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Methods

General experimental procedures

All chemicals were purchased from Sigma-Aldrich, Acros Organics, or Iris BIOTECH. Isotope-
labeled chemicals were purchased from Cambridge Isotope Laboratories, Inc. Genomic DNA of
selected Xenorhabdus and Pseudomonas strains were isolated using the Qiagen Gentra Puregene
Yeast/Bact Kit. DNA polymerases (Taq, Phusion, and Q5) and restriction enzymes were purchased
from New England Biolabs or Thermo Fisher Scientific. DNA primers were purchased from Eurofins
MWG Operon. DNA fragments were purchased from Twist Bioscience. PCR amplifications were
carried out on thermocyclers (SensoQuest). Polymerases were used according to the
manufacturers’ instructions. DNA purification was performed from 1% TAE agarose gel using
Invisorb® Spin DNA Extraction Kit (STRATEC Biomedical AG). Plasmids in E. coli were isolated
by alkaline lysis. HPLC-UV-MS analysis was conducted on an UltiMate 3000 system (Thermo
Fisher) coupled to an AmaZonX mass spectrometer (Bruker) with an ACQUITY UPLC BEH C18
column (130 A, 2.1 mm x 100 mm, 1.7 ym particle size, Waters) at a flow of 0.6 mL/min (5-95%
acetonitrile/water with 0.1% formic acid, v/v, 16 min, UV detection wavelength 190-800 nm).
HPLC-UV-HRMS analysis was conducted on an UltiMate 3000 system (Thermo Fisher) coupled
to an Impact Il qTof mass spectrometer (Bruker) with an ACQUITY UPLC BEH C18 column (130
A, 21 mm x 100 mm, 1.7 um particle size, Waters) at a flow of 0.4 mL/min (5-95%
acetonitrile/water with 0.1% formic acid, v/v, 16 min, UV detection wavelength 190-800 nm). HPLC
purification was performed on preparative and semipreparative Agilent 1260 systems coupled to a
DAD and a single quadrupole detector with a C18 ZORBAX Eclipse XDB column (9.4 mm x 250
mm, 5 um, 3 mL/min; 50 mm x 250 mm, 10 uym, 40 mL/min). Freeze drying was performed by
BUCHI Lyovapor™ L-300 Continuous. NMR experiments were acquired on a Bruker AVANCE 500

or 600 MHz spectrometer equipped with a 5 mm cryoprobe.

Sequencing

Long and short DNA reads were generated by Nanopore and lllumina sequencing, respectively.
For library preparation, a TruSeq DNA PCR-free high-throughput library prep kit (Illumina) and the
SQK-LSK109 ligation sequencing kit (Oxford Nanopore Technologies, ONT) were used without
prior shearing of the DNA. To generate the short reads, a 2 x 300-nucleotide run (MiSeq reagent
kit v3, 600 cycles) was executed. The long reads were generated on a GridlON platform using an
R9.4.1 flow cell. Base-calling and demultiplexing were performed using Guppy v4.0.11 (ref. (1),
Both data sets were assembled using Unicycler v0.4.6. The region of interest was identified using
antiSMASH (ref. @) to be located on a plasmid with a size of 182,126 bp in Xenorhabdus
vietnamensis DSM 22392.



Strain and culture conditions

Wild-type strains and the mutants thereof and E. coli (Table S1) were cultivated on lysogeny broth
(LB) agar plates at 30 °C overnight and were subsequently inoculated into liquid LB culture at 30
°C with shaking at 200 rpm. For compound production, the overnight LB culture of a mutant was
transferred into 5 mL XPP medium! (1:100, v/v) with 2% (v/v) of Amberlite™ XAD-16 resins, 0.1 %
of L-arabinose as an inducer, and selective antibiotics such as ampicillin (Am, 100 pg/mL),
kanamycin (Km, 50 pug/mL), or chloramphenicol (Cm, 34 ug/mL) at 30 °C with shaking at 200 rpm.

Culture extraction and HPLC-UV-MS analysis

The XAD-16 resins were collected after 72 h and extracted with 5 mL methanol. The solvent was
dried under rotary evaporators, and the dried extract was resuspended in 500 uL methanol, of
which 5 pyL was injected and analyzed by HPLC-UV-MS or HPLC-UV-HRMS. Unless otherwise
specified, HPLC-UV-MS and HPLC-UV-HRMS chromatograms in the figures are shown on the
same scale. Relative quantifications of benzobactins in P. chlororaphis Peap pzbA, P. chlororaphis
Peap pzbA ApbzF, and P. chlororaphis Psap pzbA AphzE were measured by the peak area of
extracted ion chromatograms (EICs) using the Bruker Compass DataAnalysis program. Peak areas

were normalized by ODsoo values at the harvesting time point.

Construction of insertion mutants

A 500-800-bp upstream of the target gene (xsbA and pbzA) was amplified with a corresponding
primer pair listed in Table S3. The resulting fragments were cloned using Hot Fusion into
pCEP_kan or pCEP_cm backbone that was amplified by pCEP_Fw and pCEP_Rv. After the
transformation of the constructed plasmid into E. coli S17-1 A pir, clones were verified by PCR with
primers pCEP-Ve-Fw and pDS132-Ve-Rv. The wild-type strain (recipient) was mated with E. coli
S17-1 A pir (donor) carrying constructed plasmids. Both strains were grown in LB medium to an
ODeoo of 0.6 to 0.7, and the cells were washed once with fresh LB medium. Subsequently, the
donor and recipient strains were mixed on an LB agar plate in ratios of 1:3 and 3:1, and incubated
at 37°C for 3 h followed by incubation at 30°C for 21 h. After that, the bacterial cell layer was
harvested with an inoculating loop and resuspended in 2 mL fresh LB medium. 200 uL of the
resuspended culture was spread out on an LB agar plate with ampicillin/kanamycin (or
ampicillin/chloramphenicol) and incubated at 30°C for 2 days. Individual insertion clones were
cultivated and analyzed by HPLC-UV-HRMS, and the genotype of all mutants was verified by

plasmid- and genome-specific primers.

Construction of deletion mutants
A ~1000-bp upstream and a ~1000-bp downstream fragments (mutations were introduced by

primers) of a target gene (xsbB, xsbC, xsbD, pbzA, pbzB, pbzD, pbzF, pbzG, pbzl, and phzE) were



amplified using primer pairs listed in Table S3. The amplified fragments were fused using the
complementary overhangs introduced by primers and cloned into the pCKcipB or pEB17_KM
vector (linearized with Pstl and Bglll) by Hot Fusion.® Transformation of E. coli S17-1 A pir with the
resulting plasmid and conjugation with a wild-type strain or mutant, as well as the generation of
double crossover mutants via counterselection on LB plates containing 6% sucrose. Deletion
mutants were verified via PCR using primer pairs listed in Table S3, which yielded a ~2000-bp
fragment for mutants genetically equal to the WT strain and a ~1000-bp fragment for the desired

deletion mutant.

Heterologous expression of xsb BGC

All plasmids carrying target genes for heterologous expression were constructed via Hot Fusion.™!
The biosynthetic gene cluster, xsbABCDE, was cloned into pCOLADuet-1. The ADIC synthase
encoded gene in the xpz BGC (xpzC) was cloned into pACYCDuet-1. xsbA and xpzC were
constructed separately into two multiple cloning sites of pACYCDuet-1. xsbC was cloned into

pCOLADuet-1. E. coli BL21(DE3) was transformed with plasmids for (co-)expression.

Homology modeling

The protein sequence of XsbC (NCBI: WP_038235707.1) from X. szentirmaii and the crystal
structure coordinates of both NatL2 (PDB ID: 6SI1Y)P and PtmA2 (PDB ID: 5UPS)!®l were loaded
into the Molecular Operating Environment (MOE) 2019.0102 (refl”)). The sequence identities of
XsbC with NatL2 and PtmA2 are 19.8 % and 13.2 %, respectively. The alignments made by MOE
were inspected and manually corrected if necessary. The alignment used for modelling is depicted
in Figure S3, involving acyl-AMP ligases [NatL2, BomJ (NCBI: ALE27502.1; ref®]), and PtmA1l
(NCBI: AC031267.1; refl®l)], acyl-CoA ligase (PtmA2), and A domains [DItA (PDB ID: 3FCC; refd)
and PheA (PDB ID: 1AMU; reflld)]. Prior to modeling XsbC, the crystal structures of both NatL2
(6S1Y) and PtmA2 (5UPS) were prepared (e.g. wrong protonation, chirality, and hybridization). A
series of ten models each was constructed with MOE using a Boltzmann-weighted randomized
procedure combined with specialized logic for the handling of sequence insertions and deletions.1.
121 The model with the best packing quality function was selected for full energy minimization. Using
Amberl4:EHT MOE packing scores for models calculated with NatL2 (6SIY) and PtmA2 (5UPS)
as templates for homology modeling have been 2.2527 and 2.3590, respectively. The
stereochemical qualities of the model were assessed using Ramachandran plots and calculating
the Root-Mean-Square-Deviation (RMSD) values of the superposed Ca-atoms of the model with

its respective template structure (Figures S5-8).



Isotope labeling experiments

The cultivation of strains for labeling experiments was carried out as described above.!*3I The cell
pellets of the 100 uL overnight culture were washed once with 100-uL ISOGRO® >N medium before
being transferred into the 5-mL ISOGRO® >N medium culture. For the purpose of inverse feedings,
additional unlabeled L-serine or glycine was added into the 15N medium culture at a final

concentration of 1 mM.

Isolation and purification

2% of XAD-16 resins from a 3 L LB culture of X. szentirmaii Pgap XsbA mutant induced by L-
arabinose were harvested after 72 h of incubation at 30 °C with shaking at 120 rpm, and were
washed with water and extracted with methanol (3 x 500 mL) to yield a crude extract 3.5 g. The
extract was subjected to a Sephadex LH-20 column eluted with MeOH and afforded seven fractions.
Fraction 3 (55.6 mg) was purified by semipreparative HPLC using an acetonitrile/water gradient
(0.1% formic acid) 0—30 min, 15-50% to afford 1 (2.4 mg).

