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ABSTRACT: DNA sequencing of a large collection of bacterial
genomes reveals a wealth of orphan biosynthetic gene clusters
(BGCs) with no identifiable products. BGC silencing, for those
orphan clusters that are truly silent, rather than those whose
products have simply evaded detection and cluster correlation, is
postulated to result from transcriptional inactivation of these
clusters under standard laboratory conditions. Here, we employ a
multi-omics approach to demonstrate how interspecies inter-
actions modulate the keyicin producing kyc cluster at the
transcriptome level in cocultures of kyc-bearing Micromonospora
sp. and a Rhodococcus sp. We further correlate coculture dependen
and proteomic profiles and show that these changes are attribut
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sensing pathway. In piecing together the various elements underlying keyicin production in coculture, this study highlights how

omics technologies can expedite future efforts to understand and

B INTRODUCTION

One of the seminal findings in the arena of infectious disease
over the last 20 years has been the realization that quorum
sensing (QS) among microbial organisms plays a critical role in
dictating how microbes govern themselves. > Microbial QS
entails the generation of extracellular chemical signals, which
accumulate in the local environment; once they reach a
threshold concentration (and thus a “quorum” of cells has
accumulated), the transcription of group-specific genes is
activated. Ultimately, these QS-driven changes in transcription
constitute the expression of group-beneficial behaviors,
including but not limited to virulence and biofilm formation.”
Accordingly, it comes as no surprise that numerous campaigns
to devise new “antivirulence” agents have targeted bacterial QS
systems.””” Generally speaking and informed by the pressing
global need to identify new antimicrobial agents, most QS
systems studied thus far have involved intraspecies inter-
actions. Indeed, this makes perfect sense as intraspecies
interactions needed to gain a “quorum” would be expected
of “self-governing” mechanisms needed for a group of cells to
achieve common goals.

That said, it is in this intraspecies realm that QS has most
recently captured the imaginations of drug discovery scientists
by influencing microbial secondary metabolic pathways. In
short, it is now clear that QS mechanisms offer one means of
activating (or “de-repressing”) otherwise silent biosynthetic
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exploit silent BGCs.

gene clusters (BGCs) leading to the production of new natural
products. For instance, elegant work by Hertweck and co-
workers revealed the critical role that LuxR-based QS plays in
silencing the biosynthesis of thailandamide A lactone in wild-
type Burkholderia thailandensis.” Subsequent work by Seyed-
sayamdost and co-workers recently revealed that the QS-
controlled transcriptional regulator ScmR serves as a global
gatekeeper of secondary metabolism in Burkholderia thailan-
densis E264° and repressor of numerous BGCs, whereas
Greenberg and co-workers have shown that QS in B.
thailandensis impacts biosynthetic gene clusters that code for
the synthesis of malleobactin, malleilactone, quinolones,
rhamnolipids, and others.'” Importantly, all of these QS
systems are of the LuxI/LuxR class that is typical of Gram-
negative bacteria.'' These systems consist of a Luxl-type
synthase that produces a diffusible N-acyl r-homoserine
lactone (AHL) signal, and a LuxR-type receptor that binds
the AHL and activates transcription of QS-controlled genes.
AHLs constitute the extracellular chemical signals by which
bacteria communicate en route to self-governance."””'* By
extension, the relevance of interspecies associations to BGC
activation processes holds tremendous promise and now
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Figure 1. Structure of coculture-dependent polyketide keyicin 1 (a) and differential gene expression from WMMB23S genome in coculture with
Rhodococcus sp. WMMAL18S (b). Genes from the kyc gene cluster are indicated as red spheres within the circled (dashed lines) region.

constitutes an area of active investigation within our
laboratory.

It is now clear that QS mechanisms offer one viable means
by which to modulate the biosynthetic machineries housed
within specific microbes. Specifically, the activation of
otherwise silent or “orphan” BGCs is a particularly exciting
application of QS pathways since it is now well established that
microbial genetic diversity and possibilities far exceed previous
expectations with respect to secondary metabolism and the
natural product-based drug leads to which they give rise. For
instance, a survey of only 1154 genomes revealed >10000
distinct biosynthetic gene clusters (BGCs), a number that is
10-fold greater than the TOTAL number of experimentally
characterized BGC’s currently in the MIBiG repository.'” ™"’
Alarmingly, no small molecule-to-BGC correlation can be
made for the overwhelming majority of these clusters.'®™*

Activation of silent BGCs (identified by genomics) has been
achieved by (i) changing growth conditions, (ii) chemical
elicitors, (iii) targeted genetic modifications, (iv) alterations to
transcriptional machineries, and (v) heterologous expression
methods;*” although comprehensive correlations of natural
product biosynthesis to changes in transcriptomics or
proteomics have rarely been achieved. Genomic information
alone, though useful from BGC mining initiatives, is
insufficient to unveil and make available new secondary
metabolites; transcriptomic, proteomic, and metabolomic
data play indispensable roles in producing new structures
from otherwise silent BGCs.

Coculturing different microbes has also been shown to
activate silent BGCs,”*™** and resulting metabolites are likely
attributable to interspecies QS mechanisms that alter one or
more of the factors noted above. Consistent with this notion,
we recently reported that coculturing of Micromonospora sp.
WMMB235 and a Rhodococcus sp. WMMAI18S enabled the
production of a new glycosylated anthracycline constructed by
a large type II PKS, keyicin. Neither bacterium, in isolation,
produced keyicin.”” Despite the excitement and significance of
this finding, little is known about how these organisms
synergize to generate keyicin.

