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Abstract Glucose 6-phosphate  dehydrogenase
(G6PD) is a key enzyme catalyzing the first step of
the pentose phosphate pathway which generates
NADPH for anabolic pathways and protection systems
in various organisms, including fish. In the present
study, G6PD was purified from grass carp (Ctenophar-
yngodon idella) hepatopancreas using the methods of
2/,5'-ADP-Sepharose 4B affinity chromatography fol-
lowed by DEAE Sepharose Fast Flow ion exchange
chromatography. The characterization of G6PD and
inhibition effects of several metal ions on G6PD activity
in vitro were also determined. Grass carp hepatopan-
creas G6PD, with a specific activity of 18 U/mg protein,
was purified 1,066-fold with a yield of 19.5 % and Mr of
71.85 kDa. The enzyme had a temperature optimum of
42 °C, pH optimum of 7.5 and 9.0. The K, values for
G6-P and NADP" were determined to be 0.026,
0.0068 mM, respectively. The V,,.x values for G6-P
and NADP™" were 2.20 and 2.27 pM min~ ' mg protein™",
respectively. The catalytic efficiency for G6-P and
NADP as the substrates was 0.085 and 0.334 x 10~°
min~" mg protein~", respectively. Inhibition effects of
metal ions on the purified G6PD activity indicated that
ICso values of Zn™2, Mn™2, AI™3, Cu™?, and Cd*?
were 042, 0.54, 094, 120, and 4.17 mM,
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respectively. The Ki constants of Znt2, A3, Cu™?,
and Cd™? were 0.52, 1.12, 0.26, and 4.8 mM, respec-
tively. Zn™2, Al", and Cd"? showed competitive
inhibition, while Cu™ inhibited the G6PD in a
noncompetitive inhibition manner. Our study provided
important information about the control of the grass
carp liver PPP, the biosynthesis of several important
related biomolecules, and the status of detoxification
systems in grass carp liver in relation to metabolism.
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Introduction

Glucose 6-phosphate dehydrogenase (G6PD, EC
1.1.1.49) is a key enzyme that initiates the reactions
of the pentose phosphate pathway (PPP), catalyzing
the conversion of glucose-6-phosphate to 6-phospho-
gluconate in the presence of nicotinamide adenine
dinucleotide phosphate (oxide form, NADP™) (Ciftci
et al. 2003). The main physiological function of GoPD
is to produce nicotinamide adenine dinucleotide
phosphate (reduced form, NADPH), which is essential
for synthesis of several biological macromolecules
such as nucleic acids and fatty acids (Ciftci et al. 2004,
2007; Senturk et al. 2009). Through the glutathione
reductase-peroxidase system and the mixed-function
oxidases, NADPH also participates in cell-membrane
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protection and cell detoxification from xenobiotics
(Erdogan et al. 2005; Ulusu and Tandogan 2005;
Senturk et al. 2009).

G6PD is widely distributed among microorgan-
isms, plants, and in different animal tissues (Rose-
meyer 1987). Its importance in metabolism is well
known for many years. Because of the vital impor-
tance of this enzyme, G6PD has been characterized
from various sources. G6PD was first isolated from
human erythrocytes by Yoshida and Huang (1986),
and then from Dicentrarchus labrax liver (Bautista
etal. 1988), rat brain (Askar et al. 1996), Antarctic fish
(Ciardiello et al. 1997), rainbow trout erythrocytes
(Ciftci et al. 2004; Senturk et al. 2009), and rat kidney
(Adem and Ciftci 2012). Kinetic properties of G6PD
purified from different sources such as erythrocytes,
liver, kidney, brain, and placenta with some organisms
have also been published (Rosemeyer 1987; Levy and
Cook 1991; Corpas et al. 1995; Ozer et al. 2001).
However, in fish, the related information is available
only in the very limited fish species, such as rainbow
trout (Ciftci et al. 2004; Senturk et al. 2009).

