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ABSTRACT: The Burkholderia cepacia complex (BCC) is a group
of Gram-negative bacteria known for their pathogenicity to patients
suffering from cystic fibrosis (CF). The BCC-belonging strain B.
pyrrocinia BC11 (formerly B. cepacia BC11) produces AFC-BC11,
a compound with strong activity against phytopathogenic fungi. In
this contribution, we report on the unprecedented N-acyl-
tetrapeptide structure and antifungal potency of this natural
product. We further provide insights into central steps of its
biosynthesis mediated by a nonclassical nonribosomal peptide
synthesis machinery lacking condensation domains. With the
involvement of a sole acyl/peptidyl carrier protein AfcK, an
acyltransferase AfcL and coenzyme A, the growing acyl-peptide
chain is shuffled between different thioester carriers during the
intricate biosynthetic assembly. The knowledge of the AFC-BC11 structure may contribute to the development of antifungals against
phytopathogens and, with the afc gene cluster being conserved in various Burkholderia strains, possibly to an understanding of the
human pathogenesis of the BCC.

■ INTRODUCTION

Bacteria of the genus Burkholderia have been described as
degraders of polychlorinated pollutants but are also connected
to severe animal (e.g., glanders) and human diseases (e.g.,
melioidosis).1,2 Patients suffering from cystic fibrosis (CF), a
disease with symptoms of thickened mucus particularly in the
lungs, commonly are coinfected with opportunistic bacteria
from the Burkholderia cepacia complex (BCC).3 Further
research into BCC also considered its use as a biological control
agent for fungal infections of plants due to its broad and
pronounced antifungal activity.4 Previously, the discovery of a
compound named AFC-BC11 from Burkholderia pyrrocinia
BC11 (formerly B. cepacia BC11) was reported. The compound
displayed strong antifungal activity against Rhizoctonia solani,
the causative agent of the devastating plant disease damping-off
of cotton.5 Moreover, the afc biosynthetic gene cluster (BGC)
and its transcriptional regulator ShvR have been described as
virulence factors of B. cenocepacia.6−11 While various reports
emphasize the importance of AFC-BC11 for pathogenesis of
CF9−12 as well as a potential antifungal agent,5,8,13 its structural
characterization and biosynthetic assembly remained elusive.

■ RESULTS AND DISCUSSION
AFC-BC11 is an Unusual Photosensitive N-acyl

Tetrapeptide. The originally reported producer strain of
AFC-BC11, formerly B. cepacia BC11,5 is not available in any
public collection and therefore was replaced by B. orbicolaMc0−
3 (formerly B. cenocepacia Mc0−3) and B. puraquae DSM
103137. Both strains belong to BCC (Table S1) and possess the
afc biosynthetic gene cluster (BGC). The potential for the
biosynthesis of AFC-BC11 is widespread in the BCC, as
evidenced by the distribution of the corresponding afc BGC
among various strains of this group (Tables S2 and S3, Figure
S1).
Initial attempts to isolate compound AFC-BC11 from the

above-mentioned Burkholderia strains were hampered by its
rapid and complete decomposition during HPLC purification.
An optimized production and isolation protocol (see Supporting
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Figure 1. Structure, photoisomerization and antifungal assessment of AFC-BC11. (a) HR-MS and UV spectra, and (b) NMR-spectroscopic
correlations for the structure of AFC-BC11. (c) 1H−1H COSY indicating Hβ-Hα/NH correlations in DBA trimer and 1H−15N SOFAST-HMQC
highlighted. (d) HPLC chromatograms of AFC-BC11 before (top) and after (bottom) photoisomerization, with the parent compound coded as 1 and
new photoisomers as 2−8 based on their elution times. (e) E-configured 2DBA in photoisomer 5 was characterized via diagnostic NOE signals. (f)
Plant diseases caused by phytopathogenic fungi inhibited by AFC-BC11. (g) Photoisomerization kinetics of AFC-BC11 at λ = 366 nm for antifungal
assays, with HPLC analysis conducted in triplicate and error bars indicating standard deviation. (h) Antifungal assays of AFC-BC11 after irradiation at
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Information) with the strict exclusion of light (see below)
yielded AFC-BC11 in milligram quantities. HPLC-HR-Orbitrap
ESI-MS gave a molecular mass of m/z 734.3906 for [M + H]+,
which corresponds to a molecular formula of C36H55N5O11
(calculated for C36H56N5O11

