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Abstract

Advances in genomics and metabolomics have made clear in recent years that microbial
biosynthetic capacities on Earth far exceed previous expectations. This is attributable, in part, to
the realization that most microbial natural product (NP) producers harbor biosynthetic machineries
not readily amenable to classical laboratory fermentation conditions. Such “cryptic” or dormant
biosynthetic gene clusters (BGCs) encode for a vast assortment of potentially new antibiotics and,
as such, have become extremely attractive targets for activation under controlled laboratory
conditions. We report here that co-culturing of a Rhodococcus sp. and a Micromonospora sp.
affords keyicin, a new and otherwise unattainable bis-nitroglycosylated anthracycline whose
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mechanism of action (MOA) appears to deviate from those of other anthracyclines. The structure
of keyicin was elucidated using high resolution MS and NMR technologies, as well as detailed
molecular modeling studies. Sequencing of the keyicin BGC (within the Micromonospora
genome) enabled both structural and genomic comparisons to other anthracycline-producing
systems informing efforts to characterize keyicin. The new NP was found to be selectively active
against Gram-positive bacteria including both Rhodococcus sp. and Mycobacterium sp. E. coli-
based chemical genomics studies revealed that keyicin’s MOA, in contrast to many other
anthracyclines, does not invoke nucleic acid damage.
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INTRODUCTION

It is now widely recognized that humanity faces a host of burgeoning crises likely to impact
global health in the foreseeable future. Principal among these has been the rise of drug
resistant microbes set forth, in part, by a loss of interest in natural products (NPs) in the 70s
through to the early 2000s across both academia and industry. This change in attitude was
inspired by two critical thoughts at the time: i) the belief that NP structural diversity and
microbial diversities had largely been exhausted, and ii) that a more efficient means of
identifying drugs and drug leads lay in the prodigious application of combinatorial
chemistry and high throughput screening (HTS) technologies. However, our view of drug
discovery today is informed largely by technological advances and discoveries over the last
10-20 years that dramatically refute those early tenets and argue that natural products
remain one of the greatest sources of molecular diversity applicable to treating human
diseases.! Revolutionary advances in genome sequencing, proteomics, metabolomics, and
other methodologies have changed not only how we see the natural world but also how we
can harness its intricacies. The rise of these technologies enabled by technical advances (e.g.
those related to nucleic acid and/or protein sequencing and synthesis, mass spectrometry and
other diagnostics) as well as dramatic increases in computational capabilities have brought
about stunning revelations about microbial diversity and how this influences NP production.
2-16 Microbes leverage NPs to interact with their biotic and abiotic environments and, as
such, these metabolites have been selected through evolution for biological relevance, often
serving as attractive new drug leads.17-19 Rational discovery strategies with
multidisciplinary approaches can be employed to uncover these bioactive molecules at scale.

For over 80 years, culturable microorganisms formed the basis for NP drug discovery
providing unique compounds with useful biological activities and medical uses.l: 20
Metagenomic studies of the last 10-15 years have shown, however, that the overwhelming
majority of microorganisms (> 95%) on earth have either eluded interrogation for NP
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production, harbor NP biosynthetic gene clusters (BGCs) that remain silent under laboratory
culturing conditions, or have been studied using technologies that, at the time, failed to meet
the challenges of the day.21-23 It is believed that only 0.1-1% of the microorganisms on earth
have been successfully cultured in the laboratory.23 At the same time it is now thought that
earth harbors ~ 8.7 million eukaryotic species of which about 2.2 million are marine.
Similarly, a lower bound of ~ 10000 prokaryotic species of which ~ 1300 are marine has
been postulated.2* However, microbial diversity assessments employing cultivation-
independent technologies suggest that these numbers are likely off by ~ 100 fold.25 For
instance, work carried out in support of the International Census of Marine Microbes
(ICoMM) initiative has shown that, on average, 1 L of seawater contains 108-10° bacteria
representing ~ 20000 bacterial species.2>

Especially with respect to prokaryotic species and lower eukaryotes, many of these
organisms have proven rich sources of NPs (bacteria, fungi, plants, etc.). Yet it is clear that
their molecular diversity, especially in light of what we are now learning about microbiomes
and symbiotic relationships, remains dramatically underutilized.2® Genomics has revealed
that the untapped microbial diversity available for drug and drug lead identification efforts
far exceeds previous expectations.l: 22

