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A. INTRODUCTION 

One of the requirements for fife is the maintenance of molecules in a 
reduced state even though they are exposed to an oxidizing atmosphere. 
Another requirement is the generation of energy, commonly accomplished 
by respiration, in which an essential step is the reduction of oxygen to water 

0,-+4I-I++4e+ZH,O 

This reaction can be catalyzed by a single enzyme, cytocbrome oxidase [ lf . 
However, the partial reduction of oxygen is also a widely occurring biologi- 
cal process. Among the inorganic compounds of oxygen in oxidation states 
intermediate between those of oxygen and water are the superoxide anion, 
02-, and hydrogen peroxide. These highly reactive species are a threat to life, 
but they can be removed efficientiy by the enzymes superoxide dismutase, 
catalase and peroxidase. All of the enzymes mentioned above contain iron 
and/or copper, for which an interesting summary of their possible bioehemi- 
cal evolution has been given [Z]. The peroxidases not only remove hydrogen 
peroxide, but utilize its oxidizing ability in a variety of interesting ways. 

Peroxidases are generally hemoproteins and it is only those peroxidases 
which contain a heme iron group which are discussed in detail here, Hemo- 
proteins range from cytochrome c to hemoglobin and myoglobin to peroxi- 
dase and cat&se. One of the fascinating problems in both chemistry and 
biology is to decipher how subtle changes in going from one molecule to a 
closely related one lead to such drastic changes in behavior. One step in solv- 
ing such a problem is to decipher in detail at the molecular level the struc- 
ture, function and behavior of each type of molecule. It is the purpose of 
this review to give a progress report on the function and mech~~m of 
action of peroxidases. After an introductory survey including some related 
enzymes, details of work on model peroxidase systems and peroxidases 
themselves will be given. It was found convenient to summarize the literature 
both on the basis of chemical and physical techniques and resul+- on individ- 
ual peroxidases. 

(i) Peroxiduses 

Peroxidases are enzymes catalyzing the oxidation of a variety of organic 
and inorganic compounds by hydrogen peroxide or related compounds. A.n 
extensive list of the sources of peroxidase in plants and animals has been 
given f 3 1. AH the peroxidases purified so far from plants contain the pros- 
thetic group hemin or ferriprotoporphyrin IX (Fig. I). Horseradish roots and 
the sap of fig trees are the richest source of plant peroxidases. 

Peroxidases from animal sources which have been studied are thyroid per- 
oxidase, Iactoperoxidase, myeloperoxidase and glutathione peroxidase. Lac- 
toperoxidase and myeloperoxidase are known as verdoperoxidases because 
of their green colour. Neither contain protoporphyrin IX as prosthetic group. 
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HOOCCH,CH, 

Fig. 1. Ferriprotoporphyrin IX or hemin, also called protofeniheme (1,3,5,8-tetramethyl- 
2,4_divinylporphine-6,6dipropionic acid). If the two vinyl side chains are missing the 
molecule is called ferrideuteroporphyrin IX or deuteroferriheme. If the vinyl side chains 
are replaced by CHsCHOH groups, ferrihematoporphyrin IX is obtained. 

It has been suggested that lactoperoxidase contains a prosthetic group which 
is a derivative of mesoheme IX in which two double bonds are in conjugation 
with the tetrapyrrole nucleus and one or more hydroxyl groups are attached 
to the side chains [4 f . Myeloperoxidase has been found to contain two 
atoms of porphyrin-bound iron per enzyme molecule [5,63. The heme may 
be contained in a formyl type porphyrin and the two heme environments 
may be different [7]. Glutathione peroxidase is unique among known per- 
oxidases in that it contains one atom of seIenium per sub-unit of enzyme 
[S-lo]. Thyroid peroxidase which has been isolated in relatively pure form 
exhibits spectral characteristics typical of hemoproteins. However, because 
the spectral details are somewhat different from horseradish peroxidase, it 
has been suggested [ll] that the prosthetic group is more tightly bound or, 
possibly, is not ferriprotoporphyrin IX. Since the heme can be extracted 
with 0.2 M hydrochloric acid it is not covalently bound to the protein 
moie& . 

In addition to the plant and animal sources, peroxidases are also found in 
mold, bacteria and microorganisms. A peroxidase from the mold Caldark- 
myces fumago, chloroperoxidase, has been isolated and characterized. Like 
the plant peroxidases it has ferriprotoporphyrin IX as the prosthetic group. 
In many of its chemical and physical properties chloroperoxidase is similar 
to horseradish peroxidase but it has the unique ability among peroxidases to 
catalyze the oxidation of chloride ions f12,13 1. Cytochrome c peroxidase 
which is obtained from aerobically grown baker’s yeast also has ferriproto- 
porphyrin as a prosthetic g-roup [ ‘14J.5 3. Cytochrome c peroxidase catalyzes 
most typical peroxidase reactions. However its specific activity towards 
fe~ocytoc~ome c is exceedingly high compared to other reducing agents. 
Although other peroxidases including horseradish peroxidase have been 
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shown to oxidize ferrocytochrome c to fzrricytochrome c [16,17] they are 
much less efficient catalysts than cytochrome c peroxidase. A cytochrome c 
peroxidase has also been isolated from Pseudomonas aeruginosa [18-211. A 
flavoprotein with peroxidase activity was isolated from the bacterium Strep- 
focuccus faeolis. Known as either streptococcus peroxidase or NADH per- 
oxidase (formerly DPNH peroxidase) the enzyme has a relatively high 
molecular weight when compared with other peroxidases and it contains 
flavin adenine dinucleotide (FAD) as prosthetic group with no heme or 
metal ion. Unlike hemoprotein peroxidases it shows a high degree of sub- 
strate specificity with nicotinamide adenine dinucleotide (NADH), the only 
known physiological reductant [223. 

Most peroxidases are glycoproteins. (Exceptions are cytochrome c per- 
oxidase and myeloperoxidase.) The purpose of the carbohydrate in these 
enzymes is uncertain. However, horseradish peroxidase has long been known 
to be a very stable enzyme, even under conditions of elevated temperature, 
and this property could be due in part to the carbohydrate associated with 
the enzyme. Table 1 contains a summary of some of the properties of the 
peroxidases as well as a shorthand notation for each peroxidase which will be 
used throughout this review. 

Horseradish peroxidase (and urease) played an historically important roie 
in the development of the modern concept of the nature of ar ‘zyme and 
the role of metal ions as documented by a famed controversy in .te 1920% 
and 1930’s [ 46,471. The discovery of the species now known as compound 
II (HRP-II), formed as a result of the reaction of HRP with H202, was pub- 
lished in 1937 1481. Later compound I (HRP-I) was discovered which is 
formed prior to HRP-II upon addition of Hz02 to HRP [49]. The spectra of 
HRP-I and HRP-II in the 400 mm (Soret) region were measured [50,51] and 
the kinetics of some HRP reactions were investigated 152,531. The rate of 
formation of HRP-I was also measured and demonstrated to be overall sec- 
ond order, first order in H,O, and first order in HRP [ 523. The rate of for- 
mation of HELP-1 when CH,OOH is substituted for H202 was also measured 
[53]. (The -0OH group is essential for the oxidation of HRP by a peroxide.) 

It was also demonstrated that HRP-II participates directly in enzymatic 
reactions, which stands as the fist direct proof of the participation of an 
enzyme compound in a reaction [ 53,541. However, the data were interpret- 
ed in terms of a modified Michaelis-Menten reaction scheme, despi$e proof 
that HRP-II has an immeasurably small dissociation constant [ 53 1. Work on 
all peroxidases has been hampered by the spontaneous decay of both com- 
pound I and compound II, particularly the former, a problem which can be 
circumvented today only by careful work on pure enzyme sa-mples. 

Stoichiometric investigations showed that HRP-II contains only one of the 
two oxidizing equivalents of HzO* Lc “X,56 3. Based partly upon the fact that 
the HRP-II could not contain OOH- or the entire HZ02 molecule, HRP-II 
was described as a covalent compound as distinct from a Michael~-Men~n 
enzymeyubstrate complex f 563. Al&, since HRP-I decay to HRP-II was 



T
A

B
L

E
 1

 

So
m

e 
pr

op
er

tie
s 

of
 t

he
 p

er
ox

id
as

es
 

&
I,

 w
t. 

Pr
os

th
et

ic
 g

ro
up

 
C

ar
bo

hy
dr

at
e 

co
nt

en
t 

(%
) 

C
~s

ta
lli

za
tio

n 
R

ef
s.

 

H
or

se
ra

di
sh

 p
er

ox
id

aa
e 

40
,5

00
 8

 
(H

W
 

39
,8

00
 b

 

C
yt

oc
hr

om
e 

c 
pe

ro
xi

da
se

 
34

,1
00

 h
 

(C
C

P)
 

C
hl

or
op

er
ox

id
as

e 
40

,2
00

 a
 

(C
W

 
42

,0
00

 b
 

L
ac

to
pe

ro
xi

da
sc

 
76

,5
00

 n
 

(L
PI

 
77

,5
00

h 

T
hy

ro
id

 
pe

ro
xi

dn
se

 
62

,0
00

 c
 

(T
hP

) 

Ja
pa

ne
se

 r
ad

is
h 

pc
ro

xi
da

se
 a

 
55

,7
00

 f
 

(J
R

PU
) 

55
,5

00
 d

 

Ja
pa

ne
se

 r
ad

is
h 

pe
ro

xi
do

se
 c

 
41

,6
00

 D
 

(J
R

Pc
) 

M
ye

lo
pe

ro
xi

da
ae

 
14

9,
00

0 
b 

(M
I’

) 

N
A

D
H

 p
er

ox
id

as
e 

12
,0

00
 e

 

T
ur

ni
p 

pe
ro

xi
da

se
 A

t 
49

,0
00

 d
 

(T
uP

) 
A

2 
46

,0
00

 d
 

B
 

66
,0

00
? 

d 
D

 
43

,0
00

 d
 

G
lu

ta
th

io
ne

 
pe

ro
xi

da
se

 
90

,0
00

 d
 

Fc
rr

ip
ro

to
po

rp
hy

ri
n 

IX
 

Fe
rr

ip
ro

to
po

rp
hy

ri
n 

IX
 

Fe
rr

ip
ro

to
po

rp
hy

ri
n 

IX
 

D
er

iv
at

iv
e 

of
 m

es
oh

em
e 

IX
? 

N
ot

 f
er

ri
pr

ot
op

or
ph

yr
in

 
IX

? 

Fe
rr

ip
ro

to
po

rp
hy

ri
n 

IX
 

Fe
rr

ip
ro

to
po

rp
hy

ri
n 

IX
 

T
w

o 
at

om
s 

of
 p

or
ph

yr
in

 
bo

un
d 

ir
on

 

FA
D

 

Fe
rr

ip
ro

to
po

rp
hy

ri
n 

IX
 

O
ne

 a
to

m
 o

f 
Se

 p
er

 s
ub

-u
ni

t 

18
.4

 
18

 

0 

m
ic

ro
sc

op
ic

 n
ee

dl
es

 
23

-2
8 

lo
ng

 p
ri

sm
s 

25
-3

0 
br

ow
n 

ne
ed

le
s 

29
-3

2 

12
 

8 
ne

ed
le

s 
4,

33
,3

4 

11
 

28
 

rh
om

bi
c 

pr
is

m
s 

35
,3

6 

0 

te
tr

ng
on

al
 p

ri
sm

s 
37

 

ne
ed

le
s 

6,
6,

33
-4

0 

fi
ne

 n
ee

dl
es

 

41
 

42
,4

3 

9,
10

,4
4,

45
 

u 
H

em
e 

co
nt

en
t. 

b 
H

yd
ro

dy
na

m
ic

 
m

ea
su

re
m

en
t. 

c 
G

el
 f

ilt
ra

tio
n.

 
d 

C
he

m
ic

al
 a

na
ly

si
s.

 c
 F

A
D

 c
on

te
nt

. 
f 

O
sm

ot
ic

 p
re

ss
ur

e,
 



192 

accelerated by all substrates capable of reducing HRP-II 1531 it was postu- 
lated * that the enzymatic cycle is [57] 

IlRP + I-I102 --f HRP-I (1) 

HRP-I + AH2 + HRP-II + -AH (9) 

HRP-II + AH2 + HRP + *AH (3) 

It was proved (using CH,OOH) that the reaction analogous to eqn. (1) occurs 
with a 1 : 1 stoichiometry and that one mole of one electron reducing agent 
per mole of HRP-I is required for eqn. (Z), in agreement with the above 
mechanism [ 581. Fairly stable preparations of HRP-I were obtained by pre- 
incubating the enzyme sample with CH,OQH, which removed most of the 
reducing substrate contaminant and hence rate constants for reaction (2) 
could be measured [ 591. Spectral measurements on HRP-I and HRP-II were 
extended into the visible region [SO]. Subsequent papers confirmed the 
essential correctness of the above mechanism 161,623 and in the case of 
cytochrome c peroxidase showed that compound II has an identical spec- 
trum whether it is formed from H202 or CHBOOH 1623. 

It now appears accepted that the structures of both compound I and com- 
pound II are independent of the oxidizing (or reducing) agent used in their 
preparation and the spectra of either compound I or compound II are not 
merely similar [53,64] but identical [SZ] regardless of their method of prep- 
aration. This conclusion was not accepted immediately because of the prob- 
lem of spontaneous decay of the intermediate compounds. (In one or two 
cases the possibility exists that H202 is first generated by another oxidizing 
agent [65,66], but this does not detract from the general applicability of the 
above statement.} 

Kinetic studies led to the conclusion that all of the reactions (l-3) are 
independent of pH f67.681 but details of the experimental evidence were 
not presented. 

The above summary gives some of the highlights of work on HRP up until 
20 years ago, which has had a profound influence on subsequent work on 
peroxidases. Further details including the limited amount of work on facto- 
peroxidase and cytochrome c peroxidase up to that time are described else- 
where [3,69,70]. 

(ii) Ccdalases 

Catalases and peroxidases are related enzymes in so far as they are both 
capable of promoting hydrogen peroxide oxidation by mechanisms which 
involve similar enzymatic intermediates. The peroxidatic activity of catalases 

* The reducing substrate AH2 in the cycle may be replaced by a one electron donor such 
as ferrocyanide in eqns. (2) and (3). Thus the older term hydrogen donor is at times 
inaccurate. 
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is however inefficient when compared with true peroxidases. The cat&tic 
activity of catalases is the highly efficient catalysis of the decomposition of 
hydrogen peroxide to oxygen and water [ 711 

Catalase is widely distributed among animals, plants and bacteria. All the 
catalases isolated so far have similar molecular weight (-25,000) and con- 
tain four iron atoms per molecule. The iron is present in four protopor- 
phyrin IX prosthetic groups per molecule in all but the liver catalases where 
one or more prosthetic groups have been degraded to biIe pigment hematins. 
It has been shown that the ratio of protohematin to bile pigment varies only 
within narrow limits and that the catalase activity decreases with increased 
bile pigment hematin content. 

(iii) Superoxide dismu tase 

An enzyme which catalyzed the disproportionation of superoxide free 
radicaf anions 

02’- +OZ--+2H++02+HzOz 

was discovered in 1968 and named superoxide dismutase [72]. It has since 
been found to exist among oxygen-metabolizing organisms but not among 
anaerobes f 731. It is proposed that superoxide dismutase constitutes an 
important component of the defenses which have evolved to deal with the 
toxicity of O2 [ 73,741. Several different kinds of superoxide dismutase have 
been described so far. The first contains copper and zinc ions and has been 
isolated from a wide variety of eukarytes including yeast, wheat germ, 
garden peas, chicken liver and erytbrocytes. Proteins containing copper ions 
which had been isolated from blood, brain and Liver tissues many years pre- 
viously and which were known as erythrocuprein, eerebrocuprein and 
hepatocuprein were also shown to possess this catalytic property [‘75]. 

