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Ribitol dehydrogenase from Zymomonas mobilis (ZmRDH) catalyzes the conversion of ribitol to D-ribulose and concomitantly
reduces NAD(P)� to NAD(P)H. A systematic approach involving an initial sequence alignment-based residue screening, fol-
lowed by a homology model-based screening and site-directed mutagenesis of the screened residues, was used to study the mo-
lecular determinants of the cofactor specificity of ZmRDH. A homologous conserved amino acid, Ser156, in the substrate-bind-
ing pocket of the wild-type ZmRDH was identified as an important residue affecting the cofactor specificity of ZmRDH. Further
insights into the function of the Ser156 residue were obtained by substituting it with other hydrophobic nonpolar or polar
amino acids. Substituting Ser156 with the negatively charged amino acids (Asp and Glu) altered the cofactor specificity of
ZmRDH toward NAD� (S156D, [kcat/Km,NAD]/[kcat/Km,NADP] � 10.9, where Km,NAD is the Km for NAD� and Km,NADP is the Km

for NADP�). In contrast, the mutants containing positively charged amino acids (His, Lys, or Arg) at position 156 showed a
higher efficiency with NADP� as the cofactor (S156H, [kcat/Km,NAD]/[kcat/Km,NADP] � 0.11). These data, in addition to those of
molecular dynamics and isothermal titration calorimetry studies, suggest that the cofactor specificity of ZmRDH can be modu-
lated by manipulating the amino acid residue at position 156.

Short-chain dehydrogenases/reductases (SDRs) constitute a
large protein family that catalyzes NAD(P)(H)-dependent ox-

idation/reduction reactions. At present, nearly 3,000 members of
the SDR family are known, and they exhibit a wide substrate spec-
trum, including alcohols, sugars, steroids, aromatic compounds,
and xenobiotics (18). Enzymes belonging to this family contain
two important typical structural motifs. The first conserved do-
main of SDRs is present on the interior surface of an �-helical
structure and contains the universally conserved sequence Ser-
Tyr-Lys, which is the confirmed active site of the enzyme. The
second domain is located in the vicinity of the N terminus with a
Gly-X3-Gly-X-Gly sequence (a glycine-rich domain), which is
generally found in all dehydrogenases (5). Site-directed mutagen-
esis and X-ray crystallography studies have shown that the region
around the glycine-rich domain forms a ���-fold that is charac-
teristic of the cofactor-binding fold in the SDR family (35).

NAD (NAD�) and NADP (NADP�), two similar redox cofac-
tors, are found in biological systems. NADP� structurally differs
from NAD� only in terms of the presence of an additional phos-
phate group in its AMP moiety. The secondary structures of the
cofactor-binding domains of both NAD� and NADP� are very
similar (27). SDRs use NAD� or NADP� as cofactors; all of these
contain a single Rossmann fold domain. Mostly, SDRs have di-
meric or tetrameric structures, although monomers also exist (15,
25). Understanding the determinants of cofactor specificity for
dehydrogenases is important from an enzyme-engineering per-
spective, since the native cofactor specificity of dehydrogenases is
often not ideal for use in synthetic metabolic pathways and other
industrial applications. Altering the cofactor specificity of an en-
zyme in an artificial metabolic pathway can potentially correct the
redox imbalance in the process and improve the overall product
yield; therefore, cofactor engineering is important in applications
ranging from cofactor regeneration to bioelectrocatalysis (3, 4, 12,
17, 19, 21). A large body of literature describing the alteration of
nicotinamide cofactor specificity is available (2, 9, 10, 24, 26, 28,

29, 33, 34), including the typical determinants and evolution of
nicotinamide binding sites (7, 8). Despite these attempts, altera-
tion of cofactor specificity remains a challenge, since there are very
few instances in which the catalytic efficiency of an initially disfa-
vored cofactor has been suitably improved to match substrate
specificity (5, 13, 29, 34).

The findings of X-ray crystallography studies of NADH-depen-
dent SDRs have suggested that, in case of the NAD(H)-dependent
enzyme, the Asp residue forms a bifurcated hydrogen bond with the
adenine ribose (5, 32). In case of the NADP(H)-dependent enzymes
in other families of dehydrogenases, the third Gly residue of the
NAD(H)-binding fingerprint enzyme is replaced by Ala and a posi-
tively charged residue is usually included in the vicinity of the C ter-
minus of the ���-fold (5, 22, 35). However, the residue(s) responsi-
ble for NADPH specificity remains unknown. The Asp38 residue is
present in the NAD�-binding domain, and its substituent, Asn38,
allows the Drosophila alcohol dehydrogenase to use both NAD� and
NADP� as its cofactors (11).

