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Abstract Gestational diabetes mellitus is described as
glucose intolerance at various degrees that is first detected
during pregnancy. In diabetic complications, there are
changes in placental function, particularly with respect to
intake, transmit, and utilization of glucose, and also in
glycolysis and glycolytic enzymes. The placenta possibly
plays a critical role in protecting the fetus from adverse
effects caused by the maternal diabetic conditions. Fructose
1,6-bisphosphate aldolase, a main glycolytic enzyme,
catalyses the cleavage of fructose 1,6-bisphosphate, resulting
in two three-carbon products in many cells. In this study, we
principally have investigated the presence of aldolase in
diabetic human placenta and then purified the enzyme. We
also determined the optimum conditions of enzyme assay
measurements. With this procedure, we determined the
specific activity of placental aldolase as 590, 94 mU/mg
protein, and aldolase was purified about 63,0 fold from
gestational diabetic human placenta. The molecular weight
of human placental aldolase was found as 160 kDa. In
present study, substrate kinetics were also investigated, and
two different K, and V., values at high and low
concentrations of substrate Fructose 1,6-bisphosphate were
observed. High substrate concentration range is determined
as the linear substrate concentration zone. Therefore,
advanced kinetic studies had been performed at this linear
zone. Enzymatic assays were carried out, and substrate
kinetic properties were determined. According to this
determination, Vmax value of gestational diabetic placental
fructose  1,6-bisphosphate  aldolase was found as
939,548+60,869 U/mg and Km as 24,304+2,948 mM.
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1. Introduction

Fructose—1,6-bisphosphate aldolase (D
Fru—1,6-bisphosphate D glyceraldehyde—3-P-lyase; FBPA;
E.C. 4.1.2.13) catalyses the reversible cleavage of
fructose—1,6-bisphosphate (FBP) to dihydroxyacetone
phosphate (DHAP) and glyceraldehyde—3-phosphate (GAP)
in the glycolytic pathway of prokaryotic and eukaryotic
organisms. FBPA is also an essential enzyme for the
reversible gluconeogenesis and the fructose metabolic
pathways [1-10].

Three major tissue specific types of aldolase isozymes are
known in higher organisms commonly referred to as: Type A,
excreted from the classical muscle and red blood cells
enzyme; Type B, from liver, kidney and small intestine;
Type C, from neuronal tissues, brain and smooth muscle
[1-6,8,10-13].

Aldolases are classified as Class I and Class II aldolases
depending on their requirement of divalent ions in catalysis.
For their catalytic activity, Class I Aldolases do not depend
on cations, and they found in higher animals and plants.
Class I Aldolases form “Schiff Base” formation with the
substrate and are homotetramers (40 kDa) [1-3,9]. Class II
aldolases are homodimers (80 kDa), found in bacteria and
fungi, and they require a metal cofactor such as Zn" for
catalysis [1-3,7-13].

Gestational diabetes mellitus (GDM) characterizes any
degree of glucose intolerance with first recognition during
pregnancy. It does not deprive the possibility that
unrecognized glucose intolerance may take precedence or
begin concomitantly with the pregnancy [14-21]. GDM
carries a small but potentially significant risk of adverse
perinatal outcomes, a long-term risk of obesity, and glucose
intolerance in offspring [18-23].

The placenta is a complicated foetal organ that fulfills
pleiotropic roles during fetal growth. The location between
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the two bloodstreams makes the placenta not only a crucial
regulator of foetal nutrition, gas exchange, and maternal
immune tolerance, but also a target for maternal and/or fetal
metabolic alterations associated with pregnancy pathologies.
It separates the maternal and foetal circulation, with which it
is in contact through different surfaces. This organ can
produce molecules that will affect mother and fetus
independently [14,16,22-24].

The placenta takes a crucial role in protecting the fetus
from adverse effects caused by the maternal diabetic
conditions [14,16]. In diabetic complications, there are
changes in placental function, particularly with respect to
uptake, transfer, and utilization of glucose, and also in
glycolysis and glycolytic enzymes. Because of this
unexampled position, the placenta is subjected to the
regulatory influence of hormones, cytokines, growth factors,
and substrates present in both circulations and, therefore,
may be affected by changes in any of these [14,16,21,23].