Genome mining using biosynthetic signatures from established BGCs has proven to be an
important tool in the search for new antimicrobial NPs which has inspired an explosion in
BGC sequencing efforts and reported NP-encoding genomes.”: 15: 27-30 However, identifying
new NPs on the basis of BGC mining remains a daunting task; i) one genome can house
multiple, often dozens of BGCs (of the same, or different classes), ii) BGCs might be
composed of elements distributed over multiple contigs and may contain genes for which no
clear function exists thereby confounding gene-to-reaction correlations, iii) identified cryptic
BGCs may fail to translate to detectable NPs, iv) many microorganisms are recalcitrant to
necessary manipulations, and v) metagenomic library expression systems are often
impractical.2” Hence, genomic approaches, although an excellent way to identify BGCs and
their putative products, are, in the absence of other complementary technologies, insufficient
to achieve broadly successful bioinformatics-guided NP identification goals for some
biosynthetic classes.31: 32 However, when used in combination with proteomics and
metabolomics, genomics becomes an increasingly powerful tool linking molecules with their
biosynthetic genes. It is becoming increasingly evident that by triangulating genomic,
proteomic and metabolomic information for microorganisms one becomes better able to
address two key questions in current natural products chemistry: i) How does one identify
interesting organisms when it comes to antimicrobial NP biosynthesis, and ii) How can
cryptic BGCs be activated in an otherwise unproductive organism? Interdisciplinary
approaches have vastly improved the ability to elucidate biosynthetic potentials; especially
those that incorporate biological hypotheses in unveiling novel chemistry.33 Additionally,
chemical genomics (CG) now enables one to rapidly gain insight into a NP’s mechanism of
action further supporting the notion that biological insight hastens chemical discoveries and
can drive chemical initiatives.3* Conclusively linking a BGC to a NP of interest via genome
mining-based approaches remains a challenge. However, recent disclosures including the
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efforts detailed here, highlight that genomics, proteomics and metabolomics can be very
effectively leveraged to identify novel producers of unique bioactive NPs.

We report herein the discovery of keyicin (1, Figure 1), a novel polynitroglycosylated
anthracycline antibiotic, along with early efforts to understand its biosynthesis and
mechanism/s of biological activity. An otherwise cryptic NP, keyicin production results from
co-culturing of the producer Micromonospora strain with Rhodococcus. Only through the
application and synergy of the technologies noted above was the identification and
characterization of 1 possible. Closely related NPs have been identified before but never as
the products of co-cultured microbes nor with zwitterionic nitroglycans appended to the
aglycone core. Moreover, a great number of such keyicin-like agents have been shown to
express biological activities through DNA-dependent means; results of chemical genomics
suggest that keyicin functions in a unique manner that is independent of DNA damage
processes. We postulate that keyicin is involved in microbial interactions between the co-
cultured microbes and that these interactions are representative of similar NP-mediated
microbial interactions ubiquitous in nature.3%

RESULTS AND DISCUSSION

Detection of New Antibiotic via Interspecies Interactions

We have previously developed a microscale co-culturing platform to investigate interspecies
interactions between marine invertebrate-associated bacteria with a special emphasis on both
genomics and metabolomics.38 Notably, during the course of co-culturing Mycobacterium
sp. with Micromonospora\WMMB-235, Mycobacterium inhibition became evident over
time. Co-culture-derived antimicrobial activities were selective against the Gram™ bacteria
Bacillus subtilis and methicillin-sensitive Staphylococcus aureus as well as Mycobacterium
sp. and Rhodococcus sp. Notably, all co-culture systems were characterized by a dark red
pigmentation that was absent in corresponding monocultures and, of the co-culture systems
investigated, the Micromonospora- Rhodococcus system generated the largest zone of
inhibition. Consequently, the Micromonospora-Rhodococcus co-culture system was selected
for subsequent metabolomics analysis.

We applied a self-generated in-house LCMS-based metabolomics platform to compare
metabolite production between co-cultures and monocultures.38: 37 Initial fluctuations in
LCMS analyses in replicate co-cultures and monocultures were postulated to arise from
variable cell concentrations within the seed cultures used to inoculate co-cultures. To
alleviate such variances, five seed cultures were inoculated and combined (instead of one
culture) prior to co-culturing (see Methods). Repeated microscale co-cultures, using this
improved inoculation approach, were evaluated by LCMS-Principal Component Analysis
(PCA) metabolomics (Figure 2).36 In the scores plot, spatial separations of metabolites
produced in co-culture versus monoculture extracts were observed. Individual metabolites
responsible for observed variances were clearly depicted in the loadings plot. Each symbol
in the loadings plot corresponds to a retention time (RT)-mass-to-charge (/7/2) pair.
Compounds clustered in the center of the loadings plot were present in all three strains,
while compounds diverging from the cluster represent uniquely produced metabolites.
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Notably, several compounds were identified as being exclusively produced in co-culture
(Figure 2).

