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ABSTRACT: Many enzymes catalyzing biological redox chemistry
depend on the omnipresent cofactor, nicotinamide adenine dinucleotide
(NAD). NAD is also involved in various nonredox processes. It remains
challenging to disconnect one particular NAD-dependent reaction from
all others. Here we present a bioorthogonal system that catalyzes the oxidative decarboxylation of L-malate with a dedicated
abiotic cofactor, nicotinamide flucytosine dinucleotide (NFCD). By screening the multisite saturated mutagenesis libraries of the
NAD-dependent malic enzyme (ME), we identified the mutant ME-L310R/Q401C, which showed excellent activity with
NFCD, yet marginal activity with NAD. We found that another synthetic cofactor, nicotinamide cytosine dinucleotide (NCD),
also displayed similar activity with the ME mutants. Inspired by these observations, we mutated D-lactate dehydrogenase
(DLDH) and malate dehydrogenase (MDH) to DLDH-V152R and MDH-L6R, respectively, and both mutants showed fully
active with NFCD. When coupled with DLDH-V152R, ME-L310R/Q401C required only a catalytic amount of NFCD to
convert L-malate. Our results opened the window to engineer bioorthogonal redox systems for a wide variety of applications in
systems biology and synthetic biology.

■ INTRODUCTION
Biological redox chemistry is catalyzed by numerous enzymes
that depend only on a few cofactors.1 One of the most
important cofactors is nicotinamide adenine dinucleotide
(NAD, Figure 1).2 NAD is also involved in protein post-

translational modification and signal transduction, thus
mediating calcium homeostasis, gene expression, carcino-
genesis, aging, and cell death.3 Because so many cellular

processes are connected to NAD, any perturbations lead to
NAD concentration fluctuation should have major global
effects.4 In order to manipulate a specific NAD-dependent
redox reaction, genetic tools, such as gene knockout, promoter
engineering, and similar techniques,5 are currently at our
disposal. While genetic tools are focused on controlling the
concentration of the targeted protein, a conceptually novel
approach that employs non-natural cofactor for the redox
chemistry, to the best of our knowledge, remains to be
demonstrated.
We believe that the biological redox chemistry can be

controlled if the corresponding enzyme is engineered to
respond specifically and efficiently to an abiotic cofactor, thus
disconnecting the reaction-of-interest from other NAD-depend-
ent events. In other words, such an engineered enzyme/
cofactor combination holds an identical biochemistry yet
distinguishes itself as a bioorthogonal system.6 Such a system
is particularly useful as a tool in synthetic biology to generate a
pathway-specific driving force. It can also be applied to analyze
the metabolic network for systems biology. Although changing
cofactor specificity of oxidoreductases has been pursued over
the years, previous studies have been reversing the preference
between two natural cofactors, NAD and its phosphorylated
form, NADP.7 In sharp contrast to other examples in lowering
enzymatic activity through inhibition by small molecules,8 the
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Figure 1. Chemical structures of NAD, NFCD, and NCD.
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key for a cofactor-dependent bioorthogonal redox system is to
maintain the original activity in terms of substrate recognition
and catalytic efficiency. Here we present the creation of
bioorthogonal systems that catalyze the oxidative decarbox-
ylation of L-malate with abiotic cofactors, nicotinamide
flucytosine dinucleotide (NFCD), or nicotinamide cytosine
dinucleotide (NCD, Figure 1). We show that mutants of D-
lactate dehydrogenase (DLDH) and malate dehydrogenase
(MDH) can also be engineered to favor NFCD over NAD. Our
results opened the window to engineer bioorthogonal redox
systems for a wide variety of applications in systems biology
and synthetic biology.