During the last decades, a dramatic increase in
environmental poisoning by pollutants occurs as a
consequence of industrial, agricultural, and anthropo-
genic activities; thus, aquatic organisms are exposed to
a significant amount of these pollutants (Heath 1987).
Among the pollutants, metals are an interesting subject
of research because some of them are required for the
function of various enzymes, but become toxic at
increased waterborne levels. In China, metal contam-
ination and toxicity in rivers and lakes has posed as a
significant environmental hazard for fishery (Qiao
et al. 2007; Li and Zhang 2010). For example, Li and
Zhang (2010) investigated dissolved trace elements
and heavy metals including Al, As, Ba, Cd, Co, Cr, Cu,
Fe, Hg, Mn, Ni, Pb, Sb, Se, Si, Sr, and V over a period
of 2 years in Han River, China, and indicated serious
water contamination in the waters. Yi et al. (2008)
reported that the concentrations of heavy metals (Hg,
Cd, Pb, Cr, Cu, Zn, and As) in the sediment in some
sampling sites in the Yangtze River were up to 0.47,
0.47, 110, 96, 75, 750, and 82 mg/kg dry weight. The
sediment in rivers and lakes was considered as the
major sink for metal pollution and played a significant
role in determining water quality since metals in
sediments could be released into the water. The studies
carried out on various fishes have shown that metal
ions may alter the physiological activities and
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biochemical parameters in tissues (Liu et al. 2011;
Chen et al. 2012). Thus, toxicology studies about the
effects of metal ions on various enzyme activities are
becoming more and more important (Alici et al. 2008).
Ciltas et al. (2003) reported in vitro effects of
Chloramine-T and CuSO,4 on G6PD enzyme activities
of rainbow trout erythrocytes. However, at present, to
my knowledge, little information is reported on the in
vitro effect of other metal ions on G6PD activity in
fish.

Grass carp Ctenopharyngodon idella represented
the second largest aquaculture industry in the world
inferior to silver carp, constituting 14.7 % of the world
aquaculture production, with an average annual
increase of 14 % in China, mainly as a source of food
(FAO 1999). Meantime, because grass carp feed
aggressively on vegetation, they are used widely to
control aquatic plant populations in other regions, such
as European and Northern America (Opuxzynski and
Shireman 1995). The current study aims in purification
and characterization of G6PD from grass carp hepa-
topancreas for the first time and investigated in vitro
effects of metal ions (Zn”, Mn*2, A3, Cu™?, and
Cd™?) and to examine the mode of inhibition exerted
by these metal ions on the pure grass carp liver GOPD
enzyme. Our study will provide important information
about the control of the grass carp liver PPP, the
biosynthesis of several physiologically important
biomolecules (such as nucleic acids and fatty acids),
and the status of detoxification systems in grass carp
liver in relation to metabolism.

Materials and methods
Chemicals

2/, 5'-ADP-Sepharose 4B, DEAE Sepharose Fast
Flow, Sephadex G-200 were obtained from Pharmacia
Fine Chemicals, Uppsala, Sweden. Glucose-6-phos-
phate (G6-P), NADPT, protein standards, 2-mercap-
toethanol (2-ME), and all other chemicals used were
of analytical grade and purchased from Sigma-Aldrich
Chemical Co., MO, USA.

Fish husbandry and maintenance

In the present study, grass carp were obtained from a
local fish dealer. Prior to the sampling, 60 healthy
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grass carp (200 £ 15 g) were assigned to three
indoors circular fiberglass tanks, with 20 fish for each
tank, for 14-day acclimatization. During the acclima-
tization, they were provided with a commercial Haid®
feed at 2 % of body weight daily and with continuous
aeration to maintain the dissolved oxygen level above
saturation. Fecal matter was removed before feeding.
We assure that the experiments performed on animals,
animal care, and all protocols followed the ethical
guidelines of Huazhong Agricultural University for
the care and use of laboratory animals.

The trial was conducted at ambient temperature and
natural photoperiod (approximately 12-h light: 12-h
dark during the experiment). The water quality
parameters were measured in the morning twice a
week as dissolved oxygen, >6 mg 17!, pH = 7.3-8.4,
and total ammonia—nitrogen 0.05-0.078 mg1~",
water temperature 25 + 2 °C.

Sampling

At the end of the 2-wk experiment, fish were starved
for 24 h before sampling. Then, they were killed by
severing of the spinal cord. The hepatopancreas was
isolated immediately using sterile forceps in ice,
frozen in liquid nitrogen, and stored at —80 °C (not
longer than 2 weeks) for subsequent analysis.

