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6-phosphate dehydrogenase: an in vitro study

Ebru Akkemik, Harun Budak, and Mehmet Ciftci

Ataturk University, Science Faculty, Department of Chemistry; Erzurum, Turkey

Abstract

Inhibitory effects of some drugs on glucose 6-phosphate dehydrogenase from the erythrocytes of human have
been investigated. For this purpose, at the beginning, erythrocyte glucose 6-phosphate dehydrogenase was puri-
fied 2256 times in a yield of 44.22% by using ammonium sulphate precipitation and 2; 5'-ADP Sepharose 4B affinity
gel. Temperature of +4°C was maintained during the purification process. Enzyme activity was determined with the
Beutler method by using a spectrophotometer at 340 nm. This method was utilized for all kinetic studies. Ketotifen,
dacarbazine, thiocolchicoside, meloxicam, methotrexate, furosemide, olanzapine, methylprednizolone acetate,
paricalcitol, ritodrine hydrochloride, and gadobenate-dimeglumine were used as drugs. All the drugs indicated the
inhibitory effects on the enzyme. Ki constants for glucose 6-phosphate dehydrogenase were found by means of
Lineweaver-Burk graphs. While methylprednizolone acetate showed competitive inhibition, the others displayed

non-competitive inhibition.

In addition, IC,  values of the drugs were determined by plotting Activity% vs [I].
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Introduction

Glucose 6-phosphate  dehydrogenase (D-glucose-6-
phosphate: NADP* oxidoreductase EC 1.1.1.49; G6PD) is the
key enzyme of the pentose phosphate metabolic pathway and
it is widespread in all tissues and blood cells. The pentose
phosphate shunt occurs widely in living cells where one of
its main functions is to provide the NADPH necessary for
the synthesis of fatty acids and other specific reductions.
The enzymes, glucose 6-phosphate dehydrogenase and
6-phosphogluconate dehydrogenase, produce the neces-
sary NADPH. G6PD reaction is an important site of metabolic
control. This view is supported by several investigators who
have shown variations in enzyme activity as a function of
hormone and nutritional levels, enzyme quaternary structure
and various metabolites including ATP, ADP, spermidine and
palmitoyl-CoA [1,2]. Deficiency of the enzyme in red blood
cells causes haemolytic anaemia. Deficiency of glucose
6-phosphate dehydrogenase is one of the most common
genetic abnormalities, affecting more than 150 million males.
It has a polymorphic frequency that is second after to the hae-
moglobinopathies, 400 variants having been described [3].
Many antibiotics are being used in therapies. There is few

literature reports related with changing of enzyme activities.
It has been reported that some increase and decline were
found on human liver enzyme activity levels such as aspartate
aminotransferase, alanine aminotransferase, and alkaline
phosphatase [4-7].

Since the effects of some drugs have not been analyzed
on glucose 6-phosphate dehydrogenase, in the present study,
the in vitro effect of ketotifen, dacarbazine, thiocolchicoside,
meloxicam, methotrexate, furosemide, olanzapine, methyl-
prednizolone acetate, paricalcitol, ritodrine hydrochloride,
and gadobenate-dimeglumine on G6PD purified from human
erythrocytes was investigated. By using the obtained Ki and
IC,, values, undesirable side-effects can be diminished on
G6PD activity and body metabolism in therapy.

Materials and methods

Materials

2,5 ADP-Sepharose 4B was obtained from Pharmacia.
NADP+, glucose-6-phosphate, protein assay reagents, chemi-
cals for electrophoresis and all other chemicals used were
obtained from either Sigma or Sigma-Aldrich Co. (Germany)
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and the drugs were purchased from Hoechst Marian Roussel
(Turkey).

Preparation of the hemolysate

Fresh human blood (age: 34, male) collected in EDTA was
centrifuged (15 min, 2500xg). The red cells were isolated and
washed three times with 0.16 M KCl, and haemolysed with
five volumes of ice-cold water, and then centrifuged at 4°C,
10,000xg for 20 min to remove the ghosts and intact cells
[8-10].

Ammonium sulphate fractionation and dialysis
Hemolysate was brought among 35-65% (NH,),SO, satura-
tion with solid (NH,),SO,. The precipitate was separated by
centrifugation at 5000xg for 15min and dissolved in a small
amount of 50 mM phosphate buffer_pH 7.0., and then dia-
lysed at 4°C in 50 mM K-acetate / 50 mM K-phosphate buffer
(pH 7.0) for 2h with two changes of buffer [8].

