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Abstract

New antibiotics are needed as bacterial infections continue to be a leading cause of death,

but efforts to develop compounds with promising antibacterial activity are hindered by a poor
understanding of — and limited strategies for elucidating — their modes of action. We recently
discovered a novel lasso peptide, ubonodin, that is active against opportunistic human lung
pathogens from the Burkholderia cepacia complex (Bcc). Ubonodin inhibits RNA polymerase,
but only select strains were susceptible, indicating that having a conserved cellular target does not
guarantee activity. Given the cytoplasmic target, we hypothesized that cellular uptake of ubonodin
determines susceptibility. Although Bcc strains harbor numerous nutrient uptake systems, these
organisms lack close homologs of the single known lasso peptide membrane receptor FhuA.
Thus, a straightforward homology-driven approach failed to uncover the identity of the ubonodin
transporter(s). Here, we used phenotype-guided comparative genomics to identify genes uniquely
associated with ubonodin-susceptible Bcc strains, leading to the identification of PupB as the
ubonodin outer membrane (OM) receptor in Burkholderia. Loss of PupB renders B. cepacia
resistant to ubonodin, whereas expressing PupB sensitizes a resistant strain. We also examine
how a conserved iron-regulated transcriptional pathway controls PupB to further tune ubonodin
susceptibility. PupB is only the second lasso peptide OM receptor to be uncovered and the

first outside of enterobacteria. Finally, we elucidate the full transport pathway for ubonodin by
identifying its inner membrane receptor YddA in Burkholderia. Our work provides a complete
picture of the mode of action of ubonodin and establishes a general framework for deciphering the
transport pathways of other natural products with cytoplasmic targets.
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Graphical Abstract

ubonodin

INTRODUCTION

Antibiotic-resistant bacterial infections pose a serious threat to human health, but in

recent years few new antibiotics have been developed even though drug resistance is

on the rise. Although compounds with promising antimicrobial activity are frequently
discovered, limited approaches to characterize their modes of action impede further

clinical development. Throughout history, humans have looked to nature as a rich

source of antimicrobial compounds and among these are ribosomally synthesized and post-
translationally modified peptides (RiPPs). RiPPs are synthesized as gene-encoded precursor
peptides that are post-translationally tailored with additional chemical modifications to form
the mature peptide scaffold?-2. While much is known about the chemistry and biosynthesis
of RiPPs, their bioactivities and the modes of action underlying those activities remain
largely elusive3-5.

We recently reported the discovery of a novel lasso peptide RiPP, ubonodin, that has

potent antimicrobial activity against several opportunistic human pathogens from the Gram-
negative Burkholderia cepacia complex (Bcc)®. Because ubonodin represents a new lead
compound that targets highly-resistant Bcc bacteria which can cause serious, often fatal
infections in individuals living with cystic fibrosis or other underlying pulmonary disease’~?,
we became interested in understanding its mode of action. Like other lasso peptides®11,
ubonodin adopts a right-handed lariat conformation, formed by the C-terminal tail threading
through a macrolactam ring and held in place by bulky steric lock residues that straddle

the ring (Figure 1A). The ring is forged by connecting the N-terminus of the peptide to

the acidic side chain of Glu8 via an isopeptide bond. The integrity of this lasso fold is
essential to ubonodin’s RNA polymerase (RNAP)-inhibiting activity. We were intrigued to
find that despite having a highly conserved molecular target, ubonodin is selectively active,
inhibiting some but not all Burkholderia strains. Because ubonodin has a cytoplasmic target,
we hypothesized that its ability to access the interior of target cells is key to determining

the extent of activity. That is, ubonodin transport across the bacterial outer membrane (OM)
followed by the inner membrane (IM) is a prerequisite for RNAP engagement. Due to its
large size, cellular uptake of ubonodin likely requires membrane transporters as seen for
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other lasso peptides and RiPPs*12, |dentifying the membrane transporters that are central to
the mode of action of ubonodin will enable accurate prediction of its spectrum of activity, an
important step toward developing ubonodin as an antibiotic.

Here, we first focus on the initial stage of cellular uptake, the OM transport step which is
a key barrier to compound bioactivity. Burkholderia have unusually large, multireplicon
genomes encoding dozens of possible OM transporters, consistent with the ability of
Burkholderia to survive in diverse ecological niches®. The plethora of nutrient uptake
systems in Burkholderia complicates the search for ubonodin transporters. To overcome
this challenge, we developed a comparative genomics approach complemented with targeted
mutagenesis to quickly identify the TonB-dependent transporter PupB as the ubonodin
OM receptor in B. cepacia. For any Bcc strain, the presence of a close PupB homolog
served as a reliable predictor of ubonodin susceptibility. We further show that PupB

is subjected to iron-mediated transcriptional repression. Our finding that OM transport
correlates with susceptibility provides a molecular explanation for ubonodin activity. In
addition to pinpointing the OM receptor, we provide evidence that ubonodin uses the
ATP-powered IM transporter YddA in the second stage of cellular uptake. Although other
lasso peptide membrane transporters have been reported, our study introduces a unique,
simple, and rapid approach to streamline their identification. Finally, beyond the focus on
ubonodin, our studies reveal new insights into Burkholderia physiology. Our multipronged
experimental and computational approach will also be useful as a general framework for
other compound transport studies.