Purification of G6PD from grass carp
hepatopancreas

In this study, grass carp hepatopancreas G6PD was
purified by slight modification of the published
procedure (Ulusu and Tandogan 2005, 2006). The
purification procedure consisted of two steps after
ultracentrifugation: 2,5 -ADP-Sepharose 4B affinity
and DEAE Sepharose Fast Flow anion exchange
chromatography steps. All the procedures were carried
out at +4 °C.

At first, the hepatopancreas was cut with scissors.
Excess blood was removed from the samples after
washing with ice-cold saline and homogenized in a
glass—Teflon homogenizer with 3 volumes of 10 mM
Tris—HCI buffer, containing 1 mM 2-mercaptoethanol
and 1 mM EDTA, pH 7.6 (buffer A) on ice. The
homogenate was centrifuged at 105,000 x g for 60 min
at 4 °C. The supernatant obtained was loaded onto
2/,5'-ADP-Sepharose 4B column (1.5 x 6.7 cm) pre-
equilibrated with buffer A. The column was washed

with the same buffer (the flow rate was 10.8 mL/h)
until the absorbance at 280 nm decreased to 0.021 to
remove all the non-specifically bound compounds.
6-phosphogluconate dehydrogenase (6-PGD) was not
bound to the affinity column and eluted with buffer A.
Active G6PD fractions were combined and loaded
onto DEAE Sepharose Fast Flow column (1.5 x
7.5 cm) equilibrated with 5 mM potassium phosphate
buffer, pH 6.9 (buffer B). The flow rate was main-
tained at 16.8 ml/h and the column was washed with
buffer B until the absorbance at 280 nm decreased to
0.003 O.D. G6PD was eluted by a linear gradient of
KCI (175-250 mM) in buffer B. The enzymes were
separated from each other. All of the purification
procedures were performed at 4 °C. Purification
scheme of GO6PD from grass carp hepatopancreas
was shown in Table 1.

Activity determination

GO6PD activity assays were run at 25 °C according to
Beutler’s (1984) methods, which depended on the
reduction of NADP" by G6PD, in the presence of
glucose 6-phosphate. For the spectrophotometric
measurements, the reaction mixture (for routine
activity determinations) contained 10 mM MgCl,,
0.2 mM NADP™, and 0.6 mM G6-P in 100 mM Tris—
HCI buffer, pH 7.5, and a suitable amount of the
enzyme. The conversion of NADP" to NADPH was
followed by monitoring the change in absorbance at
340 nm. Assays were carried out in duplicates. One
unit of enzyme (U) activity, defined as the amount of
enzyme that reduced 1 umol NADP™" per minute, was
expressed as units per mg of hepatic soluble protein.
The protein content was quantified according to
Bradford’s method (Bradford 1976), using bovine
serum albumin as standard.

SDS polyacrylamide gel electrophoresis
(SDS-PAGE)

To control the enzyme purity and determine the
subunit molecular weight, SDS-PAGE was performed
using Laemmli’s procedure (Laemmli 1970). Rabbit
phosphatase B (97,200), bovine albumin (66,409),
chicken ovalbumin (44,287), bovine carbonic anhy-
drase (29,000), and trypsin inhibitor (20,100) were
used as standards. The acrylamide concentrations
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Table 1 Purification scheme of G6PD from hepatopancreas of grass carp C. idella

Purification step Total volume  Activity  Total activity  Protein Specific activity ~ Yield  Purification
(mL) (UmL)  (U) (mg/mL)  (U/mg) (%) (fold)

Homogenate 38 0.146 5.548 8.65 0.0168 100 1

105,000 x g supernatant 30 0.15 4.5 24 0.0625 81.1 3.7

2',5'-ADP-Sepharose 4B 133 0.33 4.389 0.078 4.2 79.1  250.65

DEAE Sepharose Fast Flow 3 0.36 1.08 0.02 18 19.5 1,066

were 3 and 10 %, containing 10 % sodium dodecyl
sulfate (SDS) for stacking gel and running gel,
respectively. The gel was stabilized in a solution
containing 50 % propanol, 10 % trichloroacetic acid,
40 % distilled water for 30 min. Gel was stained for
2 h in a solution of 0.1 % Coomassie Brilliant Blue
R-250 containing 50 % methanol, 10 % acetic acid,
and 40 % distilled water. The washing was carried out
in the same solution without the dye until protein
bands were cleared (Ciltas et al. 2003). The electro-
phoretic pattern was photographed.

