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The reductive carboxylation of ribulose-5-phosphate (Ru5P)
by 6-phosphogluconate dehydrogenase (6PGDH) from Can-
dida utilis was investigated using kinetic isotope effects. The
intrinsic isotope effect for proton abstraction from Ru5P was
found at 4.9 from deuterium isotope effects on V and V/K and
from tritium isotope effects onV/K. The presence of 6-phospho-
gluconate (6PG) in the assay mixture changes the magnitude of
the observed isotope effects. In the absence of 6PG D(V/K) and
D(V) are 1.68 and2.46, respectively,whereas thepresenceof 6PG
increases D(V/K) to 2.84 and decreases D(V) to 1.38. A similar
increase of T(V/K) is observed as 6PG builds up in the reaction
mixture. These data indicate that in the absence of 6PG, a slow
step, which precedes the chemical process, is rate-limiting for
the reaction, whereas in the presence of 6PG, the rate-limiting
step follows the isotope-sensitive step. Kinetic analysis of reduc-
tive carboxylation shows that 6PG at low concentrations
decreases theKm of Ru5P, whereas at higher concentrations, the
usual competitive pattern is observed. These data indicate that
full activity of 6PGDH is achieved when one subunit carries out
the catalysis and the other subunit carries an unreacted 6PG.
Thus, 6PG is like an allosteric activator of 6PGDH.

6-phosphogluconate dehydrogenase (6PGDH)2 catalyzes the
reversible oxidative decarboxylation of 6-phosphogluconate
(6PG) to ribulose-5-phosphate (Ru5P) and CO2. The enzyme
from Candida utilis is a dimer with identical subunits that
strictly requires NADP�, and the reduced coenzyme has also
been shown to have a nonredox role (1, 2).
The catalytic mechanism of 6PGDH has been widely investi-

gated. The enzyme follows a rapid equilibrium bi-ter sequential
mechanism, with a random order of substrate addition both in
the direct reaction, oxidative decarboxylation, and, in the
reverse reaction, reductive carboxylation (3).
The chemistry of the reaction can be described as a three-

step mechanism (Scheme 1). The first step is the oxidation of
6PG to a 3-keto intermediate, the second step is the decarbox-
ylation of the intermediate to the dienol form of Ru5P, and the
last step is the conversion of dienol to Ru5P. The catalytic res-
idues were identified by inspecting the three-dimensional
structure (4) and by site-specific mutagenesis (5, 6) of the sheep
liver enzyme.A conserved lysine (Lys183 in the sheep enzyme) is

the acid/base group that accepts an H� in the dehydrogenation
and enolization steps and donates anH� in the decarboxylation
step. A conserved glutammic acid (Glu190 in the sheep enzyme)
is the acid that donates an H� at C1 of the dienol form of Ru5P
at the enolization step.

2H and 13C isotope effects have shown that both dehydroge-
nation and decarboxylation steps are partially rate-limiting,
whereas solvent isotope effects have highlighted a kinetically
significant isomerization step preceding dehydrogenation
(7–9). This isomerization could correlate with previously
reported data supporting a “half of the sites” mechanism in
6PGDH (10).
The least studied step of the reaction catalyzed by 6PGDH

was the last step, the conversion of dienol intermediate into
Ru5P. The enzyme catalyzes stereospecific keto-enol conver-
sion even in the absence of CO2 (11). It has been shown that this
reaction has an absolute requirement of NADPH, which does
not have a redox role and can be substituted by nonreducing
analogues (1). In kinetic studies, the decarboxylation is
assumed to be accompanied by the irreversible release of CO2,
so the weight of the last steps in terms of overall kinetics is
somewhat shielded. Here, we reported a study of the kinetic
isotope effects on the reverse reaction, reductive carboxylation.
Our data show that even in the reverse reaction an isomeriza-
tion step preceding the chemical steps is partially rate-limiting
and that 6PG changes the rate-limiting step of the reaction.

