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Abstract

Darobactin A is a ribosomally synthesized, post-translationally modified peptide (RiPP) with
potent and broad-spectrum anti-Gram-negative antibiotic activity. The structure of darobactin A is
characterized by an ether and C—C crosslinking. However, the specific mechanism of the crosslink
formation, especially the ether crosslink, remains elusive. Here, using in vitro enzyme assays, we
demonstrate that both crosslinks are formed by the DarE radical S-adenosylmethionine (SAM)
enzyme in an O,-dependent manner. The relevance of the observed activity to darobactin A
biosynthesis was demonstrated by proteolytic transformation of the DarE product into darobactin
A. Furthermore, DarE assays in the presence of 180, or [180]water demonstrated that the oxygen
of the ether crosslink originates from O, and not from water. These results demonstrate that

DarE is a radical SAM enzyme that uses oxygen as a co-substrate in its physiologically relevant
function. Since radical SAM enzymes are generally considered to function under anaerobic
environments, the discovery of a radical SAM oxygenase represents a significant change in the
paradigm and suggests that these radical SAM enzymes function in aerobic cells. Also, the study
revealed that DarE catalyzes the formation of three distinct modifications on DarA, ether and
C-C crosslinks and a,B-desaturation. Based on these observations, possible mechanisms of the
DarE-catalyzed reactions are discussed.

Graphical Abstract
DarA — v WNWSKSF —

Darobactin A

INTRODUCTION

The bicyclic heptapeptide darobactin A is a ribosomally synthesized, post-translationally
modified peptide (RiPP) with antibiotic activities against diverse sets of Gram-negative
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bacteria including many clinically important pathogens.! Darobactin A exhibits its antibiotic
activity by inhibiting BamA, a protein in the Bam complex responsible for the assembly of
proteins in the outer membrane of Gram-negative bacteria.l:2 Darobactin A has a rigid
Bstrand conformation through the ether and C-C crosslinks on the heptapeptide core
structure (W1-N2-W3-S4-K5-S8—F7 see Figure 1 for the structure), which mimics the
recognition signal of native substrates and blocks the open lateral gate of BamA.2 However,
the mechanism by which this unique and biologically important bicyclic structure is formed
remains unknown.

The darobactin biosynthetic gene cluster (BGC) consists of the precursor peptide-encoding
aarA, the transporter genes darBCD, and a radical S-adenosyl-L-methionine (SAM) enzyme
gene darE (Figure 1a). Earlier studies have established that the co-expression of DarA

and DarE is sufficient for the production of darobactin A in Escherichia col3* (Figure

1b). Radical SAM enzymes form a large enzyme superfamily® and catalyze various radical-
mediated reactions.® These enzymes harbor an oxygen-sensitive 4Fe—4S cluster to catalyze
the reductive cleavage of SAM to transiently generate the 5’ -deoxyadenosy! radical (5'-dA")
that then in most cases abstracts a H atom from the substrate or, in other cases, adds to

the substrate to carry out various radical reactions. Since the 4Fe—4S clusters of radical
SAM enzymes are oxygen-sensitive, characterization of these enzymes has been performed
under strictly anaerobic conditions, and it has been largely assumed that these enzymes must
function in the absence of oxygen. So far, no radical SAM enzymes have been reported to
have physiological functions that require molecular oxygen as the co-substrate.

In the past decade, many radical SAM enzymes have been identified to be responsible for
the maturation of RiPPs. In particular, radical SAM enzymes in the SPASM subfamily,’
characterized by the presence of auxiliary 4Fe-4S clusters (AUX) in addition to the
canonical radical SAM 4Fe—-4S cluster, were reported to catalyze the formation of various
crosslinks during RiPP biosynthesis. Such crosslinks include C—C bonds between aromatic
and aliphatic carbons,8 thioethers via a Cys residue,19 and an ether via Thr alcohol.11
However, all of these reported crosslinks utilize functional groups already available in the
precursor peptides. In contrast, the ether ring in darobactin A is unique in that the oxygen
atom of the ether must be post-translationally installed. The origin of this oxygen atom and
the mechanism of its installation remain ambiguous.

Recently, when this manuscript was in preparation, Guo et al. reported in vitro
characterization of Photorhabaus khanii DarE with an N-terminal His-tag.12 The authors
reported the formation of DarA with an ether crosslink without the C—C crosslink as the
major product and proposed water as the source of the ether oxygen. However, no evidence
was provided for whether such a compound may be converted into darobactin A, and hence,
the biological relevance of this observation remained unclear.

Here, we report the successful in vitro reconstitution of darobactin A biosynthesis.
Importantly, our 180-labeling study provides strong evidence that the oxygen atom of the
ether crosslink is derived from molecular oxygen and not from water, making DarE the
first radical SAM oxygenase. These results extend the repertoire of the reactions catalyzed
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by radical SAM enzymes and provide the evidence for their function under an aerobic
environment.

MATERIALS AND METHODS

General.

