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Bafilomycins are an important subgroup of polyketides with
diverse biological activities and possible applications as specific
inhibitors of vacuolar H*-ATPase. However, the general toxic-
ity and structural complexity of bafilomycins present formida-
ble challenges to drug design via chemical modification,
prompting interests in improving bafilomycin activities via bio-
synthetic approaches. Two bafilomycin biosynthetic gene clus-
ters have been identified, but their post-polyketide synthase
(PKS) tailoring steps for structural diversification and bioactiv-
ity improvement remain largely unknown. In this study, the
post-PKS tailoring pathway from bafilomycin A; (1)—C,
(2)—B, (3) in the marine microorganism Streptomyces lohii was
elucidated for the first time by in vivo gene inactivation and in
vitro biochemical characterization. We found that fumarate is
first adenylated by a novel fumarate adenylyltransferase Orf3.
Then, the fumaryl transferase Orf2 is responsible for transferring
the fumarate moiety from fumaryl-AMP to the 21-hydroxyl group
of 1 to generate 2. Last, the ATP-dependent amide synthetase BafY
catalyzes the condensation of 2 and 2-amino-3-hydroxycyclopent-
2-enone (C;N) produced by the 5-aminolevulinic acid synthase
BafZ and the acyl-CoA ligase BafX, giving rise to the final product
3. The elucidation of fumarate incorporation mechanism repre-
sents the first paradigm for biosynthesis of natural products con-
taining the fumarate moiety. Moreover, the bafilomycin post-PKS
tailoring pathway features an interesting cross-talk between pri-
mary and secondary metabolisms for natural product biosyn-
thesis. Taken together, this work provides significant insights
into bafilomycin biosynthesis to inform future pharmacolog-
ical development of these compounds.
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Plecomacrolides are a subgroup of polyketides that contain a
16- or 18-membered macrolactone ring connected to a 6-mem-
bered hemiacetal ring via a three-carbon linker. Among the
growing number of plecomacrolides such as hygrolidin, conca-
namycins, bafilomycins, leucanicidin, and formamicin (1), bafi-
lomycins with a 16-membered ring have attracted significant
attention due to their diverse bioactivities such as antifungal
(2), antibacterial (3), antitumor (4), immunosuppressive (5),
antiparasitic (5), and anti-osteoporotic (6) potency.

Bafilomycins are mainly produced by Streptomyces. For
example, bafilomycin A, (1), C; (2), and B, (3) were first iso-
lated from Streptomyces griseus sp. sulfurus (TU 1922) in 1983
(7). Bafilomycin D and E were isolated from S. griseus TU 2599
(i.e. DSM 2610) in 1985 (8). Later, an endophytic microorgan-
ism Streptomyces sp. YIM56209 was reported to produce 9-hy-
droxy-bafilomycin D, 29-hydroxy-bafilomycin D, and a num-
ber of known bafilomycin compounds (9). From 2004 to 2011,
bafilomycin F-K and other novel bafilomycin derivatives were
discovered from different Streptomyces spp. (10-13).

Among these natural bafilomycin derivatives, 1 is of partic-
ular importance because it is the structural core of all bafilomy-
cins. This compound has been characterized to be a specific
inhibitor of vacuolar H"-ATPase (V-ATPase), which has been
known as an important drug target for both osteoporosis and
tumor metastasis (6, 14, 15). However, the high toxicity of 1
prevents it from clinical application (14). Despite continuous
efforts on total synthesis and semi-synthesis of bafilomycin
derivatives (16 —18), their general toxicity has not been substan-
tially reduced so far. One important reason is that the structural
complexity (multiple chiral centers and many functional
groups with similar reactivity) of bafilomycins largely limits the
extensive chemical modification of their structures to explore
more comprehensive structure-activity relationship. The exist-
ence of dozens of natural bafilomycin derivatives, together with
the recent success of using a sugar-O-methyltransferase (LeuA)
and a glycosyltransferase (LeuB) to decorate the structure of 1
(19), demonstrates the effectiveness of biosynthetic systems in
structural diversification of these polyketides (6). To take
advantage of the highly selective and eco-friendly biocatalysts
to generate novel bafilomycin analogues for drug development,
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Figure 1. A, the bafilomycin biosynthetic gene cluster (baf) of S. lohii (red, PKS and TEIl genes responsible for 1 formation; blue, tailoring enzyme genes;
magenta, the genes for synthesis of the methoxymalonyl-CoA extender unit; green, regulatory genes). B, the adenylation of fumarate by Orf3. C, the biosyn-
thesis of CsN by BafX and BafZ. D, the post-PKS tailoring steps in bafilomycin biosynthetic pathway.

it is demanded to elucidate the bafilomycin biosynthetic path-
way and understand the characteristics of all tailoring enzymes.

In previous studies (20, 21), our laboratory and others have
identified two bafilomycin biosynthetic gene clusters from
Streptomyces lohii ATCC BAA-1276 and S. griseus DSM 2608,
respectively. As proposed, 1 is assembled by five type I
polyketide synthases (PKSs)? (BafAI-AV) sequentially. Subse-
quently, a fumarate moiety is transferred to the C21-hydoxyl

group of 1 to afford 2. Finally, the 2-amino-3-hydroxycyclo-
pent-2-enone (C,N) unit derived from glycine and succinyl-
CoA is linked to the fumarate moiety via an amide bond giving
rise to 3 (Fig. 1). However, all these putative biosynthetic steps
lack of experimental evidence and the responsible enzymes
remain largely unknown. The only exception is that we identi-
fied BafZ to be a 5-aminolevulinate (5-ALA) synthase in a pre-
vious study (20).

