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Abstract

Cores of aromatic polyketides are essential for their biological activities. Most type II polyketide 

synthases (PKSs) biosynthesize these core structures involving the minimal PKS, a PKS-

associated ketoreductase (KR) and aromatases/cyclases (ARO/CYCs). Oxygenases (OXYs) are 

rarely involved. BE-7585A is an anticancer polyketide with an angucyclic core.13C isotope 

labeling experiments suggest that its angucyclic core may arise from an oxidative rearrangement 

of a linear anthracyclinone. Here, we present the crystal structure and functional analysis of BexE, 

the oxygenase proposed to catalyze this key oxidative rearrangement step that generates the 

angucyclinone framework. Biochemical assays using various linear anthracyclinone model 

compounds combined with docking simulations narrowed down the substrate of BexE to be an 

immediate precursor of aklaviketone, possibly 12-deoxy-aklaviketone. The structural analysis, 

docking simulations, and biochemical assays provide insights into the role of BexE in BE-7585A 

biosynthesis and lay the groundwork for engineering such framework-modifying enzymes in type 

II PKSs.
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Angucyclines are a diverse group of bioactive natural products produced by type II 

polyketide synthases (PKSs) that contain modified benz[a]anthraquinone cores.1–3 Many 

angucyclines have been discovered with anticancer and antibiotic properties such as the 

urdamycins, landomycins, gaudimycins, oviedomycins, jadomycins, and azicemicins (Figure 

1A).4–9 The biosynthesis of angucyclines has been studied extensively because of their 

important biological activity and pharmaceutical potential.3

Type II polyketides are biosynthesized two carbons at a time from malonyl-CoA building 

blocks to yield reactive poly-β-ketones.2,3 The reactive poly-β-ketone intermediates are 

regiospecifically reduced, cyclized, and aromatized by ketor-eductases (KRs), cyclases 

(CYCs), and aromatase/cyclases (ARO/CYCs), respectively.3,10 These initial enzymatic 

trans-formations yield polycyclic aromatic intermediates, which then undergo a variety of 

tailoring reactions that include, but are not limited to, oxidation, methylation, reduction, 

dehydration, and glycosylation.11 Tailoring enzymes are nature’s tools to diversify type II 

polyketide biosynthesis. Many type II PKS products share common cores, and different 

combinations of tailoring enzymes modify these core molecules to yield diverse final 

products with anticancer, antibiotic, and antiviral activities.10,11 For example, the widely 

used anticancer drugs daunorubicin and doxorubicin are both hydroxylated and glycosylated 

during biosynthesis; these modifications are critical for their bioactivity.12 Tailoring 

enzymes often use structurally complex and unstable substrates, which are formed 

transiently during biosynthesis.6 Therefore, structural and functional characterization of 

these enzymes, their substrates, and ensuing products is highly challenging.

The oxygenase BexE is involved in an uncharacterized oxidation step during BE-7585A 

biosynthesis.13 BE-7585A is an angucyclic polyketide with anticancer properties that was 

isolated from Amycolotopsis orientalis sp. vinerea.13 Because of its complex structure, 

BE-7585A has inspired multiple biosynthetic studies.13–15 Previous 13C isotope labeling 

experiments suggest that during BE-7585A biosynthesis, a linear tetracyclic intermediate is 

initially formed, then undergoes an oxidative rearrangement to yield an angucycline (Figure 

1B).13 Our current work suggests that the BexE substrate is a linear tetracyclic intermediate 

that is different from the originally proposed intermediate shown in Figure 1B. The 

BE-7585A gene cluster contains three candidate oxygenase genes, BexE, BexI, and BexM, 

which are proposed to catalyze oxidative tailoring of the BE-7585A aglycone core.13 Based 

on protein sequence similarity, BexE is most similar to aromatic hydroxylases that oxidize 

angucyclines. Elucidating the structure and function of BexE will help to understand an 

intriguing oxidative tailoring event that is involved in transforming an anthracycline to an 

angucycline core. Given the large number of known angucycline and anthracycline 

pathways, this knowledge will pave the way for alternative engineering routes to bioactive 

metabolites of either the angucycline or the anthracycline class of type II polyketides.
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Here, we present the crystal structure of BexE bound to FAD, molecular docking of 

proposed substrates, and in vitro functional studies. In a critical comparison of BexE with 

RdmE, a biosynthetic FAD-dependent oxygenase is also presented. These results offer the 

first insight into oxidative tailoring during BE-7585A biosynthesis and provide a basis for 

engineering oxidation during type II polyketide biosynthesis to yield new bioactive 

molecules.

