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Abstract

Purpose: In our study, we aimed to clarify the relationship
between Glucose-6-phosphate dehydrogenase (G6PD)
enzyme kinetics and mRNA expression levels of the
GOPD gene in Gd-Med patients with and without
hemolytic anemia.

Materials and Methods: The study group consisted of 30
cases with Gd-Med mutation and 30 cases with enzyme
activity levels in the reference range. GOPD activity was
determined by the Beutler method. G6PD enzyme was
partially purified with DE-52 anion exchange resin, and its
kinetic parameters were studied. Gd-Med mutation was
genotyped by Mboll enzyme digest and sequence analysis.
The expression level of the G6PD gene was calculated
according to the 2-4ACt formula.

Results: In our study, a significant difference was found
between the Kuzaapp™ and Kwgep values of the cases with
Gd-Med mutation and the control group. There was no
significant difference between Kznapp+ and Kgep values
in Gd-Med mutated patients with and without hemolytic
anemia. Gene expression results of 18 patients without
hemolytic anemia were significantly higher than 12 patients
with hemolytic anemia. In addition, there was a significant
difference between these variables and the control group.
Conclusion: It might be a possible explanation that the
substrate binding site of the enzyme in cases with Gd-Med
mutation may have undergone post-transcriptional or
post-translational modifications, and therefore gene
expression might be changed. As a further study, the
decrease in gene expressions of patients with hemolytic
anemia with Gd-Med mutation can be clarified by
evaluating the promoter side of the gene.

Keywords:. Enzyme kinetics, gene expression, glucose-6-
phosphate dehydrogenase, hemolytic anemia.

Oz

Amag: Caligmamizda, Gd-Akdeniz’li bireylerde hemolitik
anemisi olan ve olmayan olgularin  Glukoz-6-fosfat
dehidrogenaz (G6PD) enzimi kinetigi ve G6PD geninin
mRNA  ckspresyon  seviyeleri  arasindaki  iliskinin
irdelenerek bu duruma aciklik getirmeyi hedefledik.

Gere¢ ve Yontem: Calisma grubu, Gd-Akdeniz
mutasyonu bulunan 30 olgu ve enzim aktivite diizeyi
referans arahiginda olan 30 olgudan olusmaktadir. G6PD
aktivitesi Beutler ydntemi ile tayin edilmistir. G6PD enzimi
DE-52 anyon degistirici regine ile kismi olarak
saflastirilarak kinetik Ozellikleri calistlmustir. Mboll enzim
kesimi ve sekans analizi ile Gd-Akdeniz mutasyonu
genotiplendirilmistir. G6PD geninin ekspresyon seviyesi 2-
AACt formiiliine gére hesaplanmugtir.

Bulgular: Calismamizda Gd-Akdeniz mutasyonu bulunan
olgularin Kmnappt ve Kmgep degetleri ile GOPD enzim
aktivitesi referans degerlerde olan olgular arasinda anlamlt
diizeyde fark bulundu. Hemolitik anemisi olan ve olmayan
Gd-Akdeniz mutasyonuna sahip olgularin ise Kznappt ve
Kmgep degetleri arasinda anlamlh  fark bulunamads.
Hemolitik anemisi olmayan 18 hastanin gen ckspresyon
sonuglari, hemolitik anemisi olan 12 hastaya gore anlaml
derecede yiksek oldugu gorildi. Ayrica enzim aktivite
diizeyi referans araliginda olan olgularla da bu degiskenler
kiyaslandiginda yine anlamlt farklilik oldugu belirlendi
Sonug: Gd-Med mutasyonu olan olgularda enzimin
substrat baglanma bélgesinin post-transkripsiyonel veya
post-translasyonel modifikasyonlara ugramis olmasi ve bu
nedenle gen ekspresyonunun degismesi olast bir agiklama
olabilir. Tleri ¢alisma olarak Gd-Akdeniz mutasyonuna
sahip hemolitik anemisi bulunan olgularin  gen
ckspresyonlarindaki azalmayr geninin promotér bolgesi
degerlendirilerek agiklik getirilebilir.

