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The 2'-Phosphate of NADP Is Critical for Optimum
Productive Binding to 6-Phosphogluconate

Dehydrogenase from Candida utilis

Anthony J. Berdis and Paul F. Cook

6-Phosphogluconate dehydrogenase (6-PGDH)® cata-
lyzes the reversible oxidative decarboxylation of 6-phos-
phogluconate (6-PG) to yield ribulose 5-phosphate (Ru
5-P) and CO, (Eq. [1]).

NADP + 6-phosphogluconate =
CO,; + ribulose 5-phosphate + NADPH [1]

Abbreviations used: 6-PG, 6-phosphogluconate; 6-SG, 6-sulfoglu-
conate; 6-PGDH, 6-phosphogluconate dehydrogenase; BME, 8-mercap-
toethanol; Ru5-P, ribulose 5-phosphate; ATP, adenosine 5'-triphosphate;
ATP-ribose, monophosphoadenosine 5-diphosphoribose; 5-NADP, 8-
nicotinamide adenine dinucleotide 2'-phosphate (the plussign is omitted

The kinetic mechanism of 6-phosphogluconate dehydro-
genase from Candida utilis has been shown to approximate
a rapid equilibrium random kinetic mechanism with al-
lowances for EENADP:Ru 5-P and E:NADPH:6-PG dead-
end complexes (1). In addition, the pH dependence of
kinetic parameters has suggested a general base-general
acid mechanism in which the general base accepts a proton
from the 3-hydroxyl of 6-PG concomitant with hydride
transfer and the general acid donates a proton to C-1 in
the formation of Ru 5-P after decarboxylation of the 3-
keto-6-phosphogluconate intermediate (2). In the above
studies, it was not clear what role the 2'-phosphate of
NADP played in binding since its ionization was not ob-
served. As a result, studies were undertaken with analogs
of NADP.

In this paper, we present evidence that the enzyme uses
NAD very poorly as a substrate and exhibits a random
kinetic mechanism with marked antagonism of the bind-
ing of NAD and 6-PG at pH values of 7 and below. Data
further suggest that the 2-phosphate is crucial for the
binding of the dinucleotide substrate.

for convenience); a-NADP, a-nicotinamide adenine dinucleotide 2-phos-
phate; thio-NADP, $-thionicotinamide adenine dinucleotide 2’-phosphate;
APADP, -3-acetylpyridine adenine dinucleotide 2'-phosphate; ¢-NADP,
B-nicotinamide 1-N*-ethenoadenine dinucleotide 2"-phosphate; HX-NADP,
#-nicotinamide hypoxanthine dinucleotide 2'-phosphate; 3'-NADP, 8-nic-
otinamide adenine dinucleotide 3'-phosphate; NAD, 3-nicotinamide adenine
dinucleotide; SDS, sodium dodecyl sulfate; Mes, 4-morpholinepropanesul-
fonic acid; Ches, 2-(cyclohexylamino)ethanesulfonic acid.



MATERIALS AND METHODS

Enzyme. Cytoplasmic 6-phosphogluconate dehydrogenase from
Candida utilis was purchased from Sigma. The enzyme was homogeneous
by the criterion of SDS-polyacrylamide gel electrophoresis and had a
specific activity of 48 U/mg assayed in the direction of oxidative decar-
boxylation using 100 mM Hepes, pH 7, 3 mM 6-PG, and 0.4 mM NADP.
The enzyme was stored at —20°C in a storage buffer containing 20 mM
Hepes, pH 7, 1 mM 8-mercaptoethanol, and 20% glycerol.

Chemicals. NADP and NAD were from Boehringer-Mannheim. 6-
Phosphogluconate, ribulose 5-phosphate, ATP-ribose, Hepes, thio-
NADP, APADP, 3-NADP, « NADP, HX-NADP, ATP, acetyl phos-
phate, hexokinase, and acetate kinase were from Sigma. Mes and Ches
buffers were from Ultrol. 3-d-6-Phosphogluconate was prepared from
3-d-glucose obtained from Merck, Sharpe, and Dohme Isotopes. Briefly,
3-d-glucose (100 mM) was enzymatically converted to 3-d-glucose 6-
phosphate using 100 U hexokinase with 4 mM ATP and 8 mm MgCl,
in a 50-ml total volume. The ATP was recycled using 200 U of acetate
kinase and 200 mM acetyl phosphate. After full conversion, typically
greater than 12 h, the enzymes were removed by ultracentrifugation
using an Amicon apparatus with a YM10 semipermeable membrane.
The resulting solution was then treated with acid-washed, heat-activated
charcoal and Dowex-50W (H") and heated for 1 h to remove the ATP.
The purified 3-d-glucose 6-phosphate solution was then lyophilized.
Various amounts of crystalline 3-d-glucose-6-phosphate were then bro-
minated as described by Berdis and Cook (1) and concentrated by ro-
toevaporation to a desired volume. The solution was titrated to the
appropriate pH and used without further treatment. Unlabeled 6-phos-
phogluconate was prepared in an identical manner except that unlabeled
glucose was used as the starting material. Unlabeled glucose was used
in the deuterium isotope effect studies so that any contaminants would
be equally present in both labeled and unlabeled 6-PG. All other chem-
icals and reagents were obtained from commercial sources and were of
the highest purity available.