It has recently been demonstrated that the superoxide anion and more 
particularly the HO1 radical are removed with great efficiency by HRP-I 
1761. Thus 

HRP-I -I- HO* 3 HRP-II + 02 + H’ 

with k = 2.2 X 10’ M-’ s-*. 

B. MODEL SYSTEMS 

Perhaps the most relevant model systems for peroxidases are aqueous 
ferric ion, ferriprotoporphyrin IX and related compounds. 

(i) Ferric ion 

Ferric complexes polymerize in aqueous solution to form dimeric oxo- 
and dihydroxo-bridged structures. In the case of the ferric ion, the predomi- 
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TABLE 2 

Stability constants for Fe3+ 

Ref. 77 Ref. 78 Ref. 79 

2 Fe3* + 2 Hz0 = Fez(OH)y + 2 H* log 02 2 -2.91 -2.58 -2.96 

Fe% + Hz0 = FeOH2* + H+ lOtxP,l -3.05 -2.89 -3.05 

Fe* -I. 2 H20 = Fe(OH); + 2 H+ M P21 -6.31 - -6.31 

3 Fe3+ + 4 Hz0 = Fes( OH)r + 4 H’ MP43 - - -5.71 

3 M NaC104 3 M NaC104 
25’C 25°C 
titration spectrophoto- 

metric 
pe3+ +3OH-= Fe(OH)s, Ksp = 10 -38.7 M4 at 25’C 3 M NaC104 [SO] 

nant hydrolysis products at moderate concentrations are polynuciear, The 
stability constants are summarized in Table 2. 

The electric field jump method has been used to study the kinetics of the 
hydrolysis of ferric ion [ 811. Kinetic evidence for dimer formation and high 
molecular weight polymer formation in solutions containing ferric ion has 
been reviewed [SZ] _ 

Aqueous solutions of Fe’“’ nitrate, chloride and sulphate have been shown 
to have magnetic moments lower than that expected for the spin only value 
of 5.92 Bohr magnetons (BM) for S = 5 systems 183,841. Magnetic moments 
in the range expected for S = 4 were obtained by the addition of the corre- 
sponding acids. When the pH of an aqueous solution of Fe(C104)3 was in- 
creased the magnetic susceptibility was found to decrease. This was attribut- 
ed to the formation of a dimer with the probable structure [85] 

although the magnetic properties of the aquo dimer have not yet been 
resolved [ 86,871. A number of salts of ferric ion react with chelating agents 
to form dimers, and pK, values and equilibrium constants for dimerization 
have hec:n obtained [ 88,891. 

Th 1 kinetics of “simple” Iigand binding reactions to ferric ion have been 
well s ,udied [90-C%]. T.%ese reactions typically proceed by at least two 
paths, cne acid-independent and the other acid-dependent [96]. The acid- 
independent path’may be formulated in two ways. Either the hexaquo ferric 
ion forms a complex with the anion 

(H20)SFeH203+ + X- =+ f(H20)5FeOH-HX]Z’ + (H20)5FeX2+ + Hz0 
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which then hydrolyzes internally prior to ligand exchange [94,9’7] or the 
reacticn occurs directly between the species 

(H20)SFeOH2+ f HX * (H20)4XFeOITI+ + H’ 

(I-120),XFeOH’ + H’ * (N20)5FeX2+ 

Both of these processes are consistent with the experimentally determined 
rate constant, kobsd, obtained by measuring the rates of changes of [ Feltot 
and [Xl,,,, the total concentrations of ferric ion and ligand, regardless of 
their states of ionization. However when one translates kobsd into rate con- 
stants for the first mechanism, these rate constants vary widely for different 
ligands. This has been explained as being caused by different degrees of hy- 
drolysis within the complex; the greater the basieity of the entering ligand, 
the greater the extent of hydrolysis [94,97]. On the other hand, if one inter- 
prets hobad in terms of the second mechanism, the rate constants which are 
obtained are to a large extent independent of the entering ligand, which 
could favor the latter mechanism [96]. The rate constant for water exchange 
in the inner coordination sphere of Fe3+ is approximately 3 X 3.0* M-’ s-’ 
and for the species FeOH2+ one might expect a considerable enhancement in 
this rate [96 ] _ However, an accurate measurement of the solvent exchange 
rate in aqueous solutions is a difficult problem because of aging the ferric ion 
solutions during the time required for the NMR experiments. Despite work 
in several laboratories, no newer estimates of this rate have been pubLished *. 
Most of the rate constants for ligand substitution on ferric ion, according to 

the overall process 

FeOH2’ + HL + FeL2’ f Hz0 

are of the order of I. X 10” M-’ s-’ [96f which is consistent with the concept 
that the ratecontrolling step is loss of a solvent molecule from FeOH’+, 
according to the crude state of knowledge of the water exchange rate avail- 
able today. The reciprocal of the average lifetimes of solvent molecules in 
the inner coordination sphere of ferric ion have been measured as 61 and 
28 s-l in dimethyl formamide [98] and 4.4 X IO3 s-’ in methanol [99]. 

The reaction of ferric ion with hydrogen peroxide has been used as a 
model for catalase activity. It was demonstrated by using Ois labelling that 
both oxygen atoms in the evolved oxygen molecule originate from the same 
hydrogen peroxide molecule [ 1001 . The inhibiting effect on the catalytic 
decomposition of HzOz by ions capable of entering the inner coordination 
sphere of the ferric ion has been investigated [loll. Kinetic and spectro- 
photometric studies led to the mechanism 

Fe3+ + I-I(&- -% 
-k Fe3+H02- 

* R.B. Jordan, personal communication. 
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53 
Fe3*H02- - Fe03” + OH- 

FeO,+ + Hz02 k4 Fe3+ + O2 c H&) 

It was concluded that the latter reaction occurred by rearrangement within a 
single complex and that the role of free radicals was not important [lO2- 
1051. However, an older scheme [ 1061 involving a redox radical chain has 
been revived 

Fe3+ c Hz02 + Fe*+ + HO*- c H+ 

Fe2+ + Hz02 + Fe3+ + HO- + HO- 

HO* + HzOz + Hz0 + HOP- 

HOz- + Fe3+ + H+ f Fe*+ + O2 

HOz* + Fe” + HOa- + Fe3+ 

on the basis of the retarding effect of a number of organic substrates ]167]. 
It was concluded that the chain length was considerably shorter than origin- 
ally proposed but that it was highly significant. Furthermore, Fenton’s rea- 
gent (ferrous ion and H202) has been revisited [ 1081 and the hydroxyl radical 
chain reaction proposed earlier [log] has been postulated to be of impor- 
tance in peroxidase reactions. However, the product distribution is entirely 
different in peroxidase reactions 13,703. Furthermore, cyanide inhibition 
experiments show that neither HRP-I nor HRP-II are capable of binding 
cyanide (in marked contrast to the native enzyme) even though the enzyme 
is turning over. Cyanide binding would be expected if hydroxyl radicals were 
being generated and lost from the active site [1X0]. Native peroxidase solu- 
tions provide stable, monomeric solutions of ferric ion at physiolo~c~ pH 
and their reaction pathways appear simpler than those of aqueous ferric or 
ferrous ion with H202 and reducing substrate. 

(ii) Hemin and related compounds 

The molecular and crystal structures of porphyrins [Xl.] and various 
metalloporphyrins [112] have been determined by X-ray diffraction xvith a 
high degree of precision, greater than is possible when the metalloporphyrin 
is part of the crystal structure of a metalloprotein. The metalloporphyrins 
have a flexible structure, much diversified, depending on the particular 
en-vironment in which they are found. This is in accord with their widely 
diversified biological roles. When the metal ion is zinc, magnesium or high 
spin iron(I1) or (III), it assumes an out-of-plane position so that the metal 
ion and four pyrrole ring nitrogen atoms are in a square pyramidal (Cd,) 
configuration [ 1121. This greatly facilitates bonding with a ligand in the 
fifth coordination position, since interactions of the ligand with the pyrrole 
nitrogen atoms are minimized. However, it tends to prevent coordination of 
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a sixth iigand which would have stronger repuisive interactions with the 
pyrrole nitrogen atoms [ 112 1. Furthermore, the electron density in the 
anti-bonding orbital tends to concentrate in the sixth coordination position 
as a “phantom” ligand, au effect greatly enhanced when ferric ion is replaced 
by ferrous [llZ]. The out-of-plane distance of a high spin ferric ion is 0.48 A 
(when the axial iigand is methoxy) and it is estimated that this distance 
would be increased to -0.70-0.80 A for a ferrous ion [ill-1131. 

The porphyrin ring system is highly aromatic, having a resonance energy 
of the order of 500 kcaI mole-’ [114,115]. It may therefore be likened to a 
copper bar in its ability to conduct electrons. An intensive study of the elec- 
tronic structure of metalloporphyrins has been conducted from the stand- 
points of spectral measurements and their theoretical interpretation [ 1161. 
(See ref. 117 for the first paper in this series and ref. 118 for one of the latest 
papers.) The technique of X-ray photoelectron spectroscopy has recently 
been applied to porphyrins [ 119,120]. 

Magnetic [ 121,122], kinetic [ 1231, polarographic [ 1241, ultracentrifuge 
[ 1253, spectroscopic and compIexation studies [123,126] ah suggest that 
hemin is dimeric in aqueous alkaline solutions. The structure of dimeric 
hemin has not been established, but infrared evidence Cl271 suggests that it 
is an oxo-bridged compound as does the magnetic data [ 1221. The conditions 
for formation of the oxo-bridged compound are rather severe however, and 
this dimeric form may be different from that normally obtained in moder- 
ately basic equeous solution 1128-J _ The dimerization constant and p&s for 
protoferribeme and deuteroferriheme in aqueous solution were obtained in a 
spectrophotometric study [ 1281. 

2M- LD+H+ 

Protoferriheme Deuteroferriheme 

R = 4.5 H = 1.9 x lo-2 

M K,(M), M’ + H’ p&(&l> not accessible d%(M) = 7-f. 

D 
_%D), no + H’ 

P&(D) = 7ki P&D, = 7-4 

Ultracentrifugal and diffusion studies suggest that the solution contains 
aggregates of dimers interacting with each other very weakiy f 1291. The 
soiution chemistry of hemin is further complicated by autooxidation when it 
is left in contact with the atmosphere over a period of several hours [ 1291. It 
has been suggested 112’71 that the autooxidation involves the vinyl side chain 
of the porphyrin ligands and this is supported by the lack of this effect with 
deuterohemin, The oxidation product is called hemin (A), the structure of 
which has not been determined. The pH dependence of the spectrum of 
hemin (A) has been studied 

Hemin (A) * Hematin (A) + H’ pR = 8.25 at 25°C p = 0.2 

Hemin (A) is &so formed by the addition of near stoichiometric concentra- 
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Cons of Hz02 [129,130] to freshly prepared hemin and by y irradiation of 
hemin solutions [131], 

One method of curtailing the dimer formation is to use a mixed solvent 
such as aqueous ethanol 11321 or organic solvents such as dimethylfonna- 
mide or methanol [98,133]. Another method is to modify the heme in such 
a wa.y that more hydrophilic groups are attached to the periphery of the 
molecules [ 1343 _ 

Although high spin heme complexes may be five-coordinate in crystals or 
in the ferrous form of myoglobin [112,113], diimidazole [I351 and dipyri- 
dine complexes [136,13’7] are formed with hemin in solution, indicating 
that the ferric ion has six coordination positions occupied. 

Rate constants for solvent exchange rates with ferric ion in two solvents, 
and for various metalloporphyrins obtained from NMR measurements are 
summarized in Table 3. It can be seen that the effect of porphyrin ligand is 
to enhance greatly the rate of solvent exchange, which is a factor of -lo3 
faster in methanol and -lo5 faster in DMF for the iron-porphyrins com- 
pared to hexasolvated Fe”‘. This labilizing effect should enhance the rates of 
exchange of ligands other than solvent molecules which occur by either dis- 
sociative or ion-pair mechanisms, and such an enhancement of rate has been 
observed in the case of Co”’ complexes which are inert in the absence of the 
porphyrin ligand [ 140 J _ Exchange rates of pyridine on ferro- and ferriproto- 
porphyrin IX in chloroform were recently measured [1413. 

The kinetics of imidazole binding to ferriprotoporphyrin IX have been 
studied in aqueous ethanol solution [135] and of imidazole binding to an 
ethylenediamine-substituted ferriprotoporphyrin IX in aqueous solution 
El-421 _ In both cases the binding rate of an imidazole molecule (or ion) was 
of the order of lo6 M-l s- ‘. In the aqueous ethanol the first imidazole mole- 
cule to bind accelerated the binding of the second ligand [135], but for the 
ethylenediamine substituted porphyrin, the reverse effect was observed 

TABLE 3 

Rates of solvent exchange with various metal ions and met~loporphyri~ at 2i? C 

Complex Solvent 7 (s-1 ) Ref. 

Fe(DMF)eJC 

Fe(TPP)DMF+ 

re( CH30H)63+ 

Fe(TPPjCH30H” 

Fe(PPIX)C2HSOH 

Mn( DMPP)DMF+ 

RIn(DMPP)CZ+OH 

DMF .a 61.28 98,99 

DMF 5.4 x 106 98 

CH30H 4.4 x 103 138 

CH30H 3.0 x 106 98 

C&E&OH + Hz0 3.6 x lo6 139 lJ 

DMF 1.3 x 108 133 b 

CI130H 6.0 X 10’ 133 b 

a Abbreviations: DMF, dimethylformamide; TPP, tetraphenyiporphine; PPIX, protopor- 
phyrin IX; DMPP, protoporphyrin IX dimethylester. 
b Recalculated from the original reference using a solvation number of one. 
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[ 1421. In the binding of cyanide and thiocyanate to Coru and Fe”’ hemato- 
porphyrin it was assumed on the basis of the simple form of the observed 
kinetics that the first anion to bind acceferated the binding of a second anion 
f1401, but results obtamed using ferriprotoporphyrin Ix in aqueous ethanol 
showed that one cyanide ligand slowed the rate of further substitution by 
cyanide [143]. The same results for cyanide binding were observed by NMR 
using DMSOdB as solvent [144]. Therefore the ligand in the fifth coordina- 
tion position may either accelerate or decelerate the rate of substitution in 
the sixth position. Dimerization rates of the tetraet~ylenedi~~~ substituted 
porphyrin (minus the metal ion) and of deuteroferriheme in water were mea- 
sured by the temperature jump method f145,146 J. 

In an early study of H202 decomposition catalyzed by hemin Cl471 it was 
demonstrated that plots of -(d[H202]/dt&i vs. [H20Jinitial had the form 
of a saturation curve. A re-analysis using Lineweaver-Burk plots [ 1481 
showed that for the mechanism 

E + P 2 E-P 

k2 

E-P ““_, Products 

where E is the model enzyme or hemin, and P hydrogen peroxide the value 
of KM = (h2 + h3)/hl was 8 X 10m3 M and h3 3.5 X 10W2 s-’ at 0°C and pH 7. 
It was implied that k3 was the rate constant for the process 

E-HO*- -+ E-O + OH- 

analogous to the proposed non-chain mechanism for the ferric ion catalysis. 
A subsequent faster step 

leads to the prediction of the decomposition of two molecules of HZ02 in 
each cycle [149]. 

The pH dependence of the reaction was investigated [150,151] and the 
possible effect of aging of the hemin upon the kinetics was pointed out 
[ 1271. The destructive oxidation of hemin by H&I, was also studied, fol- 
lowed by a reinvestigation of the kinetics of H302 decomposition catalyzed 
by aged hemin (hemin A) solutions fl51]. An acceleration of rate at high pH 
was noted which was attributed to the more rapid decomposition of the 
hematin-peroxide complex compared to the hemin-peroxide complex 
[ 1511. Later, the kinetics of dimer and monomer heme reactions with I3202 
were sorted out, with the monomer being considerably more reactive [105, 
126,152-1541. 

