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ABSTRACT: Anthracyclines are microbial natural products with
important antiproliferative bioactivities that are widely used in
anticancer chemotherapy. Several anthracyclines, including noga-
lamycin and kosinostatin, contain a 1-hydroxyl group, which is
installed by an atypical two-component mono-oxygenase system.
Here, we clarify the structural and mechanistic basis for 1-
hydroxylation. We present the crystal structure of the NADPH-
dependent reductase SwaQ2 in complex with doxorubicin, which
indicates that the reaction is initiated by quinone reduction. The
reduced anthracycline ligand may react with molecular oxygen,
leading to the formation of a peroxide intermediate similar to flavin chemistry. The structures of the polyketide cyclase-like SnoaL2,
involved in nogalamycin biosynthesis, in complex with substrate and product reveal a novel catalytic tetrad, which is used to stabilize
a reduced reaction intermediate to direct the reaction toward 1-hydroxylation. Furthermore, we report the characterization of several
unknown anthracycline 1-hydroxylases, which display varied substrate profiles. The structure of polyketide cyclase-like KstA15 from
the kosinostatin pathway enabled structure-based protein engineering to expand the substrate specificity of the enzyme to include
glycosylated anthracyclines. Our work provides insight into how reductase-hydroxylase two-component systems circumvent the need
for organic cofactors or metal ions to catalyze monooxygenations in several anthracycline pathways.
KEYWORDS: enzyme mechanism, mono-oxygenase, short-chain alcohol dehydrogenase/reductase, natural product, biosynthesis

■ INTRODUCTION
Anthracyclines are microbial natural products produced by
Actinobacteria, predominantly by various Gram-positive
Streptomyces species.1 Initially discovered for their biological
activity against Staphylococcus aureus, anthracyclines are also
known for their potent anticancer properties. Chemically,
anthracyclines are defined as linear tetracyclic 7,8,9,10-
tetrahydro-5,12-naphtacenoquinones decorated with one or
more carbohydrate units.2 Daunorubicin (1) and doxorubicin
(2) are widely used anthracyclines, which serve as first-choice
chemotherapy agents for treating both solid and hematological
tumors (Figure 1a).3 Aclacinomycin A is currently prescribed in
Japan and China for acute myeloid leukemia.1 The success of 2
as an antiproliferative agent has led to the discovery of a large
family of over 500 naturally occurring anthracyclines.4 Addi-
tionally, thousands of semisynthetic anthracyclines have been
screened to enhance their biological activity, resulting in the
discovery of six clinically important drugs.1

Despite 50 years of investigation, the biological activities and
the pharmaceutical potential of anthracyclines are not fully
elucidated.5 All anthracyclines bind to DNA in a similar manner,
with the polyphenolic anthracyclinone aglycone intercalating
between DNA bases, while the carbohydrate unit at C7
enhances binding affinity by positioning itself in the minor

groove of DNA. The biological effects induced by the
anthracycline-DNA complex vary and depend on the structure
of the anthracycline, but the two key outcomes are topoisomer-
ase poisoning6 and histone eviction.7 Despite their success in
cancer chemotherapy, 1 and 2 are associated with severe
treatment-limiting side effects such as cumulative cardiotox-
icity.5 In contrast, aclacinomycin A and the semisynthetic N,N-
dimethyl-doxorubicin have recently been shown to lack
cardiotoxicity,8 renewing interest in the development of novel
anthracycline congeners.
Anthracyclines belong to aromatic type II polyketides, and

their carbon scaffold is biosynthesized from acetyl-CoA or
propionyl-CoA starter unit via nine rounds of iterative Claisen
condensations with malonyl-CoA.2 Cyclization and aromatiza-
tion of the decaketide by a conserved set of enzymes lead to the
formation of the archetypical four-ring anthracyclinone. The
great diversity of anthracyclines is generated in tailoring steps,
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Figure 1. Characterization of anthracycline 1-hydroxylases. (a) Chemical structures of daunorubicin (1), doxorubicin (2), nogalamycin (3), and
kosinostatin (4). (b) Genomemining identifies anthracycline BGCs encoding proteins homologous to SnoaW and SnoaL2. (c) Chemical structures of
additional substrates nogalamycinone (5), aklavinone (6), 3′,4′−demethoxy-nogalose-nogalamycinone (7), and aclacinomycin T (8) used in this
study. Previous studies have confirmed that SnoaW/SnoaL2 convert 5 and 7 to 1−hydroxy-nogalamycinone (10) and 3′,4′−demethoxy-nogalose-1-
hydroxy-nogalamycinone (9), respectively. The site of 1-hydroxylation is shown in red. (d) The substrate promiscuity of SDR-enzymes showing
NADPH-dependent reduction of anthracycline substrates. Relative activities of the enzymes were investigated via consumption of NADPH, which was
monitored at 340 nm by UV/vis spectrophotometry.18 (e) Enzymatic assay of the cyclase-like enzymes in partnership with SnoaW. Substrate
conversion was monitored by HPLC (Figure S3). The activity measurements were carried out in triplicate with standard deviation shown as errors
bars.
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where various redox or group transfer reactions modify the
common carbon scaffold. Glycosylation with diverse amino- or
neutral deoxysugars is an important factor for the biological
activity of anthracyclines.9

Numerous anthracycline biosynthetic gene clusters (BGCs)
encode redox enzymes belonging to various protein families,
which highlight the importance of molecular oxygen in the
chemo-diversification of anthracyclines.1 However, the produc-
ing organisms face challenges as reactions between natural
products and O2 are limited by kinetic and thermodynamic
barriers,10 rendering molecular oxygen mostly inert under
ambient conditions. In order to harness the use of O2 in
biochemistry, nature has evolved several classes of enzymes that
utilize organic cofactors such as flavin or transition metals to
break the spin barrier-limiting reactivity.11 Examples of classical
mono-oxygenases or oxidases involved in anthracycline biosyn-
thesis include flavoenzymes such as the 11-hydroxylase RdmE
residing on the rhodomycin pathway,12 the cytochrome P450
enzymeDoxA responsible for several oxidations in daunorubicin
biosynthesis,13 the 2-oxoketoglutarate and nonheme iron-
dependent carbocyclase SnoK,14 and the Rieske mono-oxygen-
ase SnoT15 involved in nogalamycin (3) biosynthesis (Figure
1a).
In addition to classical redox enzymes, many anthracycline

biosynthetic pathways include mechanistically intriguing
cofactor-independent mono-oxygenases such as the quinone-
forming antibiotic biosynthesis mono-oxygenase (ABM)
SnoaB,16 methyltransferase-like 10-hydroxylase RdmB,17 and,
pertinent to this study, a two-component 1-hydroxylase system
SnoaW and SnoaL2.18 A common feature of these enzymes is
that the enzymes activate the substrate for reaction with the
molecular oxygen cosubstrate to aid catalysis in the absence of
redox cofactors.19 Detailed studies have suggested that SnoaB
accelerates rate-limiting electron transfer from an anionic
substrate to O2 by decreasing the required reorganization
energy.20 In case of RdmB, the reaction is initiated by 10-
decarboxylation of the substrate that leads to the formation of a
carbanion intermediate that may react with O2.

