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A B S T R A C T Porphyria cutanea tarda (PCT) is
characterized biochemically by excessive hepatic synthe-
sis and urinary excretion of uroporphyrin I. Clinical
evidence has implicated iron in the pathogenesis of PCT.
The synthesis of the normally occurring isomer of uro-
porphyrin, namely uroporphyrin III, from porphobili-
nogen (PBG) requires two enzymes; uroporphyrinogen
I synthetase and uroporphyrinogen III cosynthetase
(COSYN). In the absence of COSYNonly uroporphy-
rinogen I is formed.

These experiments were designed to study the effect
of iron on porphyrin biosynthesis in porcine and human
crude liver extracts and to measure COSYNactivity in
the presence of iron.

Mitochondria-free crude liver extracts were prepared
in 0.25 M sucrose at pH 7.4 by centrifugation at 37,000 g.
Preparations were incubated with either 0.2 mmamino-
levulinic acid (ALA) or 0.1 mmPBG. The addition of
ferrous ion (either from ferritin iron [4 /Lg/ml] and
cysteine [6.7 mM] or ferrous ammonium sulfate [0.3 mM
Fe] and cysteine) significantly increased the rate of uro-
porphyrin synthesis from either ALA or PBG. The
predominant porphyrin synthesized in the presence of
ferrous ion was uroporphyrin I whereas coproporphyrin
III predominated in its absence. Orthophenanthroline
blocked these effects of ferrous ioIn.

To investigate the effect of ferrous ioll oIn COSYN,
crude liver extracts were -incubated with ferrous am-
monium sulfate (0.3 ,m Fe) and cvsteine (6.7 mM) and
the COSYNactivity of the incubates was assayed di-
rectly. In both porcine and human extracts ferrotus ion
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caused marked inhibition of COSYNactivity. Ortho-
phenanthroline blocked the inhibitory effect.

Inactivation of COSYNby heating resulted in marked
enhancement of porphyrin synthesis from PBG. The
sole product was uroporphyrin I.

Thus, inactivation of COSYNresults in accelerated
synthesis of uroporphyrin I. This effect of ferrous ion
provides a possible biochemical explanation for the ex-

cess production and excretion of uroporphyrin I in pa-
tients with PCT and the reversal of this defect by
phlebotomy.

INTRODUCTION
Porphyria cutanea tarda (PCT)1 is the most commonly
recognized disorder of porphyrin metabolism (1). It is
unique among the porphyrias in that it is an acquired
illness, usually associated with alcoholic liver disease (2).
It is characterized clinically by a photosensitive derma-
titis and biochemically by excessive hepatic synthesis and
urinary excretion of uroporphyrin I (3, 4).

Iron overload has been implicated in the pathogenesis
of PCT on the basis of three observations. First, hepatic
cell iron loading is almost invariably found in patients
with the disorder (5, 6). Second, renoval of iron by
phlebotomy (7-10) or the administration of iron-chelating
agents (11) induces both clinical and biochemical re-
missions in such patients. Finally, the administration of
iron is followed by relapse in patients in whom a remis-
sion has been induced by phlebotomy therapy (12, 13).

Neither the mechanism of the iron effect nor the na-
ture of the defect in porphyrin synthesis has been de-

'Abbreviations used in this paper: ALA, 5-aminolevulinic
acid; COSYN, uroporphyrinogen III cosynthetase; PBG,
porphobilinogen; PCT, porphyria cutanea tarda.
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fined. Of the two naturally occurring isomers of uro-
porphyrinogen, only uroporphyrinogen III can be uti-
lized for the formation of protoporphyrin and heme.
Uroporphyrinogen I, normally produced and excreted in
very small amounts, is synthesized in great excess by
patients with PCT and is excreted in the urine where it
is usually detected as the colored and fluorescent, oxi-
dized form, uroporphyrin I. The reaction in which uro-
porphyrinogen III is synthesized from PBGrequires two
enzymes: uroporphyrinogen I synthetase (PBG dea4mi-
nase) and uroporphyrinogen III cosynthetase (uropor-
phyrinogen isomerase) (14). In the absence of the co-
synthetase (COSYN) the reaction yields only uropor-
phyrinogen I. Previous studies of porphyrin synthesis in
liver biopsy specimens from patients with PCT have
suggested that the total rate of uroporphyr.inogen syn-
thesis may be slightly (15) or greatly (16) increased.
Biosynthesis of the porphyrin precursor, ALA, was
found to be normal in two studies (15, 17) and increased
in another (18).

