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Uroporphyrinogen Decarboxylase
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Uroporphyrinogen decarboxylase (EC 4.1.1.37) catalyzes the decarboxylation of uropor-
phyrinogen III to coproporphyrinogen III. The amino acid sequences, kinetic properties,
and physicochemical characteristics of enzymes from different sources (mammals, yeast,
bacteria) are similar, but little is known about the structure/function relationships of uropor-
phyrinogen decarboxylases. Halogenated and other aromatic hydrocarbons cause hepatic
uroporphyria by decreasing hepatic uroporphyrinogen decarboxylase activity. Two related
human porphyrias, porphyria cutanea tarda and hepatoerythropoietic porphyria, also result
from deficiency of this enzyme. The roles of inherited and acquired factors, including iron. in
the pathogenesis of human and experimental uroporphyrias are reviewed.
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cytochrome P4501A; hepatocrythropoietic porphyria; porphyria cutanea tarda.

INTRODUCTION

Uroporphyrinogen decarboxylase (EC 4.1.1.37)
(UROD) is a cytosolic enzyme that converts
uroporphyrinogen III to coproporphyrinogen III
(Fig. 1). Each of the four acetic acid substituents is
decarboxylated in turn with the consequent formation
of hepta-, hexa-, and pentacarboxylic porphyrinogens
as intermediates. At high substrate concentrations,
the sequence of decarboxylation is random but,
under physiological conditions, decarboxylation
follows a preferred, clockwise route, starting at the
acetic acid substituent on ring D (Fig. 1) (Jackson
et al; Luo and Lim, 1993). The enzyme also
decarboxylates uroporphyrinogen I and the unna-
tural isomers, uroporphyrinogens II and IV (Mauzer-
all and Granick, 1958).

Accumulation of the substrate and intermediates
of the UROD reaction as porphyrinogens and, after
oxidation, as porphyrins is a characteristic feature of
human and experimental porphyrias in which UROD
activity is decreased. Current points of interest are the
mechanism of the sequential decarboxylation of
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uroporphyrinogen III and the pathogenesis of
acquired and inherited UROD defects.

MOLECULAR GENETICS

UROD is encoded by a single gene on the short
arm of chromosome 1 (1p34) in humans (Mattei et al.,
1985) and on a homologous region of chromosome 4
in mice (Bahary er al., 1991). The gene has been cloned
and sequenced from humans (Romana et al., 1987),
Synechococcus sp (hem E) (Kiel er al., 1990), yeast
(hem 12) (Garey et al., 1992), Bacillus subtilis (hem
E) (Hannson and Hederstedt, 1992), and Escherichia
coli (hem E) (Nishimura et al., 1993). The human gene
contains 10 exons spread over 3 kb and has a 5 promo-
ter region organized in a way that is consistent with
ubiquitous expression of a single enzyme (Romana e?
al., 1987). Transcription is increased during erythroid
differentiation (Fujita ez a/., 1992), but the mechanism
of this tissue-specific effect has not been determined.

ENZYME STRUCTURE AND MECHANISM

UROD has been purified to homogeneity from
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Fig. 1. The sequential reaction catalyzed by uroporphyrinogen
decarboxylase. Uroporphyrinogen (a) is converted to copropor-
phyrinogen (e) via heptacarboxylic (b), hexacarboxylic (c), and
pentacarboxylic (d) porphyrinogens. A, M, and P denotc acetate,
methyl. and propionate substituents, respectively.

human erythrocytes (de Verneuil er al., 1983; Elder
et al., 1983), chicken erythrocytes (Kawanishi et al.,
1983), bovine liver (Straka and Kushner, 1983), yeast
(Felix and Brouillet, 1990), Rhodobacter spheroides
(Jones and Jordan, 1993), and partially purified
from mouse spleen (Romeo and Levin, 1971),
tobacco leaves (Chen and Miller, 1974), and Rhodo-
bacter palustris (Koopman et al,, 1986). The
mammalian, yeast, and bacterial enzymes are
monomers with molecular masses of about 42kDa;
the chicken enzyme appears to be a dimer with an
M, of 72000.

Biochemical, immunochemical, and genetic
studies indicate that the same monomeric protein is
responsible for at least 90% of the conversion of
uroporphyrinogen to coproporphyrinogen in all
mammalian tissues (de Verneuil et al., 1983; Elder et
al., 1983; Romana et al., 1987, Elder et al., 1989); the
report by Murkerji and Pimstone (1992) of two
isoenzymes in human erythrocytes has yet to be
confirmed.

