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DNA constructs for expression of fzm BGC components in E. coli.

The DNA sequences encoding FzmH (WP_053690973.1) and FzmK (WP_159045979.1)
were amplified from the genomic DNA of Streptomyces sp. WM6372 and NRRL F-2747.
The DNA sequences encoding FzmA: WP_030866196.1; FzmF: WP_030866207.1; FzmT:
WP_053690966.1; and FzmU: WP_147420027.1 were codon-optimized for expression in
E. coli, synthesized, and inserted into vector pET-28a via Gibson assembly. This
procedure yielded expression plasmids: pET-28a::*Hiss-FzmA, pET-28a::Hise-FzmH,
pET-28a::Hise-FzmF, pET-28a::Hiss-FzmT, pET-28a::Hise-FzmU and pET-15b::Hise-
FzmK. The gene sequences used in this study are shown below.

fzmH

atgacacggctcgtcgccgagctcgaacgactcggcectcgecgagttcctcgecgacttccccggggactecggtggacce

gccgcecagtgggecgccggcgceccgceggcectcgacggtgagetgegegecctecgecgggttectgetgetcggggage
ccgcggceggcecgaccggctgecgeccgecctcgecggggegcetgeccteectggtcaagageggggtcgegcaccag
cgcggggccgaggtccggctgatcgacgtcagcectgttcecgetcecgecggggtgtggetgttcgcggagecgecgagcece
ccttccecgtacgecactacttcggecgggactcgatcgegcetggeccggegcaccggcettccgggegggggagegggat
cctcgacctgtgctccgggectgggttccaggggcetggtecgecgcacacggeggcgeccgggcecacgcetggtggagcetg
ctgcccgagaccgecgaagtggeccggctcaacgcggagatcaacggggtggecgaccggatcgaggtectegtegg
cgacctgtacgagccgctgccggecggggegcegtecegtacgaccacgtcatcgcgaacatcceccttcctgececgacccte

gcgaccccgggcgaggaggccgcccacgagggcggcgaggacgggttcggegtgggecgecgggtectcgecggg
ctcceeccggceacctgggegegggceggtacggceccatctgaccgegcetcectecctccagggggacgaacagcetcgtcacg
gacggcgaactgcgggcctgggccgcggcgaacgggtacggectgacggtcacgctgaccgagcggatggeggtgg
acgccgactccgacctcgtccagacgacggtgtcggaccacctggagaccgacccgggggccgaccccgaggagct

caccgccgccgccegtcgecgegtacgcgagecgeggggcgacggcecgcccgactggcectatctgecggatcgacgcecg
ggatggccgactttcgtgtcctcgaccgegecgggegggtga

fzmK

atgatcgttgcgatggacggacccgacggcgcgggcaagagcacgcaggtcaagecgggtgcagagetgggecgagg
gccagggcctgtegttccgegtegtcggcaagtggcaggtgttcgaggagtcccaggtgececgcaggeccegcttectgege
ggtaccaccctcgacgaactgcgcgtctgcatcgccgagatgccgaaccecggeccggatgctcttcctcggetggatgaa
caccctggccgccgagcgggeccgcgccgcecgaggcggacctegtecgtecctcgacggcetactgggtcaagcacgegg
ccaccgaactgctcgegggcetgtcccgaggagcetggtggacgcegatcgtccacgccatggeccccggtggacagegteg
tcttcttcgacgtcactcccgaggaggcactgcgccgcaagaagggcegacatcaccccgtacgaatgcgggegggacc
cgcagtgccggccggagagcttcctgaagcaccaggccgecgtccgggacgtcatgetcgactgggecggeccggcege
ggctgggacgtcgtacgggcgaacaccgccgaggceggcggcegcagcagcetgcgcaaactgctggegeccaagcetgg
gcgtcgaggtcaacccccgcecccacggtggccgacccgegcaccgecgcggecgacccgcgceaccgcecgtegtega
cgccccggcegggcecactga