Optimum pH determination

For the optimal pH determination, the enzyme activity
was measured in 100 mM Tris—HCl and phosphate
buffers within the pH range of 5.0-10.0, respectively.

In the present study, the enzyme activity was also
determined in 100 mM Tris—HCI buffer at pH of 7.0,
8.0, and 9.0. When beginning the experiment, the
equal volumes of buffer and enzyme solutions were
mixed and kept in a refrigerator (4 °C). Activity
determinations were made within an interval of
8-24 h (Yilmaz et al. 2002; Ciftci et al. 2003).

Optimum temperature determination

For the determination of optimum temperature,
enzyme activity was assayed between 15 and 60 °C
at optimal pH for this purpose.

Kinetic studies

Substrate kinetics were determined at 25 °C in optimal
pH (0.1 M Tris—HCI, pH 7.5), and various concentra-
tions of NADP and G6-P. For Michaelis—Menten
constants (K,,,) and V.« evaluation, Lineweaver—Burk
curves were used (Lineweaver and Burk 1934), which
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were obtained in five different concentrations of
NADP* (0.01, 0.02, 0.05, 0.1, and 0.16 mM) with a
fixed concentration of G6-P (0.6 mM), and the same
experiments were done for G6-P (at five different
concentrations of G6-P: 0.1, 0.15, 0.25, 0.3, and
0.5 mM, respectively, and at the constant NADP™
concentration: 0.2 mM).

In vitro effects of metal ions

Cd™? (2-8 mM), Cu*? (1-5 mM), A" (0.4-1.5
mM), Mn*? (0.1-0.5 mM), and Zn™? (0.1-0.7 mM)
were used as inhibitors. Assays were carried out under
standard conditions with varying concentration of
each metal ions. The inhibition of the enzyme by Cd,
Cu, Al, Mn, and Zn was further examined by varying
G6-P concentration at a fixed NADP concentration
and at six different constant concentrations of each
metal ion. The activity of control cuvette in the
absence of an inhibitor was taken as 100 %. All
compounds were tested in triplicates at each concen-
tration used. For each inhibitor, an activity %-[Inhib-
itor] graph was drawn. Metal ions concentrations that
produced 50 % inhibition (ICso) were calculated from
the regression graphs.

To determine K; values, three different inhibitor
concentrations (Cu: 1.5, 2 and 3 mM; Zn: 0.1, 0.2 and
0.3 mM; Cd: 4, 6 and 7 mM; Al: 0.4, 0.8 and 1 mM,
respectively) were tested for each metal ion. In these
experiments, G6-P was used as substrate at four
different concentrations (0.2, 0.25, 0.3, and 1.0 mM,
respectively). Inhibitor (metal ions) solutions were
added to the reaction medium, resulting in three
different fixed concentrations of inhibitors in 200 pl
of total reaction volume. All assays were repeated three
times. Lineweaver—Burk graphs were drawn by using
[SI/V versus [S] values. K; constant and the inhibitor
type were calculated from these graphs (Lineweaver
and Burk 1934).
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Results
Properties of G6PD

In the present study, a rapid procedure to purify G6PD
from grass carp hepatopancreas was presented. The
steps used were 2/,5-ADP-Sepharose 4B affinity
chromatography followed by DEAE Sepharose Fast
Flow ion exchange chromatography. After the two-
step purification, the specific activity of the enzyme
was determined to be 18 U/mg protein, and 1,066-fold
increase in the purity was obtained. The overall yield
was about 19.5 % (Table 1). The SDS-PAGE result
indicated that a high purity was obtained for the
enzyme (Fig. 1). For the standard proteins and G6PD,
Ry values were calculated and Ry — log MW graph
(Fig. 2) was obtained according to Laemmli procedure
(Laemmli 1970), showing that the molecular weight
(Mr) of G6PD was 71.85 kDa.

To obtain the optimum temperature, the activities
of the enzyme were measured between 15 and 60 °C
(Fig. 3). Optimum temperature was found to be 42 °C
from the graph. But in our experiments, we prefer to
study at physiological temperature, 25 °C.

