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LAY ABSTRACT

The discovery of @tibioticsis a triumph othe 20" century Most antibioticsare derived
from microorganisms they are naturgdroducts. The biosynthetic geakisters (BGG)
erncodingtheir productiorare being revealed through an unprecedented genomic
sequencingMy work consides the wayBGCsare represented and wayscompaing
the biosynthetic potential of different strai@ycopeptideantibiotics(GPAs)are
chemically diversemade byseveral genera of Actinobacteridsing BGCsderivedfrom
our inhouseand public databasé$uild a natural history of theseoleculesdating their
emergence to 15000 million years ago and connect it WP A resistancel further
exploretheir evolutionby consideringhe widerset ofrelatedBGCsto propose an
expanded classification systehatnaturally points the way to the discoyef novel
molecules This culminaesin discoveryof corbomycin shown topossess new
mechanism of action shared bthermoleculesn my classification



Ph.D. ThesisN. Waglechner; McMaster UniversiBiochemistry and Biomedical Sciences

ABSTRACT

The serendipitous discovery of antibiotics in th& 26ntury paved the way for safer,
modern medical interventionBacteria in the phylum Actinobacteria are the most
prolific producers of natural products, including antibiotidse availability of lowcost,
high-throughput generation of bacterial genoraguence dateansforms natural prodt
discovery, making it possible jodge the biosynthetic capacity of a strain based on its
genome sequence.

| developed aoftware tool to compata@osynthetic gene cluste(BGCs)to show that
streptothricin produatin is distributed amongtreptomyceand that the capacity to
produce common natural products does not predict the remaining potential of
Streptomycespecies This approach provides a way to consideréngy of particular
natural products and groueda biotechnological approach using ISRR/Cas9
engineeringo facilitates the identification of ramaturalproductsn these strains.

Glycopeptide antibiotic€GPAs)areencoed byBGCs in several genera of
ActinobacteriaTheir diversityis the product ban intricate evolutionary historWe
show thailGPA biosynthesis and resistance maps to approximateh4@80million years
agq from an older,pre-existing pool ocomponentsWe find that resistance appeared
contemporaneously with biosynthetic genassing the possibility that the meantism of
action of glycopeptides was a driver of diversification in these gene clusters.

In a set oflGPABGCs weidentify several scaffolds distinct from the traditionalAa-
D-Ala bindingantibiotics while complestatinkistamicin, and longer peptidéke
enduracidin and ramoplanare knownothersare uncharacterize@hrough
phylogenetic analysis of these BG@s devdop a new classification scherteorganiz
theseBGCsinto four majorclasss. Structural predictionged us to purify complestatin
and anovel compound we named corbomycBoth possesantibacterial activity.
Mutations conferringlecreased susceptibylito these compounds suggest a novel
mechanism of action distinct frokmowncompoundsn theGPA family.
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CHAPTER ONE: Introduction
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INFECTIOUS DISEASE IN THE PRE-ANTIB IOTIC ERA

Infectious disease is among the leading causes of deaths@ade burden
worldwide (Antibiotic Resistance Threats in the United States, 20M3%ee major
developments were required to form a modern understanding this topic ifthe 19
century. First, the hygiene theory of amSemmelweis, showing that simple hand
washing was sufficienttoredue t he occurrence of fever in
germ theory of disease showed that the preseintecrobes, invisible to the naked eye
and ubiquitous in the world, connectedylgne to spoilage and infection. Lastly, Koch
and his postulates denstrated that the presence of specific organisms related to the
presence of specific disease. These ideas firmly connected the mostly unseen microbial
world to the material reality of hith and disease in a way that provides a rational
foundation for thetsidy of infectious diseases. This suggested that these diseases may be
treated by inhibiting the organisms responsible, accomplished originally by reducing their
transmission from wherev they reside to healthy people to cause disease. More
importantly, hese ideas raised the possibility that pathogenic organisms may be inhibited

directly, eitherbefore or after diseasgestablished.

Realizing this concept began with the developmehsynthetic compounds
having narrow spectra of inhibition against a specific set of organisms. Activity here
means that exposure of microbes to this material results in toxic impairment of the
microbe wih the necessary specificity so this toxicity shoualat also impair the host
infected by these organi sms. Ehrlichds 6ma

toxin could be 6ai med c¢hemi(@easinif Godti,&at a par
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Lippi, 2007) The historical development of organic chemistry on continental Europe was
fueled by the quest for alternatives to the costly import and refinement of materials for
the production of dyes drother industrial chemica(8rock, 2000) From dyes

containing taic arsenic, the first agents with specific activity againstmisgas causing

infectious disease were put forwgd@header, 2005)

Two decadefater, the serendipitous discovery of penicillin proved to be pivotal
for a number of reasons. First, unlike early chemotherapy, penicillibdtac much
broader range of activity againswader array of organismand a wider margin of safety
owing to cecreased toxicity in humaifSneader, 20055econd, it was produced by one
microbe, aPenicilliumfungus, when incubated on the same plate of media as a
Staphylococcupathogen. It appeared that one organism growing in competition with
another for the same physical spand resources on solid media could produce and
secrete a compaod with the ability to inhibit its competitofhis competition repeats
itself across the microbial worl@ornforth & Foster, 2015; Gottlieb, 197&enerally,
organisns possess a repertoire of small moleculesdbald be harvested by humans to

fight infectiousdisease.

NATURAL PRODUCT ANTIBIOTICS

Antibiotics, as they came to be known, are among the most important discoveries
of the 20" century(Bud, 2007) Antibiotics have been transformative in modern
medicine, making procedures such as surgery, organ trar&anbther invasive
proceduresand even cutand scrapes no longer subject to simple or contplica

infections. Antibioticaaredefined as any compound with thgecificability to impair the
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growth of bacterigwWwaksman, 1947)They are members of the larger class of compounds
called antimicrobials wich include compounds with activity against virysaagi,

parasitesandbacteria.

These small molecules are known as natural products, the products of secondary
(or nonessential) metabolism of microbes, plants and animals. After the first successful
discovery of an antibiotiocesearch programs weretiated to replicate the discovery of
penicillin. These early efforts entailsgistematiaeplicaton of the discovery of penicillin
on a larger scale more organisms, grown on more media types were satgen
determine if they produced compounds withrardrobial propertiegDemain, 2014)
This was known as the golden age of antibiotic discovery, lasting several decades from
the 1940s to the 1970and itproduedexamples of essentially every major class of
antibioticknown to medicine, as well as countless molecutesiitable for development
by the pharmaceutical industffemain, 2014)Natural productarean important source
of compounds that have been ultimately developed into pharmaceuticals, antibiotics
being the largest andost successful examplesidiestimated that nelgr80% of
antibiotics currently in use are themselves or have been derived from natural products

(Kieser, Bibb, Buttner, Chater, & Hopwood, 2000)