Sodium dithionite (SDT) was purchased from Sigma-Aldrich. S-Mercaptoethanol (SME)
was obtained from Calbiochem. Dithiothreitol (DTT) was obtained from Amresco. G-25
Sephadex resin was obtained from GE Healthcare. Ni-NTA agarose resin was obtained from
Qiagen. Strep-Tactin XT 4Flow high-capacity resin was obtained from IBA LifeSciences.
E. coliDH5a and BL21(DE3) competent cells were obtained from Invitrogen. All
anaerobic experiments were carried out in an MBRAUN glovebox maintained at 10

+ 2 °C with an O, concentration of <0.1 ppm. All anaerobic buffers were degassed

on a Schlenk line and equilibrated in the glovebox overnight. All plastic devices were
evacuated in the antechamber of the glovebox overnight before use. All high-performance
liquid chromatography (HPLC) experiments were performed on a Hitachi L-2130 pump
equipped with an L-2455 diode array detector, an L-2485 fluorescence detector, an

L-2200 autosampler, and an L-2300 column oven maintained at 40 °C. UV-vis absorption
spectra were determined using a U-3900 UV-vis ratio recording double-beam spectrometer
(Hitachi). All mass spectra were recorded on a 6224 accurate-mass time-of-flight mass
spectrometer (Agilent) equipped with a Dual ESI source, and accurate mass data were
obtained by internal calibration using a secondary nebulizer to continuously deliver the
reference solution. Liquid chromatography mass spectrometry (LC-MS) analysis was
conducted on a 6224 TOF LC/MS system equipped with a Phenomenex Kinetex C18

EVO column (3 x 100 mm, 2.6 um particle), monitored by a diode array detector (254

nm). Chromatography was performed with the flow rate of 0.5 mL/min using solvents A
(H20/MeOH/formic acid = 100:3:0.3) and B (H,O/MeCN/formic acid = 3:100:0.3) and the
following gradient conditions: 100% A isocratic between 0 and 0.5 min and 0-50% B linear
gradient between 0.5 and 8 min.

Heterologous Production of Darobactin A.

The Pseudoalteromonas luteoviolacea darA and darE genes were codon optimized for £.
coliusing the Java Codon Adjustment Tool (jCAT),13 and the resulting sequences were
synthesized by Eurofins Genomics (Eberswalde, Germany). The resulting synthetic darA
and darE genes were PCR amplified using the primer pairs darA-f/darA-r and darE-f/darE-r
(Table S1) using Q5 polymerase (NEB Biolabs, New Brunswick, USA) according to the
manufacturer’s manual. All PCR products were gel purified using 1 or 2% TAE agarose
gels, and DNA was recovered using the Zymo Research Large Fragment DNA Recovery
Kit (Zymo Research, USA) according to the manufacturer’s manual. An empty pRSFduet-1
plasmid (Novagen) was digested using Ndel/Aval. All fragments were assembled using a
homemade isothermal assembly master mix,14 and the assembled plasmids were transferred
to £. coli Top10 using the standard electroporation methodology and selected on LBkgp.
The identity of the plasmids was corroborated by test restriction. The correctly assembled
plasmid was transferred to £. coliBapl and E. coli Bapl harboring pGro7 (Takara) by
electroporation. £. coli Bapl + pRSFduet-1 (empty vector) was used as a negative control.
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For heterologous Darobactin production, 20 mL of LBkgn Was inoculated with an overnight
preculture of £. coliBapl + pRSFduet-1, £. coliBapl + pRSF-darAEps of £. coli

Bapl + pRSF-darAEps. + pGro7 (Takara) cells, and the cultures were incubated at 30

°C to an ODgqg of ~0.5. Transcription was induced by the addition of isopropyl p-D-1-
thiogalactopyranoside (IPTG) to a 1 mM final concentration. After 3 days of cultivation,
0.5 mL of the culture was separated into the supernatant and pellet by centrifugation, and
the cleared supernatant was applied to self-packed C18 stage tips. The stage tips were
washed using ddH»0, the material was eluted in 50 wL of 80:20 MeCN/H,0, and 5 /L of
the concentrated supernatants were analyzed by LC-MS using a 20 pg/mL darobactin A
solution as the standard.

Expression and Purification of PIDarA.

The P luteoviolacea darA gene with the Hisg- and SUMO-tags fused at its 5"-end was
synthesized using Genscript with the codon usage optimized for £. coliand cloned into the
Ncol-BamH| site of pET16b (pET16b-SUMO-P/DarA). PDarA was then expressed in £.
coli BL21(DE3) cells harboring pET16b-SUMO-P/DarA and pGro7. The E. coli cells were
grown in LB medium (50 mL) with 100 mg/L ampicillin and 30 mg/L chloramphenicol and
incubated at 37 °C, 220 rpm overnight until saturation. An aliquot (30 mL) of the overnight
culture then was used to inoculate 1.5 L of LB medium with the same antibiotics, which
was grown at 37 °C, 220 rpm until ODggg = 0.6-0.8. Protein expression was induced with
60 mg/L IPTG, and the culture was incubated at 18 °C, 220 rpm for 20 h. The cells were
harvested by centrifugation, washed with buffer A (50 mM Tris—HCI pH 7.6, 150 mM NacCl,
10% vl/v glycerol), frozen with liquid nitrogen, and stored at —20 °C. Approximately 6.1 g of
the wet cell paste was obtained per liter of the culture.

SUMO-PIDarA Purification.

In a typical purification, 20 g of the cell pellet was suspended and homogenized in 80 mL
of buffer A supplemented with 5 mM B-ME and 0.8 mL of a protease inhibitor cocktail
(100X ProteaseArrest, G-Biosciences). The cell suspension was lysed by two passages
through a French pressure cell operating at 14,000 psi. The resulting lysate was cleared

by centrifugation (20,000x g, 20 min, 4 °C). The supernatant was incubated with Ni-NTA
agarose resin (Qiagen, 10 mL equilibrated in buffer A containing 20 mM imidazole and 1.0
4 benzonase/30 mL supernatant) for 1 h. The resin was washed with 10 volumes of buffer
A with 20 mM imidazole and 3 mM B-ME, and the protein was eluted with buffer A with
400 mM imidazole and 3 mM B-ME. Fractions containing SUMO-P/DarA were exchanged
into buffer A using a Sephadex G-25 column. The concentration of SUMO-P/DarA was
determined by the Bradford assay using bovine serum albumin (BSA) as a standard. The
resultant protein solution was frozen in liquid N, and stored at =80 °C. Typically, 14 mg

of SUMO-P/DarA was prepared from each gram of the wet cell paste. The SUMO tag of
SUMO-PDarA (100 mg) was cleaved by SUMO-protease (0.3 mg) at 0 °C for 1 h. The
resulting solution was passed through Ni-NTA agarose resin (10 ml equilibrated in distilled
water). The protein was eluted with distilled water. Fractions containing P/DarA were
brought into an mBraun anaerobic glovebox ([O,] < 0.1 ppm) and exchanged into anaerobic
water using a Sephadex G-25 column. The concentration of A/DarA was determined by
HPLC.
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Expression of His-PIDarE.