MATERIALS AND METHODS

6PGDH fromCandida utiliswas purified as described previ-
ously (12). The specific activity of the purified enzyme was 46
�mol min�1 mg�1. Stereospecifically labeled [1H]-, [2H]-, and
[3H]-Ru5P (Ru5P-1-h, Ru5P-1-d, and Ru5P-1-t) were prepared
enzymatically from 6PG as described previously (11). Ru5P-1-t
was prepared in tritiated water, and the specific activity of puri-
fied Ru5P was 55 cpm/nmol. For Ru5P-1-d preparation, buffer
was prepared in 99.9% D2O, lyophilized twice to remove
exchangeable hydrogen, and redissolved in D2O. The pH (pD)
was calculated from a pH meter reading �0.4. The enzymes
used in the preparation were precipitated previously by 70%
saturated ammonium sulfate, washed twice with 70% saturated
ammonium sulfate in D2O, and finally dissolved in the buffer.
The isotopic substitutionwas estimated byNMRandwas found
to be 94%. Ru5P was purified from the reaction mixture by
Dowex 1 ion exchange chromatography and was used within 2
days. Ru5P concentration was determined colorimetrically
(13). 1,6-NADPH was prepared by the NaBH4 reduction of
NADP� and purified by DEAE-Sepharose chromatography as
reported previously (1).
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Isotope Exchange Measurements—Tritium release from
Ru5P-1-t was measured as reported previously (1). For tritium
uptake measurements, Ru5P-1-h and Ru5P-1-d were dissolved
at the desired concentrations in Hepes buffer, pH 6.9, contain-
ing tritiated water (specific radioactivity of 9.7 cpm/nmol H�).
Contaminating CO2 was removed from the buffer by purging
the solution with helium. Enzyme (0.062 mg) and NADPH (0.1
mM) were added, and the reaction was allowed to proceed at
24 °C for 30 min. The samples were then frozen, lyophilized,
redissolved in water, and loaded onto a small (cm 0.5 � 4.0)
Dowex 1 column. The resin was washed extensively with water
to remove any unbound radioactivity, andRu5Pwas elutedwith
4 � 0.5 ml of NaCl 0.5 M. The eluate was assayed for radioac-
tivity and Ru5P.
Reverse Reaction Measurements—The effect of isotope sub-

stitution on Ru5P in reductive carboxylation was measured by
comparing the relative reaction rates of Ru5P-1-h and Ru5P-
1-d. The reaction was carried out in 0.1 M NaHCO3 saturated
with CO2, pH 6.9, 0.15 mM NADPH, and 0.062 mg/ml of
6PGDHbymeasuring the decrease inNADPHabsorbance. The
tritium isotope effect was measured in the same NaHCO3 and
CO2 buffer, pH 6.9, with 1mMNADPH, 0.02mg/ml of 6PGDH,
10 mM isocitrate, and 10 units of isocitrate dehydrogenase. At
the desired times, 0.1-ml samples were withdrawn from the
reaction mixture, diluted to 0.5 ml, and loaded onto a small
Dowex 1 column. The column was washed extensively, and
Ru5P was eluted with 0.5 M NaCl, assayed, and counted as
described above. A blank reaction without 6PGDHwas carried
out to verify the stability of NADPH at pH 6.9 during the assay
time.
Data Treatment—Nonlinear least-square data fitting was

performed using GraphPad Prism (version 5.02) for Windows,
GraphPad Software (San Diego, CA).
Data were fitted with Equations 1 and 2 for Ru5P-1-h and

Ru5P-1-d, respectively,

v �
V�A�

KA � �A�
(Eq. 1)

v �
V�A�

KA�1 � fiEV/K� � �A��1 � fiEV�
(Eq. 2)

where v andV are the initial andmaximal velocity,A andKA are
the concentration, and the Michaelis constant for Ru5P, fi, is
the fraction of deuterium label in the substrate, andEV andEV/K
are the isotope effects �1 on V and V/K (14).

Isotope effects are expressed using the nomenclature devel-
oped by Cook and Cleland (15). Deuterium and tritium isotope
effects are written with a leading superscript D or T, e.g. a pri-
mary deuterium isotope effect on V/K is written as D(V/K).

