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ABSTRACT NAD and its reduced form NADH function as essential redox cofactors
and have major roles in determining cellular metabolic features. NAD can be synthe-
sized through the deamidated and amidated pathways, for which the key reaction
involves adenylylation of nicotinic acid mononucleotide (NaMN) and nicotinamide
mononucleotide (NMN), respectively. In Escherichia coli, NAD de novo biosynthesis
depends on the protein NadD-catalyzed adenylylation of NaMN to nicotinic acid ad-
enine dinucleotide (NaAD), followed by NAD synthase-catalyzed amidation. In this
study, we engineered NadD to favor NMN for improved amidated pathway activity.
We designed NadD mutant libraries, screened by a malic enzyme-coupled colorimet-
ric assay, and identified two variants, 11B4 (Y84V/Y118D) and 16D8 (A86W/Y118N),
with a high preference for NMN. Whereas in the presence of NMN both variants
were capable of enabling the viability of cells of E. coli BW25113-derived NAD-
auxotrophic strain YJE003, for which the last step of the deamidated pathway is
blocked, the 16D8 expression strain could grow without exogenous NMN and accu-
mulated a higher cellular NAD(H) level than BW25113 in the stationary phase. These
mutants established fully active amidated NAD biosynthesis and offered a new op-
portunity to manipulate NAD metabolism for biocatalysis and metabolic engineering.

IMPORTANCE Adenylylation of nicotinic acid mononucleotide (NaMN) and adenyly-
lation of nicotinamide mononucleotide (NMN), respectively, are the key steps in the
deamidated and amidated pathways for NAD biosynthesis. In most organisms, ca-
nonical NAD biosynthesis follows the deamidated pathway. Here we engineered
Escherichia coli NaMN adenylyltransferase to favor NMN and expressed the mutant
enzyme in an NAD-auxotrophic E. coli strain that has the last step of the deamidated
pathway blocked. The engineered strain survived in M9 medium, which indicated
the implementation of a functional amidated pathway for NAD biosynthesis. These
results enrich our understanding of NAD biosynthesis and are valuable for manipula-
tion of NAD homeostasis for metabolic engineering.
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NAD and its reduced form NADH serve as common cofactors for many oxidoreduc-
tases that participate in diverse metabolic pathways. Thus, the NAD(H) level and

the ratio of NAD to NADH have major roles in determining the cellular redox state and
metabolic flux. Therefore, balancing cofactor availability has been widely employed to
control cellular physiology and to facilitate enhanced production of different metabo-
lites (1–3).

Escherichia coli is a commonly used microbial host for production of biobased
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chemicals, biofuels, and pharmaceuticals due to its high growth rate, clear genetic
background, and relative robustness (4, 5). In E. coli, NAD homeostasis is maintained via
de novo biosynthesis, salvage pathway synthesis, and negative regulation by the
repressor NadR (Fig. 1A) (6). For de novo NAD biosynthesis, nicotinic acid mononucle-
otide (NaMN) is coupled with ATP by the action of NaMN adenylyltransferase (NaMNAT;
EC 2.7.7.18) to form nicotinic acid adenine dinucleotide (NaAD), which is amidated to
give NAD by the action of NAD synthetase encoded by nadE (7). This process is known
as deamidated NAD biosynthesis. Alternatively, NAD can be synthesized via the ami-
dated pathway, where nicotinamide mononucleotide (NMN) adenylyltransferase
(NMNAT; EC 2.7.7.1) is the key enzyme that directly converts NMN to NAD at the
expense of ATP (8). The amidated pathway is important for NAD salvage, as it can make
use of NAD degradation products, NMN, nicotinamide (Nm), and nicotinamide riboside
(NmR). The nadD gene product NadD strongly favors NaMN over NMN and thus
synthesizes NaAD 20-fold faster than NAD (9). Our previous study showed that nadE
deletion in E. coli led to an NAD auxotroph phenotype and that cells failed to grow in
minimal medium supplemented with NMN, indicating that native amidated pathway
activity was inefficient with respect to synthesis of NAD for cell growth (10).

To expand our capacity to control cellular NAD levels, it would be interesting to have
higher amidated pathway activity, which, in principle, can be achieved upon changing
the NadD substrate preference for NMN (Fig. 1B). The crystal structures of E. coli NadD
and its NaAD-NadD complex were determined previously (11). Moreover, some NadD
variants have been characterized in detail (12, 13). Based on those background data, it
is appealing to take a structure-guided semirational design approach (14) to generate

