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GenBank accession numbers

Published enediyne gene clusters or PKS cassettes with GenBank accession numbers (in parentheses): Actinomadura madurae ATCC
39144 (MDP, AY271660), Actinomadura verrucosospora ATCC 39334 (ESP, AY267372), Micromonospora chersina ATCC 53710
(DYN, EF552206), Micromonospora echinospora NRRL 15839 (CAL, AF497482), Salinispora pacifica CNS143 (CYA, KC863955),
Salinispora tropica CNB-440 (SPO, CP000667), Streptoalloteichus sp. ATCC 53650 (KED, JX679499), Streptomyces carzinostaticus
subsp. neocarzinostaticus ATCC 15944 (NCS, AY117439), Streptomyces globisporus C-1027 (C-1027, AY048670), Streptomyces sp.
CNT179 (CYN, KCB863954). Putative enediyne producers with GenBank accession numbers for their respective genomes (in
parentheses): Actinoalloteichus cyanogriseus DSM 43889 (AUBJ00000000), Actinokineospora inagensis DSM 44258
(AXWWO00000000), Actinomadura flavalba DSM 45200 (ARFO00000000), Actinomadura oligospora ATCC 43269
(JADG00000000), Actinoplanes sp. N902-109 (CP005929), Actinopolyspora halophila DSM 43834 (AQU100000000), Actinospica
robiniae DSM 44927 (AZAN00000000), Amycolatopsis alba DSM 44262 (ARAF00000000), Amycolatopsis azurea DSM 43854
(ANMG00000000), Amycolatopsis balhimycina FH 1894 DSM 44591 (ARBHO00000000), Amycolatopsis decaplanina DSM 44594
(AOHO00000000), Amycolatopsis halophila YIM 93223 (AZAK00000000), Amycolatopsis japonica MG417-CF17 (CP008953),
Amycolatopsis mediterranei DSM 40773 (JMQJ00000000), Amycolatopsis mediterranei RB (CP003777), Amycolatopsis nigrescens
CSC17Ta-90 DSM 44992 (ARVWO00000000), Amycolatopsis orientalis HCCB 10007 (CP003410), Amycolatopsis rifamycinica
46095 (JMQI100000000), Bacillussp. 2_A_57_CT2 (ACWD00000000), Catenulispora acidiphila DSM 44928 (CP001700),
Cyanothece sp. PCC 7822 (CP002198), Haliangium ochraceum DSM 14365 (CP001804), Her petosiphon aurantiacus DSM 785
(CP000875), Kitasatospora cheerisanensis KCTC 2395 (JNBY00000000), Methylomicrobium alcaliphilum (NC_016112),

Methyl omicrobium buryatense 5G (AOTL00000000), Microcystis aeruginosa NIES-843 (AP009552), Micromonospora aurantiaca
ATCC 27029 (CP002162), Micromonospora lupini str. Lupac 08 (CAIE00000000), Micromonospora sp. CNB394
(ARGWO00000000), Micromonospora sp. L5 (CP002399), Nocardia brasiliensis ATCC 700358 (CP003876), Nocardia brasiliensis
IFM 10847 (BAUAO00000000), Nocardia brasiliensis NBRC 14402 (BAFT00000000), Nocardia tenerifensis NBRC 101015
(BAGH00000000), Nocardia sp. CNY236 (AXVD00000000), Nocardiopsis ganjiahuensis DSM 45031 (ANBA00000000),
Nocardiopsis sp. CNT312 (AZXF00000000), Nostoc sp. PCC 7524 (CP003552), Saccharomonospora halophila 8 (AICX00000000),
Saccharomonospora marina XMU15 (CM001439), Saccharomonospora sp. CNQ490 (AZUMO00000000), Saccharothrix espanaensis
DSM 44229 (HE804045), Salinispora arenicola CNS-205 (CP000850), Salinispora arenicola CNS-991 (ABB00000000), Salinispora
pacifica CNS237 (AUGH00000000), Salinispora pacifica DSM 45549 (AQZW00000000), Salinispora tropica CNR699
(ARHP00000000), Scytonema hofmanni PCC 7110 (ANNX00000000), Streptomyces clavuligerus ATCC 27064 plasmid pSCL4
(CM000914), Streptomyces griseus subsp. griseus NBRC 13350 (AP009493), Sreptomyces griseus XyelbKG-1 (ADFC00000000),
Streptomyces sp. ATexAB-D23 (AREH00000000), Streptomyces sp. CNR698 (AZXC00000000), Streptomyces sp. CNS615
(AQPE00000000), Streptomyces sp. CNT302 (ARIM00000000), Streptomyces sp. LaPpAH-95 (AQWQ00000000), Streptomyces sp.
LaPpAH-165 (AREB00000000), Streptomyces sp. SA3_actG (ADXA00000000), Sreptomyces sp. Tu6071 (CM001165),
Sreptomyces sp. W007 (AGSW00000000), Streptomyces viridosporus T7A ATCC 39115 (AJFD00000000), Sreptomyces
yeochonensis CN732 (JQNR00000000), Streptosporangium roseum DSM 43021 (CP001814), Verrucosispora maris AB-18-032
(CP002638), Tolypothrix sp. PCC 7601 UTEX B 481 (AGCR00000000).

