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Abstract

Porphyrias are a family of inherited diseases, each associated with a
partial defect in one of the enzymes of the heme biosynthetic pathway.
In six of the eight porphyrias described, the main clinical manifesta-
tion is skin photosensitivity brought about by the action of light on
porphyrins, which are deposited in the upper epidermal layer of the
skin. Porphyrins absorb light energy intensively in the UV region, and
to a lesser extent in the long visible bands, resulting in transitions to
excited electronic states. The excited porphyrin may react directly with
biological structures (type I reactions) or with molecular oxygen,
generating excited singlet oxygen (type II reactions). Besides this
well-known photodynamic action of porphyrins, a novel light-inde-
pendent effect of porphyrins has been described. Irradiation of en-
zymes in the presence of porphyrins mainly induces type I reactions,
although type II reactions could also occur, further increasing the
direct non-photodynamic effect of porphyrins on proteins and macro-
molecules. Conformational changes of protein structure are induced
by porphyrins in the dark or under UV light, resulting in reduced
enzyme activity and increased proteolytic susceptibility. The effect of
porphyrins depends not only on their physico-chemical properties but
also on the specific site on the protein on which they act. Porphyrin
action alters the functionality of the enzymes of the heme biosynthetic
pathway exacerbating the metabolic deficiencies in porphyrias. Light
energy absorption by porphyrins results in the generation of oxygen
reactive species, overcoming the protective cellular mechanisms and
leading to molecular, cell and tissue damage, thus amplifying the
porphyric picture.
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Porphyrins and porphyrias

Porphyrias are a family of inherited dis-
eases, each associated with a partial defect in
one of the enzymes of the heme biosynthetic
pathway (1) (Figure 1). As a consequence,
each porphyrinopathy shows specific meta-

bolic abnormalities reflected by diagnostic
laboratory findings in blood, urine and feces.
Based on the main clinical manifestation,
porphyrias are currently classified into
�acute� and �non-acute� (2) (Table 1).

In six of the eight described porphyrias,
the main clinical feature is skin photosensi-
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tivity brought about by the action of light on
porphyrins, which are deposited in the upper
epidermal layer of the skin.

Porphyrins absorb radiant energy inten-
sively in the UV region, at their Soret band
(400-410 nm) and to a lesser extent in the
long visible bands (580-650 nm), resulting
in transitions to excited electronic states (Fig-
ure 2). In the cutaneous porphyrias, skin
lesions are due to these properties of porphy-
rins. The excited porphyrin may react di-
rectly with biological structures (type I reac-
tions) or with molecular oxygen, generating
excited singlet oxygen (type II reactions).
Singlet oxygen in turn damages tissues
through several mechanisms, including oxi-
dation of membrane lipids and amino acids
in proteins, cross-linking of proteins and
oxidative damage to nucleic acids with the
consequent disturbance of the normal func-
tioning of cellular activities or organelles. In
addition to singlet oxygen, the other reactive
oxygen species (ROS), O2

·-, H2O2, and ·OH
are also formed, which are also important in
the progress of porphyrin photosensitization
(3) (Figure 3).

One striking feature of cutaneous por-
phyrias is the heterogeneity of their appear-
ance, which can be considered to be of two
types: acute and chronic.

The pattern of acute photosensitivity,
mostly seen in the erythropoietic porphyrias,
is characterized by subjective complaints of
painful burning and itching, often associated
with pruritus and edema. Repetition of these
episodes of acute photosensitization may end
in scarring, with the aspect of wax-like linear
bands, mainly in the nose, ears and dorsum
of the hand in the erythropoietic protopor-
phyria (EPP) (4).

Chronic photosensitivity is characterized
by the gradual onset of notoriously increased
skin fragility of the exposed areas, manifest-
ing as vesicles and bullae, very often exhib-
iting hemorrhagic bases which slowly crust
and heal, yielding milia, typical of porphyria
cutanea tarda (PCT) (4).