FIG 1 Pathways for NAD biosynthesis. (A) Homeostasis of NAD in E. coli. Asp, aspartate; DHAP, dihy-
droxyacetone phosphate; IA, iminoasparatate; QA, quinolinic acid; NaMN, nicotinic acid mononucleotide;
NaAD, nicotinic acid adenine dinucleotide; NMN, nicotinamide mononucleotide; NA, nicotinic acid; Nm,
nicotinamide; NmR, nicotinamide ribonucleoside. Enzymes: 1, L-aspartate oxidase; 2, quinolinate synthe-
tase; 3, quinolinate phosphoribosyltransferase; 4, NaMN adenylyltansferase; 5, NAD synthetase; 6, NmR
glycohydrolase; 7, Nm deamidase; 8, NA phosphoribosyltransferase; 9, NMN deamidase; 10, ribosylnico-
tinamide kinase; 11, NMN glycohydrolase; 12, NAD pyrophosphatase; 13, NMN adenylyltransferase; 14,
DNA ligase. (B) Reactions catalyzed by NadD, NadE, and mutant NadD.
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mutant libraries and to screen for NMN-preferring variants. Here, we designed NadD
mutant libraries, screened by a malic enzyme-coupled colorimetric method, identified
hits with high NMN preference, and established a fully active amidated NAD biosyn-
thetic pathway. The results enriched our understanding of the molecular basis of
substrate recognition by NMNAT. These mutants could be used to enhance amidated
pathway activity, as an alternative to canonical de novo NAD biosynthesis, to manipu-
late the redox cofactor level for biocatalysis and metabolic engineering (15).

RESULTS
Structural analysis of NadD. The structure of the E. coli NadD-NaAD complex was

determined previously (16). There were a number of amino acid residues involved in
pyridine mononucleotide binding (Fig. 2). In particular, W117 and H45 form stacking
interactions with the pyridine ring and are crucial for NaMN binding (17). In addition,
T85 and Y118 create an anion pocket which forms an interaction with the exocyclic
carboxylate (11). We chose to make changes at six residues (H45, P82, Y84, T85, A86,
and Y118) for changing the substrate preference and devised eight double-site satu-
ration mutant libraries, H45X/P82X, H45X/T85X, P82X/Y84X, T85X/A86X, H45X/Y118X,
Y84X/Y118X, T85X/Y118X, and A86X/Y118X (where X represented any amino acid).

Mutant library construction and screening. Since undesirable residue substitution
may cause frameshifts, nonsense mutations, or protein misfolding or aggregation,
tracking the solubility of the mutants could reduce the workload. Inspired by studies
using the green fluorescent protein (GFP) as a folding reporter (18), we fused red
fluorescent protein (RFP) to the C terminus of NadD to prescreen for soluble mutants.
A total of 2,000 red colonies in each library in the induced plates were selected for initial
activity screening.

A colorimetric assay was performed to detect the activity by the use of coupling with
a malic enzyme-catalyzed reaction and phenazine methosulfate (PMS)-mediated reduc-
tion of NBT to form formazan, a blue-colored species (Fig. 3A and B). Since crude cell
lysates should contain residual NMN, initial screening assays were carried out without
NMN supplementation. We obtained 297 hits in the initial screening and got 26 strains
exhibiting increased activity toward NMN in the second round of verification. We then
analyzed the NMN adenylyltransferase activity of crude extracts of each clone in the
presence of NMN. Five mutants, namely, 8E4-RFP (Y118H), 16D8-RFP (A86W/Y118N),
4H12-RFP (A86S/Y118D), 15D1-RFP (A86S/Y118H), and 11B4-RFP (Y84V/Y118D), showed
3-fold- to 30-fold-higher activity than the wild type (Fig. 3C and Table S1). Finally, these
mutants were purified to near-homogeneity (see Fig. S2A in the supplemental material),
and activity was determined in the presence of 0.1 mM NMN and 2 mM ATP. Results
showed that 8E4-RFP and 15D1-RFP had slightly higher activity than the wild-type
NadD, while 4H12-RFP, 11B4-RFP, and 16D8-RFP showed NMN adenylyltransferase
activity that was higher by 5-, 13-, and 14-fold, respectively (Fig. 3D). The activity data
suggested that the Tyr-to-Asn mutation at position 118 made a major contribution to
achieving better affinity for NMN.

FIG 2 Crystal structure of E. coli NadD. The figure shows an overview of the structural architecture (left
panel) and the NaMN/NMN binding domain (right panel) of NadD from E. coli (PDB ID: 1K4M). The
residues in the binding pocket are labeled and shown as sticks (highlighted in red).
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Kinetic analysis. In order to further analyze the mutants with positive results, we
expressed and purified the mutants without the RFP tag but with a His tag at the
carboxy terminus (Fig. S1 and S2B). Kinetic analysis indicated that both 11B4 and 16D8
had a relatively low Km value and a much higher kcat value for NMN than the wild-type
NadD (Table 1). The results were in good agreement with activity data from their
corresponding RFP-fused counterparts (see above). The catalytic efficiency (kcat/Km) of
the two mutants with respect to NMN was increased by 100-fold and 600-fold,
respectively, compared to that of NadD (Table 1). However, these two mutants exhib-
ited remarkably different kinetic traits for NaMN. That is, the 11B4 mutant had much
lower catalytic efficiency for NaMN than NadD, while the 16D8 mutant had notably
higher catalytic efficiency for NaMN. Therefore, the 11B4 mutant had completely shifted
substrate specificity toward NMN, which should be valuable to enhance amidated NAD
biosynthesis. The fact that the 16D8 mutant had improved catalytic efficiency for both
NMN and NaMN suggested its potential to enhance both amidated and deamidated
pathways.

