéctra at the bottom of the figure were recorded
simultaneously with the CD spectra. /The bgselines forieach

solution were coincident.
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Fig. 5.7 The difference abSorpfion spectrum in 1 cm cells of
HRP (13.5 uM) in glycerol-(2.8 M) and phosphate buffer pH 7
fionic strength 0.005) at 40°., The refereAce cell contained
every?hing innthé sample cell but lecerol. The spectrum was
- _recorded withﬁn.l minute of mixing and did not chénge.sig—
nificantly‘wifh time. HRP (0.5 ﬁl of 67.4 uM) was pipetted

into the ‘reference then sémplé'cell each containing 2 ml of

solution. The 0-0.1 slidewire was‘dsedl‘

S
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Fig. 5.8 Circdular dichroic speclra éf HRP at several tem-
peraturesf(——— 4°; —-;A27°; . 48?;.and —:—-;67°). The
conéentratioﬂ of HRP was.9 uM with phosphate buffer pH 7

(ionﬁ'fstrength 0.005) in a 2 cm cell. The same solution

was used for all temperatures. The absorption spectra at

the bottom of the figure were recorded simultaneously with

-'the CD spectra. When the sample at 67° had been cooled to-

26° it'produéed CD and absorption spectra identical to those-

at 27° indicating reversibility. Both baselines were tem-

perature independent.
v
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band. From 300 to 250 nm only the spectrum at 67° was detect-
ably different. After the sample was held at 67° for 30 min-
utes (the time required to recoré'the spectrumz, iE was
quickly cooled in ice-water and the allowed to return to 26:.
Its spectrum was identical to that of the unheatggisample at
27°. Therefore, these thermally induqed changésyére reveréi— ]

ble. The charniges in the absorption spectrum are also rever-

sible.

" cD Spectrum of Compound I

3

The CD spectrum of Compound I, Fig. 5.9, was recorded at

-

20° and is very different from that of HRP. The negative

band at 544 nm of HRP has disappeared in Compound I. The el-
+ . ( . .

lipicity - of the positive Soret band has decreased and has

I

. o . { .
shifted from 407 to 423 nm. The negative band at 208 nm
_ (not showﬁ) }Emained unchahged. The stability of the Compound

1 preparation was verified by observing that there was no

L)

detectable. change in'its absorption spectrum at 400 nm after
" the time required to record the spectrum.

f ’ B " ’ . ; . . [y I
5.5 Djiscussian - "

The. linear plots of kébs vs:«[ﬁzozq for Compound I

formation in H,O demonstrate a second-order rate iimiting

step. This result does not elimiﬁétg the possiﬁility of a
transient~en;yme—substrate complex; but it places‘limits.on° ]
the pertinent rate consténts. If.a complex wefe present

under the conditions bf Fig. 5.1A, then the unimolecular rate

B . LY
° \
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Fig. 5.9 Circular dichroic spéctra of HRP (~~) and Com-

pound I (---). The enzyme concentration was 9 puM with pH 7

Aphoéphate buffer (ionic strength 0.005) at 20° in a 2 cm

cell. Compound I whs'preparg? by adding 1 molar\equivalent’

of H,0, contained in 20 ul of solution. The absorption-'

: ' { : . )
spectra at the bottom of the figure were recorded simultane-

ouslywﬂiththe CD spectra. vAfter recording the spectrum of
! ! ¢ - - . N
Compound ‘I, a check of the absorbance at 400 nm showed that

virtually none of tke Compqund 1 spontaneously decayed.