RESULTS AND DISCUSSION

Overall Structure of BexE

BexE crystallized in the space group C2 with two BexE molecules per asymmetric unit. The 

BexE dimer is composed of two monomers related by a noncrystallographic 2-fold rotational 

axis of symmetry (Figure 2A). The protein–protein interface between monomers is moderate 

with a surface area estimated to be 922.7 Å2 (PISA).16 Both monomers are nearly identical 

and when overlaid, the overall RMSD is 0.241 Å. Each monomer contains an FAD binding 

domain (Met1–Thr169 and Thr259–Gly372), a middle domain (Ala170–Ala258), and a C-

terminal domain (Leu373–Arg487; Figure 2B). This domain arrangement is in agreement 

with other structurally characterized members of the para-hydroxybenzoate hydroxylase 

(pHBH) superfamily, including related type II polyketide and alkaloid monoxygenases 

(Figures S1 and S2; Table S1).17–22 The FAD binding domain consists of 10 α-helices (α1–

α6 and α8–α10) and 10 β-sheets (β1–β9 and β14) that are connected by a series of 18 loops 

(L1–L13 and L18–L22). FAD is bound almost entirely in the FAD binding domain, while 

only contacting the middle domain by hydrophobic interactions with the 1,2-dimethyl 

moiety of the isoalloxazine ring (Figure 2B). The middle domain is inserted between α6 and 

β14 of the FAD binding domain. The middle domain consists of one α-helix (α7) and four β-

sheets (β10–β13) that are connected by a series of four loops (L14–L17). The middle domain 

has been implicated in substrate binding and, in some cases, undergoes structural 

rearrangements during substrate binding and product release.19,21–25 In BexE, a large pocket 

is located adjacent to the isoalloxazine ring of FAD, which is formed between the FAD 

binding domain and the middle domain. This pocket is hypothesized to be the substrate 

binding pocket. The C-terminal domain has a thioredoxin fold but lacks the conserved active 

site cysteines for thioredoxin activity.26 Therefore, the C-terminal domain may be important 

for structural stability of BexE but not for catalytic activity.

FAD Binding in BexE

FAD consists of three parts: the adenosine (adenine and ribose), riboflavin, and the bridging 

diphosphates. The adenine ring of FAD is positioned between Arg33 (L3) and Asp152 

(L12), which interact with opposite faces of the adenine ring (Figure 2C). Gly9 (L1), Ala157 

(α6), and Leu31 (β2) define the adenine-binding site by interacting with the edges of the 

adenine ring. Arg33 forms a hydrogen bond with N7 of adenine while the Leu120 (β6) 

amide NH and carbonyl form hydrogen bonds with the N1 of adenine and amine group at 

the C6 position. The ribose ring of FAD is anchored tightly in place by Glu32 (β2), which 

forms hydrogen bonds to the 2′ and 3′ hydroxyl groups. The first phosphate, moving from 

the adenosine toward the isoalloxazine ring, forms an intramolecular hydrogen bond with 

the riboflavin hydroxyl group. This phosphate also forms a weak hydrogen bond with 

Jackson et al. Page 3

ACS Chem Biol. Author manuscript; available in PMC 2017 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Arg42. The second phosphate forms a hydrogen bond with the amide NH of Ala13 (α1) and 

also a water molecule, which is held in place by the Ala273 (β14) carbonyl oxygen and 

Ala276 (L19) amide NH. The three hydroxyl groups of the riboflavin form hydrogen bonds 

with Arg42 (L3), Gln96 (α5), and Asp275 (L19). The isoalloxazine is positioned between 

the C-terminal end of α8, loops L3 and L9, and β10 and β13. L3 and L9 interact with 

opposite faces of the isoalloxazine ring, while β10 and β13 make hydrophobic contacts with 

the dimethyl moiety. The C2 carbonyl oxygen of the isoalloxazine ring forms hydrogen 

bonds with the Asn289 (α8) side chain and M288 (α8) amide NH. FAD coelutes with BexE 

during purification, and this supports that the cofactor is tightly bound to the enzyme.

The Role of FAD in BexE and Related Oxygenases

Many oxygenase enzymes, such as BexE, employ FAD for redox-based catalysis.27 For 

NAD(P)H dependent enzymes, the FAD cofactor is reduced by NAD(P)H and then reacts 

with molecular oxygen to form a highly reactive oxygen species at the C4a position of the 

isoalloxazine ring. FAD reduction is proposed to occur when the isoalloxazine ring of FAD 

is flipped away from the active site and toward the solvent. This outward conformation of 

FAD is termed the “out” conformation.28 Once FAD is reduced by NAD(P)H, the 

isoalloxazine moves back into the active site pocket, where oxidation of the cofactor and 

subsequent oxidation of the substrate is proposed to occur. When the FAD moiety is 

positioned inward toward the active site pocket, the conformation is the “in” conformation. 

