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ABSTRACT Polyoxin (POL) is an unusual peptidyl nucleoside antibiotic, in which the
peptidyl moiety and nucleoside skeleton are linked by an amide bond. However,
their biosynthesis remains poorly understood. Here, we report the deciphering of
PolG as an ATP-dependent ligase responsible for the assembly of POL. A polG mu-
tant is capable of accumulating multiple intermediates, including the peptidyl moi-
ety (carbamoylpolyoxamic acid [CPOAA]) and the nucleoside skeletons (POL-C and
the previously overlooked thymine POL-C). We further demonstrate that PolG em-
ploys an ATP-dependent mechanism for amide bond formation and that the genera-
tion of the hybrid nucleoside antibiotic POL-N is also governed by PolG. Finally, we
determined that the deduced ATP-binding sites are functionally essential for PolG
and that they are highly conserved in a number of related ATP-dependent ligases.
These insights have allowed us to propose a catalytic mechanism for the assembly
of peptidyl nucleoside antibiotic via an acyl-phosphate intermediate and have
opened the way for the combinatorial biosynthesis/pathway engineering of this
group of nucleoside antibiotics.

IMPORTANCE POL is well known for its remarkable antifungal bioactivities and un-
usual structural features. Actually, elucidation of the POL assembly logic not only
provides the enzymatic basis for further biosynthetic understanding of related pepti-
dyl nucleoside antibiotics but also contributes to the rational generation of more hy-
brid nucleoside antibiotics via synthetic biology strategy.

KEYWORDS polyoxin, peptidyl nucleoside antibiotic, ATP-dependent ligase, amide
bond, synthetic biology

ucleoside antibiotics constitute a large family of important microbial secondary
metabolites with broad-spectrum bioactivities, such as antibacterial, antifungal,
antiviral, and anticancer activities (1-4). Peptidyl nucleoside antibiotics, including
polyoxin (POL), nikkomycin (NIK), blasticidin S, and arginomycin, are well characterized
and typically include two parts, the peptidyl moiety and the nucleoside skeleton, which
are connected by an amide bond (Fig. 1A) (4). POLs, a group of structurally related
peptidyl nucleoside antibiotics, are produced by Streptomyces cacaoi var. asoensis and
Streptomyces aureochromogenes (5). Mechanistically, POL mimics the structure of UDP-
N-acetylglucosamine, a building block for fungal chitin biosynthesis. Accordingly, it
functions as a powerful competitive inhibitor of chitin synthetase, targeting fungal cell
wall biosynthesis (6-8). As an effective and nontoxic fungicide, POL has been exten-
sively used to control several important fungus-caused plant diseases in agriculture (9).
Earlier studies reported that the POL gene cluster consists of 20 genes (Fig. 1B).
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FIG 1 Chemical structures of related peptidyl nucleoside antibiotics and genetic organization of the POL gene cluster. (A) Chemical
structures of POL and related peptidyl nucleoside antibiotics. Amide bonds are highlighted by an orange shadow region. (B) Genetic
organization of the POL biosynthetic gene cluster; the gene in orange is required for the assembly of POL (amide bond formation).

Genes polLMNOP were defined for the biosynthesis of the peptidyl moiety carbamoyl-
polyoxamic acid (CPOAA) (Fig. 1A), and genes polBADHIJK were identified for nucleo-
side skeleton (Fig. 1A) formation (5, 9). The CPOAA biosynthetic pathway contains an
unusual acetylation cycle associated with tandem reduction and sequential hydroxy-
lation (5). For the nucleoside skeleton, formation of the key intermediate octosyl acid
requires a carbon-carbon bond construction catalyzed by a radical S-adenosyl-L-
methionine (SAM)-dependent enzyme (10, 11). Chen et al. have determined the enzy-
matic mechanism of C-5 methylation for the nucleoside skeleton and further solved the
crystal structure of the C-5 methylase, PolB (12). Previous works also initiated the
production of polyoxin-nikkomycin (POL-NIK) hybrid nucleoside antibiotics through
synthetic biology approaches (13-15).

