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Horseradish peroxidase (HRP) is a commercially impor- 
tant enzyme that is available from a number of supply 
houses in a variety of grades of purity and isoenzymic 
combinations. The present article describes a compara- 
tive study made on n ine  H R P  preparations. Six of these 
samples were predominantly composed of basic HRP, pl 
8.5, and three of acidic HRP, pl 3.5. Two of the basic 
preparations were of lower purity than the others. The 
apparent molar catalytic activity of basic H R P  with 
0.5 m MABTS and 0.2 mMH202 was around 950 s-' (about 
770 s-' for the less pure samples) and with a 5 mMguaia- 
col and 0.6 mMH202 was about 180 s-' for all the samples. 
A similar value (approximately 1000 s-')  was observed 
for acidic HRP but only at higher concentrations of ABTS 
(20 mM). With 20 mMguaiacol t h e  molar catalytic activity 
of the acidic isoenzyme was 65 s-'. The apparent KM for 
ABTS of the acidic isoenzyme was 4 m M whereas for the 
basic isoenzyme it was 0.1 mM. All the enzymes were 
inactivated by H 2 0 2  when it was supplied as the only 
substrate. Under these conditions the partition ratio ( r  = 
number of catalytic cycles given by the enzyme before 
its inactivation), apparent dissociation constant (K,) ,  and 
apparent rate constant of inactivation (k,,,,,) were about 
twice as  large for the acidic samples (1350, 2.6 mM, 9 . 

s-'1. The 
apparent catalytic constant (&) was 3-4 times larger, 
and the efficiency of catalysis ( k J K , )  was double for the 
acidic isoenzyme, but the efficiency of inactivation (kinacd 
K,) was similar. The data obtained provide useful informa- 
tion for those using HRP isoenzymes for biotechnological 
applications (e.g., biosensors, bioreactors, or assays). 0 
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INTRODUCTION 

Heme proteins are a diverse group of enzymes that 
perform a wide variety of functions in living organisms 
ranging from oxygen transport and storage (hemoglobin 
and myoglobin), electron transport and energy produc- 
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tion (cytochromes), to oxygen transfer (monoxygen- 
ases), the single electron oxidation of substrates (peroxi- 
dases), the dismutation of hydrogen peroxide (H202) 
(catalases), and synthetic transformations (various syn- 
thases). 

Horseradish peroxidase (HRP) (donor: hydrogen 
peroxide oxidoreductase, E.C.1.11.1.7.) is a secretory 
enzyme that in vivo takes part in the formation of free 
radicals vital in polymerization reactions such as lignifi- 
cation and suberization. In vitro H R P  will catalyze the 
oxidation of a wide variety of substrates including phe- 
nols, aromatic amines, thioanisoles, and iodide, by 
H202.  It occurs as a large family of isoenzymes: HRP- 
C is the major basic (cationic) isoenzyme and three 
acidic (anionic) isoenzymes designated HRP-A1, -A2, 
and -A3 have been identified.21 HRP has been charac- 
terized as a single polypeptide chain glycosylated at 
eight specific sites, containing one heme (iron protopor- 
phyrin IX) prosthetic group and two calcium ions.I2 

The catalytic cycle of HRP proceeds via a number of 
distinct steps. During the first step H202 binds at the 
active site and reacts in a two electron process to gener- 
ate water and compound I, which contains heme in 
the oxyferryl r-cation radical form ([Fe4+ = 01'). The 
second and third steps of the cycle involve, in the case 
of' most reductant substrates, two sequential single elec- 
tron oxidations of substrate to  radical products in which 
the n--cation radical in compound I is first discharged to 
form an oxyferryl compound 11, and then this compound 
is reduced to the ferric enzyme.I2 

In the absence of additional reductant substrate, H202 
will react with compound I as an electron donor (reduc- 
tant). The reduction of compound I may proceed either 
via a catalaselike two electron process resulting in the 
formation of molecular oxygen, or by a process in which 
compound 11, compound 111, and superoxide radical 
anion, (Oi-) are formed. The reaction of HRP with 
Hz02 as both oxidant and reductant also results in the 
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progressive irreversible inactivation of the enzyme dur- 
ing which a number of inactive chromophores are 
formed, the final product being a verdohemoprotein, P- 
670.6 The catalaselike and compound I l l  (superoxide 
anion) pathways of HRP have a protective effect against 
inactivation and the partition between the processes of 
protection and inactivation probably occurs when the 
complex between compound I and H202 is f ~ r m e d . ~  