■ RESULTS AND DISCUSSION
Designing the Abiotic Cofactor. The chemical structure

of NAD consists of the adenosine monophosphate moiety
(AMP) and the nicotinamide mononucleotide moiety (NMN).
While AMP is largely responsible for recognizing and binding
the cofactor to the receptor, NMN is essential to mediate the
redox chemistry. To ensure its proper function as a cofactor
capable of matching the structural and functional space of the
elusive protein,9 an NAD analog should have at least two
structural features: an intact NMN moiety and a novel structure
to substitute the AMP part. However, further decorating of the
adenine core according to the established “bump-and-hole”
strategy used in kinase study10 is not preferred, because a
mutant enzyme that binds such NAD analogs will most likely
bind NAD with substantial affinity. As a result, NAD will have a
significant contribution to the reaction-of-interest if the enzyme
is incorporated in a cell, that is to say, the system is not
bioorthogonal.
Here we replaced the adenine moiety by a non-natural

pyrimidine base, flucytosine, leading to the NAD analog,
NFCD. The synthesis of NFCD was realized by coupling NMN
with 5-fluorocytidine monophosphate in a 45% isolated yield
according to the literature procedures.11 Choosing NFCD in
this study was based on two considerations: First, structural
differences between adenine and flucytosine are remarkable in
terms of molecule volume and hydrogen-bonding capacity.
Molecular interactions involving NFCD are expected to be
substantially different from those of NAD, providing the
possibility to realize bioorthogonal protein−ligand binding
patterns. It should be noted that the creation of orthogonal
ligand for mutant human estrogen receptors using similar
strategy has been previously demonstrated.12 Second, the F
atom in NFCD could be detected by 19F NMR, which is
potentially useful to trace this cofactor in the reaction system.
Constructing Mutant Libraries of ME. Malic enzyme

(ME) catalyzes an oxidative decarboxylation of L-malate to give
pyruvate with concomitant reduction of NAD to NADH.13

There are 19 eukaryotic MEs with their crystal structures
accessible in the Protein Data Bank. These MEs have similar
overall tertiary structure albeit with small local differences. We
selected the Escherichia coli (E. coli) NAD-dependent ME
(NCBI no. NP_415996.1) as our model redox enzyme, largely
because there should be less technical risk for the protein
expression and the screening experiments using E. coli as the
host. As the crystal structure of the E. coli ME remains
unavailable, we generated a structure model for this enzyme
using SWISS-MODEL.14 We chose 1LLQ (ME from Ascaris
suum) as the template because the sequence identity of the E.
coli ME with 1LLQ was 41%. The adenine binding pocket of
this enzyme was identified (Figure 2), and three residues, L310,

Q401, and L404 were selected for mutagenesis, as they were in
close proximity to the adenine moiety in the structure model.
The distances of L310, Q401, and L404 to the adenine moiety
are 5.01, 2.03, and 5.00 Å, respectively.
Although a single expression library of ME with saturate

mutagenesis on all these three sites can be produced in
principle according to the literature method,15 we realized that,
to reach 95% probability of mutant coverage in that library,
over 1 × 105 clones have to be screened,16 an incredible task for
an academic laboratory. To make the library practical for
screening, we constructed three two-site-saturated mutagenesis
libraries, L310/Q401, L310/L404, and Q401/L404, using a
polymerase chain reaction (PCR)-based strategy with the
plasmid pET24b-ME.15 A few clones from each library were
cultured in Luria−Bertani (LB) liquid media and induced by
isopropyl β-D-1-thiogalactopyranoside (IPTG). Crude cell
lysate of those clones was analyzed by polyacrylamide gel
electrophoresis. Results showed that most clones had a strong
protein band around 65 kDa (data not shown), indicating that
these libraries were qualified for screening.
Screening of Mutant Libraries. We screened these