The rate of monomer reaction with H202 is inversely proportional to the 
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hydrogen ion concentration over the pH range 7-13. for deuteroferriheme 
monomer and (with greater experimental error because of complications 
from the enhanced dimer content) over the pH range 6-13 for protoferri- 
heme monomer. The plot of log rate constant vs. pH in the latter case inter- 
sects the log of the pH independent rate constant for the catalytic activity of 
catalase at pH 13 [153]. 

Earlier studies showed the remarkable catalatic activity of tiethylene- 
tetramine-Fe”’ chelate ]155,156] and isotopic labelling experiments 
showed that for the latter catalyst as well as for the cat&se and ferric hy- 
droxide, the oxygen molecule is formed from the intact O-O bond in hydro- 
gen peroxide [ lOO] _ The kinetics of decomposition of hydrogen peroxide 
catalyzed by ferric EDTA have been investigated, and the importance of free 
radical chains has been emphasized [ 1571. 

The peroxidatic activity of proto- and deuterohemins have been demon- 
strated. Ascorbic acid can compete with HzOz for reactions with the primary 
protohemin-peroxide compound or complex 11581. A compound with an 
electronic absorption spectrum analogous to compound I of peroxidase was 
formed from deuterohemin and Hz02 and its reactions with a variety of 
reducing agents were studied at pH 7.4 1159 J. 

Synthetic methods have produced many interesting and valuable por- 
phyrin derivatives [ 1601 . Recently, model iron(I1) porphyrins have been 
synthesized with sterically restricted active sites which can bind oxygen 
reversibly [161,162]. One of the most spectacular of these compounds is 
“picket fence” porphyrin [162-1641. These compounds are obvious models 
for myoglobin, but they are also relevant to HRP compound III. 

Models for cytochrome P-450 have also been synthesized [ 1651663. 
Mn” porphyrins, isoelectronic with Fe I*1 have been synthesized and their 
tendency to have five coordination positions occupied has been demon- 

strated [ I.671 _ 
A recent review summarizes a great deal of interesting work which has 

been performed on metalloporphyrin n-cation radicals [ISS]. ‘?ese may be 
relevant models for the electronic structures of the compounds of peroxi- 
dase and catalase [169] since the spectra of the models and the compounds I 
are similar. On the other hand, the inability to generate a n-cation radical of 
an iron porphyrin may possibly be one piece of negative evidence ]170]. 
(See also the discussion of magnetic circular dichroism.) 

The various redox potentials of manganese hematoporphyrin IX have been 
measured in aqueous solution [1’71]_ The rate of oxidation-reduction of the 
FerLFemdicyano complex of hemin has been measured by the coulostatic 
method at a platinum electrode and was found to be among the fastest of 
electrode reactions [ 1721. 

In summary it can be seen that the porphyrin ligand has profound effects 
on a metal ion. An obvious function of the protein portion of peroxidases is 
to make the hemin water soluble but other more subtle roles can be dis- 
cemed 11731. 



201 

C. PHYSICAL AND CHEMICAL TECHNIQUES FOR THE PEROXIDASES 

(i) Paraperoxidases, isoenzymes, amino acid analyses and assays 

Different components of peroxidase may be isolated from the source ma- 
terial. In the case of some preparations of HRP, variable amounts of a species 
called paraperoxidase could be isolated by electrophoresis from the major 
component [ZS], which has major differences in properties [70]. In the case 
of Japanese radish peroxidase, two major components JRPa and JRPc are 
obtained (see Table 1). It has been suggested that the paraperoxidase JRPc is 
carbohydrate-free as is the paraperoxidase of HRP 1701 and more recently 
that the paraperoxidases may exist as low-spin cyanide complexes [ 174]_ 
Isoenzymes, on the other hand, usually have more subtle differences in prop- 
erties. There have been several investigations of the multiple components of 
HRP [24,175-1803. According to one widely quoted classification, the 
major components of HRP are seven isoenzymes, Al, A2, _A3 and B, C, D, E 
which were isolated and purified by column chromatography from a crude 
ammonium sulphate preparation 11761. Each isoenzyme was characterized 
with respect to electrophoretic mobility, sedimentation coefficient, purity 
number, chromatographic behaviour, amino acid composition and carbo- 
hydrate analysis. These isoenzymes were further characterized by their cata- 
lytic properties in both a peroxidatic and oxidatic reaction f 1761. The acid 
isoenzymes Al to A3 are readily separated 11813 and have been shown by 
chromatographic analysis to be absent from two commercial preparations 
[182]. Another commercial preparation was homogeneous except for micro- 
heterogeneity over a limited pH range, attributed to the carbohydrate por- 
tion of the molecule 11833. Spectral and circular dichroism studies indicate 
that isoenzymes Al and C of HRP have similar active sites [184], Changes in 
isoenzyme composition induced by pH changes, which caused no net change 
in reactivity have been reported [ 1851. Transient state kinetic studies on a 
variety of commercial preparations, discussed in detail later, have never 
shown any indication of multiple components. If two or more significant 
components of greatly different reactivity were present, biphasic or multi- 
phasic traces rather than pseudo-first order traces would be obtained. It ap- 
pears that most commercial preparations are predominantly the very similar 
B and C isoenzymes. However, more work to establish the composition of 
commercial preparations would be appreciated. 

Eighteen isoenzymes were separated from Japanese radish peroxidase up- 
on electrophoresis on polyacrylamide gel [186]. The major components 
were acidic isoenzymes. Five peroxidase isoenzymes have been isolated and 
obtained in highly purified form from tLzmip roots. They all contained 
hemin as prosthetic group, but in contrast to horseradish peroxidase iso- 
enzymes which possess very similar spectral characteristics, the wavelengths 
and amplitude of the absorption peaks of turnip peroxidases varied [X87]. 
The crystaIli.ne preparation of cytochrome c peroxidase is free of isoenzymes 
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[ 1881. It has been claimed that lactoperoxidase exists as a number of closely 
related isoenzymes [ 189-1911; however, it has been argued that these findings 
are the result of enzyme degradation during the extensive purification and 
separation procedures [ 33f. 

Preparakive disc electrophoretic separation of the myeloperoxidase of 
normal human leucocytes demonstrated the existence of six isoenzymes 
11921. Studies of isolated bands suggested that each isoenzyme was a dimeric 
molecule arising from three kinds of monomeric subunit A, B and C. The iso- 
enzymes are referred to as AA, AB, AC, BB, BC and CC. The fact that the 
enzyme can be split into tivo parts, each containing a heme unit f6 3 also 
suggests that the native enzyme consists of more than one subunit. 

The amino acid analysis of some peroxidases is summarized in Table 4. 
The plant peroxidases in common with many plant proteins [ 194 j have a 
low lysine content. In contrast the lysine content in cytochrome c peroxi- 
dase and lactoperoxidase is rather high as is the tryptophan and tyrosine con- 
tent. The amino acid composition of Mann HRP shown in Table 4 is similar 
to analysts of different sources of this enzyme previously reported in the 
literature [27,175,195]. The complete sequence of 21 and partial sequences 
of three tryptic peptides have been determined which account for 203 of the 
300 amino acid residues in HRP [183]. Thermolytic peptides which overlap 
the tryptic peptides in many places accounted for iO0 amino acid residues 

TABLE 4 

Amino acid analysis of some peroxidases 
~~ ~~_. ~ 

HRPa JRpa CCP 

Lysine 6 7 21 
Histidine 3 4 5 
Arginine 20 11 9 
Aspartic acid 46 51 42 
Threonine 25 27 14 
Serine 26 51 14 
Glutamic acid 20 26 27 
Protine 17 17 15 
Glycine 17 6 23 
Alanine 23 64 16 
Cysteine Sb 10 1 
Valine 18 20 12 
Methionine 4 4 6 
Isoleucine :5” ;: 8 
Leucine 23 
Tyrosine 6 3 12 
Phenylalanine 20 18 16 
Hydroxyproline - 12 - 
z?ophan 183 - 3: 19: 

a Abbreviations defined in Table 1. b H&f cysteine. 

CIP 

4 
7 
6 

39 
17 
33 
26 
23 
14 
24 

2 
1 

2 
9 

20 
10 
13 

12 

LP MP 

33 II 
14 4 
39 35 
71 51 
28 23 
30 21 
60 37 
42 31 
41 26 
40 26 
12 13b 
29 17 
12 1” 
28 1s 
68 43 
15 n 
31 17 
- - 

16 33 38 - 
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11961. Work on the primary structure of the protein portion of HRP is now 
nearing completion [ 197 1. 

A common “assay” for peroxidases is the R.2, or purity number, the ratio 
of maximum absorbance in the Soret region to the absorbance of aromatic 
amino acids at 280 nm. For HRP, R.Z. values of 3 or greater indicate high 
purity, unless one has a sample of a rare isoenzyme component. Several 
steady state assay methods have been developed [198-2003. Tbe carcino- 
genic nature of aromatic amines has bean emphasized and an alternative assay 
proposed [ ZOl]. Assays for CcP [ 1883, ClP 1131 and LP [202,203] have been 
described, 

(ii) Crys tal,lization 

Both apo and reconstituted holoenzymes of cytochrome c peroxidase con- 
taining natural and unnatural prosthetic groups can be crystallized ]204- 
ZO?] which makes it possible to compare the three dimensional structures of 
the apoprotein moiety of the enzyme in the absence and presence of the 
prosthetic group. The crystals obtained from native CcP are orthorhombic 
with a space group P21212, and unit cell dimensions a = 107.6 A, b = 76.8 A 
and c = 51.4 A with four molecules per unit cell [208]. The heavy-atom 
uranyl and mercury derivatives have been prepared and are isomorphous 
with the native CcP [209]. Preliminary c~s~lo~phi~ data has also been 
reported for Japanese radish peroxidase c, a paraperoxidase f 2093. The space 
group is PeZ2 with alit cell dimensions a = b = 11.2 A and c = 133.6 A. One 
unit cell contains 2 molecules of JRPc. 

Although many of the peroxidases have been obtained in crystalline form 
most are not suitable for X-ray analysis (see Table I). If the difficulties in 
obtaining satisfactory crystals have been a result of heterogeneity caused by 
mixtures of isoenzymes, the problem is readily resolved. If they are due to 
microheterogeneity attributable to the carbohydrate portion of the molecule 
[ 1831, then satisfactory crystals may be obtained only for carbohydrate-free 
peroxidases such as CcP. 

(iii) Magrze tic susceptibility 

A difficulty in determining the pammagnetic moment (I& of a hemo- 
protein lies in the large diamagnetic correction required for the protein. The 
diamagnetic correction has been found by measuring the difference in the 
susceptibility of a hemoprotein containing a paramagnetic ion from that of 
the same hemoprotein with a diamagnetic ion. However it has been shown 
]210] that this method leads to a small systematic error since it cannot be 
assumed that the diamagnetism of the protein is the same in both cases and 
that the 6d electrons which are paired in the “diamagnetic” comparison 
hemoprotein do not make any paramagnetic contribution to the suscepti- 
bility. 
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The predicted Beff values of pure high and low spin states of heme com- 
pounds at 20°C with the iron in various oxidation states are given below 
[Zll]. 

Oxidation No. of Susceptibility Predicted pcff value or 
State unpaired range in BM 

electrons 

Fe’+ 4 
Fez+ 0 
Fe3” 5 
Fe3’ 1 
Fe4* 4 
Fe*+ 2 
Fe5” 3 

spin + orbital 4.90-5.64 
diamagnetic 0 
spin only 5.92 
spin + orbital 1.73-2.8 
spin only 4.90 
spin + orbital 2.5-3.6 
spin only 3.87 

Some ferric hemoproteins have magnetic susceptibilities between the val- 
ues for 5 and 1 unpaired electrons. It has been suggested that these com- 
pounds might be a mixture of two magnetic isomers, one high and the other 
low spin /212,213]. On the basis of theoretical calculations [214], it was 
concluded that ferric hemcproteins with intermediate magnetic susceptibili- 
ties may be in thermal equilibrium between high and low spin states based 
on the 33oltzmann distribution. Table 5 summarizes the magnetic suscepti- 
bility measurements of the peroxidases. 

The complexes of horseradish peroxidase with fluoride and cyanide have 
been shown to obey the Curie law and are in a purely high spin state and low 
spin state respectively over the temperature range of the experiments (77 IS- 
RT) [215]. For the native enzyme, abnormal temperature and pH depen- 
dences Gf the paramagnetic susceptibility and optical absorption spectra are 
observed in the frozen state 12151. This is explained on the assumption that 
there is a pH dependent mixture of two kinds of molecules, probably an 
alkaline form and an acidic form, and that each of these molecules has high- 
spin and low-spin states populated in thermal equilibrium. 

The paramagnetic susceptibility of the azide complex of horseradish per- 
oxidase has been measured and found to be temperature dependent [ 217 J . 
The temperature dependence is explained in terms of thermal equilibrium 
between high- and low-spin states. The paramagnetic susceptibility which 
was found to be independent of temperature below -100°C was found to be 
dependent as the concentra’uion of azide. At very high concen~ation~ of 
azide or in acid solution below pH 4.5 the azide complex did not show a 
temperature dependence and it is suggested that it is a different kind of &de 
complex in a purely low-spin state. 

The magnetic susceptibility data for HELP-I and HRP-II have been inter- 
preted as Fe” for HRP-I and Fe’” for HRP-II [211]. 

For cytocbrome c peroxidase the susceptibility of the enzyme was found 
to deviate from the Curie law above -160°C 12191 whereas the susceptibil- 
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TABLE 5 

Magnetic susceptibility measurements on peroxidases 

PH Temp (R) ct (BW Ref. 

Horseradish peroxidase 
HRP-CN 

HRP-F 

HRP-Ns 

4-10.5 77-RT 
- 298 
5.0 77-RT 
- 293 
5.0 77-RT 
5.0 77 

HRP-I 3.43.8.85 
HRP-II 8.85 
Cytochrome c peroxidase 5.55 

6.5 

7.05 

7.50 

CcP-CN 
CcP-F 

CcP-Ns 

CCP-I 
(Complex ES) 

Ferri-myeloperoxidase 
Ferri-MP 
Ferro-MP 
Ferro -MP 

- 

7.0 

293 
293 

77 
250 

77 
250 

77 
250 

77 
250 

77-250 
77 

250 
77 

250 
77 
77-268 

293 
293 
293 
293 

a 

2.67 
-2.24 

5.92 
-5.92 

2.17 u 
5.19 
3.99 c 
3.53 c 
5.13 
4.95 
3.84 
4.86 
3.67 
4.81 
3.19 
4.36 
2.13 
5.92 
5.91 
2.33 
2.38 
4.1 CJ 
4.17 
5.77 = 
3.45 = 
4.46 = 
3.87 c 

217 
216 
215 
216 
215 
217 
216 
2i8 
218 
219 

219 

219 

219 

219 
219 

219 

220 
221 

85 
85 
85 
85 

a /J values of HRP solutions at pH 4.4.8 decrease with increase in temperature above 
-lOO”C, at pH 9.5,10.5 increase with increase in temperature above -100°C. Below 
-100°C the values of &,fr for each sampie are temperature independent but they are pH 
dependent. 
b Independent of temperature below -100°C but dependent on concentration of aside. 
c fi value of original data has been corrected according to Griffith 12101. 
d When correction is made for one equivalent of free radicals, assuming normal suscepti- 
bility of the radicals, the effective magnetic moment of the heme decreases from 4.1 to 
3.7 BM 12221. 

ity of Complex ES (compound I) was found to obey the Curie law rather 
closely oyer the temperature range of the experiments (77 K-RT) [219]. 
The abnormal temperature and pH dependences of the native enzyme are 
explained on the assumption that the sample is a pH dependent mixture of 
two kinds of molecule, probably (Fe3+)H20 and (Fe3’)OH- and that both of 
these molecules have high and low-spin states populated in thermal equilib- 
rium [ 219,221]. The EPR data for compound I of CcP indicate that one full 



equivalent of free radicals is present in the system [ 2203. The total width of 
the radical absorption suggests that this radical is situated not too far away 
from the paramagnetic heme. When correction is made from one equivalent 
of free radicals, assuming normal susceptibility of the radicals, the effective 
magnetic moment of the heme of compound I of CcP decreases from 4.1 to 
3.7 BM [222]. 