JGI/IMG accession numbers

Redundant genomes found in both databases are listed with only GenBank accession numbers. Putative enediyne producers listed here
with JGI/IMG accession for their respective genomes (in parentheses) were not found in GenBank. Calothrix desertica PCC 7102
(2509887024), Kitasatospora sp. SolWspMP-SS2h (2524614568).
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The enediynes are one of the most fascinating families of bacterial natural products given their
unprecedented molecular architecture and extraordinary cytotoxicity. Enediynes are rare with only
11 structurally characterized members and four additional members isolated in their
cycloaromatized form. Recent advances in DNA sequencing have resulted in an explosion of
microbial genomes. A virtual survey of the GenBank and JGI genome databases revealed 87
enediyne biosynthetic gene clusters from 78 bacteria strains, implying enediynes are more
common than previously thought. Here we report the construction and analysis of an enediyne
genome neighborhood network (GNN) as a high-throughput approach to analyze secondary
metabolite gene clusters. Analysis of the enediyne GNN facilitated rapid gene cluster annotation,
revealed genetic trends in enediyne biosynthetic gene clusters resulting in a simple prediction
scheme to determine 9- vs 10-membered enediyne gene clusters, and supported a genomic-based
strain prioritization method for enediyne discovery.

Keywords

Enediyne polyketide synthase; Genome neighborhood network; Biosynthetic gene cluster;
Genome mining; Natural products

INTRODUCTION

The enediyne natural products possess unprecedented molecular architecture and
extraordinary cytotoxicity making them one of the most fascinating families of natural
products known to date. All enediynes are comprised of an unsaturated core containing two
acetylenic groups conjugated to a double bond or incipient double bond [13,27]. This
conserved enediyne core is responsible for DNA damage and ultimately, cell death [10,21].
After the enediyne binds to DNA, the enediyne core, or warhead, undergoes electronic
cyclization via a Bergman or Myers-Saito rearrangement affording a benzenoid diradical,
which abstracts hydrogen atoms from the deoxyribose backbone of DNA [17,20,35]. Due to
their extreme potencies (ICsps against selected cancer cell lines are 10 pM — 1073 pM)
[47,58] enediynes must be harnessed and delivered to target cells for use as effective
anticancer drugs [3,43]. Indeed, various polymer-based delivery systems or antibody-drug
conjugates (ADCs) using enediynes as payloads have been developed and show clinical
success or promise [7,43,46,50].

The enediyne family of natural products are rare with only 11 structurally characterized
members and four additional members isolated in their cycloaromatized form (Fig. 1).
Enediynes are separated into two subclasses based on the number of carbons in their core
ring: 9-membered, which are commonly associated with a protective, sequestration
apoprotein, and 10-membered [13,27]. The 9-membered enediynes consist of
neocarzinostatin (NCS) from Streptomyces carzinostaticus [11], C-1027 from S. globisporus
[40]. kedarcidin (KED) from a Streptoalloteichus sp. [41], maduropeptin (MDP) from
Actinomadura madurae [23], and N1999A2 from Streptomyces sp. AJ9493 [22]. The 9-
membered sporolides (SPOs) from Salinispora tropica CNB-440 [5], cyanosporasides
(CYASs) from Salinispora pacifica CNS-143 [38], cyanosporasides (CYNSs) from
Sreptomyces sp. CNT-179 [25], and fijiolides from Nocardiopsis sp. CNS-653 [37], were
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isolated in the cycloaromatized form. The discrete 10-membered enediynes consist of
calicheamicin (CAL) from Micromonospora echinospora [26], esperamicin (ESP) from
Actinomadura verrucosospora [15], dynemicin (DYN) from M. chersina [36], uncialamycin
(UCM) from S uncialis[9], and namenamicin and the shishijimicins from the marine
ascidia Polysyncraton lithostrotum and Didemnum proliferum, respectively [33,39].

