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SUMMARY

Nogalamycin is an anthracycline polyketide antibiotic
that contains two deoxysugars, at positions C-1 and
C-7. Previous biosynthetic studies conducted in vivo
affiliated snoaL2 with an unusual C-1 hydroxylation
reaction, but in vitro activity was not established.
Here, we demonstrate that inactivation of either
snoaL2 or snoaW resulted in accumulation of two
nonhydroxylated metabolites, nogalamycinone and
a novel anthracycline 30,40-demethoxy-nogalose-no-
galamycinone. The C-1 hydroxylation activity was
successfully reconstructed in vitro in the presence
of the two enzymes, NAD(P)H and the substrates.
Based on relative reaction efficiencies, 30,40-deme-
thoxy-nogalose-nogalamycinone was identified as
the likely natural substrate. A biosynthetic model
was established where the atypical short-chain
alcohol dehydrogenase SnoaW reduces the anthra-
quinone to a dihydroquinone using NADPH, which
enables activation of oxygen and formation of a hy-
droperoxy intermediate. Finally, protonation of the
intermediate by SnoaL2 yields the 1-hydroxylated
product.

INTRODUCTION

Polyketide antibiotics comprise a structurally diverse class of

secondary metabolites, which have been well established for

their biological activities and applications in medicine (Newman

and Cragg, 2007). Aromatic polyketides, which are a major

subclass of polyketides produced mainly by soil-dwelling

Streptomyces bacteria, commonly consist of a polyaromatic

carbon skeleton that is further modified in tailoring reactions

such as glycosylations, hydroxylations, decarboxylations, and

methylations (Hertweck et al., 2007). Differences in the shape

and size of the aglycone moiety and the degree of tailoring

explain the vast number of compounds belonging to this family.

One large class of aromatic polyketides is the anthracyclines,

which have been chemically defined to consist of a 7,8,9,10-

tetrahydro-5,12-naphtacenoquinone aglycone chromophore

onto which one or more deoxysugars are attached, most

commonly at the C-7 position (Hutchinson, 1997; Metsä-Ketelä

et al., 2008). Nogalamycin (1, Figure 1) is an intriguing member

of anthracyclines as it contains an aminosugar, nogalamine,
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attached to the polyketide aglycone in an uniquemanner through

two bonds, O-glycosylation at C-1 and via a carbon-carbon

bond between C-2 and C-500 (Arora, 1983). The compound was

further developed into a semisynthetic derivative, menogaril,

which progressed to clinical trials, where it showed promising

antitumor activity (Neil et al., 1979) with reduced acute toxicity

(McGovren et al., 1979), but the development of the compound

nevertheless ceased at phase II. In spite of this, the promising

features of menogaril and the structural peculiarity of 1 in general

was the driving incentive for the isolation of the biosynthetic gene

cluster, which was used in a wide range of molecular genetic

studies (Kantola et al., 2000; Siitonen et al., 2012; Torkkell

et al., 1997, 2000, 2001; Ylihonko et al., 1996a, 1996b). These

experiments led to the generation of several novel anthracycline

metabolites and identified the functions of dozens of gene prod-

ucts residing on the pathway.

In recent years, several families of cofactor-independent oxy-

genases have been identified and characterized (Fetzner, 2002;

Fetzner and Steiner, 2010). The oxygenases have generated

considerable interest in the scientific community as direct addi-

tion of O2 to organic molecules is a spin forbidden reaction,

which is usually overcome by utilization of transition metals or

organic cofactors to break the spin-barrier (Fetzner and Steiner,

2010; Mattevi, 2006). Intriguingly, two pairs of unrelated putative

cofactor-independent enzymes, SnoaB/AknX and SnoaL2/AclR,

have been demonstrated to be involved in oxygen transfer reac-

tions in the biosynthesis of the anthracyclines nogalamycin and

aclacinomycin. Mechanistic aspects of the quinone forming

C-12 monooxygenases SnoaB (Grocholski et al., 2010) and

AknX (Chung et al., 2002) have suggested that catalysis

proceeds via a carbanion intermediate, which is in agreement

with the findings from their actinorhodin counterpart, ActVA-

ORF6 (Sciara et al., 2003). In addition, early molecular genetic

studies identified the product of another small open reading

frame snoaL2 to be involved in anthracycline C-1 hydroxylation

through expression of the gene in Streptomyces galilaeus strain

H063, which resulted in the production of 1-hydroxylated aklavi-

none (Torkkell et al., 2001). This prompted further interest in

SnoaL2 and AclR, which based on sequence similarity appeared

to be evolutionarily related to polyketide cyclases, such as

SnoaL (Sultana et al., 2004; Torkkell et al., 2000), AknH (Kallio

et al., 2006), and DnrD (Kendrew et al., 1999) that catalyze cycli-

zation of the fourth ring through aldol condensation, rather than

to known cofactor-independent oxygenases.

