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ABSTRACT 2,5-Diketo-pD-gluconic acid reduc-
tase (2,5-DKGR; E.C. 1.1.1.-) catalyzes the Nicotin-
amide adenine dinucleotide phosphate (NADPH)-
dependent stereo-specific reduction of 2,5-diketo-p-
gluconate (2,5-DKG) to 2-keto-L-gulonate (2-KLG), a
precursor in the industrial production of vitamin C
(L-ascorbate). Microorganisms that naturally fer-
ment D-glucose to 2,5-DKG can be genetically modi-
fied to express the gene for 2,5-DKGR, and thus
directly produce vitamin C from b-glucose. Two
naturally occurring variants of DKGR (DKGR A and
DKGR B) have been reported. DKGR B exhibits
higher specific activity toward 2,5-DKG than DKGR
A; however, DKGR A exhibits a greater selectivity
for this substrate and significantly higher thermal
stability. Thus, a modified form of DKGR, combining
desirable properties from both enzymes, would be of
substantial commercial interest. In the present study
we use a molecular dynamics-based approach to
understand the conformational changes in DKGR A
as the active site is mutated to include two active
site residue changes that occur in the B form. The
results indicate that the enhanced kinetic proper-
ties of the B form are due, in part, to residue
substitutions in the binding pocket. These substitu-
tions augment interactions with the substrate or
alter the alignment with respect to the putative
proton donor group. Proteins 2000;39:68-75.
© 2000 Wiley-Liss, Inc.
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INTRODUCTION

The enzyme 2,5-diketo-D-gluconic acid reductase (2,5-
DKGR; EC 1.1.1-) catalyzes the stereo-specific conversion
of 2,5-diketo-D-gluconate (2,5-DKG) to 2-keto-L-gulonate
(2-KLG).' Two variants of this enzyme from Corynebacte-
rium have been identified: DKGR A! and DKGR B2, also
referred to as AKR5C and AKR5D, respectively, in the
recently proposed nomenclature for the aldo-keto reduc-
tase superfamily.® These enzymes are of significant com-
mercial interest because 2-KLG can readily be converted
into vitamin C (L-ascorbate).

Vitamin C forms an essential part of the diet of human
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beings, and its deficiency causes scurvy, which is character-
ized by fragile skin, tendons, and blood vessels. Commer-
cially, vitamin C is an important specialty chemical with
annual consumption of more than 50,000 tons (45 X 10¢
kg). At present, the Reichstein and Grussner organic
synthesis,* developed in the 1930s, is the preferred method
for the commercial production of vitamin C. Recently,
however, research efforts have been dedicated to develop-
ing and improving the industrial synthesis of vitamin C.
Most of these have focused on the design of an alternative
procedure for commercial production of vitamin C using
genetically modified bacteria expressing the gene for 2,5
diketo-D-gluconic acid reductase.’ These genetic manipu-
lations have resulted in bacteria that can directly produce
2-KLG from D-glucose. In principle, this method may have
considerable advantage over the currently used Reichstein
and Grussner synthesis, which involves numerous chemi-
cal steps in addition to a fermentation step.

In order to develop further this new method for vitamin
C production, it is necessary to understand the biochemi-
cal and biophysical properties of DKGR. This enzyme
belongs to the aldo-keto reductase superfamily® and shares
the common (B/a)g motif with other members of this
family, including human aldose reductase.””” DKGR B is
known to be approximately 66 times more catalytically
active for substrate (2,5-DKG) as compared to DKGR A
(ratio of specificity constants, (V,, /K, )5/(V, o/ K,)a =
66).2 However, DKGR B exhibits significantly lower ther-
mal stability as compared to DKGR A (T, for A variant =
38°C, T, for B variant = 32°C).®

