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a b s t r a c t

The enzyme glucose-6-phosphate dehydrogenase (G6PD, EC 1.1.1.49) from Leuconostoc mesenteroides
has a dual coenzyme specificity with oxidized nicotinamide adenine dinucleotide (NADox) and oxidized
nicotinamide adenine dinucleotide phosphate as electron acceptors. The G6PD coenzyme selection is
determined by the metabolic cellular prevailing conditions. In this study a kinetic and thermodynamic
analysis is presented for the reaction catalyzed by G6PD from L. mesenteroides with NADox as coenzyme
eywords:
quilibrium constant
ibbs energy
nzymatic kinetics
euconostoc mesenteroides
-Nicotinamide adenine dinucleotide
-Phospho-d-glucono-1,5-lactone

in phosphate buffer. For this work, an in situ spectrophotometric technique was employed based on
the detection of one product of the reaction. Substrate and coenzyme concentrations as well as tem-
perature and pH effects were evaluated. The apparent equilibrium constant, the Michaelis constant,
and the turnover number were determined as a function of each experimental condition. The standard
transformed Gibbs energy of reaction was determined from equilibrium constants at different initial
conditions. For the product 6-phospho-d-glucono-1,5-lactone, a value of the standard Gibbs energy of
formation is proposed, �fG◦ = −1784 ± 5 kJ mol−1.
. Introduction

The enzyme glucose-6-phosphate dehydrogenase (G6PD; EC
.1.1.49) is the first enzyme of the pentose phosphate pathway,
n alternative path for glucose metabolism in cells. The genera-
ion of reduced �-nicotinamide adenine dinucleotide (NADred) and
f ribose residues is the principal function of this path. The G6PD
rom the bacteria Leuconostoc mesenteroides [1] is a 109,603 Da
wo-subunit enzyme that catalyzes the oxidation of glucose-6-
hosphate (G6P) to 6-phospho-d-glucono-1,5-lactone (6PDGL).
his enzyme has dual coenzyme specificity: it can reduce both
AD+ (NADox) and NADP+ (NADPox), with a hydrogen atom addi-

ion (Fig. 1).

The election between NADox and NADPox is controlled by

ellular metabolic conditions. In L. mesenteroides, these reduced
oenzymes take part in different pathways: NADPred is used in
atty acids biosynthesis while NADred is used in heterolactic fer-

Abbreviations: G6P, glucose-6-phosphate; G6PD, glucose-6-phosphate
ehydrogenase; NADox = NAD+, oxidized �-nicotinamide adenine dinucleotide;
ADred = NADH, reduced �-nicotinamide adenine dinucleotide; NADPox = NADP+,
xidized �-nicotinamide adenine dinucleotide phosphate; NADPred = NADPH,
educed �-nicotinamide adenine dinucleotide phosphate; 6PDGL, 6-phospho-d-
lucono-1,5-lactone.
∗ Corresponding author. Tel.: +52 999 9429438; fax: +52 999 9812917.

E-mail address: rtarkus@mda.cinvestav.mx (R. Patiño).

040-6031/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2011.01.030
© 2011 Elsevier B.V. All rights reserved.

mentation [2]. By using site-directed mutagenesis, the catalytic
mechanism of G6PD has been elucidated. The reported results sup-
port a mechanism in which the residue His-240 is hydrogen bonded
to the residue Asp-177, forming a catalytic dyad. Then, the N∈2 of
the His-240 is poised to act as a general base by abstracting a proton
from the C1–OH of the G6P, allowing a transfer of the C1–hydride
to the C4 position of the nicotinamide ring of the NADox or of the
NADPox [3]. Therefore, the His-240 plays an important role in the
G6PD activity and the protonation of this pKa = 6.4 residue dimin-
ishes the enzymatic activity [1].

The mechanism of thermal inactivation for G6PD from Sac-
charomyces cerevisiae has been studied and it was found that at
temperatures higher than T = 308 K, the half-life time values are
very low and the enzyme is denatured rapidly [4]. Thermodynamic
and kinetic studies of the synthesis and activity of G6PD from S.
cerevisiae have been reported [5], however similar results were not
found for G6PD from L. mesenteroides. Although there are some
kinetic and thermodynamic data for the G6PD activity with NADPox,
the experimental work is old and not detailed, and the results are
difficult to compare systematically [6,7].