+ 734.3971, Δm = − 8.9 ppm;
Figure 1a). The 1H−15N SOFAST-HMQC NMR spectrum
(Figures S2−S4) correlates four amide protons (δH 10.91, 10.99,
10.62, and 7.91 ppm) with their nitrogen neighbors (δN 105.6,
105.2, 104.1, and 121.6 ppm, respectively), indicating the
presence of four peptide bonds in the molecule. Moreover, the
analysis of 1H−1H COSY, 1H−1H TOCSY and 1H−13C
HSQC/HMBC spectra (Figures S5−S9) revealed four amino
acid spin systems, which were assigned to three dehydro-β-
alanine (DBA) residues and one γ,δ-dehydro-lysine residue
(DHLys) (Figure 1b). The scalar coupling constants between α
and β protons of the three DBA residues (3JHαHβ 9.1, 9.4, and
13.7 Hz) revealed their Z-, Z- and E-configuration, respectively
(Figures 1c and S2). The Z-configuration of DHLys was
deduced from the coupling constants of Hγ (5.74 ppm,3JHγHδ
10.5 Hz) and Hδ (5.55 ppm,3JHδHγ 11.1 Hz) (Figure S10). The
sequence of the peptide was obtained from inter-residual NOE
correlations between NHi and Hαi‑1 (Figure S11) as (Z)-1DBA-
(Z)-2DBA-(E)-3DBA-(Z)-4DHLys (Figure 1b). Further analysis
of COSY and HMBC (Figures S5, S8 and S9) as well as HR-MS
data (Figure 1a) revealed an O-methylated malic acid-fatty acid
(MMFA) moiety featuring a fatty acyl-chain with a double bond
between carbons C8 and C9 (Figure 1b). The 13C chemical
shifts of allylic atoms C7/C10 at 27.2 ppm suggested the Z-
configuration of that double bond (Figures 1b and S7).14 TheN-
acyl connection to the peptide part was established using
diagnostic NOE correlations between the amide proton of
(Z)-1DBA and H2/H3 of the fatty acyl-chain (Figures 1b and
S11). Marfey analytics, subsequent to the reduction of double
bonds and total hydrolysis of AFC-BC11, revealed the L-
configuration for DHLys (Figure S12). The MS/MS data are in
full accordance with the structure of AFC-BC11 (Figure S13)
and of low abundance derivatives thereof (Figures S14 and S15).
Overall, AFC-BC11 is an unusual N-acyl tetrapeptide
comprising a DBA trimer core, which is N- and C-terminally
decorated with a distinctive MMFA and DHLys moiety,
respectively (Figures 1b and S16, Table S4).
Importantly, AFC-BC11 remained stable when dissolved in

DMSO and rigorously protected from exposure to light (Figure
S17). Photoisomerization for 12 h either by daylight or UV-A
(366 nm) as well as UV−B (300 nm) or UV−C (254 nm)
resulted in the detection of eight (m/z 734.39 and λmax of 326−
336 nm) and 16 isobaric peaks (Figures 1d and S18−S21),
respectively, which is reminiscent of recent reports on
photoswitchable α, β-peptide foldamers.15 NMR analysis of
the first major isomerization product (photoisomer 5, Figures 1e
and S22−S25) unambiguously identified 2DBA to undergo Z-
to-E conversion upon UV irradiation. However, the rapid
conversion into a multitude of products including compound
degradation impeded the characterization of further isomers.
We observed a strong antifungal activity for pure AFC-BC11

against phytopathogenic fungi, e.g. Colletotrichum kahawae
(coffee berry disease) and Pyrenophora teres f. teres (net blotch
on barley) (Figure 1f), with minimal inhibitory concentrations

(MICs) of 0.24−0.72 μg/mL, which outperforms the reference
antifungal azoxystrobin (Figure 1h). Of note, UV irradiation
over time diminished the antifungal activity of AFC-BC11
(Figures 1g/h, Table S5), which indicated that the (Z, Z, E)-
configuration of the DBA trimer is critical for full antifungal
activity. Interestingly, AFC-BC11 did not show activity against
human pathogenic fungi, e.g. Candida albicans and Aspergillus
fumigatus (Table S6),16 or against Gram-negative and Gram-
positive bacteria (Figure S26).
The afc BGC Lacks Classical Features of Nonribosomal

Peptide Synthesis. The afc biosynthetic gene cluster of B.
orbicola Mc0−3 comprises 25 genes (Figure 2a and Table S2).
Despite AFC-BC11 being a peptide, the gene cluster misses
features of a classical modular nonribosomal peptide synthetase
(NRPS),17 such as condensation (C) domains essential for
peptide-bond formation. On the other hand, genes afcQ and
afcK encode for anNRPS-characteristic adenylation (A) domain
and a carrier protein (CP), respectively. Based on bioinformatic
analysis and AlphaFold2 models (see Supporting Information),
further genes have been functionally annotated to encode for a
potential fatty acyl-AMP ligase (afcA), a citrate synthase (afcS), a
SAM-dependent O-methyltransferase (afcT) and various
oxidoreductases (afcC/D/E/F/J/N/U). We speculated that
the dehydrogenase/desaturase genes afcC/D/E/J/N may
catalyze the installation of double bonds in residues MMFA,
DBA and DHLys. Hence, apart from the oxidative tailoring, the
set of afc genes implied an iterative coupling and processing
toward a DBA trimer, reminiscent of the iterative amide bond
elongation catalyzed by A domains in the biosynthesis of
ferrichrome18 and streptothricin.19 The formation of DBA
trimer would be accompanied or followed by activation and
transfer of the N-terminal acyl chain and the coupling of L-Lys or
L-DHLys, respectively. Accordingly, we expected the sole carrier
protein AfcK to play a central role in the storage and shuttling of
reaction intermediates (Figure 2b).
Iterative Peptide-Bond Formation by the Adenylating