(iv) Electron paramagnetic resonance spectroscopy 

The EPR spectra of high and low spin heme compounds are distinct. High 
spin compounds have gll = 2, gl = 6 and low spin have three g values g, 2: 1.7, 
gr = 2.2 and g, = 2.8. The EPR signals of low spin ferric hemoproteins are 
often broad and weak even at liquid helium temperatures. In high spin spec- 
tra the signaIs sometimes show evidence of asymmetry or splitting. EPR 
spectroscopy has been used to detect mixtures of spin states, but because the 
spectra are measured at low temperatures, (77 K or below) and the position 
of equilibrium is likely to be temperature dependent, information obtained 
in this way is not necessarily relevant to the situation at room temperature. 
Table 6 contains a summary of data obtained from the EPR spectra of some 
perexidases. 

From a pH dependence of the EPR of native HRP [223] it was concluded 
that three components were involved in the acid-base transition 

HRP(acid) -HRP(I) -HRP( alkaline) 
Fe3+(H20) Fe3+(0H-) 

The EPR absorption of HRP (I) (not to be confused with compound I) was 
more anisotropic than that of the “alkaline form”. The authors suggest that 
the compound appearing at neutral pH is in thermal equilibrium between 
two spin states while the alkaline form is in a low spin state over the whole 
temperature range. The data showed that the two low spin absorptions ori- 
ginated from the pH dependent interconvertible compounds of peroxidase 
itself and were not due to the coexistence of different peroxidase isoenzymes 
in the sample_ *These data are compatible with magnetic susceptibility data 
described above. 

Cytochrome c peroxidase at 1.5 K and pH 5.0 exhibits signals which are 
typical of high spin ferric heme iron while at pEi 7 the absorptions showed 
some formation of the fow spin form of heme iron. This was attributed to an 
equilibrium mixture of high and low spin forms [ 220,229 ] . However; mag- 
netic susceptibility data showed this to be incorrect 11881 and the data have 
been reinterpreted as a mixture of high spin CcP (Fe-H20) and low spin CcP 
(Fe-OH-). 

The ferri-cyanide forms of HELP and CcP both give EPR spectra which are 
characteristic of tow spin heme while that of JRPa gives a spectrum at 89 K 
which corresponds to a mixture of high and low spin forms similar to the 
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Electron paramagnetic resonance data on the peroxidases 
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PH Temp. g values EPR Ref. 

W) signature 

Ferri-HRP (acid) a 

Ferri-HRP (neutral) a 

Ferri-HRP-CN 
Ferro-HRP 
Ferro-HRP-CN 
Ferro-HRP-CO 
Oxyperoxidase (HRP-III) 
HRP-II 
HRP-I 
Ferri-CcP 

Ferri-CcP-CN 
Ferro-CcP 
FerroCcP-CN 
CcP-Ha02 product 
CcP-chlorite product 
Cc&oxygen product 
JRPU 

JRPa-F 
JRPa-OH 

JR&-N3 

JRPaCN 

JRPc 7.0 89 
Ferri-MP - 169 

Ferro-MP 
Chloroperoxidase - 

ClP-F 
CIP-I 
ClPCl 

- 
- 
- 

77 
- 

- 
- 
- 

low 
neutral 
high 
low 
neutral 
high 
9.2 
7.0 
9.2 
7.0 
7.0 
6.0 
7.0 
low 
high 
6.3 
- 

9.2 
5.0, 6.4 
6.0 
- 

63:: 

7.0 
$11.6 

4.6 

7.0 

1.4 
1.4 
1.4 
1.4 
1.4 
1.4 
1.4 
1.4 
1.4 
1.4 
1.4 
1.4 
1.4 
1.4 
1.4 
1.4 
1.4 
1.4 
1.4 
1.4 
1.4 

93 
93 

92 
92 

92 

92 

6.3,5.4,2-O 
3.13,2.06,1.23 
2.96, 2.12.X.66 
6.46, 5.38, 2.00 
3.20, 2.05,1.23 
2.94,2.08,1.63 
3.65.2.1.1.2 
no signal 
no signal 
no signal 
no signal 
no signal 
1.995 b 
6.4, 5.6, 2.0 
2.6, 2.2, 1.9 
3.0, 2.1 
no signal 
no signal 
2.05, 2.00, 2.00 
2.046.2.006,2.006 
no signal 
S * = 5.o,g, = 2.05 E 
sm = 6.0.2.92 
g, = 4.3,2.05 
sm= 6.1,gm = 2.07 
s m = 2.86.1.67 
gin = 2.12 
sill = 7.0 (weak), 2.98 

gm = 2.16 
stU = 5.9,2.86 
g m = 2.05 
s, = 6.1 d 
6.3,5.3,4.3, 
(2.26,2.08) 
no signal 
2.63,2.26 = 
(7.44,4.3) f 
7.01.4.80 
7.46,4.17 
2.66, 2.27 6 
(7.62,4.05 j 

high spin 223 
low spin 
low spin 
high spin 223 
low spin 
low spin 
low spin 224 
none 
none 
none 
none 
none 
radical 225 
high spin 226 

low spin 
none 
none 
radical 
radical 
none 
high spin 
high spin 
low spin 
high spin 227 
low spin 

low spin 

high spin 
low spin 
none 
high spin 

none 
low spin 228 

high spin 
high spin 
low spin 

a Acid and neutral isoenzymes as separated [155]. 
b In titration experimeni with HRP and HaOa, this signal was proportional to concentra- 
tion of compound I reaching a maximum when equivalent amount of Hz02 added. 
c The authors used the following designations to mark field positions: g,,, is a position in 
terms of g value of maximal absorption, s, refers to positions calculated as g values of 
maximal positive or negative slope in the absorption curve or derivative curve. 
d Authors suggest that this signal might he from denatured JR& produced in the course 
of deionization and concentration. 
e The presence of manganese in all samples made the EPR anaiysis around g = 2 difficult. 
As a result only two g values of each species were obtained with accuracy. 
f Minority high spin ferric species. 
a Attributed to protein bound Cu2+. 



native enzyme of JRPa at neutral pH. None of the ferro derivatives studied 
gave any signal. 

Perhaps the -most exciting EPR results have been obtained on the com- 
pounds I of CcP and HRP. Complex ES (compound I) of CcP gave an intense 
narrow signal of a free radical type at g = 2.00 12201. The spin concentra- 
tions of this free radical were estimated to be about one equivalent per 
enzyme hematin unit. It is suggested that the signal is due to the formation 
of a stable and reversible free radical of an aromatic amino acid residue on 
the enzyme protein located near the heme iron, Recently a small EPR signal 
was obtained from HRP-I [225], which had free radical properties and was 
proportional to the amount of compound I present. It was suggested that 
there is a free radical present which is relaxed by the near-by iron. It thus 
appears that HRP-I may be similar to CcP-I (complex ES), the main differ- 
ence being that the free radical of HRP-I is located so close to the FeiV that 
its EPR signal is almost obliterated by the paramagnetic center. No signal 
was observed for HRP-II. 

(v) Nuclear magnetic resonance spectroscopy 

NMR methods have been extensively applied to the investigation ef bio- 
logical systems [230,231], In particular they have been used to obtain 
information about the environment in the vicinity of the high spin ferric iron 
of various hemoproteins 1232-2353 and hemin derivatives [236]. Extremely 
large chemical shifts are observed for heme protons for which a quantum 
mechanical model has been developed 1237 J _ 

Solvent [ 238,239] and ligand f 2401 exchange rates can also yield valuable 
information. It is of great interest to identify the iigands occupying the fifth 
andsixthcoordination positionson thehemeiron of HRP.Ithas beengener- 

ally assumed, but never proven, that the sixth coordination position is occu- 
pied by a water molecule [69,215,241-2441 as it is in metmyoglobin and 
methemoglobin where all normal derivatives are six coordinate [X13,245]. 

A study has been made of the rate of exchange of water with the iron 
atom of the heme group of HRP at several pH values using a line broadening 
technique with 0” NMR 12461. Although the points in the plots of 
log(l/TzD) vs. l/T(K) were scattered they did define lines of positive slope. 
However, it was not possible to decide whether the exchange process was 
from the inner or outer coordination sphere f247f. 

From the results of a pH dependence of longitudinal relaxation rates of 
water protons in HRP [239] the authors concluded that ferric HRP had no 
water coordinated to its iron and that it was probably a closed crevice struc- 
ture. This conclusion was based on the fact that the value of the molar relax- 
ivity of neutral ferric peroxidase was closer to that of the low-spin cyanide- 
HRP complex than that observed for neutral myoglobin [238] with one 
water molecule bound in the high-spin state or acidic ferricytochrome c 
12331 with two water molecules bound in the high-spin state. Also the molar 
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relaxivity was found to be constant in the pH range 3-12. A temperature 
dependence of the relaxation rate would be helpful in checking the presence 
or absence of water in the sixth coordination position of HRP. 

Since 35Cf has a nuclear spin of $, it has a quadrupole moment which can 
provide an effective nuclear relaxation mechanism_ Thus an NMR halide-ion 
probe technique can be used to gain information about bioIogical moIecules 
[ 248~2501. It has been used to detect the binding of Cl- ions to native and 
ape-horseradish peroxidase which is probably non-specific in nature. The 
binding increases markedly as the pH is lowered [251] _ 

In recent studies, NMR has been used to deduce information concerning 
the orientation of a bound organic molecule to native HRP [252] and to 
identify amino acids near the heme of both HRP and various isoenzymes of 
turnip peroxidase [ 2531. 

(vi) M&shauer spectroscopy 

MSssbauer spectroscopy is sensitive to the electronic configuration sur- 
rounding the iron nuclei. It can give information about spin states, the effect. 
of substrates on heme environment and how changes in formal valence state 
affect the electronic charge on the iron, Results of Mijssbauer studies on 
various peroxidases are summarized in Table 7. 

The Mijssbauer spectra of HRP and its peroxide derivatives have been 
studied [254]. The Miissbauer parameters for HRP-I (pH = 3) and HRP-II 
(pH = 9) were found to be very similar. This suggests that there is little dif- 
ference in iron electronic configuration in going from compound I to com- 
pound II. The results are consistent with an Feiv state for both HRP-I and 
HRP-11. Native horseradish peroxidase has a Massbauer spectrum which is 
different to that of its compounds and indicates a change in the iron con- 
figuration. 

Like the HRP com&unds, the MGssbauer parameters for JRP compounds 
I and II are similar and suggest that the iron electronic configuration in these 
compounds is alike [258]. The hydroxide, cyanide and azide compounds all 
have absorptions characteristic of low spin ferric ion. 

For native cytochrome c peroxidase the spectra indicate the presence of 
both high and low spin components [ 2591. It has been reported that the 
Massbauer spectrum of the compound formed between ethyl hydrogen per- 
oxide and cytochrome c peroxidase is similar to JRP and HRP compounds I 
and II [ZSO]. 

Miissbauer studies on chloroperoxidase [254] show that the heme iron of 
the native enzyme undergoes a spin change from predominantly low spin to 
predominantly high spin as the temperature is increased from 4.2~245 K. 
The chloride complex at 4.2 K has a spectrum which is aImost identicai to 
that of the native enzyme so it is suggested that chloride is not an a,l-al 
ligand in the complex f 2541. 
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TABLE 7 

Results of MSsbauer spectroscopy studies on peroxidases 

Temp 
(K) 

PI-I Quadrupoie 
splitting 
(mm s-l ) 

Isomer shift 
(mm s+) 

Ref. 

Horseradish 
peroxidase 

HRP-II 

HRP-I 

Chloroperoxidase 

CUP43 

CIP-F 

ClP-I 

Reduced ClP 

Reduced CJP-CO 

Japanese radish 
peroxidase a 

JRPa-OH 

w-t 

JRPa-N3 

JRPa-CN 

JRPa-I 

JRPa-II 

205 
77 

4.6 

205 
77 

4.6 

77 

4.2 

194-245 

4.2 

223 

4.2 
225 

4.2 
225 

4.2 

4.2 

243 
120 

77 
4.2 

243 
120 

77 

195 
120 

77 

195 
120 

77 

195 
77 

195 
77 

- 

9.3 

3.5 

3 

3 

3 

3 

- 

- 

- 

- 

- 

- 

1.87 1: 0.03 +0.1!3 f 0.03 254 
1.96 +0.25 
Too broad to determine 

1.37 t 0.02 -0.02 f 0.02 
1.36 -i-9.03 
1.42 +0.03 

1.20 f 0.02 0.00 f 0.02 

Broad spectra characteristic of 255 
low spin ferric contains high 
spin ferric as minority species 

Spectra show that native chloro- 
peroxidese undergoes a spin 
transition from low spin to high 
spin as temperature is raised 

Like chloroperoxidase at 4.2 K 

Only one quadrupole doublet 
characteristic of low spin ferric 
species 

Hyperfine splitting 255 
1.00 4 0.05 

Hyperfine splitting 
0.65 t 0.07 

2.48 t 0.02 -@.85 f 0.02 

0.52 f 0.04 +0.29 + 0.02 

184 i 0.06 +0.35 + 0.06 256,257 
2.28 a0.34 
2.49 +0.38 
Hyperfine splitting 

1.84 *0.27 
2.36 +0.22 
Hyperfine splitting 

2.22 +0.29 
2.22 +0.31 
Hyperfine splitting 

1.61 +0.11 
1.71 +0.13 
1.81 +0.15 

1.38 +0.04 258 
1.33 +oso 

1.44 10.07 
1.46 +0.11 
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TABLE 7 (continued) 

Temp 
W) 

PH Quadrnpole Isomer shift Ref. 
splitting (mm s-’ ) 
(mm .s-* ) 

JRPu-III 

Cytochrome c 
pero-tidase 

&P-F 

195 
77 

195 

4.2 

7 

2.33 MI.24 
2.37 +0.29 

2.38 +0.22 
1.27 +0.32 

Hyperfine splitting 

259 

(vii) Electronic absorption spectroscopy 

There is considerable interest in the nature of the iron porphyrin pros- 
thetic groups in the native peroxidases and their intermediate compounds. 
With the increase in techniques based on observing changes in the x + R* 
spectrum of the l&r electron porphyrin ring it is apparent that a fi.d assign- 
ment of the electronic absorption spectrum in the visible and ultraviolet 
regions is necessary. 

Figure 2 shows the state diagram for the 18~ electron porphyrin ring, 
assuming LJah symmetry for the metal porphyrin system. Absorption in the 
15 000-35 000 cm-* region is mainly due to transitions from the A*, ground 
state to degenerate ?r* excited states [ 1061. The lowest energy transitions 
comprise a complex set which are identified in the absorption spectrum as 
the Q or Qoo band and p for QOi, Q02 etc., the vibrational overtone bands. TO 
higher energy lies the single intense Soret or y band, with an extinction coef- 
ficient of about lo5 M” cm-‘. At slightly higher energies a fimther broad 
band of weaker intensity is often observed especially at low temperatures. It 
has been suggested that this is a transition to the third TIT* state [261]. 