Having identified the metabolite likely driving co-culture antimicrobial activity, we carried
out bioactivity-guided fractionation of the co-culture extract. A series of related doubly-
charged ions [M + 2H]2* = 790.3625, 797.3521 and 805.3524 amu likely correlating to the
antimicrobial species was observed and extracted ion chromatograms for each mass
confirmed that species production was exclusive to the Micromonospora-Rhodococcus co-
culture (Supporting Information, Figures S1, S2). Dereplication concerns dictated that all
three masses be queried against the Antibase NP database. The co-culture specific species,
on the basis of these early efforts, appeared to be previously unreported thus confirming the
presumed need to generate keyicin on a scale compatible with complete structural
elucidation efforts.

To support structural and mechanistic elucidation efforts both microscale (500 pL) and
standard scale (100 mL) fermentations were carried out and sampled daily over a 14 d
period.36 On the basis of LC/MS analyses, keyicin was confirmed to be produced
exclusively in co-culture regardless of fermentation scale (see Supporting Information)
although microscale fermentations afforded keyicin with reduced rates relative to standard
scale fermentations. On the basis of these findings, subsequent fermentations were carried
out for 14 d. Before transitioning to large scale fermentations, a media study was carried out
using four media: ASW-A [20 g soluble starch, 10 g glucose, 5 g peptone, 5 g yeast extract,
5 g CaCOs in 1 L artificial seawater (ASW)], ASW-D (2 g yeast extract, 5 g malt extract and
2 g dextrose in 1 L ASW), ISP2 (4 g yeast extract, 10 g malt extract and 4 g dextrose in 1 L
ASW) and M1 (10 g soluble starch, 4 g yeast extract, 2 g peptone, 15 g agar in 1 L ASW).
LC/MS analyses indicated that nutrient limited ASW-D media produced the highest yields
of keyicin. Hence, large scale co-cultures of Micromonosporaand Rhodococcus were
carried out for 14 d using ASW-D media enabling sufficient quantities of keyicin to be
generated.

Complementary to structure elucidation efforts we also sought to understand the nature of
keyicin induction in co-culture. Inspired by earlier reports that NP production in co-cultures
of Actinobacteria and mycolic acid-containing bacteria required physical contact between
cell types, we endeavored specifically to determine if keyicin biosynthesis might be
triggered by physical cell-cell contact.38 Employing customized growth flasks separated
with a 0.2 pm diffusible membrane monocultures of the Micromonospora sp. WMMB-235
and Rhodococcus sp. were cultured on either side of the membrane (Figure 3). Daily
sampling, plating onto agar and incubation revealed that i) indeed, neither cell type could
traverse the 0.2 um membrane, and ii) over the course of 7 d the growth of the
Micromonospora sp. remained relatively consistent whereas the Rhodococcus sp. suffered
significant growth inhibition (Figure 3). Most importantly, production of keyicin was
observed by LC/MS. Not surprisingly, disc diffusion of keyicin onto lawns of the
Rhodococcus sp. or Mycobacterium sp. WMMA-183 revealed this compound’s antibacterial
activity thereby supporting our early observations of growth inhibition during microscale co-
cultures. On the basis of these findings it was clear that keyicin biosynthesis does not require
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physical interactions between the Rhodococcus “inducing cells” and the putative
Micromonospora sp. producer of 1.

Characterization of the keyicin scaffold

FTICR MS analysis of keyicin (1) revealed its molecular formula to be C75H10gN4O34 Via
isotopic fine structure analysis and its 2D structure was determined on the basis of extensive
1H and 13C NMR data sets (Supporting Information). Analysis of 13C NMR data and the red
pigment suggested a sp? hybridized conjugated carbon skeleton, but only a single aromatic
proton, H-3, was observed by 1H NMR. Additionally, the number of 13C resonances did not
match the molecular formula. Only after isotopic labeling with 13C-glucose were all
resonances detected. We hypothesize that dynamics on the NMR time scale caused severe
broadening of H-11 and affected 13C acquisition in the absence of 13C isotopic labeling.
Another potentially confounding feature of keyicin was the presence of eight anomeric
protons suggesting a multiply glycosylated aglycone. Given this complexity, it was no
surprise that classical 2D NMR experiments, including COSY, HSQC and HMBC
experiments failed to shed much insight into the structure of the keyicin aglycone.