libraries by using a coupled assay that recycles the cofactor
and develops a blue color.17 For the library Q401/L404, we
failed to identify a clone that had strong cofactor preference
over NFCD. Over 50% clones had reduced but had
considerable activity with NAD, and mutants that had
noticeable activity with NFCD showed similar or higher
activity with NAD. However, 14 and 6 clones were identified
from the library L310/Q401 and L310/L404, respectively,
about 470 and 300 clones were screened. These clones showed
significant higher activity with NFCD than NAD. Sequencing
analysis of these clones revealed that mutations at the sites
Q401 and L404 appeared with little convergence except the
absence of aromatic amino acid residues (Table 1). However,
mutations at the L310 site were strictly conserved, as 18 and 2
out of the 20 clones had L310R and L310K, respectively. The
single mutant, ME-L310R, was also obtained from the library
L310/L404. Arginine (R) and lysine (K) are basic amino acids
with long side chains. The replacement of leucine (L) with R or
K around the adenine binding pocket may reduce the volume
of the pocket and offer additional hydrogen-bonding
opportunities, leading to a better fit for NFCD. Specifically,
new hydrogen bonding may be established between the 5-

Figure 2. Surface view of the ME model binding with NAD. The
residues depicted as sticks were chosen to mutate in our experiment.
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fluorocytidine moiety and the basic amino acid side chains. We
further purified all of these mutants to near homogeneity and
assayed their specific activity with NFCD and NAD (Table 1).
Results confirmed our observations that they were all active
with NFCD. Compared with the ME-L310R mutant, most
proteins bearing an additional mutation at either the L404 or
the Q401 site had a reduced cofactor preference over NFCD;
one particular mutant, ME-L310R/Q401C, showed an
increased NFCD preference.
Kinetic Analysis. The kinetic parameters of ME, ME-

L310R, and ME-L310R/Q401C using both NAD and NFCD
as the cofactors were assayed (Table 2). The catalytic efficiency
(kcat/Km) of ME with NFCD was only 0.93% of that with NAD,
clearly indicating that the wild-type protein preferred NAD. For
ME-L310R and ME-L310R/Q401C, in contrast, the kcat/Km

values with NAD were only 1.0% and 0.37%, respectively, of
that with NFCD, suggesting that these mutants strongly
preferred NFCD. For the mutant ME-L310R/Q401C, the kcat/
KmNFCD value was 48.3-fold higher than that of ME, while the
kcat/KmNAD value was only 0.16% of that of ME. Thus,
compared with ME catalysis using NAD as the cofactor, ME-
L310R/Q401C achieved an approximately 30 000-fold cofactor
specificity shift toward NFCD. The KmNFCD value for ME-
L310R/Q401C was 6.3-fold higher than KmNAD for ME,
indicating that the binding affinity between NFCD and ME-
L310R/Q401C was weaker than that between NAD and ME.
However, the kcatNFCD values for ME-L310R and ME-L310R/
Q401C were higher than kcatNAD for ME, indicating that these
mutant enzymes turned over the substrate more rapidly in the
natural system. Overall, the catalytic efficiency of ME-L310R/
Q401C with NFCD was comparable to that of ME with NAD,

suggesting that the engineered redox system attained similar
catalytic power to the natural one.
Activity of NCD. After the successful demonstration of

NFCD as an abiotic redox cofactor, we decided to test whether
NCD could also be recognized by these ME mutants. NCD can
be envisioned as the defluorinated version of NFCD. Because
NCD is the coupling product of cytidine monophosphate and
NMN, both of which are naturally occurring metabolites, the
creation of NCD-dependent enzymes may provide an
opportunity to better understand the history of redox cofactor
evolution.18 We prepared NCD in 11% isolated yield, according
to the literature procedures,11 and found these ME mutants
were also active in the presence of NCD. Detailed kinetic
parameters of ME, ME-L310R, and ME-L310R/Q401C using
NCD as the cofactor are shown in Table 2. Again, the kcatNCD
values for ME-L310R and ME-L310R/Q401C were higher than
kcatNAD for ME, indicating that these mutant enzymes turned
over the substrate more rapidly using NCD as the cofactor than
ME did using NAD as the cofactor. It was clear that both ME-
L310R and ME-L310R/Q401C had lower Km values for NCD
than those for NFCD. Because of this, catalytic efficiencies with
NCD were significantly improved in comparison to those with
NFCD. The fact that KmNCD was lower than KmNFCD suggested
that, the presence of the strong electron-withdrawing group F
at the C5 position of cytidine facilitated a weaker molecular
interaction between the ligand and the proteins.
Exploring Other Oxidoreductases. It occurred to us that