2 The abbreviations used are: PKS, polyketide synthase; CsN, 2-amino-3-hy-
droxycyclopent-2-enone; 5-ALA, 5-aminolevulinic acid; PP, pyrophos-
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phate; P, monophosphate; TCA, tricarboxylic acid; LC-HRMS, liquid chro-
matography-high resolution mass spectrometry.
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Figure 2. HPLC analysis (254 nm) of the fermentation culture of wild-type
and mutant S. lohii strains. Trace i, wild-type; trace ii, AbafY; trace iii,
Aorf2&orf3.

Herein, we elucidate the complete post-PKS tailoring steps of
bafilomycin biosynthetic pathway for the first time through in
vivo gene inactivation and in vitro reconstitution of enzyme
activities. Biochemically, Orf3 is characterized as a novel fuma-
rate adenylyltransferase showing a substrate preference for
fumarate over a variety of other short chain organic acids; Orf2
with high substrate specificity is responsible for transferring the
fumarate moiety from fumaryl-AMP to 1, giving rise to 2; BafX
and BafZ cooperatively synthesize the C N unit, and BafY cat-
alyzes the amide bond formation between 2 and C.N, finishing
the bafilomycin biosynthetic pathway of S. lohii.

Results

Re-interrogation of the baf gene cluster for post-PKS tailoring
enzymes

In our previous study (20), because we did not identify any
apparent candidate ORFs that could encode an enzyme medi-
ating the attachment of fumarate moiety, it was surmised that
BafY might be a bifunctional enzyme, which not only mediates
the fumarate attachment via an ester bond formation (1—2),
but also catalyzes the amide bond formation between 2 and
C,N (2—3). To test this hypothesis, the suicide knock-out vec-
tor pCIMt002-AbafY was constructed and used to transform
S. lohii by interspecies conjugation to replace bafY in-frame
with the apramycin resistance gene aac(IV) by following the
protocol of Chen et al. (22) (supplemental Fig. S1A4), the
double-crossover mutants with bafY removed were readily
screened by picking up white colonies from blue colonies indic-
ative of undesired single-crossover mutants. After PCR confir-
mation of the genotype (supplemental Fig. S1B), the bafY
inactivation mutant (AbafY) was cultured in parallel with the
wild-type strain. Unexpectedly, the mutant strain AbafY only
lost the ability to produce 3 (Fig. 2, trace i and ii), strongly
suggesting that BafY should only be involved in the transforma-
tion from 2 to 3, but unrelated to the fumarate transferring step.

Generally, the genes involved in the biosynthesis of a given
Streptomyces secondary metabolite are organized in a gene
cluster. To find out the enzyme responsible for the initial tai-
loring step, we reanalyzed the baf gene cluster (Fig. 1A) with the
GenBank accession number of GU390405.1, and located two
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uncharacterized genes including orf2 and orf3 at the 3’ end of
this cluster, which were previously proposed to encode a mal-
onyl transferase and a CoA ligase, respectively, simply based on
bioinformatics analysis (20, 21). Because the transformation
from 1 to 2 likely requires a transferase activity, we hypothesize
that Orf3 could activate fumarate by ligating a CoA moiety, and
Orf2 might be responsible for transferring the fumaryl group to
the C21 hydroxyl group of 1. Orfl is homologous to the LuxR-
family transcription regulator, therefore, it is unlikely to be an
enzyme. Thus, we in-frame replaced the orf2 plus orf3 region
with aac(IV) (supplemental Fig. S1C). The mutant stain
Aorf2&3 only produced 1 (Fig. 2, trace iii) without any accumu-
lation of 2 and 3. This result indicates that Orf2 and/or Orf3 are
required for the initial tailoring of 1. However, their exact func-
tionality requires further biochemical investigation (see below).

Protein expression and purification of Orf2, Orf3, BafX, BafY,
and BafZ

To characterize the in vitro activity of Orf2, Orf3, BafX, BafY,
and BafZ, and reconstitute the entire bafilomycin post-PKS tai-
loring pathway, the coding sequences of the four genes (except
bafZ that was cloned previously (20)) were PCR amplified and
inserted into the pET28b vector, respectively. The recombinant
proteins of Orf2, BafX, BafY, and BafZ with the N-terminal His,
tag were successfully overexpressed in Escherichia coli BL21
(DE3), and purified by nickel-nitrilotriacetic acid chromatogra-
phy (Fig. 3A). However, the recombinant Orf3 turned out to
form inclusion bodies. Significant efforts, including optimiza-
tion of expression conditions, making different expression con-
structs, use of molecular chaperones, and different E. coli host
cells carrying extra rare codon tRNA genes, failed to solve the
problem of insolubility (data not shown). This led to a recon-
sideration of the orf3 annotation. Careful BLAST analysis of
Orf3 and its homologous proteins revealed that several putative
proteins, such as BafCI from S. griseus DSM 2608 (21) with
>90% protein sequence identity to Orf3, have approximately
20 more amino acids at the N terminus compared with the
original Orf3 (supplemental Fig. S2). This finding suggests that
orf3 is likely to be mis-annotated previously, and the N-termi-
nal truncation is probably the reason for the insolubility of
Orf3. Re-inspection of the 5’ upstream sequence of orf3
resulted in the discovery of another possible start codon, which
is 81 bp upstream of the previously assigned start codon. Inter-
estingly, this GTG start codon overlaps with the TGA stop
codon of Orf2 (Fig. 3B), which suggests Orf2 and Orf3 are likely
to be co-transcribed, co-translated, and functionally related.
When the re-annotated orf3 was cloned into pET28b and
expressed, Orf3 became soluble and was successfully purified
by His tag affinity chromatography (Fig. 3A). Gel filtration
results indicated that Orf3, BafX, and BafZ predominantly
dimerize in solution, whereas Orf2 and BafY form monomers
(supplemental Fig. S3).