Metabolic pathway Enzyme Porphyria

ALA

PBG

UROgen I UROgen III

COPROgen I COPROgen III

PROTOgen IX

PROTO IX
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Figure 1 - Heme biosynthetic pathway. AIP: Acute intermittent porphyria; ALA: d-aminolev-
ulinic acid; ALA-D: d-aminolevulinic acid dehydratase; CEP: congenital erythropoietic por-
phyria; COPROgen: coproporphyrinogen; CPGase: coproporphyrinogen oxidase; EPP: eryth-
ropoietic protoporphyria; Fe-Chel: ferrochelatase; HCP: hereditary coproporphyria; PBG:
porphobilinogen; PBG-D: porphobilinogen deaminase; PCT: porphyria cutanea tarda;
PPGase: protoporphyrinogen oxidase; PROTOgen: protoporphyrinogen; URO-D:
uroporphyrinogen decarboxylase; UROgen: uroporphyrinogen; VP: variegate porphyria.

Table 1 - Classification of porphyrias.

Hepatic

1. Acute intermittent porphyria (AIP)

2. ALA-D-deficient porphyria

3. Variegate porphyria (VP)

4. Hereditary coproporphyria (HCP)

5. Porphyria cutanea tarda (PCT)

Erythropoietic

6. Erythropoietic protoporphyria (EPP)

7. Congenital erythropoietic porphyria (CEP)
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The different responses to light are re-
lated to the physicochemical properties of
the various types of porphyrin molecules
accumulated in each porphyria. It has been
demonstrated that protoporphyrin (PROTO)
accumulates predominantly in mitochondria
and is inserted into biological membranes,
while uroporphyrin (URO) accumulates
mainly in lysosomes and is not associated
with membranes (5). Consequently, differ-
ent porphyrins should also have different
effects on specific cell types.

Photodynamic and non-photodynamic
action

The photodamage mechanisms induced
by porphyrins have been extensively investi-
gated. The effect of porphyrins as exogenous
and endogenous sensitizers has been studied
in a wide variety of biological environments
and targets for the phototoxic damage, i.e.,
lipid and protein solutions (6,7), isolated
erythrocyte membranes (8-10), whole eryth-
rocytes (11-13), subcellular organelles (5,
14,15), mammalian tissue and cell cultures
(16-18) as well as animal (19,20) and human
(21) models.

The wavelength of light preferentially
absorbed by porphyrins can penetrate through
the epidermis. UV and visible radiation
reaches the level of cutaneous blood vessels
(22). It would appear, however, that the wave-
length of greatest clinical significance in the
production of porphyric skin lesions is in the
violet Soret band. UV rays are the most
efficient producers of singlet-excited por-
phyrins. The bulk of the abnormalities ob-
served histologically occur in the lower epi-
dermal and upper dermal skin layers reached
by these radiations.

The relative cytotoxic efficiency of sev-
eral porphyrins covering the whole range
from high water solubility to virtual water
insolubility was evaluated in cell culture
(23-25). Cells were incubated with media
containing different porphyrins and then ex-

posed to light irradiation. Each culture was
subsequently assessed for three parameters
of porphyrin-mediated photodamage: a) abil-
ity of the cells to transport radiolabeled
cycloleucine across the cell membrane, b)
decrease in cell-surface hydrophobicity, and
c) the degree of cross-linking of the proteins
in the cell membrane. The conclusion drawn
from these studies was that the hydrophobic
porphyrins were in closer approximation to
the target molecules of these membranes and
were, therefore, in a better position to per-
form photodynamic reactions more effi-
ciently, thus producing membrane damage
and eventually cell death (23). It was also
demonstrated that PROTO, a highly hydro-
phobic porphyrin, provoked more severe pho-
todynamic damage in rat liver mitochondria
than did coproporphyrin (COPRO), a mole-
cule with intermediate water-solubility (24).
In turn, COPRO was more efficient in sensi-
tizing mitochondrial damage than was URO,
the most hydrophilic porphyrin (24). Further
studies showed that the key determinants for
the photodynamic effectiveness lie in the
solubility properties of the porphyrin sensi-
tizer relative to the hydrophilic or hydropho-
bic nature of the target biomolecules, with
PROTO being most phototoxic to lipophilic
structures, such as erythrocyte membranes,
mitochondrial preparations and membrane-
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Figure 2 - Energetic transitions in porphyrins.
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bound enzymes, and URO more efficient in
the photodamage to soluble structures (5,
14,16).