Multiple crystal structures of FAD/NAD(P)H-dependent oxygenases have been solved with 

FAD in either the “in” or “out” conformations (Figure S1; Table S1).6,17,19,21–25 A subset of 

these structures has a substrate bound that allows the identification of substrate binding 

pockets, as well as the relative locations between FAD and the bound substrate.19,22 In 

summary, while homologous oxygenases have been crystallized with FAD in the “in” 

conformation or “out” conformations, the BexE FAD is in the “in” conformation with a large 

open active site pocket (Table S1).

Studies to Identify the BexE Substrate Using in Vitro Functional Assays

To determine the substrate and product of the reaction catalyzed by BexE, we tested the 

ability of BexE to oxidize linear and angular tetracyclic polyketides (Figure 3A). In vitro 
assays were conducted with an NADPH regeneration system and included BexF, which is a 

putative fourth ring cyclase. Initial BexE assays in the presence of NADPH using possible 

linear tetracyclic substrates such as presteffimycinone, premithramycinone, aklaviketone, 

and a fully aromatic shunt product methyl 2-ethyl-4,5,7-trihydroxy-6,11-dioxo-6,11-

dihydroteteracene-1-carboxylate (dehydro-aklavike-tone)29 did not lead to product 

formation (Figure 3A,B). Additionally, assays testing the reversibility of BexE using 

possible angular tetracyclic substrates such as landomycinone, 11-deoxy-landomycinone, 

tetrangulol, and tetrangomycin in the presence of NADP+ showed no product formation 

(Figure 3A). However, new products were observed when BexE was incubated in the 

presence of NADPH with the crude lysate from Streptomyces galilaeus (ATCC 31615) 

mutant H036, which produces aklaviketone and the dehydro-aklaviketone (Figure 3B,C).30 

The crude lysate predominantly contains aklaviketone and dehydro-aklaviketone; however, 

there are also many unstable and uncharacterized biosynthetic intermediates en route to 

these products in the lysate. To identify the true BexE substrate, the crude lysate was 
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fractionated, and individual fractions were tested for activity with BexE (Figure 3C). A 

single peak present in “fraction 2” was converted into two new products when incubated 

with BexE. Interestingly, the unknown BexE substrate accumulates in the crude lysate over 

time and reaches a maximum amount after 5 h at RT. Due to the instability of the substrate 

and products, scaling up the BexE in vitro reaction for structure elucidation has proved 

difficult. In summary, we have developed an in vitro functional assay for BexE using the 

crude lysate of Streptomyces galilaeus (ATCC 31615) mutant H036, which produces 

aklaviketone. The lysate contains an uncharacterized product that is most likely a shunt 

product or biosynthetic intermediate, which is produced during aklaviketone biosynthesis.

The Effect of BexF During the BexE in Vitro Assay

BexF is the proposed fourth cyclase during BE-7885A biosynthesis and shares 39% identify 

to TcmI, the fourth ring cyclase during tetracenomycin biosynthesis (Figure 4A).31,32 BexF 

is proposed to catalyze cyclization(s) immediately before the BexE-catalyzed oxidation 

during BE-7585A biosynthesis; however, the substrate and product of BexF are unknown. 

The addition of BexF to the lysate resulted in an increase in the size of the peak at 10.42 

min. The addition of BexE and BexF to the lysate resulted in the appearance of the same two 

new peaks at 19.11 and 24.98 min, which were present with BexE alone. However, when 

BexF and BexE are present, the peaks at 19.11 and 24.98 min are increased relative to BexE 

alone (Figure 3B). Therefore, BexF may affect BexE product formation through a number of 

possible mechanisms. For example, we hypothesize that BexF is involved in the generation 

or stabilization of the BexE substrate. Alternatively, BexF may form a complex with BexE 

and alter the kinetics of the BexE reaction, or help shuttle a reactive substrate into the BexE 

active site. The observation that the inclusion of BexF increases BexE product formation 

strongly supports that these two enzymes, a cyclase and an oxygenase, associate together.

Possible BexF and BexE Substrates

Based on our in vitro assay results, the BexE substrate in the crude lysate of Streptomyces 
galilaeus (ATCC 31615) mutant H036 is neither aklaviketone nor dehydro-aklaviketone. 