13C 1sotopic incorporation was evaluated with the goal in mind of executing 13C-13C COSY
experiments; these would enable us to confidently assign the 13C-13C spin system.”
Optimized 13C incorporation conditions were identified (Supporting Information, Table S2,
Figure S5) enabling extensive use of COSY, HMBC and ROESY approaches to solve the
structure of 1.

Analysis of the 13C-13C COSY data allowed for rapid characterization of the polycyclic
phenolic aglycone. Furthermore, the 13C-13C COSY and extensive 1D and 2D NMR data
enabled characterization of the eight sugar moieties. The position of H-3 was confirmed
using HMBC correlations to C-4a, C-4, C-4’, and C-5". The C—C spin system beginning
with the attachment between C-2 and C-5’, along with HMBC correlation from H-3 to C-4
and C-5’, indicated a sugar moiety fused to the aglycone. Glycosidic linkages were
determined using a combination of HMBC and ROESY correlations to complete the 2D
structure of 1 (Figure 4 and Supporting Information).

Strikingly, elucidation of the 2D structure of 1 revealed remarkable similarities, especially
with respect to keyicin’s aglycone core scaffold, to a number of other NPs whose
biosynthetic origins and biological activities are well established. These similarities,
especially between the keyicin aglycone, nogalamycin and aclacinomycin A (Figure 5),
would come to greatly expedite our efforts to understand the structure and biosynthetic
origins of cryptically-encoded NP 1.

The structural relatedness of keyicin and nogalamycin aglycones proved instrumental in
establishing the relative configuration of 1. Comparisons of 13C shifts for keyicin to those
previously established for anthracyclines like aclacinomycin A, arugomycin (AGM) and
viriplanin A proved instrumental also in elucidating the structures of sugars S1-S7 (Figure 4
for sugar numbering) as did careful evaluation of HMBC and ROESY correlations
(Supporting Information Table S1 and Supporting Experimentals). Moreover, S1-S7 were
subjected to conformer distribution analyses using Spartan ‘14 and conformers with a
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Boltzmann distribution 5% were subjected to geometry optimization and 13C NMR
calculations.39 Calculated carbon chemical shifts were compared to experimental values
using the DP4 probability method and the results of these comparisons used to support or
refute configurational assignments made on the basis of 13C chemical shift comparisons to
known anthracyclines (see Supporting Information).4% For the more rigid keyicin aglycone,
carbon chemical shifts were calculated using an equilibrium conformer followed by
geometry optimization and 13C NMR calculations. Despite the smaller difference between
calculated and experimental carbon chemical shifts (A) for anthraquinone structure 6 versus
5 (Figure 6), DP4 calculations indicated 5 to be slightly favored over 6 (see Supporting
Information Figure S20 for complete analysis).

However, comparisons of the methyl C-13 chemical shift for similar anthracyclines
including nogalamycin (3) AGM,*1: 42 and viriplanin A*3 suggested that the methyl C-13
was on the opposite side of the plane relative to the C-10 pendant carboxymethyl moiety.
Consequently, the keyicin A-ring stereochemistry was ultimately assigned as shown by 6
(see Supporting Information).

Elucidation of keyicin’s C1'-C6” fragment also relied heavily upon comparisons to known
anthracyclines. Well established AGM and viriplanins as well as keyicin, all belong to the
nogalamycin class of anthracyclines; a key differentiating feature is that nogalamycin itself
(3) bears only a pendant OH moiety at C4” site whereas all other members of the class bear
O-trisaccharide linkages to C4’. This structural feature of 3 versus all other known members
of the nogalamycin class proved instrumental in assigning the C4” configuration of keyicin.