One of the lessons learned from the screenifugtefused to identify natural
product production is that some bacterial taxa are maidic than others in terms of the
number and diversity of natural products they prodBedtz, 2005) In partcular, the
phylum Actinobacteria have been idiéied as being particularlgood sources of natural

products In Actinobacteria, the gen®&reptomycebas contributed nearly 80% of the
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natural product antibiotic§treptomyces coelicol@x(32), establishd as a model

organismof the genusy David Hopvood, produces several pigmented antibiotics at
different times during its life cycléieser et al., 2000)The phenotype of pigment

production was a useful genetic tool to study the biosynthesis of these natural products.
Significantly, the genes encoding for the biosynthediantibiotics are clustered together
(Martin, 1992) These clusters of genes are pmeahly linked because together they

encode the geacity to convert primary metabolic products, like sugars, lipid precursors,
and amino acids, through a pathway that produces a new compound termed a secondary
metabolite, that provides a benefit to the hlwsthe case of antibiotics, it is believed that

the ability to inhibit the growth of susceptible neighbouring organisms provides a
competitive advantage to the producer, and so there is positive selection to keep these
biosynthetic gene clusters (BCGs)acot(Gregory L Challis & Hopwood, 2003Before

and during the early genome eaa,BCGs wee studied many whole and patrtial

sequences were deposited in the public sequence databases confirming the idea that genes
for natural product biosynthesis were indeed clustered, greatly expanding the genetics

and biochemistry of antibiotic production.

A mgor revelation occurred when the genométkeptomyces coelicoldx(32)
was sequenced in 200Bentley et al., 2002Extending thestudy of previou8GCs it
was predicted that this wedtudied organism encodéuke potential biosynthesis &8
other natural products that were never before obsemedr any growth conditior(§&.
L. Challis, 2014) The subsequent plication of othemodelStreptomycespp(lkeda et

al., 2003;0hnishi et al., 200&nd other Actinobacterial, and bacterial genomes, in
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general has demonstrated that there is a wealth of undisc@esretic potential for

natural products.

ANTIBIOTIC RESISTANCE

Antibiotics became victims of their own success.rsafter the introduction of
every new class of antibiotic, treatments began to be less effective. This takes the form of
longernecessarguration of treatment, higher or more frequent dosing to achieve the
same effect, and ultimatetseatmenfailure requiring substitutionto a different drug
entirely. This phenomenon became known asvaatobialresistancéAMR), and it was
initially descrbed empirically. As the discovery of antibiotics progressed, old compounds
were replaced with newer, less toxiceaper, or more effective versions. Medicinal
chemists had a hand in modifying natural products to have more desirable properties such
as inceased potency, broader spectra of activity, increased stability, and decreased
toxicity. With many options availabl it was initially easy to switch from one compound
to another. The concept of antibiotic resistance was known from the time of the discover
of penicillin, namely that sulethal doses select for resistant members of a population of
bacteria(Demain, 1974)Antibiotics by definition are selective agermseferentially
killing susceptible members of a population upon exposeaging the resistant
individuals behindSusceptibility and resistance are variable traits within and between

populations of bacteria.

Every exposure of organismsdagrowth inhibiing compound results in an
increased relative frequency of resistant bacteria. The inverse of a compound having

specific activity against a particular taxon of bacteria is that there are other bacteria who
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are resistant to that compound. For a varietyeagons that will be discussed, the rate at
which new compounds were discovered did not match the rate at wharisng

became resistan@ver the past decade, multiple national and international organizations
took concrete steps to recognize the urgsktposed by antimicrobial resistante.

2015, the World Health Organization began to develop a Global Actiond@kddress

the new reality that antimicrobial resistance is an existential threat to modern medicine
(World Health Organization, 2019n the United States, the Center for Disease Control
estimates thatver 2 million Americans become infected by resistant organisms, resulting
in over 23,000 deaths per ydantibiotic Resistance Threats in the UnitStates, 2013

The Public Helth Agencyof Canada has developed their own Federal Action Plan on
Antimicrobial Resistance in 2015 includituilding a Canadian Antibiotic Resistance
Surveillance System to monitor the spread of resistance between hamares and the
environmen{Federal Action Plan on Antimicrobial Resistance and Use in Canada
2015) In 2019, a report by the Uerd Nations Ad hoc Interagency Coordinating Group

on Antimicrobial Resistance estimates that AMR will result in over 10 million deaths per
year worldwide and cause catastrophic damage to the global economy b{N20bibne

To Wait: Securing ThEuture From DrugResistant Infection019)

The inhibitory actions of antibiotics against bacteria comerasut of inhibiting
essential cellular functions, which are constrained to several major clelsgestarges
of antibiotics are the bacterial cell wall and membrane, including peptidoglyc
biosynthesis, that help bactdrtzlls maintain structuralntegrity. Additionally, key

cellular processes such as DNA replication, translation and transcription are all targets for
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multiple classes of antibiotics. Similarly, the ability for bactesiarneliorate the toxic
effects of antibiotics are constrainedseveral major strategies. Antibiotic targets are
located on or within bacterial cells, which antibiotics have to reach at a high enough
concentration to inhibit. For targets within the catl,obvious strategy is to reduce
permeability of the antibiotjdrequently achieved via modification of the cell wall and/or
membrane or altered porin expressionto actively lower the intracellular concentration
via efflux. Protein targets may evoll@ver intrinsic affinity for antibiotics, or they may

be enzymatally modified such thathis affinity is lowered or blocked altogether. Where
this modification takes place inside the cell, the available donors of these chemical
groups tend to be sourcéom primary metabolism. Bacteria may harbor both
susceptible ahnonsusceptible targets and may be able to alter the relative proportions
of each through regulation of gene expression. Protection proteins may evolve that
interactwith targets to preversccess to the antibiotic. A major class of resistance comes
from modification of antibiotics. Antibiotics may be modified by group transfer enzymes
where chemical groups are added to the antibiotic that prevent interaction with the target.
Antibiotics maybe subject to redox reactions which can lead to partial or total
metabolism of the compound. Anotheportantstrategy is enzymatic hydrolysis of

labile bonds leading to the inactivation of antibiotics. Lastly -piaiein targets can

bypass antibiotic Ioiding through enzymatic modification. Examples of each mechanism

are depicted in Figurg-1.
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Figure 1-1: Mechanisms ofantibiotic resistance.Only antibiotic interaction
with a susceptible target can result in cell death. The effective concentration of a
antibiotic inside the cell is reduced by preventing accunaratiside the cell, by
transporting it back out once it is inside, or eliminating it by modification or inactivation.
The other component of this interaction is the susceptible target, whichermodified
to reduce interaction with the antibiotic or betected from the antibiotic. These are the

general ways cells become resistant to antibiotics.
Various behavioural strategies for increasing resistance are known. Bacteria may

form biofilms,which are a structured growth of cells, strengthened by sett@
proteinaceous and/or carbohydrate matrix that decreases permeability and increases

adhesion of a population of bacteria to organic and inorganic surfaces. Biofilms also
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increase resistece to physical forces such as fluidic flow and shearing. Alargpugh

biofilm creates different microenvironments, such as a surface and interior, that are free
to vary in behavior (such as gene expression) and experience external stimuli (such as
antibiotic concentrations) depending on their level of exposure pheaomenon of
persistence, a state of lowered metabolic activity, is also known to protect bacterial cells
from antibiotics. The reasons small numbers of a bacterial population enter athe sxit
states of dormancy are not fully understood but may irvgponses to stimuli.