We have reported the cloning and characterization of a novel en-
zyme ribitol dehydrogenase from Zymomonas mobilis (ZmRDH)
(23) and provided experimental evidence for the use of both
NAD� and NADP� as cofactors by ZmRDH. In the present study,
we identified an important amino acid residue that is responsible
for the cofactor specificity of ZmRDH by a systematic screening
process involving sequence alignment and molecular dynamics
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(MD) simulation, followed by site-directed mutagenesis. Using
the crystal structure of Bacillus megaterium glucose-1-dehydroge-
nase (BmGDH) (1GEE) as a template, we built a three-dimen-
sional (3D) model of ZmRDH. Analysis of this model docked with
different cofactor molecules into the active site, followed by a sys-
tematic screening process, showed that the S156 residue interacted
with the cofactor. We further investigated the role of S156 in co-
factor binding and catalytic efficiency of ZmRDH.

MATERIALS AND METHODS
Materials, bacterial strains, and culture conditions. Reagents for PCR,
ExTaq DNA polymerase, and T4 DNA ligase were purchased from Takara
(Takara Corp., Japan); pGEM-T Easy and pGEX-KG vectors were pur-
chased from Promega (Madison, WI) and the American Type Culture
Collection (Manassas, VA), respectively. Restriction enzymes and the
thrombin cleavage kit were obtained from New England Biolabs (Beverly,
MA), and glutathione-Sepharose 4B was purchased from GE Healthcare
(Little Chalfont, United Kingdom). A plasmid isolation kit and oligonu-
cleotide primers were obtained from Bioneer (Daejeon, South Korea),
and electrophoresis reagents were obtained from Bio-Rad. All of the
chemicals for the assay were obtained from Sigma-Aldrich (St. Louis,
MO). The plasmid containing the wild-type ZmRDH gene (23) was used
for the production of wild-type ZmRDH protein. The rdh gene from Z.
mobilis ZM4 was amplified by PCR by using 2 oligonucleotide primers,
5=-ATTAGGATCCATGATACCGCGCCCCGATCA-3= (the BamHI
restriction site is underlined) and 5=-TATACTCGAGAAAAATCTGGGC
GCATCCGGT-3= (the XhoI restriction site is underlined). The rdh gene
released from the pGEM-T Easy vector was ligated with the pGEX-KG
vector to form pGEXKG-Zmrdh, which is controlled by the tac promoter
and expresses RDH as a fusion protein at the N terminus of the glutathi-
one S-transferase (GST) tag. The cloned gene was confirmed to be free of
point mutations by DNA sequencing. The recombinant plasmid was
transformed into Escherichia coli BL21(DE3) for expression. E. coli strains
harboring wild-type and mutant ZmRDH genes for protein expression
were cultured at 37°C in Luria-Bertani medium supplemented with am-
picillin (100 �g ml�1). Finally, IPTG (isopropyl-�-D-thiogalactopyrano-
side) was added to the culture medium (final concentration, 0.5 mM), and
this culture was incubated in a shaker incubator at 37°C.

Site-directed mutagenesis of ZmRDH. Site-directed mutagenesis was
carried out using a QuikChange site-directed mutagenesis kit from Strat-
agene (La Jolla, CA). The recombinant plasmid, pGEXKG-Zmrdh (23),
containing the wild-type rdh gene, was used as the DNA template. The
plasmids containing the correct mutant genes were then used to trans-
form E. coli BL21(DE3), and ampicillin-resistant colonies were used for
protein expression.

Purification and protein quantification. Purification of the wild-type
and mutant enzyme was carried out as follows. Cell pellets were sus-
pended in 50 mM potassium phosphate buffer (pH 7.5) supplemented
with 25 �g of DNase I ml�1. The cell suspension was incubated on ice for
30 min in the presence of 1 mg of lysozyme ml�1. Cell disruption was
carried out by sonication at 4°C for 5 min, and the lysate was centrifuged
at 14,000 � g for 20 min at 4°C to remove cell debris. The resulting crude
extract was retained for purification. Purification using glutathione-Sep-
harose 4B was performed according to the manufacturer’s protocol (GE
Healthcare). Protein concentrations were determined by the Bradford
method by using bovine serum albumin as the standard protein (6).

