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To combat the worldwide rise of antibiotic resistance,
understanding the resistance mechanism at the molecular
level is paramount, which is obligatory to discover various

antibiotics or directedly design more effective analogs1–6. Many
antibiotics contain hypersensitive and highly reactive pharma-
cophore, which is the basis for displaying biological activity as
warhead. As a result, the producing-organisms have to co-evolve
an effective self-protection scheme with the biosynthetic cap-
ability dealing with the dangerous warhead to avoid injuring
themselves. Among the known self-resistance strategies, enzyme-
catalyzed hydrolysis is widely employed by bacteria to destroy the
reactive pharmacophore in either antibiotic-resistant strain of
pathogenic bacteria or antibiotic-producers. One of the well-
known examples is β-lactamase-mediated hydrolytic deactivating
of β-lactam antibiotics, which not only widely spread in the
pathogenic and environmental microbiome but also led to the
development of β-lactamase inhibitors as next generation of
drugs7,8. Recently, different family of cyclopropane hydrolases
were identified to catalyze hydrolysis of cyclopropane warhead,
conferring self-resistance involved in yatakemycin (YTM)/CC-
1065 and colibactin biosynthesis9,10. Therefore, continuous
efforts on elucidation for different kinds of self-resistance
mechanisms based on natural product biosynthesis will enrich
our knowledge about enzyme-catalyzed inactivation of anti-
biotics, which may include the other enzyme-reactions acting on
the pharmacophore beyond hydrolysis.

Tetrahydroisoquinoline (THIQ) antibiotics, with a special
THIQ framework, have attracted continuous studies due to the
complex polycyclic structures and excellent biological activities
against bacteria and tumor cells11–13. This family of natural
products includes more than 60 members exemplified by naph-
thyridinomycin (NDM, 1), saframycin S (SFM-S, 5), ecteinascidin

743 (ET-743, 7), lemonomycin (LMM, 9) (Fig. 1a), and so on, in
which ET-743 has been approved as an anticancer drug14. As a
family of DNA damaging genotoxins, THIQ antibiotics exhibit
remarkably potent DNA alkylating activity through the departure
of hydroxy group in hemiaminal moiety followed by an attack of
N-2 of guanine in GC-rich region (Fig. 1b)11. Thereby the
hemiaminal pharmacophore serves as a warhead for antibiotic
and antitumor potential, which calls effective resistance
mechanism to counter its toxicity by the producing microbes.

In previous biosynthetic studies of NDM15,16, we found an
extracellularly oxidative activation and conditionally over-
oxidative inactivation of an intermediate 7H-NDM (2) by a
secreted enzyme, NapU, controlling the concentration of NDM
around cells for self-resistance, and prodrug 12 was detected
during biosynthetic process (Fig. 1c)17. This raises an open
question: how the inactivated intermediate 12 is generated in
cytoplasm and which enzyme is responsible for inactivating the
hemiaminal g
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immunity toward THIQ antibiotics, but also expands the known
enzymatic reactions for pharmacophore modification beyond
hydrolysis.

Results
NapW and homW catalyzed reductive inactivation of NDM for
self-resistance. The oxidative reactions performed extracellularly
by the secreted oxidase NapU occur at the late stage of the bio-
synthetic pathway, while, the chemical logic of formation of the
inactivated intermediate 12 remains unclear. One functionally
unassigned SDR encoded by napW in the BGC, NapW, attracts
our attention, because the SDR family proteins could catalyze
many different reactions including reduction of C=N bond18–20.
To explore the function of NapW, we inactivated the napW gene
by in-frame deletion and obtained the ΔnapW mutant Strepto-
myces lusitanus TG3022 (Supplementary Fig. 1). Compared with
the metabolite profiles of the wild type (WT), the mutant still
produced 1 but no other compounds (Fig. 2a). This result sug-
gested napW might not work in NDM biosynthesis or there
should be other homologous gene to complete its function.
Indeed, homW was found outside of the BGC by genome
sequencing of NDM-producing bacteria, S. lusitanus NRRL 8034.
HomW exhibits high sequence similarity (75% identity) with
NapW and was speculated to play the same role as NapW. To
verify the speculation, we knocked out homW gene in WT and
TG3022 to acquire ΔhomW (TG3023) and ΔnapW&ΔhomW
(TG3024) mutants, respectively (Supplementary Fig. 2). The
fermentation result of ΔhomW is identical with that of ΔnapW
and WT; however, the double knock-out mutant (ΔnapW&Δ-
homW) eliminated the 1 production (Fig. 2a). These in vivo
genetic evidences suggested that napW and its orthologue gene
homW could functionally compensate each other, both of them
are required for NDM biosynthesis.