Evidence exists thaersister cell formation may l@estochasti event, and therefore the
increased resilience of persisters might be a general strategy for sumdvalksdience

(Harms, Maisonneuve, & Gerdes)26).

All of the elements embodying these strategies considered togethenzed the
resistomgG. D. Wright, 2010) This concept can be broadened to all bacteria or
narrowed ta single species or even a single organism. An underlying assumption of the
resistome concept is thatery source of resistance, whether a protein, a behavior, gene
expression or regulation, is encoded in the genome of an organism. This is important
becaise it means that the resistome is heritable and therefore subject to evolution, most

obviously by seletton with antibiotics.

10
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GENOMICS OF ANTIBIOTICS AND RESISTANCE

Genome Sequencing and Annotation

The phenomena of antibiotic biogkesis, sensitivityrad resistance is written in
the DNA of bacteria. These heritable sequences are passed down vertically to cellular
descendants and horizontally between organisms. Genomics is the collective study of
these sequences on a large scale.dBvelopment of genoics in general goes hand in
hand with the development of sequencing technology and the computational techniques

used to organizthesedata.

Sequencing reads are the direct product of DNA sequencing and are typically
around a few hunéd base pairs longif@eecond generation sequencing and several
thousand base pairs long for third generation sequencing. Regardless of the method used
to produce small fragments of DNA, assembly techniques are used to computationally
produce larger and m® contiguous sequees, known as contigs, by oversampling
fragments from many copies of bacterial geno(frégurel1-2). The expectation is that
each position of a bacterial genome sequence will be sampled on many fragments and
that these fragments may teerlapped and combad to reproduce the original
sequence. These assembled contigs represent whole or partial bacterial chromosomes
and/or plasmids ranging from tens of thousands to millions of base pairs long. In practice,
while generating these longexcgiences it is oftedifficult to distinguish between
chromosomal and plasmid sequences without additional information such as depth of
coverage or comparing the assembled sequences against a reference database of known

sequences. It is also difficult tastinguish erroneousontigs produced from

11
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contaminatingeads not originating from the genome being sequenced, or contigs
produced by combining these reads with correct reads, or contigs produced via
misassembly of real reads. Genome sequences produbtedidareful, expemge and
time-consuming experimental validation should be considered draft quality but can still

contain much useful information for downstream experiments.

fragmentation
+ — —
DNA extraction SEQUENCING = =
e e —— —
alignment
+ |
correct + complete / assembly
correct + incomplete +/ —— —_— -
correct + incorrect topology ¥ —
misassembly 3¢ — — —

= repeat sequence

Figure 1-2: Overview of DNA sequencing andassembly.The general proceduré o

DNA sequencing andssembly consists of several steps common to most sequencing
technologies. Often, the number, ploidy, and topology of the molecules being sequenced
is unknowna priori. Whole molecules are not amenable for sequencing, so a
fragmentatio step is necessanmy addition to the technology specific library preparation
steps. The actual sequencing will produce a large number of digital fragments of the
original sequences. These fragments are typically aligned with one another, either
directly (all versus all aligment) or indirectly via decomposition into subsequence of
lengthk (k-mers) into an intermediate form. Consensus sequences are assembled from
this intermediate form using heuristics with the goal of reproducing the sequence of the
original DNA molecule butnay also produce sequences with various kinds of errors.
These errors can include, but are not limited to, sequences with incorrect topologies, and
incorrect joining of sequences owing to sequencing mistakes and the presence ed repeat
sequences (red).

Genome sequences themselves are not useful without annotation. There are

several formats for annotating nucleotide sequences, but what they have in common are

12
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metadata and a coordinate system that refer to positions in the nuclesdigense of the
nucledide sequences in a genome assembly. Metadata can in principle be used to track
any desired information for each sequence and minimally should include an identifier that
can be used to label the nucleotide sequence. Beyond thistdhbatds tracked in

metadata can be anything and may be format specific. The different formats in standard
use will have defined support for some specific fields built into the specification, see for
example the Genbank fliite formatat the National €nter of Biotechnolog

Information (NCBI)(gbk or gb,

https://www.ncbi.nlm.nih.gov/Sitemap/samplerecord.h#wcessed Sept. 2QMhich

stores fields related to the metadata stored-afedenced by the G8ank databases.

Other common formats are the European Molecular Biology Laboratory (embl) flat file

format, and General Feature Format version 3 (GFF3). These formats are just

specifications. In daily practice, parsing software igiuseread and writehese formats

and this software may only implement a subset of the features and fields of these
specifications, or may support reading but not writingdse! | ed &ér ound tri po
example, the SeqlO module of BioPython, a bmimatics software kirary written for

the Python language, can read a wider variety of data from a GenBank format file than it

can write so if a file needs to be read then written as part of a larger analysis pipeline than

metadata other than the baswlds is often lost.

Some of this lost flexibility can be regained through feature annotations on
nucleotide sequences. A feature is represented by a coordinate interval and a type that

describes the feature. One such common feature is the coding sequérios, that

13


https://www.ncbi.nlm.nih.gov/Sitemap/samplerecord.html

Ph.D. ThesisN. Waglechner; McMaster UniversiBiochemistry and Biomedical Sciences

represats an interval of nucleotide sequence derived from the parent nucleotide record
than can be conceptually translated (via a specified translation table) to yield a protein
sequence. While the actual GenBank format lists the varioes tffeatures supped

by the specification, parsing software can read almost any type of feature that can be
associated with a coordinate interval without needing the feature type to be hardcoded
into the parser. Depending on the format, these custpes yemain humareadable

when opening the file in a text editor. In a similar way that arbitrary features can be
associated with arbitrary nucleotide sequences, features can have arbitrary fields
associated with them that charead and written in an ajigation-specific maner as

opposed to a formatpecific manner enforced via the parsing tool.

The discussion of these formats is necessary because genomics research is built
upon a shifting foundation of standards, formatsl implementation of software tools
that make caredly planning a project and data storage important considerations. The
software combined with data define how knowledge is or can be represented and impacts

many decisions throughout the research desdriy this thesis.

Representations of Resistance

Resstance is a problemriented phenomenon. The decreasing effectiveness of
antibiotics after their introduction prompted investigations into how and why antibiotic
resistance seemed to groeading the idntification of specific genetic determinants of
resstance for many antibiotics. THed ultimately to speculation regarding the origin of
resistancéDavies, 1990)These activities require methods to acquire and stolecular

resistance data.