The recent advances in DNA sequencing have resulted in an explosion of microbial
genomes and gene clusters available in the public databases. As of May 13, 2015, there were
6311 and 25906 bacterial genomes in the National Center for Biotechnology Information
(NCBI) and Joint Genome Institute (JGI) online databases, respectively. Analysis of these
microbial genomes illustrates that the biosynthetic potential of bacteria, especially
Actinobacteria (921 and 3035 in GenBank and JGI, respectively), is greatly
underappreciated. The enediynes are no exception: a recent virtual survey revealed a total of
61 enediyne biosynthetic gene clusters, 54 of which are from the order Actinomycetales
[45]. Ten of these gene clusters (NCS [31], C-1027 [30], KED [32], MDP [52], SPO [34],
CYA [25], CYN [25], CAL [1], ESP [partial] [29,54], and DYN [14]) are responsible for the
biosynthesis of known enediynes.

Remarkably, after almost 15 years of studying 9- and 10-membered enediyne gene clusters
(the gene clusters of both C-1027 and CAL were reported in 2002) [1,30], there are still
many unknowns regarding enediyne biosynthesis, regulation, and resistance. While
significant progress has been made towards elucidating the biosynthesis of the peripheral
moieties present in enediynes [27,53], the biosynthesis of the enediyne core has yet to be
revealed. Comparison of the known enediyne gene clusters revealed a conserved set of five
genes named the enediyne polyketide synthase (PKS) cassette [45]. Each cassette contains
genes that encode an enediyne PKS (PKSE), a thioesterase (E10 or E7), and three unknown
proteins (E3, E4, and E5 or U15, U14, and T3, respectively). This five gene cassette forms
an apparent operon and is commonly arranged as E3/E4/E5/pksE/E10 (Fig. 2A). The PKSE,
an iterative type | PKS, initiates both 9- and 10-membered enediyne core biosynthesis
through the production of a linear polyene intermediate [2,18,24,55]. However, the enzymes
and chemistry responsible for the transformation of the polyene, or the corresponding ACP-
bound intermediate, into the 9- and 10-membered enediyne cores are still unknown. The
differences between the carbocycles of 9- and 10-membered enediynes suggest specific
associated enzymes exist for both pathways (Fig. 2B). However, the lack of fully sequenced,
10-membered enediyne gene clusters (only CAL and DYN are available) has severely
hampered the ability to identify genes conserved in 10-membered, and absent in 9-
membered, enediyne gene clusters. Due to these reasons, the ability to accurately predict 9-
vs 10-membered enediynes based solely on genetic parameters is currently lacking.
Increasing the population of 10-membered enediyne gene clusters using available genomes
will facilitate the discovery of bioinformatics trends.

The discovery of novel natural products found within genetically amenable and high
producing microbial strains is always a desired and ideal research objective. However, even
the rediscovery of natural products from alternative strains with improved characteristics,
such as higher titers and/or genetic amenability, can alleviate technical difficulties
encountered with “problem” strains [42]. Enediyne producers have been notoriously difficult
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to work with. The limited number of enediyne producers, the lack of genetic amenability for
many of these strains, the inherent instability of enediynes, and low production titers of the
natural products, congeners, or intermediates, have all impeded their biosynthetic study and
development as a drug lead. Therefore, the ability to effectively prioritize strains and gene
clusters of interest, whether it be for the discovery of known or novel enediynes, is an urgent
need for continued success in the enediyne field.

Recently, genome neighborhood networks (GNNs) were described as a bioinformatics
strategy to predict enzymatic functions on a large scale based on their genomic context [57].
Construction and analysis of a proline racemase (PR) superfamily GNN by including +10
genes in relation to the gene encoding each PR facilitated accurate predictions, which were
subsequently experimentally verified, of many PR enzymes including new members of the
superfamily [57]. The clustered nature of genes responsible for the production of bacterial
natural products suggests GNNs could be a valuable tool for gene cluster annotation and
natural product discovery. Given the size and complexity of the known enediyne gene
clusters (up to 100 kb), the large number of functionally unassigned proteins in these gene
clusters, and a desire to incorporate the numerous putative enediyne gene clusters, we
considered an enediyne GNN as a viable way to quickly and accurately analyze these
complicated natural product gene clusters.

Here we report the construction and analysis of an enediyne GNN. A virtual survey of the
GenBank and JGI genome databases resulted in 87 potential enediyne gene clusters from 78
different bacteria strains, supporting Actinomycetales as the most prolific enediyne
producers. Utilizing these bacterial genomes, an enediyne GNN was constructed revealing
(i) the effectiveness of GNNSs to probe natural product biosynthesis in a high-throughput
manner, (ii) a visual way to quickly assign proteins with enediyne functionality and
essentiality while simultaneously eliminating non-enediyne “noise”, (iii) a simple prediction
scheme to determine 9- vs 10-membered enediyne gene clusters, and (iv) a genomic-based
strain prioritization method for enediyne discovery. This study supports the development
and use of bioinformatics tools during the discovery of natural products, including the
continued pursuit for novel enediynes and alternative enediyne producers, in the genomic
era.

