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ABSTRACT

Aim: Aluminum is one of the elements that is widely used in many sectors and is the most abundant element in
nature. The harm of aluminum, which was thought to be harmless until recently and is actively used in daily life,
is open to discussion. In this study, it was aimed to investigate the effect of Aluminum Sulphate [Al>(SOa4)3] on
Glucose-6-Phosphate Dehydrogenase (G6PDH) activity, which is a key enzyme that catalyzes the first step of the
pentose phosphate pathway (PFP). In addition, enzyme activity are detailed with molecular docking studies. For
the purpose of examining in vitro effect of Aluminium on G6PDH, 4 different concentration of substrate (D-
glucose-6-P) (01.M, 0.08M, 0.05M, 0.03M) prepared and 10mM, 30mM Al;(SO4)s was added G6PDH envoriment.
G6PDH activity was measured by spectrofotometrically. Molecular docking studies were performed with
DockingServer and HEX 8.0.0 programs. With the data obtained, the Vmax of GGPDH was calculated as 3.33 and
Km=0.0323. When 10 mM and 30mM Alx(SOs)s; were added to the reaction environment, it was observed that
there was a decrease in enzyme activity by 24.92% and 57.06%, respectively. It was observed that the increase
in Al2(SO4)s concentration was an uncompetitive inhibition due to a significant decrease in both Km and Vmax

values of the enzyme.
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Introduction

Nowadays, the rapid development of industry, the
change in production methods in agriculture (use of
artificial fertilizers, pesticides, etc.), the unhealthy storage
of solid wastes and wastewater, and the contamination of
some heavy minerals used in food storage conditions to
living things [1]. Aluminum (Al) is widely used in many
industrial fields (electricity, petroleum, chemistry, space,
furniture, household), food and pharmaceutical
industries. Al is taken into the body through diet,
respiration and skin [2,3]. Normally, the accumulation of
Alin the body is prevented, but in pathological conditions,
the body Al load increases and leads to toxicity [4]. Most
of the Alin the body is excreted through the urine. Studies
have shown that Al accumulates in tissues such as liver,
kidney, brain and lung in renal dysfunction and in some
pathological conditions [5,6]. Although Al is one of the
most abundant elements in nature, many of its forms are
not harmful to living things. However, it turns into harmful
derivatives at low pH [7,8]. It is reported that the
accumulation of Al and its derivatives in the body plays an
important role in the pathogenesis of many diseases,
especially Alzheimer's [3,9].

Glucose-6-Phosphate Dehydrogenase (EC 1.1.1.49) is
an important enzyme with its coenzyme NADP+, which
plays a role in the rate-limiting step of PFY [10] and is
widely found in all tissues and erythrocyte cells (RBC).
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G6PDH enzyme deficiency is the most common
hereditary enzyme deficiency in the world [11]. G6PDH
deficiency, which is the most common and clinically
important enzyme in the world, causes hemolytic anemia
[12]. Since changes in this enzyme activity will negatively
affect metabolism, it is of vital importance.

Molecular docking process allows to examine the
biological activities and enzyme inhibition properties of
molecules at the molecular level. With the molecular
docking process, the interactions between the
minimalized protein structure of cell lines and the drug
candidate can be examined at the molecular level. By
molecular docking, the binding energies, binding modes
and types of secondary chemical interactions between the
target protein and the molecule under study can be
determined [13].

In this study, it was aimed to investigate the in vitro
effect of Al and its derivatives, which are widely used in
various pharmaceutical, food, agriculture and many
industrial areas, on the vitally important GEPDH enzyme
activity. Molecular docking studies are of great
importance in cell biology, as they are performed by
interacting a target protein or enzyme (cell line) with a
ligand molecule. It is a key step in drug development. The
docking results can be used to find the inhibitor of the
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target protein and the biological activities of the studied
chemical species can be studied at the molecular level.

Materials and Methods

Chemicals and Apparatus

Tris-HCL, NADP , GG6PDH, D-glucose-6-P were
purchased from Sigma Aldrich (Steinheim,Germany),
Glycine, Al2(SO4)3, MgCl> were purchased from MERCK
(Darmstadt, Germany), BSA was purchased from Amresco
(USA) . All chemicals used are of analytical purity. All
solutions used in this study were prepared with deionized
Milli-Q water (Millipore, Bedford, MA, USA). Dual beam
path Spectrophotometer (Labmed. inc) and electronic
precision balance (Sartorius 000032) were used.
Experimental studies were carried out at room
temperature (25.0 *0.5) °C.

