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Understanding how antibiotic-producing bacteria deal with highly
reactive chemicals will ultimately guide therapeutic strategies to
combat the increasing clinical resistance crisis. Here, we uncovered
a distinctive self-defense strategy featured by a secreted oxidore-
ductase NapU to perform extracellularly oxidative activation and
conditionally overoxidative inactivation of a matured prodrug in
naphthyridinomycin (NDM) biosynthesis from Streptomyces lusita-
nus NRRL 8034. It was suggested that formation of NDM first in-
volves a nonribosomal peptide synthetase assembly line to generate
a prodrug. After exclusion and prodrug maturation, we identified a
pharmacophore-inactivated intermediate, which required reactivation
by NapU via oxidative C-H bond functionalization extracellularly to
afford NDM. Beyond that, NapU could further oxidatively inactivate
the NDM pharmacophore to avoid self-cytotoxicity if they coexist
longer than necessary. This discovery represents an amalgamation
of sophisticatedly temporal and spatial shielding mode conferring
self-resistance in antibiotic biosynthesis from Gram-positive bacteria.

self-protection | secreted enzyme | tetrahydroisoquinoline alkaloids |
warhead | natural product biosynthesis

Antibiotic resistance has sparked extraordinary concerns be-
cause it is becoming one of the major crises for global

health, which calls for not only the perpetual generation of new
antibiotics but also detailed understanding of resistance mecha-
nisms (1–3). In general, antibiotic modification, target modifi-
cation or duplication, and antibiotic efflux are canonical strategies
coevolved with the biosynthetic capabilities by antibiotic-producing
microbes (4, 5). Similarly, such detoxification strategies have also
been exploited by antibiotic-resistant strain of pathogenic bacteria
presumptively via resistance gene transfer (6, 7). In rare cases, some
special mechanisms, exemplified by self-sacrifice resistance proteins
and a damaged base excision repair system, have been found in the
biosynthesis of DNA-targeting antibiotics, calicheamicin and yata-
kemycin, respectively, for self-protection (8, 9). Recently, a prodrug
activation strategy, in which an N-terminal capped prepeptide is
biogenerated and undergoes a final, enzyme-hydrolytic cap-removing
step during or following export, is identified in the biosynthesis of
some nonribosomal peptides to avoid self-destruction of the pro-
ducers (10). Therefore, elucidation of more underlying self-resistance
mechanisms from the antibiotic biosynthetic gene clusters will not
only direct the discovery of microbial natural products with biological
activities (11–14), but also provide key clues for target identification
and mode of action/resistance studies of these compounds (14–16).
Naphthyridinomycin (NDM, 1) and cyanocycline (2, Fig. 1A), iso-

lated from Streptomyces, belong to a family of tetrahydroisoquinoline
(THIQ) alkaloids and exhibit strong antitumor and antimicrobial
activities, extraordinarily effective against Gram-positive bacteria,
even methicillin-resistant Staphylococcus aureus (17, 18). Their
biological activities are originated from the highly functionalized
hexacyclic framework, especially the labile hemiaminal functional
group in C ring. The elimination of C-7 hydroxyl or cyano group

results in formation of a highly reactive, electrophilic iminium
species 3, which can efficiently alkylate DNA at the N-2 residue of
guanine in the GC-rich region located in the minor groove (Fig.
1A) (18). Recently, biosynthetic studies of NDM have established
a nonribosomal peptide synthetase (NRPS) platform that features
not only using nonproteinogenic amino acid building blocks as
precursors but also employing a leader peptide/prodrug acti-
vation mechanism (19–22). In this model, prodrug 4 was sug-
gested, which underwent hydrolytic cap removal by a membrane
protease NapG following export to yield the end product 1 (Fig. 1B).
Preceding studies have assigned the functions of most genes in the
biosynthetic gene cluster. However, napU, encoding a FAD-binding
oxidoreductase, originally proposed as a tailoring enzyme, seems not
necessary for the biosynthesis. Herein, we uncover a cryptically
physiological role of this enzyme. It catalyzes an extracellular C-H
bond functionalization for oxidative activation and overoxidative
inactivation of the NDM matured prodrug, which constitutes a dis-
tinctively noncanonical self-resistance strategy to protect the pro-
ducers from self-harm during the whole biosynthetic process.