Anahtar kelimeler: Enzim kinetigi, gen eckspresyonu,
glukoz-6-fosfat dehidrogenaz, hemolitik anemi
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INTRODUCTION

Glucose-6-phosphate dehydrogenase (G6PD, EC:
1.1.1.49, B-D-Glucose-6-Phosphate, NADP
oxidoreductase) is the first and rate-limiting enzyme
of the pentose phosphate pathway!'.The pentose
phosphate pathway (PPP) primary function is to
provide the organism with NADPH and ribose
phosphates!2. This vital enzyme is defined as an
'ubiquitous' enzyme, which means that it is present in
every organism’. GG6PD deficiency is the most
common inherited enzyme disease affecting more
than 500 million people wotldwide*.

GO6PD was first discovered in horse erythrocytes in
1931 by Warburg and Christian®. According to the
World Health Otganization GG6PD Deficiency
Working Group (WHO-GG6PD) criteria
(biochemical, kinetic, clinical), over 400 GG6PD
variants have been identified®’. According to the
screening studies conducted in the Cukurova region,
the rate of G6PD deficiency was reported to be
8.2%8.

The G6PD gene is localized in the 28th band (Xq28)
of the long arm of the human X chromosome and
consists of 13 exons and 12 introns3?. The size of
GOPD enzyme is 515 amino acids®!’. Its mRNA is
20.114 base pairs (bp) long!!.

The G6PD Mediterranean (Gd-Med) variant is the
most common variant of Mediterranean littoral
regions'?. The Gd-Med mutation occurs with the
C—T conversion of the 563rd nucleotide of exon 6
in the G6PD gene®!3. In the Gd-Med variant, the
enzyme activity is considerably reduced (<10) and
can causes severe hemolytic anemialt!>. Enzyme
deficiency leads to hemolytic anemia at various
levels?!'4. Erythrocyte enzyme defects emerged with
the first definition of GO6PD enzyme deficiency as the
cause of hemolytic anemia®’®. GOPD enzyme
deficiency is one of world’s most common clinically
important enzyme defects, causing hemolytic
anemia!>!7. This is manifested by a decrease in G6PD
enzyme  activity change in kinetic
parameters!'18,

and a

It has been observed that some of the patients with
Gd-Med mutation are affected when exposed to
oxidative agents, whereas some patients are not's.
Examining the expression of the G6PD gene at the
mRNA level may clarify this exciting situation. In this
study, we aimed to clarify the relationship between
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hemolytic anemia and mRNA levels in patients with
Gd-Med mutation.

MATERIALS AND METHODS

Sample collection and activity
determination

The procedures to be performed were explained to
the participants in detail, and informed consent was
obtained. The study was initiated with the decision of
the Cukurova University FEthics Committee
(6.12.2012/14-5).

The cases who consulted our department to evaluate
GO6PD enzyme activity were enrolled in the study.
The patients with low G6PD enzyme activity were
accepted as the study group and divided into two sub-
groups; with or without hemolytic anemia. The cases
with GOPD enzyme activity between the reference
values were taken as the control group. Any other
enzyme defect causing hemolytic anemia, blood
transfusion in the last three months, and chronic
diseases requiring regular drug use were excluded
from the study.

The study population was determined as 26 with G-
power program by the effect size 0.8, «=0.05, power
(1-8) =0.80 at a confidence level of 95%. Fifty-three
cases GOPD enzyme specific activity lower than the
reference values (7-13 U/g Hb) or zero wete
collected, and 30 samples had shown the Gd-Med
kinetics and mutation were included in the study
group. It was evaluated whether the cases had
hemolytic anemia or not. In addition, 30 samples
whose enzyme specific activity level was within the
reference range were studied as a control group. 10
ml of venous blood samples were collected into
EDTA tubes, and GO6PD enzyme activities were
determined immediately by spectrophotometer
(Shimadzu UV-260, Japan). Beutler method was used
for enzyme specific activity determination®!2.