In the present study, we have demonstrated that PolG functions as an ATP-
dependent ligase for POL assembly, by first activating the peptidyl CPOAA moiety
through activation of the carboxyl group via a direct phosphorylation. We have also
dissected the enzymatic basis for the generation of the hybrid nucleoside antibiotic
POL-N, potentially allowing for the combinatorial biosynthesis of this group of antibi-
otics.

RESULTS

In vivo reconstitution of the POL-B pathway in S. aureochromogenes CXR14. To
reconstitute the POL-B pathway in S. aureochromogenes CXR14 (CXR14 here) (Table 1),
the cosmid pCHW201 (containing the whole POL gene cluster but with deletion of polF,
which encodes a hypothetic oxidoreductase for polyoximic acid biosynthesis) (Table 1)
(9) was introduced into the strain via conjugation. After validation, the recombinant
strain CXR14:pCHW201 was grown in fermentation medium and the metabolites were
analyzed by high-pressure liquid chromatography (HPLC). The results showed HPLC
peaks at 10.4 min and 14.5 min (Fig. 2A; see also Fig. S1A in the supplemental material),
which were absent from a control strain lacking the gene cluster (CXR14:pJTU2463b)
(Fig. 2A). Further liquid chromatography-mass spectrometry (LC-MS) analysis showed
that the two peaks generate [M+H]* ions at m/z 508.1521 and m/z 492.1542, respec-
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TABLE 1 Strains, plasmids, and cosmids used in this study

Strain, plasmid, or Reference or
cosmid Description source
S. aureochromogenes
CXR14 YB172 (industrial POL producer) derivative with the entire POL gene cluster deleted 13
CXR14:pCHW201 Strain CXR14 containing pCHW201 This study
CXR14:pCHW201/ApolG Strain CXR14 containing pCHW201/ApolG This study
CXR14:pJTU2463b Strain CXR14 containing pJTU2463b This study
E. coli
DH10B F~ mcrA A(mrr-hsdRMS-mcrBC) $80dlacZAM15 AlacX74 deoR recAl endA1 araA139 Gibco-BRL
D(ara leu)7697 galU galK A~ rpsL nupG
BW25113/plJ790 A Red (gamma beta exo) cat araC rep101 18
Rosetta(DE3)/pLysS F~ ompT hsdSg(rs™ mg™) gal dcm X(DE3 [lacl lacUV5-T7 genel ind1 sam7 nin5]) Novagen
pLysS (Cml")
ET12567(pUZ8002) F~ dam-13:Tn9 dcm-6 hsdM hsdR recF143 zjj-202:Tn10 galk2 galT22 ara14 pacY1 31
xyl-5 leuB6 thi-1 pUZ8002
Plasmids
pJTU2463b int aac(3)IV oriT RK2 phiC31 attP This study
pET28a neo repPMB! T7 promoter Novagen
pJTU4774 The cosmid with Xbal and Spel sites infilled, containing the entire POL gene cluster This study
pCHW201 pJTU4774 derivative with polF in frame deleted via PCR-targeting technology This study
pCHW201/ApolG pCHW201 derivative with polG in frame deleted via PCR-targeting technology This study
pET28a/polG pET28a derivative carrying an Ndel-EcoRI fragment containing the optimized polG This study
pET28a/polGy;10a pET28a/polG derivative with the K110A mutation This study
pET28a/polGy; 50 pET28a/polG derivative with the K150A mutation This study
PET28a/polGe ;s pET28a/polG derivative with the E188A mutation This study
PET28a/polGeog7a pET28a/polG derivative with the E267A mutation This study
pET28a/polGe,gon pET28a/polG derivative with the E280A mutation This study

tively, whose fragmentation patterns are correspondingly matched to those of the
theoretical mass of POL-B and POL-J (Fig. S1B and C). To confirm these assignments,
both compounds were purified and analyzed by 'H and "3C nuclear magnetic reso-
nance (NMR) (see Fig. S2 and S3 in the supplemental material). These NMR signals are
in agreement with those of POL-B (16) and POL-J (17) as reported previously. Taken
together, these data establish that the target recombinant CXR14:pCHW201 is con-
ferred with the capability of POL-B and POL-J production.