14
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Quantifying resistance is an empirical activity. It is impossible to track whether
individual molecules of an antibiotic are capable of inhibiting individual bacterial cells,
soinhibition iscommonlytracked by measuring the progf cell growth.Cellular
growth depends on many other factors such as strain properties, inoculum density,
medium, temperature, and pressure in addition to the presence or absence of antibiotics.
Whencoupled with the ability of bacteria to sense angaad to stimuli, growth
becomes a complicated function of these variables, sensitive to small changes. The
antibiotic concentration at which no visible growth is observed is known as the minimum
inhibitory concentration (MIC), typically measured ovesagies of concentration
doublings. This MIC value is specific to the strain, inoculum concentration, and growth
conditions and is considered accurate to within one doubling of concentration due to
biologicd and technical noise. Because planktonic growtlguid is different than
colony formation on solid media, depending on the organism, the respective MIC values

are typically different but correlated.

A similar empirical method is the disk diffusion agsRaper disks are
impregnated with an antibiotic cgpaund and deposited on the surface of solid media
inoculated witha culture ofan indicator organism. After a period of incubation, the
growth of the indicator strain around the disk is assessed wistarmese measured as the
radius of the zone of inhildn. In addition to the sources of variability above, the
solubility of the compound can influence diffusion of the compound into the surrounding

media and therefore the size of the inhibitory zone atdi@ disk.

15
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These methods, with their shortcomingsydé been used to map out the relative
MIC values for various strains to various antibiotics. A shift to a higher MIC implies that
a change occurred in the genome of an organism correlating to the preganc
determinant of resistance, whether this chargeede novoor was acquired. The scale
of these changes varies with the mechanism of resistance and can involve a single
nucleotide polymorphism, or the loss or acquisition of one or more genesmiess
way to verify the effect of a determinantrekistance is compare the MIC of a strains
with an identical genetic background with and without the putative determinant. The
early techniques of molecular biology allowed for correlating changes infMtithe
gain or loss of a plasmid harbouring a seance determinant. Now it has become
straightforward to deliberately engineer strains with resistance determinants expressed at
one or more standardized levels using characterized expression systeghscapy
number, low copy number or integratiedo a chromosoméCox et al., 2017)While
these systems are effective tools to sttabystance, a caveat is that they divorce the
resistance determinant from its wilghe context which can obscure the understaniting
role in nature. Great care must be used when designing and interpreting the results of

comparative experiments.

Most characterized resistance determinants come in the form of genes and the
proteins they encode. Since it is still difficult to consiter DNA context of any gene
and understand if and under what conditions it is expressed, whether it is constitutively
expressed or repressé@dparticularly for noamodel organisni the presence of a

resistance determinant is only necessary but not suffii@enter the capacity for

16
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resistance. Comparative sequence analysis is used to identify putative resistance
determinants. Aiis depends entirely on prior knowledge of resistance determinants and
procedures for performing comparison of a hypothetical getitative sequences against

that database. Because they were originally characterized one by one, over the course of
decadesluring and prior to the genome era, the public nucleotide databases were the
original repository for every sequence linked to a jalibn describing that sequence.
Annotation was initially community driven, following on from the exemplar sequence
usuall labelled by its gene symbol. Different systems of nomenclature for each gene are
in use, for example the Ambler classification etdlactamases (Classes A, B, C and D)
(Hall & Barlow, 2005)and the aminoglycoside resistance determinants (mechanism,
regiospecificity, compound profile, and ordinal numi&amirez & Tolmasky, 2010)n

a few cases, the name of a gene is revised after antibiotic resistance activity is discovered,
howeverthe gene may #tbe labelled with its original name in the primary database in
which it was originally deposited. Because antibiotic resistance research has been
ongoing for five decades, these problems are becoming more common and are related to
the ph@omenon of anrtation poisoning where an old, or erroneous annotation is used to

annotate a new sequence thereby perpetuating the error.

Lists of resistance determinants are curated informally and formally. An example
of an informal collection would be PR4 a databasef@amino acid sequence profiles,
where sequence families are annotated as being composed of, or containing, examples of
resistance determinants. PFAM PF00144 fmttamase is a superfamily consisting of

sequence profiles captured by the PFA®&E initially associated with the sequences of
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betalactamases. The superfamily includes many other sequences that do not possess
betalactamase functionality yet do possess one or more of the sequence profiles. Another
example is PFAM PF01636 APH, or amglycoside phsphotransferase, family. This

family is named after resistance determinants but belongs to a larger clan of
phosphotransferase sequences. It was initially closely associated with APHs, and related
MPH or macrolide phosphotransferases, bstdiace growna include other protein

kinases that share the sequence profile of this family. Informal annotation efforts exist to
organize sequences in an empirjpast hoamanner. This is effective because the number

of new sequences generated by thlcined worldwile sequencing effort greatly

outstrips the capacity to characterize these sequences. Annotatiguiltiby

associatiodin this case means that a sufficient level of similarity allows large numbers of
uncharacterized sequences to coalesocand a few ltaracterized sequences. An

unintended consequence of guilt by association annotation is that sequences can become
labelled by their association with a resistance determinant without being verifiad. If

turn, the incorrectly labelled sequence is usedrinotate a second uncharacterized
sequence the incorrect annotation spreads beyond the first error. This is called annotation
poisoning and is a known phenomeriBadivojac et al., 2013; Richardson & Watson,

2013) This can happen with sequence seaocls likethe Basic Local Alignment

Search ToolBLAST) and \ariants, or with clustering procedures like USEARCH, and

can happen with protein family grouping using models of families like PEAIMchul

et al., 1997; Edgar, 20; Finn et al., 2016)
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Formal curation efforts follow a dedicated program of collecting sequences of
resistance determinants through searching literature and sequence databases for records
of proten andnucleotide sequences. Depending on the criteria being used, this can be
very labour intensive. There are several examples of curated antibiotic resistance
databases, most notably the Antibiotic Resistance Database (ARDB) and the
Comprehensive Antibitc Resistance Database (CAR[B. Liu & Pop, 2009; McArthur
et al., 2013)Databases may be distinguished based on scope, annotation methods,
accompanying tools, how they are ntained and updated, and their statedg(Bable
1-1) and see recent revieBoolchandani, D'Souza, & Dantas, 2019; Xavier et al.,

2016)
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Table 1-1: Summary of antimicrobial resistancebioinformatic sresources(Updated

November 2019)