There are few major differences in the kinetic and
physicochemical properties of the purified enzymes (de
Verneuil et al., 1983; Felix and Brouillet, 1990; Jones
and Jordan, 1993). In contrast to most decarboxyla-
tion reactions, no coenzyme or metal requirement has
been identified. At physiological pH, uroporphyrino-
gen III and intermediate porphyrinogens of the same
isomer series are decarboxylated more rapidly by the
mammalian enzyme than the corresponding series I
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isomers (Smith and Francis, 1981; de Verneuil ef al.,
1983) but the rates of decarboxylation of I and III
series porphyrinogens are similar at their respective
pH optima (de Verneuil ef al., 1983).

Alignment of the predicted amino acid sequences
from cloned URODs shows 59-68% similarity with
the human enzyme (Fig. 2). Highly conserved regions
are distributed throughout the sequence and often
include one or more of the proline and glycine
residues that are at the same position in all six
enzymes shown in Fig. 2. These features suggest that
the three-dimensional structure may also be highly
conserved as might be predicted for an enzyme that
catalyzes such an unusual and complex sequence of
reactions. Histidine (Kawanishi er a/., 1983; Billi de
Catabbi et al., 1991; Felix and Brouillet, 1992)) and
arginine residues (Billi de Catabbi et al., 1991; Jones
and Jordan, 1993) appear essential for activity; the
latter are known to bind substrate carboxyl groups
in other enymes and may do the same in UROD.
These residues have not yet been identified: one
histidine and two arginine residues are particularly
highly conserved (Fig. 2). All UROD:s are inhibited
by sulfhydryl group reagents, including heavy
metals, and most require reducing agents for full
activity in vitro (Romeo and Levin, 1971; Woods
et al., 1981; de Verneuil et al., 1983; Elder et al., 1983;
Straka and Kushner, 1983; Felix and Brouillet, 1990,
Jones and Jordan, 1993). Modification of a single
cysteine residue by N-ethylmaleimide abolishes
activity (Jones and Jordan, 1993) perhaps by
producing a change in conformation that also alters
immunoreactivity (Roberts, 1987). Natural mutations
that specifically abolish or modify catalytic activity,
and thus may be in close proximity in the folded
protein, perhaps close to or within a single substrate
binding cleft, have been identified in the yeast (Garey
et al., 1992; Chelstowska et al.,, 1992) and human
enzyme. All lie in or near highly conserved regions
(Fig. 2).

The stereochemistry of decarboxylation of each
of the four acetic acid substituents is identical
(Barnard and Akhtar, 1979). The two methylene
hydrogen atoms retain their configuration with
replacement of the carboxyl group by a hydrogen
atom from the solvent. A reaction mechanism,
which is consistent with both this stereochemistry
and the lack of requirement for a cofactor, has been
proposed that involves the same group in an initial
protonation at one of the a-positions of the pyrrole
carrying the substituent and in the subsequent
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Fig. 2. Alignment of pre-
dicted amino acid
sequences  of  uropor-
phyrinogen decarboxylases
from humans. rats, S. cere-
visiae (yeast), E. coli. B. sub-
ritis, and Synechococcus sp.
strain PCC7942  (Syn).
Residues identical in all six
enzymes are marked by
asterisks. Letters in bold
above the sequence indicate
six natural mutations in the
ycdast enzyme.

Human
Rat
Yeast
E.coli
B.sub.
Syn.
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removal of the hydrogen from the O-H bond of the
carboxy or in the binding of an aiready dissociated
carboxy (Barnard and Akhtar, 1979).

There are 24 possible carboxylation sequences,
involving 14 different intermediates, between uropor-
phyrinogen 11T and coproporphyrinogen 111 (Jackson
et al., 1976). UROD is capable of decarboxylating all
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14 possible intermediates and yet, under physiological
conditions, only one route is preferred (Fig. 1). The
nature of the interactions between substrate and
enzyme that determine this route has attracted much
speculation but is likely to remain uncertain until the
three-dimensional structure of UROD is known. The
first decarboxylation of uroporphyrinogen III occurs