Enzyme assay and determination of kinetic parameters. The activity
of RDH was determined spectrophotometrically by monitoring the
change in absorbance at 340 nm (A340) upon oxidation or reduction of
NAD(P)H at 25°C. The RDH assay mixture for oxidation consisted of 2
mM NAD(P)�, 50 mM ribitol, 5 mM MnCl2, and the enzyme solution in
20 mM Tris buffer (pH 9.5). The reaction was started by adding the sub-
strate. The kinetic parameters of ZmRDH were determined in 20 mM Tris
buffer (pH 9.5) containing 5 mM Mn2�, 5 to 150 mM substrate solution,
and 0.125 to 2.5 mM cofactor (23). One unit of enzyme activity was de-

fined as the amount of enzyme required to produce 1 �mol of NAD(P)H
min�1 under the given assay conditions. The kinetic parameters were
obtained from multiple measurement by using the Michaelis-Menten
equation: v � Vmax[S]/([S] � Km), where v is the observed initial velocity,
Vmax is the maximum rate of the reaction, and Km is the Michaelis con-
stant for the substrate. The nonlinear curve directly fitted to the Michae-
lis-Menten equation using Prism version 5.0 (GraphPad Software, San
Diego, CA).

Protein database search. The amino acid sequences deduced from the
ZmRDH gene sequence were compared to those of related enzymes from
other sources by using the Basic Local Alignment Search Tool (BLAST)
network at the National Center for Biotechnology Information. Multiple
sequence alignment was performed using the CLUSTAL W program.

Homology modeling. The 3D homology models of the wild-type pro-
tein and all forms of the mutant protein were developed using the Build
Homology Models module in the MODELER application of Discovery
Studio 3.0 (DS 3.0; Accelrys Software, Inc., San Diego, CA). Crystal struc-
ture of B. megaterium glucose-1-dehydrogenase (PDB accession code,
1GEE) was used as a template. Comparative modeling was used to gener-
ate the most probable structure of the query protein by aligning it with the
template sequences, simultaneously considering the spatial restraints and
local molecular geometry. Sequence identity between ZmRDH and the
template was found to be 33% according to the BLAST parameters. Fit-
ness of the model’s sequences in their existing 3D environment was eval-
uated using Profiles-3D Score/Verify Protein (MODELER) as imple-
mented in DS 3.0. A discrete optimized protein energy (DOPE) score was
also calculated to determine the quality of the protein structures
(MODELER). To assess the reliability of the model, the root mean square
deviation (RMSD) between the model and the template was calculated by
superimposing the model onto the template crystal structure, and the
RMSD between the C-alpha atoms of the template and the model was 0.76
Å. The generated structure was improved by subsequent refinement of the
loop conformations by assessing the compatibility of an amino acid se-
quence with the known Protein Data Bank (PDB) structures (Protein
Health module, DS 3.0). The geometry of loop region was corrected using
the Refine Loop/MODELER. Finally, the best model was chosen for fur-
ther calculations, molecular modeling, and docking studies. Hydrogen
atoms were added to the protein model; these atoms were minimized to
have stable energy conformation and to also relax the conformation from
close contacts. A sphere with a radius of 4.5 Å around the ligand-binding
pocket of the ZmRDH defined its active site (S157, Y170, and K174).
NAD� and NADP� were docked into the active-site pocket of the
ZmRDH model by using C-DOCKER, an MD simulated annealing-based
algorithm module from DS 3.0. Random substrate conformations were
generated using high-temperature MD. Candidate poses were created us-
ing random rigid-body rotations, followed by simulated annealing. The
structures of the protein, cofactor, and their complexes were subjected to
energy minimization using the CHARMM force field in DS 3.0. A full-
potential final minimization was used to refine the substrate poses. Using
C-DOCKER, the energy-docked conformation of the substrate was re-
trieved for postdocking analysis. The substrate orientation that showed
the lowest interaction energy was chosen for subsequent rounds of dock-
ing (31).