Enzyme purification

GG6PD enzyme was partially purified from DE-52
(Whatman, USA) ion exchange column!. 25 g of
DE-52 anion exchange resin, which was swollen
overnight in 5 mM sodium phosphate buffer, was
washed with the buffer until its pH was 7.0. The
prepared hemolysate and anion exchange resin were
mixed at a ratio of 1:3 and mixed at +4°C overnight
with a low-speed shaker. The supernatant was
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removed by measuring the protein activity each time
(reading its optical density at 280 nm). The resin
washing process was continued with 5 mM sodium
phosphate buffer until the protein activity was zero.
The mixture of hemolysate and anion exchange resin
was transferred to the column. The column was
washed with 5 mM sodium phosphate buffer
containing 0.25 M KCl. Elutions were collected, and
protein concentrations were measured. The G6PD
kinetics of the elution with the highest activity were
studied by measuring the GO6PD activities of the
eluates with high protein concentration. The eluates
were stored at —20 °C until the kinetic parameters
were performed?.

Kinetic study

The Lineweaver-Burk graph was used to measure the
K values to evaluate the affinity of the G6PD
enzyme against its substrates, NADP* and G6P?%
For this, the interval in which GG6PD activities
obtained during 5 min at different substrate
concentrations increased linearly was detected.
Velocity (V) and substrate (S) concentrations were
converted to Lineweaver-Burk plots??23.

DNA extraction and molecular study

The DNAs of the samples were isolated in a DNA
isolation device (Roche Magna Pure L.C PG 0747,
USA) and stored at -20°C until the molecular
analyses. Gd-Med mutation, most common variant
Cukurova region, was scanned in cases whose DNA
was isolated?. Amplification control of the G6PD
gene was performed on a 1.5% agarose gel
Electrophoresis conditions were carried out at 150
mA current for 30 minutes?. After running the gel, it
was treated with ethidium bromide at a concentration
of 0.5 pg/ml, which was prepared with distilled
water. The washed gel was examined under UV
light?6.

The amplified DNA products were examined for the
presence of the Gd-Med mutation. The ®X174
Haelll Marker was used as a marker?. After the
desired region of the GOPD gene was amplified by
PCR, the DNA product was cut with Mboll, a
restriction enzyme specific to the region for
mutation?®. The solutions required for RFLP were
incubated at 37°C overnight and then tun in a 3%
agarose gel, 150 mA current, for 70 minutes. Then
the agarose gel was treated with ethidium bromide at
a concentration of 0.5 pg/mL. The gel washed in
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pure water was examined under UV light and
photographed?.

Sequence analysis

The cases with Gd-Med mutation after cutting with
restriction enzyme were genotyped by sequencing
analysis. The method based on the Sanger principle
was used in an automated DNA sequence analyzer
(ABI 3130 4-Capillary, USA). For the amplification
control, 1.5% agarose gel was poured and run at 150
mA current for 30 minutes. Then, the agarose gel was
treated with ethidium bromide at a concentration of
0.5 pg/mL, and the gel washed in pure water was
examined under UV light. The formed single-
stranded DNA was cleaned with a cephadex
column®!. The samples were run by placing on the
plate of the automatic sequence analyzer, and the
reading of the gene sequence was performed with the
sequence software program?32%,

Gene expression analysis

The G6PD Gene Expression Kit (Roche, USA) was
used for gene expression analysis. Beta Actin (-
Actin) was used as the reference gene. mRNAs were
isolated from the subjects for gene expression.
Firstly, mRNAs were obtained from leukocytes by
lysing erythrocytes with "Red Blood Cell Lysis
Buffer". In the second step, mRNA isolation was
petformed using the "High Pure" RNA Isolation Kit
(Roche, USA). It was stored at —70°C until cDNA
was obtained. In the next step, cDNAs were
synthesized from mRNA with reverse transcriptase
enzyme. cDNA was obtained with the "Transcriptor
High Fidelity cDNA Synthesis" kit (Roche, USA).
Gene expression of the GOPD enzyme was
performed with the “RealTime ready Singe Assay” kit
(Roche, USA). LightCycler 96-well plate was used for
measurements. The plate was covered with a plate
and centrifuged at 4.000 rpm for 4 minutes. The
sample plate was loaded into RT-PCR (Light Cycler
480 Roche, USA)3.

Statistical analysis

SPSS 20 program was used for statistical analysis. The
distribution of the data was evaluated with the
Shapiro-Wilk test. Repeated measures of ANOVA
followed by Bonferroni post hoc were used for the
evaluation for the differences between groups. The
significance of the effects was presented using
Gpower (Ver. 3.1.9.4). Effect sizes were calculated as
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> (.2 (small), > 0.5 (moderate), and > 0.8 (large). The
results obtained were reported as mean value T
standard deviation, and statistical significance was
determined as p<0.05.

