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ABSTRACT 14 
 15 
New antibiotics are needed as bacterial infections continue to be a leading cause of death. 16 
Notorious among antibiotic-resistant bacteria is the Burkholderia cepacia complex (Bcc), which 17 
infects cystic fibrosis patients, causing lung function decline. We recently discovered a novel 18 
ribosomally synthesized and post-translationally modified peptide (RiPP), ubonodin, with potent 19 
activity against several Burkholderia pathogens. Ubonodin inhibits RNA polymerase, but only 20 
select Bcc strains were susceptible, indicating that having a conserved cellular target does not 21 
guarantee activity. Given the cytoplasmic target, we speculate that cellular uptake of ubonodin 22 
determines susceptibility. Here, we report a new outer membrane siderophore receptor, PupB, 23 
that is required for ubonodin uptake in B. cepacia. Loss of PupB renders B. cepacia resistant to 24 
ubonodin, whereas expressing PupB sensitizes a resistant strain. Thus, outer membrane 25 
transport is the major determinant of ubonodin’s spectrum of activity. We also show that PupB is 26 
activated by a TonB protein and examine a transcriptional pathway that further regulates PupB. 27 
Finally, we elucidate the complete cellular uptake pathway for ubonodin by also identifying its 28 
inner membrane transporter in B. cepacia. Our work unravels central steps in the mechanism of 29 
action of ubonodin and establishes a general framework for dissecting RiPP function. 30 
 31 
INTRODUCTION 32 
 33 
The Burkholderia cepacia complex (Bcc) is a group of Gram-negative bacteria that can cause 34 
serious, often fatal infections in individuals living with cystic fibrosis or other underlying pulmonary 35 
disease (Chiarini et al., 2006; Leitão et al., 2017; Mahenthiralingam et al., 2005). Unfortunately, 36 
only a few antibiotics are effective against opportunistic Bcc pathogens due to their high level of 37 
intrinsic resistance, so there is a need to develop new anti-Bcc compounds and decipher their 38 
mechanisms of action. Throughout history, humans have looked to nature as a rich and abundant 39 
source of antimicrobial compounds. Notable among antimicrobial natural products are ribosomally 40 
synthesized and post-translationally modified peptides (RiPPs). RiPPs are synthesized as gene-41 
encoded precursor peptides that are post-translationally tailored with additional chemical 42 
modifications to form the mature peptide scaffold (Arnison et al., 2012; Montalbán-López et al., 43 
2020). Lasso peptides are a growing class of bacterial-derived RiPPs that are characterized by 44 
their unique lariat knot conformation, formed by the C-terminal tail threading through a 45 
macrolactam ring (Figure 1A) (Hegemann et al., 2015; Maksimov et al., 2012). The ring is forged 46 
by connecting the N-terminus of the peptide to an acidic side chain via an isopeptide bond. The 47 
loop and tail are held in place by bulky steric lock residues that straddle the ring or by disulfide 48 
bridges. Despite a relatively conserved three-dimensional structure, lasso peptides are 49 
remarkably diverse in biological function (Cao et al., 2021; Kodani and Unno, 2020; Li and 50 
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Rebuffat, 2020). However, as with most RiPPs, the mechanisms of action of lasso peptides are 51 
poorly characterized, hampering efforts to develop them as drugs. 52 
 53 

 54 
 55 
Figure 1. Biosynthesis and mechanism of action of ubonodin. (A) Schematic showing the 56 
ubonodin biosynthetic gene cluster (BGC). Following production of the ubonodin precursor 57 
peptide specified by uboA, the B enzyme cleaves the leader peptide (gray), generating the core 58 
peptide whose amino acid sequence is outlined at the top. The C enzyme forms the final lariat 59 
structure by connecting the amino group of Gly1 to the Glu8 side chain, forging an 8-membered 60 
ring through which the tail is threaded. Residues Tyr26 and Tyr27 (underlined in the sequence) 61 
act as steric locks to prevent ubonodin from unthreading. The final gene, uboD, in the BGC 62 
encodes an ABC transporter that serves as an immunity factor in the native producer B. ubonensis 63 
to export bioactive ubonodin outside the cell. The ubonodin structure was generated from PDB 64 
6POR. (B) Cartoon summarizing essential steps in the mode of action of ubonodin. As ubonodin 65 
has an intracellular target, it must sequentially cross the outer (OM) and inner (IM) membranes of 66 
the target cell before it can bind RNA polymerase and inhibit transcription. Prior to this work, the 67 
identity of the OM transporter was not known.  68 
 69 
We recently reported the discovery of a novel lasso peptide, ubonodin, that has potent 70 
antimicrobial activity against several Burkholderia pathogens (Figure 1A) (Cheung-Lee et al., 71 
2020). Our work demonstrated that ubonodin inhibits RNA polymerase (RNAP) in vitro. Yet 72 
despite having a highly conserved cellular target, ubonodin is selectively bioactive, inhibiting some 73 
but not all Burkholderia strains. Because ubonodin has a cytoplasmic target, we speculated that 74 
its ability to access the interior of target cells is key to determining the extent of activity. That is, 75 
ubonodin transport across the bacterial outer membrane (OM) followed by the inner membrane 76 
(IM) is a prerequisite for RNAP engagement (Figure 1B). Due to its large size, cellular uptake of 77 
ubonodin likely requires membrane transporters as seen for other lasso peptides and RiPPs (Cao 78 
et al., 2021; Mathavan and Beis, 2012). Identifying the membrane transporters that are central to 79 
the mechanism of action of ubonodin will enable accurate prediction of its spectrum of activity, an 80 
important step toward developing ubonodin as an antibiotic.  81 
 82 
Here, we first focus on the initial stage of cellular uptake, the OM transport step which is a key 83 
barrier to compound bioactivity. Burkholderia have unusually large, multireplicon genomes 84 
encoding multiple possible OM transporters, consistent with the ability of Burkholderia to survive 85 
in diverse ecological niches (Mahenthiralingam et al., 2005). The plethora of nutrient uptake 86 
systems in Burkholderia however complicates the search for ubonodin transporters. Overcoming 87 
this challenge, we developed a comparative genomics approach complemented with targeted 88 
mutagenesis to quickly identify the TonB-dependent transporter PupB as the ubonodin OM 89 
receptor in B. cepacia. For any Bcc strain, the presence of a close PupB homolog served as a 90 
reliable predictor of ubonodin susceptibility. We further show that PupB is subjected to iron-91 
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mediated transcriptional repression and regulation by a protein activator. Our finding that OM 92 
transport correlates with susceptibility provides a molecular explanation for ubonodin bioactivity. 93 
In addition to pinpointing the OM receptor, we provide evidence that ubonodin uses an ATP-94 
powered IM transporter in the second stage of cellular uptake. Finally, beyond the focus on 95 
ubonodin, our studies reveal new insights into Burkholderia physiology. Our multipronged 96 
experimental and computational approach will also be useful as a general framework for other 97 
compound mechanisms of action studies.  98 
 99 
 100 
RESULTS 101 
 102 
Ubonodin inhibits the growth of select Bcc strains 103 
 104 
In our original report on the discovery of ubonodin, we had examined its bioactivity against an 105 
initial panel of 8 Burkholderia strains (Cheung-Lee et al., 2020). Of these strains, only 2 – B. 106 
cepacia ATCC 25416 and B. multivorans ATCC 17616 – are members of the Bcc and both were 107 
found to be susceptible to ubonodin. Due to the limited information on bioactivity, what 108 
distinguishes ubonodin-susceptible (uboS) from non-susceptible (uboN) strains was not 109 
immediately clear. Thus, we decided first to more broadly examine the spectrum of ubonodin 110 
bioactivity to have a larger panel of strains for comparison. We measured the activity of ubonodin 111 
against 10 additional Bcc strains, focusing on strains from the Bcc because they are most closely 112 
related to the ubonodin producer strain, B. ubonensis, and RiPPs tend to have a focused spectrum 113 
of activity (Cao et al., 2021; Li and Rebuffat, 2020). Moreover, we anticipated that the elusive 114 
genetic signatures differentiating uboS from uboN Bcc strains should be more apparent as Bcc 115 
members are otherwise highly similar. In total, we tested the activity of ubonodin against 12 Bcc 116 
strains representing 6 distinct Bcc species or genomovars, including several Bcc strains that were 117 
recommended for genetic studies (Coenye et al., 2001; Depoorter et al., 2020; Mahenthiralingam 118 
et al., 2000). These Bcc species are also most associated with infections in CF patients (LiPuma, 119 
2010; Zlosnik et al., 2020). Of the 12 Bcc strains tested, 6 were susceptible to ubonodin (Figure 120 
2 and Figure 2 – figure supplement 1). The levels of susceptibility for uboS Bcc strains were 121 
similar, ranging from 10-40 µM ubonodin (Table 1). Thus, ubonodin is selectively active against 122 
a subset of Bcc strains. 123 
 124 

 125 
 126 
Figure 2. Ubonodin selectively inhibits a subset of Bcc strains. Clustal Omega alignment of 7 127 
concatenated gene fragments (atpD, gltB, gyrB, recA, lepA, phaC, and trpB) encoded by 128 
ubonodin-susceptible (red) and non-susceptible (blue) Bcc strains was used to generate the 129 
cladogram. As Bcc strains are closely related, alignment of these housekeeping genes provides 130 
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higher taxonomic resolution than 16S rRNA analysis (Depoorter et al., 2020; Vandamme and 131 
Peeters, 2014; Winsor et al., 2008). Shown is a Neighbor-joining tree without distance corrections. 132 
 133 

 134 
 135 
Figure 2 – figure supplement 1. Spot-on-lawn assay assessing Bcc strains for ubonodin 136 
susceptibility. Cultures were grown to exponential phase, 108 CFUs were mixed with M63 soft 137 
agar, and the mixture was plated on M63 base agar. Two-fold serial dilutions of ubonodin ranging 138 
from 0-160 µM were spotted (10 µL spots) onto the respective sectors once the cell-agar mixture 139 
had solidified. The plates were incubated at 30°C for ~16 h until clear zones (arrows) indicating 140 
bacterial growth inhibition were observed. We note that B. multivorans AU15814 grew poorly on 141 
M63 compared to the other Bcc strains, which formed a lawn of cells. 142 
 143 

 144 
 145 
Table 1. Minimum inhibitory concentration (MIC) of ubonodin against susceptible Bcc strains. MIC 146 
measurements were obtained via M63 spot-on-lawn assay and observing for the lowest ubonodin 147 
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concentration at which a zone of inhibition was clearly visible. MIC values for strains ATCC 17616 148 
and ATCC 25416 were previously reported (Cheung-Lee et al., 2020). 149 
 150 
We next wanted to understand how the uboS Bcc strains differ from the uboN strains. One possible 151 
explanation would be if in the uboN strains, the molecular target RNAP has specific mutations that 152 
abolish ubonodin recognition and binding. Structural work on the transcription-inhibiting lasso 153 