The broad specificity of HRP mentioned above and 
the combination of this with high catalytic turnover and 
high thermal stability have led to the wide use of HRP 
and other peroxidases in the laboratory' for clinical 
analyses, immunochemistry, cell biology, and histo- 
chemistry. Furthermore, a number of biotechnological 
applications have been developed, often using immobi- 
lized, artificial, or model enzymes, including bioampero- 
metric  sensor^'^*'^ for Hz02  and degradation of hazard- 
ous materials (e.g., phenols and  carcinogen^'^^"^^^^'^) in 
aqueous environments. However, inactivation due to 
H202  has been observed in several of these applications 
of peroxidase, resulting in reductions in sensitivity and 
ef f ic ien~y. ' "*~~*~~ 

To measure their sensitivity or resistance to inacti- 
vation in the presence of H202, we developed a ki- 
netic method and applied it to a selection of wild type 
and mutant enzymes.16 In the present article we exam- 

kinetic study with ABTS and guaiacol, the specific activi- 
ties of the enzyme samples were determined. 

Chemicals 

ABTS was supplied by Sigma as the diammonium salt. 
The concentration was determined using &340nm = 
36 m M - ' ~ m - ' . ~  Guaiacol was from Aldrich. H202  (30%, 
v/v) was from Merck and its concentration was esti- 
mated using &240nm = 43.6 M-krn-'.' Buffer chemicals 
(analytical reagent grade) were also obtained from 
Merck. All solutions were prepared using deionized wa- 
ter from a Milli-Q system (Millipore). 

Equipment 

Spectrophotometric measurements were recorded using 
a Perkin-Elmer Lambda-2 UV-VIS spectrophotometer 
controlled by an Olivetti PCS/386.SX computer running 
dedicated software. The temperature was thermostati- 
cally controlled at 25 t 0.1"C using a Haake D1G circu- 
lating water bath with a heaterkooler. 

Electrophoresis and isoelectric focusing were done 
using a PhastSystem (Pharmacia Biotech AB, Upp- 
sala, Sweden). 

ine nine commercially available samples of wild-type 
HRP from three suppliers at different levels of purity 

,soelectric Focus 

with respect to contamination by other proteins and 
isoenzymic content. We examined their kinetic pa- 
rameters with the reductant substrates 2,2'-azino-bis- 
(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) and 
guaiacol, their specific activities, and their inactivation 
by H202,  to allow users of HRP to select the most 
suitable product for their particular requirements. 

MATERIALS AND METHODS 

Enzymes 

Horseradish peroxidase was obtained from Sigma 
Chemical Co., type VI (RZ, purity index, defined as 
A 4 0 3 ~ ~ / A ~ 7 5 ~ ~ )  = 2.76), type VII (RZ = 3.12), type VIII 
(RZ = 3 3 ,  type IX (RZ = 3.15); Boehringer- 
Mannheim GmbH (B-M), grade I (RZ = 3.0), grade I1 
(RZ = 2.09), enzyme label for enzyme immunoassay 
(EL) (RZ = 3.09); and Biozyme Laboratories (BZ), 
HRP-4B (RZ = 3.24), HRP-5 (RZ = 3.49). The enzyme 
concentrations of B Z  HRP-5, Sigma type VII, and 

Samples of HRP were run on PhastGel IEF 3-9 pre- 
prepared gels, which are designed to separate proteins 
on the basis of their isoelectric points (PI). The gels 
were calibrated using the broad PI calibration kit (3.50- 
9.30) that consisted of the following proteins with the 
corresponding pI values: lentil lectin, basic (8.65); lentil 
lectin, middle (8.45); lentil lectin, acidic (8.15); horse 
myoglobin, basic (7.35); horse myoglobin, acidic (6.85); 
human carbonic anhydrase B (6.55); bovine carbonic 
anhydrase B (5.85); P-lactoglobulin A (5.20); soybean 
trypsin inhibitor (4.55); and amyloglucosidase (3.50). 

Silver stain (Silver Stain Kit, Pharmacia) was used to 
stain the gels for protein following the method given by 
the manufacturer. 