RESULTS AND DISCUSSION

Virtual survey of genome databases highlighting the underexplored nature of enediynes

The unique E3/E4/E5/pksE/E10 organization of the pkskE cassette (Fig. 2A) provides a viable
search query to mine enediyne gene clusters from the public databases. Homology searches
using the proteins found within the C-1027 PKSE cassette, SgcE, SgcE3, SgcE4, SgcE5, and
SgcE10, as queries in the nonredundant (NR) and JGI/IMG genome databases afforded 271
total enediyne gene clusters from 192 different bacteria strains encompassing 29 different
genera. Gene clusters were proposed to be enediyne clusters if each of the five genes was
present and within 40 open reading frames (ORFs) of each other. The abundance of
available Salinispora genomes in the JGI database threatened a bias towards Salinispora
enediynes during GNN generation and analysis. We therefore chose seven Salinispora
genomes (six of the seven strains contained two enediyne gene clusters each) as
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representatives and removed the other 180 clusters representing 120 Salinispora genomes.
Analysis of the enediyne gene clusters from these six Salinispora genomes found they were
reasonable representatives for the Salinispora enediyne gene clusters. After dereplication of
the Salinispora genomes, a total of 87 potential enediyne gene clusters from 78 different
bacteria strains were identified, collected, and used to construct the enediyne GNN.

With 87 enediyne gene clusters publicly available, yet only 15 structurally characterized
enediyne natural products, 10 of which have sequenced gene clusters, it is evident that
enediynes are underexplored and therefore provide great optimism that the field of enediyne
chemistry is still in its infancy. Several phyla of bacteria are equipped with the necessary
genetic information to produce enediynes with actinobacteria as the most prolific producers
with 68 members out of the 78 representative strains (Table S1). This is consistent with the
fact that all but two (namenamicin and shishijimicin) of the structurally characterized
enediynes were isolated from actinobacteria. Given the complexities associated with
enediyne biosynthesis, an effective strategy to analyze, predict, and prioritize potential
enediyne gene clusters for production and biosynthetic studies is needed to ensure the
greatest chance of success of discovering new enediyne natural products and elucidating
their biosyntheses.

Enediyne GNNs as a model for GNN functionality for natural product analysis and

prediction

A list of proteins translated from the genes within the genome neighborhoods of the pksE
cassettes of each potential enediyne producer, specifically +40 ORFs from the pksE, were
collected. Thus, each genome neighborhood consisted of 81 proteins. Due to the incomplete
sequencing of a few genomes, enediyne gene clusters on small scaffolds gave genome
neighborhoods consisting of <81 proteins. We considered that putative gene clusters of 81
ORFs would be more than adequate to assess the general nature of conserved and diverse
proteins found in enediyne biosynthesis. The pksE was chosen as the central gene as it is the
first committed step for enediyne polyketide biosynthesis [18,55]. Choosing £40 ORFs from
the pksE gave an unbiased view of each genome neighborhood. It should be noted, however,
that most of the known enediyne gene clusters contain their pksEs near the boundaries of
their gene cluster (Fig. 2A). This may result in irrelevant proteins included in the GNN, but
their unrelatedness will likely separate them from genes encoding enediyne biosynthetic
proteins, confirming them as background noise. Proteins <70 amino acids in length, which
are unlikely to have biosynthetic functions, were removed from each genome neighborhood.
Given their short lengths and consequently large E-values, these proteins would have likely
appeared as singletons in the GNN. The total combined list of proteins (5814) was used in
an all vs. all BLAST using BLAST+. Both self-loops (i.e., A vs A) and duplicates (i.e., A vs
B and B vs A) were deleted from the BLAST result. A preliminary E-value threshold of 1.0
x 1078 was established based on the lowest found similarity, and therefore largest E-value,
between CagA, the apoprotein of C-1027 consisting of 143 amino acids, and any putative
apoproteins in the population. Even at this low stringency threshold, almost every class of
proteins found in the enediyne GNN are separated (Fig. 3A). The few exceptions include,
but are not limited to, the E2/E3 family and the PKSE with other non-enediyne PKSs. A
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smaller E-value threshold, and thus higher stringency, would allow the separation of these
related families.

The ability of GNNs [57], and similarity networks in general [4], to overlay orthogonal
information corresponding to each protein used in the analysis, creates additional
opportunities to find and display trends in a visual and thought-provoking manner. Pertinent
orthogonal information for natural product biosynthesis gene clusters may include members
of known gene clusters, predicted or experimentally determined protein functions,
subgroups of natural product families (e.g., 9- vs 10-membered enediynes), taxonomy, and
genetic proximity (e.g., gene distance from pksg). We constructed three different enediyne
GNN's at an E-value threshold of 1078 to highlight the utility of this feature.