In diabetic gestation, maternal and foetal hyperglycaemias
also influence placental metabolism, growth, and
development. Diabetic insults at the beginning of gestation
as in many pregestational diabetic pregnancies may have
long-term effects on placental growth [21,22,24,25].

The presence of FBPA in healthy human placenta is
shown in the preceding study. Purification, definition, the
kinetic characteristics, and properties of healthy human
placental FBPA have been previously reported [26]. In this
part of the study, we wanted to examine the presence and

characteristics of gestational diabetic human placental FBPA.

We also determined the optimum conditions (time, pH,
temperature) of enzyme assay method. Consequently,
advanced kinetic researches were optimised.

2. Materials and Methods

2.1. Materials

All reagents used were of analytical grade and were
obtained from Sigma Co. (St Louis, MO, USA).

2.2. Purification Procedures

2.2.1. Step 1. Preparation, Extraction and Homogenization of
Tissues

Tissues were washed and perfused with cold buffer
containing; 50mM Tris-HCl, 5 mM EDTA, 4 mM
mercaptoethanol, and isotonic NaCl (0,95% ml), pH=7,5 at
4°C. They were weighed, minced into small pieces, and
suspended in volumes (v/w) of the buffer at +4°C.
Afterwards, the sample was homogenized for about 10
strokes by using a Teflon homogenizer in an ice bath and
then centrifuged for 1 hour at 14.000 x g and +4°C. The
precipitate was discarded, and the clear supernatant was
removed for ammonium sulphate fractionation.

2.2.2. Step 2. Ammonium Sulphate Fractionation

In order to obtain 45 % ammonium sulphate ((NH,),SO,)
concentration, 26,2 g of solid ((NH4),SO,4) was added to 100
ml of supernatant, and it was kept for 1 hour period, then
centrifuged at 14.000 x g for 1 hour at +4°C. The supernatant
was obtained, and the precipitate was discarded. At the
second step of ((NH4),SO,) fractionation (65%), 12,5 g
((NH4),SO,4) was added for each 100 ml supernatant fluid,
and the procedure was repeated. This time, the supernatant
was discarded, and the precipitate was collected and
dissolved in 10 mM Tris-HCI-EDTA buffer containing 1
mM EDTA, pH= 7,5 and any insoluble material was
discarded by centrifugation.

Protein [27] and activity [28] determinations of the
precipitates and supernatants were performed all along the
lines of extraction and fractionation.

2.2.3. Chromatographic Procedures

2.2.3.1. Step 3. Sephadex G—-25 Gel Filtration for Desaltation

For the desaltation, the dissolved precipitate solution
which was obtained after 65% ammonium sulphate
application was passed through a column of Sephadex G-25.

The column was equilibrated with running buffer. The
sample volume was 20 ml, and flow rate range was 2 ml/min.
At the end of the application, all samples have been desalted
(Data not shown).

2.2.3.2. Step 4. Substrate Elution from Phosphocellulose
Column

The desalted fraction was applied to a phosphocellulose
column for purification of aldolase. The fractions were
absorbed at 0,5 ml/min onto a column of phosphocellulose
pre-equilibrated with buffer. The column was washed with
the buffer until the A280 decreased to baseline, (narrow red
band visible on the column and OD of the effluent at A280
nm drop below 0,1), and then the substrate elution is carried
out with stock buffer containing 2,5 mM Fru-1,6-P,. After
this process, enzyme was eluted with 50 mM Tris-HCL, 5
mM EDTA, pH 7,5 buffer, containing | mM substrate.

Protein and enzyme activity determinations were
performed all along the line of gel filtration and
phosphocellulose column chromatography stages.