Initial velocity studies. All assays were carried out using a Gilford
250 spectrophotometer equipped with a strip-chart recorder to measure
the appearance of NAD(P)H, - NADPH, 3-NADPH, and HX-NADPH
at 340 nm, thio-NADPH at 395 nm, and APADPH at 363 nm. Rates
were calculated for thio-NADPH and APADPH using extinction coef-
ficients of 11,300 and 9100 M' em ™', respectively. The temperature was
maintained at 25°C using a circulating water bath to maintain constant
temperature of the thermospacers of the cell compartment. Reaction
cuvettes were 1 cm in path length and 1 ml in volume. All cuvettes were
incubated for at least 10 min in & water bath prior to the initiation of
reaction. Initial velocity data using dinucleotide analogs were obtained
under conditions in which the dinucleotide substrate was varied at several

fixed levels of 6-PG.

pH studies. Initial velocity data were obtained as a function of pH
under conditions in which NAD was varied at several fixed levels of 6-
PG. The pH was maintained using the following buffers at a final con-
centration of 100 mM: Mes, 5.5-6.5; Hepes, 6.5-8.5; Ches, 8.5-10. Suf-
ficient overlaps were obtained when buffers were changed to correct for
spurious buffer/ionic strength effects; no effects were detected. The pH
was measured before and after initial velocity data were recorded with
no significant change detected.

Deuterium isotope effects. Primary deuterium isotope effects with 3-
d-6-PG using NAD as the dinucleotide substrate were obtained as a
function of pH by direct comparison of initial velocities. Initial velocity
data, in most cases, were obtained by varying the concentration of one
substrate at saturating concentrations (>20K,,) of the other. The con-
centrations of the 6-PG and the 3-d-6-PG stock solutions were deter-
mined enzymatically using 6-PGDH. Data were plotted in the form of
Lineweaver-Burk plots, which were linear. [sotope effects were estimated
by fitting the appropriate rate equations to the data.

NAD-NAD stacking. There was a possibility that NAD-NAD
stacking occurred at the high concentrations of NAD used in the initial
velocity studies. To test this possibility, the absorbance of NAD at 259
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nm was measured as a function of its concentration. Spectrophotometer
cells were 0.1 mm in path length. A plot of absorbance versus NAD (up
to 10 mM) is linear (data not shown), and the ¢ is constant (data not
shown).

Product and dead-end inhibition. Inhibition patterns were obtained
using Ru 5-P as an analog of 6-PG with NAD maintained at a nonsat-
urating concentration varying the concentration of 6-PG and with 6-
PG maintained at a nonsaturating concentration varying the concen-
tration of NAD at several concentrations of Ru 5-P, including zero, at
pH 6, 7, and 8, respectively. Inhibition patterns were obtained using
ATP-ribose as a dead-end analog of NAD with 6-PG maintained at a
saturating concentration varying the concentration of NAD and with
NAD maintained at a nonsaturating concentration varying the concen-
tration of 6-PG at several concentrations of ATP-ribose, including zero,
at pH 6, 7, 8 and 9, respectively.

Data processing. Reciprocal initial velocities were plotted against
reciprocal substrate concentrations. When possible, data were fitted using
the appropriate rate equations and computer programs developed by
Cleland (3). Data conforming to a general sequential mechanism were
fitted using Eq. [2]. Data conforming to a series of parallel lines with
competitive substrate inhibition were fitted using Eq. [3]. Kinetic pa-
rameters from all other initial velocity data were obtained by graphical
analysis. Data for competitive inhibition were fitted using Eq. [4), and
data for noncompetitive inhibition were fitted using Eq. [5].

v = VAB/(K, K, + KB + K:A + AB) 2]
v = VAB/IK,B(1 + B/Ks) + K,A + AB) 13]
v = VA/K,([1 + I/K,] + A) (4]
v=VA/KI + /K, + A[ 1 + K. 15]

In Egs. [2-6], v is the initial velocity, V is the maximum velocity, A, B,
and | are reactant and inhibitor concentrations, K, and K, are the Mi-
chaelis constants for A and B, K,, is the dissociation constant for A,
and Ky is the substrate inhibition constant for B.