In this work, the G6PD activity with NADox in phosphate buffer

was studied using an in situ spectrophotometric technique. The
kinetics analysis was performed in base of the Michaelis–Menten
model: the Michaelis constant (KM) and the turnover number (kcat)
were obtained at different temperature and pH values. The standard
transformed Gibbs energy of reaction was obtained by employing

dx.doi.org/10.1016/j.tca.2011.01.030
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:rtarkus@mda.cinvestav.mx
dx.doi.org/10.1016/j.tca.2011.01.030
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3. Results

The reaction initial rates were based on the time evolution of
the optical absorbance (A) of the product NADred formed during
Fig. 1. Reaction catal

he recommended specific equations for biochemical reactions [8].
ased on this methodology, the standard Gibbs energy of formation
f the product 6PDGL was calculated.

. Experimental methods

.1. Reaction solutions

The reaction system consisted of molar solutions of G6P
nd NADox in (50.0 ± 0.1) mM phosphate buffer. The phosphate
uffer was prepared in deionized water with monobasic potas-
ium phosphate (Química Meyer, KH2PO4, purity 0.998) and
ibasic potassium phosphate (Química Meyer, K2HPO4, purity
.997). The relative concentrations were calculated from the
enderson–Hasselbach equation with pKa = 6.89 [9]. The pH value
f the buffer was adjusted with HCl or NaOH, both at 1.0 M
f concentration, and verified with a potentiometer (SensIon 3;
0.01). The G6PD enzyme from L. mesenteroides was acquired
s lyophilized powder (Sigma, 640 units (mg protein)−1) and
as dissolved in pH 7.0, 50 mM phosphate buffer. As sub-

trate, the crystallized d-glucose 6-phosphate sodium salt (Sigma,
6H12NaO9P, purity 0.98) and the coenzyme �-nicotinamide ade-
ine dinucleotide sodium salt (Sigma, C21H26N7NaO14P2, purity
.95, from Saccharomyces cerevisiae) were used. Stock solutions
NADox] = (75.0 ± 0.1) mM and [G6P] = (10.0 ± 0.1) mM were pre-
ared in the 50 mM phosphate buffer at the corresponding pH
alue. For each experiment, these solutions were diluted with the
ame 50 mM phosphate buffer to reach the desired initial substrate
oncentrations. In all cases, the final enzyme concentration was
.2 U mL−1.

.2. Reactor and probe mounting

The reactor (Fig. 2) consisted of a 50 mL three-neck round-
ottom flask, submerged in a circulating bath (Isotemp 3016,
isher) at the work temperature (±0.05 K). In the flask, the reaction
ixture was deposited in the next order: first the G6P solution, then
he NADox solution and, finally, the enzyme solution to start the
eaction. In order to maintain the homogeneity in temperature and
omposition during the reaction, a glass two-bladed propeller was
sed and rotated at 100 rpm by a mechanic mixer through a flexi-
le stirrer shaft. The evolution of the reaction was followed in real
y G6PD with NADox.

time, monitoring the NADred product formation with a maximum
of absorption at 340 nm of wavelength, through an optical probe
connected to a spectrophotometer (EPP2000, StellarNet) with 0.20
or 2.0 cm of cell length. The length of the cell was chosen in order to
get absorbance values between 0.1 and 1.0. The control of the spec-
trometer and the automatic data compilations were done through a
PC interface with the corresponding SpectraWiz software. The reac-
tion time varied from 1000 to 3000 s as a function of the substrates
concentrations, pH values and temperature; however, in all experi-
ments, 200 episodes were recorded and the duration between each
episode was a function of the monitoring time during the reaction.

2.3. Different temperature and pH experiments

All experiments were done in duplicate. Different substrate
G6P:NADox concentration relations: (0.10:1.0, 1.0:0.10, 1.0:1.0,
1.0:7.5 and 7.5:1.0) mM were analyzed at different values of pH
and temperature. At pH 7.00 ± 0.01, a series of T/K = (292.15, 298.15,
304.15, 310.5 and 316.15) was performed. The pH buffer variation
was studied at (298.15 ± 0.05) K with pH 5.4, 6.2, 7.0, 7.8 or 8.6.
Fig. 2. Experimental setup (the lid was retired for a better description).
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ig. 3. (a) Time evolution of the UV-absorption spectra during the enzymatic oxidatio
volution with time, obtained with the Lambert–Beer law. The experimental conditi
G6P]0 = 7.5 mM, [NADox]0 = 1.0 mM and 0.2 U mL−1 of enzyme concentration.