In vitro characterization of Orf2 and Orf3

According to the in vivo orf2&3 knock-out result (Fig. 2) and
the fact that these two genes overlap each other, Orf2 and Orf3
are likely co-responsible for the transformation from 1 to 2. To
dissect their catalytic activities, we decided to investigate these
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+**GAGCGGCCCGAGCACATCGAGCAGGCCCTGACCACCGCCTACGACCTCGGTATCGACCTC
GluArgProGluHisIleGluGlnAlaLeuThrThrAlaTyrAspLeuGlyIleAspLeu
TCCGGCGCCCCGGCCCTGCCGTGACCGCCGCCACCCGLCGCCGACCCCGACGCCCGGATC
SerGlyAlaProAlaLeuProStop

MetThrAlaAlaThrArgAlaAspProAspAlaArgIle

GCACGATGGCTGGACACCGACCTCGACGAGTGGACCCGCACCGTGGTCCGACGGCACTTC
AlaArgTrpLeuAspThrAspLeuAspGluTrpThrArgThrValValArgArgHisPhe

GACGTCCGACGGCACTTCGACCCGGTGTCCGGCAGCCCCTACTGGCTCGGTCAG**
AspValArgArgHisPheAspProValSerGlySerProTyrTrpLeuGlyGln

Figure 3. A, SDS-PAGE analysis of recombinant BafX, BafY, BafZ, Orf2, and Orf3 purified from E. coli BL21 (DE3). B, the re-annotation of the coding sequence of
Orf3. Note: the black and green letters denote partial C-terminal coding sequence of Orf2 and partial N-terminal coding sequence of Orf3, respectively. The stop
codon of Orf2 is marked in red. The underlined GTG codons in green and blue represent the corrected and the previously mis-annotated start codons of Orf3,

respectively.

two enzymes separately. We and others previously assigned
Orf3 to be a putative CoA-ligase based on BLAST searches (20,
21). In this study, more detailed bioinformatics analysis found
that the protein sequence of Orf3 shows >30% identity with
a number of identified arylcarboxylate adenylating enzymes
including GriC (23), EsmB1 (24), and EphF (25). Protein
sequence alignment of these enzymes (supplemental Fig. S4)
revealed that Orf3 exhibits many hallmarks as a typical adeny-
lating enzyme of the ANL family, which includes CoA ligases,
adenylation domains of nonribosomal peptide synthetases, and
firefly luciferase (26). Specifically, the crucial nucleotide recog-
nition sites of adenylating enzymes (27, 28) are well conserved
in Orf3, including Asp®*’, 1le**, Tyr**?, and the motif
#3*SGT?*°. The carboxyl group of Asp®>*” may coordinate with
the 2'- and 3’-hydroxyl groups of the nucleotide sugar. Resi-
dues *’SGGTTGTP'** of Orf3 likely forms the p-loop (phos-
phate-binding loop) that is a conserved motif in many ATP-
binding enzymes (26). The substrate-binding pocket analogous
to EphF is also present in Orf3: the conserved stretches of
Z59YGNT?%? and "°HLIG*® are expected to be involved in sub-
strate binding, whereas several arginine residues including
Arg'?', Arg'*%, Arg'?’, and Arg'>* might make polar contacts
with the carboxylate group of fumarate (24). Importantly, there
does not exist any CoA-binding sites in the protein sequence of
Orf3, which suggests this enzyme is more likely to be a fumarate
adenylyltransferase rather than a fumaryl-CoA ligase.

To test the in vitro activity of Orf3, the reaction mixture
containing 10 pum Orf3, 5 mm disodium fumarate, 10 mm
MgCl,, 0.4 units/ml of inorganic pyrophosphatase in Tris-HCl
buffer, pH 7.4, was initiated by adding 5 mm ATP. Upon a
15-min incubation at 28 °C, 32.0 £ 0.5 um phosphate (P;)
released from pyrophosphate (PP;) by pyrophosphatase was
detected using the malachite green phosphate assay (Fig. 44),
corresponding to presumable formation of 16.0 um fumaryl-
AMP (29), which is impractical to be purified because of the
high instability. Indeed, AMP (presumably derived from spon-
taneous hydrolysis of fumaryl-AMP) instead of fumaryl-AMP
was detected in an Orf3 reaction mixture (supplemental Fig.
S5). According to previous study (30), the low turnover number
is likely due to the slow release of fumaryl-AMP from Orf3
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when the downstream acceptor enzyme is absent. Notably, no
significant monophosphate release was observed when pyro-
phosphatase or disodium fumarate was omitted in the assay
(Fig. 4A), suggesting that P; was solely derived from PP, as the
co-product of fumaryl-AMP.