Data for deuterium isotope effects were fitted using Eq. (6]

v=VA/[(K+ A)X]1 + F,E)), (6]

where F, is the fraction of deuterium label in the substrate (99.7%)
and E, is the isotope effect minus 1 assuming equal isotope effects on
V and V/K.

RESULTS

Dinucleotide substrate analogs. Initial velocity pat-
terns were obtained under conditions in which the di-
nucleotide substrate analog was varied at different fixed
levels of 6-PG in the direction of oxidative decarboxyl-
ation. Dinucleotide analog structures are provided in Fig.
1. The initial velocity patterns obtained using 8-NADP,
thio-NADP, « NADP, HX-NADP, and APADP are sym-
metrical and intersect to the left of the vertical ordinate,
suggesting a sequential mechanism. Initial velocity pat-
terns using 3-NADP as the dinucleotide were qualita-
tively similar to the pattern obtained using NAD (dis-
cussed below). The V and V/K; yapp Were obtained at a
saturating concentration of 6-PG. Although a-NADP is
not a substrate its K; as a competitive inhibitor versus
NADP was obtained. A list of kinetic parameters for the
dinucleotides is given in Table I.
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FIG. 1. Structures of the dinucleotide substrates. (A) Refer to Table
[V for exact structures of R, and R, for each dinucleotide. (B) Structure
of nicotinamide 1,N®-ethenoadenine dinucleotide phosphate (¢-NADP).
(C) Structure of HX-NADP.

Initial velocity patterns in the absence of inhibitors using
NAD as the dinucleotide substrate. Initial velocity pat-
terns fall into two categories dependent on the pH at
which data were collected. Data obtained below pH 8
varying 6-PG at several fixed levels of NAD give a series
of nearly parallel lines at low 6-PG with apparent sub-
strate inhibition at all values of NAD, although the in-
hibition appears to be largely eliminated at 10 mM NAD.
Plotting the data varying NAD at several fixed levels of
6-PG results in a normal intersecting pattern at low 6-
PG concentrations with competitive substrate inhibition
at higher concentrations of 6-PG. An example of this be-
havior obtained at pH 7 is shown in Fig. 2. At pH 8 and
above, intersecting initial velocity patterns are observed
varying 6-PG at several fixed levels of NAD (or plotting
the data the other way), indicative of a sequential mech-
anism. Phosphate and sulfate up to concentrations of 50
and 20 mM, respectively, had no stimulatory effect on the
maximal velocity nor any effect on the Michaelis constant
for NAD. Kinetic parameters are summarized in Table II.

Product and dead-end inhibition using NAD as the di-
nucleotide substrate. At pH 6, 7, and 8, Ru 5-P is com-
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petitive vs 6-PG at nonsaturating NAD and noncompet-
itive vs NAD at nonsaturating 6-PG. ATP-ribose, a dead-
end analog of NAD(P) is competitive vs NAD at satu-
rating 6-PG at pH values of 6, 7, 8, and 9 and noncom-
petitive versus 6-PG at nonsaturating NAD at pH 6, 8,
and 9. At pH 7, inhibition by ATP-ribose vs 6-PG at non-
saturating NAD cannot be carried out since the lowest 6-
PG concentration that can effectively be used is saturat-
ing. There is, however, inhibition by ATP-ribose under
these conditions, and thus inhibition is either noncom-
petitive or uncompetitive. Based on the inhibition pattern
obtained at lower pH, the former is most likely. Inhibition
constants are summarized in Table III.

pH dependence of kinetic parameters using NAD as the
dinucleotide substrate. Because of the high K,, for NAD,
it is difficult to accurately measure the kinetic parameters
at all pH values. From the data obtained, however, it ap-
pears that V,,, is pH independent above pH 8 and that
the V/Kjg.pg decreases on the basic side with a pK of about
8 (data not shown).

Deuterium isotope effectsusing NAD as the dinucleotide
substrate. Deuterium isotope effects using NAD as the
dinucleotide substrate for the 6-PGDH reaction were
performed at pH 8. The isotope effects on V, V/Kyap,
and V/K, p; are equal with a value of 2.3 + 0.1. This
indicates that the kinetic mechanism of 6-PGDH using
NAD as the dinucleotide substrate is rapid equilibrium
random at pH 8.