The purpose of the present investigation was to study
the effect of iron on hepatic porphyrin synthesis. The
results of these studies demonstrated that porphyrin syn-
thesis in human or porcine, mitochondria-free, crude liver
extracts is greatly stimulated by ferrous ion and that the
porphyrin produced is chiefly uroporphyrinogen I. This
effect of ferrous ion occurs because of a direct inhibitory
effect on the enzyme COSYN. Thus, ferrous ion pro-
duces a biochemical change in liver extracts that appears
identical to the in vivo defect of PCT.

METHODS
Normal porcine liver was obtained from exsanguinated ani-
mals. Human liver was obtained immediately after death
from a subject utilized as a kidney donor and, in some in-
stances, at laparotomy from patients undergoing surgery
for a variety of benign intra-abdominal disorders. Fresh
or frozen liver was homogenized in 10 vol of 0.25 M sucrose
in 0.1 M Tris-HCl buffer, pH 7.4. The homogenate was cen-
trifuged at 37,000 g for 45 min at 4°C. This procedure yielded
an essentially mitochondria-free solution which will be re-
ferred to as a "crude liver extract." Protein determinations
were performed by the method of Lowry and Rosenbrough
(19).

Substrates, either ALA (Sigma Chemical Co. St. Louis,
Mo.) or PBG (Protex, Ltd., Montreal, Canada), ferrous am-
monium sulfate and cysteine and all other additives stud-
ied, were freshly prepared just before use by dissolving
in 0.1 M Tris-HCI, pH 7.4. Horse spleen ferritin (Calbio-
chem, San Diego, Calif.) was dialyzed against Tris-HCl
buffer for 48 hr before use.

Incubations were performed in the dark at 37°C in 25 ml
Erlenmeyer flasks in a Dubnoff shaker with an air atmos-
phere. In preliminary experiments, substitution of nitrogen
for air made no difference. Each flask contained 5 ml of the
enzyme source, 1 ml of the substrate preparation, and appro-
priate volumes of other additives. The final volume in each
flask was brought up to 10.0 ml with Tris buffer. The reac-
tions were stopped by adding 1.2 ml concentrated hydro-

FIGURE 1 The relationship, in a porcine crude liver extract,
of total porphyrins synthesized to: (A) Time, (B) Sub-
strate concentration, (C) Protein content of the incubation
mixture. *--* ALA as substrate. O O PBGas sub-
strate.

chloric acid, and the mixture was allowed to stand in the
light for 30 min in order to oxidize the synthesized porphy-
rinogens to porphyrins (20). In some experiments oxidation
of porphyrinogens was accomplished by the addition of a
drop of 0.2 M iodine in 0.3 M KI (21). A clear supernatant
fluid was harvested after centrifuging at 37,000 g for i hr.
Porphyrin concentration was measured spectrophotometri-
cally by scanning the spectrum from 370 to 440 nm with a
Cary spectrophotometer (Cary Instruments,, Monrovia,
Calif.) and applying the correction factors of With (22).
The pH of the supernate was adjusted to 3.1 with solid so-
dium acetate, and the porphyrins were adsorbed on talc and
esterfied in H2SO4-methanol (23). Porphyrins were then
identified chromatographically by the method of Cornford
and Benson (24), eluted with chloroform, and quantified
spectrophotometrically as described above. To confirm
isomer identification the synthesized uroporphyrin was de-
carboxylated to coproporphyrin by the method of Edmonson
and Schwartz (25) and the resulting isomers of copro-
porphyrin were identified by ascending thin-layer chromatog-
raphy with cellulose M 300 sheets as the supporting medium
and 2,6-lutidine-0.7 M NH40H (10/7, v/v) as the solvent
(26).