pRSF-His-P/DarE was created by amplifying darEpse using the primers his-darE-f/his-darE-
r (Table S1) using Q5 polymerase (NEB) according to the manufacturer’s manual. The
amplified gene was gel purified using 1% TAE agarose gels and the ZymoResearch

Large Fragment DNA Recovery Kit according to the manufacturer’s manual. The purified
fragment was then digested with BamH1/Sall and cloned into the corresponding site of
pRSFduet-1. Both fragments were fused using a homemade isothermal assembly master
mix, 14 transferred to £. coli Top10 using the standard electroporation methodology, and
selected on LBkan. The correct assembly was verified by sequencing, and the plasmid

was designated as pRSF-His-PDarE. To express His-PDarE, E. coli Bapl cells were
transformed with pRSF-His-P/DarE and pGro7. The resulting transformant was grown in LB
medium (50 mL) with 50 mg/L kanamycin and 30 mg/L chloramphenicol and incubated at
37 °C, 220 rpm overnight until saturation. An aliquot (30 mL) of the overnight culture was
then used to inoculate 1.5 L of terrific broth containing 50 mg/L cysteine, 30 mg/L iron(l11),
and 0.5 g/L L-arabinose with the same antibiotics, which was grown at 37 °C, 220 rpm

until ODgg = 0.6-0.8. Protein expression was induced with 60 mg/L IPTG, and the culture
was incubated at 18 °C, 220 rpm for 20 h. The cells were harvested by centrifugation,
washed with buffer A (50 mM Tris pH 7.6, 150 mM NaCl, 10% glycerol), frozen with liquid
nitrogen, and stored at =20 °C. Approximately 22 g of the wet cell paste was obtained per
liter of the culture.

Purification of His-PlDarE.

His-P/DarE was anaerobically purified typically from 10-30 g of the cell paste of £.

coli BAP1 harboring pRSF-His-PDarE. The cell pellet was brought into an mBraun
anaerobic glovebox ([O5] < 0.1 ppm). Then, each gram of the cell pellet was suspended
and homogenized in 4 mL of anaerobic buffer A supplemented with 5 mM S-ME. The cell
suspension was brought out of the glovebox and lysed by two passages through a French
pressure cell operating at 14,000 psi under a constant Ar flow. The resulting lysate was
cleared by centrifugation (20,000x g, 20 min, 4 °C) using centrifugal tubes filled with Ar
gas and brought back to the glovebox. All subsequent purification steps were carried out
under strict anaerobic conditions in the glovebox ([O,] < 0.1 ppm) maintained at 10 °C.
The dark brown-colored supernatant was incubated with Ni-NTA agarose resin (Qiagen,
20 mL equilibrated in buffer A containing 40 mM imidazole and 1.0 41 benzonase/30

mL supernatant) for 1 h. The resin was washed with 10 volumes of buffer A with 20

mM imidazole and 3 mM B-ME, and the protein was eluted with buffer A with 400

mM imidazole and 3 mM gB-ME. Fractions containing dark brown-colored His-~/DarE
were exchanged into buffer A using a Sephadex G-25 column. The concentration of His-
PDarE was determined by the Bradford assay using BSA as a standard. The amounts of
Fe2*/3* were quantified by the following published protocols.1® Typically, the preparation
yielded His-PDarE with 4.0 £ 0.8 Fe per monomer. The resulting purified His-PDarEwas
immediately used for anaerobic reconstitution carried out at 10 °C by a slow addition of
8-12 equiv Fe!'(NH,)2(SO4), and Na,S per His-P/DarE monomer over the course of 10
min. The amounts of Fe!'/(NH,),(SO4)» and Na,S were adjusted based on the amounts of
Fe2*/3+ associated with the as-isolated His-~/DarE. The resulting mixture was incubated for
60 min at 10 °C. The protein was then desalted using a Sephadex G-25 column equilibrated
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with buffer A. The amounts of Fe and sulfide were determined by the ferrozine assay.1® The
resultant protein solution was frozen in liquid N5 and stored at =80 °C. Typically, 0.8 mg of
His-P/DarE was prepared from each gram of the wet cell paste.

Expression and Purification of Untagged PIDarE.

The Twin-strep 1l tag and the Factor Xa cleavage site (MASAWSHPQ-
FEKGGGSGGGSGGSAWSHPQFEKSGIEGR) were introduced to the 5’-end of the codon
optimized P, Juteoviolacea darE gene by PCR. The pRSF-His-P/Dark plasmid was amplified
using a primer pair pRSF-strep-DarE-f/r (Table S1) and ligated with a strep-f/r oligo pair
(Table S1) using the InFusion kit (Takara). The resulting plasmid pRSF-Strep-P/DarkE

