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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 442432-2440]. 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, deuteriufi¥C, multiple deuteriumifC 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 (6PGBEA,1.1.1.44) Structures of 6PGDH from sheep liver with NADP and
catalyzes the reversible oxidative decarboxylation of 6-phos- NADPH bound 8) exhibited differences in the position of
phogluconate to ribulose 5-phosphate and,@@th NADP the nicotinamide ring such that the reduced cofactor was

as the oxidant (Figure 1). The enzyme catalyzes its reactionrotated by~180° compared to NADP, placing the ring in
via a three-step aciebase mechanism, with oxidation of the the 6PG site. The side chain of M13 is behind taé¢ace of
3-hydroxyl of 6PG to a 3-keto intermediate, followed by the nicotinamide ring of NADP, and its backbone NH group
decarboxylation to give the 1,2-enediol of ribulose 5-phos- donates a hydrogen bond to the carboxamide side chain of
phate (Ru5P), which is finally tautomerized to Ru3p2). the cofactor. Mutation of M13 to a number of different
On the basis of structural data, ptrate profiles, and site- ~ residues results in an increasekinaorn With no change in
directed mutagenesis, K183 and E190 act as general bas&naop. Since NADP and NADPH compete for the same site

and general acid catalysts in the mechanism, respectivelym the free enzyme, this was taken as evidence that rotation
(3-5). of the nicotinamide ring does occur along the enzyme’s

reaction pathway€); i.e., data suggest a rotation of the
nicotinamide ring about it&-glycosidic bond as the nico-
tinamide ring is reduced and the positive charge in the

T This work was supported by a grant from the National Science
Foundation to P.F.C. (MCB 009127) and the Grayce B. Kerr endow-

ment to the University of Oklahoma for the research of P.F.C. pyridine ring has been e"mi'?at(?d (Figure 1). In additiqn_ to
* To whom correspondence should be addressed. Telephone: (405)the observed effects on the binding constants for the oxidized
325-4581. Fax: (405) 325-7182. E-mail: pcook@ou.edu. and reduced cofactors, deuterium isotope effect studies
* Universitadi Ferrara. dditi | eff h Ivii h f
s University of Oklahoma. suggest additional effects on the catalytic pathway for
"' Current address: Department of Biochemistry, Albert Einstein oXidative decarboxylation, specifically a modulation of the
College of Medicine, Bronx, NY 10461. conformational change that precedes catalysis.
1 Abbreviations: 6PG, 6-phosphogluconate; 6PGDH, 6-phospho- .
gluconate dehydrogenase; Ru5P, ribulose 5-phosphat&f&s, 3deu- In this paper, we further explore the effect of cofactor

terio-6-phosphogluconate; 2-deoxy-6PG, 2-deoxy-6-phosphogluconate; grientation on the precatalytic conformational change by

NAD, nicotinamide adenine dinucleotide; NADP, nicotinamide adenine : : : :
dinucleotide phosphate (thé- sign is omitted for convenience); measuring multiplé*C/deuterium isotope effects to allow a

NADPH, reduced nicotinamide adenine dinucleotide phosphaté: Nbr  quantitative analysis of the isotope effect data. In addition,
ADP, nicotinamide-8-bromine adenine dinucleotidgBosphate; TEA,  a second residue, E131, is also within hydrogen bonding
triethanolamine; Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic gistance of the carboxamide side chain of NADP and does
acid; IPTG, isopropyls-p-thiogalactopyranoside; Ni-NTA agarose, . .

nickel-nitrilotriacetic “acid agarose; ADP agarose,52adenosine not interact with NADPH, as suggested by structures of the

diphosphate agarose; wt, wild type. E—NbrBADP and E-NADPH complexes J). Multiple-
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Ficure 1: Proposed mechanism for 6-phosphogluconate dehydrogenase, including the rotation of the nicotinamide ring in the oxidation

step.

sequence alignment of 6PGDHs shows that E131 is com-

Health Science Center (Oklahoma City, OK). Plasmid

pletely conserved. This residue was thus mutated to alanine housing the mutated insert was then recovered from recipient

to probe its effect on the catalytic pathway via initial rate

strain XL1-Blue and subsequently transformed into M15-

and isotope effect studies. Data are discussed in terms of(PREP4) using an EC100 electroporator according to the

the catalytic mechanism of 6PGDH.
MATERIALS AND METHODS

Chemicals and Reagent®ligonucleotide primers for

manufacturer's specifications. Frozen stocks of strains
harboring plasmid were stored in LB/ampicillin/kanamycin
medium containing 15% glycerol at80 °C.