DKGR A has been the subject of protein engineering
efforts to develop a mutant form of DKGR with the
thermostability features of DKGR A and the enhanced
catalytic features of DKGR B.® Based on the related
human aldose reductase structure (38% identical), residue
positions 22, 49, and 192 were identified as differing
between DKGR A and B and potentially localized to the
active site region. These residue positions in DKGR A were
replaced with the corresponding amino acid residues from
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DKGR B. The mutations included Phe22Tyr, GIn192Arg,
Ile49Asn, and the double mutant Phe22Tyr/Gln192Arg.
Although the Ile49Asn mutant could not be isolated (pre-
sumably owing to thermal instability), kinetic analyses
confirmed that residue positions 22 and 192 can influence
catalysis. Substitution to a Tyr residue at position 22 in
DKGR A increased k., and decreased K,, constants to-
ward 2,5-DKG, and substitution to an Arg residue at
position 192 in DKGR A increased k_,,, with little effect
upon K,,.® The double mutant, Tyr22/Arg192, exhibited
kinetic properties essentially identical with wild-type
DKGR A, indicating that the effects observed in the point
mutations were nonadditive.

In the present study we have used a molecular dynamics
(MD) conformational search to elucidate the structural
determinants of substrate binding in wild-type DKGR A
and for the Phe22Tyr and GIn192Arg single and double
mutants of DKGR A. A high-resolution crystal structure of
2,5-DKGR A indicates that position 49 does not actually
constitute part of the binding pocket and is approximately
7 A away. Subsequently, this mutation was not included in
our modeling study. The complexes of wild-type DKGR A,
Phe22Tyr, GIn192Arg, and Phe22Tyr/GIln192Arg mutant
enzymes with the 2,5-DKG substrate were generated and
subjected to 80 ps of MD simulations at 300°K. These
structures had, as their starting point, a 2.1 A X-ray
crystal structure of DKGR A/NADPH complex.? The simu-
lation yielded a total of 80 structures (sampled after every
ps) for each of the complexes which were analyzed for
structural determinants of substrate recognition and ca-
talysis. The results of this analysis indicate that Tyr and
Arg residues at positions 22 and 192, respectively, directly
interact with the substrate C1 carboxylate group. In the
case of residue Argl192 this interaction can influence the
alignment of the substrate within the binding pocket.
Furthermore, the substrate binding pocket of DKGR A
appears to be significantly larger than the 2,5-DKG sub-
strate, suggesting that this enzyme may not be optimized
for this substrate.

MATERIALS AND METHODS
Energy Minimization and Molecular Dynamics

All energy minimization and MD calculations were
performed using DISCOVER version 3.1 installed with
Insightll interface (Biosym Technologies, San Diego, CA)
as implemented on an SGI INDY R5000 workstation
(Silicon Graphics, USA). The coordinates from the 2.1 A
crystal structure of DKGR A complexed with NADPH were
used as a starting model.® Hydrogen atoms were added,
and amino acid functional groups were ionized correspond-
ing to pH 7.0. The resulting overall charge was neutralized
by adding Na™* counter-ions. All crystallographic water
molecules were retained. The NADPH co-factor was mod-
eled in reduced form (as present in the crystal structure)
with two hydrogen atoms attached to the C4 atom of the
nicotinamide ring. Atomic partial charges and potentials
for amino acids and NADPH co-factor were taken from the
consistent valence force field (CVFF) as implemented in
the InsightIl package.® This approach has been success-

Fig. 1. Structure and nomenclature of the 5-keto form of 2,5-diketo-p-
gluconate substrate used in this study.

fully used to model the interaction of lactate dehydroge-
nase with three substrates.*®

Coordinates for the 2,5-DKG substrate were generated
from the published solution structure.'! The major struc-
tural form of 2,5-DKG in aqueous solution, as determined
by '3C NMR, is the gem-diol hydrate at the C5 of the
pyranose tautomer with minimal keto component.'!'?
However, there is evidence that the enzyme recognizes and
stabilizes the keto- instead of the gem-diol form of the
substrate.'® This is also supported by the crystal struc-
tures of substrate complexes of other enzymes belonging to
this family, which reveal that these enzymes recognize the
keto form of the substrate.'* Therefore, the *C NMR
structure was modified to have a keto group at C5 position
of the substrate (Fig. 1). The resulting substrate was
subsequently energy minimized and docked into the active
site of the wild-type and mutant DKGR enzymes using the
docking module of InsightIl. Two water molecules (solvent
332 and 381, Fig. 2A and B) that are present within the
active site of DKGR A in the X-ray structure, and were
predicted to be displaced by polar atoms of the bound
substrate,® were deleted.