was then used as a template to amplify the Strep-P/DarE gene using a primer pair pET-
strep-PDarE-f/r (Table S1). The resulting PCR products were digested with Ndel and
Himd1ll and introduced into the corresponding site of pET30b to yield pET30-Strep-P/DarE.
Strep-P/DarE was expressed in an identical way to His-P/DarE using E. coli Bapl with
PET30-Strep-P/DarE and pGro7. Approximately 6.9 g of the wet cell paste was obtained
per liter of the culture. To purify Strep-P/DarE, the E. coli cells were lysed in the same
manner as that for His-P/DarE. The cleared lysate was loaded onto the Strep-Tactin XT
4Flow high-capacity resin, the column was washed with 10 column volumes of buffer W
(100 mM Tris—HCI pH 8.0, 150 mM NaCl), and the protein was eluted with buffer BXT
(100 mM Tris—HCI pH 8.0, 150 mM NaCl, and 50 mM biotin). Fractions containing dark
brown-colored PDarE were exchanged into buffer W using a Sephadex G-25 column. The
concentration of P/DarE was determined by the Bradford assay using BSA as a standard.
The strep tag was removed by incubation with Factor Xa protease (1 g per 1 mg protein,
New England Biolabs) in buffer W supplemented with 2 mM CacCl, at 10 °C for 4 h.

Then, the Factor Xa protease was removed by Xarrest resin, and the cleaved strep tag

was removed using Strep-tactin resin. The 4Fe-4S cluster was reconstituted as described
above for His-P/DarE, and the resulting reconstituted PDarE contained 12.2 £ 0.5 Fe per
monomer. Typically, 2.0 mg of PDarE was prepared from each gram of the wet cell paste.

DarE Activity Assay.

His-P/DarE or PDarE (50 M) was anaerobically incubated with DarA (50 £M) in the
presence of SAM (1.0 mM), flavodoxin (10 tM), flavodoxin reductase (2.0 pM), NAD(P)H
(1.0 mM), and oxygen (100 &M) in an airtight glass vial with a total volume of 50 /L

of buffer H (20 mM HEPES pH 8.0) supplemented with 5 mM DTT for 3 h at 25 °C.

The reaction was initiated by adding DarA and oxygen-saturated buffer H. After 3 h of
incubation, the reaction was diluted twice and boil-quenched at 100 °C for 5 min. After

the removal of the precipitate by centrifugation, an aliquot (40 y1) of the supernatant was
injected into the HPLC system equipped with an XSelect Peptide CSH C18 column (Waters)
equilibrated in 0.1% trifluoroacetic acid (TFA) in water. The elution was achieved with a
flow rate at 1.0 mL/min using solvents A (0.1% TFA in water) and B (0.1% TFA in MeCN):
3% B for 5 min, 3-27% B for 5-15 min, and 27-30% B for 15-50 min. Chromatography
was performed using the L-2455 diode array detector.
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Purification of DarE Products.

A DarE reaction (1.0 ml) was performed in the conditions described above and quenched
with 1 ml of buffer Q (0.2% TFA and 6% MeCN in water). After the removal of the
precipitate by centrifugation, an aliquot (500 y1.) of the supernatant was injected into the
HPLC system and chromatographed under the above-mentioned conditions. P1 and P2 were
monitored using the L-2455 diode array detector and eluted at 44 and 30 min, respectively.
After combining all the fractions containing P1 or P2, TFA and MeCN were removed using
a centrifugal evaporator. The resulting solution was lyophilized and redissolved in water.
HRMS (ESI-TOF): m/z calcd for P1, CogiHaagN740g9, [M+7H]*7, 13C = 3) 899.0493;
found, 899.0417; m/z calcd for P2, (CogiHaagN74090, [M+7H]*, 13C = 4) 901.1897; found,
901.18009.

Proteinase K Treatment of DarE Products.

P1 and P2 (2.5 ug) were treated with proteinase K (100 ng) in 20 L ofbuffer K (50 mM
Tris—HCI pH 8.0 and 5.0 mM CacCly) for 1 h at 37 °C. The reaction mixture was then
quenched with an equal volume of buffer Q. Precipitation was removed, and an aliquot (20
L) of the supernatant was analyzed by HPLC. Another aliquot (5 1) was analyzed by LC-
high-resolution MS (LC-HRMS). HRMS (ESI-TOF): m/z calcd for proteinase K-digested
P1, (C35H43NgOg, z=+2) 359.6696; found, 359.6689; m/z calcd for proteinase K-digested
P2, (C47H55N 11019, 2= +2) 483.7094; found, 483.7097.

180, Incorporation Experiments.

180,-saturated buffer H was prepared by degassing buffer H on a Schlenck line followed by
a refill with 180, gas (97% enrichment, Cambridge Isotope Laboratory). ADarE assays with
180, were performed in a way identical to the assays described above, except that an aliquot
(10 ) of each reaction mixture was added to proteinase K (100 ng) and buffer K (40 yL).
The resulting solution was incubated at 37 °C for 1 h and subsequently centrifuged to collect
the supernatant for LC-MS analysis.

H,180 Incorporation Experiments.

The PPDarE assay (0.5 mL) with H,180 was performed as described above, except that
HEPES buffer was prepared in 95% 180 enriched water. The final 180 enrichment in the
assay mixture was ~80%. P2 was purified by HPLC and characterized as described above.

P1, P2, and 5’-dA Quantitation.

DarE assays (60 z1) were performed in the conditions described above and diluted twice
with distilled water followed by boil-quenching at 100 °C for 5 min. After the removal of the
precipitate by centrifugation, an aliquot (60 z1.) of the supernatant was analyzed by HPLC
under the above-mentioned conditions. The elution was monitored by absorption at 280 nm,
and P1 and P2 were eluted at 50 and 36 min, respectively. P1 was quantified by comparing
the peak areas with that of a synthetic DarA core peptide (WNWSKSF, purchased from
Genscript, £2g0 nm = 11.2 mM~1 cm™1). The concentration of P2 was determined using
darobactin A as a standard. The concentration of darobactin A was determined by NMR

in the presence of a known concentration of benzaldehyde as an internal standard. 5" -dA
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was quantified by analyzing the same supernatant (10 /L) using HPLC equipped with an
XSelect Peptide CSH C18 column (Waters) equilibrated in 30 mM ammonium formate
buffer pH 4.0 (solvent C). The elution was performed with a flow rate at 0.5 mL/min using
solvent C and methanol (solvent D): 1-60% D for 0-15 min and 60-99% B for 15-16 min.
Chromatography was performed at 260 nm. The concentration of 5”'-dA was determined

by comparing the peak areas with those of the 5’-dA standard (Sigma, es59 ,m = 15.4
mM~1 cm~1). The reported quantitation was an average of six repeats, and the errors are the
standard deviation.