Growth and Purification ConditionsThe bacterial strain

mutagenesis and sequencing were from Biosynthesis, Gib-containing the mutated plasmid was first grown in 50 mL

coBRL, and Invitrogen. The QuickChange site-directed

of LB medium, containing 10@g/mL ampicillin and 259/

mutagenesis kit was from Stratagene. The PerfectPrepmL kanamycin at 37C, overnight in a water bath shaker.

Plasmid Mini kit was from Eppendorf. The DNA molecular
ladder was from New England Biolabs. Deoxynucleoside

The 50 mL culture was then transferred2 L of thesame
medium containing 1 mM IPTG and grown overnight in a

triphosphates and protein molecular mass markers wereshaker bath at 37C to induce overexpression of the enzyme.
purchased from GibcoBRL. Acetaldehyde, acetate kinase, Mutant enzymes were then purified as discussed previously
ADP-agarose resin, ATP, ampicillin, glucose-6-phosphate uysing Ni-NTA and ADP-agarose column chromatography
dehydrogenase (G6PDH), hexokinase, kanamycin, lithium (6). The wild-type and mutant proteins were purified in an

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)3-b-(3-
Deutero)glucose (98 at. % D) was from Omicron Biochemi-
cals, Inc., and »-6PG was synthesized as previously
described §). The 2-deoxy3-p-glucose was obtained from
Sigma Aldrich and converted to 2-deoxy-6PG using hex-
okinase and G6PDH9]. All other chemicals were of the
highest available quality.

Bacterial Strain and PlasmidsThe mutant enzymes
M13V, M13Q, and M13C were expressed from the M15-
[PREP4] host strain harboring the pQE30 plasmids with the
mutated 6PGDH cDNA insert}. 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 Mutagenesigo change E131 to A, site-

identical manner, and all enzymes were stored 4€C4n
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 €340= 6220 M1 cm™'). 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 /& 2
ADP-agarose column.

13C Isotope EffectsThe technique employed for the
determination of-3C isotope effects is that of O’LearyLQ),
11) in which the natural abundance8€ in the C-1 position

directed mutagenesis was performed on double-strandeddf 6PG is used. Isotope effects were measured as discussed

DNA prepared from recombinant plasmid pPGDH.LC4 using
QuickChange site-directed mutageneds 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

previously @2). Isolation and analysis of all samples were
carried out the same day the @®as generated. The isotopic
composition of the C@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 f6fO according to the
method of Craig 13).
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Nomenclature Isotope effects are expressed using the Tapie 1: Summary of Kinetic Parameters for Wild-Type 6PGDH
nomenclature developed by Northrop4f and Cook and and Mutant Enzymés

Cleland (5). Deuterium andsC kinetic isotope effects are

i h 2 leadi it D or 13 ) wt E131A  M13¢  M13VP  M13Q°
written with a leading superscri or 13; e.g., a primar
L g superscript L b 9 P y VIE (Y 93401 4.0+0.4 1.14+0.04 9.5+ 0.1 1.14+ 0.04
deuterium isotope effect oWK is written °(V/K). Multiple fold decrease 21 81 8.1
isotope effects are written with a leading superscript to depict Kyapp (M) 5+ 1 5+1 6.4+08 26+9 19+1
- - 5.1 3.8

the isotope varied and a following subscript to depict the fold increase
fixed isotope; e.g., &C isotope effect measured withcB- V’KR‘/’I*E{’E;)

6PG is written™¥(V/K)p. fold decrease

Kinetic Studies with 2-Deoxy-6P®&inetic measurements

using 2-deoxy-6PG as a substrate were performed by
monitoring the increase in absorbance at 340 nm due to thethe wild-type enzyme, once corrected for protein concentra-
formation of NADPH €340 = 6220 M™* cm™?). Reactions  tion (data not shown). In addition, tryptophan fluorescence
were carried out in a volume of 1 mL using 1 cm path length emission spectra, obtained upon excitation at 290 nm, were
cuvettes. Reactions were carried out in 100 mM Hepes (pH identical for mutant and wild-type enzymes (data not shown).

19x 10° 8.1x 10° 1.8x 10° 3.6x 10° 5..9>< 10

2.3 10.5
aValues aretstandard error® From ref6.

5.3 32.9

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 ProcessingDouble-reciprocal plots of the data were

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

visually evaluated to assess data quality, and all plots andlocalized to the active site.

replots were linear. Data were fitted using the appropriate

rate equations and programs developed by Cleld@). (
Initial velocity data were fitted using eq 1
__VA

K,+A

v 1)
where v is the measured initial rate/ is the estimated
maximum rateA is the reactant concentration (either 6PG
or NADP), andK, 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.