Early studies into keyicin production revealed WMMB235
as the producer of keyicin (1, Figure la) in coculture [see
Figure S10, Supporting Information for statistical analysis

1261

(triplicates) via PCA].*’ This conclusion was supported
primarily by two key findings. The first one was that only
WMMB235 harbored a BGC (termed previously and herein
kyc) able to code for all the machinery anticipated to be
necessary for keyicin assembly; this was first illuminated upon
PRISM® and AntiSmash®'~* processing of the WMMB235
genome. Both analyses identified kyc as a large anthracycline
type biosynthetic gene cluster housing several glycosyltrans-
ferases (GTs) envisioned as essential to keyicin assembly
(Supporting Information). Second, fermentations in which the
two microbial species were separated with a 0.2 um cell
impermeable membrane led, over time, to inhibited
Rhodococcus sp. WMMAILS8S growth and increased keyicin
production; this assay highlighted the antibacterial properties
of keyicin as well as the absence of any required interspecies
cell—cell contacts.”

We focus here on understanding how Micromonospora sp.
WMMB23S and Rhodococcus sp. WMMAL8S collaborate to
produce keyicin via the application of genomics, tran-
scriptomics, and proteomics technologies. We pay special
attention to identifying biosynthetic bottleneck processes as
well as keyicin analogs and how these findings might translate
to other silent BGC systems. We also test the hypothesis that a
LuxR-type receptor homologue, embedded within the keyicin
BGC (kyc) dictates keyicin production in a fashion consistent
with QS.

B RESULTS AND DISCUSSION

Keyicin Production Is Small-Molecule-Triggered. To
unequivocally determine the mode of interaction between
WMMB23S5 and WMMA185, we expanded on the results of
previously reported two chamber fermentation assays.”” We
found that keyicin production, as detected by colorimetric
analyses (A, = 470 nm), from WMMB235 could be triggered
simply by subjecting WMMB235 to supernatant from
monocultured Rhodococcus sp. WMMA185. When inoculated
into cell free media from a WMMA18S culture grown for 4
days, WMMB235 clearly generated 1 as reflected by
production of keyicin’s unique chromophore; the efficiency
of keyicin production using WMMA185-derived supernatant
was virtually identical to that seen in live coculture experi-
ments, suggesting that nutrient depletion (by live WMMA185)
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exerts little to no influence upon the kyc machinery of
WMMB235 (Figures S6 and S7, Supporting Information).
This result clearly put to rest any possibility that WMMB235
and WMMA18S5 are involved in a dynamic communication
system that requires both participants to be alive or active.
Moreover, this experiment showed that WMMAI18S produces
a small molecule inducer of keyicin biosynthesis even in the
absence of WMMB23S5, suggestive that QS may play an
important, though not exclusive, role in triggering kyc BGC
activation. Activation of keyicin biosynthesis by WMMB235
using only supernatants from monocultured WMMAL18S also
strongly affirms that keyicin biosynthesis is in response to a
small molecule signal from WMMA185 and not a nutrient
depletion or competition phenomenon.

Transcriptomic Activation of the kyc Cluster and
Keyicin Production in Coculture. Early sequencing efforts
made clear that keyicin assembly in coculture could be ascribed
only to WMMB235.”** To evaluate how kyc biosynthetic
genes are impacted by the presence of WMMAISS, we
collected cells from days 2 and 5 of the cultures of WMMB235,
WMMAI18S, and their coculture; LC/MS and colorimetric
analyses (4, = 470 nm) revealed that keyicin was not
produced in substantial quantities until day 4 of fermentation.
Ilumina sequencing of each mRNA collection enabled
alignments of the resulting RNASeq data for the two genomes
in order to parse transcript reads for WMMB23S (producer).
The aggregate value of reads per kb/million reads aligning to
annotated ORFs (RPKMO) of the gene clusters was calculated
from the number of reads for each gene in the cluster that
could be mapped to the genome.”” This value was normalized
to cluster length to ensure accurate representation of the
smaller gene clusters in the genome relative to the large kyc
cluster. Overall, the kyc cluster had RPKMO values of 1303.0
and 267 in monoculture on days 2 and 5, respectively. In
coculture, the same RPKMO values were 1849.1 at day 2 and
2267.7 at day S, consistent with significantly increased
transcription of the kyc cluster in the presence of
WMMA185 and the commensurate reduction of the same
transcripts over time in monocultured WMMB23S.

Further differential gene expression analyses (DGE) were
conducted on day 5 data using EdgeR software®® allowed us to
quantitate the magnitude of differential expression of each
WMMB23S gene in coculture relative to monoculture as a
fold-change of read counts, along with the significance of this
difference as adjusted p-value or false discovery rate (FDR).
The volcano plot representative of this analysis (Figure 1b)
revealed that, of all upregulated orfs within the complete
WMMB23S genome, putative kyc cluster genes were among
the most upregulated and had the lowest rates of false
discovery. In fact, the vast majority of orfs within the kyc cluster
showed at least a 2-fold (to the log,) increase in gene
expression. These transcriptomic analyses suggested that the
presence of WMMA18S induces the transcriptional activation
of the kyc cluster. We posit that, in the absence of WMMA18S5,
WMMB23S5 channels resources to other metabolic machineries
unrelated to the assembly of 1. These findings are critical to
expanding our understanding of the “omics” behind keyicin
production as well as the potential role that QS plays in kyc
cluster activation in Micromonosopora sp. WMMB23S.

A Role for Quorum Sensing through LuxR in kyc
Cluster Activation? Our ability to correlate kyc BGC
expression within WMMB235 to the production of 1, coupled
with the realization that pathway-specific regulators often
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cluster within or proximal to BGCs,”” inspired us to search the
kyc cluster for regulatory gene candidates. This search revealed,
among others, a luxR-type transcriptional regulator termed
herein kycS. In view of LuxR’s well established role in QS in
Gram-negative bacteria,"**** we posited that Kyc$ activation
(via AHL exposure) may trigger keyicin production.
Accordingly, we investigated the impact of established LuxR-
selective ligands upon keyicin production. A library of 96
AHLs and related analogs (both natural products and
synthetics) were screened for the ability to trigger keyicin
production by monocultures of WMMB235.