Last
Name Full Name Scope Data Source Features Update Reference
Comprehensive public sequence database curated BLASTp cubffs, detection (Alcock et
CARD  Antibiotic Resistance general AMR ardb models, resistance gene identifie 2020 al., 2020)
Database LaheyClinic antibiotic resistance ontolgg -
Antibiotic Resistance . (B. Liu &
ardb Database general AMR public sequence database curated BLAST cubffs 2009 Pop, 2009)
. . ardb, CARD, ResFinder,
ARG- Antibiotic Resistance : o S . (Gupta et
ANNOT Genes Annotation general AMR Lahey Clinic, public BLAST searching 2018 al,, 2014)
sequence databases
La_h(_ey betalactams public sequence _d_atabase: sequence variants, resistance 2015 unpublishec
Clinic manual addition phenotype
BetalLactamse PDB, public sequence kinetics, protein structures, sequer (Naaset al.,
BLDB DataBase betalactams databases variants, BLAST 2019 2017)
. Horizontally transferred
N . TIGRFAM core bacterial ; : :
ARTS Antibiotic Resistance AMR in BGCs genes, CARD, LacED, Lahe determlna}nts, duplicated 2017 (Alanjary et
Targets Seeker Clinic. ResFams housekeeping genes, known al., 2017)
’ resistance associated with BGC:
Parallel Annotation  betalactams,
and Reassembly of aminoglycosides . . )
PARFuMs Functional amphenicols, manual BLAST curation functlon_al deteéon of multidrug 2015 (Forsberg e
) . resistant gene cassettes al., 2012)
Metagenomic sulfonamides, an
Selections tetracyclines
National Database o general AMR, CARD, ResFinder, Lahey A'\gisrﬂarlgﬁrgflusr’og'i\:l]’\?;’;mfstEd (Feldgarder
NDARO Antimicrobial resistant Clinic, Pasteur Institute Bet: Antibioti></: SLE)ce tibilit data, 2020 etal 92019,
Resistant Organism: organisms Lactamases P Y ’ " /
genome browser
metagenomic .
MEGARes Metagenomic AMR, biocide ResFinde ARG-ANNOT, Aig/l;;gcr;t?gige}ngmz rzsgs(t:ellizce 2020 (Doster et
Antibiotic Resistance and metal CARD, Lahey Clinic ] pip » acy al., 2020)
; hierarchyof annotations
resistance
(Gibson,
: - . Forsberg, &
RESfams Resistance Families general AMR CARD, LacED, Lahey Clinic HMMs 2015 Dantas
2015)
Pathosystems ARM phenotype resistant pathogen Machine learning classifiers for (Davis et
PATRIC  Resource Integratior from genotype fol p 9 several classes of drugs for four 2016
phenotypes, CARD, NDAR( al., 2016)
Center four pathogens pathogens
ARGs Antibiotic Resystance CARD, ARDB, public SARG database, SARGfams (Yinetal,
Genes Online general AMR . - 2019
OAP ; sequence databases HMMs, metagenomigprofilig 2018)
Analysis Platform
Marilyn Roberts tetracycline (zankari et
ResFinder Resistance Finder  gereral AMR resistance database, ARDE BLAST searches 2020 al,, 2012)
public sequence database v
REDDB Resistance eneral AR uPlic sequence database BLAST searches N/A  unpublishec
Determinant Dataise 9 manual curation P
. (Thai, Bos,
LacED T_he Lgctamase betalactamases Public sequence database sequence variants 2012 & Pleiss,
Engineering Databas PDB 2009)
Deep Learing ~long seauence (DeepARTE) (Arango
DeepARG Antibiotic Resistance generhAMR CARD, ARDB, UNIPROT g seq pARL 2017 Argoty et
detection models, ARGminer
Genes A . al., 2018)
crowdsourced annotation inspecti
public sequence database:
Lahey Clinic, I1Sfinder, Repository of antibiotic resistance (Partridge
Multiple Antibiotic Gramnegative Marilyn Roberts tetracycline  cassettes (RAC), context based 9
MARA . . . : 2017 & Tsafnat,
Resistace Annotator general AMR resistancelatabase, annotation mobile element 2018)

INTEGRALL, manual
literature searches

annotation
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Because antibiotic resistance can encompass variants of protein sequences that are
otherwise functionally identical to sensitive versions, determirantssistance can
include nucleotide and amino acidriants. CARD is the only database that explicitly
stores such variant information. It is important to note that these variants may be taxon
specific. In addition to the practical realityibbeing eaier to identify variants in closely
related sequeres, it also can be biologically unrealistic to expect to find tesptific
resistance variants in distantly related spécifes example, it mighhot makesense to
find aMycobacteriunspecific proteirvariant of the genBpoBin Enterobacteria. CARD
tracks such information, but this is complicated by the fact that variants are not protein or
gene sequences in themselves and exist with respect to thiypéldequenc@lcock et

al., 2020; Jia et al., 2017)

Methods for Annotating Antibacterial Resistance

Purely bioinformatic methods for identifying and describing rasist relies
primarily on sequence comparison. Search tools such as BLAST were designedato tak
guery sequence as input, either nucleotide or amino acid, and a database, and return
records from the database that match the query sequence according fiitesange
criteria. These criteria typically include percent identity over the length ohéteh,
percent of coverage (either percent length of query covered by subject, percent subject
covered by query, or both with the same or different cutoff valakghment score, or
expectation value {alue) which is the expected number of sequencesdan equal
or greater score than the subject in a database of a given size and composition. The result

of a BLAST search is a list @lignments talatabase rexds,termed Highscoring
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SegmenPai r s ( HSPs) hitsGonreetingdhle searchitatiaan rdnked arder
of score, the assumption being that hits at the top of the result are more similar to the

guery than hits at the bottom of the result.

A procedure such as BLAST is useful because while DNA and protein sequences
are straightforward gécts that computers can easily manipulate, two sequences sharing a
common ancestor are assumed to have been identical at some pointthedrateally
expectedo acquire differences relative to one another over time. These differences can
include insetions and deletions of sequenesulting intherelativegain and loss of
alignmentgaps in addition to substitutions of one character in the string for andtter.
all of these differences are equally significant, and so merely counting differences
betveen two sequences leads to incorrectly scoring and ranking how similar they are.
These underlying evolutionary assumptions are accounted for in the scoring feystem
the search procedure which determines how much matches are worth, and how gaps in

the sguence alignment penalize the score for each hit.

Given a list of putative protein sequences, predicted in a bacterial genome for
example, and a database of resise determinants, it is straightforward to search each of
these proteins against the das#and return results where hits meet the search criteria
according to the search procedure being used. Without any further information, each

guery sequence is duated against every subject in the database.

BLAST is not the only available search procedu?rofile Hidden Markov

Models (pHMMSs) are a type of probabilistic model trained on an alignment of related
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sequences. The mostdely usedsoftwareimplementatio of these models is the

HMMer package which provides utilities for training HMMs, alignimgjgences against

a profile, searching sequences against one or multiple HMMs and performing-profile
profile matches of nucleotide and amino acid sequeiimidy, 2011) The scoring

sysem for evaluating expectation values of sequences aligned against profiles was shown
to be narly equivalent to the LipmaAltschul statistics used to generatgadues via

BLAST, meaning that the statistical underpinning of the distribution of scores for

sequencing matching might be independent of the search procedu(Edggd2009)