4% of XAD-16 resins from a 12 L culture cells of P. chlororaphis Pgap pbzA Apbzl mutant induced
by L-arabinose were harvested after 72 h of incubation at 30 °C with shaking at 120 rpm, and were
washed with water and extracted with methanol (3 x 2 L) to yield a crude extract 95.4 g after
evaporation. The extract was dissolved in methanol and was subjected to preparative HPLC using
an acetonitrile/water gradient (0.1% formic acid) 0-18 min, 5-59% to afford ten fractions. Fraction
4 (70.0 mg) was further purified by semipreparative HPLC using an acetonitrile/water gradient (0.1%
formic acid) 0-35 min, 5-95% to afford 3 (2.6 mg).

NMR spectroscopy

1H and 13C NMR, H-13C heteronuclear single quantum coherence (HSQC), 'H-13C heteronuclear
multiple bond correlation (HMBC), and 'H-1H correlation spectroscopy (COSY) were measured.
Chemical shifts (6) were reported in parts per million (ppm) and referenced to the solvent signals.
Data are reported as follows: chemical shift, multiplicity (br = broad, s = singlet, d = doublet, t =
triplet, dd = doublet of doublet, m = multiplet, and ov = overlapped), and coupling constants in Hertz
(H2).

In vitro enzymatic assays of PbzB

pbzB with an N-terminal His-SUMO-tag was cloned into a pET11a vector. E. coli BL21(DE3) was
transformed with the resulting plasmid. 10 mL overnight culture carrying the plasmid was
transferred to 500 mL LB medium with ampicillin (Am, 100 pg/mL). The strain was grown to an
ODeoo of 0.8 at 37 °C, and then 0.5 mM IPTG for induction was added into the culture, followed by
incubation at 22 °C for 24 h. The cells were collected by centrifugation (10,000 r.p.m., 15 min, 4 °C).

Cell lysis was performed by resuspending the pellet in 100 mL BugBuster® (primary amine-free)



Extraction Reagent with 1 pL of Benzonase® Nuclease, 14 mg of cOmplete™ EDTA-free protease
inhibitor, and lysozyme (200 pg/mL), followed by incubation at 4 °C for 45 min. Cell debris was
removed by centrifugation at 20,000 xg for 30 min and the protein was purified by using Ni2* affinity
chromatography.

The reaction mixture (100 uL) contained 3.2 uM of PbzB, 1 mM substrate (glycine, L-serine, and D-
serine), 500 uM mTHF, 5 uM PLP, and 50 mM potassium phosphate buff pH 7.5. After incubation
at 30 °C for 1 h, the reaction was quenched by adding 100 pL of acetonitrile. Products were
analyzed using HPLC-UV-HRMS conducted on an UltiMate 3000 system (Thermo Fisher) coupled
to an Impact Il gTof mass spectrometer (Bruker) with an ACQUITY UPLC BEH Amide column (130
A, 2.1 mm x 50 mm, 1.7 ym particle size, Waters) at a flow of 0.4 mL/min (5-50% water/acetonitrile
with 0.1% formic acid, v/v, 5 min, 90% water/acetonitrile with 0.1% formic acid, v/v, 2.1 min, UV
detection wavelength 190-800 nm. 2-Hydroxymethylserine as a standard compound was prepared
at different concentrations and these samples were measured by HPLC-UV-HRMS with the
above-mentioned method to obtain a standard curve (Figures S27 and S28).

For the identification of the favored substrate of PbzB, a reaction mixture (100 pL) containing 10
UM of PbzB, 2 mM substrate (glycine, L-serine, or D-serine), 500 uM mTHF, 25 pM PLP, and 50
mM potassium phosphate buffer pH 7.5 was prepared, and incubated at 30 °C for 2.5 h. The
determination of the steady-state kineticsof PbzB was performed by preparing reaction mixtures
(100 pL) containing 4 uM of PbzB, 50 uM, 100 pM, 200 pM, 300 uM, 1000 uM, 2000 puM, 3000 pM,
or 4000 uM substrate (D-/L-serine), 200 uM mTHF, 10 uM PLP, and 50 mM potassium phosphate
buffer pH 7.5, which were incubated at 30 °C for 1 h. The reaction was quenched by adding 100
pL of acetonitrile. The quantification of 2-hydroxymethylserine was performed using LC-MS/MS.
The chromatographic separation was performed on an Agilent Infinity 11 1290 HPLC system using
a ZicHILIC SeQuant column (150 x 2.1 mm, 3.5 um particle size, 100 A pore size) connected to a
ZicHILIC guard column (20 x 2.1 mm, 5 ym particle size) (Merck KgAA) at a constant flow rate of
0.3 mL/min with mobile phase A being 0.1 % formic acid in 99:1 water:acetonitrile (Honeywell,
Morristown, New Jersey, USA) and phase B being 0.1 % formic acid 99:1 water:acetonitrile
(Honeywell, Morristown, New Jersey, USA) at 25° C. The injection volume was 1 pL. The mobile
phase profile consisted of the following steps and linear gradients: 0—8 min from 80 to 60% B; 8—
10 min from 60 to 10% B; 10-12 min constant at 10% B; 12—12.1 min from 10 to 80% B; 12.1 to
14 min constant at 80% B. An Agilent 6495 ion funnel mass spectrometer was used in positive
mode with an electrospray ionization source and the following conditions: ESI spray voltage 4500
V, nozzle voltage 1500 V, sheath gas 400° C at 12 L/min, nebulizer pressure 30 psig, and drying
gas 250° C at 11 L/min. Compounds were identified based on their mass transition and retention
time compared to standards. Chromatograms were integrated using MassHunter software (Agilent,
Santa Clara, CA, USA). Absolute concentrations were calculated based on an external calibration

curve prepared in sample matrix. Mass transitions, collision energies, Cell accelerator voltages,



fragmentor voltages and Dwell times have been optimized using chemically pure standards.

Parameter settings of all targets are given in the table below.

Q1 Q3 CE (V) CA(V) Fragmentor Dwell time (msec)
136 118.1 7 5 380 80
136 90 10 5 380 80
136 72.1 18 5 380 80
136 60.1 20 5 380 80

PbzB crystallization

E. coli BL21(DE3) cells transformed with pET11a-SUMO1_pbzB with a His-SUMO tag were grown
in 4 L LB medium supplemented 100 pg mL-1 ampicillin and 1% lactose to induce expression of the
recombinant fusion protein and incubated for 18 h at 30°C in an aerial shaker. After harvesting
(4,500 rpm, 15 min, 4°C), cells were lysed using a Microfluidizer (M110-L, Microfluidics). The lysis
buffer contained 20 mM HEPES-Na (pH 8.0), 250 mM NacCl, 20 mM KCI, 20 mM MgCl., and 50
mM imidazole. Cell debris was then removed by high-speed centrifugation for 20 min at 20,000
rpm at 4°C. PbzB was then purified at 10°C by Ni-ion affinity chromatography and eluted using a
lysis buffer supplemented with 250 mM imidazole. 250 Units of SUMO protease (Sigma-Aldrich)
were added to the PbzB fusion protein elution (15 mL) and incubated at RT to remove the Hiss
affinity purification and the SUMO solubility tag. After analysis of the cleavage efficiency using SDS-
PAGE, PbzB was concentrated to 2 mL using an Amicon concentrator with a cutoff at 30 kDa. Size
exclusion chromatography was performed on an S200 XK16 column (GE Healthcare). The SEC
buffer consisted of 20 mM HEPES-Na (pH 7.5), 200 mM NacCl, 20 mM KCI, and 20 mM MgCla.
Samples of each peak were analyzed on an SDS-PAGE and fractions containing cleaved PbzB
protein were pooled and concentrated to a final concentration of 600 uM. The protein solution
showed a yellow color.

Crystallization was performed by the sitting-drop method at 20 °C in 250 nL drops consisting of
equal parts of protein and precipitation solutions. Protein solutions of 300-600 uM were used for
crystallization. Crystallization conditions were: 0.1 M KCI, 0.1 M HEPES pH 7.5, 15% (w/v) PEG
6000. Prior to data collection, crystals were flash-frozen in liquid nitrogen using a cryo-solution that
consisted of mother-liquor supplemented with 20% (v/v) glycerol. Data were collected under
cryogenic conditions at the European Synchrotron Radiation Facility (Grenoble, France)l*4, Data
were processed with XDS and scaled with XSCALERS!, All structures were determined by molecular
replacement with PHASER[® manually built in COOT!7], and refined with PHENIXI8], The search
model for the PbzB structures was the glycine hydroxymethyltransferase from Acinetobacter

baumannii (PDB 5VMB). Figures were prepared with Pymol (www.pymol.org)te. 201,


http://www.pymol.org/

Data availability

All data generated or analyzed in this study are available within the article and its Supplementary
Information files. The genome sequence data involved in this study are accessible in the NCBI
GenBank database under accession numbers NIBV00000000 (X. szentirmaii DSM 16338),
OM622254 (the plasmid in X. viethamensis DSM 22392), and LT629761 (P. chlororaphis subsp.
piscium DSM 21509). Crystallographic data have been deposited in the Protein Data Bank
(https://www.rcsb.org) under the PDB ID 7QCW.


https://www.rcsb.org/structure/unreleased/7QCW

Table S1. Strains used in this study.