Comparisons of 13C chemical shifts for C1'—~C6” of the noted anthracyclines suggested
identical stereochemistry among the molecules; a notable exception being the ~-
configuration and absence of sugar substitution at C4” for 3. Given the high degree of
structural similarity between AGM and keyicin we paid special attention to the 13C shifts for
C3’-C6’" keeping in mind the influence that C4” configuration would have on the
surrounding centers. For AGM these values (C3’ =62.5,C4" =81.6,C5" =77.6,C6" =
23.6 ppm) aligned extremely well with those observed for keyicin (C3" =62.7, C4’ =82.5,
C5’ =78.2,C6" =24.2 ppm). In addition, the C3" pendant N-CH3 resonances for AGM
and keyicin at 44.3 and 44.6 ppm, respectively, strongly supported identical C4’
configurations. Given their putatively identical aglycone configuration, AGM served, in
comparisons to 3, as an effective proxy for keyicin. Accordingly, 13C shift differences for
C4’ as well as each compounds proximal N-CH3 and C6” carbon suggested different C4’
configuration between nogalamycin and AGM, and by default, keyicin; differences of 2.4,
1.7 and 1.6 ppm were noted for C4”, N-CH3, and C6’, respectively. These data firmly
supported the hypothesis that the aglycones of AGM and keyicin share identical
configuration.

That keyicin shares the C4" S-configuration previously demonstrated for AGM and related
C4’-glycosylated members of the nogalamycin class was further validated by ROESY.
Having defined the relative configuration of all stereocenters in S1 on the basis of ROESY
correlations (Supporting Information) we noted a clear ROESY correlation between a C3’
pendant dimethylamine CHs3 and the axial anomeric H of S1. This correlation was consistent
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with a sy placement of H3” and H4" of the C1'-C6” tetrahydropyran moiety and ultimate
assignment of the S-configuration to the keyicin C4’.

Enzymatic studies with 3 have indicated that two enzymes, SnoK and SnoN, are responsible,
respectively, for i) installing the C2-C5” bond resulting in carbocyclization, and ii) an
epimerization at nogalamycin’s C4” position.** Notably, genomic analyses of the keyicin
biosynthetic pathway (discussed below) revealed the presence of both snoK and snoN
homologs. Thus, the difference in C4” configurations between nogalamycin and keyicin
may be related to the presence of keyicin’s C4” tethered sugar moiety. We posit that the
relative absence of substantive functionality appended to the nogalamycin C4” enables
SnoN-catalyzed epimerization. Conversely, SnoN homologs in the keyicin (and possibly
other anthracycline) pathways, may not have C4” access sufficient to permit epimerization.

Having elucidated the structure of 1, it becomes apparent that a number of interesting
features differentiate keyicin from all other related anthracyclines: i) one of the two
polysaccharides projected from the aglycone likely assumes a zwitterionic form under
physiologically relevant conditions, and ii) its construction requires co-culture conditions
implying that it plays an important and tunable role in bacterial competition/defensive
processes; to date there is no evidence to suggest that other related anthracyclines play as
important a role in competitive microbe-microbe associations.

Proteomics Analysis of Keyicin-producing Co-culture and Biosynthetic Insights

Early efforts strongly suggested the Micromonospora sp. as the source of 1 in co-cultures
and indeed, sequencing of its genome revealed BGCs representative of one type | polyketide
synthase (PKS), two type Il PKSs, one type 111 PKS, one lanthipeptide and six hybrid
clusters.> Also notable were ORFsencoding seven glycosyltransferases (GTs) associated
with S1-S7; further functional annotations within the putative keyicin BGC (Supporting
Information, Tables S3, S4) further implicated the Micromonospora sp. as the producer of 1
in co-culture. Sequencing of the Rhodococcus sp. genome*® on the other hand, failed to
reveal any evidence of type Il PKS ORFs.

With this genomic information in hand we carried out proteomic analyses of
Micromonospora-Rhodococcus co-cultures and monocultures targeting only large proteins
for identification; all significant proteins (or fragments thereof) were identified using
PEAKS?* software and imported raw LC-MS/MS data were used to search the annotated
Micromonospora sp. and Rhodococcus sp. genomes*® 46 Five proteins associated with
keyicin construction were identified in both co-culture and Micromonospora sp.
monoculture. Putative generic cyclase (Kyc9), dTDP-4-dehydrorhamnose 3,5-epimerase
(Kyc28) and PKS cyclase (Kyc34) enzymes were detected in biological triplicate analyses as
were a phytanoyl-CoA dioxygenase (product of kyc17) and a 3-oxoacyl-(acyl-carrier
protein). Significantly, all five Micromonospora-derived enzymes predicted during early
genomics efforts and a DUF4440 domain-containing protein (termed Kyc51) were identified
in all co-culture replicates, but in only one replicate of the Micromonospora sp. monoculture
suggesting that, when confronted with the Rhodococcus-specific components (as during co-
cultures), the Micromonospora sp. amplifies expression of specific biosynthetic proteins
associated with keyicin production.
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Anthracycline BGCs and Structures llluminate Keyicin Construction