the L310 residue is located immediately at the N-terminus of
the conserved GX(X)GXXG sequence in Rossmann fold
motif19 of ME. The protein cofactor interactions are largely
conserved in NAD-dependent enzymes.20 We thus collected a
number of oxidoreductases and compared their amino acid
sequences (Figure 3a). It is evident that the position
corresponding to L310 of ME is taken by a L, I, or V residue.
A common feature of these residues is that they all have an alkyl
hydrophobic side chain. We checked the distances of these
residues from the adenine group in these proteins and found
that the distance of that residue from the adenine group is in
the range of 3.70−5.56 Å (Table S1, Supporting Information).
Because our early screening experiment observed a number of
active ME mutants bearing an R mutation at this position, we
imagined that changing this particular residue to R in other
NAD-dependent oxidoreductases may also lead to active
mutants that take NFCD as the cofactor.
One particular enzyme included in the above sequence

comparison is D-lactate dehydrogenase (DLDH, PDB id
2DLD) from Lactobacillus helveticus.21 DLDH catalyzes the
interconversion of D-lactate and pyruvate with a concomitant
interconversion of NAD and NADH. We selected this enzyme
to test our speculation, because if successful, we should be able
to develop a coupled system to regenerate NFCD. As V152 in
DLDH is the counterpart of L310 in ME, we overproduced
DLDH and the mutant DLDH-V152R in E. coli. As expected, in

Table 1. Screening Results and the Specific Activity of ME
Mutants with NAD and NFCDa

ME mutation no. of clones NAD (U/mg) NFCD (U/mg)

L310R 1 3.7 ± 0.5 10.9 ± 0.7
L310R, L404T 1 7.9 ± 0.4 1.6 ± 0.3
L310R, L404N 1 4.6 ± 0.2 3.4 ± 0.2
L310R, L404C 1 2.5 ± 0.1 4.0 ± 0.3
L310R, L404I 1 2.0 ± 0.1 3.2 ± 0.1
L310K, L404S 1 16.8 ± 1.1 7.1 ± 0.5
L310R, Q401S 2 2.9 ± 0.1 11.5 ± 0.6
L310R, Q401N 4 3.2 ± 0.2 5.2 ± 0.4
L310R, Q401I 2 1.9 ± 0.3 3.2 ± 0.2
L310R, Q401C 1 3.1 ± 0.1 13.2 ± 0.6
L310R, Q401 V 1 3.2 ± 0.1 10.1 ± 0.5
L310R, Q401D 2 1.6 ± 0.2 2.7 ± 0.2
L310R, Q401G 1 1.1 ± 0.0 1.3 ± 0.0
L310K, Q401G 1 5.9 ± 0.2 12.6 ± 0.3

aThe specific activity was determined, while the concentration of NAD
and NFCD was at 2 and 0.2 mM, respectively.

Table 2. Kinetic Parameters for ME and Its Mutants Using NAD, NFCD, and NCD As Cofactors

NAD NFCD NCD

enzyme Km (mM) kcat (s
−1)

kcat/Km
(mM−1 s−1) Km (mM) kcat (s

−1)
kcat/Km

(mM−1 s−1) Km (mM) kcat (s
−1)

kcat/Km
(mM−1 s−1)

ME 0.27 ± 0.01 57.3 ±0.4 214.8 11.9 ± 0.8 23.6 ± 1.2 2.0 9.4 ± 1.9 26.1 ± 4.1 2.8
ME-L310R 5.6 ± 1.1 5.0 ± 0.8 0.90 1.2 ± 0.3 105.3 ± 16.7 88.4 0.60 ± 0.10 102.0 ± 8.6 169.9
ME-L310R/