fzmA

atgtgcggaatagcaggatttgctcacactgacgggagcgcgctggcetggttcagcetgatgccatcttacgcgatatggec
cacgccctgagaccacggggtccagatgatatgcagtttcatcatacaggcccagcegtgtatgtcctttacacgtctggcegtt
aattgatccggaaggtggcagacagcctttcattagcgaggacggcaatgtaattttagcggcaaatggggagatatata
actatcgcgaattgaagaaagggttcgaaggccgcgttcgctttcgctctgaatctgactgtgaagtgctgcttcacctgtata
tggaaaaagggctgagttttttggatgatgtacgtggaatgttcggtattgcggttatcgatctgcgggaacagcgccttttact
ggcgcgtgaccgcttaggtattaaaccgctttttattcatcgtaatcgcgatgcagttetgtttggticggaggtgaaagcecttat
ttgcccaccccgactgccctcgtgagetggattgggcgagagcacttgccgaccaaggcectttcatcagccccggttatga
gccacgacgaagcgatgacatggttcgtgggtgtagaccaggttcctgctggggcecattgttgacattagectgegegggg
gcgacacacgcgtccacagatactgggagttgccagctccggctgaagcaggtgggcetgccggaategttttttgtcagat
caatgggagacctgctggctagcagcgttcgggaatgcttaatagcggatgccgagataggcegtctttctgtctggeggatt
ggactcggcagctataacaagtcttgcagcgcataccggtttgcacacatttagtgcattgactggtgccaccgttgtaaata
aagatgcgcaatacgcacgtgaaaccgctgacttacttgggctgccaaatcaccaagtcgcgticggagcggaccgtatt
ccgagtcctgacgagtggcgtcgtctgcetgtggcttatggaaacgcecgctttgcggcccagagceagttttataaatccgaga
tgtatcgctttgcacgcgcggaaagacctgaactgaaagcgatccttttggggageggtgctgatgaattttcagggggata
ttcagtagctctgagcggtgggggcgactgggaagactttgaaggaaatctgcgcacaatggcgcggcgtaaagctcttg
gttcacaatcggcgttaagcgtctggtgggaaggaacggaccttccgttgetgtccgatgacgcggtaggegceatatgege
cgggcgcggtcgatgatccttatggctcatatctggcgtggaagttccgtgacatgcagcagtacaatttctgggtcgagga
ccgcactgcgtccggcaacggggttgaagctegtgtgcctttcctggaccaccgtattattgaacttcttgcgacagttccteg
tgcttatcggaaacggttattctgggataaacaagttatccgtgaagccgtacgtgatatccticcggccgaagtcatatcac
gtcccaaactggctttttatgagggcgaaggggtacgccatacgcatcgtacatttacaagaatgctggcgcagtcaggtg
atgaactggttgagcaagcattgagctcgcctagagcggcgcagtacctggatggtgcaaacatgcatcgtgecgetgegg
agacttgaaagagatcagggcagcggtcatgtagaactgcttcttagagtcgtgaacctgggtattcttgatctgatggeggt
agatgtaccgggctctcgtgcccctaacggccctgctccgtacgaactgegtgtaaccgactttgaaggcgcagaagttca
ggaactttttccgagacagcgtatcgaagaaacgagtgtgtttcgtctggcagaaggtgtgttggtgctggatgacgtaccc
ggagccaataccagctacgtagtcgttgatggtggtattcggttcgtgattgaccacctgacgcatgccgattggctgcggtt
acttagaggcttcgatggccgtcgcecctttgtcagaggctttggatgccaccggatgcgcecctggatgctatgagaccgctg
cttgatggctctttggaagctggtctgctigaaagtgtggatgcacctgaaaaa