Genomics data for both co-culture organisms*?: 46 allow us to glean significant biosynthetic
and structural insights far exceeding our assignment of the Micromonospora sp. as the
induced manufacturer of 1. Indeed, these data provide significant validation of the
proteomics information enabling assignment of keyicin biosynthesis to the Micromonospora
sp. rather than the Rhodococcus strain. In addition to having aided the structural
characterization of keyicin, nogalamycin (MIBiG: BGC0000250) and aclacinomycin A
(MIBiG: BGC0000191—BGC0000193) again serve as important reference points by way of
their well-established biosynthetic gene clusters. The high degree of structural and genetic
similarity between the keyicin and nogalamycin systems provide further validation, not only
of the keyicin producer assignment but also key structural assignments for keyicin.

Of interest were genes located within each BGC that code for highly specific, and unique
functionalities that define the shared keyicin/nogalamycin benzoxocin scaffold as
highlighted in Figure 7. Review of the BGCs for both natural products revealed well over 30
genes across both systems that share > 60% similarity (Supporting Information, Table S3);
the most interesting of these relate to benzoxocin construction. It is now well established
that the products of snoal2and snoalW hydroxylate the C-1 of a nogalamycinone
intermediate*® 49 followed by glycosylation of the newly installed phenol with nogalamine
by SnogD®0 and that the redox enzyme SnoK# carries out C—C bond formation linking the
C5’ of the newly installed nogalamine orthoto the newly generated aryl ether linkage.
Genes within the kyc cluster responsible for this same sequence of transformations are
kyc36/kyc51 followed by kyc52 (glycolase) and kycl7, respectively (Figure 7). The
structural assignments made in advance of BGC studies are strongly supported by these
genomic data.

In addition to genes dictating benzoxocin construction in both BGCs, a great many other
genes have been identified within the kyc cluster showing strong similarity/homology to
nogalamycin cluster components. A handful of these critical putative homologs are indicated
in Table 1.

The benzoxocin moieties of keyicin and nogalamycin differentiate these species from the
overwhelming majority of other anthracyclines. Even between keyicin and nogalamycin
however, an important differentiation is observed beyond the benzoxocin scaffold. SnoN
(encoded within the nogalamycin cluster) is responsible for setting the C4” configuration of
nogalamycin via epimerization.** Within the kyc cluster, kyc54 codes for a highly similar
enzyme (71% similarity, Table 1) yet the C4" configuration in keyicin is inverted relative to
that in nogalamycin. In considering the origins of this stereochemical difference we posit
that the presence of the pendant trisaccharide at C4” in keyicin likely prohibits Kyc54-
promoted epimerization. Devoid of any similar steric encumbrance, SnoN is presumably
highly efficient at processing the less heavily glycosylated nogalamycin intermediate. Thus,
we propose that the pendant C4’-linked sugar in keyicin prohibits Kyc54 action. This is
interesting not only in the context of contrasting the keyicin and nogalamycin systems but
also because it suggests that C4” epimerization in each pathway comes at a very late stage
during biosynthesis and is presumably a “post-tailoring” step; it is rare that an aglycone is
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subject to post-tailoring modifications. The data observed here however, suggests that the
keycin/nogalamycin systems may be one such representative.

In addition to clear similarities between the nogalamycin and keyicin scaffolds and BGCs
MIBIG accession numbers identified using antiSMASH revealed often dramatic genetic
similarity to BGCs for other anthracycline natural products. The keyicin BGC was found to
have very highly shared gene content to the BGCs for cinerubin B (MIBiG: BGC0000212,
88%), cosmomycin D (MIBiG: BGC0001074, 88%), arimetamycin (MIBiG: BGC0000199,
84%), kosinostatin (MIBiG: BGC0001073, 75%), aclacinomycin (MIBiG: BGC0000191,
72%) (Supporting Information, Table S5, Figure S21 for relevant structures). To put these
data into context, it is instructive to note that the BGCs for keyicin and nogalamycin
(MIBiG: BGC0000250) display 52% overall similarity.