Strain Genotype/Description Reference

BL21(DE3) F~, ompT, gal, dcm, hsdSB(rB- mB-), lon, A(DE3 [lacl, lacUV5-T7, genel, Invitrogen
ind1, sam7, nin5])

BL21 pCOLA xsbABCDE BL21(DE3), pCOLADuet-1 Xsze_ RS17950-RS17930, T7 promoter, Km' This study

BL21 pCOLA xsbABCDE BL21(DE3), pCOLADuet-1 Xsze_RS17950-RS17930, pACYCDuet-1 This study

pACYC_xpzC Xsze_RS10860, T7 promoter, Km', Cm’

BL21 pACYC xsbA xpzC BL21(DE3), pACYCDuet-1 Xsze_RS17950 Xsze_RS10860, T7 promoter, This study
Cm'

BL21 pACYC xsbA xpzC BL21(DE3), pACYCDuet-1 Xsze_RS17950 Xsze_RS10860, pCOLADuet-1  This study

pCOLA xshC Xsze RS17940, T7 promoter, Cm', Km"

S17-1 A pir Tpr, Smr, recA, thi, pro, hsdRM*, RP4::2-Tc::Mu::Km, Tn7, A pir Invitrogen

X. szentirmaii DSM 16338  wild type 21

X. szentirmaii Pgap XsbA X. szentirmaii pCEP Xsze_RS17950, araBAD promoter, Km' This study

X. szentirmaii Pgap XsbA X. szentirmaii pCEP Xsze_RS17950, AXsze_RS17945, araBAD promoter, This study

AxsbB Km'

X. szentirmaii Pgap XsbA X. szentirmaii pCEP Xsze_RS17950, AXsze_RS17940, araBAD promoter, This study

AxsbC Km'

X. szentirmaii Pgap XsbA X. szentirmaii pCEP Xsze_RS17950, AXsze_RS17935, araBAD promoter, This study

AxsbD Km'

X. szentirmaii Pgap XsbA X. szentirmaii pCEP Xsze_RS17950, AXsze_RS10860, araBAD promoter, This study

AxpzC Km'

P. chlororaphis subsp. wild type 22

piscium DSM 21509

P. chlororaphis Pgap pbzA P. chlororaphis subsp. piscium pCEP BLUO6_RS20875, araBAD promoter,  This study
Km'

P. chlororaphis Pgap pbzA P. chlororaphis subsp. piscium pCEP BLUO6_RS20875, This study

ApbzA ABLUO06_RS20875, araBAD promoter, Km"

P. chlororaphis Pgap pbzA P. chlororaphis subsp. piscium pCEP BLU06_RS20875, This study

ApbzB ABLUO6_RS20870, araBAD promoter, Km"

P. chlororaphis Pgap pbzA P. chlororaphis subsp. piscium pCEP BLUO6_RS20875, This study

ApbzD ABLUO6_RS20855, araBAD promoter, Km'

P. chlororaphis Pgap pbzA P. chlororaphis subsp. piscium pCEP BLU06_RS20875, This study

ApbzF ABLUO06_RS20845, araBAD promoter, Km"

P. chlororaphis Pgap pbzA P. chlororaphis subsp. piscium pCEP BLU06_RS20875, This study

ApbzG ABLUO6_RS20840, araBAD promoter, Km'

P. chlororaphis Pgap pbzA P. chlororaphis subsp. piscium pCEP BLUO6_RS20875, This study

Apbzl ABLUO6_RS20830, araBAD promoter, Km'

P. chlororaphis Pgap pbzA P. chlororaphis subsp. piscium pCEP BLU06_RS20875, This study

AphzE ABLUO6_RS09605, araBAD promoter, Km'

P. chlororaphis Pgap pbzA P. chlororaphis subsp. piscium pCEP BLUO6_RS20875, This study

ApbzFAphzE ABLU06_RS20845, ABLUO6_RS09605, araBAD promoter, Km'

BL21 pET pbzB BL21(DE3), pET11a-SUMOL1 pbzB, T7 promoter, Amp' This study

BL21 pET pbzB T68Y BL21-Gold (DE3), pET11a-SUMOL1 pbzB, T68Y, H79Y, T7 promoter, Amp"  This study

H79Y




Table S2. Plasmids used in this study.

Plasmid Genotype/Description Reference
pCEP_kan R6KYy ori, oriT, araC, araBAD promoter, Km" 231
pEB17_KM pDS132 derivative with an additional Bglll recognition site, R6Ky ori, !

oriT, cipB promoter, Km"
pCKcipB pDS132 derivative with an additional Bglll recognition site, R6Ky ori, 4

oriT, cipB promoter, Cm"
pCOLADuet-1 T7 promoter, Km' Novagen
pACYCDeut-1 T7 promoter, Cm' Novagen
pET11a-modified modified from pET11a, the operon under the control of T7 promoter addgene

was modified by introducing an N-terminal Hise-Smt3 tag, ori pBR322,

Amp', Ulp1 cleavage site
pCOLA xsbABCDE pCOLADuet-1 Xsze_RS17950-RS17930, T7 promoter, Km' This study
pACYC xpzC PACYCDuet-1 Xsze_RS10860, T7 promoter, Cm" This study
pACYC xsbA xpzC pACYCDuet-1 Xsze_RS17950 Xsze_RS10860, T7 promoter, Cm" This study
pCOLA xsbC pCOLADuet-1_Xsze_RS17940, T7 promoter, Km' This study
pCEP xsbA pCEP Xsze RS15520’, araBAD promoter, Cm" This study
pCKcipB xsbB pCKcipB Xsze_RS17945’, Cm’ This study
pCKcipB xsbC pCKcipB Xsze_RS17940’, Cm’ This study
pCKcipB xsbD pCKcipB Xsze RS17935’, Cm’ This study
pCKcipB xpzC pCKcipB Xsze_RS10860’, Cm" This study
pCEP pbzA pCEP BLU06_RS20875’, araBAD promoter, Cm’ This study
pEB17 pbzA pEB17 BLUO6_RS20875’, Km' This study
pEB17 pbzB pEB17 BLU0O6_RS20870’, Km" This study
pEB17 pbzD pEB17 BLU0O6_RS20855’, Km" This study
pEB17 pbzF pEB17 BLUO6_RS20845’, Km' This study
pEB17 pbzG pEB17 BLU0O6_RS20840, Km" This study
pEB17 pbz/ pEB17 BLU0O6_RS20830, Km" This study
pEB17 phzE pEB17 BLUO6_RS09605, Km" This study
pET11a pbzB pET11a-modified, BLU06_RS20870, T7 promoter, Hise-Smt3, Amp" This study
pET11a pbzB T68Y H79Y pET11a-modified, BLU0O6_RS20870, T68Y, H79Y, T7 promoter, Hise- This study

Smt3, Amp’
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Table S3. Primers and DNA fragments used in this study.

Primer Sequence (5’-3') Purpose
pCEP_Fw ATGTGCATGCTCGAGCTC Backbone
pCEP_Rv ATGCTAGCCTCCTGTTAGC amplification of
pCEP_kan and
pCEP_cm
pCEP-Ve-Fw GCTATGCCATAGCATTTTTATCCATAAG Verification of the

pDS132-Ve-Rv

ACATGTGGAATTGTGAGCGG

pCEP_kan and
pCEP_cm
constructs

TTGTTTAACTTTAATAAGGAGATATACC_ATGACAAATAAAATCA

YS19-Fwa GATATGTCG Amplification of
YS19-Rv4 CAATACGATTACTTTCTGTTCGACTTAAGCA_TCATTCATCAAT xsbABCDE
CCTGTTCGTGAG
YS20-Fw TTGTTTAACTTTAATAAGGAGATATACC_ATGAGTAGCCTTCTGT
CTTCGATTA Amplification of
YS20-Rv CAATACGATTACTTTCTGTTCGACTTAAGCA_TTACGATACTGT xpzC
TAGGCATTTTTCT
YS26-Fw TTAAGTATAAGAAGGAGATATACAT_ATGACAAATAAAATCAGAT
ATGTCGC Amplification of
YS26-Rv CAGCGGTGGCAGCAGCCTAGGTTAA_CTAGCGCATATCGAGC  xsbA
TTTGATG
YS27-Fw TTTAACTTTAATAAGGAGATATACC_ATGACTCATAAGCAATTAC
ACCGG Amplification of
YS27-Rv GATTACTTTCTGTTCGACTTAAGCA_TCATAGATTCGAATTCCT xshbC
CTTATC
GGCTAACAGGAGGCTAGCAT_ATGACAAATAAAATCAGATATGT
MHp282 CG B Promoter insertion
GCCGTTTAAACATTTAAATCTGCAG_GATGGGACGTAGAATTC of xsbA
MHp283 ACC -
CCTCTAGAGTCGACCTGCAG_ATAACCGAACACTCACCAACA
YS-Bz-D3-Fw AG
GCTAACACGTTGGCAAATTGCTA_ACATTTCAGATGCTTAGGC
YS-Bz-D3-Rv AGTG Deletion of xsbB
AACACTGCCTAAGCATCTGAAATGT_TAGCAATTTGCCAACGT
YS-Bz-D4-Fw GTTAGC
TCCCGGGAGAGCTCAGATCT_GATTGCATGTGCTTCTTGTGAA
YS-Bz-D4-Rv C
YS-Bz-D5-Fw CCTCTAGAGTCGACCTGCAG_GGACGGTCGGATTCATTAGTG
TCCTCTTATCTCTAATACGAGCATG_GGAATACCGTTAAGGCTC
YS-Bz-D5-Rv TTGAAT
TATTCAAGAGCCTTAACGGTATTCC_CATGCTCGTATTAGAGAT  Deletion of xsbC
YS-Bz-D6-Fw AAGAGGAATTC
TCCCGGGAGAGCTCAGATCT_GTAATAAGAATGGTGAGTTCA
YS-Bz-D6-Rv GAGGG
CCTCTAGAGTCGACCTGCAG_CGTCCAGACTGATTACTGATCT
YS-Bz-D7-Fw TG
ACTCATAATAATATCATCACCGAGT_CAACCTCGTTAATACATGC
YS-Bz-D7-Rv AGGC Deletion of xsbD
CGGCCTGCATGTATTAACGAGGTTG_ACTCGGTGATGATATTAT
YS-Bz-D8-Fw TATGAGTACC
TCCCGGGAGAGCTCAGATCT_GCATCAGTAACATTGCTGAATA
YS-Bz-D8-Rv ACC
CCTCTAGAGTCGACCTGCAG_AATGCGATGGTCGCGGTATTAT
YS-Bz-D9-Fw TC
TTTGCTTCCGGCAAGTTGTGTGTGT_GTTCAGGCGAAGCGAT
YS-Bz-D9-Rv AATCGAA Deletion of x0zC
TCTTCGATTATCGCTTCGCCTGAAC_ACACACACAACTTGCCG P
YS-Bz-D10-Fw GAAGC
TCCCGGGAGAGCTCAGATCT_CTCACAGACATCGCCATTCCG
YS-Bz-D10-Rv TG

YS-Pcp-Bz1-Fw

YS-Pcp-Bz1-Rv

TTTGGGCTAACAGGAGGCTAGCAT_ATGACTGAAAACATCCAG
TTCGATG
TCTGCAGAGCTCGAGCATGCACAT_TGACAGCCTTTCGTGGC
TATC

Promoter insertion
of pbzA

YS-Pcp-Bz-D17-Fw
YS-Pcp-Bz-D17-Rv

CCTCTAGAGTCGACCTGCAG_AGCGTCCGAGCTGTTCATCAA
C
GATTGACTGTCATTACTTGTTATCC_CCAGGTCTGGTCCGAAG
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Deletion of pbzA




