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Reductive inactivation of the hemiaminal
pharmacophore for resistance against
tetrahydroisoquinoline antibiotics
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Lian Wu1, Yi-Lei Zhao 2, Ting Shi2✉, Jiahai Zhou3✉ & Gong-Li Tang 1,4✉

Antibiotic resistance is becoming one of the major crises, among which hydrolysis reaction is

widely employed by bacteria to destroy the reactive pharmacophore. Correspondingly,

antibiotic producer has canonically co-evolved this approach with the biosynthetic capability

for self-resistance. Here we discover a self-defense strategy featuring with reductive inac-

tivation of hemiaminal pharmacophore by short-chain dehydrogenases/reductases (SDRs)

NapW and homW, which are integrated with the naphthyridinomycin biosynthetic pathway.

We determine the crystal structure of NapW·NADPH complex and propose a catalytic

mechanism by molecular dynamics simulation analysis. Additionally, a similar detoxification

strategy is identified in the biosynthesis of saframycin A, another member of tetra-

hydroisoquinoline (THIQ) antibiotics. Remarkably, similar SDRs are widely spread in bacteria

and able to inactive other THIQ members including the clinical anticancer drug, ET-743.

These findings not only fill in the missing intracellular events of temporal-spatial shielding

mode for cryptic self-resistance during THIQs biosynthesis, but also exhibit a sophisticated

damage-control in secondary metabolism and general immunity toward this family of

antibiotics.
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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 pharmacophore (Fig. 1c)? Here, we solved these
mysteries by elucidating an intracellularly reductive inactivation
of NDM catalyzed by NapW and homW, which belong to short-
chain dehydrogenase/reductase (SDR) family encoded by genes
napW within biosynthetic gene cluster (BGC) and homW outside
BGC, respectively. We further demonstrated that expression of
the genes endows bacteria with NDM-resistance and identified
the key residue, Asp165, involved in NapW-catalytic reduction
based on structural analysis. In this work, we found that similar
self-resistance is involved in the biosynthesis of SFM; and this
family of SDRs from other microorganisms could also recognize
NDM and other three THIQ compounds to reductively inactivate
the hemiaminal warhead. The substrate promiscuity of SDR
proteins thereby not only provides the detoxification protection
in cytoplasm during the biosynthetic pathway and general

Fig. 1 Members of THIQ antibiotics, biosynthesis, and activation of NDM. a Chemical structures of typical THIQ antibiotics. b Proposed mechanism of
THIQ antibiotic-mediated DNA alkylation. c Brief summary of NDM biosynthetic pathway featuring with intracellular pharmacophore quenching and
extracellular reactivation.
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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

Fig. 2 Investigation of reductases NapW and homW in NDM
biosynthesis. a Genetic characterization in vivo. HPLC analysis with UV
detected at 270 nm (I) wild-type S. lusitanus NRRL 8034; (II) mutant S.
lusitanus TG3022 (ΔnapW); (III) mutant S. lusitanus TG3023 (ΔhomW); (IV)
double mutant S. lusitanus TG3024 (ΔnapW&ΔhomW). b HPLC analysis of
the enzymatic reaction products: full reaction catalyzed by NapW for 10min
using NADH (I) or NADPH (II) as cofactor; (III), full reaction mediated by
homW; (IV), control reaction with heat-inactivated NapW; (V), 1 generated
in situ by NapU from 2; (VI), standard of 2. c Chemical reactions by NapU
and NapW/homW. d NDM resistance of S. lusitanus WT and the mutants.
e Comparison of the antibacterial activity of NDM against E. coli BL21 (DE3)
containing pET28a (vector), pTG3044 (napW), and pTG3045 (homW).
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strain to estimate the resistance to NDM by overexpression of
napW or homW in vivo. The survival ratio suggested that the
recombinant strain is obviously resistant to NDM (Fig. 2e).
Collectively, these results unambiguously supported our proposal
that the SDRs NapW and homW axiomatically endow cells
resistance to NDM for self-protection.

Structure-based enzymology of NapW-catalyzed reaction. To
probe the molecular basis of the NapW/homW-mediated self-
protection, we purified the NapW protein and determined its
X-ray crystal structure at 2.1 Å resolution by molecular replace-
ment method using the structure of human SDR family member
one (PDB ID: 2QQ5) as searching model. The structure of NapW
contains a typical Rossmann fold with seven β sheets embraced by
α helices (Supplementary Fig. 4), which is the key feature of SDR
family proteins for binding cofactors21. We further obtained the
structure of NapW·NADP+ binary complex by co-crystallizing
NapW, NADP(H) and compound 1 or 2 (Fig. 3a). Although the
electron density of compound 1 or 2 was missing, the nicotina-
mide moiety of NADP+ shows conformational isomerism in the
binary complex structure (Supplementary Fig. 5). The binding of
cofactor NADP+ enables loop 47–58 and loop 107–119, which are
too flexible to observe in apo-NapW structure, adopt stable con-
formation and are clearly observed. The surface of this complex
reveals the adenine terminus of NADP+ is deeply buried inside
NapW and the nicotinamide moiety which delivers hydrogen to
substrate locates in a wide pocket on the surface (Fig. 3a). We
mutated several polar residues around the nicotinamide moiety to
alanine and found only mutant D165A showed obviously
decreased catalytic activity (Supplementary Figs. 6, 7). The result
indicated that Asp165 may participate in the catalytic process.

To better investigate the substrate binding mechanism and the
role of Asp165, we constructed the tertiary complex model of
NapW·NADPH·1 by molecular docking and carried out mole-
cular dynamics (MD) simulation experiments (Supplementary

Figs. 8–10). We found that Asp165 could form a hydrogen bond
with the C-7 hydroxy of 1 to stabilize the substrate and facilitate
the dehydration process. Therefore, the distance between O3 of 1
and carboxyl of Asp165 was analyzed in four times 50 ns MD
trajectories. The average distance was 3.91 Å, indicating the stable
hydrogen bond existed indeed. To verify the function of residues
Asp165, MD simulations were also performed for D165A mutant
in NapW·NADPH·1 (Fig. 4a). In the D165A mutant system,
substrate 1 escaped from the catalytic center due to the loss of
traction from Asp165. To be precise, two key distances
representing the critical reaction steps (proton transfer and
hydride delivery) were selected to describe these conformational
changes. The former was the distance between O3 of 1 and
Cβ(CB) of Asp165, and the latter was that between C7 of 1 and
C4N of NADPH. Compared to the two-dimensional distance
scatter plot in WT, the distance distribution in the D165A mutant
looked more incompact, suggesting that 1 kept away from the
catalytic center in D165A mutant (Fig. 4a). From these
observations, we verified that Asp165 played a critical role in
stabilizing the substrate in the catalytic site.