Uroporphyrinogen III cosynthetase (COSYN) was as-
sayed by the method of Levin (21). Crude liver extracts
were incubated both with and without ferrous ammonium
sulfate (0.3 mmFe) and cysteine (6.7 mM) for 2 hr at 370 C,
and samples of the mixtures were then used as the source of
COSYNin the assay system.

Tritium-labeled porphobilinogen was prepared enzymati-
cally from aminolevulinic acid-3,5-'H (New England Nu-
clear, Boston, Mass.) by Dr. Ephraim Y. Levin. Dr. Levin
also kindly supplied the uroporphyrinogen I synthetase for
the COSYN assay. For chromatographic markers the
methyl ester of uroporphyrin I was prepared from the urine
of porphyric cows, and the ester of uroporphyrin III was
prepared from the feathers of Turacos Hartlaub (27).
Methyl esters of coproporphyrins I and III were obtained
from Calbiochem. Markers for the thin-layer chromato-
graphic system were prepared by overnight hydrolysis of the
coproporphyrin methyl esters in 6 M HCl.

RESULTS
Effect of time, substrate concentration, and volume of

liver extract on porphyrin synthesis in vitro. In crude
extracts prepared from either human or porcine liver,
porphyrin synthesis proceeded linearly in relation to time
for 12 hr, after which perceptible slowing of the reaction
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CYSTEINE (mM) FERRITIN IRON(mM)

FIGURE 2 (A) The effect of cysteine concentration on
total porphyrins synthesized from ALA by a porcine crude
liver extract. The ferritin iron concentration was kept con-
stant at 0.08 mm. (B) The effect of ferritin iron concentra-
tion on total porphyrins synthesized from ALA by a porcine
crude liver extract. The cysteine concentration was kept con-
stant at 6.7 mM.

occurred. The rate of porphyrin synthesis was similar
when either ALA or PBG were provided as substrates
(Fig. 1 A). With the porcine preparations the substrate
activity curve reached a plateau at approximately 0.2
mMALA and at 0.1 mmPBG (Fig. 1 B). Therefore,
these concentrations of substrate were used in subsequent
experiments with both porcine and human preparations.
The reaction rate with either substrate was related to
the amount of liver homogenate present (Fig. 1 C).

On chromatographic analysis (24) over 90% of the
porphyrins synthesized by either porcine or human ex-
tracts was coproporphyrin. The remainder consisted of
small amounts of 7-COOH-porphyrin and uroporphyrin.
Analysis of the porphyrins by thin-layer chromatography
revealed that all were of isomer type III.

TABLE I
Effect of Ferritin and Cysteine on Porphyrin Synthesis

by a Porcine Crude Liver Extract

Porphyrin synthesis

Additives From ALA* From PBG$

n molesl n moles/
S hr per 8 hr per
100 mg 100 mg
protein protein

None 22 35
Cysteine (6.7 mM) 20
Ferritin (0.08 mmFe) 18
Ferritin (0.08 mmFe) 30 52

+cysteine (6.7 mM)

* ALA, aminolevulinic acid.
PBG, porphobilinogen.

TABLE I I
Effect of Ferrous AmmoniumSulfate and Cysteine on Porphyrin

Synthesis by a Porcine Crude Liver Extract

Porphyrin synthesis

From From
Additives ALA* PBGt

n moles/8 hr per
100 mg protein

None 47 42
Ferrous aiiiioniium sulfate (0.3 milM Fe) 68 56

+cysteine (6.7 mM)

* ALA, aminolevulinic acid.
t PBG, porphobilinogen.

Effect of iron on the amount and isomer types of
porphyrins synthesized. Two sources of iron were uti-
lized to measure the effect of iron on porphyrin synthesis.
The effect of a biologically-occurring iron compound
was studied by adding ferritin to the incubations with
cysteine as a reducing agent to liberate ferrous ion.
Neither cysteine nor ferritin alone had any significant
effect on porphyrin synthesis but the combination of the
two accelerated synthesis (Table I). In this system,
optimal porphyrin synthesis occurred at a concentration of
cysteine of 6.7 mm(Fig. 2 A). When ferritin was added
optimal porphyrin synthesis occurred at a concentration
of ferritin iron of 0.08 mm(Fig. 2 B).