The enediyne GNN (Fig. 3A) highlights the structurally characterized enediynes with
sequenced gene clusters. Each node (protein) from the known enediyne members is depicted
based on its classification as 9- (large circle) or 10-membered (large diamond) cores with
unique colors based on the enediyne it helps to produce. Each node is additionally labeled
with its corresponding name or ORF number, and functionally characterized proteins (Table
S2), by either in vitro or in vivo experiments, are outlined (bold, red lines). It is quickly
evident which protein families are conserved for all enediynes, conserved based on
associated peripheral moieties, unique to certain enediyne structures, and novel or unrelated
to enediyne biosynthesis. As shown with protein similarity networks [4,8,56], outlining the
nodes corresponding to functionally characterized proteins can help identify and prioritize
protein families for future studies. For example, several genes (i.e., sgcJ and sgcM
homologues) are fairly well conserved throughout both known and putative enediyne gene
clusters, but their functions remain unknown.

The same enediyne GNN can be modified to represent strain information or genetic location.
Figure 4 depicts the most representative genera from actinobacteria as well as the other
phyla. While most protein families contain members from several different genera, there are
also genus-specific protein families; the NcsR2/NcsR3 family from Streptomyces and
several Amycolatopsis families are examples of genus-specific proteins. Figure 5 was
constructed to highlight the proteins with the closest genetic proximity to the pksE gene.
One would expect if a gene is in close proximity to its pkskE, there is a greater likelihood that
the gene in question is also involved in enediyne biosynthesis. A set of conserved “core”
enediyne proteins (E2, E3, E4, E5, E6, E7, and E10) whose encoding genes are typically
within five ORFs of the pksE is evident (Fig. 5). Other genes, while still highly conserved,
show greater variation in their gene locations. The networks shown in this study are just a
few examples of how natural products gene clusters can be analyzed and visualized using
GNNs; nevertheless, the effectiveness of GNNSs to probe natural product biosynthesis is
clear.

GNNs identifying enediyne-associated chemistry

During the analysis of these GNNs (Figs. 3-5), we were able to quickly assign proteins as
enediyne-essential or enediyne-associated while simultaneously eliminating non-enediyne
“noise.” A set of highly conserved enediyne proteins present in the majority of the 87 gene
clusters appears to be essential for the biosynthesis of both 9- and 10-membered enediynes.
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Only the proteins encoded by the enediyne cassette, E3/E4/E5/pksE/E10, were present in all
87 gene clusters with the partially sequenced gene cluster for ESP being the one exception.
It is, therefore, tempting to predict that the essential genes for enediyne core biosynthesis are
contained exclusively within the enediyne cassette. Other enediyne-associated proteins
showing high levels of conservation include homologues of the C-1027 proteins (Sgc) B,
D2, E2 (clustered with E3), E6, E7, E8, E9, E11, F, J, L, M, and R2, as well as the
calicheamicin proteins (Cal) R2 and T5. The functions, or putative functions (Table S2), of
these proteins are likely involved in the divergence of 9- and 10-membered cores or for
regulation and resistance. While a subset of these protein families (B, E2/E3, E7, R2, CalR2,
and CalT5) contained known members of both 9- and 10-membered enediynes (Fig. 3B),
several protein families do not contain CAL or DYN homologues (D2, E6, E8, E9, E11, F, J,
L, M) and thus appear to be 9-membered specific (Fig. 3C). In contrast, there are only a few
protein families (CalR3, CalT4/DynT8, S6, and U20) that do not contain known 9-
membered homologues, appearing to be 10-membered specific (Fig. 3D). The less
conserved protein families and nonconserved proteins are likely unrelated to enediynes
altogether. While there are examples of singletons or doubletons with relevance to specific
enediynes, prioritization to study the conserved protein families will impact enediyne
chemistry as a whole.

Each enediyne core is decorated with peripheral moieties (Fig. 1); examples include
aminoglycosides (C-1027, NCS, MDP, KED, CAL, ESP), anthraquinones (DYN, UCM), B-
amino acids (C-1027, MDP, KED), benzoxazolinates (C-1027), naphthoates (NCS, KED),
and phenolic acid derivatives (MDP, CAL, ESP). A closer look at the key proteins involved
in the biosynthesis of these moieties in the GNN predicts the peripheral moieties in each
putative enediyne (Table S1). For example, Sreptomyces sp. CNS615 possesses key
homologues for the ligations of benzoxazolinate (SgcD6), B-amino acid (SgcC5), and
naphthoate (NcsB4) moieties to its enediyne core (Fig. S1). An enediyne with these
decorations would be novel as no known enediyne contains each of these three moieties.
Analysis of all the genes in the genome neighborhood of the pksk from S. sp. CNS615
reveals it possesses all the necessary genes for benzoxazolinate biosynthesis, but is missing
the amino lyase (SgcC4) and halogenase (SgcC3) from the p-amino acid of C-1027 and the
naphthoate PKS (NcsB). This result suggests that two of the peripheral moieties on this
enediyne are different from known moieties, the proteins are sufficiently different to fall into
different protein families, or a GNN of £40 ORFs is insufficient for complete analysis of the
enediyne gene cluster from Streptomyces sp. CNS615.