Next, we investigated the catalytic mechanism of NapW with
the quantum mechanical/molecular mechanical (QM/MM)
method. As shown in Fig. 3b, it was proposed that Asp165 could
facilitate the transfer of proton from the carboxyl to the C-7
hydroxy, resulting in dehydration to form the electrophilic
iminium species 1′, and then the hydride delivery from NADPH
to 1′ could generate the product 2. To obtain the relative stable
conformations for QM/MM calculations, two MD trajectories
were extended to 150 ns for sufficient sampling, and we chose the
representative structure from the major cluster of the two
trajectories as the initial structure to gain the reaction energy
profile. Moreover, we found there was always water around O3 of
1 (Supplementary Fig. 11). Therefore, the computational model,
as shown in Fig. 4b, consisted of NADPH, substrate 1, Asp165, a
water molecule, and other residues within 5 Å of NADPH and 1.

Fig. 3 Enzymology characterization of NapW-catalyzed reduction in NDM biosynthesis. a Crystal structure of NapW-NADP+ complex. In this cartoon
model, polar amino acids (Glu113, Asp165, Arg176, Asn177, and Trp213) around nicotinamide terminal shown as sticks. b Proposed enzymatic mechanism.
c NMR analysis of enzymatic products.
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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
NOE signal (indicated by red dashed arrows) between 4′-Ha and
7-Ha, distinguishing the positions of 7-Ha (2.91 ppm) and Hb

(2.80 ppm) (Supplementary Fig. 13). The 1H-NMR spectra of 2H-
2 indicated the peak disappearance of 7-Hb when compared with
that of compound 2 from end to end. Expectedly, the 2H NMR
spectrum of 2H-2 shows an obvious peak at 2.80 ppm (Fig. 3c). In
conclusion, the direction of hydride supplied by NADPH is
identical to that of hydroxyl leaving, which illustrates the
reductive reaction is an SN1 process, but not an SN2 reaction.
This is in line with our computational results. Owing to the block
of C-9′ and C-4′ groups, the hydride tends to attack 1′ from the
direction of a smaller steric hindrance (Fig. 3b).

SDRs-catalyzed inactivation of hemiaminal-bearing prodrug in
SFM-A biosynthesis. After confirming the self-resistant role of

NapW/homW in NDM biosynthetic pathway, we wonder whe-
ther the similar reductive inactivation of hemiaminal warhead
exists in other THIQ antibiotics producing bacteria. We have
been pursuing the biosynthetic studies of SFM-A (4, Fig. 1a)24–27;
therefore, the sfm BGC and the genome of SFM-A producer, S.
lavendulae NRRL 11002, were carefully analyzed to search for
genes encoding NapW-like SDRs. Indeed, in addition to SfmO1
(56% identity with NapW) encoded by sfmO1 within sfm BGC,
there are two another homologous proteins homO1a (62%
identity) and homO1b (60% identity) encoded by genes outside
the BGC. We then expressed and purified these three proteins
from E. coli for biochemical assay (Supplementary Fig. 14). Fol-
lowing the proposed model of NDM (Fig. 1c), we predicted that
the propeptide iminium intermediate 16 (Fig. 5a) should pre-
sumably be the true substrate of SfmO1 (or homO1a/homO1b).
Once 15/16 is generated by nonribosomal peptide synthetase
(NRPS), this hemiaminal pharmacophore-containing inter-
mediate will be immediately reduced into inactive compound 17
catalyzed by SfmO1 and homO1a/homO1b in case of its potent
toxicity to host DNA (Fig. 5a). Given the fact that SfmC-mediated
enzymatic synthesis of 15 was established by Oikawa’s group28,
we thereby followed this method to perform the dual Pictet-
Spengler reaction catalyzed by SfmC using 13 and 14 as sub-
strates (Fig. 5a). MS analysis showed the enzymatic product was
indeed identical with 16 containing the iminium (Fig. 5c, HR-
MS/MS in Supplementary Fig. 15). When the SDRs and NADPH
were further added into this assay, we observed the generation of
reductive product 17 (Fig. 5b), which was further confirmed by
HR-MS/MS (Fig. 5d and Supplementary Fig. 16). Though
homO1b shows lower efficiency, SfmO1, and homO1a exhibit
similar activity. To our surprise, NapW and homW also could
effectively catalyze the same reaction (Fig. 5b). These collective
evidences not only support our proposed self-resistance model in

Fig. 4 The MD simulations and QM/MM calculations for NapW/NADPH-NDM model. a The two-dimensional scatter plot of distance C7-C4N and O3-
CB. The wild-type system was shown in blue and the mutation system was shown in orange. In each model subplot, the structure of active site including
NDM (green), NADPH (pink), and residue 165 (blue or orange) was shown in the bottom right. The important atoms and distances were annotated in gray.
The distance O3-OD2 was counted and shown in the wild in the upper right in the wild-type system subplot. b The computational model for QM/MM
calculations. The protein NapW was shown in blue while the orange part was represented the computational model. The QM region was shown in the form
of a ball and stick model on the right. The part shown in the line form was set in MM region. c The optimized structures of key transition states (TSs). The
key distances related to the catalytic reaction of NapW were labeled. d The reaction energy profile for NapW/NADPH-NDM model.
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NDM and SFM-A biosynthesis, but also suggest that this family
of SDRs may exhibit broad substrate-tolerance.