RESULTS

Kinetic study

Enzyme activity levels were determined by
quantitative GO6PD enzyme activity assay. The
enzyme activities of the subjects were between 0-4.6
U/g Hb (reference range 7-13 U/g Hb)3, x + SD;
1.62 = 1.27. The partially purified G6PD enzyme
samples’ kinetik properties were determined.
According to the Kmappt and Kumgep values
obtained from the Lineweaver-Burk curve, Kmnappt+
was found to be 1.1 — 2.4 uM (x + SD; 1.2 + 0.4 uM),

Marker
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Kmger was between 21.8 — 37 uM (x + SD; 23.4 +
3.2 uM).

Molecular study

Amplification results for Gd-Med mutation in
individuals with GOPD enzyme deficiency were
displayed by 2% agarose gel electrophoresis. The
amplicon size of the amplification performed to
detect the Gd-Med mutation in exon 6 was 547 base

pairs (bp) long (Figure 1).

The Mboll restriction enzyme fraction of 547 bp
amplicons which were formed for the presence of the
Gd-Med mutation, was visualized by 3% agatose
electrophoresis. Figure 1 represents the amplification
result of 10 cases.

547 bp

Figure 1. The image of G6PD Gene in 2% agarose gel electrophoresis before enzyme digestion.

‘100 Base-Pair’ Ladder was used as a marker.

As the amplicons were cut by Mboll restriction
enzyme, Gd-Med mutation was determined (21
sample were hemizygous, 8 samples were
heterozygous) (Figure 2 represents 20 of 30 cases).
Even the sample does not contain the C—T change,
which represents Gd-Med mutation, after the Mboll
restriction enzyme cutting process, the appearance of
the amplified sample in the gel would be in the form
of two bands, 377 and 119 bp. On the other hand, if
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the individual had a hemizygous or homozygous
genotype with 563 C—T mutation, the appearance in
the amplified gel would be in the form of 277, 119,
100 bp (See Figure 2, column 1, 3, 5, 7, 8, 10, 12, 15,
17, 18, 19, 20). If the sample had heterozygous
mutation (one X gene normal, another X gene
mutant), the gel contains four bands, 377, 277, 119
and 100 bp (See Figure 2, column 2, 4, 6, 9, 11, 13,
14, 10).
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 Marker

377 bp

277 bp

199 bp
100 bp

Figure 2. Appearance in 3% agarose gel after cut with Mboll Restriction Endonuclease enzyme.

‘100 Base-Pair’ Ladder was used as a marker.

Sequence analysis enzyme cutting process. Figure 3 shows the G6PD
sequence analysis of the heterozygous C—T change

Sequence analysis was performed in 30 cases in order in the 563 nucleotide of the 6 exon

to confirm the Gd-Med mutation results obtained by

srs _ yoes IR B TTT Tt I T sive BWY  REEE  EEEN  gees  pewi BSOS NBEN  4%4s  ASEE  dses  Laav s s
| B T ETE R TR R 111011 &« 11111 w @ - | LI |
S0 Bi B3 A} 4 8% B 7 ae 2 *2 wr a3 . s wv i9e i8d 183 k0 " AT ipe ige [

TR | | { . |

| Nyl | { |
AL LA -". J | .\ -'-_ L ) / \ ! ALY L AN LT O T ) Lot
Figure 3. DNA sequence analysis image of the Gd-Med mutation.

The red arrow indicates the C—T change in the 563rd nucleotide.

Gene expression

Ampunasnies Coren Seiect [Zoem)]
The GO6PD mRNA expressions of 30 samples with = =
Gd-Med mutation and 30 samples with enzyme - 4=
activity at reference values were studied. G6PD - 7
mRNA expression of Gd-Med patients (Figure 4) and fom
patients with normal enzyme activity (Figure 5) is 1‘:
observed by RT-PCR. w
B-Actin was used as the reference gene in the study. s
The expression image of the reference gene is given % s s & % ® & @

in Figure 0. . . .
Figure 4. RT-PCR image of the mRINA expression
of the G6PD Gene in cases with Gd-Med.
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At Sarves

Figure 5. RT-PCR image of the mRNA Expression
of the G6PD Gene in cases with G6PD enzyme
activity at reference values.