FIG 3 The process of library screening. (A) The principle of malic enzyme coupled colorimetric assay. The
reaction product NAD� was reduced to NADH by malic enzyme, and then NBT was reduced to form
insoluble blue-purple formazan in the presence of PMS. (B) Library screening process. Red colonies in the
inducing plate were preselected and then cultured in the 96-well deep plate for protein expression. Cell
lysates were screened by the colorimetric assay to identify hits that led to formation of blue-purple
precipitates. (C) The crude enzyme activity for NMN of the mutants. The activity was measured by
absorbance change in 570 nm. A1, blank; A2, DH10b harboring plasmid pUR-NadD; A3 to D7, hits that
passed prescreening and cell lysate analysis. (D) Specific activity of purified enzyme for NMN. A.U.,
arbitrary unit.

TABLE 1 Kinetic parameters of wild-type NadD and its mutants

Enzyme

Kinetics for NMN Kinetics for NaMN

Selectivitya

Fold
changeKm (mM) kcat (s�1)

kcat/Km

(mM�1 s�1) Km (mM) kcat (s�1)
kcat/Km

(mM�1 s�1)

NadD 9.4 0.76 0.08 0.11 4.9 44 1.8 � 10�3 1
11B4 0.80 6.6 8.3 1.7 1.5 0.86 9.6 5,258
16D8 0.76 36 48 0.07 25 332 1.4 � 10�1 78
a(kcat/Km with NMN)/(kcat/Km with NaMN).
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Molecular modeling of NadD mutants. We performed molecular modeling in
order to shed light on the mechanism of substrate recognition. The three-dimensional
structures of mutants 11B4 and 16D8 were generated by the Swiss-model server using
NadD (PDB identifier [ID]: 1K4M) as the template (Fig. 4). The 11B4 variant has Y84V and
Y118D mutations (Fig. 4A), providing a negatively charged residue aspartic acid (pKa of
the �-carboxylate group, 3.65), which might incur a repulsion interaction with the
carboxylate group (pKa, 2.20) of the nicotinate and lead to decreased NaMN affinity.
However, in terms of NMN, the side chain of the aspartic acid might form a hydrogen
bond with the amide group of NMN, leading to increased NMN affinity, i.e., a lower Km

value of 0.80 mM. On the other hand, the side chain of V84 locates closer to the
pyridine ring to form a more stable architecture, whereas Y84 in the wild-type protein
has a phenolic group pointing toward the ligand but in the opposite direction. We
presumed that V84 and D118 mutations play synergistic roles in substrate recognition
and improved catalytic efficiency with respect to NMN.

In the wild-type enzyme, the main chain amide of A86 formed a water-bridged
hydrogen bond to one oxygen atom of the nicotinate (Fig. 4C) (11). In the 16D8 mutant,
A86 was replaced with tryptophan and Y118 replaced by asparagine (Fig. 4B). The
indole ring of W86 and the aromatic ring of Y84 are almost parallel to each other and
form a stable �-stacking interaction in the binding domain to stabilize the structure.
The side chain of N118 has torsion due to the steric hindrance by W86 and points closer
to the nicotinate or nicotinamide. Furthermore, the side chain of N118 can form an
electronic interaction or hydrogen bonds with the exocylic carboxylate or carboxamido
group of the mononucleotide. These molecular interactions may contribute enhanced
affinity with both NMN and NaMN of 16D8 and result in better catalytic efficiency for
both substrates.

Functional analysis of NadD mutants. To see if NadD mutants 11B4 and 16D8 can
fully function in vivo, we cloned the mutant gene under the control of the lac promoter
into nadE deletion strain E. coli YJE003. Because the last step of de novo NAD biosyn-
thesis was blocked and endogenous amidated NAD biosynthesis was unable to pro-
duce enough NAD, YJE003 failed to grow even in nutrient-rich superoptimal broth
(SOB) medium supplemented with NMN (9). Interestingly, NadD overexpression in
YJE003 gave no apparent improvement in terms of cell viability (Fig. 5A). However,
expression of the 16D8 mutant enabled cell growth on an SOB agar plate, while
11B4-expressing strain YJE003-11B4 required the presence of exogenous NMN or NAD.
These results indicated that both mutants were functional in terms of catalyzing NAD
formation in vivo via the amidated pathway. The reason that YJE003-11B4 failed to
grow on an SOB agar plate might be attributable to the relatively low catalytic
efficiency of 11B4. Indeed, the 11B4 mutant had a kcat value for NMN that was about
5.5-fold lower than that of the 16D8 mutant. When supplemented with external NMN,
YJE003-11B4 grew well, suggesting that a higher cellular NMN level was required for
this less-efficient mutant to make enough NAD for cell survival. In order to clarify the
function of 16D8 in vivo, we compared the cell growth profiles of the prototrophic
BW25113 strain and YJE003-16D8 in M9 medium with glucose as the sole carbon source