ITC. Isothermal titration calorimetry (ITC) was performed using a
Nano ITC low-volume calorimeter (TA Instruments, USA). Wild-type
and mutant ZmRDH subunits were purified and subsequently concen-
trated to 0.1 mM by using a VivaSpin 20 ultrafiltration spin column (Sar-
torius Stedim Biotech, Germany) at 3,000 � g at 4°C. The titrations were
performed at 40°C and consisted of 20 2.5-�l injections of oat spelt xylan
into the wild-type ZmRDH or mutant solutions at 120-s intervals. The
instrument was equilibrated at 40°C until the baseline was flat and stable.
The titration data were analyzed using the NanoAnalyze software (TA
Instruments, USA), which makes use of an independent model to obtain
the fit graph and thermodynamic binding data. Enthalpy of binding was
determined for three titrations each for the wild type and the mutants, and
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the average values were compared using a Student t test (Prism v5.0 soft-
ware). The intrinsic molar enthalpy change (�H), the binding stoichiom-
etry (n), and the binding constant (K) for the binding process were ob-
tained from the best fit of the calorimetric data. The Gibbs free energy of
binding (�Gb) and the dissociation constant (Kd) were calculated from
binding affinity measurements by using the formula �Gb � �RT ln(1/
Kd), where R is the universal gas constant and T is the absolute tempera-
ture in kelvins. The entropy of the binding was then estimated using the
formula �S � (�H � �Gb)/T, where �H was the average enthalpy of
binding derived from isothermal titrations.

RESULTS
Sequence alignment. To locate the conserved residues in
ZmRDH, the amino acid sequence of ZmRDH was aligned with
other SDR sequences, such as Gluconobacter oxydans xylitol dehy-
drogenase, Homo sapiens corticosteroid 11 �-dehydrogenase,
Candida parapsilosis carbonyl reductase, Thermus thermophilus
alcohol dehydrogenase, Mus musculus carbonyl reductase, G. oxy-
dans glucose-1-dehydrogenase, and Ralstonia eutropha oxi-
doreductase. Multiple sequence alignment revealed 42 totally
conserved (100% identical) amino acids throughout the sequence
(Fig. 1), including the glycine-rich consensus sequences (G27,
G31, and G33 in ZmRDH) that have a structural role in cofactor

binding in all of the SDRs and the three active-site residues (S157,
Y170, and K174 in ZmRDH).

Homology modeling. ZmRDH had a 33% sequence identity
with the BmGDH. Using the X-ray crystal structure of BmGDH
(PDB entry, 1GEE), we constructed a homology model of
ZmRDH. The developed model was then validated by Ramachan-
dran plots (20). In the ZmRDH model, the calculated Ramachan-
dran plot suggested that 91.9, 7.0, and 0.9% of the residues in the
derived model lay in the most favored, additional allowed, and
generously allowed regions, respectively. In total, 99.8% of the
residues were in the favored and allowed regions. A model struc-
ture with a high percentage of residues in the favored and allowed
regions usually represents a good protein fold. PROCHECK
and RAMPAGE were used to validate the folding integrity of our
model; the findings indicated that the model structure derived
from the 1GEE template was of a better quality in terms of protein
fold. The Profiles-3D score of the model was 93 against a maxi-
mum expected score of 115, which correlated well with the score
of 112 for the 1GEE coordinates.

The substrate ribitol and cofactor were docked into the homol-
ogy model using DS 3.0. In total, 28 amino acid residues were
found within a 4.5-Å radius of the substrate-binding pocket (SBP)

FIG 1 Multiple sequence alignment of Zymomonas mobilis subsp. mobilis ZM4 RDH (ZmRDH) with selected NAD�/NADP�-dependent short-chain reductase/
dehydrogenases (SDRs). Z. mobilis RDH, Zymomonas mobilis subsp. mobilis ZM4 ribitol dehydrogenase; G. oxydans XDH, Gluconobacter oxydans xylitol
dehydrogenase; H. sapiens CDH, Homo sapiens corticosteroid 11-�-dehydrogenase; C. parapsilosis CR, Candida parapsilosis carbonyl reductase; T. thermophilus
ADH, Thermus thermophilus alcohol dehydrogenase; R. eutropha OXI, Ralstonia eutropha oxidoreductase; B. megaterium GDH, Bacillus megaterium glucose-1-
dehydrogenase; G. oxydans GDH, Gluconobacter oxydans glucose 1-dehydrogenase; D. stramonium TR1, Datura stramonium tropinone reductase-1; M. musculus
CR, Mus musculus carbonyl reductase; M. musculus SR, Mus musculus sepiapterin reductase. Residues shaded black are highly conserved, residues shaded gray are
homologous in nature, are nonhomologous sequences have a white background. Catalytic active-site residues are indicated by downward-pointing arrows, and
coenzyme-binding domain residues are represented in a black box. Target residue (S156) for mutagenesis is indicated by black stars.
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and 8 residues, including the three active-site residues, were par-
tially conserved (Fig. 2). The putative BmGDH active-site residues
were proposed to be S145, Y158, and K162 on the basis of the
crystal structure of BmGDH (37). On superimposition, residues
S157, Y170, and K174 of ZmRDH corresponded with the pro-
posed catalytic residues (S145, Y158, and K162) of BmGDH. Site-
directed mutagenesis for each of these three residues was per-
formed by mutating them to Ala. The mutant proteins—S157A,
Y170A, and K174A— had no measurable dehydrogenase activity,
thereby validating that the corresponding mutated residues are
functional active-site residues required for dehydrogenation.
Among the other five conserved residues, the roles of four resi-
dues—N131, S156, T172, and S173 (but not the neutral A176)—
were further investigated by site-directed mutagenesis (Fig. 2).