2.2.4. Polyacrylamide Gel Electrophoresis

SDS-PAGE with polyacrylamide gel was performed
according to the modified Laemmli method [29]. Purified
enzyme was applied to SDS-PAGE electrophoresis in order
to determine the molecular weight and purity. The samples
were run on a 7,5% (w/v) acrylamide separating gel and a
4,5% stacking gel. Proteins on gels were stained with
Coomassie Brilliant blue R-250.

2.2.5. Protein Determination

Amount of the protein in the samples was determinated
with Lowry Method that was slightly modificated [27]. The
reactions resulted in a strong blue color, read at 750 nm.
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Determination was run triplicate for all samples.

During the purification of FBPA procedure, protein
determination was performed at 280 nm and corrected for
nucleic acid impurities according to Warburg and Christian
[30]. The A280 method takes advantage of the absorbance of
light at 280 nm by the amino acids Tyr and Trp.

2.2.6. Enzyme Assay

The quantitative estimation of aldolase activity present in
the extracts were determined by measuring the cleavage rate
of fructose 1,6 bisphosphate spectrophotometrically. A unit
of aldolase activity was defined as the amount of enzyme
which catalyses the cleavage of 1 pmole of substrate per
minute at 37°C under conditions of assay. The specific
activity was defined as the number of activity units per
milligram of protein. The substrate cleavage rate was
determined spectrophotometrically by measuring hydrazone
formation of the product with dinitrophenyl hydrazine
(DNPH) [28].

2.2.7. Kinetic Studies

All experimental conditions were performed at 37°C and
pH 7,4, which were optimum enzyme assay conditions [28].

Substrate affinity constants (Km values) were determined
with the Henri-Michaelis—Menten equation using a
nonlinear least squares regression computer program.
Substrate (fructose 1,6 bisphosphate) concentrations were
selected as 0.0, 0.9, 3.0, 5.0, 7.0, 9.0 mM. Vmax (maximal
reaction rate or maximal velocity at saturating substrate levels)
and Km (Michaelis-Menten constant) constants were
calculated with reciprocal Lineweaver-Burke plot of the
initial velocity/substrate concentration data by the using 1/(V)
vs. 1/(S) values [31].

2.2.8. Statistical Analysis of Kinetic Data

Non-linear regression analysis module of Systat 11
statistic program was used to calculate of kinetic parameters.

3. Results

With this modified method [32], the enzyme was purified
about 63,0 fold from gestational diabetic human placenta.
Elution graphic from phosphocellulose column of
gestational diabetic human placental aldolase is provided at
Fig. 1.
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Figure 1.

Elution graphic of gestational diabetic human placental aldolase

Specific activity of placental aldolase was determined as 590,94 mU/mg protein. The summary of the purification steps are

presented in Table 1.

Table 1. Purification steps of fructose 1,6 bisphosphate aldolase from gestational diabetic human placenta
Purification Total volume Protein Total protein Specific activity Total activity Purification
Steps (ml) (mg/ml) (mg) (mU/mg protein) ((8)) (fold)
14.000 x g supernatant 1520 14,24 21644 9,38 209,7 1
o :
45% Ammonium Sulphate 1670 11,76 19639 22,72 446,2 24
Fract.
o -
65% Ammonium Sulphate 92.4 38,08 3518,59 70,16 246,86 7,47
Fract.
G-25 Sephadex Column 105 31,28 32844 36,304 119,24 3,87
Phosphocellulose Column 6 1,904 11,424 590,94 67,5 63
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Pure enzyme samples were applied to SDS-PAGE
electrophoresis for control of purity and in order to
determine the molecular weight [29]. We demonstrated the
purity of enzyme samples and also verified molecular weight
of human placental aldolase is 160 kDa identical with rabbit
muscle aldolase (Fig. 2).

1 2 3 4 5 6 7 8

— - 4

‘ - .
. -

Figure 2. SDS-PAGE of healthy and gestational diabetic human placental
aldolases.