FIG 4 Homology models of complexes of the wild-type NaMNAT and mutants with NAD. (A) 11B4
(Y84V/Y118D). (B) 16D8 (A86W/Y118N). (C) Wild type of NadD. Structure modeling were generated using
the Swiss-model server and the wild type of NadD (PDB ID: 1K4M) as the template. The protein structures
are shown in cartoon mode, and the substrate and the residues are shown in stick mode.
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as well as with complex LB medium (Fig. 5B and C and Table 2). In LB medium, the lag
phase of YJE003-16D8 was slightly longer than that of BW25113; however, there were
no significant differences in terms of specific-growth rates. It was found that both
BW25113 and YJE003-16D8 had a significantly longer lag phase (4.20 � 0.08 h and
4.33 � 0.04 h, respectively) in M9 medium and that YJE003-16D8 grew at a lower
specific-growth rate (0.52 � 0.01 h�1) than the wild-type strain (0.78 � 0.02 h�1),
suggesting that the amidated NAD pathway remained inferior to the native deami-
nated pathway in terms of supporting cell propagation. Interestingly, the biomass yield
of YJE003-16D8 was higher than that of BW25113. In terms of the total NAD(H) level,
YJE003-16D8 had 64% (P value, 0.007) more NAD(H) than the wild-type strain at the
stationary phase in LB medium, while in M9 medium there was only slightly more
NAD(H) found in YJE003-16D8 (Fig. 5D and E). Overall, these results indicated that the
16D8-mediated amidated pathway could function as the native deamidated pathway
for cell survival under different environmental conditions.

DISCUSSION

In canonical de novo NAD biosynthesis, NaMN is adenylylated by NadD to form
NaAD and is then amidated by NadE. In many bacteria, NadD also has residual activity

FIG 5 Growth profiles and NAD(H) levels of different E. coli strains. (A) Growth of YJE003-NadD,
YJE003-11B4, and YJE003-16D8 on SOB agar plates. About 1 � 109 cells were suspended in 1 ml SOB
agar, and 3 �l of aliquots at dilutions from 10�1 to 10�6 were spotted on SOB agar plates supplemented
with appropriate antibiotics and IPTG. (B and C) Growth curves of E. coli BW25113 (�) and YJE003-16D8
(�) in LB (B) and M9 (C) medium at 37°C with an initial OD600 of 0.05. (D and E) Intracellular NAD(H) level
and the ratio of NAD to NADH of BW25113 and YJE003-16D8 in LB (D) and M9 (E) medium in the
stationary phase, respectively. Error bars represent the standard deviations of results from three inde-
pendent cultures. c, concentration.

TABLE 2 Growth profile comparison between E. coli BW25113 and YJE003-16D8 cellsa

Parameter

Value(s) for indicated strain in:

LB M9

BW25113 YJE003-16D8 P value BW25113 YJE003-16D8 P value

DCW (g/liter) 1.43 � 0.02 1.42 � 0.02 0.19 1.19 � 0.00 1.65 � 0.06 2.6 � 10�5

Biomass yield (g/g) NA NA NA 0.30 � 0.00 0.41 � 0.02 0.01
Lag phase (h) 0.18 � 0.05 0.26 � 0.03 0.02 4.20 � 0.08 4.33 � 0.04 0.03
Growth rate (h�1) 1.78 � 0.29 1.67 � 0.03 0.29 0.78 � 0.02 0.52 � 0.01 8.7 � 10�6

aDCW, dry cell weight; NA, not available.
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to adenylylate NMN for direct NAD synthesis. In E. coli, NadD strongly favors NaMN over
NMN (9), but the molecular basis for such a substrate preference remains unclear. On
the basis of structural data from the NadD-NaAD complex, we suggested that six amino
acid residues might have major roles in substrate recognition. We constructed double-
site saturation mutagenesis libraries and screened them by using a malic enzyme-
coupled colorimetric assay. After two rounds of screening and further verification, two
mutants, 11B4 (Y84V/Y118D) and 16D8 (A86S/Y118N), were identified with high activity
with respect to synthesizing NAD with NMN and ATP. These results suggested that
mutations at position 84, 86, and 118 had changed the substrate specificity and
catalytic efficiency.