fzmF

atgcggcgggtcttgattgctaatagaggggccattgcagctcgcgcagceggatacttttcgcagcectgggatggagteceg
attgctgttgtcgcatcttcggacccgcagcegtctgcatgcgctggcageggatggatgcgagtatctggagggegagggt
ctggcacaaacatacgatcatgcaggtcgtatcgtggaggccgcegeggcegttgtggcgcagacgcagtgtacccgggct
atggtgcgttggctgaagatcccgaactgccagagcetgcettgcageccgecggtattgectttgtcgggccgaccgcagaa
gttttagccgcecgctcgtgacaaagatcatgcggtcgctaccgcggatagacttggectgecggttttaccccacgegacc
gggcatgagcgcatcgctaaattagttgctgacatcggtctgccggttatcttaaaaccggtgactggtigcggaggtttagg
tgtgagaatcgcgcgcaccgaatctgaagcagaacgtgctcttgctttgattggtgctgacgaaggcggecggcegatgaag
gtggaggcggggaaggttggtatgcagaacggtatgttgaacatggcgccegttgtgggagttacggtagecgtagacgce
ggcagcaacagttcatccgctgggtgaacgggaatccctgcettgtggacggttcaatgaaattactggaagcaagtccegt
gcgtggtgtggccccagaattggtagaacgcatgcgtgtcgacacagcccgtttggtgacaggtatgggtttgecgtgggatt
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gcaaccgttgagtttatagtcggctcgggctccggtagtggatccggaagecgatgcaggecggtggagggeggcegtcact
ggttccttgaagtaaacggccgccttcccctggcatatcgcatgtgtgaggctcagaccggcectggacgttgttgcacttcag
atggagttagctagaggcgcacttccggcgccgggtcgcatcegtgtagatcgggatgcacattgtatggaagcgcegcttg
ttcattggaccagctgcgggtggagcectcaggtagaattacggctcttgaattagcaccggaacctggtgtcacttataattg
cgcgcttgatgttcgctctccggtggtgticgataatattgtcactcaggtgttggcacttggcggaagccggggtgcagecg
ctggtgcagtgttacgggcagtagaaggttcaggtgtatctggtgttggtacgtgcgctgaggagattgeggtgtggetgegt
ggcagcggtcttgtcccggageggcettggctcccaggcattaggagtttaa

fzmT

atgccgctggatgaaccaccgctgggcaaagacgtgcaggttggecccgggcetcagttgeccagectgecgetgaacgtga
aaatccgcaaccaccgcggcaccaccgtggttggcggctatgagcatttctttgagctgacggcectctgecggegceatatct

ggcgccagattgacggcaaacgcacggtgagcgatatcgcggcgctgatigcccaggagtacgacatcgaccaggaa
agcgtggttcaggacatcgttgaactgtttaccgaactggcgcagcacgatgtggtgaacatcgatcagggtgacagcecg
cggctga

fzmU

atgacttatgataccagtggtgtgattgctgaactgaaaagccgtaacctgctgccggatgcctatgaaacggttttitgccag
cggctcgctgatcegtggetggggcaacccgacaagcgatctggatgtgcatgtggtcaccecgegatgtgtggaccage

accattgatgagaccaaccacgttgcgctggagccgaacaccctgcagtatgaaggcacctttgttgatggccgecgcetg
ggatgttgaatactggacagccagccagattgaacaggtgctgagcaaagtgagccaggagcagtttgccgatggecg

cggcacctggcgcaccctgagctaccacgagattgecgctgetggagcegtctgecgtatgcggeggeggceagatgacggt
gcgtggctggaaggcacccgtaaacgcctggecggcegtcggegcaccgcagegtgctgattgtcaacagectgaaacag
gcggacagctacaccgaagatgcggcgggtcagattgcccgcggtgacctgtacagcgcggtgattgccaccaagaa

cgcctttaaccactcggttgatgcgctgcaggccagectgggcecagtticggcagectgtggccgaaatggegegegcegte
gcatggaaatcctggatccggatgtgctgccgticgatgcctattgggcgattgaaacgatgecgcagctttgatccggacca
tccgcgcaaatgggttgaagaaacggtggceggtctgccagegtattagcatggaagttagegtttaa



Supplementary Table 1. Primers used for KLENOW fragment extension.