peptides MccJ25 (Delgado et al., 2001; Salomón and Farías, 1992; Yuzenkova et al., 2002) and 154 
capistruin (Knappe et al., 2008; Kuznedelov et al., 2011) confirmed that both peptides bind within 155 
the secondary channel of RNAP blocking the path to the catalytic center (Braffman et al., 2019). 156 
Both MccJ25 and capistruin interact with residues belonging to the RNAP β and β’ subunits. Given 157 
the structural and functional similarities between ubonodin and these other lasso peptides 158 
(Cheung-Lee et al., 2020), we reasoned that their modes of binding to RNAP would also be 159 
analogous and ubonodin would contact β and β’ subunit residues. Therefore, we compared the 160 
amino acid sequence of the β (RpoB) and β’ (RpoC) subunits for the 12 Bcc strains tested for 161 
ubonodin susceptibility to determine if uboN strains encode distinctly unique β/β’ variants from 162 
uboS strains. By multiple sequence alignment, we found that the β/β’ subunits across all Bcc 163 
strains tested were >98.0% identical (Figure 2 – figure supplement 2). Importantly, β/β’ variants 164 
from uboS strains are not more similar than their uboN counterparts. Ubonodin likely binds the 165 
RNAP holoenzyme of all the Bcc strains tested equivalently, meaning that other cellular properties 166 
are instead responsible for the observed difference in ubonodin susceptibility. 167 
 168 

 169 
 170 
Figure 2 – figure supplement 2. Conservation of the RNA polymerase β and β’ subunits across 171 
the Bcc strains tested for ubonodin susceptibility. Heat map showing percent sequence identity 172 
when the concatenated amino acid sequences of RpoB (β subunit) and RpoC (β’ subunit) were 173 
aligned with Clustal Omega. A darker shade represents more identical RpoBC sequences for a 174 
pair of strains along the x- and y-axes. Ubonodin-susceptible Bcc strains are bolded.  175 
 176 
Iron-dependent inhibition of ubonodin bioactivity reveals a specific outer membrane 177 
transport pathway for ubonodin uptake 178 
 179 
The bioactivity of ubonodin, and indeed any compound with an intracellular target, is a product of 180 
its ability to first access and then bind its target. Previous studies have shown that cellular uptake 181 
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is required for lasso peptides with RNAP-inhibiting activity to be bioactive (Cheung-Lee et al., 182 
2019; Li et al., 2021; Metelev et al., 2017; Salomón and Farías, 1993). In all cases where the 183 
lasso peptide OM receptor has been identified, the receptors are TonB-dependent transporters 184 
(TBDTs), a ubiquitous class of bacterial OM proteins that import essential trace nutrients like iron 185 
from the environment (Figure 3A) (Krewulak and Vogel, 2011; Noinaj et al., 2010). The natural 186 
substrates of many TBDTs are siderophore compounds that chelate insoluble, environmental 187 
ferric iron (Fe3+) for passage into the cell (Hider and Kong, 2010). 188 
 189 

 190 
 191 
Figure 3. Ubonodin repurposes a specific iron transport pathway for cellular entry. (A) Cartoon 192 
describing a general TonB-dependent iron transport pathway. The TonB-dependent transporter 193 
(TBDT) localized to the bacterial outer membrane (OM) is activated by a partner TonB complex 194 
at the inner membrane (IM). TonB channels the energy from the proton motive force (PMF) to 195 
drive OM transport of siderophore-chelated ferric iron. (B) Excess iron inhibits ubonodin activity. 196 
B. cepacia was grown in plain LB (blue) or supplemented with excess iron (red), and the final cell 197 
density (OD600) was measured after ~16 h of growth at 30°C. The mean ± standard deviation for 198 
independent biological triplicates is graphed; error bars are not apparent for points with a small 199 
standard deviation. (C) Depletion of tonB1 reduces B. cepacia cell growth but tonB1 is not 200 
required for viability. Cultures of B. cepacia propagating an empty vector (pSCrhaB2) and the 201 
tonB1 depletion mutant were grown to exponential phase and normalized to an equivalent OD600. 202 
Five µL spots of ten-fold serial dilutions of the cultures were spotted onto LB agar with and without 203 
the inducer (0.2% L-rhamnose). Plates were imaged after ~15 h of growth at 30°C. (D) The B. 204 
cepacia tonB1 depletion mutant is less susceptible to ubonodin. Cultures were grown to 205 
exponential phase and 108 CFUs were plated on LB agar. Ten µL of 0-160 µM of ubonodin were 206 
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spotted in the respective sectors. Zones of inhibition (arrows) were observed after the spot-on-207 
lawn plates were incubated at 30°C for ~15 h. 208 
 209 
To probe whether ubonodin also uses an iron receptor for passage across the B. cepacia OM, we 210 
examined how excess iron affects ubonodin activity. Bacterial iron transport systems are highly 211 
regulated to prevent toxic accumulation of intracellular iron which can lead to oxidative damage 212 
(Andrews et al., 2003; Noinaj et al., 2010). In iron-depleted environments, TBDT and siderophore 213 
biosynthesis genes are upregulated to maximize the ability to scavenge iron; conversely, these 214 
genes are downregulated in iron-rich environments (Butt and Thomas, 2017; Noinaj et al., 2010; 215 
Thomas, 2007). If ubonodin enters B. cepacia through iron-regulated TBDTs, we expected that 216 
excess iron would antagonize ubonodin activity by reducing transporter abundance. When B. 217 
cepacia was grown in media supplemented with excess iron, ubonodin indeed could no longer 218 
robustly inhibit cell growth, suggesting that ubonodin uptake occurs through one or more iron-219 
regulated OM transporters (Figure 3B). 220 
 221 
We next probed the specific role of TBDTs in ubonodin transport. To our knowledge, a 222 
comprehensive list of B. cepacia TBDTs is not available. Thus, we first performed protein BLAST 223 
search using Escherichia coli FhuA, the native receptor for MccJ25 (Salomón and Farías, 1993), 224 
and 34 known and predicted TBDTs from Pseudomonas aeruginosa (Luscher et al., 2018) to 225 
identify B. cepacia TBDT candidates. The analysis revealed 29 TBDT homologs in B. cepacia 226 
strain ATCC 25416 ranging from ~13% to ~37% sequence identity to E. coli FhuA 227 
(Supplementary file 1 – Supplementary Table 1). Any number or none of these predicted 228 
TBDTs might be involved in ubonodin import, but all should need TonB to function. Identifying 229 
and knocking out the TonB regulator would avoid redundancy of the TBDTs when probing their 230 
role in ubonodin transport.  231 
 232 
As the identity of TonB in B. cepacia is also unknown, we first searched for homologs to known 233 
TonB sequences from B. cenocepacia strain K56-2 (Pradenas et al., 2017) and B. mallei strain 234 
ATCC 23344 (Mott et al., 2015). Protein BLAST search yielded 4 hits with the top hit encoded by 235 
the B. cepacia gene GGFLHMPP_02544 (tonB1) (Supplementary file 1 – Supplementary Table 236 
2). When we attempted to knock out tonB1 using one-step allelic replacement (Shastri et al., 237 
2017), we could only isolate single-crossover mutants that still retained the wild-type allele, likely 238 
because TonB is important for Burkholderia cellular fitness (Higgins et al., 2017; Mott et al., 2015; 239 
Pradenas et al., 2017). Instead, we constructed a B. cepacia tonB1 depletion mutant in which the 240 
chromosomal copy of tonB1 is deleted while rhamnose-inducible extrachromosomal copies of 241 
tonB1 are provided on a replicative plasmid (Cardona and Valvano, 2005). As expected, when 242 
the inducer was withheld to deplete tonB1, the mutant was viable but grew poorly compared to B. 243 
cepacia WT (Figure 3C). Growth was restored to near-WT levels either in the presence of L-244 
rhamnose or when the cultures were supplemented with ferrous iron (Fe2+) to counteract iron 245 
starvation due to the defect in iron acquisition, as previously demonstrated (Mott et al., 2015; 246 
Pradenas et al., 2017) (Figure 3 – figure supplement 1). With this mutant in hand, we found that 247 
tonB1 depletion led to ubonodin resistance (Figure 3D and Figure 3 – figure supplement 2). By 248 
contrast, loss of the other 3 TonB homologs, which are non-essential, did not impact ubonodin 249 
susceptibility because the ∆tonB2, ∆tonB3, and ∆tonB4 mutants were equally susceptible to 250 
ubonodin as WT (Table 2 and Figure 3 – figure supplement 3). Taken together, these findings 251 
show that ubonodin uses one specific TonB-dependent pathway to cross the B. cepacia OM. 252 
 253 
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 254 
 255 
Figure 3 – figure supplement 1. Iron supplementation mitigates the defect in B. cepacia cell 256 
growth due to tonB1 depletion. The tonB1 depletion mutant (blue) and empty vector control strain 257 
(red) were grown in LB (left graph) and in the presence of 0.02% L-rhamnose (middle graph) or 258 
200 µM FeSO4 (right graph). The mean ± standard deviation for technical triplicates from the 259 
same overnight culture is shown. 260 
 261 

 262 
 263 
Figure 3 – figure supplement 2. A single TonB pathway is required for ubonodin activity. Spot-264 
on-lawn LB plates with 108 CFUs of the tonB1 depletion and empty vector control strains, B. 265 
cepacia WT, and the deletion mutants of the other 3 tonB homologs were examined for 266 
susceptibility to 0-160 µM of ubonodin. Ubonodin inhibition was observed (arrows) when tonB1 267 
was expressed (+ 0.2% L-rhamnose) and loss of the other TonBs did not impact the MIC. 268 
 269 
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 270 
 271 
Table 2. Minimum inhibitory concentration of ubonodin for B. cepacia tonB mutants. MIC was 272 
defined as the lowest concentration of ubonodin required to inhibit bacterial growth via spot-on-273 
lawn assay. The tonB1 depletion mutant was compared to the pSCrhaB2 empty vector control 274 
strain on LB agar ± the inducer (0.2% L-rhamnose). For the tonB2, tonB3, and tonB4 mutants for 275 
which the gene could be deleted, MICs were assessed against B. cepacia WT on plain LB agar. 276 
na indicates not applicable. 277 
 278 

 279 
 280 
Figure 3 – figure supplement 3. Most TonB homologs are non-essential in B. cepacia. Spot 281 
dilution assay showing 10-fold serial dilutions of exponential-phase cultures. Five µL of each 282 
dilution was spotted onto LB agar and the plates were incubated for ~15 h at 30°C. 283 
 284 
Comparative genomics identifies siderophore receptors unique to ubonodin-susceptible 285 
Bcc strains 286 
 287 
The next challenge was to identify the exact TBDT(s) that TonB1 presumably activates to enable 288 
ubonodin transport. All Bcc strains encode multiple TBDTs but the set of TBDTs found in each 289 
strain is variable (Butt and Thomas, 2017). Reasoning that uboS Bcc strains encode a distinct set 290 
of TBDTs from uboN Bcc strains, we developed a comparative genomics approach to predict the 291 
TBDTs that are unique to uboS strains (Figure 4A). These TBDTs should include any ubonodin 292 
transporter(s) and their absence in uboN strains would explain why those strains are naturally non-293 
susceptible. Our expanded panel of Bcc strains tested for ubonodin susceptibility provided a 294 
dataset sufficient for comparison. First, we built a protein BLAST database for each Bcc strain 295 
and queried the 29 predicted B. cepacia ATCC 25416 TBDTs against each database. For each 296 