Common Teminology 
for Bands' Observed State Symmetry Energy 

N 
Soret, y E* 

B 
%I 

-I 

1 
8 

Visible 
3. 

QOl - 

Qoo - t 
-18,000 cm-’ 

(560. rW 

G.S .- % 

Fig. 2, Schematic energy level diagram for an 18~ electron porphyrin ring. 
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In many cases a series of bands is superimposed on the w -+ ‘IT* spectrum 
which arise from charge transfer transitions between the metal and the ring 
f116,262,263 J . These are observed to have extinction coefficients approx- 
imately the same as those of the T* bands. Their presence seriously compli- 
cates the problem of assignment of many hemoprotein spectra. The direction 
of the charge transfer and the energy of the transition depends on the oxida- 
tion and spin state of the central iron. For example in high spin Fe”’ HRP 
bands are observed at about 10 000 cm-’ that can be assigned as charge 
transfer from the filled ligand 7r orbit.& into the half filled d orbit&s of the 
metal f263-2651. 

The’ optical spectra of ferric hemoproteins have been empirically correlat- 
ed with their magnetic properties as follows [266,267]. For a high spin 
ferric hemoprotein with five unpaired electrons the magnetic moment will be 
approximately 5.9 B.M. These compounds have an intense Soret band in the 
region 400-415 nm and weak (Y and fl bands at about 5’75 and 535 nm 
which are often obscured by charge transfer bands lying in the region 450- 
1000 nm. Low spin ferric hemoproteins with one unpaired electron have 
magnetic moments of about 2.3 B.M. The Soret band in these compounds 
lies at about 415-425 nm and they have distinct (Y and p bands. Charge 
transfer bands are absent in low spin ferric hemoproteins in this spectral 
region. Equilibrium mixtures of high and low spin states have spectra which 
are additive mixtures of the two components [ 266-2681. 

Table 8 l&s the band maxima observed in the room temperature spectra 
of the peroxidases and their derivatives. 

The pH dependence of the absorption spectrum of cytochrome c per- 
oxidase is anomalous. There is little change in the absorption spectrum be- 
tween pH 5.0-7.0. However above 7.5 it changes to a low spin alkaline type, 
but no distinct isosbestic point is observed in the transition [271]. At 77 K 
the spectra of cytochrome c peroxidase at pH 5,6 and 7 become different. 
The changes indicate a transition of the enzyme to a low spin state upon 
cooling. There were no isosbestic points among the spectra obtained at dif- 
ferent temperatures and on warming the enzyme from ‘77 K the o and p 
bands disappeared non-synchronously with the appearance of the charge 
transfer bands suggesting that the enzyme may exist as a mixture of more 
than one form. This is supported by magnetic susceptibility measurements of 
the enzyme at low temperatures [ 2211. The peroxide compound of cyto- 
chrome ci peroxidase and its cyanide and fluoride compounds were found to 
be temperature-independent while the a&de complex, like the native enzyme 
showed a temperature dependence, the spectrum at low temperatures resem- 
bling that of a low spin hemoprotein f273]. 

For horseradish peroxidase, its intermediate compounds I and II and 
many of its ferri- and ferro-derivatives, it has been shown that at low temper- 
ature there is no dramatic change in the absorption spectrum, only a general 
sharpening and resolution of the bands [2X3,224], (footnote b, Table 8). As 
the spectra of compound I and compound II of horseradish peroxidase are 
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the same at 77 K and 273 K, it was concluded that neither is an equilibrium 
mixture of species. This disproved a suggestion [2’76] that compound I repre- 
sents the sum of the specka of interconvertible tautomers. 

(viii) Circular dichroism, optical rotatory dispersion 

The optimal activity associated with the heme tmnsitions in hemoprotems 
is a direct result of the binding of heme to apoprotein since free heme is op- 

tically inactive 1277 f . The CD and ORD techniques are sensitive to many 
aspects of protein structure such as e-helix [278], @structure [279--2811 
and the conformations of certain amino acid residue side chains f 282,283]. 

The CD spectra in the far ultraviolet region give information about the 
conformation of the peptide backbone. The CD of native KRP in this region 
resembles that reported for e-helical polypeptides 12781. It has been esti- 
mated that HRP contains about 40% helix 1284). The isoenzymes C and Al 
of ferri-IIRP have been shown to have very similar absorption and CD spe- 
tra in the Soret region [184]. The similarity of the CD bands at 207 nm and 
227 nm in HRP and its intermediate compounds I and II suggests that if any 
conformational change occurs during the peroxidatic reaction then it is re- 
stricted to a small region involving only a few amino acid residues [284]. 
However, this might be the only change necessary for the active site to be- 
come more accessible in compounds I and II compared to the native enzyme. 
(See also the section on photolysis.) In a study of the CD of some derivatives 
of HRP it was shown [285] that HRP loses most of the heme associated op- 
tical activity on reduction, but gains a strong complex CD spectrum on 
formation of the carbonmonoxy derivative. The authors suggest that this is 
due to local conformational change with respect to the hemoprotein binding 
side on reduction from the ferri to the ferro form. The CD of JRPa has been 
used to estimate helical and p-structure [286]. 

ORD has been used to study the denaturation of HRP 1287) and to show 
that there are no major conformational changes caused by pH changes for 
either HRP [ZSS] or LP I2893_ 

(ix) Magnetic circular dichroism 

The techniques of magnetic optical rotatory dispersion (MORD) and mag- 
netic circular dichroism (MCD) give detailed information about the polariza- 
tion properties of electronic transitions and have been shown to be of great 
use in the assignment problem of complex spectra [290,291]. Of these two 
techniques that of MCD has proved the more fruitful in the characterization 
of transitions and the calculation of parameters of both the ground and ex- 
cited states. While there has been considerable work on the porphyrins 1291, 
2921 there is comparatively little data published on heme proteins and to 
our knowledge there is no published data on catalase or any of the peroxi- 
dases. The reviews on manganese porphyrins 12931 and the chlorophylls 
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[261] illustrate well the use of this technique in understanding the nature of 
the aromatic ring, central metal cation and its axial ligands. 

Recent MCD spectra of native HRP and its cyanide derivative * resembIe 
in transition energies, half widths and angular momenta the data obtained 
for metmyogfobin and its cyanide derivative, supporting observations made 
previously from the absorption spectra alone [ 239411. The MCD spectra of 
the intermediate compounds I and II of HRP (Figs. 3 and 4) allow further 
interpretation of their respective absorption spectra. In both of these figures 
the absorption spectra recorded at 10 K are shown affording greater resolu- 
tion of the individual trans%ions. As with the absorption spectra, it is found 
that the MCD of HRP-II is considerably better defied than HRP-I and more 
readily assigned. The HRP-II MCD is characteristic of a low spin iron- 
porphyrin with iittle mixing between the iron d orbitals and the porphyrin T 
system. A positive A term at 18000 cm -I identifies the QoO transition, with 
poorly defined positions tying in the Qol region to higher energy. 

I I I r r I I t 1 

> 14.0 200 24.0 280 3 

FREQUENCY [kK) 

16.0 2&O 240 28.0 

FREQUENCY (kK/ 

Fig. 3. Magnetic circular dichroism spectrum of m-1 at room temperature compared to 

its optical spectrum at 10 K. The optical spectra of HRP-I and XR.F-II at 10 K are very 
similar to the room temperature spectra except that the ban& are narrower. 

Fig. 4. Magnetic circular dichroism spectrum of HR&II at room temperature compared to 
its optical spectrum at 10 K. 

* MA. Stiflman, B.R. Holiebone and J.S. Stillman, unpubfished re~uits. 
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The symmetric, positive A term under the Soret band at about 24000 
cm-’ is assigned as the degenerate B band. Additional features of this spec- 
trum compared with other low spin heme proteins are the bands at about 
16000 cm-l and 20000 cm-’ in the abso~tion spectrum. Neither set is clear- 
ly resolved in the MCD spectrum. 

The HRP-I MCD is not as straightforward to interpret. It is possible, how- 
ever, to characterize the band in the MCD spectrum at 18000 cm” (labehed 
(i) in Fig, 3) as a positive A term displaced from the baseline by the residual 
positive rotation from other transitions, and to assign this as the Qao of the x 
to ?r* spectrum. Band (ii) in Fig. 3 is then assigned as the porphyrin B band. 
The basis of this assignment rests upon the correlation of transition energies 
and relative rotational strengths of bands labelled (i) and (ii) in both the 
HRP-I and HRP-II MCD spectra. 

Some indication of the various electronic structures of the porphyrin ring 
is perhaps given by the observation that photolysis of HRP-I can occur at 
10 K but that neither HRP nor HRP-II are photoch~mic~y active at these 
temperatures under the condition of low power light [294,295]. Additional 
absorption and MCD transitions observed for HRP-I might arise from charge 
transfer from ligand to metal. 

Of particular importance in the discussion of the nature of the electronic 
structure of HRP-I is the analysis of the absorption specka of the positive 
cation radicals of some porphyrin derivatives 11691. While several different 
absorption spectra are observed depending upon central metal ion, porphyrin 
substitution and counterion, the spectrum of (Co”’ OEP)2’ 2C104- (where 
OEP = octaethylporphyrin) appears to resemble that of HRP-I in the visible 
region. A proper comparison can only be made after full characterization of 
the Q and B bands in the cation radicals. 

(x) Resonance Raman spectroscopy 

Resonance Raman spectroscopy permits much lower concentrations of 
solute to be used since it is much more sensitive than conventional Raman 
spectroscopy. Me~loporphyrins f296-300], hemoproteins [301] and HRP 
and its derivatives [302,303] with their strong absorption bands are biolog- 
ical molecules ideally suited for resonance Raman studies. The structure sen- 
sitive Raman frequencies and their states of polarization indicate the oxida- 
tion and spin state of the derivative [304]. In all cases investigated so far, ex- 
cept for native HRP. the frequencies could be classified according to the 
known spin states found by other techniques_ The data for native HRP were 
found to be anomalous. Other techniques indicate that it is in a high-spin 
state in the pH range 7-9, but the Raman marker frequencies did not fall 
into the high spin grouping but nearer to the low spin. It is suggested that 
this effect is due to doming of the porphyrin ring and this explanation is 
related to the facile oxidation of Fe In to Fexv 13031. The resonance Raman 
spectra of HRP-I and HRP-II shouId be most interesting. 



(xi) Photolysis 

It has been shown recently that HRP-I and HRP-II undergo pbotochem- 
ically induced reductions [294,295]. Table 9 summarizes the reactions 
which take place at both room temperature and 10 K [294,295 J. At room 
temperature an enhanced rate of decay through the normal enzymatic cycle 
was observed when a sample of HRP-I was irradiated with light. Si.mila.rly 
when HRP-II was irradiated with light at room temperature an enhanced rake 
of decay to native enzyme was observed, At low temperatures (10 K, 80 K) 
in glassy matrices rapid conversion of HRP-I to a product, originally identified 
as HRP-II, took place. Wowever, with absorption maxima near 540, 575 and 
650 nm, the product resembles low spin compounds such as HRP-III or al- 
kaline peroxidase. If HRP-I is represented as R - FeIV-OH, a possible structure 
for the product found at low temperatures is R - Fe”‘-OH, which might be 
expected to have spectral similarities to alkaline peroxidase and which could 
be an intermediate preceding HRP-II (FeEV-OH) formation. * The mechanism 
by which photolysis occurs appears not to be related to the mechanism of 
fluorescence [ 3051. : 

(xii) Heme separation, modification and enzyme reconstitution 

Since ferriprotoporphyrin IX is the active site of most peroxidases, the 
nature of its binding to and interaction with the apoprotein is of vital im- 
portance in understanding the mechanism of action of peroxidase and the 
differences in behavior among various hemoproteins. Early work on the split- 

TABLE 9 

Horseradish peroxidase reactions catalyzed by light 

Temp. Time sample was 
illuminated 

Reaction Time required to 
complete reaction 

RT 0 min HRP-I + HRP-II + HRP >24 h 
RT 60 min HRP-I + HRP-II -+ HRP -76 min a-b 
10 K, 80 K 1800 s HRP-I + R - Fern--OH{?) 1800 s b 
RT 0 min HE@-11 --t HFXP .I.4 h 
RT 60 min HRP-II + HRP c - 76 min b*d 
RT 150 min HRP-II + HRP-CN = -184 min b 
10 K, SO K 5il HRP-II + no reaction 

a This time includes the irradiation time. 
b Dependent on lamp voltage. 
C HRP-II prepared from HRP-I using p-cresol. 
d Some destruction of HRP takes place. 
e HR.P-II prepared from HRP-I using KaFe(CN)G. 

* D. Job and W-D. Hewson, personal communication. 
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ting of the enzyme (separation of the hemin and the apoprotein) has been re- 
viewed [ 3061. Kinetic studies have been conducted on the splitting reaction 
and reconstitution of the native enzyme [306-3081. The separation of the 
hemin occurs readily at extremes of PH. However, in alkaline solution, the 
splitting is accompanied by irreversible denaturation of the protein so recon- 
stitution of an active enzyme is not possible. In acid solutions with proper 
precautions it is possible to carry out the reversible splitting of the enzyme. 
Thus, artificial HRP can be synthesized in which other hemin molecules 
[309] which may be chemically modified [310] are substituted for the orig- 
inal prosthetic group. It appears that the propionic acid side chains play an 
essential role in the binding process [311,31,2]. Chemical properties of the 
artificial HRP enzymes have been studied [ 313,314]. Studies have also been 
conducted on artificial CcP molecules [ 205,315] including a reconstituted 
CcP enzyme containing a spin-labelled hemin [ 3161. 

The acid-base titration curves of both native and apo-HRP have been 
determined. The results are interpreted as showing that a histidine residue is 
available for titration in the apoperoxidase which is not available in the 
native enzyme. This suggests that there is a histidine residue which is proxi- 
mal to the hemin active site. The results also indicate a distal tyrosyl residue 
f317]. 

The classic study involving proton-linked oxidation-reduction potential 
measurements is that for the ferro-ferric HRP couple 12431. The study 
showed the existence of heme-linked acid ionizations with pK, values of 
10.6 for ferric HRP and 7.6 for ferrous HRP. 

There are now five known oxidation &&es for HRP, ranging from ferrous 
to compound III, the latter of which, as is discussed in detail Jater, is the equi- 
valent of a ferrous-molecular oxygen complex (318-3201. The range in 
oxidation states is therefore from -f-2 to +6 in unit steps. The intermediate 
oxidation states of t-3, +5 and +4 are represented by HRP, HRP-I and HRP-II, 
with the conversions in that order representing the path of the normal enzy- 
matic cycle (eqns. l-3) The direct reduction of HRP-I to the native enzyme 
[ 269,321] and ClP-I to the native enzyme have also been demonstrated 
[ 3221. Similarly the direct conversion of ferrous HRP to HRP-II has been 
observed [ 323 1. Recently the proton balance as measured with a pH stat was 
measured for conversions among the five redox states of HRP 13241. 

(xiv) Studies in "kmtti-freeze *’ solvents 

A systematic investigation of physical properties of solvents which remain 
liquid td -80°C has been made. It is possible to maintain the dielectric con- 
stant at a fixed value by varying the solvent composition as the temperature 
is lowered so that the integrity of the protein structure is maintained. This 
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elegant technique has been applied to the reactions of HRP where the inter- 
mediate compounds can be stabilized for long periods of time so that their 
properties can be examined at leisure [325-3271. The viscosity of the anti- 
freeze solvent is so high th& bimolecular reactions are slowed appreciably. 
Therefore the methcd is particularly applicable to enzymes such as HRP 
which have two substrates, one oxidizing and one reducing, so that every 
step is bimolecular. I, unimolecular step occurring within an intimate en- 
zyme-substrate complex, wilI also be slowed appreciably by the lower 
temperature provided it is ratecontrolling. 