Q401C
10.4 ± 1.2 3.8 ± 0.4 0.36 1.7 ± 0.2 162.4 ± 17.2 96.7 1.02 ± 0.17 158.2 ± 17.8 154.6
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the presence of NFCD, DLDH was barely active, but DLDH-
V152R was active with an estimated specific activity of 152.0 ±
8.8 U mg−1 (Figure 3b). It was noticeable that the specific
activity of DLDH with NAD was 176.3 ± 5.3 U mg−1 under
identical assay conditions. Thus, by changing one conserved
amino acid residue, we attained the mutant DLDH-V152R that
catalyzed the oxidation of D-lactate to pyruvate in the presence
of NFCD at a comparable efficiency to that of the natural
system with DLDH and NAD.
MDH (PDB id 1EMD) from E. coli was also selected to test

our speculation.22 MDH catalyzes the oxidation of malate to
oxaloacetate with a concomitant reduction of NAD to NADH.
The conserved glycine-rich sequence pattern in MDH is
GXXGXXG instead of GXGXXG. The distance of 5.56 Å from
the adenine moiety to L6, the counterpart of L310 in ME, is
about 1.1-fold longer than that of the ME case. We
overproduced MDH and the mutant MDH-L6R. Again, results
showed that MDH-L6R favored NFCD over NAD and that it
had reduced activity with NAD (Figure 3c).
Although our rationally designed mutants DLDH-V152R and

MDH-L6R both reserved appreciable activity in the presence of
NAD, other variants are expected to concurrently achieve
reduced activity with NAD and improved activity with NFCD
should additional mutations be introduced, as for ME. We also
think that, except for those NAD-dependent oxidoreductases
without conventional Rossmann fold structure,23 many more
enzymes should be manageable similarly to generate new
mutants to recognize NFCD specifically. However, it should be
cautioned that mutations close to the conserved Rossmann fold
sequence may also lead to impaired protein folding, thus

presenting more difficulties to find alternative sites for
mutagenesis.
Regeneration of NFCD. With ME-L310R/Q401C and

DLDH-V152R in hand, we were able to demonstrate the
regeneration of NFCD in vitro. In this system, L-malate was
first oxidized to pyruvate by the former enzyme with a
reduction of NFCD to NFCDH, and then pyruvate was
reduced to lactate by the latter enzyme with an oxidation of
NFCDH to NFCD (Figure 4a). In a typical experiment, L-

malate (5 mM) was almost completely converted into lactate in
the presence of NFCD (0.2 mM) in 45 min (Figure 4 b),
indicating that NFCD was recycled at least 24 times. For the
first 20 min, the system turned over 0.2 mM L-malate per min.
It should be emphasized that the coupled system of ME-
L310R/Q401C and DLDH-V152R in the presence of NFCD
produced D-lactate exclusively (Supporting Information).
Similarly, we also noticed that both ME-L310R and ME-
L310R/Q401C took L-malate, not D-malate, as their substrate
when NFCD was used as the cofactor. These results indicated
that mutations in the adenine binding pocket of NAD-
dependent oxidoreductases did not lead to a compromise in
stereoselectivity in terms of substrate recognition or product
formation. The recyclability of NFCD and the stringent
stereoselectivity of these examples suggested that NFCD can
potentially be applied in vivo to drive or control a naturally
NAD-dependent reaction, independent of the cellular NAD
level.

■ CONCLUSIONS

We have demonstrated that, by matching abiotic cofactors and
semirationally designed ME mutants, bioorthogonal redox
system can be established. We showed that the strategy was
potentially applicable for other NAD-dependent oxidoreduc-
tases. In the future, we hope to further expand the scope of this
strategy and apply those bioorthogonal redox systems in vivo. It
should be noted that a number of transporters for NAD and
similar compounds have been available.24 In particular, we
recently showed that the nucleotide transporter NTT4 from
the chlamydial endosymbiont Protochlamydia amoebophila
UWE25, can confer E. coli cells to take NAD from the culture
broth and that engineered E. coli strains incapable of making
NAD intracellularly can grow well when NAD is fed in the