T(V/K) was calculated fromEquation 3 at 7.0, 10.2, 23.5, 36.0,
44.1, 56.0, and 64.1% of substrate conversion,

T�V

K� �
log�1 � f �

log�1 � f � ASt/AS0
(Eq. 3)

where ASt and AS0 are the specific radioactivity at time t and
time 0, respectively, and f is the fraction of substrate conversion.
Inhibition of reductive carboxylation by 6PGwas determined

by fitting Equation 4 for each 6PG concentration.

v �
V�Ru5P�

�Ru5P� � KRu�1 �
�6PG�

Ki
� (Eq. 4)

The overall kinetic mechanism is described in Scheme 2, where
A is NADPH, B is Ru5P, C is CO2, and P and Q are 6PG and
NADP, respectively. X represents the enol form of Ru5P and K
represents the 3-keto-6PG. k3/k4 and k11/k12 are isomerization
steps.
V and V/K are as follows.

V �

k3k5

k3 � k4

1 � cVf � cr
(Eq. 5)

V/K �

k3k5

k4

1 � cf � cr
(Eq. 6)

The isotope effects are shown below.

D�V/K� �
Dk5 � cf � cr

DKeq

1 � cf � cr
(Eq. 7)

T�V/K� �
Tk5 � cf � cr

TKeq

1 � cf � cr
(Eq. 8)

SCHEME 1. 6PGDH-catalyzed reaction and the two main amino acid residues
involved.

SCHEME 2. The overall kinetic mechanism of 6PGDH.
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D�V� �
Dk5 � cVf � cr

DKeq

1 � cVf � cr
(Eq. 9)

cf �
k5

k4
(Eq. 10)

cr �
k6

k7
�1 �

k8

k9
�1 �

k10

k11
�1 �

k12

k13
��� (Eq. 11)

cVf �
k5

1 �
k4

k3

�1

k3
�

1

k�7
�

1

k�9
�

1

k�11
� (Eq. 12)

1

k�i
�

1

ki
�1 �

ki � 1

ki � 2
�1 �

ki � 3

ki � 4
�1 � � � � � ��� (Eq. 13)

The terms containing 1/k2 and 1/k13 were not included because
the enzyme displays a rapid pre-equilibrium sequential mech-
anism, and the release of substrate and products is fast. DKeq
was assumed to be 0.99 (16).
The intrinsic isotope effect was calculated by setting arbi-

trary cr values in the following equation.

D�V/K� � 1
T�V/K� � 1

�
Dk5 � cr�

DKeq � 1�
Dk5

1.441 � cr�
DKeq

1.441 � 1�
(Eq. 14)

RESULTS

Isotope Effects inHydrogenExchangeReaction—The first step
of the reductive carboxylation of Ru5P to 6PG catalyzed by
6PGDH is the conversion of Ru5P into dienol, with the release
of the proR hydrogen from Ru5P. This reaction requires the
presence ofNADPHbut occurs even in the absence of CO2, and
the hydrogen is exchanged with the medium (a so-called trit-
ium exchange reaction) (1, 11). Therefore, we first measured
the rate of hydrogen exchange between Ru5P and tritiated
water by using Ru5P-1-h and Ru5P-1-d. Both substrates
showed the same rate of tritium uptake, resulting in a vH/vD
0.99 	 0.04. This means that the isotope-sensitive step is not
rate-limiting in the tritium exchange reaction. The rate of
exchange of Ru5P-1-h, based on the specific radioactivity of
tritiated water, was 0.28 	 0.03 �mol min�1 mg�1. A similar
value, 0.27 	 0.02 �mol min�1 mg�1 was obtained measuring
the release of tritium from Ru5P-1-t. These values, measured
using a Ru5P concentration of 10-fold Km, are one order of
magnitude lower than the rate of tritium release observed dur-
ing reductive carboxylation (see below). These data suggest that
a slow step, which is not present in reductive carboxylation,
cancels the isotope effect on proton abstraction from Ru5P.
Effects of CO2 on Hydrogen Exchange Reaction—The carbox-

ylation reaction occurs with the inversion of the Ru5P C1 con-
figuration (11), and it is possible that hydrogen abstraction
from Ru5P could require (or could be facilitated by) the pres-
ence of CO2. To verify whether CO2 plays a direct role in the
first steps of the reaction, we studied the rate of tritium release
by Ru5P-1-t in the presence and in the absence of CO2 by using
1,6-NADPHas a coenzyme,which is a nonreducing analogue of
NADPH. This analogue can replace natural coenzyme in trit-
ium exchange and in decarboxylation (2, 17) so that the reac-

tion can move up to the 3-keto intermediate. Our experiments
show that the presence of CO2 does not modify the rate of
tritium exchange, ruling out any role for CO2 in the first step of
the reaction.
Reductive Carboxylation—CO2 affinity for 6PGDH is low,