Profile HMMs consist of an abstrasmiordered sequence of states, beginning with
a start state and finishing with an end state. The seqtramsitionsthrough a seesof
match, insertionor deletion states. Each column of a sequence alignmeratpped ta
match state. Each match state has a probability of transitioning to the following match
state, skipping the following match state by transitioning to a deletite sta
transitioning to an insertion state. Each match or insertion state is associated with
probabilities of emitting a character from either a nucleotide or amino acid alphabet
depending on what is being modell@dhese emission probabilities are learfredh the
distribution of characters from the corresponding column of the alignment, wdile th
emission probabilities of insertion states are learned from the overall character
distribution of the alignmenExiting from deletion statesesult intransitins to
downstream matching states, so potential gaps in an alignment are modsKgpiag)
over match states in the alignmestatransitions taand fromdeletion states are learned

by the frequency and position of gaps in the alignment. Overall, the profile HMM is an
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abstraction of the alignment used to train the parameters of the HMM. AetdfiM is

a generative model, meaning any sequence can be @dhinderms of the probability of

being generated by the model in the sense that every valid path through the states of a

profile HMM is a product of a sequence of transition probabilitied the observed

characters of the sequence are product of theacker emission probabilities of each

state in the state path. @prieritHe pabhahroughhi d d e n
the stateshat best models any sequels@ot known, howesr for any given model and

sequence the Forward algorithm ipable of summing over all possible paths to

determine the probability of the input sequefi¢egh, Brown, Mian, Sjolander, &

Haussler, 1994)The hmmbuild commandrom HMMer uses the information in the

alignment to curate inteal cutoffs that areubsequentlgmbedded in the model, so
sequences scoring higher than mayde 6t rusted
considered hit to the model. Similarly, the \étbi algorithm can compute the most

probable state path for a/gn modé-sequence pair which is useful for aligning a

sequence to therofile (Krogh et al., 1994)Beng probabilistic, local alignment

probability for each character can be used to determingotb@ness of fit of a sequence

aligned to a model. These two fieges make pHMMs a valuable tool for annotation.

Provided that a user can supply an appropriate alignment of related sequences, the
features in this alignment can be probabilistically abstdgict® a representative profile
model. Query sequences can lb¢hbscored against this model and aligned to this model.
The downside to this approach is that there has to be enough information in terms of

sequence number and diversity in each alignmeaitdar to appropriately train each
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model, otherwise the increaksearch and alignment sensitivity gained through a
probabilistic approach will not perform better than simpler methods like BLAST

(Altschul et al., 1997)

Profile HMMs are the central componsmf approaches like RESFams, which
utilize the knowledge and data collected in other databases to produce HMMs that can be
used for downstream annotation applicati@@dson et al., 2015Attempts to validate
theaccuracy of RESFams predictions against sequence similaithgeg with BLAST
were aided by censatnrdwaatdibo mamfuad | ygalud at ed
functional screening with a metagenomics apprd&shson et al., 2015; Gibson et al.,
2016) Because the manual gedtandard validation only used 18 antibiotics, only 54 of
the 166 RESFams families were able to be validated, demonstrating high performance
(Gibson et al., 20155equences scoring above the trusted cuto#dch model can be
annotated with the label associated with the ehobhis is approach is borrowed from
other HMM databases like PFAM, where proteins are assigned into families and
alignments by human curators, then HMMs are built for each family andfoise
downstream annotatiqifrinn et al., 2016)An alternative approach for curating farmily
specific information is to use curated score cutoffs for annotation, and form the model

centric curation efforts for aftiotic resistance databases like CARD.

Annotation is both incredibly important and notoriously difficult to automate.
Data, particularly molecular sequence data, is produced faster than knowledge. The
transfer of knowledgeto data is one of the fundantahobjectives of bioinformatics

(Stevens, 2013Much like the efforts of ovall bacterial genome annotation, aniioc

25



Ph.D. ThesisN. Waglechner; McMaster UniversiBiochemistry and Biomedical Sciences

resistance annotation efforts are perpetually catching up with literature and is always
biased towards what is currently known. Something that sets antibiotic resistance apart is
the usefulness of the AntibiotResistance Ontology, a hierarchical wohed vocabulary

that structures and classifies the knowledge of antibiotic resististodathur et al.,

2013) This enables a shared vocabulary, and a consistent setodhton targets that
encompasses nomenclature, publication, sequence and varianta@ataommon

structure. Trugle novaresistance prediction may not ever be achievable; howsweie
progress is being made with machine learning (ML) maoalgdied togrowing datasets
(ArangoArgoty et al., 2018; Davis et al., 2016; Rahman, Olm, Morowitz, & Banfield,
2018) Using the smaller world of resistance serves as a gentle introddotannotation

concepts and highligs the approaches and challenges currently in wide use.

Representations of Antibiotic Biosynthesis

The genetic structure of natural product biosynthesis took longer to be recognized
than antimicrobial resistan¢ke. F. Wright & Hopwood, 1976)The best and most
comprehensive introduction comes through the Minimum Information about a
BiosyntheticGene (MIBIG) cluster database, a patjef the Genomics Standards
Consortium and an attempt to standardize the output of several decades of research on
BGCs(Medema et al., 2015Painstaking biochemical characterization coupled with the
elaboration 6BGC sequences has resulted in a human curated set of 1887 awh
partial BGCs. Each BGC is linked to a chemical structufger@Bank entry for the

primary nucleotide sequence, and a reference publication though this publicatibe may
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a reference foe sequence, the annotation of the cluster, the taxonomg pfaducing

organism, or a combination of one or more of these items.

Each cluster entry consists of the metadata available for that cluster, centered
around the BGC nucleotide sequence. Sthege sequences all refer to Bank
records, the BGC annotati data is overlaid on top of the data available forBaek
records. Each record is available for download in Javasobptct Notation (JSON)
format, or as a G&ank flat format file. GeBanktaxonomic information, accession
number, as well as predict@DS features and annotations are available. MIBiG specific
information is presented as additional features, and feature annotations including MIBIiG
version history, changelog, reference pultic@a name and structure and external
database reference fasrapounds produced by this BGC, the BGC type for this record,

and email address for the human curator.

BGCs are presented as an interval of a nucleotide sequence, either from a whole
or partialgenome, but possibly as specifically sequenced piece of DblAasia cosmid.
CDS features are predicted, though prediction pipelines usually do not record which
software was used in the BGC itself. Beyond the DNA level, it is useful to think of a
BGC as aollection of genes, or a collection of proteins encodedhbge genes. At a
lower level, individual genes may have functional domains annotated on them. This is
particularly true for BGC types that rely on large matbdular synthases such as
polyketide synthases (PKS) and ndhosomal peptide synthases (NRRSschbach &
Walsh, 2006) These systems can be composed of multiple polypeptides each thousands

of amino &ids long consighg of functional modules each responsible $gnthesizing a
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single ketide or peptide unit, respectively, that is incorporated into the resulting product.
Each module within these proteins consists of functional domains that act intéoncer
synthesize and join in assembdilye fashion, sometimesattling the partially

synthesized natural product between multiple polypeptides during its biosynthesis.
Beyond those two specific examples, BGCs are classified by the types of enzymes they
possess, and it is possible for more than one type of enzymeegcebent in hybrid

clusters.

