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Mechanism of aluminium-induced porphyrin synthesis in bacteria 
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in previous studies, aluminium was found to retard bacterial growth and enhance porphyrin formation in A r t h r o b a c t e r  

aurescens  RS-2. The aim of this study was to establish the mechanism of action of aluminium which leads to 
increased porphyrin production. Cultures of A r t h r o b a c t e r  aurescens  RS-2 were incubated in the absence and presence 
of 0.74 m~ aluminium. After 6 and 24 h of incubation, various parameters of the haem biosynthetic pathway were 
determined. After 6 h of incubation with aluminium, the activities of the enzymes aminolevulinate synthase (ALAS), 
aminolevulinate dehydratase (ALAD), porphobilinogen deaminase (PBGD) and uroporphyrinogen decarboxylase 
(UROD) were increased by 120, 170, 190 and 203%, respectively, while that of ferrochelatase (FC) was found 
to be unchanged. However, after 24 h of incubation, no change in the activities of ALAS and ALAD was noted, 
while an about 2-fold increase in PBGD and UROD activities were observed. FC activity was decreased by 63%. 
It was concluded that aluminium exerts its effect by inducing the enzymes PBGD and UROD rather than by a 
direct or indirect effect on ALAS. Its effect on the final step in the haem biosynthetic pathway is discussed. 

Keywords: a luminium,  bacter ia ,  po rphob i l inogen  deaminase ,  porphyr in  synthesis, u r o p o r p h y r i n o g e n  
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Introduction 

A toxic effect of aluminium was reported in a vast range of 
organisms, from bacteria to humans (Macdo,ald & Martin 
1988, Wood & Cooper 1988, Rosseland et al. 1990). In fish 
exposed to relatively high levels of aluminium, severe 
haematological disturbances were noted (Witters et al. 1990). 
Aluminium-induced anaemia as well as increased erythrocyte 
protoporphyrin were reported in patients on chronic 
haemodialysis (McGonigle & Parson 1985, Rosenlof et al. 
1990. Fontanellas et al. 1994). Various changes in the haem 
biosynthetic pathway described in uraemic patients were 
attributed to the elevated level of aluminium in plasma 
(Buchet et al. 1987, Bia et al. 1989). In a recent study it was 
shown that in a system of Arthrobacter aurescens 
RS-2, aluminium caused retardation in bacterial growth 
concomitantly with about 65% reduction in intracellular 
haem and a marked enhancement (5-fold) of porphyrin 
synthesis (Scharf et al. 1994). It was suggested that the toxic 

Addres~ l\~r correspondence: N. Schoenfeld. Laboratory of Biochemical 
Pharmacology, Beilinson Medical Center, 49 100 Petah Tikva. Israel. 
Tel: I ~ 972) 3 9377710: Fax: I 4 972) 3 9219685. 

effects of aluminium towards bacteria might be connected 
to the interference of the metal with the haem biosynthetic 
pathway (Scharf et al. 1994). This work was carried out in 
order to further investigate the mechanism of action of 
aluminium which leads to impairment of porphyrin 
synthesis. 

Materials and methods 

Materials 

The radiochemicals [2,3-lgC]succinic acid (56 mCi mmol-  1) 
and 55FEC12 (0.8 mCi mol - t )  used for determining amino- 
levulinate synthase (ALAS) and ferrochelatase (FC) activity, 
respectively, were obtained from New England Nuclear 
(Boston, MA). Titrisol-aluminium standard, as well as 
solvents for HPLC, acetonitrile and methanol, were 
purchased from Merck (Darmstadt, Germany). Porphyrin 
acids marker kit and pentacarboxyl porphyrin I were 
obtained from Porphyrin Products (Logan, UT), sodium 
and mercury from Aldrich (Milwaukee, WI), and other 
chemicals used for the various enzymatic assays from Sigma 

:~' 1996 Rapid Science Puhlishers BioMetals Vol 9 1996 73 



R.  M a m e t  et al. 

(St Louis, MO). All other chemicals used were of the highest 
purity available. 

Bacterial culture conditions 

A. aureseens RS-2, isolated and characterized as described 
previously (Scharf et al. 1993), was grown on artificial sea 
water-based medium, amended with Bacto-Tryptone, 
5 g 1 i; Bacto-Yeast extract, 2.5 g 1- 1 and D-glucose, l g 1 1. 
Aluminium (as A1C13) was added from a 0.037 M stock 
solution (final concentration: 0.74 mM). The pH was adjusted 
to 7.0 with 5 N NaOH. When used, 6-aminolevulinic acid 
(ALA) was added to the medium at a final concentration of 
1.2 mM. The pH of the medium was then readjusted to 7.0. 

Determination of  enzymes activities 

Bacterial cells were harvested by centrifugation 6 and 24 h 
after seeding and suspended in 0.05 M Tris buffer, pH 7.4, 
containing 0.25 M sucrose. The suspensions were disrupted 
by sonic oscillation, 15 x 10 s cycles using a Branson sonic 
power sonifier S125. The sonicates were used for the various 
enzymatic assays. 