These in vitro results support the theory
put forward for the pathogenesis of the clini-
cal phototoxic symptoms of EPP that pro-
poses that the rapid destruction of dermal
capillary endothelial cells, whose lipopro-
tein membranes are constantly bathed with
PROTO transported by albumin and he-
mopexin in plasma (26), is the initial toxic
event. Damaged endothelial cells would then
become incompetent, leaking their intravas-
cular content into the dermis. Release of
histamine, lysosomal acid hydrolases, or
other organelle-bound inflammatory media-
tors could also participate in the evolving
reaction after PROTO-sensitized lysis of the
organelle membranes has taken place, thereby
eliciting the painful skin sensations immedi-
ately noticed by porphyric patients after ex-
posure to sunlight (27).

According to this theory, hydrophilic por-
phyrins would be less attracted to lipophilic
membrane sites, and would therefore be less
efficient sensitizers for membrane damage.
The more water-soluble porphyrins may pref-
erentially photosensitize biomolecular tar-
gets in the epidermis and at the basement
membrane level, but their mechanism is still
unclear, and at present there are only specu-
lations. One theory proposes that these sites
are relatively hydrophilic, and therefore they
show greater affinity for hydrophilic por-

phyrins transported to their neighborhood in
the extravascular fluid space (27). An alter-
native theory holds that these hydrophilic
porphyrins are actually synthesized de novo
in or near these sites of accumulation, re-
flecting the universality of the genetic defect
present, but operative at different levels in
all somatic cells (27,28).

Even less clear are the determinants of
the clinical phototoxicity patterns in porphy-
rias exhibiting accumulation of virtually the
whole spectrum of hydrophobic and hydro-
philic porphyrin molecules. Patients with
variegate porphyria (VP) accumulate large
amounts of 2- and 3-carboxylic porphyrins
and unusual complexes of porphyrins with
peptides, proteins, or other carriers, which
have been found in feces (29) and plasma
(29-31). It can also be speculated that the
highly hydrophobic 2- and 3-carboxyl por-
phyrins, and the relatively hydrophobic 4-
carboxyl porphyrins synthesized in hepato-
cytes, in VP, are efficiently cleared into the
biliary and fecal compartments, where they
can be detected in high quantity, but poorly
disseminated by plasma into skin (27,31).

Besides the photodynamic action, a novel
light-independent effect of porphyrins on
biomolecules has been described not long
ago. In 1982, it was reported that URO stimu-
lates collagen biosynthesis in human skin
fibroblasts (32), and that PROTO activates
guanylate cyclase in the dark (33). Decreased
cytochrome c oxidase activity and increased
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lactate production and glucose utilization
were induced by porphyrin derivatives in
cell cultures (34). The potentiating action of
hematoporphyrin on the horseradish peroxi-
dase-catalyzed oxidation of NADPH in the
dark has been demonstrated (35,36), and the
interaction of PROTO with redox systems
such as the Haber-Weiss and Fenton reac-
tions, possibly yielding an electronically ex-
cited porphyrin, has also been observed in
the dark (37). However, there is still much to
learn about the reactivity of tetrapyrroles in
the dark.

Light-dependent and light-independ-
ent enzyme inactivation

Circulating porphyrins absorb the light
energy that reaches cutaneous vessels, trig-
gering a series of reactions which affect not
only the surrounding cellular structures, but
that can also alter the functionality of the
erythrocyte enzymes. These excited porphy-
rins could extend their noxious action to the
various organs they reach by the blood stream.
In addition to these light effects, alterations
induced by porphyrins in the dark should be
considered. Therefore, it is expected that the
photodynamic and non-photodynamic ac-
tion of porphyrins would add to the estab-
lished heme enzyme deficiencies in porphy-
rias, worsening the already disturbed pic-
ture.

On this basis, a series of in vitro studies
to investigate the alterations induced by por-
phyrins on several heme enzymes and trying
to elucidate their mechanism of action have
been carried out.

It was observed that URO I per se inacti-
vates erythrocyte d-aminolevulinic acid de-
hydratase (ALA-D), porphobilinogenase
(PBGase), porphobilinogen deaminase
(PBG-D) and uroporphyrinogen decarboxyl-
ase (URO-D) in the dark; this inactivation
was greater when enzymes were exposed to
UV light in the presence of the porphyrin.
Both the photodynamic and non-photody-

namic actions of URO I were dependent on
concentration, temperature and time of ex-
posure of the proteins to the porphyrin (38-
40).