Enzyme AfcQ. To foster an understanding of the biosynthetic
assembly of AFC-BC11, we embarked on the in vitro
reconstitution of central biosynthetic steps. Biosynthetic genes
were heterologously expressed in E. coli and proteins were
purified for biochemical assays (Table S7, Figure S27). The
investigations started with the VinN-type (vicenistatin biosyn-
thesis) A domain AfcQ (Figure S28),20 for which the specificity-
conferring code of A domains predicted L-Asp as the substrate
(Table S8).21 This was experimentally confirmed in a photo-
metric hydroxylamine release assay (Figures 3a and S29a/b),22

which also clearly excluded a direct activation of β-Ala (Figure
3a). According to the biosynthetic logic of L-Asp as a precursor
of DBA and the homology between AfcQ and VinN, the
activation of L-Asp by AfcQ must occur at the side chain
carboxylate to establish the β-amino acid scaffold found in AFC-
BC11 (Figure 2b, step 1). An AlphaFold2 model of AfcQ
combined with molecular docking via AutoDock Vina (see
Supporting Information) provides a convincing explanation for
its selectivity: the bulky residue Arg311 (Arg331 in VinN20) at
the entrance of the substrate pocket most likely precludes the
conventional accommodation of the substrate’s side chain, but
instead allows binding of the α-carboxylate of L-Asp and thus

Figure 1. continued

λ = 366 nm for 0−30min against phytopathogenic fungi, with azoxystrobin as the positive control. Reprinted with permission fromVeŕonique Roussel,
Julie Ramirez Martinez, and Henri Adreit. Copyright 2025.
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orients the β-carboxylate toward the invariant catalytic residue

Lys503 for the adenylation reaction (Figures 3a and S30).

The AfcQ-catalyzed adenylation of L-Asp pointed to a

thiotemplated biosynthesis mechanism, as has also been

Figure 2. Proposed biosynthesis of AFC-BC11. (a) Arrangement of the afc biosynthetic gene cluster from B. orbicola Mc0−3. (b) Suggested
biosynthetic assembly of AFC-BC11. (AfcK: carrier protein; AfcQ: adenylation domain; AfcP: PLP-dependent decarboxylase; AfcA: fatty acyl-AMP
ligase; AfcL: acyltransferase (KAS III-like synthase); AfcC: oxidase; AfcS: citrate synthase; AfcT: SAM-dependent O-methyltransferase).
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Figure 3. In vitro reconstitution of myristoyl-(β-Ala)3 assembly. Hydroxylamine release assays identified substrate activation of (a) L-Asp by the A-
domain-like protein AfcQ and of (b) myristic acid (tetradecanoic acid, C14:0) by the fatty acyl-AMP ligase (FAAL) AfcA.22 The predicted substrate
binding pockets with potential key residues are displayed. (c) Loading of the carrier protein AfcK with the prosthetic group and L-Asp substrate. (d)
Multiple loading of L-Asp onto AfcK was observed upon longer incubation times. (e) α-decarboxylation by AfcP during AfcQ-catalyzed peptide
elongation on AfcK. Single loading of L-Asp was observed in the standard reaction (SR, top). To prevent multiple loading of L-Asp, excess L-Asp was
removed before adding AfcP in the second reaction. The fourth system represented a one-pot reaction for multiple L-Asp loading and decarboxylation.
The other two reactions served as negative controls, lacking AfcP. (f) Selective transfer of activated C14:0 onto H2N-(β-Ala)3-S-AfcK by AfcA yielding
myristoyl-(β-Ala)3-S-AfcK.
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described for the assembly of β-Ala analogs in secondary
metabolites, such as fluvirucin23 and vicenistatin.20 Accordingly,

we considered AfcK bearing a conserved Ser40 (Figures S31 and
S32) as the sole carrier protein with a key role in AFC-BC11

Figure 4. Lys-mediated peptide release and metabolic profiling of targeted mutants. (a) Catalytic triad (Cys/His/Asp) of AfcL aligned with KAS III-
like enzymes for C−S, C−OandC−Cbond formation (left), and structural superimposition with ChlB333 highlighting the conserved triad (right). (b)
Incubation of AfcL with synthetic H2N-(β-Ala)n-SNAc surrogates (n = 1−4) yielded H2N-(β-Ala)n-S-AfcL (top panels), with H2N-(β-Ala)3-SNAc as
the preferred substrate in a competition experiment (bottom). (c) Successful release of H2N-(β-Ala)3 intermediate from AfcL to synthetic H2N-L-Lys-
S-CoA. (d) Metabolic profiling of ΔafcL and ΔafcC. MS2 analysis localized the modification (Δm of +2 Da) in the C-terminal part confirming an
unprocessed L-Lys. (e) Structural superimposition of di-iron center in FtAlkB34 and AfcC. The predicted L-Lys binding pocket in AfcC frommolecular
docking is displayed. (f)Metabolic profiling ofΔafcS,ΔafcF,ΔafcT, and derived structures of metabolites. (g)Metabolic profiling of mutants for AFC-
BC11 synthesis.
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assembly (Figure 2b, step 1). In a first step, apo-AfcKwas primed
using phosphopantetheinyl transferase (PPTase) Sfp and CoA
to install the prosthetic ppant group (Figures 3c and S33). We
then incubated holo-AfcK with AfcQ and its (co)substrates L-
Asp/ATP, which resulted in successful loading of L-Asp onto the
ppant arm of holo-AfcK as judged by HPLC-MS (Figures 3c and
S33). Importantly, multiple loading events were observed upon
longer incubation times (Figures 3d, S34 and S35). This
observation demonstrated the basic principle of iterative
peptide-bond formation by AfcQ: the thiol group of the ppant
arm of holo-AfcK as well as the α-amino group of H2N-L-Asp-γ-
S-AfcK are tolerated as the nucleophiles attacking the first and
the subsequent H2N-L-Asp-γ-O-AMP intermediates provided by
AfcQ, respectively. This is in contrast to conventional
thiotemplated NRPS biosynthesis, in which the second half-
reaction of A domains involves loading of the activated
carboxylic acid onto the thiol of partner holo-CPs, whereas the
subsequent peptide bond formation is catalyzed by C domains.
In this respect, we anticipated that in an in vivo scenario, H2N-

