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ABSTRACT: A recent study suggested sheep liver 6-phosphogluconate dehydrogenase (6PGDH) sees the
oxidized and reduced cofactor differently [Cervellati, C., Dallocchio, F., Bergamini, C. M., and Cook, P.
F. (2005)Biochemistry 44, 2432-2440]. Data were consistent with a rotation into the active site of the
nicotinamide ring of NADP upon its reduction, resulting in a displacement of the 1-carboxylate of 3-keto-
6PG better positioning it for decarboxylation, and further suggested a role of the cofactor in generating
the precatalytic conformation of the enzyme. To further probe the role of the cofactor, multiple isotope
effects were measured for the enzyme with mutations of the two residues that directly interact with the
nicotinamide ring of NADP+, methionine 13 and glutamate 131. Kinetic and isotope effect data obtained
in this study will thus be interpreted in terms of a mechanism that includes the rotation of the nicotinamide
ring. The M13V, M13Q, M13C, and E131A mutant enzymes were characterized with respect to their
kinetic parameters, deuterium,13C, multiple deuterium/13C isotope effects, and the kinetics of utilization
of 2-deoxy-6PG. Data suggest the position of the nicotinamide ring is important in identifying the open
and closed conformations of the enzyme, with the latter optimal for catalysis. The 6PGDH reaction provides
an excellent example of the use of substrate binding energy to drive catalysis.

6-Phosphogluconate dehydrogenase (6PGDH,1 EC 1.1.1.44)
catalyzes the reversible oxidative decarboxylation of 6-phos-
phogluconate to ribulose 5-phosphate and CO2, with NADP
as the oxidant (Figure 1). The enzyme catalyzes its reaction
via a three-step acid-base mechanism, with oxidation of the
3-hydroxyl of 6PG to a 3-keto intermediate, followed by
decarboxylation to give the 1,2-enediol of ribulose 5-phos-
phate (Ru5P), which is finally tautomerized to Ru5P (1, 2).
On the basis of structural data, pH-rate profiles, and site-
directed mutagenesis, K183 and E190 act as general base
and general acid catalysts in the mechanism, respectively
(3-5).

Structures of 6PGDH from sheep liver with Nbr8ADP and
NADPH bound (3) exhibited differences in the position of
the nicotinamide ring such that the reduced cofactor was
rotated by∼180° compared to NADP, placing the ring in
the 6PG site. The side chain of M13 is behind there face of
the nicotinamide ring of NADP, and its backbone NH group
donates a hydrogen bond to the carboxamide side chain of
the cofactor. Mutation of M13 to a number of different
residues results in an increase inKiNADPH with no change in
KNADP. Since NADP and NADPH compete for the same site
in the free enzyme, this was taken as evidence that rotation
of the nicotinamide ring does occur along the enzyme’s
reaction pathway (6); i.e., data suggest a rotation of the
nicotinamide ring about itsN-glycosidic bond as the nico-
tinamide ring is reduced and the positive charge in the
pyridine ring has been eliminated (Figure 1). In addition to
the observed effects on the binding constants for the oxidized
and reduced cofactors, deuterium isotope effect studies
suggest additional effects on the catalytic pathway for
oxidative decarboxylation, specifically a modulation of the
conformational change that precedes catalysis.

In this paper, we further explore the effect of cofactor
orientation on the precatalytic conformational change by
measuring multiple13C/deuterium isotope effects to allow a
quantitative analysis of the isotope effect data. In addition,
a second residue, E131, is also within hydrogen bonding
distance of the carboxamide side chain of NADP and does
not interact with NADPH, as suggested by structures of the
E-Nbr8ADP and E-NADPH complexes (3). Multiple-
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sequence alignment of 6PGDHs shows that E131 is com-
pletely conserved. This residue was thus mutated to alanine,
to probe its effect on the catalytic pathway via initial rate
and isotope effect studies. Data are discussed in terms of
the catalytic mechanism of 6PGDH.

MATERIALS AND METHODS

Chemicals and Reagents. Oligonucleotide primers for
mutagenesis and sequencing were from Biosynthesis, Gib-
coBRL, and Invitrogen. The QuickChange site-directed
mutagenesis kit was from Stratagene. The PerfectPrep
Plasmid Mini kit was from Eppendorf. The DNA molecular
ladder was from New England Biolabs. Deoxynucleoside
triphosphates and protein molecular mass markers were
purchased from GibcoBRL. Acetaldehyde, acetate kinase,
ADP-agarose resin, ATP, ampicillin, glucose-6-phosphate
dehydrogenase (G6PDH), hexokinase, kanamycin, lithium
potassium acetyl phosphate, the disodium salt of 6PG,
NADP, and pyrophosphate were from Sigma-Aldrich, Co.
Ni-NTA agarose resin was purchased from QIAGEN.
Glycerol and sulfuric acid were from Fisher-Scientific, Co.
IPTG was from Gold Bio Technology (GBT).â-D-(3-
Deutero)glucose (98 at. % D) was from Omicron Biochemi-
cals, Inc., and 3-D-6PG was synthesized as previously
described (6). The 2-deoxy-â-D-glucose was obtained from
Sigma Aldrich and converted to 2-deoxy-6PG using hex-
okinase and G6PDH (9). All other chemicals were of the
highest available quality.