Measuring G6PDH Activity

Experimental method steps in the Worthington
Enzyme Manual [14] were followed to examine the effect
of aluminum against the kinetic behavior of the G6PDH
enzyme. The activity values against 4 different (0.1, 0.08,
0.05, 0.03 mM) substrate concentrations were calculated
and the Lineweaver-Burk plot with 1/Activity versus
1/concentration plot was drawn. In the presence of
Al2(SO4)3 with 10 mM and 30 mM concentrations, it was
added to each of the 4 different concentrations of
substrate medium as inhibitor. Activity values were
recorded. Activity experiments were repeated three
times. The average of the data obtained here was
transferred to the Lineweaver-Burk graph. Maximum
velocity (Vmax) and Michaelis-Menten constant (Km) of
the enzyme were calculated (Table-1).The reaction rate of
the G6PDH enzyme was determined by the reduction of
absorbance at 340 nm as a result of reduction of NADP.
The reduction of 1lumol NADP per minute at pH 7.8 and
30°C was determined as one unit of activity. The specific
activity values of the G6PDH enzyme were calculated with
the help of the following equation [14]. With the help of
these data, the in vitro effect of Al>(SO4)s on G6PDH
activity was evaluated.

AA340/min

Units 'mg =
6.22xmg enzyme/mL reaction mix

Molecular Docking Calculation

Docking Server was used as the docking program. For
this, the geometry optimization of the ligands was done
again with the MMFF94 method. The load calculation
method was chosen as Gasteiger. pH = 7.0 was taken for
all calculations. In docking calculations, grid maps are 90 x
90 x 90 A (x, y and z) and Lamarckian genetic algorithm
(LGA) and Solis & amp; wet local search method was used
[15]. During docking, the population size was set to 150. A
translation step of 0.2 A and a 5 A quaternion and torsion
steps were applied during the search for the appropriate
region of the target protein of the molecules studied. HEX

8.0.0 [16] was preferred for the overall exposure of the
studied compound.

Results

Lineweaver-Burk graph was drawn according to the
data obtained using D-glucose-6-P at 4 different
concentrations (0.1, 0.08, 0.05, 0.03 mM). The Vmax value
of G6PDH was calculated as 3.33 /mg protein/min, and the
Km value was calculated as 0.0323 mM (Figure-1). G6PDH
activity was measured by adding AI2(SO4)3 solution
prepared at two different concentrations (10 mM and 30
mM) to the reaction medium. Lineweaver-Burk curve was
drawn according to the obtained data (Figure-2). In the
presence of 10 mM, the AI2(SO4)3 Km value was
calculated as 0.029 and the Vmax as 2.5 (umol D-G6P/mg
protein)/min. In the presence of 30 mM, the Al2(S04)3
Km value was calculated as 0.0271 and the Vmax as 1.43
(umol D-G6P/mg protein)/minute. It was observed that
there was a 24.9% decrease in G6PDH activity in the
presence of 10 mM AI2(SO4)3 and a 57.06% decrease in
the presence of 30 mM Al2(S04)3 (Table 1).

Looking at the data obtained, it was seen that Al>(S0a)s
inhibited the G6PDH enzyme uncompetitively.
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Figure 1. Lineweaver-Burk plot of G6PDH without inhibitor
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Figure 2. Lineweaver-Burk plot of the effect of Al2(S04)3 on
G6PDH enzyme activity
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Table 1. Kinetic Properties of G6PDH Enzyme and
Al2(S04)3

G6PDH Enzyme

No 10mMm 30mM
Inhibitor Aly(SO4)s Aly(SO4)s

Km
0.0323 0.029 10.22% 0.0271 16.10%

(mMm)

Vmax

(wmolD- 533 50323 24.92% 143  57.06%

G6P/mg

protein/dk.)

Molecular docking is of great importance in cell
biology because it is done by interacting a target protein
with a ligand molecule. It is very important in terms of
determining the interactions that take place in biological
processes. The docking results can be used to find the

inhibitor of the target protein. Target proteins were
determined in the protein database. PDB ID=1DPG [17]
target proteins were selected for the glucose 6-phosphate
dehydrogenase (G6PDH) enzyme. Geometry optimization
for Al2(SO4)3 and selected target proteins was done by
MMFF94 method. Docking processes were repeated with
both programs. An important parameter used while giving
molecular docking results is the binding energy. Binding
energy includes interactions such as van der Waals
interactions, electrostatic interactions, hydrogen bonds,
and hydrophobic interactions. The magnitude of the
binding energy is a measure of the stability of the lidand-
receptor complex [18]. The affinity of two molecules can
be estimated using the binding energy. Interaction types,
docking poses and binding modes of Al2(S04)3 with target
proteins representing G6PDH enzyme are given in the
Figure 3.