YS-Pcp-Bz-D18-Fw

YS-Pcp-Bz-D18-Rv

TGATTTC
CGAAATCACTTCGGACCAGACCTGG_GGATAACAAGTAATGA
CAGTCAATCATC
TCCCGGGAGAGCTCAGATCT_GTAGTCAGCGATCGGATACTT
CAC

YS-Pcp-Bz-D3-Fw
YS-Pcp-Bz-D3-Rv

YS-Pcp-Bz-D4-Fw
YS-Pcp-Bz-D4-Rv

CCTCTAGAGTCGACCTGCAG_AACATCCAGTTCGATGAACAA
GC
CTCGGCTTCCGCACAGAATTGCTTG_CGGTTGATGATTGACT
GTCATTAC
GTAATGACAGTCAATCATCAACCG_CAAGCAATTCTGTGCGGA
AG
TCCCGGGAGAGCTCAGATCT_AGTGTTCCGACACTATCCATTC

Deletion of pbzB

YS-Pcp-Bz-D7-Fw
YS-Pcp-Bz-D7-Rv
YS-Pcp-Bz-D8-Fw

YS-Pcp-Bz-D8-Rv

CCTCTAGAGTCGACCTGCAG_AAGACCGTACTGGCCATGGAA
AAC
AGTGGAGTCTTTCATGTCATTCCTC_TCGTCATGGATTCCCAG
GATTAG
GGCTAATCCTGGGAATCCATGACGA_GAGGAATGACATGAAA
GACTCCACTC
TCCCGGGAGAGCTCAGATCT_AAGAATCTCCGCCAGATAGTT
GGTC

Deletion of pbzD

YS-Pcp-Bz-D9-Fw
YS-Pcp-Bz-D9-Rv
YS-Pcp-Bz-D10-Fw

YS-Pcp-Bz-D10-Rv

CCTCTAGAGTCGACCTGCAG_CACTTCTCCGAGACCAACTAT
CTG
CGGGAAAACGACTTGATCTTCGCTC_TACATCCTGCTCGATGG
CCATTC
GGGAATGGCCATCGAGCAGGATGTA_GAGCGAAGATCAAGTC
GTTTTCC
TCCCGGGAGAGCTCAGATCT_AAGGAAAATGCGCCAAAAATC
ACTAC

Deletion of pbzF

YS-Pcp-Bz-D11-Fw
YS-Pcp-Bz-D11-Rv
YS-Pcp-Bz-D12-Fw

YS-Pcp-Bz-D12-Rv

CCTCTAGAGTCGACCTGCAG_AATGGCCATCGAGCAGGATGT
AC
GGCTAATGAGTTACGGATCATTTTG_GAGTAGTACTGCTCGAT
GACATGC
TGCATGTCATCGAGCAGTACTACTC_CAAAATGATCCGTAACT
CATTAGCC
TCCCGGGAGAGCTCAGATCT_GTAGTCTTGCAGCAACAGTAC
AC

Deletion of pbzG

YS-Pcp-Bz-D13-Fw
YS-Pcp-Bz-D13-Rv
YS-Pcp-Bz-D14-Fw

YS-Pcp-Bz-D14-Rv

CCTCTAGAGTCGACCTGCAG_AAACGCTCGGAAAACGGCATT
ATTC
GGGATACAAGGCTGCCGGTTCTATG_ACCAGTTGTTCTCCTTC
GATGTC
TCGACATCGAAGGAGAACAACTGGT_CATAGAACCGGCAGCC
TTGTATC
TCCCGGGAGAGCTCAGATCT_TCATCAGACCCGGATATTATTG
TCC

Deletion of pbz/

JJC-PCP-Bz-phzE-D1_Fw
JJC-PCP-Bz-phzE-D1_Rv
JJC-PCP-Bz-phzE-D2_Fw

JJC-PCP-Bz-phzE-D2_Rv

CCTCTAGAGTCGACCTGCAG_CCTTCAGGCATGCCGTGACCT
C
GATGATGCGCGGACCTTCCTGGG_GGGAACCGGTTGCAGGA
TGCGTTC
ATGGAACGCATCCTGCAACCGGTTCCC_CCCAGGAAGGTCC
GCGCATCAT
TCCCGGGAGAGCTCAGATCT_CCCAATAGCGGTTTGCCTTGT
ATTG

Deletion of phzE

JJC-PCP-Bz-pbzB-
SUMO_Fw
JJC-PCP-Bz-pbzB-
SUMO_Rv

CATTGAGGCCCATCGTGAACAGATTGGTGGT_ACAGTCAATCA
TCAACCGCTT
CTTTCGGGCTTTGTTAGCAGCCGGATCCTTA_TCAGATTGCCA
GGTAGTCAG

Expression of
pbzB

DNA sequence of PbzB T68Y H78Y (mutations are indicated in red)
CATTGAGGCCCATCGTGAACAGATTGGTGGTACAGTCAATCATCAACCGCTTCTTACCCAGGCCGATCTGCTCAAGCG
TGGCCTGGCCGATCTTCAGGAACATGATGCCGAACTGGCGCGGATCCTCGACGCCGAGGTCGCTCGCCAGCAACGC
ACCCTCTCGCTGGTCGCCTCTTGCTGCGCGGTCAAGCCCCGCACCCTGGCGGCTTCGTCCTCCGCGCTGGTCAATG
TCTATGCCGAAGGTGTTCCCGGACGCCGCTATTATGCCGGCTGCGAGAACGTGGACCTGGTCGAGTCCCTGGCGAT
CCAGCGTGCCCGGGAGCTGTTCGGTGCGCAATATGCCGGTGTCCAGTCGCACTCGGCCTCCAGCGCCAACTACCAG
GTGCTCGCCGCCCTGCTCGAACCAGGCGACACGCTACTGGGCATGGCCCTGGATAACGGTGGCCACCTGACCCATG
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GCAGCCCCGTGACCTTCTCGGGCACTTACTACAAGGCCATCGGCTATGGCACCACCAAGGAAGGCCTGATCGACTAC
GACGAAGTCCGCAGGCTGGCCCTGGAGCATCGGCCACGACTGATCATCTGCGGTGCCACGGCCTACTCCAGGGTCG
TGGACTTCGAGCGCTTCCGGCAGATCGCCGATGAAGCCGGTGCCATCCTGATGGCCGACATCTCGCATATCGCCGGC
CTGGTGGCGACCGGGCGTCATCCGAGCCCGATCGACGCCGCGCACGTCACCACCACCTGCACCCACAAGCAGCTC
GTAGGCCCCCGTGGCGGCCTGATTCTCTCGGGCCGTGACGCCAATGAAAAAGTCCCCGGCCGCGATGCGACCTTCA
GCCGGGTGCTCGAACTGGCGGTGTTCCCCAGGATGCAAGGCGCGCCGGCCGTCAACATGATGGCCGCCAAGGCCG
CAGCACTGGGTTACGCCATGACCCCGGAATTCGATGCCGAGATGCAACGCATCCGCGACGCGGCCGATGTGATGGC
CAGCGAATTCCAGGCCCGGGACTATGAGGTGGTAGGCGGTCGCAGCGAAAACCACACCATCCTGATTCGCTTGCGT
GCCGCGATGACCGGCGCTATCGCCGAGACCGCGCTGGAGCACTGCGGAATCGTCGTCAACAAGAACCGTGTGCCC
GGCGAAACACGTTCGTCCTTCGTCACCAGCGGCCTGCGCATCGGTACCGGCGCCCTCGCCCAGCGCCATGTCGACG
CGCAGGGATGCCGGCAGATCGTCGACCTGCTCTGCCGGATCCTGGACGAGGTGACTCCGCTCGGCGAGAGCGAGT
TCACCCTGGACCCGGCCCTGCGCAAGCAATTCTGTGCGGAAGCCGAGGCGCTGTGCGTGAAGTATCCGATCGCTGA
CTACCTGGCAATCTGATAAGGATCCGGCTGCTAACAAAGCCCGAAAG
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Table S4. Putative functional assignments of biosynthetic genes in this study.

. . . - . Coverage/
BGC  Protein Homolog (accession number, organism) Identified/Proposed function Identity (%)
xsb
XsbA ScgG (AAL06666.1, Streptomyces globisporus) Fe-S flavin-dependent oxidoreductase 87/44
XshB MchC (APZ78729.1, Myxococcus sp. 171) NRPS 71/26
XshC ScgD5 (AAL06665.1, Streptomyces globisporus) acyl AMP-ligase 98/39
XsbD XpzS (WP_038233770.1, Xenorhabdus szentirmaii DSM 16338) 3-oxoacyl-ACP synthase 99/83
XsbE MenF (ACD75091.1, Enterobacter cloacae) isochorismate synthase 94/47
Xpz
XpzC PhzE (AAC64488.1, Pseudomonas aeruginosa PAO1) ADIC synthase 98/43
pbz
PbzA Obal (AQZ26587.1, Pseudomonas fluorescens) NRPS 92/30
PbzB GlyA (WP_078857614.1, Streptomyces sp. NRRL F-4474) serine hydroxymethyltransferase 95/53
PbzC ScgG (AAL06666.1, Streptomyces globisporus) Fe-S flavin-dependent oxidoreductase 81/47
PbzD Plu3263 (CAE15637.1, Photorhabdus laumondii subsp. laumondii TTO1) NRPS 91/26
PbzE ScgD5 (AAL06665.1, Streptomyces globisporus) acyl AMP-ligase 99/43
PbzF ScgD (AAL06664.1, Streptomyces globisporus) anthranilate synthase component | 90/36
PbzG ScgD1 (AAL06663.1, Streptomyces globisporus) anthranilate synthase component Il 95/44
PbzH FmoK (BAP16698.1, Streptomyces sp. Sp080513GE-23) transmembrane transporter 100/38
Pbz| FmoA4 (BAP16697.1, Streptomyces sp. Sp080513GE-23) NRPS 86/23
PbzJ (WP_041482455.1, Bacillus velezensis) hypothetical protein 99/52
PbzK (WP_101563111.1, Bacillus velezensis) winged helix DNA-binding domain-containing protein 99/58
phz
PhzE (AAC64488.1, Pseudomonas aeruginosa PAO1) ADIC synthase 97/75

Table S5. HR-ESI-MS data of all compounds described in this work.