For the optimal pH determination, the enzyme
activity was determined at 100 mM Tris—HCI buffer

Fig. 1 SDS-PAGE photograph of G6PD. (Lane I homogenate.
Lane 2 standard proteins, rabbit phosphatase B (97,200), bovine
albumin (66,409), chicken ovalbumin (44,287), bovine carbonic
anhydrase (29,000), trypsin inhibitor (20,100); lane 3 and 4
G6PD). SDS-PAGESs were performed on five different pools of
animals with consistent results

3 y=-2.2534x+4.9614
45 R?=0.9913
4
35
2 3
2 25
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Fig. 2 Standard Rf-Log MW graph of G6PD using SDS-PAGE
(Standard proteins: rabbit phosphatase B (97,200), bovine
albumin (66,409), chicken ovalbumin (44,287), bovine carbonic
anhydrase (29,000), trypsin inhibitor (20,100))

Activity U/mg protein

U L T T T T T 1
0 10 20 30 40 50 60 70

Temperature/°C

Fig. 3 The effect of temperature on GO6PD activity. The
enzyme assays were carried out by using 0.2 mM NADP* and
1 mM G6-P between 15 and 60 °C. Mean values presented as
mean =+ standard deviation (SD), n = 3

between pH 5.0 and 10.0. As shown in Fig. 4a,
enzyme activity versus pH curve had more than one
maximum value (at pH 7.5 and pH 9.0). This type of
curve might be seen for diprotic systems (Segel 1975)
and indicated that the active site of the enzyme might
contain several ionizable groups. The enzyme was
found to be not stable at all three tested pH values (7.0,
8.0 and 9.0) (Fig. 4b).

Kinetic behavior of G6PD

Lineweaver—Burk double-reciprocal plots obtained
for G6-P as varied substrate at different fixed NADP™
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Fig. 4 Effect of pH on the A 4-
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Fig. 5 a Double-reciprocal plot of initial velocity against G6-P
as varied substrate at different fixed NADP™ concentrations for
the reaction catalyzed by G6PD from grass carp hepatopancreas.
The velocities were determined at 25 °C in 100 mM Tris—HCI
buffer, pH 7.4. b Double-reciprocal plot of initial velocity

concentrations were shown in Fig. 5a. 1/v versus
NADP™ plots at different constants G6-P concentra-
tions were seen in Fig. 5b. In the figures, the
intersection points of the family of the lines were
above the horizonal axis, indicating that the reaction
catalyzed by G6PD from grass carp pancreas pro-
ceeded by a sequential mechanism.

K, and V,,, values were calculated from the Hanes—
Woolf graphs (Fig. 6). The K, values for G6-P and
NADP" and Vm were determined to be 0.026,
0.0068 mM, 2.20 and 2.27 pM min~' mg protein~".
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against NADP" as varied substrate at different fixed G6-P
concentrations for the reaction catalyzed G6PD from grass carp
hepatopancreas. The velocities were determined at 25 °C in
100 mM Tris/HCI buffer, pH 7.4

The catalytic efficiency for G6-P and NADP was
0.085 and 0.33 x 107° min~' mg protein", respec-
tively (Table 2).

In vitro inhibition assays

ICso values of Zn*2, Mn™2, A3, Cu™?, and Cd™>
were 0.42, 0.54, 0.94, 1.20, and 4.17 mM, respec-
tively. The K; constants of Zn+2, Al+3, Cu+2, and
Cd”, calculated from Hanes—Woolf graphs, were
0.52, 1.12, 0.26, and 4.8 mM, respectively (Table 3).
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Fig. 6 a Hanes—Woolf graph with five different NADP™ concentrations and with constant G6-P concentration. b Hanes—Woolf graph
with five different G6-P concentrations and with fixed NADP™" concentration

Table 2 Kinetic

parameters of G6PD from Parameters Values

grass carp C. idella K., G6-P(mM) 0.026 + 0.003
K., NADP(mM) 0.0068 + 0.002
Vm G6-P (uM min~' mg protein™") 2.20 + 0.02
Vm NADP (uM min~' mg protein™") 227 £0.03
Catalytic efficiency for G6-P (107% min~' mg protein™") 0.0846 + 0.04
Catalytic efficiency for NADP (10~° min~' mg protein~") 0.334 £ 0.06

Table 3 The dissociation constant of the enzyme inhibitor
complex (Kj) values obtained from Hanes—Woolf graphs and
values of 50 % inhibition (IC50) obtained from regression
analysis graphs for grass carp C. idella G6PD in the presence
of difference metal ion concentrations

Metal ions 1Cs5¢ (mM) Ki(mM) Inhibition type
Zn™? 0.42 0.52 Competitive
Mn*? 0.54 — —

Al 0.94 1.12 Competitive
Cu™ 1.20 0.26 Noncompetitive
Ccdt? 4.17 4.8 Competitive

Zn™2, A1, and Cd*? showed competitive inhibition,
while Cu™? inhibited the G6PD in a noncompetitive
inhibition manner (Figs. 7, 8).