A range of putative LuxR ligand concentrations were
investigated, and even at the lowest concentration (1 nM),
six compounds (Figure 2a) were found to activate keyicin
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Figure 2. AHL inducers of keyicin. (a) Six out of 96 AHLs screened
for kyc cluster activation and subsequent keyicin production: 2 and 3
are natural AHLs, whereas 4—7 are synthetic. (b) Increase in keyicin
production shown as positive log fold change in the absorbance at 470
nm on treatment with AHLs compared to untreated monoculture;
absorbance at 470 nm also enables detection of aglycone-containing
precursors to 1. Coculture with WMMA18S shown as positive control
(red bar). AHLs 2 and 3 are the native LuxR signals in P. aeruginosa
and V. fischeri, respectively.®

production as detected by increases in absorbance at 470 nm,
which is diagnostic for production of the keyicin aglycone. The
fold change in production of 1 was calculated by measuring the
absorbance of cell supernatants of WMMB23S spiked with
inducers (in DMSO) compared to its monoculture treated
with DMSO alone. AHL-triggered keyicin production by
WMMB23S was not as pronounced as in the WMMB235/
WMMAI18S coculture system (Figure 2b) indicating that
production of 1 is subject to more than just one regulatory
element. This, combined with the absence of any decipherable
luxI homologues in the WMMA185 genome,40 suggests that
the LuxR pathway in the WMMA185/WMMB235 coculture
system may respond to alternative (non-AHL) signals.
Alternatively, kyc activation may be triggered by an altogether
different mechanism. Although luxI/luxR are well studied in
Gram-negative bacteria, it is only recently that these have been
found not only in Gram-positive bacteria but also in other
kingdom representatives.”** In fact, several genomic studies
across different species have found many QS-related luxR type
genes that are unpaired to a cognate luxI to synthesize the
signaling molecule and thus encode “orphan” LuxR receptors
or “solos”.*>** This supports our hypothesis that an “orphan”
LuxR in Micromonospora sp. may be involved in interspecies
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communication by interacting with the small molecule signal
from Rhodococcus sp. It is altogether possible that keyicin
production may require pathways in addition to, or even
instead of, LuxR. For instance, efficient production of
pyocyanin, a phenazine virulence factor produced by
Pseudomonas aeruginosa calls upon a total of three separate,
but interwoven regulatory systems.* The results of Figure 2
may reflect a similar scenario in which LuxR-type signaling
plays an important but not exclusive role in kyc cluster
activation. In the absence of other clear and readily testable
regulatory elements related to kyc activation, we sought to
better understand the proteomics and transcriptomics of the
WMMB235/WMMAI18S coculture.

Isobaric Tagging Reveals Important Proteomic
Profiles Unique to WMMB235/WMMA185 Coculture.
We applied a quantitative proteomics approach to evaluate
WMMB235/WMMAI18S cocultures to identify unique ele-
ments of coculture that could be clearly correlated to kyc
cluster activation and biosynthesis of 1. Proteomics initiatives
were carried out on 5-day long and 8-day long fermentations in
order to most accurately capture protein levels. To reduce the
complexity of samples subjected to proteomics, we employed a
simulated coculture system wherein the supernatant of
WMMAI85 (5 d fermentation) was used as the WMMB235
growth medium. This enabled us to more confidently assign
proteomic signatures to the keyicin producer and not
Rhodococcus products. Established Dileu tagging methods*
allowed us to multiplex all samples and generate quantitative
data on proteins of WMMB2335 origin.

A marginal number (ie, 12) of putatively biosynthetic
proteins coded for by the kyc cluster (~49 based on kyc orfs)
were identified from the 8-day fermentation of WMMB235
(Figure 3); these included four glycosyltransferases (GTs)

FC in concentration  putative role in 1 assembly

0 2 4
Ky C4 deaminase

o Kyc7 n— dTDP-glucose dehydratase
g kyc12 glycosyltransferase
D K14 pm— B-keto acyl synthase
S kyC16 — epimerase
S KyC20 pmmm— glycosyltransferase
G KYC25 i glycosyltransferase
£ KYC26 | CYP450
S KYC28 — sugar 3’-5’ epimerase
S KyC32 pmm— glycosyltransferase

KyC34 ester cyclase

Kyc45 pmm— daunorubicin biosynthesis sensory

transduction protein DnrJ

Figure 3. Summary of quantitative proteomics studies of WMMB235
fermented in WMMA18S supernatant (Rhodococcus cell free) for 8 d.
FC, Fold change as compared to WMMB235 monoculture
conditions. N = 3, P < 0.0S.