To further demonstrate how NapW/homW mediate the
inactivation of hemiaminal warhead, we next performed bio-
chemical characterizations. Given the fact that the proposed
biosynthetic intermediate 10 or 11 (Fig. 1c) is not available, we
chose to employ 1 as the substrate to do the reduction assay
(Fig. 2c). In a previous work, we verified that secreted flavoprotein
NapU catalyzed oxidative activation of inactive compound 2 to
afford toxic product 1 extracellularly, as well as over-oxidative
inactivation of 1 into 3 by controlling the concentration of 1 for
self-protection17. Since 1 still exhibits the ability to diffuse into
cells, we reasoned that NapW and homW should catalyze the
inactivation of 1 to yield 2 for avoiding endogenous DNA
alkylation. We firstly expressed two genes in Escherichia coli and
purified the two proteins (Supplementary Fig. 3); then carried out
NapU-catalyzed reaction to acquire unstable 1, which is difficult to
isolate by fermentation, and subsequently removed NapU by
ultrafiltration (Fig. 2c). When the purified recombinant NapW or
homW was incubated with 1 in the presence of NADPH, the
expected reduced compound 2 is effectively accumulated along
with the disappearance of 1 (Fig. 2b–II, III). When the cofactor
NADPH is replaced by NADH, the enzymatic efficiency was
dramatically decreased (Fig. 2b–I). These results strongly
demonstrate that NapW and homW functionally catalyze the
reductive inactivation of the highly reactive iminium species,
which implied that the two SDR proteins may participate in self-
protection from endogenous DNA alkylation.

To verify this assumption, we examined the relationship
between these two genes and the self-resistance of the producer
against NDM (1). Compared with the WT and single gene
inactivation strain S. lusitanus TG3022 (ΔnapW) or TG3023
(ΔhomW), the double-deletion strain S. lusitanus TG3024
(ΔnapW&ΔhomW) exhibited obviously increased sensitivity to
NDM (Fig. 2d), suggesting both napW and homW as NDM
resistant determinants. Therefore, the expression of napW or
homW can protect S. lusitanus from cytotoxic effect when NDM
is biosynthesized. We next used E. coli BL21 (DE3) cells as test
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In the first step of dehydration, Asp165 protonated the hydroxyl
of NDM to produce a water molecule with the energy barrier of
13.2 kcal/mol (Fig. 4c, d). After that, NADPH provided a proton
to the intermediate 1′ from the same direction as that of losing
hydroxyl of 1, generating the product 2 with the energy barrier of
22.2 kcal/mol. As we can see, the second reaction step is rate-
limiting in the overall catalytic process of NapW.