SDRs from antibiotic-producing microbes catalyzed the inac-
tivation of other THIQ antibiotics. Considering these SDRs show
substrate promiscuity to reductively quench the common hemi-
aminal pharmacophore, we thereby tested more THIQ antibiotics
including ET-743 (7), a clinically approved anticancer drug dis-
covered from marine tunicate Ecteinascidia turbinate14,29. Surpris-
ingly, each of the five SDRs originated from NDM or SFM-A
producer could effectively catalyze the reductive inactivation of 7 to
yield a warhead-blocked derivate 8 (Fig. 6a), which were shown by
HPLC analysis (Fig. 6b) and confirmed by MS analysis (Fig. 6c, d;
HR-MS/MS in Supplementary Fig. 17). Moreover, we tried to
obtain LMM (9) by fermentation of S. candidus LL-AP19130.
However, we isolated an analog, 16-dehydroxy-LMM (18, Fig. 6e),
which was characterized by NMR analysis (Supplementary Fig. 18
and Supplementary Table 4). Using 18 as substrate, we found that
NapW, homW, SfmO1, and homO1a exhibit catalytic activity but
homO1b does not (Fig. 6f). Large-scale enzymatic reactions were
performed and the reductive product 19 was isolated, the structure
of which was confirmed by NMR (Supplementary Fig. 19 and
Supplementary Table 5) and demonstrated to lack a hydroxy group
at C-17 (Fig. 6e). Furthermore, a small quantity of 19 could be
detected in fermentation broth of LMM-producing bacteria by
HPLC-MS (Supplementary Fig. 20), which strongly supported that
its genome encoded one or more NapW-like proteins for self-
resistance. These results demonstrated that the SDRs originated
from THIQ antibiotic-producing microbes indeed exhibit recogni-
tion promiscuity toward diverse substrate harboring THIQ back-
bone with hemiaminal moiety.

SDRs from non-antibiotic-producing microbes catalyze inac-
tivation of THIQ antibiotics. The genes outside the BGC also
encode the isozymes exhibiting the same physiological function,
which hints similar isozymes may exist in other microbes. Indeed,
homologous genes of napW/homW and sfmO1/homO1a/homO1b

are widely distributed in nature, especially microbiome genome. All
4771 sequences (above 34% sequence identity with NapW) were
clustered by sequence similarity network (SSN) analysis (Supple-
mentary Fig. 21), which show that they were from different
microorganisms including eukaryotic and human microbes with
actinobacteria as major sources. Within the genome of S. lividans
1326, a non-THIQs producing actinobacteria, two SDR proteins
bearing high homology with NapW: SlvW1 (74% identity) and
SlvW2 (61% identity) were found. Besides, we randomly selected
several proteins with different identities (75–34% identity) from
different microorganisms, including SDR-Pb (Paenibacillus, Firmi-
cutes), SDR-Cc (Chroococcales cyanobacterium, Cyanobacteria),
SDR-Rm (Rhizobium mesoamericanum, Proteobacteria), SDR-Mb
(Myxococcales bacterium, Proteobacteria), SDR-Li (Leptospira
interrogans, Spirochaetes), SDR-Cs (Chlorella sorokiniana, Eukar-
yota), and SDR-Ss (Sporomusa silvacetica, Firmicutes) (Supple-
mentary Table 6), to obtain the recombinant proteins from E. coli
BL21 (DE3) for enzymatic essays toward previously mentioned four
THIQs (Supplementary Fig. 22). HPLC analyses showed that most
proteins can catalyze reductive reaction of THIQ compounds
except that SDR-Li and SDR-Ss exhibited significantly lower activity
for 1, 16, and 7 and no activity for 18 (Supplementary Figs. 23–26).
This result suggested the promiscuous substrate recognition of
NapW-homologs may endow their hosts with potentially general
resistance against THIQ antibiotics physiologically, even for the
non-antibiotic-producing microbes.

Discussion
Combining genetic characterization and biological investigation, we
now filled in the missing intracellular events of a multi-dimensional
temporal-spatial shielding mode for the self-resistance during
THIQs biosynthesis in Streptomyces. The BGC encodes a major
facilitator subfamily transporter presumably responsible for the
antibiotic effluxes16,24,31, which was assumed as the first action
conferring self-resistance. In addition, an UV-repair protein was
considered as the second defense for the producer via nucleotide
excision-based DNA repair16,24,32. In fact, both of the canonical

Fig. 5 Biochemical investigation of SDRs-catalyzed pharmacophore reductive quenching in SFM biosynthesis. a Enzymatic reactions mediated by SfmC
and SDRs. b LC-MS analysis of enzymatic reaction products. c ESI-MS and ESI-MS/MS analysis of 16 generated by SfmC. d ESI-MS and ESI-MS/MS
analysis of 17 generated by SDRs.
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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. While, compartmentalized
biosynthesis of natural products is widely observed in eukaryotic
cells of fungi to avoid self-harm34,35. Our discovery, featuring with
enzymatic substrate promiscuity and widely distributed homolog
genes, not only provided an omnibearing resistance mode toward
THIQ family antibiotics in prokaryotic cells, but also displayed a
multi-level and sophisticated damage-control in bacterial secondary
metabolism.

One of the notable features of self-resistance in THIQ bio-
synthesis is taking advantage of reductive reaction to quench
pharmacophore in situ apart from canonical modification on the
end product. Actually, enzyme-guided chemical modification of
compound is one of the most widely existed strategies for antibiotic
resistance including self-resistance involved in biosynthetic path-
ways. However, these modifications are usually limited by reversible
group-transfer reactions acting on end-products, such as methyla-
tion, acylation, phosphorylation, glycosylation, amino-, or peptide-
acylation and so on1,36. Rare cases employing reductive reaction
include virginiamycin M1 reductase-catalyzed conversion of a
ketone to alcohol37, a nitroreductase-mediated chloramphenicol
inactivation and CytA-catalyzed dehydroxylation of
cytorhodin38,39, as well as two recently-discovered fungal examples
including a multistep reduction cascade in monasone naphtho-
quinone and a redox-cycle in A26771B biosynthesis33,40. Most of
these modifications change the structure of antibiotics to prevent
them from binding to the responding cellular target inside the cell
rather than destroy the pharmacophore. This discovery of SDRs,
functional as imine reductase, mediated reductive inactivation of
hemiaminal pharmacophore without destruction of the THIQ
skeleton structure, thereby added another enzymatic reaction in
bacteria beyond the typical hydrolysis for warhead inactivation.

