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Oxidation of Porphyrinogens by Horseradish Peroxidase
and Formation of a Green Pyrrole Pigment
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When humans or plants are exposed to certain chemicals which interfere with heme biosynthetic enzymes,
porphyrinogen intermediates accumul ate and are oxidized to cytotoxic porphyrins. Here we have investigated
the role of peroxidases in porphyrinogen oxidation. Horseradish peroxidase (HRP) rapidly oxidizes uro-
porphyrinogen to uroporphyrin and thisis inhibited by ascorbic acid. HRP also oxidizes deuteroporphyrino-
gen (a synthetic porphyrin similar to protoporphyrinogen), but the yield of porphyrin is lower than with
uroporphyrinogen as substrate. This low yield is in part due to a rapid, HRP-dependent conversion of
deuteroporphyrin (but not uroporphyrin) to a green compound with spectral characteristics of a chlorin with
alarge peak at 638 nm. This reaction requires addition of a sulfhydryl reductant such as glutathione and
isinhibited by ascorbic acid. These findings suggest that cellular peroxidases and ascorbic acid levels may
play arole in modifying the phototoxic tetrapyrroles which accumulate in plants and humans after certain
environmental exposures.  © 1996 Academic Press, Inc.

Exposure of humans or plants to certain chemicals which interfere with heme biosynthetic
enzymes can result in accumulation of excess porphyrin intermediates (see references in 1,
2). For instance, treatment of plants with photobleaching herbicides which inhibit protoporphy-
rinogen oxidase can result in transient protoporphyrinogen accumulation with subsequent oxi-
dation to the phototoxic protoporphyrin (1). In mammals, some chemically-induced uroporph-
yrias result from oxidation of uroporphyrinogen and inhibition of uroporphyrinogen decarbox-
ylase leading to accumulation of large amounts of the phototoxic porphyrin, uroporphyrin (2).
We are investigating the mechanisms by which these excess porphyrinogens are oxidized,
either by chemical oxidation or by oxidative enzymes. We examined a possible role for
peroxidases in this reaction based on an earlier report that some porphyrins were formed when
certain porphyrinogens, including protoporphyrinogen and uroporphyrinogen, were incubated
with HRP (3). In the present study, we report that HRP oxidizes uroporphyrinogen to uroporph-
yrin, but has a more complex effect on deuteroporphyrinogen oxidation. We chose deutero-
porphyrinogen for use in this study since deuteroporphyrin is a dicarboxylic acid porphyrin
similar to the naturally occurring protoporphyrin, and has often been used as a synthetic
enzymatic substrate instead of protoporphyrin, because of its greater stability.

MATERIALS AND METHODS

The initial rate of uroporphyrinogen oxidation was followed by direct fluorometric measurement for 3-4 minutes
as described previously (4). The reaction mixture (0.25 ml) contained 0.25M sucrose, 50 mM HEPES pH 7.4, 1 mM
EDTA, 5 uM uroporphyrinogen, 0.02 mg HRP/ml (type VI Sigma Chemical Company St. Louis, MO) and where
indicated, 0.1 mM hydrogen peroxide, 50 M deferoxamine mesylate (95% pure), or 0.03 mg catalase /ml from
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FIG. 1. (A) Uroporphyrinogen oxidation catalyzed by horseradish peroxidase. Uroporphyrinogen oxidation was
determined under conditions described in Materials and Methods, with additions as indicated. (Des= deferoxamine).
Uroporphyrin formation, expressed as nmoles/ml/h was assayed in duplicate with the means and ranges indicated.
(B) The effect of ascorbic acid on HRP-mediated uroporphyrinogen oxidation.

bovine liver (thymol free, Sigma). Uroporphyrin formation, expressed as nmoles/ml/h was assayed in duplicate with
means and ranges as indicated.

A second assay, described previously (5), was utilized to compare the initial kinetics of deuteroporphyrinogen and
uroporphyrinogen oxidation by HRP. The reaction mixture (5ml total volume) was incubated at room temperature
and contained 0.1M TRIS buffer pH 7.5, 1 mM EDTA, 0.02 mg HRP/ml (type Il Sigma), and 39 uM deuteroporphyri-
nogen, or 18 uM uroporphyrinogen, with reduced glutathione (5 mM) added to minimize porphyrinogen autooxidation.
Fluorometric excitation was at 395 nm, and emission was measured at 620 nm (deuteroporphyrin) or 615 nm (uroporph-
yrin). Total recovery of both porphyrinogens and porphyrins was quantitated as described (6).

To follow the conversion of deuteroporphyrin to the green pigment (see Results), we periodically scanned the
reaction mixture, which was as described above, except that deuteroporphyrin was substituted for deuteroporphyrinogen
(Shimadzu UV-2101 PC Spectrophotometer). The initial kinetics of green pigment formation were also followed
directly in this reaction mixture by monitoring the linear period of increase in absorbancy at 638 nm following the
addition of deuteroporphyrin as substrate.