RESULTS AND DISCUSSION

Ubonodin inhibits the growth of select Bcc strains

In our original work on ubonodin, we tested for antimicrobial activity against a panel of
strains, finding the most potent activity against Bcc strains®. Here, we began our search
for ubonodin transporters by measuring the activity of ubonodin against an expanded
panel of Bcc strains. We focused on strains from the Bcc because they are most closely
related to the ubonodin producer, B. ubonensis, and RiPPs tend to have a focused spectrum
of activity34. Moreover, we anticipated that the elusive genetic signatures differentiating
ubonodin-susceptible (uboS) from non-susceptible (uboN) Bec strains should be more
apparent as Bcc members are otherwise highly similar. In total, we tested the activity of
ubonodin against 12 Bcc strains representing 6 distinct Bcc species or genomovars!416.17,
These Bcc species are most associated with infections in CF patients819, Of the 12 Bcc
strains tested, 6 were susceptible to ubonodin (Figures 1B and S1) and their levels of
susceptibility were similar, ranging from 10-40 uM ubonodin in a plate-based spot assay
(Table S1). Thus, ubonodin is selectively active against a subset of Bcc strains.

We next wanted to understand how the ubo®S Bcc strains differ from the uboN strains.

One possible explanation would be if in the uboN strains, the molecular target RNAP has
specific mutations that abolish ubonodin recognition and binding. Structural work on the
transcription-inhibiting lasso peptides MccJ2520-22 and capistruin23:24 confirmed that both
peptides bind within the secondary channel of RNAP blocking the path to the catalytic
center25, Both MccJ25 and capistruin interact with residues belonging to the RNAP B and
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B’ subunits. Given the structural and functional similarities between ubonodin and these
other lasso peptides®, we reasoned that their modes of binding to RNAP would also be
analogous and ubonodin would contact g and B’ subunit residues. Therefore, we compared
the amino acid sequence of the B and B’ subunits for the 12 Bcc strains tested for ubonodin
susceptibility to determine if uboN strains encode distinctly unique p/p’ variants from ubo®
strains. By multiple sequence alignment, we found that the B/p’ subunits across all Bcc
strains tested were >98.0% identical (Figure S2). Importantly, B/’ variants from uboS
strains are not more similar than their uboN counterparts. Ubonodin therefore likely binds
RNAP of all the Bcc strains tested in a similar fashion, meaning that other cellular properties
are instead responsible for the observed difference in ubonodin susceptibility.

Iron-mediated inhibition of ubonodin activity reveals a specific OM transport pathway for
ubonodin uptake

The bioactivity of ubonodin, and indeed any compound with an intracellular target, is a
product of its ability to first access and then bind its target. A single TonB-dependent
transporter (TBDT), FhuA, has been implicated in cellular uptake of the RNAP-inhibiting
lasso peptides microcin J25, klebsidin, and microcin Y in enterobacteria?6-28, TBDTs are

a ubiquitous class of bacterial OM proteins that import essential trace nutrients from the
environment (Figure 2A)29:30, The natural substrates of many TBDTs are siderophore
compounds that chelate insoluble, environmental ferric iron (Fe3*) for passage into the
cell3L. In Burkholderia, there are no close homologs of FhuA, so we needed another
approach to identify the ubonodin OM transporter(s). Another challenge was that even if a
TBDT is involved, B. cepacia encodes many more TBDTSs than the enterobacteria previously
examined. A protein BLAST search using £. coli FhuA and 34 known and predicted
TBDTSs from Pseudomonas aeruginosa®?, a close relative of Burkholderia occupying similar
environmental niches, revealed 29 B. cepacia TBDT homologs ranging from ~13% to ~37%
sequence identity to £. coliFhuA (Table S2). As such, we first had to determine if ubonodin
even uses a TBDT pathway for transport.

To broadly probe whether ubonodin uses an iron receptor for passage across the B.
cepacia OM, we examined how excess iron affects ubonodin activity. Bacterial iron
transport systems are highly regulated to prevent toxic accumulation of intracellular iron
which can lead to oxidative damage?®:33-35, In iron-depleted environments, TBDT and
siderophore biosynthesis genes are upregulated to maximize the ability to scavenge iron;
conversely, these genes are downregulated in iron-rich environments. If ubonodin enters
B. cepaciathrough iron-regulated TBDTS, we expected that excess iron would antagonize
ubonodin activity by reducing transporter abundance. When B. cepacia was grown in media
supplemented with excess iron, ubonodin indeed could no longer robustly inhibit cell
growth, suggesting that ubonodin uptake occurs through one or more iron-regulated OM
transporters (Figure 2B).

We next probed the specific role of TBDTSs in ubonodin transport. Any number or none

of the 29 predicted TBDTSs in B. cepacia might be involved in ubonodin import, but

all should need TonB to function. Knocking out TonB would avoid redundancy of the
TBDTSs. As the identity of TonB in B. cepaciais unknown, we first searched for homologs
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to known TonB sequences from B. cenocepacia K56-236 and B. mallei ATCC 2334437,
Protein BLAST search yielded 4 hits with the top hit encoded by the B. cepacia gene
GGFLHMPP_02544 (tonBI) (Table S3). When we attempted to knock out f0nB1 using one-
step allelic replacement38, we could only isolate single-crossover mutants that retained the
wild-type allele, likely because TonB is important for Burkholderia cellular fitness36-37:39,
Instead, we constructed a B. cepacia tonB1 depletion mutant in which the chromosomal
copy of tonB1is deleted while rhamnose-inducible extrachromosomal copies of fonB1 are
provided on a replicative plasmid°. As expected, when the inducer was withheld to deplete
tonB1, the mutant was viable but grew poorly compared to B. cepacia\WT (Figure 2C).
Growth was restored to near-WT levels either in the presence of L-rhamnose or when the
cultures were supplemented with ferrous iron (Fe2*) to counteract iron starvation due to the
defect in iron acquisition, as previously demonstrated36:37 (Figure S3). With this mutant in
hand, we found that fonB1 depletion led to ubonodin resistance (Figures 2D and S4). By
contrast, deletion of each of the other 3 TonB homologs, which are non-essential (Figure
S5), did not impact ubonodin susceptibility (Table S4). Taken together, these findings show
that ubonodin uses one specific TonB-dependent pathway to cross the B. cepacia OM.