Our previous study showed that E. coli YJE003, which had its deamidated NAD
biosynthetic pathway blocked due to nadE deletion, was unviable without NAD sup-
plementation (10). The results suggested that NadD and NadR could not use intracel-
lular NMN to produce enough NAD via the amidated pathway under physiological
conditions (Fig. 1A), albeit both NadD and NadR showed inherent NMN adenylyltrans-
ferase activity in vitro (9, 19). Here, YJE003-NadD with multiple copies of the nadD gene
remained unable to grow on a nutrient-rich SOB agar plate even with exogenous NMN
supplementation, further confirming that the endogenous amidated pathway was
insufficient for cellular NAD demands. Interestingly, expression of the 16D8 mutant in
YJE003 facilitated cell growth in both complex medium and minimal medium, indicat-
ing that the significantly higher activity of NAD production was achieved via conden-
sation of NMN and ATP, i.e., the amidated pathway. It is worth mentioning that
YJE003-16D8 restored vitality to the same extent as prototrophic strain BW25113 in LB
medium. Thus, the amidated pathway was engineered to full activity to maintain cell
growth without a functional deamidated process.

It has been known that NAD homeostasis is tightly regulated by NadR via transcrip-
tional repression of nadA, nadB, and pncB and by inhibiting NMN transportation when
cellular NAD(H) is in excess (19). It has been demonstrated that overexpression of pncB
under the control of a mutated promoter to prevent binding of the repressor NadR
could lead to a 2-fold increase in the total NAD(H) level and to a 30%-higher NAD(H)
level when pncB is under the control of the native promoter (3). Surprisingly, at the
stationary phase of growth, E. coli YJE003-16D8 had a higher NAD(H) level than
BW25113, suggesting that the engineered amidated NAD pathway was more effective
than the native deamidated pathway for NAD biosynthesis. One possible reason is that
the new pathway might escape from feedback inhibition.

The 16D8 mutant also enabled cell survival in the presence of external NMN,
indicating that NMN played vital roles in cell survival. This is consistent with the
phenomenon that YJE003-16D8 can synthesize NAD solely via the amidated pathway
using NMN as the immediate precursor for survival. These observations are puzzling as
our current knowledge suggests that NAD homeostasis cannot be maintained by de
novo NMN formation in E. coli (Fig. 1A). While de novo formation of NaMN and NA
remains active in YJE003-16D8, no enzymes capable of converting NaMN to NMN, or NA
to Nm, have been characterized previously. It is known that PncC-catalyzed deamina-
tion of NMN is irreversible (19, 20) in E. coli, but whether PncA could catalyze the
reversible reaction, namely, amidation of NA to Nm (21), is unclear. Nonetheless, we
assume that amidation of either NaMM or NA by an elusive enzyme(s) occurs in
YJE003-16D8 and leads to fueling of the amidated pathway with precursors from de
novo NAD biosynthesis. It will be interesting to look into this issue in a future study.

In summary, we devised E. coli NadD mutants to use NMN as the favored substrate
and achieved a fully active amidated pathway for NAD biosynthesis. The information is
valuable for manipulation of cellular NAD metabolism and for further exploration of the
substrate specificity of other examples of NMNAT for synthesis of cofactor analogs.

MATERIALS AND METHODS
General procedures. FastPfu DNA polymerase was purchased from Transgen (Shanghai, China).

PrimeSTAR HS DNA polymerase and DpnI were purchased from TaKaRa (Dalian, China). NMN, NaMN,
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alcohol dehydrogenase (ADH II), phenazine methosulfate (PMS), nitroblue tetrazolium (NBT), phenazine
ethosulfate (PES), methylthiazolyldiphenyl-tetrazolium bromide (MTT), and isopropyl-�-thiogalactoside
(IPTG) were purchased from Sigma-Aldrich (St. Louis, MO, USA). ATP, kanamycin, and lysozyme were
purchased from Sangon Biotech (Shanghai, China). The strains and plasmids that we used are listed in
Table 3. Primers (Table 4) were synthesized by Sangon Biotech (Shanghai, China). Red fluorescent protein
(RFP) gene (22) rfp was synthesized by Synbio-tech (Suzhou, China).

Plasmid construction. A restriction-free cloning method (23) was used for plasmid construction.
The original pUC-RFP plasmid was constructed by simultaneously replacing the ampicillin resistance

gene and �-peptide gene with the kanamycin resistance gene from pKD4 and rfp in pUC18, respectively.
The kanamycin resistance gene was amplified by primers pUC-RFP-s and pUC-RFP-a, while the rfp gene
was amplified by Kan-F and Kan-R.