Determination of the 3D structures of SnoaL2 and AclR by

protein crystallography from the nogalamycin and aclacinomy-

cin/cinerubin pathways, respectively, verified that the fold of

the two enzymes was indeed similar to the polyketide cyclases
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Figure 1. Structures of the Anthracyclines Investigated in This Study
(1) Nogalamycin.

(2) Nogalamycinone.

(3) 30,40-Demethoxy-nogalose-nogalamycinone.

(4) 30,40-Demethoxy-nogalose-1-hydroxy-nogalamycinone.

Figure 2. HPLC Traces Recorded at 460 nm of the Various Metabo-

lites Investigated in This Study

(A) Production profile of the strain S. albus/pSnoDaL2. The main metabolites

produced are nogalamycinone (2) and 30,40-demethoxy-nogalose-nogalamy-

cinone (3).

(B) Production profile of the strain S. albus/pSnoDaW, which produces the

same metabolites as the snoaL2 knockout strain.

(C) Authentic 2 obtained from previous studies (Siitonen et al., 2012).

(D) Purified 3 obtained from cultures of S. albus/pSnoDaW.

(E) Reaction of 2 with SnoaW and SnoaL2 in the presence of NADPH.

(F) Conversion of 3 into 30,40-demethoxy-nogalose-1-hydroxy-nogalamyci-

none (4) by SnoaW and SnoaL2 in the presence of NADPH.

(G) Authentic 4 obtained from previous studies (Siitonen et al., 2012).

(H) Conversion of 3 into 4 by SnoaW and SnoaL2 in the presence of NADH.

(I) Reaction of 2 with SnoaW and SnoaL2 in the presence of NADH.
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(Beinker et al., 2006). Despite extensive effort, however, in vitro

activity for the C-1 hydroxylation reaction could not be estab-

lished at the time which hindered structure-function studies

that would explain how these two enzyme pairs (SnoaL/SnoaL2

and AknH/AclR, approximately 25% sequence identity) have

evolved to catalyze such different chemical reactions.

In this paper, we demonstrate that inactivation of either

snoaL2 or snoaW, which encodes an ‘‘atypical’’ short-chain

alcohol dehydrogenase (SDR) (Persson et al., 2009), resulted in

similar production profiles and in the accumulation of nonhy-

droxylated metabolites. The C-1 hydroxylation activity could

be subsequently reconstituted in vitro using substrates isolated

from the knockout strains, NAD(P)H, and the two enzymes

SnoaL2 and SnoaW. Finally, extensive biochemical character-

ization of the reaction led us to present a mechanistic model

inspired by flavin chemistry for the C-1 hydroxylation reaction

catalyzed by the novel two-component monooxygenase system

SnoaW/SnoaL2.

RESULTS

Inactivation of Genes Encoding SnoaW and SnoaL2,
and Complementation
Direct manipulation of Streptomyces nogalater genomic DNA

has been notoriously challenging due to an efficient restriction

modification system present in the strain. However, we have

recently been able to express a large part of the biosynthetic

gene cluster in the heterologous host Streptomyces albus using

the cosmid pSnogaori (Siitonen et al., 2012). For this study,

snoaL2 and snoaW were knocked out from pSnogaori in

Escherichia coli using l Red recombination as described in the

Experimental Procedures. Analysis of the metabolites produced

by S. albus/pSnoDaL2 and S. albus/pSnoDaW revealed similar
Chemistry & Biology 19,
production profiles and indicated the presence of two newmajor

peaks with characteristic spectra of anthracyclines by high-

performance liquid chromatography (HPLC)-UV/Vis (Figures 2A

and 2B).

In order to rule out any possible polar effects caused by the

deletion of snoaW to the transcription of downstream genes,

we next introduced the plasmid pIJTaW, which contained PCR

amplified snoaWunder the control of TipA-promoter, into the cor-

responding deletion mutant strain. The introduction of pIJTaW
638–646, May 25, 2012 ª2012 Elsevier Ltd All rights reserved 639



Table 1. 1H NMR and 13C Assignments of 3 in MeOD/d6-DMSO

at 25�C

Position 1H 13C

1 7.53 dd, 1.19, 7.58 119.4

2 7.67 dd, 7.57, 8.32 137.4

3 7.25 dd, 1.12, 8.42 124.4

4 161.2

4-OH Exchangeable

4a 115.7

5 191.8

5a 114.5

6 161.5

6-OH Exchangeable

6a 131.1

7 4.96 dd, 1.09, 5.54 72.6

8 2.005 d, 14.2 38.7

2.65 dd, 14.19, 5.62

9 67.9

9-OH Exchangeable

10 4.04 s 57.38

10a 143.1

11 7.35 s 119.5

11a 132.15

12 180.7

12a 133.1

13 1.37 s, 3H 29.2

14 170.9

15 3.61 s, 3H 52.0

10 5.26 d, 1.00 101.8

20 2.99 d, 1.10 85.1

20-O-CH3 3.44 s, 3H 58.9

30 71.5

30-OH 4.06 s

30-CH3 1.01 s, 3H 18.7

40 3.21 d, 9.56 74.7

40-OH Exchangeable

50 3.59 68.2

60 1.21 d, 6.5, 3H 18.3

The chemical shifts of 1H and 13C nuclei were internally referenced to

MeOD. The spectra were recorded with a 500 MHz instrument. s, singlet;

d, doublet; dd, doublet of doublets.