URO I-induced inactivation was also ob-
served with other enzymes. Thus, d-amino-
levulinic acid synthetase lost 70% and
rhodanese lost 95% of their activity upon 30
min of exposure to 10 mM URO I and light,
while succinyl CoA synthetase and lactic
acid dehydrogenase activities decreased 70
and 50%, respectively. Enzyme activities
were also reduced by URO I in darkness,
although dark-inactivation was lower than
light-inactivation (41).

Besides URO I, the action of other por-
phyrins on the activity of human erythrocyte
ALA-D, PBGase, PBG-D and URO-D was
investigated. Both photo- and non-photoin-
activation were found to occur in all four
enzymes, with the light-dependent effect
again being greater than the dark effect (42).

Aerobic and anaerobic studies have dem-
onstrated that oxygen is required for the
photodynamic action of URO I, since under
a nitrogen atmosphere similar inactivation
was found whatever the light condition, and
this inactivation was of the same degree as
that found when the enzymes were exposed
to porphyrins in the dark and in aerobiosis
(Table 2) (43).

From these results it emerged that por-
phyrins exert a double effect on the en-
zymes. The dark inactivation would be the

Table 2 - Percentage of enzyme inactivation induced by URO I. Effect of the presence
of oxygen.

Enzymes were exposed to 10 µM URO I (ALA-D, PBGase or PBG-D) or 100 µM URO I
(URO-D) at 37oC, in an oxygen (+O2) or nitrogen (-O2) atmosphere. Porphyrin was
removed after 2 h, and enzyme activities were measured.

ALA-D PBGase PBG-D URO-D

-O2 Darkness 21.9 ± 2.2 34.8 ± 1.1 37.9 ± 1.7 23.7 ± 2.0

UV light 25.2 ± 2.3 38.1 ± 2.3 39.3 ± 2.8 24.4 ± 2.4

+O2 Darkness 26.3 ± 2.2 43.7 ± 1.5 50.3 ± 2.1 25.8 ± 3.1

UV light 50.1 ± 2.0 74.9 ± 2.1 75.2 ± 2.8 50.9 ± 1.6
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R and Batlle A, unpublished results). In the
presence of either catalase or GSH, enzyme
photoinactivation was lower than in their
absence, while ethanol, glucose and dimethyl
sulfoxide prevented the URO I-induced
photoinactivation (Figure 4) (44). These re-
sults indicate that a type I mechanism would
be the main reaction through which the por-
phyrin exerts its photodynamic action, in-
volving hydrogen peroxide and hydroxyl radi-
cals, although singlet oxygen-mediated re-
actions (type II) could be produced simulta-
neously, contributing to enzyme photoinac-
tivation yet to a much lesser extent (44).

Preincubation with superoxide dismutase
did not protect any of the four enzymes from
inactivation (Figure 4) (44) and no superox-
ide radical generation was detected during
exposure of the enzymes to URO I and UV
light (Afonso SG, Enríquez de Salamanca R
and Batlle A, unpublished results). Ba-
chowsky et al. (45) studied photooxidation
reactions in ascorbate-containing erythro-
cyte membrane suspensions by monitoring
formation of ·OH in the aqueous compart-
ment, using URO I as sensitizer. They ob-
served photoreduction of URO I to its radi-
cal anion ·URO- by electron spin resonance
and spin trapping when URO/ascorbate/
membrane mixtures were irradiated in anaero-
biosis. Simultaneously, van Steveninck et al.
(46) demonstrated that addition of increas-
ing concentrations of URO I to a horserad-
ish-peroxidase/H2O2/NADPH/Fe3+-EDTA/
deoxy-ribose mixture resulted in a gradual
increased generation of ·OH even under
anaerobic conditions, and omission of Fe-
EDTA from the porphyrin-containing mix-
ture blocked deoxyribose degradation. The
authors explained these effects by assuming
that the increased rate of NADPH oxidation
producing increased concentrations of
NADP+ will generate URO I anion radical,
which apparently replaces the superoxide
radical, leading to hydrogen peroxide and to
generation of ·OH in the iron-catalyzed reac-
tion. They demonstrated the formation of
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of scavengers on the URO I-in-
duced enzyme inactivation. ALA-
D, PBGase, PBG-D and URO-D
were preincubated for 30 min at
30oC in the presence of histi-
dine (15 mM), sodium azide (15
mM), catalase (200 nM), reduced
glutathione (15 mM), ethanol (15
mM), glucose (11 mM), dimethyl
sulfoxide (1.2 mM) or superox-
ide dismutase (10 mM), and then
exposed to 10 mM (A, B, C) or
100 mM (D) URO I for 2 h at
37oC, under UV light.
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result of a direct inhibition due to conforma-
tional changes induced by the attachment of
porphyrins on or near the active site of the
enzymes. The photoinactivation would be
produced by photooxidation of essential
amino acids and the consequent inter- and/or
intrapeptidic cross-linking of the protein,
induced by the excited porphyrins (38-43).

