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SUMMALRY

Horse-radish peroxidase catalyzes tbe oxidation of homogentisic acid in the pre-
sence of sulfhyvdrvl compounds to form products ~imular to those obtained by the
spontaneous reaction of benzoquinoneacetit: acid with sulfhydryvl agents. Other
heme proteins, such as catalase. cytochrome ¢, hemoglobin and methemoglobin, do
not catalvze this oxidation. Studies on substrate specificity have indicated that a
number of aromatic compounds containing disubstituted hydroxy or amino groups
in the para position are oxidized in this svstem. A scheme is presented itlustrating
a mechanism to explain the formation of thicether derivatives of homogentisic acid
and sulthydry! agents in the presence of horse-radish perexidass. Similar reactions
may be involved in the formation of ochronotic pigment in the connective tissues
of alcaptonuric subjects or after topical application of phenot or resorcinol.

INTRODUUCTION

It has been observed that horseradish peroxidase has the unusual property of cata-
lyzing the oxidation of homogentisic acid. In the presence of snlfhydryl componnd.
such as glutathione, this oxidation resuits in the {ornation oi products similar to
those obtained by spontaneous reaction of benzoquinoneacctic acid, the correspond-
ing quinone of homogentisic acid, with sulthydryl compounds.

A study of the requirements and characteristics of this peroxidase catalyzed
oxidation of homogentisic acid will be presented in this paper. The pussibility that
a similar peroxidative reaction is involved in the formation of ochronotic pigment
in the connective tissues of alcaptonuric individuals will be discussed.

MATERIALS AND METHODS
Materials

Homogentisic acid was obtained from the Cyclo Chemical Corporation, Los
Angeles, Calif. (U.S.A.}). Reduced glutathivne was obtained from the Nutditional
Biochemical Corporation. Horse-radish peroxidase, grade A, RZ {Reinheiveahl),
approx. 3, and crystalline becf-liver catalase were obtauined Nom Worthington
Biochemical Corporation.
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Preparation of benzoguinoneacetic acwd

Benzoguinoneacetic acid was prepared by oxidizing homogentisic acid with
iodine by a madification of the mcthod of NEUBERGER'. 0.9 ml of 0.05 M sodium
phasphate buffer (pH 6.5) containing 760 ug of homogentisic acid was (reated with
o.xml of 0.1 N 1; in 59, KI solution. The mixture was allowed to stand at room
temperature for at least 5 min for the stoichiometric oxidation of homogentisic
acid to benzoquinoneacctic acid.

RESULTS
Requaremeni, for the enzvimic oxidation of homogentisic acid by horse-radish peroxvidase

The oxigation of homogentisic acid with horse-radish peroxidase was followed
manometrically as shown in Fig. 1. In the presence of horse-radish peroxidase and
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Fig. 1 Oxidation of homogentisic acid in the presence of horsc-radish peroxidase. The main
compartment of the \Warburg vessels contained o.1 mi of horse-radish peroxidase (100 ug} in
0.2 M sodium phosphate buffer (pH 6.5} o.t ml of previously necutralized reduced glutathione
(20 gmoles) and additional 0.2 M sodium phosphate buffer (pH 6.5) to inake a total fluid volume
of 2.0 ml. The side arm contained 4.0 pmoles of homogentisic acid in the phoaphate buffer, or
bufler alone, in the control flasks, o.2 ml of 209, KOH was in the center well, The Rasks were
cquilibirated for 53 min at 37° and tha contents of the side arm werc tipped in to start the reaction.
The shaking rate wos [Bo gscillations/min; the gas phase was v, Curve A, the oxidation of
4 pmules of homegentisic acid with horse-radish peroxidase and 20 gmoles of reduced gluta-
thione, curve B, horse.radish peroxicdase omitted from the flasks: curve C, glutalhione omitted
from the Aasks.