Comparative genomics identifies siderophore receptors unique to ubonodin-susceptible

Bcc strains

The next challenge was to identify the exact TBDT(s) that TonB1 presumably activates to
enable ubonodin transport. All Bec strains encode multiple TBDTs but the set of TBDTs
found in each strain is variable3®. Reasoning that uboS Bcc strains encode a distinct set of
TBDTSs from uboN Bcc strains, we developed a comparative genomics approach to predict
the TBDTSs that are unique to uboS strains (Figure 3A). The absence of these TBDTS in
uboN strains may explain why those strains are naturally non-susceptible. Our expanded
panel of Bcc strains tested for ubonodin susceptibility provided a dataset sufficient for
comparison. First, we built a protein BLAST database for each Bcc strain and queried

the 29 predicted B. cepacia TBDTSs against each database. For each TBDT, we calculated
the percent similarity normalized by query coverage between the TBDT and its highest-
scoring alignment across all the Bcc strains tested. We then manually examined the heatmap
summarizing the normalized BLAST scores for B. cepacia TBDTSs that show high sequence
conservation only or predominantly in the other ubo® strains.

B. cepacia PupB is the ubonodin OM transporter

One B. cepacia TBDT homolog encoded by the gene GGFLHMPP_01381 (pupB) stood out
because it was predicted to be highly conserved in all uboS strains and only one uboN strain
(Figure 3A). PupB is named for its resemblance to TBDTS that transport pseudobactin-type
siderophores in closely-related Pseudomonas®t. Overall, PupB satisfies the conservation
pattern expected for an ubonodin transporter that would define the spectrum of activity. No
other TBDT homolog showed a similar conservation pattern. To test if PupB is involved

in ubonodin transport, we deleted pupBin B. cepaciaand found that the mutant was
completely resistant to ubonodin, as expected with loss of cellular uptake (Figure 3B).
Ubonodin susceptibility was restored when pupB was provided back in franson a plasmid.
These results strongly implicate PupB in ubonodin OM import. We also carried out cellular
uptake assays comparing B. cepacia WT to the ApupB mutant. B. cepacia was incubated
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with ubonodin and intracellular levels of ubonodin were measured by LC-MS analysis of
cell lysates, normalized to the endpoint cell density for each sample. In summary, we found
that ubonodin accumulated to higher levels in WT cells and cellular uptake of ubonodin
was reduced in the absence of PupB (Figure 3C). Our genetic and biochemical results
conclusively demonstrate that ubonodin uses PupB as an OM receptor for initial cellular
entry.

Next, we wondered if PupB-mediated transport is not only necessary but also sufficient

for ubonodin bioactivity provided that RNAP is conserved. We previously reported that
while ubonodin inhibits £. coli RNAP activity /n vitro, it was not bioactive against £.

colP. We reasoned that the lack of bioactivity was due to the absence of cellular uptake

and hypothesized that we could sensitize £. colito ubonodin by heterologously expressing
B. cepacia PupB. Indeed, when PupB was overexpressed in £. coli, the strain became
susceptible to ubonodin at concentrations comparable to the levels of susceptibility observed
for Burkholderia strains (Figure 3D). Interestingly, B. cepacia TonB1 was not needed to
achieve susceptibility, as expression of PupB alone made £. coli susceptible to ubonodin
and co-expression with TonB1 did not further reduce the MIC. These results suggest that

E. coli TonB can efficiently bind B. cepacia PupB to relay the energy needed for ubonodin
transport. OM transport is therefore a key determinant of bacterial susceptibility to ubonodin
and PupB clearly plays a central role in transport which cannot be readily substituted by
other transporters.

We also examined the PupB sequences in more detail to understand how the homologs
belonging to the ubo® strains are unique. Alignment of the closest PupB homologs for the
12 Bcc strains revealed a distinct N-terminal motif found almost exclusively in the uboS
strains (Figure S6). In addition to the B-barrel domain and the periplasmic plug domain
that sterically blocks the -barrel lumen, a subset of TBDTs harbor an additional domain
at the N-terminus2®. This N-terminal extension is involved in signaling through a two-
component Fecl/FecR system to regulate the expression of the TBDT and related transport
genes?2-44. As intracellular iron concentrations must be precisely controlled, this added
level of regulation provides a useful feedback mechanism. Besides the N-terminal extension,
the PupB hits were otherwise highly similar across all strains. That PupB homologs harbor
an additional N-terminal signaling domain is especially interesting in the context of the
genomic location of the pupB gene, which we will further discuss below.

RNA-sequencing of B. cepacia profiles the global cellular response to excess iron

Having identified the ubonodin OM receptor, we revisited the observation that excess

iron inhibits ubonodin activity to understand if excess iron does so by repressing pupB
expression, thereby impeding cellular uptake. For this purpose, we performed RNA-seq

to compare the B. cepacia transcriptome between 2 growth conditions: standard LB with
baseline iron and supplemented with 1 mM FeCl3 to match the conditions of the ubonodin
inhibition assay. An advantage of RNA-seq is that even if excess iron does not directly
impact pupB expression, we might still understand how PupB transport could be affected via
possible changes in the expression of other transport pathway components, ¢e.g., TonB1.
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As expected, growth in excess iron led to the repression of 183 genes, among them iron
transport and utilization genes and siderophore biosynthesis genes (Figure 4A and Table
S5). Several of these iron pathway-related genes were accordingly found to be induced
under low-iron growth conditions in prior transcriptomics studies*>-47. By contrast, 114
genes were significantly upregulated in the presence of excess iron, with none annotated

as encoding for iron transporters (Table S6). Consistent with the observed gene expression
changes, we noticed that B. cepacia cultures grown in excess iron were paler than the
yellow-green cultures grown in standard rich media (Figure 4A, inset). As the yellow-green
color is a property of fluorescent iron-scavenging siderophores34, the color change supports
that siderophore production and transport were downregulated in response to excess iron.