Porphyrin synthesis increased when ferritin and
cysteine were added, with either ALA or PBG as sub-
strate. The results of a typical experiment are illustrated
in Table I. In five such experiments with ALA as sub-
strate, the rate of porphyrin synthesis increased from a
mean of 18 nmoles/5 hr per 100 mg protein (range 10-
23) to 33 nmoles/5 hr per 100 mg protein (range 27-
40). The mean increase was 15 nmoles (range 6-21) or
about 83%. In four experiments with PBG as substrate
the rate of synthesis increased from a mean of 41
nmoles/8 hr per 100 mg protein (range 35-50) to 50
nmoles/8 hr per 100 mg protein (range 41-59). The
mean increase was 8 nmoles (range 3-17) or about 20%.

In contrast to control incubations, chromatographic
(24) analysis of the porphyrins synthesized in the pres-
ence of optimal concentrations of ferritin and cysteine
revealed that over 75% of the yield was uroporphyrin I
rather than coproporphyrin III. Similar results were ob-
tained when porphyrin isomers were determined by de-
carboxylation and thin-layer chromatography of the
coproporphyrin isomers (25, 26).

With paper chromatography (24), uroporphyrin was
detected in incubations containing ferritin and cysteine
whereas none was visible in those without these addi-
tives. With increasing ferritin concentrations, the uro-
porphyrin I levels increased and coproporphyrin III
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levels decreased, as estimated by the intensity of fluores-
cence of the spots on chromatograms. At ferritin con-
centrations associated with maximum rates of porphyrin
synthesis, elution, and quantification of porphyrin iso-
mers was performed; more than 75% of the yield was
found to be uroporphyrin I. Similar results were obtained
when porphyrin isomers were determined by decar-
boxylation and thin-layer chromatography of the co-
prop.orphyrin isomers (25, 26).

The effect of an inorganic iron compound was stud-
ied by adding ferrous ammonium sulfate to the incuba-
tions, again in the presence of cysteine (6.7 mM). Again
there was no significant change in synthesis with the
addition of the iron alone, but significant acceleration of
porphyrin synthesis occurred with the combination of
ferrous ammonium sulfate and cysteine (Table II). The
optimal concentration of inorganic iron was 0.15-0.3
mM. Increased synthesis with the addition of ferrous
anumonium sulfate and cysteine was observed with either
PBGor ALA as substrate. The results of a typical ex-
periment are illustrated in Table II. In seven such ex-
periments with ALA as substrate the rate of porphyrin
synthesis increased from a mean of 45 nmoles/8 hr per
100 mgprotein (range 26-82) to 70 nmoles/8 hr per 100
mg protein (range 48-130). The mean increase was 24
nmoles (range 19-48) or about 55%. In four experi-
ments with PBG as substrate the rate of synthesis in-
creased from a mean of 42 nmoles/8 hr per 100 mg pro-
tein (range 38-45) to 61 nmoles/8 hr per 100 mg pro-
tein (range 53-64). The mean increase was 19 nmoles
(range 12-26) or about 45%.

Isomer analysis of the porphyrins synthesized in the
presence of ferrous ammonium sulfate and cysteine by
paper chromatography or by decarboxylation and thin-
layer chromatography revealed the predominant porphy-
rin synthesized to be uroporphyrin I, as was the case
when ferritin was used as the iron source.

To determine whether the effect of the iron compound
and cysteine depended upon the formation of ferrous
ion, use was made of 1,10-phenanthroline, three molecules
of which form a stable chelate with one molecule of fer-
rous ion (28). Phenanthroline alone had no effect on
porphyrin synthesis in crude liver extracts containing
no added iron (Table III); however phenanthroline,
when added in increasing concentrations to flasks con-
taining 0.3 mMiron and 6.7 mmcysteine, partially in-
hibited synthesis and, at a concentration of 0.9 mm, es-
sentially obliterated the iron effect. Phenanthroline also
inhibited the effect of iron and cysteine on the porphyrin
isomer synthesized.