TBDT, we calculated the percent similarity normalized by query coverage between the TBDT and 297 
its highest-scoring alignment across all the Bcc strains tested. We then manually examined the 298 
heatmap summarizing the BLAST scores for B. cepacia TBDTs that show high sequence 299 
conservation only or predominantly in the other uboS strains. 300 
 301 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 9, 2022. ; https://doi.org/10.1101/2022.03.09.483586doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.09.483586
http://creativecommons.org/licenses/by/4.0/


 302 
 303 
Figure 4. Phenotype-guided comparative genomics identifies PupB as the Burkholderia outer 304 
membrane receptor for ubonodin. (A) Comparative genomics revealed TBDT genes which are 305 
conserved in subsets of Bcc strains tested for ubonodin susceptibility. Top: Our comparative 306 
genomics approach used protein BLAST to search for the closest homolog of each putative ATCC 307 
25416 TBDT in each ubonodin-susceptible (uboS) and non-susceptible (uboN) Bcc strain. Bottom: 308 
For each TBDT search, the percent sequence similarity of the top hit normalized to the alignment 309 
coverage was calculated. Each row of the heat map represents one of the 29 TBDTs assessed 310 
and each column represents one of the 11 Bcc strains besides the B. cepacia seed strain tested 311 
for ubonodin susceptibility. The blue-to-red spectrum indicates low-to-high protein sequence 312 
conservation. Only one hit encoded by the gene GGFLHMPP_01381 was predominately 313 
conserved in uboS (bolded) but not uboN (non-bolded) strains. (B) PupB is required for ubonodin 314 
activity. Exponential-phase cultures were diluted to a starting OD600 of 0.0005 in cation-adjusted 315 
Mueller-Hinton II broth and exposed to 0-16 µM of ubonodin. Endpoint OD600 was measured after 316 
~16 h of growth at 30°C. Complementation of pupB was achieved by providing pupB on the 317 
pSCrhaB2 plasmid with 0.0002% L-rhamnose induction. Plots show the mean ± standard 318 
deviation for independent biological triplicates; error bars are not apparent for points with a small 319 
standard deviation. (C) Loss of PupB reduces ubonodin uptake. B. cepacia WT and ∆pupB 320 
endpoint cultures assessed for inhibition with sub-MIC concentrations of ubonodin were also 321 
analyzed for ubonodin uptake. The endpoint cultures were centrifuged to separate the 322 
supernatant and cell pellet, and cell lysates prepared by cold methanol extraction were analyzed 323 
by LC-MS analysis to measure the amount of ubonodin internalized by the cells. The sum of the 324 
extracted ion count (EIC) for various ubonodin species observed by LC-MS was normalized to 325 
the final cell density. Non-specific absorption to the cell surface might account for some 326 
background ubonodin signal. Two biological replicates were independently measured. 327 
 328 
The B. cepacia siderophore receptor PupB is the ubonodin outer membrane transporter 329 
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 330 
One B. cepacia TBDT homolog encoded by the gene GGFLHMPP_01381 (pupB) stood out 331 
because it was predicted to be highly conserved in all uboS strains and only one uboN strain 332 
(Figure 4A). PupB is named for its resemblance to TBDTs that transport pseudobactin-type 333 
siderophores (Koster et al., 1993). Overall, PupB satisfies the conservation pattern expected for 334 
an ubonodin transporter that would define the spectrum of activity. No other TBDT homolog 335 
showed a similar conservation pattern. To test if PupB is involved in ubonodin transport, we 336 
deleted pupB in B. cepacia and found that the mutant was completely resistant to ubonodin, as 337 
expected with loss of cellular uptake (Figure 4B). Ubonodin susceptibility was restored when 338 
pupB was provided back in trans on a plasmid. These results strongly implicate PupB in ubonodin 339 
OM import. We also carried out cellular uptake assays comparing B. cepacia WT to the ∆pupB 340 
mutant. B. cepacia was incubated with ubonodin and intracellular levels of ubonodin were 341 
measured by LC-MS analysis of the cell lysates, normalized to the endpoint cell density for each 342 
sample. In summary, we found that ubonodin accumulated to higher levels in WT cells and cellular 343 
uptake of ubonodin was reduced in the absence of PupB (Figure 4C). Our genetic and 344 
biochemical results conclusively demonstrate that ubonodin uses PupB as an OM receptor for 345 
initial cellular entry. 346 
 347 
We also examined the PupB sequences in more detail to understand how the homologs belonging 348 
to the uboS strains are unique. Alignment of the closest PupB homologs for all 12 Bcc strains 349 
tested revealed a distinct N-terminal motif found almost exclusively in the uboS strains (Figure 4 350 
– figure supplement 1). In addition to the β-barrel domain and the periplasmic plug domain that 351 
sterically blocks the β-barrel lumen, a subset of TBDTs harbor an additional domain at the N-352 
terminus (Noinaj et al., 2010). This N-terminal extension is involved in signaling through a cognate 353 
IM σ regulator-extracytoplasmic σ factor pair to regulate the expression of the parent TBDT and 354 
related transport genes (Braun et al., 2003; Braun and Mahren, 2005; Visca et al., 2002). As 355 
intracellular iron concentrations must be precisely controlled, this added level of regulation 356 
provides a useful feedback mechanism. Besides the N-terminal extension, the PupB hits were 357 
otherwise highly similar across all strains. That PupB homologs harbor an additional N-terminal 358 
signaling domain is especially interesting in the context of the genomic location of the pupB gene, 359 
which we will further discuss below. 360 
 361 
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 362 
 363 
Figure 4 – figure supplement 1. PupB homologs encoded by ubonodin-susceptible strains 364 
harbor an N-terminal extension domain. The closest PupB homologs found by protein BLAST 365 
search against the 12 Bcc strains tested for ubonodin susceptibility were aligned with Clustal 366 
Omega. Only the N-terminal portion of the alignment is shown here. The start of the plug domain 367 
based on protein BLAST annotation of the ATCC 25416 PupB homolog is denoted in red text. 368 
 369 
RNA-sequencing of B. cepacia profiles the global cellular response to excess iron 370 
 371 
Having identified the ubonodin OM receptor, we revisited the observation that excess iron inhibits 372 
ubonodin activity to understand if excess iron does so by repressing pupB expression, thereby 373 
impeding cellular uptake. For this purpose, we performed RNA-seq to compare the B. cepacia 374 
transcriptome between 2 growth conditions: standard LB with baseline iron and supplemented 375 
with 1 mM FeCl3 to match the conditions of the ubonodin inhibition assay. An advantage of our 376 
RNA-seq approach is that even if excess iron does not directly impact pupB expression, we might 377 
still understand how PupB transport could be affected via possible changes in the expression of 378 
other transport pathway components, e.g., the TonB regulator. 379 
 380 
As expected, growth in excess iron led to the repression of 183 genes, among them iron transport 381 
and utilization genes and siderophore biosynthesis genes (Figure 5A and Supplementary file 1 382 
– Supplementary Table 3). Several of these iron pathway-related genes were accordingly found 383 
to be induced under low-iron growth conditions in prior transcriptomics studies (Sass et al., 2013; 384 
Tuanyok et al., 2005; Tyrrell et al., 2015). By contrast, 114 genes were significantly upregulated 385 
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in the presence of excess iron, with none annotated as encoding for iron transporters (Figure 5A 386 
and Supplementary file 1 – Supplementary Table 4). Consistent with the observed gene 387 
expression changes, we noticed that B. cepacia cultures grown in excess iron were paler than 388 
the yellow-green cultures grown in standard rich media (Figure 5 – figure supplement 1). As the 389 
yellow-green color is a property of fluorescent iron-scavenging siderophores (Thomas, 2007), the 390 
color change supports that siderophore production was downregulated in response to excess 391 
iron.  392 
 393 

 394 
 395 
Figure 5. PupB is a member of the Burkholderia iron regulon. (A) Volcano plot showing iron-396 
repressed and upregulated genes in B. cepacia ATCC 25416. Total RNA was extracted from 397 
independent biological triplicate cultures of B. cepacia WT grown to mid-exponential phase in LB 398 
± 1 mM FeCl3. Illumina RNA-seq libraries were prepared and sequenced. Genes which exhibited 399 
significant changes (adjusted p-value < 0.01) in read count between the 2 growth conditions are 400 
shown as blue dots superimposed onto all detectable genes in gray. Select genes of interest in 401 
the PupB transport pathway are denoted with a red outline and labeled. (B) Prediction of the B. 402 
cepacia Fur regulon. Top: Seven experimentally determined P. aeruginosa Fur DNA-binding sites 403 
(Dudek and Jahn, 2021; Hassett et al., 1997; Ochsner et al., 2000, 1995) were aligned using the 404 
MEME (Multiple EM for Motif Elicitation) tool to generate the Fur consensus sequence (Bailey et 405 
al., 2009). Bottom left: A position-weight matrix (PWM) built using the Fur DNA-binding sites was 406 
used to scan the ATCC 25416 genome for similar sequences indicating a potential Fur box. 407 
Bottom right: Histogram of PWM scores for all scanned genome fragments with the inset showing 408 
the distribution of scores >10. (C) A potential Fur box is present upstream of the 4-gene operon 409 
predicted to encode pupB. The sequence and PWM score of the identified Fur box are denoted. 410 
The Operon-mapper web server was used for operon prediction (Taboada et al., 2018). The last 411 
gene in the predicted operon is a gene of unknown function (gof). (D) Fur is essential in B. 412 
cepacia. Five-µL spots of exponential-phase cultures normalized to the same starting OD600 and 413 
serially diluted ten-fold were spotted on LB agar ± 0.2% L-rhamnose. Plates were incubated at 414 
30°C for ~15 h. 415 
 416 
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 417 
 418 
Figure 5 – figure supplement 1. Excess iron triggers a change in the color of B. cepacia cultures. 419 
Overnight cultures of B. cepacia WT were grown in LB with (bottom) or without (top) 1 mM FeCl3. 420 
Whereas WT cultures are normally green, cultures exposed to excess iron were pale in color.   421 
 422 
We examined the list of iron-repressed genes in more detail to identify any overlap with known 423 
components of the ubonodin transport pathway. Strikingly, both pupB (alternate gene designation, 424 
APZ15_10615) and tonB1 (APZ15_16310) were significantly repressed when B. cepacia was 425 
grown in the presence of excess iron (Figure 5A and Supplementary file 1 – Supplementary 426 
Table 3). Of note, iron-mediated gene repression was not a general attribute for all the TBDT 427 
genes because only 8 of the 29 predicted B. cepacia TBDT genes showed any significant 428 
expression changes (Supplementary file 1 – Supplementary Table 5). The most highly 429 
repressed TBDT gene is associated with the biosynthetic operon of ornibactin, a major 430 
siderophore produced by Burkholderia (Darling et al., 1998; Sokol et al., 2000; Stephan et al., 431 