For peroxidase activity staining, gels were incubated 
in 25-mL solutions containing 1 mM 4-methoxy-l- 
naphthol and 0.4 mM Hz02  in 50 mM Tris-HC1 buffer 
(pH 7.5) at 4°C for 15 min in the dark.14 

Band evaluations and PI determinations were made 
using the PhastImage Gel Analyzer and PhastImage 
Software v.1.0. 

Electrophoresis Sigma type VIII were estimated- by measuring the 
absorbance of solutions at 403 nm using E~~~~~ = 

102 mM-lcm-' (acidic HRP); in every other case a value 
of E~~~~~ = 100 mM-'cm-' (basic HRP) was used.I9 All 
the enzymes were supplied as lyophilized powders and 
were characterized by electrophoresis and isoelectric 
focusing using the methods presented below. After a 

Samples of HRP were run on SDS polyacrylamide 
PhastGel gradient 10-15 pre-prepared gels, which are 
designed to give a linear relationship between a protein 
migration distance and the logarithm of its molecular 
weight (MW). The broad MW calibration kit (14.4- 
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94.0 kDa) consisted of the following proteins with the 
corresponding MW values: phosphorylase b (94.0), al- 
bumin (67.0), ovalbumin (43.0), carbonic anhydrase 
(30.0), trypsin inhibitor (20.1), and a-lactalbumin (14.4). 

Silver stain (Silver Stain Kit, Pharmacia) was used to 
stain the gels for protein following the method given by 
the manufacturer. 

In addition. we used the native polyacrilamide elec- 
trophoresis technique to separate and determine the 
specific activity of HRP. Native polyacrilamide electro- 
phoresis is a useful technique for studying the composi- 
tion and structure of native proteins, because both the 
conformation and biological activity of proteins remain 
intact during the separation process.15 The proteins are 
separate in the gradient gel zone according to their size 
and charge. Samples of HRP were run on Native Phast- 
Gel gradient 8-25 pre-prepared gels. In this case, we 
determined the migration distance (MD) of the different 
isoenzymes. The peroxidase activity staining was as de- 
scribed above (Isoelectric Focus). 

Bands evaluations and MW determinations were 
made using the PhastImage Gel Analyzer and Phast- 
Image Software v.1.0. 

Enzyme Activity 

The enzymatic activities were determined using ABTS 
and guaiacol as the reductant substrates. The assay sys- 
tems were as follows: 0.5 m M  ABTS (20 mM for acidic 
HRP) and 0.2 mM H202 in 50 m M  glycine/HCl buffer 
(pH 4.5); or 5 m M  (20 m M  for acidic HRP) guaiacol 
and 0.6 mM H202 in 50 m M  sodium phosphate buffer 
(pH 7.0). The enzymatic activity was measured spectro- 
photometrically as the rise in absorbance due to the 
formation of the reaction products: ABTS radical' at 
414 nm ( E ~ ~ ~ , , , , ,  = 31.1 mM-'cm-') and guaiacol oxida- 
tion product at 460 nm (.qhonrn = 5570 M-'cni-'). The 
enzyme unit (IU) was defined as the amount of enzyme 
forming 1 pmol of product in 1 min at the specified 
pH and 25°C. We also calculated the apparent molar 
catalytic activity expressed as the number of moles of 
product formed per second per mole of enzyme for each 
enzymatic sample under the above reaction conditions. 
In addition, the apparent K M  for ABTS was measured 
for each peroxidase sample. 

Inactivation of Peroxidase 

Partition Ratio 

Dependence of enzyme inactivation on the number of 
equivalents of H202 was measured in 0.2-mL incuba- 
tions containing the enzyme (0.25 F M )  and peroxide at 
the required ratio in 50 mM sodium phosphate buffer 
(pH 6.5) at 25°C. The residual activity was determined 
after 4 h, using ABTS as substrate for both basic 
and acidic HRP, in the reaction conditions indicated 

above (Enzyme Activity). The data were plotted using 
SigmaPlot for Windows (Jandel Scientific Software, San 
Rafael, CA). 

Time Dependence (Kinetics) 
HRP inactivation by H202 was observed at 25°C in 
0.5-mL incubations of 50 m M  sodium phosphate buffer 
(pH 6.5) containing a fixed amount of enzyme (0.5 p M ) .  
The reactions were started by the addition of HzOz 
(over a range of concentrations). At  specified time inter- 
vals, 10-pL aliquots were transfered to cuvettes contain- 
ing 2 mL of ABTS assay mixture and the activity was 
determined as above. A minimum of three incubation 
assays were done for each peroxide concentration. The 
residual enzymatic activity (AR) (expressed as %) was 
taken as the enzymatic activity remaining (A,) with re- 
spect to the initial activity (Ao). The data were plotted 
and nonlinear line fitting was carried out using Sig- 
maPlot for Windows. 