- VA
K{1+ FEy) + AL+ FE)

whereF; is the fraction of deuterium label in the substrate
(determined on the basis of 98. & D in theinitial 3-p-
glucose) whileEyk andEy are the isotope effects minus 1
on VIK andV, respectively. All other terms are as defined
above.

Calculation of'*C isotope effects was carried out according
to eq 3 @6), wheref is the fraction of the reactioris and
R. are the isotope ratios of the product £& partial and
complete reaction, respectively.

)

13(KVJ _ log(1 —f) 3)
o Iog(l - %)

Isotope ratios are given @3°C, calculated from eq 4, where
Rsmp @and Re are Y2C/A3C isotope ratios for the sample and
standard, respectively.

otc= (RS—’“" - (4)

Ry

The standard for CQwas calibrated from Pee Dee Belemnite
with a 1?C/A3C ratio of 0.001123721@3).

RESULTS
Spectral Properties and &rall Structure The far-UV

1)><103

Kinetic ParametersThe macroscopic rate constan{sand
VIK, 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 Discussiéh The E131A
mutant enzyme exhibits a 2.3-fold decreaseViti; and
V/KnappE:, but no change itKyapp. The value ofKgps (30
uM) is identical, within error, to that of the wild type for all
mutant enzymes.

Isotope Effectslsotope 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., ref@1—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 primar}?C kinetic isotope effects
provide the same information for the decarboxylation step.
A multiple-isotope effect obtained by repeating the
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/Kyapp, measured at a saturating level of 6PG
(40K, 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)( Values for the
M13 mutant enzymes are also provided for compari€n (
Also in Table 2 are data fo¥®C kinetic isotope effects on
the oxidative decarboxylation of 6PG with protium- and
deuterium-labeled substrate. For E131A, the valu&af/
Kepgn — 1 is~2-fold higher than that of the wild type, while
the M13V and M13C mutant enzymes exhibitV/Kgpo)n
— 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

CD spectra of all mutant enzymes were identical to those of type.
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Table 2: Summary of Isotope Effects for Wild-Type 6PGDH and Mutant Enzymes

wt E131A M13C M13V M13Q
oy 1.8+0.1° 1.2+0.1 1.3+ 0.9 1.7+£0.4 2.8+£0.3
D(V/Knaop) 1.9+ 0.3 1.1£0.2 1.3+ 0.8 1.9+ 0.8 3.1+ 0.1
BOV/Kepr 1.0028 (0.0007Y 1.0046 (0.0003) 1.0151 (0.0002) 1.0062 (0.0004) 1.0033 (0.0009)
B3(V/Kepg)o 1.0017 (0.0005Y - 1.0137 (0.0015) 1.0037 (0.0008) 0.9965 (0.0009)

2Values aretstandard error? From ref6. The difference iP(V/Knapp) values of 1.9+ 0.3 for wt and 1.3+ 0.4 is significant at thé < 0.05
level. Values for M13C significantly differ from one anothéFrom ref22. ¢ Values in parentheses are standard errors.

100 - . . . . .
Table 3: Kinetic Parameters Estimated from Time Courses with

2-Deoxy-6PG as the Substrate

Keat (S7%) burst amplitudeM)
. wt 0.16 33
ns> M13V 0.16 47
. M13C 0.16 71
M13Q 0.15 26

aParameters were estimated graphically. The valuek.gfwas
estimated from the slope of the time course at times B min, while
the burst amplitude was estimated by extrapolating the linear portion
of the time course to= 0. One unit (using 6PG as the substrate) was
added to initiate the reactions.

P (uM)
e & 8838 8

a
o

Io WT & MI3V A M13C & M13Q
T T T T 1

(=]

0 2 4 6 s 0 2 1w ® B > conformation of the active site of 6PGDH. The probe, in
Time (min) this case, is steady state rate measurements and isotope

Ficure 2: Time courses for wild-type and mutant 6-phosphoglu- effects, including deuterium isotope effects, prim&y and

conate dehydrogenases with 2-deoxy-6PG as the substrate. AbsorMultiple primary **C/deuterium kinetic isotope effects.
bance at 340 nm was monitored with time at pH 7 and®@5at Theory has been developed previously, and appropriate
saturating NADP (0.5 mM) and 2-deoxy-6PG (2 mM) levels. Data equations are reproduced here to aid in the interpretation of
for the wild-type enzyme €) and M13Q @), M13V (W), and  §a15 1 6,9, 18, 19). 6PGDH has a rapid equilibrium random
M13C (a) mutant enzymes are presented for a reaction initiated Kineti hani d with 6PG intained at turati
with 1 unit of enzyme. Parameters were estimated graphically by Inetic me(? anism, an V‘,“ m:?un ained at a sa ura Ing
extrapolating the linear portion of the curves to the ordinate and concentration, the kinetic mechanism can be described

are given in Table 4. The solid curves were generated manually by schematically as shown in eq 5.
drawing a best-fit curve through the data, resulting in the linear
steady state rate. NADP/Kinapp ks k;

o . . E-6PG =——— E-NADP-6PG—=—=— E'-NADP-6PG ———
2-Deoxy-6PG KineticsTransients in the pre-steady state k¢ kg

time course for an enzyme reaction give information about . . (5)
the location of slow steps along the reaction pathway. A burst 9 ast