A-ring glycosylation during keyicin construction provides yet another opportunity to
correlate features of the k<yc BGC to those of other, more well-established anthracycline
BGCs. During aclacinomycin construction the enzyme duo of AknS and AknT employs
TDP-I-rhodosamine to tether a rhodosamine sugar to the precursor aklavinone C7-OH
moiety.56 AknK then employs TDP-2-deoxy-I-fucose to glycosylate the newly added
rhodosamine moiety.>” The resulting disaccharide can undergo another cycle of
glycosylation at the hands of AknK to render the final trisaccharide.>” Notably, within the
cosmomyin D cluster, cosK displays 79% similarity to aknK and has been shown
experimentally to carry out the same transformation during cosmomycin D construction as
that of AknK during aclacinomycin A production.®8 Like aclacinomycin, cosmomycin D
production calls for C7-OH glycosylation with L-rhodosamine. This transformation is
carried out by CosG which transfers rhodosamine to both the 7- and 10-positions of the
cosmomycin aglycone; the C7-OH tethered species then serves as a substrate for
fucosylation by CosK en route to the final trisaccharide that distinguishes this species from
other members of the cosmomycin family.>8 Not surprisingly, the kyc cluster contains three
genes with moderate to good similarities to the GTs noted above; SEARCHGTT software
further supported early hypotheses correlating specific chemistries to kyc genes.® For
rhodosamine transfer, kyc26 displays 43% similarity to AknT (AAF73456.1) and kyc25
shows 56% similarity to AknS (AAF73455.1); with regard to the cosmomycin system,
kyc25shows 60% similarity to CosG (KDN80069.1). In considering fucose transfer, AknK
appears to have a number of candidate homologs within the kyc cluster; these genes, with
accompanying similarities to AknK, include kyc12(48.5%), kyc20 (52%), kyc24 (53%),
kyc29 (50%), kyc32 (47.7%) and kyc52 (30%). The application of SEARCHGTT, a program
specifically designed for GT analysis that takes into consideration donor and recipient active
site architectures further supported the notion that GTs involved in keyicin construction bear
similarity to other more well-established GTs (Supporting Information, Table S4).5% Not
surprisingly, the same kyc genes, with the exception of kyc52, with similarity to AknK also
prove similar to CosK. Putative CosK homolog candidates include the keyicin biosynthetic
products of kyc12(49.8%), kyc20 (54%), kyc24 (55%), kyc29(27.4%), and kyc32 (48.8%).
Consequently, many elements within the kyc BGC correlate both keyicin structural and
genomics features to those of other closely related anthracyclines (Supporting Information,
Table S5). These strong associations across compounds and their microbial producers
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provide strong support for our structural elucidation of keyicin and illuminate opportunities
for potential biosynthetic engineering efforts.

Biological Activity of Keyicin

Keyicin (1) was screened against both Gram-positive and Gram-negative bacteria. Similar to
the observed antibiotic activity of the crude extracts, keyicin exhibited selective Gram-
positive activity. In addition to the growth inhibition of Mycobacterium sp. and
Rhodococcus sp., keyicin inhibited B. subtilis and Methicillin-sensitive Staphylococcus
aureus (MSSA) at minimum inhibitory concentrations (MICs) of 8 tg/mL (9.9 pM) and 2
Lg/mL (2.5 uM), respectively.

Chemical Genomics Shed Insight into Key-icin Mechanism of Action

Chemical genomics (CG) provides a means of rapidly and comprehensively assessing the
pathways and processes that underlie cellular vulnerabilities to small molecules. Likewise,
CG can also give insight into mechanisms of cellular resistance to such agents. We
employed CG to gain broad insight into keyicin’s biological mode of action. Specifically we
assessed the ability of keyicin, like other anthracyclines, to induce DNA damage as reflected
by downstream effects.80-62 Cells bearing mutations that impair the ability to sustain DNA
damage are more susceptible to DNA damaging agents than are those with intact
compensatory mechanisms. Accordingly, we treated a barcoded E. coli deletion collection
with keyicin (12.5 pg/mL) and compared the resulting CG profile with those obtained from
cells exposed to the well-established DNA-intercalator ethidium bromide (100 tg/mL), and
methyl methanesulfonate (MMS, 0.0125%), a known DNA alkylating/damaging agent. The
CG profile of keyicin was distinct from EtBr and MMS (Supporting Information, Figure
S22); The profiles of EtBr and MMS had a correlation coefficient of 0.47. Keyicin, on the
other hand, had a correlation of 0.11 with EtBr and 0.16 with MMS. Particularly telling was
that cells bearing inactivations of recA, a key gene involved in DNA repair in £. coli and
established indicator of DNA damaging agents,53 proved particularly susceptible to the
effects of EtBr and MMS yet were essentially unaffected by keyicin (Supporting Information
for detailed data analysis).