1993; Thomas, 2007). That both PupB and its TonB activator are downregulated likely explains 432 
why excess iron inhibits ubonodin activity. Excess iron triggers gene expression changes that 433 
reduce the abundance of the ubonodin OM transport machinery, in turn likely reducing cellular 434 
uptake of the peptide and therefore activity. 435 
 436 
A strong Fur DNA-binding site is predicted upstream of the pupB operon 437 
 438 
Our finding that excess iron negatively regulates pupB and tonB1 expression points to an 439 
underlying iron-responsive signaling pathway in B. cepacia. As previously discussed, bacteria 440 
have sophisticated mechanisms to maintain iron homeostasis in cells. Central to bacterial iron 441 
homeostasis is a highly conserved transcription factor called the ferric uptake regulator (Fur) 442 
protein (Escolar et al., 1999; Schäffer et al., 1985). Fur represses the transcription of genes within 443 
its regulon when bound to Fe2+, but in the absence of the Fe2+ cofactor when iron is depleted, Fur 444 
regulon genes are derepressed (Bagg and Neilands, 1987). Likewise, excess iron might repress 445 
pupB and tonB expression through Fur, but overall, there is limited information on Fur-regulated 446 
genes in Burkholderia (Sass and Coenye, 2020; Yuhara et al., 2008). 447 
 448 
As an initial approach to determine if pupB and/or tonB1 gene expression is Fur-regulated, we 449 
applied bioinformatics to predict the Fur regulon in B. cepacia. We leveraged the fact that the 19-450 
bp Fur binding site sequence (i.e., Fur box) (Lorenzo et al., 1987) is conserved and well-451 
established to scan the B. cepacia ATCC 25416 genome for candidate Fur-regulated genes 452 
(Figure 5B and Supplementary file 1 – Supplementary Table 6). From this analysis, a high-453 
scoring sequence that closely matches the Fur consensus sequence was identified immediately 454 
upstream of a predicted 4-gene operon (Taboada et al., 2018) harboring pupB, suggesting that 455 
pupB is a member of the Fur regulon (Figure 5C and Supplementary file 2). As expected with 456 
co-regulated genes, excess iron also repressed the expression of the two genes residing 457 
upstream of pupB in the same operon, fecI (APZ15_10605) and fecR (APZ15_10610) (Figure 5A 458 
and Supplementary file 3). In contrast, no probable Fur box was predicted directly upstream of 459 
tonB1. 460 
 461 
Because the ubonodin OM receptor PupB appears to be transcriptionally regulated by the Fur 462 
repressor, we decided to delete fur (GGFLHMPP_00610) and test if the mutant becomes hyper-463 
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susceptible to ubonodin. Our attempts to delete fur in B. cepacia were unsuccessful via one-step 464 
allelic replacement but we were able to construct a fur depletion mutant. When the inducer was 465 
withheld, growth of the fur depletion mutant was severely attenuated and only partially restored 466 
when the inducer was reintroduced, showing that Fur is essential in B. cepacia (Figure 5D). As 467 
the mutant was already very sick, we could not clearly determine if it is hypersensitive to ubonodin. 468 
Additional studies are needed to pinpoint the role of Fur in regulating pupB expression. 469 
 470 
Competence for outer membrane transport is key to ubonodin bioactivity 471 
 472 
So far, we have shown that PupB is necessary for ubonodin bioactivity, but we wondered if PupB-473 
mediated transport is also sufficient to confer ubonodin susceptibility provided that RNAP is 474 
conserved. We previously reported that while ubonodin inhibits E. coli RNAP activity in vitro, it 475 
was not bioactive against E. coli (Cheung-Lee et al., 2020). Speculating that the lack of bioactivity 476 
was due to exclusion of ubonodin from E. coli cells, we hypothesized that we could sensitize E. 477 
coli to ubonodin by heterologously expressing B. cepacia PupB together with its TonB regulator. 478 
Indeed, when PupB was overexpressed in E. coli, the once non-susceptible strain became 479 
susceptible to ubonodin at concentrations as low as 80 µM, which is comparable to the levels of 480 
susceptibility observed for Burkholderia strains (Figure 6). Interestingly, B. cepacia TonB1 was 481 
not needed to achieve susceptibility, as expression of PupB alone made E. coli susceptible to 482 
ubonodin and co-expression with TonB1 did not further reduce the MIC (Figure 6 – figure 483 
supplement 1). OM transport is therefore a key determinant of bacterial susceptibility to ubonodin 484 
and PupB clearly plays a central role in transport which cannot be readily substituted by other 485 
transporters. 486 
 487 

 488 
 489 
Figure 6. Outer membrane transport determines ubonodin susceptibility. E. coli BL21(DE3) ∆slyD 490 
propagating an empty expression plasmid or a plasmid encoding B. cepacia pupB was grown to 491 
exponential phase. 108 CFUs were mixed with M63 soft agar containing 100 µM IPTG to induce 492 
protein overexpression and plated on M63 base agar. Ten µL of 0-160 µM ubonodin were spotted 493 
and zones of growth inhibition (arrows) were observed after ~15 h incubation at 30°C.  494 
 495 
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 496 
 497 
Figure 6 – figure supplement 1. Expression of PupB alone is sufficient to confer ubonodin 498 
susceptibility. Spot-on-lawn M63 plates of 108 CFUs of E. coli BL21(DE3) ∆slyD expressing B. 499 
cepacia TonB1 (left) together with PupB (right). Protein overexpression was achieved by the 500 
addition of 100 µM IPTG to the soft agar. Ten µL of 0-160 µM ubonodin were spotted and growth 501 
inhibition (arrows) was observed after ~15 h incubation at 30°C. 502 
 503 
The putative ABC transporter YddA is the ubonodin inner membrane transporter 504 
 505 
The ability to sensitize otherwise resistant E. coli to ubonodin by enabling OM uptake without 506 
interfering with IM uptake suggests that there is an E. coli IM transporter that can substitute for 507 
the one found natively in B. cepacia. The E. coli polytopic IM protein SbmA is known to be required 508 
for cellular uptake of the lasso peptides microcin J25 and citrocin (Cheung-Lee et al., 2019; 509 
Salomón and Farías, 1995). Thus, we wondered if there exists a homolog of SbmA in B. cepacia 510 
and whether such a homolog is involved in ubonodin transport. Through protein BLAST search, 511 
we found that the closest SbmA homolog in B. cepacia ATCC 25416 is a predicted ATP-binding 512 
cassette (ABC) transporter encoded by the gene GGFLHMPP_00373 (yddA). While the YddA 513 
protein sequence is only ~25% identical to that of E. coli SbmA and YddA contains a cytoplasmic 514 
nucleotide binding domain not present in SbmA, YddA is highly conserved (>80% sequence 515 
identity) across all the Bcc strains tested for ubonodin susceptibility (Figure 7A). Consistent with 516 
YddA acting as an ubonodin IM transporter, the PSORTb bacterial protein subcellular localization 517 
prediction tool (Yu et al., 2010) localized YddA to the IM and the Phobius topology prediction tool 518 
(Käll et al., 2007, 2004) predicted 6 transmembrane helices. When we deleted yddA in B. cepacia, 519 
the bacterium was no longer susceptible to ubonodin like how E. coli SbmA loss-of-function 520 
mutants are resistant to microcin J25 and citrocin (Figure 7B) (Cheung-Lee et al., 2019; Salomón 521 
and Farías, 1995). These results strongly implicate B. cepacia YddA in ubonodin IM transport. 522 
 523 
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 524 
 525 
Figure 7. Ubonodin requires the B. cepacia SbmA homolog YddA for bioactivity. (A) Conservation 526 
of the inner membrane protein SbmA across the Bcc strains tested for ubonodin susceptibility. 527 
First, the closest homolog in strain ATCC 25416 to E. coli SbmA was identified using protein 528 
BLAST. This homolog, B. cepacia YddA, was then used to identify the closest homolog in each 529 
of the other Bcc strains. Heat map shows percent sequence identity when the SbmA homologs 530 
were aligned with Clustal Omega. A darker shade represents more identical SbmA sequences for 531 
a pair of strains along the x- and y-axes. Ubonodin-susceptible strains are bolded. (B) Loss of 532 
YddA makes B. cepacia resistant to ubonodin. Exponential-phase culture was plated at 108 CFUs 533 
and 10 µL of 0-160 µM of ubonodin were spotted in the respective sectors. No zones of growth 534 
inhibition were observed after the spot-on-lawn LB plate was incubated at 30°C for ~15 h. 535 
 536 
DISCUSSION 537 
 538 
In this work, we have uncovered how the antibacterial lasso peptide ubonodin crosses the 539 
bacterial cell membranes as essential steps in its mechanism of action. Ubonodin is a narrow-540 
spectrum antibacterial that inhibits transcription through inhibition of RNAP (Cheung-Lee et al., 541 
2020). How does a compound with a highly conserved molecular target yet have confined 542 
bioactivity? Based on our observation that ubonodin is bioactive against select members of the 543 
Bcc, we developed a comparative genomics approach to predict the genes that differentiate 544 
susceptible from non-susceptible strains speculating that the capacity to internalize ubonodin 545 
determines susceptibility. This analysis revealed PupB, an OM transporter that putatively 546 
functions as a receptor for siderophore-iron complexes and that we have now shown can be 547 
hijacked by ubonodin for cellular entry (Figure 8A). By identifying PupB and demonstrating that 548 
it is necessary and sufficient to determine susceptibility to ubonodin, we have provided a 549 
molecular explanation for its spectrum of bioactivity. Our finding also provides an additional 550 
example of a lasso peptide that repurposes a siderophore receptor for OM transport, highlighting 551 
perhaps a universal strategy used by members of this RiPP class to breach the notoriously 552 
impenetrable bacterial OM. 553 
 554 
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 555 
 556 
Figure 8. Model for the membrane transport pathway of ubonodin. (A) To cross the bacterial outer 557 
membrane (OM), ubonodin hijacks the siderophore receptor PupB native to certain Bcc strains. 558 
PupB functions in complex with its TonB activator. The inner membrane (IM) transporter of 559 
ubonodin is the putative ABC transporter YddA. (B) Comparative genomics was key to honing in 560 
on PupB and this approach should be broadly useful for investigating the mechanisms of action 561 
of other antimicrobial RiPPs with a defined susceptibility profile.  562 
 563 
Lasso peptides that act as RNAP inhibitors comprise a major lasso peptide subclass and an 564 
emerging theme is that these peptides use TBDTs localized in the OM of target bacterial cells for 565 
initial cellular entry. Microcin J25 uses the E. coli TBDT FhuA for OM transport (Mathavan et al., 566 
2014; Salomón and Farías, 1993). Klebsidin (Metelev et al., 2017) and microcin Y (Li et al., 2021) 567 
likewise use FhuA-like transporters. In these cases where the OM transporters were identified, 568 
the ability to readily isolate resistant mutants that have a mutation in the OM transporter or to 569 
predict a close homolog to E. coli FhuA was crucial to their identification. With ubonodin, we have 570 
observed a very low rate of bacterial resistance. While this property is desired for an antibiotic 571 
candidate, our difficulty in raising ubonodin-resistant B. cepacia mutants precluded 572 