Compound Detected mass Calculated mass (ppm) lon formula
benzoxazolinate (1) 206.0446 [M + H]* 206.0448 [M + H]* 0.9 C10HgNO4 [M + HJ*
benzobactin A (2) 422.1192 [M - Hzo + H]+ 422.1194 [M - Hzo + H]+ 0.5 C13H20N309 [M - Hzo + H]+
benzobactin B (3) 305.0767 [M — H,O + HJ* 305.0768 [M — H,O + HJ* 0.4 C14H13N206 [M — H0 + H]*
benzobactin C (4) 609.1467 [M - Hzo + H]+ 609.1464 [M - Hzo + H]+ -0.6 C23H25N4012 [M - Hzo + H]+
benzobactin-628 628.1666 [M - Hzo + H]+ 628.16474 [M - Hzo + H]+ -3.0 C23H23N4013 [M - Hzo + H]+
benzobactin-1012a (R; 8.0 min) 1012.2412 [M + HJ* 1012.2447 [M + H]* 35 CssHasNgO12 [M + H*
benzobactin-1012b (R; 8.5 min) 1012.2421 [M + H]* 1012.2447 [M + H]* 2.6 CssHasNgO12 [M + H]*
2-hydroxylmethylserine 136.0604 [M + H]* 136.0604 [M + H]* 0.3 C4H1oNO4 [M + HJ*
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Table S6. *H (500 MHz) and 3C (125 MHz) NMR data assignments for benzoxazolinate (1) and
benzobactin B (3) in DMSO-ds (for NMR spectra see Figures S15-26).

No benzoxazolinate benzobactin B

) On (mult., J) Oc, mult. On (mult., J) Oc, mult.

benzoxazolinate
2 - 148.2,C - 148.1, C
3 - 155.3,C - 155.5, C
4 11.35 (s) - 11.64 (s) -
5 - 127.7,C - 126.4,C
6 - 111.2, CH - 111.5,C
7 7.63 (dd, 7.9, 1.0) 125.3, CH 7.47 (dd, 8.0, 1.0) 123.3, CH
8 7.06 (t, 8.0) 122.8, CH 7.12 (t. 8.0) 123.2, CH
9 7.28 (br d, 8.0) 119.5, CH 7.29 (brd, 7.4) 119.1, CH
10 - 141.5, C - 141.5, C
11 5.46 (d, 1.6) 98.7, CH; 5.49 (d. 1.7) 99.0, CH,
5.12 (br s) 5.15 (br s)
12 - 169.1, C - 163.2, C
2-hydroxymethylserine
13 - - 4.65 (d, 8.5) 71.3, CH,
4.44 (d, 8.5)
14 - - 3.75(d, 11.0) 64.8, CH,
3.72 (d, 11.0)

15 - - - 79.7, C
16 - - - 172.8,C
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Table S7. Structure data for PbzB.

PbzB (PDB: 7QWZ)

Data collection
Space group
Cell dimensions

a, b, c(A)

a,b,g ()

Wavelength (A)
Resolution (A)
Rmerae
I/sl
Completeness (%)
Redundancy
CC1/2
Refinement
Resolution (A)
No. reflections (total)
Rwork / Riree
No. atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water
R.m.s. deviations
Bond lengths (A)
Bond angles (°)
Ramachandran
Favored (%)
Allowed (%)

Outliers (%)

C121

132.4
59.64
112.12

90
109.409
90

0.976254

47.32-2.811 (2.912 - 2.811)

0.1694 (1.057)
8.67 (1.77)
99.61 (98.47)
4.9 (5.0)

0.994 (0.764)

47.32 - 2.811
20299 (1991)
0.235/0.294
6019

6019

0

0

75.79

75.79

0.006

1.15

96.30
3.32

0.38
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Figure S1. 2D NMR correlations of benzoxazolinate (1) and benzobactin B (3).
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GxpS_GameXPeptide - A1_X. budapestensis DSM 16342 G YV INMErESE Y R L - - -WwWI NNGYZ ADIITEZPNT DRI®AaRTEFH-AZMBEDNTPA Als T F
Xhom_02495_xefoampeptide - A1_X. hominicki DSM 17903 G T L ElEEBR CHEL L M L D GIL'Y A KV I K GIIE Q P QI/RIW L Q FIA'S L A A H WV F
PxaA_pyrrolizixenamide - A1_X. hominicki DSM 17803 GV vMBECDENY SV N R I EWMYQ - - ER Y PILDNTTDUVIILOQEKTTZPTIS VESEV W
XtvA_tilivalline - A_X. hominicki DSM 17903 Sv IEMEESC G T R L A I PIIT - - -3 QL GNTEIDNTDIRYILOQILIADP S AIS A N
XsbB_benzoxazolinate - A_X. szentirmaii DMS 16338 A A C 3 R cHEl~r A TLEAINT - - K Y AGILIGES SIRGTWLTISPG M Vv E V
PbzD_benzobactin - A1_P. chlororaphis subsp. piscium DSM 21509 AW C S R GElA A TLUDAMII - - D QA GG EHG SIRIG S W LIS P G MV E V
PbzD_benzobactin - A2_P. chlororaphis subsp. piscium DSM 21508 G Vv ENEEFP A ABEAYV N HV Y DWWV - -0 R FGIMMD VS TIRHILATMBRALH MESEV F
290 300 o 320
Consensus WP XEmL A B8G T XV XP PP E XL XBEP X XIL XBRL J ¥ X¥XHNKEEBT X - - - - X X F X
245 255 265 275
GrsA_gramicidin - A_Bacillus brevis ERY - -/F M ARNL THEE-AS Y I LXDT NEERF V K F EQiYREN Q K E mv - - - - I TLFP
Ppbé_02479_glidobactin - A1_Photorhabdus asymbiolica PB6S.1 Bl - - S R TEWG CEECG C VESC P R E WILl L A P EMMHIRMLEEYV N E SHEAT F - - - - G D F P
GxpS_GameXPeptide - A1_X. budapestensis DSM 16342 By - -'WAPF L NEEEA A vVIEllI D HTTIL L TP RDVFVRAZANMENQC A HZER T v L WMS V G L F
Xhom_ 02495 _xefoampeptide - A1_X. hominicki DSM 17903 BT - - F M ~A C FEESEH THE VEM2: 5 E E E R H P D LOENINKIL ET Y OMME I - - - - A TF P
Pxah_pyrrolizixenamide - A1_X. hominicki DSM 17903 BL F wws I 5 - - SEAEML P P G A HEK F L ENIN IFENA N I HNEBEATT - - - -LHFUV
XtvA_tilivalline - A_X. hominicki DSM 17903 Bl - -'Ww I S L THEM AT v Y P K D -IW0P L E ENMED N I S H H H s8I L F LS GGTULF
XsbB_benzoxazolinate - A_X. szentirmaii DMS 16338 EEFP - - L P VENHE ANEEG THEEY PP PETIIMQNENI R LINA L WENMI ¥ N NEBET H TL V MTS I A
PbzD_benzobactin - A1_P. chlororaphis subsp. piscium DSM 21508 BEF - - L PV C ANEGC THNAC FP AP PVIIOMY N LILARWEEL E G D N HTLAMTS I A
PbzD_benzobactin - A2_P. chlororaphis subsp. piscium DSM 21509 BRI - -'F G P L HEEG S8 MEBF ~ ¢ A A G PMEAFP D TWILERERILOQZRRIHEGKEAT F - - - - WA CV
330 340 350 360 70
Consensus PAM- - - = = - - X/EX XPVIL-=--+--TZ XEERT XNV X X X - - - WPI/BEALNS X2 - -
2 285 293 02 09
GrsA_gramicidin - A_Bacillus brevis PTYV - - - - --%¥VHLDEPERTI - - L sSENQ T T K S A - - - TS sSIBAS LIEEEN K - =
Ppb6_02479_glidobactin - A1_Photorhabdus asymbiotica PBES.1 P V@@L R QL I g FCWHMD NGEKRTL---DGEES T C G A v - - - W FGHE Ha A QT
GxpS_GameXPeptide - A1_X. budapestensis DSM 16342 NEMMA - - - - - - VEIL S PVL----500gBEK I WG VvV - - - L D H VEE~L Q V L R
Xhom_02495_xefoampeptide - A1_X. hominicki DSM 17903 P THLI- - - - - - - LIKNT K P V LZP - - - AR QN VG 5 - - - TP QA I DHY - -
Pxaf_pyrrolizixenamide - A1_X. hominicki DSM 17903 P S/MML Q P FLDIULMATETPETLTYDIETLTU SHEER REEF V'S A - - -L PEBAT RINEN Q F R K
XtvA,_tilivalline - A_X, hominicki DSM 17903 RLF--=-----VIEV S PDTTIS---HEKZ SDC CEEAY SENMIF ---1I1NPBRTLZFS3STHAA -
XshB_benzoxazolinate - A_X, szentirmaii DMS 16338 EAFFR === = =9CGIEWQ === === =TTDNIMH TRENI 2EMAEE C K WP PIEA NS ¥ - - -
PbzD_benzobactin - A1_P. chlororaphis subsp. piscium DSM 21509 EANMN=- = = = = = = = =@WATGIERS-===TGHEMETRIINTIT AFEEAEE C K J WPIPADMG Y - - -
PbzD_benzobactin - AZ_P. chlororaphis subsp. piscium DSM 21509 PATITMDILILCS VAETA 2RS ST FS AV -FE SEE2 DEINSM 2N T - - - T PLP LEIP RZRA
390 B 400 410 420
Consensus - - - - - X - P - XEKIR JLMEN X YEEPr TEl~2R X W X8 T X X X IDPIXXIX-- - - X XNEP -NIEE-:
3 221 31 41 348
GrsA_gramicidin - A_Bacillus brevis - - — - WK EEKV T Y NDNEE 2N P Il T ETININ C A BE cvATZEKETTI- - -G H S B - A
A .
PpbB_02479_glidobactin - 41_Photorhabdus asymbiotica PBES.1 L - - - - CRZPZDAIR NG SIYESR vV 'T'EM A ANNDESOTIV FDPETHZPTL - ERARGTRV P - DEER R
GxpS_GameXPeplide - A1_X_ budapestensis DSM 16342 - - - - - K 3 P P QIQgEML AYEEP SEMG'T T FITmT T Y H IDATLTS - -G TT S5EEE - NEEE-R
Xhom_02485 xefoampeptide - A1_X. hominicki DSM 17803 - - - - =-AMQ G RR F A'YEEMFr TEBAA 'S VC VI THHYOQWDGA---- - - - - H NNIER
PxaA_pyrrolizixenamide - A1_X. hominicki DSM 17903 I FS S FGLNAZPANMINL YEP I'B®~. TV DVIS Y FETFLTPEUNDNS-ETYVIDNRBNIE -BNIE-F
XtvA_tilivalline - A_X. hominicki DSM 17903 - - - - -KAGCEKGRBEM"MGC MIEIC TN S A2 IMSV Y QV CPDETILITFD- ANSTPNEP - DEEEC
XsbB_benzoxazolinate - A_X. szentirmaii DMS 16338 - - - - - - - - - - ONMALBEEV I YEES A A AW VIS I ENTLSSVORHE- - - - T LENEIP S MNEEK
PbzD_benzobactin - A1_P. chlororaphis subsp. piscium DSM 21509 - - - - - - - - - - RENSAINEsYV YHEE: A A LAV I EDLCAPRRT- - - - - LEBEEE SKEENE-R
PbzD_benzobactin - AZ_P. chlororaphls subsp. piscium DSM 21509 - - - - -L1L Y P NAERNMY C GCHEEE T TN W' vV L HEIDEG QEG G -9QV VR ISEEII - YIEL
430 440 50 50 ajp
Consensus EEE X ¥ X - XM YBNEED E H Qg Vv P X GIM X Yl - S EE Y X X L N - PEELNE:E X
356 a6 376 385 395
GrsA_gramicidin - A_Bacillus brevis P QO N T - Q N DVE N LI@QL K SV G EAINSEE B - CEIFE CINEN-RENE K R P L 5 E
A6 >
Ppb6_02479_glidobactin - A1_Photorhabdus asymbiotica PBES.1 PEM?~2 5 C - E'L FEERED E H L Q@ ¢V P I GV TSN - - V O THEN AL ¥ N PIEL EE - B
GxpS_GameXPeptide - A1_X. budapestensis DSM 16342 PEE A N T - R YREEED T DG OQFV FPFLGMTEREE:'N- G D CEEN CENNEL ¥ R P I T
Xhem_02495_xefoampeptide - A1_X. hominicki DSM 17903 PPF PG I - Q AN DEQLQLVYVY P MG M S KN Y - I8 AV RECENEL G QP i T
PxaA_pyrrolizixenamide - A1_X. hominicki DSM 17903 FEEN N I - 5L R S PHGTROQS I G I AEEENE B - = I G BN R Y N K S L D
XtwA_tilivalline - A_X. hominickl DSM 17903 PEmF LV - NMVEEMD £ENLEICTS DM PEEGENYRBM - = 5 G E 4> D - PEAEL N
X¥shB_benzoxazolinate - A_X. szentirmaii DMS 16338 A LA G A - NMYNEBECDL 5 TcC Qg ELZEADNCVEEEE'B- T E T IEE L N - I D E .
PbzD_benzobactin - A1_P. chlororaphis subsp. piscium DSM 21509 LEEFr C A - QM YNEERED R H C/QQog LA ARCVIEEEEE ' B -'T E T W Vv N - P Bl T B - |
PbzD_benzobactin - A2_P. chlororaphis subsp. piscium DSM 21509 E E NS - A ¥ H A G D WTTDOCPTD W rEEElLNEEE 5 0 V S5 C I G O'PEAL i
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Consensus AMET X - - - - - - X P F X - D ¥ X ¥ X'R XNEEEEGCHEEL ANEEXL P DE
40 408 46