(Kycl2, Kyc20, Kyc2S, and Kyc32), all of which are
significantly upregulated in coculture, as well as the putative
dehydratase (Kyc7), f-keto acyl synthase (Kycl4), epimerase
(Kycl6), cytochrome P,y (Kyc26), and dTDP-4-dehydro-
rhamnose 3,5-epimerase (Kyc28). The GT's Kyc12, Kyc20, and
Kyc32 are all homologous to AknK, which is the GT
responsible for adding the second and third 2-deoxy-L-fucose
moieties during aclacinomycin biosynthesis (MIBiG,
BGCO0000191).”” Kyc25, on the other hand, shares 61%
identity with CosG, a GT known to transfer aminodeoxysugars
like r-rhodosamine durin§ biosynthesis of cosmomycin D
(MIBiG, BGC0001074).”® In depth sequence analyses for
Kyc28 revealed 69% similarity to the sugar 3'-5' epimerase
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SnogF (accession no. AOQSKS.1) involved in the deoxyhexose
pathway required for nogalamycin assembly.” Interestingly,
this protein was one of the few found in our initial proteomics
study to be predominant in the coculture compared to the
WMMB235 monoculture.”” Additionally, Kyc26 was reported
to have 42% protein identity with SnogN,”” which in turn
shares similarity with AknT (43%) and CosT (39%) and is also
considered to be involved in the deoxyhexose pathway,
especially in the biosynthesis of nogalamine.”® The closest
homologue to Kycl16 is a putative NDP-sugar 4-ketoreductase
encoded within the versipelostatin gene cluster (MIBIG,
BGC0001204). Importantly, Kycl4 with 65% identity with
AknC, also from the aclacinomycin biosynthetic pathway, is
the only kyc orf product found thus far that plays a role in the
biosynthesis of the keyicin aglycone. Overall, four of the 12
proteins (33%) identified at the late 8 d fermentation are GTs
suggesting that glycosylation likely takes place following
aglycone assembly, that is, late in keyicin biosynthesis. As
such, the GTs involved in keyicin production appear to
function as true tailoring enzymes. Such a profile is consistent
with other anthracycline biosynthetic studies where hydroxy-
lated aglycone intermediates added exogenously to fermenta-
tion systems serve as efficient substrates for glycosylation.”"

Coculture Dependent Proteomic Changes Correlate
to kyc Cluster Metabolomics. The prominent changes in
GT production found in coculture versus monoculture inspired
us to investigate the prospect that keyicin analogs or precursors
might be generated during coculture and other related keyicin-
generating conditions but may have evaded detection. This
hypothesis was further supported by the clear presence of
many other compounds with distinct retention times in
coculture extracts, all of which contained a chromophore
with unique absorption at 4 = 470 nm and MS/MS signals at
m/z = 550.1696 and 586.1899 representative of the keyicin
aglycone (Figure S4, Supporting Information). The relation-
ship of these molecules with keyicin could be easily identified
by subjecting the liquid chromatography tandem mass
spectrometry (LC-MS/MS) analyses of coculture extracts
collected over a fermentation period of 14 days to Global
Natural Product Social (GNPS) Molecular Networking52 and
subsequent visualization by Cytoscape® (Figure 4). By
tracking the node representative of keyicin (m/z 805.347),
we identified the subcluster that contained the keyicin analogs
and intermediates. On mapping the AUC (Area Under Curve)
for each of the parent masses identified in the cluster at each
time point, we discovered that many of these signals initially
increased in intensity and then gradually subsided with time
consistent with the biosynthetic progression leading ultimately
to keyicin and away from incompletely glycosylated
intermediates or precursors. For example, a doubly charged
peak on the chromatogram corresponding to m/z values of
661.3050 and 645.7829 show a distinct temporal pattern. We
propose that these signals represent differentially glycosylated
analogs of keyicin. The m/z value of 645.7829 is consistent
with decilonitrose,”® the adduct resulting from the absence of
keyicin’s terminal 2-deoxy-fucose (S7, Figure 1). Additionally,
the absence of both S3 and S7 (Figure 1) is likely reflected by
the m/z signal at 661.305 (Figure SS, Supporting Informa-
tion).

Having identified changes to the transcriptomic and
proteomic profile as well as the players in keyicin production,
and realizing that these changes likely invoke coculture-
dependent changes that go beyond changes in kyc expression,
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we next sought to investigate kyc-specific transcriptional
changes as well as those of the whole WMMB235 genome.
Impacts of Coculture on the WMMB235 Genome
Revealed by Transcriptomics. Transcriptomic evaluation of
the Micromonospora sp. WMMB235 genome in WMMB235/
WMMA185 cocultures dramatically expanded what we know
about kyc activation as well as the modulation of other
WMMB23S5 embedded BGCs. These efforts also provided
clarity into how Rhodococcus-derived small molecule induction
can be correlated to changes in protein expression and
production and commensurate biosynthesis of 1. Notably,
transcriptomics analysis of the kyc cluster revealed that
effectively all orfs within the cluster show some level of
overexpression. Only kyc4, S, 30, 31, 39—42, and 53 showed
less than a 4-fold increase in expression relative to WMMB235
monoculture (Figure 5). Interestingly, kyc30 and kyc31, both
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Figure S. Summary of kyc cluster orf expression profiles in
WMMB235/WMMA185 coculture compared to those generated in
WMMB235 monoculture. Out of 49 orfs within the kyc cluster, only 6
undergo less than a 4-fold increase in expression and two (kyc30, 31 in
red) appear to be suppressed in coculture. That these orfs appear to
be dispersed at 3—4 different groupings within the kyc cluster suggests
that kyc cluster regulation calls for more than just one global regulator.
Beyond the earlier stated orf-to-function projections, a comprehensive
listing of kyc genes and their putative roles in keyicin biosynthesis is
provided in Table S3 of Supporting Information. FC, fold change.
False Discovery Rate (g-value) for each gene expression change <
0.01.
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coding for transcriptionally suppressive regulators (Table S3,
Supporting Information) were slightly suppressed under
coculturing (FC < 1.0). With respect to kyc cluster-specific
changes, it is clear that the overwhelming majority of kyc
cluster elements in WMMB235 monoculture suffer from
limited transcription relative to coculture. That coculture
driven transcriptomic enhancements are so much more
dramatic than those seen at the proteomics level suggests
that the production of 1 in WMMB235 monoculture is most
likely limited or bottlenecked at a transcriptional level.