(xv) Product analysis 

Because peroxidases tend to be non-specific in their requirements for a 
reducing substrate, a large number of oxidation reactions can be facilitated 
by these potent catalysts. The scope of these reactions has been investigated 
by systematically varying the reducing substrate and analyzing the products 
which have been formed, Since this approach has been well reviewed else- 
where [3,328] it will not be pursued further here, except to emphasize that 
the nature of the products is dramatically different from that obtained in the 
hydroxyl radical redox chain reactions obtained with Fenton’s reagent 
[I@!$]. As is discussed later, a considerable body of knowledge has been 
accumulated from transient state kinetics on the rate of interconversion of 
the various peroxidase compounds. However, a physical study, in terms of 
formulation of rate laws and rate constant measurements, of the subsequent 
free radical reactions remains a largely untouched research area. 

(xvi) Chemicat modification 

The technique of using chemical reagents to modify residues of a protein 
molecule has been reviewed [329]. The reactivity of histidine residues in 
HRP isoenzymes Al and C was determined by titration with diazonium-lH- 
tetrazole. No histidine reacted in the native enzyme but all three residues 
reacted in the apoenzyme [ 3303. The presence of imidazole in the fifth co- 
ordination position of the heme iron is suggested by photooxidation studies 
of the apo-HRP-protoporphyrin complex {331]. Sodium azide and iodo- 
acetate were shown to inactivate HRP indicating a methionine residue near 
the active site [197,332]. Periodate oxidation of the porphyrin ring has been 
studied [333] and reactions of various hydrazines indicate either a &bony1 
group from the carbohydrate portion of HRP or an unusual thiol group near 
the active site [334]. 

D. HORSERADISH PEROXIDASE 

The elucidation of the mechanism of action of an enzyme requires many 
kinds of quantitative data. Primary structure and crystal structure are re- 
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quirecl as is information on structural changes during the course of a reaction. 
Many physical and chemical techniques must be used to acquire the requisite 
information. Attempts to correlate structure and function may be made on 
the basis of equilibrium or thermodynamic data only. The functional nature 
of an enzyme also requires kinetic information however since it is only 
through kinetic measurements that one can determine the specificity (or lack 
of specificity) and obtain a “blow-by-blow” account of the intimate mecha- 
nistic details of a reaction. These sections on the more thoroughly studied 
peroxidases will emphasize kinetic measurements. The ultimate mechanistic 
picture will arise not from any one logical approach, however, but by a com- 
mon-sense merger of all pertinent data. 

(i) Steady state kinetics 

Steady state kinetic measurements can yield accurate turnover numbers. 
They can also yield accurate rate constants for a rate-controlling step, which 
in the case of HRP reactions is often the rate of HRP-II conversion to the 
native enzyme. By operating with a smaller amount of H,O, and a larger 
excess of reducing substrate it is possible to make HRP-I formation the rate- 
controlling step. It is nearly always impossible to make the conversion of 
HRP-I to HRP-II rate-controlling, however, since both compounds are reduc- 
ed by the same substrate and HRP-I is usually reduced the faster of the two, 
The steady state equation corresponding to eqns. (l-3) is a modified form 
of ping-pong kinetics. However, such steady state equations are generally 
interpreted in tPrms of two (or more) consecutive Michaelis-Menten com- 
plexes. Equations (1-3) contain no hint of reversibility or of complex for- 
mation, yet perfectly valid Michaelis-Menten K&t values may be defined for 
both the oxidizing and reducing substrate. Therefore, a limitation of steady 
state kinetics is clearly defied. Nevertheless, some interesting steady state 
studies have been performed on (1) the oxidation of iodide ion [ 3351, (2) 
the effect of cyanide in inhibition of the normal redox cycle [X0], (3) the 
stimulation of HRP by the nitrogenous compounds ammonia, imidazole and 
pyridine at higher pH’s [336] and (4) the luminescent oxidation of luminol 
[ 337-3391, pyrogallol and resorcinol [ 3401. Luminescent reactions involving 
the latter two reagents are stimulated by non-luminescent reducing agents 
such as o-phenylenediamine. The role of peroxy radicals in organic luminescent 
reactions has been established [ 3411 and of both I&e radicals and singlet oxy- 
gen in the chemiluminescence of oxygenated ferrous cytochrome P-450 [342], 

(ii) Transient state kinetics 

(a) Ligand binding 
The simplest reactions in principle are ligand binding. Equilibrium con- 

stants for fluoride binding to native HRP as a function of pH wem measured 
f 216,343,344-J as were the equihbrium constants for cyanide binding f345, 
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346 J. The kinetics of the binding and dissociation of fluoride [ 344,346 ] and 
the binding [181,345,346] and dissociation 13461 of cyanide have been 
studied as a function of pH. The latest study of the rate of cyanide binding 
to native HRP was extended from near neutral solutions to pH 2.55 using a 
pH jump method. The rate of binding decreases with decreasing pH and in- 
dicates pK, values of 2.9 and 3.9 for acid groups which inhibit the binding 
process [ 181 J _ The value of 3.9 probably corresponds to less reliable values 
of 4.1 and 4.3 obtained from earlier studies in less acid solutions [344,346] 
whereas the pK= of 2.9 corresponds to an acid group which has not hitherto 
been detected in kinetic studies. The, two propionic acid side chains of the 
hemin as well as the imidazole group in the fifth coordination position of thr 
heme iron [ 262,344,347-3493 are possible candidates for these two acid 
groups [ 1811. An acid group with a pK, value in the 6.1-f%4 range was 
deduced, largely based on the requirements of detailed balancing; otherwise 
this acid group is not required to account quantitatively for the observed 
binding kinetics f344,346] so that its influence is small and its existence 
might be questioned. Finally, in the region of pH I1 large changes in spectral 
[23,244], kinetic [ 3461 and magnetic properties [ 231 of the native enzyme 
occur, which have generaliy been assumed to correspond to the replacement 
of water by hydroxide in the sixth coordination position of the heme iron 

(PK, = 10.8). It was found in pH jump experiments that the spectra! changes 
occur at 3 finite rate (on a stopped flow time-scale) both in buffered and un- 
buffered solutions [181,350] which is contrary to the expected rates for 
proton transfer reactions. (See also the discussion of NMR experiments.) The 
nature of the transition occurring in native HRP in the high pH region ap- 
pears to be a topic worthy of further study. 

The binding of cyanide to native HRP can be fairly well represented by 
the overall process 

H2P 

K2 11 
HP CN- 

K, 11 11 Ka 

with a binding rate constant of 1.2 X lo5 M-‘s-* , pK, = 3.9 and pK2 - 3.0 
[181]. This scheme ignores the possible effect of an acid group of pK, about 
6.2, which appears to have a small influence on the dissociation rate as a 
function of pH. In order to account for the near pH independence of the dis- 
sociation reaction, the reaction of native HILP with HCN must be extended 
to include such steps as 

P+HCN*(P-HCN)=PHCN+PCH+H+ 

where (P - HCN) is an outer-sphere complex and PHCN an inner-sphere com- 
plex. The rate-controlling forward step may be the conversion of the outer- 
sphere to the inner-sphere complex and the rate-controlling step in the pH- 
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independent dissociation reaction may be the reverse process. Since the dis- 
sociation rate constant is of the order of 0.2 s-l then the dissociation con- 
stant for the HRP-cyanide complex is -2 X 10S6 M. The alternative but 
formally equivalent reaction scheme in which CN- reacts with protonated 
enzyme leads to a binding rate constant of 10” M%-’ which appears too 
rapid for a d~fusion~on~o~ed reaction at a restricted active site [171,181, 
351,352]. 

Fluoride binding to native HRP, on the other hand, may be represented 
by either of the two formally equivalent schemes 

HP+F- 2 HPF 
KI IL 

P 
lgi 

HP F- 
Kz %%PKak, 

=PF+H+ 

The kinetic study was not extended to low enough pH to detect the infha- 
ence of the second acid group of pK, - 3.0 [181,344]. 

The newer value of pK1 = 3.9 is well within the experimentai error of the 
originat determination [181,344], k, = 6 X lo6 M-Is-’ and kZ = klKJKI = 
4.6 X 10’ W’s-’ where& = 1W3 M is the dissociation constant of HF 13531. 
Thus the diffusion-controlled-limit rule cannot be used to decid:! between 
the two schemes [352] both of which adequately account for the marked 
pH dependence of the association reaction. If the lower of the two reaction 
schemes is v&d, then it must be extended to account for the near pH in- 
dependence of the dissociation process (k - 3 X lo2 s-l) in a manner anafo- 
gous to that described above for the binding and dissociation of cyanide. 
(Again a small pH dependence for the dissociation reaction and its resulting 
implications in terms of detailed balancing has been neglected [344,346] .) 

fb) Compound I formation 
In neutral and acid solutions the formation of compound I from Hz02 is 

given by the scheme 

H2P 

K2 It 
HP 

Kl, II 
P + H202 $ Compound I 

with pK1 = 3.9, pK2 - 3.0 and k = 1.8 X 10’ M-‘s”’ 1171 J. Compound I of 
ChIoroperoxide has a ferry! structure [354,355] and it would appear that 
HRP-I also is a ferry1 type of compound [110,264] _ This means that the 
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overall process for compound I formation involves several steps such as 

P + HZOZ + (P - H202) = PH202 --, PO(HRP-I) + Hz0 

with the rate-controlling step now perhaps being the formation of the outer 
coordination sphere complex (P - l&O,). Some supporting evidence may be 
provided by the similarity in rates for the formation of a wide variety of 
heme-protein oxygen-containing compounds [ 51,356-3591. Addition of a 
neutral oxygen atom to Fe”’ wollld convert it formally to FeV but an extra 
electron appears to be supplied from elsewhere in the heme protein so that 
the end product is Fe Iv [ 2541. Thus the additional oxidizing equivalent of 
compound I is stored elsewhere in the hemoprotein [220,225]. The overall 
process which involves formation of the outer- and inner-sphere complexes, 
the transfer of a hydrogen ion and a hydroxyl ion (or their equivalent), the 
cleavage of an 0-O bond, formation of an Fe-Q bond and subsequent re- 
arrangement within the hemoprotein, is amazingly efficient with an activa- 
tion energy of (3.5 + 1 .O) kcal mole-’ [ 360-3621. Such a low energy barrier 
would indicate diffusion control, not chemical control of the overall process 
[363], again in accord with formation of the outer sphere complex as the 
rate-controlling step. The small pre-activation energy term is in accord with a 
sterically restricted active site [351]. The rates of formation of HRP-I using 
methyl, ethyl [ 531 hydroxymethyl [364,365] and t-butyl hydroperoxides 
[69] are, respectively, 1.5 X 106, 3.6 X 106, 5 X 10’ and 0, all with units of 
M-‘s-‘. 

(c) Reactions of compound I 
At this point it is essential to discuss the pitfalls in attempting to obtain 

accurate kinetic data on enzymatic reactions of the peroxidases. If these pit- 
falls are not fully appreciated, quantitative measurements become impossible 
and gross errors in interpretation can be the end result. One possible com- 
plication is the presence of exogeneous donor, or oxidizable impurities. 
However, it is also possible to introduce reducible impurities (oxidizing 
agents) capable of causing spontaneous HRP-I formation. The requirements 
for the oxidizing agent are rather non-specific provided it is not too bulky a 
molecule (see previous section). Impurities might be present in detectable 
amounts in water, in reagent grade salt and buffer preparations and in the 
enzyme preparation itself. Suitable blank experiments can indicate their 
presence. The kineticist can also detect their presence or absence by con- 
ducting the transient state experiments over a wide range of substrate con- 
centrations under pseudo-first order conditions, plotting tjne pseudo-first 
order rate constants vs. substrate concentrations and determining whether a 
non-zero intercept is obtained. A positive in. rcept is a measure of the ex- 
tent of exogeneous donor present and it ten x s to occur most readily in acid 
solutions or for very slow reactions when for example, trace amounts of con- 
taminant on the walls of the stopped-flow apparatus have a better chance of 
competing with the substrate. With suitable precautions the positive inter- 
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cept disappears or can be kept to a few percent of the bimolecular rate con- 
stant determined from the slope of the plot. (A finite intercept does not in- 
fluence the slope of the plot and hence does not influence the rate constant 
obtained from an accurate slope determination. If however, the rate were 
measured at only one substrate concentration then a finite intercept would 
introduce an error into the bimolecular rate constant measurement.) An 
alternative approach is to prepare compound I or compound II and study the 
rate of its spontaneous decay. With very pure preparations, a residual rate of 
decay always remains 12641 indicating the presence of endogeneous donor. 
In other words the enzyme molecules attack themselves albeit very slowly. 
(The light used for the spectrophotometric measurements of the enzymatic 
decay can accelerate the process however 12951.) The spontaneous decay of 
HRP-I is always greater than that of I-IRP-II. 

In practice, the kineticist must contend with the toteI spontaneous decay 
rate which even with the greatest precautions can vary from vessel to vessel 
and will even vary with time within the same vessel. (The state of the interior 
surface of a stopped flow apparatus is very much a function of the reaction 
being studied and the extent of the study. This surface can be maintained in 
a “perfect” condition only by never using it for redox studies.) Another 
potential source of error occurs if measurements are made under second- 
order conditions, where determination of the rate constant requires accurate 
concentration measurements and hence requires accurate mo!ar absorptivity 
measurements. Spectral constants for HRP have been revised very recently 
(see Table 8). 

Pseudo-first order kinetic measurements do not require any knowledge of 
either the absolute molar absorptivities or concentrations of any reactants or 
products of the first order process or of inert species contributing to the 
total absorbance. A major problem with pseudo-first order measurements is 
that the required large excess of substrate accelerates the rate of the reaction, 
so that the initial portion of the reaction may occur too rapidly to be mea- 
sured. Fortunately, with the large molar absorptivities (10’ M-’ cm-‘) of the 
peroxidases and the large changes in absorbance during reactions, it is still 
possible to make accurate rate constant measurements when the pseudo-first 
order rate is curtailed by lowering the enzyme concentration. In the case of 
studies of HRP-I reactions, with native HRP in one syringe of the stopped- 
flow apparatus and H202 and reducing substrate in the other, the formation 
of HRP-I is essentially complete within the dead time of the instrument and 
the subsequent reduction of HRP-I is readily followed. By setting the mono- 
chromator at 411 nm, an isosbestic point for HRP and HRP-II, any competi- 
tion of HRP-II, formed from the HRP-I reaction, for the excess .of substrate 
is eIiminated as a source of error. Thus all pitfalls can be avoided and tran- 
sient state measurements can be made for individual steps in the HRP cycle 
with the usual experimental error expected in rate constant determinations 
(in the range of +lO% to -tZO%). 

Of the many reactions of HRP-I which have been studied, two are unique 
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in that they reduce HRP-I directly to the native enzyme. The substrates 
possessing this ability are iodide and hydrogen sulfite anions [ 269,321]. 
Thus for iodide ion as reducing substrate, the enzymatic cycle becomes 

HRP + H,O, --, HRP-I + H,O (4) 

HRP-I + I- + HRP i I’ (or IO-) (5) 

Six pieces of evidence were presented which confirmed tha correctness of 
the two-step cycle. Perhaps the simplest piece was the generation of the 
HRP-I spectrum in the steady state, which would be impossible if HRP-II 
were part of the cycle [269]. The same mechanism was proposed for the 
oxidation of iodide by chloroperoxidase, based on an entirely different ex- 
perimental approach [ 3221. The product iodine in a +1 oxidation state 
perhaps IO-) reacts rapidly with excess iodide to liberate molecular iodine 
[ 2691. In steady state experiments, iodine is slowly incorporated into the en- 
zyme f366f but in the time of a single step single turnover experiment 
followed by transient state kinetics iodine incorporation does not occur 
[269] so there is no conflict in the literature data in this regard. 