Results
Genetic Investigation of napU Revealing Its Essential Role in NDM
Biosynthesis. Our initial effort to explore the relationship be-
tween napU and NDM biosynthesis was first performed by in-
activation of this gene in vivo (SI Appendix, Fig. S1). This gene
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replacement mutant strain did not produce NDM anymore but
generated two metabolites showing an [M+H]+ ion with m/z of
402 (5) and 388 (6) respectively; and gene complementation of
this mutant could restore the production of NDM (Fig. 2 A, II
and III). Afterward, this mutant was further fermented, the
compounds were isolated, and their structures were elucidated
by NMR analysis and compared with NDM (SI Appendix, Figs.
S2 and S3 and Table S3): The C-7 hydroxyl group of NDM is lost
in compound 5; meanwhile, the N-methyl group is also missing in
compound 6 (Fig. 2B).
The isolation of C-7 dehydroxyl analogs from the ΔnapU mutant

suggests that NapU is involved in NDM biosynthesis and possibly
catalyzes the hydroxylation of C-7 using 5 as a substrate. Given that
the hemiaminal structure is the key active pharmacophore, the
disappearance of C-7 functional group likely means loss of the
DNA alkylating activity. As expected, compound 5 shows no anti-
bacterial activity when Escherichia coli is used as the test strain (Fig.
2D and SI Appendix, Fig. S4). Therefore, we surmise that the in-
stallation of a hydroxyl group at C-7 position is probably catalyzed
by NapU, which may regenerate the pharmacophore and likely
occurs as the final step in NDM biosynthesis.

Biochemical Characterization of NapU as a Secreted Flavoprotein.
NapU bears conserved residues (i.e., the invariant His and
Cys) for the covalent binding of FAD, as well as a berberine
bridge enzyme domain (SI Appendix, Fig. S5). It exhibits high
sequence similarity to TamL (46% identity) and AknOx (47%
identity), which catalyze two-electron oxidation of hydroxyl to
ketone and four-electron oxidation of rhodinose to L-aculose,
respectively (23, 24). To further investigate the enzymatic func-
tion, the recombinant NapU was purified as a C-His8–tagged

fusion protein from E. coli, which exhibits a yellow color and
displays a UV-Vis absorption spectrum consistent with typical
flavoproteins (SI Appendix, Fig. S6), but surprisingly affords two
bands in SDS/PAGE analysis (Fig. 3A). Further bioinformatic
analysis shows that NapU contains a 34-amino acid, N-terminal
signal peptide sequence (SI Appendix, Fig. S5), which belongs to
the twin-arginine translocation (Tat) signal peptides with con-
served RR—AXA/G (25). Previous studies have established that
the Tat system is a major and general route of protein export in
S. coelicolor (26). Additionally, we recently identified a secreted
oxidoreductase SfmCy2 bearing a similar Tat signal peptide, which
catalyzes an oxidative deamination extracellularly in saframycin A
biosynthesis from S. lavendulae (27). These collective evidences
facilitate us to speculate that: (i) NapU might be a secreted oxi-
dase to catalyze an extracellular hydroxylation reaction; (ii) the
two bands in SDS/PAGE should be the full and N signal-cleaved
variants. To verify these hypotheses, napU was cloned into a
Streptomyces-E. coli shuttle vector under the control of thiostrepton-
inducible promoter and then expressed in S. lividans 1326. After
induction, the cultures were centrifuged to remove the cells and the
resulting supernatants were incubated with Ni-NTA affinity resin
for purifying the secreted C-terminal His-tagged fusion proteins,
which indeed yields only one band by SDS/PAGE analysis (Fig.
3A). Importantly, the N-terminal amino acid analysis gave an A-G-
K-N-T sequence (SI Appendix, Fig. S7), which unequivocally proved
the signal peptide was actually cleaved between Ala-34 and Ala-35.
We therefore expressed another truncated variant of this enzyme in
E. coli by deletion of the N-terminal signal peptide sequence, the
resulting protein indeed showed one band as the same as that pu-
rified from supernatants of S. lividans (Fig. 3A). Taken together, we
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Fig. 1. Activation and biosynthesis of NDM. (A) Proposed mechanism of DNA alkylation. (B) Previously suggested biosynthetic pathway of NDM. (C) The
revised pathway including extracellular activation and overoxidative inactivation catalyzed by NapU in NDM biosynthesis.
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conclude that NapU is a secreted flavoenzyme and likely conducts
an extracellular reaction.