RESULTS

We found that uroporphyrinogen was rapidly oxidized to uroporphyrin by catalytic quantities
of HRP (60 nmole uroporphyrin formed/min/mg protein) (Fig. 1A). Addition of H,O, was not
required but was stimulatory. Catalase caused 50% inhibition, as did the ferric iron chelator,
deferoxamine (Fig. 1A). These effects suggest that although peroxide addition was not required
for uroporphyrinogen oxidation by HRP, reactive oxygen species and iron catalyzed reactions
may be involved. There was a slow rate of uroporphyrinogen autooxidation in the absence of
HRP but this was aways less than 5% of the enzymatic rates even in the presence of added
H,0,. Although peroxidase activity did not require added H,O,, it seems likely that this
dow rate of uroporphyrinogen auto-oxidation could generate sufficient peroxides to initiate
peroxidase action (7).

Ascorbic acid caused marked inhibition of this HRP-mediated uroporphyrinogen oxidation
at the lowest dose tested (4 uM) (Fig. 1B). The mechanism of inhibition by ascorbate is
unknown but may involve a reaction between ascorbic acid and HRP (7). Ascorbate may
reduce the ferryl heme in HRP or reduce some reactive oxygen species produced by HRP.

In preliminary experiments, we compared the oxidation of deuteroporphyrinogen to that of
uroporphyrinogen. The effect of HRP on deuteroporphyrinogen appears to be complex. How-
ever, we did find that deuteroporphyrinogen was oxidized, with HRP-dependent porphyrin
formation in the initial 30 min time period occurring at a rate (5.1 nmoles/ml/hr) similar to
that obtained for uroporphyrinogen oxidation (1.8 nmoles/mi/hr). This experiment utilized the
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FIG. 2. Absorption spectra of 20uM deuteroporphyrin (dotted line) and the green pigment (solid line) formed after
120 minutes in the presence of HRP and glutathione under conditions as described in Materials and Methods.

second assay for following porphyrin formation described in Materials and Methods, which
allowed for measurement of initial kinetics as well as total porphyrin recovery. The initia
rates of porphyrinogen oxidation were higher under these assay conditions than in the assay
shown in figure 1, probably due to the higher substrate concentrations used (see Materias and
Methods). Glutathione (5 mM) wasincluded in this reaction mixture to minimize porphyrinogen
auto-oxidation. The initial rate of deuteroporphyrinogen auto-oxidation was less than 5% of
the initial rate of enzymatic oxidation.

Although HRP oxidized deuteroporphyrinogen to deuteroporphyrin in theinitial time period,
the porphyrin recovery in the later time intervals was much lower than during HRP-mediated
oxidation of uroporphyrinogen. For instance, after 60 min incubation, the concentration of
deuteroporphyrin formed from deuteroporphyrinogen was 4.0 uM, but had decreased to 2.4
uM after 180 min. During this same period, the concentration of uroporphyrin formed from
uroporphyrinogen increased from 4.0 uM to 8.7 uM. Apparently, HRP oxidizes some deutero-
porphyrinogen to deuteroporphyrin, but also converts large amounts to other products which
remain to be identified. This breakdown of deuteroporphyrinogen is HRP dependent. Theyield
of deuteroporphyrin in control tubes alowed to slowly auto-oxidize in air for 24 h in the
absence of HRP was much greater (80%) than was the yield after this period of incubation in
the presence of HRP (less than 10%).

Spectrophotometric examination of the reaction mixture suggested that this poor yield of
deuteroporphyrin was at least partially due to an HRP-dependent conversion of some of
the deuteroporphyrinogen to a green compound with a spectrum that differs from that of
deuteroporphyrin with a prominent and unique absorption peak at 638 nm. Further studies
indicated that this unique pigment is probably derived from deuteroporphyrin rather than
deuteroporphyrinogen, since incubation of the pink colored deuteroporphyrin with HRP in the
presence of glutathione caused the rapid appearance of even larger amounts of this green
pigment. After a 2 h incubation at room temperature, the spectrum of deuteroporphyrin was
changed to that of the green pigment (Fig. 2). The spectral characteristics of this green pigment
are strongly suggestive of achlorin, ahydroporphyrin (8, 9). Similar spectra have been reported
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for oxygenated chlorins formed in low yields during the chemical oxidation of porphyrins
or porphyrinogens (10, 11). Studies are underway to identify the chemical structure of this
pigment.

The initial kinetics of green pigment formation in the reaction mixture were followed as
indicated in Materials and Methods. In the presence of 1 mM glutathione, we observed an
absorbancy increase at 638 nm of 8x10~* absorbancy units per min. Further kinetic studies
showed that the optimal concentration of glutathione was 1 mM and that the rate with 1 mM
dithiothreitol was 10 to 15 percent of this rate. The rate with 8 mercapto ethanol was even
slower. No green compound was formed in the absence of a sulfhydryl reductant. Hydrogen
peroxide could not replace this sulfhydryl requirement. Theinitia rate of HRP and glutathione-
dependent conversion of deuteroporphyrin to this unique pigment was completely inhibited
by 4 uM ascorbic acid. Of interest, this is the same concentration of ascorbic acid required
for maximal inhibition of the HRP catalyzed oxidation of uroporphyrinogen to uroporphyrin
(see above). Uroporphyrin was not converted to this green pigment in the presence of HRP
and glutathione.