See also Figure S1.
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into S. albus/pSnoDaW complemented the mutation and the

production profile of the strain was converted essentially back

to that of the original nonmutated strain S. albus/pSnogaori

(data not shown). The gene snoaL2 resides putatively in its own

operon (Siitonen et al., 2012), and therefore it was unlikely to

cause any downstream effects upon gene inactivation.

Structure Elucidation of the Metabolites and
Identification of an Anthracycline Intermediate
One of the metabolites detected in the S. albus/pSnoDaW culti-

vations was readily inferred as nogalamycinone (2, Figure 1)
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based on the HPLC elution time and UV/Vis spectral properties,

which were identical to an authentic sample obtained from

previous studies (Figure 2C) (Siitonen et al., 2012). This assign-

ment was also supported by further LC-ESI(�)-HR-MS analysis

([M-H]� observed 397.0929, calculated 397.0929).

For structure elucidation of the other previously undetected

metabolite, the strain was grown in large scale and the polyke-

tide produced was purified by open column chromatography

and preparative HPLC. The UV/Vis spectrum of the compound

was identical to that of 2 with maxima at 258, 289, and

430 nm, suggesting that the polyketide aglycone chromophore

was the same. The molecular formula C29H32O12 was verified

by LC-ESI-HR-MS ([M-H]� observed 571.1807, calculated

571.1821) indicating that the product might be a monoglycosy-

lated nogalamycin intermediate. This was finally confirmed

by 1H and 13C NMR spectra (Table 1), and COSY, HSQC,

HMBC measurements (Figure S1 available online), which

unequivocally proved that the compoundwas, to our knowledge,

a novel anthracycline 30,40-demethoxy-nogalose-nogalamyci-

none (3, Figures 1 and 2D).

Production and Purification of SnoaW and SnoaL2
For production of histidine tagged recombinant proteins, snoaW

and snoaL2 were cloned into a modified pBAD/HisB plasmid

(Kallio et al., 2006) in E. coli TOP10 as described in Experimental

Procedures. The cloning procedure introduced an additional

AHHHHHHHRS N-terminal sequence into the polypeptides.

Both proteins could be purified to homogeneity in a single step

using affinity chromatography. The yield of SnoaL2 (17.0 kDa)

was 17 mg/liter culture medium, while SnoaW (30.4 kDa) was

produced in a lower yield of 12 mg/liter culture medium. Addition

of 1% reduced Triton X-100 (v/v) was required for stabilization of

SnoaW.

In Vitro C-1 Hydroxylation Activity of SnoaW/SnoaL2
When 1 mM SnoaW and 20 mM SnoaL2 were incubated with

100 mM 2 in the presence of 1 mM NADPH, approximately

20% conversion was observed in an overnight incubation at

room temperature as estimated by HPLC (Figure 2E). However,

when 3was used as a substrate, the color of the reactionmixture

shifted from yellow to red within minutes, and near to complete

conversion was achieved (Figure 2F). The reaction was accom-

panied with several changes in the spectral properties, which

could be attributed to (1) consumption of the cosubstrate

NADPH at 340 nm, (2) consumption of the substrate at

435 nm, and (3) formation of the product at 490 nm (Figure 3).

The end product of the reaction was identified as 30,40-deme-

thoxy-nogalose-1-hydroxy-nogalamycinone (4, Figure 1) by

comparison of the spectral properties to an authentic standard

(Siitonen et al., 2012) and by HPLC (Figure 2G).

Activity of SnoaW Alone Leads to a Nonproductive Cycle
To determine the order of the reactions catalyzed by SnoaL2 and

SnoaW, the proteins were incubated individually with 3 and

NADPH. While catalytic activity could not be observed for

SnoaL2, the SnoaW reaction resulted in a decrease of the absor-

bance signal at 340 nm, specific for NADPH. The reaction took

place only in the presence of the substrate, yet no conversion

product could be initially detected in HPLC analysis; the mixture
Ltd All rights reserved



Figure 3. Monitoring of the In Vitro Reaction by UV/Vis Spectropho-

tometry

(A) Directly after initiation of the reaction.

(B) After 20 min of the reaction. The decrease of absorbance at 340 nm

correlates with the oxidation of NADPH, while the changes at 435 and 490 nm

correspond to the conversion of the substrate to the hydroxylated product.

See also Figure S2 for reaction kinetics calculated from the spectral data.
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solely contained 3 in quantities comparable to those initially

supplied. When the substrate consumption was monitored at

435 nm, the signal first decreased in proportion to the amount

of NADPH, but eventually returned toward the starting levels

(Figure 4A) suggesting that the product of the reaction had con-

verted back into the substrate. However, when the reaction was

conducted under near single turnover conditions with a high

concentration of SnoaW followed by removal of oxygen after

30 s and quenching of the reaction using organic solvents,

a reaction product could finally be detected by HPLC (Figure 4B).