In search for the soluble expression in E. coll, we screened several DarEs from different
organisms and identified that DarE from £ luteoviolacea (P/DarE) can be expressed as a
soluble protein. When P/DarE was co-expressed with P, Juteoviolacea DarA (PIDarA) in E.
coli, darobactin A production was observed (Figure S1a). The identity of darobactin A was
confirmed based on the LC-MS comparison with the structurally characterized darobactin A
standard (Figure S1).

Based on the observation in £. coli, we expressed and purified P/DarE in £. coli. Initially,
we used N-terminally Hisg-tagged P/DarE (His-P/DarE) that was purified to >90% purity
(Figure S2) with the broad light absorption feature characteristic for 4Fe-4S cluster proteins
(Figure S3). The as-isolated His-P/DarE had 3.6 + 0.9 Fe per monomer, which was increased
to 8.8 = 0.3 Fe per monomer after chemical reconstitution of the cluster. Since DarE is a
member of the SPASM subfamily with conserved Cys ligands for the three 4Fe—4S clusters,
supported by sequence alignment (Figure S4) and an AlphaFold structural prediction (Figure
S5), the theoretical Fe content of the fully loaded DarE is 12 per monomer. Thus, the
observed amount of Fe likely represents only partial loading of the three clusters.

The catalytic function of His-P/DarE was assessed using recombinant A/DarA. To this end,
we expressed P/DarA in E. colias an N-terminal fusion with the Hisg-tag and a SUMO
protein. After purification using a Ni-NTA column, the His-SUMO tag was removed by
treating with the SUMO protease to prepare the full-length and untagged DarA The identity
of the purified DarA was confirmed by LC-MS (Figure S6). When the purified DarA was
incubated with His- PDarE under anaerobic conditions in the presence of SAM and the
flavodoxin system as a reductant, we observed the formation of a product (PO, Figure 2a).
This compound exhibited a UV-vis absorption spectrum similar to that of unmodified DarA
and distinct from that of darobactin A (Figure 2b). LC-HRMS analysis of PO showed the
molecular weight to be 2 Da smaller than that of DarA (Figure 2c). Therefore, we tentatively
assigned PO to be DarA with a single C—C crosslink, likely between W3 and K5.

Since no ether crosslink formation was reproducibly observed with His-P/DarE even after
extensive screening of the reaction conditions, we hypothesized that the A-terminal His-tag
may be interfering with the DarE function. Therefore, we created an A-terminally Strep-
tagged DarE with a Factor Xa cleavage site immediately preceding the first codon of DarE
(Strep-P/DarE) for a traceless tag removal. This protein was expressed in £. coliin a
manner similar to that of His-P/DarE and purified using a Strep-tactin resin. Subsequently,

JAm Chem Soc. Author manuscript; available in PMC 2022 October 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nguyen et al.

Page 10

the Strep-tag was cleaved by treatment with Factor Xa protease. The resulting enzyme
contained 7.5 £ 0.7 equiv of Fe. Subsequent chemical reconstitution increased the Fe content
to 12.2 + 0.5 equiv per monomer, consistent with the presence of three 4Fe—4S clusters per
monomer. This result is in a sharp contrast to His-PDarE, where we observed only ~9 Fe
per monomer.

The resulting untagged P/DarE was tested for its catalytic function using PDarA. When we
investigated its activity under strictly anaerobic conditions (<0.1 ppm O5), we observed a
single product (P1, Figure 3a, trace i) with a unique UV absorption band at ~350 nm (Figure
3b). P1 was produced only in the presence of SAM, NADPH, DarE, and DarA, supporting
that it is produced by the radical SAM activity of DarE. Furthermore, LC-HRMS analysis
revealed its molecular weight to be 2 Da smaller than that of DarA (Figure 3c). Importantly,
P1 was distinct from PO observed in the His-P/DarE reaction, and PO was not detectable in
the assays with PDarE fully loaded with three 4Fe—4S clusters.

Since we did not observe any oxygen insertion, we tested the activity of DarE in the
presence of oxygen. Upon testing several assay conditions, we observed the formation of
two products (Figure 3a). One of them co-migrated with P1 formed in the absence of

Oy, but the other product (P2) migrated at a distinct retention time. P2 was not observed
when O, was replaced with hydrogen peroxide or potassium superoxide (Figure S7). In the
presence of O,, the formation of P1 and P2 accompanied the production of 5’-dA (Figure
S8), supporting that their production requires the reductive SAM cleavage. The UV-vis
absorption spectrum of P2 was distinct from that of P1 or DarA and agreed with that of
darobactin A (Figure 3b). P2 was produced only in the presence of Oy, SAM, and PDarkE
(Figure 3a). In addition, P2 production was observed only when flavodoxin/flavodoxin
reductase was used as a reductant and not when using either SDT or Ti(lll) citrate as a
reductant (Figure S7). LC-MS characterization of this species revealed its molecular weight
to be 12 Da larger than that of DarA (Figure 3c), which is consistent with the presence of
two crosslinks and the addition of an oxygen atom.