We examined the list of iron-repressed genes in more detail to identify any overlap with
known components of the ubonodin transport pathway. Strikingly, both pupB (alternate
gene designation, APZ15_10615) and fonB1 (APZ15_16310) were significantly repressed
when B. cepaciawas grown in the presence of excess iron. Of note, iron-mediated gene
repression was not a general attribute for all TBDT genes because only 8 of the 29 predicted
B. cepacia TBDT genes showed any significant expression changes (Table S7). The most
highly repressed TBDT gene is associated with the biosynthetic operon of ornibactin, a
major siderophore produced by Burkholderia®*54-56. That both PupB and its TonB activator
are downregulated likely explains why excess iron inhibits ubonodin activity. Excess iron
triggers gene expression changes that reduce the abundance of the ubonodin OM transport
machinery, in turn likely reducing cellular uptake of the peptide and therefore activity.

A strong Fur DNA-binding site is predicted upstream of the pupB operon

Our finding that excess iron negatively regulates pupB and fonB1 expression points to

an underlying iron-responsive signaling pathway in B. cepacia. As previously discussed,
bacteria have sophisticated mechanisms to maintain cellular iron homeostasis. Central to
bacterial iron homeostasis is a highly conserved transcription factor called the ferric uptake
regulator (Fur) protein®28. Fur represses the transcription of genes within its regulon
when bound to FeZ*, but in the absence of the Fe2* cofactor when iron is depleted,

Fur regulon genes are derepressed®®. Likewise, excess iron might repress pupB and tonB
expression through Fur, but overall, there is limited information on Fur-regulated genes in
Burkholderig9:51,

As an initial approach to determine if pupB and/or tonB1 gene expression is Fur-regulated,
we applied bioinformatics to predict the Fur regulon in B. cepacia. \We leveraged the fact
that the 19-bp Fur binding site sequence (i.e., Fur box)52 is conserved and well-established
to scan the B. cepacia genome for candidate Fur-regulated genes (Figure 4B and Table

S8). From this analysis, a high-scoring sequence that closely matches the Fur consensus
sequence was identified immediately upstream of a predicted 4-gene operon®? harboring
pupB, suggesting that pupB is a member of the Fur regulon (Figure 4C and Supplementary
file 2). As expected with co-regulated genes, excess iron also repressed the expression of

the two genes residing upstream of pupB in the same operon, fec/ (APZ15_10605) and fecR
(APZ15 10610) (Figure 4A and Supplementary file 3). In contrast, no probable Fur box was
predicted directly upstream of fonB1.
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Because the ubonodin OM receptor PupB appears to be transcriptionally regulated by the
Fur repressor, we decided to delete fur (GGFLHMPP_00610) and test if the mutant becomes
hyper-susceptible to ubonodin. Our attempts to delete furin B. cepacia were unsuccessful
via one-step allelic replacement but we were able to construct a fur depletion mutant. When
the inducer was withheld, growth of the furdepletion mutant was severely attenuated and
only partially restored when the inducer was reintroduced, showing that Fur is essential in 5.
cepacia (Figure 4D). As the mutant was already very sick, we could not clearly determine if
it is hypersensitive to ubonodin. Additional studies are needed to pinpoint the role of Fur in
regulating pupB expression.

The putative ABC transporter YddA is the ubonodin IM transporter

The ability to sensitize otherwise resistant £. colito ubonodin by enabling OM uptake
without interfering with IM uptake suggests that there is an £. co/i IM transporter that can
substitute for the one found natively in B. cepacia. The E. coli polytopic IM protein SbmA is
required for cellular uptake of several antimicrobial peptides including the RNAP-inhibiting
lasso peptides microcin J25 and citrocin®3:64. Thus, we wondered if there exists a homolog
of SbmA in B. cepacia and whether such a homolog is involved in ubonodin transport.
Through protein BLAST search, we found that the closest SomA homolog in B. cepaciais a
predicted ATP-binding cassette (ABC) transporter encoded by the gene GGFLHMPP_00373
(yddA). While the YddA protein sequence is only ~25% identical to that of £. coli SbmA
and YddA contains a cytoplasmic nucleotide binding domain not present in SbmA, YddA

is highly conserved (>80% sequence identity) across all the Bcc strains tested for ubonodin
susceptibility (Figure 5A). £. coliencodes an ABC transporter also called YddAS3, but it is
only ~32% identical to B. cepacia YddA. Consistent with YddA acting as an ubonodin IM
transporter, the PSORTb bacterial protein subcellular localization prediction tool®® localized
YddA to the IM and the Phobius topology prediction tool%7:68 predicted 6 transmembrane
helices. When we deleted yddA in B. cepacia, the bacterium was no longer susceptible to
ubonadin like how E£. coli SbmA loss-of-function mutants are resistant to microcin J25 and
citrocin (Figure 5B)83:64, These results strongly implicate B. cepacia YddA in ubonodin IM
transport.

CONCLUSIONS

In this work, we have developed a comparative genomics approach to dissect the membrane
transport pathway of compounds with an intracellular target. Our approach predicts the
genes that differentiate two phenotypically distinct groups of strains, with respect to their
susceptibility to a compound, to hone in on the molecular basis for the different phenotypes.
We applied this approach to uncover how the anti-Burkholderia lasso peptide ubonodin
crosses the cell membranes that surround target bacteria as essential steps in exerting
antimicrobial activity. By identifying the PupB OM transporter and demonstrating that it

is a key determinant of ubonodin susceptibility, we have provided a molecular explanation
for ubonodin’s focused spectrum of activity (Figure 6A). Our finding also provides the

first example of a lasso peptide that uses a different receptor from FhuA to breach the
notoriously impenetrable bacterial OM. Finally, having this more complete understanding of
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ubonodin’s mode of action will enable us to anticipate steps at which resistance can arise
and extrapolate which other strains may be susceptible to ubonodin.