Therefore, the BexF or BexE substrate is possibly either a linear tricyclic compound such as 

aklanonic acid, aklanonic acid methyl ester, 12-deoxy-aklanonic acid, or a linear tetracyclic 

substrate such as aklaviketonic acid or 12-deoxy-aklaviketonic acid (Figure 4B). Because of 

the unavailability or instability of the proposed substrates, the unaromatized intermediates 

shown in Figure 4B could not be tested in vitro. However, we are exploring compounds such 

as aklanonic acid and aklanonic acid methyl ester as BexF or BexE substrates. 12-Deoxy-

aklanonic acid and 12-deoxy-aklanonic acid methyl ester are prone to oxidation at the C12 

position; therefore, these compounds may not be stable over long periods of time. However, 

during biosynthesis, 12-deoxy-aklanonic acid derivatives may be stabilized by sequestration 

into an enzyme active site or binding pocket, which could protect the C12 position from 

oxidation. The protected 12-deoxy-aklanonic acid could then be shuttled directly into the 

correct active site for catalysis. BexF may catalyze fourth ring formation of 12-deoxy-

aklanonic acid to form 12-deoxy-aklaviketonic acid, which we hypothesize to be the BexE 

substrate.
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The presence or absence of the methyl ester at C10 may also influence activity. The C10 

carboxy methyl ester is important for the cyclization of aklanonic acid methyl ester to form 

aklaviketone by the cyclase DnrD in daunorubicin biosynthesis.29,33 Therefore, the C10 

carboxylate may be an important determinant of substrate specificity for BexE.

Another possible determinant of substrate specificity is the stereochemistry at the C9 

position. During aklaviketone biosynthesis in Streptomyces galilaeus (ATCC 31615), the 

stereochemistry at the C9 position is set during the enzyme-catalyzed cyclization of 

aklanonic acid methyl ester.29 However, aklanonic or 12-deoxy-aklanonic acid may undergo 

spontaneous decarboxylation, resulting in the formation of a carbanion at the C10 position. 

The reactive C10 carbanion is poised to form a six-membered ring by attacking the C9 

carbonyl. This reaction would produce equal mixture of stereoisomers at the C9 position. It 

is possible that spontaneous decarboxylation occurs, which leads to the formation of the 

BexE substrate with different stereochemistry than aklavike-tone. BexF may increase the 

rate of decarboxylation/cyclization of aklanonic or 12-deoxy-aklanonic acid, and thus it 

would likely favor one stereoisomer over the other. This scenario could explain the increase 

in product formation when BexF is present in the assay with crude lysate.

In summary, we have found that BexE can convert a to-be-determined substrate from the 

crude lysate of Streptomyces galilaeus (ATCC 31615) into two unknown products in an 

NADPH-dependent reaction. Streptomyces galilaeus (ATCC 31615) produces aklaviketone; 

therefore, we proposed a series of candidate BexE substrates that are expected to be 

intermediates during aklaviketone biosynthesis.

BexF Homology Model Active Site Docking

BexF is likely to produce the BexE substrate. To gain more information about the possible 

structure of the BexE substrate, we investigated possible substrates and products of BexF 

using molecular docking with the BexF homology model (Figure 5). A homology model of 

BexF was generated using HHPred based on the TcmI crystal structure.34 Linear tricyclic 

and tetracyclic polyketide intermediates were docked into the BexF model to reveal the 

impact of C9 stereochemistry, C12 oxidation, and the C10 carboxyl group on substrate 

binding in the active site. In total, over 500 docking solutions were analyzed for different 

possible BexF substrates and products. 12-Deoxy-aklaviketonic acid, a putative BexF 

product, showed the most favorable interactions with BexF (Figure 5A). These preliminary 

docking results suggest that 12-deoxy-aklaviketonic acid is a possible BexF product; 

however, aklaviketonic acid or a different linear tetracyclic intermediate may be the true 

product.

BexE Active Site Docking

To determine the potential substrate for BexE, multiple tetracyclic intermediates were 

docked into the BexE active site near FAD. Similar to BexF, 12-deoxy-aklaviketonic acid 

docked well into the BexE active site (Figure 5B). The tetracyclic structure of 12-deoxy-

aklaviketonic acid stacks on the backbone of L3 and forms a series of hydrogen bonds and 

hydrophobic interactions with BexE (Figure 5B). The BexE substrate pocket is sufficiently 

large to accommodate a range of tetracyclic molecules. However, upon substrate binding, we 
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hypothesize that the middle domain undergoes a conformational change, which seals the 

substrate in the active site. We are currently scaling up the fractionation of the Streptomyces 
galilaeus (ATCC 31615) lysate to generate enough BexE substrate for cocrystallization 

studies. A BexE cocrystal structure with the true substrate will shed light on the nature of 

conformational changes upon substrate binding and reveal structural information about the 

substrate. In summary, docking results of BexE with 12-deoxy-aklaviketonic acid support 

our hypothesis that 12-deoxy-aklaviketonic acid may be the BexE substrate.