GrsA_gramicidin - A_Bacillus brevis K D - - = = = P FV - - -PFP G EEIL K G OAEE W L 5IDE

Ppb6_02479_glidobactin - A1_Photorhabdus asymbiotica PBES.1 K I"T G K FD S ¢ GRUFVVDASTEGTIR FEER 5 I C CUENLY AMD'EEE T F S Il = ]
GxpS_GameXPeptide - A1_X. budapestensis DSM 16342 33 LT - - - - - -DPFS - NEXKZPUNAIRMNELD G L 'R ¥ L PIDESE N F I a7l O
Xhom_02485_xefoampeptide - A1_X_ hominicki DSM 17903 A AR - - - - - - NPVFAQHSDTD QIR LEER G Q b W L P NESEE ¥ KEl 0
PxaA_pyrrolizixenamide - A1_X. hominicki DSM 17903 K mw - - - - - - DR - - - - - - E QM WEPR G L ABEW L S DHEES DN ¥ DEEEE T B5E 7 O Ma
Xtwa,_tilivalling - A_X, hominicki DSM 17903 3 v - - -=-=-=-=- =91 DIMNGUMNY ER YIEER N Q/ANSE D K FEEN F T LN o N H M C
XsbB_benzexazolinate - A_X, szentirmaii DMS 16338 s - = = = = = = =HPHNVILDETS ST PILOONI G EABEM 5 1L EEE TN IN SHEEE S L Wl
PbzD_benzobactin - A1_P. chlororaphis subsp. piscium DSM 21509 B - = = = = = = =R GNTLUDATSZ PIL(ONE:S G RABEM A A'DESHTANEA I F THE = vV Na
PbzD_benzobactin - AZ_P. chloreraphis subsp. piscium DSM 21509 kN w9 - - - - - -HP - - - -R S G RIRIM R G L GEEY L P NESHEFE BRSNS T DS 7 BE 1O B

520 530 540 550 560
Consensus R R NS X B X MO C RN X T L L E X P CHEMS 0 - X/AW XL X N D BG X X X VEEX AN YIWOS D
436 A48 456 455 478
GrsA_gramicidin - A_Bacillus brevis R EeE H E S I LK HM YNBESIE THEANWI S H KD HOQEUQEP Y c ¥l F sE E
23 A8
Ppb6_02479_glidobactin - &1_Photorhabdus asymbiotica PBES.1 R EESE © G S ALIMMEHADEERQ - C/AW V A C NDSTHNUNEKV ¥V A ¥V WSy -
GxpS_GameXPeptide - A1_X. budapestensis DSM 16342 REA T P REIGMEEENA *» R LW E Y P ABEC G - -fJAAWIVINA L G EG QD EKOENRY AN VIO Q
Xhom_02485 xefoampeptide - A1_X. hominicki DSM 17903 HElH RN ~. pAeema © Vv F/I A A 5 G S - C T A QWM R G EKDRSHIVEINE- - YIRS D
PxaA_pyrrolizixenamide - A1_X, hominicki DSM 17903 REE IEEEANY C 00N 1 7T L E R I P BT Q - A EW L P QKWNUMNUNDTDT YBICOAZY YW TN
XtvA_tilivaliing - A_X, hominicki DSM 17903 R EH ~ K T G HTLRSHP?P EKEMBET D -V IMIME QTN NNET STLTLWNATCHMILSKS
XsbB_benzoxazolinate - A_X. szentirmaii DMS 16338 R e H BERS TRAEENN T S AL E V A GEE@A K A AR TC FTNDTGTS L VEEF I E PIWS D
PbzD_benzobactin - A1_P. chloraraphis subsp. piscium DSM 21509 R HEEAENS Themes 1 T AL Q V P CMAV K A AANCL S NDLGATTL RZNMFTLETLG®R2TPTD
PbzD_benzobactin - A2_P. chlororaphis subsp. piscium DSM 21509 A (LS C AR - Y A E S C P GCHMES R ACAWAL PGP DGHPEQQEMIAL Y YW G E
570 530 590 800 610
Consensus X - 5 - ¥ X X X KEEEE Y HEE S L/RENP D Y M VEN X APV QBN D S INEEEE T X R R A EE
L dne sp 52
GrsA_gramicidin - A_Bacillus brevis K - H - - 1PULEQ Qi F S 5 E E PI T IYOMOTEE 5 Y PRI D K HINEEEETN T el | |
el

Ppb6_02479 glidobactin - A1_Photerhabdus asymbiotica PB68.1 - -8 - - ADTPDI EKENEES YENS L PG HIMMEER AIEWV KemEE T T R K E W
GxpS_GameXPeptide - A1_X. budapestensis DSM 16342 ENE-==-GL A ARNMIIMNE HBIW:S A P DY MVEEY AF VWV E F IEEEW T R E A BW
xhom_02495_xefoampeptide - A1_X, hominicki DSM 17903 I - T-~-L1LNETD SHEENR T QL PID Y MIMEE S LIE WV S5 NEEENE T A VA EE
PxaA_pyrrolizixenamide - A1_X. hominicki DSM 17903 NLS - -F T3 EKHNEEEE IBEL E P DIFMVENL K'EF S moREss T R E A BHE
XtwA_tilivalline - A_X. hominicki DSM 17903 D -5 - -1 5 5 T NEENE FREN S PISIYTMIVESE E RIENT S MMEENE N R W X HEm
XsbB_benzoxazolinate - A_X. szentirmaii DMS 16338 I 2 5 R MDYV V NAMNENE HENG K K P A A QEBEN Q LI Y RN G Y R A BE
PbzD_benzobactin - A1_P. chlororaphis subsp. piscium DSM 21509 L - A - - EV VA XNENE LWL A H P A a CBRGC Q I W T DNEENN G PN T |
PbzD_benzobactin - A2_P. chlororaphis subsp. piscium DSM 21509 - - P - - EL & P & T AT L'ERENE 2'Y M VERE T V Q O INEEEN S N V VoL AN

