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ABSTRACT. Anemia, one consequence of aluminum toxicity, may be due to inhibition of enzymes in the
heme biosynthetic pathway. In this study, the in witro effect of aluminum on rat liver and erythrocyte 8-ami-
nolevulinic acid dehydratase (8-ALA dehydratase), an enzyme that is sensitive to a number of metal ions, was
investigated. The presence of 1-10 pM AICl; caused a concentration-dependent inhibition of liver §-ALA
dehydratase activity. The K; for AICl;-induced inhibition of 8-ALA dehydratase was 4.1 pM, and 10 pM AICl,
virtually abolished 8-ALA dehydratase activity (99% inhibition). Erythrocyte 8-ALA dehydratase was also
inhibited by similar concentrations of AICl; and displayed a K; of 1.1 uM. AICl; (5 pM) decreased the V.,
by 50% but did not change the K, suggestive of reversible, noncompetitive inhibition. Sodium citrate (50 pM)
when added with AICl; completely restored 8-ALA dehydratase activity to basal levels. Thus, disruption of
8-ALA dehydratase occurred at low micromolar levels of AICl, in vitro, which may help to explain abnormalities
in the heme pathway in cases of aluminum poisoning. BIOCHEM PHARMACOL 52;6:927-931, 1996.
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biosynthesis; porphyrins

8-ALA dehydratase? (EC 4.2.1.24), also known as porpho-
bilinogen synthase, catalyzes the formation of porphobi-
linogen from two molecules of 8-aminolevulinic acid. It is
a metalloenzyme, requiring zinc ions for activity [1-3] and
is highly sensitive to a variety of other metal ions. In ad-
dition to Zn?*, Fe?* can also activate 8-ALA dehydratase
[4], while other divalent cations such as Cu?** and Pb**
inhibit the enzyme [5, 6]. Pb** is a particularly potent in-
hibitor of 8-ALA dehydratase with an 1C5 of 1.9 pM in
vitro [7]. Therefore, inhibition of human erythrocyte
3-ALA dehydratase is used as a biomarker of lead poisoning
in wvivo [8]. Cd** activates 8-ALA dehydratase at concen-
trations of less than 40 wM but inhibits the enzyme at
higher concentrations in witro [7].

Trivalent cations such as In®* also inhibit 8-ALA dehy-
dratase in vitro [9]. However, conflicting results have been
reported with AP’*. The in vitro studies of Davis and Avram
[7] indicate that even millimolar concentrations of alumi-
num exert no effect on the enzyme, whereas Abdulla et al.
[10] note that this metal ion causes inhibition of 8-ALA
dehydratase. Meredith et al. [11] show a stimulatory effect
of aluminum of 3-ALA dehydratase in vitro. Conflicting
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results have also been reported for the in vivo effects of
aluminum on 8-ALA dehydratase [12, 13].

Aluminum has been shown to induce anemia and en-
cephalopathy in humans and animals [14, 15]. The anemia
associated with aluminum toxicity may be due to alumi-
num-induced disruption of the heme biosynthetic pathway
[16]. Most cases of human disease associated with aluminum
toxicity have been seen in hemodialysis patients and in-
dustrial workers [15]. However, because the normal and
toxic levels of brain aluminum differ by only 3- to 10-fold, it
is possible that chronic exposure to low levels of aluminum
may exacerbate some late-onset neurological disorders [15].

The present study was undertaken in an effort to resolve
the conflicting reports regarding the in vitro effects of alu-
minum on 8-ALA dehydratase. The kinetic parameters of
aluminum-induced effects on this enzyme can contribute to
our understanding of the interaction of aluminum with

3-ALA dehydratase.