Purification of G6PD by affinity chromatography

Dry 2,5 ADP-Sepharose 4B was resuspended in 0.1M
K-acetate + 0.1 M K-phosphate buffer (pH 6.0), then used to
pack a small column (1x10 cm) which was equilibrated in the
same buffer. The dialysed enzyme solution obtained above
was loaded on the column. The gel was then sequentially
washed with 25ml of 0.1 M K-acetate + 0.1 M K-phosphate
(pH 6.0), with 25ml of 0.1 M K-acetate + 0.1 M K-phosphate
buffer (pH 7.85), and finally with 25 ml of 0.1 M KCl + 0.1M
K-phosphate buffer (pH 7.85). Elution was carried out with
80mM K-phosphate 80 mM KCI + 0.5mM NADP* + 10 mM
EDTA (pH 7.85) solution. The flow rates of the washings and
eluting steps were 50ml h™ and 20ml h™, respectively. In
elutes of 2-ml volume, activities of G6PD were determined
in all fractions. It was not performed protein determination
at 280 nm in elutes, since the NADP* absorbance masked the
actual protein absorbance. Active fractions were collected.
All procedures were performed at 4°C [8, 11].

Measurement of G6PD activity

G6PD was measured spectrophotometrically at 25°C as
described by Beutler. Briefly, the enzyme sample was added
to the 1 ml of (final volume) incubation mixture containing
0.1M Tris-HCl + 0.5mM EDTA (pH 8.0), 10 mM MgCl,, 0.2mM
NADP* and 0.6 mM glucose-6 phosphate. The activity meas-
urement was done by monitoring the increase in absorption
at340nm due to the reduction of NADP* at 25°C. One enzyme
unit represents the reduction of 1 pmol of NADP* min™' at
25°C, pH 8.0 [8, 12].

Protein determination

Quantitative protein determination was done by absorbance
measurement at 595 nm according to Bradford, with bovine
serum albumin as a standard [13].

SDS polyacrylamide gel electrophoresis
SDS polyacrylamide gel electrophoresis was done after
the purification of the enzyme. It was carried out in 10%

and 4% acrylamide concentrations for the running and the
stacking gel, respectively, containing 0.1% SDS accord-
ing to Laemmli [14]. To the sample and standard 20 mg
bovine serum albumin was applied to the electrophoresis
medium. Gels were stained overnight in 0.1% Coomassie
Brillant Blue R-250 in 50% methanol and 10% acetic acid,
then destained with many changes of the same solvent
without dye.

In vitro inhibitor studies

Ketotifen, dacarbazine, thiocolchicoside, meloxicam,
methotrexate, furosemide, olanzapine, methylpredni-
zolone acetate, paricalcitol, ritodrine hydrochloride, and
gadobenate-dimeglumine were used as inhibitors. In the
media with inhibitor or without inhibitor, the substrate con-
centrations were 0.012 mM, 0.030 mM, 0.060 mM, 0.120mM,
and 0.450 mM. Inhibitor solutions were added to the reac-
tion medium, resulting in three different fixed concentra-
tions of inhibitors in 1ml total reaction volume. To draw
Lineweaver-Burk graphs by using 1/V vs 1/[S] values, regres-
sion analysis was carried out and equations obtained from
regression analysis were used to draw graphs for each fixed
inhibitor concentration. Ki values were calculated from these
Lineweaver-Burk graphs. In order to determinate IC, values,
inhibition percent values were obtained from five different
inhibitors concentrations with 0.6mM constant substrate
concentration.

Statistical analysis

Data were presented as means + SD. Three parallel measure-
ments were analyzed by Student’s t-test. Means were com-
pared by Kruskal-Wallis one way analysis of variance. Drug
concentrations which produce 50% inhibition (IC,)) were
calculated from activity (%)-drug concentration curves.