L-Asp-γ-S-AfcK is first subject to α-decarboxylation by PLP-
dependent AfcP (Figures S36−S38), thereby rendering β-Ala
with an accessible β-amino group which would act as the
acceptor in the next L-Asp-loading step (Figure 2b, step 1).
To this end, we performed a one-pot reaction with AfcQ, holo-

AfcK and semipure AfcP as well as their (co)substrates L-Asp,
ATP and PLP. Indeed, we observed various species of holo-AfcK
loaded with β-Ala/L-Asp peptides (Figures 3e and S39−S41) in
which L-Asp is expected only in the N-terminal position.
Moreover, the loading of subsequent L-Asp ontoH2N-L-Asp-γ-S-
AfcK was found to be slower than that onto H2N-(β-Ala)n-S-
AfcK (n = 1−3) (Figure S42). Overall, these results confirmed
that the decarboxylase AfcP acts on AfcK-loaded L-Asp and that
transformation into β-Ala initiates the next L-Asp-loading cycle
(Figure 2b, step 1).
Acyl Transfer is Catalyzed by the Fatty Acyl-AMP

Ligase AfcA. Activation of the acyl chain was assigned to AfcA,
for which bioinformatic comparison showed similarities with
fatty acyl-AMP ligases (FAALs) and fatty acyl-CoA ligases
(FACLs) (Figure S43).24 This assumption was also supported
by an AlphaFold2 model of AfcA, which revealed a hydrophobic
substrate tunnel (Figure S44). A substrate screening using the
photometric assay22 established for AfcQ (Figure 3a) yielded
myristic acid (tetradecanoic acid, C14:0) as one of the major
substrates, whereas short (C3) to long chain (C19) fatty acids,
dicarboxylic (fatty) acids (e.g., tetradecanedioic acid, C14:0-
COOH) or any type of amino acid were not activated by AfcA
(Figures 3b and S29c). Mass spectrometric analyses for the
product of AfcA activation were indicative of myristoyl-O-AMP,
rather thanmyristoyl-S-CoA (Figure S45), which classified AfcA
as FAAL. The subsequent transfer of activated myristic acid to
either H2N-L-Asp-γ-S-AfcK or H2N-β-Ala-S-AfcK was not
successful (Figures 3f, S46 and S47). We speculated that those
substrates were not sufficient in length to reach myristoyl-O-
AMP in the catalytic center of AfcA. Hence, we synthesized
H2N-(β-Ala)3-S-CoA (see Supporting Information) and used it
for priming of apo-AfcK with Sfp. The subsequent incubation of
H2N-(β-Ala)3-S-AfcK with AfcA (including substrates myristic
acid and ATP) yielded myristoyl-(β-Ala)3-S-AfcK (Figures 3f
and S48) and thus demonstrated the successful acyl transfer to
the terminal β-amino group (Figure 2b, step 2). The substrate
selectivity for an appropriately extended β-Ala repeat attached to
holo-AfcK attributed a gate-keeper function to AfcA and

rationalized the exclusive presence of a DBA trimer in AFC-
BC11.
Lys Transfer and Peptide Release. The in vitro

reconstitution of the myristoyl-(β-Ala)3 assembly led us to
investigate the attachment of L-Lys into the peptide chain. We
anticipated the α-amino group of L-Lys as substrate acceptor
during the release step from myristoyl-(β-Ala)3-S-AfcK.
Ketoacyl synthase (KAS) III-like proteins AfcL/O/R, which
all show a similar fold with a catalytic triad of Cys/His/Asp
(AfcL/O) and Thr/His/Glu (AfcR), respectively, were
candidate enzymes for this transfer (Figures 4a and S49, Table
S9). In particular, AfcL showed similarities to acyltransferase
SfaN which has been shown to store and shuttle thioester
intermediates in sanglifehrin A biosynthesis.25 Incubation of
purified AfcL with synthetic H2N-(β-Ala)n-SNAc (N-acetylcys-
teamine thioester) surrogates (n = 1−4) yielded various
peptidyl-S-enzyme conjugates, i.e. H2N-(β-Ala)n-S-AfcL with
H2N-(β-Ala)3-SNAc thioester being the preferred loading
substrate in a competition experiment (Figures 4b, S50 and
S51). This confirmed that AfcL stored the peptidyl chain as a
thioester intermediate (Figure 2b, step 3), very likely on its
catalytic Cys111 (Figure 4a). In addition to AfcL, we observed
that AfcQ and AfcA also tolerated diverse SNAc-based
substrates as AfcKmimics albeit with lower selectivity compared
to AfcK-loaded substrates (Figures S69−S76, Table S10).
In terms of the release step, L-Lys alone was surprisingly