MATERIALS AND METHODS
Materials

ALA, N-ethylmaleimide, trichloroacetic acid, heparin and
p-dimethylaminobenzaldehyde were obtained from the
Sigma Chemical Co., St. Louis, MO. Aluminum chloride
(99.99%) and perchloric acid (70%) were purchased from
the Aldrich Chemical Co., Milwaukee, W1.
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Assay Methods

Male, Sprague-Dawley rats (200-250 g), obtained from
Harlan, Inc., Indianapolis, IN, were housed under a 12-hr
light/dark cycle and were given standard rat chow ad lib.
Rats were anesthetized with intraperitoneal injections of
Nembutal (sodium pentobarbital), 4 mg/100 g body weight,
prior to being killed. Whole blood, collected in tubes con-
taining 1 mg/mL heparin, and livers were quick-frozen on
dry ice and stored in polystyrene tubes until used.

Aliquots (6 g) of frozen liver were suspended in 2 mL of
0.15 M NaCl and homogenized with 10 up—down strokes of
a hand-held tissue grinder. Protein concentrations were de-
termined according to the method of Lowry et al. [17] with
minor modifications. Liver homogenates and whole blood
were diluted in 0.15 M NaCl, and sodium deoxycholate
(2% final concentration) was added to all samples. Bovine
setrum albumin served as standard.

8-ALA dehydratase was assayed as described by Labbe
[18] but 0.25 M HEPES buffer, pH 7.0, replaced the citrate-
phosphate buffer used in the original method. Deionized
water was used to make all solutions, and the assays were
performed in polystyrene tubes. AICl; solutions were pre-
pared immediately before use. In addition to 8-9 mg total
liver or blood protein, the assay mixture contained 0.11%
Triton X-100, AICI; or an equivalent volume of deionized
water, and 0.1-6.5 mg ALA in a total volume of 2.5 mL.
Immediately, 1 mL of this assay mixture was removed and
added to 1 mL of 0.25% N-ethylmaleimide/10% trichloro-
acetic acid, which served as the assay blank. The remaining
assay mixture was incubated at 37° for 75 min, and then 1.5
mL of the N-ethylmaleimide/trichloroacetic acid solution
was added. Tubes were spun in a table-top centrifuge for 5
min to precipitate tissue. An aliquot of the supernatant was
added to an equal volume of modified Ehrlich’s reagent
[19]. After 13 min, the absorbance at 555 nm was deter-
mined. The molar extinction coefficient of the colored
product was 61,000 [19]. Under these conditions, 8-ALA
dehydratase activity was linear with reaction times for 30—
120 min.

Results are expressed as the means + SEM of experiments
performed at least three times with similar results. Statisti-
cal significance was assessed using Student’s ¢ test.

RESULTS

The assay for 8-ALA dehydratase, as described by Labbe
[18], used 0.25 M citrate-phosphate, pH 6.65. However,
because aluminum formed insoluble complexes with phos-
phate, another buffer was needed which did not precipitate
aluminum. Several buffers were tested, including imidazole-
HC, imidazole-citrate, and HEPES. The activity of 8-ALA
dehydratase in 0.25 M HEPES at pH 6.8 to 7.2 was com-
parable to that in the citrate-phosphate buffer. Thus, 0.25
M HEPES, pH 7.0, was used in all assays.

The presence of AICl; caused a concentration-depen-
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dent inhibition of liver 8-ALA dehydratase activity (Fig.
1). Significant inhibition, 20.7% (P < 0.05), of enzyme
activity occurred at 1 pM AICl;, 48.4% (P < 0.001) inhi-
bition was noted at 5 uM AICl;, and 10 pM AICl; virtu-
ally abolished (99% inhibition) 8-ALA dehydratase activ-
ity.

A double-reciprocal plot of liver 8-ALA dehydratase ac-
tivity versus substrate concentration in the presence or ab-
sence of 5 uM AICl; indicated a 50% decrease in the V,,,
in the presence of AlCl;, but no change in the K, (Fig. 2).
This suggested that AICl; was acting as either a reversible,
noncompetitive or an irreversible inhibitor of 8-ALA de-
hydratase.