. : ) ) ) E'-NADPH-3-ket 6PGT> E'-NADPH-Ru5SP—> E-6PG

in the formation of NADPH is observed in the time course e !

for the oxidative decarboxylation of 2-deoxy-6PG to give 0,

1-deoxyribulose 5-phosphate (Figure 2). Note that although | oq 5, E represents the closed catalytic form of the
thls_ is a pre-steady stat_e phenom(a_non, the time course OVeEnzyme, the amounts of-BPG and E-NADP—6PG are
which the burst occurs is-€8 min. Rippa (7) reported that  getermined by NADR{inaor, ks and ks are rate constants
the burst indicated an initial rapid formation of 3-keto-2-  fq the isomerization to give the precatalytic closed confor-

deoxy-6PG, which was released from the enzyme active site.mation k, andks are for forward and reverse hydride transfer
As the concentration of NADP decreases and the concentraine rotation of the nicotinamide ring into the substrate site

tion of NADPH increases, the rate is dominated by decar- j5 included ink;, while the reverse rate constant includes

boxylation of 3-keto-2-deoxy-6PG. The phenomenon was (qation back), respectively, akgrepresents decarboxylation
demonstrated by Rippa et al7) to result from binding of = 54 release of CO (The rotation of the nicotinamide is
NADPH and the 3-keto-2-deoxy-6PG formed during the qyght to be rapid compared to oxidative decarboxylation.)
course of the burst and subsequent decarboxylation to giverpe subsequent release of NADPH and ribulose 5-phosphate
1—deo_xyribu|ose 5—ph'osphate. Kinetic parameters, estimated(Ru5p) and re-formation of E6PG (at a saturating level of
graphically, for the wild-type and M13 mutant enzymes are gpg) is rapid compared to all other steps along the reaction
listed in Table 3. The steady state rate is insensitive to the pathway. The rate constants and ks are sensitive to
residue present in position 13, but the burst amplitude differs yeterium substitution at C3 of 6PG and give primary
for each of the mutant enzymes as compared to that of theyeterium kinetic isotope effect®; andPks, respectively,
wild-type enzyme. Data suggest differences in the contribu-  o|5ted by the equilibrium isotope effeBKqq= Pki/Pks [1.18
tion of hydride transfer and decarboxylation to the overall ¢5, oxidation of a secondary alcohd@]. The rate constant
rate of the reaction. for decarboxylationks, will reflect a3C isotope effect given
by 3.

DISCUSSION Expressions fo¥, VIKnape, the deuterium kinetic isotope

The research presented above was carried out to probesffects on these parameters, and #@ isotope effect on
the role of cofactor orientation in determining the catalytic V/KepgWith protium- and deuterium-labeled 6PG are given,
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in terms of commitment factofsin eqs 6-11. The com-
mitment factor for the'3C isotope effect, eqs 10 and 11
below, is given in terms of the forward and reverse
commitments for the hydride transfer step; i®@.ci3= (1

+ c—p)/c—p. This does not change the general form of the
isotope effect equations with the exception thats zero
for the decarboxylation step.

ks
14
R P (6)
Et 1+ Cvt + C
Kaksky
V KqKs
= 7
KnappEr 1+ G+ ¢ ()
Dy, __ Dk? + CVf + (DKeo)Cr (8)
© 1+4cu+tc
D \Y _ DI(7 + G + (DKeo)Cr (9)
Kwaoe/  1+G+c
1+¢
( 13k9 + -
13\_/) — r (10)
K 1+
" 1+ &
CI’
D
k
S e B
13(\_/) _ c Keo) 7, (11)
K/p Pk,
1+ —
Cr(DKeo> I:)k7
where
1.1
ot
k
Cys :ks—k:g, cf:k—:, and cr:%
1+ k_s

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 fot; andc,, respectivelyk; ~ 3ks and

ks ~ ko. The ratioks/ks 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 valuekaf, for
mannitol-1-phosphate dehydrogenase isx7.9071° M; the
enzyme catalyzes the NAD-dependent oxidation of mannitol
1-phosphate to fructose 6-phosphaté)( At pH 7, where

Cervellati et al.