incapable of liberating the H2N-(β-Ala)3 thioester intermediate
from AfcL. Instead, we unequivocally observed a transfer to
H2N-L-Lys-S-CoA (Figures 4c and S52). The formation of H2N-
(β-Ala)3-L-Lys-S-CoA (Figure 2b, step 3) thus implied that an
additional reaction for final product release would be required,
which however could not be assigned to an apparent enzymatic
function in the afc BGC. Notably, neither H2N-(β-Ala)3-S-AfcL
nor H2N-(β-Ala)3-L-Lys-S-CoA were accepted as substrates for
myristoyl loading by AfcA (Figures S53 and S54), which
strongly suggests that the acyl-transfer step occurs in the
preceding AfcK-loaded state (Figure 2b, step 2).
To support results from the in vitro reconstitution experi-

ments, we established gene inactivation mutagenesis of strain B.
pyrrocinia DSM 10685 (see Supporting Information). Hence,
the biosynthetic importance of KAS III-like AfcL was confirmed,
as the deletion of afcL fully abolished the production of AFC-
BC11 (Figure 4d). The putative desaturase AfcC was initially
predicted to be involved in double-bond formation in MMFA,
but instead catalyzed the dehydrogenation of the C-terminal L-
Lys (Figure 2b), which was in agreement with its rather
negatively charged substrate pocket (Figures 4e and S55a-e).
HPLC-MS analysis of extracts from the ΔafcCmutant showed a
major product mass of m/z 736.4142 for [M + H]+ (calcd. for
C36H58N5O11

+ 736.4127, Δm = 2.0 ppm), corresponding to a
mass difference Δm of +2 Da compared to the WT strain.
Importantly, MS2 experiments unambiguously localized this
modification to the C-terminal part of AFC-BC11 (Figures 4d
and S56) confirming an unprocessed L-Lys. We consider this a
late-stage maturation step most probably after release from
AfcK, since AfcC appears to be membrane-embedded (Figures
S55f/g).
Enigmatic Acyl-Chain Maturation. While we succeeded

in reconstituting the major steps of this unusual peptide
assembly, the exact chemistry and time points of MMFA
processing remain mostly elusive (Figure 2b, step 4). The
activation and transfer of myristic acid by AfcA and not of
dicarboxylic acids as mimics of MMFA is a strong argument for
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late-stage maturation of the assembled lipopeptide. Several gene
knockout mutants of B. pyrrocinia DSM 10685 revealed partial
insights into this acyl chain maturation (Figure 4f).
Gene inactivation of afcS with putative citrate synthase

function (Figures S57 and S58) yielded two main products with
molecular masses of m/z 662.3758 and 646.3813 for [M + H]+
(calcd. for C33H52N5O9

+ 662.3760, Δm = − 0.3 ppm; for
C33H52N5O8

+ 646.3810, Δm = 0.5 ppm), respectively. The mass
shifts Δm of − 72 Da and − 88 Da correspond to a C3H4O2 and
C3H4O3 fragment missing in the acyl part according to MS2
spectra, respectively (Figures 3f and S59). Interestingly, the
inactivation of the putative FAD-dependent oxidoreductase
gene afcF led to the same compounds (Figure 4f). This
suggested that both enzymes AfcS and AfcF are involved in
MMFA synthesis, and more precisely in coupling of a citrate
precursor, most likely citryl-CoA, to the fatty acyl tail (Figure 2b,
step 4). Reasonable surrogates could be oxaloacetate and
succinate (Figure 4f) as suggested previously for bolagladin
biosynthesis that also features an MMFA segment and enzyme
homologues BolR (AfcS) and BolE (AfcF).26,27 As expected,
AfcT (homologous to BolS)26,27 showed O-methyltransferase
activity (Figure S60) as evidenced by the deletion mutant ΔafcT
with a main product of m/z 720.3897 for [M + H]+ (calcd. for
C35H54N5O11

+ 720.3815, Δm = 11.4 ppm), indicating the loss of
a methyl group (Δm = − 14 Da) in the malic acid portion
(Figures 4f and S61).
Finally, deletion mutants of the transcriptional regulator

ΔshvR, the dehydrogenase- and oxidoreductase-type genes
ΔafcJ and ΔafcN, the UDP-glycosyltransferase-type gene
ΔafcM, the decarboxylase gene ΔafcP as well as the KAS III-
like enzyme gene ΔafcO were all incapable of AFC-BC11
production (Figure 4g) pointing to their essential biosynthetic
function. This result was unexpected for AfcN (Figure 4g),
which shares high homology to acyl-ACP desaturases and thus
was suspected to install the double bond in MMFA. By contrast,
the other putative acyl-ACP desaturase AfcD was revealed to be
dispensable as we observed a WT production profile for mutant
ΔafcD, which was also the case for mutant ΔafcI encoding for an
outer-membrane protein channel (Figure 4g). It should be
noted that AfcI and the other membrane(-associated) proteins
AfcB/C/G/H/V/W/X were not accessible to complementary
in vitro assays.