Biochemical Elucidation of NapU-Catalyzed Reactions. With recombi-
nant NapU in hand, we next set out to test the hydroxylation re-
action using compound 5 as a substrate. We found that 5 could be
efficiently converted into NDM (1) by LC-MS analysis, which was
further confirmed by derivation using potassium cyanide to give 2
(Fig. 3B). Interestingly, this enzymatic reaction yielded another
product 7 with the elongation of reaction time (Fig. 3B). Further
investigation of the time-course reaction showed that NapU com-
pletely transformed 5 into 1 in 10 min; subsequently, this enzyme
continued to catalyze another reaction using 1 as substrate to afford
another product 7 with a decreased molecular mass by 2 Da less
than 1 (Fig. 3C). Inspired by this observation, we are wondering
whether the similar biotransformation occurs in vivo during the
biosynthetic process. Indeed, the titer of 1 was decreased, and
meantime 7 was increased with the extension of fermentation time;
1 was converted to 7 almost completely after the fermentation
lasting up to 7 d (Fig. 2C). Despite instability, 7 was further isolated
and elucidated by NMR and compared with compound 2 (SI Ap-
pendix, Fig. S8 and Table S3), in which the C-7 hydroxyl group is
further oxidized into ketone group (Fig. 2B). Intriguingly, this fur-
ther overoxidation by NapU suggests the pharmacophore is inacti-
vated again. Subsequent biological activity assay indeed showed that
compound 7 also lost its antibacterial activity compared with 1 (Fig.
2D and SI Appendix, Fig. S4). Enzymatic kinetics analyses indicated
that NapU exhibits higher catalytic efficiency for the conversion of 5
to 1 (kcat/KM = 1.43 × 104 M−1·s−1) than that of 1 to 7 (kcat/KM =
36.48 M−1·s−1) as well as higher substrate affinity toward 5 [KM
(5) = 48.89 ± 6.02 μM, KM (1) = 82.23 ± 5.06 μM] (SI Appendix,
Fig. S9). These kinetic properties suggest that NapU functions as a

biosynthetic role to catalyze the oxidation of 5 to 1, as well as an
antibiotic resistance protein to perform detoxification by over-
oxidation of 1 when accumulating too much before diffusing in case
of self-harmness.
Collectively, we now have illustrated that NapU not only cata-

lyzes the hydroxylation of 5 to give NDM, but it also could further
mediate a four-electron oxidation of 5 into 7 (Fig. 1C). The first
two-electron oxidative C-H bond functionalization step possibly
proceeds through the reactive iminium intermediate 3. Therefore,
following the well-studied TamL and AknOx (23, 24), we proposed
an enzymatic mechanism: hydride transfer from C-7 to the covalent
8α-histidyl-6-S-cysteinyl-FAD results in formation of intermediate
3; subsequently, H2O as a nucleophilic reagent, which may be ac-
tivated by Tyr184 and Tyr486 (multiple sequence alignment shows
they may serve as active sites, see SI Appendix, Fig. S10), attacks the
iminium group to form 1; another round of oxidation affords the
ketone compound 7 (Fig. 4A). The subsequent site-directed muta-
tion studies confirmed that these amino acid residues are critical for
the enzymatic activity: Either of the mutant H110A or C170A, both
of which are conserved for FAD covalent binding, completely lost
the biological activity, while the Y184F or Y486F mutant dramat-
ically reduced reaction efficiency of both steps (SI Appendix, Fig.
S10). Then we performed this enzyme reaction in H2