Genetic assignment of polG as a candidate gene responsible for the assembly
of POL. To define the functional role of polG in POL biosynthesis, we mutated the target
gene in the cosmid pCHW201 via a PCR-targeting technology (see Fig. S4A and B in the
supplemental material) (18). After confirmation, the pCHW201/ApolG variant was con-
jugated into strain CXR14 and fermented for production of metabolites. The HPLC
analysis indicated that strain pCHW201/ApolG is able to generate new peaks at 6.8 min
and 9.1 min but its production of POL-B and POL-J is abolished (Fig. 2A and S4C and
D). We then isolated the two new peaks for further LC-MS and NMR analysis. The results
showed that the peak at 6.8 min is characterized by an [M+H]* ion at m/z 318.0918,
which could be fragmented into m/z 299.7348 and m/z 175.8436, consistent with those
of the intermediate POL-C (Fig. 2B and S4E). The identity of this compound was further
confirmed by "H and "3C NMR analysis (see Fig. S5 in the supplemental material) (19).
The second LC peak (9.1 min) gave rise to a strong [M+H]* ion at m/z 302.0969, 16 Da
(an oxygen atom loss) less than the mass of POL-C. Tandem mass spectrometry (MS/MS)
analysis indicated that this ion could give rise to the main fragment ions at m/z
129.8565, 157.9478, and 175.9338, resembling the fragmentation pattern of the POL-
C-related molecule (Fig. 2C and S4F). For validation of this metabolite, we purified it for
TH, 3C, and two-dimensional (2D) NMR analysis. The 'H and '3C chemical shifts were
similar to those of POL-C, except for the C-7 position signals at H; 1.71 ppm (s, 3H) and
Cs (11.53 ppm). These are characteristic for the methyl group, which was confirmed by
the heteronuclear multiple-bond correlation (HMBC) correlations of H-7 with C-4, C-5,
and C-6. The detailed assignments of thymine POL-C are supported by correlation
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FIG 2 HPLC and HRMS analysis of the targeted metabolites accumulated by the target recombinants. (A)
HPLC analysis of the metabolites produced by strains CXR14:pCHW201 and CXR14:pCHW201/ApolG.
Line labels: pCHW201, metabolites produced by S. aureochromogenes CXR14:pCHW201; pCHW201/
ApolG, metabolites produced by S. aureochromogenes CXR14:pCHW201/ApolG; pJTU2463b, metabolites
produced by S. aureochromogenes CXR14:pJTU2463b, used as a negative control. (B) HRMS/MS analysis
of the target metabolite POL-C produced by strain pCHW201/ApolG. The theoretical fragmentation
pattern of POL-C is listed as a control. (C) HRMS/MS analysis of the target metabolite thymine POL-C
produced by pCHW201/ApolG strain. The theoretical fragmentation pattern of thymine POL-C is also

shown as a control. Theor., theoretical.
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FIG 3 Biochemical characterization of PolG as an ATP-dependent ligase. (A) SDS-PAGE analysis of PolG (5 ng per lane) purified from E. coli; (B) scheme of the
PolG-catalyzed reaction. CPOAA, carbamoylpolyoxamic acid; (C) LC-MS analysis of the PolG-catalyzed reaction with POL-C as the substrate; (D) LC-MS analysis
of the PolG-catalyzed reaction with thymine POL-C as the substrate. Std, the authentic standards of POL-C and POL-B (thymine PoL-C and POL-J); PolG reaction,

the PolG-catalyzed reaction using POL-C/thymine POL-C as the individual substrate; negative control, the
substrate) without the PolG enzyme added.

spectroscopy (COSY), HMBC, and heteronuclear multiple-quantum correlation (HMQC)
spectra (see Fig. S6 in the supplemental material). These results indicate that this
compound is a previously unidentified component of the POL pathway, thymine POL-C
(Fig. S6).