Another significance of this self-resistance model in THIQ bio-
synthesis is the cryptically temporal and spatial shielding mode
comprehensively integrated into the biosynthetic pathway.
Antibiotic-producer usually evolved self-resistance strategy to deal
with the final active compound; sometimes, analogs with similar
structure could also be detoxified. Indeed, the SDRs encoded by the

Fig. 6 Biochemical assay of SDRs-catalyzed reduction using ET-743 and
dOH-LMM as substrates. SDRs-catalyzed reactions using 7 (a) or 18 (e)
as substrate. HPLC analysis of enzymatic reactions with 7 (b) or 18 (f) as
substrate. ESI-MS and ESI-MS/MS analysis of substrate 7 (c) and product
8 (d).
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BGC and genome exhibit effectively reductive inactivation of THIQ
antibiotics including NDM, SFM, ET-743, and LMM, which bear
structural diversity despite belonging to the same family. Beyond
that, enough amount of SDRs encoded by more than one copy of
gene could also recognize the propeptide-linked intermediate,
which led to completely blocking the pharmacophore and funda-
mentally destroying the warhead accompanied by the scaffold-
formation. This modification step likely occurs at the early stage
before tailoring modifications thereby resulting in the harmlessness
of all the following metabolites in cytoplasm. Moreover, this
reductive modification is also chemically favorable due to the
improved stability of the resulted intermediate, which facilitates the
biosynthetic steps. Thus, these SDRs not only confer general
immunity toward natural occurring final THIQ antibiotics, but also
play an important role in damage-control process during the entire
biosynthetic route (Fig. 7). In recent years, more and more enzymes
of unknown function are discovered to be functional as damage-
control enzymes for repairing or inactivating the offending meta-
bolites in primary metabolism41. Herein, the SDRs-catalyzed
reduction in THIQ biosynthesis from Steptomyces represents a
sophisticated damage-control in secondary metabolic pathway to
accurately control the efficiency of biosynthetic machinery.

Extensive study of the molecular mechanisms of self-resistance,
resistance/resistome are becoming a fundamental paradigm for
combating the antibiotic resistance crises42–44. Based on the BGC
of high potent secondary metabolites, systemic mining and deeply
understanding the self-resistance determinants in the producers
thereby provided a well-evolved model system for finding dif-
ferent resistance elements toward specific family of antibiotics42.
Significantly, the homologous resistance genes could be wide-
spread in nature including in the human microbiome, such
accumulating evidences including NapW-like SDRs-mediated
hemiaminal pharmacophore detoxification in THIQs reported
here, GyrI-like cyclopropane hydrolase-catalyzed cyclopropyl
warhead opening for YTM/CC-1065 pathway9, and TnmS1-like
sequestration proteins-guided enediyne resistance for tiancimycin
biosynthesis45. With the increasingly and frequently clinical
application of this family of antibiotics, the discovery of

widespread NapW-like SDRs-mediated resistances may be critical
for dealing with the potential clinical resistance problem.

In summary, we have identified an unprecedented self-
resistance system in Streptomyces based on the elucidation of
NDM biosynthetic pathway and verified by SFM-A biosynthesis.
Apart from the common antibiotic effluxion by transporters and
DNA-damage repair by UV-repair proteins, this sophisticated
self-resistance machinery includes (i) propeptide formed by
NRPSs, (ii) reductive inactivation of hemiaminal pharmacophore
by SDRs in situ, (iii) prodrug maturation with inactivated inter-
mediate exclusion, (iv) extracellularly oxidative reactivation by
secreted oxidoreductase, (v) extracellularly over-oxidative inacti-
vation to control antibiotic concentration, and (vi) intracellularly
reductive inactivation of antibiotic/analogs. Considering the
clinical usage of ET-743 and the potency of other members of
THIQs12,14,29, our findings thereby may be used to predict,
determine the potent drug resistance and even inform the design
of therapeutic agents that might not be subject to, or can cir-
cumvent further drug resistance in clinical settings. In addition,
our enzymological studies show this family of SDRs functional as
stereoselective imine reductase exhibiting excellent substrate-
tolerance toward complex structure, thus provided more choices
as biocatalyst for preparation of diastereomerically enriched
complex saturated amine heterocycles20,46,47.

Methods
Materials. Biochemicals and media were purchased from Sinopharm Chemical
Reagent Co. Ltd. (China); Oxoid Ltd. (UK); Sigma-Aldrich Corporation (USA);
Shanghai Sangon Biotech Co. Ltd. (China) or Alibaba (China) unless otherwise stated.
The enzymes for genetic manipulation were purchased from Thermo Fisher Scientific
Co. Ltd. (USA); Takara Biotechnology Co. Ltd. (China) or New England Biolabs
(USA). The primers and synthetic genes were synthesized by GENEWIZ Co. Ltd.
(China). Chemical reagents were purchased from Sigma-Aldrich Corporation (USA),
Shanghai Aladdin Bio-Chem Technology Co. Ltd. (China). All the primers, strains,
and plasmids used are in Supplementary Table 1 and Table 2, respectively.

Genome sequencing and analysis. 100 µL of a spore solution of S. lusitanus NRRL
8034 was added to 50mL of TSB medium. After incubation for 60 h at 30 °C with
shaking at 220 rpm in a 250mL flask equipped with sterile glass beads, the mycelia
were collected by centrifugation at 4000 × g from 12.5 mL of cell suspension. Pellets

Fig. 7 Summary of the multi-level resistance model involved in NDM and SFM biosynthesis. a Damage-control process in secondary metabolic pathway
controls the efficiency of biosynthetic machinery. b Self-resistance during biosynthesis by NapW-homologs ensures the safety of antibiotic-producing
strains. c General immunity against THIQs is not only involved in antibiotic-producing hosts, but also exists in non-antibiotic-producing microbes
containing NapW-homologs.
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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
examine the genotype of the double-crossover mutant strain, as judged by a 634 bp
desired product using the primers napW-gt-for and napW-gt-rev (Supplementary
Fig. 2). Further sequencing of this PCR product confirmed the genotype of
TG3022, in which gene napW was deleted in-frame. The inactivation of gene
homW and dual genes were constructed in the similar way.