A continuous real-time energy calculation was used to
manually position the substrate in the active site of DKGR
A and the various mutants. In this procedure, the sub-
strate’s C5-carbonyl oxygen was positioned within hydro-
gen bonding distance of the hydroxyl (OmH) group of
Tyr50, which is generally accepted to be the proton donor
for this enzymatic reaction. Furthermore, the substrate’s
C5-carbonyl carbon atom was kept within 3.0 A to the
4-pro-R hydrogen of the nicotinamide ring of the co-factor
in order to facilitate the hydride ion (H™) transfer. The
starting conformation was selected as the lowest energy
conformation obtained by docking the substrate within the
active site of each mutant.

The enzyme—substrate complexes were hydrated using a
5.0 A layer of water molecules around the complexes. In
order to limit the necessary computation time to a reason-
able time frame, only atoms within a 15 A radius centered
at the Tyr50 Or atom were allowed to move. All other
atoms were constrained to their relative positions as
determined from the high-resolution X-ray crystal struc-
ture. A 13.0 A cutoff for the calculation of non-bonded
interactions and a dielectric constant of 1.0 was used
throughout the energy minimization and molecular dynam-
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Fig. 2. A and B: Stereo diagram of wild-type DKGR A® showing
residues that define the substrate binding pocket (Phe 22, Tyr 50, Lys 75,
His 108, Trp 109, Trp 187, GIn 192, and Ser 271). Also shown are the
atoms of the reduced NADPH co-factor within this region as well as two
solvent molecules (sol 332 and sol 381) that occupy the pocket as
determined from the X-ray crystal structure. The depth of the substrate
binding pocket is illustrated in B, which is an approximately 90° rotation of
A about the vertical axis. The solvent accessible surface area is shown
and is colored to represent the electrostatic potential (blue is positive, red
is negative). C and D: Wild-type DKGR A active site pocket with bound

o " i
T 1, r
) ‘%.- 1
Eﬁm‘ :,, Sy
- N |
P,

Sol2Tl =

Tiepo
F ol
. R
- /
HADPH
Gin 1§82

@inted
H.
T pHis 108
] Ij .
0 _'I L
L g .“*
g, o o
o &
e
MADPH NaDPH
S 152 R
Trp 100 g, iy T

).M r:"-..
AL g
% i
., ) E b N
e e 5 Ve
2FDRG i, <5 o, =
501271\..' a 4 ikl

i/
t:nar

HADFH

gy L

2,5-DKG substrate. The structure represents the average of an 80-ps
molecular dynamics simulation, sampled every picosecond. E and F:
Active site pocket of the Phe22Tyr mutation of DKGR A with bound
2,5-DKG substrate (average of an 80-ps molecular dynamics simulation,
sampled every picosecond). G and H: Active site pocket of the GIn192Arg
mutation of DKGR A with bound 2,5-DKG substrate (average of an 80-ps
molecular dynamics simulation, sampled every picosecond). | and J:
Active site pocket of the Phe22Tyr/GIn192Arg double mutation of DKGR
A with bound 2,5-DKG substrate (average of an 80-ps molecular dynam-
ics simulation, sampled every picosecond).
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TABLE I. Side Chain Fluctuations ()" in the Active Site of 2,5-DKGR A and Various Mutants Upon Binding

of 2,5-DKG Substrate
Enzyme Phe/Tyr22 Tyr50 His108 Trpl109 Gln/Arg192 NR*
DKGR A 0.12 0.15 0.13 021 0.23 0.24
F22Y 0.19 0.16 0.13 0.14 0.33 0.37
Q192R 0.50 0.51 0.65 0.61 0.67 0.35
F22Y/Q192R 0.90 0.71 0.76 0.75 0.87 0.57

fAverage root mean square deviation between energy-minimized X-ray structure and the 80 simulated structures for each mutant.