18O buffer.
The final enzymatic product 7 exhibited an additional increase in
molecular mass by 2 Da compared with that formed in H2

16O buffer
(Fig. 4B). Therefore, these data provided validation that the ketone
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Fig. 2. Genetic characterization of napU in NDM biosynthesis. (A) Genetic
investigation of napU in vivo. HPLC analysis with UV detected at 270 nm S.
lusitanus NRRL 8034 (WT) (I); mutant S. lusitanus ΔnapU (II); complementary
mutant S. lusitanus ΔnapU::napU (III). (B) Chemical structures of new NDM
analogs. (C) Analysis of the metabolites produced byWT strain with different
fermentation time. (D) Antibacterial activity of NDM (1) and new analogs (5 and
7) using E. coli DH5α as assay strain cultured in liquid media.
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Fig. 3. Biochemical characterization of FAD-binding oxidoreductase NapU
in vitro. (A) SDS/PAGE (12%) analysis of the recombinant C-His8–tagged
NapU. Lane 1, protein marker; lane 2, full length of NapU purified from S.
lividans 1326; lane 3, truncated NapU by removing the N-terminal signal
peptide purified from E. coli BL21(DE3); lane 4, full length of NapU purified
from E. coli BL21(DE3). (B) HPLC analysis of NapU-catalyzed reaction: mixture
of 1, 5, and 7 (I); control reaction with heat-inactivated NapU (II); full re-
action for 10 min (III); reaction for 3 h (IV); derivation of reaction product
(10 min) by KCN (V); standard of 2 (VI). (C) HPLC analysis of NapU-mediated
reaction using 5 as substrate with different reaction time.
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oxygen atom originates from H2O, which supports our proposed
mechanism.

Extension of the Biosynthetic Pathway and Establishment of the
Cryptic Self-Resistance Model. The biosynthetic gene cluster en-
codes a homolog of major facilitator subfamily transporter
(NapR4) and a UV-repair protein NapR1, both of which were
assumed to confer self-resistance (20). Herein, combining ge-
netic characterization and biological investigation, we discovered
a cryptic self-defense strategy during the biosynthesis of NDM in
S. lusitanus NRRL 8034. This specific self-defense strategy was
evolved by integrating with the pathway to ensure the survival of
S. lusitanus during NDM biosynthesis, which includes a key tai-
loring step via oxidative reactivation of a warhead-blocked in-
termediate occurring outside the cells. A fully modified and
harmless prodrug 4′ is first generated by NRPSs, followed by
tailoring enzymes in the cytoplasm. Next, 4′ is pumped out of
cells and maturated through the hydrolysis of the ester bond to
remove the N-terminal peptides by a membrane-located pepti-
dase NapG to yield 5. Finally, the matured but still inactivated
intermediate 5 will be reactivated via extracellularly oxidative C-
H bond functionalization catalyzed by secreted oxidase NapU to
afford NDM (Fig. 1C). Once the activated antibiotic NDM ac-
cumulated long enough with NapU before it is effectively dif-
fused far away from the host cell, the enzyme will catalyze an
additional oxidation of the hemiaminal pharmacophore into an
inactive lactam derivative to avoid self-toxicity (Fig. 1C).
To support this proposed model, we next tested the effect of

NapU against 1 by heterologous expression of napU in E. coli
Rosetta (DE3) strains. The bacterial growth curve indicated that
in vivo NapU indeed confers better resistance to NDM (Fig. 5A).
Subsequently, we decided to probe whether the host-producing NapU
is secreted as an extracellular protein (predicted size: 55.0 kDa) in