The clustering of biosynthetic genes on bacterial chromo-
somes enables computational approaches to identifying sources
of new natural products.”* Although the biological logic for
defining and identifying a BGC is conserved, different
algorithms approach BGC prediction differently. AntiSmash v
3.0 data processing for the WMMB235 genome’* revealed the
presence of S0 putative BGCs, whereas PRISM processing of
the same data set revealed the presence of 10 putative BGCs.
The abundance of BGCs found by AntiSmash can be
attributed to the low confidence/high novelty algorithm of
ClusterFinder to identify BGCs. This probabilistic algorithm is
optimized for detecting unknown types of gene clusters and
consequently gives relatively high rates of false positives in the
results."”**>* As such, we restricted our transcriptomics
analyses to only BGCs that resulted from PRISM; as expected,
these same BGCs were also identified by AntiSmash processing
of the WMMB235 genome.

In addition to their correlation of kyc cluster elements (i.e.,
transcripts and protein levels) to the production and structure
of 1, transcriptomics on the WMMB235 genome revealed that
many other putative BGCs (annotated using PRISM) undergo
transcriptomic changes in response to coculture with
Rhodococcus sp. WMMAL18S. These include, as summarized
in Table 1, several hybrid NRPS-type I PKS gene clusters
(BGC4, S, 6, 8), a type I1 PKS (BGC3), an AT-less type I PKS
(BGC2), and clusters encoding a putative enediyne (BGC?7)
and lanthipeptide (BGC10). Impressively, of the 10 putative
BGCs identified, nine are positively impacted by the presence
of WMMAI18S during fermentation, and of these, kyc was the
dominantly impacted cluster (Figure 6). This transcriptomics
finding is especially interesting since all 10 BGCs, except for
kyc which has 79% similarity to aclacinomycin, have little
similarity to known clusters in the MIBiG repository, making
them orphan clusters (Table 1). Tentative mapping of BGC2—
10 is shown in Figure 7, and prominent in these findings is the
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Table 1. BGCs Identified Within the Micromonospora sp.
WMMB23S5 Genome as Annotated by PRISM*

BGC no. cluster annotation closest known homologous BGC?

keyicin aclacinomycin® (72%) (BGC0000191)

—_

2 AT-less PKS leinarnycin56 (15%) (BGC0001101)

3 type II PKS xantholipin®” (16%) (BGC0000279)

4 NRPS-T1PKS bleomycin®® (12%) (BGC0000963)

5 NRPS-T1PKS azicemicin® (13%) (BGC0000202)

6 NRPS-T1PKS

7 enediyne tiancimycin® (19%) (BGC0001378)

8 AHBA BGC rifamycin® (35%) (BGC0000137)

9 T1PKS chlorizidine A°*** (7%) (BGC0001172)
10 lanthipeptide

“Assigned cluster numbers correlate to all subsequent tables and
figures. bValues in parentheses correspond to percentatge of genes
similar to those in the WMMB235 embedded cluster and MiBIG
number, respectively.

4

BGC1 I )
— BGC expression in response to coculturing
B = 2 d fermentation
3 [l = 5 d fermentation

BGC8

BGC4
BGC3

-2

Figure 6. Global changes in BGC expression profiles in cocultured
WMMB235 shown as logarithm of the fold change (FC) with base 2.
The RPKMO over all the ORFs annotated by PRISM for each cluster
were used to calculate the overall FCs. BGC numbers correlating to
Table 1 are above each relevant bar, and expression profiles were
obtained following 2 day (blue) or S day (purple) fermentations. N =
3.

presence of luxR orfs embedded within BGC3 and 8. These
findings bolster our hypothesis that new chemical scaffolds are

yet to be found in WMMB235 and that coculturing or its
emulation (e.g, via LuxR activation with synthetic AHLs or
WMMA18S-derived LuxR agonists) may enable a host of new
natural product discoveries.

Coculturing WMMB235 with WMMAI18S appeared to
impair transcription for only two BGCs within the
WMMB23S genome, BGC2, a type I PKS—NRPS hybrid
with a trans-acyltransferase (AT) domain, and BGC9, which is
a type I PKS. The closest homologous cluster for BGC2 is that
of leinamycin®® (MIBiG, BGC0001101) with only 15%
similarity. This cluster, in particular, is interesting as its
expression is enhanced early on during coculturing but is then
slightly repressed by day S. Perhaps most interesting about this
finding is that, of the BGC2 orfs suppressed in coculture at day
S, those involving transport are the most strongly represented.
Though further studies await, we envision that diminished
transporter production with respect to BGC2 may represent
some form of defense by way of restricted extracellular access.

BGC9 is the smallest BGC identified of the 10 found in the
WMMB23S genome and is a type I PKS with only 7%
similarity to any known BGC, chlorizidine A (MIBIG,
BGC0001172) (Table 1). For BGC2, eight genes had >1 log
negative fold change on day S (Table S4, Supporting
Information), which notably included all the transporter
genes. For BGCY, orf downregulation was prominent and
consistent over the full course of coculture fermentation.
BGC9 suppression, as reflected in Figure 6 was dramatic
relative to all other BGCs noted. A point-by-point assessment
of specific orfs within BGC9 that were negatively impacted by
coculturing is shown in Table S5 (Supporting Information).
Unlike the BGC2 case, there is no one group or type of gene
that is significantly downregulated although it is clear that
elements of the PKS machinery for BGC9 are clearly impacted
by coculturing. We posit that this may simply be a random
event, or more enticingly, this may represent one means by
which WMMB235 turns down production of a BGC9 encoded
product. This may benefit the organism by allowing raw
materials to be more wisely used given the competitive
conditions of coculturing, or it may be a direct means of self-
defense.