2Nicotinamide ring.

ics calculations. Initially, the structures were minimized
for 200 cycles of steepest descent by fixing all the protein
and substrate atoms and allowing the water molecules to
move. This was followed by 200 cycles each of steepest
descent and conjugate gradient minimization. During this
minimization, all atoms were tethered with a force of 100
kcal/mol, which permitted the relaxation of bad van der
Waals interactions. Subsequently, this step was repeated
without any restraint until an average derivative of less
than 0.05 kcal/mol/A was reached. The resulting structure
was used as a starting point for sampling conformational
space using molecular dynamics. Each energy-minimized
complex was equilibrated at 300°K for 10 ps using the
Verlet algorithm.'® Following this, an 80-ps simulation
was carried out at 300°C, and structures were sampled at a
regular interval of 1 ps. The sampled structures were,
subsequently, energy minimized using conjugate gradient
minimization prior to conformational analysis.

Calculation of Interaction Enthalpies and
Solvation Energies

The van der Waals and electrostatic component of
interaction energies between the substrate and enzyme
were calculated using the docking module of InsightIl. The
interaction enthalpies so obtained were corrected for solva-
tion effects by calculating the electrostatic component of
the free energy of solvation for enzyme, substrate, and

enzyme—substrate complex for each of the mutants using
the Delphi module of InsightIl. All water molecules were
removed before performing these calculations. The solva-
tion energies for enzyme, substrate, and enzyme—sub-
strate complex were in each case obtained as the difference
of calculations between a solvent dielectric of e = 78.6 and
e = 1.0. All calculations were performed with a relative
permittivity of 2.0 inside the protein to account for elec-
tronic polarizability, and ionic strength was fixed at 0
mol/dm?®. After calculation of the solvation energies, inter-
action enthalpies between enzyme and substrate were
corrected for solvation effects by subtracting the solvation
energies of enzyme and substrate from that of enzyme-—
substrate complex.617

RESULTS
Substrate Binding in Wild-Type DKGR A

A stereo-view of the average structure over an 80 ps MD
simulation for the wild-type enzyme-substrate complex is
shown in Figure 2 (C and D). The root mean square
deviation of the active site residues averaged over the
80-ps MD simulation is less than 1.0 A from the energy-
minimized crystal structure (Table I). This indicates that
the wild-type enzyme—substrate complex remained stable
during the 80-ps simulation run, and that the substrate
binding did not significantly alter the energy minimum of
the crystallographic structure. The distance between the
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TABLE II. Values of Stereochemical Parameters Detailing the Interaction of 2,5-DKG Substrate With NADPH Co-factor
and Active-Site Residues’

Enzyme-substrate Degrees Interaction
complex d1(A) d2 A) d3(A) al a2 enthalpy
DKGR A 2.,5(0.1) 2.0(0.1) 2.0 (1) 139(11) 111 (16) —35.0(3.8)
(140 ps) 2.5(0.1) 2.0(0.1) 20 (D 134 (5) 123 (2) —34.4(2.8)
(41-80 ps) 2.,5(0.1) 2.0(0.1) 20 (1) 144 (4) 98 (2) —35.7(2.8)
Phe22Tyr 25(0.1) 2.0(0.D 2.5(0.1) 147 (4) 137 (5) —36.6(3.5)
(140 ps) 2.5(0.1) 2.0(0.1) 2.4(0.1) 146 (5) 137 (5) —36.8(3.8)
(41-80 ps) 2.5(0.1) 2.0(0.1) 2.5(0.1) 148 (5) 138 (5) —36.4(3.7)
GIn192Arg 25(0.1) 2.9(0.2) 1.8(0.2) 120 (16) 153 (16) —71.7(4.4)
(140 ps) 2.5(0.1) 3.0(0.1) 1.9(0.1) 111 (7 148 (7) —71.7(4.4)
(41-80 ps) 2.5(0.1) 2.8(0.1) 1.8(0.1) 128 (7) 158 (7) —71.8(4.4)
Phe22Tyr/GIn192Arg 2.6(0.1) 2.8(0.2) 1.9(0.2) 123 (29) 137 (5) —66.1(4.5)
(140 ps) 2.6 (0.1) 2.7(0.4) 1.9(0.1) 134 (28) 136 (5) —67.2(4.6)
(41-80 ps) 2.6 (0.1) 3.0(0.3) 1.9(0.1) 111 (24) 138 (5) —64.8(4.2)

fValues in parentheses show the standard deviation. For definition of d1, d2, d3, al, and a2, see Figure 3.