PO X
il , \i;»$ %
é,' ,,r,- e..!,p,', ’.

Arg 487(L)

1DPG

u—.

) B 6E08

Hydrogen bonds Polar

LYS343 TYR179

LYS182 HIS178

a5 ASP374
Hydrogen bonds Polar

ARG487 ARG357

LYS238 LYS366

When the interaction types between Al2(S04)3 and
the target proteins, whose docking poses are given in
Figure 3, are examined, there are H-bond and polar
interactions. The studied ligand forms H-bond with amino
acid residues LYS343 and LYS182 of the 1DPG target
protein. TYR179 is in polar interaction with amino acid
residues HIS178 and ASP374. Al2(S04)3 ligand 6E08 forms
an H-bond with amino acid residues ARG487, LYS238 and
polar interaction with amino acid residues ARG357,
LYS366 of the target protein. The binding energy (BE),
intermolecular energy (IE), van der Waals interactions,
vdW + Hbond + desolved Energy (WHDE), interaction
surface (IS) and inhibition constant (Ki) values to estimate
enzyme inhibition activity between ligand-target proteins

are given in Table 2.

Figure 3. Binding modes, docking poses and interaction types between investigated ligand and target proteins.

Table 2. Docking results between Aly(SOs)s and target
proteins

1DPG 6E08
BE (kcal/mol) -2.29 -4.93
IE (kcal/mol) -2.29 -4.93
WHDE (kcal/mol) -0.82 -1.04
IS 187.645 226.149
Ki (uM) 210.80 245.03

As seen in Table 2, negative values of BE, IE and WHDE
energies provide inhibition of both 1DPG and 6E08
enzymes of Alz(SOas)s at molecular level. More negative
interaction energy indicates higher inhibition efficiency
[19]. According to the calculated docking results here,
considering the energies, it is thought that Alx(SOa)s
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inhibits a small molecule AG1, which corrects it in the
6E08 target protein, more since there is no drug available
to treat G6PDH deficiency. On the other hand, when the
interaction surfaces (IS) of Al2(SO4)3 with target proteins
are examined, the interactions with both target proteins
are almost close. The high interaction surface also
increases the ligand-protein interaction and causes an
increase in enzyme inhibition activity [20]. The inhibition
constant (Ki) is a data about the amount of drug to be used
in the treatment. The smaller this value, the smaller the
amount of drug used in the treatment [21]. In addition,
the results of the two docking programs show that only
sulfur and oxygen atoms interact with amino acid
residues. However, it is remarkable that it is included in
the target protein in the form of a compound.

Discussion

Erythrocytes are among the most abundant cell types
in an adult human, with a gross volume of 2 L and
accounting for ~10% of the total cell number. The lifespan
of erythrocytes is about 100-120 days, meaning that more
than 200 billion erythrocytes containing about 20 mL of
filled cell volume need to be replaced every day [22].
Eryptosis can occur due to various cellular stresses such as
osmotic shock, oxidative stress and energy deficiency [23].
Oxidative stress or insufficient antioxidative defense
activates Ca®* and Cl" channels, causing the concentration
of these intracellular ions to change [24]. In addition,
oxidative stress causes eryptosis by causing the activation
of aspartyl and cysteinyl proteases in erythrocytes [25]. In
erythrocytes, NADPH+H is synthesized in PFY, the only
source, in the rate-limiting step catalyzed by the G6PDH
enzyme. Necessary for the production of reduced
glutathione (GSH), which is important for protection
against oxidative damage in NADPH. Fico et al. clearly
stated the role of G6PDH in protection from apoptosis and
necrosis induced by redox imbalance [26]. In our study, we
found that Al2(SO4)s caused uncompetitive inhibition of
the G6PDH enzyme.

E+5 e ES sy E+P
+

EIs

Figure 4. Uncompetetive Enzyme
S:Substrate l:Inhibitor P:Protein)

Inhibition (E:Enzyme

It is thought that exposure to Al or its compounds for
a long time will cause triggering of eryptosis due to the
increase in blood concentration. They showed that ROS-
producing agents affect peripheral mononuclear cells
(PBMC) of patients with G6PDH deficiency, leading to
apoptosis due to insufficient protection from oxidative
damage by low glutathione [27]. Therefore, inhibition of

G6PDH will cause activation of the apoptotic pathway not
only for erythrocytes but also within PBMC.