Figure 3. System transfer to other dehydrogenases. (a) Sequence
alignment of ME with other dehydrogenases, including alcohol
dehydrogenase (1H2B), D-LDH (1J49 and 2DLD), L-LDH
(1LLD), D-3-phosphoglycerate dehydrogenase (1PSD), formate
dehydrogenase (2FSS), phosphite dehydrogenase (PTDH), MDH
(1EMD). Residues in green represent the identity sequence of
GX(X)GXXG nucleotide binding motif. Residues in yellow represent
the similarity sequence. (b) The specific activity of DLDH and
DLDH-V152R with NAD and NFCD, respectively. (c) The specific
activity of MDH and MDH-L6R with NAD and NFCD, respectively.

Figure 4. (a) Cofactor recycling system of NFCD with ME* (ME-
L310R/Q401C) and DLDH* (DLDH-V152R). (b) The progress of
the reaction was monitored by ion chromatography. Lactate (□),
pyruvate (•), and L-malate (◇).
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culture broth.25 Therefore, to deliver synthetic NAD analogs
should be manageable. Nonspecific interactions between the
synthetic cofactor and other cellular components are among the
other concerns to be addressed. Nonetheless, the accessibility
of such bioorthogonal redox systems should provide unique
tools for synthetic biology to assemble pathway-specific redox
chemistry and for systems biology to elucidate the contribu-
tions of individual redox steps in the metabolic network.

■ EXPERIMENTAL PROCEDURES
All reagents and starting materials were used as obtained from
commercial suppliers (Sigma, ABCR, ACROS) unless otherwise
indicated. Commercial nucleotides were phosphorylated as previously
reported to give the corresponding monophosphates.26 NMN was
prepared by hydrolysis of NAD as reported.27

Synthesis of NFCD and NCD. A reaction mixture containing
NMN (150 mg, 0.45 mM), Ph3P (0.396 g, 1.5 mM), (PyS)2 (0.33 g,
1.5 mM), and L-methylimidazole (0.48 mL, 6 mM) in DMF/DMSO
(1:2, 10 mL) was held at room temperature for 15 min. A solution of
5-fluorocytidine monophosphate (0.9 mM) in 2 mL DMF was added.
The mixture was stirred at room temperature for 50 min. To the
mixture was added acetone (100 mL). The precipitates were collected
and washed twice with acetone. Purification of the product was
performed by anion exchange column chromatography using 201 × 4
type anion resin (HCO2

− form) and eluted with 50 mM HCO2H.
Fractions containing the product were concentrated and further
purified on a DEAE Sephadex G-25 column using 10 mM NH4HCO3
as the elution buffer. Fractions were pooled, lyophilized, dissolved in
water, and lyophilized to give NFCD as a white solid (145 mg, yield
45%). 1H NMR (D2O, 400 MHz, NH4

+ form): δ 9.17 (s, 1H), 9.02 (d,
J = 6.1 Hz, 1H), 8.72 (d, J = 7.9 Hz, 1H), 8.05 (m, 1H), 7.70 (d, J =
6.4 Hz, 1H), 5.94 (d, J = 5.5 Hz, 1H), 5.55 (d, J = 3.8 Hz, 1H), 4.33
(brs, 1H), 4.28 (brs, 1H), 4.19 (brs, 1H), 4.15−4.12 (m, 1H), 4.03−
3.93 (m, 5H), 3.91−3.89 (m, 1H). 13C NMR (D2O, 100 MHz, NH4

+

form): δ 165.2, 158.0, 157.8, 155.3, 145.9, 142.4, 139.8, 138.5, 136.0,
133.7, 128.6, 125.5, 125.2, 99.8, 89.5, 86.6, 82.3, 77.4, 74.0, 70.3, 69.0,
64.8, 64.7. 19F NMR (D2O, 376 MHz, NH4

+ form): δ −164.9. 31P
NMR (D2O, 162 MHz, NH4

+ form): δ −11.1, −11.2. HRMS:
calculated for C20H26FN5O15P2 (M + H)+ 658.0963; found 658.0961.
NCD (38 mg, 11%) as a white powder was prepared similarly. 1H