4-pro-R-hydrogen of the nicotinamide ring and the C5
carbonyl carbon of the substrate varied between 2.3 and
2.8 A (with an average of 2.5 A) over the course of
molecular dynamics (Fig. 3). This is an essential feature
for the first step of the reduction reaction because hydride
ion (H™) transfer to the substrate requires this magnitude
of cofactor—substrate proximity.'®'® Subsequently, a pro-
ton (H™) transfer to the substrate oxyanion group would
depend upon appropriate juxtaposition with the Tyr50
OnH group, the postulated proton donor in the active
site.>#18-20 During the 80-ps MD calculations, the sub-
strate C5 OH group maintained an average distance of
about 2.0 A with the Tyr50 Ox proton.

The general binding geometry of 2,5-DKG to wild-type
DKGR A agrees well with the proposed “anion” binding
site in the related human aldose reductase.’* The sugar
substrate, a pyranose ring with a “chair” conformation,
binds toward the “A” face of the nicotinamide ring in the
active site pocket. This causes the plane of the substrate
pyranose ring to lie nearly parallel to the nicotinamide
ring. The bound substrate displaces solvent groups 332
and 381 present in binding pocket of the X-ray crystal
structure. The C4 OH essentially displaces sol 381, and the
C5 keto group displaces sol 332 (Fig. 2A-D). The substrate
makes interactions with the enzyme and co-factor primar-
ily through the C4 and C5 groups. The C4 hydroxyl group
hydrogen bonds with the Nel atom of Trp 109 and the keto
oxygen of the nicotinamide group of the NADPH co-factor
(Table II). The C5 keto group of the substrate, which
undergoes the reduction reaction, is hydrogen bonded to
the Orm atom of Tyr50 (the proton donor group in the
reaction) and the Ne2 atom of His108. The C5 atom itselfis
positioned 2.6 A from the 4-pro-R hydrogen of the reduced
NADPH co-factor, the source of the hydride ion transferred
during the reduction reaction.® The remaining interac-
tions of the bound substrate involve van der Waals interac-
tions of C6 with the Phe side chain at position 22; all other
interactions are directly with solvent. These interactions
yield a total of —32 kcal/mol of interaction enthalpy
between the substrate and enzyme (Table II).

Substrate Binding in Phe22Tyr DKGR A

A stereo view of the averaged molecular dynamics struc-
tures for the Phe22Tyr mutation of wild-type DKGR A, with
bound 2,5-DKG substrate, is shown in Figure 2 (E and F).
The side chain On group at position 22 is accommodated with
almost no change in the enzyme-substrate complex. The
introduced Om group at this position is ideally juxtaposed to
form a new hydrogen bond with the substrate C1-carboxylate
group (Fig. 2E and F). This results in an overall interaction
enthalpy of —36.6 kcal/mol, indicating that this single novel
hydrogen bond is contributing approximately 4.0 kcal/mol of
additional binding energy. Overall, the conformation of the
Phe22Tyr mutant and its active site residues do not change
significantly from the native structure as demonstrated by
root mean square deviation values (Table I). As in the
wild-type enzyme—substrate complex, a major contribution
to the binding energy comes from the interaction of the
C5-carbonyl group of the sugar with Tyr50 (OnH) and
His108 NeH.