To distinguish between these two possible modes of in-
hibition, a plot of V_,,, versus total protein concentration
was constructed (Fig. 3). This plot intersected the origin,
which is suggestive of reversible, noncompetitive inhibition
[20]. To confirm this finding, 50 uM sodium citrate was
preincubated with protein and 5 pM AICl; for 1 min prior
to the addition of substrate (Table 1). The presence of
sodium citrate did not alter basal levels of 8-ALA dehydra-
tase activity. The presence of 5 uM AICl; alone reduced
d-ALA dehydratase activity by 50%. The addition of so-
dium citrate with AICl; completely restored 8-ALA dehy-
dratase activity to basal levels.

A Dixon plot gave a K; of 4.1 uM (Fig. 4), which is in
good agreement with the observation that 5 pM AICL
inhibited 50% of liver 8-ALA dehydratase activity {Ta-
ble 1).

8-ALA dehydratase from rat erythrocytes also was inhib-
ited by low micromolar concentrations of AlCl; in witro
(Fig. 5). A Dixon plot indicated that the K; for aluminum-
induced inhibition of the erythrocyte enzyme was 1.1 pM
(Fig. 5, inset).
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FIG. 1. Rat liver 3-ALA dehydratase activity as a function of
AICl, concentration. AICL, and 1.7 mg ALA were added at
the time of assay. Basal levels of 8-ALA dehydratase activity
were determined by substituting an equal volume of distilled
water for the AICl,. Data are the means + SEM from 3
separate experiments. Key: significant change from basal:
(*) P < 0.05; (**) P < 0.02; (***) P < 0.001; (1) P < 0.002; and
(1) P < 0.0001. Inset: Data plotted as percent inhibition of
3-ALA dehydratase activity versus AICl; concentration.
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FIG. 2. Double-reciprocal plot of 8-ALA dehydratase activ-
ity in the presence (open circles) or absence (closed circles)
of 5 pM AICI,. Data are the means =+ SEM of 5 separate
experiments.

DISCUSSION

The activity of rat liver and blood 8-ALA dehydratase was
significantly inhibited in vitro by AICl; at concentrations
greater than or equal to 1 uM. The K, values of aluminum-
induced inhibition of liver and erythrocyte 8-ALA dehy-
dratase were 4.1 and 1.1 pM, respectively. The reason for
the difference between these K; values is uncertain. It is
possible that different 8-ALA dehydratase isoenzymes are
expressed in different tissues or that the milieu of the en-
zyme is altered in the liver and erythrocyte. Although the
presence of rat 8-ALA dehydratase isoforms has not been
determined, isoforms of this enzyme do exist in humans,
and Astin et al. [21] hypothesize that they differ in their
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FIG. 3. 8-ALA dehydratase activity as a function of total
protein concentration. Various concentrations of total pro-
tein and 1.7 mg ALA were assayed in the presence (open
circles) and absence (closed circles) of 5 uM AICl,. Data are
from a representative experiment repeated 3 times with
similar results.
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TABLE 1. Reversal of AICl,; inhibition of 3-ALA dehydra-
tase by sodium citrate

AlCl, Sodium citrate 8-ALA dehydratase activity

(5 M) (50 pM) (nmol product/hr/mg protein)
- - 5.77+0.38

- + 6.12 + 0.07

+ - 2.14 £ 0.23*

+ + 5.37 £ 0.46

Liver homogenate containing AlCl; or an equal volume of water in the presence or
absence of sodium citrate was preincubated for 1 min at 37° prior 1o the addition of
1.7 mg ALA. Data are the means + SEM from 3 separate experiments.

* Significant change from basal activity, P < 0.002.

sensitivity to lead. Furthermore, rat erythrocyte and liver
3-ALA dehydratase differ in their response to dithiothrei-
tol, which stimulates erythrocyte 8-ALA dehydratase but
not the liver enzyme [22].

The K; values for aluminum-induced inhibition of
3-ALA dehydratase are comparable to the K; of 1.9 uM for
lead-induced inhibition of the enzyme [7]. However, the
actual concentration of AI>* in the assays is considerably
less than the concentration of AICI; because of the forma-
tion of a number of aluminum complexes in neutral solu-
tion [23]. The maximum concentration of free AI** ina 1
mM solution at pH 7.0 is estimated to be approximately
1072 M [24]. Thus, aluminum is a very potent inhibitor of
3-ALA dehydratase.