Alanine substitution of selected residues. To probe the func-
tional role of the selected conserved residues, all four selected res-
idues were individually mutated to Ala. The recombinant enzymes
carrying N131A, S156A, T172A, and S173A mutations were ex-
pressed and purified. After the glutathione S-transferase (GST) tag
was removed, five amino acid residues (Gly-Ser-Pro-Asn-Ser)
were found attached to the N terminus of the ZmRDH sequence.
Complete cleavage of the 25.7-kDa GST tag was verified by SDS-
PAGE and visualized by staining with Coomassie brilliant blue
R-250 (Fig. 3). The wild-type ZmRDH and the N131A, S156A,
T172A, and S173A mutant proteins exhibited similar circular di-
chroism spectra, with ellipticity minima of comparable ampli-
tudes in the 220- to 230-nm range (data not shown). This indi-
cated that all tested wild-type and mutant enzymes had a similar
secondary structure, and no major misfolding due to the intro-
duced mutations was observed. When their activities with the co-
factor were analyzed and compared to that of the wild-type
ZmRDH, except for the substitution at S156, none of these sub-
stitutions were found to cause significant change in the ZmRDH

activity (data not shown). The specific activity of mutant S156A
for ribitol was 2.58 U mg of protein�1 with NAD� and 0.37 U mg
of protein�1 with NADP�. These values corresponded to 45.7 and
15.4% of those obtained for the wild-type enzyme (5.65 U mg of
protein�1 with NAD� and 2.42 U mg of protein�1 with NADP�).
Therefore, the role of position 156 was further investigated by
site-directed mutagenesis (Table 1).

Site-directed mutagenesis of position 156 and kinetic analy-
sis of ZmRDH variants. The Ser at position 156 was mutated to
nonpolar aromatic and polar/charged residues by site-directed
mutagenesis. All mutants were expressed at a level similar to that
of the wild type. The activities of the enzymes were determined as
a function of the cofactor concentration at saturated ribitol con-
centrations. This was followed by determination of activities as a
function of ribitol concentration in the presence of NAD(P)� at
saturating concentrations. The kinetic parameters determined for
purified wild-type and mutant ZmRDH enzymes are shown in
Table 2. The wild-type enzyme has a clear preference for NAD�

over NADP� (by 2.36-fold), on the basis of the ratio of catalytic
efficiency ([kcat/Km,NAD]/[kcat/Km,NADP] � 2.36, where Km,NAD is
the Km for NAD� and Km,NADP is the Km for NADP�). When S156
was replaced with a nonpolar amino acid (S156A or S156G), the
mutant enzymes showed a slightly greater preference for NAD�.
When S156 was replaced with a nucleophilic, uncharged amino
acid (S156T or S156C) or an aromatic amino acid (S156Y or
S156W), the mutant enzymes showed a slightly greater preference
for NADP� with the (kcat/Km,NAD)/(kcat/Km,NADP) value ranging
from 1.66 to 1.83 (Table 2).

To further investigate the role of the Ser residue at position
156, it was replaced with Asp, Glu, Arg, His, or Lys. All of these

FIG 2 Substrate-binding pocket (SBP) of ZmRDH. A total of 28 amino acid
residues, including the three active-site residues (S157, Y170, and K174) were
located within the 4.5-Å radius of the SBP. A total of eight conserved residues
around the catalytic domain, including active-site residues, were selected for
site-directed mutagenesis analysis. The residues located in the SBP are shown
in a stick model. Active-site residues are colored with orange carbons, target
residues for mutagenesis are colored with cyan carbons, and other residues
near the active site are colored with white carbon.

FIG 3 SDS-PAGE analysis of wild-type ZmRDH and mutants selected for
alanine scanning, with a molecular mass indicated in kilodaltons. Lane M
contains the protein markers, and lanes N131A, S156A, T172A, and S173A
correspond to the purified ZmRDH mutant enzymes (molecular mass, �28
kDa).