Substrate Binding in GIn192Arg DKGR A

A stereo view of the averaged molecular dynamics
structures for the GIn192Arg mutation of wild-type
DKGR A, with bound 2,5-DKG substrate, is shown in
Figure 2 (G and H). The active site of the GIn192Arg
mutant enzyme is slightly distorted as compared to the
wild-type, or Phe22Tyr, complex. This is also evident in
the root mean square deviation of individual side chains
lining the catalytic site of enzyme (Table I). The arginine
side chain at position 192 forms a direct salt bridge with
the substrate Cl-carboxylate group. This electrostatic
interaction results in a rotation of the substrate pyr-
anose ring by about 12—-13 degrees along an axis perpen-
dicular to the nicotinamide ring of the co-factor (Fig. 2G
and H). The distance between Tyr50 OnH and substrate
C5-carbonyl oxygen increases from 2.0 to 2.9 A. Thus, in
response to the electrostatic interaction with the Arg
side chain at position 192, the 2,5-DKG substrate ap-
pears to be pulled away somewhat from the Tyr50 OnH
group. The distance between the substrate C5-carbonyl
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Fig. 4. Detail of the reaction mechanism for 2,5-DKGR based upon
the aldo-keto reductases.** Tyr 50 OnH group undergoes deprotonation
during the reduction reaction, and is subsequently protonated by Lys74.

keto group and the His108 NeH group remains essen-
tially unchanged (Table II).

The major contribution to the interaction enthalpy
between substrate and the Gln192Arg mutant arises from
the electrostatic interaction between positively charged
Argl192 side chain and negatively charged substrate C1-
carboxyl group. The rest of the hydrogen bonding network
in the GIn192Arg-2,5-DKG complex remains similar to
the wild-type complex except for reduction in the interac-
tion energy between Tyr50 OmH and substrate C5-
carbonyl group. As observed in the wild-type complex, the
4-hydroxyl group of the substrate and Trp109 NeH form a
hydrogen bond, which stabilizes the complex. The 2 and
3-hydroxyl groups of substrate, which face toward the
outside of the sugar-binding cavity, interact with water
molecules (not shown). The total interaction enthalpy
between GIn192Arg and substrate amounts to —71 kcal/
mol, which is nearly double that of the wild-type complex.

Substrate Binding in Phe22Tyr/GIn192Arg DKGR A

A stereo view of the averaged molecular dynamics
structures for the Phe22Tyr/Gln192Arg double mutant,
with bound 2,5-DKG substrate, is shown in Figure 2 (I and
dJ). The Tyr side chain at position 22 in the DKGR A point
mutant hydrogen bonds with the substrate C1 carboxyl
group (Fig. 2E and F). However, in the double mutant this
side chain hydrogen bonds with the substrate C1 OH
group (Fig. 21 and J). This alteration of hydrogen bonding
pattern with the substrate is a result of the electrostatic
interaction with the arginine side chain introduced at
position 192. The Argl92 side chain participates in an
electrostatic interaction with the substrate C1 carboxyl
group, in a similar manner as the Arg192 point mutation
(Fig. 2G and H). The hydrogen bonding distances to the
key catalytic and co-factor atoms are similar to the Arg192
point mutation (Tables I and II), albeit with some slight
distortion. This distortion is a consequence of the interac-
tion of the mutant tyrosine residue at position 22.

The His108 Ne2 group hydrogen bonds with the substrate C5 keto group.
It is postulated that this interaction preferentially positions the keto vs. the
gem-diol form of substrate for reduction.

DISCUSSION

The general proposed mechanism of catalysis by aldo-
keto reductases constitutes a two-step process as described
for human aldose reductase.®'®2° The first step involves
the transfer of a hydride ion (H™) from NADPH to the
substrate C5-carbonyl carbon atom. It has been experimen-
tally shown for DKGR A and other members of the
aldo-keto reductase superfamily that transfer of the 4-pro-
R-hydrogen from C4 of the nicotinamide ring carries out
this step.® This is also supported by the crystal structure of
DKGR A which shows that the nicotinamide ring binds
deep in the active site of the enzyme with the 4-pro-R-
hydrogen facing the opening of the substrate binding
pocket.® This step of hydride transfer leaves an oxidized
co-factor along with the tetrahedral intermediate form of
substrate, which is sp® hybridized at the C5-carbonyl
carbon atom. Concomitant with this, a complete reduction
reaction would also require the protonation of the sub-
strate C5-oxyanion from a proton-donating functional
group of the enzyme.