Lasso peptides that act as RNAP inhibitors comprise a major lasso peptide subclass and an
emerging theme is that these peptides use TBDTSs localized in the OM of target bacterial
cells for initial cellular entry. When the microcin J2526:69, klebsidin?7, and microcin Y28
OM transporters were identified, the ability to readily isolate resistant mutants that have a
mutation in the OM transporter or to predict a close homolog to £. co/i FhuA simplified
their identification. With ubonodin, we have observed a very low rate of bacterial resistance.
Moreover, multireplicon Burkholderia bacteria generally encode multiple homologs for a
protein that is otherwise found only once in other bacteria®, such as the 4 TonB homologs
found in B. cepacia. This unprecedented level of redundancy created an additional challenge
when we initially searched for TBDT homologs in B. cepacia, as there were 29 predicted
TBDTs and the closest homolog was only ~37% identical to £. coli FhuA. Without a

clear candidate to assess, knocking out each TBDT one-by-one would be prohibitively
time-consuming because genetic tools to manipulate Burkholderia are limited38.70-73, The
comparative genomics strategy we developed bypassed these limitations, enabling us to
rapidly prioritize a single B. cepacia TBDT for further genetic studies to confirm its role

in ubonodin transport. The PupB OM receptor eventually linked to ubonodin transport is
only ~25% identical to £. co/i FhuA and would otherwise have not been an obvious initial
candidate. We anticipate that our comparative genomics pipeline will be broadly useful

in deciphering the transport pathways of other lasso peptides and RiPPs with a similarly
focused spectrum of activity (Figure 6B). We do note that a limitation of this strategy is that
it cannot resolve whether strains encoding a susceptibility-defining gene actually express
those genes, which might explain why B. multivorans AU15814 encodes pupB but is uboN.
For such exceptions, comparative transcriptomics on a panel of differentially-susceptible
strains might be more appropriate.

Another key insight that associated PupB with ubonodin transport was our finding that
excess iron inhibits ubonodin activity. RNA-seq profiling of B. cepacia indicated that excess
iron represses pupB expression; fewer transporters would mean reduced cellular uptake

of ubonodin and therefore bioactivity. Initial bioinformatic analysis suggested a signaling
pathway involving the iron-sensing transcriptional repressor Fur. We had hoped to test that
Fur directly controls pupB expression by deleting the furgene in B. cepacia and showing
that the mutant is hypersensitive to ubonodin, but we found that furis essential. Although
iron regulation in Burkholderia has been an area of significant interest, the specific role of
Burkholderia Fur is poorly understood. A furdeletion mutant of B. multivorans has been
reported, but this mutant has severe growth defects®0:74, While we could not delete fur, this
line of investigation led us to another interesting observation. The operon that is predicted
to contain pupB and to be under Fur regulation also encodes Fecl and FecR, proteins that
resemble an extracytoplasmic o factor and an IM o regulator pair. FeclR-type protein pairs
cooperate with a special class of TBDTS that are structurally distinct from conventional
TBDTs#2-44, PupB harbors the N-terminal extension domain found uniquely in this TBDT
subclass unlike the FhuA receptors for microcin J25, klebsidin, and microcin Y, which all
lack this extra domain. An intriguing question for future studies is whether PupB and FecIR
form an iron-regulated signaling cascade in the native cellular context.
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In addition to transcriptional regulation, as a TBDT PupB is also regulated through direct
interaction with its TonB partner. Although B. cepacia encodes 4 TonB homologs, only
TonB1 is required for ubonodin activity. Either the PupB-TonB1 interaction is highly
specific or the other TonBs are not expressed under the experimental conditions, meaning
that the AfonB2, AtonB3, and AfonB4 mutants would effectively mimic WT. Given that
expressing PupB alone in £. coliis sufficient for ubonodin susceptibility, there may be some
degree of promiscuity in the interaction of PupB with TonB. E. co/ihas one TonB and it is
only ~28% identical to B. cepacia TonB1. Unless PupB is independently active in £. coli, it
likely cooperates with £. coli TonB; expressing PupB in an E. coli AtonB background may
provide an answer. By contrast, the interaction of PupB with ubonodin appears quite specific
as no other B. cepaciaor E. coli TBDTSs can apparently stand in for its ubonodin transport
function. Mapping the PupB-ubonodin binding interface will expose how the transporter
engages its substrate, a subject for future studies.

While not the main focus of this study, we additionally show that ubonodin’s ability to
cross the IM using the putative ABC transporter YddA is also required for bioactivity

as its intended cellular target is cytoplasmic. The native biological function of YddA

in B. cepaciais not known but YddA is highly conserved in the Bcc strains examined
herein. As both uboN and ubo® Bcc strains encode near-identical YddA homologs, they all
appear to be inherently capable of ubonodin IM transport. IM translocation is necessary
but clearly not sufficient for ubonodin bioactivity, as further evidenced by the requirement
for PupB to observe activity against £. co/i. Similar to our reconstitution of PupB

function in £, coli, other groups have shown that expressing the native microcin J257° and
klebsidin2” OM receptors in resistant strains without providing their native IM transporters
is sufficient to achieve bioactivity. Thus, IM transporters capable of recognizing ubonodin
and lasso peptides in general may be highly prevalent. Although SbmA homologs have
been associated with the transport of lasso peptides and other antimicrobial peptides, how
they interact with their cargo is poorly understood. In the case of £. co/i SbmA-mediated
transport of microcin J25, it is thought that SbmA makes specific contacts with the peptide
and is powered by a proton gradient’®. Unlike SbmA, which possesses the transmembrane
but not nucleotide-binding domain of ABC transporters’.77, B. cepacia YddA is predicted
to have a C-terminal ATP-binding domain. As such, YddA may use a transport mechanism
distinct from SbmA, another intriguing question for future studies.