reduced glutathione, 4 gmoles of homogentisic acid were rapidly oxidized with the
uptake of go gt of oxvgen (Curve A). This represents the nptake of 1 gmule of oxygen/
pmole of humogentisic acid oxidized. The oxidation did not occur if either horse-
radish peroxidase (Curve B) or GSH (Curve C) were omitted. The initial rate of oxi-
dation was linear with time and was proportional to the amount of horse-radish
peroxidase present if the amouni of encyme were less than zo ug. With larger amounts,
the rate uf oxidation was rnaximal and independent of horse-radish peroxidase con-
centration. The oxidatiun of homogentisic acid had a broad optimal pH range, from
pH b to 8. Non-enzymic oxidation of homogentisic acid increased above pH 8.
Dialysis of horse-radish peroxidase for 16 h against dilute sodium phosphate
buffer had no effect upon its catalytic activity. The rate of oxidation of homogentisic
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acid was not dearcased if ali the constitucnts of the reaction mixture were in water
doubly distilled from quartz. Metal chelating agents, such as EDTA and diethyi-
dithiocarbamate had virtually no inhibitory effect on the oxidation of homogentisic
acid. However, beiling horse-radish peroxidase for 30 min completely destroyed its
ability to catalyze the oxidation. Other heme proteins, such ax catalase, cytochrome ¢,
hemoglobin, methemoglobin, as well as hematin and ferritin, could not substitute
for horse-radish peroxidasc in this svstem. In fact, catalase completely inhibits the
oxidation of homogentisic acid by horse-radish peroxidase. This latter finding saggests
that peroxide is a component in the oxidation.

‘Evidence has been presented (Fig. 1, Curve () that a sulthydryl compound is
essential for the complete oxidation system. Experiments using various amounts of
reduced glutathionc (5, 10, 20 and 4o ginmoles per vessel} indicated that for optimal
activity the sulfhvdryl compound needed to be present at twice the concentration
of homogentisic acid. With lower relative amounts o glutathione, the oxygen upteke
per umole of homogentisic acid was reduced. Glutathione in excess of the 2 1
ratio had no effect on the oxvgen uptake and the expected residual glutathione
could be tecovered at the end of the iacubation period. It the ratio of glutathione
to homogentisic acid was exactly 2 : 1, no residual glutathtone (uxidized or reduced)
was found in the fiasks. This indicated that the sulfhyvdryl compound had reacted
chemically with the substrate during the oxidation. It was found that other sulfhy-
dryl compounds could replace reduced glutathione in this oxidation. These included
cysteine, thioglycollic acid, homocysteine and CoAl ‘The oxidized forms. oxidized
glutathione and cystine, were completely incffective and no oxidation of homo-
gentisic acid occurred in the presence of there comp-runds. Furthermore, other re-
ducing agents, such as ascorbic acid and 2,6-dichlorophenolindophenol could not
substitute for the sulthydryl compounds

Substrate specificity

Other zompounds were tested to determine whetlor they would be oxidized by
horse-radish peroxidase and glutathione in place of homogentisic acid (Table I).
2,5-Dihydroxyphonvipyruvic acid, resorcinol and p-phenylenedinunine were ali
oxidized at about the same tate as homogentisic acid. Phenol, 3,5-dihvdroxybenzaoic
acid, z,5-dibydroxyphenvylalanine and hvdroguinone were approximately half as
active as homogentisic acid. Nune of the active compounds were oxidized unless
glutathione was present in the incubation vessels. [t was of interest that 2,3-chihy-
droxybenzoic acid (gentisic acid) was essentiully inactive in this system. No o-
dihydroxy compounds were oxidized, nor were the o- and m-phenyvlenediamine
analogues. The incabation period was continued for at least 30 min to be certain that
none of the inactive compounds would be oxidized after an initial lag penod.

The nature of the produci derived from homogentisic acid, horse-radish perovidase a+d
Klutathione

At the end of the incubation period (after oxyvgen uptake had >topped) the con-
tents of several experimental \Warburg vessels were pooled and acidified with 5 N
H,S0, in order te study some of the chemical characteristics of the product formed
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TABLEL

THE OXIDATION OF VARIOUS COMPOUNDS IN THE PRESENCE
CF HDRSE-RADPISH PEROXIDASE AND GLUTATHIONE

The oxidation of the various compounds were followed manometrically as described under
Fig. 1. The flasks contained o.2 M sodivm phosphate buffer (pH 6.5} 2o gmolos of reduced
glutathiome, o.1 ml of horse-radish peroxidase {100 ug) and 4 pmoles of the compounds listerd

below.