The crystal structure of human aldose reductase and
other members of the aldo-keto reductase family reveal
that there are two possible candidates for such a proton
donor: Tyr50 (Tyr48 in human aldose reductase) and
His108 (His110 in human aldose reductase).’'® Between
these, Tyr50 is considered the more likely proton donor
group mainly because it is involved in hydrogen bonding
with Lys75, which is expected to lower its pKa and
facilitate proton donation.®2° Site-directed mutagenesis
experiments have supported the proposed role of Tyr48 as
the proton donor for human aldose reductase using glycer-
aldehyde as substrate.?®?' Replacing Tyr48 in human
aldose reductase with phenylalanine completely abolishes
activity, whereas replacing His110 (corresponding to
His108 in DKGR A) with alanine decreases k_,,/K,, for the
enzyme by about 26,000 fold.?* Recent kinetic studies with
human aldose reductase also favor Tyr48 as the proton
donor.?272* The overall reaction mechanism is detailed in
Figure 4.* Alternatively, Schelegel et al.’® have proposed
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a “push-pull” mechanism for proton transfer in 3a-
hydroxysteroid dehydrogenase, a member of aldo-keto
reductase superfamily. According to this mechanism,
His117 (equivalent to His108 in 2,5-DKGR A) facilitates
proton donation and Lys84 (Lys 75 in 2,5-DKGR) facili-
tates proton removal from Tyr55 (Tyr50 in 2,5-DKGR) for
the reduction and oxidation reactions, respectively. How-
ever, such a “push-pull” mechanism cannot be invoked for
2,5-DKGR, because the distance between His108 Ne and
Tyr50 On is 4.5 A (according to the crystal structure of
2,5-DKG), which is not conducive for proton donation.?

In this study, we have developed a model for the
2,5-DKG substrate in complex with the wild-type and
mutant DKGR A enzymes. The 2,5-DKG substrate was
modeled in the reaction-competent keto-form, although
the gem-diol form is the predominant form in solution.'*'2
The interaction of the substrate C5-keto with the His108
NeH and Tyr50 Or groups suggests that juxtaposition of
one, or both, of these groups facilitates binding of the
keto-form of the substrate in solution. In particular, the
interaction of the keto group with His108 may position the
substrate C5 carbon for effective hydride transfer from the
NADPH cofactor. This role for His108 is supported by the
conserved H-bond interaction between this residue and
the substrate C5 carbonyl (Table II). Hydrogen bonding of
Tyr50 with the substrate C5 keto group appears to be more
tenuous (Table II). The reaction intermediate, having
tetrahedral geometry at the C5 carbon, would position the
C5 oxyanion closer toward the Tyr50 group for proton
donation. DKGR A and B exhibit several amino acid
substitutions within the region of the active site, including
positions 22 and 192. Substitutions at these positions in
DKGR A, to the corresponding residues of DKGR B,
results in the introduction of new hydrogen bonding and
electrostatic interactions with the bound substrate. To-
gether, these results suggest that the substrate is correctly
positioned within the active site.

The Phe — Tyr substitution at position 22 causes a
2.5-fold decrease in K, for 2,5-DKG from 31.2 to 12.3 uM,
whereas the value of k., remains essentially unchanged
(from 8.4 to 8.7 sec™ 1).% The introduction of a Tyr residue
at position 22 is accomplished without alteration of the
substrate alignment in the binding pocket. The only
significant change is the additional hydrogen bonding
interaction with the substrate C1 carboxylate group. Be-
cause the alignment of the 5C keto group with the NADPH
4-pro-R hydrogen, and the Tyr50 Or group is unaffected,
this provides a rationale as to why the %, rate remains
essentially unchanged with this mutation. The decrease in
K,, is therefore attributed to the introduction of the
additional hydrogen bonding interaction with the sub-
strate C1 group.