The borders of these clusters were initially determined by the judgement of the
researchers who generated and analyzed each sequence. Most of these BGCdlgire not fu
characterized in their expression or in terms of conditiomder which the genes are
expressed, and their biosynthetic potential in terms of the number of molecular species
including precursors, sideroducts, and whole or partial products synthesigethe
BGC, or under which growth conditions these produtpeoduced. In general, these
details are not entirely predicted solely from the BGC sequence and this is essentially the
modern challenge of identifying and annotating these sequences fostdzam

applications.

Methods for identifying Biosynthetic GeneClusters

Characterizing putative BGCs from DNA sequence along is a type of specialized
annotation. This characterization makes use of the techniques mentioned previously:
sequence comparisorgrapilation of databases and searching, but alsebated

appoaches, machine learnirand cluster analysis.
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The identification and annotation of BGCs followed the identification and
annotation of the various different kinds of BGC components as tlayrigerecognized.
Table1-2 describes nonexhaustive list ofome core sequences used to identify a
selection of BGC type@edema et al., 20117 brief discussion of these tools agy
relate to modular NRPS driPKS BGCs serves to illustrate this process. A key
development in the analysis of the modular biosyntheg\#H S was the first crystal
structure of the phenylalaniraenylating domain ajramicidinS synthase 1 bound to
phenylalanine and adenosine nopmosphate (AMP(Osterlund, Nookaew, Bordel, &
Nielsen, 2013)It was recognized that the phyaichemical propertiesf the amincacid
binding ste of each Adomain determined which amino acid was activated an
incorporated by each NPRS module. The motif of these sites could be read as a
specificity-conferring code, in conjunction with the-tinearity rule, allowed the
prediction of the complete pgde produced by the modules of an NRPS BG6&terlund
et al., 2013)A similar analogyusing phylogenetic sequence clusters instead of protei
crystal structuresyas apped to modular polyketide synthases to predict the identify of
eachacyl-Co-enzyme A monomer, and along with the presence of various redox domains
(enoytreductase, dehydratase domains), the oxidation state oketiad unit
synthesized by each modijleaydock et al., 1995; Khosla, Gokhale, Jacobsen, & Cane,

1999)
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Table 1-2: A selection ofcore sequencesusedto identify BGCs.

Abbreviation Name Description BGC type
A adenylation activation and loading of aminacids onto cognate NRPS
PCP
c condensation peptide bond formatlor_1 between adjace@iRbound NRPS
amino acids
PCP peptidyl carrier protein phosphopantithienylated carrier protein NRPS
TE thioesterase cleavage and/or cyclization of completed scaffold NRPS, PKS
ACP acyl carrier protein phosphopantihienylated carrier protein PKS
KS Ketosynthase claisen condensation of adjacent AGB&und CoA PKS
monomers
activation and loading of acffoA monomers onto
AT acyltransferase cognate ACP PKS
ER enoyl-reducase ketide reduction PKS
DH dehydratase ketide dehydration PKS
terpeg;lr)]:r:)é(;(;pene N- and Gterm domains, terpene biosynthesis Terpene
terpeneor lycopene manyclasses of cyclase enzymes for terpenoid T
erpene
cyclase molecules
betalactam @ clavulanic . .
acid syntietase formation of clavam ring Betalactam
lantibioticsynthase formation of lanthionine ring in immature scaffold Lantibiotic
lantibioticdehydratase dehydration of the immature lantibiotic Lantibiotic
lantibioticpeptide theimmatureribosomally encoded Iantlblotlc peptide Lantibiotic
may have a leader peptide
bacteriocinpeptide immature ribosomally encoded peptide scaffold Bacteriocin

SpcD/SpcKlike

thymidyl transferase activation of sugar subunits

aminoglycoside

addition of sugar subunits to aminoglycoside precur
glycosyltransferase

formation of aerobactitike siderophore fronN®-

siderophoresynthase acetytN®-hydroxylysine subunits

ectoinesynthase hydrolyase catalying the cyclization of ectoine

AfsA-like butyrolactone produces the starting linear substrate for butyrolact

synthase formation
StaDlike . . . .
chromopyrrolic acid formation of thedichromopyrrolic acid precursor
substrate
synthase
LipM-like

) formation of the nucleoside precursor scaffold
nucleotidyltransferase

MelC-like melanin

Bacterial tyrosinase, oxidation of Lrp to form
synthase

melanin

Aminoglycoside

Aminoglycoside

Siderophore
Ectoine

Butyrolactone

Indole

Nucleoside

Melanin
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All -purpose BGC identification pipelines began by combinmglkr, more
focused tools into larger pipelines, typified by the antiSMASH software, a redevelopment
of the CLUSEAN project, and the PRISM softwéledema et al., 2011; Skinnider,
Merwin, Johnston, & Magarvey, 201Weber et al., 2009These are rulbased
approaches that depend on identifying specific features, aiting series of rules that
then categorize putative BGCs with into different classes. The original rules used by
antiSMASH are included iMedemaet alsupplementaryable II(Medema et al., 2011)
and generally consist of identifying one or more core domains (via profile matching using
HMMs, curatedfrom the PFAM databasend primary BGC publicatiopshat rmeet or
exceed thrghold scores for positive matches and do not meet or exceed threshold scores
for negative matches. Cases where a putative BGC sequence meets one or more rulesets
for different BGC types are considered hybrid types. To solve the problieratizing
the baders of each putative BG@e authors use@oximity cutoff of 15kbp upstream
and downstream from an identified core domain. The PRISM software follows a similar
rule-based approach to identifying BGCs, however the antiSMASH pipaisi&décome
the mostwidely used tool to identify natural product BGCs, including variants for
identifying BGCs in fungi (fungiSMASH) and plants (plantiSMASIKautsar, Suarez
Duran, Blin, Osbourn, & Medema, 201As of Septerber 2019, thevebsite

http://antismash.secondarymetabolitesnayides a web interface for running the

pipeline and has tallied over 577,000 jobs processed by the latest antiSMASH Bersi

software(Blin et al., 2019)
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Several additions to the basic antiSMASH annotation have been included in the
software by the original antiSMASH authors and others. Following the creation of a
curated set of knen BGC sequences, a sequence analysis and chgsitep was
applied to the entire set of amino acid sequences to build the secondary metabolite
clusters of orthologous groups (smCOGS). The 301 smCOG families are divided into
four categonni,evreguil andpdrt &bi ovhighratehet i ¢ _ s
mainly usedtocolouc o de t he various CDSs of a BGC th
components of a BGC in the antiSMASH output. A list of the available smCOGs is
available haretoded into the afBMASH database schema (

https://github.com/antismash/dichema/blob/master/smcogs,sticessed Sept. 2019

The particular smCOG type, forsexgmpue ASM
provides a basic functional annotatifor a CDS buts not very specific since this

SMCOG does not identify which sugar moiety is being transferred (substrate specificity),
how the substrate is being activated (nucleoside diphosphate lorkealyprenyl

phosphate linked), where it is beitrygnsferredn the scaffold molecule

(regiospecificity) and how the sugar is to be linkeé, (®, or G glycosylation). Each
smCOG is used to generate an alignment and a corresponding profile HMMtitieatt is
included with an antiSMASH analysis along lwihe option to perform a full PFAM
analysis. The smCOGS annotation acts as a subset of the PFAM annotation, so in
principle it may be possible to map each smCOG onto a parent PFAM but this has not
been fomally attempted. In practice, while the smCOGSenarived only from

sequences present in BGCs while PFAMs are derived from vgeoleme sequences, the
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PFAMs might be more useful since they are equallyspatific when it comes to
putative function predtion, but are able to annotate a greater prapodf protein

sequences found in BGCs.