Mechanisms of photodynamic action

To investigate the mechanism of photo-
inactivation induced by URO I, ALA-D,
PBGase, PBG-D and URO-D were preincu-
bated in the presence of specific scavengers
for the different ROS and then exposed to
the porphyrin and UV light, in an aerobic
atmosphere (44). The presence of histidine
or sodium azide did not protect the enzymes
against the effect of URO I (Figure 4) (44);
however, generation of singlet oxygen was
detected during the treatment of PBG-D with
URO I (Afonso SG, Enríquez de Salamanca



261

Braz J Med Biol Res 32(3) 1999

Photodynamic and non-photodynamic action of porphyrins

·URO- by electron spin resonance spectra.
Evidence for the photoreduction of hemato-
porphyrin or URO to their respective radical
ions by reductants such as ascorbate, thiols,
catechols, or reduced pyridine nucleotides
has also been reported (47). These findings
are in agreement with earlier electron spin
resonance studies, where the formation of
URO and other porphyrin radicals in the
presence of electron donors was shown (48).

On these grounds and on the basis of our
own results, a mechanism to explain the
photodynamic action of URO I on ALA-D,
PBGase, PBG-D and URO-D has been pro-
posed (Figure 5) (44).

Molecular alterations induced by
porphyrins

When proteins are irradiated with UV or
visible light in the presence of a sensitizer,
both photooxidation of sensitive amino acid
residues such as cysteine, histidine, tyrosine,
methionine and tryptophan and covalent
cross-linking of peptide chains can be ob-
served, leading to the formation of molecu-
lar aggregates (6,11,12). It has been demon-
strated that covalent cross-linking is not a
primary photodynamic event, but a second-
ary reaction between photooxidation prod-
ucts of susceptible amino acid residues and
other groups in the protein (6).

In the pH range between 7.0-8.5, protein
sulfhydryl groups are more sensitive to pho-
tooxidation, followed by histidine, tryptophan
and tyrosine (3). However, the chemical na-
ture of secondary cross-linking could not be
attributed only to the formation of disulfide
bridges, since dithiothreitol and dithioeryth-
reitol reduction did not reduce the appear-
ance of high molecular weight species in
electrophoresis (6,7,49).

Photooxidation of histidine, tyrosine or
tryptophan in the presence of 14C-labeled
non-photooxidizable amines yielded new
14C-labeled products, presumably generated
by a reaction between the photooxidized

amino acid and the labeled amine. No reac-
tion was observed between non-photooxi-
dizable amino acids or amines on the one
hand, and cysteine or methionine on the
other. Instead, reactions did occur with ty-
rosine and tryptophan and were much more
pronounced with histidine (6).

The crucial role of free amino groups was
confirmed by the strong inhibition of cross-
linking after succinylation of several protein
amino groups before photooxidation (3,6).
During histidine photooxidation, nucleo-
philic addition of amino groups to the imid-
azole ring was observed; previous treatment
with hydroxylamine, a strong nucleophilic
reagent, protected against cross-linking (6).
These results lead to the proposal of a molec-
ular mechanism for cross-linking in which a
histidine photooxidation product would re-
act with amino groups on the protein via a
nucleophilic addition (6).

A decrease of amino groups was ob-
served during photooxidation of proteins
which did not show interpeptide cross-link-
ing on polyacrylamide gel electropherograms,
like native myoglobin. The only obvious
interpretation of these phenomena would be

1URO

URO
3URO

·URO-

H+ + A·

O2

H2O2

Fe

AH

·OH H2O

E Eox

Figure 5 - Mechanism of uropor-
phyrin action. URO: Uroporphy-
rin in the ground state; 1URO:
singlet excited state uroporphy-
rin; 3URO: triplet excited state
uroporphyrin; ·URO-: anionic
radical uroporphyrin; AH: elec-
tron donor; E: native enzyme;
Eox: photooxidized enzyme.
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the involvement of amino groups in the in-
tramolecular cross-links. Because of this it is
very likely that in proteins exhibiting inter-
molecular cross-linking, intramolecular
cross-links will also occur (6).