21 The
mechanism of 1-hydroxylation has been proposed to resemble
flavin chemistry and proceed via initial NAD(P)H-dependent
quinone reduction of the anthracyclinone by the atypical short-
chain alcohol dehydrogenase/reductase (SDR) SnoaW.18

Hydride (H−) transfer to the quinone allows activation of the
substrate and the formation of an anthracycline�molecular
oxygen-caged radical pair that is resolved into a peroxide
intermediate. Protonation of the peroxide by SnoaL2,22 which is
structurally similar to anthracycline fourth ring cyclases such as
SnoaL,23 has been suggested to complete 1-hydroxylation.
Here, we provide structural evidence for the mechanism of

anthracycline 1-hydroxylation. We characterized several novel
and known 1-hydroxylase systems and demonstrated their wide
substrate preference. We present the crystal structures of the
SDR-type reductase SwaQ2 and the cyclase-like SnoaL2 in
complex with ligands, allowing us to explore structure−function
relationships and gain insight into catalysis. In addition, the
structure of KstA15 from the kosinostatin (4) pathway,24 which
is homologous to SnoaL2, facilitated identification of residues
important for substrate recognition, which we utilized in
engineering of KstA15 to expand its substrate scope. The
work provides an extensive new molecular insight into how
nature has evolved ingenious ways to utilize O2 in enzyme
catalysis in the absence of organic cofactors or metal ions.

■ RESULTS AND DISCUSSION
Genome Mining and Characterization of Anthracy-

cline 1-Hydroxylases. We initiated the study by probing
sequence databases using the nogalamycin fourth-ring cyclase
SnoaL as a query,23 which led to the identification of 24 potential
anthracycline BGCs. In order to pinpoint potential 1-
hydroxylases, we searched for the presence of 1-hydroxylase
SnoaW/SnoaL2 pairs using MultiGeneBlast,25 which returned
two known BGCs involved in aclacinomycin (AclQ/AclR)26

and kosinostatin (KstA15/KstA16)24 biosynthesis. In addition,
several unknown BGCs were identified that harbored different
combinations and copy numbers of the two genes (Figure 1b).
Three BGCs of unknown function were from Streptomyces sp.
DvalAA-19, S. swartbergensis HMC13, and S. virginiae NRRL B-
8091, each harboring two copies of SDR genes. Phylogenetic
analysis indicated that the proteins denoted as DvaQ2, SwaQ2,
and VirQ2, respectively, clustering together with SnoaW, were
likely to be involved in 1-hydroxylation (Figure S1a). The
anthracycline BGC that resides in Streptomyces sp. CcalMP-8W
contained a single SDR enzyme coding for CalQ. In a similar
fashion, phylogenetic analysis was used to resolve SnoaL2-type
sequences from polyketide cyclases, which resulted in the
discovery of four proteins of unknown function DvaR, SwaR1,
VirR, and CalR (Figure S1b).
Next we produced and purified hexahistidine-tagged

recombinant SDR and cyclase-like proteins in Escherichia coli.
Five SDR proteins were purified, and the substrate promiscuity
of these enzymes was probed using nonglycosylated anthracy-
clinones nogalamycinone (5) and aklavinone (6), the neutral
glycoside 3′,4′−demethoxy-nogalose-nogalamycinone (7), and
three aminoglycosides aclacinomycin T (8), 1, and 2 as
substrates (Figure 1a and 1c). Enzyme activity was detected
spectrophotometrically in the presence of NADPH by
measuring conversion of NADPH to NADP+ at 340 nm. The
relative kinetic data indicated that SnoaW preferred neutral
glycoside 7 and aminoglycoside 8, while moderate reduction of
aglycones was also observed (Figure 1d). SwaQ2 harbored a
similar activity profile to SnoaW, with additional minor activity
toward 1 and 2. KstA16 exhibited broad substrate specificity and
was able to reduce both aglycones and glycosylated anthracy-
clines to their respective dihydroquinones. The activity of
DvaQ2 was minor with highest activity detected with aglycones,
while VirQ2 only accepted 8 as a substrate, suggesting that
VirQ2 is likely to prefer a differently modified anthracycline
glycoside as a substrate (Figure 1d and Figure S2). Specific
activities are summarized in Table S1.
The activity of the cyclase-like proteins was assayed by HPLC

in a coupled reaction with a suitable SDR partner (Figure S3). In
general, the substrate specificity appeared to be more stringent
than those of the SDR components. The neutral glycoside 7 was
the preferred substrate of SnoaL2, although the enzyme was also
able to hydroxylate aglycones 5 and 6 (Figure 1e). Surprisingly,
only minor activity was detected with aminoglycoside 8. The
activity of AclR mirrored that of SnoaL2 with activity detected
with aglycones but a preference for aminoglycoside 8 instead of
the neutral glycoside 7. KstA15 only accepted nonglycosylated
aglycones 5 and 6 as substrates, while CalR only hydroxylated 8
(Figure 1e).

Structure of the Quinone Reductase SwaQ2 in
Complex with NADP+ and 2. In order to obtain a complex
structure of an SDR quinone reductase, we focused on SwaQ2
that performed best in preliminary crystallization trials. We took
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advantage of the inherent fluorescence signal of anthracyclines
to detect interactions and to devise an assay to approximate the
binding affinities of the various anthracyclines toward SwaQ2.
The fluorescence signal of 2 substantially decreased in the
presence of SwaQ2 (Figure 2a), suggesting that binding at the
active site altered the fluorescent properties of 2 due to a change
in the chemical environment. Moreover, titration with an

increasing concentration of SwaQ2 revealed a binding constant
KD in the low micromolar (4.7 ± 1.7 μM) range (Figure 2b and
Figure S4).
We crystallized SwaQ2 in the presence of NADP+/NADPH

and 2, and we determined the X-ray structure to 2.4 Å resolution
(Table S2). The asymmetric unit of the P65 crystal unit cell
contained two monomers that are essentially identical, and