Many researchers have investigated the activator or
inhibitory effects of heavy metals on the enzyme system
in living organisms [28,29,30]. Although aluminum is not
in the heavy metals group, it has been defined as a
potentially toxic element in recent years [31]. Although
most forms of aluminum are not harmful to living things,
they tend to form harmful derivatives at low pH's [32].
Tolerable levels of Al determined by ‘The Joint FAO/WHO
Expert Committee on Food Additives (JECFA)’ for human
body is 2 mg/kg/week [33]. Aluminum salts (such as
aluminum hydroxide, phosphate, carbonate) are also used
for treatment in the field of medicine such as humoral
immunity, peptic ulcer and dialysis [34-37]. Several
studies have been conducted on aluminum exposure. For
example, it is a controversial issue whether the role of
aluminum in Alzheimer's disease is due to Al accumulation
in the patient's brain or due to Al-induced oxidative stress
[38], in a study in rats, Aly(SO4)3 was found to cause
germinative damage and renal degeneration [39]. Again,
in an experimental animal study, it was shown that Al
causes anemia with the damage it causes to the
hematological system [40]. Sucralfate is an aluminum-
containing drug recently approved by the Food and Drug
Administration (FDA) for the short-term (up to eight week)
treatment of duodenal peptic ulcers. This drug was used
in different doses and durations for therapeutic purposes,
and it was found that the serum Al levels of the patients
increased after the treatment [41]. Aluminum especially
can affect important biomolecules of metabolism such as
AMP, ATP, ADP, inositol phosphate, Glucose-6-Phosphate,
2,3-diphosphoglycerate. In the relationship between ATP
and Mg?*, which takes place in most biological reactions,
Mg?* is irreversibly replaced and forms a more stable
complex. In addition, it can decrease Ca?* ATPase activity,
disrupt intracellular Ca?* movement and inhibit many
enzymes [42]. It is known that deficiency or inhibition of
G6PDH, the most common and clinically important
enzyme in the world, causes hemolytic anemia [12].
NADPH+H produced in the pentose phosphate pathway is
required to reduce erythrocytes oxidized (GSSG)
glutathione to reduced glutathione (GSH). Changes in
G6PDH enzyme activity will cause hemolysis due to
increased GSSG level as NADPH+H production will be
affected significantly [12.]

In this study, it was determined that aluminum sulfate
is an uncompetitive inhibitor of Al2(504)3 G6PDH enzyme
and affects both Km and Vmax levels (Figure-2). It is
thought that as a result of the increase of aluminum in
tissues and blood circulation, G6PDH enzyme will be
inhibited and erythrocytes will be affected the most.
Insufficient functioning of this enzyme means slowing of
PFY and incomplete production of NADPH+H in the cell.
The only production pathway of NADPH+H in erythrocytes
is the pentose phosphate pathway. Oxidized glutathione
(GSSH) is reduced to reduced glutathione (GSH) by the
enzyme glutathione reductase, whose coenzyme is
NADPH+H. H202’s occurring in living organisms are
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converted to water by the enzymes catalase (CAT) and
glutathione peroxidase (GPx). GPx needs reduced
glutathione (GSH) to perform this reaction. In this case,
there is not enough NADPH+H for the antioxidant
enzymes involved in the reduction of free radicals to work
efficiently [43]. Free radicals, especially reactive oxygen
species (ROS), are compounds that can react very actively.
It is known that ROT interacts with lipid, protein and DNA,
disrupting the structure of these biomolecules and
causing many metabolic diseases.

In our study, aluminum sulfate was found to be an
uncompetitive inhibitor of the G6PDH enzyme. Mainly
aluminum; It is known to bind to phosphate, carboxylate,
amines, amino acids, nucleic acids and nucleotides [42].
We believe that the G6PDH enzyme inhibits by binding to
these molecules in its structure. As a result of this
inhibition, it will not be possible to eliminate free radicals
since NADPH+H cannot be produced by pentose
phosphate. This will cause hemolysis due to the
deterioration of the structure of many biomolecules and
damage to cell membranes.

As a result, when the data of our study is evaluated, it
is seen that aluminum salts have negative effects on the
antioxidant defense system. Accordingly, we think that it
is important for people with low plasma G6PDH enzyme
levels not to use aluminum-containing food and industrial
products if possible, and to inform their physicians if they
are given aluminum-containing drugs. With molecular
docking studies, for the first time, the glucose-6-
phosphate dehydrogenase (G6PDH) enzyme inhibition of
Al2(SO4)3 was investigated at the molecular level and its
inhibition efficiency was theoretically supported.
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