Primer

Sequence

T7-RBS-Fzm-FP

ggcgtaatacgactcactatagggttaactttaacaaggagaaaaacatgaaagtgtacgtgaa

accagaagcaaagaaagt

Fzm-RP_A attatcatgcaactgccgctacgatcgtaccctggtctactttctttgcttctggtttca
Fzm-RP_C attatcagcaaactgccgctacgatcgtaccctggtctactttctttgcttctggttica
Fzm-RP_D attatcaatcaactgccgctacgatcgtaccctggtctactttctttgcttctggtttca
Fzm-RP_E attatcactcaactgccgctacgatcgtaccctggtctactttctttgcttctggtttca
Fzm-RP_F attatcagaaaactgccgctacgatcgtaccctggtctactttctttgcttctggttica
Fzm-RP_G attatcacccaactgccgctacgatcgtaccctggtctactttctttgcettctggtttca
Fzm-RP_H attatcagtgaactgccgctacgatcgtaccctggtctactttctttgcttctggttica
Fzm-RP_| attatcaaataactgccgctacgatcgtaccctggtctactttctttgcttctggttica
Fzm-RP_K attatcatttaactgccgctacgatcgtaccctggtctactttctttgcttctggtttca
Fzm-RP_L attatcacagaactgccgctacgatcgtaccctggtctactttctttgcttctggtttca
Fzm-RP_M attatcacataactgccgctacgatcgtaccctggtctactttctttgcttctggtttca
Fzm-RP_N attatcaattaactgccgctacgatcgtaccctggtctactttctttgcttctggtttca
Fzm-RP_P attatcaaggaactgccgctacgatcgtaccctggtctactttctttgcttctggttica
Fzm-RP_Q attatcattgaactgccgctacgatcgtaccctggtctactttctttgcttctggtttca
Fzm-RP_R attatcaacgaactgccgctacgatcgtaccctggtctactttctttgcttctggtttca
Fzm-RP_S attatcacgaaactgccgctacgatcgtaccctggtctactttctttgcttctggttica
Fzm-RP_T attatcaggtaactgccgctacgatcgtaccctggtctactttctttgcttctggttica
Fzm-RP_V attatcacacaactgccgctacgatcgtaccctggtctactttctttgcttctggtttca
Fzm-RP_W attatcaccaaactgccgctacgatcgtaccctggtctactttctttgcttctggtttca
Fzm-RP_Y attatcaataaactgccgctacgatcgtaccctggtctactttctttgcttctggttica
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ADO54221.1/1-22
AGZ93757.1/1-22
AGZ93896.1/1-22
ANP49529.1/1-22
AYG79803.1/1-22
BAA21593.1/1-22
CAB16028.2/1-22
GGR38343.1/1-22
GIH10809.1/1-22
KOG32603.1/1-22
KPI00286.1/1-22
KQY55345.1/1-22
KUL21339.1/1-22
KUL39710.1/1-22
KYG55628.1/1-22
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QUP908ES. /122 W . WP_362630828.1/1-22
QNN28523.1/1.22 T T WP_469626703.1/1-22
QNQ37267.1/1-22 RGTA. WP_365051247.1/1-22
QNT92172.1/1-22 MTLA. WP 328620748.1/1-22
QOV36587. 1/1-22 KAVV. WF_406512493.1/1-22

REJ07941.1/1-22

RGD62196.1/1-22
RKR91078.1/1-22
ROP30675.1/1-22
RPF41840.1/1-22
RRQ88073.1/1-22
SCF41649.1/1-22
SDG83508.1/1-22
SEE72664.1/1-22
SNR53920.1/1-22

SNR53920.1(2)/1-22

SNT56090.1/1-22
TGZ13537.1/1-22
THA38476.1/1-22
THA51700.1/1-22
TQMO00544.1/1-22
WNX00091.1/1-22
WTQ67142.1/1-22
WTU33488.1/1-22
WTV65813.1/1-22
WTX75495.1/1-22
WTX77900.1/1-22
WTZ83397.1/1-22
XDQ38701.1/1-22
XDV64903.1/1-22
MBB5356415.1/1-22
MBK5975445.1/1-22
MBA9056909.1/1-22
MBB4739044.1/1-22
MBB5792937.1/1-22
MBT2363966.1/1-22
MPY38616.1/1-22
MYR86661.1/1-22
MYUG4884.1/1-22
MYW46909.1/1-22
MYX95543.1/1-22
NEB89596.1/1-22
NEB98726.1/1-22
NWF29768.1/1-22
MBT2470445.1/1-22
NEA49359.1/1-22
MBT2395735.1/1-22
MDI5967922.1/1-21

PR-LE.RRM ] -H- -

PE AAVR -

PVSQSTMLRNTYV -
REGTA-
ILMTLA -
AAVR -
KVDF SRVMMNNR -
KVDSNAVLRSRT -
FELRRAVAAGGH - -
KVDQ!
KVDQ!