a physiological condition using polyclonal antibody against the
recombinant truncated NapU (56.8 kDa). Western blot anal-
ysis of the supernatants shows that NapU was obviously pro-
duced from day 2 to day 7 under the fermentation conditions
(Fig. 5B). The supernatants were also collected and analyzed
by proteomic approach, which further confirmed that NapU is
secreted out of cells with the yield increased from day 1 to day
5 (Fig. 5C). Moreover, the relationship between the pro-
duction of extracellular NapU and compounds 1 with 7 were
monitored and summarized in Fig. 5C. Compound 1 was
produced slightly on the second day and the yield reached its
maximum value on the third day, then decreased from day 3
to day 7. The yield of compound 7 increased continuously
from day 3 to day 6 and decreased in day 7 because of its in-
stability. These data illuminated that the biotransformation
in vivo is consistent with that in vitro, and the timing of 1/7
production is well corresponding to the appearance of NapU
extracellularly. Additionally, we explored the in situ production
of these related metabolites by MALDI-TOF imaging MS (28–
30). We interrogated S. lusitanus colonies and monitored the
compounds 4′ and 1/3 over a time from 12 h to 5 d, albeit the
production on solid medium could not be detected by HPLC
analysis. The visualization of the chemical output strikingly
showed that the prodrug 4′ is generated during the early growth
phase, and this intermediate disappears with the emergence of
NDM by day 4 (Fig. 5D). Due to low production and instability
of 1 and 7, we could not detect their signals in day 5. The
temporal and spatial distribution of the related intermediates is
consistent with the proposed model (Fig. 1C) in which the bio-
synthetic intermediate is indeed inactivated by deficiency of
warhead and the end product is reactivated finally.

A

B

Fig. 4. Enzymatic mechanism investigation of NapU-catalyzed reaction. (A) Proposed mechanism. (B) MS analysis of enzymatic products in H2
16O (I, control; II,

reaction) and H2
18O (III, control; IV, reaction) after 3 h.

Zhang et al. PNAS | October 30, 2018 | vol. 115 | no. 44 | 11235

BI
O
CH

EM
IS
TR

Y



Discussion
A particularly significant feature of this self-resistance mecha-
nism in NDM biosynthesis is the space-time shielding mode

employing oxidation reaction to handle a pharmacophore. In
fact, the cellular or subcellular trafficking models have been
occasionally adopted to biosynthesize natural products with dif-
ferent biological activity in multicellular eukaryotes, such as
plants and filamentous fungi (31, 32). In those cases, this traf-
ficking highway that compartmentalizes the biosynthetic steps
not only contributes to avoiding self-harm but also guarantees to
deliver specific compounds at the right time to the right tissue for
physiological requirement. However, the similar space-time
shielding pattern is seldom observed in bacteria. In the bio-
synthesis of some aminoglycoside and macrolide antibiotics,
phosphorylation and glycosylation of compounds have been
evaluated for host cell immunity, and final products are activated
during or following export by dephosphorylation and deglyco-
sylation via hydrolysis (5, 33). These simple metabolic shielding
strategies are basically similar to the recently characterized prodrug
maturation pathway involved in some NRPS systems: The prodrug
bearing a protection group is employed to prevent binding to the
responding cellular target inside the cell. Moreover, these modifi-
cations are limited by group-transfer reactions and have never
touched the warhead. In addition, an enzyme-hydrolytic reaction is
used to remove the protection group during or after secretion,
which is the last step for the pathway. In the NDM pathway, the
producer has evolved a sophisticated space-time shielding mode
through adopting an extracellular oxidation reaction catalyzed by a
secreted oxidoreductase. Aside from atypical enzymatic steps be-
yond known group-transfer reactions, this self-resistance mechanism
is distinctive from other bacterial systems. Overall, this space-time
shielding pattern is highly hybrid with the prodrug NRPS system,
while the prepeptide seems essential to the NRPS-mediated reac-
tions and export, and not only contributes to the self-resistance.
Additionally, the prodrug maturation via hydrolysis during or fol-
lowing export is just one of the tailoring steps, which produce a fully
modified, but still inactive, intermediate out of the cell remaining to
be further activated. Finally, the extracellularly oxidative reaction
not only reinstalls the warhead back to the intermediate to afford
the final active antibiotic, but also contributes to balance the con-
centration of antibiotic around the host cell. More importantly, the
comprehensive, multilevel self-resistance system is consummately
integrated with the biosynthetic steps spatially, which might mini-
mize the potential damage caused by the endogenous antibiotics
and accurately control the efficiency of biosynthetic machinery.
In summary, we have discovered a distinctive self-resistance in