DISCUSSION

Interpretation of dinucleotide substrate analog stud-
tes. Initial velocity patterns in the absence of products
were obtained for a number of dinucleotide analogs. All
of the analogs tested with the exception of a-NADP are
substrates for 6-PGDH (Table I). a-NADP is a compet-
itive inhibitor. For most of the substrate analogs tested,
initial velocity patterns intersect to the left of the ordinate,
indicative of a sequential mechanism. Exceptions to this
are NAD (Fig. 2) and 3-NADP, which exhibit an appar-
ently parallel initial velocity pattern. The reasons for this
deviation from a sequential initial velocity pattern will
be discussed below.

For all substrates (Table I) similar changes are observed
in V and V/Kgpg with any dinucleotide, as long as a 2'-
phosphate is present on the adenosine ribose (Fig. 2). Data
obtained using alternative dinucleotide substrates suggest
that the 2'-phosphate is crucial for the binding and the
proper orientation of the dinucleotide substrate. Lower
V/E, values are measured with APADP and thio-NADP,
a result of either a nonproductive binding of the dinucle-
otide in the ternary E:dinucleotide:6-PG complex or a
lower intrinsic V/E, value resulting from the change in
redox potential. In agreement with these suggestions, V
and the V/K values for 6-PG and dinucleotides decrease
by the same amount when these dinucleotides are used
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TABLE 1
Kinetic Parameters of Dinucleotide Substrates for 6-Phosphogluconate Dehydrogenase

Ks.pe V/KopxE, V/KgpcE,
Dinucleotide V/E (s ") Kpn (uM) (M) (M'sh M's)
B-NADP 1.0+ 0.2 13+ 2 290 + 30 (3.0 + 0.7) x 10° (1.4 = 0.1) X 10*
Thio-NADP 0.30 + 0.01 11 +1 160 + 20 (2.7 + 0.2) x 10* (1.8 + 0.2) x 10°
APADP 0.71 + 0.06 3+1 250 + 20 (2.5 +1.2) x 10° (3.0 +0.6) x 10°
«-NADP 2.9+ 0.1 32+ 2 220 + 10 (9.2 + 0.5) x 10* (1.4 +0.1) X 10*
HX-NADP 48+ 0.2 27+ 3 200 + 30 (1.5 + 0.1) X 10° (23 +0.2) x 10*
NAD 0.26 + 0.03 (16 + 3) x 10° 71 +22 16.7 + 1.6 (3.7 +12)x10°
3-NADP 0.31 + 0.05 (1.7 * 0.4) X 10° 180 + 25

K, (uM)

a-NADP 133 £ 11

® All assays were carried out at pH 7 and 25°C.

as substrates. The very low V/K values measured with
NAD and 3'-NADP, however, must reflect a decrease in
the efficiency of the dinucleotide in triggering the con-
formation change needed to obtain the catalytic confor-
mation; i.e., these dinucleotides possess a low intrinsic
binding energy. Thus, 2’-phosphate containing dinucle-
otides likely triggers a conformational change in 6-PGDH
similar to those seen for the NAD-malic enzyme (4) and
for NADP-isocitrate dehydrogenase (5). The pK for ion-
ization of the 2'-phosphate is not observed in the pH de-
pendence of V/Knapp OF PK; ATp.rinese (2). Thus, the 2'-
phosphate must be hydrogen-bonded to enzyme residues
and can be accommodated whether or not a proton is
present; i.e., the phosphate oxygens must be able to accept

s
E
<
E
2
1/6-PG, (mM-1)
FIG. 2. Initial velocity pattern varying 6-PG at several fixed levels

of NAD. Assays were carried out in 100 mM Hepes, pH 7, with 6-PG
concentrations as indicated. NAD concentrations used were (X) 1 mM,
(&) 1.4 mM, (W) 2.5 mM, (+) 10 mM, (A) 14 mM, and (O) 25 mM, re-
spectively. For each assay, 110 ug 6-PGDH was used. The points are
experimental, whereas the curves are theoretical from a fit using Eq.

3.

a hydrogen bond from an enzyme residue(s) when unpro-
tonated and donate one to an enzyme residue(s) when
protonated.

Other than the absence of a 2"-phosphate, the only other
change that results in a dramatic effect is a change in the
anomeric configuration at the nicotinamide ribose. If it
is assumed that the enzyme is able to bind both of the
bases, i.e., nicotinamide and adenine in the proper ori-
entation, the a-anomer would be expected to act as a sub-
strate. Since this is not true, there must be a role for the
nicotinamide ribose in the orientation of the nicotinamide
ring.