Our data are in agreement with the results of Abdulla et
al. [10], who noted significant inhibition of the human
erythrocyte enzyme following a 4-hr preincubation of whole
blood with 4 mM AICl; prior to assay. The much higher
concentrations of AlCl; needed to produce significant in-
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FIG. 4. Dixon plot of aluminum-induced inhibition of liver
8-ALA dehydratase. In the case of noncompetitive inhibi-
tion, the x-intercept is equal to the K, [20]. The data point at

10 pM AICI, represents over 98% inhibition of 8-ALLA dehy-
dratase and is not included in the linear regression analysis.
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FIG. 5. Rat erythrocyte 8-ALA dehydratase activity as a
function of AICl; concentration. AICl; and 1.7 mg ALA
were added at the time of assay. Basal levels of 8-ALA de-
hydratase activity were determined by substituting an equal
volume of distilled water for the AICL,. Data are the means
+ SEM from 7 separate experiments. Key: Significant
change from basal: (*) P < 0.003; and (**) P < 0.0001. Inset:
Dixon plot of AICl;-induced inhibition of rat erythrocyte
8-ALA dehydratase activity.

hibition of 8-ALA dehydratase may be due to the use of
whole blood in that earlier work. Aluminum would have to
cross the erythrocyte membrane, so that the effective con-
centration of aluminum available to interact with 8-ALA
dehydratase would be diminished markedly. In this present
work, AICl; was added to hemolyzed whole blood at the
time of assay.

QOur results are in contrast to the work of Davis and
Avram [7], who reported no effect of AICl; on 8-ALA
dehydratase activity and also that of Meredith et al. [11]
who saw a stimulation of erythrocyte 8-ALA dehydratase
by AICL,. In both of these studies, the 8-ALA dehydratase
assay was performed using phosphate buffer. Aluminum
ions form insoluble complexes with phosphate [15]. Con-
sequently, depending on the concentrations of AICl; and
phosphate used, considerable amounts of aluminum would
be complexed and would be unavailable to affect the en-
zyme. This may explain the results of Davis and Avram [7].
The high concentrations of AlCl; needed by Meredith et
al. [11] to provoke stimulation of 8-ALA dehydratase would
be in keeping with this notion.

This current study indicates that AICl; is acting as a
reversible, noncompetitive inhibitor of 8-ALA dehydra-
tase. This implies that aluminum is not binding to the
active site of the enzyme. Others have shown that 8-ALA
dehydratase is a metalloenzyme that binds 8 zinc ions [25,
26]. The work of Jaffe et al. {25, 26] suggests that half of
these ions prevent the oxidation of sulfhydryl groups that
are essential for enzyme activity and that the other zinc ions
bridge the 8 subunits of the enzyme to maintain its quater-
nary structure. By competing with any or all of these zinc
ions, aluminum ions could inhibit the activity of 8-ALA
dehydratase. In support of this idea, the in vitro inhibitory
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effect of Ga’* and In** could be reversed by the addition of
Zn%* [7]. Additional studies are needed to determine if Zn**
can overcome the inhibitory effects of AlCl; on 3-ALA
dehydratase and to determine the functional groups on the
enzyme to which aluminum binds.

Although AI** is very insoluble in neutral, aqueous so-
lutions such as serum [23] and the presence of various ions
in serum presumably could compete with 8-ALA dehydra-
tase for AI**, alterations in 8-ALA dehydratase activity are
seen in animals exposed to aluminum salts in vivo [13].
Furthermore, in patients on chronic hemodialysis, a signifi-
cant correlation is noted between serum aluminum concen-
trations and decreases in erythrocyte 8-ALA dehydratase
activity [16]. Thus, exposure to aluminum in vivo also af-
fects 8-ALA dehydratase. Additional studies are needed to
probe the mechanism and reversibility of aluminum-
induced inhibition of 8-ALA dehydratase in vivo.
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