Agtine awlstraltes

Inactive compounds™®

248 of oavgs

uptake in
10 man
t{omogentisic acid Gentisic acid
(2.5-dihydroxyphenylacetic acid) 100 (2.5-dihydroxyhenzoic acid)

2,5-Dihvaroxvphenvipyruvic actd roo 2,3-Dinydroxybenzoic acid
Resorcinol oo 3.4-Dihvdraxvbenzoic acid
£-Phenyvlencdiamine go 2,4-Dilydroxybenzoic acid
Phenol o 2,0-Dihvdroxybenzoic acid
j.s-Inhvdroxvhenzoic acid Go o-Phenyienediamine
2, 5-Dihydroxyphenyialanine 50 m-Phenyvlenediamine
Hydroquinone 3o p-Hydroxyphenylpvrivic acid

3.4-Dihvdroxyphenvlalanine

Phenylalanine

Tyrosine

Histidine

Proline

* The initiat rate of oxyvgen uptake was extrapolated to calculate the rate in a 10-min

period. With some compounds, i.e., homogentisic acid, the reaction was complete in less than
16 min,

** Inacuve compounds are those oxidized at rates less than 1 ulfmin.

irom homogentisic acid and glutathione. [t appeared probable that homogentisic
acid was oxidized to its corresponding quinone {(benzoquinoneacectic acid) which then
reacted with glutathione to vield a 1,4-addition pricluct (a thioether derivative). 1t
is well known that many quinones easily undergo 1,4-addition reactions with sulf-
hydry] comipounds2-%. The oxygen consumption (1 umole) and the disappearance of
glutathione (2 gmoles) for each umole of homogentisic acid oxidized suggested that
2 molecules ot glutathione had added in a thioether linkage to each molecule of
homogentisic acid {see Fig. 2).

Products prepared chemically by mixing benzoquinensacetic acid and ghata-
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Fig. 2. Postulated scheme for the formation of a thiocther derivative of homogcentisic acid and
giu’ *thione catalyzed by home-radish peroxidase.
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thione weie compared with the products obtained in the enzymic oxidativn of homo-
gentisic acid and glutathione. The products buth reduced molybdatels and am-
moniacal silver?, as would be expected if they stili retained a free p-dibydroxyphenyl
structure. Both product: were considerably more water soluble than homogentisic
acid and could nut be extracted into butanol from an acid solution. The X+ of the
products were identical (0.13) and were much lower than for homogentisic zeid®
{0.70) ir a butapci-acetic acid—water solvent systemn The enzymically prepared and
chemically prepared products were light vellow in neutral and acid solutions and
turned dark brown in alkali. They were alsu inactive as substrates for hormogentisic
acid oxidase, the enzym. which converts homogentisic acid to malevlacetoacetic
acid.

The enzymically and chemicallv prepared glutathione addition products also
had similar absorption spectra in the ultraviclet (Fig. 3, Curve €). Both products

ABSORBANCY
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Fig. 3. Absorption spectra of homogcentisic acid, benzoquinoneacetic acid and {heir sulthydryl
addition products. Curve A, spectrum of homogentisic acid in 0.2 M sodium phosphate butter
(pH 6.5). The concentration of homogentisic acid was 13 pgiml, light path 1 ¢m. Curve B, spec-
trum of benzogquinoneacetic acid in 0.2 M sodium phosphate buffer {pH 6.5). The concentration
of the quinone was 13 ug/ml. Curve C, the spectra of addition products prepar=d chemically
with benzoquinoncacctic acid (E—®) and enzymically with homogentisic acid (O — ) were
identical. Benzoquinonearetic acid and glutathionce were mixed in 0.2 M phosphate buffer (pH 6.5),
concentration of the quinone, 13 gg/ml in aliquot analyvecd spectrophotometrically. The cnzym-
ically prepared addition was analvzed after incubating homogentisic acid, glutathione and horse-
radish peroxidase manometrically as described in Fig. 1. The aliguot measured was equivalent
to 13 ug/ml o1 homogentisic acid. The identical spectrum also appeared in the enzymic reaction
and was followcd spectrophotometrically ina cuvette containing horse-radish peroxidase (100 ug).
reduced glutathione (s10 ug) and homogentisic acid (13 g/l and the same buffer; total ffuid
volume, 3.0 ml.