To better characterize P1 and P2, we purified them by HPLC (Figure S9) and digested

with proteinase K. Proteinase K has broad specificity and hydrolyzes amide bonds at the
C-terminus to hydrophobic (aliphatic and aromatic) amino acids. The proteinase K treatment
of each of these compounds yielded only one major product with UV absorption features
identical to those of the parent molecules (Figure 4a,b). Based on the quantitation of the
HPLC peak before and after the proteinase K treatment, the transformation was quantitative
(>90% yield). Importantly, the proteinase K digest of P2 co-migrated with darobactin A

on HPLC and LC-MS (Figures 4b, and S10) and showed an identical molecular weight

to darobactin A (Figure 4c). Moreover, the MS/MS fragmentation pattern agreed with
darobactin A (Figure S11) with the observation of the key fragment ions characteristic to
the ether crosslinking, including those with hydroxyindole (Figures S11 and S12). These
observations provided strong evidence that P2 has the ether and C—C crosslinks identical to
that of darobactin A, and the physiological function of DarE is the C—C and ether crosslink
formation using molecular oxygen as the source of ether oxygen.

JAm Chem Soc. Author manuscript; available in PMC 2022 October 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nguyen et al.

Page 11

The molecular weight of the P1 proteinase K digest (Figure 4c, panel i) was consistent with
a pentapeptide (WNWSK) from the core sequence of DarA with a loss of 2 Da. The MS/MS
fragmentation pattern was consistent with the loss of two hydrogen atoms from the W3
residue (Figures S11 and S12). No fragment ions specific to a C—C crosslink were observed,
and the unique UV-vis absorption band at 350 nm suggests the presence of an extended
aromatic system. Therefore, although we cannot fully eliminate the possibility of a W1-W3
C-C crosslink, we characterize P1 as DarA with Ca-Cg desaturation of W3. To test if P1

is an intermediate of the P2 formation, we incubated purified P1 with DarE. However, even
after prolonged incubation (>10 h), P1 was not consumed, and no products, including P2,
were observed. Based on this observation, we propose P1 as an off-pathway shunt product.

To obtain further evidence for the use of O, as the source of ether oxygen, we performed

the PDarE assay in the presence of 180,. The MS characterization of P2 formed in the
presence of 180, suggested an increase of the molecular weight by 2 Da compared to that of
P2 from the assay with natural isotope O, (Figure 5a). Based on the isotope signal pattern,
the 180 enrichment of P2 generated in the presence of 180, was calculated as 81 + 2%
(Figure S13), which likely represents the imperfect 180, replacement. Furthermore, when
we converted P2 produced in 180, into darobactin A, we observed a 2 Da increase of the
molecular weight of darobactin A (Figure 5b). The 180 enrichment in darobactin A was
estimated to be 85 + 3% based on the ratio of the MS signal intensities at /m/z483.71 and
484.71 [M + 2H]?*. To test if 180 in water is incorporated into P2, we performed the DarE
assay in [18O]water (80% enrichment) with natural isotope O,. The resulting P2 and its
proteinase K digest exhibited mass spectra indistinguishable from those of P2 formed in
natural isotope water (Figure 5a,b). The comparison of the /m/2z483.71 and 484.71 signal
intensities in the proteinase K digest revealed no detectable level of 180 incorporation (<5%,
Figure 5b). These observations together suggest that DarE incorporates one of the oxygen
atoms of O into the ether crosslink of P2. In sum, these results demonstrate that DarE
catalyzes both C-C and ether crosslinking during darobactin A biosynthesis using O, as a
native co-substrate.

To obtain mechanistic insights into the DarE catalysis, we determined the stoichiometry of
the reaction. P1 was quantified using synthetic darobactin core heptapeptide (WNWSKSF)
as a standard. P2 was quantified using darobactin A as a standard. The extinction coefficient
of darobactin A was determined to be 2.9 cm™> mM~1 at 280 nm, which was significantly
less than that of unmodified PDarA (11.2 cm~t mM™1), suggesting the significant effects of
the indole ring modifications on the light absorption feature. Using these standards, HPLC
quantitation revealed the formation of 10.8 £ 2.9 M P1 and 50.3 = 8.7 M P2 from 100
UM PDarA, suggesting that P2 is the major product of PDarE assays. In the same assays,
5’-dA was quantified by HPLC as 111 + 15 gM. Thus, the ratio of P1 : P2 : 5"-dA was 0.21
+0.04:1.0:2.3 +£0.5. Since the desaturation reaction likely consumes 1 equiv of SAM, the
results suggest that DarE consumes 2 equiv of SAM to produce P2.

Finally, we performed the activity assays using substoichiometric amounts of PDarE
relative to PDarA. Consequently, we found that, at least under the current assay conditions,
the amounts of P1 and P2 were always substoichiometric to P/DarE (Figure S7a). Since
PDarE catalyzes both the ether and C-C crosslinking without detectable accumulation of
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intermediates, PDarE is likely catalytic. Thus, the substoichiometric product formation is
most likely due to a strong product inhibition, and a product release may require proteolytic
cleavage of the leader peptide.

DISCUSSION

Our characterization of PDarE revealed that this enzyme catalyzes both the ether and C-C
crosslinks and produces modified DarA (P2) that can be converted into darobactin A after
digestion with proteinase K. Of particular significance, we found that ADarE uses O, as
the source of ether bond oxygen. This result is in sharp contrast to the recent proposal that
N-terminally His-tagged £ khanii DarE (His-PkDarE) incorporates 180 from water into its
product (DarA with a 14 Da modification). Although we cannot eliminate the possibility
that PDarE and PkDarE (61% amino acid sequence identity) catalyze the ether crosslinking
in two distinct mechanisms, the reported characterization of the His-PkDarE product leaves
significant ambiguity. The structure was proposed solely based on MS without showing
specific fragment ions for the ether crosslink. The authors did not describe if the DarA +

14 Da species can be converted to darobactin A. No results were reported for His-PkDarE
assays in the presence of O,. In addition, the His-PkDarE was partially reconstituted with
only 8 Fe/DarE. Therefore, further characterizations are required to make conclusions about
the mechanism of ether crosslink formation by PkDarE.