50 mM (3), meaning that the rates of reductive carboxylation
are measured at nonsaturating CO2 concentrations. To ensure
relatively high CO2 concentrations with moderate ionic
strength, reductive carboxylation was measured in NaHCO3
saturated with CO2 at pH 6.9.
The rate of the reductive carboxylation of Ru5P shows that

heavy isotopes slow down the reaction rate. T(V/K) was meas-
ured by determining the specific radioactivity of residual Ru5P.
At low conversion (�10%), T(V/K) was 2.52; however, T(V/K)
calculated from Equation 3 appears to increase by increasing
the fraction of Ru5P transformed, reaching 5.2 when the extent
of the reaction is �50% (Fig. 1). The only change that occurs
during the measurements is the accumulation of 6PG in the
reaction mixture. This suggests that the presence of significant
amounts of 6PG might change some rate-limiting steps, either
by decreasing the commitment factors or by decreasing the rate
of the isotope-sensitive step. For this reason, the deuterium
isotope effects were measured both in the absence and in the
presence of 6PG.
The isotope effects on V and V/K are different and, in the

absence of 6PG, D(V/K) is lower than D(V). (Table 1). The
reductive carboxylation rate with Ru5P-1-h and Ru5P-1-d was
measured at different CO2 concentrations. Despite the large
error, due to few data points, a limiting value D(V) 3.7	 0.7 was
found.
In the presence of 6PG, at 30mMCO2, D(V/K) increases from

1.68 to 2.84, and D(V) decreases from 2.46 to 1.38. The change

FIGURE 1. Dependence of the calculated tritium isotope effect on the
extent of the reaction. T(V/K) was calculated from the change in Ru5P spe-
cific activity at different conversion grades from Ru5P to 6PG (Equation 3).

TABLE 1
Deuterium and tritium isotope effects on the reductive
carboxylation of Ru5P by 6PGDH
D(V) and D(V/K) are the deuterium (D) isotope effects onV andV/K in the presence
and in the absence of 6PG.

Isotope effect �6PG �6PG
D(V) 3.7 	 0.7 1.38 	 0.16a
D(V/K)Ru5P 1.68 	 0.13 2.84 	 0.21
T(V/K)Ru5P 2.55 	 0.22b 5.2 	 0.38c

a The reported isotope effect was measured at 30.0 mM CO2.
b T(V/K) are the tritium isotope effects at low substrate conversion.
c T(V/K) are the tritium isotope effects at high substrate conversion.
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in D(V/K) confirms that the observed change in T(V/K) is due to
an accumulation of 6PG in the reaction mixture. Efforts to
measure D(V) dependence on CO2 concentrations were unsuc-
cessful because the data are scattered, probably due to the com-
bined inhibitory activating effects of 6PG (see below). The
changes induced by 6PG on both D(V/K) and D(V) suggest a
shift in the rate-limiting step from the early to late steps of the
reaction.
To verify how 6PG affects the kinetic mechanism of 6PGDH,

the rate of reductive carboxylation was investigated in the pres-
ence of different 6PG concentrations. 6PG is reported to be a
competitive inhibitor toward Ru5P (3); thus, Vmax should be
constant, and Kapp should increase by increasing the concen-
trations of 6PG as Kapp  KRu(1 � [6PG]/Ki6PG). Instead,
increasing concentrations of 6PG cause anomalousKapp behav-
ior. For a competitive inhibition, the plot of Kapp against 6PG
concentrations is expected to be linear, whereas a biphasic
curve is observed (Fig. 2), showing a decrease ofKapp at low 6PG
concentrations and the usual competitive pattern at high 6PG
concentration.After extrapolation to zero [6PG], the linear part
suggests that 6PG could decreaseKRu up to 2.4-fold. Also,Vmax
appears to be affected by the presence of 6PG; however, the
increase is small (�20%) and not statistically significant.
Calculating the Intrinsic Isotope Effect—Taking T(V/K) at low