Transcriptomics of the WMMB23S genome made clear the
ubiquity with which this organism appears to employ LuxR-
based QS systems in embedded BGCs. BGC8 (Figures 6 and
7) was found to contain 184.203 kbp of information and to
encode for a hybrid NRPS—type I PKS cluster with 22
modules and with 3-amino-S-hydroxy benzoic acid (AHBA) as
a predicted substrate in one of the synthetase/ligase domains

BGC2 Transport genes

BGCS5 and BGC6

BGC8

luxR

BGC7
D HNEGEG@EHHa@aa@mnaetd@a

BGC9
(e ammm—" o mm— 0 G @ D, G G G, O, G— |

BGC10
K O@E@E@E@EEW T xaa

AHBA synthase

Figure 7. Early schematics of BGC2—10 (Table 1, Figure 6) from WMMB23S$ as annotated using both PRISM and AntiSmash. Blue ORFs indicate
core biosynthetic operons. Transporter operons in BGC2 (yellow), luxR operons found in BGC3 and 8 (green), and AHBA synthase genes (red) in

BGCS8 are all highlighted.
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(Figure 7). A large group of natural products in the family of
ansamycins, mitomycins, and saliniketals utilize AHBA as a
precursor,* although BGCS8 is only 35% similar to the closest
ansamycin BGC of rifamycin (MIBiG, BGC0000137). More
telling about BGCS is that, in contrast to kyc, it contains two
luxR genes, both of which code for products with 36%
similarity to GdmRII (ABI93788.1). GAmRI and GdmRII are
known homologues of LuxR proteins that positively regulate
the production of geldanamycin in Streptomyces hygroscopicus
17997.°° This suggests that BGC8, in addition to kyc, may also
be regulated using small molecule inducers. Notably, although
BGC8 is an orphan cluster, similar clusters are present in other
Micromonospora spp. such as Micromonospora sp. strain B006.°
Finally, it warrants noting that, besides kyc and BGCS, these
transcriptomics studies revealed the presence of two IuxR
genes within the type II PKS-encoding BGC3. It is clear that
WMMB23S embedded BGCs harbor the potential to exploit
LuxR-based QS pathways, presumably to regulate secondary
metabolism in response to assorted cellular challenges.

Changes in Global KEGG Categorization. Analysis of
transcriptomics and genomics data for WMMB235 mono-
cultures versus WMMB235/WMMAI185 cocultures using
Kyoto Encyclopedia of Genes & Genomes (KEGG) software
revealed further insight into changes that occur within
WMMB23S during coculture and that likely have a bearing
on the expression of the kyc and other BGCs and their
products.

As reflected in Figure 8, significant shifts are seen based on
the duration of fermentation (2 vs S days) as well as the

category

I Amino Acid Metabolism

M Biosynthesis of Other Secondary Metabolites
| Carbohydrate Metabolism

Cell Growth and Death

Energy Metabolism

Folding, Sorting and Degradation

Glycan Biosynthesis and Metabolism

Lipid Metabolism

Membrane Transport

Metabolism of Cofactors and Vitamins
Metabolism of Other Amino Acids
Metabolism of Terpenoids and Polyketides
Nucleotide Metabolism

Replication and Repair

Signal Transduction

M Transcription

B Translation

[l Transport and Catabolism

[ Xenobiotics Biodegradation and Metabolism
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Figure 8. Summary of KEGG mapping for WMMB235 monoculture
versus coculture with WMMAI8S. Lane contents are shown by
combination of bracketing and lane coding below the categories
listing. Coculturing and duration of fermentations both impact gene
expression within WMMB235. Categories of function not abundant
enough to depict graphically involved cell communication, cell
motility, and signal molecules and interaction. All other categories are
depicted in one or more of lanes 1—4.

presence or absence of WMMA18S. Particularly interesting are
the significant increases in carbohydrate metabolism, energy
metabolism, and metabolism of terpenoids and polyketides
observed in coculture at day S (Figure 8, lane 4). Perhaps also
noteworthy is the apparent reduction in translational capacity
at day S in coculture relative to WMMB235 monoculture.
Notably, these changes are reflective of altered gene expression
with respect to the whole WMMB235 genome and most
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certainly encompass changes that have a bearing on keyicin
production. Indeed, it is likely that the results of these KEGG
studies can be understood, in part, by the transcriptomics
changes depicted in Figure 6. In essence, the results shown in
Figures 6 and 8 are clearly related; whereas Figure 6 conveys
kyc cluster specific changes, Figure 8 provides a more global
view of how WMMB235 genome readout and processing
changes in response to coculturing with WMMAI8S.

Future Directions. In sum, the ability to track tran-
scriptomic and proteomic information in relation to
WMMB235/WMMAI18S coculture and subsequent keyicin
production sheds significant insight into the activation of kyc,
an otherwise silent BGC. That keyicin production is also
triggered by a panel of established QS ligands for LuxR
supports the involvement of a LuxR-based system in dictating
whether WMMB23S$ can generate keyicin. The correlation of
these omics data, QS results, and keyicin biosynthesis support
the notion that, by comparing BGC host transcriptomes,
proteomes, and metabolomes between monoculture and
coculture scenarios, the identification of biosynthetic bottle-
necks in monoculture as well as strategies by which to
circumvent or overcome such bottlenecks is readily feasible.
Our findings suggest that monocultured WMMB235 suffers
from one or more transcriptionally based bottlenecks with
respect to keyicin assembly. This logic is apparent when
comparing transcriptomic and proteomic profiles of
WMMB235 monoculture versus WMMB235/WMMA185
(or related) systems. At the same time, delineating possible
regulatory differences in mono- and cocultures is envisioned to
expand our understanding of microbial combinations able to
activate cryptic BGCs.