Figure S2. Multiple-sequence alignment of XsbA-A, PbzD-A1, and PbzD-A: with biochemically characterized A domains by Cluster Omega Alignment.
Conserved core motifs A1-A10 (refl?3]) are highlighted with arrows and GrsA gramicidin was set as a reference sequence. The A4 motifs of XsbA-A
and PbzD-A: lack the conserved aspartate (red rectangle) that typically interacts with the a-NHz of amino acid substrates. The A domain of tilivalline
activates 3-hydroxyanthranilic acid.?8] GrsA (PDB 1AMU) is set as a reference sequence.
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XsbC benzoxazolinate putative acyl-AMP ligase
X. szentirmaii DSM 16338
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Figure S3. Phylogenetic analysis of XsbC and PbzE with representative members of the ANL
superfamily by FastTree2.1.11 (refl27. 28]), XsbhC and PbzE are closely related to NatL2 and BomJ.
scPaaK (NCBI: accessionWP_011031681.1), ttPaaK (NCBI:

MenE (PDB ID: 5BUQ),
WP_172596917.1), and ecPaak (NCBI: CDP76889.1). XsbC and PbzE are highlighted in red.
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1 10 20 30 40 50 60 70 80 Eul

XshC_benzoxazolinate - acyl-AMP ligase_X. szentirmaii DSM 16338 THKQL-HREWL

Natl2_nataxazole - acyl-AMP ligase_Streptomyces sp. Tu6176 . MSRSR----------------- PELGDWS---
Bom) A33853 - acyl-AMP ligase_Streptomyces sp. NRRL12068 . MTR s s s s s e PEIGDWK----
PtmA1_platensimycin - acyl-AMP ligase_Streptomyces platensis MA7327 REFFDPEAETL
PtmA2_ platensimycin - non-andenylating acyl-CoA ligase_Streptomyces platensis MA7327 SNALQHT DDRVNRLAGSL
DItA_lipateichaic acids - D-alanyl carrier protein ligase_Bacillus cereus ATCC 14579 M KEDSDALAHWI
PheA_gramicidin - A_Brevibacillus brevis MVNSSKSILIHAQNKNGTHEEEQYLFAVNNTKAEYPRDK NVKANQLAR I F
100 170 120 130 140
XsbC_benzoxazolinate - acyl-AMP ligase_X. szentirmaii DSM 16338 QCLHQQNEVRAQEILRYVAEHSSFYRK D
Natl2_nataxazole - acyl-AMP ligase_ Streptomyces sp. Tu 6176 SPAELAELQRSQLPRVLAQA-LRSPFYAA Q
Bom]_A33853 - acyl-AMP ligase_Streptomyces sp. NRRL12068 SIEELRGLQERQLPPLLARA-ARSPFYRS Q
PtmA1_platensimycin - acyl-AMP ligase_Streptomyces platensis MA7327 PRERLLARQEARILELVPHVFEHSAFYRE N K
PtmAZ_ platensimycin - non-andenylating acyl-CoA ligase_Streptomyces platensis MA7327 WL GONSFRVYEL | AAAGKLGAMVCVGYWRWAPPEMEFALRDFDPHLVVWQH ARTREALGSDDTAR G
DItA_lipoteichoic acids - D-alanyl carrier protein ligase_Bacillus cereus ATCC 14579 VYGHMQPEMI INFLGCVKAGHAY IPVDLS | PADRVQRIAENSGAKLLLSATAVTVTDL----- P-=-=-=-- VR G
PheA_gramicidin - A_Brevibacillus brevis IMMEKS IDLFIGILAVLKAGGAYVPIDIEYPKERIQY|ILDDSQARMLLTQKHLVHLIH-=-=-~-~- NIQFNGQVE R
[ A3
190 200 210 2?0 230 240 2?0 260 270

XshC_benzoxazolinate - acyl-AMP ligase_X. szentirmaii DSM 16338

NatL2_nataxazole - acyl-AMP ligase_ Streptomyces sp. Tu 6176

Bom]_A33853 - acyl-AMP ligase_Streptomyces sp. NRRL12068

PtmA1_platensimycin - acyl-AMP ligase_Streptomyces platensis MA7327

PtmA2_ platensimycin - non-andenylating acyl-CoA ligase_Streptomyces platensis MA7327
DItA_lipeteichoic acids - D-alanyl carrier protein ligase_Bacillus cereus ATCC 14579
PheA_gramicidin - A_Brevibacillus brevis

280 290 300 330 340 350 360 370

XsbC_benzoxazolinate - acyl-AMP ligase_X. szentirmaii DSM 16338 ICRNLGIPFVRLWPESPRVGLDKAS LAR--LYISLGIDPQKTSVEQIFVLGELCTPEMLLNISRIWNAHC-TH

NatL2_nataxazole - acyl-AMP ligase_ Streptomyces sp. Tu 6176 AGRLRGATVVPGDARSLATPLSRMV LAAAAKAAGLRPDQDFPHLRAMFTAAEPLTEVRRRRLSE IWGGIP-VV

Bom)_A33853 - acyl-AMP ligase_Streptomyces sp. NRRL12068 AARSKGATVVPADSRSYT----~- AV WAAAARAAGLDPTTDFPSLRALFVGGEPLSPARRARIGALWNA-P-VV

PtmA1_platensimycin - acyl-AMP ligase_Streptomyces platensis MA7327 HALGTTVVCVESGPGQMAG----VV LTR--LADRLDLREAFSSLKAAAFAGAPMSRRMREMVQQDWG----- I

PtmAZ2_ platensimycin - non-andenylating acyl-CoA ligase_Streptomyces platensis MA7327 TL LMAGKNV | -VR-RVVAEEVRDL L VRLN-RDTGHDLSRLRATVAPHLWEGMATTDTSRF----TRSGAA-AG

DItA_lipoteichoic acids - D-alanyl carrier protein ligase_Bacillus cereus ATCC 14579 PSLVTGGTLWAID-KDMIARPKDLF CLME-ASFSES---MLPNMKTFLFCGEVLPNEVARKLIERFPKAT-IM

PheA_gramicidin - A_Brevibacillus brevis MALLTGASLYIIL-KDTINDFVKFE LDPE-R-=-=-=-=----- ILSIQTLITAGSATSPSLVN---KWKEKVT-YI
380 390

XshC_benzoxazolinate - acyl-AMP ligase_X. szentirmaii DSM 16338 GLYGSQEA--HAIATGES--KGNL

NatL2_nataxazole - acyl-AMP ligase_ Streptomyces sp. Tu 6176 EEYGSTET--GT | AGQEP --EGRM

BomJ_A33853 - acyl-AMP ligase_Streptomyces sp. NRRL12068 EEYGSTET--GTLAGQEP--EGRL

PtmA1_platensimycin - acyl-AMP ligase_Streptomyces platensis MA7327 ELFEYTSAADTGMAWEEBD-RHDGF

PtmA2_ platensimycin - non-andenylating acyl-CoA ligase_Streptomyces platensis MA7327 RGYGQTEL --SGFAV----- TAAYGGPAAGNAG

DItA_lipoteichoic acids - D-alanyl carrier protein ligase_Bacillus cereus ATCC 14579 NTYGPTEA--TVAVTGIHVTEEVLDQYKSLPVG

PheA_gramicidin - A_Brevibacillus brevis NAYGPTET--TICATTWVATKETIG--HSVPIG

22



510 520 530 540 550
XsbC_benzoxazolinate - acyl-AMP ligase_X. szentirmaii DSM 16338 ILPSSIESTILMAAERVWGYQVTVLETSKGADEME I SMIAHIGGR-5V-----
NatlL2_nataxazole - acyl-AMP ligase_ Streptomyces sp. Tu 6176 VTQQRLEELVFSLPAAYEVMFWRAK-A--HPDVLELEFEAPEPV----RQRAV
Bom)_A33853 - acyl-AMP ligase_Streptomyces sp. NRRL12068 VDQQOVEDLVFGLPAADGVLFWRAR-A--DRDLLHIQVEAREER----AAAVE
PtmA1_platensimycin - acyl-AMP ligase_Streptomyces platensis MA7327 VMLRD IGLAVEDQPECAGGVFQMVR-PQRELSALTVRVGYETAGAGTPPPDLA
PtmA2_ platensimycin - non-andenylating acyl-CoA ligase_Streptomyces platensis MA7327 WH T FPAEVENCI EQHPAVREAAVIGVPNTRWAQDVKAVVVLEPDAG--VSE----
DItA_lipoteichoic acids - D-alanyl carrier protein ligase_Bacillus cereus ATCC 14579 ELEEIEHHLRACSYVEGAV IVP IKKGEKYDYLLAVVVPGEHSF--EKEFKLT
PheA_gramicidin - A_Brevibacillus brevis ELEEVESILLKHMY I SETAVSVHKDHQEQPYLCAYFVSEKHIP--L-=-=---~-

600 610 620 630 640 646

XsbC_benzoxazolinate - acyl-AMP ligase_X. szentirmaii DSM 16338 --ETGAY | SWKHA------ RIRDKRNS-NL
NatlL2_nataxazole - acyl-AMP ligase_ Streptomyces sp. Tu 6176 EALTAQRDILKARYLFAEDEDWDKAVM-YF
Bom)_A33853 - acyl-AMP ligase_Streptomyces sp. NRRL12068 DVLTANPDALKPRGLFGPEENWDQALL-YY
PtmA1_platensimycin - acyl-AMP ligase_Streptomyces platensis MA7327  ERLRKAIHARTGVTP-------------VLELRTEHELL----- AGSSGVGKLT------ RVVRS

PtmA2_ platensimycin - non-andenylating acyl-CoA ligase_Streptomyces platensis MA7327 EYGGGGYP---GAATLGPGR
DItA_lipoteichoic acids - D-alanyl carrier protein ligase_Bacillus cereus ATCC 14579 M EVTALEHH---HHH-H
PheA_gramicidin - A_Brevibacillus brevis TYMIPSYFIQLDKMPLTSNGKIDRKQLPEPDLTFGMR---VDY-EAPRNEIEETLVT IWQDVLGSHHHHHH

Figure S4. Multiple-sequence alignment of XsbC with biochemically characterized acyl-AMP ligases (NatL2, BomJ, and PtmA1l), acyl-CoA ligase
(PtmA2), and A domains (DItA and PheA) by Clustal Omega Alignment. Adenylation domain core motifs A1-A10 (turquoise),i?3 the catalytic lysine
residue (yellow), the Michaelis complex-forming amino acids of the first half (adenylation) reaction (grey), the zinc-binding motif (green), and the
characteristic C-terminal extensions (red).