To further explore the mechanism, NapW-catalyzed reaction
was conducted in the presence of (S)-[4-2H] NADPH which is
obtained by glucose dehydrogenase, BmGDH from Bacillus
megaterium DSM 2894 with D-[1-2H] Glucose as the deuterium
donor and NADP+ as cofactor22,23. 1 Da increase at m/z of 2H-2
was detected in NapW/BmGDH cascade reaction (Supplementary
Fig. 12), which indicated the deuterium was transferred to 1′
(Fig. 3b). Then, large-scale reactions were performed to isolate
2H-2 for elucidating the exact direction of deuterium incorpora-
tion at C-7 position. 1H–1H NOESY spectrum of 2 shows that the
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mechanisms are necessary but seem not completely competent to
the task to guarantee the harmlessness during the whole biosyn-
thetic process. Thereby another cryptic self-defense strategy was
evolved by integrating with the pathway to ensure the survival of
host during the biosynthetic process, which includes two key
enzymatic steps via reduction-oxidation occurring at different
timing and location (Fig. 7). In cytoplasm, SDRs (NapW/homW or
SfmO1/homO1a/homO1b) will quench the reactive iminium
intermediate immediately once it is generated by NRPS system via
reduction of the C=N double bond to block the pharmacophore;
which is a damage-control process because the resulted inter-
mediates are totally harmless to the producer for deficiency of
warhead. Subsequently, the matured but still inactivated inter-
mediate 2 will be re-activated by secreted oxidase outside the host
cells. Moreover, this secreted oxidase NapU could further oxida-
tively inactivate NDM into 3 to control the antibiotic concentration
around the host cell (Fig. 1c). Despite this, the high active NDM still
could enter the host cell and cause potential harm to the producer;
these SDRs thereby set up the firewall by reductive inactivation of it
via pharmacophore quenching (Fig. 7). This redox-governed cycle
avoided the self-cytotoxicity and guaranteed no antibiotic con-
sumption. Beyond that, the SDRs also confer the host cells general
immunity toward most of the THIQ antibiotics because all the
members of this family employ the common hemiaminal phar-
macophore for DNA alkylation (Fig. 7). During this manuscript
preparation, a fungal redox-mediated self-resistance cycle in mac-
rolide A26771B biosynthesis was elucidated via reversible conver-
sion of a ketone and alcohol33
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were resuspended in 10mL of STE buffer (15% (w/v) sucrose, 25 mM EDTA,
25mM Tris-HCl pH 8.0) twice, then a lysozyme solution was added to 5 mg/mL.
After lysis at 30 °C for 15 min, 0.1 mL of STE buffer containing 10mg/mL Protein K
and 1mL of a 10% (w/v) SDS solution were added and then mixed slowly by
inversion and incubated for 15min at 70 °C. 2.5 mL 5M KAc was added and cooled
down on ice for 15min. A mixed solution of 5 mL saturated phenol (pH 7.9 ± 0.2)
and 5mL 24:1 (v/v) chloroform/isopropanol was added and mixed thoroughly by
inversion to precipitate proteins. Two phases of the solution were separated by
centrifuging for 15min at 12,000 × g. The upper aqueous phase was transferred to a
new tube and one equivalent 24:1 (v/v) chloroform/isopropanol was added and
mixed for removing phenol. The upper aqueous phase was transferred to a new tube
and two equivalent ethanol was added to precipitate DNA. The liquid was removed
and 70% (v/v) of ethanol was added to wash the DNA before dissolving the resulting
pellet in TE buffer (pH 8.0). Sequencing was performed at the Beijing Genomics
Institute (Shenzhen, China). Gene analysis and functional annotation were per-
formed by BioEdit, combined with 2ndFind and BlastP.

Construction of inactivation mutants of S. lusitanus NRRL 8034. The genes
napW, homW, and dual genes were inactivated by in-frame deletion. To inactivate
napW, a 2.1 kb EcoRI/XbaI fragment (amplified with primers: napW-L-for/rev,
Supplementary Table 2) and a 3.92 kb XbaI/HindIII fragment (amplified with
primers: napW-R-for/rev, Supplementary Table 2) were successively cloned from
genome DNA of S. lusitanus NRRL 8034 and cloned into the EcoRI and HindIII
sites of pKC1139, giving the recombinant plasmid pTG3032 in which 936 bp in-
frame coding region of napW was deleted. The plasmid was then introduced into S.
lusitanus NRRL 8034 by intergeneric conjugation from E. coli S17-1. The colonies
that were apramycin-resistant at 37 °C were identified as the integrating mutants,
in which a single-crossover homologous recombination event took place. These
mutants were cultured for five rounds in the absence of apramycin. The resulting
isolates that were apramycin-sensitive were subjected to PCR amplification to
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Crystallization and structural determination. The NapW was purified by Ni-
NTA affinity column and then applied to a size exclusion column (Superdex 200
16/600, GE Health Care). Initial crystallization of NapW and NapW·NADPH
complex were performed at 16 °C using the sitting-drop vapor-diffusion method
and commercial crystallization kits in 2 µL drops containing an 1:1 mixture of the
protein solution (25 mM Tris-HCl, pH 8.0, 50 mM NaCl) and a reservoir. To
optimize NapW crystallizing condition, 2 µL NapW protein (10 mg/mL) was mixed
with an equal volume of reservoir solution (1.2 M (NH4)2SO4, 0.1 M BIS-TRIS
propane pH 6.5) and 0.4 µL additive (0.1 M Betaine hydrochloride). Prior to the
diffraction experiments, 30% glycerol was added as the cryo-protectant. For the
NapW·NADPH complex, native NapW protein (15 mg/mL in 25 mM Tris-HCl,
pH 8.0, 50 mM NaCl) was incubated with 5 mM NADPH at 30 °C for 30 min.
Crystal of the NapW-NADPH complex was harvested under the crystallization
condition with 1.5 M (NH4)2SO4, 0.1 M BIS-TRIS propane pH 7.0, and cryo-
protection with 30% glycerol. All X-ray diffraction data were recorded at the
Shanghai Synchrotron Radiation Facility (SSRF). Data reduction and intergration
was achieved with HKL2000 or HKL3000 package49,50. The structure of NapW was
determined by molecular replacement using 2QQ5 as search model and NapW·-
NADPH complex was solved by molecular replacement using NapW structure.
Interactive cycles of model rebuilding and refinement were carried out using
COOT, Phenix51,52. The overall quality of the structural models was checked by
PROCHECK and MolProbity53,54. All statistics for data collection and structural
refinement were listed in Supplementary Table 3. Structure figures were made
using PyMOL55.