Nitrous acid (or nitrite anion) on the other hand, participates in the usual 
enzymatic cycle, reducing HRP-I to HRP-II to HRP in one-electron steps 
f59,321 J which appears surprising, since it has been reported that it reduces 
compound I of catalase directly to the native enzyme [69,367,368] _ (The 
importance of the formation of compound II of cat&se and its subsequent 
reactions has been pointed out [369].) 

An acid group with a pK, of 5.1 has a pronounced effect on the HRP-I- 
bisulfite kinetics and a similar or identical acid group (measured p& 4.6) has 
a profound influence on the HRP-T-iodide reaction_ Log rate constant vs. pH 
profiles for all HRP-I reactions are summarized in Fig- 5. All of the sub- 
strates catalyzing a one-electron reduction of HRP-I appear to be influenced 
by an acid group of pK, - 5.1. Preliminary results using the excellent sub- 
strate pcresol indicate that it may be a basic form of the enzyme which is 
reactive * whereas with the less reactive substrates ferrocyanide [ 370,371] 
and p-arninobenzoic acid [ 3721 the acid form of the enzyme is reactive. IV- 
methyl-p-aminobenzoic acid behaves very similarly to p-aminobenzoic acid 
except that there is an acceleration in rate in accordance with the electron- 
donating ability of the methyl group **. If nitrous acid and not nitrite anion 
is reactive it would appear to conform to the same mechanism as ferrocyanide 
and the benzoic acid derivatives, in which case the rate constant, pH m- 
dependent at higher pH, should increase if the reaction could be studied 
when the acidity is increased to below pH 6 [ 3211. It was suggested that the 
pK, v&.x of -5 for an acid group in theytive site of HRP-I could represent 
either a proximal or distal ricid group and that a choice between the two po5 

* W.D. Hewson and H.B. Dunford, unpublished results. 
** J.S. Stillman axi H.B. Dunfvrd, hitherto unpublished results. 
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PH 
Fig. 5. Log kobs vs. pH for reactions of HRP-I at 25°C and ionic strength 0.11. Units of 
k ohs are M-’ s- l. A, ferrocyanide ion [ 370,371], B, p-aminobenzoic acid [ 372,374], 
C, nitrite ion or nitrous acid [ 321 I, D,iodide ion [ 2691, E, hydrogen sulfite ion [ 321). 
The latter two substances reduce HRP-I direct!y to the native enzyme. The single slope 
Iess than -1 can be accounted for by the influence of the pKa of 6.9 for the dissociation 
of HSOs; indicated by ?. An acid group on HRP-I with a pKa of -5.1 appears to be im- 
portant and is indicated by 4. 

sibilities should be possible on the basis of spectral measurements as a func- 
tion of pH [ 3731. These experiments have now been performed. No significant 
change in spectrum occurs in the critical pH range indicating a distal group *. 
The study of the reaction of HRP-I with p-aminobenzoic acid has been re- 
peated in I&O. Although the assignment of the isotope effects is complex in 
acid solution, in the neutral and alkaline region Izn//zn = 0.25 indicating a rate- 
controlling proton transfer [ 374:. 

fd) Reactions of compound II 
The precautions necessary fcr accurate transient state kinetic measure- 

ments on HRP-II reactions are of a somewhat different. nature from those re- 
quired for HRP-I studies. An excess of E&O2 will ensure the quantitative 
conversion of native HRP to HRP-I, but with unfavorable consequences, out- 
lined below. The addition of a suitable amount of reducing substrate will 
then convert the HRP-I to HRP-II. However, as soon as some HRP-If is 
formed it can compete with the HRP-I for the remaining reducing substrate. 
At low pH values this competition is very favorable for substrates like p- 
aminobenzoic acid and ferrocyanide with the former actually having a larger 
rate constant for reaction with HRP-II than HRP-I. Then with some of the 

* J.S. Stillman, hitherto unpublished results. 



230 

newly formed HRP-II being reduced back to the native enzyme, the cycle is 
started again by the excess H202 . Therefore it is important to add not more 
than a stoichiometric amount of l&O2 to ensure that no recycling occurs. An 
accurate assay procedure using HRP to determine concentrations of H202 
has been developed [371]. Depending upon the pH, it may be impossible to 
convert quantitatively the HRP-I which has been formed to HRP-i1. At pH 9 
the rate constants are significantly larger for substrates such as ferrocyanide, 
p-aminobenzoic acid and p-cresol reacting with HRP-I than with HRP-II. 
Therefore with careful work at this pH it is possible to obtain a quantitative 
yield of HRP-II. The revised spectral data for HRP-II in Table 8 were ob- 
tained in this manner. At lower pH values it is convenient to use less than a 
stoichiometric amount of f-I20 z and s!ightly more than a stoichiometric 
amount of reducing substrate. Then the HRP-I which has been formed is 
qUa@,itatively converted to HRP-II with a small fraction of the HRP-U being 
converted back to the native enzyme. A mixture of HRP-II and native HRP 
is thus obtained but no HRP-I is present. (This can ba confirmed by blank 
experiments conducted at 411 nm, an isosbestic point in the spectra of HRP 
and HRP-II.) The mixture of HRP and HRP-II can then be placed in one 
syringe of a stopped flow apparatus and the rate of the HRP-II reaction with , 
whatever reducing substrate has been placed in the other syringe is readily 
obtained at about 425 nrn where maximum change in absorbance occurs for 
the conversion HRP-II -+ HRP. Again under pseudo-first order conditions 
there is no need to know the absolute concentration of enzyme compounds 
so that quantitative rate measurements are possible. The spontaneous decay 
of pure HRP-II preparations is very slow whether or not some native HRP is 
also present. 

The aromatic phenols provide an interesting class of reducing sub&a&s, 
since under suitable conditions one-half mole of substrate can reduce one 
mole of HRP-I to HRP-II. The titration of HRP-I with guaiacol has been 
studied in some detail f375 1. 

The substrates which reduce HRP-II to the native enzyme fall into three 
categories involving two different mechanisms [ 373,376] _ The three cate- 
gories are for easily oxidized substrates, of which p-cresol is the best studied 
example [ 377 J , substrates oxidized with difficulty, (so far only iodide ion 
fits into this category 13783) and substrates of an intermediate nature, in- 
cluding ferrocyanide [370,371], p-aminobenzoic acid [372,374] and N- 
methyl p-aminobenzoic acid *. Log rate constant vs. pH profiles are sum- 
marized in Fig. 6. The most striking feature of the profile for the p-cresol 
reaction is the pronounced influence of an acid group with a prC, value of 
8.6. Only the acid form of this group is reactive as shown by studies carried 
up to pH 11 [ 3773. Participation of this group is essential for facile reactants. 
An alternative mechanism of catalysis is applicable to iodide oxidation, 
where the log rate vs. pH profile has a slope of -1 within small experimental 

* J.S. Stillman and H.B. Dunford, hitherto unpublished results. 
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0 

Fig. 6. Log Iz,bs vs. pH for reactions of HRP-II. Units of Lobs are M-t s-f - A, p-cresol 
[377]. B, ferrocyanide ion (370,371 J. C, hydrogen sulfite ion (3211. D, p-aminobenzoic 
acid [372,374]. E, nitrite anion or nitrous acid 13211. F, iodide ion [378]. The curves for 
HSOs- reacting with both HRP-I (Fig. 5) and HRP:II are similar. Since HSOa- reduces 
HRP-I to native HRP, the possibility exists that HSOa- might reduce HRP-II to ferro- 

HFW. The slopes less than --I can be accounted for by the influence of the pKs’s of 10.4 
for p-cresol and 6.9 for HSOa- indicated by ?. Substrates can be ctassified as (i) readily 
reduced, e.g. p-cresol, (ii) reduced with difficulty, e.g. I-, NOa- and (iii) intermediate in 
nature, e.g. ferrocyanide ion and p-aminobenzoic acid. A pKa of 8.6 for an acid group on 

HRP-II is clearly indicated by -1 for substrates of types (i) and (iii), and a pKs of -0 for 
substrates of types (ii) and (iii) [352,372,373,376]. 

error over the pH range 2.7 to 9.0 f 3781. The participating acid group is 
clearly on the enzyme and its pK, value is in the vicinity of 0 [ 352,378]. By 
analogy, the reaction of nitrite with HRP-II can be explained by the same 
mechanism as for the HRP-II-iodide reaction, but because of the much 
weaker nature of nitrous acid compared to hydriodic acid, it is not possible 
to prove it using the diffusion-controlled limit [ 3521. Thus the oxidation of 
iodide must be described as HE reacting with I’; the nitrite reaction might be 
HE + NOa- or E + HN02. 

The reducing substrates of intermediate reactivity follow a combined 
mechanism in which the catalytic effect of the acid group of pK, 8.6 is 
dominant in neutral and alkaline solutions but is superceded by the effect of 
the acid group of p& - 0 in acid solutions [373,376] which is in accordance 
with the Hammond postulate (3793. An equilibrium exists between the sol- 
vent and the acid form of the strong acid group during the reaction whereas 
transfer of the enzyme proton from the acid group of pK, 8.6 occurs in a 
rate-controlling step as indicated by kD/kH ratios [ 374,376]. The acid group 
of pK, - 0 has been tentatively identified [373,374] as the imidazole group 
in the fifth coordination position of the heme iron. The iron perhaps becomes 
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five-coordinate with the prot~na~d imidazole group leaving its coordination 
position [ 374 3. A shift of - 7 p.& units appears reasonable for an imidazole 
group coordinated to Fe* compared to a free imidazole group. The acid 
catalysis of the HRF-II-ferrocyanide reaction was noted much earlier, with 
the post&&e that the proximal group which becomes protonated is Lhe 
ferryl,oxygen atom [6X] _ Whichever explanation is correct, the spectra of 
the HRP-II with the protonated proximal group would be expected to differ 
markedly from that of the basic form of HRP-II. However, the fraction of 
HRP-II in this acid form becomes vanishingly small at pH ranges where spec- 
tral measurements become feasible. The acid group corresponding to the pfir, 
value of 8.6, on the other hand, must be a distal group, since spectraI mea- 
surements are readily made in the vicinity of pH 3.6 and spectral changes are 
negligibly small as a function of pH [ 3773 _ An N-terminal amino group or an 
e-amino group of lysine are potential candidates [ 3731. The rate-controlling 
transfer or partial transfer of this proton during catalysis could be to the 
proximaI histidine residue [373,374]. 

Studies of HRP reactions have led to advances in the theory of acid-base 
catalysis [ 380--3821. 

A feature of the single step, single turnover studies on HRP-II reactions 
which sometimes occurs involves a modified form of saturation kinetics, for 
which the simplest reaction schemes are 

E-C&&E&E -t-Prod. 

ES+S~E’+S+Prod. 

in which productive binding occurs, and 

E-C&ES 

E-t-S% E’tProd. 

ES-M% E’eS-rProd. 

where unproductive binding occurs. I-IRP-II is represented by E and native 
HRP by E’. Both schemes lead to equations of the form 

where k, = kl or k&, kb = kz or k4 and K = Kp or Ku, so that it is impos- 
sible to distinguish between them kinetically. Binding was observed in the p- 
cresof reaction -tith HRP-II at higher pH and it was argued on indirect evi- 
dence that it was non-productive f377]. Binding was observed in the reac- 
tion of p-aminobenzoic acid with both HRP-I and HRP-II at low pH which 
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was assumed to be non-productive 13721. The stoichiometry and end-prod- 
uct for the reduction of HRP-I by phenols [375] may provide some addi- 
tional evidence for non-productive binding. The second oxidizing equivalent 
in HRP-I appears to be located close to the FexV of the heme [225]. Hence 
an intimate productive complex might be expected to reduce HRP-I directly 
to the native enzyme since it appears that the free radical formed in the 
initial step is highly reactive [375]. Instead of HRP-I reduction to HRP with 
a 1 : 1 stoichiometry of HRP-I : phenol the HRP-I is reduced to HRP-II with 
a 1 : 2 stoichiometry [375]. Although unproductive binding is favored for 
“simple” reductions of HRP-I and HRP-II, an obvious role for a ternary com- 
plex can be seen for iodination reactions. 

Reactions of HRP-I and HRP-II are not affected by the oxidizing substrate 
used in their preparation which is strong evidence that they are not enzyme- 
substrate complexes [ 62,371] . 

(e) Ferroperoxidase; formation and reactions of compound III 
As is outlined below there is an intimate connection between ferro-HRP 

and HRP-III. Ligand binding studies [ 382-384 J, and photodissociation 
studies on ferrous ligand complexes have been performed [ 382,385] as well 
as studies on the recombination of liganded heme with the apoperoxidase 
[ 386 J. HRP-III does not participate in the normal peroxidatic cycle. How- 
ever, its formation, structure and reactivity are of great interest from several 
st~dpoints as outlined below, There appear to be four possible pathways for 
the formation of HRP-III. 
(a) The reaction of the native enzyme with a large excess of hydrogen per- 
oxide. Historically, this represents the first synthesis of HRP-III [48]. 
(b) Reduction of the native enzyme which contains ferric iron to ferroper- 
oxidase followed by oxygen addition. The role of peroxidase as an oxidase 
was first outlined in 1939 f387,388]. Oxygen is consumed and dihydroxy- 
fumarate is oxidized in the presence of peroxidase, with the reaction acceler- 
ated by the presence of Mn 2+ Addition of HzOz initiates the reaction_ How- . 
ever, certain substrates such as quinoles and indoleacetic acid can reduce the 
enzyme directly to the ferrous state which then forms compound III [389- 
3911. The earlier literature which contains a lively discussion as to the im- 
portance of the reduction of the ferriperoxidase and indeed as to whether 
reduction does occur prior to HRP-III formation is well reviewed [70,392- 
3961. However, the following experiments appear to confirm that HRP-III is 
formed by the addition of oxygen to ferroperoxidase. 

The reduction of ferri- to ferroperoxidase by hydrosulfite (dithionite) is 
neither a rapid nor a clean reaction. However, when the reaction has gone to 
completion and excess hydrosulfite is removed oxygen addition results in 
HRP-III formation [ 397,398 1. Photolysis of the ferroperoxidase-carbon 
monoxide complex in the presence of oxygen also leads to formation of 
compound III [ 244,399]. 
(c) The reaction of HzOz with HRP-II yields HRP-III a: product [60,400]. 
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(d) The addition of superoxide anion to ferriperoxidase also produces HRP- 
III (4011. 

All of these experiments are compatible with an oxygen-ferroperoxidase 
compound as the structuze of HRP-III 1321 J or its isoelectronic equivalent, 
a superoxide-ferriperoxide compound_ That HRP-I.?1 has a similar structure 
to the oxygen-myoglobin compound is supported by the similarity of their 
spectra [ 4001. Titration results show that HRP-Ii1 contains four oxidizing 
equivalents in excess of the ferrous state [ 398,399]. Infrared evidence indi- 
cates that the OZ bound by myoglobin and hemoglobin is held by more than 
a single chemical bond, which may be applicable to the structure of HRP-III 
f402,403]. 

In general reactions of HRP-III are much slower than those of HRP-I and 
HRP-II [ 404-4091. However, an exception is the rapid reaction of the plant 
hormone indoleacetic acid with HRP-III, suggesting a physiological role for 
the reaction [ 410-4161. The decomposition of HRP-III is accelerated by 
excess ferroperoxidase, leading to the proposai that the reaction is a suitable 
model for a terminal oxidase [417]. Of great interest is the possible role of 
HRP-III in reactions in which hyclroxylation of aromatic molecules has been 
observed [418-421]. 

Further compounds can be formed by exposure of HRP to excess H& 
14221. 