To determine the substrate specificity of Orf3, a select group
of organic acids including malonate, succinate, butyrate, male-
ate, and glutarate were kinetically evaluated using fumarate as
control (Table 1, supplemental Fig. S6-S10). As expected, Orf3
showed a strong substrate preference toward fumarate with the
keoe/ K, value 0f 59.4 X 10> mm ™~ ' min~". Succinate was deter-
mined to be the suboptimal substrate (k_,/K,, = 3.9 X 1072
mm ™' min~") perhaps due to its high structural similarity to
fumarate. Malonate, glutarate, maleate, and butyrate were all
poor substrates, suggesting that the carbon chain length, the
configuration of the C=C double bond, and the dicarboxylic
acid feature are crucial for substrate recognition of Orf3. Col-
lectively, Orf3 is a novel fumarate adenylyltransferase.

Because fumaryl-AMP is the product of Orf3, we hypothe-
sized that 1 and fumaryl-AMP could be co-substrates for the
transferase Orf2. Thus, the in vitro transformation from 1 to 2
was set up to contain 10 uM Orf2 and Orf3, 80 um 1, 5 mm
disodium fumarate, 5 mm ATP, and 10 mm MgCl, in Tris-HCl
buffer, pH 7.4. Upon an incubation at 28 °C for 4 h, 83.1 = 3.2%
(calculated from substrate consumption) of 1 was converted
into 2 (Fig. 5, trace ii). This result clearly indicates that Orf2 and
Orf3 cooperatively synthesize 2. Moreover, it was proven that
Orf3is not a fumaryl-CoA ligase as previously proposed (20, 21)
because the conversion remained unaffected with or without
CoA, and fumaryl-CoA was not observed by LC-high resolution
mass spectra (HRMS) (data not shown).

Next, we assessed the substrate specificity of Orf2 by deter-
mining if this enzyme is capable of incorporating alternative
organic acids into the bafilomycin macrolactone scaffold. In the
same assay (see above) using Orf2 and Orf3 as biocatalysts,
fumarate was substituted by malonate, succinate, butyrate,
maleate, or glutarate. As results, except for a small amount
(2.2 = 0.1% conversion rate) of succinyl derivative (4) (Figs. 1D
and 5, trace iii, supplemental Fig. S11 and Table S1), no other
derivatives were detected by LC-HRMS. Enhanced amounts of
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Figure 4. Activity measurements (620 nm) of Orf3 and BafY using the malachite green assay. A, the reaction containing 10 um Orf3, 5 mm disodium
fumarate, 5 mm ATP, 10 mm MgCl,, and 0.4 units/ml of inorganic pyrophosphatase in Tris-HCl buffer, pH 7.4 (28 °C) (l); the control reaction with no addition of
disodium fumarate (@); and the control reaction without pyrophosphatase (A). B, the reaction containing 5 um BafY, 200 um 2, 5 mm ATP, 10 mm MgCl,, and 0.4
units/ml of inorganic pyrophosphatase in Tris-HCl buffer, pH 7.4 (28 °C) (l); the reaction with no addition of 2 (®); the reaction in the absence of pyrophos-
phatase (A); and the reaction without both 2 and pyrophosphatase (). C, the same BafY reactions in the presence of 5 mm ATP (4 ) or 5 mm ADP (¥) and 10

mm MgCl,.

Table 1

Steady-state kinetic parameters of Orf3 toward different substrates

keot/ K,
Substrate K, Ko X 1072 x 107°
mM min~* mM~ ' min !

Fumarate 32*06 19.0 £ 1.0 59.4
Succinate 19.2 +£22 7.5*0.3 3.9
Malonate 24.1 = 3.8 44 *+0.3 1.8
Glutarate 32.5 + 8.7 34 *+04 1.0
Maleate 29.7 £ 4.9 3.5*0.2 1.2
Butyrate ND* ND ND

“ ND, not determined due to extremely low activity.

Orf2/0rf3, increased concentrations of alternative organic
acids, and prolonged reaction time did not generate any detect-
able novel bafilomycin derivatives (data not shown). Because
Orf3 is able to convert all these acids into corresponding adeny-
lated intermediates in varying efficiency (Table 1), we deduce
that Orf2 should be a strict fumaryl transferase with marginal
succinyl transferase activity.