210

more rapidly than the remaining three (Tomio ez al.,
1970), and selective inhibition of one or other of the
decarboxylation steps by heating, heavy metals,
changes in ionic strength, sulfhydryl-group reagents,
porphyrinogens, and porphyrins has been observed
for URODs from different sources (Cornford, 1964;
Garcia et al., 1973; de Verneuil et al., 1980; Smith and
Francis, 1981; Straka and Kushner, 1983; Woods
et al., 1984; Felix and Brouiliet, 1990). These effects
have mainly been interpreted as indicating the
presence of two or more distinct catalytic sites.
However, more recent evidence, particularly the fail-
ure to find point mutations or chemical modifications
that inactivate only one part of the decarboxylation
process, suggests that all decarboxylations take place
within a single substrate binding pocket. Observed
alterations in the pattern of accumulation of
intermediates may reflect conformational changes
that affect substrate binding. A model for the
interaction between UROD and its substrates
throughout the preferred route of decarboxylation
has been proposed {(Akhtar, 1994).

EXPERIMENTAL UROPORPHYRIA IN
ANIMALS

Certain polyhalogenated aromatic hydrocarbons
(PHAH), notably hexachlorobenzene, 2,3,7,8-
tetrachlorodibenzo-p-dioxin, and some polyhalo-
genated biphenyls, cause chronic hepatic uropor-
phyria in susceptible species and strains of mammal,
including humans (De Matteis, 1991). Their
administration leads, after a variable delay, to a
progressive decrease in UROD activity in the liver
which is accompanied by increased excretion and
hepatic accumulation of uroporphyrin and other
acetic acid-substituted porphyrins. Some uropor-
phyrin may accumulate in the liver before UROD
activity falls (Visser et al., 1989), but uroporphyrin
is an insufficiently potent inhibitor of UROD to
explain the low enzyme activities that are found, nor
does its removal reactivate the enzyme (Rios de
Molina et al., 1980). There is immunochemical
evidence that loss of activity is unaccompanied by
any change in enzyme concentration, suggesting that
the enzyme is inactivated by a process that targets the
catalytic site without affecting major epitopes (Elder
and Sheppard, 1982). More recently some
nonchiorinated cyclic hydrocarbons, such as
3-methylcholanthrene and -naphthoflavone (Francis

Elder and Roberts

and Smith, 1987), and the diphenyl ether herbicide
formesafen (Krijt e al., 1994), have been shown to
cause a similar hepatic porphyria in mice.

The porphyria produced in mammals by all these
chemicals is iron-dependent. Iron overload accelerates
the onset of porphyria while iron depletion slows or
prevents it (Sweeney, 1986; Wainstok de Calmanovici
et al., 1986; van Gelder et al., 1993). In certain strains
of mouse, long-term iron overload alone produces
UROD deficiency (Smith and Francis, 1993). How-
ever, the effect of iron does not seem to be explained
by direct inhibition of UROD. Acute iron overload
does not alter enzyme activity. Purified human
UROD is not inhibited by ferric or ferrous iron (de
Verneuil er al., 1983), and where in vitro inhibition has
been demonstrated, it has required conditions that are
unlikely to produce prolonged affects in vivo (Mukerji
and Pimstone, 1986; Felix and Brouiliet, 1992).

PHAHSs also produce uroporphyria in chick-
embryo hepatocyte cultures (Sinclair and Granick,
1974). In this system, response is rapid and uro-
porphyria is produced by a wider range of chemicals
than in mammals (De Matteis, 1991). Uroporphyrin
accumulation is less consistently accompanied by
decreased UROD activity which, when it does
occur, is less marked than in mammals (Lambrecht
et al., 1988; James and Marks, 1989). Japanese quail
given hexachlorobenzene for 7-10 days also develop
hepatic uroporphyria without any decrease in UROD
activity (Lambrecht er al., 1988), again indicating a
difference between birds and mammals in response
to these chemicals. Whether the underlying mech-
anism also differs is unclear at present; the difference
may lie in the time-course of the response rather than
its mechanism (Lambrecht er al., 1990). Mouse
hepatocyte cultures become uroporphyric after
several days of exposure to chlorinated biphenyls
(Sinclair et al., 1990).