Bacterial Strain and Plasmids.The mutant enzymes
M13V, M13Q, and M13C were expressed from the M15-
[pREP4] host strain harboring the pQE30 plasmids with the
mutated 6PGDH cDNA insert (6). For E131A,Escherichia
coli strain XL1-Blue was used to transform the mutated
plasmid and M15[pREP4] was the host strain for expression
of the mutant enzyme. The pQE-30 plasmid was used as
both the mutagenesis and expression vector.

Site-Directed Mutagenesis. To change E131 to A, site-
directed mutagenesis was performed on double-stranded
DNA prepared from recombinant plasmid pPGDH.LC4 using
QuickChange site-directed mutagenesis (8). The following
synthetic oligonucleotide primers were used: forward, GT-
TAGTGGTGGAGCGGATGGGGCCCGA;reverse,TCGGGC-
CCCATCCGCTCCACCACTAAC. Whole gene sequencing
was performed for every mutation at the Laboratory for
Genomics and Bioinformatics of the University of Oklahoma

Health Science Center (Oklahoma City, OK). Plasmid
housing the mutated insert was then recovered from recipient
strain XL1-Blue and subsequently transformed into M15-
(PREP4) using an EC100 electroporator according to the
manufacturer’s specifications. Frozen stocks of strains
harboring plasmid were stored in LB/ampicillin/kanamycin
medium containing 15% glycerol at-80 °C.

Growth and Purification Conditions. The bacterial strain
containing the mutated plasmid was first grown in 50 mL
of LB medium, containing 100µg/mL ampicillin and 25µg/
mL kanamycin at 37°C, overnight in a water bath shaker.
The 50 mL culture was then transferred to 2 L of thesame
medium containing 1 mM IPTG and grown overnight in a
shaker bath at 37°C to induce overexpression of the enzyme.
Mutant enzymes were then purified as discussed previously
using Ni-NTA and ADP-agarose column chromatography
(6). The wild-type and mutant proteins were purified in an
identical manner, and all enzymes were stored at 4°C in
the same buffer used for elution from the ADP-agarose
column.

Initial Velocity Studies. Initial velocity studies were
performed using a Kontron Uvikon 930 spectrophotometer
measuring the change in absorbance at 340 nm due to
NADPH formation (ε340 ) 6220 M-1 cm-1). Reactions were
carried out in a volume of 1 mL using 1 cm path length
cuvettes. Kinetic parameters were obtained by measuring the
initial velocity in 100 mM Hepes (titrated with KOH) (pH
7) either by varying the level of 6PG at a saturating level of
NADP (0.6 mM) or by varying the level of NADP at a
saturating level of 6PG (1 mM). The enzyme was diluted
5-fold before each measurement to decrease the concentration
of pyrophosphate present as a result of elution from the 2′,5′-
ADP-agarose column.

13C Isotope Effects.The technique employed for the
determination of13C isotope effects is that of O’Leary (10,
11) in which the natural abundance of13C in the C-1 position
of 6PG is used. Isotope effects were measured as discussed
previously (22). Isolation and analysis of all samples were
carried out the same day the CO2 was generated. The isotopic
composition of the CO2 was determined on an isotope ratio
mass spectrometer (Finnegan Delta E) in the laboratory of
M. Engel (Department of Geophysics, University of Okla-
homa). All ratios were corrected for17O according to the
method of Craig (13).

FIGURE 1: Proposed mechanism for 6-phosphogluconate dehydrogenase, including the rotation of the nicotinamide ring in the oxidation
step.
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Nomenclature. Isotope effects are expressed using the
nomenclature developed by Northrop (14) and Cook and
Cleland (15). Deuterium and13C kinetic isotope effects are
written with a leading superscript D or 13; e.g., a primary
deuterium isotope effect onV/K is written D(V/K). Multiple
isotope effects are written with a leading superscript to depict
the isotope varied and a following subscript to depict the
fixed isotope; e.g., a13C isotope effect measured with 3-D-
6PG is written13(V/K)D.

Kinetic Studies with 2-Deoxy-6PG. Kinetic measurements
using 2-deoxy-6PG as a substrate were performed by
monitoring the increase in absorbance at 340 nm due to the
formation of NADPH (ε340 ) 6220 M-1 cm-1). Reactions
were carried out in a volume of 1 mL using 1 cm path length
cuvettes. Reactions were carried out in 100 mM Hepes (pH
7) at saturating concentration of 2-deoxy-6PG (2 mM) and
NADP (0.5 mM). Each reaction was initiated via addition
of 1 unit of 6PGDH (on the basis of activity with 6PG), and
the time course was followed for 20 min.

Data Processing.Double-reciprocal plots of the data were
visually evaluated to assess data quality, and all plots and
replots were linear. Data were fitted using the appropriate
rate equations and programs developed by Cleland (16).
Initial velocity data were fitted using eq 1

where V is the measured initial rate,V is the estimated
maximum rate,A is the reactant concentration (either 6PG
or NADP), andKa is the Michaelis constant for either 6PG
or NADP. Deuterium kinetic isotope effect data were fitted
using eq 2 (15) allowing for independent isotope effects on
V andV/K.

whereFi is the fraction of deuterium label in the substrate
(determined on the basis of 98 at. % D in the initial 3-D-
glucose) whileEV/K andEV are the isotope effects minus 1
on V/K andV, respectively. All other terms are as defined
above.

Calculation of13C isotope effects was carried out according
to eq 3 (26), wheref is the fraction of the reaction,RP and
R∞ are the isotope ratios of the product CO2 at partial and
complete reaction, respectively.