Effect of other cations on the amount and isomer types
of porphyrins synthesized. Four other cations (Mg"+,
Ca', K+, and Na+) were added to the liver extracts to
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FIGURE 3 Porphobilinogen disappearance as related to time
in a porcine crude liver extract. * * Incubation with-
out additives. 0-O Incubation containing ferrous am-
monium sulfate (0.3 mmFe) and cysteine (6.7 mM).

measure their effect on porphyrin synthesis. With each
cation, there was an optimal concentration at which por-
phyrin synthesis was accelerated and the predominant
porphyrin synthesized was uroporphyrin I. The optimal
concentrations and per cent of increase over extracts with
no added cation were as follows: Mg+: 0.05 M, 30%;
Ca++: 0.05 M, 10%; Na+: 0.2 M, 20%; and K+: 0.2 M, 17%.
At greater concentrations porphyrin synthesis decreased
but uroporphyrin I continued to be the predominant
product. None of these cations had any effect on porphy-
rin synthesis at a concentration of 0.3 mm, the concen-
tration for maximal Fe++ effect.

TABLE III
Inhibition of the Ferrous Ion* Effect on Porphyrin

Synthesis by 1,10-Phenanthroline

Porphyrin
synthesis

Additives from PBGt

n moles/8 hr
per 100 mg

protein
None 37
Fe++ (0.3 mM) 48
Fe++ (0.3 mM) + 1,10-phenanthroline (0.15 mM) 46
Fe+ (0.3 mM) + 1,10-phenanthroline (0.3 mM) 43
Fe++ (0.3 mM) + 1,10-phenanthroline (0.6 mM) 43
Fe++ (0.3 mM) + 1,10-phenanthroline (0.9 mM) 39
1,10 phenanthroline (0.9 mM) 38

* In the presence of 6.7 mMcysteine.
t PBG, porphobilinogen.
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FIGURE 4 Cosynthetase activity of a human liver incubation.
0-* Incubation without additives. O-O Incubation
containing ferrous ammonium sulfate (0.3 mmFe) and cys-
teine (6.7 mM). 0.15 ml of the incubation without additives,
when added to uroporphyrinogen I synthetase and PBG,
yielded 50% of the uroporphyrin as isomer III.

Effect of iron on the utilization of porphobilinogen.
In all incubations, the rate of PBG consumption ex-
ceeded that of porphyrin formation in that less than 1
mole of porphyrin was synthesized for every 4 moles of
PBG utilized. Thus, the fate of an appreciable fraction
of the PBG was unaccounted for. In incubations with-
out iron, this fraction averaged 41% (range 36-47%).
Fig. 3 illustrates the essentially identical rate of disap-
pearance of PBG in both control and iron added incu-
bations although porphyrin synthesis in the iron added
flasks in the experiment illustrated was 43% greater
than the control at 8 hr. Thus, the PBG fraction unac-
counted for was smaller (mean, 34%; range 27-41%)
in the presence of iron. PBG was determined both by
direct reaction with modified Ehrlich's aldehyde reagent
and by extraction with column chromatography (29).

Effect of prior heating on porphyrin synthesis by liver
extracts. Crude porcine liver extracts were prepared
in sucrose at pH 7.4, samples were heated at 65° C for 20
min and precipitated protein was removed by centrifuga-
tion, a procedure which will inactivate COSYNwithout
affecting the activity of uroporphyrinogen I synthetase
(30). The heated preparations, when incubated with
PBG. synthesized 74% more porphyrin than controls.
The heated flasks synthesized only uroporphyrin I
whereas the controls synthesized predominantly copro-
porphyrin III. The rate of PBGdisappearance, however,
was the same in the heated flasks as in the controls.