■ CONCLUSIONS
AFC-BC11 is a new antifungal chemotype with an unprece-
dented peptidomimetic-like/foldamer-like structure.28 Charac-
teristic features of this N-acyl-tetrapeptide comprise the N-
terminal MMFA moiety, the DBA trimer and the C-terminal
DHLys. Key for a successful isolation and structure elucidation
was the strict avoidance of UV irradiation, which explains
previous failures to isolate the mature compound.5 We observed
the overall trend of AFC-BC11 accumulation in the liquid
culture (Figure S62) and expect cell membrane-embedded
AFC-BC11 to be less susceptible to photoisomerization than its
free form as handled during isolation (Figure S63). Prolonged
exposure to light led to isomerization and reduction of the
antifungal activity, which is reminiscent of a photoswitch that
may be relevant for the interaction of the phytopathogen in a
plant environment.29

The AFC-BC11 structure as well as the afc biosynthetic gene
cluster (Figures 2a, Table S2) share certain similarities with the
bolagladins from strain B. gladioli,26,27 which concerns
particularly the MMFA moiety. However, the peptide part of

the bolagladin biosynthesis basically follows the logic of a classic
multimodular NRPS. In contrast, AFC-BC11 is assembled
independently of NRPS-characteristic C domains, albeit based
on a thiotemplated mechanism with the carrier protein AfcK
being the central mediator in an elaborate network of
autonomous enzymes. The core of the AFC-BC11 biosynthesis
is the iterative activation and loading of L-Asp by AfcQ/AfcK
directly followed by α-decarboxylation to β-Ala by AfcP (Figure
2b, step 1). This iterative process involves a noncanonical
thiolation-to-amination switch in the second half reaction of A
domain AfcQ. In the literature, there are only few examples of A
domains capable of utilizing a terminal amine as a flexible
extension of the ppant arm to attack an adenylated intermediate.
In those cases, the tolerance of A domains toward amines as
acceptor moieties inherently leads to an iterative coupling of
amino acids such as Gly (ferrichrome)18 and β-Lys (strepto-
thricin).19 The straightforward in vitro reconstitution of
myristoyl-(β-Ala)3-S-AfcK demonstrated that the FAAL AfcA
controls the β-alanyl chain length rendering exclusively a DBA
trimer in AFC-BC11 (Figure 2b, step 2).
During bolagladin biosynthesis, a single L-Asp residue is

converted to DBA, and inactivation of the dehydrogenase BolQ
yielded the corresponding β-Ala analog.26,27 We expect AfcE, as
the designated homologue of BolQ in the afc BGC, to be
responsible for the successive dehydrogenation of three β-Ala
residues into the DBA trimer of AFC-BC11 (Figure 2b).
Accordingly, we suggest that myristoyl-(β-Ala)3-S-AfcK is the
substrate for AfcE, which shows traits of an acyl-ACP
dehydrogenase with a hydrophobic substrate tunnel incompat-
ible with a charged H2N-β-Ala-S-AfcK substrate (Figures S64−
S67). Moreover, an unprotected enamine as in H2N-DBA-S-
AfcK could readily lead to isomerization to the imine,30 followed
by hydrolysis and disintegration of the molecule (Figure S68).
An additional level of complexity is added by the (Z, Z, E)-
configuration of the DBA trimer in AFC-BC11, which might be
dictated by steric requirements in the AfcE substrate pocket and
the docking mode of myristoyl-(β-Ala)3-S-AfcK. However, we
cannot exclude the involvement of a second dehydrogenase such
as AfcJ.
Remarkably, the release of myristoyl-(β-Ala)3 from AfcK was

pinpointed to the KAS III-like enzyme AfcL which most likely
forms a myristoyl-(β-Ala)3-S-AfcL intermediate and subse-
quently couples H2N-L-Lys-S-CoA instead of L-Lys (Figure 2b,
step 3). The biosynthetic purpose of employing an activated L-
Lys species is currently unclear but may hint at substrate
requirements of CoA-dependent enzymes during late-stage
maturation. The activation of L-Lys as a CoA derivative could
occur via mechanisms which have been previously described for
aminoacyl-tRNA synthetases31 or aminoacyl-CoA ligases.32