Figure 2. Structural and functional characterization of SwaQ2. (a) Fluorescence spectra of 2 in the absence and presence of SwaQ2 using ligand-
specific excitation at 470 nm and recording the emission spectra at 490−700 nm. (b) The fluorescence signal of 2 quenches in a concentration-
dependent manner upon titration, with SwaQ2 demonstrating ligand binding. The samples were excited at 470 nm, and emission was recorded at 595
nm. (c) The overall structure of SwaQ2 is depicted as a cartoon with the cosubstrate NADPH as yellow sticks and twomolecules of 2 in magenta. Two
different orientations of the enzyme are shown to indicate the parallel arrangement of the two ligand molecules. The two domains and the disordered
loop (dashed line) are highlighted. (d) Active site architecture of SwaQ2. Hydrogen bonding interactions formed by the amino acid residues Asn132,
Ser95, and His107, the cosubstrate NADPH, and the ligand are shown as dashed lines with distances indicated in Å. The red sphere designates a water
molecule within hydrogen bonding distance from His107 and Ser95. (e) Relative activities of SwaQ2, the single mutants SwaQ2 His107Ala and
Ser95Ala, and the double mutant His107Ala/Ser95Ala. The enzymatic assays were performed with the substrate analog 7 and NADPH in a coupled
assay with the cyclase-like enzyme SnoaL2. The SwaQ2/SnoaL2 reaction resulted in the hydroxylation of 7 to 9 (Figure S3). The activity
measurements were carried out in triplicate with standard deviation shown as errors bars.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.4c02623
ACS Catal. 2024, 14, 12359−12371

12362

https://pubs.acs.org/doi/suppl/10.1021/acscatal.4c02623/suppl_file/cs4c02623_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.4c02623/suppl_file/cs4c02623_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c02623?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c02623?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c02623?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.4c02623/suppl_file/cs4c02623_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c02623?fig=fig2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c02623?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


superposition resulted in a Cα-r.m.s.d. of 0.4 Å (on 274 of the
total 275 residues). The enzyme is built up of two domains: the
Rossmann-fold type NADPH-binding domain typical in the
SDR family27 and a lid domain closing over the active site cleft
(Figure 2c). The electron density map allowed themodeling of 2
and NADP+/NADPHmolecules in both protein chains. The N-
terminal methionine residues and a loop in the lid domain
(residue ranges 243−260 and 244−260 in the two chains,
respectively) were disordered and could not be modeled. A
likely reason for the mobility of the loop region was the presence
of two molecules of 2 in each active site, which were bound
between the nicotinamide residue and the lid domain. The
ligands are arranged in parallel to each other, forming a stacking
interaction between the anthracycline rings (Figure 2c). The
innermost position represents the likely substrate placement for
catalysis, directly neighboring the nicotinamide ring and the
conserved residues Ser95 and His107. The positioning of the
second outermost ligand on the protein surface with access to

bulk solvent may indicate that the second ligand positionmay be
considered as an artifact. This is supported by the analysis of the
binding kinetics in the solution state (Figure S4), which fits best
to a 1:1 binding stoichiometry.
In the active site, the nicotinamide ring of NADPH is

positioned by the side chain of Phe129 that is aligned parallel to
the cosubstrate. Potential hydrogen bonds are formed addition-
ally between the amide moiety and the side chain of Asn132 and
the 2′-hydroxyl group of the ribose and His107. The hydrogen
bonding network of His107 extends to Ser95 via a H2O
molecule (Figure 2d). The inner molecule of 2 is positioned
parallel to the cosubstrate with the quinone ring in the vicinity of
the nicotinamide ring. The 5-carbonyl oxygen of the
anthracycline is 3.4 Å from the oxygen of the Ser95 side chain,
while the 4-pro-S hydride position of the nicotinamide ring is 3.8
Å from the 5-carbonyl carbon of 2 (Figure 2d).
As a member of the extended family of SDR enzymes,28

SwaQ2 lacks the Ser-Tyr-Lys catalytic triad of classical SDR

Figure 3. Structural and functional characterization of SnoaL2. The dimer of SnoaL2 in complex with 7 (a, b�beige cartoon; ligand is depicted as a
stick model in orange) and 9 (c,d�blue cartoon; ligand is depicted as a stick model in yellow). One side of the active site cavity is composed of a
hydrophobic cage formed around the anthracycline ring system of the substrate 7 (b, transparent gray surface representation) and the product 9 (d,
transparent blue surface representation). Trp29 is labeled as a reference point. The opposite face of the active site is formed by a patch of hydrophilic
residues His35, Glu106, His119, and Asp121 that are depicted as sticks. Hydrogen bonding interactions between SnoaL2 and (e) the substrate 7 and
(f) product 9 are shown from two directions rotated by 180°. Hydrogen bonds are depicted as dashed lines with the distances indicated in Å. (g)
Comparison of the hydrogen bonding network between the SnoaL2 in complex with 7 (transparent orange) and the ligand-free SnoaL2 structure (dark
green). Hydrogen bonds are depicted as dashed lines with the distances indicated in Å. (h) The relative enzymatic activities of SnoaL2 and single
mutants SnoaL2 Glu106Ala, Asp121Ala, His35Ala, His119Ala, and Tyr104Phe in partnership with SnoaW. The substrate 7 and reaction product 9 are
shown in black and yellow, respectively. The columns represent the mean enzyme activity from triplicate measurements with standard deviation shown
as errors bars.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.4c02623
ACS Catal. 2024, 14, 12359−12371

12363

https://pubs.acs.org/doi/suppl/10.1021/acscatal.4c02623/suppl_file/cs4c02623_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c02623?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c02623?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c02623?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c02623?fig=fig3&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c02623?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


enzymes and instead hosts a Ser-Ile-His triad similar to the
angucycline quinone reductase SimC7.29 Alanine scanning
mutagenesis revealed that SwaQ2 His107Ala retained 5% of
the catalytic activity, while SwaQ2 Ser95Ala had no enzymatic
activity when 7 was used as a substrate (Figure 2e). The
identification of catalytically important residues was further
confirmed by the lack of activity in the double mutant
(Ser95Ala/His107Ala) of SwaQ2 (Figures 2e and S3).

Structure of the Cyclase-Like SnoaL2 in Complex with
Anthracyclines. The ligand-free structure of SnoaL2 has
previously been determined, which revealed a α+β barrel with a
large hydrophobic cavity in the interior of the protein.22 In order
to obtain mechanistic insight, we crystallized SnoaL2 in complex
with the substrate (7) and the product 3′,4′−demethoxy-
nogalose-1-hydroxy-nogalamycinone (9) (Figure 1c) and
determined their structures by X-ray crystallography to 1.8
and 2.0 Å resolution, respectively (Table S2). The crystal
asymmetric units contain a SnoaL2 dimer (Figure 3a) with the
dimerization mode identical to earlier ligand-free structures of
SnoaL2 and AclR.22 The models include the residue ranges 2−
130 or 2−131, with eight or nine residues at the C-terminal end
of the polypeptide chains being disordered. The substrate 7 is
bound in one active site cleft, while the second active site of the
dimer does not contain a ligand. The same ligand-binding
arrangement is observed in the structure of SnoaL2 in complex
with the product 9. SnoaL2 in complex with 7 (Figure 3a,b) and
in complex with 9 (Figure 3c,d) exhibited the same overall
conformation, and the superposition of the polypeptide chains
results in a Cα-r.m.s.d. of 0.1 Å over 129 of 130 amino acid
residues.
The binding mode and interactions of both 7 and 9 in the