The electrophoretic behavior of pure
ALA-D, PBGase, PBG-D and URO-D treated
in the presence of URO I was analyzed by
SDS-PAGE. Enzymes showed some alter-
ations in electrophoretic mobility, but the
appearance of molecular aggregates was not
revealed. Since variations in the content of
free amino groups were observed, alterations
in the electrophoretic pattern were attributed
to intrapeptide cross-linking, which might
change the molecule shape but does not
modify the molecular weight. Mixtures of
albumin and pure ALA-D or PBG-D were
exposed to URO I or PROTO IX in the dark
or under UV light. Electrophoresis of these
reaction mixtures did not show protein bands
other than those of the controls (50,51).

Because within the living cell enzymes
are included in a complex mixture of pro-
teins and other biomolecules, the effect of
porphyrins was analyzed on partially puri-
fied preparations of liver ALA-D and PBG-
D. Electrophoresis of the enzymes exposed
for 2 h to URO I or PROTO IX showed the
appearance of high molecular weight bands,
suggesting that porphyrins might induce the
formation of cross-links among different pro-
teins, leading to the formation of heteropol-
ymer structures. Electrophoresis of these
preparations in the presence of SDS and 8 M
urea showed the same bands of high molec-
ular weight. Instead, electrophoresis of
samples treated with ß-mercaptoethanol or
dithiothreitol, before or after exposure of the
enzymes to porphyrins, did not show the
appearance of those bands (51). These re-
sults indicate that molecular aggregates may
not be due to formation of disulfide bridges,
but rather to covalent binding.

The percentage of sulfhydryl groups of
liver ALA-D and PBG-D decreased upon
treatment with URO I, but increased after

exposure of the enzymes to PROTO IX.
Even though sulfhydryl groups are not in-
volved in the formation of molecular aggre-
gates, URO I as well as PROTO IX affect
these groups, although differently, and their
action is not directly related to enzyme inac-
tivation. The presence of sulfhydryl reagents
during exposure of the enzymes to URO I or
PROTO IX confirmed these findings and
indicated that porphyrins may affect sulfhy-
dryl groups at the active site of ALA-D and
PBG-D (51).

Variations in the amount of free amino
groups of liver ALA-D and PBG-D were
observed upon exposure of the enzymes to
URO I or PROTO IX. The effect of porphy-
rins was different for each enzyme, and again
it was not directly related to enzyme inacti-
vation. However, blockage of amino groups
before treatment with URO I or PROTO IX
partially protected the enzyme activities, and
the electrophoretograms did not reveal the
presence of high molecular weight bands.
So, free amino groups may be involved in the
porphyrin-photoinduced cross-linking, but
may not be implicated in the effect of URO I
and PROTO IX in the dark (51).

Nucleophilic addition of hydroxylamine
to ALA-D and PBG-D before their exposure
to porphyrins did not prevent the direct ef-
fect of URO I and PROTO IX on the proteins
in the dark, but it did protect the enzymes
from photoinactivation (51). Electrophore-
sis of these systems did not demonstrate the
appearance of molecular aggregates (51),
confirming the postulated mechanism of por-
phyrin-photoinduced cross-linking (6).

In the native (folded) state of the protein,
hydrophobic residues are shielded from the
aqueous environment, but denaturation and
unfolding deprive the protein of this protec-
tion leading to its precipitation. In high salt
solution, repulsion of hydrophobic groups
by the solvent cage is maximized (52). En-
zyme solubility of liver ALA-D and PBG-D
in buffer containing 3 M KCl decreased with
increasing time of treatment in the presence
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of URO I or PROTO IX, suggesting that
porphyrins were interacting with the protein
structure, exposing hydrophobic residues
which are shielded in the core of the protein
in its native configuration (53). These changes
were observed when treatment was per-
formed either under UV light or in the dark,
although enzyme solubility was more af-
fected in the former condition. This differ-
ence very probably reflects a different de-
gree of exposure of hydrophobic residues
during the unfolding of the proteins, and
supports the theory of a double action of
porphyrins in the dark and in the light.