Results

Human G6PD was purified by 2, 5° ADP-Sepharose 4B gel
affinity column. As shown in Table I, specific activity was
calculated for the hemolysate and purified enzyme solution
as 14.44 EU/mg protein, a yield of 44.22% and a purification
coefficient of 2256-fold. Purification steps were controlled by
SDS-PAGE. As shown Figures 1, 2 and Table II, the obtained
IC,, values for ketotifen, dacarbazine, thiocolchicoside, mel-
oxicam, methotrexate, furosemide, olanzapine, methylpred-
nizolone acetate, paricalcitol, ritodrine hydrochloride, and
gadobenate-dimeglumine were 0.008, 0.021, 0.056, 0.067,
0.114, 0.315, 0.53, 2.23, 2.28, 8.11, and 115mM, respectively.
Ki values (Tables II) were calculated from Lineweaver-Burk
graphs. Ki constants for the drugs were 0.0052+0.0012,
0.0154+0.0011, 0.0397+£0.0063, 0.0579+0.0061,
0.0910+0.0166, 0.1874+0.0136, 0.4972+0.0710,
0.5405+0.1528, 4.2867+1.0670, 8.2081+1.3522, and
48.4380+2.176 mM respectively. Inhibition types were found
as non competitive for the drugs, except methylprednizolone
acetate (competitive). Representative graphs are shown for
ketotifen (Figures 1 and 2).
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Table I. Purification scheme of G6PD dehydrogenase from human erythrocyte.

Total volume Activity Total activity Protein Specific activity Yield Purification
Purification step (mL) (U/mL) V) (mg/mL) (U/mg) (%) fold
Hemolysate 60 0.196 11.76 30.66 0.0064 100 1
Ammonium sul- 30 0.256 7.68 31.12 0.0082 65.30 1.28
fate precipitation
(35-65%)
2,5’-ADP 8 0.650 5.20 0.045 14.44 44.22 2256
Sepharose
4B affinity
chromatography

Table II. IC_ values and Ki constants obtained from inhibition percent values vs five different inhibitors concentrations and Lineweaver-Burk graphs
respectively in the presence of three fixed inhibitors and five substrate concentrations for different drugs.

Drugs IC,, (mM) Ki (mM) Inhibition type
Ketotifen 0.008 0.0052+0.0012 Non-competitive
Dacarbazine 0.021 0.0154+0.0011 Non-competitive
Thiocolchicoside 0.056 0.0397+0.0063 Non-competitive
Meloxicam 0.067 0.0579+0.0061 Non-competitive
Methotrexat 0.114 0.0910+0.0166 Non-competitive
Furosemide 0.315 0.1874+0.0136 Non-competitive
Olanzapine 0.53 0.4972+0.0710 Non-competitive
Methylprednizolone acetate 2.23 0.5405+0.1528 Competitive
Paricalcitol 2.28 4.2867+1.0670 Non-competitive
Ritodrine hydrochloride 8.11 8.2081+1.3522 Non-competitive
Gadobenate-dimeglumine 115 48.4380+2.176 Non-competitive

y= 1009—82,793)(

R2=0,9738
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Figure 1. Activity % wvs [Ketotifen] regression analysis graphs for
human erythrocytes G6PD in the presence of 5 different ketotifen
concentrations.

Discussion

Currently, there are many patients with G6PD deficiency
disorder in some regions of Turkey and world-wide G6PD
deficiency is frequently seen in African, Mediterranean,
Middle Eastern and Far Eastern nations and their lineages
with a frequency ranging from 5%-40% [11,15]. Pamaquine
used in malaria therapy resulted in some severe side-effects
in some patients [16] i.e. dark colored urine, jaundice and
anemia. Later, G6PD deficiency was found in these indi-
viduals. Use of this and some other drugs cause hemolysis
and are connected with complication. The importance of
G6PD in metabolism has been well known for many years.
GSH is used as an antioxidant defense mechanism and

700 71 9 control
= 6,5441x + 42,345
600 4 0 0.0018 mM Y X
A 0.0094 mM
5001 m0.0188 mM
400
> y = 3,6953x + 24,069
T 300 -
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y = 1,0736x + 8,7223
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Figure 2. Lineweaver-Burk graph for 5 different substrate (G6P) concen-
trations and 3 different ketotifen concentrations for determination of Ki.