In vitro characterization of the ATP dependence of BafY

The in vivo inactivation of bafY led to accumulation of 2 (Fig.
2, trace ii), which strongly suggests that BafY is involved in the
final step of bafilomycin biosynthesis (Fig. 1D). According to
bioinformatics analysis (supplemental Fig. S12), BafY is pro-
posed as an ATP-dependent amide synthetase because it shows
>41/56% protein sequence identity/similarity to several iden-
tified ATP-dependent amide synthetases including MoeB4
(31), SimL (32), AusD1 (33), and Orf33 (34). It was reported that
these enzymes activate their substrates via AMPylation (i.e.
adenylation). Because direct LC-MS detection of the activated
form of 2 was unsuccessful likely due to the high instability, the
in vitro activity of BafY was indirectly measured using the mal-
achite green phosphate assay. Specifically, 5 um BafY was incu-
bated with 200 um 2,5 mm ATP, 10 mm MgCl,, and 0.4 units/ml
of inorganic pyrophosphatase at 28 °C for 30 min. As expected,
P, was continuously released as reflected by the increasing A,

SASBMB
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Figure 5. HPLC analysis (254 nm) of in vitro biochemical conversions of
bafilomycins. Trace i, the negative control for trace ii, in which Orf2 and Orf3
were boiling inactivated; trace ii, in vitro transformation from 1 to 2 by Orf2
and Orf3; traceiii, in vitro conversion from 1 to 4 by Orf2 and Orf3; trace iv, the
negative control for trace v, in which BafX, BafY, and BafZ were boiling inacti-
vated; trace v, in vitro transformation from 2 to 3 by BafX, BafY, and BafZ; trace
vi, the negative control for trace vii, in which all five tailoring enzymes were
boiling inactivated; trace vii, one-pot transformation from 1—2—3 by Orf2,
Orf3, BafX, BafY, and BafZ. Trace viii, 3 authentic standard. Note: all reactions
were carried out at 28 °C for 4 h. The concentration of all used enzymes was 10

M.
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values. Strikingly, the amounts of released P; at different time
points seemed to be unaffected by the addition of pyrophospha-
tase (Fig. 4B), strongly suggesting there was no PP, released.
This is further supported by no detection of AMP during the
BafY reaction (supplemental Fig. S5). Instead, ADP accumula-
tion was observed in the reaction mixture (supplemental Fig.
S5), and ADP cannot be further hydrolyzed by BafY (Fig. 4C).
These results clearly indicate that BafY should activate 2 by
forming an acyl phosphate intermediate as does a glutamine
synthetase (35, 36). Interestingly, BafY indeed shows reasona-
ble protein sequence identity/similarity (32/47%) to the gluta-
mine synthetase of Streptomyces coelicolor (37, 38). In the
absence of 2, again, the P, releasing rates in the presence and
absence of pyrophosphatase are quite similar to each other (Fig.
4B). Remarkably, these rates were significantly higher than
those in the presence of 2, demonstrating a better ATPase
activity of BafY than its phosphoryl transferase activity. This
could result from the slow dissociation of the phosphorylated
intermediate from BafY when C.N (see below) is absent. Taken
together, BafY is confirmed to be an ATP-dependent amide
synthetase with both phosphoryl transferase and ATPase activ-
ity (supplemental Fig. S13).

In vitro conversion of bafilomycin C, (2) to bafilomycin B, (3)

The transformation from 2 to 3 is analogous to the post-PKS
tailoring of ECO-02301, which has been elucidated to be co-
mediated by Orf33, Orf34, and Orf35 (34). Because BafX (acyl-
CoA ligase), BafY (amide synthetase), and BafZ (dually function
as 5-ALA synthase and 5-ALA-CoA cyclase) are 62/72%,
40/55%, 68/80% identical/similar to Orf35, Orf33, and Orf34,
respectively, we propose a biosynthetic route leading to 3 (Fig.
1, C and D), the end product of bafilomycin pathway. First, the
pyridoxal 5-phosphate-dependent 5-ALA synthase BafZ cata-
lyzes the condensation of succinyl-CoA and glycine to yield
5-ALA, which has been confirmed in our previous work (20).
Second, 5-ALA is activated by the acyl-CoA ligase BafX to form
5-ALA-CoA. Third, BafZ acts again to cyclize 5-ALA-CoA to
afford C,N, avoiding the non-enzymatic cyclization to the
6-membered ring 2,5-piperidinedione (34). Finally, the ATP-
dependent amide synthetase BafY is responsible for mediating
the phosphorylation of the carboxylic group of 2 and the fol-
lowing condensation with the amino group of C.N to afford 3
(20).

To accomplish the above proposed biotransformation, the in
vitro assay containing 10 um BafX, BafY, and BafZ, 80 um 2, 2.5
mMm CoA, 2.5 mm 5-ALA, 150 um pyridoxal 5-phosphate, and 5
mM ATP was carried out at 28 °C for 4 h. As expected, 56.1 *
4.3% (based on substrate consumption) of 2 was converted to 3
(Fig. 5, trace v). Finally, we attempted to in vitro reconstitute the
whole pathway from 1 to 3 by setting up a one-pot reaction,
which contains 10 uM of all involved enzymes including Orf2,
Orf3, BafX, BafY, and BafZ, 80 um 1, and all required co-sub-
strates and cofactors. As expected, 2 and 3 were successfully
detected by HPLC analysis (Fig. 5, trace vii).

Discussion

Based on the structures of 1, 2, and 3, the bafilomycin post-
PKS tailoring pathway of 1-—>2—3 can be readily proposed (Fig.
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1). However, it has not been confirmed. More importantly, the
involved biosynthetic enzymes remain unclear. In this work,
these problems are solved with no ambiguity.