The metabolite displayed a clear hypsochromic shift in

comparison to 3, and the UV/Vis maximum had changed from

435 to 370 nm (Figure 4B). Further characterization of the inter-

mediate was hindered by oxidation of the reaction product,

since after 45 min only 3 could be detected by reinjection of

the same sample into HPLC (Figure 4B). Consistent with our

other observations, if SnoaL2 was added to the SnoaW reaction

mixture after depletion of NADPH, no conversion into the

1-hydroxylated product could be detected. However, if the

NADPH depleted SnoaW reaction was enriched with both

SnoaL2 and additional NADPH, the end product 4 was obtained

normally.

Formation of H2O2 during the Reaction Cascade
In flavin chemistry, a (hydro)peroxy intermediate is formed when

reduced flavin reacts with O2. Such a peroxyflavin is unstable

and decays to form hydrogen peroxide and oxidized flavin (van

Berkel et al., 2006). In order to obtain experimental evidence

for the existence of a peroxy anthracycline intermediate, we

used the horseradish peroxidase (HRP)/2,20-azino-bis(3-ethyl-
benzothiazoline-6-sulphonic acid) (ABTS) assay system to

measure formation of H2O2. When the nonproductive SnoaW

reaction was titrated with NADPH, cosubstrate concentration-

dependent formation of H2O2 was observed (Figure 4C). In

contrast, hydrogen peroxide was not detected in an efficiently

coupled SnoaW/SnoaL2 reaction.
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Oxygen Dependence and Metal Independence of
SnoaW/SnoaL2
If the coupled SnoaW/SnoaL2 reactionwas performed in a Thun-

berg cuvette under anaerobic conditions, the reaction did not

proceed and NADPH consumption could not be detected (Fig-

ure 4D). When oxygen was introduced into the reaction mixture,

the concentration of NADPH started to decrease (Figure 4D) and

product was formed as in the default conditions. In order to verify

that the incorporated oxygen derived from molecular oxygen,

the reaction was next conducted under 18O2 atmosphere.

Mass spectrometry analysis confirmed that themass of the reac-

tion product was increased by 2.0033 Da, which was consistent

with incorporation of 1/2 18O2. Finally, the reaction was con-

ducted in the presence of 10 mMEDTA without any interference,

which excluded the involvement of metal ions in catalysis.

Cosubstrate Specificity and SnoaW Reaction Kinetics
Sequence analysis revealed that SnoaW was homologous to

atypical SDR enzymes such as triphenylmethane reductase

TMR (Kim et al., 2008b) and quinone oxidoreductase QOR2

(Kim et al., 2008a) with sequence features showing preference

for NADPH over NADH. However, in the hydroxylation of 3,

SnoaW was in effect able to utilize both NADPH (Figure 2F)

and NADH (Figure 2H) as cosubstrates. This was in contrast

to the conversion of 2, where only NADPH could be used

(Figure 2E), while utilization of NADH did not lead to product

formation (Figure 2I). Kinetic comparison showed that SnoaW

did not conform to typical Michaelis-Menten saturation kinetics

as the v/[S] profileswere nonhyperbolic, which suggestedmodu-

lation by both substrate activation and inhibition (Figure S2). The

observedmaximum reaction velocity was nearly threefold higher

with NADH than with NADPH (7.26 ± 1.22 min�1 versus 2.68 ±

0.46 min�1), but was reached only at much higher concentra-

tions of 3 (50 versus 10 mM).

DISCUSSION

Enzymatic addition of molecular oxygen into organic molecules

has been the focus of intensive research ever since the initial

discovery in the 1950s, that pyrocatechase (Hayaishi et al.,

1955) and phenolase (Mason et al., 1955) utilize atmospheric

oxygen as a substrate. A direct reaction between molecules in

singlet and triplet states is spin forbidden, but due to the diradical

nature of molecular oxygen, it can react with other molecules

with unpaired electrons. Oxygenases can typically achieve

such activation of oxygen through utilization of cofactors such

as flavin, heme, or transition metals (Fetzner, 2002; Fetzner

and Steiner, 2010; Torres Pazmiño et al., 2010).

In spite of these complications in oxygen activation, an

increasing number of monooxygenases, which are devoid of

any coenzymes, have been described in recent years. Examples

of these include (1) a peculiar member of the crotonase family of

enoyl-CoA isomerase/dehydratases, DpgC, involved in vanco-

mycin biosynthesis (Widboom et al., 2007), (2) the quinone form-

ing ActVA-ORF6 from the actinorhodin biosynthetic pathway

(Sciara et al., 2003), and (3) ring-cleaving 2,4-dioxygenases

Qdo and Hod involved in catabolism of N-heteroaromatic

compounds (Fischer et al., 1999). In addition to monooxyge-

nases, urate oxidase has been shown to be capable of activating
638–646, May 25, 2012 ª2012 Elsevier Ltd All rights reserved 641



Figure 4. In Vitro Characterization of the SnoaW/SnoaL2 Reaction

(A) NADPH-dependent (0–500 mM) reduction of the substrate by SnoaWand its

nonenzymatic reoxidation demonstrated at 435 nm with varying concentra-

tions of NADPH.
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oxygen without cofactors (Colloc’h et al., 2008; Kahn and Tipton,

1998).