The NadD-RFP fusion expression plasmid was constructed by inserting the nadD gene and the DNA
fragment GGAGGAGGATCA coding for a GGGS linker between the lac promoter and the rfp gene in
pUC-RFP vector. Briefly, the nadD gene was amplified from the genomic DNA of BL21(DE3) by using
primers pUR-nadD-s and pUR-nadD-a. The gel-purified products were used as megaprimer, and plasmid
pUC-RFP was used as the template for linear amplification. After DpnI digestion, the PCR products were
transformed into electroporation-competent DH10b cells. The translation product of the resulting

TABLE 3 Strains and plasmids used in this study

Strain or
plasmid Genotype or characteristic

Source or
reference

E. coli strains
DH10b F� endA1 deoR recA1 galE15 galK16 nupG rpsLΔ(lac)X74 �80lacZΔM15 araD139

Δ(ara leu)7697 mcrA Δ(mrr-hsdRMS-mcrBC) Strra ��

Invitrogen

BL21(DE3) F� dcm ompT hsdS(rB
�, mB

�) �(DE3) Novagen
BW25113 rrnB3 ΔlacZ4787 hsdR514 Δ(araBAD)567 Δ(rhaBAD)568 rph-1 CGSC
YJE003 BW25113/pET-15K-NTT4/nadE::cat 10
YJE003-NadD YJE003, pA-NadD This study
YJE003-11B4 YJE003, pA-NadD-11B4 This study
YJE003-16D8 YJE003, pA-NadD-16D8 This study

Plasmids
pUC18 lacZ, pBR322 ori, bla, cloning vector TaKaRa
pUC-RFP pUC18 with lacZ replaced by rfp gene, bla::kan This study
pUR-NadD pK with lacZ replaced by nadD-rfp fusion gene This study
pUC-NadE pK with lacZ replaced by nadE gene This study
pUC-NadD pK with lacZ replaced by nadD gene This study
pA-NadD pUC18 with lacZ replaced by nadD gene This study
pA-NadD-11B4 pUC18 with lacZ replaced by nadD-11B4 gene This study
pA-NadD-16D8 pUC18 with lacZ replaced by nadD-16D8 gene This study

aStrr, streptomycin resistance.

TABLE 4 Oligonucleotide primers used in this study

Primer name Primer sequence (5=¡3=)a

pUC-RFP-s ggataacaatttcacacaggaaacaCATATGGCTTCCTCCGAAGACGTTATC
pUC-RFP-a gtgtcggggctggcttaatcaGTGGTGGTGGTGGTGGTGAGCACCGGTGGAGTGAC

GACCTTC
Kan-F aatacattcaaatatgtatccgctcatgAGAATAGGAACTTCGGAATAGG
Kan-R agattatcaaaaaggatcttcaccTAGATCGAACTTCAGAGCGCTTTTG
pUR-nadD-s ggataacaatttcacacaggaaacaCATATGAAATCTTTACAGGCTCTGTTTGG
pUR-nadD-a ctttgataacgtcttcggaggaagccatTGATCCTCCTCCGCGATACAAGCCTTGTTGG
pUC-nadE-s ggataacaatttcacacaggaaacaCATATGACATTGCAACAACAAATAATAAAGG
pUC-nadE-a gctggcttaatcagtggtggtggtggtggtgCTTTTTCCAGAAATCATCGAAAACG
NadD-H45X-s ggtcacaatcatccctaataatgttcctccgNNKcgtccccagccggaagcgaacagc
NadD-Y84X-s gctaaagcgcaatgccccctctNNKactgcgcaaacactgaaagagtgg
NadD-T85X-s gctaaagcgcaatgccccctcttacNNKgcgcaaacactgaaagagtgg
NadD-A86X-s gctaaagcgcaatgccccctcttacactNNKcaaacactgaaagagtggcggcagg
NadD-T85XA86X-s gctaaagcgcaatgccccctcttacNNKNNKcaaacactgaaagagtgg
NadD-P82X-a ccactctttcagtgtttgcgcagtgtaagaMNNggcattgcgctttagctcg
NadD-T85X-a ccactctttcagtgtttgcgcMNNgtaagagggggcattgcgctttagctcg
NadD-Y118X-a gcattgtcgagtatcgtttcgtattcMNNccaggtcggaaaggtcagcagtgaatcc
NadD-P82XY84X-s cgagctaaagcgcaatgccNNKtctNNKactgcgcaaacactgaaagagtgg
RFP-deletion-a gcttaatcagtggtggtggtggtggtgGCGATACAAGCCTTGTTGG
pUC-D cgtttcggtgatgacggtg
aUnderlining indicates the target sites for mutation; lowercase indicates homology regions.
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plasmid would be a fusion protein (NadD-RFP) with a GGGS linker between the two domains and a His6

tag in the C terminus.
The NAD synthetase NadE expression plasmid was constructed by replacing nadE with rfp in plasmid

pUC-RFP. Briefly, the nadE gene was amplified from BL21(DE3) genomic DNA by the use of primers
pUC-nadE-s and pUC-nadE-a. The gel-purified products were inserted into pUC-RFP. The PCR products
present after DpnI digestion were transformed into DH10b. The resulting expression vector was termed
pUC-NadE.