To date, many RiPPs with promising antimicrobial activity have been discovered but

for most the mode of action is still unknown, hampering efforts to develop them as

drugs. Before the genomic era, new RiPPs were typically found through bioactivity-guided
studies, starting from isolation of a compound with antimicrobial activity to elucidation

of its structure and target. Genomics-guided discovery of RiPPs has now overtaken activity-
focused approaches, but our understanding of the function of these new compounds has not
kept pace in part due to the lack of tools. The pipeline we have developed — from phenotype/
drug susceptibility to computational genomics to target discovery — is generalizable to other
RiPPs for which mode of action data are sorely needed.
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Detailed materials and methods are provided in Supplementary file 1.

asmid construction.

The list of strains, plasmids, and oligonucleotides used in this study can be found in Tables
S9, S10, and S11, respectively.

Spot-on-lawn assay.

A standard spot-on-lawn assay to assess bacterial susceptibility to ubonodin was carried out
as previously reported® with a few changes denoted here. Overnight cultures of test strains
were diluted 1:100 into fresh LB with antibiotics as needed the following day and grown

at the appropriate temperature with shaking to an ODggq of ~0.4-0.6. Once the cultures
reached mid-exponential phase, the volume equivalent to 108 CFUs (assuming ODggg = 1
contains 10° CFUs mL 1) was added to 10 mL of melted LB or M63 soft agar (0.65% agar).
The cell and agar mixture was poured onto 10 mL of LB or M63 base agar (1.5% agar,
M63 base agar lacked amino acids) and the plate was left to dry in the biosafety cabinet
with the lid slightly ajar. When needed, IPTG or L-rhamnose was also added to the soft
agar to induce protein expression. M63 was used for the Bcc clinical isolates and £. coli
BL21(DE3) AslyD overexpression strains, whereas the ATCC 25416 strains were assessed
on LB. The ubonodin MIC of B. cepacia\WT is similar on M63 and LB. Two-fold serial
dilutions of ubonodin (0-160 uM) were prepared using sterile ultrapure water and 10 uL of
each dilution was spotted onto the dried lawn of cells in their respective sector. The spots
were left to dry in the biosafety cabinet once again with the lid slightly ajar. The plates
were incubated ~15 h at the appropriate temperature and imaged the next day using the Bio
Rad ChemiDoc XRS Gel Imaging System under epi white illumination and the Quantity
One 4.6.6 imaging software. Images were processed using F1JI. Spot-on-lawn assays were
performed with at least 2 biological replicates (independent cultures) for each tested ATCC
25416 strain and the Bcc clinical isolates AU0158 and AU15814.

Protein BLAST-based comparative genomics.

Protein BLAST-based comparative genomics was performed using the standalone NCBI
BLAST+ suite installed on a local machine’8. For each strain, genome annotation files

in GenBank format were downloaded from NCBI. The GenBank files were converted

to FASTA format using the custom Python script gbk_to_fasta.py adapted from source

code available through the University of Warwick at the following web link: https://
warwick.ac.uk/fac/sci/moac/people/students/peter_cock/python/genbank2fasta/. Then, using
the makeblastdb program within the BLAST+ suite, a protein BLAST database was built
from each of the FASTA files.

The input sequences for the next step of analysis were retrieved by first predicting TBDT
homologs in B. cepacia ATCC 25416. Using the E. coli FhuA sequence and 34 known and
predicted A aeruginosa TBDT sequences3? as queries, protein BLAST search was performed
against the ATCC 25416 protein BLAST database to identify 29 B. cepacia TBDT
homologs. A high e-value cutoff of 1000 was used in this search to maximize retrieval
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of any potential homologs. Using the BLAST+ suite blastp program, the 29 predicted TBDT
homologs encoded by B. cepacia ATCC 25416 then served as queries for protein BLAST
against each of the custom-built Bcc protein BLAST database generated in the first step.
This process identifies the closest homolog to each predicted ATCC 25416 TBDT in each
Bcec strain. Finally, to identify patterns of TBDT conservation across all strains, the custom
blast_comparison_genes.py Python script was implemented. Briefly, this script calculates
the percentage of positive-scoring matches (ppos; percent protein sequence similarity for
the alignment of the query TBDT and subject TBDT hit) normalized by multiplying to the
length of the alignment (qcovhsp; query coverage per high-scoring segment pair) for each
query-top subject hit pair. A clustered 29 x 11 (TBDTs x BCC strains) heat map matrix
was generated based on these normalized scores to visualize how conserved each predicted
B. cepacia TBDT is across the other Bcc strains. This BLAST matrix analysis was adapted
from a large-scale genomics study on Burkholderia strains’®. GraphPad Prism version 9.3.1
was used to make all plots. All custom Python scripts used for this study were uploaded to
the Link lab Github page at the following web link: https://github.com/ajlinklab/PupB.

Extraction, preparation, and sequencing of total RNA.

B. cepacia ATCC 25416 was freshly streaked out on LB agar. For each condition, three
biological replicates derived from separate colonies were prepared. Single colonies were
inoculated into LB = 1 mM FeClj3 (ferric chloride stock was made fresh in water and
filter-sterilized) and grown overnight at 30 °C with shaking. The next morning, the overnight
cultures were diluted 1:100 into fresh LB = 1 mM FeCl3 and grown at 30 °C with shaking
to an ODgqg of ~0.5-0.6. The volume of mid-exponential phase culture to achieve 5 x

108 CFUs was calculated (assuming ODgqq of 1.0 yields 10° CFUs mL™1) and added

to 2 volumes of RNAprotect Bacteria Reagent (QIAGEN, cat. no. 74124). The mixture
was immediately vortexed for 5 sec, incubated at room temperature for 5 min, and then
centrifuged at 5000 xg for 10 min at room temperature. The supernatant was decanted and
the cell pellet was stored at —80 °C until RNA extraction.