Still, the comparison of the results between His-PkDarE and His-PDarE assays revealed

an important commonality. In both cases, the major product is missing either or both of

the ether and/or C—C crosslinks. His-PkDarE produced PkDarA +14 Da species as the
major product and His-P/DarE produced P/DarA — 2 Da (P0). Even when the His-P/DarkE
assays were performed in the presence of O,, PO remained the major product (Figure 2c).
Importantly, both His-PkDarE and His-P/DarE were loaded with only 8-9 Fe per monomer.
On the other hand, the untagged P/DarE was fully loaded with 12 Fe per monomer,
suggesting the successful assembly of all three 4Fe—4S clusters. Therefore, the observed
functional difference between His-tagged and untagged DarE is likely caused by the amount
of cluster loading.

The ability of DarE to use O, as a co-substrate in the physiologically relevant reaction

is unprecedented among radical SAM enzymes. The only reported example of a radical
SAM enzyme reaction with Oy is for MgnE,® where the reaction with a substrate analogue
designed to trap a radical intermediate yielded a hydroperoxide adduct. However, MgnE
does not catalyze such a reaction with the native substrate and is hence unlikely to possess
a specific mechanism to catalyze the hydroperoxide addition reaction. Thus, DarE’s native
oxygenase activity is unprecedented and is of significant mechanistic interest.

Scheme 1 summarizes the possible mechanisms of O,-dependent ether crosslinking by
DarE. Our current favorite mechanism is a reaction of O, with the W3 Cgradical
(mechanism A). In this mechanism, DarE abstracts the HgZ atom of W3 and the resulting
radical adds to O,. Subsequent transfers of an electron and a proton would yield a
hydroperoxide intermediate. This reaction is analogous to that of the MgnE reaction with

the radical-trapping substrate analogue. In the MgnE reaction, the stabilization of the organic
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radical using the substrate was critical for its reaction with O,. In the DarE catalysis, the
W3 CpBradical is stabilized by the delocalization through the indole ring, which may allow
O, to react. For the subsequent ether formation, multiple mechanisms are conceivable. For
example, a nucleophilic attack of the indole ring of W1 to the hydroperoxide followed by
rearomatization would yield the ether product (mechanism Al). Alternatively, a transfer
of an electron and a proton would allow homolytic cleavage of the O-O bond to yield

an alkoxy radical, which then attacks the indole ring of W1 (Scheme 1, mechanism A2).
Subsequent oxidative quenching of the indole radical would yield the ether product.

The observation of P1 as a minor shunt product is also consistent with the formation of

the W3 Cgradical. Most likely, P1 is formed when the W3 Cgradical is formed in the
absence of O, bound to the active site, or the AUX clusters are in the incorrect redox state.
(Note: the production of P1 requires an electron acceptor, whereas the ether crosslinking
requires an electron donor.) Thus, the proposed mechanism explains the P1 formation in the
absence of O, or redox mismatch (see below for the relationship between the reductant and
AUX clusters). Since P1 was not converted to the ether product, we can eliminate all the
mechanistic options with P1 as an intermediate including the one proposed by Guo et al.12

Tryptophan is susceptible to oxidation by reactive oxygen species (ROS),17 and 7-
hydroxylation proceeds by the addition of a hydroxyl radical.1”-18 Thus, it is also
conceivable that the oxygen insertion by DarE proceeds via W1 oxidation using ROS

such as the hydroxyl radical generated from O, in the active site (Scheme 1, mechanism

B). The resulting 7-hydroxy-W1 would be used for ether bond formation using a radical
SAM chemistry either via coordination of the 7-hydroxy group to the AUX1 cluster or a8
desaturated W3 in a way similar to what has been proposed for thioether crosslinked RiPP
biosynthesis.10:19.20 |n this mechanism, the P1 formation is explained by a promiscuous
reactivity of DarE, in which DarE generates the W3-Cgradical prior to the W1 oxidation.
To test mechanism B, we performed DarE assays with hydrogen peroxide or potassium
superoxide, potential precursors of hydroxyl radical formation from O,. However, no P2
was observed. No W1 oxidation was observed when the DarE assays were performed in the
absence of SAM. Thus, while these results do not necessarily eliminate mechanism B, we
currently think it is less likely.

In our in vitro assays, the ether crosslink was observed only when flavodoxin was used

as a reductant. Assays with chemical reductants, such as SDT or Ti(lll) citrate, did not
yield P2. The observed requirement for flavodoxin is likely due to the rapid scavenging of
oxygen by chemical reductants (e.g., ~700 M s~ with 2 mM SDT at 25 °C21) compared
to flavodoxin (~0.0017 £M s~122). In addition, flavodoxin may be able to better set the
redox state of the 4Fe—4S clusters for the ether bond formation. The proposed mechanisms
of ether crosslinking require an injection of at least one electron (Scheme 1). While the
donor of this electron is currently unknown, one of the candidates is the AUX clusters. On
the other hand, the formation of C—C crosslinking between W3 and K5 would require the
AUX clusters to serve as electron acceptors (see Scheme 2 and the related discussion below).
Therefore, the AUX clusters of DarE would serve as both the electron donor and acceptor,
in which the AUX clusters must be in an appropriate redox state in each step of catalysis
without being over-reduced or oxidized. Such an adjustment may be better achieved by a
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more physiologically relevant reductant, flavodoxin, than by chemical reductants. In general,
the role of reductase in radical SAM enzymes is not well-understood, although biological
reductases were reported to be critical for the physiological function of several radical

SAM enzymes, including PqqE23 and NosL.24 Our observation of the strict requirement

of flavodoxin for DarE’s oxygenase activity further emphasizes the significant role of
reductases in radical SAM enzyme catalysis.