The Gln — Arg substitution at position 192 in DKGR A
primarily affects the %, parameter toward the 2,5-DKG
substrate, increasing its value approximately 2.5-fold,
whereas K, is relatively unaffected, or increases slightly.®
The introduction of an Arg residue at this position results
in a noticeable change in the orientation of the substrate
within the binding pocket (Fig. 2G and H). This orientation

change primarily affects the substrate geometry with the
Tyr50 Om group, whereas the juxtapositions to the co-
factor NADPH and His108 groups are unaffected (Table
II). The observed increase in k_,, is thus attributed to a
more favorable orientation with the Tyr50 Orn group for
proton transfer to the tetrahedral intermediate. In this
regard, interactions with the substrate C1 group may act
as a lever arm to influence the orientation of the C5 keto
group owing to the hydrogen bond between the C5 keto
and the Ne2 of His108. DKGR A and B are both acidic
proteins, containing approximately 16% glutamate and
aspartate residues.*®* However, the active site pocket
exhibits a positive electrostatic characteristic ranging over
the region described by residues 75, 108, and 109 (Fig.
2A-D). The positive nature of the active site pocket,
juxtaposed against the background of an acidic protein,
may help steer the acidic substrate toward the active site.
The modeling results suggest that the GIn192Arg muta-
tion, in addition to introducing a direct salt bridge between
the enzyme and substrate, increases the positive electro-
static characteristic of the substrate binding pocket (Fig.
2G and H). Thus, this mutation may also affect the
steering of substrate to the active site.

The effects of the individual point mutations at positions
22 and 192 upon the kinetic constants of DKGR A are
reportedly nonadditive, with the double mutant exhibiting
similar kinetic constants to the wild-type DKGR A en-
zyme.® The interaction of the Tyr side chain at position 22
with the substrate C1 carboxyl group, observed in the
point mutant, is disrupted with the introduction of the Arg
side chain at position 192.

Thus, the reduction in K,, seen in the Tyr 22 point
mutant is not observed in the double mutant. The interac-
tion of substrate with the Arg192 side chain in the double
mutant appears to be very similar to that observed in the
Arg192 point mutant. However, the 2.5-fold increase in
k.o displayed by the Argl192 point mutant is not seen in
the double mutant. Thus, the tyrosine side chain at
position 22 may interfere with alignment of the substrate
for efficient hydride transfer from co-factor, or proton
transfer from Tyr50. The residues at positions 22 and 192
in DKGR B are, however, tyrosine and arginine, respec-
tively, and DKGR B exhibits higher %_,, and lower K,,
values in comparison to DKGR A. Thus, although the
combination of these two residues in the active site of
DKGR A does not lead to improved catalysis toward
2,5-DKG, in the active site of DKGR B they may well
contribute to the observed enhanced catalytic constants.
Therefore, knowledge of the active site geometry of DKGR
B appears essential to understand fully the role of these
residues in enhancing catalysis toward 2,5-DKG.

The results of this modeling study indicate that al-
though the active site pocket of DKGR A can perform the
stereo-specific reduction of 2,5-DKG to 2-KLG, the active
site may not be optimized for this substrate. Several
hydroxyl groups of the bound substrate have solvent as
hydrogen-bonding partners. The Tyr mutation at position
22 suggests that mutations that introduce appropriate
hydrogen-bonding partners within the active site may
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contribute to lower K,, values. Additionally, the orienta-
tion of the 2,5-DKG in the wild-type enzyme may not be
oriented ideally for resolution of the oxyanion tetrahedral
intermediate via proton donation by Tyr50. The Arg
mutation at position 192 suggests that mutations can be
introduced to improve alignment of the substrate for
proton transfer by Tyr50. Other areas for further investiga-
tion into improving 2,5-DKG catalysis might include muta-
tions to increase the positive electrostatic nature of the
binding site (to improve steering of substrate to the active
site) as well as mutations to decrease the size of the active
site pocket (and increase van der Waals contacts with the
substrate).
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