It is noteworthy that the transfer step onto AfcL may instead
involve myristoyl-(DBA)3-S-AfcK or even MMFA-(DBA)3-S-
AfcK, as the exact time points of β-alanyl dehydrogenation and
acyl-chain maturation have not been the focus of this study. The
exact mechanism of coupling a citryl-CoA precursor to the
terminal methyl group of a myristoyl intermediate needs further
investigation, which would inevitably include the arsenal of
membrane(-associated) proteins AfcB/C/G/H/I/V/W/X.
Their presence in the afc BGC indicates a dedicated system
for recruitment, processing and trafficking of (im)mature AFC-
BC11 species at and across the inner and outer lipid membranes
of Burkholderia.
In summary, the biosynthesis of AFC-BC11 combines

features of NRPS and PKS with noncanonical mechanisms
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such as peptide-bond formation by an A domain (AfcQ) and by
a KAS III-like enzyme (AfcL). Notably, the manifold Afc
enzymes are autonomous catalysts and require a central
mediator (AfcK) for storage and directional transfer of reaction
intermediates. Finally, the knowledge on the structure of AFC-
BC11 enables future studies on its function for Burkholderia
species and its possible role in the pathogenesis of BCC in CF.
Since AFC-BC11 has a pronounced antifungal activity against
important phytopathogenic fungi, it may serve as a scaffold for
synthetic analogs and the development of new antifungal agents.
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(20)Miyanaga, A.; Ciesĺak, J.; Shinohara, Y.; Kudo, F.; Eguchi, T. The
Crystal Structure of the Adenylation Enzyme VinN Reveals a Unique β-
Amino Acid Recognition Mechanism. J. Biol. Chem. 2014, 289 (45),
31448−31457.
(21) Stachelhaus, T.; Mootz, H. D.; Marahiel, M. A. The Specificity-
Conferring Code of Adenylation Domains in Nonribosomal Peptide
Synthetases. Chemistry & Biology 1999, 6 (8), 493−505.
(22) Wilson, D. J.; Aldrich, C. C. A Continuous Kinetic Assay for
Adenylation Enzyme Activity and Inhibition. Anal. Biochem. 2010, 404
(1), 56−63.
(23) Barajas, J. F.; Zargar, A.; Pang, B.; Benites, V. T.; Gin, J.; Baidoo,
E. E. K.; Petzold, C. J.; Hillson, N. J.; Keasling, J. D. Biochemical
Characterization of β-Amino Acid Incorporation in Fluvirucin B2
Biosynthesis. ChemBioChem. 2018, 19 (13), 1391−1395.
(24) Zhang, Z.; Zhou, R.; Sauder, J. M.; Tonge, P. J.; Burley, S. K.;
Swaminathan, S. Structural and Functional Studies of Fatty Acyl
Adenylate Ligases from E. coli and L. pneumophila. J. Mol. Biol. 2011,
406 (2), 313−324.
(25) Tang, Z.; Pang, B.; Liu, C.; Guo, S.; Qu, X.; Liu, W. Formation
and Loading of a (2S)-2-Ethylmalonamyl Starter Unit in the Assembly
Line of Polyketide-Nonribosomal Peptide Hybrid Sanglifehrin A.
Angew. Chem., Int. Ed. Engl. 2023, 135 (23), No. e202217090.
(26) Dose, B.; Ross, C.; Niehs, S. P.; Scherlach, K.; Bauer, J. P.;
Hertweck, C. Food-Poisoning Bacteria Employ a Citrate Synthase and a
Type II NRPS to Synthesize Bolaamphiphilic Lipopeptide Antibiotics.
Angew. Chem., Int. Ed. Engl. 2020, 59 (48), 21535−21540.
(27) Dashti, Y.; Nakou, I. T.; Mullins, A. J.; Webster, G.; Jian, X.;
Mahenthiralingam, E.; Challis, G. L. Discovery and Biosynthesis of
Bolagladins: Unusual Lipodepsipeptides from Burkholderia gladioli
Clinical Isolates. Angew. Chem., Int. Ed. Engl. 2020, 59 (48), 21553−
21561.
(28) Goodman, C. M.; Choi, S.; Shandler, S.; DeGrado, W. F.
Foldamers as Versatile Frameworks for the Design and Evolution of
Function. Nat. Chem. Biol. 2007, 3 (5), 252−262.
(29) Zhang, T.-H.; Yang, Y.-K.; Feng, Y.-M.; Luo, Z.-J.; Wang, M.-W.;
Qi, P.-Y.; Zeng, D.; Liu, H.-W.; Liao, Y.-M.; Meng, J.; Zhou, X.; Liu, L.-
W.; Yang, S. Engineering the Novel Azobenzene-Based Molecular
Photoswitches for Suppressing Bacterial Infection through Dynamic
Regulation of Biofilm Formation. Pest Management Science 2025, 81
(2), 585−598.
(30) Carey, A. R. E.; Fukata, G.; O’Ferrall, R. A. M.; Murphy, M. G.
The Mechanism of Irnine-Enamine Tautomerism of 2- and 4-
Phenacylquinolines. J. Chem. Soc., Perkin Trans. 1985, 2, 1711−1722.
(31) Jakubowski, H. Amino Acid Selectivity in the Aminoacylation of
Coenzyme A and RNAMinihelices by Aminoacyl-tRNA Synthetases. J.
Biol. Chem. 2000, 275 (45), 34845−34848.
(32) Koetsier, M. J.; Jekel, P. A.; Wijma, H. J.; Bovenberg, R. A. L.;
Janssen, D. B. Aminoacyl-Coenzyme A Synthesis Catalyzed by a CoA
Ligase from Penicillium chrysogenum. FEBS Lett. 2011, 585 (6), 893−
898.
(33) Saeed, A. U.; Rahman, M. U.; Chen, H.-F.; Zheng, J. Structural
Insight of KSIII (β-Ketoacyl-ACP Synthase)-like Acyltransferase
ChlB3 in the Biosynthesis of Chlorothricin. Molecules 2022, 27 (19),
6405.
(34) Guo, X.; Zhang, J.; Han, L.; Lee, J.; Williams, S. C.; Forsberg, A.;
Xu, Y.; Austin, R. N.; Feng, L. Structure and Mechanism of the Alkane-
Oxidizing Enzyme AlkB. Nat. Commun. 2023, 14 (1), 2180.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c04167
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