The NadD and mutant expression plasmids without RFP were constructed by deleting the rfp open
reading frame in their corresponding RFP fusion plasmids. Briefly, primer pair pUR-NadD-s/RFP-deletion-a
was used to amplify nadD and the mutant gene without the rfp gene. The purified fragments were then
used as a megaprimer, and their parental plasmids were used as the templates. The PCR products were
digested with DpnI and transformed into DH10b. The resulting plasmids could produce NadD and
mutant protein with a 6-histidine tag at the carboxy terminus.

For complementation experiments, the NadD and mutant expression plasmids were constructed by
inserting nadD and the mutant gene into pUC18. Briefly, primer pair pUR-NadD-s/pUC-D was used to
amplify the nadD, nadD-11B4, and nadD-16D8 genes and then the purified fragments were subcloned
into pUC18. The PCR products were digested with DpnI and transformed into DH10b. The correct vectors
harboring ampicillin resistance were designated pA-NadD, pA-NadD-11B4, and pA-NadD-16D8.

Site saturation mutagenesis. Double-site saturation mutant libraries were constructed by the use
of degenerated primers as described previously (24). The target amino acids were coded by NNK
(forward; N, adenine/cytosine/guanine/thymine; K, guanine/thymine) and MNN (reverse; M, adenine/
cytosine). The pUR-NadD plasmid was used as the template. Target residues and the degenerate primers
are listed in Table 1. The mutant fragments were cloned into pUR-NadD. The PCR products were treated
with DpnI to digest the methylated parental plasmid and were transformed into the electrocompetent
DH10b cells.

Library screening. A total of 2,000 individual colonies from each library were picked up and
inoculated in 200 �l LB medium containing tryptone (10 g/liter), yeast extract (5 g/liter), NaCl (10 g/liter),
kanamycin (50 �g/ml), and 0.2 mM IPTG in 96-well deep plates. The cultures were grown at 30°C and 200
rpm for 72 h. Cells were harvested by centrifugation at 2,100 � g for 15 min. The pellets were
resuspended and lysed with 50 �l lysis buffer containing 50 mM HEPES (pH 7.5), 1% (vol/vol) Triton
X-100, and lysozyme (1 mg/ml) at 37°C for 2 h. The supernatant containing soluble crude enzyme was
collected by centrifugation as described above.

A colorimetric high-throughput assay was employed for the initial screening of the mutant libraries.
Briefly, a volume of 50 �l of a substrate mixture containing 5 mM MnCl2, 10 mM MgCl2, 2 mM ATP, 10
�l crude enzyme, and 50 mM HEPES (pH 7.5) was shaken at 37°C and 200 rpm for 2 h. Then, a volume
of 10 �l of a dye mixture containing 5 mM MnCl2, 10 mM MgCl2, 30 mM L-malate, 0.15 mM PMS, 0.6 mM
NBT, 50 mM HEPES (pH 7.5), and 0.06 U purified malic enzyme (25) was added and incubated at room
temperature for 1 h. The accumulation of formazan crystals, which are formed by the reduction of NBT
(26), was visually examined.

Confirmatory screening was carried out to further confirm the activity of the suspected mutants. The
colonies were grown in a volume of 2.5 ml LB medium supplemented with kanamycin (50 �g/ml) and
0.2 mM IPTG in 24-well deep plates. The plates were shaken at 30°C for 48 h. The cell pellets present after
centrifugation were resuspended with 300 �l lysis buffer, and 100 �l supernatant was incubated with 300
�l of the substrate mixture at 37°C and 200 rpm for 2 h. The detection method was the same as that used
for the initial screening.

Crude enzyme activities were measured by an endpoint assay. The strains were cultured and induced
in 5 ml LB, and the cell pellets were treated with 500 �l cell lysis buffer. We added 100 �l of crude
enzyme into 300 �l of a substrate mixture containing 100 �M NMN and 2 mM ATP, and the mixture was
maintained for 2 h at 37°C. The reaction was quenched by adding an equal volume of chloroform. After
centrifugation at 14,200 � g for 15 min, we transferred 45 �l of supernatant into 100 �l of dye mixture
containing 5 mM MnCl2, 10 mM MgCl2, 5 mM L-malate, 0.4 mM PES, 1 mM MTT, 0.8 U purified malic
enzyme, and 50 mM HEPES (pH 7.5). The absorbance at 570 nm was monitored at room temperature with
a PowerWave XS universal microplate spectrophotometer (Bio-Tek Instruments Inc., USA).