NDM biosynthesis representing an unprecedented amalgam-
ation of prodrug mechanism and space-time shielding mode in
Streptomyces. With the increasing demand to access new antibi-
otics and understand the antibiotic resistance, the biosynthetic
studies in antibiotic-producing microorganisms provide a reser-
voir for not only upgrading or mining antibiotics but also dis-
covering physiological antagonistic effects or self-resistance
mechanisms. Given the fact that THIQ antibiotics alkylate DNA
via the similar electrophilic iminium species (18), it will be in-
teresting to investigate whether such a resistance mechanism is
also employed in the biosynthesis of other members. Addition-
ally, considering the potentially clinical application of this family
of antibiotics (22, 34), understanding of the activation-inactivation
mechanism will be critical for dealing with the potentially clinical
resistance problems.

Materials and Methods
General materials, gene inactivation/complementation, fermentation, pro-
duction and analysis of NDM related intermediates, protein expression, and
purification are all following previous methods (19, 20, 27) except using
different plasmids, strains (SI Appendix, Table S1), and PCR primers (SI Ap-
pendix, Table S2). Additional SI includes three tables (SI Appendix, Tables S1–
S3) and 10 figures (SI Appendix, Figs. S1–S10).

Purification of Compound 5 and 6 from the ΔnapU Mutant. Four liters of fer-
mentation broth of S. lusitanus ΔnapU was filtered and extracted with
methylene chloride (4 L × 3 times), and the combined methylene chloride
extracts were evaporated under reduced pressure to afford the crude

A

B

C

D

Fig. 5. The function relationship between NapU and the NDM relative me-
tabolites in physiological conditions. (A) The effect of NapU against 1 using E. coli
Rosetta (DE3) harboring the expression plasmid pTG3035 or an empty vector as
test strains at 18 °C for 72 h. (B) Western blot for detecting natural NapU se-
creted in fermental supernatants. (C) Time-course for production of compounds
1, 7, and secreted protein NapU. Data are mean ± SD; n = 3 independent ex-
periments. (D) Time-course production of NDM-relevant metabolites detected by
MALDI-imaging MS. (I) Photograph of the microorganisms grown on ISP-2 in a
Petri dish (diameter 90 mm). (II) Spatial and temporal distribution of the m/z
signals of compound 4′ and 1/3. In these images, the most abundant ions are
shown with a 1-Da window. (III) Overlapped images of the chemical signal and
microorganism colony growth.
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extract. The crude extract was subjected to separation by column chroma-
tography (silica gel). Compound 5 (20 mg) and a crude fraction were thus
obtained by eluting with MeOH/EtOAc gradient (0–30% MeOH in EA). Fur-
ther separating the crude fraction by using preparative TLC under the elu-
tion condition of Acetone/Methol = 3:1 resulted in the purification of
Compound 6 (15 mg). Compound 5 was isolated as an orange red amor-
phous powder: 1H and 13C NMR data (in methanol-d4, SI Appendix, Table
S3). HR-ESI-MS (positive mode) m/z calculated for C21H27N3O5: 402.2023 [M+H]+,
found 402.2018. Compound 6 was also isolated as an orange red amor-
phous powder: 1H and 13C NMR data (in chloroform-d3, SI Appendix, Table
S3). HR-ESI-MS m/z for C20H25N3O5: calculated 388.1867 [M+H]+, found
388.1868.

