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Peroxidase as oxidase: Reaction between *0, and dihydroxyfumarate

When horse-radish peroxidase (EC 1.11.1.7) acts as oxi-“ase upon dihyvdroxvfumarate,
monodehydrodihydroxyfumarate and an activited form of oxvgen are inter-
mediates! I, but the structuce of the oxygen denvative is ancertain. In the present
study we have examined the rcaction between oxvgen and dihyvdroxyfumnarate in
the presence of peroxidase, using 180, as a tricer,

Crystaliine Japanese radish peroxidase was generously given by Dr. Y. Morita.
Dihydroxvfumaric acid was synthesized from tartaric acid? and thrice recrystallized
from acetone to remove traces of cation contaminants. The preparation had ey
(at 292 mgu) - 88Bgo (water), and £y (at 308 my) - &350 (etber). Disodium dihv-
droxytartrate prepared by the FEXTON method® was a gift from Dr. H. Starrokn,
Acetate butfers were prepared from redistilled glacial acetic acid and NaOQH which
had been passed through Dowex-50 (Na-). Water was deionized and distilled.
Oxygen conlaining 10 atomY, G was prepared by electrolysis of water containing
10 atom9, ¥0O (Weizmann [nstitute).

Classwarc was treated to remove trace-metal contaminants®. Manometric
determinaiions of oxygen consumption were carried out at 10”7 in Warburg mano-
meters (KOH wells). Solid substrate was magnetically tipped into buffer and allowed
to dissolve before enzyme was added. Tracer experiments with 0, were carried out
at 0—4° to minimize autexidation of substrate and products, and to obtain maximum
vields of the relatively insoluble sodium dihvdroxytartrate. These reaction systems,
which were 1o-fold larger than the manometric experiments, consisted of 250 gamoles
of dihydroxyfumaric acid, 500 umoles of XaOH, and 1.8 mgmoles of peroxidase in
a total volume of 40 ml of 0.05 M sodium acctate buffer placed in a 250-ml flask
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Fig. 1. Oxygen consumptivn by dihy-disxyfemarate in the prosence of varying Guimteiss of
peruxidase, at 10°. The r-action svstem consistedd of 4.0 mlaf o.05 M sodium acetate butier (pEl 3-8
6.2 mM in sodium dihydroxyfumarate, and (A). 450 mubdl. (B) 45 mad. and (C} 225 mye M

peroxidase supplemented with zz.5 muM perosidase at the arrow.
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arranged for evacuation and gas cxchange. Tracer experiments with Hy%0 were
tdentical, but 1.8 atom?{, H,®(O was used.

The (O content of labelled contents was determined by mass spectrometry of
CO, formed after UNTERZAUCHER pyrolysis?. Since sodium salts are incompletely
pyrolyzed due te sodium oxide formation, the samples were mixed with purified
cetbon (Wyvex Compact Biack carbon, J. M. Huber Co.). Even after heating this
carbon in a stream of purified nitrogen, a small oxygen blank was obtained, and the
oxvgen incorporation values have been corrected, assuming that the normal oxygen
blank (no pyroivzed material), the carbon oxygen, and all the oxvgen atoms of the
sample contributed oxygen proportionately.

Oxwvgen was consumed by the peroxidase-dihvdroxyfumarate system in a rapid
primary phase and a slow secondary phase. In the presence of sufficient amounts of
peroxidase, the primarv consumption amounted to 1.1-1.2 atoms per molecule
(Fig. 1). No substrate could be spectrophotomet:ically detected in sclution at the
end of the primary phase. In the presence of small amounts of enzyme, the vxygen
consumption ceased prematurely, but resumed upon addition of more enzyre
(Fig. 1). :At 20°, oxygen consumption increased to 1.5 atoms per molecule of substrate.

In the labelling experiments, vields of 60-70%, of disodium dihydroxytartrate
were tecoverad by cooling the system to 0°, filtering the white precipitate, washing
with cold water and cthanol and finally drying in vacko over P,0; at 80°. The infrared
spectrum of the insoluble product was identical to that of an authentic sample of
sodium dihydroxytartrate, The e¢lementary analysis (Huffman Microanalytical
Laboratory) was: C, 18.12, 18.04;, H, 3.34, 3-23; Na, 17.72, 17.70; and O, 60.3,
58.4%5. Vaiues caicuiated for Na,C H,0q4 2, HiO are: C, 19.72; H, 3.35: O, 61.97;
and Na, 16.61%,.

When the reaction was carried out in the presence of 20, and H,0O, a small
amount of oxvgen from the atmosphere was found to be incorporated in the product
{Table [). The incorporation of label from H,%0O was much greater, averaging
5.4 atoms per molecnle, but the results were irregular. Dihydroxyfumarate in the
absence of enzyme, but in otherwise identical conditions, incorporated 3.2 atoms

TABLE [

OXYGEN LALELLING OF DIHYDROXYTARTRATE FORMED
IN THE DIHYDROXYFUMARATE~-PEROXIDASF-OXYGEN REACTION

Atams BOpmal,
incarparsfed

Svglem

G, + 1,0 0.206

0.09

0.33

0.42 (©.26)
0, + H¥0) 4.02

6.82 (5.42)
H,'0 +- dihvdroxyvtartrate 0.76

o.Bz (0.70)
HaO : dihvdroxyviumarate 3.54

2.83 (3.23)

* Figures in parentheses give the average value.
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per molecule. The product, dihyvdroxyvtartrate, incorporated 0.8 atem per molecule
under the same conditions, but it was f‘quilibrutcd as u relatively insoluble solid.

It has been reported that in the dik.!

o cute peroxude svetem, I atom
(refs. 8, g). 1.6 atoms (ref. 10) and 2 2 atoms (ref. 11} of oxygen are consumed per

molecule ot substrate oxidized. Our results show that oxygen consumption occurs in
two phases, one rapid and the other slow (¢f. ref. ). Since the rapid primarv phase
is associated with the disappearance of substrate, the vecondary phase is probably
connected with the breakdown of product and the formation of tartronate, mesoxa-
late, and oxalate!?, but conditious leading to a prirnary consumption nf mare than
I atom pet molecule may reflect the accumulation of 11,0, (ref. 1).

We cannot interpret the small degres of laballing of product with oxvgen
from 180, because the high rates of exchange of <ubs.rate and product oxygens with
H,%O mask the true degree of labelling. The observed amounts of labelling arce,
however, 10 times greater than could be accounted for by binding of Hyt30) formed

SN T e ¢ Lo,
Il = !

0,0 C OH ~0,0--C OH
I 1t

by the reduction of 0O, and are therefore real. Perbaps the simplest hypothesis
involves the assumption that moucdehydrodiby droxylumarate :Xists as a reson-
ance hybrid (I and II), capable of direct reaction with oxvgen and subsequent re-
duction to dihydroxytartrate, but aur results gave no real clue to the nature of the
activated oxygen.
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