Amplification Curves

Table 1. Kinetic data and expression results of the cases.

Cukurova Medical Journal

Figure 6. Expression image of the f-Actin.

The mRNA expression levels of the cases were
calculated according to the 2724C¢t formula®. The

kinetic data and expression results are shown in Table
1.

A significant difference was found between the
Krmapr™ and Kmgep values of the cases with Gd-
Med mutations and those with GG6PD enzyme
activity at reference values (p<<0.07). There was no
significant difference between Kznapp® and Kmgep
values in patients with and without hemolytic anemia
with Gd-Med mutation. As the gene expressions of
the patients with Gd-Med mutation was compared in
existence of hemolytic anemia, there was a significant
difference between these groups (p<0.05). In
addition, the gene expression of the individuals who
had Gd-Med mutation but G6PD enzyme activity in
the reference range were compared in the existence
of hemolytic anemia, there was a significant
difference between these groups (p<0.07).

Cases n Kmgep (X + SD) | Kmnapr* (X * SD) 27AACt (x £ SD)
Cases with Gd-Med mutation 30 23.4 £ 3.2 uM* 1.2 £ 0.4 pMft 0.59 + 0.3f
Cases with hemolytic anemia 12 22,5+ 2.8 uM 1.1£0.2uM 0.28 + 0.4§
Cases without hemolytic anemia 18 231 123 uM 1.1 £ 0.8 uM 0.52 + 0.6
Cases with normal G6PD enzyme activity 30 60.82 £ 7.4 uM 3.6 £1.67uM 2.12 £ 2.06

*: A significant difference was found between the Kamgep values of the cases with and without Gd-Med mutation. p<0.07

T: A significant difference was found between the Kznapr+ values of the cases with and without Gd-Med mutation. p<0.07
f: A significant difference was found between the 2744¢ values of the cases with and without the Gd-Med mutation. p<0.07
§: A significant difference was found between Gd-Med patients with hemolytic anemia and those without. p<0.05

(K7 Michaelis constant, SD: Standard deviation)

DISCUSSION

Glucose-6-phosphate  dehydrogenase ~ enzyme
deficiency is the most common enzyme deficiency in
the world*. The frequency of GO6PD enzyme
deficiency varies according to geographical regions,
and its incidence is higher in Mediterranean
countries’”. The incidence of GG6PD enzyme
deficiency is 0.5% in Turkey and 8.2% in the
Cukurova region. Over 140 mutations of this vitally
important GOPD enzyme were identified®. Gd-Med
is the most detailed and most studied vatiant so far.
Molecular studies have shown that the Gd-Med
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variant is common in Cukurova and Antalya regions.
In our study, 30 of 58 cases with Gd-Med mutation
were included in the experiment. We determined that
the Gd-Med variant was the most common variant in
our study with a frequency of 56.6%. In a study
carried out to detect the Mediterranean mutation in
Syria, the frequency of Gd-Med was found at a rate
of 83%%. In a study to determine the prevalence of
mutations causing GOPD deficiency in Indian
populations, the incidence of Gd-Med mutation was
determined as 14.1%. The authors showed that the
most common variant in the Indian population was
Gd-Orissa with 56.5%%*. As a result of molecular
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genotyping of GOPD mutations in the Brazilian
Amazon, the frequency of Gd-Med was 41%*.

The Gd-Med mutation, which has such a high
regional distribution, causes jaundice in newborns
and increases sensitivity to certain drugs. In addition,
broad beans and infections can provoke hemolytic
anemia. Hemolytic anemia is most common health
problem in the Mediterranean mutation subgroup**2.
Angelo et al. presented a shortened red blood cell
(RBC) circulation life (55 days) and increased
glutathione (GSH) levels were observed in mice with
the Gd-Med mutation®*’. Awaida et al. determined
that 32% of patients with Gd-Med mutation in
Southern Jordan showed acute hemolysis. In a study
of Palestinians in the Gaza Strip, they reported that
more than 80% of children presenting with hemolytic
anemia had G6PD deficiency, and 34% of them had
the Gd-Med variant'?. Twelve (40%) of the 30
patients who had hemolytic anemia with Gd-Med
mutation were enrolled in our study.