conversion (�10%) as indicative of the tritium isotope effect in
the absence of 6PG, and T(V/K) at high conversion as indicative
of the tritium isotope effect in the presence of 6PG,we have two
sets of three equations (D(V), D(V/K), and T(V/K)). Taking the
mean values, for each set of equations, there are four unknown
factors (Dk5, cf, cr, and cVf), and estimated Dk5 and commitment
factors can be obtained by setting arbitrary values of cr in Equa-
tion 14 (Table 2). Both in the absence and in the presence of
6PG, the range of permitted cr values is small, 0 to 0.3 and 0 to
1.1, respectively, and larger values generate negative cVf values
(in the absence of 6PG) or cf (in the presence of 6PG). The
intrinsic isotope effect for proton abstraction from Ru5P
appears unchanged by the presence of 6PG, 4.90–4.92 or 4.93–
4.94, and is close to the isotope effect for keto-enol conversion
in non enzymatic reactions.

DISCUSSION

The first concern in the study of the isotope effects on the
reverse reaction of 6PGDH is the weight of the isotope

exchange reaction that precedes reductive carboxylation. Com-
pared with reductive carboxylation, hydrogen exchange shows
a slower rate and the absence of isotope effects. The differences
in reaction rate and isotopic effects between the two reactions
could be related to the CO2, which is present in the reductive
carboxylation but absent in the hydrogen exchange. However,
the presence of CO2 does not change the rate of hydrogen
exchange, suggesting that the hydrogen ion that comes from
the Ru5P is shielded from the solvent. The most surprising
result from the measurements of the isotope effects on the
reverse reaction catalyzed by 6PGDH is the effect of 6PG on the
kinetics of the reaction. In fact, the presence of 6PG, which
competes with Ru5P for the same active site, causes a decrease
in KRu (Fig. 2). This decrease in KRu is consistent with the cal-
culated values of cf and cVf induced by 6PG. Indeed, KRu is the
ratio between V and V/K (Equations 5 and 6),

KRu � � k4

k3 � k4
� 1 � cf � cr

1 � cVf � cr
(Eq. 15)

and in the presence of 6PG, cf decreases and cVf increases,
resulting in a decrease in the second term of the equation.
The effect of 6PG on the kinetics of the reaction cannot be

observed in the forward reaction assays of oxidative decarbox-
ylation, as the forward reaction obviously cannot be studied in
the absence of 6PG.Nevertheless, an unexpected 6PGeffect has
already been reported on the decarboxylation of the 3-keto
2-deoxy 6-phosphogluconate, an analogue of the reaction
intermediate 3-keto-6PG. It has been shown that although 6PG
at high concentrations in 6PGDH from sheep liver inhibits
decarboxylation by competing with the keto intermediate, at
low concentrations, it greatly increases the rate of decarboxy-
lation (18). A similar increase in the rate of decarboxylation also
has been observed in 6PGDHs from different sources (19).
These data indicate that after the dehydrogenation step, the
enzyme works more efficiently when one subunit is still occu-
pied by the substrate. This could correlate with the half-site
reactivity observed for the coenzyme binding in the ternary
complex enzyme-6PG-NADP (10, 20, 21). In fact, if only one
NADP is bound to the dimeric enzyme in the ternary complex,
a second 6PG could remain unchanged on the second subunit
to assist the subsequent reaction steps.
An analysis of isotope effects could help to better understand

the role of 6PG in the kinetics of the reaction. A range of values
for Dk5, cf, cr, and cVf were obtained (Table 2) from tritium
isotope effects at low and high substrate conversion and from
deuterium isotope effects.
These values are obtained from the isotope effects at 30 mM

CO2, but the true values for D(V) should be obtained with all of

FIGURE 2. Effects of 6PG on the reductive carboxylation of Ru5P. Effects of
6PG on Kapp, where Kapp  KRu5P(1 � [6PG]/Ki6PG). Squares, experimental
points; line: interpolated curve assuming that Ki6PG  11 �M, KRu5P  287 �M in
the absence of 6PG and 117 �M in the presence of 6PG.