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

wt E131A M13C M13V
c 3 28 4.4 0.9

0.7 3.7 3.3 0.4
1+ el 5.7 7.8 1.6 4.7
clc 43 7.6 1.3 2.2
ks (571 14.5 4.7 2.1 24.3
D(V/K)P 1.5 1.08 1.3 1.9
13(V/K)b 1.006 1.006 1.015 1.006

a Standard errors are20% for wt, <30% for M13C, and<20%
for E131A and M13V " Isotope effects calculated from the estimated
intrinsic isotope effectsPk = 3; %k = 1.04) and the estimated
commitment factors given in the table using eqs 8 and 9.

these studies were carried out, #g would be 7.9x 1072,
and thusk; < kg andks, kg > ks, ke.

The deuterium isotope effects dandV/Kyapp are equal
(Table 2), indicating:ys = ¢, and thuskg > ks andkg > ks;

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
betweency; andc; can also be satisfied K; = ke, but this
condition is eliminated on the basis of the above discussion;
ko > ks.) SinceKnapp is the ratio ofV andV/Knapp andc is
equal tocyt, Knape is equal toKy. 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 (20,) 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 EE6PG 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, sitge- ko, but are~0.5

kcal lower than the transition state for the conformational
change K7 ~ 3ks).

Sinceks > ks on the basis of the analysis presented above,
and given thattys = ¢, eq 6 can be rewritten ag/E;
ksci/(1 + ¢t + ¢;). 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 ofks using measured values @fE; listed in Table
1. Calculated values d 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
ks, 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 Nsglycosidic bond
to a position occupied by C-1C-3 of 6PG causing the
substrate to reorient and facilitating decarboxylation of

2 Forward and reverse commitments to catalysis represent the ratio3-keto-6PG §). Interaction between the enzyme and the

of the catalytic rate constant to the net off-rate constant for reactant,

cr, or product,c. cy, the catalytic ratio, is the product of the rate

constant for catalysis to the sum of the reciprocals of net rate constants

nicotinamide ring changes upon reduction and subsequent
rotation of the ring. There are two residues that interact with

for each of the unimolecular steps in the direction of product formation, the oxidized nicotinamide ring, as shown in a close-up of

corrected for any precatalytic equilibria.

the binding site of NADP (Figure 3). The nicotinamide ring
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Ficure 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.

of NADP rests on the thiol of M13, and its carboxamide increase is observed in the case of the M13Q mutant enzyme.
oxygen is within hydrogen bonding distance of the backbone In all cases, the isotope effects WrandV/Knapp are, within
carbonyl of M13. The nicotinamide ring is also held in place error, identical, consistent with the rapid equilibrium mech-
by a hydrogen bond donated by the carboxamide nitrogenanism proposed previouslht)