>
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. s . [ . )
constant for the dissociation of the complex to form Compound
I, must be greater ‘than 900 s"l. At thls value of k_p . a

\

second-order“step would still be rate llmltlng This same
i * '

argument applies to the data in Fig 5.1B. A rate limiting

first-order step for Compound I formation has been detected

above pH 10.5 (2). The independence of the rate of Compound

I formation from pH 5.96 to 9.76 and from ionic strength 0.01

to 0.11 is an important result because this indicates that
the un-ionized formof H,0, is the reactive species. The
addition of large quantities of ethanol or glyceroi signif-

icantly alters the activity coefficients of the ions. This

"produces changes in pPH. -~ Since the rate of Compouna I for-

mation near pH 7 is indépendent of pH, any change in rate
must be,ettributed to othet'causes._ This is also true f£&F
cyanide binding, since{the rate ofneinding ie pH.independenﬁ
from 6 to 8 (31). N

‘Measutements of the rate of Compoend I formation as a
function of the concentration of glycerol show that this‘rate

is @ndependent of viscosity and dielectric constant (Table

5.3). The existence of a compensatory effect where a pOSSLble

! \

viscosity effect is offset by a dlelectrlc effect which re-

sults in no net change in rate, is not possible ‘since both a -~

decrease in dielectric constant and an\increase in viscosity
are expected to cause a decrease in‘the rate of Compound I

formation. THF concentration range~of’glycerol used at 40°

_was chosen to simulate the viscosity changes of water from

\

40° to 2°. The'rate ef Compound I formation is not limited

217
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- ’ !
‘by the rate of diff:,s\ion of the reactants; any therefore,
the Measured actiVation enerqgy must correspond te a step
which étcurs after HRP encounters a molecule of hydrogen
peroxide.. Also, it hes;recent;y been shown that_several J v

substituted perbenzoic acids form Compound I at‘a signifi—
cantly faster raie‘fhan hydrogen pe;oxide (36).
Although Fig., 5.7 shows that HRP .is not in .its nauive!
state in the presence of glycerol this may be due only to
the binding of glycerol to the proteln through the formation
of stable hydrophobic bonds between glycerol and hydrophobic :

amino acid side chains (35»39) For glycerol‘and ethanol at
-equal eoncentratlons, the'absofpance changes induced by
glycerol are smaller than those lnduced by ethanol by a
factor of about two. This‘binding of glycerol in combination
‘with ‘viscosity and dielectric effects cause‘h\o net change
in the rate of Compound I formation. y

The presence of ethanol decreases both' the rate of

Compound I formation and the rate of cyanide b;ndlng. This

result has been interpreted as ethanol behaving as an inhib-

! .
-itor where one molecule of HRP binds one molecule of ethangl.
' ‘ ' |

The rate decrease of Compound I formation with increasing
ethanol concentratlon canmot be due to the change in dielec-
tric constant of the medlum since there was no rate decrease
in glycerol solutiohs. The inhibition of cyanide binding
strongiy implies that ethanol is bound to!the sixth coordin- -
ation posaéion of the heme. This is also,consisuent with th%

ethanol inhibition of Compound I formation which, by analogy
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‘with chloro?eroxidase; also involves ligaﬁion at the sixth
position (40). Further evidence that ethanol binds to the
sixth coordinat&ﬂn position is supplied by the ‘close agree-
ment 6f.the two kingtically'determined HRP -EtOH disso¢i$tion
cénstants, Table 5.6. The agreement beﬁween the kinetically
and spectrophotometrically determined dissociation constant
seems énly fair, but the errors in the spectrophotometric
determination are large due to the very small absorbance
chahges. The‘kineticaliy and spectrophotometrically deter-
mined dissoéiation consﬁants almost certainly refer to the
same equilibrium; The 'binding of ethanol ig also indicated
;by comﬁ%r;ng the €D spgbtrum of HRP in the presencé and
absence of ethanol. |

Evidence ;s accumulating that ethanol can act’as a
ligand for ferrihemoproteins. lIndications of ethanpl binding;
to ferfihemoglobin and ferrihémoglbbinthdroxide ﬁave been
obtained by magnetic susceptibility measurements (41). The
ferrihemoglobin~EtOH complex formation léaéé to an increaéé_
in high spin chéracter at pH 6.5. The predominently low spin
féiriheméglobin hydroxide is converted into a high spin
':cqmplex in 20% v/v.of ethanol. fhesé‘workers also concluded
that'ethanol probébiy bind¥ to the ‘heme iron (41), and they -
estimated a disgociationconstant'fo; the ethanol complex of
about 0.4 M. Their inqerpre;atiﬁn is also based on the bind-