had identical peaks at 305 mu and the absorbancy at the peak of the enzymic pro-
duct had the value expected calculated from the absorbancy of the addition product
prepared chemically by mixing benzoquinoneacetic acid and glutathione. The reac-
tion between homogentisic acid, heorse-radish peroxidase and glutathione could also
be followed spectrophotometrically. During the reaction there was a disappearance
of homogentisic acid (Curve A) and « concomitant appearance of a new spectmm
identical to that of Curve C. There was no disappearance of the homogentisic acid
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in the absence of either glutathione or horse-radish peroxidase The spontaneous
1eaction of benzogquinoneacetic acid and glutathione could not be followed spectro-
photametrically because of its rapidity. Less than 1 min after mixing, the absorp-
tion spectrum of benzoguinoneacetic acid (Curve B} was replaced by the spectrum
of the addition preduct (Curve C).

DISCUSSION

A mechanism to explain the formation of thioether derivatives of homogentisic
acid and glutathione catalvzed by horse-radish peroxidase has been illustrated in
Fig. 2. The requiremert for horse-radish peroxidase appears to be relatively specific,
as the oxidation of homogentisic acid is not catalyzed by other heme proteins, such
as catalase, cytochrome ¢, hemoglobin and methemoglobin. the observation that
catalase inhibits the peroxidase-catalyzed reaction suggests that hydrogen peroxide
{or an organic peroxide which can be decomposed bv catalase)} is utilized in the oxi-
dation. Although it is reasonable to propose that a trace metal participates in tiw
reaction by generating peroxide, perhaps by the decomposition of glutathione, there
is no direct evidence fur such a requiranent. Prolonged dialysis of the peroxidase
and metal binding agents did not reduce the enzvmic activity. It is also evident from
the manometric data that no initial lag occurred in the oxidation of homogentisic
acid as might be expected if a metal catalyzed source of peroxide were required to
initiate the reaction.

Most of the substrates oxidized in the horse-radish peroxidase systemn are para
dihyvdroxyphenyl or diaminophenyl compounds. In addition, phenol, resorcinol and
3.5-dibydroxvbenzoic acid are also oxidized. None of the ortho dihydroxyphenyl
compounds tested, such as Dopa (3,4-dihydroxyphenyvlalanine), were active. How-
ever, RosTON® has recently reported that tyrosinase catalyzes the formation of
addition products of sulfhydryl compounds with an oxidized derivative of Dopa.
While it appears that the substrate specificity of horse-radish peroxidase and tyro-
sinase are distinct, the mechanism of formation of these addition products may be
quite suilar.

Among the compounds oxidized by horse-radish peroxidase, at least three
(homogentisic acid, phenol and resorcinol) are known to produce ochronotic pigmen-
tation in connective tissues. Ochronosis, secondary to tie chronic application of
phenol for the treatment of skin ulcers, is well known?!?, and similar prolonged treat-
ment with resorcinol leading to ochronosis has recently been described!t. Ochronosis
in individuals with alcaptonuria is due to the accumulation of homogentisic acid and
its further oxidativn tu octironotic pigment in connective tissues. The complicated
biochemical steps leading to ochronosis in alcaptonuria are not known, but recent
investigations in this laboratory have inuvicated that oxidation of homogentisic acid
to benzoquinoneacetic acid is probably the inital step in this process*®!3. It is per-
haps significant that gentisic acid (z,5-dihydroxybenzoic acid), the only p-dihy-
droxyphenyl compound tested and found not to be oxidized by horse-radish pero-
xidase, alsv does not produce ochronotic pigmentation after oral administration?4:®,
In view of these observations, it will be of interest to search for uxidases or peroxi-

dases of mammalian tissues with properties and specificity similar to those described
for horse-radish peroxidase.
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