It is remarkable that the same irritant agent does not
have the same effect in individuals with the Gd-Med
mutation, and the cases may have a heterogeneous
clinic >#*. The clinical differences of the cases with
the Gd-Med mutation have not been attributed to
any reason so far. We designed our study to explain
this interesting situation from different aspect. In this
study, it was found that the Km values of cases
without Gd-Med mutation are significantly higher
than the cases with Gd-Med mutation.

Two important limitations of this study could be
addressed in future research. The first limitation is the
small sample size. Increasing the number of cases
with low GO6PD enzyme activity and hemolytic
anemia could reflect a larger population. Another
limitation is that we focused only on the Gd-Med
mutation. Other GO6PD mutations that cause
hemolytic anemia should also be evaluated. It was
shown that the Kmnapp' and Kmgep values, which
are indicators of the enzyme's affinity for its natural
substrates, NADP and GGP, decreased significantly
in Gd-Med cases®?3. Mahmoud Sirdah et al. showed
that the Arg72 and Ser73 hydrogen bonding
interactions, which are considered to be the key
interaction point for the binding affinity of the
NADP* substrate to the G6PD enzyme, are lost in
the Gd-Med mutation®®. The Gd-Med mutation is
thought to affect the binding affinity of the enzyme
to its natural substrates, leading to the development
of clinical symptoms associated with GG6PD
deficiency?®.
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In our study, which focuses on the topic of how the
affinity of the GOPD enzyme to its substrates is
reflected in gene expression in patients with
hemolytic anemia, the G6PD gene expressions of the
patients with and without hemolytic anemia were
compared with one of the enzyme's natural
substrates, the Km wvalues, and a significant
relationship was determined between the groups. In
addition, the kinetic studies on cases with Gd-Med
mutation in the literature are in accordance with our
results. In our knowledge, our study is the first
research that investigate the gene expressions and
kinetic parameters of the Gd-Med cases with
hemolytic anemia.

In our study, there was a significant difference
between the gene expression levels of the cases with
the Gd-Med mutation and the cases with the G6PD
enzyme activity in the reference range. In addition,
the 2724Ct values of the Gd-Med mutated hemolytic
anemia patients’ gene expression levels were
significantly reduced compared to the patients
without hemolytic anemia. The decrease in the
expression of the gene also affects the function of the
protein, indirectly reflecting the enzyme deficiency.

Batetta et al. declared that G6PD enzyme deficiency
patients with leukemia had higher levels of G6PD
gene expression compared to non-leukemic
patients*. These results suggest that GOPD
activation, regulated by cellular requirements, may be
an important cellular event that occurs in response to
cell proliferation. Although the results of Batetta et
al. seems as the opposite of our study, we can
speculate that it can be assumed that they represent a
cell strategy to compensate for very low enzyme
activity in order to allow GO6PD-deficient cells to
proliferate.

In the literature, it was shown that up-regulation of
the hypolactasia-related lactase-phlorizin hydrolase
(LPH) gene changed the tolerance to dietary lactose
and decreased the gene expression level¥. In our
study, the gene expressions of the Gd-Med mutated
patients with hemolytic anemia decreased similar to
the LPH gene expression.

The kinetic and molecular results suggest that the
GOPD enzyme acquired different characteristics
related to the post-transcriptional or post-
translational modifications. In studies to examine the
relationship of the promoter region of the G6PD
gene with enzyme deficiency, it was determined that
hypermethylation of the promoter region is
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associated with enzyme deficiency. It has been
reported that hypermethylation of the promoter
region of the G6PD gene is significantly increased in
enzyme-deficient individuals*®#°. It has been shown
that mutations in the promoter region of the G6PD
gene do not change the level of G6PD enzyme
activity and the expression level of the GO6PD
gene®Sl. In the light of all this information, further
studies should evaluate the methylation of the
promoter region of the G6PD gene in cases with Gd-
Med mutations and evaluate whether epigenetic
factors in the promoter region cause hemolytic
anemia. These studies will help to prevent hemolytic
anemia due to Gd-Med.
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