J

https://doi.org/10.1007/s11356-023-28130-7
https://doi.org/10.1007/s11356-023-28130-7
https://doi.org/10.1007/s11356-023-28130-7
https://doi.org/10.1046/j.1462-2920.2003.00471.x
https://doi.org/10.1046/j.1462-2920.2003.00471.x
https://doi.org/10.3390/microorganisms12010100
https://doi.org/10.3390/microorganisms12010100
https://doi.org/10.1038/s41564-019-0383-z
https://doi.org/10.1038/s41564-019-0383-z
https://doi.org/10.1038/s41564-019-0383-z
https://doi.org/10.1128/AEM.64.10.3939-3947.1998
https://doi.org/10.1128/AEM.64.10.3939-3947.1998
https://doi.org/10.1128/AEM.64.10.3939-3947.1998
https://doi.org/10.1128/AEM.64.10.3939-3947.1998
https://doi.org/10.1128/IAI.00874-07
https://doi.org/10.1128/IAI.00874-07
https://doi.org/10.1128/IAI.00874-07
https://doi.org/10.1186/1471-2164-10-441
https://doi.org/10.1186/1471-2164-10-441
https://doi.org/10.1186/1471-2164-10-441
https://doi.org/10.1128/JB.00852-10
https://doi.org/10.1128/JB.00852-10
https://doi.org/10.1128/JB.00852-10
https://doi.org/10.1128/IAI.00170-11
https://doi.org/10.1128/IAI.00170-11
https://doi.org/10.1128/IAI.00170-11
https://doi.org/10.1111/j.1365-2958.2011.07937.x
https://doi.org/10.1111/j.1365-2958.2011.07937.x
https://doi.org/10.1111/j.1365-2958.2011.07937.x
https://doi.org/10.1371/journal.ppat.1007473
https://doi.org/10.1371/journal.ppat.1007473
https://doi.org/10.1371/journal.ppat.1007473
https://doi.org/10.1371/journal.ppat.1007473
https://doi.org/10.1016/j.biocontrol.2020.104530
https://doi.org/10.1016/j.biocontrol.2020.104530
https://doi.org/10.1099/mic.0.064683-0
https://doi.org/10.1099/mic.0.064683-0
https://doi.org/10.3390/molecules22101663
https://doi.org/10.3390/molecules22101663
https://doi.org/10.3390/molecules22101663
https://doi.org/10.1021/acs.orglett.9b01360?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b01360?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b01360?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201609079
https://doi.org/10.1002/anie.201609079
https://doi.org/10.1038/s41467-023-38484-8
https://doi.org/10.1038/s41467-023-38484-8
https://doi.org/10.1038/s41467-023-38484-8
https://doi.org/10.1038/nchembio.1040
https://doi.org/10.1038/nchembio.1040
https://doi.org/10.1038/nchembio.1040
https://doi.org/10.1074/jbc.M114.602326
https://doi.org/10.1074/jbc.M114.602326
https://doi.org/10.1074/jbc.M114.602326
https://doi.org/10.1016/S1074-5521(99)80082-9
https://doi.org/10.1016/S1074-5521(99)80082-9
https://doi.org/10.1016/S1074-5521(99)80082-9
https://doi.org/10.1016/j.ab.2010.04.033
https://doi.org/10.1016/j.ab.2010.04.033
https://doi.org/10.1002/cbic.201800169
https://doi.org/10.1002/cbic.201800169
https://doi.org/10.1002/cbic.201800169
https://doi.org/10.1016/j.jmb.2010.12.011
https://doi.org/10.1016/j.jmb.2010.12.011
https://doi.org/10.1002/ange.202217090
https://doi.org/10.1002/ange.202217090
https://doi.org/10.1002/ange.202217090
https://doi.org/10.1002/anie.202009107
https://doi.org/10.1002/anie.202009107
https://doi.org/10.1002/anie.202009110
https://doi.org/10.1002/anie.202009110
https://doi.org/10.1002/anie.202009110
https://doi.org/10.1038/nchembio876
https://doi.org/10.1038/nchembio876
https://doi.org/10.1002/ps.8453
https://doi.org/10.1002/ps.8453
https://doi.org/10.1002/ps.8453
https://doi.org/10.1039/P29850001711
https://doi.org/10.1039/P29850001711
https://doi.org/10.1074/jbc.C000577200
https://doi.org/10.1074/jbc.C000577200
https://doi.org/10.1016/j.febslet.2011.02.018
https://doi.org/10.1016/j.febslet.2011.02.018
https://doi.org/10.3390/molecules27196405
https://doi.org/10.3390/molecules27196405
https://doi.org/10.3390/molecules27196405
https://doi.org/10.1038/s41467-023-37869-z
https://doi.org/10.1038/s41467-023-37869-z
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c04167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