GNNs simplifying the prediction of 9- and 10-membered enediynes

The inability to use bioinformatics to accurately predict if a gene cluster produces 9- or 10-
membered enediynes has slowed the discovery of novel enediyne natural products. A major
reason is the current lack of known 10-membered enediyne gene clusters as only the CAL
and DYN gene clusters have been reported. A small sample set of two, both from
Micromonospora spp., makes it extremely difficult to identify trends associated with 10-
membered enediyne chemistry. For example, CalU16 and CalU19 were recently reported as
self-sacrifice resistance proteins for the CALs [12]. No homologous proteins are found in
the DYN cluster suggesting that the CalU16/U19 family of resistance proteins is not
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conserved in all 10-membered enediynes and therefore cannot be used as a 10-membered
indicator (Fig. 3E).

With almost 300 putative enediyne gene clusters in the public databases, we anticipated a
larger sample set (87 used in this study) would allow the identification of indicators for both
9- and 10-membered enediynes. Understandably, the apoproteins associated with only 9-
membered enediynes seemed to be an appropriate indicator, yet only nine of the 87 gene
clusters contained homologous proteins at an E-value of 1078 (Fig. 3E). At this E-value, it
was unclear which proteins are directly responsible for the differentiation between the 9- and
10-membered enediyne scaffolds. As discussed above, the C-1027 homologues D2, E6, ES8,
E9, E11, F, J, L, and M appear to be 9-membered specific. Without knowing the functions
of these proteins, with the exception of the flavin reductase SgcE6 [51] and the epoxide
hydrolase SgcF [19,28], we attempted to use these genes as indicators for 9-membered
enediynes in the 1078 GNN. By assigning putative gene clusters as 9- or 10-membered
based on each indicator, we anticipated some protein families to be grouped together by
enediyne core size. A GNN depicting a resultant prediction based on color quickly displays
if the indicator is of high quality. The use of a good indicator (protein family) of 9-
membered enediynes as a prediction criterion would leave a good indicator (protein family)
of 10-membered enediynes untouched. Using the 1078 GNN resulted in no high quality
indicators as a 9-membered prediction based on the proteins listed above failed to reveal
conserved protein families that are 10-membered specific.

One advantage of GNNs [57] and protein similarity networks [4], is the ability to adjust the
E-value threshold to find highly related protein families. Increasing the stringency of the
threshold (i.e., smaller E-value) begins to pull apart distantly related protein families and
results in more, smaller families. At an E-value of 1077°, we noticed the E2/E3 cluster
pulled apart to reveal E2 and E3 as discrete subfamilies (Fig. 6B). While the E3 subfamily is
a member of the enediyne cassette and contains known members of both 9- and 10-
membered enediynes, the E2 subfamily did not contain homologues from the known 10-
membered enediynes (i.e., CAL and DYN), and thus appeared to be 9-membered specific.
Using the new E2 subfamily as a 9-membered indicator left two conserved protein families
untouched. The two families, protein kinases, including CalR3, DynR3, and DynORF18,
and ABC-type transporters, including CalT6 and CalT7, are presumed regulatory and
resistance proteins, respectively (Table S2). At an E-value of 10772, the CalR3 family
consisted of more members (27) than the CalT6/T7 family (17); therefore, a GNN using the
CalR3 family as a 10-membered indicator was constructed (Fig. 7). This simple prediction
strategy, the E2 family for 9-membered and the CalR3 family for 10-membered, resulted in
47 (seven known) and 25 (three known) putative 9- and 10-membered enediynes,
respectively; fourteen gene clusters, without E2 or CalR3 homologues, were left unpredicted
(Table S1). Of the 14 unpredicted gene clusters, only five are from actinobacteria. Several of
the unpredicted gene clusters from actinobacteria possess homologues in other protein
families that contain only 9-membered enediynes implying these are also 9-membered
enediynes and reinforcing the utility of GNNs for natural product prediction (Table S1). Of
the non-actinobacteria enediyne producers, nine of 11 could not be predicted using this
strategy, suggesting these indicators are most indicative of the enediynes from
actinobacteria. Interestingly, a subcluster of the E3 family in the GNNs at an E-value of
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10775 contains 10 of the 11 nonactinobacteria (Fig. 7B, the E3 protein from Bacillusis a
singleton at this threshold), suggesting nonactinobacteria contain conserved protein families
that may be used as alternative indicators. Phylogenetic analysis of the E2/E3 family of
proteins supported that E2s are distinct from three groups of E3s (Fig. 8). The three groups
include “typical” E3s comprised of a large clade and two smaller clades of proteins with
close relationships to the E2 clade, and two divergent clades of “atypical” E3s from
actinobacteria and nonactinobacteria. The atypical clade of actinobacteria all contain
homologues of CalR3, suggesting this clade is exclusively involved in 10-membered
enediyne biosynthesis. DynU15 is phylogenetically distinct from all other E2 and E3s.