Two possible reaction mechanisms have been discussed in

context with cofactor free monooxygenases. Early studies

proposed a radical mechanism for TcmH from the tetracenomy-

cin pathway (Shen and Hutchinson, 1993). However, with

the exception of TcmH, a common catalytic concept inspired

by flavin chemistry has started to emerge for other cofactor-

independent oxygenases (Fetzner, 2002; Fetzner and Steiner,

2010). It seems that the common initial step is the formation of

a carbanion intermediate, which could react with molecular

oxygen and donate a single electron to dioxygen to yield

a [substrate radical � superoxide radical] pair.

In this paper, we have unequivocally confirmed that SnoaW

and SnoaL2 form a two-component monooxygenase system,

which is responsible for the hydroxylation of the C-1 position

of 3 in nogalamycin biosynthesis. The reaction was dependent

on the presence of oxygen and incorporation experiments with
18O2 verified that the hydroxyl group was derived frommolecular

oxygen. We further demonstrate that while the reaction could be

stated to be cofactor independent, it was found to be cosub-

strate dependent due to the requirement of NAD(P)H by SnoaW,

much like other members of the SDR family (Kavanagh et al.,

2008). However, despite this terminological complication, the

challenge for oxygen activation remained, since no cofactors

typically associated with monooxygenation reactions (flavin,

heme, etc.) were detected during protein purification. In addition

the coupled reaction could be conducted under high concentra-

tions of EDTA, which indicated that neither component required

metal ions for catalysis.

It is tempting to propose that the SnoaW/SnoaL2 pair would

function in a similar manner to how the two-component flavin-

dependent monooxygenases (Ballou et al., 2005; van Berkel

et al., 2006), such as the much studied p-hydroxyphenyl acetate

hydroxylase pHPAH C1/C2 (Chaiyen et al., 2001; Sucharitakul

et al., 2005, 2006 ) and ActVA-ORF5/ActVB from the actinorho-

din pathway (Valton et al., 2004, 2006; Okamoto et al., 2009),

utilize and activate flavin mononucleotide (FMN). In these

systems, a separate flavin reductase utilizes NADH for reduction

of the FMN quinoid via hydride (H�) transfer (Figure 5A). The

reduced FMNred cofactor is subsequently transferred to the

monooxygenase component, where it reacts with dioxygen

according to the rules governed by classical flavin chemistry

(Massey, 1994, 2000; Mattevi, 2006); i.e., first bound flavin

(FIH�) reacts with molecular oxygen forming a caged radical

pair, followed by conversion into a flavin hydroperoxide

(FIOOH), which is able to hydroxylate the substrate (Alfieri

et al., 2007; Valton et al., 2008). The difference between the

actinorhodin and nogalamycin systems would be that in the
(B) Detection of the product of the SnoaW reaction. HPLC traces recorded at

370 nm of (a) the substrate 3, (b) directly after quenching and extraction of the

reaction metabolites, and (c) reinjection of the reaction mixture after 45 min.

The spectra of the compounds are marked with arrows.

(C) Correlation between NADPH consumption and formation of H2O2.

(D) Inhibition of the coupled SnoaW/SnoaL2 reaction under anaerobic condi-

tions (black squares) and subsequent consumption of NADPH after oxygen

was reintroduced into the reaction mixture (white circles).

See also Figure S3.
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Figure 5. Comparison of Activation of Flavin by Two-Component FMNMonooxygenases and the ProposedC-1Hydroxylation of 3 by SnoaW/

SnoaL2

(A) Classical mechanism of activation of flavin for reaction with molecular oxygen. Adapted from references (Massey, 1994; Mattevi, 2006; Valton et al., 2008).

(B) Proposed model for C-1 hydroxylation of 3.
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ActVA-ORF5/ActVB system FMN is a cofactor, while in the

SnoaW/SnoaL2 system the anthracycline is the actual substrate.

The similarity to cofactor-independent monooxygenases

(Fetzner and Steiner, 2010) would stem from the observation

that dioxygen would in effect be activated by the organic

substrate itself rather than by either of the proteins.