DarE’s use of O as a co-substrate in the biologically relevant reaction is unprecedented in
radical SAM enzymes and was unexpected due to the oxygen-sensitive nature of radical
SAM enzymes. However, accumulating evidence suggests that radical SAM enzymes
function in aerobic cells. A recent study of Dph1-Dph2 suggested that this non-canonical
radical SAM enzyme in diphthamide biosynthesis is associated with an Fe-protein Dph3 that
can donate Fe and repair an oxidatively damaged 4Fe—4S cluster of Dph1-Dph2.25 While
the mechanism of cluster maintenance and the physiological reductase are unknown for most
other radical SAM enzymes, the presence of such mechanisms in cells would allow radical
SAM enzymes to function under aerobic conditions. Our discovery of DarE as a radical
SAM oxygenase emphasizes that at least some radical SAM enzymes function under an
aerobic cellular environment and can tolerate certain levels of O, in the presence of the
physiological reductant or 4Fe—4S cluster maintenance machinery.

In addition to the ether crosslink, DarE catalyzed the C-C crosslinking between W3 and
K5. A recent report on SuiB, 26 a radical SAM enzyme that catalyzes C—C crosslinking
during the biosynthesis of streptide RiPPs, suggested that the C—C bond crosslinking on
these RiPPs proceeds through the formation of an amino acid Cg radical, followed by its
addition to an sp? carbon of an aromatic side chain and oxidative radical quenching.?’
This mechanism is certainly a plausible option for DarE’s W3-K5 crosslinking. However,
considering the distant sequence similarity of DarE and SuiB, it is also possible that

DarkE catalyzes the C—C crosslinking by a different mechanism. Thus, we here consider
an alternative mechanism, in which the K5 Cgradical is oxidatively quenched to yield an
a,B-unsaturated peptide (Scheme 2, mechanism B). The subsequent nucleophilic attack of
W3 would yield the C—C crosslink. The nucleophilic mechanism was originally proposed for
radical SAM enzymes that form thioether crosslinked RiPPs,19 although limited evidence
is currently available. For DarE, our observation of P1 production is consistent with
DarE’s ability to catalyze the a,B-desaturation. Further study is needed to test if the a,5
desaturation is used as a mechanism of the C—C crosslink formation.

The order of C-C and ether crosslink formation may be deduced from our current
observations. The formation of P1 demonstrates that DarE can generate the C/ radical on
W3 without the W3-KS5 crosslinking. No W3-K5 crosslink was observed in the absence of
the W1-Wa3 crosslink. Thus, although we cannot be exclusive, our data suggest that the W1-
W3 ether crosslink precedes the W3-K5 crosslink. Future characterization of an on-pathway
intermediate will provide further insights into the order of crosslink formation.
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CONCLUSIONS

Our in vitro characterization of P/DarE elucidated that this enzyme is a unique dual-function
enzyme that catalyzes both the ether and C—C crosslinks. The ether crosslink formation
requires O, as the source of the ether oxygen. PDarE also catalyzed the production of an
a,f-unsaturated peptide. Thus, this enzyme makes three chemically distinct modifications
on the DarA peptide substrate. Future mechanistic characterization of this enzyme would
reveal novel insights into the mechanism of RiPP biosynthesis by radical SAM enzymes.
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Figure 1.
Darobactin A biosynthesis. (2) BGC of darobactin A. (b) Proposed biosynthetic pathway of

darobactin A.
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Characterization of His-P/DarE. (a) HPLC characterization of His-DarE assays. (b) UV-vis
spectra of PO, DarA, and darobactin A. (c) Extracted and deconvoluted mass spectra of His-
PDarE assays. Mass spectra were extracted from the retention time that covers unmodified

PDarA and PO.
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Figure 3.
Activity assays of PDarE. (a) HPLC analyses of PDarE assay in the absence of O (i), in

the presence of O, (ii), (ii) without SAM (iii), (ii) without NADPH (iv), (ii) without P/DarkE
(v), (ii) without PDarA (vi), and the PDarA standard (vii). (b) UV-vis absorption spectra of
P1 (gray), P1 + proteinase K (green), P2 (red), P2 + proteinase K (dashed black), darobactin
A (orange), and P/DarA (blue). (c) Extracted and deconvoluted mass spectra of DarE assays.
Mass spectra were extracted from the retention time that covers unmodified PDarA, P1, and
P2. The mass peaks indicated with asterisks (*) have a molecular weight close to that of
PDarA with a 14 Da modification, but they were also present in the controls without SAM
or NADPH and hence unlikely to be the product of the radical SAM enzyme activity.
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Figure 5.
Characterization of P2 formed in the presence of 180, or [180]water. (a) Mass spectra of

P2 formed in the presence of natural isotope O,, 1805, or [180]water. (b) Mass spectra of
proteinase K digests of P2 formed in the presence of natural isotope O, 180,, or [18O]water.
Shown are the z= +2 ions. Calculated /7/z for [180]darobactin A = 484.7110 [M + 2H]2*;
Observed m/z484.7133 (4.8 ppm). Calculated 77/z for darobactin A = 483.7089 [M + 2H]%*;
Observed m/z483.7107 (3.7 ppm) and 483.7094 (1.0 ppm). * indicates the presence of
natural abundance isotope P2 due to the imperfect [180,]0, gas exchange (see Figure S13
for the calculation of the 180 enrichment).
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