It has been suggested that oxidized pro-
teins are more sensitive to degradation by
intracellular proteolytic enzymes (54). An
increased susceptibility to proteolysis of a
wide variety of proteins upon their exposure
to hydroxyl radicals in vitro has been dem-
onstrated (53,55). Tryptic digestion of liver
ALA-D and PBG-D exposed to URO I or
PROTO IX resulted in an increase of protein
degradation products. This effect was stron-
ger when enzymes were exposed to porphy-
rins under UV light (53).

Alterations of the absorbance and fluo-
rescence spectra of ALA-D and PBG-D were
observed upon treatment of the enzymes
with URO I or PROTO IX in the dark as well
as under UV light (50).

Fluorescence emission by photosensitive
amino acids was also modified after expo-
sure of ALA-D and PBG-D to URO I or
PROTO IX, and these changes were more
pronounced when treatment was carried out
under UV light. It was found that ALA-D
was always more affected than PBG-D, and
the action of URO I action was greater than
that exerted by PROTO IX (53).

These findings suggest that porphyrins
per se would induce alterations in the fold-
ing of the enzymes, leading to the exposure
of some amino acid residues and the shield-
ing of others. Photooxidation of sensitive
amino acids upon irradiation of the enzymes
in the presence of porphyrins would increase

these changes, altering even more the fluo-
rescence emission.

Final considerations

All porphyrias, with the exception of acute
intermittent porphyria and ALA-D-deficient
porphyria, include some form of cutaneous
photosensitivity as a major manifestation
among their associated clinical symptoms.
All the photoactive porphyrins accumulated
in the different porphyrias have the potential
of initiating photooxidative chemical reac-
tions by the same general mechanisms. How-
ever, patients with different forms of por-
phyria exhibit cutaneous lesions of varying
morphology. The explanation for this phe-
nomenon could lie in the wide differences in
physicochemical properties of the various
types of porphyrins accumulated in each
porphyria as a result of the specific enzyme
defect involved (27).

In vitro studies were performed to ana-
lyze the enzyme alterations induced by por-
phyrins and to elucidate the mechanism of
their action. These studies indicated that tet-
rapyrroles exert a direct effect on the pro-
teins. Furthermore, irradiation of the enzymes
in the presence of porphyrins induces photo-
dynamic reactions mainly mediated by hy-
drogen peroxide and hydroxyl radical gen-
eration, although singlet oxygen-mediated
reactions could also occur. These photoin-
duced reactions contribute to the direct ef-
fect of porphyrins on the enzymes.

Porphyrins interact with the molecular
structure of the enzymes, causing the fold-
ing-unfolding of the proteins. Such confor-
mational changes result in the exposure of
some groups normally shielded in the pro-
tein and shielding of others usually exposed
in the molecule. These protein modifications
lead to changes in properties such as solubil-
ity, proteolytic susceptibility, absorbance and
fluorescence spectra and fluorescence emis-
sion of several of their amino acids. URO I
and PROTO IX also affect the total sulfhy-
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dryl and free amino group content of the
enzymes.

URO I and PROTO IX had different, and
sometimes opposite effects on the proteins.
Moreover, in some cases porphyrin-induced
alterations were not the same for each en-
zyme studied. These findings indicate that
the action of porphyrins would depend not
only on its physicochemical properties but
also on the specific site of the protein on
which they act.

Several oxidative reactions mediated by
ROS occur normally in the cells, which have
a battery of defenses to prevent and repair
the injury associated with these oxidative
changes. It is only when the homeostatic
mechanisms fail to keep pace with these
reactions that detrimental effects become
evident (56).

In all of the cutaneous porphyrias, altera-
tion of the heme pathway leads to an exces-
sive production and accumulation of por-
phyrins. Tetrapyrroles affect enzymes and
proteins both isolated and in the cellular

medium. Their action affects the functional-
ity of the enzymes of the heme biosynthetic
pathway, exacerbating the metabolic defi-
ciencies in the case of porphyrias. Light
energy absorption by circulating porphyrins
results in ROS generation, and their abnor-
mally high production exceeds the capacity
of the cell defense mechanisms, leading to
molecular, cellular and tissue damage, thus
magnifying the porphyric picture.

From the above facts it emerges that if
compounds are found or developed that can
prevent or overcome the noxious effects due
to the reactions and great imbalance occur-
ring in the cells of porphyric patients, un-
doubtedly the general condition and welfare
of the latter could be improved.
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