of NADP to E131, which is hlgh'y conserved, and an ionic Kinetic parameters for the M13C and E131A mutant
interaction between the pOSitiVEly Charged nicotinamide ring enzymes Compared to those of the W||d-type enzyme are
and the 5phosphate (of the pyrophosphoryl backbone), similar, with a decrease in the turnover number and no effect
which is 5.2 A distantQ). We interpret the data obtained in on Knapp, but the isotope effects for the two enzymes are
this work in terms of a mechanism that requires rotation of sjgnificantly different. Although the deuterium isotope effects
the nicotinamide ring into the substrate site. The rotation of decrease in both cases (see footnote b of Tabl(R)Kepq)
the nicotinamide ring is thought to be rapid and will occur s increased only slightly for E131A<(2-fold on the isotope
upon reduction. The step is thus not formally included in effect minus 1) but significantly for the M13C mutant
mechanism 5 but is included ka andks as suggested above.  enzyme ¢ 5-fold on the isotope effect minus 1). No change
As discussed previously, all of the M13 mutant enzymes, in the turnover number or the deuterium isotope effect,
with the exception of M13C, exhibit an increaseHlRapp compared to that of the wild type, is observed for M13V,
but no change iKinappn (6). The EL31A mutant enzyme  while a >2-fold increase in thé3C isotope effect minus 1
exhibitsKepg andKnapp Values identical to those of the wild-  is observed. Data are consistent with a change in limitation
type enzyme, as does the M13C mutant enzyme, and thuspf the decarboxylation step, the precatalytic conformational
E131 does not contribute significantly to dinucleotide binding change, or both for all mutant enzymes, with the exception
and C can effectively substitute for M in terms of NADP of M13Q, compared to that of the wild-type enzyme. The
binding. However, 2.3- and 8.1-fold decreases in the turnover M13Q enzyme, on the other hand, exhibits a large decrease
numbers of the E131A and M13C mutant enzymes, respec-in the turnover number, almost no change inf@isotope
tively, are observed. On the other hand, a 5.1-fold increaseeffect, and a large increase in the deuterium isotope effect
in Knapp but no change in the turnover number is observed such that hydride transfer is almost completely rate-
for the M13V mutant enzyme. Finally, 3.8- and 8.1-fold determining. Data are best explained by a decrease in rate
decreases iKnapp and kea, respectively, are observed for limitation of the precatalytic conformational change.
the M13Q mutant enzyme. Effects &ffkKnapp vary from In all cases, thé3C isotope effect measured withc8-
2.3-fold for the E131A mutant enzyme te33-fold for the PG is smaller than that obtained with 6PG, consistent with
M13Q enzyme. Since interactions between M13 and E131the stepwise oxidation followed by decarboxylation. Of
and NADP are responsible for the proper positioning of the interest is the inverse isotope effect observed with the M13Q
nicotinamide ring, data, taken together, suggest an importancemutant enzyme. As suggested above, hydride transfer is
of the position of the nicotinamide ring in one or more of aimost completely rate-determining for this enzyme such that
the steps that are known to limit the overall reaction, a deuteration of 6PG will almost certainly result in equilibra-
precatalytic conformational change, hydride transfer, and tion of steps prior to it, including reactant binding and the
decarboxylationZl). These will be discussed further below, precata|ytic confomational Change_ The invetde effect
first qualitatively and then quantitatively with respect to the of 0.996 is similar to the value obtained by Hwang et @). (
effects of the site-directed mutations. Information will then ijth APADP as the dinucleotide substrate and-8PG as
be placed into mechanistic context. the substrate. The deuterium isotope effect obtained for this
Qualitative Analysis of Kinetic and Isotope Effect Data system was 3, consistent with rate-limiting hydride transfer.
The primary deuterium kinetic isotope effects measured for The authors suggested the inverse effect reflected either
the M13C and E131A mutant enzymes (Table 2) are desolvation of the carboxylate upon binding or more likely
decreased compared to those of the wild type; no change isan increase in the fractionation factor of the C-1 carboxylate
observed for the M13V mutant enzyme, and a significant as a result of changes in torsional modes of 6PG, which
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would be frozen upon binding. Torsional modes likely change in the primary deuterium isotope effect. There is a
include those involving rotation of the carboxylate itself, the slight decrease in the ratio of (t c)/c, from 5.7 to 4.7,
C-2—C-3 bond, or both. Although the isotope effect reflects but the ratio ofci/c; decreases by 2-fold. The rate constant
differences in solution and transition states, it is only for closing the site prior to catalysis has increased 2-fold
necessary that the effect has occurred by the time thecompared to that of the wild type. In contrast to those of the
transition state has been reached and would thus includeM13C and E131A mutant enzymes, the rate of the confor-
changes that occur upon substrate binding. mational change has increased compared to the catalytic steps
Quantitatie Analysis of Isotope Effects for Mutant for this mutant enzyme, and as a result, the catalytic steps
EnzymesEstimates oPk and'%, the intrinsic isotope effects  have become somewhat more rate-limiting.
on hydride transfer and decarboxylation, for wild-type  Finally, in the case of the M13Q mutant enzyme, the rate
6PGDH are 3 and 1.04, respectiveR?), and were obtained  constants for the conformational change and decarboxylation
as follows. The largest primadfC kinetic isotope effects  steps have increased significantly compared to that of the
for 6PGDH were observed for enzymes with mutations in hydride transfer step. Indeed, the latter has become nearly
the 6-phosphate site, and the largest of these was 1.039¢tompletely limiting for the overall reaction with a primary
measured for the K260A mutant enzym@2) a full deuterium isotope effect of 3.
stoichiometric burst of NADPH production is obtained in The mutant enzymes that were studied show a continuum
the presteady state for this enzyme, indicating rate limitation of change in the rate constants for the conformational change
by decarboxylation. A quantitative analysis of multipi€/D in the E-NADP—6PG ternary complex. Mutation of M13
isotope effects for the wild-type enzyme published previously to C and E131 to A results in an increase&iand a decrease
(9) allowed estimates of the value of commitment factors in ks, while mutation of M13 to V results in a decreasecin
and intrinsic isotope effects. For values'& from 1.025 to and an increase iks. The change i likely reflects changes
1.1, the value ofk varied over a narrow range, 2:8.4, in the rate constant for the conformational change to open
with a value of~3 estimated for 8% value of 1.04. Using  the site, and they parallel changes in the calculated value of
the estimated values of the intrinsic isotope effects, the ks. In agreement with data published previously, closure of
observed values oP(V/K) and 3(V/K) and egs 911, the site gives the optimum positioning of the nicotinamide
estimates of the commitment factors;, and c. were ring for hydride transfer and subsequent rotation to facilitate
calculated and are listed in Table 4. Estimates are internally decarboxylation®). Failure to properly position the nicoti-
consistent, i.e., together with the estimated intrinsic isotope namide ring likely results in a stabilization of the ring in the
effects they generate, within error, with the observed values oxidized position, which results in the hydride transfer step
of the isotope effects given in Table 2. These values, togethercoming to equilibrium 22).
with the calculated value ofs, the rate constant for the Kinetics of 2-Deoxy-6PGTime courses obtained with
conformational change to close the active site prior to 2-deoxy-6PG are in agreement with the anaylsis of the M13
catalysis (Table 4), provide the framework for interpreting mutant enzymes described above. The lack of change in the