Discussion

In the present study, G6PD was purified from grass
carp hepatopancreas using 2',5'-ADP-Sepharose 4B

affinity chromatography and DEAE Sepharose Fast
Flow ion exchange chromatography. G6PD was
separated well from 6PGD at the end of the
purification procedure. Also, 6PGD was not bind to
the affinity column presumably because this enzyme
had a low affinity to the 2',5'-ADP-Sepharose 4B
column as compared G6PD. The method had also
been used in other studies with success (Levy 1979;
Yoshida and Huang 1986; Sahin et al. 2010). In the
present study, the specific activity of the enzyme was
determined to be 18 U/mg protein, which was lower
than those in rat kidney (32 U/mg protein, Adem and
Ciftci 2012), rainbow trout liver (36.25 U/mg pro-
tein, Cankaya et al. 2011), similar to chicken
erythrocytes (20.86 U/mg protein, Yilmaz et al.
2002), but higher than in bivon lens (2.64 U/mg,
Ulusu et al. 1999) and sheep lens (0.15 U/mg,
Charlton and Heyningen 1971). The observation of
different specific activities for G6PD from different
sources was not uncommon, depending on several
factors such as enzyme, NADP, salt, Mg2+ (or Mn2+)
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concentrations and pH (Yoshida 1966; Holten 1972;
Aksoy et al. 2001).

In the present study, with SDS-PAGE, a molecular
weight of G6PD was 71.85 kDa, which was similar to
that reported in rat kidney (68 kDa, Adem and Ciftci
2012), bovine lens (69.2 kDa, Ulusu et al. 1999),
buffalo erythrocyte (67.6 kDa, Ciftci et al. 2003),
chicken erythrocytes (73.2 kDa, Yilmaz et al. 2002),
but was higher than those in dog liver (52.5 kDa, Ozer
et al. 2002), human placenta (54 kDa, Ozer et al.
2001), rainbow trout (60 kDa, Erdogan et al. 2005),
rainbow trout liver (48.5 kDa; Cankaya et al. 2011).

Determining optimum pH conditions of enzyme
had an important role for kinetic studies because each
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enzyme in different tissues could have a specific
optimum pH for enzyme activity. In the present study,
the optimum temperature was found to be 42 °C from
the graph, which was similar to that in lamb kidney
cortex (45 °C, Tandogan and Ulusu 2005), lower than
that in rat liver and kidney (55 °C, Corpas et al. 1995),
chicken erythrocytes (60 °C, Yilmaz et al. 2002) and
buffalo erythrocyte (60 °C, Ciftci et al. 2003), and
higher than that in lens (25 °C, Ulusu et al. 1999). In
this study, the optimum pH of the grass carp hepato-
pancreas G6PD had more than one maximum value
(pH 7.5 and 9.0). This type of curve was seen for
diprotic systems and indicated that the active site of
the enzyme contained several ionizable groups (Ulusu



Fish Physiol Biochem (2013) 39:637-647

A 70
O|Cu]:1.5mM
60 1 @[cul:2mm
B[Cu]:3mM
50 1 AControl
2
E 40 4
W

30

.6 0.4 0.2 0 02 04 06 08 1 L2
G6P [mM]
Cn
O[Zn):0.1mM
607 ofzng0.mm

B[In}:03mM

0 AControl

40

GoeP/Y

30 -
20
10

0 02 04 06 08 1 12
G6P[mM]

645
B 80
70 - O[A:0AmM
O [AI]:0.3mM
60 - m[AlImM

£ Control

2
§ 40
bt 30 4
20 -
10
D !
0 0.2 0.4 0.6 0.8 1 1.2
G6P[mM]
D«
35 - W[Cd):dmM
O[Cd):6mm
304 olcd:ImM
A Control
25
2
-] 20
3
15 4
10 4
5
0

0 0.2 04 0.6 08 1 12
G6P[mM]