straightforward identification of its OM transporter. Moreover, B. cepacia and multireplicon 573 
Burkholderia bacteria generally encode multiple homologs for a protein that is otherwise found 574 
only once in other bacteria (Mahenthiralingam et al., 2005). This unprecedented level of 575 
redundancy presented an additional challenge when we initially searched for TBDT homologs in 576 
B. cepacia, as there were 29 predicted TBDTs and the closest homolog was only ~37% identical 577 
to E. coli FhuA. Without a clear candidate to assess, knocking out each TBDT one-by-one would 578 
be prohibitively time-consuming because genetic tools to manipulate Burkholderia are less 579 
developed (Barrett et al., 2008; Flannagan et al., 2008; Hogan et al., 2021, 2019; Shastri et al., 580 
2017). Thus, we conceived an alternative strategy using comparative genomics to prioritize the 581 
B. cepacia TBDT candidates for further genetic studies to confirm their role in ubonodin transport. 582 
Ultimately, the putative B. cepacia TBDT PupB that we have established as the OM receptor for 583 
ubonodin is only ~25% identical to E. coli FhuA. Our comparative genomics approach was key to 584 
honing in on PupB and we anticipate that it will be broadly useful in deciphering the mechanisms 585 
of actions of other lasso peptides and RiPPs (Figure 8B). We do note that a limitation of this 586 
strategy is that it cannot resolve whether strains encoding a susceptibility-defining gene actually 587 
express those genes, which might explain why B. multivorans AU15814 encodes pupB but is 588 
uboN. For such exceptions, comparative transcriptomics on a panel of differentially-susceptible 589 
strains might be more appropriate. 590 
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 591 
Another key insight that linked siderophore receptors and specifically PupB to ubonodin transport 592 
was our finding that excess iron inhibits ubonodin bioactivity. RNA-seq profiling of B. cepacia 593 
indicated that excess iron represses pupB expression; fewer transporters would mean reduced 594 
cellular uptake of ubonodin and therefore bioactivity. Initial bioinformatic analysis suggested a 595 
signaling pathway involving the iron-sensing transcriptional repressor Fur. We had hoped to test 596 
that Fur directly controls pupB expression by deleting the fur gene in B. cepacia and showing that 597 
the mutant is hypersensitive to ubonodin, but we found that fur is essential. Although iron 598 
regulation in Burkholderia has been an area of significant interest, the specific role of Burkholderia 599 
Fur is poorly understood. A fur deletion mutant of B. multivorans has been reported, but this 600 
mutant has severe growth defects (Sato et al., 2017; Yuhara et al., 2008). Pleiotropic effects due 601 
to fur depletion were also observed in P. aeruginosa (Pasqua et al., 2017). While we could not 602 
delete fur, this line of investigation led us to another interesting observation. The operon that is 603 
predicted to contain pupB and to be under Fur regulation also encodes FecI and FecR, proteins 604 
that resemble an extracytoplasmic σ factor and an IM σ regulator pair. As we had discussed 605 
above, FecIR-type protein pairs cooperate with a special class of TBDTs that are structurally 606 
distinct from conventional TBDTs (Braun et al., 2003; Braun and Mahren, 2005; Visca et al., 607 
2002). As PupB harbors the N-terminal extension domain found uniquely in this TBDT subclass, 608 
an intriguing question for future studies is whether PupB and FecIR form an iron-regulated 609 
signaling cascade in the native cellular context. 610 
 611 
In addition to transcriptional regulation, as a TBDT PupB is also regulated through direct 612 
interaction with its TonB partner. Although B. cepacia encodes 4 TonB homologs, only TonB1 is 613 
required for ubonodin activity. Either the PupB-TonB1 interaction is highly specific or the other 614 
TonBs are not expressed under the experimental conditions, meaning that the ∆tonB2, ∆tonB3, 615 
and ∆tonB4 mutants would effectively mimic WT. Given that expressing PupB alone in E. coli is 616 
sufficient for ubonodin susceptibility, we suspect there is some degree of promiscuity in the 617 
interaction of PupB with a TonB regulator. E. coli has one TonB regulator and it is only ~28% 618 
identical to B. cepacia TonB1. Unless PupB is independently active in E. coli, it likely cooperates 619 
with E. coli TonB; expressing PupB in an E. coli ∆tonB background may provide an answer. By 620 
contrast, the interaction of PupB with ubonodin appears quite specific as no other B. cepacia or 621 
E. coli TBDTs can apparently substitute for its ubonodin transport function. Mapping the PupB-622 
ubonodin binding interface will expose how the transporter engages its substrate, a subject for 623 
future studies.  624 
 625 
Finally, while we show that OM transport is predictive of ubonodin susceptibility, bioactivity also 626 
depends on ubonodin’s ability to cross the IM as its intended cellular target is cytoplasmic. Based 627 
on its resemblance to E. coli SbmA, a known IM transporter for other RNAP-inhibiting lasso 628 
peptides (Cheung-Lee et al., 2019; Salomón and Farías, 1995), we honed in on the putative ABC 629 
transporter YddA as the ubonodin IM transporter in B. cepacia. The native biological function of 630 
YddA is not known but YddA is highly conserved in the Bcc strains examined herein. As both uboN 631 
and uboS Bcc strains encode near-identical YddA homologs, they all appear to be inherently 632 
capable of ubonodin IM transport. IM translocation is necessary but clearly not sufficient for 633 
ubonodin bioactivity, as further evidenced by the requirement for PupB in addition to a YddA-like 634 
transporter to observe activity against E. coli. Similar to our reconstitution of PupB function in E. 635 
coli, other groups have shown that expressing the native microcin J25 (Vincent et al., 2004) and 636 
klebsidin (Metelev et al., 2017) OM receptors in resistant strains without providing their native IM 637 
transporters is sufficient to achieve bioactivity. Thus, IM transporters capable of recognizing 638 
ubonodin and lasso peptides in general may be highly prevalent. Although SbmA homologs have 639 
been repeatedly associated with lasso peptide transport, how they interact with their cargo is 640 
poorly understood. In the case of E. coli SbmA-mediated transport of microcin J25, it is thought 641 
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that SbmA makes specific contacts with the peptide and is powered by a proton gradient (Ghilarov 642 
et al., 2021). Unlike SbmA, which possesses the transmembrane but not nucleotide-binding 643 
domain of ABC transporters (Ghilarov et al., 2021; Runti et al., 2013), B. cepacia YddA is 644 
predicted to have a C-terminal ATP-binding domain. As such, YddA may use a transport 645 
mechanism distinct from SbmA, another intriguing question for future studies. 646 
 647 
To date, hundreds of RiPPs have been discovered but for most the mechanism of action is still 648 
unknown, limiting their potential as clinical drugs. Before the genomic era, new RiPPs were 649 
typically found through bioactivity-guided studies, starting from isolation of a compound with 650 
antimicrobial activity to elucidation of its structure and target. Genomics-guided discovery of 651 
RiPPs has now overtaken activity-focused approaches, but our understanding of the function of 652 
these new compounds has not kept pace in part due to the lack of tools. The pipeline we have 653 
developed – from phenotype/drug susceptibility to computational genomics to target discovery – 654 
is generalizable to other RiPPs for which mechanism of action data are sorely needed. 655 
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MATERIALS AND METHODS 677 
 678 
Culture conditions 679 
 680 
Unless otherwise indicated, all bacterial strains were cultured in Luria-Bertani Miller broth (10 g/L 681 
tryptone, 10 g/L NaCl, 5 g/L yeast extract). For spot-on-lawn assays, LB and M63 media (2 g/L 682 
(NH4)2SO4, 13.6 g KH2PO4, 0.2% D-glucose, 1 mM MgSO4, 0.04 g/L each of the 20 standard amino 683 
acids, 0.00005% thiamine) were used. For MIC liquid inhibition assays, cation-adjusted Mueller-684 
Hinton II broth was also used (3 g/L beef extract, 17.5 g/L acid hydrolysate of casein, 1.5 g/L 685 
starch, 10 mg/L Mg2+, 20 mg/L Ca2+). E. coli strains were grown at 37°C overnight. B. cepacia 686 
strain ATCC 25416 was typically grown at 30°C for 1-2 days until distinct colonies appeared. All 687 
Bcc clinical isolates were grown at 32-35°C for 1-3 days until colonies appeared. Antibiotics were 688 
used at the following concentration for selection in E. coli: 100 µg/mL ampicillin, 25 µg/mL 689 
chloramphenicol, 50 µg/mL trimethoprim, 50 µg/mL kanamycin, and 50 µg/mL gentamicin. For 690 
selection in B. cepacia, antibiotics were used at the following concentrations: 300 µg/mL 691 
kanamycin, 50-100 µg/mL trimethoprim, and 50 µg/mL chloramphenicol. 692 
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 693 
Strain construction 694 
 695 
The list of strains used in this study can be found in Supplementary file 4. Chemical 696 
transformation was used to introduce plasmids into E. coli XL1-Blue Mix & Go competent cells 697 
(Zymo Research, cat. no. T3002) or E. coli DH5α chemically competent cells. Electroporation was 698 
used to introduce pir-dependent plasmids into electrocompetent E. coli CC118(λpir) and E. coli 699 
S17-1(λpir) cells. Electroporation was also used to introduce plasmids into electrocompetent E. 700 
coli BL21 and BL21(DE3) ∆slyD cells. Abbreviations used in this and the plasmid construction 701 
sections: CmR, chloramphenicol resistance; GentR, gentamicin resistance, Tp/TpTer/TpR, 702 
trimethoprim resistance; Km/KmR, kanamycin resistance. 703 
 704 
TD042 [B. cepacia ATCC 25416 ∆GGFLHMPP_06959 (tonB3)::TpTer]. The donor strain E. coli 705 
S17-1(λpir) propagating the pTD005-[pSHAFT3-∆tonB3::TpTer] suicide plasmid was biparentally 706 
mated into recipient strain B. cepacia ATCC 25416. TpRGentR transconjugant colonies were 707 
screened to identify double-crossover mutants which are also CmS and further confirmed by 708 
colony PCR using primer pairs oTD045-oTD046 and oTD045-oTD043. 709 
 710 
TD075 [B. cepacia ATCC 25416 ∆GGFLHMPP_00610 (fur)::Km; pSCrhaB2-fur]. This strain was 711 
made in two steps by first introducing the fur expression plasmid and then replacing chromosomal 712 
fur with a KmR marker. The donor strain E. coli DH5α propagating pTD013-[pSCrhaB2-fur] and 713 
helper strain E. coli DH5α/pRK2013 were triparentally mated with recipient strain B. cepacia 714 
ATCC 25416 to transfer the expression plasmid. TpRGentR transconjugant colonies were checked 715 
by colony PCR using primer pairs oTD035-oTD036 to confirm transfer of pTD013. Next, the donor 716 
strain E. coli S17-1(λpir) propagating the pTD016-[pTD014-∆fur::Km] suicide plasmid was 717 
biparentally mated into recipient strain B. cepacia ATCC 25416; pSCrhaB2-fur. KmRGentR 718 
transconjugant colonies were screened to identify double-crossover mutants which are also CmS 719 
and further confirmed by colony PCR using primer pairs oTD062-oTD063 and oTD063-oTD091. 720 
Strain TD075 needed to be propagated on LB selection plates supplemented with 0.02-0.2% L-721 
rhamnose as fur is essential. 722 