Docking a BexF Homology Model with BexE

To visualize a possible BexE/BexF complex, the homology model of BexF generated using 

HHPred based on the TcmI crystal structure was docked with BexE using COOT.34,35 The 

docked BexE/BexF complex was further energy minimized using Chimera.36 The BexF 

homology model has a large open active site and wide entrance capable of binding linear and 

angular tetracyclic polyketides. The BexF model was docked with the BexE structure in an 

orientation that positions their active site entrances in close contact (Figure S3). This 

orientation mimics a possible binding interaction between BexE and BexF that allows BexF 

to pass an unstable substrate into the BexE active site. The BexF model binds to the middle 

domain BexE, which in other related oxygenases can undergo structural rearrangements 

upon substrate binding.23 Additionally, there is a large central cavity between the two BexE 

monomers that may facilitate BexF docking by providing a large interface for interaction. It 

is possible that BexF protects and shuttles a reactive intermediate to the BexE active site, 

and structural rearrangements in the middle domain of BexE occur during complex 

formation with BexF. In summary, we propose that a BexE/BexF complex may form that 

connects the active site entrances of BexF and BexE to facilitate transfer of a reactive 

product from BexF to BexE, although further studies are needed to validate this hypothesis.

Comparison with RdmE

BexE is structurally similar to polyketide hydroxylase RdmE with an RMSD 3.10 Å. Their 

overall sequence identity is 31%, and we hypothesize that the BexE substrate is similar to 

the RdmE substrate, aklavinone. RdmE is an FAD/NADPH-dependent polyketide 

monooxygenase that is responsible for hydroxylation at the C11 position of aklavinone to 

form ε-rhodomycinone, which is a precursor to daunorubicin and many other type II PKSs 

natural products (Figure S1).19 Aklavinone, the substrate of RdmE, is structurally related to 

the proposed BexE substrate (Figure 1; Figure S1). The cocrystal structure of RdmE bound 

to its substrate aklavinone and FAD was determined (Figure 6).19 The RdmE cocrystal 

structure reveals the aklavinone binding site with FAD in the “out” conformation. The 

middle domain of RdmE closes down over the substrate and effectively seals the substrate 

into a cavity. BexE has a large open active site leading directly into the FAD binding pocket. 

In contrast, the same region of RdmE, which corresponds to the BexE active site entrance, is 

completely blocked while the substrate is enclosed inside the pocket (Figure 6). BexE and 

RdmE may have different active site pocket entrances; however, the middle domain forms 

both pockets. This allows us to examine the relationship between substrate binding in the 

middle domain and the “in” and “out” conformations of FAD more comprehensively.
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The RdmE crystal structure suggests that upon substrate binding, the FAD moves from the 

“in” position to the “out” position (Figure 6; Figure 7). In other related oxygenase structures 

in the absence of substrate, FAD is in the “in” position.6,25 This is a reasonable hypothesis, 

because when FAD is reduced in the “out” position, the reduced FAD reacts with molecular 

oxygen to generate a peroxy-flavin intermediate. Peroxy-flavin intermediates are unstable, 

and without a substrate to oxidize, the peroxy-flavin will decay. If substrate binding does not 

control the position of FAD and peroxy-flavin generation, NADPH is needlessly 

consumed.37 A model for substrate binding, peroxy-flavin binding, and conformation 

changes in the middle domain is proposed in Figure 7. In summary, BexE and RdmE may 

have similar substrates. Based on the RdmE crystal structure bound to aklavinone, we 

hypothesize that the BexE substrate will bind in an active site pocket formed by the middle 

domain. Additionally, upon substrate binding, the FAD will move from the “in” position to 

the “out” position for reduction and subsequent peroxy-flavin generation.

Conclusions

The crystal structure of the oxygenase BexE was solved to 2.65 Å. It reveals a large active 

site pocket adjacent to the FAD cofactor, which is positioned in the “in” conformation that 

has been observed for other FAD/NADPH oxygenase crystal structures in the absence of 

substrate. Because BexE is part of a large number of enzymes involved in BE-7585A 

biosynthesis, the identification of its true substrate is a challenging task. Attempts at 

developing a BexE functional assay with late-stage tetracyclic type II PKS intermediates 

eliminated many potential BexE substrates and helped establish the substrate tolerance of 

BexE. Additionally, contrary to other oxygenases, we found that BexE cannot catalyze a 

reverse reaction using angucyclic polyketides, at least not using the angucyclinones shown in 

Figure 3A, which supports the unique activity of BexE. We did observe NADPH-dependent 

BexE activity when BexE was incubated with the lysate of Streptomyces galilaeus (ATCC 