he process, a typical example is shown in Fig. 3a. The reaction
rogress was followed at �max(NADred) = 340 nm of the maximal
avelength using the Lambert–Beer law, A = (ε, mM−1 cm−1) (l, cm)

c, mM), where c is the NADred concentration ([NADred]) at any
ime, l is the optical path length, and the extinction coefficient for
ADred is ε = 6.22 mM−1 cm−1. Fig. 3b represents a characteristic
urve of the reaction progress for the data in Fig. 3a. The initial
ate (V0, mM s−1 = d[NADred]/dt) corresponds to the slope of the
inear tendency obtained at the beginning of the reaction; in all
he cases, the linear coefficient of determination was R2 ≥ 0.95. A

ean value of V0 was computed from the duplicates with the cor-
esponding standard deviation as the uncertainty. The equilibrium
oncentration of the products, [NADred]eq = [6PDGL]eq, was calcu-
ated as an average of the concentration in the region of the curve

here the slope is zero. In order to verify that a true equilibrium
as achieved, a number of preliminary experiments at different

nzyme concentrations were performed with the same substrate
nd coenzyme concentrations: the same equilibrium concentra-
ion was obtained independently of the catalyst concentration.
upplementary data shows a Table S1 with [NAD ]eq values at dif-
red
erent enzyme and substrate concentrations, and two tables with
he mean values of V0 and [NADred]eq at 45 different experimental
onditions, as a function of the pH (Table S2) and the temperature
Table S3).

able 1
inetic parameters of the reaction as (a) pH functions at T = 298.15 K, and as (b) temperat
hosphate buffer (I = 0.1 M).

KM (mM)×10−2

G6P NADox

L–Ba E–Hb L–B E–H

(a) pH
5.40 13 ± 8 22 ± 4 19 ± 4 19 ± 3
6.20 38 ± 5 40 ± 1 22 ± 3 48 ± 1
7.00 47 ± 1 47 ± 1 39 ± 6 40 ± 6
7.80 61 ± 8 60 ± 2 38 ± 4 38 ± 1
8.60 69 ± 7 88 ± 2 46 ± 4 46 ± 1

(b) T/K
292.15 32 ± 3 33 ± 3 43 ± 7 43 ± 2
298.15 47 ± 1 47 ± 1 39 ± 6 40 ± 6
304.15 58 ± 5 65 ± 1 39 ± 7 52 ± 3
310.15 87 ± 4 89 ± 0 61 ± 6 66 ± 1
316.15 57 ± 11 59 ± 9 66 ± 11 68 ± 10

a Data from the Lineweaver–Burk method analysis.
b Data from the Eadie–Hofstee method analysis.
6PD. The signal around 340 nm is from the product NADred. (b) NADred concentration
ere T = 298.15 K and 50 mM phosphate buffer at pH 7.00, with initial concentrations

4. Discussion

4.1. Kinetic constants

The G6PD kinetic activity with G6P and NADox obeys
the Michaelis–Menten law with an independent binding of
substrates [4]. In this work, the KM and Vmax constants
from the Michaelis–Menten model were obtained with the
Lineweaver–Burk (L–B) and the Eadie–Hofstee (E–H) equations
using weighted linear fits. The KM values were computed twice con-
sidering the G6P or the NADox as substrate. From the obtained Vmax

constants, the kcat was calculated for each experimental condition
considering two active sites for every enzyme; the values are pre-
sented in Table 1. The G6P has a value of pKa = 5.99 at the ionic
strength I = 0.10 M for the following equilibrium that is presented
in the pH range of this study [9]:

G6P−1 = G6P−2 + H+ (1)

Fig. 4 represents the distribution with the pH of the molar fraction

for these G6P species and for the His-240 residue (pKa = 6.4) [1].
At pH ≥ 7 the G6P−2 is the principal pseudoisomer of G6P in solu-
tion and the His-240 is almost totally deprotonated which allows
a better enzyme–substrate interaction, based on the mechanism
described where His-240 acts as general base abstracting a hydro-

ure functions at pH 7.00, both with 0.2 U mL−1 of enzyme concentration in 50 mM

Vmax (mM s−1)×10−3 kcat (min−1)×103

L–B E–H L–B E–H

0.49 ± 0.05 0.49 ± 0.04 5.1 ± 0.5 5.1 ± 0.4
1.49 ± 0.08 1.60 ± 0.03 15.7 ± 0.9 16.9 ± 0.3
2.37 ± 0.33 2.40 ± 0.26 25.0 ± 3.5 25.2 ± 2.7
2.70 ± 0.10 2.70 ± 0.09 28.4 ± 1.1 28.4 ± 1.0
3.23 ± 0.23 3.42 ± 0.08 34.0 ± 2.4 36.0 ± 0.9