The incubation of lamb liver 6-PGDH with periodate-
oxidized NADP causes the inactivation of the enzyme
due to the covalent binding of 2 mol of inhibitor/mol of
dimeric enzyme (6). In the presence of 6-PG but not Ru
5-P or 6-SG, the inactivation is faster and is almost com-
plete after the labeling of only one of the subunits of the
dimer. Since the formation of periodate-oxidized NADPH
does not occur, the acceleration should be due to a con-
formational change in the enzyme. These data suggest
that the substrate must contain a phosphate group at car-
bon-8 and a carboxyl group at carbon-1 as in 6-PG and
3-deoxy-6-PG. The binding site for 6-PG is composed of
residues from the larger domain of one subunit and the
carboxy-terminal of the other (7). The binding of one 6-
PG molecule may cause a shift of one subunit with respect
to the other, possibly causing a change not only in the
active site but also at the dimeric interface. If NADP acts
the same as periodate-oxidized NADP, it appears that
when one subunit is involved in the ternary complex (E:
6-PG:NADP) allowing the redox reaction to occur, the
other subunit is unable to bind NADP, thus preventing
the reaction in the second subunit. Therefore, it is likely
that conformational changes occur when either substrate
binds to the enzyme. The binding of 6-PG to free enzyme
induces a conformational change that may allow NADP
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TABLE II
pH Dependence of Kinetic Parameters for 6-Phosphogluconate Dehydrogenase Using NAD as the Dinucleotide Substrate®

V/Kxap V/Ks.pe
pH V/E, (s}) Kyap (mM) Kgpg (uM) M's) M's)
7 0.26 + 0.03 16 £ 3 71 + 22 0.023 = 0.008 45+ 1.5
8 11+4 9+ 2 85 + 33 1.2+0.1 134 + 37
9 22+ 4 18+ 4 204 + 88 1.2+01 108 + 32
9.5 22+3 17+ 4 640 + 230 1.320.1 358
10 41 + 14 114 + 43 (6.8 +3.1) X 10° 0.36 = 0.01 61

° Data at pH 7 were fitted using Eq. [3], while data at all other pH values were fitted using Eq. [2].

to bind more effectively, while the binding of NADP to
the E:6-PG complex induces the change that locks the
enzyme in the catalytically competent ternary complex.
In using NAD or 3'-NADP as the dinucleotide substrate,
it is possible that the binding of 6-PG induces a confor-
mational change as indicated above but that the binding
of the dinucleotide substrate to the binary complex does
not induce the conformational change to the ternary
complex as well as NADP due to the lack of the 2'-phos-
phate group.

Comparison to other dehydrogenases. The pyrimidine-
linked dehydrogenases of eubacterial and eukaryotic or-
ganisms are characteristically specific for either NAD or
NADP, and it is uncommon to find enzymes that are
equally catalytically active with both cofactors. Eukary-
otes possess both NAD- and NADP-specific isocitrate de-

hydrogenase. The NAD-specific enzyme (EC 1.1.1.41) is
present in the mitochondria and is allosterically regulated
in a manner consistent with a controlling role in the en-
ergy-yielding function of the citric acid cycle (8). The
NADP-specific enzyme (EC 1.1.1.42) is present in both
cytoplasm and mitochondria, but, unlike the NAD-specific
enzyme, it is not subject to allosteric control (8). A variety
of eubacterial species, including Acetobacter peroxydans,
Xanthomonas pruni, and Hydrogenomonas eutropha,
contain isocitrate dehydrogenases that use either NAD
or NADP as the oxidant (9). For example, isocitrate de-
hydrogenase from Rhodomicrobrium vannielli has the
ability to use either NAD or NADP in the oxidative de-
carboxylation of isocitrate. Michaelis constants for NADP
and NAD are 2.5 and 770 uM, respectively, and values for
V/K using NADP and NAD are 10° M~ s7! and 2.5 X 10*

TABLE 1II
Product and Dead-End Inhibition Patterns for 6-Phosphogluconate Dehydrogenase Using NAD as the Dinucleotide Substrate

Variable Fixed

pH Inhibitor substrate substrate Pattern K. (uM) Ki (pM)