Isotope ratios are given asδ13C, calculated from eq 4, where
Rsmp andRstd are 12C/13C isotope ratios for the sample and
standard, respectively.

The standard for CO2 was calibrated from Pee Dee Belemnite
with a 12C/13C ratio of 0.00112372 (13).

RESULTS

Spectral Properties and OVerall Structure. The far-UV
CD spectra of all mutant enzymes were identical to those of

the wild-type enzyme, once corrected for protein concentra-
tion (data not shown). In addition, tryptophan fluorescence
emission spectra, obtained upon excitation at 290 nm, were
identical for mutant and wild-type enzymes (data not shown).
Data indicate conservation of the global three-dimensional
structure of the mutant enzymes, as well as the microenvi-
ronment around the tryptophan residues of the protein. Thus,
the mutations introduced do not perturb the secondary
structure of the mutant enzymes, and any changes are likely
localized to the active site.

Kinetic Parameters.The macroscopic rate constants,V and
V/K, provide a presumptive estimate of whether rates of steps
along the reaction pathway have been affected. Values
obtained from initial velocity studies of the E131A mutant
enzyme are listed in Table 1. Those obtained previously for
the M13 mutant enzymes are also provided in support of
the analyses carried out in the Discussion (6). The E131A
mutant enzyme exhibits a 2.3-fold decrease inV/Et and
V/KNADPEt, but no change inKNADP. The value ofK6PG (30
µM) is identical, within error, to that of the wild type for all
mutant enzymes.

Isotope Effects.Isotope effects are arguably one of the
most powerful probes of changes in kinetic and chemical
mechanism. There are a number of examples in the literature
of studies where no change in the steady state kinetic
parameters was observed but a large change in the isotope
effects was (e.g., refs21-23). Primary deuterium kinetic
isotope effects provide a probe of the net rate constant of
the hydride transfer step relative to other steps along the
reaction pathway, while primary13C kinetic isotope effects
provide the same information for the decarboxylation step.
A multiple-isotope effect obtained by repeating the13C
kinetic isotope effect with deuterated substrate provides
information about the interrelationship between the hydride
transfer and decarboxylation steps.

Deuterium isotope effects for the E131A mutant enzyme
on V and V/KNADP, measured at a saturating level of 6PG
(40Km), are listed in Table 2. Both are lower than those
measured for the wild type and not significantly different
from one another, consistent with the proposed rapid
equilibrium random kinetic mechanism (1). Values for the
M13 mutant enzymes are also provided for comparison (6).
Also in Table 2 are data for13C kinetic isotope effects on
the oxidative decarboxylation of 6PG with protium- and
deuterium-labeled substrate. For E131A, the value of13(V/
K6PG)H - 1 is∼2-fold higher than that of the wild type, while
the M13V and M13C mutant enzymes exhibit13(V/K6PG)H

- 1 values that are 2- and 5-fold higher than that of the
wild-type enzyme, respectively. Conversely, the value ob-
tained for M13Q is identical, within error, to that of the wild
type.

V ) VA
Ka + A

(1)

V ) VA
Ka(1 + FiEV/K) + A(1 + FiEV)

(2)

13( V
K6PG

) )
log(1 - f)

log(1 -
RP

R∞
)

(3)

δ13C ) (Rsmp

Rstd
- 1) × 103 (4)

Table 1: Summary of Kinetic Parameters for Wild-Type 6PGDH
and Mutant Enzymesa

wt E131A M13Cb M13Vb M13Qb

V/Et (s-1) 9.3( 0.1 4.0( 0.4 1.14( 0.04 9.5( 0.1 1.14( 0.04
fold decrease 2.1 8.1 8.1
KNADP (µM) 5 ( 1 5 ( 1 6.4( 0.8 26( 9 19( 1
fold increase - - 5.1 3.8
V/KNADPEt

(M-1 s-1)
1.9× 106 8.1× 105 1.8× 105 3.6× 105 5.9× 104

fold decrease 2.3 10.5 5.3 32.9

a Values are(standard error.b From ref6.
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2-Deoxy-6PG Kinetics.Transients in the pre-steady state
time course for an enzyme reaction give information about
the location of slow steps along the reaction pathway. A burst
in the formation of NADPH is observed in the time course
for the oxidative decarboxylation of 2-deoxy-6PG to give
1-deoxyribulose 5-phosphate (Figure 2). Note that although
this is a pre-steady state phenomenon, the time course over
which the burst occurs is 6-8 min. Rippa (17) reported that
the burst indicated an initial rapid formation of 3-keto-2-
deoxy-6PG, which was released from the enzyme active site.
As the concentration of NADP decreases and the concentra-
tion of NADPH increases, the rate is dominated by decar-
boxylation of 3-keto-2-deoxy-6PG. The phenomenon was
demonstrated by Rippa et al. (17) to result from binding of
NADPH and the 3-keto-2-deoxy-6PG formed during the
course of the burst and subsequent decarboxylation to give
1-deoxyribulose 5-phosphate. Kinetic parameters, estimated
graphically, for the wild-type and M13 mutant enzymes are
listed in Table 3. The steady state rate is insensitive to the
residue present in position 13, but the burst amplitude differs
for each of the mutant enzymes as compared to that of the
wild-type enzyme. Data suggest differences in the contribu-
tion of hydride transfer and decarboxylation to the overall
rate of the reaction.