Effect of iron on COSYNactivity. PBG incubated
with uroporphyrinogen I synthetase yields uroporphyrin
I as the only product. If COSYNis added to such a
mixture, a proportion of the yield will be uroporphyrin
III, and increasing amounts of COSYNwill eventually

result in a yield of nearly all uroporphyrin III. This
relation forms the basis for the COSYNassay method
of Levin (21). 1 U of COSYNactivity is defined as
that amount which produces a yield of 50% uroporphyrin
III.

To investigate the effect of ferrous ion on COSYN
activity, both porcine and human crude liver extracts
were incubated with ferrous ammonium sulfate (0.3 mM
Fe) and cysteine (6.7 mM) for 2 hr at 370 C. COSYN
activity in extracts so treated was compared with
COSYNactivity in extracts to which no iron or cysteine
had been added. When 0.015 ml of a human liver incu-
bation mixture was added to uroporphyrinogen I syn-
thetase and PBG, 50% of the uroporphyrin formed was
of isomer type III (Fig. 4). The protein content of the
liver extract was 12.0 mg/ml and that of the total incu-
bation mixture was 6.0 mg/ml. Thus, in this human
liver the COSYNactivity was 10.7 U/mg protein. In
the incubations containing iron and cysteine, volumes
of up to 0.1 ml failed to yield 50% uroporphyrin III,
thus demonstrating marked inhibition of COSYNactivity.

The mean value for COSYNactivity in seven porcine
liver homogenates was 5.7 u/mg protein (range 2.3-
9.9). Incubations containing the iron salt and cysteine in
samples of up to 0.1 ml failed to yield 50% uroporphy-
rin III. When 1,10-phenanthroline (0.9 mM) was added
to the incubations containing the iron salt and cysteine
the COSYNactivity was identical to that of the control.

DISCUSSION
These studies demonstrate that when iron is added to
mitochondria-free, crude extracts of normal liver, two
effects on porphyrin synthesis are observed. First, there
is an increase in the total amount of porphyrin synthe-
sized. Second, the predominant porphyrin isolated is uro-
porphyrin I rather than coproporphyrin III. These ef-
fects occurred with both human and porcine liver, and
with either ALA or PBGas substrate.

The altered porphyrin synthesis could be induced with
either horse-spleen ferritin (Fig. 2) or ferrous am-
monium sulfate as the iron source. However, two ob-
servations suggest that the phenomenon requires that
the iron be converted to or maintained in the ferrous
form. First, no effect was observed unless the reducing
agent, cysteine, was added (Tables I and II). In the
absence of a reducing agent, rapid auto-oxidation of
ferrous ion is to be expected under the conditions of
these experiments. Cysteine had no effect in the absence
of iron. Second, the effects of iron could be blocked by
the addition of 1, 10-orthophenanthroline (Table III), a
ferrous chelator of high specificity (28). This chelating
agent had no effect unless iron was present. The effect
of iron could be mimicked by certain other cations, but
greater concentrations were required.
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The change in isomer type that was observed when
iron was added suggested that the mechanism of action
was inhibition of the enzyme uroporphyrinogen III co-
synthetase (COSYN). This enzyme is required for
uroporphyrin III synthesis; in the absence of COSYN,
PBGis converted to uroporphyrin I (14). Thus, a pre-
dominance of type I porphyrin isomers in a crude tissue
extract is evidence that COSYNhas been inactivated.
The suggestion was confirmed by direct assay; addition
of iron resulted in marked inhibition of the enzyme
(Fig. 4).

The action of ferrous ion on COSYNactivity may be
similar to that of ammonium ions and hydroxylamine in
that none of these inhibitors of uroporphyrin III synthe-
sis affect the rate of porphobilinogen consumption (31).
This would imply that the metabolism of an intermediate
compound is being altered. Tait has proposed that
COSYN, by virtue of a negatively charged group, pos-
sibly a carboxyl group, associates with the positively
charged aminomethyl group of a linear polypyrrole, thus
orienting the molecule in such a way that uroporphyrin
III would be the product of ring closure (32). The in-
hibitory cations might compete for this negatively
charged binding site. The kinetics of the uroporphyrino-
gen I synthetase-COSYN reaction are compatible with
this concept (21).