Protein expression and purification. DNA isolation and manipulation in E. coli
or Streptomyces strains were performed following standard methods48. PCR
amplifications were carried out on a Thermal Cycler (Applied Biosystems). The
PCR products were cloned into the pMD19-T vector cloning kit (Takara Bio-
technology (Dalian) Co. Ltd), confirmed by DNA sequencing (GENEWIZ Co., Ltd.
China), digested with NdeI and HindIII, and ligated into the final expression vector
pET-28a (+) and pET-37b (+), respectively.

The resulting recombinant plasmids were introduced into E. coli BL21(DE3) for
protein overexpression. When the cultures (1 L) in LB media supplemented with
kanamycin (50 µg/mL) were grown to an OD600 of 0.6–1.0 at 37 °C, protein
expression was induced by the addition of isopropyl-β-D-thiogalactopyranoside
(IPTG) with a final concentration of 0.1 mM, followed by further incubation for
18–24 h at 16 °C. Then, the cultures were centrifuged for 10 min at 5000 × g 4 °C.
The E. coli cell pellet was resuspended in ~30 mL of lysis buffer (50 mM Tris-HCl,
500 mM NaCl, 25 mM imidazole, and 10% glycerol, pH 8.0), and the His-tagged
proteins were purified by Ni-NTA affinity chromatography according to the
manufacturer’s manual (Qiagen). The eluted protein was desalted using a PD-10
Desalting Column (GE Healthcare, USA) and the purified protein was stored at
−80 °C in buffer (50 mM Tris-HCl, 200 mM NaCl, and 10% glycerol, pH 8.0) for
further enzymatic assays. The concentration of the purified proteins was detected
by DS-11+ spectrophotometer (DeNovix, USA).

Site-directed mutagenesis. PCR amplifications (18–26 cycles) were carried out
using napW expressing plasmids as template. After gel extraction, the PCR pro-
ducts were digested by DpnI and the digested products were directly transferred
into E. coli DH5α. Each point mutation was confirmed by DNA sequencing. The
resulting site-mutated plasmids were expressed in E. coli BL21 (DE3) according to
the procedures described above for the WT protein expression.

Bacterial growth inhibition assays. The E. coli BL21(DE3) strains transformed
with recombinant plasmids were induced for expression of NapW and homW for
about 5 h at 16 °C. The resulting cultures were adjusted to the same concentration,
and then transferred to fresh LB media in test tube containing IPTG (0.1 mM),
kanamycin (50 µg/mL), and NDM with different concentrations to grow for about
12–24 h, respectively. The final E. coli cultures were diluted and the concentrations
were measured by the absorbance at 600 nm, respectively. When the mutants and
wild type of S. lusitanus NRRL 8034 were used as test strains, 2 µL different
concentrations of NDM were dropped on the plate surface for 3–5 days of further
incubation.

Metabolite analysis. High-performance liquid chromatography (HPLC) analysis
was conducted on the Agilent 1200 HPLC system (Agilent Technologies Inc., USA)
or Thermo Scientific Dionex Ultimate 3000 (Thermo Fisher Scientific Inc., USA)

with a reverse-phase Spursil C18 column (5 μ, 4.8 × 250 mm). Semi-preparative
HPLC was performed on a Shimadzu LC-20-AT system. HPLC electrospray
ionization MS (HPLC-ESI-MS) was performed on the Thermo Fisher LTQ Fleet
ESI-MS spectrometer (Thermo Fisher Scientific Inc., USA). High-resolution ESI-
MS analysis was conducted on the 6230B Accurate Mass TOF LC/MS System
(Agilent Technologies Inc., USA). NMR data were collected on the Agilent
500MHz NMR spectrometer (Agilent Technologies Inc., USA) and Bruker
AVANCE III HD 600 spectrometers (Bruker Daltonics Inc., USA).

Isolation and purification of compound 18. S. candidus LL-AP191 (NRRL 3110)
was cultured in 100 mL liquid medium (1 g soybean meal, 2 g glucose, 1 g corn
steep liquor, 0.3 g CaCO3) at 28 °C for 2 days. For fermentation, 3 mL inoculums
were seeded in a 500 mL flask containing 100 mL of the fermentation medium
(0.5 g peptone, 1.0 g glucose, 4 g molasses, 0.5 g CaCO3) and incubated at 28 °C for
2–3 days. The supernatant was extracted twice with ethyl acetate at pH 9.0 and the
extract was evaporated to remove ethyl acetate. The crude extracts of fermentation
were subjected to the reverse-phase silica gel column chromatography. All the
fractions were monitored by HPLC. The desired fractions were further purified by
semi-preparative HPLC and lyophilized to obtain 18 with yellow-green color. The
yield is 0.5 mg/L.

Enzymatic assays of mutants and wild type of NapW to NDM. Compound 2
was used as substrate, which underwent the first step of oxidative reaction catalyzed
by NapU to give NDM17. The solution was filtered by a centrifugal filter unit to
remove NapU, then 1.5 mM NADPH and mutants or wild type of NapW
(~8.3 μM) were added into the filtrates containing 1 mM NDM. The reactions were
incubated for 30 min at 30 °C, then quenched by the addition of equivalent
methanol to remove proteins and detected by HPLC with gradients of acetonitrile
with 1‰ formic acid (phase B) in water with 1‰ formic acid (phase A) at a flow
rate of 1.0 mL/min: 0–5 min, 5–10% phase B; 5–10 min, 10–20% phase B;
10–15 min, 20–25% phase B; 15–20 min, 25–55% phase B; 20–22 min, 55–65%
phase B; 22–23 min, 65–95% phase B; 23–25 min, 95% phase B; 25–27 min, 95–5%
phase B; 27–30 min, 5% phase B; UV detection at 270 nm. Control reaction lacked
the enzyme NapW.

Enzymatic assays of NapW and homologous proteins to NDM. The reaction
solution contained 1 mM NDM, 2mM NADPH, 50 mM Tris-HCl pH 8.0, and
corresponding homologous proteins of NapW. The reactions were incubated at
30 °C for 3 h, then quenched by the addition of equivalent methanol to remove
proteins and detected by HPLC.