ALAS (EC 2.3.1.37) and aminolevulinate dehydratase 
(ALAD) (EC 4.2.1.24) activities were determined according 
to Brooker et al. 1982) and Del C Battle et al. (1967), 
respectively. 

Porphobilinogen deaminase (PBGD) (EC 4.3.1.8) activity 
was evaluated basically according to Magnussen et al. (1974). 
The quantification of the uroporphyrin was performed by 
a HPLC method (Schoenfeld & Mamet 1991, Lim & Peters 
1984), as described previously. 

The activity of uroporphyrinogen decarboxylase (UROD) 
(EC 4.1.1.37) was determined according to Luo & Lira (1991) 
with the following modifications: the substrate used was 
pentaporphyrinogen I, as described previously (McManus 
et al. 1988) and the termination of the reaction was carried 
out by adding DMSO and TCA to the incubation mixture 
(final concentrations 25 and 5%, respectively). The 
coproporphyrin formed was measured by a HPLC method 
(Lira & Peters 1984). 

The method of Deybach et al. (1981) with slight 
modifications was employed for studying FC (EC 4.99.1.1). 

Protein was determined according to Lowry et al. (1951 ). 

Measurement o f  A L A ,  porphobilinoyen (PBG)  and 
porphyrins 

Intracellular ALA and PBG were measured using the 
methods of Berko & Durko (1972) and Buttery & Stuart 
(1991), respectively. For analysis of porphyrins the medium 
was diluted 1:5 in 1N HC1 and 100pl was injected directly 
onto the system. 

H P L C  system 

A HP 1090L solvent delivery system (Hewlett-Packard, 
Avondale, PA), equipped with a Rheodyne 7010 injector 

(Rheodyne, Cotati, CA) and a 100 #l external loop, was used. 
A type 73XX inlet filter was installed between the sample 
injector and the column. A HP reversed-phase column was 
used (100 mm x4.6mm I.D., HP Hypersil ODS, 5pro) and 
the fluorescence was measured by a programmable 
fluorescence detector, HP 1046. The excitation wavelength 
was 404nm and the emission wavelength was 615nm. 
Quantification was performed by a HP-3393, a computing 
integrator. The separation procedure of Lim & Peters (1984) 
was employed. 

Results and discussion 

It is well accepted that coproporphyrinogen III de- 
carboxylation by coproporphyrinogen III oxidase (CO) 
(EC 1.3.3.3) is a rate-limiting step in bacterial porphyrin 
biosynthesis (Javor & Febre 1992, Oelze 1992) and therefore 
amplification of the above-mentioned pathway, under 
various conditions, results in accumulation ofcoproporphyrin 
(Javor & Febre 1992, Avissar & Nadler 1978, Philipp- 
Dormston & Doss 1973). The same phenomenon was 
observed in A. aurescens RS-2 cultures, in which 5-fold 
elevation of coproporphyrin was recorded after treatment 
with 0.74 mM aluminium (Scharf et al. 1994). The activity of 
CO was undetectable in the above system; therefore, we 
could not rule out or confirm a direct inhibitory effect of 
aluminium on the enzyme's activity. However, indirectly, on 
the basis of circumstantial evidence, we came to the 
conclusion that aluminium does not reduce CO activity 
(Scharf et al. 1994). It may therefore be assumed that 
aluminium exerts its inducing effect by interfering with 
another stage in the pathway. The enhanced formation of 
porphyrins in the presence of aluminium could be the result 
of one or a combination of the two following possibilities: 
(1) Due to the reduction of intracellular haem induced by 
aluminium (Scharf et al. 1994), ALAS activity is increased 
as a result of the negative feedback mechanism exerted by 
haem on ALAS, leading to overproduction of the pathway 
products. (2) Aluminium activates directly an enzyme (or 
enzymes) of the pathway, between ALAS and CO, i.e. ALAD, 
PBGD and UROD. 

In order to establish the mechanism of action of 
aluminium-induced coproporphyrin formation, its effect on 
the various stages of the haem biosynthetic pathway was 
examined. 

The effect o f  aluminium on the initial part o f  the haem 
biosynthetic pathway 

The first step of the haem biosynthetic pathway, i.e. 
formation of ALA catalysed by ALAS, is considered to be 
the rate limiting step and site of regulation by haem in 
mammals (May & Bawden 1989) and in various bacterial 
systems (Lascelles 1968, Tait 1973). In A. aurescens cells a 
65% reduction in intracellular haem was observed, following 
addition of 0.74 mM aluminium to the culture medium 
(Scharfet al. 1994). If the control mechanism described above 
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existed in A. aurescens, increased ALAS activity as well as 
elevated ALA would have been expected to be measured, 
concomitantly with the decrease in the concentration of 
haem. However, the concentration of ALA in the cells grown 
in the presence of aluminium did not differ from that 
observed in control cultures (not shown) and a slight increase 
only (20%) was noted in ALAS activity 6 h after addition 
of aluminium to the medium (Table 1). No change was 
observed after 24 h incubation. It was therefore concluded 
that aluminium exerts its effect on porphyrin metabolism 
by affecting a further stage. 