To confirm that the CPOAA biosynthesis remains intact in the polG mutant, we
reanalyzed the metabolites of the polG mutant (CXR14:pCHW201/ApolG) by LC-MS. A
characteristic [M+H]™ ion is present at m/z 209.0762, whose fragmentation pattern is
matched to that of the authentic CPOAA standard (see Fig. S7 in the supplemental
material). These data show that polG is responsible for the assembly of POL-B and
POL-J.

Biochemical characterization of PolG as an ATP-dependent ligase. PolG shows
homology to a large number of proteins containing an ATP-grasp domain (58%
identities to NikS) (see Fig. S8 in the supplemental material), although very few of them
have been functionally assigned. To correlate the functional role of PolG in vitro to the
assembly of POL-B, we initially sought to overexpress it in Escherichia coli. This was
unsuccessful, likely due to the codon bias of E. coli, and we therefore optimized the
polG codons according to the E. coli preference (see Table S1 in the supplemental
material), which resulted in the overexpression of PolG (Fig. 3A). Subsequently, we
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FIG 4 Enzymatic basis for the generation of the hybrid peptidyl nucleoside antibiotic POL-N. (A) LC-MS analysis of the PolG-catalyzed
reaction with NIK-Cx as the substrate; (B) fragmentation pattern of the authentic POL-N standard; (C) HRMS/MS analysis of the
fragment ions of the target PolG-catalyzed product.

purified the PolG protein and tested its activity in vitro. The LC-MS results (using POL-C
as the substrate) showed a characteristic [M+H]™ ion at m/z 508.1554 (Fig. 3B and Q),
whose fragmentation pattern is fully consistent with that of the authentic POL-B
standard (see Fig. S9A in the supplemental material). This MS ion was not detected in
the PolG-negative control or in reaction mixtures in the absence of ATP/Mg?* (Fig. 3C
and Fig. S9C). We further tested to see if ATP could be substituted for GTP to maintain
PolG activity, and the results indicated that CPOAA is selectively activated by ATP
during the assembly of POL-B (Fig. S9D). We then tested the substrate specificity of
PolG, and as expected, this enzyme could also convert thymine POL-C as the substrate
to POL-J (Fig. 3B and D and Fig. S9B). Hence, the results verify that PolG functions as an
ATP-dependent ligase (amide synthetase) for POL-B/POL-J assembly.

Enzymatic basis for the assembly of the hybrid peptidyl nucleoside antibiotic
POL-N. POL-N was previously reported as a POL-NIK hybrid nucleoside antibiotic (1, 14,
15), but the enzymatic mechanism for its biosynthesis is as yet undefined. POL-N is
structurally similar to POL-B, except for the difference in the bases (Fig. 1A), suggesting
that PolG is perhaps also the candidate required for POL-N assembly (see Fig. S10A in
the supplemental material). To assess this, the PolG activity was reconstituted in vitro
using NIK-Cx and CPOAA as the substrates (Fig. S10B to D). The results obtained by
LC-MS showed that the PolG reaction is able to generate the characteristic [M+H] " ion
at m/z 478.1390, which is absent for the negative control (Fig. 4A). MS/MS analysis
generated main fragment ions at m/z 288.0000 and m/z 417.0000, identical to those
from an authentic POL-N standard (Fig. 4B and C and S10E). Hence, these data show
that the construction of the hybrid nucleoside antibiotic POL-N is governed by the PolG
enzyme, which possesses considerable substrate flexibility.