THEORETICAL METHODS AND CALCULATIONS 

Inactivation by H202: Determination of Partition 
Ratio ( r )  

Using plots of percent residual activity with ABTS 
against peroxide/enzyme ratio, the ratio required in each 
case for 100% inactivation may be obtained from the 
intercept of the extrapolated line at the x axis. From 
this value the partition ratio is calculated using the fol- 
lowing eq~a t ion '~ :  

where AR is the residual activity; A, and A. are the 
activities at time t (end of reaction) and zero, respec- 
tively; r is the partition ratio (number of catalytic cycles 
given by the enzyme before its inactivation); and [H202] 
and [HRP] are the initial concentrations of H202 and 
enzyme. The actual value of r is obtained by taking into 
account the consumption of 2 mol H202 in each catalytic 
cycle (1 mol for compound I formation and another for 
inactivation or catalysis) (Scheme 1). 

KI 
E + S  t-----[ESJ- X 

I I kinact 

Scheme 1. A minimal scheme for the action of a mechanism based 
inactivator (suicide substrate). For the reaction of HRP with Hz02 
the scheme represents: E, compound I; S ,  H202; ES, [compound I . 
H202] complex; X, [compound I . Hz02] modified complex (transition 
state). K ,  is the dissociation constant of ES; kinact is the apparent 
rate constant of inactivation; and k,,, is the apparent rate constant 
of catalysis. 
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Inactivation by H202: Kinetics 

The inactivation of HRP by HZO2 was previously found 
by us4 and by other workers7 to exhibit biphasic kinetics, 
i.e., plots of residual activity against time show double 
exponential decays. From such data the observed 
pseudo-first-order rate constants of inactivation (kobs) 
may be calculated using the equation: 

where A, and A,, are the measures of peroxidase activity 
at incubation times of t and zero; hl and h2 are the 
apparent inactivation constants of the system; and y1 
and yz are the amplitudes of the exponential terms. 
Thus values of kobs for the fast phase of the reaction 
are obtained. The hyperbolic nature of the plots of kobs 
against the H202  concentration that we observed pro- 
vided clear evidence that the inactivation process dem- 
onstrates saturation kinetics. 

Scheme 1 represents a minimal mechanism that de- 
scribes the action of a suicide substrate (mechanism- 
based inhibit~r)~’-’~ such as H202. We applied this 
model to the present reaction using E to represent com- 
pound I, rather than HRP in its ferric state that must 
undergo rapid (in comparison to the processes that fol- 
low) reaction with H202  to form compound I before 
the catalytic cycle or inactivation can occur. ES is the 
enzyme-suicide substrate complex formed by com- 
pound I and a second molecule of peroxide, [compound 
I . H2OZ]. The symbol X is a transition state or modified 
ES complex, [compound I . H202]*, from which the 
enzyme may progress down either the inactivatory or 
catalytic (protective) pathway. The reaction proceeds 
until all the enzyme is inactivated and does not reach 
a steady state. 

This mechanism is a simplification of a full kinetic 
approach developed previously,4 however it offers an 
approximation suitable for comparative purposes. Dou- 
ble reciprocal plots of observed rate constants of inacti- 
vation against HzOZ c o n ~ e n t r a t i o n ~ * ~ ~ ~ ~  can be used to 
determine the kinetic parameters characterizing the in- 
activation. However, we used nonlinear least squares 
fits to the data made by SigmaPlot for Windows, thus 
obtaining apparent values of the rate constant of inacti- 
vation (kInact) and the dissociation constant (K,)  of the 
[compound I . H2OZ] complex. Also, using the rela- 
tionship: 

Kinact 

where r is the partition ratio, the apparent catalytic 
constant (kcat), efficiency of catalysis (kcat/KI), and effi- 
ciency of inactivation (kinact/KI) may be calculated. 