The e~'ct (?/aluminium on the 'midstream part' of the pathway 

We defined the midstream part of the pathway as the chain 
of reactions which lead to formation of coproporphyrin 

Aluminium-induced porphyrin synthesis 

from ALA. In order to locate the site of action of aluminium 
it was added to cultures in which porphyrin synthesis was 
amplified due to the presence of 1.2 mM ALA, and the pattern 
of porphyrins formed and excreted to the medium was 
followed and compared to that observed in the absence of 
aluminium. The HPLC chromatograms of medium 
porphyrins demonstrated in Figure 1 show that after 6h 
incubation while the concentration of coproporphyrin was 
similar in both treatments, uroporphyrin was observed only 
in the cells derived from cultures incubated in medium 
containing aluminium. Moreover, after 24 h in the presence 
of aluminium its effect on the concentration of highly 
carboxylated porphyrins was even more pronounced 
resulting in 5.6-, 5-, 2- and 3-fold increases in uroporphyrin, 
heptacarboxyporphyrin, hexacarboxyporphyrin and penta- 
carboxyporphyrin, respectively. Only a 50% increase 
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Figure I. HPLC chromatograms of extracellular porphyrins of A. aurescens RS-2 cells grown in the presence of 1.2 mM ALA, in the 
absence (A and C) and presence (B and D) of aluminium, for 6 (A and B) and 24h (C and D). The numbers above the peaks 
indicate: (I) uroporphyrin, (2) heptacarboxyporphyrin, (3) hexacarboxyporphyrin, (4) pentacarboxyporphyrin and (5) coproporphyrin. 

Figure 2. 
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The proposed mechanism of action of aluminium which leads to amplification of porphyrin synthesis. 
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Table 1. The activity of enzymes of the haem biosynthetic pathway 
in bacteria incubated in medium containing aluminium 

Enzyme Basal activity Activity in the 
(nmol product mg protein-'  h - b  presence of 
mean + SD (n = 6) aluminium 

t%) 

6h 24h 

ALAS 0.68 +0.08 120 100 
ALAD 2.80_+0.3 170 100 
PBGD 0.78_+0.06 270 310 
UROD 0.36_+0.08 203 208 
FC 0. l 5 _+ 0.03 90 37 

The activity of each enzyme measured in bacteria grown in a medium which 
did not contain aluminium was considered as 100%. The values obtained 
after 6 and 24h incubation with aluminium {0.74mM) were calculated 
accordingly. 

the rate-limiting enzyme in haem catabolism (Chmielnicka 
et al. 1994). 

Conclusion 

The suggested mechanism of action of aluminium which 
leads to amplification ofporphyrin synthesis is demonstrated 
in Figure 2. As shown in Figure 2, aluminium exerts its effect 
by activating the midstream enzymes of the haem 
biosynthetic pathway (ALAD, P B G D  and U R O D )  and 
reducing the final part (FC). Coproporphyrin  predominates 
due to the fact that CO is the rate-limiting enzyme in the 
above system. The profile of porphyrins obtained in other 
systems in the presence of elevated levels of aluminium may 
be different, in relation to the location of the rate limiting 
step. 

in coproporphyrin,  the predominating porphyrin, was 
observed. 

In view of the above, it was suggested that aluminium 
induces both P B G D  which catalyses the formation of 
uroporphyrin and U R O D  which is involved in the synthesis 
of coproporphyrin. As shown in Table 1 the induction effect 
ofaluminium was noted 6 h after its addition to the medium. 
It should be pointed out that aluminium increased also the 
activity of ALAD (Table 1). An activation of A L A D  by 
aluminium in an in vivo system in rats was previously 
described (Abdulla et al. 1979). In any case, since the basal 
activity of ALAD is much higher than the activities of the 
other enzymes of the pathway, an increase in this enzyme 
is not expected to affect the overall porphyrin synthesis. In 
agreement with the above finding, PBG, the product of 
ALAD, was similar in cells treated with aluminium when 
compared with control cells. Therefore, it may be concluded 
that the activations of P B G D  and U R O D  play a crucial 
role in the amplification of porphyrin synthesis by 
aluminium. 

The effect o f  alurninium on the.final part o f  the haem 
biosynthetic pathway 

A marked decrease (65 %) in intracellular haem was observed 
already 3 h after addition of aluminium to the culture 
medium (Scharf et al. 1994). The aluminium-related haem 
deficiency could be explained by a previous inhibition of 
FC, the enzyme which catalyses haem formation. However, 
a 10% reduction in the enzyme's activity was measured only 
after 6 h of incubation in the presence of aluminium 
(Table 1), while a 65% decrease was noted 9 h following 
aluminium administration (not shown). Therefore it seems 
that the decrease in FC activity is not the only factor which 
determines the concentration of intracellular haem. Haem 
deficiency reported in aluminium-exposed bacteria might be 
a result of both reduction in its synthesis as well as an 
enhancement in its degradation. The latter could result from 
an inducing effect of aluminium on haem oxygenase [-HO], 
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