The mechanism of experimental uroporphyria
has been investigated extensively. The great
structural differences in causative chemicals, the
absence of any direct evidence for the covalent
binding of metabolites to UROD (Sinclair et al.,
1986; van Ommen et al., 1989), and the iron-
dependence of the uroporphyria have led to a search
for a unifying hypothesis that explains all types of
experimental uroporphyria (De Matteis, 1991). The
recent discovery that iron alone causes uroporphyria
in certain strains of mouse (Smith and Francis, 1993)
provides the least complicated model yet identified. A
heme precursor also appears to be required for the
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inhibition of UROD, since the onset of iron-induced
uroporphyria is accelerated by feeding the heme
precursor, S-aminolevulinic acid (ALA) (Smith and
Francis, 1993). In vitro iron-dependent hydroxyl
radical-generating systems oxidize uroporphyrinogen
to uroporphyrin and more polar nonporphyrin
products which inhibit UROD (Francis and Smith,
1988; De Matteis, 1988). Neither these inhibitors nor
those isolated from rodent liver (Cantoni et al., 1984;
Billi et al., 1986; Smith and Francis, 1987) and avian
hepatocytes (James and Marks, 1989) in experimental
uroporphyrias have been identified. However, the
possible existence of an iron-dependent oxidative
process in vivo leading to inhibition of UROD by an
irreversible inhibitor derived from uroporphyrinogen
provides an attractive, but hypothetical, mechanism
for uroporphyria. The nature of the genetic factors
that restrict its occurrence to certain strains of mice,
and which are likely to underlie similar inherited
differences in susceptibility in other species, is
unknown. Although all organic chemicals, except
formesafen (Krijt et al., 1994), that cause uropor-
phyria in rodents induce microsomal cytochromes of
the P450IA subfamily by a mechanism involving a
receptor encoded by Ah locus, susceptibility does
not correlate with Ah4 phenotype (Smith and
Francis, 1993).

Organic chemicals that cause uroporphyria and
also induce the cytochrome P450IA subfamily further
accelerate the development of porphyria in mice given
iron and ALA (Urquhart er al., 1988). It has been
suggested that these compounds may interact with
the microsomal NADPH reductase-cytochrome
P450 system to release stored iron from ferritin and
produce reactive oxygen species (De Matteis and
Stonard, 1977; Ferioli er al., 1984). Hexachloro-
benzene enhances iron-dependent lipid peroxidation
in rodent liver (Visser ef al., 1989; van Gelder et al.,
1993), and uroporphyrin crystals and ferritin occur
together in the same hepatocytes in mice given iron
and hexachlorobenzene (Siersema et al., 1991).
Hepatic microsomes from chick embryos and rodents
pretreated with 3-methylcholanthrene catalyze the
NADPH-dependent oxidation of uroporphyrinogen
to uroporphyrin (Sinclair et al., 1987; De Matteis
et al., 1988; Jacobs et al., 1989a), a reaction inhibited
by ascorbate which also influences the development of
uroporphyria in rats (Sinclair et al, 1994). With
avain, but not rodent, microsomes, the reaction
requires a PHAH. Immunochemical and recon-
stitution experiments indicate that the reaction in
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rodents is catalyzed by cytochrome P450IA2 (Jacobs
et al., 1989a; Lambrecht et al., 1992). Iron enhances
uroporphyrinogen oxidation by microsomes (De
Matteis, 1988; Bonkovsky, 1989) possibly by
promoting the formation of hydroxyl radicals by
NAPH-cytochrome P450 reductase (Jacobs er al.,
1989b) and may increase the formation of inhibitory
nonporphyrin oxidation products (De Matteis, 1988).

Oxidation of uroporphyrinogen by induced chick
and mouse microsomes in vitro is accompanied by
inhibition of UROD (Lambrecht er al., 1990).
Although cytochrome P450-catalyzed uropor-
phyrinogen oxidation appears important for the
production of uroporphyria in chick hepatocyte
cultures, its role in intact rodent liver needs further
investigation. Uroporphyria in rodents appears to
occur without induction of cytochromes of the
P4501A subfamily (Smith and Francis, 1993; Krijt
et al, 1994). However, cytochrome P450IA2 is
constitutively expressed in mammalian liver, and
basal rates of uroporphyrinogen oxidation may be
sufficient for production of an inhibitor of UROD.
Production may depend on availability of iron,
particularly if iron also increases endogenous forma-
tion of ALA through induction of ALA-synthase
(Bonkovsky, 1989).

UROPORPHYRINOGEN DEFICIENCY
DISEASES IN HUMANS

Two human diseases, porphyria cutanea tarda
(PCT) and hepatoerythropoietic porphyria (HEP),
result from decreased activity of UROD in the liver.
Both are characterized clinically by skin lesions
caused by photosensitization by uroporphyrin and
other porphyrins that accumulate as a consequence
of the enzyme deficiency. Their clinical and bio-
chemical features have been reviewed (Kappas et al.,
1989; Elder, 1990; Bonkovsky, 1990).