B METHODS

Transcriptomics. WMMA185 and WMMB235 were grown in
monoculture and coculture in triplicate as described previously.””
Aliquots of 1.5 mL were taken from day 2 and day S for each sample
and frozen at —80 °C. At the end of the experiment, the samples were
thawed and centrifuged to collect the cell mass. Cells were lysed by
freezing the samples in liquid nitrogen and mechanically breaking
them in a mortar and pestle. The RNA was extracted using RNAeasy
Plus Mini Kit according to the manufacturer’s instructions
(Supporting Information) and sent to UW—Madison Biotech Center
for sequencing, quality control, and read mapping. RNAs used to
generate transcriptomics data originated from mono- and coculture
fermentations whose metabolomics analyses reproducibly adhered to
expectation. Briefly, the rRNA was depleted using Ribo-Zero rRNA
removal kit (Epicenter), and TruSeq Total RNA v2 Illumina library
was prepared. The samples were subjected to Illumina HiSeq 2500 at
1 X 100 bp read length. Extensive QC was conducted on the resultant
sequencing data (Supporting Information) and showed high quality
reads. The filtered RNA sequences were aligned with Bowtie 2% to
contigs in the WMMB235 assembly using the end-to-end alignment
options “-very-sensitive -no-discordant -no-unal”. The WMMB235
assembly was annotated with Prokka®® and normalized reads per kbp
of gene per million (RPKM) reads was calculated for each ORF
annotated. Differential gene expression for RNA-Seq results from day
S were analyzed using EdgeR with GLM after alignment of each of the
two species, WMMB235 and WMMAISS, to a “hybrid” genome
created from both. Functional Kyoto Encyclopedia of Genes and
Genomes (KEGG) categories were assigned to the predicted protein
sequences for WMMB235 using MEGAN® with previously described
methods.”” KEGG trees were uncollapsed two levels in MEGAN, and
all assignments except for “organismal systems” and “human diseases”
were exported to a csv file (with the columns “read name” and
“KEGG name”). Calculated RPKM values and the MEGAN csv table
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were used to calculate proportions of the WMMB235 transcriptome
that corresponded to each KEGG category.

Proteomics. WMMA185 was grown in 100 mL culture in
triplicate in ASW-D media for a period of 5 days. The content of each
of these culture flasks was then vacuum filtered through 0.2 m PES
filters (Thermo Scientific Nalgene Rapid-Flow Sterile Disposable
Filter Units) and transferred to three new flasks. These were
inoculated with WMMB23$ and incubated in a shaker. Aliquots after
5 and 8 days of culture were taken and frozen in —80 °C freezer. The
cells were lysed using a lysis buffer (10 mL) containing 8 M urea
(4.8048 g), SO mM Tris Base (60.57 mg), S mM CaCl, (5.5 mg), 20
mM NaCl (17.5 mg), 1 EDTA-free Roche protease inhibitor tablet
(11836170001), 1 Roche PhosSTOP phosphatase inhibitor tablet
(04906845001), and 25 uL of 12.1 N HCI (to make pH ~ 8). To 100
HL of cell lysate, S00 uL of lysis buffer was added. This was vortexed
and subsequently sonicated with a probe sonicator by applying 12 15
s pulses at 50% amplitude, each followed by a 30 s rest period. Care
was taken to ensure the sample was kept cold. The sample then
underwent trypsin digestion using 2 pg of trypsin and incubating for
18 h at 37 °C. Subsequently, the samples were labeled using Dileu
(Supporting Information), following a published protocol.* Labeled
day S or day 8 bacterial peptides were combined as 6-plex mixtures.
The mixtures were purified by strong cation exchange liquid
chromatography (SCX LC) with a PolySULFOETHYL A column
(200 mm X 2.1 mm, S gm, 300 A, PolyLC, Columbia, MD). Eluates
containing labeled peptides were collected with an FC-4 fraction
collector (Rainin Dynamax) and dried under vacuum. Samples were
then fractionated with a Kinetex C18 column (5 pm, 100 A,
Phenomenex, Torrance, CA) at pH = 10 into 8 fractions. Each
fraction was dried under vacuum several times.

Peptides in each fraction was reconstituted in 0.1% formic acid
(FA) and subjected to reversed phase LC-MS/MS analysis with an
Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher
Scientific, San Jose, CA) interfaced with a Dionex Ultimate 3000
UPLC system (Thermo Fisher Scientific, San Jose, CA). Peptides
were loaded onto a 75 pm inner diameter microcapillary column
custom-packed with 15 cm of bridged ethylene hybrid C18 particles
(1.7 pm, 130 A, Waters). Labeled peptides were separated with a 120
min gradient from 3% to 30% ACN with 0.1% FA, followed by 10 min
to 75% ACN, and then 10 min to 95% ACN. After that, the column
was equilibrated at 3% ACN for 15 min to prepare for the next
injection. Survey scans of peptide precursors from 350 to 1500 m/z
were performed at a resolving power of 60000 and an AGC target of 2
X 10° with a maximum injection time of 100 ms. The top 20 intense
precursor ions were selected and subjected to the HCD fragmentation
at a normalized collision energy of 27% followed by tandem MS
acquisition at a resolving power of 30000 and an AGC target of S X
10*, with a maximum injection time of 54 ms and a lower mass limit
of 110 m/z. Precursors were subjected to a dynamic exclusion of 45 s
with a 10 ppm mass tolerance.

Raw files were processed with PEAKS Studio (Bioinformatics
Solutions Inc., Waterloo, ON, Canada). Trypsin was selected as the
enzyme with the maximum two missed cleavages. Spectra were first
annotated by de Novo sequencing then searched by PEAKS 7.0
against a transcriptome predicted protein database for WMB23S,
where the parent mass error tolerance was set to be 25.0 ppm and
fragment mass tolerance was 0.3 Da. Fixed modifications included
DiLeu labels on peptide N-termini and lysine residues (+145.12801
Da) and carbamidomethylation on cysteine residues (+57.02146 Da).
Dynamic modifications included oxidation of methionine residues
(+15.99492 Da) and deamidation of asparagine and glutamine
residues (+0.98402 Da). Quantitation was performed with a reporter
ion integration tolerance of 20 ppm with the peptide score threshold
of 20.0. Protein quantitative ratios were calculated using unique
peptides. Reporter ion ratios for protein groups were exported to
Excel workbook, and Student t test was performed with biological
triplicates. Proteins that had >50% fold change and p < 0.0S were
filtered as significantly changed.