Total RNA was extracted from RNAprotect-stabilized cell pellets using the RNeasy Protect
Kit (QIAGEN, cat. no. 74124) according to manufacturer’s protocol. Briefly, the frozen cell
pellets were thawed at room temperature and cell lysis was achieved using enzymatic lysis
with 200 uL of 1X TE lysis buffer (30 mM Tris-HCI, 1 mM EDTA, pH 8.0) containing

1 mg mL~1 of lysozyme and supplemented with 10 pL of Proteinase K (QIAGEN, cat.

no. 19131). The mixture was incubated on a shaker at room temperature for 30 min with
intermittent vortexing, 700 pL of Buffer RLT was added, the mixture was vortexed, and 500
pL of 100% ethanol was added and mixed. Total RNA was then purified from the bacterial
cell lysate using the RNeasy Mini Kit protocol and eluted with 2 x 35-40 pL of nuclease-
free water. The miniprepped RNA was further treated with in-solution rigorous TURBO
DNase treatment using the TURBO DNA-free™ Kit (Thermo Fisher Scientific, cat. no.
AM1907) to remove contaminant genomic DNA according to manufacturer’s protocol. The
concentration and integrity of purified RNA were estimated using a NanoDrop ND-1000
Spectrophotometer and a 2% ethidium bromide non-denaturing agarose gel observing for
intact rRNA bands, respectively. RNA samples were submitted to the Princeton Genomics
Core Facility for library construction, quality control check, and sequencing on an Illumina
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NovaSeq 6000 Illumina sequencing platform. The samples were depleted of ribosomal RNA
and checked on a Bioanalyzer prior to sequencing.

Analysis of RNA-Seq results was carried out in collaboration with research-computing staff
at the Princeton University Lewis-Sigler Institute for Integrative Genomics using Galaxy.
The B. cepacia ATCC 25416 genome assembly (ASM141149v1; GenBank assembly
accession: GCA_001411495.1) was downloaded from NCBI in fna and gtf format; the

gtf file was edited to avoid tool issues on Galaxy. Forward and reverse sequences were
uploaded to and demultiplexed on the Princeton HTSeq database system and transferred

to the Princeton Galaxy instance. Read quality was assessed using FastQC (Galaxy

Version 0.72), Read Distribution (Galaxy Version 2.6.4.1), BAM/SAM Mapping Stats
(Galaxy Version 2.6.4), ldxStats (Galaxy Version 2.0.2), and Gene Body Coverage (Galaxy
Version 2.6.4.3). Top over-represented sequences and ribosomal RNA content was assessed
using in-house Galaxy workflows. Quality control stats were viewed using a MultiQC
(Galaxy Version 1.8+galaxy0) report. Sequences were aligned using Burrows-Wheeler
Alignment (BWA: Galaxy Version 0.7.17.4)80. Reads aligning to genes according to NCBI’s
gene annotations were counted using featureCounts (Galaxy Version 1.6.4+galaxyl).
Iron-treated and untreated samples were then compared using DESeq2 (Galaxy Version
2.11.40.6+galaxy1)8, which generated QC plots, rLog normalized counts, and differential
expression data, including adjusted p-values to account for multiple testing with the
Benjamini-Hochberg procedure which controls false discovery rate (FDR).

Accession Codes.

RNA-seq data (accession number PRINA813900) can be found in the NCBI BioProject
database.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SYNOPSIS

Members of the Burkholderia cepacia complex encode numerous outer membrane
transporters for nutrient uptake. A phenotype-driven comparative genomics approach was
used to discover that the lasso peptide antibiotic ubonodin co-opts the nutrient transporter
PupB to enter susceptible Burkholderia.
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Burkholderia dolosa PC543/AU0158
Burkholderia multivorans AU30438
Burkholderia multivorans ATCC 17616
Burkholderia multivorans AU15814
Burkholderia vietnamiensis AU3578
Burkholderia vietnamiensis AU21726
Burkholderia ambifaria AMMD
Burkholderia cepacia ATCC 25416
Burkholderia cenocepacia AU0756
Burkholderia cenocepacia AU24362
Burkholderia cenocepacia J2315

Biosynthesis and activity of ubonodin. (A) Left: Schematic showing the ubonodin
biosynthetic gene cluster (BGC). Following production of the ubonodin precursor peptide
specified by uboA, the B enzyme cleaves the leader peptide (gray), generating the core
peptide whose amino acid sequence is outlined at the top. The C enzyme forms the final
lariat structure by connecting the amino group of Gly1 to the Glu8 side chain, forging an
8-membered ring through which the tail is threaded. Residues Tyr26 and Tyr27 (underlined)
act as steric locks to prevent ubonodin from unthreading. The final gene, uboD, in the BGC
encodes an ABC transporter that serves as an immunity factor in the native producer B.
ubonensis to export bioactive ubonodin outside the cell. Right: Ubonodin structure generated
from PDB 6POR. (B) Ubonodin selectively inhibits a subset of Bcc strains. Clustal Omega

alignment of 7 concatenated housekeeping gene fragments

(atpD, gltB, qyrB, recA, IepA,

phaC, and trpB) encoded by ubonodin-susceptible (red) and non-susceptible (blue) Bcc
strains was used to generate the cladogram3-15. Shown is a Neighbor-joining tree without

distance corrections.
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Figure2.
Ubonodin repurposes a specific iron transport pathway for cellular entry. (A) Cartoon

describing a general TonB-dependent iron transport pathway. The TonB-dependent
transporter (TBDT) localized to the bacterial outer membrane (OM) is activated by a partner
TonB complex at the inner membrane (IM). TonB channels the energy from the proton
motive force (PMF) to drive OM transport of siderophore-chelated ferric iron. (B) Excess
iron inhibits ubonodin activity. B. cepaciawas grown in plain LB or supplemented with
excess iron, and the final cell density was measured after overnight growth. The mean