Several observations suggest that the increased rate
of porphyrin synthesis is secondary to COSYNinac-
tivation. First, exposure of the liver extract to heat, a
procedure known to inactivate COSYN(30), also re-
sulted in increased synthesis along with the expected
change in isomer type. Second, neither iron nor heat
resulted in an increased rate of PBGutilization (Fig. 3).

In all experiments, more PBGdisappeared than could
be accounted for in porphyrins formed. Furthermore, in
the presence of iron or other cations or after heating a
proportion of the fraction of PBGunaccounted for was
diverted to the synthesis of uroporphyrin I. Thus, in this
system the total yield of porphyrins could be increased
without increasing the turnover of PBG. One possible
explanation for these phenomena is that the fraction
unaccounted for consists of polypyrrole intermediates
(32-34). These may either be converted spontaneously
and rapidly to ur.oporphyrinogen I or serve as a sub-
strate for a slower and more complex reaction cata-
lyzed by COSYN. Thus, inhibition of COSYNwould
favor the more rapid reaction, leading to an increase in
total porphyrin synthesis. An alternate possibility is that
PBG is metabolized in crude liver extracts by enzymes
other than uroporphyrinogen I synthetase. For example,
the existence of an enzyme capable of oxidizing the pyr-
role ring has been reported in both plant and animal tis-
sues (35, 36). Iron, cations, and heat might inhibit not
only COSYNbut one or more of such alternate path-

ways for PBGmetabolism, thus making more intermnedi-
ates available for porphyrin synthesis.

In addition to the inactivation of COSYN, ferrous ion
and heating may also affect the activity of uroporphyri-
nogen decarboxylase, for uroporphyrin I and not copro-
porphyrin I is the product under these conditions. The
decarboxylase is known to be both heat labile and de-
pendent upon sulfhydryl groups for enzymatic activity
(37).

The findings reported herein provide a possible ex-
planation for the disturbance of porphyrin synthesis that
occurs in PCT. This illness is characterized by in vivo
biochemical abnormalities similar to those observed in
our in vitro system; namely, excessive total porphyrin
production and a predominance of type I isomers. Iron
overload accompanies the disturbance, and measures di-
rected at removal of the iron relieve it (7-13). It is rea-
sonable to conclude that these observations are explained
by an inhibitory effect of iron on COSYN. It is im-
p.ortant to realize that iron overload alone does not in-
duce PCT, nor does iron content alone induce abnormal
porphyrin synthesis in our in vitro model. In the latter,
conversion to the ferrous form is required. Thus, the
in vivo development of PCT may depend partly on iron
overload and partly on the presence of a system capable
of reducing iron. Other abnormalities in the chelation or
oxidation of normally formed ferrous ion might also be
contributory. Additional possible in vivo factors of im-
portance include the cellular and subcellular location of
the iron in the liver. Porphyrin synthesis takes place in
the hepatocyte and COSYNis a cytoplasmic rather than
a mitochondrial enzyme. The proposed mechanism is
consistent with the observation that ALA-synthetase ac-
tivity may not be greatly increased in PCT, in contrast
to certain other forms of porphyria (15, 17). Excess
porphyrin synthesis occurred in vitro when COSYNwas
inactivated without an increase in PBG utilization.
Thus, no net increase in ALA production is required in
PCT; rather, a more efficient utilization of PBG for
uroporphyrin I synthesis may occur.

Not well explained by the above formulation is the
observation that uroporphyrin III may also be excreted
in excess in patients with PCT (4). It is difficult to
understand how this abnormality could occur as the
result of COSYNinhibition. Indeed, excessive accumula-
tion of type III porphyrins was not observed when
COSYNwas inhibited in our in vitro system. However,
that type III isomers may be excreted in vivo under con-
ditions associated with COSYN inactivation is sug-
gested by observations in congenitial erythropoietic por-
phyria. In this illness, uroporphyrin III may also be ex-
creted in excess, even though reduced COSYNactivity
appears to be the primary genetic abnormality (26).
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