TABLE 1 Specific activities for purified ZmRDH wild-type and S156A
mutant strains with NAD� or NADP� as cofactors

Cofactor and strain

ZmRDHa

Sp act (U mg
of protein�1)

Relative activity
(%)

NAD�

Wild type 5.65 � 0.82 100
S156A 2.58 � 0.19 45.6

NADP�

Wild type 2.42 � 0.05 42.9
S156A 0.37 � 0.13 15.4

a All assays were performed at 25°C and pH 9.5 in 20 mM Tris-glycine-NaOH. The
specific activities are means � the standard deviations for three experiments.
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replacements altered the cofactor specificity significantly.
When S156 was replaced with a polar, negatively charged
amino acid (S156D or S156E), the mutant enzymes showed up
to a 3-fold increase in the (kcat/Km,NAD)/(kcat/Km,NADP) value.
The (kcat/Km,NAD)/(kcat/Km,NADP) value changed from 2.36 for
the wild type to 10.9 for the S156D mutant. However, when
S156 was replaced with a positively charged polar amino acid
(S156R, S156H, or S156K), compared to the wild-type
ZmRDH, the S156H mutant showed a significant shift in its
cofactor specificity toward NADP�: (kcat/Km,NAD)/(kcat/
Km,NADP) � 2.36 versus (kcat/Km,NAD)/(kcat/Km,NADP) � 0.11.
The change in its cofactor specificity occurred due to the dras-
tic decrease of the Km,NADP value for the mutant; no significant
change was observed in the kcat value with NADP�.

Thermodynamics of cofactor binding by ZmRDH variants.
Thermodynamic parameters for the binding of the cofactor to
ZmRDH variants were investigated using a Nano ITC low-volume
calorimeter (TA Instruments). The heat output of the enzyme-sub-
strate interaction was recorded, and the data were fitted using the
NanoAnalyze software to obtain the values of Kd, �H, and �Gb. The
thermodynamic parameters associated with the interactions of wild-
type ZmRDH and the S156 mutants with NAD� and NADP� are
compiled in Table 3. Compared to the wild type, the S156D binding
to NAD� (Kd,NAD � 0.19 �M) showed a decrease of 5.9 kJ mol�1 in
the �Gb, while binding to NADP� (Kd,NADP � 30.4 �M) showed an
increase of 4.7 kJ mol�1 in the �Gb. However, the S156H binding to
NAD� (Kd,NAD �95.4 �M) showed an increase of 9.2 kJ mol�1 in the

�Gb, while binding to NADP� (Kd,NADP � 0.21 �M) showed a de-
crease of 7.3 kJ mol�1 in the �Gb.

DISCUSSION

The molecular basis of cofactor specificity is an issue of funda-
mental interest in the enzymology of dehydrogenases. There is no
universal approach for modulating cofactor specificity in dehy-
drogenases, and the experimental strategy strongly depends on the
specific features of the active sites of individual enzymes. In the
present study, we used a systematic strategy to identify the molec-
ular determinants of cofactor specificity: we screened for con-
served residues by performing multiple sequence alignments,
used MD simulation to identify conserved residues binding to the
substrate, and individually carried out site-directed mutagenesis
for those particular residues.

ZmRDH has been reported to be a novel RDH showing dual
cofactor specificity. We showed that ZmRDH uses both NAD�

and NADP� as cofactors (23). The molecular docking study and
mutational analyses of residues in the SBP of the wild-type
ZmRDH showed a significant interaction between the cofactor
(NAD� or NADP�) and S156. A protein sequence BLAST was
performed against the PDB, and five SDR sequences showing
NAD�/NADP� dual cofactor specificity were chosen. The chosen
SDRs were BmGDH, G. oxydans glucose-1-dehydrogenase, Da-
tura stramonium tropinone reductase-1, and M. musculus car-
bonyl reductase and sepiapterin reductase. S156 in ZmRDH was
completely conserved in the SDRs with dual cofactor specificity
(Fig. 1). Replacement of the S156 with a polar negatively charged
residue (S156D or S156E) resulted in a significant decrease in
Km,NAD, whereas that with a polar positively charged residue
(S156R, S156H, or S156K) resulted in a decrease in the Km,NADP.
The (kcat/Km,NAD)/(kcat/Km,NADP) value changed from 0.11 for the
S156H mutant to 10.9 for the S156D mutant. These results suggest
that S156 or the position 156 is a crucial determinant of the cofac-
tor specificity of SDRs, especially ZmRDH. The Kd values of the
ZmRDH variants (S156H) indicate the role of the position 156 in
the cofactor binding of ZmRDH (Table 3).