Line 1 and 8: carbonic anhydrase,

Line 2 and 5: rabbit muscle aldolase,

Line 3 and 4: human placental aldolase (Applied (10 pL),
one sample per well),

Line 6 and 7: human placental aldolase (Applied (20 pL),
one sample per well)

The samples were run on a 7,5% (w/v) acrylamide
separating gel and a 4,5% stacking gel. The subunit
molecular mass was determined as 40 kDa. Therefore, it is

observed that the human placental aldolase is a
homotetramer (Fig. 3).
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Figure 3. Molecular weight distribution of FBPA. Standard Rf-Log MW
graph of aldolase from human placenta.

In this study, we also determined the optimal conditions
(pH, temperature, time) of the enzyme activity.

3.1. pH Optimization

The effect of pH on the aldolase activity was determined

by using 50 mM FBP with the following buffers (50 mM) at
the indicated pH; acetate buffer (pH 5,0 and 8,5), phosphate
buffer (pH 6,0 and 6,5), and Tris—HCI buffer (pH 7,0-8,5).
Then, the standard enzyme assay which was described
previously was used. The optimum pH was determined as
7,4. The acquired optimum pH was used to determine
thermal properties and other parameters (data not shown).

3.2. Optimization of Temperature

To assess the optimum temperature, enzymatic assay was
exercised between 10-60°C. The optimum temperature was
determined as 37 °C for the sample by measuring enzyme
activities under standard assay conditions (data not shown).

3.3. Optimal Incubation Time Determination

In order to determine the optimum incubation duration,
enzyme assay method was performed between 0-60 minutes,
by 5 minutes increments at 37 °C. The optimum incubation
period was determined as 30 minutes under standard assay
conditions (data not shown).

3.4. Optimization of Hydrazone Stability Time

To study the time stability of hydrazone formation, at the
last stage of assay, the tubes were incubated for different
periods of time at 37 °C. Enzyme activity was measured at 0,
5,10, 30, 45, and 60th minutes, after formation of hydrazone.
The optimum stability time was determined between 0-5
minutes for samples under standard assay conditions (data
not shown).

3.5. Substrate Kinetics of Gestational Diabetic Human
Placental Aldolase

According to our results, Vmax was determined as
939,548+60,869 U/mg and Km as 24,304+2,948 mM for
total substrate 0-60mM FBP concentrations.

The Michaelis-Menten equation means the relationship
between the initial velocity and substrate concentration. A
plot of V (velocity) vs. substrate (Michaelis-Menten plot) is
hyperbolic for many enzymes [31]. The Michaelis-Menten
plot for total substrate concentrations which describes the
convenience between the initial velocity (Vo) and substrate
concentrations is shown in Fig. 4.

In contrast to healthy human placental aldolase, the
Michaelis-Menten diagram was not observed to have
biphasic feature [26]. Because of the Michaelis-Menten plot
was not seen with two phases and biphasic constitution, there
was no need to draw new diagrams for low and high
concentrations of substrate.
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Figure 4. Effect of total FBP concentrations on gestational diabetic human placental FBPA (Michaelis-Menten Plot for FBP)

The Lineweaver-Burk (LB) plot, which is associated with total FBP concentrations for gestational diabetic placental
fructose 1,6 bisphosphate aldolase (FBPA), is shown at Fig. 5. Lineweaver Burk plot appears to be nonlinear and appropriate
to negative cooperativity [31]. It was observed that LB diagram line of total substrate concentrations appears to be
downwards. New LB diagrams were performed for the phases that separated from this point.
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Figure 5. Lineweaver-Burk plot of effect of total FBP concentrations on GDM human placental FBPA

We found two distinct Km values of low and high concentrations of FBP on gestational diabetic aldolase.
Lineweaver-Burk diagram shows that the enzyme that was purified from diabetic placenta is not completely biphasic
characteristic.
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Figure 6. Effect of low FBP concentrations (0,1-3 mM) on GDM human placental FBPA (Lineweaver-Burk diagram for 0,1-3 mM FBP)
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Figure 7. Effect of high FBP concentrations on GDM human placental FBPA (Lineweaver-Burk diagram for 3-50 mM FBP)

At low concentrations of substrate (0,1-3,0 mM), the
value of Km of diabetic placental aldolase was determined as
1,385+0,403 mM, and the value of Vmax was determined as
159,422+26,180 mU/mg (Fig. 6). At high concentrations of
substrate, Vmax and Km were defined as 981,093+38,483
mU/mg and 26,686+1,913 mM respectively, as pointed out
in Fig.7.