Determination of the conserved sites of PolG by a combined homology struc-
ture model and biochemical investigation. To investigate the ATP-binding pocket of
PolG in more detail, we constructed a homology structure (Fig. 5A; see also Fig. ST1A
to C in the supplemental material) based on that of RizA (PDB 4WD3), a well-defined
ligase in the rhizociticin pathway from Bacillus subtilis (20). According to this model,
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FIG 5 A structural model for PolG and in vitro characterization of its variants. (A) Homology structure model of PolG.
This structure is constructed on the basis of RizA from Bacillus subtilis (PDB 4WD3), and the active ATP-binding sites
are indicated in the rectangular region. These sites are proposed to be essential for the binding of ATP. (B) LC-MS
analysis of the reactions of PolG and its variants. Std, authentic standards of thymine POL-C and POL-J. WT, the
reaction with the intact PolG added. Lines labeled K110A, K150A, E267A, and E280A show the individual reactions

of PolG variants.

PolG contains three independent domains (designated A, B, and C domains) (Fig. 5A),
which are conserved in the L-amino acid ligases, including RizA, BL0025, and BacD (20).
Furthermore, in silico analysis showed that the five conserved residues deduced for ATP
binding in RizA could also be discerned in PolG (Lys110, Lys150, Glu267, Glu188, and
Glu280) (Fig. 5A; see also Fig. S8 in the supplemental material). While the conserved
ATP-binding sites are shared by a number of ATP-dependent ligases, their function is
as yet undefined (20). To determine if these sites are essential for PolG activity, we
individually mutated them and purified the resultant PolG variants. The exception was
E188A, which unaccountably did not express in E. coli (see Fig. S12A in the supple-
mental material). In vitro assays with the mutated PolG were unable to generate the
characteristic [M+H]™ ion of POL-J (m/z 492.1581) yet (Fig. 5B). The PolG variants were
also tested on the substrate POL-C, again without showing activity (Fig. S12B). Hence,
the conserved ATP-binding sites are essential for the activity of PolG enzyme.

The acyl-phosphorylated CPOAA (compound 1) is an activated intermediate dur-
ing the assembly of POL. ATP-dependent ligase-catalyzed reactions typically proceed
through an unstable acyl-adenylate or acyl-phosphate intermediate (21). We therefore
attempted to trap the deduced compound (labeled with boldface “1” in Fig. 6A) by
derivatizing it to form the hydroxamate compound (compound 2), which is readily
identified by a chromogenic reaction in the presence of Fe3* (Fig. 6B). The products of
the PolG reaction plus NH,OH-HCI were submitted for LC-MS analysis, generating an
[M+H]* ion of compound 2 at m/z 224.0914, which is totally absent from the negative
control (Fig. 6C). MS/MS analysis of the target ion generated a major fragment ion series
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that is well matched to that of compound 2 (see Fig. S13A and B in the supplemental
material). In addition, the LC-MS analysis verified that the predicted product AMP could
not be detected (Fig. S13C), thereby excluding the possibility of an acyl-adenylate as
the intermediate. Hence, the phosphorylated CPOAA (compound 1) is an activated
intermediate in the process of POL assembly.

DISCUSSION

POL is an environmentally friendly fungicide with an important role in agriculture in
combating a variety of plant diseases, including tobacco brown spot disease, caused by
Alternaria alternata, and apple Alternaria leaf spot, caused by Alternaria mali (9). Amide
bond-containing biomolecules are usually derived from the templated nonribosomal pep-
tide synthetase (NRPS) pathways or the nontemplated pathways (21, 22), often involving
ATP-dependent ligases for assembling natural product scaffolds (23). In the present study,
a mechanism is proposed for the PolG-catalyzed reaction, such that PolG first activates the
nonproteinogenic amino acid CPOAA to form an acyl-phosphate intermediate (compound
1), and then the amino group of the nucleoside skeleton (compound 3) attacks the carbonyl
carbon (compound 1) to form an amide bond (compound 4) by displacing the phosphate
group (Fig. 6A).