Fig. 8 Hanes—Woolf plots of the inhibition of G6PD in grass carp hepatopancreas by a Cu®>", b Cd*", ¢ Zn>" and d AP’™ at three
different concentrations for determination of K;. The controls showed reactions with no inhibitor present

and Tandogan 2006). The pH versus velocity curve
had two peaks at pH 7.7 and 9.6 (Ulusu et al. 1999).
Ciftci et al. (2004) also reported that the activity versus
pH curve had more than one maximum value (pH 7.0
and 8.0). In the present study, although there was no
significant difference between pH 8.0 and pH 9.0, the
enzyme activities were higher at pH 9.0 than pH 8.0, in
agreement with the report by Yilmaz et al. (2002).

In the present study, K, values were found as 0.026
and 0.0068 mM, and Vmax values were calculated as
2.20 and 2.27 uM min~" mg protein_1 for G6-P and
NADP™, respectively. According to these values, the
K., value for NADP" was lower than that for G6-P,
suggesting the higher affinity of G6PD to NADP*
when compared with G6-P, similar to those in other
studies (Ciftci et al. 2004, 2007; Ozer et al. 2002;
Yilmaz et al. 2002; Ulusu and Tandogan 2005, 2006).
The catalytic efficiency for G6-P and NADP was

0.085 and 0.33 x 107 min~' mg protein~",

respectively, suggesting that the enzyme was catalyt-
ically more efficient with NADP as the substrate.

In the present study, ICsy values of Zn™, Mn™*?,
AI?, Cu™?, and Cd ™ were 0.42, 0.54, 0.94, 1.20, and
4.17 mM, respectively, which indicated, of all the
divalent metal ions tested, Zn>* was the most potent
inhibitor. In another study, Zang et al. (1991) reported
that 96-h median lethal concentration (LCs) of Zn for
grass carp was 4.6 mg/1. In China, the concentration of
waterborne Zn, Cu, and Cd in freshery water was
limited to less than 0.1, 0.01, and 0.005 mg/1, respec-
tively, and there was no limit for Mn and Al (CEBP
1989). The K; constants of Zn™2, AlI™, Cu™, and
Cd™? were 0.52,1.12, 0.26, and 4.8 mM, respectively.
Zn™2, A1, and Cd™ showed competitive inhibition,
while Cu™? inhibited the G6PD in a noncompetitive
inhibition manner. Similarly, Cankaya et al. (2011)
reported that ICs( value of Fe, Pb, Hg, Cu, Zn, and Cd
on the purified G6PD activity of trout was 0.39, 0.78,
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0.87, 1.19, 1.97, 2.16 and the K; constants 0.197,
0.213, 0.542, 1.721, 2.034, 2.770, respectively. The
inhibitory potentials are in the following sequence:
Fe™ > Pb"* > Hg™ > Cu™? > Zn™* > Cd*? (Can-
kaya et al. 2011). Ibraheem et al. (2005) reported that
the inhibitions by Zn>* and Co”" ions were compet-
itive with respect to G6-P with K; values of 6.6 and
4.7 uM, respectively. Ciltas et al. (2003) reported that
Ki and ICsq values were 3.967 and 2.156 mM for
CuSO,. These inhibitions may cause some important
physiological changes, that is, reducing production of
NADPH, which plays important role in the regenera-
tion of reduced glutathione (GSH), and therefore
overwhelming antioxidant defense mechanisms. Other
studies also indicated that excessive metal ions caused
deleterious effect on grass carp. For example, Fernan-
dez-Davila et al. (2012) reported that waterborne Al
exposure (0.1 mg 17") induced oxidative stress and
caused important damages to grass carp. Yang et al.
(2010) reported that Zn, Cu, and Cd inhibited an acid
phosphatase extracted from liver of grass carp. Wang
et al. (2007) reported that Cd affected the activity of
glutamate pyruvate transaminase of grass carp, result-
ing in the damage of gills, hepatopancreas, intestine,
and spleen. On the other hand, the fish meat is a
valuable foodstuff of animal sources for human
consumption. Under certain environmental conditions,
metal ions accumulated in fish up to a toxic concen-
tration will be dangerous and harmful for human
health. Thus, it was impending to reduce the concen-
tration of metal ion in contaminated lakes and rivers in
China, for fishery and also human health.
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