The catalytic mechanism of SDRs has been reported in E. coli
7�-hydroxysteroid dehydrogenase on the basis of its crystal struc-
ture (30). Based on this, catalytic mechanism of ZmRDH can be

TABLE 2 Kinetic parameters of purified ZmRDH wild-type and S156 mutant strainsa

Strain

NAD� NADP�

(kcat/Km,NAD)/
(kcat/Km,NADP)

Km,ribitol

(mM)
Km,NAD

(mM) kcat (s�1)
kcat/Km,NAD

(s�1 mM�1)
Km,ribitol

(mM)
Km,NADP

(mM) kcat (s�1)
kcat/Km,NADP

(s�1 mM�1)

Wild type 11.8 � 1.1 0.18 � 0.02 4.83 � 0.51 27.3 16.4 � 0.9 0.26 � 0.02 2.79 � 0.15 10.8 2.36
S156A 13.7 � 1.0 0.19 � 0.02 1.93 � 0.16 10.2 22.6 � 1.0 0.39 � 0.13 1.19 � 0.07 3.05 3.34
S156G 11.1 � 1.0 0.14 � 0.01 1.04 � 0.02 7.43 25.4 � 0.8 0.34 � 0.07 0.72 � 0.08 2.12 3.51
S156T 15.9 � 1.0 0.21 � 0.06 2.85 � 0.10 13.6 22.2 � 0.7 0.22 � 0.03 1.64 � 0.22 7.45 1.83
S156C 18.3 � 1.7 0.10 � 0.02 2.00 � 0.09 20.0 16.3 � 1.1 0.17 � 0.02 2.05 � 0.10 12.1 1.66
S156Y 9.79 � 0.8 0.15 � 0.01 1.60 � 0.13 10.7 12.4 � 1.1 0.23 � 0.13 1.42 � 0.16 6.17 1.73
S156W 12.7 � 1.1 0.16 � 0.02 2.62 � 0.11 16.4 18.7 � 0.9 0.21 � 0.03 2.05 � 0.11 9.76 1.68
S156D 16.1 � 0.9 0.02 � 0.002 1.79 � 0.01 89.5 20.9 � 1.0 0.30 � 0.03 2.46 � 0.21 8.20 10.9
S156E 11.7 � 0.6 0.05 � 0.01 2.06 � 0.07 41.2 15.6 � 0.6 0.35 � 0.04 2.39 � 0.15 6.83 6.03
S156R 13.3 � 0.7 0.27 � 0.02 2.93 � 0.22 10.9 18.3 � 0.9 0.05 � 0.01 2.75 � 0.11 55.0 0.20
S156H 12.0 � 1.0 0.40 � 0.05 3.22 � 0.14 8.05 15.1 � 1.0 0.03 � 0.002 2.29 � 0.01 76.3 0.11
S156H 11.8 � 1.4 0.24 � 0.03 3.10 � 0.15 12.9 21.7 � 0.7 0.09 � 0.01 3.10 � 0.23 34.4 0.37
a All assays were performed at 25°C and pH 9.5 in 20 mM Tris-glycine-NaOH. The kcat values were calculated by considering the enzyme as a monomeric form. Results are
presented as means � the standard deviations for three experiments where applicable.

TABLE 3 Thermodynamic parameters of NAD(P)� binding
determined by ITC for RDH variantsa

Strain

NAD� NADP�

Kd,NAD (�M) �Gb �(�Gb) Kd,NADP (�M) �Gb �(�Gb)