NMR (D2O, 400 MHz, NH4
+ form): δ 9.30 (s, 1H), 9.14 (d, J = 6.1

Hz, 1H), 8.83 (d, J = 7.9 Hz, 1H), 8.16 (m, 1H), 7.74 (d, J = 7.6 Hz,
1H), 6.04 (d, J = 5.3 Hz, 1H), 5.92 (d, J = 7.4 Hz, 1H), 5.77 (d, J = 4.0
Hz, 1H), 4.46 (brs, 1H), 4.41 (brs, 1H), 4.33 (brs, 1H), 4.28−4.25 (m,
1H), 4.17−4.09 (m, 5H), 4.02−4.00 (m, 1H). 13C NMR (D2O, 100
MHz, NH4

+ form): δ 165.5, 165.2, 156.4, 146.0, 142.5, 141.7, 139.9,
133.9, 128.6, 99.9, 89.4, 87.0, 82.5, 77.6, 74.1, 70.7, 69.2, 64.9, 64.7. 31P
NMR (D2O, 162 MHz, NH4

+ form): δ −11.1, −11.3. HRMS:
calculated for C20H27N5O15P2 (M + Na)+ 662.0877; found 662.0883.
Construction of Mutant Libraries. Two-site saturation mutant

libraries were constructed according to previous methods.15 To
construct the libraries Q401/L404, L310/Q401, and L310/L404,
degenerated primer (K = G or T; M = C or A; N = A, C, G, or T)
pairs 5′-GTCTCAGGANNKACCGGGNNKTTTACGGAAGAGAT
CATCCG-3′ and 5′-TTCCGTAAAMNNCCCGGTMNNTCCTGA-
GACGCCAATCAG-3′, 5′-ATCGTCTTCNN KGGTGCAGGTT-
CAGC-3′ and 5′-ACAGCCCGGTMNNT CCTGAGACGCCAAT-
CAGAATATC-3′, and 5′-ATCGTCTT CNNKGGTGCAGGTT-
C A G C - 3 ′ a n d 5 ′ - T C T T C C G T A A A M
NNCCCGGTCTGTCCTGAGAC-3′, respectively, were used. Frag-
ments containing mutagenic modifications were obtained by PCR
using the corresponding primer pairs and the plasmid pET24b-ME as
the template. The resulted DNA fragments were used as megaprimer
to amplify the plasmid pET24b-ME to generate nicked plasmid DNA
containing the corresponding mutations. The PCR mixtures were
treated with DpnI (New England Biolabs, Beijing, China) to digest the
methylated parental plasmid and transformed into electrocompetent E.
coli BL21 (DE3) cells to get the expression libraries.

High-Throughput Screening of ME Variants.17 Recombinant
E. coli colonies from the libraries were grown on LB agar plates
containing 0.5 mM of IPTG and 50 μg mL−1 of kanamycin. After
incubated at 30 °C for 36 h, the colonies were picked to a 96-well
plate. Cells were resuspended in 100 μL of lysis buffer (50 mM of
HEPES, 1 mg mL−1 of lysozyme, 1% Triton X100, and pH of 7.5) and
lysed by shaking at 37 °C for 1 h. Samples were centrifugation at 4000
g for 15 min, and supernatants were collected and stored at 4 °C.
Assays were performed by transferring 10 μL of each supernatant to 90
μL of reaction buffer (50 mM of HEPES, 3 mM of L-malate, 5 mM of
MnCl2, 0.05 mM of NAD or NFCD, 0.1 mM of nitro blue tetrazolium,
0.025 mM of phenazine methosulfate, and pH of 7.2). After being
incubated at 37 °C for 5 min, the plates were monitored at 580 nm on
a PowerWave XS universal microplate spectrophotometer (Bio-Tek
instruments Inc., Vermont). For library screening, each 96-well plate
contained a positive control using ME and a negative control with no
enzyme. The positive clones were picked from the corresponding
spots on the agar plate.
Activity and Kinetic Assay of ME and Its Variants.