TABLE 2
Calculated ranges of intrinsic isotope effect and commitment factors
Intrinsic isotope effect and commitment factors are calculated from the average
values for D(V), D(V/K) and T(V/K) by setting arbitrary values of cr. Higher values of
cr generate negative values for cVf or cf.

�6PG �6PG
Dk5 4.9–4.92 4.92–4.94
cf 4.76–4.43 1.14–0.03
cr 0–0.3 0–1.1
cVf 0.05–0.35 8.23–9.37
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the reagents at saturating concentrations. If a rapid pre-equi-
librium, random ter-bi mechanism holds (3),3 the observed iso-
tope effect on V/KRu5P, at saturating NADPH, is as follows.

D�V/K�obs � D�V/K�
�CO2� � Ki�CO2D

�CO2� � Ki�CO2H
(Eq. 16)

Ki’CO2 is the dissociation constant of CO2 from the enzyme-
NADPH complex and is independent of the isotope substi-
tution on Ru5P, i.e. Ki’CO2H  Ki’CO2D. From the above cited
equation, it follows that D(V/K) is independent from the
CO2 concentrations.

The observed isotope effect on D(V) at saturating NADPH
and Ru5P is as follows,

D�V�obs � D�V�
�CO2� � KCO2D

�CO2� � KCO2H
(Eq. 17)

where KCO2
is the Michaelis constant that is dependent on the

isotope composition. Thus, the observed isotope effect on V is
dependent on the CO2 concentrations. From the above equa-
tion, it follows that D(V)obs is comprised within two limiting
values: D(V) at infiniteCO2, and D(V/K) at 0CO2. In the absence
of 6PG, at 30 mM CO2, D(V)obs � D(V/K) (Table 1), meaning
that the true D(V) is higher than that observed. In fact, an
approximate value of 3.7 was found. In the presence of 6PG, at
30 mM CO2, D(V)obs � D(V/K), meaning that the true value for
D(V) is lower than D(V)obs.
The Dk5 values are calculated by setting arbitrary values of cr

(Equation 14) and discharging the values that generate negative
values for cf or cVf. The range of permitted cr values in the
presence of 6PG is limited by the negative cf values; thus, the
estimated values for cr, cf, and Dk5 are still valid. The cVf value is
calculated from Equation 9; thus, if D(V) is lower than D(V)obs,
the true value for cVf is larger that that reported in Table 2.
The intrinsic isotope effect in the enolization of Ru5P is

lower than the theoretical value of 7–10, suggesting a nonsym-
metrical transition state. In the absence of 6PG only cr values
�1 and cf values �1 are permitted, meaning that k6 � k7 and
that k4 � k5. 6PGDH displays a random bi-ter mechanism with
the rapid binding/release of substrates/products (3), so it is
unlikely that k4 could be the Ru5P release step. To explain the
high cf value, a slow step preceding the isotope-sensitive step
has been inserted into the mechanism. This step is likely to be
an isomerization of the enzyme-substrate complex, similar to
the partially limiting isomerization observed in the forward
reaction (9). D(V/K) is smaller than D(V), meaning that cf is
greater than cVf, and from the definition of cf and cVf (Equations
10 and 12) it follows that,

1

k4
�

1

k7
�

1

k9
�

1

k11
(Eq. 18)