Among the 20 E. coli mutants most sensitive to keyicin, not a single one is involved in DNA
replication or repair machineries, strongly suggesting that keyicin’s principal mode of action
does not involve DNA damage. In fact, in considering the 46 gene mutants with significant
sensitivities to keyicin (Supporting Information, Table S7). no clear and significant
functional enrichment is apparent to help illuminate keyicin’s mode of action. Evaluations of
the network around these 46 genes suggest, tentatively, that keyicin may exert antibacterial
activity through modulation of fatty acid metabolism (Supporting Information).
Consequently, investigations of keyicin’s impact on bacterial lipid metabolism, as
expeditiously brought to light by these CG studies, are clearly warranted.

Conclusions

The advent of interdisciplinary omics technologies has made clear that cryptic biosynthetic
gene clusters encode for a significant number of, as yet unknown, but potentially promising
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antibiotics. We previously developed an approach to investigate the secondary metabolite
induction resulting from interspecies interactions. Using this approach, a Rhodococcus sp.
was found to induce production of a new antibiotic, keyicin, when co-cultured with
Micromonospora sp. Structure elucidation of keyicin was assisted by 2D 13C NMR and
informed, in part, by comparisons of key elements of its BGC with those of structurally
related and biosynthetically characterized anthracyclines. Production of keyicin was not
dependent on direct cell-cell contact, which contradicts previous reports of secondary
metabolite induction by mycolic acid-containing bacteria. Keyicin was selectively active
against Gram-positive bacteria including both RAodococcus sp. and Mycobacterium sp. The
E coli chemical genomics provided encouraging results surrounding a putative uniqgue MOA
for keyicin, and importantly, one that does not involve DNA damage.

See the Supporting Information for details.
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Figure 1.
Structure of new co-culture-dependent antibiotic keyicin (1).
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Figure 2.

LCMS-PCA metabolomics of Micromonosporasp. and Rhodococcus sp. co-culture. (A)
PCA scores plot describing variance in metabolites in co-culture and monoculture extracts of
the Micromonospora sp. and Rhodococcus sp. (B) PCA loadings plot displaying individual
metabolites responsible for the variance observed between extracts; the high variance seen in
co-culture extracts is attributable to metabolites highlighted by the yellow oval in plot 2B.
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Figure3.
Cell-cell contact study between Micromonospora sp. WMMB-235 and Rhodococcus sp.

WMMA-185. (Al and A2) Each half of custom co-culture vessel enabling separation of two
independent cultures with 0.2 pm filter. (B) Intact co-culture vessel with filter membrane
separating cell types. (C) Aliquots of the Rhodococcus sp. and (D) aliquots of the
Micromonospora sp. removed from culture, diluted, and streaked every 2 d.
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Figure 4.
Key HMBC (red) and ROESY (blue) correlations in core of (1) and for determination of

glycosidic linkages. Carbon connectivities determined by 13C-13C COSY correlations (red).
Detailed application of specific ROESY correlations were instrumental in determining S1—
S7 configurations (Supporting Information).
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Figureb.

Direct comparisons of the keyicin aglycone core to the intact structure of nogalamycin and
the more classically arranged anthracycline aclacinomycin A.
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Figure®6.
Partial characterization of anthracycline core possibilities for keyicin via application of

molecular modeling and DFT calculation approaches. See Supporting Information for
experimental data for these and alternative variants.

ACS Chem Biol. Author manuscript; available in PMC 2018 December 15.



1duosnuey Joyiny

Adnani et al. Page 23

kyc52 snogD
EH3 QH (Skyc:;&kycm szrmaL 2/snoaW

H,C” 52 1--._, “
- +9 "0 )o 10
R™R,c”s <1 X
kyc54 % 4 y $ y
OH O OH O
keyicin benzoxocin nogalamycin benzoxocin

Figure7.
Correlations of orfs (and resulting gene products) to key benzoxocin linkages for keyicin

versus nogalamycin aglycones. Gene/enzyme similarities across the two NP systems are
color coded with arrows indicating key linkages installed. Notably only kyc54 and snoN
appear to be similar yet fail to carry out the same chemistry upon their respective substrates.
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