DISCUSSION

The research presented above was carried out to probe
the role of cofactor orientation in determining the catalytic

conformation of the active site of 6PGDH. The probe, in
this case, is steady state rate measurements and isotope
effects, including deuterium isotope effects, primary13C and
multiple primary 13C/deuterium kinetic isotope effects.
Theory has been developed previously, and appropriate
equations are reproduced here to aid in the interpretation of
data (1, 6, 9, 18, 19). 6PGDH has a rapid equilibrium random
kinetic mechanism, and with 6PG maintained at a saturating
concentration, the kinetic mechanism can be described
schematically as shown in eq 5.

In eq 5, E′ represents the closed catalytic form of the
enzyme, the amounts of E-6PG and E-NADP-6PG are
determined by NADP/KiNADP, k5 and k6 are rate constants
for the isomerization to give the precatalytic closed confor-
mation,k7 andk8 are for forward and reverse hydride transfer
(the rotation of the nicotinamide ring into the substrate site
is included ink7, while the reverse rate constant includes
rotation back), respectively, andk9 represents decarboxylation
and release of CO2. (The rotation of the nicotinamide is
thought to be rapid compared to oxidative decarboxylation.)
The subsequent release of NADPH and ribulose 5-phosphate
(Ru5P) and re-formation of E-6PG (at a saturating level of
6PG) is rapid compared to all other steps along the reaction
pathway. The rate constantsk7 and k8 are sensitive to
deuterium substitution at C3 of 6PG and give primary
deuterium kinetic isotope effects,Dk7 andDk8, respectively,
related by the equilibrium isotope effect,DKeq ) Dk7/Dk8 [1.18
for oxidation of a secondary alcohol (20)]. The rate constant
for decarboxylation,k9, will reflect a13C isotope effect given
by 13k9.

Expressions forV, V/KNADP, the deuterium kinetic isotope
effects on these parameters, and the13C isotope effect on
V/K6PG with protium- and deuterium-labeled 6PG are given,

Table 2: Summary of Isotope Effects for Wild-Type 6PGDH and Mutant Enzymesa

wt E131A M13C M13V M13Q
DV 1.8( 0.1b 1.2( 0.1 1.3( 0.3b 1.7( 0.4b 2.8( 0.3b

D(V/KNADP) 1.9( 0.3b 1.1( 0.2 1.3( 0.4b 1.9( 0.4b 3.1( 0.1b

13(V/K6PG)H 1.0028c (0.0007)d 1.0046 (0.0003)d 1.0151 (0.0002)d 1.0062 (0.0004)d 1.0033 (0.0009)d
13(V/K6PG)D 1.0017c (0.0005)d - 1.0137 (0.0015)d 1.0037 (0.0008)d 0.9965 (0.0009)d

a Values are(standard error.b From ref6. The difference inD(V/KNADP) values of 1.9( 0.3 for wt and 1.3( 0.4 is significant at theP e 0.05
level. Values for M13C significantly differ from one another.c From ref22. d Values in parentheses are standard errors.

FIGURE 2: Time courses for wild-type and mutant 6-phosphoglu-
conate dehydrogenases with 2-deoxy-6PG as the substrate. Absor-
bance at 340 nm was monitored with time at pH 7 and 25°C at
saturating NADP (0.5 mM) and 2-deoxy-6PG (2 mM) levels. Data
for the wild-type enzyme ([) and M13Q (b), M13V (9), and
M13C (2) mutant enzymes are presented for a reaction initiated
with 1 unit of enzyme. Parameters were estimated graphically by
extrapolating the linear portion of the curves to the ordinate and
are given in Table 4. The solid curves were generated manually by
drawing a best-fit curve through the data, resulting in the linear
steady state rate.

Table 3: Kinetic Parameters Estimated from Time Courses with
2-Deoxy-6PG as the Substratea

kcat (s-1) burst amplitude (µM)

wt 0.16 33
M13V 0.16 47
M13C 0.16 71
M13Q 0.15 26

a Parameters were estimated graphically. The value ofkcat was
estimated from the slope of the time course at times of>10 min, while
the burst amplitude was estimated by extrapolating the linear portion
of the time course tot ) 0. One unit (using 6PG as the substrate) was
added to initiate the reactions.
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in terms of commitment factors,2 in eqs 6-11. The com-
mitment factor for the13C isotope effect, eqs 10 and 11
below, is given in terms of the forward and reverse
commitments for the hydride transfer step; i.e.,cf-C13 ) (1
+ cf-D)/cr-D. This does not change the general form of the
isotope effect equations with the exception thatcr is zero
for the decarboxylation step.

where

Values of commitment factors and intrinsic isotope effects
for the wild-type enzyme are given in Table 4 (see Quantita-
tive Analysis of Isotope Effects for Mutant Enzymes). Given
values of 3 and 0.7 forcf andcr, respectively,k7 ∼ 3k6 and
k8 ∼ k9. The ratiok7/k8 is the Keq for the hydride transfer
step, the conversion of 6PG to 3-keto-6PG. Although this
value is not known, the pH-independent value ofKeq for
mannitol-1-phosphate dehydrogenase is 7.9× 10-10 M; the
enzyme catalyzes the NAD-dependent oxidation of mannitol
1-phosphate to fructose 6-phosphate (25). At pH 7, where

these studies were carried out, theKeq would be 7.9× 10-2,
and thus,k7 , k8 andk8, k9 > k7, k6.