In nogalamycin biosynthesis, we propose that SnoaW uses

NAD(P)H to reduce the quinone moiety of the anthracycline

into a dihydroquinone (Figure 5B). Our experiments demonstrate

that the product of the SnoaW reaction was converted back to

the original substrate in the absence of SnoaL2; much like

FMNred is readily reoxidized to FMNox in aerobic conditions

(Massey, 1994). Furthermore, the extensive hypsochromic shift

observed in the chromophore of the transient SnoaW reaction

product (Figure 4B) is similar to the one that takes place during

flavin reduction (Massey, 2000). Finally, the recent characteriza-

tion of a related SDR enzyme QOR2 as a quinone oxidoreduc-

tase supports our functional assignment for SnoaW (Kim et al.,

2008a). The striking similarity between the highly conjugated

reduced FMN and the proposed anthracycline intermediate (Fig-

ure 5) implies that the reduced substrate might react with dioxy-

gen in a similar manner to flavin in the next step. The proposal is

strengthened by the detection of H2O2 during the nonproductive

SnoaW reaction, which yields strong evidence toward the exis-

tence of an anthracycline peroxy intermediate. Finally, proton-

ation of this intermediate by SnoaL2 would result in formation

of the final 1-hydroxylated product, 4 (Figure 5B).
Chemistry & Biology 19,
It is curious to note that the SnoaW reaction did not proceed in

the absence of molecular oxygen. This could surprisingly indi-

cate that the reduced dihydroanthracycline would react with

oxygen already in the active site of SnoaW, and that the interme-

diate transferred to SnoaL2 would be the hydroperoxy form. The

benefit of such a system might be to ensure correct regiochem-

istry of the reaction, and to prevent hydroxylation at the chemi-

cally equivalent C-11 position. In any case, detection of H2O2

during the nonproductive SnoaW cycle demonstrates that

SnoaL2 is not required for formation of the anthracycline peroxy

intermediate. This is in contrast to the two-component FMN

monooxygenases, where kinetic studies have suggested that it

is the reduced flavin, which is transferred to the oxygenase

component prior to the reaction with dioxygen (Sucharitakul

et al., 2007). The concerted action of SnoaW and SnoaL2

appears to be efficiently coupled, since no hydrogen peroxide

was detected in the presence of SnoaL2. Crystallization trials

currently in progress with SnoaW, SnoaL2, and the monoglyco-

sylated substrate/product will hopefully provide further verifica-

tion for the proposed biosynthetic model and enable structure-

function studies of this new family of monooxygenases.

In closing, the experiments also verified the timing of the C-1

hydroxylation event in nogalamycin biosynthesis, which demon-

strated that in contrast to earlier suggestions (Beinker et al.,

2006) SnoaW/SnoaL2 function at rather late stage, since the

monoglycosylated anthracycline 3 was preferred over 2 as

a substrate.
638–646, May 25, 2012 ª2012 Elsevier Ltd All rights reserved 643
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SIGNIFICANCE

Nogalamycin is an aromatic polyketide antibiotic with pecu-

liar structural features, which have raised interest toward

the individual biosynthetic steps. This compound produced

by Streptomyces nogalater comprises a four-ring aglycone,

a neutral sugar at position C-7, and an aminosugar attached

via O-glycosylation at position C-1 and a carbon-carbon

bond between C-2 and C-500. Previous studies conducted

in vivo affiliated the open reading frame snoaL2 with the

C-1 hydroxylation step prior to glycosylation. Subsequent

structure determination of SnoaL2 revealed a curious simi-

larity to polyketide cyclases like SnoaL and implied that

the enzyme belonged to a new family of cofactor-indepen-

dent oxygenases. However, the in vitro activity of SnoaL2

could not be established at that time. Recently the nogala-

mycin cluster was expressed in the heterologous host

S. albus, which enabled genetic engineering of the cluster

and more detailed studies. In this work, we show that not

only snoaL2 but also another open reading frame, snoaW,

residing on the cluster is associated with the C-1 hydroxyl-

ation reaction prior to the second glycosylation event.

The finding describes a two-component monooxygenase

system relying on NAD(P)H and molecular oxygen, which

consists of an atypical SDR enzyme, SnoaW, and a hydroxy-

lase, SnoaL2. Extensive biochemical characterization of the

reaction led to a mechanistic proposal where in the initial

stage (1) SnoaW reduces the monoglycosylated anthracy-

cline substrate to a dihydroquinone, which (2) activates the

substrate for reaction with oxygen and formation of a hydro-

peroxy intermediate that is (3) finally protonated by SnoaL2

to yield the end product of the reaction.

EXPERIMENTAL PROCEDURES

Strains and Culture Conditions

The Escherichia coli strains TOP10 (Invitrogen), K12, and ET12567/pUZ8002

(Chater and Wilde, 1980) were used for protein production, gene disruption,

and intergeneric conjugation to S. albus, respectively. The E. coli strains

were cultivated at 30�C–37�C in Luria broth, 2 3 tryptone yeast extract

(TY) or solid Luria agar plates with appropriate antibiotics for selection. The

Streptomyces strains utilized in the study were S. lividans TK24 (Hopwood

et al., 1985) and S. albus (Chater and Wilde, 1980). Streptomyces were grown

at 30�C in liquid media TSB (Oxoid) for plasmid amplification, TSB supple-

mented with MgCl2 (5 mM) and glycine (0.5% [w/v]), YEME (Kieser et al.,

2000), supplemented with MgCl2 (5 mM) and glycine (0.5% [w/v])) for proto-

plast generation, or NoS-soyE1 (Siitonen et al., 2012) for production of metab-

olites. Solid media for cultivation and storage were R2YE, MS (Kieser et al.,

2000), and ISP4 agar (Difco).