or, in other words, not only is k4 lower than k5, but it is also
lower than all other steps following proton abstraction from
Ru5P. Furthermore, k6� k7, as required by cr� 1, indicates that
Ru5P enol-keto conversion is slower than decarboxylation.
Taking all of this evidence into account, it appears that the
isomerization of the enzyme-Ru5P complex is rate-limiting,
and the enolization of Ru5P is partially rate-limiting, resulting
in D(V) � 3.7, whereas the intrinsic isotope effect Dk5 is esti-
mated at 4.9. These conclusions conflict with previous obser-
vations that the rate-limiting steps of oxidative decarboxylation
are the isomerization of the enzyme-6PG complex and, to a
lesser extent, dehydrogenation and decarboxylation (9). Thus,
evidence from the kinetic isotope effects suggests different
rate-limiting steps in the forward and reverse reactions,
being contradictory with the principle of microscopic
reversibility. However, the contradiction could result from
different experimental conditions or, in this case, from some
peculiar property of the enzyme that provokes unexpected
differences in the forward and reverse reaction assays. A
primary difference is the reaction pH. In fact, Rendina et al.
(7) measured deuterium and tritium isotope effects on the
forward reaction in Hepes, pH 8.0, whereas the reverse reac-
tion is here performed in the HCO3 buffer, pH 6.9. But the
greatest difference is that the forward reaction assay is obvi-
ously carried out in the presence of 6PG, and the presence of
6PG in the incubation mixture of the reverse reaction causes
an increase in D(V/K) and a decrease in D(V). Under these
different conditions, cf � cVf; thus, inequality (Equation 18)
is reversed. Furthermore, when 6PG is present, the permit-
ted values of cf become � 1, and the isomerization preceding
Ru5P enolization is not rate-limiting. Thus, the isomeriza-
tion, which is the last step preceding Ru5P release into the
forward reaction, is not rate-limiting under normal assay
conditions for 6PGDH. The increase in cVf simply could be
due to an increase in the k3k5/(k3 � k4) ratio, although the
wider range of permitted values for cr could suggest a higher
weight in the steps following the enolization in determining
the rate of the reaction. In other words, in the presence of
6PG, the step(s) following proton abstraction from Ru5P,
either the carboxylation, reduction, or isomerization of the
enzyme-6PG complex, become rate-limiting, and the princi-
ple of microscopic reversibility is satisfied.
For the principle of microscopic reversibility, the 6PG

effect on the reverse reaction should find a counterpart in
the forward reaction. Therefore, at 6PG concentrations
lower than its Kd, when the enzyme is mainly occupied by the
substrate with only one subunit, the reaction rate must be
lower than that observed when both subunits are occupied
by 6PG, one acting as a substrate and the other one as an
allosteric effector. This has never been observed, but it is
easy to explain how these differences have escaped research-
ers. In fact, simulation of a cooperative behavior with a 2.4-
fold change in Km (as observed in the reverse reaction),
shows that in the substrate range from 0.2 to 5 times the
apparent Km, the expected data are well fitted with the nor-

3 The general rate equation for the reductive carboxylation of Ru5P by 6PGDH (3)
is vVABC/(Ki,AKi’BKC � Ki’CKBA � Ki’AKCB � Ki’AKBC � KABC � KCAB � KBAC �
ABC), where A is NADPH, B is Ru5P, and C is CO2. Ki, Ki, and K are the disso-
ciation constants from the binary complexes, the dissociation constants
from the ternary complexes, and the Michaelis constants, respectively. At
saturating NADPH (A) the equation is reduced to: v VBC/(Ki’CKB � KCB �
KBC � BC). For B3 0, v  VBC/[KB(Ki’C � C)] or (V/KB)obs  (V/KB)C/(Ki’C � C).
For B3 � v  VC/(KC � C) or Vobs  VC/(KC � C).
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mal Michaelis-Menten kinetics, with an r2 of 0.9921 (Fig. 3).
Otherwise, there is abundant evidence that 6PG modulates
6PGDH activity. In the forward reaction, it suppressed inhi-
bition by NADP and decreases inhibition by NADPH by
increasing the Kd of the reduced coenzyme 6-fold (10), it
increases the rate of decarboxylation of the 3-keto interme-
diate (18, 19), whereas in the reverse reaction, it decreases
the Km and removes the slow step.
The significance of 6PGDH activity modulation by 6PG is

unclear; however, an attractive hypothesis can be formu-
lated. 6PG is an inhibitor of glucose-6-phosphate isomerase
and an activator of phosphofructokinase (22, 23), and the
fine tuning of the steady-state concentrations of 6PG could
allow cross-talking between glycolysis and the pentose phos-
phate pathway.
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FIGURE 3. Cooperative versus Michaelian behavior of 6PGDH. Squares,
cooperative behavior assuming Km 70 �M and Vmax 1.0 for the dimeric enzyme
with one 6PG bound, and Km 44 �M and Vmax 1.0 for the dimeric enzyme with
two 6PG bound; line: nonlinear fit according to Michaelis-Menten kinetics
giving Vmax 1.01 and Km 38 �M.
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