6 ATP-R® NAD 6-PG (2 mM) C 1.7 £ 0.2

6 ATP-R NAD 6-PG (0.2 mM) C 1.2+0.1

6 ATP-R 6-PG NAD (10 mM) NC 28* 16 46 + 05

6 ATP-R 6-PG NAD (1 mM) NC 1.0 = 08 25+ 1.0

6 Ru 5-P 6-PG NAD (10 mM) C 1170 % 380

6 Ru 5-P NAD 6-PG (0.2 mmMm) NC 3100 + 1000 1100 + 400

7 ATP-R NAD 6-PG (3.0 mM) C 1.5 + 0.1

7 Ru 5-P NAD 6-PG (0.2 mMm) NC 1800 + 400 1700 * 800

7 Ru 5-P 6-PG NAD (10 mM) C nd®

8 ATP-R NAD 6-PG (3.0 mM) C 25+ 04

8 ATP-R 6-PG NAD (10 mM) NC 21 + 12 7.5 % 1.0 (3.6)°
8 Ru 5-P 6-PG NAD (10 mMm) C 600 + 200

8 Ru 5-P NAD 6-PG (0.2 mM) NC 1800 + 350 4400 = 1100 (1300)
9 ATP-R NAD 6-PG (10 mM) C 71+13

9 ATP-R 6-PG NAD (10 mM) NC 65t 14 181 + 3.5

®ATP-R is ATP-ribose.
® nd, not determined, as the uninhibited line has no slope.
¢ Values in parentheses reflect true inhibition constants.
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TABLE 1V

Structures, Redox Potentials, and Spectroscopic Data for the Dinucleotide Substrates Used in the Studies
of 6-Phosphogluconate Dehydrogenase from Candida utilis®

Dinucleotide € Aroax €at Apa,
substrate Structure (mV) (nm)* (mmH)*
3-WADP Fig. 2A: R, = ~PO{", R; = H, R; = ~CONH, -320 340 6.22
a-NADP* Fig. 2A: R, = ~PO%, R; = H, R, = ~CONH, ~320 340 6.22
NAD Fig. 2A: R, = H, R, = H, R, = ~CONH, -320 340 6.22
3.NADP Fig. 2A: R, = H, R, = =PO{", = R, = ~CONH, -320 340 6.22
«-NADP Fig. 2B ~320 340 6.22
HX-NADP Fig. 2C ~320 340 6.22
Thio-NADP Fig. 2A: R, = PO}, R, = H, Ry = ~CSNH, -285 395 11.30
APADP Fig. 2A: R, = ~PO{", R, = H, Ry = ~COCH, -258 363 9.10

“ Refer to Fig. 2 for the general structures of the dinucleotides.

® These values were used to follow the appearance of the corresponding reduced dinucleotide.
¢ Anomeric configuration at the nicotinamide ribose is opposite that shown.

M 's7!, respectively (10). Thus, it appears that dehydro-
genases thought to be specific for one of the coenzymes
will use the other, but with greatly reduced affinity.

The NAD:malic enzyme from Ascaris suum has a 25-
fold greater affinity for NAD and a greater than 50-fold
higher V/K for NAD compared to NADP (11). Compar-
ison of the NAD or NADP binding regions of malic en-
zyme from A. suum, rat, murine, and human sources in-
dicates several identical regions (12). The differences in
the positions of key acidic and basic residues required to
discriminate between NAD and NADP have not been de-
finitively identified. There are significant differences at
positions 364 (glutamate) and 373 (aspartate) in the two
NAD-dependent enzymes (A. suum and human) and in
the presence of arginines at comparable positions in the
NADP-dependent enzymes (rat and murine). A lysine at
position 362 is interesting in the case of the ascarid en-
zyme since one of two basic residues, as in the murine
and rat enzymes, is thought to be necessary to establish
contact with the phosphate group of the NADP. The hu-
man NAD-dependent enzyme has a glutamate in this re-
gion of the protein.

The 6-PGDH Rossman fold is more similar to the NAD
domain of lactate dehydrogenase than that of any other
NADP enzyme of known structure (7). The Rossman fold
of 6-PGDH is composed of the residues Gly-X-Ala-X-
X-Gly, where X is any amino acid. This sequence can be
viewed as a hybrid of the nucleotide binding fold of NAD
and NADP enzymes of known structure. The central gly-
cine of this sequence is required due to the proximity of
the adenine ribose moiety. This implies that the inter-
action of the dinucleotide substrate with enzyme is sub-
stantially different than any NADP-dependent enzyme
of known structure. For example, in lactate dehydroge-
nase, aspartate 53 hydrogen bonds to the NAD ribose 2'-
OH whereas in 6-PGDH this residue is replaced by ar-

ginine 33 and is most likely involved in NADP binding,
interacting with the 2’-phosphate group of NADP.