31615), which produces aklaviketone. The Streptomyces galilaeus (ATCC 31615) lysate was 

fractionated and a single peak was identified as the BexE substrate. Importantly, BexF, the 

putative fourth ring cyclase that is hypothesized to provide the BexE substrate during 

BE-7585A biosynthesis, was found to increase BexE product formation in our assay. To gain 

insight into the structure of the BexE substrate, we conducted molecular docking studies on 

possible biosynthetic intermediates using a homology model of BexF and the crystal 

structure of BexE. Our docking results suggest that the substrate of BexE may be 12-deoxy-

aklaviketonic acid. We are actively pursuing structural determination of the BexE substrate 

and products. Comparison of BexE with the related type II PKS oxygenase RdmE also 

supported docking calculation and provided further insights into how substrate binding may 

induce conformation changes in the middle domain and regulate catalysis. Together, these 

results offer an initial glimpse into the complex oxidation reactions that occur during 

BE-7585A biosynthesis and lay a framework for engineering oxidations in type II PKSs.

METHODS

Expression and Purification of BexE

The pET-28b (Novagen) derived DNA plasmid encoding a cleavable N-terminal His-tagged 

BexE (BexE/pET28b) was provided by Dr. Hung-Wen Liu. BexE/pET28b was transformed 
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into E. coli BL21(DE3) competent cells and plated on LB-agar plates containing kanamycin 

(50 µg/mL). The plates were incubated overnight at 37 °C. A positive transformant was 

transferred to a 5 mL starter culture of Luria–Bertani (LB) broth containing kanamycin (50 

µg/mL). The starter culture was grown overnight at 37 °C with shaking. The culture was 

used to inoculate 2 L of LB with kanamycin (50 µg/mL). The culture was grown at 37 °C 

until the A600 reached 0.4–0.6. The cells were cooled to 18 °C, and 0.1 mM IPTG was added 

to induce protein expression. After 12–18 h of incubation at 18 °C, the cells were harvested 

by centrifugation at 5000 rpm for 15 min. The cell pellets were flash-frozen in liquid 

nitrogen and stored at −80 °C. The frozen cell pellets were thawed on ice and resuspended in 

lysis buffer (50 mM Tris pH 8.0, 300 mM NaCl, 15% glycerol, 10 mM imidazole). The cell 

suspension was lysed using sonication (8 × 30 s cycles), and cell debris was removed by 

centrifugation at 14 000 rpm for 45 min. The lysate was incubated with 5 mL of Ni-IMAC 

resin (BioRad) at 4 °C for 1 h. The resin was poured into a fritted column, and the flow-

through fraction was collected. The resin was washed with 100 mL of lysis buffer then 

eluted with lysis buffer plus increasing amounts of imidazole (20–500 mM). The elutions 

were analyzed using SDS-PAGE, and elutions containing the protein of interest were 

combined and dialyzed overnight into crystallization buffer (50 mM Tris pH 8.0, 300 mM 

NaCl, 15% glycerol). The dialyzed protein was concentrated to 5 mg mL−1 and frozen in 

liquid nitrogen. The appearance of the elutions was bright yellow due to the presence of the 

FAD cofactor bound to BexE. The theoretical molecular weight of BexE (including the His-

tag) is 53 589 Da, which was confirmed using SDS-PAGE.

BexE Crystallization

Frozen aliquots of BexE were thawed on ice and filtered with a 0.22 µM spin filter prior to 

crystallization. A total of 1.7 µL of BexE (5 mg mL−1) was mixed with 1.7 µL of well 

solution (30% PEG 3350, 0.2 M ammonium sulfate, 0.1 M MES, pH 4.5) and allowed to 

equilibrate with 500 µL of well solution using the sitting drop vapor diffusion method. 

Medium sized clusters containing 3D blades formed over 1 week at 4 °C. The clusters were 

broken, and single blades were used for diffraction experiments.

BexE Data Collection, Model building, and Refinement

Crystals of BexE were flash frozen in liquid nitrogen before data collection. X-ray 

diffraction data using monochromatic X-rays (1.0 Å) were collected for BexE crystals to a 

resolution of 2.65 Å at the Advanced Light Source (ALS) on Beamline 8.2.1. The diffraction 

data were processed using HKL2000.38 BexE crystallized as one homodimer per 

asymmetric unit in the space group C2. Initial phases were determined using molecular 

replacement (PHENIX Phaser) with the structure of the aromatic hydoxylase PgaE (PDB 

ID: 2QA1) as a search model.39 A preliminary model was built (PHENIX AutoBuild), and 

this model was used for iterative rounds of model building (COOT) and refinement 

(PHENIX refine).35,40,41 After one round of refinement, clear electron density for the FAD 

cofactor was observed in both BexE monomers. Once all side chains were correctly placed, 

FAD was inserted into each monomer and included for all subsequent rounds of model 

building and refinement. Clear electron density was located near multiple arginines, and 

three sulfates were modeled and refined in these areas. BexE was refined to yield an Rwork 

of 19.62% and an Rfree of 24.56%. Data collection and refinement statistics can be found in 
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Table S2. The following residues could not be confidently placed in the BexE model due to 

missing electron density: Ile190-Glu192 and Ala445 (monomer A) and Met189-Glu192 and 

Gly399-Arg401 (monomer B).