The deuterium isotope effects onV andV/KNADP are equal
(Table 2), indicatingcVf ) cf, and thus,k9 . k5 andk6 . k5;
i.e., the rate constants for decarboxylation and the confor-
mational change to open the site once reactants are bound
are greater than the rate constant for the precatalytic
conformational change to close the site. (The equality
betweencVf andcf can also be satisfied ifk9 ) k6, but this
condition is eliminated on the basis of the above discussion;
k9 > k6.) SinceKNADP is the ratio ofV andV/KNADP andcf is
equal tocVf, KNADP is equal toKd. Using the rate equations
given above, kinetic data and isotope effects for each of the
mutant enzymes are discussed below. In agreement with the
suggestions made above, the pre-steady state time course
obtained upon rapidly mixing enzyme with saturating
concentrations (20Km) of 6PG and NADP is linear (data not
shown). The physical consequences of this analysis are that
the only enzyme forms that are present in the steady state
are the E-6PG complex at low NADP levels and the
E-NADP-6PG complex at saturating NADP levels. Fur-
thermore, the transition states for hydride transfer and
decarboxylation are iso-energetic, sincek8 ∼ k9, but are∼0.5
kcal lower than the transition state for the conformational
change (k7 ∼ 3k6).

Sincek6 . k5 on the basis of the analysis presented above,
and given thatcVf ) cf, eq 6 can be rewritten asV/Et )
k5cf/(1 + cf + cr). Estimates of the commitment factors are
provided in Table 4 (see the discussion below in Qualitative
Analysis of Kinetic and Isotope Effect Data), allowing
calculation ofk5 using measured values ofV/Et listed in Table
1. Calculated values ofk5 are listed in Table 4. The effect
of the mutations made on the precatalytic conformational
change can be seen as an effect on the calculated value of
k5, the rate constant for the conformational change to close
the site (see Qualitative Analysis of Kinetic and Isotope
Effect Data).

Evidence has been provided previously which suggested
that reduction of the nicotinamide ring of NADP is ac-
companied by rotation of the ring about itsN-glycosidic bond
to a position occupied by C-1-C-3 of 6PG causing the
substrate to reorient and facilitating decarboxylation of
3-keto-6PG (6). Interaction between the enzyme and the
nicotinamide ring changes upon reduction and subsequent
rotation of the ring. There are two residues that interact with
the oxidized nicotinamide ring, as shown in a close-up of
the binding site of NADP (Figure 3). The nicotinamide ring

2 Forward and reverse commitments to catalysis represent the ratio
of the catalytic rate constant to the net off-rate constant for reactant,
cf, or product,cr. cVf, the catalytic ratio, is the product of the rate
constant for catalysis to the sum of the reciprocals of net rate constants
for each of the unimolecular steps in the direction of product formation,
corrected for any precatalytic equilibria.

V
Et

)

k7

1 +
k6

k5

1 + cVf + cr
(6)

V
KNADPEt

)

k3k5k7

k4k6

1 + cf + cr
(7)

DV )
Dk7 + cVf + (DKeq)cr

1 + cVf + cr
(8)

D( V
KNADP

) )
Dk7 + cf + (DKeq)cr

1 + cf + cr
(9)

13(VK)H )

13k9 +
1 + cf

cr

1 +
1 + cf

cr

(10)

13(VK)D )

13k9 + [ Dk7

cr(
DKeq)](1 +

cf

Dk7
)

1 + [ Dk7

cr(
DKeq)](1 +

cf

Dk7
)

(11)

cVf )
k7( 1

k5
+ 1

k9
)

1 +
k6

k5

, cf )
k7

k6
, and cr )

k8

k9

Table 4: Calculated Commitments Factors, Rate Constants, and
Isotope Effects for Wild-Type and Mutant 6PGDHsa

wt E131A M13C M13V

cf 3 28 4.4 0.9
cr 0.7 3.7 3.3 0.4
(1 + cf)/cr 5.7 7.8 1.6 4.7
cf/cr 4.3 7.6 1.3 2.2
k5 (s-1) 14.5 4.7 2.1 24.3
D(V/K)b 1.5 1.08 1.3 1.9
13(V/K)b 1.006 1.006 1.015 1.006
a Standard errors aree20% for wt, e30% for M13C, ande20%

for E131A and M13V.b Isotope effects calculated from the estimated
intrinsic isotope effects (Dk ) 3; 13k ) 1.04) and the estimated
commitment factors given in the table using eqs 8 and 9.
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of NADP rests on the thiol of M13, and its carboxamide
oxygen is within hydrogen bonding distance of the backbone
carbonyl of M13. The nicotinamide ring is also held in place
by a hydrogen bond donated by the carboxamide nitrogen
of NADP to E131, which is highly conserved, and an ionic
interaction between the positively charged nicotinamide ring
and the 5′-phosphate (of the pyrophosphoryl backbone),
which is 5.2 Å distant (6). We interpret the data obtained in
this work in terms of a mechanism that requires rotation of
the nicotinamide ring into the substrate site. The rotation of
the nicotinamide ring is thought to be rapid and will occur
upon reduction. The step is thus not formally included in
mechanism 5 but is included ink7 andk8 as suggested above.