Enzymatic Reaction and Purification of Compound 7. Standard assays were
carried out in 50 μL of reaction mixture containing 50 mM NaH2PO4-NaOH
(pH 8.5), 1.0 μM NapU, and 100 μM substrate 5. For production of 7, 150 mL
of reaction containing 200 μM 5 and 10 μM NapU was incubated at 30 °C for
3 h, monitored by HPLC. The mixture was added to MeOH (300 mL) and
subsequently centrifuged at 4,000 × g for 20 min to remove the enzyme. The
supernatant was evaporated and then extracted with CH2Cl2 (200 mL × 3).
The combined organic phase was evaporated and purified by preparative
TLC (CHCl3/MeOH = 10:1) resulted in the purification of compound 7 (3 mg).
It was a bright yellow amorphous powder: 1H and 13C NMR data (in
methanol-d4, SI Appendix, Table S3). HR-ESI-MS m/z for C21H25N2O6: calcu-
lated 416.1816 [M+H]+, found 416.1811.

Bacterial Inhibition Assay of Compounds. The solutions containing either
100 μM, 10 μM, or 1 μM compound 1 (fresh prepared by NapU-catalyzed
reaction using 5 as substrate), 5, and 7 were prepared. Two microliters of
solutions were dropped onto solid LB agar plate applied with 400 μL of
E. coli DH5α liquid culture grown overnight from a single colony, re-
spectively. The plate was incubated overnight at 37 °C, and the zones of
inhibition were subsequently observed. Further, the solutions were applied
to test tubes to a final concentration of 1, 3, 5, 7, 10, 15, 20, 30, 50, 75, 100,
or 300 nM. These tubes contained 3 mL of liquid LB and 1% (v%v) of E. coli
DH5α liquid culture grown overnight from a single colony. The tubes were
incubated 6 h at 37 °C. Growth in tubes containing compound 1 or 5 or 7was
compared with control (no antibiotic). To test the effect of NapU against 1
in vivo, the E. coli Rosetta (DE3) cells were transferred to a 18 °C incubator

for another 12 h after induction by IPTG. Then, the culture was inoculated to
several test tubes, which individually contained 3 mL of LB with 100 μM IPTG.
Different concentrations of 1 was added into test tubes.

Western Blot Analysis of Natural NapU. The truncated NapU with the C-
terminal His-tagged fusion was delivered to ABclonal Technology Com-
pany for preparing the rabbit polyclonal antibody as primary antibody. One
hundred milliliters of the fermental supernatant was concentrated to 1 mL.
One microliter of the concentrated solution was separated by SDS/PAGE,
transferred to a nitrocellulose membrane and then blocked with 5% nonfat
milk in TBST (100 mM Tris·HCl, 150 mM NaCl, 0.1% Tween 20, pH 7.4) buffer
for 1 h at room temperature (RT). The membrane was incubated with
primary antibody at 1:500 dilution in dilution buffer (ABclonal Tech-
nology Company) for 1 h, and after washing for five times with TBST for a
total of 1 h, the secondary antibody conjugated with horseradish per-
oxidase at 1:5,000 dilution for 1 h at RT and washed for five times with
TBST. The blots were visualized with the Thermo Scientific ECL Western
blotting detection reagents.

MALDI-TOF Imaging MS Analysis of Production of NDM-Related Compounds.
The IMS approach directly measure microbial inoculum on solid media us-
ing MALDI-TOF imaging mass spectrometer. ITO-coated glass slide was
sterilized in 1% NaClO for 1 h and buried with 17 mL of ISP-2 media in 90-mm
Petri dish. The plates were inoculated with a 10-μL spore suspension (∼108) of
S. lusitanus NRRL 8034 and incubated at 25 °C. The slides were removed from
the plates at 12 h and 1–6 d each day, then vacuum dried at 37 °C for 1 h.
Five milliliters of α-cyano-4-hydroxycinnamic acid dissolved in methanol (10
mg/mL;; Sigma-Aldrich) was evenly sprayed on top of the slide to form
uniform layers of the matrix. The sample was subjected to Autoflex Bruker
Daltonics MALDI-TOF MS for imaging MS acquisition with scan range from
400 to 2,500 m/z, and the data were analyzed using the FlexImaging 2.0
software. The sample was run in positive reflection or linear mode, with 800-μm
laser intervals in XY.
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