TQ RGTA-
K1 DFNRVMMNNR -
K/l DF NRVMMNNR -
sVKQ VSMT -
KVVF TNVA-
PEAKKVDQ AAVR -

PRIF ELRRAVIAGGH - -

PTKETVSQ
PEAKKVDQ

WP_400355631.1/1-22
WP_397003009.1/1-22
WP_325158269.1/1-22
WP_189757769.1/1-22
WP_359420959.1/1-22
WP_269659457.1/1-22
WP_392118322.1/1-22
WP_398564729.1/1-22
WP_374774481.1/1-22
WP_453497074.1/1-22
WP_385721184.1/1-22
WP_326589721.1/1-22
WP_385156153.1/1-22
WP_468137813.1/1-22
WP_053787804.1/1-22

WP_399247614.1/1-22
WP_467945477.1/1-22
WP_327362052.1/1-22
WP_405701621.1/1-22
WP_266627040.1/1-22
WSsWeé1002.1/1-22
WP_468200490.1/1-22
WP_366857495.1/1-22
WP_468433357.1/1-22
WP_385841356.1/1-22
WP_452940308.1/1-22
WP_468278143.1/1-22
WP_361097290.1/1-22
WP_360632267.1/1-22
WP_385675826.1/1-22
WP_404236702.1/1-22
AGZ93896.1/1-22
WP_078988436.1/1-22
WP_403733441.1/1-22
WSV98350.1/1-22
WP_406183887.1/1-22
WP_030152762.1/1-22
WP_387282532.1/1-22
WP_385573699.1/1-22
WP_030866196.1/1-22
WP_384704688.1/1-22
WP_390909215.1/1-22
WSI25575.1/1-22
WP_327132972.1/1-22
WP_390787583.1/1-22
WP_390705274.1/1-22
WP_351774926.1/1-22
WP_398233682.1/1-22
WP_229337554.1/1-22
WP_399488531.1/1-22
WP_363124932.1/1-22
WP_366101372.1/1-22
WP_385835860.1/1-22
WP_385467747.1/1-22
WP_389383279.1/1-22
WP_453609851.1/1-22
WP_383354641.1/1-22
WP_383339429.1/1-22
WP_383500099.1/1-22
WP_389009915.1/1-22
WP_189130089.1/1-22
WP_382584024.1/1-22
WP_388486614.1/1-22
WP_315904234.1/1-22
WP_388725246.1/1-22
MCT9088907.1/1-22
WP_469398525.1/1-22
WP_388412452.1/1-22
WP_384899251.1/1-22
WP_345257781.1/1-22
WP_100573255.1/1-22
WP_450802210.1/1-22
WP_159030201.1/1-22
WP_450866825.1/1-22
WP_384494447.1/1-22
WP_376209087.1/1-22
WP_388786161.1/1-22

44444444444 dddddc<cc<c<c<cc<<c<<<<<<<<<<<<<<<cc<cs<o—Aod"AAdd A A - ——————— — — — — — — — ——— — — — 4 4 444 44 44— —x o —-

Supplementary Figure 2. (A) Multiple sequence alignment of 72 precursor peptides identified
from the genome neighborhood of AS-like enzymes from cluster 58 in the SSN. (B) Multiple
sequence alignment of the 90 precursor peptides identified from homologous fzm BGCs. In both
panels, accession numbers of the AS-like enzymes are provided, followed by the peptide length.
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Streptomyces sp. XY332 Streptomyces sp.WM6372

(NZ_LGHN01000164.1) (NZ_LGDB01000184.1)
20.2kb 20.4 kb
Streptomyces cinnabarinus strain DSM 40467 Streptomyces eurythermus strain NPDC015001
(NZ_CP114413.1) (NZ_JBIBVU010000019.1)
17.3 kb 13.9 kb
721% 69.7 % 1kb
B Nucleotidyl transferase O RRe [ Asparagine Synthetase B Regulator