Most patients with PCT have some evidence of
liver cell damage, often caused by alcohol (Kappas et
al., 1989) or the hepatitis C virus (Herrero et al.,
1993); estrogens may also precipitate symptoms
(Kappas et al., 1989). PCT, like experimental uro-
porphyria, is an iron-dependent disorder. Most
patients have some degree of hepatic siderosis and
about two-thirds have a small or moderate increase
in total body iron stores. Iron depletion produces
prolonged clinical and biochemical remission, and
may return the specific activity of hepatic UROD to
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normal in some patients with PCT (Elder et al., 1985),
while replenishment produces relapse. Iron depletion
is effective therapeutically even in patients without
increased liver or total body iron stores.

About 25% of patients with PCT have an
autosomal dominantly inherited UROD defect
which leads to half-normal UROD activity in liver
and other tissues, including erythrocytes (de Verneuil
et al., 1978; Held et al., 1989; Koszo et al., 1992). The
clinical penetrance of this defect is low so that only a
minority of those with this form of PCT (type II or
familial PCT) have a family history of the disorder.
The molecuiar genetics of type II PCT have not yet
been extensively investigated, but three different
mutations have been identified which either markedly
decrease the stability of UROD or produce defective
pre-mRNA splicing (Garey e al., 1989, 1990; Roberts
et al., 1995). In the other 75% of patients with PCT,
UROD deficiency is restricted to the liver, enzyme
activity in erythrocytes and other extrahepatic tissues
being normal. The majority of these patients have no
family history of PCT and are considered to have
sporadic or type I PCT. A few have affected relatives
(Roberts er al., 1988; Held et al., 1989); it is not clear
whether these represent a separate category or
indicate that there is an inherited predisposition to
type I PCT. Although UROD activity is markedly
decreased in the liver in type I PCT, the concentra-
tion of immunoreactive enzyme is normal (Elder ef al.,
1985). Sequences of cDNAs and the promoter region
of the UROD gene are normal in this type of PCT,
suggesting that if any inherited factors are involved,
they must be at other loci (Garey et al., 1993).

The pathogenesis of PCT has been reviewed
(Elder, 1990; Bonkovsky, 1990). Comparison of
UROD activities in the liver in overt PCT and HEP
suggests that a decrease in activity of about 80% or
more is required for substrate to be overproduced to
an extent that is sufficient to produce symptoms
(Elder er al., 1985; Roberts et al., 1995). In all types
of PCT, this appears to be achieved by a decrease in
the specific activity of the enzyme which is caused by
inhibition or inactivation of the catalytic site without
any decrease in enzyme concentration. The central
role of iron in the pathogenesis of PCT suggests that
the mechanism of inactivation may be similar to that
postulated for the experimental uroporphyrias (Elder,
1990).

Candidate loci for genetic predisposition to PCT
thus include those encloding genes for iron meta-
bolism, including the hemochromatosis gene (Adams
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and Powell, 1987), cytochromes of the P450IA sub-
family, and hepatic ALA synthase. Hepatic concen-
trations of cytochrome P450IA2 show marked
interindividual variation (Sesardic et al., 1990) but
have not yet been measured in PCT, and catalysis of
uroporphyrinogen oxidation by the human cyto-
chrome has not been reported.

Hepatoerythropoietic porphyria (HEP) is a rare
cutaneous porphyria in which marked deficiency of
UROD leads to the onset of skin lesions in early
childhood (Kappas et al., 1989; Meguro et al., 1994;
Roberts et al., 1995). Patients are either homozygotes
or compound heterozygotes for mutations of the
UROD gene. Six point mutations and a deletion
have been identified in patients with HEP (de
Verneuil et al., 1986; Romana er al., 1991; de
Verneuil et al., 1992; Meguro et al., 1994; Roberts
and Elder, unpublished). All decrease catalytic
activity and enzyme concentration, with the excep-
tion of one (P150A) which decreases the activity of
UROD without altering its concentration (Roberts
and Elder, unpublished). Only one of the mutations
found in HEP homozygotes is also associated with
overt PCT in heterozygotes (Roberts et al., 1995).
The others appear either to have a relatively mild
effect on UROD activity which is not clinicaily
manifest in heterozygotes (Megura et al., 1994) or,
as with the deletion reported in a compound hetero-
zygote (de Verneuil er al., 1992), have not been
searched for in type 11 PCT.
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