active site cleft are highly similar, the polyketide aglycone groups
are situated in the deep, predominantly hydrophobic cleft, while
the carbohydrate moieties protrude toward the surface of the
protein. The hydrophobic cage surrounding the ligands from
one side is built by the side chains of Met13, Val14, Trp17,
Val25, Trp29, Val48, Met52, Ile80, Tyr104, Leu108, Phe123,
and Phe125, which adopt the same conformations and rotamers
when comparing the two ligand-bound structures. Notably,
none of the aromatic amino acids form hydrophobic pi-pi
stacking interactions with the planar ring system of the
anthracycline ligands (Figure 3b,d); Trp29 and Trp102 reside
above and below, respectively, of the anthracycline aglycone
(Figure 3e,f). Polar contacts between the ligands and the protein
are not prevalent, with only three residues Tyr104, Trp102, and
Arg51 potentially forming hydrogen bonds (Figure 3e,f).
We observed a potential catalytic tetrad on one side of the

polyaromatic ligand. This patch of polar residues His35, Glu106,
His119, and Asp121 forms a hydrogen bonding network
adjacent to the quinone ring system of both the substrate 7
(Figure 3e) and product 9 (Figure 3f) complexes. It is
interesting to note that the hydrogen bonding network is
missing in the apo structure, and it appears to be formed upon
conformational changes that occur during substrate binding
(Figure 3g). First, in the absence of the substrate, Glu106 is
positioned in the space occupied by ligand, but the residue is
forced closer to Asp121 and His119 in the complex structure.
Second, Tyr104 interacts with Asp121 in the apo structure
(Figure 3g), but in the complex structure, Tyr104 has rotated
and forms a hydrogen bond with the quinone oxygen of the
ligand (Figure 3e,f).
The importance of the catalytic tetrad His24-Glu106-His119-

Asp121 was confirmed by alanine scanning mutagenesis, which

significantly reduced the enzymatic activity with 7 to 0%−8%
(Figure 3h) after 5 min of reaction. Furthermore, the catalytic
tetrad appears to be conserved within the enzyme family, as
illustrated by the multiple sequence alignment (Figure S5). In
contrast, Tyr104 was not found to be essential for catalysis since
the mutant SnoaL2 Y104F retained 30% of relative enzymatic
activity after 5 min with 7 (Figure 3h). If the reaction time was
increased to 1h, SnoaL2 Y104F shows 90% of activity, while
other mutants displayed activity in the range of 4%−35%
(Figure S6).

Structure of KstA15 and Molecular Basis for Substrate
Promiscuity. As demonstrated above (Figure 1e), KstA15
displays a higher degree of substrate specificity, exclusively
accepting aglycones 5 and 6 as substrates, which is in contrast to
SnoaL2 that additionally accepts glycosides 7 and 8 (Figure 1e).
In order to understand factors that govern the differences in
substrate preference, we determined the apo structure of KstA15
to 2.1 Å resolution (Table S2). The overall structure of KstA15
is highly similar to SnoaL2 with an Cα-rmsd of 0.567 Å over 131
amino acid residues (Figure 4a). However, we observed critical
differences in the active sites of KstA15 and SnoaL2 that could
explain the differences in substrate utilization. Residues Val48,
Tyr104, and Phe123 that shape the active site entrance in
SnoaL2 correspond to Met61, Ile117, and Met135 in KstA15
(Figure 4b). In addition, differences may be observed at the
entrance to the active site cavity, which is broad in SnoaL2 due
to Ile39 and Phe125 (Figure 4c), but restricted by Val25 and
Tyr137 in KstA15 (Figure 4d).
In order to modulate the substrate specificity of KstA15, we

targeted the three residues Met61, Ile117, and Met135 and
exchanged them with those found in SnoaL2. Mutation of single
amino acid residues in KstA15 led to the production of a small
but measurable amount of 9 (Figure 4e) when 7 was used as a
substrate. While no dramatic improvement in the formation of 9
was observed with KstA15 double mutants, the triple mutant
KstA15 Met61Val/Ile117Tyr/Met135Phe showed efficient
production of 9, reaching 85% of the SnoaL2 activity (Figure
4e). In addition, the mutant exhibited broad substrate tolerance
and retained the ability to utilize aglycone 5 as the substrate with
the formation of 10 at 69%. It is noteworthy that of the three
residues, only Val48/Met61 is in the direct vicinity of the
carbohydrate unit of the substrate, while the other two residues
Tyr104/Ile117 and Phe117/Met135 are in close contact with
the aglycone unit. These results confirm that the three residues
participate in the positioning of various substrates in the active
site.

Structural Comparison and Evolutionary Implications
of Cyclase and Hydroxylase Enzymes. The structure of
SnoaL2 in complex with the product 9 (Figure 5a) allowed us to
compare the ligand binding to the canonical anthracycline
fourth-ring cyclase SnoaL (Figure 5b). Superposition of the
structures (Figure 5c) revealed that the two proteins share
significant structural similarity despite low sequence identity of
25% with Cα rmsd of 2.3 Å over 119 of 129 amino acid residues
of SnoaL. However, the binding of the anthracycline ligands was
found to differ drastically, and the substrate protrudes much
deeper in the SnoaL2 active site.
SnoaL harbors a catalytic dyad of Asp121-Gln195 to carry out

a fourth-ring cyclization (Figure 5d). It is interesting to note that
the same Asp121 residue is part of the catalytic tetrad His35-
Glu106-His119-Asp121 identified here to be important for
catalysis by SnoaL2. However, Asp121 appears to be the only
conserved catalytic amino acid, and other residues in the active
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sites are poorly conserved to accommodate the different binding
modes of the ligands.

Mechanism of 1-Hydroxylation.We propose that the first
step in anthracycline 1-hydroxylation is the NADPH-dependent
reduction of the quinone unit by SwaQ2. Our structural and
functional characterization of SwaQ2 supports a catalytic model,
where the reaction of SwaQ2 is initiated by the transfer of a
proton directly from Ser95 to the C5 carbonyl group of the
anthracycline and is followed by the transfer of the 4-pro-S
hydride from the cosubstrate NADPH to C5 of the substrate
(Figure 2d). This is in contrast to SimC7,29 where the reaction

has been proposed to be substrate assisted and involves
intramolecular proton transfer from an adjacent phenolic
hydroxyl group to the quinone carbonyl due to retained
enzymatic activity in an active site Ser mutant. However, the loss
of enzymatic activity in SwaQ2 Ser95Ala (Figures 2e and S3)
indicates that anthracycline quinone reduction is more
consistent with classical SDR enzymes, where proton transfer
from a tyrosine hydroxyl group initiates the reaction. The
significantly decreased enzymatic activity in the SwaQ2
His107Ala mutant is in agreement with the critical role of
His107 in binding and positioning the cosubstrate via a
hydrogen bond to the 2′-hydroxyl of the nicotinamide ribosyl
moiety (Figure 2d,e).
The reactivity of anthraquinones with molecular oxygen is

well documented and has been the basis of industrial
manufacturing of H2O2 for several decades.