Overexpression and purification of recombinant MEs were performed
as previously described.28 The activity assays were carried out at 25 °C
in 1 cm cuvettes using UV−vis spectrophotometer model V-53
(JASCO, Tokyo, Japan). The activity was measured in 50 mM of
HEPES and pH of 7.2 and in the presence of 3 mM of L-malate and 5
mM of MnCl2 at varying concentrations of NAD or NFCD. After
adding the enzyme solution into the reaction mixture, the absorbance
at 340 nm was continuously monitored for 1 min. One enzyme unit is
defined as the amount of enzyme that catalyzes the formation of 1 μM
of NADH or NFCDH per minute under the assay conditions. A molar
absorption coefficient of 6220 M−1 cm−1 for NADH, NFCDH, or
NCDH was used in the calculations.

For kinetic assay, the Michaelis−Menten constants Vmax and Km of
NAD, NFCD, and NCD of the wild-type and mutant ME were
obtained from initial rate measurements under conditions in which
coenzyme was varied at five different levels from below their Km to
above their Km. The L-malate (5 mM) and Mn2+ (5 mM) were present
at a saturated and constant concentration. The experimental data were
fitted with the Michaelis−Menten equation using OriginLab 8.0.
Reactions were incubated in 50 mM of HEPES and pH of 7.5 at 25 °C.
All assays were performed in duplicates.
Constructing DLDH and MDH Expression Plasmid and

Mutagenesis. The gene of DLDH (GenBank No. CAA47255.1)
from L. helveticus was synthesized and inserted between NdeI and XhoI
in the pET24b vector (Novagen) with a C-terminal Leu-Glu as a
spacer between the protein and the His6 tag. The gene of MDH
(GenBank no. CAA68326.1) was isolated form the E. coli genome and
inserted similarly, as was done for DLDH. The mutants DLDH-V152R
and MDH L6R were created by a method as described in the
QuikChange site-directed mutagenesis kit (Invitrogen).
Activity Assay of DLDH, MDH, and Their Mutants. The

specific activity of DLDH was measured at 25 °C in 1 cm cuvettes
using the UV−vis spectrophotometer. The activity assays were
performed in a total volume of 0.2 mL. The reaction buffer contained
50 mM of HEPES, pH of 7.5, 200 mM of D-lactate, and 1 mM of
NFCD or NAD. After adding 1 μL of DLDH solution (0.1 mg mL−1)
into the reaction mixture, the absorbance at 340 nm was continuously
monitored for 1 min, and data were processed as described.

The specific activity of MDH was measured, as was done for
DLDH. The reaction buffer contained 50 mM of Tris−HCl, pH of 8.0,
100 mM of L-malate, and 1 mM of NFCD or NAD.
Cofactor Recycling. The cofactor recycling experiment with ME-

L310R/Q401C and DLDH-V152R was performed in 50 mM of
HEPES and pH of 7.5, which contained 5 mM of L-malate, 2.5 mM of
MnCl2, 0.2 mM of NFCD, 0.002 mg mL−1 of DLDH-V152R, and
0.008 mg mL−1 of ME-L310R/Q401C. The reaction mixtures were
incubated at 25 °C for 45 min. The concentrations of lactate, pyruvate,
and malate were determined by ICS-2500 ion chromatography system
(Dionex, Sunnyvale, California), equipped with a guard column
IonPac AG11-HC (50 mm ×4 mm), an IonPac AS11-HC analytic
column (250 mm ×4 mm), and an ED50 conductivity detector. All
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experiments were performed at a flow rate of 1.0 mL min−1 and with a
30 °C oven temperature. The samples were injected through a 0.22
mm filter before entering the IC system. The elution buffer was 24
mM of NaOH.
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Experimental conditions for the analysis of stereoselectivity of
mutants, the position of the adenine moiety of NAD in
oxidoreductases (Figure S1 and Table S1), and HPLC
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material is available free of charge via the Internet at http://
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