RESULTS 

Purity and Specific Activity 
The purity of each sample was measured by its R Z  
(Table I) and using both isoelectric focusing and electro- 

phoresis followed by staining of the gels with silver for 
protein and with peroxidase specific stain (see Fig. 1). 
The results show that the samples were broad as de- 
scribed by the manufacturers. B-M grade 2 and Sigma 
type VI showed three peroxidase bands (basic, PI 8.5 
and 6.8, acidic, PI 3.5) with additional protein contami- 
nation; their R Z  values reflected this, being lower than 
for the other samples. The apparent molar catalytic ac- 
tivities (ssl) of these two preparations were similar with 
both ABTS and guaiacol (Table I). B-M grade 1 and 
EL, BZ HRP-4B, and Sigma type IX were very similar to 
each other, exhibiting two bands for peroxidase activity, 
both due to basic isoenzyme at PI 8.5 and 6.8. The major 
band, PI 8.5, represented over 90% of the peroxidase 
present. With silver stain the presence of several other 
proteins was revealed. Apparent molar catalytic activi- 
ties with ABTS were about 200 s-l greater than the less 
pure samples and similar to the less pure enzymes using 
guaiacol (Table I). The MW determinations presented 
a range between 46 and 48 & 2 kDa for all the basic 
HRP described above. 

BZ HRP-5, Sigma type VII, and Sigma type VIII 
were found to consist almost entirely of a single protein 
with a PI around 3.5. Only very small differences be- 
tween their PI’S were observed. However, when MW 
was determined, BZ HRP-5 and Sigma type VII showed 
significant differences with respect to Sigma type VIII. 
The MW values for each sample were: BZ HRP-5, 43 
kDa; Sigma type VII, 41 kDa; and Sigma type VIII, 48 
kDa. In addition, to emphasize the differences among 
these samples, native polyacrylamide electrophoresis 
was done. This technique allows the separation of the 
native proteins on the basis of both size and charge. 
Different migration distances (MDs) were observed 
comparing basic HRP with each of the acidic-HRP sam- 
ples. BZ HRP-5 and Sigma type VII presented a similar 
MD of 31 mm while Sigma type VIII exhibited an MD 
of 34 mm. In contrast, Sigma type IX presented an MD 
of 8.1 mm. Thus, according to these data, and bearing 
in mind the nomenclature of Shannon et a1.,21 two 
groups of acidic isoenzymes can be established: BZ 
HRP-5 and Sigma type VII corresponding to HRP-A2, 
and Sigma type VIII being HRP-A1. 

Apparent molar catalytic activity for the acidic-HRP 
samples was around half that of basic HRP with ABTS 
and about one-quarter with guaiacol when similar con- 
centrations of substrates were used. However, when the 
apparent KM values of the isoenzymes were determined 
and compared, it was found that whilst basic-HRP (BZ 
HRP4B and Sigma type IX samples tested) exhibited 
an apparent KM for ABTS of 0.1 mM, that of HRP-A1 
and -A2 (BZ HRP-5, Sigma type VII, and Sigma type 
VIII were used) was much higher at 4 mM. When the 
apparent molar catalytic activities of HRP-A1 and 
HRP-A2 with ABTS were determined under nonlim- 
iting conditions, using 20 m M  ABTS, they were found 
to be similar to basic HRP at around 1000 s-’. In con- 
trast the apparent molar catalytic activity of guaiacol 
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Table I. Comparison of RZ values, specific activities, and apparent molar catalytic activity with ABTS and guaiacol of nine commercially 
available preparations of HRP. 

RZ ABTS ABTS Guaiacol Guaiacol 
Enzyme Principal isoenzyme (AmdAm) (IU m g ' )  (s-l) (IU mg-') (s-') 

B-M Grade I 

B-M Grade 2 

B-M EL 

BZ HRP-4B 

Sigma Type VI 

Sigma Type IX 

BZ HRP-5 

Sigma Type VII 

Sigma Type VIII 

C 

C 

C 

C 

C 

C 

A2 

A2 

A1 

3.07 

2.09 

3.09 

3.24 

2.76 

3.15 

3.49 

3.12 

3.50 

1291 

1105 

1367 

1355 

1057 

1322 

1432 

1480 

1464 

(25)* 

(47) 

(84) 

(30)  

(36) 

(49) 

(60) 

(82) 

(80) 

921 
(36)* 

791 

980 

970 

756 

947 

1023 

1070 

1046 

(33) 

(57) 

(23) 

(41) 

(41 ) 

(55) 

(43) 

(41) 

* Values in parentheses are errors. 
B-M, Boehringer-Mannheim; BZ, Biozyme. 