30 The process is
based on chemical reduction of anthraquinones, which is
followed by reaction with molecular oxygen, leading to the
generation of an anthraquinone peroxide intermediate. Sponta-
neous cleavage of H2O2 simultaneously results in the
reformation of the oxidized anthraquinone starting material.30

In anthracycline 1-hydroxylation, we suggest that the reduced
anthracycline reacts with molecular oxygen in the active site of
SwaQ2 to ensure the correct regiochemistry. The hypothesis is
supported by previous work with SnoaW, indicating that
quinone reduction does not occur without the presence of
molecular oxygen.18 In the absence of cyclase-like protein
partners, the anthracycline 1-peroxide intermediate is resolved
into H2O2 and the oxidized anthracycline.

18

Figure 4. Structural and functional characterization of KstA15. (a)
Superimposition of SnoaL2 (beige cartoon) and KstA15 (salmon
cartoon) demonstrates similar overall folds. (b) Comparison of the
active sites of SnoaL2 (beige sticks; orange ligand) and KstA15 (red
sticks) identifies residues responsible for the differences in the size of
the active site cavity. The three residues highlighted (Val48, Tyr104,
and Phe123 in SnoaL2) are not conserved and are likely responsible for
substrate specificity. (c) The wide active site entrance of SnoaL2. (d)
The narrow active site entrance of KstA15. (e) Relative enzymatic
activities of SnoaL2, KstA15, single mutants (Met61Val, Ile117Tyr, and
Met135Phe), double mutants (Met61Val/Ile117Tyr, Met61Val/
Met135Phe, and Ile117Tyr/Met135Phe), and the triple mutant
(Met61Val/Ile117Tyr/Met135Phe) of KstA15 in partnership with
SnoaW. The glycosylated substrate 7 and nonglycosylated substrate 5
were used in the presence of NADPH. The detected reaction products
9 and 10 (Figure 1c) are shown in yellow and purple, respectively. The
columns represent the mean values from triplicate measurements with
standard deviation shown as errors bars.

Figure 5.Comparison of ligand binding in the polyketide cyclase SnoaL
and the polyketide cyclase-like SnoaL2. (a) SnoaL2 cartoon (blue) with
9 (yellow sticks) bound. (b) SnoaL as pink cartoon with the reaction
product (black stick model) bound. (c) The superposition of SnoaL
and SnoaL2 with their respective reaction products bound. The fold
and overall structure are highly similar, but the ligand position, binding
mode, and posture are profoundly different. (d) The residues involved
in catalysis are shown in relation to the respective reaction products in
yellow and black. *Asp121 and *Gln105 from SnoaL are depicted as
sticks with pink carbons. Asp121, Glu106, and His119 from SnoaL2 are
depicted as sticks with gray carbons.
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We propose that the role of SnoaL2 is to prevent release of
H2O2 and instead direct the reaction toward 1-hydroxylation.
This might be accomplished by stabilizing a resonance form 12
of the substrate that reinforces the aromatic nature of the
anthracycline D-ring since cleavage of a phenolic bond between
C1 and the proximal oxygen Op is unlikely. SnoaL2 hosts a novel
catalytic tetrad His35-Glu106-His119-Asp121 that is formed
upon substrate binding. The three residues Glu106-His119-
Asp121 can be observed stacking against the aromatic quinone
C-ring of the anthracycline. However, molecular modeling of a
resonance structure form of the intermediate 12 (Figure 6b and
Table S3), which harbors a reduced quinone with the same C5
stereochemistry as in the product of the SwaQ2 reaction,
positions the C5 hydroxyl group toward the hydrogen bonding
network of the catalytic triad. We propose that this interaction
indirectly stabilizes the C1−Op bond via D-ring aromatization

and allows cleavage of the Op and distal oxygen Od bond instead,
with concomitant release of H2O.

Mechanism of Aberrant Anthracycline Deglycosyla-
tion. We noted that when the SnoaW/SnoaL2 reactions were
carried out in the absence of molecular oxygen using the neutral
glycoside 7 as a substrate, a novel product (11) was observed by
HPLC. The reactions were scaled up, and sufficient material was
purified for structure elucidation by NMR (Figures S7, S8 and
S9). The experiment revealed that anaerobic conditions in the
presence of NAD(P)H led to deglycosylation and the loss of the
C7 O-glycosyl group from the substrate (Figure 6a). Formation
of an equivalent shunt product has been reported on the
kosinostatin pathway when the nonglycosylated 5 was used as a
substrate for KstA15 and KstA16 under anoxic conditions.31

Here, we demonstrate that SnoaL2 is required for the reaction
but that the moonlighting deglycosylation activity differs from
the 1-hydroxylation activity. We show that mutation of any of

Figure 6. (a) Proposed mechanism of anthracycline C1-hydroxylation and C7-deglycosylation. (b) Modeling of SnoaL2 with the intermediate 12. (c)
Modeling of SnoaL2 with the deglycosylated product 11. The deglycosylation allows greater flexibility of the substrate within the active site, leading to
an∼ 30° rotation of the compound in respect to the position of the glycosylated substrate 7 observed in the crystal structure. Despite the repositioning
of compound 11, the absence of interactions with the catalytic tetrad is similar to that of compound 7 (ghost white). (d) Relative enzymatic activities of
WT SnoaL2 and its mutants in partnership with SnoaW under anaerobic conditions. The substrate 7 and reaction product 11 are shown in black and
green, respectively. The mass and chemical structure of 11was confirmed with HR-MS and NMR (Figures S7, S8 and S9). The activity measurements
were carried out in triplicate at 293 K for 1 h, and the standard deviation is indicated by the error bars.
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the catalytic tetrad residues His35-Glu106-His119-Asp121 does
not influence the deglycosylation activity under anoxic
condition (Figure 6d). We propose that the mechanism of
deglycosylation is similar to the detoxification reactions of
anthracyclines by liver P450 enzymes32 and the cytorhodin self-
resistance protein CytA.33 In a manner similar to that of the
flavoprotein CytA, the formation of a reduced dihydroquinone
species by SnoaWmay undergoC7 deglycosylation to generate a
quinone methide, which in turn may rearrange to an oxidized
quinone. It is noteworthy that the key intermediate for
deglycosylation is a planar dihydroquinone species. Molecular
modeling of 11 (Figure 6c and Table S3) indicates that the
binding is similar to the glycosylated 7 and the compound does
not interact with the catalytic tetrad of SnoaL2 via hydrogen
bonding. This provides an explanation for why SnoaL2 mutant
enzymes were able to catalyze deglycosylation in comparatively
equivalent rates to the wild type (Figure 6d).