General DNA Methods and Cloning of Protein Overexpression

Plasmids

Standard Streptomyces techniques for the manipulation of the strains were

used (Kieser et al., 2000). Commercial kits were used for recovering DNA

from agarose gels and for plasmid isolation (Fermentas and E.Z.N.A, Omega

Bio-Tek, respectively). DNA modifying enzymes were purchased from

Fermentas. The snoaW and snoaL2 genes were amplified by PCR using

Phusion-polymerase (Finnzymes), pSnogaori (Siitonen et al., 2012) as a

template and primers snoaWFOR, snoaWREV, snoaL2FOR, and snoaL2REV

(Supplemental Information). The genes were cloned as BglII-HindIII fragments

(snoaW 0.83 kbp and snoaL2 0.42 kbp) to a modified pBAD/HisB (Invitrogen)

vector (Kallio et al., 2006) resulting in pBAD/snoaW and pBAD/snoaL2. The

constructs were verified by sequencing (Eurofins MWG Operon).
644 Chemistry & Biology 19, 638–646, May 25, 2012 ª2012 Elsevier
Inactivation of SnoaW and SnoaL2 and Construction of the

Complementation Plasmid

The snoaW and snoaL2 gene disruption mutants were made using the l Red

recombinase system in E. coli (Datsenko and Wanner, 2000). The template for

the modifications was the cosmid pSnogaori (Siitonen et al., 2012). The PCRs

were performed with DyNAzyme II (Finnzymes) and the primers DaWFOR,

DaWREV, DaL2FOR, and DaL2REV (Supplemental Information). The resis-

tance gene was removed with help of pFLP2 (Hoang et al., 1998) resulting

in the final expression constructs pSnoDaW and pSnoDaL2, which were trans-

ferred to S. albus by conjugation. The snoaW complementation plasmid was

constructed from the protein production plasmid pBAD/snoaW by subcloning

as NcoI-HindIII fragment (snoaW 0.86 kbp) into a BspHI-HindIII-digested

pIJT486 vector (Siitonen et al., 2012) resulting in pIJTaW. The construct was

cloned in S. lividans TK24 and transformed to the S. albus/ pSnoDaW deletion

mutant strain.

Analysis of Metabolites

To analyze the secondary metabolites, the strains of interest were cultivated

for 5 days in 30�C in 250 ml Erlenmeyer flasks with 30–50 ml of NoS-soyE1.

Themetabolites were recovered by overnight binding to Amberlite XAD-7 resin

(Rohm and Haas, 20 g/l). After decanting the medium and washing the XAD-7

with water, the absorbed metabolites were extracted with MeOH. Alterna-

tively, themetabolites were extracted from a 4-day-old culture brothwith equal

volume of ethyl acetate containing 1% acetic acid, dried and dissolved

in MeOH. The extracted compounds were analyzed by HPLC (Shimadzu

SCL-10Avp) with a SunFire C18, 3.5 mm, 2.13 150 mm column (Waters) using

a gradient from 15% acetonitrile in 0.1% formic acid to 100% acetonitrile.

Purification and Structure Determination of 3

For large-scale production of the unknown metabolite, a 4 liter cultivation of

S. albus/pSnoDaW was performed in 250 ml and 500 ml Erlenmeyer flasks.

The cells were harvested after 5 days and the metabolites in the supernatant

were collected using XAD-7 as described above. The compounds were iso-

lated from XAD with a isopropanol:water gradient after which the fractions

of interest were collected, combined, and extracted with chloroform and

further purified with an open silica column (Silica gel 60, Merck) using a chlor-

oform:MeOH gradient. Fractions of interest were further purified using

a preparative scale HPLC (Merck Hitachi L-6200A) with a reverse-phase

column (SunFire Prep C18, 5 mm, 10 3 250 mm, Waters) and a gradient

from 15%–25% acetonitrile in 0.1% formic acid to 100% acetonitrile. The frac-

tions containing the purified compound were combined, dried, and dissolved

in MeOD/d6-DMSO for NMR analysis.

LC-MS and NMR Measurements

HPLC-ESI-MSwere acquired using aMicroTOF-Qmass spectrometer (Bruker

Daltonics) linked to a HPLC-system (Agilent Technologies 1200 series) using

the same column and similar conditions as in the analytical HPLC runs.

NMR spectra were obtained in 25�C with a Bruker Avance 500 MHz NMR

spectrometer using MeOD as internal reference for calibration of the 1H

and 13C chemical shifts.