Wild type 2.72 –31.7 0 4.26 –30.0 0
S156D 0.19 –37.6 –5.9 30.4 –25.3 4.7
S156H 95.4 –22.5 9.2 0.21 –37.3 –7.3
a All energy parameters are represented in kJ mol�1. �Gb is the free binding energy.
Log K, Kd, and �Gb values were calculated using the following mathematical relation:
�Gb � �RT ln(1/Kd), where Kd is the dissociation constant, R is the ideal gas constant,
and T is the absolute temperature in kelvins.
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FIG 4 Active-site models of the ZmRDH variants with bound ribitol and cofactor. Ribitol and cofactor (NAD�/NADP�) were docked into the SBP of wild-type
ZmRDH (A and B) or the S156D (C and D) or S156H (E and F) mutant. The intermolecular distances are the result of modeling. Potential H bonds are
represented by green dotted lines, while green solid lines represent the distances from the substrate/cofactor to the neighboring amino acid residues. Amino acid
residues are depicted in a stick model, where active-site residues are color with orange carbons and remaining residues are show as white carbons. The substrate
(ribitol) and cofactors (NAD�/NADP�) are shown in ball-and-stick models and colored as yellow carbons. The target residues for mutagenesis in the present
study are indicated in red.
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proposed. The S157 residue interacts with the C2 –OH group of
the substrate via hydrogen bonding and plays an important role in
substrate recognition. Subsequently, the K174 residue lowers the
pKa of the phenolic –OH group of Y170 via electrostatic interac-
tion, and the resultant deprotonated Y170 residue forms a hydro-
gen bond with the substrate. The deprotonated Y170 functions as
a catalytic base to extract a proton from the substrate. Simultane-
ously, the cofactor NAD(P)� accepts a hydride ion transferred
from the substrate to the C4 of the nicotinamide ring. The inter-
action of S156 residue with NAD� or NADP� (Fig. 4) probably
results in the formation of a stable enzyme-cofactor complex and
suitable orientation for the occurrence of a dehydrogenation re-
action. Likewise, when NAD�/NADP� was docked into the ac-
tive-site pocket of the wild-type ZmRDH, hydrogen bonds with
bond lengths of 2.7/2.9 Å and 3.1/2.7 Å, respectively, were ob-
served between the ribose ring of the NAD�/NADP� and the S156
residue (Fig. 4A and B). The mutant S156A showed similar inter-
actions with the wild-type ZmRDH. However, no hydrogen bond-
ing was observed between the residue D156 in the mutant S156D
and NADP�, resulting in a longer bond length between the ribose
ring of NADP� and the active-site residue Y170 (Fig. 4C and D).
This increased bond length in case of the S156D mutant ade-
quately explained the higher (kcat/Km,NAD)/(kcat/Km,NADP) value
(i.e., 10.9) for this mutant. On the other hand, when Ser was re-
placed with His, the (kcat/Km,NAD)/(kcat/Km,NADP) value (i.e., 0.11)
was retained at its minimum, since the length of the hydrogen
bond between NADP� and the active-site Y170 residue was less
than 2.8 Å (Fig. 4E and F). The role of the Ser residue at position
156 in NAD�/NADP� binding was confirmed on the basis of the
�Gb and Kd values obtained for NAD�/NADP� binding of
the ZmRDH variants in ITC studies. These results highlight the
importance of position 156 in modulating the cofactor specificity
of SDRs.

Q362K single mutation of mitochondrial NAD(P)�-depen-
dent malic enzyme shifted its cofactor preference from NAD� to
NADP�. The (kcat/Km,NADP) value for the Q362K mutant in-
creased by 27-fold compared to the wild-type enzyme (16). The
D211S/I212R mutant of Neurospora crassa l-arabinitol 4-dehy-
drogenase displayed a 34-fold increase in kcat/Km,NADP compared
to that of the wild type (1). The D39N mutation of Drosophila
alcohol dehydrogenase showed a 20-fold increase in kcat/Km,NADP

compared to that of the wild type (11), and the D53S mutation of
NADH-linked lactate dehydrogenase shifted the cofactor specific-
ity by 20-fold toward NADPH (14). Furthermore, a double mu-
tant (E175A A176R) of Pseudomonas stutzeri phosphite dehydro-
genase uses NADP� with 1,000-fold greater efficiency (kcat/
Km,NADP) and NAD� with 3.6-fold greater efficiency (kcat/Km,NAD)
than the wild type (36). Although many studies on the determi-
nants of cofactor specificity have been reported, the role of S156 in
polyol dehydrogenases has never been reported. In the present
study, ZmRDH demonstrated significant changes in cofactor
specificity upon single mutagenesis at S156 position.

The modulation of cofactor specificity described here was
achieved by structural modeling of the SBP with cofactors (NAD�

and NADP�) and subsequent site-directed mutagenesis for the
residues bound to the cofactor. On the basis of MD studies, we
predicted that the S156 residue binds to the cofactor (NAD� or
NADP�) by hydrogen bond interactions (Fig. 4). The S156 resi-
due was completely conserved in SDRs using both NAD� and
NADP�. The enzyme kinetics data in combination with the data

from MD and ITC studies suggest that the cofactor specificity of
ZmRDH can be modulated by manipulating the amino acid resi-
due at position 156. These results should help to elucidate SDR
enzyme catalysis and ultimately enable the engineering of en-
zymes with tailor-made cofactor specificity.
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