its production requires NADPH to be synthesized in the
pentose phosphate metabolic pathway in which G6PD
and 6PGD participate [17]. For this reason, G6PD and
6PGD have been considered as antioxidant enzymes [18].
Inhibitory effects of many drugs on G6PD enzyme activity
in different animal species and human beings have been
reported in many investigations [19]. For example, it has
been reported that thiamphenicol, amikacin, gentamicin,
netilmicin, chloramine-T and CuSO4 inhibit rainbow trout
erythrocyte G6PD [20]. Effects of many drugs such as anti-
biotics, analgesic and anesthetic have been investigated on
human G6PD [21, 22], sheep erythrocyte G6PD [23] and
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sheep liver G6PD [24]. Several study reports concerning
strong inhibitory effects of antibiotic and anesthetics on
erythrocytes G6PD enzyme have been published [21,22].
Some anesthetics have been reported to inhibit Ca**-ATP
as and Na*/Ca* exchanger of the synaptosomal plasma
membrane [25]. The an other study, anesthetics inhibited
Na*,K*-ATPase, Mg*-ATPase and acetylcholinesterase activ-
ity from rat cerebral cortex [25].

However, to the best of our knowledge, the inhibitory
effects of the drugs examined here on G6PD in human
erythrocyte G6PD have not been studied. In order to show
inhibitory effects, while the most suitable parameter is the
Ki constant, some researchers use the IC,, value [26,27].
Therefore, in this study, both the Ki and IC, | parameters of
these drugs for G6PD were determined.

In the present study, an investigation of the effects of
some selected drugs on human erythrocyte G6PD was pro-
posed. For this purpose, G6PD was purified 2256-fold from
human erythrocytes in 44.22 yields by ammonium sulfate
precipitation and then 2; 5’-ADP Sepharose 4B affinity
chromatography. IC_ values of ketotifen, dacarbazine, thio-
colchicoside, meloxicam, methotrexate, furosemide, olan-
zapine, methylprednizolone acetate, paricalcitol, ritodrine
hydrochloride, and gadobenate-dimeglumine were 0.008,
0.021, 0.056, 0.067, 0.114, 0.315, 0.53, 2.23, 2.28, 8.11, and
115mMV, respectively. Ki constants of ketotifen, dacarbazine,
thiocolchicoside, meloxicam, methotrexate, furosemide,
olanzapine, methylprednizolone acetate, paricalcitol, rito-
drine hydrochloride, and gadobenate-dimeglumine were
0.0052+0.0012 (non-competitive), 0.0154+0.0011(non-
competitive), 0.0397 +0.0063 (non-competitive),
0.0579+0.0061(non-competitive), 0.0910 +0.0166(non-com-
petitive), 0.1874 +0.0136 (non-competitive), 0.4972+0.0710
(non-competitive), 0.5405+0.1528 (competitive),
4.2867+1.0670 (non-competitive), 8.2081+1.3522 (non-
competitive), and 48.4380+2.176 mM (non-competitive),
respectively (Table II). In this study, the drugs inhibited
G6PD activity compared with the control group. The drugs
can cause non-competitive inhibition by binding to other
sites affecting the three dimensional structure of the enzyme
except methylprednizolone acetate. Methylprednizolone
acetate causes competitive inhibition by binding at the
active site of G6PD [1].

Ki values show that ketotifen had the highest inhibitory
effect, followed by dacarbazine, thiocolchicoside, meloxi-
cam, methotrexate, furosemide, olanzapine, methylpred-
nizolone acetate, paricalcitol, ritodrine hydrochloride, and
gadobenate-dimeglumine, respectively. IC_ values showed
the same trend.

Table II shows that the enzyme is mostly inhibited by
ketotifen, dacarbazine, thiocolchicoside, meloxicam, meth-
otrexate, furosemide and olanzapine drugs. The chemical
structures of all these drugs contain an active group of car-
bonyl, sulfur and nitrogen, only dacarbazin does not contain
a sulfur group. It is quite remarkable that those drugs like
methylprednizolone acetate, paricalcitol, ritodrine hydro-
chloride and gadobenate-dimeglumine which have a less

inhibitory effect on the enzyme’s activity, generally contain
methyl and hydroxyl groups, but do not contain sulfur and
carbonyl groups.

In this investigation, by using the obtained Ki and IC,,
values, undesirable side effects of these drugs on G6PD
activity and body metabolism and fatty acid synthesis can
be reduced. The dosage of the examined dacarbazine (iv)
used clinically give blood drug concentrations as 0.2mM
[28]. By taking into account this concentration, the inhi-
bition data calculated from plot was found to be 98%.
According to this data, if it is required to give dacarbazine
to patients, its dosage should be very well controlled to
decrease hemolytic and other side effects due to possible
inhibition of G6PD.
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