To validate the mutant sites, plasmids from the positive hits were extracted and sequenced by
Sangon Biotech (Shanghai, China).

Protein expression and purification. Cells were grown in LB medium containing kanamycin (50
�g/ml) at 37°C until an optical density at 600 nm (OD600) of 0.6 was reached. The culture was then
supplemented with 0.2 mM IPTG and incubated at 30°C for 16 h. Cells were collected by centrifugation
at 11,300 � g for 10 min and resuspended in Native binding buffer (50 mM NaH2PO4, 0.5 M NaCl, 10 mM
imidazole, pH 8.0) and sonicated. The supernatant present after centrifugation at 21,800 � g for 30 min
was loaded onto a nickel-nitrilotriacetic acid (Ni-NTA) column. The column was washed with Native
washing buffer (50 mM NaH2PO4, 0.5 M NaCl, 40 mM imidazole, pH 8.0), and the target protein was then
eluted with Native elution buffer (50 mM NaH2PO4, 0.5 M NaCl, 250 mM imidazole, pH 8.0). Imidazole was
removed, and the buffer was replaced with protein storage buffer containing 50 mM Tris (pH 7.5), 50 mM
NaCl, and 5% (vol/vol) glycerol. The concentration of the purified protein was determined using the
Bradford method (27) with bovine serum albumin as the standard.

Enzyme activity assay. Purified-enzyme activity was evaluated by a continuous optical method.
Standard reaction mixtures (100 �l) contained 5 mM MnCl2, 10 mM MgCl2, 100 �M NMN, 2 mM ATP, 10
mM L-malate, 0.4 mM PES, 1 mM MTT, 1 U purified malic enzyme, 0.1 to 0.5 mg mutant enzyme, and 50
mM HEPES (pH 7.5). The absorbance at 570 nm was monitored as described above.
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Kinetic characterization. Levels of NaMN and NMN adenylyltransferase activity were measured by
coupling performed with alcohol dehydrogenase, reducing NAD to NADH as described previously (28)
with slight modifications. A reduced volume of 150 �l assay mixture contained 4 mM ATP, 10 mM MgCl2,
45.8 mM ethanol, 7.06 U/ml alcohol dehydrogenase, approximately 100 to 8,000 �M NMN, and 100 mM
Tris (pH 8.0). To evaluate the NaMN-specific activity, the reaction mixture was also supplemented with
10 mM NH4Cl and an excess of NadE from BL21(DE3). The reaction was started by adding purified enzyme
at levels of from 0.3 to 3 �g and was monitored by the change in UV absorbance at 340 nm using a
spectrophotometer at 25°C. The kinetic data were determined from a Lineweaver-Burk plot.

Structural modeling. The three-dimensional structures of NadD mutants 11B4 and 16D8 were
generated computationally by the Swiss model server (29) (https://swissmodel.expasy.org/). The crystal
structure of wild-type NadD (PDB ID: 1K4M) was used as the template.

In vivo functional evaluation. E. coli YJE003 electrocompetent cells were transformed separately
using plasmid pUC18, plasmid pA-NadD-WT, plasmid pA-NadD-11B4, or plasmid pA-NadD-16D8. The
transformants were cultured in SOB medium containing tryptone (2 g/liter), yeast extract (0.5 g/liter),
NaCl (0.05 g/liter), 2.5 mM KCl, 10 mM MgCl2, kanamycin (50 �g/ml), ampicillin (100 �g/ml), chloromy-
cetin (34 �g/ml), 0.1 mM IPTG, and 0.5 mM NAD at 37°C and 200 rpm for 14 h. About 1 � 109 cells were
collected and washed thrice using 1 ml of SOB medium and then resuspended in 1 ml of SOB medium.
A 3-�l volume of dilutions from 10�1 to 10�6 was spotted on the corresponding SOB agar plates
containing kanamycin (50 �g/ml), chloromycetin (34 �g/ml), ampicillin (100 �g/ml), and 0.1 mM IPTG.
The plates were cultured at 37°C for 14 h.

To determine the growth curve of the strains, the cells were cultured overnight and then collected
and washed thrice with 1 ml of synthetic M9 medium containing glucose (4 g/liter), NaCl (0.5 g/liter),
NH4Cl (1 g/liter), 42 mM Na2HPO4, 22 mM KH2PO4, 2 mM MgSO4, and 0.1 mM CaCl2 and were then
inoculated into 50 ml of M9 medium with an initial OD600 of 0.025 and cultivated at 37°C and 200 rpm.
The absorbance at 600 nm was measured every 2 h. The specific-growth rate and lag-phase data were
estimated from absorbance growth curves using the modified Gompertz model as described previously
(30). The P values were calculated by the independent-sample t test.

Intracellular NAD(H) was extracted, and levels were determined by using alcohol dehydrogenase-
linked assays as described previously (31).
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