The interaction of NAD and NADP with nicotinamide
adenine dinucleotide-dependent enzymes has been ex-
tensively investigated by numerous techniques. Recent
work has identified distinct structural motifs for NAD or
NADP within the coenzyme binding region (13, 14) and
this is thought to allow discrimination between the two
coenzymes. Common to the NAD binding domains of
many enzymes is a Baf-fold centered around a highly
conserved sequence, Gly-X-X-Gly-X-X-Gly (where X
is any amino acid), that constitutes a tight turn at the
end of the first strand of a §-sheet and marks the begin-
ning of the succeeding a-helix (13). The helix dipole con-
tributes significantly to the binding of the coenzyme by
interacting favorably with the pyrophosphate moeity (13).
Other conserved features of this fingerprint region are (a)
a hydrophobic residue at the N-terminus of the first -
strand whose function is unknown, (b) a hydrophobic core
composed of six small residues, and (c) a negatively
charged residue at the C-terminus of the second 8-strand
which forms a hydrogen bond with the 2'-hydroxyl group
of the adenine ribose of NAD (13). The number of tertiary
structures for NADP binding domains is much smaller
than that for NAD binding domains. However, in several
instances the same fingerprint region can be identified,
although with some significant differences. First, the neg-
atively charged residue at the C-terminal end of the second
B-strand is replaced, presumably to accommodate the 2'-
phosphate group on the coenzyme (13). Second, the third
glycine residue of the conserved trio is replaced by alanine.
It is important to note that some NADPH-requiring en-
zymes do not fit this pattern and their NADPH binding
sites cannot incorporate the same compact Saf-fold.

Kinetic mechanism using NAD as the dinucleotide sub-
strate. Because of the unusual initial velocity pattern



observed for the 6-PGDH reaction with NAD as a reactant
(Fig. 2), the kinetics and acid/base chemistry of the re-
action were studied. In the direction of the oxidative de-
carboxylation of 6-phosphogluconate using NAD as the
dinucleotide, initial velocity patterns below pH 8 give a
series of nearly parallel lines at low 6-PG concentrations
with apparent substrate inhibition by 6-PG at all con-
centrations of NAD (Table II). A graphical analysis of
the data obtained at pH 7 is indicative of competitive
substrate inhibition by 6-PG. Data were fitted using the
equation for a ping-pong kinetic mechanism with com-
petitive substrate inhibition by B. The K for 6-PG sub-
strate inhibition is 16 mM. All other patterns obtained
below pH 8 were qualitatively identical to that obtained
at pH 7, and quantitative data were estimated, where pos-
sible, by graphical analysis.

Since it is ludicrous to suggest a ping-pong mechanism
for this reaction, it is likely that the pattern actually in-
tersects to the left of the ordinate and below the abscissa.
However, the NAD concentration range used was high
with respect to K; nap SO that the constant term (K, K},)
is not observed, resulting in a set of parallel lines. Thus,
a sequential kinetic mechanism is obtained with sub-
strate inhibition by 6-PG that is apparently competitive
with NAD.

Inhibition patterns were measured using Ru 5-P and
ATP-ribose as analogs of 6-PG and NAD, respectively
(Table III). The product, Ru 5-P, is for all intents and
purposes a dead-end analog of 6-PG since the kinetic
mechanism observed with NADP as the dinucleotide
substrate approximates rapid equilibrium (1) and NAD
is a poorer substrate. At pH 6 and 7, Ru 5-P is competitive
vs 6-PG and noncompetitive vs NAD, while ATP-ribose
is competitive vs NAD at any concentration of 6-PG.
These data suggest a random mechanism. The mechanism
observed with NADP is rapid equilibrium random (1).
Since NAD is a much slower substrate with a V/K 4 X
10 ® that of NADP, the mechanism is almost certainly
rapid equilibrium random with NAD. In agreement with
this, the deuterium isotope effects on V, V/Ky.p, and
V/K;.pg are equal (16).

If the mechanism is still rapid equilibrium random at
pH 7, Knap (16 mM) reflects the dissociation constant from
E:NAD:6-PG. The value of K¢ pg (dissociation constant
for E:6-PG), is about 200 gM (1). In order to observe a
nearly parallel initial velocity pattern in the case of a se-
quential kinetic mechanism, the lowest concentration of
NAD used in these studies (1 mM) must be at least an
order of magnitude higher than the dissociation constant
for E:NAD, that is K; nap must be less than or equal to 100
uM. Using the above values and the equality KnanKis.pc
= K¢ pcKinap, which reflects the identity of the equilib-
rium constant for the two pathways (addition of 6-PG
prior to NAD and NAD prior to 6-PG), gives a value
greater than or equal to 20 mM for K, p;. However, a
value much lower than this (70 uM) is obtained from a fit
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using Eq. [3]. Thus, either Eq. [3] grossly underestimates
K p; or NAD does not bind to E:6-PG below pH 8 for
some reason,; it is likely that the latter of these explana-
tions is correct. At or above pH 8 initial velocity patterns
intersect to the left of the ordinate, indicative of a se-
quential mechanism, and dead-end inhibition patterns are
consistent with a rapid equilibrium random kinetic
mechanism. In this case, the E:NAD and E:NAD:6-PG
complexes are productive.