■ CONCLUSIONS
One of the defining features ofmicrobial natural products is their
tremendous chemical diversity.4 In order to achieve this,
microbes have evolved to recruit and repurpose enzymes from
primary metabolism to catalyze atypical chemical trans-
formations.34 One mechanistically intriguing class of catalysts
that have emerged are metal ion and organic cofactor
independent oxidases, which seem to circumvent classical
rules for oxygen utilization in biochemistry.19 Many of these
enzymes activate their natural substrates, which are often
aromatic in nature, to achieve a reaction between an organic
molecule and molecular oxygen.16,17,19

Here, we have clarified the structural basis for atypical 1-
hydroxylation that occurs on the biosynthetic pathways of
several known and unknown anthracyclines. We show that SDR
enzymes such as SwaQ2 position the substrates in front of the
NAPDH cosubstrate for initial quinone reduction, which leads
to formation of an anthracycline carbanion that is able to react
with molecular oxygen. The active site of SwaQ2 has a
sufficiently large pocket near the C1 of the ligand for binding
of molecular oxygen, but the formation of the anthracycline-
peroxide outside the active site cannot be excluded. It is
noteworthy that the reaction with molecular oxygen in the active
site of SwaQ2 may be required to ensure the correct
regiochemistry at C1 and prevent the reaction at the chemically
equivalent C11 position. Nonetheless, the single SDR enzyme is
not sufficient for 1-hydroxylation as the peroxide is resolved into
the anthracycline starting material and H2O2. For this reason,
recruitment of polyketide cyclase-like SnoaL2 has been
necessary to complete the reaction through stabilization of a
resonance structure that prevents cleavage of H2O2. This
process may have been facilitated by the relatively high stability
of the anthracycline-peroxide, which can be detected by
HPLC.18 We propose that the intermediate may passively
diffuse from the active site of SnoaW to SnoaL2 since no
protein−protein interactions have been observed between the
two proteins.18

The emergence of 1-hydroxylation has been highly important
from an evolutionary perspective since the reaction has allowed
an additional O-glycosylation site that is highly important for the
biological activity of nogalamycin (3).35 The complex chemical
structures of anthracyclines precludes industrial manufacturing
via organic synthesis.1 For this reason, the characterization of the
broad substrate specificity of the various 1-hydroxylases (Figure
1d and Figure 1e) is promising as it opens up possibilities to

generate novel anthracycline congeners using metabolic
engineering and combinatorial biosynthesis.9

■ MATERIALS AND METHODS
Bacterial Strains and Culture Conditions. Escherichia coli

TOP10 (Invitrogen) was used for the cloning and production of
the native enzymes and their mutants. Streptomyces strains used
for the production of metabolites were cultivated in NoS-
soyE1,35 tryptone soya broth (TSB) (Oxoid), R2 yeast extract
(R2YE), and mannitol soya flour medium (MS).36 The E. coli
TOP10 or BL21(DE3) (Merck) strains were cultivated in
Luria−Bertrani or 2 × yeast extract/tryptone medium (2xTY).
Ampicillin (100 μg/mL; Sigma-Aldrich) was used to cultivate E.
coli TOP10, while kanamycin (50 μg/mL; Sigma-Aldrich) and
apramycin (50 μg−1250 μg/mL; Sigma-Aldrich) were used for
the cultivation of the Streptomyces strains.

Cloning and General DNA Techniques.The genes snoaW
and snoaL2 were obtained from previous studies.18kstA15,
kstA16, swaQ2, dvaQ2, virQ2, and all mutants were ordered as
DNA fragments with restriction enzyme recognition sites or
cloned in a plasmid from either Thermo Fisher Scientific or
GeneWiz. DNA-modifying enzymes and commercial kits used
for digesting the DNA fragments and for recovering DNA from
agarose gels were purchased from Thermo Fisher Scientific. The
DNA fragments were digested with either BglII−HindIII or
NcoI−HindIII restriction enzymes and cloned to the modified
pBADHisB-plasmid.37 The constructs isolated after cloning
were verified by sequencing (Eurofins MWG Operon).
For structure determination of KstA15 an expression

construct with a removable N-terminal His6-tag was used. The
coding sequence of KstA15 was amplified by PCR using Pfu-
Turbo polymerase (Agilent), appropriate amplification primers
and subsequent cloning into pNIC28Bsa4 vector using ligation-
independent cloning.38 The construct contains an N-terminal
hexahistidine tag and a tobacco etch virus (TEV) protease
recognition site (MHHHHHHSSGVDLGTENLYFQ*S; an
asterisk indicates the cut position) for affinity tag removal.

Production and Purification of Enzymes and Metab-
olites. The enzymes for enzymatic assays were produced in E.
coli TOP10 as N-terminal hexahistidine-tagged recombinant
proteins. The cells were cultured in 2 L bottles with 500−1000
mL of 2xTY at 30−37 °C with vigorous shaking until the OD600
reached ∼0.6 after which the cells were induced with 0.02% (w/
v) L-arabinose. Protein production was carried out at 23 °C for
15−19 h. The cells were harvested by centrifugation and
suspended in A-buffer pH 7.5 [50 mM sodium phosphate, 200
mM NaCl, 5 mM imidazole, and 10% (v/v) glycerol]. The cells
were lysed by sonication, and the cell debris was removed by
centrifugation. The soluble cell lysates were mixed with TALON
Superflow (GE Healthcare) and incubated at 8 °C with gentle
rotation for 30 min. The impurities were washed with A-buffer,
and the target proteins were eluted from the column with B-
buffer (A-buffer with 300 mM imidazole). The purity of the
enzymes was analyzed with SDS PAGE. The enzymes were
desalted with a PD-10 column (GE Healthcare) and stored at
−20 °C in C-buffer pH 7.5 [100 mM sodium phosphate, 100
mM NaCl, 10% (v/v) glycerol] with glycerol added to 40% (v/
v). The enzyme SnoaW was unstable and supplemented with
0.2% of octyl β-D-glucopyranoside (v/v).
For structural studies, the SwaQ2 DNA fragment was

obtained from GeneWiz with an additional His-tag and a TEV
protease site (MAHHHHHHHSSGVDLGTENLYFQ*S) and
cloned to modified pBADHisB-plasmid.37 The protein was
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purified as mentioned above but with different buffers. D-buffer
pH 8.0 [50 mM Tris/HCl, 200 mM NaCl, 10 mM imidazole,
10% (v/v) glycerol] was used for cell resuspension and washing
of impurities, and E-buffer (D-buffer +300 mM imidazole) was
used for eluting the protein. The eluted protein was desalted and
recovered in F-buffer at pH 8.0 (25 mM Tris/HCl, 150 mM
NaCl). TEV protease cleavage reaction was performed at 8 °C
overnight in F-buffer (supplemented with 2mMDTT) at a mass
ratio of 1:100. The His6-tagged TEV protease and the uncleaved
tagged SwaQ2 proteins were removed by an immobilized metal
ion affinity chromatography (IMAC). The flow-through
containing the cleaved SwaQ2 was collected, desalted, and
stored at −80 °C in F-buffer for crystallization.
For KstA15 crystallization, the His6-tagged enzyme was