2.17 ± 0.08 2.07 ± 0.17 21.7 ± 2.0 21.8 ± 1.7
2.27 ± 0.33 2.40 ± 0.26 25.0 ± 3.5 25.2 ± 2.7
2.68 ± 0.04 2.83 ± 0.03 29.4 ± 0.5 29.8 ± 0.3
4.03 ± 0.04 4.25 ± 0.01 44.6 ± 0.4 44.8 ± 0.1
4.26 ± 0.70 4.11 ± 0.76 42.1 ± 10.2 43.3 ± 8.0
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en from the G6P [3]. Table 1(a) shows how the kcat values increase
ith pH, principally in the range from pH 5.4 to pH 7.0. This could be

xplained since G6P−2 species concentration increases; in addition,
he His-240 residue of G6PD with pKa of 6.4 is deprotonated and,
s consequence, the number of functional active sites increases [1].

As temperature was increased from 292.15 K to 310.15 K, kcat

alues increased, and at T = 316.15 K the enzyme thermal instabil-
ty is remarkable [4,5], provoking an increasing in the uncertainty
f the measurement, as seen in Table 1(b). From kcat values, which
re zero order rate constants, the activation energy, Ea, was cal-
ulated with the Arrhenius equation: in the range from 292.15 K to
10.15 K, Ea = (46 ± 13) kJ mol−1 at pH 7.0 and I = 0.1 M. Some values
or KM and kcat are reported in the literature for the same reaction
ith G6PD [10–12], however, the results in this work can not be

ompared since the Hofmeister effects are important [13,14]. These
ffects are related with unlike activities of the same enzyme with
ifferent buffer species, even at the same pH.

.2. Thermodynamic parameters of reaction

From NADred equilibrium concentrations, the apparent equilib-
ium constants of reaction K′ were calculated with Eq. (2):

′ = [NADred]eq[6PDGL]eq

[G6P]eq[NADox]eq

= [NADred]2
eq(

[G6P]0 − [NADred]eq

)(
[NADox]0 − [NADred]eq

) (2)

he K′ values for this reaction have been reported by Brink
15] in 0.13 M phosphate buffer, at pH 7 and T = 294.15 K:
′ = 2.9 ([G6P]0 = 0.133 mM, [NADox]0 = 0.0404 mM) and K′ = 3.3
[G6P]0 = 0.0667 mM, [NADox]0 = 0.0394 mM). These reported val-
es and the K′ values in this work show the influence of the
eactants initial concentrations. However, since the effect of the
onic strength is also remarkable on the K′ values, it is not correct
o compare the values by Brink with those in this work due to the
ifferent experimental solution concentrations.

From the K′ values, the standard transformed Gibbs energy of
eaction �rG′◦ was obtained with Eq. (3):

�rG′0
R
= −T ln K ′ (3)

n Fig. 5, the effect of the pH and the relative concentration
6P:NADox on �rG′◦ values is shown at T = 298.15 K and I = 0.1 M.
t pH 5.4, it is remarkable the effect on the positive values of the
Fig. 5. Standard transformed Gibbs energy of reaction �rG′◦ as function of the pH
and the relative G6P:NADox concentrations, at T = 298.15 K in 50 mM phosphate
buffer. The uncertainty bars represent the propagated error from K′ values.

transformed Gibbs energy of reaction and it can be explained by
the abundance of G6P−1 species (Fig. 4). At pH ≥6.2, it is possible
to observe the effect of relative substrate:coenzyme concentra-
tion. In general, when [G6P]0 < [NADox]0, the biochemical reaction
is thermodynamically favored; the opposite situation occurs when
[G6P]0 > [NADox]0. For [G6P]0 = [NADox]0, the increase of pH favors
thermodynamically the reaction.

The �rG′◦ values obtained as function of the temperature do
not show a good correlation, for this reason the computation of
standard transformed enthalpy of reaction could not be possible.
To obtain an acceptable value of this thermodynamic parameter, it
should be necessary a calorimetric study [16].

4.3. Standard Gibbs energy of formation of 6PDGL

To calculate the standard Gibbs energy of formation of 6PDGL
(pH 7.0, p = 1 bar and I = 0 M), the methodology developed by
Alberty was followed [8,9]. For each species j of the reaction, the
empiric Eq. (4) was employed:

�fG
0
j (I = 0)

R
=

�fG
′0
j

R
− NH(j)

(
T

K

)
ln 10 pH

+
(˛/M−1/2)(T/K)(z2

j − NH(j))(I1/2/M1/2)

1 + (1.6/M−1/2)(I1/2/M1/2)
(4)

where zj is the charge and the term NH(j) is the number of hydrogen
bounded atoms; the ˛ parameter is reported and it is a function of
temperature. The conversion by employing this equation generates
an error of ± 0.01 kJ mol−1.