Enzymatic assays of NapW and homologous proteins to compound 16. Dual
Pictet-Spengler reactions catalyzed SfmC28 were carried out in 50 mM HEPES pH
7.0 buffer containing 1 mM 3-OH-5-Me-O-Me-Tyr, 0.5 mM Myristoyl-Ala-glyci-
naldehyde, 1 mM ATP, 10 mM MgCl2, 10 μM MnCl2, 1 mM NADH, and 10 μM
SfmC at 30 °C for 2 h. Then 2 mM NADPH and corresponding homologous
proteins of NapW were added and the reactions were carried at 30 °C for 3 h,
which were quenched by the addition of equivalent methanol to remove proteins
and detected by HPLC.

Enzymatic assays of NapW and homologous proteins to ET-743. The reaction
solution contained 290 μM ET-743, 1 mM NADPH, 50 mM Tris-HCl pH 8.0, and
corresponding homologous proteins of NapW. The reactions were incubated at
30 °C for 8 h, then quenched by the addition of equivalent methanol to remove
proteins and detected by HPLC.

Enzymatic assays of NapW and homologous proteins to 18. The reaction
solution contained 112.5 μM compound 18, 2 mM NADPH, 50 mM Tris-HCl pH
8.0 and corresponding homologous proteins of NapW. The reactions were incu-
bated at 30 °C for 8 h, then quenched by the addition of equivalent methanol to
remove proteins and detected by HPLC.

Preparation of compound 2H-2. 500 μL filtrate catalyzed by NapU contained
1 mM NDM, and 50 mM Tris-HCl pH 8.0. 2 mM NADP+, 4 mM [1-2H] D-glucose
and 100 µM recombinant BmGDH and 51.5 µM NapW were added and the
solution was incubated at 30 °C for 2 h to give 2H-2. 25 tubes of tandem enzymatic
reaction solution were extracted twice with ethyl acetate and the extract was eva-
porated to remove ethyl acetate. The extract was subjected to the silica gel column
chromatography and eluted with 10:1 CH2Cl2/CH3OH to yield <1 mg 2H-2, which
was characterized by 1H NMR and 2H NMR spectra.

Preparation of compound 19. 100 mL solution containing 5 mg compound 18,
4 mM NADPH, and 186 µM NapW was incubated at 30 °C for 24 h and monitored
by HPLC until when 18 was completely converted to 19. The solution was
extracted twice with ethyl acetate at pH 9.0 and the extract was evaporated to
remove ethyl acetate. The crude extract was further purified by reverse-phase silica
gel column chromatography to yield 1 mg 19 with yellow-green color.
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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.

Received: 20 April 2021; Accepted: 11 November 2021;

References
1. Almabruk, K. H., Dinh, L. K. & Philmus, B. Self-resistance of natural product

producers: past, present, and future focusing on self-resistant protein variants.
ACS Chem. Biol. 13, 1426–1437 (2018).

2. Li, Y.-X., Zhong, Z., Hou, P., Zhang, W.-P. & Qian, P.-Y. Resistance to
nonribosomal peptide antibiotics mediated by D-stereospecific peptidases.
Nat. Chem. Biol. 14, 381–387 (2018).

3. Yan, Y., Liu, N. & Tang, Y. Recent developments in self-resistance gene
directed natural product discovery. Nat. Prod. Rep. 37, 879–892 (2020).

4. Culp, E. J. et al. Evolution-guided discovery of antibiotics that inhibit
peptidoglycan remodelling. Nature 578, 582–587 (2020).

5. Sikandar, A. et al. Adaptation of a bacterial multidrug resistance system
revealed by the structure and function of AlbA. J. Am. Chem. Soc. 140,
16641–16649 (2018).

6. Rostock, L. et al. Molecular insights into antibiotic resistance—how a binding
protein traps albicidin. Nat. Commun. 9, 3095 (2018).

7. Fisher, J. F., Meroueh, S. O. & Mobashery, S. Bacterial resistance to β-lactam
antibiotics: compelling opportunism, compelling opportunity. Chem. Rev. 105,
395–424 (2005).

8. Crofts, T. S. et al. Shared strategies for β-lactam catabolism in the soil
microbiome. Nat. Chem. Biol. 14, 556–564 (2018).

9. Yuan, H. et al. GyrI-like proteins catalyze cyclopropanoid hydrolysis to confer
cellular protection. Nat. Commun. 8, 1485 (2017).

10. Tripathi, P. et al. ClbS is a cyclopropane hydrolase that confers colibactin
resistance. J. Am. Chem. Soc. 139, 17719–17722 (2017).

11. Scott, J. D. & Williams, R. M. Chemistry and biology of the
tetrahydroisoquinoline antitumor antibiotics. Chem. Rev. 102, 1669–1730
(2002).

12. Tang, G.-L., Tang, M.-C., Song, L.-Q. & Zhang, Y. Biosynthesis of
tetrahydroisoquinoline antibiotics. Curr. Top. Med. Chem. 16, 1717–1726
(2016).

13. Welin, E. R. et al. Concise total syntheses of (-)-jorunnamycin A and
(-)-jorumycin enabled by asymmetric catalysis. Science 363, 270–275 (2019).

14. Le, V. H., Inai, M., Williams, R. M. & Kan, T. Ecteinascidins. A review of the
chemistry, biology and clinical utility of potent tetrahydroisoquinoline
antitumor antibiotics. Nat. Prod. Rep. 32, 328–347 (2015).

15. Peng, C. et al. Hijacking a hydroxyethyl unit from a central metabolic ketose
into a nonribosomal peptide assembly line. Proc. Natl Acad. Sci. USA 109,
8540–8545 (2012).

16. Pu, J.-Y. et al. Naphthyridinomycin biosynthesis revealing the use of leader
peptide to guide nonribosomal peptide assembly. Org. Lett. 15, 3674–3677
(2013).

17. Zhang, Y. et al. Extracellularly oxidative activation and inactivation of
matured prodrug for cryptic self-resistance in naphthyridinomycin
biosynthesis. Proc. Natl Acad. Sci. USA 115, 11232–11237 (2018).