23



Figure S5. Overlap of a homology model of XsbC with the crystal structure of NatL2 (6SlY). (a)
Superimposed monomers of NatL2 (black) and XsbC (yellow) with an RMSD of 0.6 A over 441 Ca
atoms. (b) Superimposed dimers of NatL2 (chain A, black; chain B, red) and XsbC (chain A, yellow;
chain B, blue) with an RMSD of 0.8 A over 882 Ca atoms.
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Figure S6. Zinc binding motif in XsbC. A tetrahedrally coordinated (Cys263, His269, Cys321, and
Cys323) zinc (Zn?*) is found in the N-terminal domain over 20 A away from the AMP. Zinc binding
and the associated introduced structural rigidity might play a key role in preventing the formation of
the second active conformation, involving rotation of the small C-terminal domain relative to the
large N-terminal domain by a large angle, as much as 140° as observed for bacterial acetyl-CoA
synthetases[?! and 4-chlorobenzoate CoA ligase (4CBL)30,
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Figure S7. Overall structure and binding site of modeled XsbC. The XsbC N-terminal, C-terminal,
and C-terminal extensions are colored yellow, green, and blue, respectively. (a) XsbC monomer
(chain A). AMP is shown as spacefill (van-der-Waals surface). (b) XsbC dimer. The second
monomer is colored red (chain B). Also depicted are AMP (stick representation) bound within the
active site of chain A, and the invariant Lys429 (black stick representation) from the other monomer
(chain B). (c) Active site of XsbC chain A. Lys429 (black) in the C-terminal extension from the other
monomer (chain B, red) is forming a salt bridge with a bound AMP.
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Figure S8. XsbC A8 hinge region. The conserved A domain core motif A8 of chain A (black) is
known to serve as a hinge between the C- (yellow) and N-terminal (green) domains. This hinge
region enables the catalysis of CoA thioester formation. Whereas fatty acyl-AMP ligases (FAALS)
are locked in the ‘closed’ arrangement and are unable to catalyze CoA thioester formation due to
insertion into the hinge. NatL2-like enzymes might be locked in the ‘closed’ conformation, or rather
prevent access of CoA by the C-terminal extension shielding the catalytic center.
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Figure S9. Tandem MS/MS analysis of benzoxazolinate and benzobactins. (a) All detected (ii-vii)
benzobactins feature a diagnostic m/z = 188 fragment ion (grey), indicating the existence of a (i)
benzoxazolinate moiety. Benzobactin C (4), as well as the as-yet-uncharacterized benzobactins-
628 and 1021, share four diagnostic fragment ions (orange) identical to benzobactins A (2) and B
(3), indicating that benzobactins C (4), 628, and 1021 are made up of 2 and/or 3 as structural units.
As determined by HRMS, benzobactin-628 has a HszO unit more than 4. However, the exact
structures of benzobactins-628 and 1021 could not be formulated. The blue diamond indicates the
parent ions (M — H20 + H*). Representative data from three independent experiments are shown.
(b) Proposed formation of benzobactins-628 and 1021. 2-Hydroxymethylserine is symmetrical due
to two identical hydroxymethyl groups, and therefore integrations of the building block, as well as
dimerization and tetramerization, would not bring diastereocisomers to benzobactin compounds,
exemplified by R-3. This is consistent with the observation of no (diastereo)isomers for compounds
2, 3, 4, and benzobactins-628. Therefore, benzobactins-1012 a and b are highly unlikely to be a
pair of stereoisomers. Instead, they are assumed to be structural isomers with a difference in
forming linkages between 2-hydroxymethylserines via ester bond(s) or amide bond(s).
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Figure S10. MS identification of benzobactin C (4) by isotope labeling experiments and MS verification of 2-hydroxymethylserine derived from
glycine as exemplified by benzobactin B (3). (a) Structural elucidation of benzobactin C (4) by MS analyses of the induced Pgap pbzA mutant in (i)
LB, (ii) 3C, and (iii) >N media. A mass shift of 28 Da in (ii) **C medium and that of 4 Da in (ii) ®N medium indicated that 4 has 28 carbons and four
nitrogens. Together with 4 having twice the mass of 3 — H20, 4 as a dimer of 3 via an amide bond linkage can be envisaged, which is also supported
by the diagnostic MS fragment of 305.0768 [M + H]* in 4 (Figure S9). The number of carbon and nitrogen atoms was confirmed by (ii) 3C and (iii)
15N labeling media. (b) MS verification of 2-hydroxymethylserine derived from glycine in the induced Pgap pbzA mutant by isotope labeling and
inverse feeding experiments. Compared to the parent ion in (ii) the 13C medium, a mass shift of (iii) -2 Da in the inverse feeding experiments with
glycine in the 3C medium background indicated the incorporation of a glycine residue into 3. While (iv versus v) no mass shifts were observed in
the inverse feeding experiments with L-serine in >N medium background, a mass shift of (vi) -1 Da in the inverse feeding experiments with glycine
in N medium background indicated the incorporation of a glycine residue into 3. These data confirmed glycine being the original building block of
2-hydroxymethylserine. Arrows, dash lines, and numbers indicate positive mass shifts, while those in light blue indicate negative. The blue diamond
indicates the parent ions (M — H20 + H*). Representative data from three independent experiments are shown.
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Figure S11. Multiple-sequence alignment of PbzB with other glycine/serine hydroxymethyltransferases. (a) Protein sequence similarity analysis of
PbzB, AsmD (QCE20599.1), and FmoH (BAP16692.1) using Geneious Prime Cluster Omega Alignment Blosum45 (threshold = 0) scoring matrix.
(b) Multiple sequence alignment of PbzB with its homologs AsmD, FmoH, XvbB, as well as other structurally characterized glycines/serine
hydroxymethyltransferases. The used serine hydroxymethyltransferases were hits retrieved from a Dali search using the PbzB apo-structure in this
study as the search query. The consensus threshold was set to >85%. The green arrows mark the residues involved in the coordination of the
substrate (glycine or serine) bound to the co-factor PLP thereby either forming the external aldimine PLG or PLS. The lysine residue within conserved
loop 6 (green arrow) forms a Schiff base with PLP. The black arrows highlight the residues involved in the binding of mTHF. The right panel shows
a zoom into the alignment pointing to the difference between the specialized PbzB-type serine hydroxymethyltransferases and other GlyA-type
glycine/serine hydroxymethyltransferases involved in the central metabolism of amino acid biosynthesis.
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Figure S12. Phylogenetic analysis of PbzD-Az with other biochemically characterized A domains
from Xenorhabdus and Photorhabdus strains by FastTree2.1.11 (refl27 28). PbzD-A: (asterisk) falls
into the clade of A domain with cysteine specificity (light blue) and is separate from those with
glycine (orange) or serine (yellow) specificity. The tree is based on protein sequences from core
motifs A4 (234) to A5 (331) which are used to determine substrate specificity. 3
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Figure S13. Purification of PbzB wild-type (WT) and PbzB T68Y H79Y mutant. (a) SDS-PAGE
analysis of PbzB WT and PbzB T68Y H79Y mutant after purification by Ni-NTA. L, cell lysate; S,
supernatant; FT, flow-through; W, wash; E, elution; M, marker. (b) Phenotypes of WT and mutant.
The WT shows a yellowish phenotype that was lost in the mutant. Presumably, correct
binding/positioning of mTHF was hindered in the mutant. (c) SDS-PAGE analysis of the WT and
mutant after purification by size exclusion chromatography. (d) Chromatograms of size exclusion
chromatography of the WT and mutant. The expected size of N-terminal Hise-SUMO-tag PbzB (58
kDa) was indicated by a red triangle. Representative data from three independent experiments are
shown.
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Figure S14. Phylogenetic analysis and multiple-sequence alignment of PbzD-C:1 and Pbzl with
other condensation domains/enzymes from Xenorhabdus and Photorhabdus strains by
FastTree2.1.11 (refl2”. 28]), (a) PbzD-C: (asterisk) falls into the clade of heterocyclization domains
(yellow), while Pbzl (asterisk) and its homologs from benzobactin-related BGCs are separate from
all other condensation domains/enzymes (red). Heterocyclization domains (yellow) catalyze both
peptide bond formation of two amino acids and subsequent intramolecular heterocyclization of
cysteine, serine, or threonine. Starter condensation domains (green) acylate the first amino acid
with a fatty acid or polyketide moiety. “CL condensation domains (dark blue) catalyze a peptide
bond formation between two L-amino acids. Terminal condensation domains (purple) catalyze the
release of the T-domains tethered peptidyl chain. Dual condensation domains (orange) catalyze
both epimerization and condensation. The tree is based on protein sequences of full-length
condensation domains/enzymes. (b) A multiple-sequence alignment shows that Pbzl and its
homologs lack the conserved histidine or aspartic acid in the first and second positions of core motif
C3. Conserved amino acids in the core motif C3 are indicated with shapes of gray.
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Figure S15. IH NMR spectrum of benzoxazolinate (1) in DMSO-ds.
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Figure S16. 13C NMR spectrum of benzoxazolinate (1) in DMSO-ds.
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Figure S17. HSQC spectrum of benzoxazolinate (1) in DMSO-de.
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Figure S18. HMBC spectrum of benzoxazolinate (1) in DMSO-de.
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Figure S19. 'H-1H COSY spectrum of benzoxazolinate (1) in DMSO-de.
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Figure S20. HR-ESI-MS of benzoxazolinate (1).
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Figure S21. 'H NMR spectrum of benzobactin B (3) in DMSO-ds.
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Figure S22. 13C NMR spectrum of benzobactin B (3) in DMSO-ds.
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Figure S23. HSQC spectrum of benzobactin B (3) in DMSO-ds.
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Figure S24. HMBC spectrum of benzobactin B (3) in DMSO-de.
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Figure S26. HR-ESI-MS of benzobactin B (3).
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Hydroxymethylserine - 13 Levels, 13 Levels Used, 13 Points, 13 Points Used, 0 QCs
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Figure S27. Standard curve of 2-hydroxymethylserine for the determination of PbzB kinetics for b-
/L-serine, as well as in vitro assys of PbzB with D-serine and glycine as substrates.
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Figure S28. Standard curve of 2-hydroxymethylserine for in vitro assys of PbzB with L-serine as a
substrate.
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