DISCUSSION

Our findings on HRP-induced uroporphyrinogen oxidation may have implications for the
accumulation of uroporphyrin in certain of the chemically induced porphyria diseases of
humans. In some chemically induced porphyrias, cytochrome P450 isoenzymes play a promi-
nent role in uroporphyrinogen oxidation with subsequent uroporphyrin accumulation (4, 12,
13). However, peroxidase activity may be an additional intracellular mechanism for converting
uroporphyrinogen to tissue damaging uroporphyrin in other porphyrias. Our findings aso
suggest that ascorbic acid could play arole in preventing uroporphyrin accumulation in these
porphyrias. A role for dietary ascorbic acid in the prevention of cytochrome P450 mediated-
uroporphyria has been demonstrated in ascorbic acid requiring rats (14).

Our observation that HRP converted deuteroporphyrin to a green chlorin raised the question
of whether HRP could aso chemically modify protoporphyrin, which accumulates when plants
are treated with photobl eaching herbicides. Deuteroporphyrin is very similar to protoporphyrin,
but with H atoms instead of vinyl groups at positions 2 and 4 of the porphyrin ring. If
further studies indicate that HRP does modify protoporphyrin, this would have implications
for herbicide action. For instance, plant peroxidases may convert accumulated protoporphyrin
and protoporphyrinogen to products with atered chemical properties affecting their photoreac-
tivity and cellular location. Cellular ascorbic acid could modify herbicide toxicity by inhibiting
this peroxidase action.

Further studies on the effect of HRP on protoporphyrin, protoporphyrinogen, and a variety
of other natural and synthetic porphyrins will also have implications for the specificity of the
heme containing active site of HRP for porphyrin substrates. To date, our results indicate
that although HRP can oxidize the octacarboxylic uroporphyrinogen and the dicarboxylic
deuteroporphyrinogen to their respective porphyrins, only the dicarboxylic porphyrin, deutero-
porphyrin, can be further metabolized to the unusual chlorin compound by HRP.

ACKNOWLEDGMENTS

This study was supported by U.S. Department of Agriculture Competitive Grant 9237303-7660, National Science
Foundation Grant IBN-9205174 and NIEHS ES Grant 06263. We thank Professor Dr. Franz-Peter Montforts and
Professor Laura Andersson for valuable discussions.

REFERENCES

1. Jacobs, J. M., and Jacobs, N.J. (1994) in Porphyric Pesticides (Duke, S. O., and Rebiez, C. A., Eds.), Amer.
Chem. Soc. Symp. Ser. 559, pp. 105—-119. Washington, D.C.
2. Sinclair, P. R., Gorman, N., Walton, H. S,, Sinclair, J. S., Jacobs, J. M., and Jacobs, N. J. (1994) in Porphyric

198



Vol. 227, No. 1, 1996 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

AW

© o ~N® U

Pesticides (Duke, S. O., and Rebeiz, C. A., Eds.), Amer. Chem. Soc. Symp. Ser. 559, pp. 266—279. Washington,
D.C.

. Yamato, S., Katagiri, M., and Ohkawa, H. (1994) Pestic. Biochem. Physiol. 50, 72—82.
. Jacobs, J. M., Sinclair, P., Bement, W., Lambrecht, R., Sinclair, J., and Goldstein, J. (1989) Biochem. J. 258,

247-253.

. Jacobs, J. M., and Jacobs, N. J. (1982) Enzyme 28, 206—219.
. Jacobs, N. J., Jacobs, J. M., and Wehner, J. M. (1994) Pestic. Biochem. Physiol. 50, 23—30.

Yamazaki, |., and Piette, L. H. (1963) Biochem. Biophys. Acta 77, 47—64.
Scheer, H., and Inhoffer, N. H. (1978) in The Porphyrins (Dolphin, D., Ed.), vol. 2, chapter 2, pp. 45-90.

. Montforts, F.-P., Gerlach, B., and Hoper, F. (1994) Chem. Rev. 94, 327-347.
10.
11.
12.
13.
14.

Lin, W., and Timkovich, R. (1994) Bioorg. Chem. 22, 72—94.

Bonnett, R., Dimsdale, M. J., and Stephenson, G. F. (1969) J. Chem. Soc. C, 564—570.

Sinclair, P. R., Lambrecht, R. W., and Sinclair, J. (1987) Biochem. Biophys. Res. Commun. 146, 1324—1329.
De Mattelis, F., Harvey, C., Reed, C., and Hempenious, R. (1988) Biochem. J. 250, 191—-196.

Sinclair, P. R., Gorman, N., Sinclair, J. F., Walton, H. S., Bement, W. J., and Lambrecht, R. W. (1995) Hepatology
22, 565-72.

199