For a rapid equilibrium random kinetic mechanism, the
product Ru 5-P behaves as a dead-end analog of the vari-
able substrate. Quantitative analysis of the inhibition
constants of Ru 5-P and ATP-ribose can be performed
at pH 8, but cannot be performed at pH 6 and 7 due to
uncertainty in the Michaelis constants obtained under
these conditions or at pH 9 since only one of the two
dead-end patterns was obtained. At pH 8, the K, obtained
for ATP-ribose vs NAD at saturating 6-PG should be
identical to the Kj; obtained for ATP-ribose vs 6-PG once
corrected for the presence of NAD. The expression re-
lating the two is K;; = K; (1 + NAD/Knap). With NAD
equal to Knap, the K| is half the calculated K; (given in
Table III). Likewise, the K;, obtained from the Ru 5-P vs
NAD pattern can be corrected using K;; = K; (1 + 6-PG/
K; pg). Thus, values of 2.5 and 3.6 uM for E:6-PG:ATP-
ribose and 600 and 1300 gM for E:NAD:Ru 5-P can be
compared. These values are in reasonable agreement when
standard errors are considered.

The kinetic mechanism is thus random with NAD as
the dinucleotide substrate at all pH values tested. Below
pH 8 there appears to be strong antagonism between 6-
PG and NAD binding (Scheme I). Thus, as suggested
above, the 2’-phosphate causes a decrease in affinity of
NAD for free enzyme and a more pronounced decrease
in affinity and productivity of its binding to the E:6-PG
complex. In agreement with this suggestion, the X-ray
structure of the E:NADP complex of 6-PGDH indicates
that the tightest interaction between enzyme and NADP
is at the 2'-phosphate (M. Adams, personal communica-
tion). The presence of the 2'-phosphate moiety of the di-
nucleotide is likely required to give the proper catalytic
conformation.

Predominance of one pathway in a random mechanism
as the pH is changed is not unprecedented. Creatine Kki-

6-PG

I

NAD

(E:6-PG)
(E:NAD)

Products

(E:NAD:6-PG == E:NADH:Ru5P:C0O;)

NAD

SCHEME 1. Kinetic mechanism for 6-phosphogluconate dehydro-
genase from Candida utilis using NAD as the dinucleotide substrate.
The boldface line represents the preferred pathway that exists below
pH 8.

6-PG



nase catalyzes the reversible phosphorylation of creatine
by MgATP. At pH 8, the kinetic mechanism appears to
approximate rapid equilibrium random kinetics (17, 18).
However, at pH 7 initial velocity studies suggest an equi-
librium-ordered kinetic mechanism for the phosphory-
lation of creatine such that MgATP binds prior to creatine
(19). A reasonable explanation for this was proposed based
upon the pH dependence of kinetic parameters using rab-
bit muscle creatine kinase in which the binding of creatine
to give the E:creatine complex is sensitive to the proton-
ation state of an active site histidine with a pK of 7 (20).
However, when nucleotide is bound, creatine binding is
insensitive to the protonation state of the acid/base cat-
alyst.

Studies of dopamine $-monooxygenase by Ahn and
Klinman (21) have shown that the enzyme exhibits a pe-
culiar pH dependence of the kinetic order for substrate
release from the ternary complex such that there is a pre-
ferred order of oxygen released prior to dopamine at pH
4.5, a random release at intermediate pH values, and a
preferred order of dopamine release prior to oxygen at
pH 6.6. There is a pH-dependent decrease in the rate of
catecholamine dissociation that results in the switch of
kinetic order (21).

pH dependence of kinetic parameters using NAD as the
dinucleotide substrate. The pH dependence of kinetic
parameters for the 6-PGDH reaction using NAD as the
dinucleotide is obtained from the data in Table 1. Because
of the high K,, for NAD, it is difficult to accurately mea-
sure the kinetic parameters at all pH values. The V/K
for 6-PG decreases on the basic side with a pK of about
8. This value corresponds nicely to the pK value of 8.2
obtained using NADP as the dinucleotide and most likely
reflects the general acid (2). V. is pH independent above
pH 8 but not well defined below pH 8. These data agree
reasonably well with those obtained using NADP and
suggest that no dramatic changes in the acid/base chem-
istry occur with changes in the dinucleotide substrate.
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However, the inability of NAD to bind adequately at low
pH suggests that the protonation state of the general base
with a pK of about 7 (2) has an effect on NAD binding,
either directly or via a pH-dependent conformational
change as observed for the NAD-malic enzyme (4).
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