The post-PKS tailoring pathway is physiologically important
because 2 and 3 demonstrate enhanced antifungal and antibac-
terial activities compared with 1 (3). According to the struc-
ture-activity relationship, the fumarate moiety leads to the
improvement of bioactivities, and 3 acquires further potency
from the C,N appendix. These facts may provide a reasonable
explanation for the fumarate preference of Orf3 and the high
substrate specificity of the fumaryl transferase Orf2, without
which a variety of other organic acids could be installed onto 1.
This would divert the metabolic flux to multiple bafilomycin
derivatives, thereby lowering the yield of 3 that holds the high-
est biological activity. To derivatize bafilomycin structures for
drug development, the substrate spectrum of Orf3 and Orf2
needs to be expanded. This requires understanding of the struc-
tural basis for substrate selectivity of the fumarate adenylyl-
transferase Orf3 and the fumaryl transferase Orf2, which is cur-
rently ongoing in our laboratories.

Interestingly, the bafilomycin post-PKS tailoring pathway
directly recruits multiple primary metabolites including gly-
cine, succinyl-CoA, and fumarate to decorate the secondary
scaffold, which features an interesting cross-talk between the
primary and secondary metabolisms. Glycine plays a vital role
in supporting the growth and reproduction of microorganisms.
It is also often seen in the scaffolds of secondary metabolites,
such as alkaloids, ribosomal and nonribosomal peptides (39,
40). Succinyl-CoA, as an important intermediate of the tricar-
boxylic acid (TCA) cycle, normally takes part in biosynthesis of
polyketides indirectly through generating several PKS extender
units (41). Fumarate, another important intermediate of the
TCA cycle, is present in dozens of natural products, such as
sarglabolides H (42), sesquiterpene 6 (43), cavipetin B (44),
fumarprotocetraric acid (45), reveromycins (46), and other
bafilomycin derivates (8, 47, 48) (Fig. 6). However, the biosyn-
thetic mechanisms for fumarate incorporation are largely
unknown. Recently, the fumarate linking process of sesquiter-
pene 6 was proposed as follows: malate might be transferred to
the C1 hydroxyl group of sesquiterpene 8 and followed by a
dehydration step to generate the fumaryl side chain (43). The
results of this study apparently suggest an alternative pathway
for sesquiterpene 6 production.

Nonetheless, it requires more experimental evidence to
examine if the Orf2/Orf3 co-mediated transformation is a gen-
eral strategy for fumarate attachment in natural products.
Interestingly, a carboxylic acid AMP ligase often closely coop-
erates with another enzyme to accomplish the substrate trans-
formation in natural product biosynthesis because the carbox-
yl-AMP intermediate is highly unstable. Thus, direct uptake
of carboxyl-AMP from the ligase by a downstream enzyme
becomes essential. In addition to Orf2/Orf3, GriC/GriD (23)
and EphF/EphG (25) are paired to serve the biosynthesis of
grixazone and phenazine, respectively. This feature may sug-
gest a useful strategy for discovery of natural products contain-
ing the fumarate moiety. Briefly, the coding sequences of orf2
and orf3, especially the latter gene encoding the fumaryl trans-
ferase with strict substrate specificity, could be used as probes
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Figure 6. Selected natural products with the fumarate element highlighted in red.

to mine the big data of genomes. Next, novel fumaryl deriva-
tives and their association with corresponding orf2/orf3-like
genes could be discovered.

In summary, through in vivo gene inactivation and in vitro
enzymatic activity reconstitution, we have completely eluci-
dated the post-PKS tailoring pathway of bafilomycin. Five
tailoring enzymes including Orf2 (fumaryl transferase), Orf3
(fumarate adenylyltransferase), BafX (acyl-CoA ligase), BafY
(amide synthetase), and BafZ (5-ALA synthase as well as
5-ALA-CoA cyclase) have been biochemically characterized.
This pathway incorporates multiple primary metabolites
including glycine, succinyl-CoA, and fumarate into the struc-
tural core of secondary metabolites. These new findings high-
light the role of the cross-talk between primary and secondary
metabolisms in structural diversification and bioactivity
improvement of natural products.

Experimental procedures
General materials

All chemicals and antibiotics used in this study were pur-
chased from Sigma, Solarbio, or Sinopharm Chemical Reagent,
unless otherwise specified. Fast-digest restriction endonu-
cleases were bought from Thermo Fisher Scientific. T4 DNA
ligase, PrimeSTAR GXL high-fidelity DNA polymerase were
obtained from Takara. Isolation of plasmid DNA from E. coli
was performed using the E.Z.N.A. Plasmid Mini Kit I from
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Omega. Purification of DNA fragments from PCR or agarose
gels was performed using a Wizard SV Gel and PCR Clean-up
System (Promega). ClonExpress II One-Step Cloning Kit was
purchased from Vazyme. Malachite Green Phosphate Assay Kit
is product of Bioassay System, and the inorganic pyrophospha-
tase was bought from Sigma. Bradford Protein Assay Kit was
bought from Beyotime Biotechnology. The FlexiRun™ pre-
mixed gel solution for SDS-PAGE was obtained from MDBio.
Primer synthesis and DNA sequencing were performed by
Tsingke.