the experimental data in Tables 1 and 2. steady state rate, with the possible exception of that of the
For the M13C mutant enzyme, (1) the closed form of the M13Q enzyme, is in agreement with all of the enzymes being
enzyme is kinetically favored, i.e., the'-EAB complex limited in this extreme by decarboxylation of 3-keto-2-deoxy-

partitions in favor of products, likely as a result of a decrease 6PG. However, the burst amplitude does change, consistent
in the rate constar for opening the site to release reactants with a difference in the relative rates of the hydride transfer
and (2) the oxaloacetate intermediate partitions preferentially portion of the reaction and the subsequent decarboxylation
toward reduction via reverse hydride transfer, il.,is once the concentration of NADPH has increased sufficiently
favored. A 7-fold decrease in the rate constant for closing to compete with NADP. The smallest burst amplitude is
the active site is also observed in this case, consistent withobserved for the M13Q mutant enzyme, consistent with rate
an increased rate limitation for closing and opening the active limitation by the oxidative portion of the reaction, and a much
site prior to the catalytic steps. slower buildup of NADPH. This mutant enzyme is almost
The increased rate limitation of the precatayltic confor- completely limited by the hydride transfer step as suggested
mational change is much more evident in the case of theby the near-intrinsic deuterium isotope effect of 3. The
E131A mutant enzyme, which gives the largest estimated highest burst amplitude is observed with the M13C mutant
decrease irks relative toks;, ~10-fold compared to that of  enzyme, which exhibits the smallest deuterium isotope effect,
the wild-type enzymeqf = kz/ks). In addition, there is an  but the largestC isotope effect. Finally, the burst amplitudes
~1.6-fold increase if¥(V/K) minus 1, resulting in an increase  for the wild-type and M13V mutant enzymes are intermedi-
in (1 + c)/c to 7.8. Data are consistent with increased values ate, consistent with their significant deuterium isotope effect
of ¢ and ¢ giving an isotope effect that approaches 1 and smallei3C isotope effect.
{actually [ + c(PKegl/(cr + c) sincec: + ¢ > Pk}. In Mechanistic Consequence3he role of a number of
agreement, the values of the primary deuterium isotope residues lining the active site of 6PGDH from sheep liver
effects onv andV/K in both cases are very small and equal, has been probed via site-directed mutagenési@ 1—23).
within error. The increased contribution to rate limitation of Mutant enzymes have been thoroughly characterized by
the precatalytic conformational change is corroborated by measurement of kinetic parameters and isotope effects. As
the 3-fold decrease iks compared to that of the wild type.  a result, a more complete picture of the catalytic mechanism
In this case, the rate is likely limited by the rate of closure of the 6PGDH has thus emerged. Occupancy of the NADP
of the active site {/E; = ks). 2'-phosphate subsite is important in the generation of the
The M13V mutant enzyme exhibits a 2-fold increase in catalytic conformation. Mutation of any of the residues that
the observed value df(V/K) minus 1, but no significant  interact with the 2phosphate results in a significant shift
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toward the open form of the enzyme, prior to hydride transfer  The M13 to V mutation has the smallest effect on the rate
(23). These studies are in agreement and indicate that theconstant for the conformational changes, likely because the
proper binding and orientation of the nicotinamide ring are bulky isopropyl side chain approximates in some respects
critical for proper closing of the site. Binding of the the volume of the methionine side chain. On the other hand,
nicotinamide alone is not sufficient, however, as shown by replacing the methionine with Q adds an additional hydrogen
changing the residues that interact with the 6-phosphate ofbond donor that could result in a substantial repositioning
6PG @2). Data indicate that proper positioning of 6PG is of the nicotinamide ring. The latter is likely a result of the
important for closing the site, and possible reasons for this ability of the glutamine side chain to donate and/or accept a
will be discussed further in Structural Consequences. By far, hydrogen bond to or from the carboxamide side chain of
however, it is the binding of NADP and the proper the nicotinamide ring. This would result in a twist in the
positioning of the nicotinamide ring that determine whether nicotinamide ring and likely a repositioning of the nicoti-
the active site closes properly, and subsequently the relativenamide ribose. As a result, hydride transfer would be
rates of steps within the catalytic pathway that includes the difficult.