+ standard deviation for independent biological triplicates is graphed; error bars are not
apparent for points with a small standard deviation. (C) Depletion of fonB1 reduces B.
cepacia cell growth but fonB1 is not required for viability. Ten-fold serial dilutions of B.
cepacia propagating an empty vector (pSCrhaB2) and the t0nB1 depletion mutant were
spotted onto LB agar with and without the inducer (0.2% L-rhamnose). (D) The B. cepacia
tonB1 depletion mutant is less susceptible to ubonodin. Cultures were plated on LB agar and
0-160 uM of ubonodin were spotted in the respective sectors (arrows: zones of inhibition).
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Phenotype-guided comparative genomics identifies PupB as the Burkholderia outer
membrane receptor for ubonodin. (A) Comparative genomics revealed TBDT genes which
are conserved in subsets of Bcc strains tested for ubonodin susceptibility. Left: Protein
BLAST searches for the closest homolog of each putative B. cepacia (starting strain) TBDT
in each uboS and uboN Bcc strain. Right: For each TBDT search, the percent sequence
similarity of the top hit normalized to the alignment coverage was calculated. Rows of the
heat map represent the 29 TBDTSs assessed and columns represent the 11 Bcc strains besides
B. cepaciatested for ubonodin susceptibility. The blue-to-red spectrum indicates low-to-high
protein sequence conservation. Only one hit encoded by the gene GGFLHMPP_01381 was
predominately conserved in ubo® (bolded) but not uboN (non-bolded) strains. (B) PupB

is required for ubonodin activity. Diluted cultures in cation-adjusted Mueller-Hinton 11

broth were exposed to ubonodin and endpoint ODgng was measured after overnight growth.
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Complementation of pupB was achieved by providing pupB on the pSCrhaB2 plasmid with
0.0002% L-rhamnose induction. Plots show the mean + standard deviation for independent
biological triplicates; error bars are not apparent for points with a small standard deviation.
(C) Loss of PupB reduces ubonodin uptake. LC-MS analysis of cell lysates prepared from
sub-MIC (minimum inhibitory concentration) ubonodin-treated B. cepacia\WT and ApupB
endpoint cultures measured the amount of ubonodin internalized by the cells. The sum of
the extracted ion count (EIC) for various ubonodin species observed was normalized to

the final cell density. Non-specific adsorption to the cell surface might account for some
background ubonodin signal. Two biological replicates were independently measured. (D)
OM transport determines ubonodin susceptibility. Growth inhibition (arrows) was observed
for spot-on-lawn M63 plates of E£. co/i BL21(DE3) AslyD expressing B. cepacia PupB.
Protein overexpression was achieved by the addition of 100 uM IPTG to the soft agar.
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Figure 4.
PupB is a member of the Burkholderiairon regulon. (A) Volcano plot showing iron-

repressed and upregulated genes in B. cepacia ATCC 25416. Total RNA was extracted

from independent biological triplicate cultures of B. cepaciaWT grown in LB £ 1 mM
FeCls. lllumina RNA-seq libraries were prepared and sequenced. Genes which exhibited
significant changes (adjusted p-value < 0.01) in read count between the 2 growth conditions
are shown as blue dots superimposed onto all detectable genes in gray. Select genes of
interest in the PupB transport pathway are denoted with a red outline and labeled. Inset:
Excess iron triggers a change in the color of B. cepacia cultures grown in LB £ 1 mM

FeCls. (B) Prediction of the B. cepacia Fur regulon. Top: Seven experimentally determined
P, aeruginosa Fur DNA-binding sites*8-51 were aligned using the MEME (Multiple EM

for Motif Elicitation) tool to generate the Fur consensus sequence®2. Bottom left: A position-
weight matrix (PWM) built using the Fur DNA-binding sites was used to scan the B. cepacia
genome for similar sequences indicating a potential Fur box. Bottom right: Histogram of
PWM scores for all scanned genome fragments with the inset showing the distribution of
scores >10. (C) A potential Fur box is present upstream of the 4-gene operon predicted to
encode pupB. The sequence and PWM score of the identified Fur box are denoted. The
Operon-mapper web server was used for operon prediction®3. The last gene in the predicted
operon is a gene of unknown function (gof). (D) Fur is essential in B. cepacia. Ten-fold
serial dilutions of cultures were spotted onto LB agar + 0.2% L-rhamnose.
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B. cepacia AyddA

Ubonodin requires B. cepacia Y ddA for bioactivity. (A) Conservation of the inner
membrane protein SbmA across the Bcc strains tested for ubonodin susceptibility. The
closest homolog in strain ATCC 25416 to £. colif ShmA was identified using protein
BLAST. This homolog, B. cepacia YddA, was used to identify the closest homolog in each
of the other Bcc strains. Heat map shows percent sequence identity from Clustal Omega
alignment of the SbmA homologs. A darker red shade represents more identical SbmA
sequences for a pair of strains along the x- and y-axes. Ubonodin-susceptible strains are
bolded. (B) Loss of YddA makes B. cepacia resistant to ubonodin. Spot-on-lawn LB plate

showing no growth inhibition for 0-160 UM ubonodin.
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Figure 6.
Model for the membrane transport pathway of ubonodin. (A) To cross the bacterial

OM, ubonadin hijacks the siderophore receptor PupB native to certain Bcc strains. PupB
contacts TonB1 through the TonB box. The IM transporter of ubonodin is the putative

ABC transporter YddA. (B) Comparative genomics was key to honing in on PupB and

this approach should be broadly useful for investigating the transport pathways of other
antimicrobial RiPPs with a defined susceptibility profile. First, antimicrobial activity is
measured against a panel of strains to sort susceptible from non-susceptible strains. All
transporters from a starting susceptible strain are then individually assessed for conservation
in the other susceptible strains versus lack of homology in non-susceptible strains using
protein BLAST search.
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