expressed in E. coli BL21(DE3) at 21 °C. The cells were
harvested by centrifugation (4,000 rpm x 30 min), resuspended
in a buffer containing 25 mM Tris-HCl, 300 mM NaCl, 10 mM
imidazole (pH 8.0), and lysed by the addition of lysozyme (40
μg/mL), DNase-I (6 μg/mL), MgCl2 (1 mM), and sonication.
The clarified lysate was loaded onto a 1 mL Ni-NTA column
(Thermo Scientific), washed with 20 column volume of 25 mM
Tris-HCl, 300 mM NaCl, and 10 mM imidazole (pH 8.0), and
the His-tagged proteins were eluted by an increasing imidazole
gradient (25−500 mM). The target protein-containing fractions
were pooled, and imidazole was removed by passing through a
PD10 desalting column (GE Healthcare) that retained the
proteins in 25 mMTris and 150 mMNaCl (pH 8.0). For affinity
tag-removal, protein preparations were treated with TEV
protease (5 μg/mg target protein) in the presence of 2 mM
DTT at 20 °C for 18 h. The His-tagged TEV protease and
uncleaved proteins were removed by running the samples
through a 1 mL Ni-NTA column, collecting the processed, tag-
free proteins in the flow-through. The resulting fractions were
concentrated using a Vivaspin device (Sartorius) with 10 kDa
molecular weight cutoff to <2 mL and loaded on size exclusion
chromatography columns (Superdex-200 or −75, GE Health-
care), equilibrated by 25 mM Tris and 150 mMNaCl (pH 8.0).
Peak fractions of the recombinant proteins or protein complexes
were pooled and concentrated using a Vivaspin device with 10-
kDa cutoff filters to 21 mg/mL. The purified recombinant
proteins were analyzed in SDS-PAGE (Figure S11). The protein
preparations were either used immediately for crystallization
and follow-up experiments or aliquoted, flash frozen in liquidN2,
and stored at −80 °C.
For the metabolites, the strain S.albus/pSnoΔaWwas used for

the production of the 3′,4′-demethoxy-nogalose-nogalamyci-
none substrate (7), while the strain S.albus/pSnoΔgE was used
for the production of the nogalamycinone substrate (5). Both
strains were generated in previous studies.35 Aclacinomycin T
(8) and aklavinone (6) were obtained by the acid hydrolysis of
commercial aclacinomycin A. Doxorubicin and daunorubicin
are commercially available.

Protein Crystallization and Structure Determination.
Crystals of SnoaL2 with bound polyketide compounds were
produced at 20 °C using the vapor diffusion method in 24-well
cell culture plates (Sarstedt, REF:83.3922, Sarstedt AG and Co.
KG, Numbrecht, Germany, EU) by mixing 1.5 μL of protein
solution at 24 mg/mL containing 2.0 mM of 7 or 9 (in the buffer
25 mM Tris-HCl 150 mMNaCl pH 8.0) with 1.5 μL of the well
solution (0.1 M MES pH 6.5/0.2 M MgCl2/25% PEG3350).
The crystals for data collection were picked in nylon loops
(Hampton) and were flash frozen and stored in liquid nitrogen
until data collection.

The SwaQ2 complex was crystallized at 21 mg/mL protein
concentration in the presence of 5 mM NADPH and 1.5 mM
doxorubicin (2) at 20 °C. The sitting drops were set up using the
Mosquito crystallization robot by mixing 0.15 μL of protein
solution and 0.15 μL of crystallization buffer (0.1 M Na-
cacodylate pH 6.67, 1.0MNa3-citrate). The dark orange crystals
were dipped in a drop composed of 25% glycerol/1.2 M Na3-
citrate for cryoprotection, flash frozen in litho loops (MiTeGen,
Ithaca, NY, USA), and stored in liquid nitrogen until data
collection.
Crystals of KstA15 were produced at 20 °C using the vapor

diffusion method in 24-well cell culture plates (Sarstedt,
REF:83.3922, Sarstedt AG and Co. KG, Numbrecht, Germany,
EU) by mixing 1 μL of protein solution at 21 mg/mL (in the
buffer 25 mMTris-HCl, 150mMNaCl pH 8.0, containing 9 at 2
mM) with 2 μL of the well solution (0.1 M Bis-TRIS-propane
pH 7.75/2.2 M ammonium sulfate). The crystals for data
collection were picked in litho loops (Mitigen) dipped in a drop
of the crystallization buffer containing 25% glycerol for
cryoprotection, flash frozen, and stored in liquid nitrogen until
data collection.
X-ray diffraction data sets for the 7 or 9 complexes of SnoaL2

and the data set for the apo-KstA15 were collected at the ID23−
2 beamline at the ESRF (Grenoble, France, EU) to 1.80, 2.00,
and 2.1 Å resolution, respectively. The crystal characterization
and data collection parameters were based on EDNA,39 and
diffraction data were indexed and integrated using XDS40 and
scaled by AIMLESS from the CCP4i suite.41 The X-ray data set
for the SwaQ2 complex crystal was collected at the BioMAX
beamline42 of the MAX-IV synchrotron (Lund, Sweden, EU),
and the data were indexed and integrated by AutoProc43 and
scaled by AIMLESS from the CCP4i suite.41 X-ray diffraction
data statistics are summarized in Table S2.
The structures of KstA15 and the two SnoaL2 polyketide

complexes were solved by molecular replacement using
MOLREP44 in the space group P212121 using the coordinates
of the ligand-free SnoaL2 structure (PDB: 2GEX).22 The
structure of SwaQ2 was solved by molecular replacement
employing PHASER45 in the space group P65 with the
coordinates of the homolog SimC7 from Streptomyces
antibioticus (PDB: 5L3Z).29

The models were completed by manual model building in
COOT46 interspersed by crystallographic refinement by
REFMAC-5.47 Ligand refinement restrains were prepared by
PRODRG.48 The protein models were validated in COOT and
by MOLPROBITY,49 and figures were made in PyMOL (www.
pymol.org). Refinement statistics and model parameters are
summarized in Table S2. The crystallographic data were
deposited with the Protein Data Bank under accession codes
8R2J, 8R2B, 8R2E, and 8R20.