Construction of knock-out vectors

The homologous arms (2-3 kb) of suicide vectors
pCIMt002-Aorf2&3 and pCIMt002-AbafY were amplified from
the genome of S. lohii using the primers as follows (supplemen-
tal Table S2): the left homologous arm of pCIMt002-Aorf2&3
(forward primer Aorf2&3-left arm-FP and reverse primer
Aorf2&3-right arm-RP); the right homologous arm of
pCIMt002-Aorf2&3 (forward primer Aorf2&3-right arm-FP
and reverse primer Aorf2&3-right arm-RP); the left homo-
logous arm of pCIMt002-AbafY (forward primer AbafY-left
arm-FP and reverse primer AbafY-left arm-RP); the right ho-
mologous arm of pCIMt002-AbafY (forward primer AbafY-
right arm-FP and reverse primer AbafY-right arm-RP). The left
homologous arms were inserted into the Ncol restriction site
and the right homologous arms were inserted into the Nhel
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restriction site of pCIMt002 using the One-Step Cloning Kit to
generate pCIMt002-AbafY and pCIMt002-Aorf2&3.

Construction of expression vectors for BafX, BafY, Orf2, and
Orf3

The bafX, bafY, orf2, and orf3 genes were amplified from
gDNA of S. lohii using the primers as shown in supplemental
Table S3. For bafX, the forward primer was BafX-EcoRI-FP and
the reverse primer was BafX-HindIII-RP; for bafY, the forward
primer was BafY-EcoRI-FP and the reverse primer was BafY-
HindIII-RP; for orf2, the forward primer was Orf2-Ndel-FP and
the reverse primer was Orf2-EcoRI-RP; for orf3, the forward
primer was Orf3-Ndel-FP and the reverse primer was Orf3-
Ndel-RP. The PCR fragments of bafX, bafY, and orf2 were dou-
ble digested and ligated into the expression vector pET28b. The
PCR fragment of orf3 was cloned into pET28b using a One-Step
Cloning Kit. The recombinant expression vectors were con-
firmed by restriction enzyme digestions and DNA sequencing.
The positive plasmids were used to transform E. coli BL21
(DE3).

Gene disruption

Gene disruption in S. lohii was performed by following the
protocol of Chen et al. (22). The suicide vectors pCIMt002-
Aorf2&3 and pCIMt002-AbafY were transferred by interspecies
conjugation from E. coli ET12567 to S. lohii (49). After treat-
ment of 1.25 mg of apramycin and 0.5 mg of nalidixic acid for
each plate for about 3-5 days at 28 °C, the blue colonies on
plates were undesired single-crossover mutants due to production
of indigoidine, whereas the white colonies indicative of double-
crossover mutants were picked up for genomic DNA preparation
according to standard Streptomyces protocols (49) and subsequent
PCR confirmation (supplemental Fig. S1, B and D).

PCR confirmation of S. lohii mutants

The primers for PCR confirmation are shown in supplemen-
tal Table S2. The forward primer AbafY-KO-FP and the reverse
primer AbafY-KO-RP were used for screening the AbafY
mutants. The expected length of the PCR fragment from wild-
type and the AbafY mutant is 1804 and 2337 bp, respectively
(supplemental Fig. S1B). The forward primer Aorf2&3-KO-FP
and the reverse primer Aorf2&3-KO-RP were used for screen-
ing the Aorf2&3 mutants. The expected length of the PCR frag-
ment from wild-type and the Aorf2&3 mutant is 1957 and 1097
bp, respectively (supplemental Fig. S1D).

Fermentation and HPLC analysis of S. lohii and its mutants

The MS medium agar (mannitol, 20 g; soybean flour, 20 g;
and agar, 20 g, per liter) was used for sporulation of wild-type
S. lohii (ATCC BAA-1276) and its mutant strains. S. lohii
strains were grown in 30 ml of 2X YT medium (16 g of tryptone,
10 g of yeast extract, and 5 g of NaCl per liter) at 28 °C, 220 rpm.
After 2 days, 3 ml of seed culture was inoculated into 30 ml of
fermentation medium (soybean oil, 60 g; glucose, 20 g; soybean
flour, 20 g; corn syrup, 1.5 g; NZ-amine, 2 g; yeast extract, 1 g;
NaNO,, 8 g; NaCl, 5 g; (NH,),SO,, 6 g K,HPO,, 0.3 g; and
CaCOs;, 8 g, per liter, pH 7.1), and cultured at 28 °C, 250 rpm for
another 7 days. Next, the fermentation broth was extracted by
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adding 3-fold volume of methanol, vortexed, and centrifuged.
The organic extracts were directly used for HPLC analysis.
HPLC analysis was performed on a Thermo C-18 column
(4.6 X 150 mm) with a linear gradient of 60 —100% CH,;CN over
15 min, 100% CH;CN for 8 min, and 100-60% CH;CN over 2
min in H,O (+ 0.1% trifluoroacetic acid) at a flow rate of 1
ml/min.