In accordance with the present graphics, high substrate
concentration range (3—50 mM) is determined as the linear
substrate concentration zone. Therefore, advanced kinetic
studies will be performed at this linear zone.

Hill plot was graphed to understand this manner
thoroughly, which was related to the concentrations of

substrate of FBPA. At Hill plot diagram, it’s found out that
gestational diabetic human placental aldolase does not have
biphasic feature (Fig. 8).

With reference to Hill plot, it is observed that gestational
diabetic FBPA does not display diverse properties with
different substrate concentrations, contrary to healthy human
placental aldolase [26].

However, we obtained two different Km values for
diabetic human placental aldolase. This situation was
displayed previously in LB diagrams. As mentioned before,
while high substrate concentrations of Km were
26,686+1,913 mM, low concentrations of Km were found as
1,385+0,403 mM according to LB plot.
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Figure 8. Hill plot of GDM human placental aldolase for total substrate concentrations

4. Discussion

In our preceding study, we demonstrated the presence of
aldolase, then purified and investigated the substrate kinetic
properties of healthy human placental aldolase [26]. In the
present study, our main goal was to investigate the roles of
the enzyme in changes observed in GDM. With the
procedure determined in this study, [32], aldolase was
purified 63,0 fold from gestational diabetic human placenta.
Until now, there is no knowledge in literature about the
presence and purification of aldolase particularly from
gestational diabetic human placenta.

The different steps of purification of placental aldolase are
summarized in Table 1. Phosphocellulose elution graphic of
the enzyme is shown in Fig. 1.

SDS-Page electrophoresis provided a single pure band
when the pure enzyme was subjected to electrophoresis (Fig.
2). The band was found to migrate identically with rabbit
muscle aldolase under identical conditions. As a result of
electrophoretic tests, it was determined that molecular
weight of human placental aldolase is 160 kDa and the
enzyme is homotetramer and similar to rabbit muscle (Fig.
3).

After temperature, pH, and time optimizations were
performed for placental aldolase, it was observed that the
optimum pH was 7,4, and temperature was 37°C.
Additionally, incubation and hydrazone stability duration of
enzymes were optimized. Aldolases, particularly Class I, are
crucial enzymes in glycolysis. Aldolase enzymes are
subjects under investigation with regard to their substrate
cleavage mechanisms. FBPA has been investigated in many
tissues [4,7,10-13].

In this research, gestational diabetic human placental
enzyme was purified with the modified method based on
Penhoet [32]. Placental aldolase was eluted with substrate

bounding to column. We found that the specific activity of
the diabetic enzyme was 590,94 mU/mg protein. Similar to
the previous study with healthy human placental aldolase
[26], two pure separate peaks were determined at elution
graphic profiles. We believe that this difference from model
literature is characteristic of placental aldolase.

In the present study, we also investigated some kinetic
properties of gestational diabetic placental enzyme
thoroughly.

In contrast to healthy human placental aldolase, the
Michaelis-Menten plot (Fig. 4) was seen with one phase for
gestational diabetic human placental aldolase [26]. Because
the Michaelis-Menten plot was single phase and not observed
to have biphasic constitution, there was no need to draw new
diagrams for low and high concentrations of the substrate. It’s
conceived that the different kinetic behaviours of both
enzymes forms result from diabetic deformational
complications on tissue. Although there were no differences
between the electrophoretic analyses of both enzymes, it’s
deemed that the activity may have been affected by absence
or difference of any amino acid which is located in active
side of the enzyme. Hence, we estimate that general effect of
gestational diabetes mellitus may occur in this direction on
the enzyme.