18. Kavanagh, K. L., Jörnvall, H., Persson, B. & Oppermann, U. Medium- and
short-chain dehydrogenase/reductase gene and protein families: the SDR
superfamily: functional and structural diversity within a family of metabolic
and regulatory enzymes. Cell. Mol. Life Sci. 65, 3895–3906 (2008).

19. Stavrinides, A. et al. Unlocking the diversity of alkaloids in Catharanthus
roseus: nuclear localization suggests metabolic channeling in secondary
metabolism. Chem. Biol. 22, 336–341 (2015).

20. Aleku, G. A. et al. Stereoselectivity and structural characterization of an imine
reductase (IRED) from Amycolatopsis orientalis. ACS Catal. 6, 3880–3889
(2016).

21. Oppermann, U. et al. Short-chain dehydrogenases/reductases (SDR): the 2002
update. Chem. -Biol. Interact. 143, 247–253 (2003).

22. Ye, Q. et al. Construction and co-expression of a polycistronic plasmid encoding
carbonyl reductase and glucose dehydrogenase for production of ethyl (S)-4-
chloro-3-hydroxybutanoate. Bioresour. Technol. 101, 6761–6767 (2010).

23. Zhang, G. et al. Mechanistic insights into polycycle formation by reductive
cyclization in ikarugamycin biosynthesis. Angew. Chem. Int. Ed. 53,
4840–4844 (2014).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-27404-3

10 NATURE COMMUNICATIONS |         (2021) 12:7085 | https://doi.org/10.1038/s41467-021-27404-3 | www.nature.com/naturecommunications

https://www.ncbi.nlm.nih.gov/nuccore/MT230905.1
https://www.ncbi.nlm.nih.gov/nuccore/MT230906.1
https://www.ncbi.nlm.nih.gov/nuccore/MT230907.1
https://www.rcsb.org/structure/7BTM
https://www.rcsb.org/structure/7BSX
www.nature.com/naturecommunications


24. Li, L. et al. Characterization of the saframycin A gene cluster from
Streptomyces lavendulae NRRL 11002 revealing a NRPS system for
assembling the unusual tetrapeptidyl skeleton in an iterative manner. J.
Bacteriol. 190, 251–263 (2008).

25. Tang, M.-C., Fu, C.-Y. & Tang, G.-L. Characterization of SfmD as a heme
peroxidase that catalyzes the regioselective hydroxylation of 3-methyltyrosine
to 3-hydroxy-5-methyltyrosine in saframycin A biosynthesis. J. Biol. Chem.
287, 5112–5121 (2012).

26. Peng, C. et al. In vivo investigation of the role of SfmO2 in saframycin A
biosynthesis by structural characterization of the analogue saframycin O. Sci.
China Chem. 55, 90–97 (2012).

27. Song, L.-Q. et al. Catalysis of extracellular deamination by a FAD-linked
oxidoreductase after prodrug maturation in the biosynthesis of saframycin A.
Angew. Chem. Int. Ed. 56, 9116–9120 (2017).

28. Koketsu, K., Watanabe, K., Suda, H., Oguri, H. & Oikawa, H. Reconstruction
of the saframycin core scaffold defines dual Pictet-Spengler mechanisms. Nat.
Chem. Biol. 6, 408–410 (2010).

29. He, W., Zhang, Z. & Ma, D. A scalable total synthesis of the antitumor agents
Et-743 and lurbinectedin. Angew. Chem. Int. Ed. 58, 3972–3975 (2019).

30. He, H., Shen, B. & Carter, G. T. Structural elucidation of lemonomycin, a
potent antibiotic from Streptomyces candidus. Tetrahedron Lett. 41,
2067–2071 (2000).

31. Van Bambeke, F., Balzi, E. & Tulkens, P. M. Antibiotic efflux pumps. Biochem.
Pharm. 60, 457–470 (2000).

32. Truglio, J. J., Croteau, D. L., Van Houten, B. & Kisker, C. Prokaryotic
nucleotide excision repair: the UvrABC system. Chem. Rev. 106, 233–252
(2006).

33. Zhang, Y. et al. Self‐resistance in the biosynthesis of fungal macrolides
involving cycles of extracellular oxidative activation and intracellular reductive
inactivation. Angew. Chem. Int. Ed. 60, 6639–6645 (2021).

34. Keller, N. P. Translating biosynthetic gene clusters into fungal armor and
weaponry. Nat. Chem. Biol. 11, 671–677 (2015).

35. Lei Du, L. & Li, S. Compartmentalized biosynthesis of fungal natural products.
Curr. Opin. Biotechnol. 69, 128–135 (2021).

36. Zhang, Q., Chi, H.-T., Wu, L., Deng, Z. & Yu, Y. Two cryptic self-resistance
mechanisms in Streptomyces tenebrarius reveal insights into the biosynthesis
of apramycin. Angew. Chem. Int. Ed. 60, 8990–8996 (2021).

37. Suzuki, N., Lee, C.-K., Nihira, T. & Yamada, Y. Purification and
characterization of virginiamycin M1 reductase from Streptomyces virginiae.
Antimicrob. Agents Chemother. 42, 2985–2988 (1998).

38. Crofts, T. S. et al. Discovery and characterization of a nitroreductase capable
of conferring bacterial resistance to chloramphenicol. Cell Chem. Biol. 26,
559–570 (2019).

39. Gui, C. et al. CytA, a reductase in the cytorhodin biosynthesis pathway,
inactivates anthracycline drugs in Streptomyces. Commun. Biol. 2, 454 (2019).

40. Li, M. et al. Monasone naphthoquinone biosynthesis and resistance in
Monascus fungi. mBio 11, e02676–19 (2020).

41. Crécy-Lagard, V., Haas, D. & Hanson, A. D. Newly-discovered enzymes that
function in metabolite damage-control. Curr. Opin. Chem. Biol. 47, 101–108
(2018).

42. Wencewicz, T. A. Crossroads of antibiotic resistance and biosynthesis. J. Mol.
Biol. 431, 3370–3399 (2019).

43. Blair, J. M., Webber, M. A., Baylay, A. J., Ogbolu, D. O. & Piddock, L. J. Molecular
mechanisms of antibiotic resistance. Nat. Rev. Microbiol. 13, 42–51 (2015).