 723 
TD078 [B. cepacia ATCC 25416 ∆GGFLHMPP_07362 (tonB4)::Km]. The donor strain E. coli S17-724 
1(λpir) propagating the pTD017-[pSHAFT3-∆tonB4)::Km] suicide plasmid was biparentally mated 725 
into recipient strain B. cepacia ATCC 25416. KmRGentR transconjugant colonies were screened 726 
to identify double-crossover mutants which are also CmS and further confirmed by colony PCR 727 
using primer pairs oTD089-oTD090 and oTD090-oTD091. 728 
 729 
TD080 [B. cepacia ATCC 25416; pSCrhaB2]. The donor strain E. coli DH5α propagating 730 
pSCrhaB2 and helper strain E. coli DH5α/pRK2013 were triparentally mated with recipient strain 731 
B. cepacia ATCC 25416 to transfer the empty vector. TpRGentR transconjugant colonies were 732 
checked by colony PCR using primer pairs oTD035-oTD036 to confirm transfer of pSCrhaB2. 733 
 734 
TD090 [B. cepacia ATCC 25416 ∆GGFLHMPP_04892 (tonB2)::TpTer]. The donor strain E. coli 735 
S17-1(λpir) propagating the pTD022-[pTD014-∆tonB2::TpTer] suicide plasmid was biparentally 736 
mated into recipient strain B. cepacia ATCC 25416. TpRGentR transconjugant colonies were 737 
screened to identify double-crossover mutants which are also CmS and further confirmed by 738 
colony PCR using primer pairs oTD132-oTD133 and oTD132-oTD043. 739 
 740 
TD091 [B. cepacia ATCC 25416 ∆GGFLHMPP_02544 (tonB1)::Km; pSCrhaB2-tonB1]. This 741 
strain was made in two steps by first introducing the tonB1 expression plasmid and then replacing 742 
chromosomal tonB1 with a KmR marker. The donor strain E. coli DH5α propagating pTD020-743 
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[pSCrhaB2-tonB1] and helper strain E. coli DH5α/pRK2013 were triparentally mated with recipient 744 
strain B. cepacia ATCC 25416 to transfer the expression plasmid. TpRGentR transconjugant 745 
colonies were checked by colony PCR using primer pairs oTD035-oTD036 to confirm transfer of 746 
pTD020. Next, the donor strain E. coli S17-1(λpir) propagating the pTD019-[pTD014-∆tonB1::Km] 747 
suicide plasmid was biparentally mated into recipient strain B. cepacia ATCC 25416; pSCrhaB2-748 
tonB1. KmRGentR transconjugant colonies were screened to identify double-crossover mutants 749 
which are also CmS and further confirmed by colony PCR using primer pairs oTD118-oTD119 and 750 
oTD118-oTD091. Strain TD091 was propagated on LB selection plates supplemented with 0.02% 751 
L-rhamnose as tonB1 is important for healthy cell growth. 752 
 753 
TD103 [B. cepacia ATCC 25416 ∆GGFLHMPP_01381 (pupB)::Km]. The donor strain E. coli S17-754 
1(λpir) propagating the pTD023-[pTD014-∆pupB::Km] suicide plasmid was biparentally mated 755 
into recipient strain B. cepacia ATCC 25416. KmRGentR transconjugant colonies were screened 756 
to identify double-crossover mutants which are also CmS and further confirmed by colony PCR 757 
using primer pairs oTD151-oTD152. 758 
 759 
TD118 [B. cepacia ATCC 25416 ∆GGFLHMPP_01381 (pupB)::Km; pSCrhaB2-APZ15_10615 760 
(pupB)]. This strain was made in two steps by first introducing the pupB expression plasmid and 761 
then replacing chromosomal pupB with a KmR marker. The donor strain E. coli DH5α propagating 762 
pTD029-[pSCrhaB2-pupB] and helper strain E. coli DH5α/pRK2013 were triparentally mated with 763 
recipient strain B. cepacia ATCC 25416 to transfer the expression plasmid. TpRGentR 764 
transconjugant colonies were checked by colony PCR using primer pairs oTD035-oTD036 to 765 
confirm transfer of pTD029. Next, the donor strain E. coli S17-1(λpir) propagating the pTD023-766 
[pTD014-∆pupB::Km] suicide plasmid was biparentally mated into recipient strain B. cepacia 767 
ATCC 25416; pSCrhaB2-pupB. KmRGentR transconjugant colonies were screened to identify 768 
double-crossover mutants which are also CmS and further confirmed by colony PCR using primer 769 
pairs oTD151-oTD152. 770 
 771 
TD122 [B. cepacia ATCC 25416 ∆GGFLHMPP_00373 (yddA)::TpTer]. The donor strain E. coli 772 
S17-1(λpir) propagating the pTD032-[pTD014-∆yddA::TpTer] suicide plasmid was biparentally 773 
mated into recipient strain B. cepacia ATCC 25416. TpRGentR transconjugant colonies were 774 
screened to identify double-crossover mutants which are also CmS and further confirmed by 775 
colony PCR using primer pairs oTD180-oTD179 and oTD180-oTD043. 776 
 777 
Plasmid construction 778 
 779 
The list of plasmids and oligonucleotides used in this study can be found in Supplementary file 780 
5 and Supplementary file 6, respectively. Plasmids were cloned using E. coli XL1-Blue and E. 781 
coli DH5α for general purposes, but pir-dependent pSHAFT3-based plasmids were cloned using 782 
E. coli CC118(λpir). The pWC99 plasmid for ubonodin purification was overexpressed in E. coli 783 
BL21. Plasmids for B. cepacia PupB and/or TonB1 overexpression were freshly transformed into 784 
E. coli BL21(DE3) ∆slyD. When needed, bacterial genomic DNA was extracted using the DNeasy 785 
Blood & Tissue Kit (QIAGEN, cat. no. 69504) according to manufacturer’s protocol. The Q5® 786 
High-Fidelity DNA Polymerase and buffers (NEB, cat. no. M0491L) were used for PCR. Other 787 
standard cloning reagents include T4 DNA ligase (NEB), restriction enzymes (NEB), Zymoclean 788 
Gel DNA Recovery Kits (Zymo Research), and QIAprep Spin Miniprep Kits (QIAGEN). All 789 
plasmids were sequenced using the GENEWIZ/Azenta Life Sciences sequencing service to 790 
confirm the correct insert was cloned. 791 
 792 
pTD005 [pSHAFT3-∆GGFLHMPP_06959 (tonB3)::TpTer]. The 692-bp sequence upstream of the 793 
tonB3 ATG start codon was PCR-amplified using primer pairs oTD026-oTD027 and ATCC 25416 794 
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gDNA template. The PcS-TpTer cassette was PCR-amplified using primer pairs oTD029-oTD030 795 
and p34E-TpTer plasmid template. The 783-bp sequence downstream of tonB3 Ser227 codon 796 
was PCR-amplified using primer pairs oTD028-oTD025 and ATCC 25416 gDNA template. The 3 797 
PCR products were stitched together with T4 DNA ligase and cloned between the EcoRI and XbaI 798 
sites of pSHAFT3. 799 
 800 
pTD013 [pSCrhaB2-GGFLHMPP_00610 (fur)]. GGFLHMPP_00610 [Met1-His142] was PCR-801 
amplified using primer pairs oTD083-oTD084 and ATCC 25416 gDNA template. The PCR product 802 
was cloned between the NdeI and BamHI sites of pSCrhaB2. 803 
 804 
pTD014 [pSHAFT3-AmpR Cyt717Ade-BsaI-PGphD-mCherry-BsaI]. This plasmid was made in 805 
two steps. First, the AmpR [Ile140-Gly242] sequence was PCR-amplified using primer pairs 806 
oTD064-oTD065 and pSHAFT3 plasmid template. Primer oTD064 mutates out the native BsaI 807 
within the pSHAFT3 AmpR sequence. The PCR product was cloned between the BsaI and PvuI 808 
sites of pSHAFT3. Next, the PGphD promoter was PCR-amplified using primer pairs oTD076-809 
oTD078 and pYTK001 plasmid template, a plasmid made available on Addgene (#65108) from 810 
John Dueber (Lee et al., 2015). The mCherry sequence was PCR-amplified using primer pairs 811 
oTD079-oTD080 and pET28a-mCherry-CNA35 plasmid template, a plasmid made available on 812 
Addgene (#61607) from Maarten Merkx (Aper et al., 2014). Overlap PCR was performed to stitch 813 
together the PGphD and mCherry products, and the resultant product was cloned between the 814 
EcoRI and XbaI sites of the plasmid generated in the first step. 815 
 816 
pTD016 [pTD014-∆GGFLHMPP_00610 (fur)::Km]. The 702-bp sequence upstream of the fur 817 
Thr5 codon was PCR-amplified using primer pairs oTD094-oTD095 and ATCC 25416 gDNA 818 
template. The PcS-Km cassette was PCR-amplified using primer pairs oTD098-oTD099 and 819 
p34E-Km plasmid template. The 671-bp sequence downstream of the fur Arg140 codon was 820 
PCR-amplified using primer pairs oTD096-oTD097 and ATCC 25416 gDNA template. The 3 PCR 821 
products were cloned between the EcoRI and XbaI sites of pTD014 via Golden Gate cloning. 822 
 823 
pTD017 [pSHAFT3-∆GGFLHMPP_07362 (tonB4)::Km]. The 742-bp sequence upstream of the 824 
tonB4 Met1 start codon was PCR-amplified using primer pairs oTD071-oTD104 and ATCC 25416 825 
gDNA template. The PcS-Km cassette was PCR-amplified using primer pairs oTD106-oTD107 826 
and p34E-Km plasmid template. The 716-bp sequence downstream of the tonB4 Phe223 codon 827 
was PCR-amplified using primer pairs oTD105-oTD068 and ATCC 25416 gDNA template. The 3 828 
PCR products were stitched together using overlap PCR and cloned between the EcoRI and XbaI 829 
sites of pSHAFT3. 830 
 831 
pTD019 [pTD014-∆GGFLHMPP_02544 (tonB1)::Km]. The 615-bp sequence upstream of the 832 
tonB1 Pro3 codon was PCR-amplified using primer pairs oTD114-oTD115 and ATCC 25416 833 
gDNA template. The PcS-Km cassette was PCR-amplified using primer pairs oTD098-oTD099 834 
and p34E-Km plasmid template. The 588-bp sequence downstream of the tonB1 stop codon was 835 
PCR-amplified using primer pairs oTD116-oTD117 and ATCC 25416 gDNA template. The 3 PCR 836 
products were cloned between the EcoRI and XbaI sites of pTD014 via Golden Gate cloning. 837 
 838 
pTD020 [pSCrhaB2-GGFLHMPP_02544 (tonB1)]. GGFLHMPP_02544 [Met1-Asp226] was 839 
PCR-amplified using primer pairs oTD120-oTD121 and ATCC 25416 gDNA template. The PCR 840 
product was cloned between the NdeI and BamHI sites of pSCrhaB2. 841 
 842 
pTD022 [pTD014-∆GGFLHMPP_04892 (tonB2)::TpTer]. The 670-bp sequence upstream of the 843 
tonB2 Met1 codon was PCR-amplified using primer pairs oTD128-oTD129 and ATCC 25416 844 
gDNA template. The PcS-TpTer cassette was PCR-amplified using primer pairs oTD029-oTD030 845 
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and p34E-TpTer plasmid template. The 625-bp sequence downstream of the tonB2 Asp269 846 
codon was PCR-amplified using primer pairs oTD130-oTD131 and ATCC 25416 gDNA template. 847 
The 3 PCR products were cloned between the EcoRI and XbaI sites of pTD014 via Golden Gate 848 
cloning. 849 
 850 
pTD023 [pTD014-∆GGFLHMPP_01381 (pupB)::Km]. The 686-bp sequence upstream of the 851 
pupB Val2 codon was PCR-amplified using primer pairs oTD134-oTD135 and ATCC 25416 gDNA 852 
template. The PcS-Km cassette was PCR-amplified using primer pairs oTD098-oTD099 and 853 
p34E-Km plasmid template. The 724-bp sequence downstream of the pupB Leu840 codon was 854 
PCR-amplified using primer pairs oTD136-oTD137 and ATCC 25416 gDNA template. The 3 PCR 855 
products were cloned between the EcoRI and XbaI sites of pTD014 via Golden Gate cloning. 856 
 857 
pTD027 [pRSFDuet-1-GGFLHMPP_02544 (tonB1)]. GGFLHMPP_02544 [Met1-Asp226] was 858 
PCR-amplified using primer pairs oTD168-oTD169 and ATCC 25416 gDNA template. The PCR 859 
product was cloned between the NcoI and HindIII sites of pRSFDuet-1. 860 
 861 
pTD029 [pSCrhaB2-APZ15_10615 (pupB)]. APZ15_10615 [Met1-Phe858] was PCR-amplified 862 
using primer pairs oTD173-oTD174 and ATCC 25416 gDNA template. The PCR product was 863 
cloned between the NdeI and HindIII sites of pSCrhaB2. 864 
 865 
pTD030 [pRSFDuet-1-GGFLHMPP_02544 (tonB1)-APZ15_10615 (pupB)]. APZ15_10615 866 
[Met1-Phe858] was PCR-amplified using primer pairs oTD173-oTD170 and ATCC 25416 gDNA 867 
template. The PCR product was cloned between the NdeI and AvrII sites of pTD027. 868 
 869 
pTD031 [pRSFDuet-1-APZ15_10615 (pupB)]. APZ15_10615 [Met1-Phe858] was PCR-amplified 870 
using primer pairs oTD173-oTD170 and ATCC 25416 gDNA template. The PCR product was 871 
cloned between the NdeI and AvrII sites of pRSFDuet-1. 872 
 873 
pTD032 [pTD014-∆GGFLHMPP_00373 (yddA)::TpTer]. The 634-bp sequence upstream of the 874 