As discussed previously, all of the M13 mutant enzymes,
with the exception of M13C, exhibit an increase inKNADP

but no change inKiNADPH (6). The E131A mutant enzyme
exhibitsK6PGandKNADP values identical to those of the wild-
type enzyme, as does the M13C mutant enzyme, and thus,
E131 does not contribute significantly to dinucleotide binding
and C can effectively substitute for M in terms of NADP
binding. However, 2.3- and 8.1-fold decreases in the turnover
numbers of the E131A and M13C mutant enzymes, respec-
tively, are observed. On the other hand, a 5.1-fold increase
in KNADP but no change in the turnover number is observed
for the M13V mutant enzyme. Finally, 3.8- and 8.1-fold
decreases inKNADP and kcat, respectively, are observed for
the M13Q mutant enzyme. Effects onV/KNADP vary from
2.3-fold for the E131A mutant enzyme to∼33-fold for the
M13Q enzyme. Since interactions between M13 and E131
and NADP are responsible for the proper positioning of the
nicotinamide ring, data, taken together, suggest an importance
of the position of the nicotinamide ring in one or more of
the steps that are known to limit the overall reaction, a
precatalytic conformational change, hydride transfer, and
decarboxylation (21). These will be discussed further below,
first qualitatively and then quantitatively with respect to the
effects of the site-directed mutations. Information will then
be placed into mechanistic context.

QualitatiVe Analysis of Kinetic and Isotope Effect Data.
The primary deuterium kinetic isotope effects measured for
the M13C and E131A mutant enzymes (Table 2) are
decreased compared to those of the wild type; no change is
observed for the M13V mutant enzyme, and a significant

increase is observed in the case of the M13Q mutant enzyme.
In all cases, the isotope effects onV andV/KNADP are, within
error, identical, consistent with the rapid equilibrium mech-
anism proposed previously (1).

Kinetic parameters for the M13C and E131A mutant
enzymes compared to those of the wild-type enzyme are
similar, with a decrease in the turnover number and no effect
on KNADP, but the isotope effects for the two enzymes are
significantly different. Although the deuterium isotope effects
decrease in both cases (see footnote b of Table 2),13(V/K6PG)
is increased only slightly for E131A (<2-fold on the isotope
effect minus 1) but significantly for the M13C mutant
enzyme (>5-fold on the isotope effect minus 1). No change
in the turnover number or the deuterium isotope effect,
compared to that of the wild type, is observed for M13V,
while a >2-fold increase in the13C isotope effect minus 1
is observed. Data are consistent with a change in limitation
of the decarboxylation step, the precatalytic conformational
change, or both for all mutant enzymes, with the exception
of M13Q, compared to that of the wild-type enzyme. The
M13Q enzyme, on the other hand, exhibits a large decrease
in the turnover number, almost no change in the13C isotope
effect, and a large increase in the deuterium isotope effect
such that hydride transfer is almost completely rate-
determining. Data are best explained by a decrease in rate
limitation of the precatalytic conformational change.

In all cases, the13C isotope effect measured with 3-D-
6PG is smaller than that obtained with 6PG, consistent with
the stepwise oxidation followed by decarboxylation. Of
interest is the inverse isotope effect observed with the M13Q
mutant enzyme. As suggested above, hydride transfer is
almost completely rate-determining for this enzyme such that
deuteration of 6PG will almost certainly result in equilibra-
tion of steps prior to it, including reactant binding and the
precatalytic confomational change. The inverse13C effect
of 0.996 is similar to the value obtained by Hwang et al. (9)
with APADP as the dinucleotide substrate and 3-D-6PG as
the substrate. The deuterium isotope effect obtained for this
system was>3, consistent with rate-limiting hydride transfer.
The authors suggested the inverse effect reflected either
desolvation of the carboxylate upon binding or more likely
an increase in the fractionation factor of the C-1 carboxylate
as a result of changes in torsional modes of 6PG, which

FIGURE 3: Stereoview diagram of the dinucleotide binding domain of 6PGDH depicting the position of the M13 cap and some of the amino
acids (L17, L73, and V127) of the hydrophobic core, which are behind the M13 cap. The structure highlights the interactions of the
cofactor with the side chains of E131 and M13. The figure was made using PyMOL (www.pymol.org) and the coordinates of the 6PGDH
molecule (1PGN) from the Protein Data Bank.
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would be frozen upon binding. Torsional modes likely
include those involving rotation of the carboxylate itself, the
C-2-C-3 bond, or both. Although the isotope effect reflects
differences in solution and transition states, it is only
necessary that the effect has occurred by the time the
transition state has been reached and would thus include
changes that occur upon substrate binding.

QuantitatiVe Analysis of Isotope Effects for Mutant
Enzymes. Estimates ofDk and13k, the intrinsic isotope effects
on hydride transfer and decarboxylation, for wild-type
6PGDH are 3 and 1.04, respectively (22), and were obtained
as follows. The largest primary13C kinetic isotope effects
for 6PGDH were observed for enzymes with mutations in
the 6-phosphate site, and the largest of these was 1.0397
measured for the K260A mutant enzyme (22); a full
stoichiometric burst of NADPH production is obtained in
the presteady state for this enzyme, indicating rate limitation
by decarboxylation. A quantitative analysis of multiple13C/D
isotope effects for the wild-type enzyme published previously
(9) allowed estimates of the value of commitment factors
and intrinsic isotope effects. For values of13k from 1.025 to
1.1, the value ofDk varied over a narrow range, 2.8-3.4,
with a value of∼3 estimated for a13k value of 1.04. Using
the estimated values of the intrinsic isotope effects, the
observed values ofD(V/K) and 13(V/K) and eqs 9-11,
estimates of the commitment factors,cf, and cr were
calculated and are listed in Table 4. Estimates are internally
consistent, i.e., together with the estimated intrinsic isotope
effects they generate, within error, with the observed values
of the isotope effects given in Table 2. These values, together
with the calculated value ofk5, the rate constant for the
conformational change to close the active site prior to
catalysis (Table 4), provide the framework for interpreting
the experimental data in Tables 1 and 2.