(20 mM) for acidic HRP was around 60 ssl, only about 
one-third that of basic HRP. 

Determination of Partition Ratios (r) 

Figure 2 shows plots of percent residual activity against 
H202/HRP ratio for B-M EL and Sigma type VIII, 
which were representative of the results obtained for 
basic HRP and acidic HRP, respectively, with all the 
samples. The values of r calculated from these plots are 
given in Table 11. The higher grade basic-HRP samples 
were most sensitive to inactivation ( I  = 610-630), less 
pure basic-HRP samples were slightly more resistant 

PI 
3.5 > 

6 8  > 

8.5 > 

A 

( I  = 670-690), probably due to the presence of acidic 
HRP or other protein impurities. The preparations con- 
sisting of acidic HRP were about 2 times less sensitive 
( r  = 1325-1360). 

Kinetics of Inactivation 

Hyperbolic plots of kobs for the fast phase of inactivation 
against Hz02 concentration are shown in Figure 3 for 
B-M EL (basic HRP) and Sigma type VIII (acidic HRP). 
The calculated apparent kinetic constants for all the 
enzymes are presented in Table 11. The enzyme samples 
containing principally basic HRP all behaved in a similar 

B 

iiii :::-- 

1 2  3 4 5  6 7 8 9  P I 2 3 4 5 6 7 8 9  

C migration 

1 

2 4 8 3  

Figure 1. Isoelectric focusing gels stained with: (A) silver (protein) and (B) 4-methoxy-1-naphthol (peroxidase); (C) native electrophoresis 
gel stained with 4-methoxy-I-naphthol. Lane assignments for gels: 1. Sigma type VI; 2. Sigma type VIII; 3. Sigma type IX; 4. Sigma type VII; 
5. B-M grade 1; 6. B-M grade 2; 7. B-M E L  8. BZ HRP-5; 9. BZ  HRP-4B. Lane P in (B) is calibration proteins. Isoelectric points (PI) marked; 
PI 3.5, acidic-HRP; PI 6.8, secondary band for basic HRP representing about 10% of peroxidase present; PI 8.5, principle band for basic HRP 
representing about 90% of peroxidase present. (C) shows differences of the migration distances between acidic HRP and basic HRP. 
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100 -t- , those of kinactiKl were similar. Therefore, it is seen that 
although compound I of the acidic HRP has a lower 
affinity (l/K1) for H202 and is more resistant to inactiva- 
tion ( r )  than the basic HRP, it is inactivated more rapidly 
(kinact). However, because the k,,, and kca,/KI are also 
higher, acidic HRP has a more efficient protective cata- 
lytic pathway that helps to limit the efficiency of inacti- 
vation to a level very close to basic HRP. 

1 DISCUSSION 

Figure 2. Dependence of inactivation of basic HRP, (0) B-M EL, 
and acidic HRP (W) Sigma type VIII, on molar ratio of H202. Incu- 
bations contained 0.2.5 p M  HRP and H z 0 2  at the indicated ratio in 
50 mM sodium phosphate buffer, pH 6.5. Residual activity was mea- 
sured using ABTS after 4 h. The lines were fitted using SigmaPlot 
for Windows. Intercepts at the x axis were used to determine the 
value of r. 

manner with no obvious differences between the more 
and less pure preparations. The three samples of acidic 
HRP were equivalent to one another and showed values 
of kinact about 1.5 to 2 times greater than the others, KI 
values a little higher with the equivalent lower affinities 
for H202 (approximately two-thirds the level of the oth- 
ers). The values of k,,,/KI were 3-4 times greater, but 

This study identified a number of important differences 
between samples of HRP available from several com- 
mercial sources. The biochemical differences are due to 
the level of purification of each product and its isoenzy- 
mic content, which were in accordance with their de- 
scriptions by each manufacturer. The acidic isoenzymes 
have an apparent KM 40 times higher for the reductant 
substrate ABTS than basic HRP. However, the appar- 
ent molar catalytic activity of both enzymes is similar; 
in fact our data show that some manufacturers may be 
underestimating the activity of their acidic HRP. With 
guaiacol the acidic HRP exhibits an apparent molar 
catalytic activity only one-third that of basic HRP. This 
data suggests that basic HRP is a more useful isoenzyme 
in systems that contain relatively low reductant sub- 
strate concentrations; and because substrate specificity 
is dependent on the isoenzyme present, this should be 
taken into account in the design of experiments. 