»

of only one molequlé of ethanol per heme. Verxfrecently the
4 o ~ )

-

binding of ethanol to fernihemoglobinwat pH 6.3 has, been
Q .
. ‘ b .
demonstrated with difference absorption and electron para-




£

magnetic reéonanbe spectroscopy (42). The binding stoichi;
ometry was one ethanol molecule per heme group, and thé dis-
soclation constant of ferrihemoglobin-EtOH was 0.2 M at pH
6.3. Ethanol also produced spectral changes in the hemo-
proteins ferrimyoglobin and catalase, but these absorbance
changes were deemed too small for quantification.

/. The spectral changes observed in the presence of eth-

anol, displayed in Fig. 5.4, did not qecur at ‘the same rate.

The sharp méximum at 409 nm is fully developed and can be

recorded within the 60 s required to mix the samples and scan

the épectrum. However, thé maximum at 386 nm requires about
60 minutes to develope its full absorbance. This _low step
may rebresent a sluggish conformational change which occurs
subsequeﬁt ;oﬁethanol'binding. Following the format%pn of
the alkaline form of HRP and turnip peroxidase Pl’ ﬁwo slow
absorbance changes have been noted (2), which aléo may.be

a manifestation of conformational changes.

. !
e

* Many results concerning the decrease in rate of peroxi-
By .

dase react;dns in the presence of ethanol and methanol have

A

<)

been.interpreted in terms of the change in the dielectric

constant of the medium, although 'the possibility of other

.

impoﬁﬁ%hf factors was realized (l§,16,l7). The mathematical
expfe§Sion for a reactibn rate as a fgnction of dielectric
constant (13) is basedlon a model involving simple ions or
d?polar‘molecules. An enzyme in sol;tion may have catalyt=>

ically important ionizable groups; and thus, the dielectric

o ¥ . . . :
constant may alter the reaction rate. . However, in view of
o . =Q
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the mounting evi&ence for the blndlng of ethanol and meth—
~anol to hemoproteins these kinetic studies might be best (
1nterpreted in " :rms of competitive inhibition.

The thermallx induced reversible changes in the CD
spectrum of HRP indicate‘that the asymmetric environment of _ !
the heme changes due to a temperature dependent enzyme
~ conformation or that the.heme group itself is changing. The

i

CD bands may have changed as a consequence of the thermal

equilibrium betweem the high and low spln statés of ferkic
HRP (43) since HRP at pH 7 and 46° is only about 80% high
sp1n5(44); CD studies of ferricytochrome c at PH 5 have
shown that the presence of ethanol almost doubles the Soret
band elllpt1c1ty and shifts its peak from 402 to 405 nm (45).
This result was interpreted in terms of the ethanol exp051ng
the buried heme to the solvent. If thlS change in conforma~<
tion ‘causes the removal of one or both .of the fifth or sixth
position ligands of the heme, the normally low spin ferri-
cytochrome ¢ at pH 5 (46).Qill beqome'high spin (47). Since
these axial positions are open ﬁo the solvent (48), ethanol

binding might occur and contribute further to a hlgh Splh

form.
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CHAPTER VI. CONCLUSIONS
/

Fl

6. l . Concluding Remarks

-Although HRP is one of the most extensively character-

ized enzymes, its biological role has been obscured by the

1

' [
large number ahd variety of substrates it can oxidize.

Facile catalysis of a certain reaction is one criterion for
P . N )

assigning a biological role to an enzyme. It is reasoned
' that a substrate with a higher‘turnover rate 1s more apt to
be the'enzyme's natural substrate than a slowly reacting

substrate. ThJS criterion is somewhat moot, but it does
P

provide a basis tor initial comparisons. The HRP catalyzed

oxidation of p<cresol by H,0, exhibits one of the fastest

turnover rates with the exceptioh of a few other phenols

M

which are oxldlzed at only a sllghtly faster rate (1).