Umbrella sampling. NapW·NADPH·NDM complex was obtained by molecular
docking via AutoDock4.256. To enhance sampling of the valuable conformations of
NDM dehydration and reduction systems, umbrella sampling was employed. The
distance d(OD2-O3) between the OD2 of Asp165 and O3 of C-7 hydroxy in NDM,
and distance d(C7-C4N) between the C7 of NDM and the C4N of NADPH were
used as the reaction coordinates. Taking 0.05 Å as step length, the former was
scanned from 6.0 to 4.5 Å and the latter was scanned from 7.0 to 4.0 Å by applying
a harmonic force constant of 200 kcal/(mol·Å2), respectively, and 0.1 ns MD
simulations were carried out in each window. After that, the potential energies of
mean force of the systems were computed via the weighted histogram analysis
method (WHAM)57. According to the free energy surface, the structure with
minimal free energy was found out.

Molecular dynamic (MD) simulations. Based on the structure with minimal free
energy in umbrella sampling, the classical MD simulations were performed using
the AMBER14 program58 suite with ff14SB force field. The parameter preparation
for NDM and NADPH was performed by Antechamber package. The partial
atomic charges and missing parameters for the substrates were obtained from the
RESP model59 after structure optimization at the level of HF/6–31G*. All ionizable
side chains were maintained in their standard protonation states at pH 7.0. The
dehydration and reduction systems were immersed in an octahedral box of TIP3P
water box and were neutralized with Na+ using the AMBER14 LEAP module.
Then proper minimizations were carried out to remove atomic collisions. After
heating from 0 to 300 K in 50 ps, the systems were equilibrated for 50 ps to obtain a
reasonable initial structure. Four 50 ns trajectories were obtained for each model
based on the equilibrated structure, and two of them were extended to 150 ns to
confirm the stability of key distances. The following analyses were also carried out
via the AMBER14 program suite.

Quantum mechanical/molecular mechanical (QM/MM) calculations. In order
to study the catalytic mechanism of NapW, QM/MM calculations were carried out
via Gaussian 09 program60. The initial structure was originated from the repre-
sentative structures of two extended 150 ns MD simulations. The computational
model consisted of NADPH, substrate 1, Asp165, and other residues within 5 Å of
NADPH and 1, 1202 atoms in total. The QM region included 1, the truncated part
of NADPH, Asp165, and a water molecule. At the level of ONIOM (M062X61/
6–31G*: Amber), the optimizations of minimums, transition states, and intrinsic
reaction coordinate (IRC) were calculated. The transition state was confirmed by a
single imaginary frequency and the correct vibrational vector. After that, M062X/
6–311+G** level was used to calculate the single point energy to improve the
computational accuracy.

Statistics and reproducibility. Biological fermentation experiments were per-
formed in at least triplicates. All enzyme assays and protein analysis experiments
were verified with at least two independent enzyme preparations.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Data supporting the findings of this work are available within the paper and
its Supplementary Information file, which includes six tables (Supplementary Tables 1–6)
and 26 figures (Supplementary Figs. 1–26). A reporting summary for this article is

available as a Supplementary Information file. The genes homW, homO1a, and homO1b
generated in this study have been deposited in GenBank under the accession code
MT230905, MT230906, and MT230907. Structure data of NapW and NapW-NADP
generated in this study have been deposited in the Protein Data Bank with the accession
codes 7BTM and 7BSX. The raw data used for Supplementary Figs. 1, 2, 3, 6, 14, and 22
are provided in the Source Data file. All other data that support the findings of this study
are accessible in the manuscript and the Supplementary Information. Source data are
provided with this paper.
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