Protein Production and Purification

The proteins SnoaL2 and SnoaW were expressed as His-tagged fusion

proteins. The cells were grown in 2 3 TY to OD600 0.6 and induced with

L-arabinose (0.02% [w/v]). After 18–20 hr of shaking at 25�C, the cells were

collected, washed, and lysed two times with French Pressure Cell Press

(SLM Aminco) in buffer A (50 mM sodium phosphate, 50 mM NaCl, 5 mM

imidazole, 10% glycerol [v/v], 1% TritonX-100 [v/v] [pH 7.5]), supplemented

with 2 mg/ml DNase II. The cell debris were removed by centrifugation and

the proteins were purified using a Talon Superflow Metal Affinity resin (Clon-

tech) with 1 hr binding at 4�C and 15 min of washing with buffer A. The elution

was done using buffer A containing 250 mM imidazole and the imidazole was

subsequently removed from the collected fractions with PD-10 Desalting

Columns (GE Healthcare). The purity of the proteins was verified by SDS-

PAGE and the amount was estimated photometrically at 280 nm (Nano-

Drop2000, Thermo Scientific). Proteins were stored at �20�C in buffer C

(50 mM sodium phosphate, 50 mM NaCl, 40% glycerol [v/v], 1% reduced

TritonX-100 [v/v] (only for SnoaW) [pH 7.5]).
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Enzymatic Assays

The standard 200 ml end point assays were carried out at room temperature

and contained 100 mM 2 or 3, 1 mM SnoaW, 20 mM SnoaL2, 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 quenched by chloro-

form extraction after which the organic phases were dried and dissolved in

MeOH for HPLC analyses. Alternatively, the reactions were analyzed photo-

metrically using the absorbance maxima of the substrate (435 nm), NADPH

(340 nm), and the product (497 nm). The kinetic measurements were done

as the end point assays with 3 as the substrate, but with 0.1 mM SnoaW.

The concentration of 3 was varied from 5 to 250 mM with 1 mM NAD(P)H.

The initial velocities were calculated by linear regression of the initial slopes

(Origin 8, Origin Lab). The decoupled independent SnoaW reactions contained

100 mM 3, 5 mM SnoaW, 0–500 mM NADPH. For detection of the SnoaW reac-

tion product, the reaction containing 25 mM 3, 10 mMSnoaW, 1mMNADHwas

conducted in a Thunberg cuvette. After 30 s, the reaction was quenched with

addition of 1 ml ethyl acetate with 1% acetic acid and removal of oxygen. The

organic phase was evaporated and solubilized in 200 ml MeOH for analysis by

HPLC. The metal dependency was tested in a standard assay supplemented

and preincubated with 10 mM EDTA.

Anaerobic Reactions and Oxygen Incorporation Studies

The anaerobic reactions and 18O2 incorporation studies were carried out in

a Thunberg cuvette, which was successively evacuated and treated with

nitrogen. For the incorporation studies the cuvette was finally flushed with
18O2. The anaerobic reactions were carried out with 300 mM NADPH,

120 mM 3, 1 mM SnoaW, and 5 mM SnoaL2. After the anaerobic treatment

NADPH was monitored at 340 nm for 45 min, after which the reaction was re-

oxygenated and NADPH was monitored for further 15 min. The oxygen incor-

poration reactions contained 5 mM SnoaW and 10 mM SnoaL2. The reactions

were incubated for 20 min after which a chloroform extraction and HPLC-MS

analysis were performed as described above.

Detection of Hydrogen Peroxide

The H2O2 detection reactions were done using the HRP/ABTS assay system

(Szutowicz et al., 1984) with 5 mM SnoaW, 30 mM SnoaL2, and 10–100 mM

NADPH. After consumption of NADPH the formed H2O2 was quantified by

adding 5 mM HRP and 500 mM ABTS to the reaction mixtures and measuring

the absorbance at 405 nm.
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A gene cluster involved in nogalamycin biosynthesis from Streptomyces

nogalater: sequence analysis and complementation of early-block mutations

in the anthracycline pathway. Mol. Gen. Genet. 251, 113–120.
Ltd All rights reserved


	Discovery of a Two-Component Monooxygenase SnoaW/SnoaL2 Involved in Nogalamycin Biosynthesis
	Introduction
	Results
	Inactivation of Genes Encoding SnoaW and SnoaL2, and Complementation
	Structure Elucidation of the Metabolites and Identification of an Anthracycline Intermediate
	Production and Purification of SnoaW and SnoaL2
	In Vitro C-1 Hydroxylation Activity of SnoaW/SnoaL2
	Activity of SnoaW Alone Leads to a Nonproductive Cycle
	Formation of H2O2 during the Reaction Cascade
	Oxygen Dependence and Metal Independence of SnoaW/SnoaL2
	Cosubstrate Specificity and SnoaW Reaction Kinetics

	Discussion
	Significance
	Experimental Procedures
	Strains and Culture Conditions
	General DNA Methods and Cloning of Protein Overexpression Plasmids
	Inactivation of SnoaW and SnoaL2 and Construction of the Complementation Plasmid
	Analysis of Metabolites
	Purification and Structure Determination of 3
	LC-MS and NMR Measurements
	Protein Production and Purification
	Enzymatic Assays
	Anaerobic Reactions and Oxygen Incorporation Studies
	Detection of Hydrogen Peroxide

	Supplemental Information
	Acknowledgments
	References