Protein expression and purification

The single colony of E. coli BL21 (DE3) carrying pET28b-
bafX, pET28b-bafY, pET28b-orf2, or pET28b-orf3 was grown at
37 °C in 10 ml of LB medium with 50 ug/ml of kanamycin at
37 °C overnight. Then, the seed culture was used to inoculate 1
liter of LB medium containing 50 ng/ml of kanamycin with the
ratio of 1:100 at 37 °C. Isopropyl B-D-thiogalactopyranoside
was added to the final concentration of 0.15 mM to initiate pro-
tein overexpression when Ay, values reached 0.6-1.0. The
cells were cultured at 16 —18 °C for an additional 24 h, collected
by centrifugation (6,000 rpm, 10 min, 4 °C), resuspended in 50
ml of lysis buffer (50 mm Tris-HCl, 0.5 M NaCl, and 5 mMm im-
idazole, pH 8.0), and lysed by sonication on ice. After high-
speed centrifugation (12,000 rpm, 30 min, 4 °C), 1 ml of nickel-
nitrilotriacetic acid-agarose resin (Qiagen) was added to the
supernatant, and mixed at 4 °C for 1 h. The resin with bound
His,-tagged proteins was loaded onto a gravity flow column,
washed with 500 ml of wash buffer (50 mm Tris-HCI, 0.5 m
NaCl, and 20 mm imidazole, 10% glycerol, pH 8.0), and eluted
by elution buffer (50 mm Tris-HCI, 0.5 m NaCl, and 250 mm
imidazole, 10% glycerol, pH 8.0). The purified proteins (BafX,
BafY, BafZ, Orf2, and Orf3) were concentrated using Amicon
Ultra filters (30 K) and exchanged into desalting buffer (50 mm
Tris-HCl, 10% glycerol, pH 7.4) using PD-10 columns (GE
Healthcare). The purified proteins were flash frozen in liquid
nitrogen and stored at —80 °C for later use. The protein con-
centrations were measured using a Bradford Assay Kit with
bovine serum albumin (BSA) as standard. The expected molec-
ular masses of BafX, BafY, BafZ, Orf2, and Orf3 are 60.4, 58.6,
45.7, 36.0, and 42.4 kDa (Fig. 3A), respectively.

The ATP-PP/ATP-P, release assay

The PP, or P, released from ATP by Orf3 or BafY was mea-
sured using the Malachite Green Phosphate Assay Kit (29). For
qualitative analysis of Orf3, the reaction contained 10 um Orf3,
5 mMm disodium fumarate, 5 mm ATP, 10 mm MgCl,, and 0.4
units/ml of inorganic pyrophosphatase in Tris-HCI buffer, pH
7.4, at 28 °C (29, 34). For BafY, 5 um BafY was incubated with
200 pum 2, 5 mm ATP, 10 mm MgCl,, and 0.4 units/ml of inor-
ganic pyrophosphatase in Tris-HCI buffer, pH 7.4, at 28 °C. All
PP,/P; releasing reactions were carried out in triplicate and the
negative controls were set up using boiling inactivated Orf3 or
BatfY. For kinetic analysis of Orf3, a standard assay contained 10
mMm MgCl,, 5 mm ATP, varying concentrations of selected
organic acids (0.5-100 mm), an appropriate amount of Orf3,
and 0.4 units/ml of inorganic pyrophosphatase in 100 ul 50 mm
Tris-HCl buffer, pH 7.4. Each reaction was initiated by adding 5
mM ATP and carried out at 28 °C for 0, 3, 6, 10, 15, 20, and 30
min on a 96-well plate. The reaction mixtures were 20-fold
diluted, and 80-pul diluents were added into wells pre-contain-
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ing 20 ul of malachite green. Upon an incubation at room tem-
perature for 15 min, the absorbance was monitored at 620 nm
on an Infinite M200 PRO plate reader (TECAN). At a certain
substrate concentration, the velocity of P, release (uMm/min,
derived from AA,,/min using the standard curve of 0-50 um
NazPO,), which is twice the rate of PP, formation, was calcu-
lated from the slope of a linear fitting curve (seven data points)
with the control slope subtracted. The triplicated data were
fitted to the Michaelis-Menten equation for calculating the k_,,
and K, values of each substrate using Origin 8.5.

Isolation and purification of bafilomycin A, (1), bafilomycin C,
(2), and bafilomycin B, (3)

5 Liters of fermentation broth of S. lohii was centrifuged at
6,000 rpm for 10 min. The aqueous phase containing very few
bafilomycins was discarded. The mycelia and oil phase was
extracted by a 2-fold volume of methanol twice and concen-
trated by vacuum rotary evaporation. The crude extract was
dissolved in methanol/dichloromethane (v/v = 1:1), and the
soluble constituents were separated with petroleum ether/ethyl
acetate from the 10:1 (v/v) to 3:1 gradient on a silica gel column.
The eluents from 4:1 to 2:1 (petroleum ether/ethyl acetate)
were collected and combined for semi-preparative HPLC on a
Waters XBridge™ C-18 column (10 X 250 mm) with a linear
gradient of 65—100% acetonitrile over 30 min, 100% acetonitrile
for 5 min in H,O at a flow rate of 2.5 ml/min. The structures of
1, 2, and 3 were confirmed by HRMS analysis (supplemental
Fig. S14-S16) and comparison of their NMR spectra (supple-
mental Fig. S17—-S22) with previous reports (7, 50, 51).

LC-HRMS analysis

The LC analysis was performed on a Waters symmetry col-
umn (4.6 X 150 mm, RP18) with a linear gradient of 60 -100%
acetonitrile over 40 min, and 100% acetonitrile for 10 min in
H,O (+0.1% formic acid) at a flow rate of 0.5 ml/min. The
HRMS were recorded on a Dionex Ultimate 3000 coupled to a
Bruker Maxis Q-TOF.
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