To obtain the transformed standard Gibbs energy of formation
of G6P, �fG′◦(G6P), for each pH value, the equilibrium of pseudoi-
somer groups was considered and calculated through the binding
polynomial equation that considers the dissociation constant of
G6P as function of both I and pH. In summary, to obtain the �fG◦

of 6PDGL the following operations were followed: (i) the exper-
imental �rG′◦ values were calculated from apparent equilibrium
constants (Eq. (3)); (ii) the values of the standard Gibbs energy
of formation, �fG◦, of G6P−2 (−1763.94 kJ mol−1 and pKa = 5.99
at I = 0.10 M), NADox (0 kJ mol−1), NADred (22.65 kJ mol−1) and H+
(0 kJ mol ) were transformed at the �fG (j) for the correspond-
ing experimental conditions; (iii) the calculation of �fG′◦ for 6PDGL
by subtraction of �fG′◦(j) from �rG′◦; (iv) finally, the obtained
�fG′◦ values of 6PDGL were transformed by Eq. (4) to the corre-
sponding �fG◦, considering a −2 charge in the studied range of pH.
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Table 2
Standard Gibbs energy of formation of 6-phospho-d-glucono-1,5-lactone (6PDGL) at different values of pH and temperature. The mean value corresponds to the average of
the eight reported values.

pH at T = 298.15 K �fG◦ (6PDGL) (kJ mol−1) T/K at pH = 7.00 �fG◦ (6PDGL) (kJ mol−1)

5.40 −1781 ± 2 292.15 −1785 ± 2
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[

[
[
[13] A. Salis, D. Bilanicová, B.W. Ninham, M. Monduzzi, Journal of Physical Chemistry
6.20 −1787 ± 2
7.00 −1784 ± 1
7.80 −1786 ± 2
8.60 −1786 ± 2

n the range of temperature from 292.15 K to 310.15 K and in the
ange of pH from 5.4 to 8.6, it was found that the average standard
ibbs energy of formation of 6PDGL is �fG◦(G6PDL) = −(1784 ± 5)
J mol−1 (Table 2).

The explanation to consider this −2 charge for 6PDGL is given
s follows: since the pKa value was not found in the literature for
he product 6PDGL, the transformed Gibbs energy of formation of
PDGL as pH function keeps a linear relation that is described by
he Eq. (5) [9]:

¯ H = 1
(T/K) ln 10

(
∂(�fG

′0/R)
∂pH

)
T,p.ni

(5)

here N̄H is the average number of hydrogen atoms bounded by
he reactant. If temperature, pressure and species number are con-
tant, it is possible to obtain easily the integrated form of Eq. (5)
nd, by a linear regression of �fG′◦ (6PDGL) versus pH, the slope
btained corresponds to N̄H = 8.8 ± 0.1. The G6P−2 species has 11
ounded hydrogen atoms and its oxidation to 6PDGL releases two
ydrogen atoms. Therefore, the value N̄H = 8.8 suggests that most
f the G6PDL species has a −2 charge in the studied pH range.

. Conclusions

The determination of kinetic and thermodynamic parameters of
he reaction catalyzed by G6PD from L. mesenteroides in phosphate
uffer was possible using a spectrophotometric in situ method. The
hermal instability was observed at 43 ◦C and can be compared
ith other works with G6PD from S. cerevisiae [4]. From kinetic

nd thermodynamic results, it is possible to say that the reaction
s pH dependent due to the G6P and, probably, 6PDGL ionization,
rincipally at pH < 7. The influence of the His-240 residue proto-

ation [1] in G6PD was observed on the kinetic constants of the
eaction. The effect of relative initial concentrations is important
n transformed Gibbs energy of reaction values at pH >6. Appar-
ntly, the 6PDGL has a predominant −2 charge and its standard
ibbs energy of formation was calculated by employing the cor-

[

[
[

298.15 −1784 ± 1
304.15 −1783 ± 1
310.15 −1785 ± 1
Mean value: �fG◦ (6PDGL) = −(1784 ± 5) kJ mol−1

responding equations for biochemical reactions [8,9], this value is
independent of the temperature (292.15 ≤ T/K ≤ 310.15) and the pH
(5.4 ≤ pH ≤ 8.6).
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