Previous precursor (uracil analog)-directed biosynthetic studies afforded several POL
derivatives with modified nucleoside skeletons (24, 25), and this implicated that the
enzyme for the assembly of POL harbors a flexible specificity for the substrate, espe-
cially for the nucleoside skeleton. In the present study, this seems to be certainly true,
and we demonstrated that PolG is able to recognize diverse nucleoside motifs (POL-C,
thymine POL-C, and NIK-Cx). More interestingly, thymine POL-C was previously avail-
able only as an artificial POL-C analog prior to its discovery as a natural product (26, 27).

The ATP-dependent ligase family enzymes are widely distributed in the microbial
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metabolic pathways, including de novo purine biosynthesis, gluconeogenesis, and fatty
acid synthesis (23); however, their roles have been significantly underappreciated for
natural product biosynthesis (21). In this study, PolG and its related homologs, different
from those of ATP-dependent ligases in natural product biosynthesis (28-30), are
situated in an independent clade (see Fig. S14 in the supplemental material). In this
respect, PolG represents a group of distinctive ATP-dependent ligases with consider-
able substrate promiscuity, and this group of enzymes are of great potential as catalysts
for future biomanufacturing purposes to synthesize rationally designed peptidyl nu-
cleoside antibiotics. As a consequence, it will be of significance to elucidate the precise
enzymatic mechanism of PolG by solving its crystal structure, and a related study is now
in progress.

In summary, we have dissected the assembly logic of POL, which follows an
ATP-dependent strategy for amide bond formation via an activated acyl-phosphate
intermediate. We have clarified the chemical structure of the previously overlooked
thymine POL-C and describe the enzymatic basis for the biosynthesis of the hybrid
nucleoside antibiotic POL-N. This work will contribute to the targeted discovery of
novel peptidyl nucleoside antibiotics using PolG as a probe.

MATERIALS AND METHODS

Strains, reagents, and protocols. S. aureochromogenes strains are cultivated either on a plate of
mannitol soya flour (MS) medium for sporulation or in tryptone soya broth (TSB) medium (31). Strains and
plasmids used in this study are described in Table 1; PCR primers are listed in Table S2 in the
supplemental material. All chemical reagents were purchased from J&K Scientific Ltd., Sigma-Aldrich
(USA), or Sinopharm unless otherwise indicated. The general methods performed in this study were
according to the standard protocols of Green and Sambrook (32) or Kieser et al. (31).

Analysis of the metabolites by strain CXR14::pCHW201 and its derivative. For analysis of the
target metabolites accumulated by CXR14:pCHW201 and its derivatives, HPLC (Shimadzu LC-20A) was
performed on a C,4 column (Inertsil ODS-3, 4.6 by 250 mm, 5 um). The conditions for HPLC analysis were
according to the method of Chen et al. (4), and the elution was monitored at UV of 263 nm by a diode
array detector (DAD).

Model building and analysis of PolG structure. The homology structural model of PolG was
constructed according to the X-ray structure of RizA from Bacillus subtilis (PDB 4WD3) and further refined
using Discovery Studio 4.1 (accelrys) and Pymol softwares.

Enzymatic assays of PolG and its variants. For activity of PolG and its variants, the reaction
mixture (100 mM Tris-Cl buffer, pH 8.0; 1 mM substrate; 2 mM ATP; 4 mM MgCl,; 25 ug protein) was
incubated at 30°C for 8 h, and then the reaction was terminated by the immediate addition of an
equivalent volume of methanol. After centrifugation to remove protein, the supernatant was filtered
by a 0.22-um filter. Subsequent liquid chromatography-high resolution mass spectrometry (LC-
HRMS) analysis was performed on a C;; column (Inertsil ODS-3, 4.6 by 250 mm, 5 um) with the
elution gradient of 5% to 25% methanol-0.15% trifluoroacetic acid (TFA) over 20 min at a flow rate
of 0.5 ml/min. LC-HRMS was conducted on an electrospray ionization (ESI)-ion trap mass spectrom-
eter (Thermo LTQ-Obitrap) in a positive mode with drying gas (275°C, 10 liters/ml) and a nebulizer
pressure of 30 Ib/in2.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.00501-18.
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