precatalytic conformational change, hydride transfer, and Recently, ternary complex structures of the 6PGDH from
decarboxylation. Lactococcus lactisvith NADP and either ribulose 5-phos-

Once the active site has been closed and reactants hav@hate (RuSP) or 4-phosphwerythronohydroxamic acid
been properly positioned, hydride transfer takes place and(PEX, atight-binding inhibitor) bound have _been_determmed
the nicotinamide ring rotates into the active site to displace (24)- The structures show NADP bound with theface of
the C-1-C-3 portion of 3-keto-6PG to better position the S mcotmam@g ring directed toward C-2 of RusP (C—3. of
carboxylate for decarboxylatiord) The rotation requires ~ 6PG). In addition, the C-2-OH group of the nicotinamide
correct positioning of the nicotinamide ring in the oxidized f1Pose is within hydrogen bonding distance of the C-3
and reduced coenzyme forms as shown by changes apydroxyl of Ru5l_3. The latter appears to be an additional
positions M13 and E131], as well as the S128/H186/N187 important determinant of the positioning of the reactants, one
triad that interacts with 6PG before and the nicotinamide compared to the other. The C-4 epimer of 6PG, 6-phospho-
ring after hydride transfer2q). Depending on the residue 9@lactonate, does not bind to the 6PGDH frandida utilis
that is changed, hydride transfer can be made rate-limiting (2)» @nd this can be explained by a steric clash with an active
or fast enough to come to equilibrium on enzyme. Finally, site residue in the sheep Ilvéi)_(andL. I:_:lctls(24) structures.
once decarboxylation has occurred, C@ apparently The s'FructuraI data_ are consistent with the data obtained to
released concomitant with opening, at least partially, of the date, i.e., the requirement that both reactants be bound to

active site. Whether the tautomerization step has alreadyProduce the catalytic conformation. Another important
taken place or how it fits into the overall mechanism is at observation deriving from the structures is the heterogeneity
present unknown. of occupancy of the subunits in the asymmetric unit. Only

. . . . . one of the two subunits in the dimer exhibits density for the
There is thus a complex and finely tuned interrelationship

: X o nicotinamide ring, and this subunit also is the one with
between the subsites of the active site in the overall three-

. T substrate bound. Data are again consistent with the require-
step reaction catalyzed by 6PGDH. The proper binding of ent for hoth substrates bound to generate a closed

reactants generates a series of conforma;ional changgs in th‘Eonformation and with the reciprocating sites mechanism
enzyme and reactant to catalyze the reaction that is “'t'matelyproposed by Rippal(). A superposition of the ternary
driven by decarboxylation of the 3-keto intermediate. The complex structure on that of the binary complex that does

loss of interaction with the 1-carboxylate of 6PG and 4 exhibit density for the nicotinamide indicates a rotation
repositioning of the nicotinamide once NADP is reduced may of the cofactor binding domain by °5 followed by a

in part be responsible for opening the site. The 6PGDH {.oqlation by 0.7 A to close the site.
reaction provides an excellent example of the use of substrate  ~ . .sions Overall. the results presented in this study

binding energy to drive catalysis. are consistent with the model proposed previously (Figure
Structural Consequenceghe kinetic and isotope effect  1). Rotation of the nicotinamide ring about tNeglycosidic
data suggest it is the position of the nicotinamide ring that pond is necessary for causing a movement of the 1-carboxy-
helps to determine whether the closed “catalytic” form of |ate of the 3-deoxy-6PG intermediate, formed after oxidation
the enzyme is favored. The E131A mutation is perhaps of 6PG, to eliminate its interactions with E190, the general
easiest to understand since a hydrogen bonding interactioracid, and reposition the carboxylate, facilitating decarboxy-
is eliminated in this case (Figure 3). The methionine at |ation. In addition, data extend the mechanism to implicate
position 13 serves two structural functions in binding the positioning of the nicotinamide ring in determining the open
nicotinamide ring. Its backbone NH group donates a hydro- and closed conformations of the enzyme, with the latter
gen bond to the carboxamide carbonyl oxygen, while the optimal for catalysis.
side chain, including the thioether, provides a rest for the
nicotinamide ring. Mutation of M13 to C, in which the side REFERENCES
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