CONCLUSION

With the ability to utilize GNNSs to predict 9- and 10-membered enediynes as well as the
peripheral moieties decorating the enediyne cores, strain and gene cluster prioritization for
novel enediyne discovery, or rediscovery of known enediynes with improved characteristics,
is now possible in a high-throughput manner. Typically, once a gene cluster of interest is
found, the gene-encoded proteins are individually annotated based on their homologous
proteins in the database, which may or may not be associated with a related natural product.
The collected functions of the entire gene cluster are then compared with those of known
natural products. GNNSs facilitate gene cluster annotation using all related natural product
gene clusters in a single step. The high-throughput nature of GNNs will become even more
useful as the number of sequenced genomes increases. The construction of an enediyne
GNN and the examples discussed in this study should inspire further investigations into the
enediyne family of natural products. While the enediynes are an excellent example of the
utility of GNNs for natural products discovery and biosynthesis, it is clear that this
bioinformatics tool is applicable to any natural product gene cluster of interest.

MATERIALS AND METHODS

Virtual survey of enediyne gene clusters

Using phmmer (http://hmmer.janelia.org/search/phmmer) and the C-1027 PKSE (SgcE) as
the query, we searched for homologous PKSE proteins in the nonredundant (NR) database.
Protein hits with lengths between 1700 and 2200 amino acids with E-values <1020 were
collected. The proteins comprising the rest of the enediyne PKS cassette in C-1027, SgcE3,
SgcE4, SgcE5, and SgcE10, were also individually used as search queries and protein hits
with E-values <1079 were also collected. If one strain contained each of the five proteins
and the distances between each of the PKS cassette-encoding genes were <40 ORFs, it was
counted as a potential enediyne producer. For the genome sequences deposited in the
Integrated Microbial Genomes (IMG) system of the JGI database (http://img.jgi.doe.gov/
#IMGSystems), the same five proteins (SgcE, SgcE3, SgcE4, SgcE5, and SgcE10) were
used as queries to run blastp against all the proteins in the bacteria domain with the
sequencing status “all finished, permanent draft and draft.” Potential enediyne producers
from the JGI database were determined in the same manner as for the NR database. The
combined list of strains and gene clusters from the NR and JGI databases were combined
and dereplicated to create an initial unique list of potential enediyne producers. Due to an
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abundance of Salinispora genomes in the JGI database, two representatives of each of the
three Salinispora species, arenicola, pacifica, and tropica, were chosen; the remaining
Salinispora gene clusters were deleted.

Genome neighborhood network (GNN)

Genes within the genome neighborhoods of the pksE cassettes of each potential enediyne
producer, specifically £40 ORFs from the pksE, were collected and translated. Thus, each
genome neighborhood consisted of 81 proteins, unless incomplete sequencing prevented a
full genome neighborhood construction. Proteins <70 amino acids in length, which are
unlikely to have biosynthetic functions, were removed from the protein collection. The total
combined list of proteins (5814) was used in an all vs. all BLAST using BLAST+ [6], the
BLOSUM®62 matrix [49], and an E-value limit of 10. Both self-loops (i.e., A vs A) and
duplicates (i.e., A vs B and B vs A) were deleted from the BLAST result. Before GNN
generation, the E-values for each comparison (input sequences) were converted into integers
using —log(E-value) for easier threshold management in Cytoscape. E-values of 0 were
arbitrarily converted into 200, i.e., a larger value than the largest calculated value. Cytoscape
v3.0 was used for GNN generation, visualization, and analysis [44]. All GNNs were
displayed using the “organic” layout. Access to the enediyne GNN is available at
www.scripps.edu/shen/NPLI/database.html.