(f) Oscillatory kinetics 
Consider the coupled reaction scheme shown in Fig. 7. The faster the 

cycles involving X, Y and 2 turn over, the faster the cycle in V turns over 
which produces 5%’ for each entering V. V in turn produces W faster which 
in turn makes the cycles in X, Y and 2 go faster. Conversely the slower the 
process, the rate of production of V is slowed even more. The scheme is one 
to which steady state kinetics may not apply, in which case there may be 
sustained oscillations, damped oscillations or exponential growth in plots of 
concentration vs. time. Such phenomena have lang been known in both 
chemistry and biology, but interest has been greatly enhanced recently be- 
cause of progress being made in underst~d~g the processes on a quantita- 
tive basis (423-4253. At the level of a single enzyme, reactions of com- 

X-Y 

v+Y - x+zv c..E v i+w 

“-w (J-i 
w+y - 2 

Z-Y 

Fig. 7 _ Two alternative representations of a reaction scheme which might lead to oscil- 
latory kinetics. 
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pound III of HRP may provide the first biological example of oscilIations 
[ 426-4281, where the interconversion of ferroperoxide compound III oscil- 
lates in phase with the oscillatory consumption of Oz. Sustained oscillations 
have been observed in lactoperoxidase compound III reactions [429]. A 
theory involvihg an intermediate species has been developed for both steady 
state and oscillatory reactions in the photochemical behavior of hemopro- 
teins 14301. 

E. CYTOCHROME c PEROXIDASE 

This enzyme, discovered in yeast in 1940 [ 30f has been purified, crystal- 
lized and its properties studied. Work up to 1969 which includes studies by 
Ellfolk and Yonetani and coworkers has been reviewed [ 1881. It was shown 
that with a pure preparation of CcP one mole of H202 reacts with one mole 
of CcP to form a compound (called complex ES) which contains both oxi- 
dizing equivalents of the Hz& 14311. Complex ES of CcP has an optical 
spectrum similar to that of HRP-II. A free radical signal in complex ES, 
detected in EPR studies, is apparently contained in an amino acid residue 
close to, but not immediately adjacent to, the heme iron 12201. The MSss- 
bauer spectrum of complex ES indicates that the heme iron is in an oxida- 
tion state of +4 [260] so that FeIVR- provides a descriptive schematic repre- 
sentation. Subsequent titration and kinetic experiments indicated that there 
are two intermediate compounds with one less oxidizing equivalent than 
complex ES, one of which, FemR-, has an optical spectrum similar to that of 
the native enzyme, and the other of which, FerV, has an optical spectrum 
similar to that of complex ES [ 432 J. The observations are compa’;ible with 
a reaction scheme 

in which k, and k: are rate constants for reaction of reducing substrate with 
the radical site and k, and k: for reaction with the Ferv site [432]. The data 
are also compatible with an equilibrium mechanism 

(7) 

which does not specify the reactive enzyme species in the reaction with rate 
constant k2. The latter scheme is favored because fluoride ion, which does 
not bind to FerVR- (indicating the sixth coordination position is blocked in 
Ferv) &hances the free radical signal in a mixture of FemR- and Ferv. VaI- 
ues of X change as a function of pH f4327. 



The kinetics af fluoride and cyanide binding by CcP have been thoroughly 
investigated by the stopped flow method 14333. The native enzyme is stable 
over the pH range 4 to 7.5 but this range can safely be extended to pH’s 
ffom 3.5 to 9 by using a p&jump method in the stopped flow experiments 
[ 4333. The apparent association rate constants can be described using either 
of the schemes 

For Buoride binding, kr = 5.1 X lU7 MU’ s-l, hz = 1.6 X 10s &I-’ s-l, KL = 
ICY3 M and pK, = 5.5. For cyanide binding kl = 1.1 X 10” M-’ s-I, Kz = 4.4 X 
103 M--’ s-l, K& = 1XUY9MandpK~= 5.4. The pKE value cleariy refers to 
an acid group an the enzyme, KL refers to the dissociation constant of either 
HF or HCN, and kl and k2 are interrelated rate constants. The two schemes 
are kinetically indistinguishable since for both cyanide and fluoride, neither 
k 1 nor k2 exceeds the diffusioncontrulled Limit 13523. However, reasons for 
favoring the species HF and WCN as pattieipants in the rate-controlling step 
are well discussed [433], The rates of disscciation of both the cyanide and 
fluoride complexes show small pH dependencies, which when interpreted in 
terms of the influence of acid-base groups considerably complicate a com- 
prehensive kinetic scheme describing both the association and dissociation 
reactions [433]. There appears to be substantial agreemen& both in behavior 
and interpretation of ligand binding reactions for HRP and CcP. The reaction 
of cyanide with CcP is complicated by isomerization reactions in alkaline 
solution E4333 an effect which does not occur in the glycoperoxidases HRP 
and LP [181,346,434]. 

The kinetics of the reaction of CcP with hydrogen peroxide to form com- 
plex ES, have been investigated 14351. At 25OC and ionic strength 0.1, the 
true bimolecular rate constant is 4.5 X LO7 M-’ s-l for the reaction of neutral 
HzOz with a basic form of the enzyme. The pK, of the acid group on the 
enzyme is 5.5 in agreement with the results from cyanide and fluoride bind- 
ing [435], 

The first intensive studies of the kinetics of reductions of oxidized CcP 
have recently been published [436,437], In these studies the names com- 
pound I (for complex ES) and compound II (for the mkture of Felv and 
Fe’uR-) are used, which is coilsistent with the terminology for other peroxi- 
dases. In all cases the transient state kinetics were monitored near 424 nm, 
the position of mz&num difference in absorbance between the FeW and 
Fern species, With an excess of substrate, biphasic first order kinetics are 
observed. If the equilibrium mechanism, described above, is valid, then the 
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initial (faster) phase represents the reduction of CcP-I to CcP-II and the later 
(slower) phase the reduction of CcP-II to native CcP. The rate constants for 
the two processes differ by a factor of about three. Since the amplitude of 
the absorbance change is much smaller for the first step, the rate constants: 
for the reduction of C&-II to CcP are obtained with greater precision- When 

the reducing substrate is the neutral molecule dicyano-bis(l,lO-phenanthro- 
line) iron(I1) a rate constant of 2.9 X lo5 M-l s-l at 25°C and ionic strength 
0.1 is obtained in acid solution [ 437 1. An ionizable group on the enzyme 
with a pK, of 4.5 strongly influences the reaction rate. The basic form of the 
enzyme is unreactive over the pH range 3.5--6 [437] _ 

When the reducing substrate is ferrocyanide [ 4361 the most striking 
feature of the transient state results is that the log k vs. pH plot, containing 
over 20 experimental points, is linear with a slope of -1 over the pH range 5 
to 8 for the reaction of CcP-II indicating that the acid catalysis mechanism 
valid for the phenanthroline compound is also valid for ferrocyanide [437]. 
Therefore, the original explanation of the ferrocyanide results 14363 which 
can be criticized on several grounds [ 374,4383 is subject to reinterpretation 
14351. 

The nature of CcP-I has been investigated using substrate analogs of 
hydrogen peroxide [ 4391. Complex formation between cytochrome c and 
native CcP has been intensively investigated [440-4421. 

F. CHLOROPEROXIDASE, CYTOCKROME P-450 
0 

The detection of a peroxidase in the mold Caldariomyces fumago was 
reported in 1961 [443]. It was subsequently isolated, obtained in crystalline 
form and its properties have been studied [ 12 1. This peroxidase appears to 
be unique in three interesting ways. It possesses the unique ability to oxidize 
chloride ions, hence the name chloroperoxidase [13]. Furthermore, the 
product distribution in the chlorination of anisole corresponds to attack by 
an electrophilic reagent, (Cl’?) when the reaction is catalyzed by chloroper- 
oxidase, in contrast to a free radical mechanism when sulfuryl chloride, 
benzoyl peroxide and light are used to generate chlorine atoms 13221. Thus 
halogenation reactions involve the direct conversion of compound I back to 
the native enzyme with the acceptance of two electrons from the halide ion 
for both ClP !270,322,444] and HRP [269]. 

The second unique property possessed by ClP is its ability to catalyze 
reactions formerly thought to be unique to one hemecontaining enzyme, 
catalase f26,71]. Thus, ethyl alcohol is oxidized to acetaldehyde by ClP. 
Similarly the catalatic reaction 2 H201 -+ 2 Hz0 + O2 is catalyzed by ClP. In 
addition, ClP can catalyze the evolution of oxygen from ethyl hydrogen per- 
oxide and nz-chloroperbenzoic acid, a reaction not catalyzed by either catalase 
or HRP [ 3223. ClP is also able to catalyze the typical peroxidatic reactions in 
two successive oneelectron steps. It is not as efficient as cat&se in reactions 



238 

catalyzed by the latter enzyme, nor as efficient as HRP in the typical peroxi- 
datic reactions. 

Finally, ClP when reduced to the ferrous state has properties very similar 
to cytochrome P-450 f 4451. The latter enzyme obtained its name because of 
the unique position of the center of the absorption band for its carbon 
monoxide complex, 450 nm as is also found for chloroperoxidase (445 3, in 
contrast to the 420 nm found for most ferrous heme protein+0 complexes. 
Cytochrome P-450 was first detected in rat liver microsomes [446,447 1. It 
possesses the ability to hydroxylate a variety of substrates [448,449 ] and 
appears to be involved in the metabolism of a variety of compounds includ- 
ing drugs C450452]. Studies of cytochrome P-450 have been hampered by 
the inability to obtain homogeneous solutions in the absence of detergents 
or other solubilizing agents, indicating that it is usually a membrane-bound 
enzyme. However, cytochrome P-450,,,, isolated from Pseudomonas putida, 
can be obtained in a soluble form in the absence of solubilizing agents [453- 
456 ] which has facilitated the direct comparison with reduced chloroperoxi- 
dase {445 3. Cytochrome P-450,,, is so named because it readily hydroxyl- 
ates camphor. The hydroxylation reactions catalyzed by cytochrome P-450 
and ClP may be initiated by the electrophilic reagent OH” [457,458] which 
may originate from the ferrous oxygen compound. Chemiluminescence of 
oxygenated ferrous cytochrome P-450 has been observed [ 3423 _ 

The evolution of oxygen from mchloroperbenzoic acid, uniquely cata- 
lyzed by Cll?, has been utilized in 180 double-labelling experiments which are 
the most definitive to date in the elucidation of the structure of compound I 
[354,355]. The isotopic compositions of the evolved oxygen indicated 
clearly that a scrambling mechanism had occurred, in contrast to a retention 
mechanism. The results are consistent with a ferry1 type of structure for 
compound I, Fe-O, containing one oxygen atom. Oxygen evolution occurs 
via the formation of a trioxide complex so that the chloroperoxidase reverts 
to its native state and a mchlorobenzoate ion is formed simultaneously with 
the oxygen evolution. When the reaction was initiated in HZO’* with un- 
labelled m-chloroperbenzoic acid no 180 incorporation into the evolved 
oxygen or the benzoic acid product occurred, which eliminates reaction of 
the intermediate with the solvent. If compound I contained no oxygen, it 
appears impossible to write a plausible mechanism other than 

0 
zd--OOH Compound 1 

> R-C+=0 + O2 + H’ 

which is eliminated by the isotopic scrambling. If compound I contained 
the acyl moiety, then m-chloroperbenzoate anion could not be released 
quantitatively in the presence of excess enzyme, which is contrary to obser- 
vations [264,355]. Furthermore, it is known that reactions of HRP-I occur 
at identical rates regardless of the type of peroxide used in its generation 
[371]. 
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It has recently been found that chlorite reacts with both ClP and HRP to 
form an intermediate compound capable of chlorinating various substrates 
[459]. It was found that one mole of chlorite produced two moles of com- 
pound I in agreement with complete use of the 4 oxidizing equivalents con- 
tained in chlorite, The reaction appears to proceed by the mechanism 

E + HZ0 + C102- + E-C-Cl + OOH- 

E + OOH” 4 Compound I 

The E-O-Cl species which catalyzes the chlorination reactions has an ab- 
sorption maximum at 417 nm and rapidly decomposes to compound I. Thus 
HRP can be utilized as a chlorinating agent, although HRP-I is not a good 
enough oxidant to oxidize chloride ion, unlike UP-1 [459a]. 

The halogenation reactions and halogen-dependent reactions catalyzed by 
ClP-I have a marked pH dependence, being faster in acid solutions [ 270]_ A 
qu~ti~tive measure of the pfc,‘s of the relevant acid groups has yet to be 
made. Transient state kinetic studies of chioroperoxidase reactions have been 
limited to two measurements of the rate of compound I formation, from 
HzOz at pH 2.8 where k = 1.5 X lo6 M-l s-’ [444] and from m-chloro- 
perbenzoie acid at pH 6.0 where k = 9.9 X lo6 M-i s-’ [354]. 

G. OTHER PEROXIDASES, HALOGENATION REACTKONS 

Among other plant peroxidases, most work has been done on Japanese 
radish peroxidase (see ref. 209 and earlier references) with work on the 
turnip peroxidases being performed at an accelerating rate ]460463]. 
Among mammalian peroxidases, lactoperoxidase has received the most atten- 
tion (see refs. 464 and 465 as references to considerable earlier work on LP). 
Unfortunately available preparations of LP are of considerably lower purity 
than those of HRP. Thus it was not possible to study LP-I formation by 
transient state kinetics since the LP-I decayed spontaneously almost as fast 
as it was formed. However, it was possible to make LP-I formation rate-con- 
trolling in a steady state study [ 3561. The different pH-rate profiles for 
cyanide formation compared to compound I formation from LP indicates a 
fundamental difference in the rate-controlling step for the two processes 
[ 4341. 

It may be that mammalian peroxidases tend to be bound rather tightly to 
membranes which would account for difficulties in isolation and purification. 
Because of the established physiological importance of thyroid peroxidases it 
is unfortunate that pure preparations have not been obtained. Halogenation 
reactions catalyzed by peroxidases are being reviewed elsewhere [ 4661. (See 
also the discussion of HRP and ClP.) One interesting aspect of reactions in- 
volving iodine is that nature may make use of the heavy atom to facilitate 
reactions which would otherwise be spin forbidden [467,468]. 
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H. SUMMARY 

By use of a wide variety of techniques, great advances have been made in 
our under&ending of the peroxidases. A few conclusions follow. At a qual- 
itative level similarities between the peroxidases appear to outnumber the 
differences. Thus complex ES (compound I) of cytochrome c peroxidase ap- 
pears to differ from other compounds I mainly in that the free radical por- 
tion (contained on an amino acid residue) is somewhat farther removed from 
the heme iron. The compounds I of other peroxidases may contain heme 
group z-cation free radicals. Alternatively, they may be similar to complex 
ES of CcP except that the free radical is so close to the heme group that 
some of the electronic absorption bands of the heme are seriously perturbed. 
Which of the two possibilities is correct should be settled shortly. It now ap- 
pears established that compound I of chloroperoxidase is a ferry1 type of 
structure containing Feiv and this is likely to apply to compound I and com- 
pound II of all hemecontaining peroxidases. Compound I formation occurs 
at close to the diffusion-controlled limit for a bimolecular process at a re- 
stricted active site, which is remarkable considering the complexity of the 
process. Transient state kinetic studies show that there are two mechanisms 
of acid catalysis involving three classes of substrates for the reduction of 
HRP-II to native HRP. At least one of two acid groups of pfc, - 0 and 8.6 is 
important for all substrates. Again rate constants are at, or approach, the dif- 
fusion-controlled limit. However, when the more acid group is effective a 
vanishingly small portion of the total amount of HRP-II is catalytically ac- 
tive at physiological pH. Certain reducing substrates are two electron donors 
to compound I. A variety of techniques indicates that the imidazole group of 
a hi&dine residue occupies the fifth coordination position of the heme iron 
of HRP. This group appears to play an important role in the cataIytic mech- 
anism. 
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