For the M13C mutant enzyme, (1) the closed form of the
enzyme is kinetically favored, i.e., the E′-AB complex
partitions in favor of products, likely as a result of a decrease
in the rate constantk6 for opening the site to release reactants
and (2) the oxaloacetate intermediate partitions preferentially
toward reduction via reverse hydride transfer, i.e.,k8 is
favored. A 7-fold decrease in the rate constant for closing
the active site is also observed in this case, consistent with
an increased rate limitation for closing and opening the active
site prior to the catalytic steps.

The increased rate limitation of the precatayltic confor-
mational change is much more evident in the case of the
E131A mutant enzyme, which gives the largest estimated
decrease ink6 relative tok7, ≈10-fold compared to that of
the wild-type enzyme (cf ) k7/k6). In addition, there is an
∼1.6-fold increase in13(V/K) minus 1, resulting in an increase
in (1 + cf)/cr to 7.8. Data are consistent with increased values
of cf and cr giving an isotope effect that approaches 1
{actually [cf + cr(DKeq)]/(cf + cr) sincecf + cr > Dk}. In
agreement, the values of the primary deuterium isotope
effects onV andV/K in both cases are very small and equal,
within error. The increased contribution to rate limitation of
the precatalytic conformational change is corroborated by
the 3-fold decrease ink5 compared to that of the wild type.
In this case, the rate is likely limited by the rate of closure
of the active site (V/Et = k5).

The M13V mutant enzyme exhibits a 2-fold increase in
the observed value of13(V/K) minus 1, but no significant

change in the primary deuterium isotope effect. There is a
slight decrease in the ratio of (1+ cf)/cr, from 5.7 to 4.7,
but the ratio ofcf/cr decreases by 2-fold. The rate constant
for closing the site prior to catalysis has increased 2-fold
compared to that of the wild type. In contrast to those of the
M13C and E131A mutant enzymes, the rate of the confor-
mational change has increased compared to the catalytic steps
for this mutant enzyme, and as a result, the catalytic steps
have become somewhat more rate-limiting.

Finally, in the case of the M13Q mutant enzyme, the rate
constants for the conformational change and decarboxylation
steps have increased significantly compared to that of the
hydride transfer step. Indeed, the latter has become nearly
completely limiting for the overall reaction with a primary
deuterium isotope effect of∼3.

The mutant enzymes that were studied show a continuum
of change in the rate constants for the conformational change
in the E-NADP-6PG ternary complex. Mutation of M13
to C and E131 to A results in an increase incf and a decrease
in k5, while mutation of M13 to V results in a decrease incf

and an increase ink5. The change incf likely reflects changes
in the rate constant for the conformational change to open
the site, and they parallel changes in the calculated value of
k5. In agreement with data published previously, closure of
the site gives the optimum positioning of the nicotinamide
ring for hydride transfer and subsequent rotation to facilitate
decarboxylation (6). Failure to properly position the nicoti-
namide ring likely results in a stabilization of the ring in the
oxidized position, which results in the hydride transfer step
coming to equilibrium (22).

Kinetics of 2-Deoxy-6PG. Time courses obtained with
2-deoxy-6PG are in agreement with the anaylsis of the M13
mutant enzymes described above. The lack of change in the
steady state rate, with the possible exception of that of the
M13Q enzyme, is in agreement with all of the enzymes being
limited in this extreme by decarboxylation of 3-keto-2-deoxy-
6PG. However, the burst amplitude does change, consistent
with a difference in the relative rates of the hydride transfer
portion of the reaction and the subsequent decarboxylation
once the concentration of NADPH has increased sufficiently
to compete with NADP. The smallest burst amplitude is
observed for the M13Q mutant enzyme, consistent with rate
limitation by the oxidative portion of the reaction, and a much
slower buildup of NADPH. This mutant enzyme is almost
completely limited by the hydride transfer step as suggested
by the near-intrinsic deuterium isotope effect of 3. The
highest burst amplitude is observed with the M13C mutant
enzyme, which exhibits the smallest deuterium isotope effect,
but the largest13C isotope effect. Finally, the burst amplitudes
for the wild-type and M13V mutant enzymes are intermedi-
ate, consistent with their significant deuterium isotope effect
and smaller13C isotope effect.

Mechanistic Consequences. The role of a number of
residues lining the active site of 6PGDH from sheep liver
has been probed via site-directed mutagenesis (9, 21-23).
Mutant enzymes have been thoroughly characterized by
measurement of kinetic parameters and isotope effects. As
a result, a more complete picture of the catalytic mechanism
of the 6PGDH has thus emerged. Occupancy of the NADP
2′-phosphate subsite is important in the generation of the
catalytic conformation. Mutation of any of the residues that
interact with the 2′-phosphate results in a significant shift
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toward the open form of the enzyme, prior to hydride transfer
(23). These studies are in agreement and indicate that the
proper binding and orientation of the nicotinamide ring are
critical for proper closing of the site. Binding of the
nicotinamide alone is not sufficient, however, as shown by
changing the residues that interact with the 6-phosphate of
6PG (22). Data indicate that proper positioning of 6PG is
important for closing the site, and possible reasons for this
will be discussed further in Structural Consequences. By far,
however, it is the binding of NADP and the proper
positioning of the nicotinamide ring that determine whether
the active site closes properly, and subsequently the relative
rates of steps within the catalytic pathway that includes the
precatalytic conformational change, hydride transfer, and
decarboxylation.