Supplementary Figure 3. Selected segments of the homologous fzm BGCs from two native
fosfazinomycin producing strains Streptomyces sp. XY332 and Streptomyces sp. WM6372, and
two other uncharacterized strains highlighting the conservation of a gene pair encoding an RRE
and a nucleotidyl transferase. For the two uncharacterized strains, the identity of the FzmA
homolog to FzmA from Streptomyces sp. NRRL F-2747 is provided for reference.
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Supplementary Figure 4. (A) HRMS and (B) MS/MS analysis of chemically synthesized FzmZ
(top) and FzmZ-NHNH: (bottom). Annotation of the tandem mass spectrum was performed using
the interactive peptide spectral annotator?.
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Supplementary Figure 5. MS/MS analysis of the products when FzmZ or FzmZ-NHNH- peptides
were reacted with modifying enzymes: (A) FzmZ with FzmA; (B) FzmZ with FzmA and FzmH
(FzmAH); (C) FzmZ-NHNH_with FzmH and (D) FzmZ-NHNH, with FzmHFKTU. Annotation of the
tandem mass spectrum was performed using the interactive peptide spectral annotator?. The
modifications introduced to the C-terminal carboxylate of the Arg residue are labelled as colored
ellipses with the masses labelled. In Figure D, “-Pn” represents the loss of the Me-HPnA moiety
(-152 Da).
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Supplementary Figure 6. The structures of substrate analogs that were previously used to test
the methylation activities of FzmH?3. Methylation on the terminal nitrogen was observed only when
the three compounds highlighted in the box were incubated with FzmH and SAM.
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Supplementary Figure 7. (A) 'H and (B) "*C NMR spectra (taken in D,O) of Me-HPnA-PPi. In
(A), the peak of the methine proton is very close to the water peak; see Supplementary Fig. 8B.
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Supplementary Figure 8. (A) *'P and (B) 'H-*'P HMBC NMR spectra (taken in D;O) of Me-

HPnA-PPI.
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Supplementary Figure 9. FzmF produces Me-HPnA-Pi. 3'P NMR analysis (taken in ~ 6% de-
DMSO in H20) of the FzmF reaction with Me-HPnA in the presence of ATP and Mg?*. The reaction
mixture was also spiked with ADP and AMP in NaPi buffer. The peak of AMP is highlighted in
orange, the peaks of ADP are highlighted in blue, the peaks of ATP are highlighted in purple, and
the peaks from the Me-HPnA-Pi product are highlighted in yellow.
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Supplementary Figure 10. (A) LC-HRMS analysis of synthetic fosfazinomycin B and epi-
fosfazinomycin B (calculated mass: [M+H]" 355.1489) as well as fosfazinomycin B produced by
LysC and aminopeptidase | digestion of the enzymatically prepared FzmZ-fosB peptide. (B)
MS/MS analysis of the synthetic fosfazinomycin B standard (the isomer eluted at ~3.5 min) as
well as fosfazinomycin B produced from digestion of the FzmZ-fosB peptide. (C) Proposed
fragmentation pathway of fosfazinomycin B with assigned ions.
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Supplementary Figure 11. LC-MS analysis of LysC and aminopeptidase | digestion of FzmZ-
fosB peptide. Only the production of fosfazinomycin B (calculated mass: [M+H]* 355.1489) but
not fosfazinomycin A (calculated mass: [M+H]" 454.2174) was observed.
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Supplementary Figure 12. (A) The sequential phosphorylations of fosfomycin catalyzed by
FomAB. (B) The fosfomycin BGC from Streptomyces fradiae*. An uncharacterized homolog of
FzmU (42% identity), FomU, is encoded adjacent to the characterized fosfomycin BGC. In
previous sequences of the fosfomycin BGC, an ORF on the opposite strand was annotated.
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Supplementary Figure 13. Cytidydylation of phosphonic acid as an activation mechanism for
phosphonate ligations during the biosynthesis of phosphonate natural products®”’.
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Supplementary Figure 14. SDS-PAGE of proteins used in this study: Hise-FzmT (13.9 kDa),
Hise-FzmU (31.4 kDa), Hise-FzmK (28.4 kDa), Hiss-FzmF (48.1 kDa), Hise-FzmH (38.7 kDa) and
CHiss-FzmA (82.4 kDa).
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