Molecular Docking

Putative substrates for oxidation were drawn using ChemDraw and converted to PDBs using 

the NCI SMILES converter server (http://cactus.nci.nih.gov/translate/). The putative 

substrate PDB files were energy minimized and converted to.mol2 files using Chimera.36 

The BexF homology model was generated using HHPred based on the crystal structure of 

TcmI. The BexE and BexF PDBs were converted to .mol2 files, and waters were removed 

using Chimera. GOLD docking was used to dock the putative substrates in the BexE active 

site within 15 Å of the FAD C4a carbon.42 For BexF, substrates were docked within 15 Å of 

the bottom pocket arginine Arg39. The BexF homology model was docked to BexE using 

COOT, and the docked complex was energy minimized using Chimera.35,36

Biochemical Assays

For determination of the BexE substrate, the enzyme reactions (100 µL) were carried out 

with each of the possible substrates or the Streptomyces galilaeus crude lysate, containing 

50 mM Tris-HCl, at a pH of 7.5, 5 µM BexE or 15 µM BexF or both, together with 1 mM 

NADH or the NADPH regenerating system (1 mM glucose 6-phosphate, 50 µM NADPH, 5 

µM glucose-6-phosphate dehydrogenase). After incubation at 28 °C for 1.5 h, these reactions 

were terminated by the addition of 100 µL of methanol. Assays without enzymes were used 

as a control. For the BexE reversibility assays, each of the substrates were incubated with 1 

mM NADP+, 10 µM BexE, and 50 mM Tris-HCl at a pH of 7.5 at 28 °C for 2 h. 

Landomycinone was isolated from Streptomyces cyanogenus ΔGT3. 11-Deoxy-

landomycinone,43 tetrangulol, and tetrangomycin were isolated from Streptomyces 
cyanogen K62.44 Presteffimycinone was prepared by enzymatic reactions of 2-hydroxy-

nogalonic acid catalyzed by StfX (fourth rings cyclase) and StfT (7-KR) and 2-hydroxy-

nogalonic acid. Premithramycinone was isolated from M7D1 mutant of Streptomyces 
argillaceus (ATCC 12956),45 and aklaviketone and dehydro-aklaviketone were isolated from 

Streptomyces galilaeus (ATCC 31615) mutant H036.30 All the assays were analyzed by LC-

MS (Waters HPLC system, consisting of the 2996 photodiode array detector, the 2695 

Separations Module, Micromass ZQ, and a Symmetry C18 5 µm 4.6 × 250 mm column at a 

flow rate of 0.5 mL min−1). UV detection was performed at 430 nm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) A representative set of angucycline type II polyketides. (B) The previously proposed 

biosynthesis of BE-7585A based on13C labeling studies, with an emphasis on the oxidation 

reactions.13 The minimal PKS produces a 20-carbon poly-β-ketone that is reduced at the C9 

position and cyclized. BexF is proposed to catalyze fourth ring cyclization to produce the 

linear tetracyclic intermediate that is the substrate for a series of putative oxidation steps. In 

this work, we propose that a different linear tetracyclic intermediate, 12-deoxy-aklaviketonic 

acid, is the true BexE substrate. BexE, BexI, and BexM are proposed to form the BE-7585A 
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aglycone core, which is further modified by hydroxylation and glycosylation to yield the 

final product.
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Figure 2. 
Overall structure of the BexE dimer and domain organization of the BexE monomer. (A) 

The BexE dimer (monomer A in green and monomer B in blue). (B) The BexE monomer is 

composed of three domains: the FAD binding domain (residues 1–169 and 259–372, colored 

in blue), the middle domain (residues 170–258, colored in green), and the C-terminal 

domain (373–487, colored in red). (C) A molecular view of the BexE FAD binding site. (D) 

SA-Fo-Fc omit map contoured at 1.5 σ displaying clear density for FAD in monomer A 

(left) and monomer B (right).
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Figure 3. 
(A) Possible substrates tested for BexE activity. (B) HPLC analysis of reactions using the 