Once the active site has been closed and reactants have
been properly positioned, hydride transfer takes place and
the nicotinamide ring rotates into the active site to displace
the C-1-C-3 portion of 3-keto-6PG to better position the
carboxylate for decarboxylation (9). The rotation requires
correct positioning of the nicotinamide ring in the oxidized
and reduced coenzyme forms as shown by changes at
positions M13 and E131 (9), as well as the S128/H186/N187
triad that interacts with 6PG before and the nicotinamide
ring after hydride transfer (21). Depending on the residue
that is changed, hydride transfer can be made rate-limiting
or fast enough to come to equilibrium on enzyme. Finally,
once decarboxylation has occurred, CO2 is apparently
released concomitant with opening, at least partially, of the
active site. Whether the tautomerization step has already
taken place or how it fits into the overall mechanism is at
present unknown.

There is thus a complex and finely tuned interrelationship
between the subsites of the active site in the overall three-
step reaction catalyzed by 6PGDH. The proper binding of
reactants generates a series of conformational changes in the
enzyme and reactant to catalyze the reaction that is ultimately
driven by decarboxylation of the 3-keto intermediate. The
loss of interaction with the 1-carboxylate of 6PG and
repositioning of the nicotinamide once NADP is reduced may
in part be responsible for opening the site. The 6PGDH
reaction provides an excellent example of the use of substrate
binding energy to drive catalysis.

Structural Consequences. The kinetic and isotope effect
data suggest it is the position of the nicotinamide ring that
helps to determine whether the closed “catalytic” form of
the enzyme is favored. The E131A mutation is perhaps
easiest to understand since a hydrogen bonding interaction
is eliminated in this case (Figure 3). The methionine at
position 13 serves two structural functions in binding the
nicotinamide ring. Its backbone NH group donates a hydro-
gen bond to the carboxamide carbonyl oxygen, while the
side chain, including the thioether, provides a rest for the
nicotinamide ring. Mutation of M13 to C, in which the side
chain is shorter and the location of the sulfur is changed,
has an effect similar to that of eliminating the carboxylate
of E131, even though the hydrogen bond from E131 to the
carboxamide side chain is still present. Mutation of E131 to
A or M13 to C thus results in a change in the position of the
nicotinamide ring such that the closed form of the ternary
complex is preferred.

The M13 to V mutation has the smallest effect on the rate
constant for the conformational changes, likely because the
bulky isopropyl side chain approximates in some respects
the volume of the methionine side chain. On the other hand,
replacing the methionine with Q adds an additional hydrogen
bond donor that could result in a substantial repositioning
of the nicotinamide ring. The latter is likely a result of the
ability of the glutamine side chain to donate and/or accept a
hydrogen bond to or from the carboxamide side chain of
the nicotinamide ring. This would result in a twist in the
nicotinamide ring and likely a repositioning of the nicoti-
namide ribose. As a result, hydride transfer would be
difficult.

Recently, ternary complex structures of the 6PGDH from
Lactococcus lactiswith NADP and either ribulose 5-phos-
phate (Ru5P) or 4-phospho-D-erythronohydroxamic acid
(PEX, a tight-binding inhibitor) bound have been determined
(24). The structures show NADP bound with thesi face of
its nicotinamide ring directed toward C-2 of Ru5P (C-3 of
6PG). In addition, the C-2-OH group of the nicotinamide
ribose is within hydrogen bonding distance of the C-3
hydroxyl of Ru5P. The latter appears to be an additional
important determinant of the positioning of the reactants, one
compared to the other. The C-4 epimer of 6PG, 6-phospho-
galactonate, does not bind to the 6PGDH fromCandida utilis
(2), and this can be explained by a steric clash with an active
site residue in the sheep liver (3) andL. lactis(24) structures.
The structural data are consistent with the data obtained to
date, i.e., the requirement that both reactants be bound to
produce the catalytic conformation. Another important
observation deriving from the structures is the heterogeneity
of occupancy of the subunits in the asymmetric unit. Only
one of the two subunits in the dimer exhibits density for the
nicotinamide ring, and this subunit also is the one with
substrate bound. Data are again consistent with the require-
ment for both substrates bound to generate a closed
conformation and with the reciprocating sites mechanism
proposed by Rippa (17). A superposition of the ternary
complex structure on that of the binary complex that does
not exhibit density for the nicotinamide indicates a rotation
of the cofactor binding domain by 5°, followed by a
translation by 0.7 Å to close the site.

Conclusions. Overall, the results presented in this study
are consistent with the model proposed previously (Figure
1). Rotation of the nicotinamide ring about theN-glycosidic
bond is necessary for causing a movement of the 1-carboxy-
late of the 3-deoxy-6PG intermediate, formed after oxidation
of 6PG, to eliminate its interactions with E190, the general
acid, and reposition the carboxylate, facilitating decarboxy-
lation. In addition, data extend the mechanism to implicate
positioning of the nicotinamide ring in determining the open
and closed conformations of the enzyme, with the latter
optimal for catalysis.
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