44. Crofts, T. S., Gasparrini, A. J. & Dantas, G. Next-generation approaches to
understand and combat the antibiotic resistome. Nat. Rev. Microbiol. 15,
422–433 (2017).

45. Chang, C.-Y. et al. Resistance to enediyne antitumor antibiotics by
sequestration. Chem. Biol. 25, 1075–1085 (2018).

46. Thorpe, T. W. et al. One-pot biocatalytic cascade reduction of cyclic enimines
for the preparation of diastereomerically enriched N-geterocycles. J. Am.
Chem. Soc. 141, 19208–19213 (2019).

47. Yang, L., Zhu, J., Sun, C., Deng, Z. & Qu, X. Biosynthesis of plant
tetrahydroisoquinoline alkaloids through an imine reductase route. Chem. Sci.
11, 364–371 (2020).

48. Kieser, T. et al. Practical Streptomyces Genetics (JohnInnes Foundation, 2000).
49. Otwinowski, Z. & Minor, W. Processing of X-ray diffraction data collected in

oscillation mode. Methods Enzymol. 276, 307–326 (1997).
50. Minor, W., Cymboriwski, M., Otwinowski, Z. & Chruszcz, M. HKL-3000: the

integration of data reduction and structure solution-from diffraction images to
an initial model in minutes. Acta Crystallogr. D. Biol. Crystallogr. 62, 859–866
(2006).

51. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development
of Coot. Acta Crystallogr. D. 66, 486–501 (2010).

52. Adams, P. D. et al. PHENIX: A comprehensive Python-based system for
macromolecular structure solution. Acta Crystallogr. D. 66, 213–221 (2010).

53. Laskowski, R. A., MacArthur, M. W., Moss, D. S. & Thornton, J. M. ProCheck:
a program to check the stereochemical quality of protein structures. J. Appl.
Cryst. 26, 283–291 (1993).

54. Davis, I. W. et al. MolProbity: all-atom contacts and structure validation for
proteins and nucleic acids. Nucleic Acids Res. 35, W375–W383 (2007).

55. DeLano, W. L. PyMOL: an open-source molecular graphics tool. Ccp4
Newslett. Protein Crystallogr. 40, 11 (2002).

56. Morris, G. M. et al. Autodock4 and AutoDockTools4: automated docking with
selective receptor flexiblity. J. Comput. Chem. 16, 2785–2791 (2009).

57. Kumar, S., Rosenberg, J. M., Bouzida, D., Swendsen, R. H. & Kollman, P. A.
The weighted histogram analysis method for free-energy calculations on
biomolecules. I. The method. J. Comput. Chem. 13, 1011–1021 (2010).

58. Salomon-Ferrer, R., Case, D. A. & Walker, R. C. An overview of the Amber
biomolecular simulation package. WIREs Rev. Comput. Mol. Sci. 3, 198–210
(2013).

59. Cornell, W. D. et al. A second generation force field for the aimulation of
proteins, nucleic acids, and organic molecules. J. Am. Chem. Soc. 117,
5179–5197 (1995).

60. Frisch, M. J. et al. Gaussian 09 (Gaussian, Inc., 2009).
61. Zhao, Y. & Truhlar, D. G. The M06 suite of density functionals for main group

thermochemistry, thermochemical kinetics, noncovalent interactions, excited
states, and transition elements: two new functionals and systematic testing of
four M06-class functionals and 12 other functionals. Theor. Chem. Acc. 120,
215–241 (2008).

Acknowledgements
This work was supported in part by grants from National Natural Science Foundation of
China (31930002 and 21621002) and Chinese Academy of Sciences (QYZDJ-SSW-
SLH037). The authors thank the staff of beamlines BL17U1 and BL18U1 of Shanghai
Synchrotron Radiation Facility for access and help with the X-ray data collection. We
appreciate Prof. Dawei Ma of SIOC for kindly providing the synthesized ET-743.

Author contributions
G.-L.T. conceived the study and designed the experiments. W.-H.W., Y.Z., C.P., and
J.-Y.P. participated in the genetic experiments; W.-H.W., Y.Z., and Y.-Y.Z. performed the
biochemical assays; W.-H.W. and M.-C.T. carried out the chemically synthetic experi-
ments; Q.Y., C.-C.J., Y.-L.Z., and T.S. provided the molecular dynamic simulations; W.-
H.W., L.W., and J.Z. performed the protein crystal structure analysis. All authors ana-
lyzed and discussed the results; W.-H.W. and G.-L.T. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-27404-3.

Correspondence and requests for materials should be addressed to Ting Shi, Jiahai Zhou
or Gong-Li Tang.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-27404-3 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:7085 | https://doi.org/10.1038/s41467-021-27404-3 | www.nature.com/naturecommunications 11

https://doi.org/10.1038/s41467-021-27404-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Reductive inactivation of the hemiaminal pharmacophore for resistance against tetrahydroisoquinoline antibiotics
	Results
	NapW and homW catalyzed reductive inactivation of NDM for self-resistance
	Structure-based enzymology of NapW-catalyzed reaction
	SDRs-catalyzed inactivation of hemiaminal-bearing prodrug in SFM-A biosynthesis
	SDRs from antibiotic-producing microbes catalyzed the inactivation of other THIQ antibiotics
	SDRs from non-antibiotic-producing microbes catalyze inactivation of THIQ antibiotics

	Discussion
	Methods
	Materials
	Genome sequencing and analysis
	Construction of inactivation mutants of S. lusitanus NRRL 8034
	Protein expression and purification
	Site-directed mutagenesis
	Bacterial growth inhibition assays
	Metabolite analysis
	Isolation and purification of compound 18
	Enzymatic assays of mutants and wild type of NapW to NDM
	Enzymatic assays of NapW and homologous proteins to NDM
	Enzymatic assays of NapW and homologous proteins to compound 16
	Enzymatic assays of NapW and homologous proteins to ET-743
	Enzymatic assays of NapW and homologous proteins to 18
	Preparation of compound 2H-nobreak2
	Preparation of compound 19
	Crystallization and structural determination
	Umbrella sampling
	Molecular dynamic (MD) simulations
	Quantum mechanical/molecular mechanical (QM/MM) calculations
	Statistics and reproducibility

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