The 1mportance of phenollc compounds in plant phy51ology,
the presence of peroxidase 1h plants, and the knowledge that
..many phenoiic compoundssare oxidized by peroxidase (1) all"
suggest the pOSSlble 1nvo;vement of peroxxdase in 'the oxi-
dative biosynthesis of plant natural products. The - low
substrate'spec1f1c1ty of peroxidase could be an indication
of the enzyme's ebility to oxidize e variety of precursor

)
compounds.

A study of the . blosynthe51s of natural products via

H

the oxidation of phenollc precursors requlres a knowledge
of free radical reactions. The subsequent~react&ons of an

deuzymdtically formed free radical of a phenolic precursor
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can be complex. Products can bé formed by the dimeriiation
-Qf two free‘radiéals, by the substipution of a free radicai‘
into{bther‘moledules‘present, or by the free: radical oxi-
dation bf otherfmblecules.‘ These mechanisms provide theu
possibility éf a variety of products. The HRPfcatalyZed | O
ﬂOXidat;on of p—cresoljexempbifies the Qariefy'éf_products

- which can be derived, from the oxidation of a sihgle pre-

1

cursor. Also, the relative amount of ‘each: product is highly
i ‘
dependent upon the feaction-cpnditions.. When all of -the
p—cf%sol is rapidly‘oxidized to form the‘fre% radical with.
no excess p-cresol présent, the'predominant reaction~is .
'free radica1 dimérizatios. Hoyever, whenlthe free radicals
- are formed in the presence of a iarge excess of p—éresol,
the free rédicals react preferentially with p—c;esol.' Theée
two different free radical reactions ¥ead toldifferent' -
‘.ﬁroduqts. - o |
The mechanism of Compound I formation from: HRP ‘and
H,0, is of interest’ in peroxidase chemisﬁry because iy is‘
the oxidized form of the 'enzyme that is éctive. If HRP is
to be an effiéient caﬁalyét, the‘fbrmation of its first
‘reactiveﬁi:iermediate, Compqund ;, should be fast. The
findiﬁa thdtbthe activation energy pf Cdmpouqdll fofmation
'is similar in magnitudé to the_activation energ& of diffusion
‘led to the possibﬂliﬁy that the rate of this reaction%is

limifed by the rate of diffusion of the reactants. This
. [ . B
- possibility was discounted, howevér, because at a single

temperature the rate is independent of viscos&ty: The:
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occurrence of an activation energy 'approximately equal to

the activation energy of diffusion, might be expléined'in

terms of an 1n4t1al complex between HRP and Hzo2 (?)J as

i

shown in Equation [1]. ‘ en
. | (
K k |
(1] HRP + H,0, — HRP-H,0, —> cOmpound I

By a.'ssuming a fast equilibrium between tee reagtants and the
complex, it can be‘shown that tﬁé apparent activation
energy of Compound IAformation; Ea,app' is toe sum of‘the

‘ enthalpy of complex formation, AH, and‘the activation energy

of the unimolecular formation of Compound I from the complex,

a .
(2] E ' = AH + E
. a,app a
1f AH is Eufficiently'negative, values of E can be less

a,app

than the activation energy of diffusion or even negative. (3).

The small value for the apﬁarent activation energy for
Compound I formationfoould‘be explaf@ed by the exothermic
 formation of an intermediate complex ' ””,f//
P0351ble future work on Compound I formatlon could
1nvolve a study’ of the reactlon rate in deuterlum oxide:
.lhls technique could detect a rate llmltlng proton transfer
through a prlmary 1sotope effect. The occurrence of a rate
‘llmltlng proton transfer would prov1de further ev1dence that

dlffusion does not limit the rate of Compound I formation.
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