Metabolomics. WMMB235 and WMMAI18S cultures grown in
triplicate for transcriptomics analysis were allowed to grow for 14 days
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and were also used to collect aliquots of 1.5 mL for metabolomic
analyses. The collected samples were processed using solid phase
extraction and analyzed using UHPLC/UV/qTOF-HRESI-MS/
MS.271 Briefly, solubilized extracts in 10:1 H,0/MeOH were
subjected to automated SPE using a Gilson GX-271 liquid handling
system. Briefly, extracts were loaded onto EVOLUTE ABN SPE
cartridges (25 mg absorbent mass, 1 mL reservoir volume; Biotage, S4
Charlotte, NC), and eluted with MeOH (500 uL) directly into an
LC/MS-certified vial. LC/MS data were acquired using a Bruker
MaXis ESI-qTOF mass spectrometer (Bruker, Billerica, MA) coupled
with a Waters Acquity UPLC system (Waters, Milford, MA) operated
by Bruker Hystar software. Chromatographic separations were
achieved with a gradient of MeOH and H,O (containing 0.1%
formic acid) on an RP C-18 column (Phenomenex Kinetex 2.6 um,
2.1 mm X 100 mm; Phenomenex, Torrance, CA) at a flow rate of 0.3
mL/min. The method was as follows: 1—12 min (10%—97% MeOH
in H,0) and 12—14 min (97% MeOH). Full scan mass spectra (m/z
150—1550) were measured in positive ESI mode. The mass
spectrometer was operated using the following parameters: capillary,
4.5 kV; nebulizer pressure, 1.2 bar; dry gas flow, 8.0 L/min; dry gas
temperature, 205 °C; scan rate, 2 Hz. Tune mix (ESI-L low
concentration; Agilent, Santa Clara, CA) was introduced through a
divert valve at the end of each chromatographic run for automated
internal calibration. The full scan spectra were followed by MS/MS
spectra acquisition at variable scan speed ranging from 0.5 to 2 Hz.
CID energy varied linearly, 30, 25, and 20 eV for 500 m/z, 50, 40, and
35 eV for 1000 m/z, and 70, 50, and 45 eV for 2000 m/z for charge
states of 1, 2, and 3, respectively. The precursor list was set to exclude
precursor ions for 1.00 min after 3 spectra with the same precursor
ion have been acquired. Bruker DataAnalysis 4.2 software was used for
analysis of chromatograms and to convert MS/MS data from d files to
mzXML. These files were then uploaded to the Mass Spectrometry
Interactive Virtual Environment (MassIVE) server (https://massive.
ucsd.edu/ProteoSAFe/static/massive.jsp) and networked using the
GNPS pipeline.’> Parent ions with at least three fragments were
considered in the network. A cosine similarity score of 0.7 for the
fragmentation spectra was used. The resulting networks were
visualized using Cytoscape 3.5.1 (www.cytoscape.org/cy3.html).>®
The network containing parent ions representative of keyicin (m/z
805.347 and 797.35) was extracted and further analyzed. For each of
the ions in the network, the AUC was calculated from the
corresponding LC-MS data using the integrate method in the
DataAnalysis software. These values were fed back into Cytoscape to
color the nodes using continuous mapping color for each day.

AHL Induction Assay. Seed cultures of WMMB23S were grown
in five portions of 10 mL of ASW-D media (Supporting
Information).>”>” After 3 days of culture, polypropylene square
96-deep well microplates (Enzyscreen, The Netherlands) containing
500 uL of ASW-D were inoculated with 15 yL of WMMB23S5, and 5
uL of AHL dissolved in DMSO at five concentrations was added to it
in triplicate. Monocultures and coculture controls were also
inoculated as described before.”" The culture plates were incubated
at 30 °C for 14 days and shaken at 300 rpm. Subsequently, the plates
were centrifuged at 3000 rpm for 20 min (Eppendorf Centrifuge
S810R), the supernatants were transferred to a Corning Clear
Polystyrene 96-Well Microplate, and the absorption at 470 nm was
recorded using a BioTek Synergy microplate reader.
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The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acschem-
bi0.9b00223.

Parameters for AntiSmash and Transcriptomics studies
as well as a summary of RNA concentrations yielded
from RNAeasy Plus Mini Kit extractions, a listing of
DiLeu reporter tags used to label each sample in the
multiplex analyses, and schematics showing coculture

DOI: 10.1021/acschembio.9b00223
ACS Chem. Biol. 2019, 14, 1260—1270


http://pubs.acs.org/doi/suppl/10.1021/acschembio.9b00223/suppl_file/cb9b00223_si_001.pdf
https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp
https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp
www.cytoscape.org/cy3.html
http://pubs.acs.org/doi/suppl/10.1021/acschembio.9b00223/suppl_file/cb9b00223_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.9b00223/suppl_file/cb9b00223_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acschembio.9b00223
http://pubs.acs.org/doi/abs/10.1021/acschembio.9b00223
http://dx.doi.org/10.1021/acschembio.9b00223

ACS Chemical Biology

interactions leading to kyc activation, sample quality
control report for RNASeq reads, strategy for DiLeu
tagging in proteomics, MS/MS data sets and temporal
changes to keyicin production (PDF)
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