Fluorescence-Based Ligand Binding Assay. The
changes in the inherent fluorescence emission of the polyketides
ligands were monitored in the absence or in the presence of the
SwaQ2 in 96-well black plates (Costar 3694, Sigma-Aldrich)
using the EnSpire Multilabel Reader (PerkinElmer) in the assay
buffer 25 mM Tris-HCl, 150 mM NaCl, pH 7.5. The
doxorubicin (2) at 25 μM were exposed to a concentration
series of SwaQ2 in the range of 0−310 μM (exactly: 0, 4.8, 9.7,
19.4, 38.8, 77.5, 155.0, and 310.0 μM). The fluorescence
emission was recorded using excitation spectrum at 470 nm and
emission spectrum in 490−700 nm range with peak at 595 nm
utilized in kinetic analysis. The fluorescence data were plotted
using Origin (OriginLab, Northampton, Massachusetts, USA).
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Titration data of 2with SwaQ2 were fit to the 1:1 binding model
(Figure S3) that accounted for changes in the concentration of
both reactants upon formation of the binary complex using the
equilibrium titration routine of the Kintek Explorer software
(KinTek Corporation, Austin, TX). The upper and lower
bounds of the dissociation constant were calculated at a 10%
increase in Chi2 over the minimal value using the FitSpace
routine of the Kintek Explorer.

Enzymatic Reactions.The reactions were performed under
aerobic and/or anaerobic conditions with either compound 1, 2,
5, 6, 7, or 8 (Figures 1a−c) depending on the enzyme−substrate
specificity. All reactions were carried out in 200 μL of reaction
volume at room temperature (under aerobic conditions) or at 37
°C (under anaerobic conditions) with incubation time ranging
from 5 to 60 min. The reaction products were analyzed by an
SCL-10Avp HPLC with a SPD-M10Avp diode array detector
(Shimadzu) using a Kinetex column (2.6 μm C18 100 Å, LC
column 100 mm × 4.6 mm, Ea, Phenomenex) with a gradient
from 15% acetonitrile containing 0.1% formic acid to 100%.
For the measurement of the SDR enzyme promiscuity based

on the oxidation of NADPH, the reactions contained 120 μM
substrate, 5 μM SDR-enzyme, and 500 μM NADPH. The
formation of the dihydroquinone intermediates was monitored
photometrically following the absorbance maxima of NADPH
(340 nm) by UV/vis spectrophotometry.
The aerobic reactions mixture consisted of 150−200 μM

substrates, 1−2 μM SDR enzymes (SnoaW, KstA16, SwaQ2,
DvaQ2, VirQ2, and their mutants), 3−5 μM cyclase-like
enzymes (SnoaL2, KstA15, AclR, CalR, and their mutants),
and 0.5 mM NAD(P)H in reaction buffer (50 mM sodium
phosphate, 50 mM NaCl [pH 7.5], 1.18%−1.27% DMSO [v/
v]). The reactions were usually incubated for 5−60min at 23 °C
and then quenched by chloroform extraction. The chloroform
phase containing the reaction products was dried and dissolved
in methanol for HPLC analyses, as mentioned above. All the
reactions were performed in triplicates.
The anaerobic reactions were carried out in 200 μL volume

using either a Thunberg cuvette or in a whitley A35 anaerobic
workstation (don whitley scientific), which is constantly filled
with nitrogen. A day before the reactions were performed, the
reaction buffers at different pH values containing spinning
magnetic rods were kept overnight in an anaerobic glovebox in
order to completely displace any oxygen in the buffers. On the
following day, less than 15 μL of the substrates, cofactor, and
enzymes (in 1.5 mL Eppendorf tubes) were kept opened for
about 15 min in the anaerobic glovebox to remove any oxygen
before the reactions were setup. The same concentrations of
enzymes, substrates, and cofactor used under aerobic conditions
were used in the anaerobic studies. The reactions were
incubated for 1 h after which they were quenched by the
addition of chloroform, and the compounds were extracted in
chloroform. The chloroform was dried with a concentrator plus
(Eppendorf) and dissolved with methanol. All the reactions
were performed in triplicates. Analytical HPLC analyses were
performed as described above.

Preparative Scale Enzymatic Synthesis of Product 11.
In order to biosynthesize an adequate amount of compound 11
(Figure 6a) for NMR analysis, the reaction was carried out
several times in 1−2 mL volumes in a Thunberg cuvette system
under a nitrogen flux. The reaction mixture was analogous to
that described for the aerobic reactions, with NADH introduced
last, after all the oxygen had been flushed out with nitrogen
(three flushes of 10 min, with vacuum applied in between). The

enzymatic mutant SnoaL2 E106A was used to carry out the
reaction, in partnership with SnoaW. The reactions were carried
out for 1h at RT and quickly quenched with the addition of
chloroform. The chloroform fraction was dried with a
concentrator plus (Eppendorf) and dissolved with methanol.
To finalize the purification, the samples were pooled and
purified by preparative HPLC with a Shimadzu Nexera Prep
HPLC system using a C18 5-μm, 10 × 250 mm SunFire
(Waters) column at 2.5 mL/min, under the same gradient as
described for the enzymatic reactions above.

Structure Determination of Enzymatic Reaction
Products. The in vitro biosynthesized and purified 11 was
extracted and dried. The sample was desiccated overnight and
dissolved in deuterated methanol (eurisotop). Due to
incomplete dissolution, some drops of DMSO-d6 were added.
Finally, the sample was filtered through glass wool to an NMR
tube. The NMR was performed with a 500 MHz Bruker
AVANCE-III NMR-system equipped with a liquid nitrogen-
cooled Prodigy BBO (CryoProbe) or a 600 MHz Bruker
AVANCE-III NMR-system equipped with a liquid nitrogen-
cooled Prodigy TCI (inverted CryoProbe) at 298 K. The signals
were internally referenced to the solvent signals or tetrame-
thylsilane (TMS). The experiments included 1D (1H) and 2D
measurements (COSY, HMBC, and HSQC). Topspin (Bruker
Biospin) was used for spectral analysis. Carbon chemical shifts
were deduced from the HSQC and HMBC data.
The structure of compound 10 was confirmed by high-

resolution electrospray ionization mass spectrometry by
comparison of authentic standard 9, which was converted to
10 using acid hydrolysis (Figure S10). High-resolution electro-
spray ionization mass spectra were recorded on Waters
ACQUITY RDa Detector using a XBridge BEH C18 column,
130 Å, 5 μm, 4.6 × 30 mm (Waters) [method: solvent A: HO/
0.1% HCOOH; solvent B: CH3ON/0.1% HCOOH; flow rate:
0.8 mL/min; 0−2.20 min, 2−100% B; 2.20−2.50 min, 100% B;
2.50−2.80 min, 100−2% B; 2.80−3.00 min, 2% B].

Molecular Docking of Compounds 11 and 12. The 3D
structures of compounds 11 and 12 were created via Chem3D
software, with MM2 energy minimization (Table S3). In the
case of compound 12, the sugar was manually rotated to a
position similar to that of compound 7. The structure of SnoaL2
in complex with 7was used as the docking target, with the ligand
removed. Docking was automated using the SwissDock web
server.50

Bioinformatics. Anthracycline biosynthetic gene clusters
(BGCs) were initially recovered from GenBank with BLAST53

searches using the SnoaL sequence as query. The results were
refined to identify gene clusters harboring 1-hydroxylase genes
using MultiGeneBlast.25 Multiple sequence alignment was
carried out using ClustalOmega51 and edited in ENDScript.52
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