yddA Met1 codon was PCR-amplified using primer pairs oTD175-oTD176 and ATCC 25416 875 
gDNA template. The PcS-TpTer cassette was PCR-amplified using primer pairs oTD029-oTD030 876 
and p34E-TpTer plasmid template. The 605-bp sequence downstream of the yddA Val581 codon 877 
was PCR-amplified using primer pairs oTD177-oTD178 and ATCC 25416 gDNA template. The 3 878 
PCR products were cloned between the EcoRI and XbaI sites of pTD014 via Golden Gate cloning. 879 
 880 
Biparental mating 881 
 882 
Biparental mating was used to transfer pSHAFT3-based suicide plasmids (Shastri et al., 2017) 883 
from E. coli into B. cepacia for allelic replacement. Briefly, 50 µL each of overnight cultures of the 884 
donor strain propagating the suicide plasmid and the recipient strain were mixed. The cell mixture 885 
was centrifuged at 6000 xg for 2 min at room temperature, and the cell pellet was resuspended 886 
with 50 µL of LB and spotted onto an LB agar plate without antibiotic selection. The plate was 887 
incubated face up at 30°C overnight. The next day, the mating spot was scraped up with an 888 
inoculation loop and resuspended in 200 µL of sterile 1X PBS buffer. The resuspended cell 889 
mixture was plated on the appropriate selection plates to select for transconjugants. Gentamicin 890 
was used to select against the donor strain. Transconjugant colonies were picked and patched to 891 
screen for CmS indicating double-crossover mutants that have lost the wild-type allele. 892 
 893 
Triparental mating 894 
 895 
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Triparental mating was used to transfer pSCrhaB2-based plasmids from E. coli into B. cepacia. 896 
Our study adapted a previously published protocol for triparental mating (Aubert et al., 2014). 897 
Briefly, 50 µL each of overnight cultures of the donor strain propagating the cargo plasmid, the 898 
helper strain E. coli DH5α/pRK2013 (Figurski and Helinski, 1979), and the recipient strain were 899 
mixed. The cell mixture was centrifuged at 6000 xg for 2 min at room temperature, and the cell 900 
pellet was resuspended with 50 µL of LB and spotted onto an LB agar plate without antibiotic 901 
selection. The plate was incubated face up at 30°C overnight. The next day, the mating spot was 902 
scraped up with an inoculation loop and resuspended in 200 µL of sterile 1X PBS buffer. The 903 
resuspended cell mixture was plated on the appropriate selection plates to select for 904 
transconjugants. Gentamicin was used to select against the donor strain. 905 
 906 
Expression and purification of ubonodin 907 
 908 
Ubonodin was overexpressed and purified as previously reported (Cheung-Lee et al., 2020). 909 
Briefly, BL21 propagating pWC99 was grown in M9 media (6.4 mg/L Na2HPO4 • 7 H2O, 1.5 mg/L 910 
KH2PO4, 0.5 mg/L NH4Cl, 0.25 mg/L NaCl, 0.15 µg/mL CaCl2, 1 mM MgSO4, 0.2% D-glucose, 0.04 g/L 911 
each of the 20 standard amino acids, 0.00005% thiamine) and ubonodin expression was induced by 912 
the addition of 1 mM IPTG. Cultures were grown for ~20 h at 20°C following induction and then 913 
centrifuged to harvest the supernatant. The supernatant was extracted through a Strata C8 914 
column, eluted with 100% methanol, and dried by rotovapping. The dried extract was 915 
resuspended with 25% acetonitrile/75% water and further purified by semi-preparative reverse-916 
phase HPLC using an Agilent Technologies 1200 series instrument fitted with a Zorbax 300SB-917 
C18 column (9.4 mm x 250 mm, 5 μm). Purified ubonodin was lyophilized and resuspended in 918 
water. The purity was checked by LC-MS and the concentration was measured using the A280 919 
Nanodrop ND-1000 Spectrophotometer reading. 920 
 921 
Cladogram construction 922 
 923 
To construct the cladogram of Bcc strains tested for ubonodin susceptibility, first the allelic profile 924 
for 7 Bcc housekeeping genes (atpD, gltB, gyrB, recA, lepA, phaC, and trpB) and sequence type 925 
of each strain were retrieved from the Burkholderia Genome Database (Winsor et al., 2008). 926 
Then, the allelic profile and sequence type were entered into the PubMLST website (Public 927 
databases for molecular typing and microbial genome diversity) to obtain the concatenated 928 
sequences of fragments of the 7 genes listed above. Finally, the concatenated sequences for all 929 
Bcc strains were aligned using Clustal Omega to generate the cladogram (Sievers et al., 2011).    930 
 931 
RNA polymerase protein sequence alignment 932 
 933 
To generate a percent sequence identity matrix comparing the RNA polymerase β and β’ subunits 934 
encoded by the Bcc strains tested for ubonodin susceptibility, first the RpoB and RpoC sequences 935 
for each strain were retrieved from NCBI. The concatenated RpoBC sequences were then aligned 936 
using Clustal Omega (Sievers et al., 2011). 937 
 938 
Spot-on-lawn assay 939 
 940 
A standard spot-on-lawn assay to assess bacterial susceptibility to ubonodin was carried out as 941 
previously reported (Cheung-Lee et al., 2020) with a few changes denoted here. Overnight 942 
cultures of test strains were diluted 1:100 into fresh LB with antibiotics as needed the following 943 
day and grown at the appropriate temperature with shaking to an OD600 of ~0.4-0.6. Once the 944 
cultures reached mid-exponential phase, the volume equivalent to 108 CFUs (assuming OD600 = 945 
1 contains 109 CFUs/mL) was added to 10 mL of melted LB or M63 soft agar (0.65% agar). The 946 
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cell and agar mixture was poured onto 10 mL of LB or M63 base agar (1.5% agar, M63 base agar 947 
lacks amino acids) and the plate was left to dry in the biosafety cabinet with the lid slightly ajar. 948 
When needed, IPTG or L-rhamnose was also added to the soft agar to induce protein expression. 949 
M63 was used for the Bcc clinical isolates and E. coli BL21(DE3) ∆slyD overexpression strains, 950 
whereas the ATCC 25416 strains were assessed on LB media. The ubonodin MIC of B. cepacia 951 
WT is similar on M63 and LB. Two-fold serial dilutions of ubonodin (0-160 µM) were prepared 952 
using sterile ultrapure water and 10 µL of each dilution was spotted onto the dried lawn of cells in 953 
their respective sector. The spots were left to dry in the biosafety cabinet once again with the lid 954 
slightly ajar. The plates were incubated ~15 h at the appropriate temperature and imaged the next 955 
day using the Bio Rad ChemiDoc XRS Gel Imaging System under epi white illumination and the 956 
Quantity One 4.6.6 imaging software. Images were processed using FIJI. Spot-on-lawn assays 957 
were performed with at least 2 biological replicates (independent cultures) for each tested ATCC 958 
25416 strain and the Bcc clinical isolates AU0158 and AU15814. 959 
 960 
Spot dilution assay 961 
 962 
To assess cell viability by spot dilution assay, overnight cultures of test strains were diluted 1:100 963 
into fresh LB with antibiotics as needed the following morning and grown at 30°C with shaking to 964 
an OD600 of ~0.4-0.6. Once the cultures reached mid-exponential phase, all cultures for the set of 965 
strains being tested were normalized to the OD600 of the least dense culture using LB. From this 966 
100 starting dilution, ten-fold serial dilutions were prepared using LB. Five µL of each dilution was 967 
spotted onto the test media. The spots were left to dry in the biosafety cabinet with the lid slightly 968 
ajar. The plates were incubated ~15 h at the appropriate temperature and imaged the next day 969 
using the Bio Rad ChemiDoc XRS Gel Imaging System under epi white illumination and the 970 
Quantity One 4.6.6 imaging software. Images were processed using FIJI. Spot dilution assays 971 
were performed with at least 2 biological replicates (independent cultures) for each tested strain.   972 
 973 
Liquid inhibition assay and bacterial growth rate analysis 974 
 975 
To assess the endpoint MIC of ubonodin by liquid inhibition assay, overnight cultures of test 976 
strains were diluted 1:100 into fresh LB with antibiotics as needed and grown at 30°C with shaking 977 
to an OD600 of ~0.4-0.6. Once the cultures reached mid-exponential phase, they were diluted to 978 
an OD600 of 0.001 in the test media. Two-fold serial dilutions of ubonodin (0-32 µM) were prepared 979 
in test media and 50 µL of each dilution was dispensed into an untreated, sterile 96-well plate. 980 
The ubonodin dilutions were topped off with an equivalent volume (50 µL) of the 0.001 OD600 981 
cells, bringing the final OD600 to 0.0005 in each well and the range of ubonodin concentrations to 982 
0-16 µM. The 96-well plate was covered with a matching lid and incubated with shaking at 30°C 983 
for ~16 h. The endpoint OD600 was measured using a BioTek Synergy 4 plate reader and blanked 984 
to a test media only control to calculate the MIC of ubonodin. When needed, the test medium was 985 
supplemented with L-rhamnose to induce protein expression. Both Mueller-Hinton Broth II and 986 
LB were used as test media for liquid inhibition assays; the media used in a certain assay is 987 
indicated within the corresponding figure caption. 988 
 989 
To assess bacterial growth over time, exponential-phase LB cultures of test strains inoculated 990 
from a scoop of freshly-streaked colonies were diluted to a final OD600 of 0.001 in 150 µL of test 991 
media in a 96-well plate. The plate was covered with a matching lid and incubated with shaking 992 
at 30°C in a BioTek Synergy 4 plate reader. OD600 measurements were recorded at 20-min 993 
intervals for 20-24 h. 994 
 995 
Protein BLAST-based comparative genomics 996 
 997 
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Protein BLAST-based comparative genomics was performed using the standalone NCBI BLAST+ 998 
suite installed on a local machine (Camacho et al., 2009). For each strain, genome annotation 999 
files in GenBank format were downloaded from NCBI. The GenBank files were converted to 1000 
FASTA format using the custom Python script gbk_to_fasta.py adapted from source code 1001 
available through the University of Warwick at the following web link: 1002 
https://warwick.ac.uk/fac/sci/moac/people/students/peter_cock/python/genbank2fasta/. Then, 1003 
using the makeblastdb program within the BLAST+ suite, a protein BLAST database was built 1004 
from each of the FASTA files.  1005 
 1006 
The input sequences for the next step of analysis were retrieved by first predicting TBDT 1007 
homologs in B. cepacia ATCC 25416. Using the E. coli FhuA sequence and 34 known and 1008 
predicted P. aeruginosa TBDT sequences (Luscher et al., 2018) as queries, protein BLAST 1009 
search was performed against the ATCC 25416 protein BLAST database to identify 29 B. cepacia 1010 
TBDT homologs. A high e-value cutoff of 1000 was used in this search to maximize retrieval of 1011 
any potential homologs. Using the BLAST+ suite blastp program, the 29 predicted TBDT 1012 
homologs encoded by B. cepacia ATCC 25416 then served as queries for protein BLAST against 1013 
each of the custom-built Bcc protein BLAST database generated in the first step. This process 1014 
identifies the closest homolog to each predicted ATCC 25416 TBDT in each Bcc strain. Finally, 1015 
to identify patterns of TBDT conservation across all strains, the custom 1016 
blast_comparison_genes.py Python script was implemented. Briefly, this script calculates the 1017 