According to the Lineweaver-Burk (LB) plot associated
with total FBP concentrations, Vmax was 939,548+60,869
U/mg, and Km was 24,304+2,948 mM for gestational
diabetic human placental FBPA. The LB plots seemed to be
nonlinear and appropriate to negative cooperativity [31]. It
was found that LB diagram line of total substrate
concentrations appeared to be downwards. New LB
diagrams were performed for the phases that separated from
this point. High substrate concentration range (3—50 mM)
has been determined as linear substrate concentration zone.

It was detected that Km value was about 24 mM for
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fructose 1,6-bisphosphate in the present study. The apparent
catalytic parameters of class I FBP aldolases have wide
variations. The calculated Km values of characterized class I;
aldolase A from human muscle is 52 uM, liver type aldolase
B is 1,6 uM, and brain type aldolase C is 10,7 uM for
fructose 1,6-bisphosphate [4,33].

Similar to our previous study, the most remarkable part of
this research was to observe two different Km and Vmax
values at high and low concentrations of substrate Fructose
1,6-bisphosphate. Hill plot of gestational diabetic placental
aldolase supports that enzyme points out different kinetic
features for varied substrate concentrations. When two Km
values were compared with each other, it is determined that
the affinity of the enzyme with its substrate increases when
the concentration of fructose 1,6-bisphosphate is low. It
seems that fructose 1,6-bisphosphate aldolase is an important
enzyme of glycolysis and energy metabolism for placental
cells.

It is estimated that there may be a modification in the
enzyme structure of placental cells for low concentrations of
fructose 1,6-bisphosphate. Previous studies showed that
human muscle, liver, and brain type aldolases have
monophasic character for fructose 1,6-bisphosphate [4,12].
Because of that, this unprecedented situation seems to be
characteristic for placental aldolases. Based on this finding,
we can conclude that the amino acid sequences, active sites,
and kinetic characteristics of aldolases can be different in
various tissues.

It is considered that placental structure and function can
change as a result of maternal diabetes. Maternal and foetal
concentrations of several growth factors, hormones, and
cytokines are altered in diabetes and may affect the placenta
and the fetal development. It is thus necessary to identify the
specific biological effects and the mechanisms underlying
them [25].

Diabetes-associated changes are likely to affect the
placenta because enzymes, receptors, and transporters, the
primary targets of circulating molecules, are expressed, often
asymmetrically, on both placental surfaces [24].

In the existing study, we found a lower specific activity
than the healthy placental enzyme [26]. Relying on the
experimental data, we supposed that activity differentials
originate from the diabetic complications. It may be
concluded that differences of amounts and activity of
aldolase may be a responsible factor in diabetic
complications when compared with the previous research.
It’s predicted that the reduction of enzymatic activity of
diabetic tissue may result from diabetic tissue damage. It’s
thought that this difference occurs because of some
conformational defects on enzyme due to diabetes. It’s
known that the enzyme activity of the aldolase decreases in
lots of metabolic disorders [34]. By all means, it can be said
that diabetes also causes some damages on placenta tissue
which effect the enzyme activity negatively [33,35].

It is known that all defined aldolase isozymes have strictly
conserved residues in the active site consisting of Asp33,
Argd42, Lys107, Lysl46, Glul87, Ser271, Arg303, and

Lys229 (which forms the Schiff-base intermediate). They are
immunochemically distinct and have different catalytic
properties, such as the ratio of the specificity constants
(kcat/Km) [4].

As mentioned before, in this study, our main purpose was
clarified the differences of the enzyme activities between
healthy and gestational diabetic FBPA. And we were
purified, and investigated the kinetic properties of
gestational diabetic human placental FBPA. The main
purpose of the study is not clinical investigation. This study
is focused on the enzyme activity.

In the present and former studies, we could not define the
amino acid sequences and active sites of placental aldolases.
Further studies are under consideration about the kinetic
properties of inhibitors of both healthy and diabetic human
placental aldolases. We believe that determination of
inhibition kinetic features of placental aldolase will supply
more information to understand the differences between
other tissues and placental aldolases. These kinetic
properties will clarify the characterization of enzyme
structure.
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