Streptomyces galilaeus (ATCC 31615) lysate with BexE and BexF. The main products in the 

lysate are aklaviketone and dehydro-aklaviketone, shown at 16.20 and 24.61 min, 

respectively. The addition of BexE to the Streptomyces galilaeus (ATCC 31615) lysate 

results in the appearance of two new peaks at 19.11 and 24.98 min. (C) The fractionation of 

the Streptomyces galilaeus (ATCC 31615) lysate to identify the BexE substrate. HPLC was 

used to fractionate areas with increased peak sizes in the lysate after 5 h of incubation to 
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identify the BexE substrate (shown in dotted boxes). Fraction 2 contained a peak at 10.49 

min, which contains the true BexE substrate. Fraction 2 was assayed with BexE and BexF in 

the presence of NADPH or NADH. Assays with the purified fraction 2 confirmed that the 

BexE reaction is NADPH dependent.
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Figure 4. 
Reaction catalyzed by TcmI and type II polyketide biosynthesis of aklaviketone in 

Streptomyces galilaeus (ATCC 31615). (A) TcmI is a fourth ring cyclase from the 

tetracenomycin biosynthesis pathway that catalyzes closure of the fourth ring of Tcm F2 to 

form Tcm F1. (B) Aklaviketone biosynthesis in Streptomyces galilaeus (ATCC 31615) 

follows a linear pathway starting from a 21-carbon intermediate (shown in bold arrows). 

Many putative intermediates occur transiently during aklaviketone biosynthesis, and we 

hypothesize that BexF may cyclize an intermediate to form the BexE substrate. Based on 
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molecular docking studies, we propose that BexF generates 12-deoxy-aklaviketonic acid, 

which is then used by BexE as a substrate.
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Figure 5. 
Docking of 12-deoxy-aklaviketonic acid into the active sites of the BexF homology model 

and BexE crystal structure. (A) 12-Deoxy-aklaviketonic acid was docked into the active site 

pocket of the BexF homology model to determine if this product would engage in favorable 

interactions with active site residues. 12-Deoxy-aklaviketonic acid docks in the BexF active 

site and makes favorable hydrophobic and hydrophilic interactions with active site residues. 

Specifically, the fourth ring of 12-deoxy-aklaviketonic acid is positioned deep in the active 

site and makes interactions with His50, Arg39, and Gln52. The tetracyclic core sits in a 

hydrophobic cavity and is anchored by a hydrogen bond between the C4 hydroxyl group and 

Trp91. (B) 12-Deoxy-aklaviketonic acid was docked into the active site pocket of the BexE 

crystal structure to determine if this product would engage in favorable interactions with 

active site residues. 12-Deoxy-aklaviketonic acid docks with the fourth ring close to the C4a 

carbon of FAD, the site of peroxy-flavin generation. The C4 hydroxyl group of 12-deoxy-

aklaviketonic acid is anchored by a hydrogen bond with Gln89. Hydrophobic interactions 

occur between the hydrophobic side 12-deoxy-aklaviketonic acid and Phe340. Additionally, 

the propyl moiety of 12-deoxy-aklaviketonic acid forms hydrophobic contacts with Met200, 

Ile212, and Phe255. Arg210 forms a hydrogen bond with the C7 carbonyl, which may 

stabilize an oxyanion if this carbonyl undergoes nucleophilic attack by the peroxy-flavin 

intermediate.
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Figure 6. 
A structural comparison between the middle domains of BexE with FAD in the “in” position 

and RdmE bound to aklavinone and FAD in the “out” position. (A) BexE with FAD in the 

“in” position with a zoomed in view of the putative active site entrance (left). RdmE bound 

to aklavinone with FAD in the “out” position with a zoomed in view of the area 

corresponding to the BexE active site entrance (right). In RdmE, there is no active site 

entrance in this area where the substrate is bound. (B) In BexE (left, light green), FAD is in 

the “in” position with an open active site. The β-hairpin consisting of β3 and β4 is relaxed 
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and shifted downward compared to the same region in RdmE (right, dark green). The L14 

region of BexE could not be modeled because of lack of electron density; however, in RdmE 

this loop forms a β-strand (βL14), which forms a β-sheet with β3, β4, and β11. *Aklavinone, 

and FAD from both structures are overlaid in both BexE and RdmE to highlight the FAD 

motion with respect to substrate position.
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Figure 7. 
Proposed steps during substrate binding and conformational changes in the middle domain 

during catalysis. Substrate binding induces a conformational change in the middle domain of 

BexE, which causes FAD to move from the “in” to the “out” position. When FAD is in the 

“out” position, NAPDH reduction occurs and FAD returns to the “in” position. The reduced 

FAD reacts with molecular oxygen to form a reactive C4a peroxy-flavin intermediate. The 

reactive C4a peroxy-flavin intermediate delivers oxygen to the substrate and the product is 

released.
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