Phylogenetic analysis of the E2 and E3 families

The E2 and E3 sequences were aligned with ClustalW using Bioedit 7.2.5 [16]. A maximum
likelihood phylogenetic tree was generated using the Jones-Taylor-Thornton (JTT) model of
amino acid substitution and 1000 bootstrap replications in MEGA 6.06 [48].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Structures of the 11 known enediynes, (A) five 9-membered and (B) six 10-membered

representatives, with their enediyne cores highlighted in red. The sporolides,
cyanosporasides, and fijolides were proposed to be derived from 9-membered enediynes.
Given in parentheses are the years when each enediyne structure was established.
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Characterization of the enediyne biosynthetic machinery providing an opportunity to explore
bacterial genomes for the discovery of new enediyne natural products. (A) Ten known
enediyne clusters highlighting the pksE cassettes (i.e., E3, E4, E5, E, E10, red genes)
common to all enediynes and used as a beacon for enediyne producers. The surrounding
OREFs in the gene clusters, forming the pksE genome neighborhoods, are color-coded to
signify their involvement in peripheral moiety biosynthesis, pathway regulation, and self-
resistance. (B) Unified model for enediyne core biosynthesis. Conserved proteins in all
enediynes (E, E3, E4, E5, and E10) produces an ACP-tethered or free polyketide
intermediate that is converted into the proposed enediyne cores in the presence of 9- (path a)
or 10-membered (path b) associated enzymes. Examples of 9- and 10-membered associated
enzymes are named according to the homologues of C-1027 and CAL, respectively.
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Fig. 3.
Genome neighborhood network (GNN) for the enediyne family of natural products. (A) The

GNN displayed with an E-value threshold of 1078, Each node is colored and shaped based
on the enediyne it produces, labeled with its corresponding gene name or ORF number, and
highlighted if it has been functionally characterized (see inset legend). (B-D) Selected
families of conserved proteins involved in both 9- and 10-membered, only 9-membered, or
only 10-membered enediyne biosynthesis, respectively. (E) Members of the sequestration
apoprotein family for 9-membered enediynes and the self-sacrifice protein family for CAL.
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Fig. 4.
GNN depicting genera of enediyne producers. The GNN displayed with an E-value

threshold of 1078, Each node is colored based on the taxonomic identification of the strain it
is found in, shaped based on the size of the enediyne core it produces, labeled with its
corresponding gene name or ORF number, and highlighted if it has been functionally
characterized (see inset legend).
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Fig. 5.
GNN depicting genetic location in reference to pksE. The GNN disp

threshold of 1078. Each node is colored based on its genetic distance from its pksE, shaped
based on the size of the enediyne core it produces, labeled with its corresponding gene name
or ORF number, and highlighted if it has been functionally characterized (see inset legend).
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Fig. 6.

Hi%]h stringency GNN for the enediyne family of natural products. (A) The GNN displayed
with an E-value threshold of 10~75. Each node is colored and shaped based on the enediyne
it produces, labeled with its corresponding gene name or ORF number, and highlighted if it
has been functionally characterized (see inset legend). For comparisons of GNNSs at a lower
threshold or with 9- or 10-membered enediyne prediction, see Figs. 3 or 7, respectively. (B)
The E2 and E3 family is separated into three groups (see Fig. 3B for comparison at an E-
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value threshold of 1078). (C) Families of conserved proteins (i.e., CalR3 and CalT6/T7)
from gene clusters not containing an E2 homologue.
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Fig. 7.
Genome neighborhood network (GNN) facilitates the prediction of 9- and 10-membered

enediynes. (A) The GNN displayed with an E-value threshold of 1072, Using the E2 and
CalR3 families for 9- and 10-membered enediyne indicators, respectively, each node is
colored based and shaped on the size of the enediyne core it produces or is predicted to
produce (see inset legend). Each node is labeled with its corresponding gene name or ORF
number, and highlighted if it has been functionally characterized. See Fig. 6 for a
complementary GNN colored based on the known enediyne it produces. See Fig. S2 for a
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GNN displaying the predicted 9- and 10-membered enediynes at an E-value threshold of
1078. (B) The E2 and (C) CalR3 families as 9- and 10-membered enediyne indicators,
respectively.
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Fig. 8.

Phylogenetic analysis of the E2 and E3 family of proteins conserved in enediyne gene
clusters. The E2 and E3 proteins are separated into four groups: E2s (green), typical E3s
with close relationships to the E2 family (pink), atypical E3s from nonactinobacteria
(orange), and atypical E3s from actinobacteria (blue). DynU15 is phylogenetically distinct.
Each protein is labeled with its locus tag with its corresponding bacteria strain in
parentheses. The E2 and E3 proteins from known 9-membered enediyne gene clusters are
represented with red dots and red diamonds, respectively. The E3 proteins from known 10-
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membered enediyne gene clusters are represented with purple diamonds. E3 proteins with
E2 or CalR3 homologues in their gene clusters are highlighted with red stars or blue
triangles, respectively. SgcE5 was used as an outgroup.
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