percentage of positive-scoring matches (ppos; percent protein sequence similarity for the 1018 
alignment of the query TBDT and subject TBDT hit) normalized by multiplying to the length of the 1019 
alignment (qcovhsp; query coverage per high-scoring segment pair) for each query-top subject 1020 
hit pair. A clustered 29 x 11 (TBDTs x BCC strains) heat map matrix was generated based on 1021 
these normalized scores to visualize how conserved each predicted B. cepacia TBDT is across 1022 
the other Bcc strains. This BLAST matrix analysis was adapted from a large-scale genomics study 1023 
on Burkholderia strains (Ussery et al., 2009). GraphPad Prism version 9.3.1 was used to make 1024 
all plots. All custom Python scripts used for this study were uploaded to the Link lab Github page 1025 
at the following web link: https://github.com/ajlinklab/PupB. 1026 
 1027 
Ubonodin cellular uptake assay 1028 
 1029 
The endpoint concentration of ubonodin in the cell pellet was analyzed as a measure of cellular 1030 
uptake. Overnight cultures of test strains were diluted 1:100 into fresh LB and grown at 30°C with 1031 
shaking to an OD600 of ~0.4-0.6. The cultures were diluted to an OD600 of 0.01 in M63 broth and 1032 
3 x 150 µL aliquots were dispensed into separate wells of an untreated, sterile 96-well plate. One 1033 
well was left untreated, the second well contained 1 µM ubonodin, and the third well contained 2 1034 
µM ubonodin. The plate was covered with a matching lid and incubated with shaking at 30°C for 1035 
~16 h. The endpoint OD600 was measured using a BioTek Synergy 4 plate reader and blanked to 1036 
an M63 media only control. The content of each well was transferred to a 1.5-mL microcentrifuge 1037 
tube and the cell pellet was harvested at 6000 xg for 2 min at room temperature. The supernatant 1038 
was removed and the cell pellet was washed once with 200 µL of sterile 1X PBS before a second 1039 
spin to remove the wash fraction.  1040 
 1041 
We adapted a previously published bacterial cell lysis protocol to release intracellular metabolites 1042 
for LC-MS analysis (Pinu et al., 2017). The cell pellet was resuspended in 200 µL of cold 100% 1043 
methanol. The cell resuspension was transferred to dry ice for 5 min, followed by thawing at room 1044 
temperature and vortexing for 30 sec. This freeze-thaw-vortex step was repeated 3 times in total 1045 
and the lysate was spun down at 10000 xg for 5 min at room temperature to harvest the 1046 
supernatant and pellet out the cell debris. A second extraction step was performed to maximize 1047 
cell lysis. The cell debris pellet was resuspended with another 200 µL of cold 100% methanol and 1048 
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subjected to another round of freeze-thaw-vortex before centrifugation. The supernatant from this 1049 
second extraction was combined with the first extraction. To evaporate off the methanol of all 1050 
samples in parallel, the methanol extracts were left in the fume hood at room temperature for ~24 1051 
h with the cap open. 1052 
 1053 
The dried extracts were resuspended with 75 µL of sterile ultrapure water and centrifuged at 1054 
10000 xg for 15 min at room temperature to pellet out debris. Thirty-five µL of the supernatant 1055 
was transferred to an LC-MS vial fitted with a sample insert and 25 µL was injected onto the LC-1056 
MS for analysis. LC-MS analysis was performed using a Zorbax 300SB-C18 column (2.1 mm x 1057 
50 mm, 3.5 μm) installed on an Agilent 1260 Infinity II system in line with an Agilent 6530 Q-TOF 1058 
mass spectrometer. The LC-MS gradient used for separation was: 0.5 mL/min 90% solvent A 1059 
(H2O, 0.1% formic acid) and 10% solvent B (acetonitrile, 0.1% formic acid) for 1 min followed by 1060 
a linear gradient to 50% solvent B over 19 min, then a linear gradient to 90% solvent B over 5 1061 
min, and a linear gradient back to 10% solvent B over 5 min. As ubonodin undergoes oxidation 1062 
(Cheung-Lee et al., 2020) especially upon air drying in the fume hood, multiply-oxidized ubonodin 1063 
species were observed by LC-MS. To calculate the intracellular concentration of ubonodin for 1064 
each sample, the sum of the extracted ion counts of non-oxidized ubonodin and the ubonodin 1065 
+16/32/48/64 species was calculated for the total sample volume of 75 µL and normalized to the 1066 
final OD600. 1067 
 1068 
Extraction, preparation, and sequencing of total RNA 1069 
 1070 
B. cepacia ATCC 25416 was freshly streaked out on LB agar. For each condition, three biological 1071 
replicates derived from separate colonies were prepared. Single colonies were inoculated into LB 1072 
± 1 mM FeCl3 (ferric chloride stock was made fresh in water and filter-sterilized) and grown 1073 
overnight at 30°C with shaking. The next morning, the overnight cultures were diluted 1:100 into 1074 
fresh LB ± 1 mM FeCl3 and grown at 30°C with shaking to an OD600 of ~0.5-0.6. The volume of 1075 
mid-exponential phase culture to achieve 5 x 108 CFUs was calculated (assuming OD600 of 1.0 1076 
yields 109 CFUs/mL) and added to 2 volumes of RNAprotect Bacteria Reagent (QIAGEN, cat. no. 1077 
74124). The mixture was immediately vortexed for 5 sec, incubated at room temperature for 5 1078 
min, and then centrifuged at 5000 xg for 10 min at room temperature. The supernatant was 1079 
decanted and the cell pellet was stored at -80°C until RNA extraction. 1080 
 1081 
Total RNA was extracted from RNAprotect-stabilized cell pellets using the RNeasy Protect Kit 1082 
(QIAGEN, cat. no. 74124) according to manufacturer’s protocol. Briefly, the frozen cell pellets 1083 
were thawed at room temperature and cell lysis was achieved using enzymatic lysis with 200 µL 1084 
of 1X TE lysis buffer (30 mM Tris-HCl, 1 mM EDTA, pH 8.0) containing 1 mg/mL of lysozyme and 1085 
supplemented with 10 µL of Proteinase K (QIAGEN, cat. no. 19131). The mixture was incubated 1086 
on a shaker at room temperature for 30 min with intermittent vortexing, 700 µL of Buffer RLT was 1087 
added, the mixture was vortexed, and 500 µL of 100% ethanol was added and mixed. Total RNA 1088 
was then purified from the bacterial cell lysate using the RNeasy Mini Kit protocol and eluted with 1089 
2 x 35-40 µL of nuclease-free water. The miniprepped RNA was further treated with in-solution 1090 
rigorous TURBO DNase treatment using the TURBO DNA-free™ Kit (Thermo Fisher Scientific, 1091 
cat. no. AM1907) to remove contaminant genomic DNA according to manufacturer’s protocol. The 1092 
concentration and integrity of purified RNA were estimated using a NanoDrop ND-1000 1093 
Spectrophotometer and a 2% ethidium bromide non-denaturing agarose gel observing for intact 1094 
rRNA bands, respectively. RNA samples were submitted to the Princeton Genomics Core Facility 1095 
for library construction, quality control check, and sequencing on an Illumina NovaSeq 6000 1096 
Illumina sequencing platform. The samples were depleted of ribosomal RNA and checked on a 1097 
Bioanalyzer prior to sequencing. 1098 
 1099 
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Analysis of RNA-Seq results was carried out in collaboration with research-computing staff at the 1100 
Princeton University Lewis-Sigler Institute for Integrative Genomics using Galaxy. The B. cepacia 1101 
ATCC 25416 genome assembly (ASM141149v1; GenBank assembly accession: 1102 
GCA_001411495.1) was downloaded from NCBI in fna and gtf format; the gtf file was edited to 1103 
avoid tool issues on Galaxy. Forward and reverse sequences were uploaded to and demultiplexed 1104 
on the Princeton HTSeq database system and transferred to the Princeton Galaxy instance. Read 1105 
quality was assessed using FastQC (Galaxy Version 0.72), Read Distribution (Galaxy Version 1106 
2.6.4.1), BAM/SAM Mapping Stats (Galaxy Version 2.6.4), IdxStats (Galaxy Version 2.0.2), and 1107 
Gene Body Coverage (Galaxy Version 2.6.4.3). Top over-represented sequences and ribosomal 1108 
RNA content was assessed using in-house Galaxy workflows. Quality control stats were viewed 1109 
using a MultiQC (Galaxy Version 1.8+galaxy0) report. Sequences were aligned using Burrows-1110 
Wheeler Alignment (BWA; Galaxy Version 0.7.17.4) (Li and Durbin, 2009). Reads aligning to 1111 
genes according to NCBI's gene annotations were counted using featureCounts (Galaxy Version 1112 
1.6.4+galaxy1).  Iron-treated and untreated samples were then compared using DESeq2 (Galaxy 1113 
Version 2.11.40.6+galaxy1) (Love et al., 2014), which generated QC plots, rLog normalized 1114 
counts, and differential expression data, including adjusted p-values to account for multiple testing 1115 
with the Benjamini-Hochberg procedure which controls false discovery rate (FDR). 1116 
 1117 
Computational prediction of Fur binding sites 1118 
 1119 
To predict Fur DNA-binding sites in the B. cepacia ATCC 25416 genome, the custom Python 1120 
script PWMmodel.py was implemented on the Princeton Della server. This analysis was adapted 1121 
from bioinformatics methods used for identification of regulatory elements (Wasserman and 1122 
Sandelin, 2004). It first required a set of known Fur DNA-binding site sequences, which are in 1123 
general well-conserved. Seven experimentally-determined 19-bp Fur binding sequences from P. 1124 
aeruginosa were used as the known set (Dudek and Jahn, 2021; Hassett et al., 1997; Ochsner et 1125 
al., 2000, 1995). Alignment of these 7 sequences using the online MEME tool generated a 1126 
sequence logo summarizing the Fur consensus sequence (Bailey et al., 2009). From these 7 1127 
sequences, a position frequency matrix (PFM) was also generated by calculating the number of 1128 
times each nucleotide (A, C, G, T) was found at each position within the 19-bp sequence. The 1129 
PFM captures the nucleotide characteristics at each position. The PFM was then converted to a 1130 
position weight matrix (PWM) by calculating the probability of observing a particular nucleotide at 1131 
a specific position normalized to the expected background probability. The B. cepacia ATCC 1132 
25416 genome is ~67% GC-rich, so 16.5% was expected for A/T each and 33.5% was expected 1133 
for G/C each as the background probabilities. Using the PWM, any 19-bp sequence can be scored 1134 
for how similar it is to the expected Fur binding site sequence. This is done by summing the 1135 
individual PWM scores corresponding to an observed nucleotide at each consecutive position. 1136 
The PWM built from the 7 known Fur binding sites was used to scan the ATCC 25416 genome 1137 
for high-scoring Fur boxes. The scan made use of a 19-bp sliding window, which shifted by 1 1138 
nucleotide in each iteration, on both the forward and reverse strands. As many genome fragments 1139 
are analyzed and most produce low match scores, this study filtered for Fur box hits that are found 1140 
proximal to, but not within, and facing the same direction as a coding DNA sequence (CDS). It 1141 
also filtered for Fur box hits in terms of information content, a measure of conservation at each 1142 
position. To generate histograms of the match scores for all or a subset of scanned fragments, 1143 
the custom Python script PWM-annotator.py was implemented on the Della server. All custom 1144 
scripts used in this analysis can be found on the Link lab Github page. 1145 
 1146 
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