The data obtained about the inactivation of HRP by 
H202 in the absence of additional reductant substrate 

Table 11. Comparison of partition ratios, constants, and efficiencies of samples of HRP. 

B-M Grade 1 

B-M Grade 2 

B-M Grade EL 

BZ HRP-4B 

Sigma Type VI 

Sigma Type IX 

BZ HRP-5 

Sigma Type VII 

Sigma Type VIII 

610 

670 

630 

615 

690 

625 

1360 

1339 

1325 

5.3 
(0.4)* 

6.0 

6.2 

4.8 

6.2 

4.6 

9.7 

8.0 

8.7 

(0.2) 

(0.3) 

(0.2) 

(0.4) 

(0.2) 

(0.3) 

(0.5) 

(0.5) 

1.4 3.2 2216 

1.4 4.0 2835 

1.2 3.9 3140 

1.3 3.0 2389 

2.0 4.3 2136 

1.3 2.9 2248 

2.1 13.2 4942 

2.6 10.7 4115 

2.5 11.5 4598 

(0.5)* 

(0.3) 

(0.3) 

(0.2) 

(0.4) 

(0.2) 

(0.3) 

(0.1) 

(0.1) 

3.6 

4.2 

5.0 

3.8 

3.1 

3.5 

3.6 

3.1 

3.5 

* Values in parentheses are errors. 
Comparisons are of partition ratio ( r )  of HZ02 (i.e., number of catalytic cycles given by 

the enzyme before its inactivation) and apparent kinetic constants for the inactivation: k,.,,,, 
rate constant of inactivation: K I ,  dissociation constant of the [compound I . H202]; k,,,, rate 
constant of catalysis; k,,,/K,, efficiency of catalysis: and k,,,,,/KI, efficiency of inactivation. 
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Figure 3. Kinetics of the inactivation of basic-HRP, (0) B-M EL, 
and acidic HRP (W) Sigma type VIII, by H202. Plot of observed rate 
constant (/cobs) is shown against H2OZ concentration. Curve fit by 
nonlinear regression, the apparent rate constant of inactivation (klnact). 
and dissociation constant of H202  and HRP compound I ( K , )  were 
obtained from this plot using SigmaPlot for Windows. 

shows that acidic HRP is more resistant to this process 
than basic HRP (i.e., the r value for acidic HRP is 
higher). Despite this, and the lower affinity of acidic- 
HRP compound I for peroxide, it is inactivated at a 
greater maximum rate because of the much higher cata- 
lytic constant that acidic HRP exhibits. Thus, if loss of 
enzyme activity is not a factor, acidic HRP will remove 
a larger amount of H202 in a shorter period of time 
before losing activity. We also previously identified 
acidic HRP as more resistant to inactivation by a hydro- 
peroxide generated catalytically (by HRP in the pres- 
ence of oxygen) from a plant hormone, indolyl-3-acetic 
acid.’ We suggest that acidic HRP may be more useful 
in any process where a hydroperoxide is liable to be 
formed under conditions of low concentration or com- 
plete absence of reductant substrate. 

There is therefore a conflict between the inactivatory 
behavior and the catalytic activity of the two HRP isoen- 
zymes: basic HRP is more active at lower concentrations 
of reductant substrate but more sensitive to inactivation 
under such conditions; acidic HRP is more resistant to 
inactivation by peroxide but requires a higher concen- 
tration of reductant to reach maximum activity. Gener- 
ally, it appears that as high as possible a concentration 
of reductant substrate in relation to peroxide should be 
maintained in any given system in order to minimize 
the inactivation of the enzyme by peroxide. Reductant 
substrate is known to protect HRP from inactivation 
by H202.3 In systems where HRP may be required to 
catalyze a peroxidation reaction for any great length of 
time, this is especially important. If peroxide rises too 
high or reductant levels fall too low inactivation will 
occur whatever isoenzyme is used. 

In conclusion, those interested in the use of HRP for 
biotechnological purposes (e.g., biosensors, bioreactors, 
or assays) should consider the data presented here be- 
fore selecting the HRP grade of purity and isoenzyme 
that offers the characteristics best suited to their require- 
ments. The final observation that we make is that similar 
products from different manufacturers vary consider- 
ably in price, and for certain applications this may be 
the most important consideration of all. 
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