PFAM annotations were used in the ClusterFinder model to define putative BGCs
based on their compositig€imermancic et al2014) ClusterFinder is a simple two
state HMM consi st i ABjG@6f stthaet ed.B Gilthde saen ds toant oens
probability matrices that are trained on the sequence of PFAM annotations of a set of
curated BGCs, and once trained is able to ileBi>Cs in a whole genome sequence by
exploiting the difference in the frequency of PFAM domains in BGCs versus the
background frequencies of a bacterial genome overall. Because PFAM domain
composition does not entirely classify BGC sequences, ClusterFiaderecognized
propensity to produce false positives which may outweigh its ability to identify BGCs

lacking a weHdefined rule for identificatiofBaltz, 20B).

The curated set of BGCs whsmalized into theMliBIG project which attempted
to establish a standard annotation procedure for BGC sequéfe#sma et al., 2015)
The most significant result of this projesta humascurated database of BGC sequences
linked to known products and stored in théBMG repository. Because only a few BGCs
have been extensively characterized, the level of annotation for the approximately 1800
entries of this repository viasconsderably. More positively, MiBIG serves as a
database which new BGCs can be compareddafsa known BGC has been
rediscovered, provided a procedure exists which can compare a query BGC against a

subject BGC.
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ClusterBLAST is such a procedutzased on #h MultiGeneBlast too[Medema,
Takano, & Breitling, 2013)ClusterBLAST queries a set of input protein sequences
against a subject of BGC sequences where the scores are weighted depending on their
classification inthe BGC. For example, core protein sequences are weighted higher than
other sequences. In practicdu§erB_AST is not useful for comparing the large muilti
modular sequences found in BGCs, but can be helpful in quickly visualizing similarity of
the smalkr, singledomain sequences shared among one or more BGCs. This ecosystem
of bioinformatics tools isich with possibility. The antiSMASH pipeline, across its
various iterations, provides a more or less consistent and stable base from which to build
new tapls that can answer new questions regarding natural product biosynthesis in

general, and antibiotics iparticular.

RESEARCH GOALS

The background information in this introduction frames research questions in this
thesis. The history of antibiotics and stance is described alternately by serendipity and
inevitability. Afteranfgacnigl ef rduiistcdo vaenrtyi boifo tti
during the golden age of discovery, investigators turned to increasingly exotic discovery
techniques, hopefully eating exotic sources and methods with exotic results.
Confronted with the growing problem of antibotesistance, traditional Waksméke
screening that relied on vast numbers was soon abandoned by the pharmaceutical
industryen masseSynthetic chemtsy was unsuccessful in its attempt to replace natural
products as a source of new compounds with aetwities but was marginally useful to

modify the properties of known antibiotics.
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The genome era presents new challenges for both natural produeedysand
the study of antibiotic resistancdake the point of viewhat evolution is the linking
concept between these two phenomemal accordinglyrave chosen to focus on origins
rather than outcomes to address the problem with antibiotics andmesisThe general
view of antibiotic resistance is that it is a response to the anthropogenic nsibiotias,
but it has been well established that antibiotic resistamsespread angdredates the
modern use of antibiotigBhullar et al., 2012; D'Costa etal.,,2011) The F abel opr
antibioticb era is actually a misnomer, si
antibiotics long before humans discovered andugosed them. Few lines of
investigationinto the age of antibiotics have bdeliowed. Recognizing that the human
use of antibiotics has resulted in selection that has changed the frequency and distribution
of antibiotic resistance of some bacteria, namely pathogens, raises the question of what
the background frequency and distition of resistance determinants are in bacteria
globally. Several lines of reasoning suggest that antibiotics are also ancient features of the

microbial lifestyle.

My first goal is to harness the flood of genomic dhtt can now be cheaply and
easily poduced by even small laboratories. This entails the production of new tools, and
application of existing tools to enable the conversion of genomic data into new biological
knowledge. For natural product biosynthediss theans developing ways of organgi
genomes and the BGC data produced by ourselves and others and move beyond counting
to categorization and comparison. | describe features implemented in the python module

evoc (evolution of clusters) and demonstrégeability to compare and categorize
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streptdhricin-producing Actinobacteria by their biosynthetic potential. Streptomycin is

an aminoglycoside natural product reported to be commonly found when screening
extracts ofStreptomycespecies. Currently, softw@makes it possible to identify if a
particular strain harbours a putative streptomycin or related BGC. No method exists that
can characterize and compare the remaining BGC complement or assess how similar the
biosynthetic potemdl of two strains are. Tifis important because it motivates

prospective silencing of streptomycin (or other common antibiotic) BGCs to reveal the
production of other, potentially rarer, natural products obscured by streptomycin activity
in extracts. Mywork highlights the disthution of streptomycin BGCs i&treptomyces

genomes, and in the wider context of a larger number of bacteria taxa.

Next, my research focused on the evolution of a family of BGCs that encode
glycopeptide antibiotics (GPAs). Thedmically important componds were once
considered antibiotics of last resort for serious Gpasitive infections. GPAs are an
attractive model because their biosynthesis is-stalllied, consisting of the synthesis of
rigid peptide scaffold incorporatirtgpth proteinogenic and neproteinogenic amino
acids, a diverse set of tailoring reactions producing a wide assorting of final structures,
and a wellcharacterized mechanism of resistance that is shared between producers and
pathogens. | have mined thengene sequences of artiouse strain collection and
public databases to generate a comprehensive list of known and uncharacterized potential
GPA producers and investigate the evolutionary history of the biosynthesis of these
important compounds. | considiae different components these biosynthetic gene

clusters and leverage a phylogenetic technique of reconciliation to estimate the times and
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locations within a dated GPA producer genome phylogeny to understand the evolutionary
history of these antibiats. | also show that th@wonical resistance operon, consisting of
thevanH, vanA andvanXgenes can be reconciled to the time that the GPA clusters
appeared, suggesting that possibility that there is a dual relationship between resistance

and antibiotidiosynthesis.

Lastly, investigating the more diverse BGCs of the GPA and Bk\producer
strains, | have used my phylogenetic analysis to predict where novel members of this
larger family may be discovered. Looking at the components of these clustevhains
known about thevider family suggests there may be natural products with different
mechanisms of action to be mined in these strains. This culminates in the discovery of
corbomycin, a molecule that shares an evolutionary history and featur&Asfibit

appears to act via new mechanism on the Gragrsitive cell wall.
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CHAPTER TWO : Representing and comparing biosynthetic gene clusters
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CHAPTER TWO PREFACE
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ABSTRACT

Streptomycesspecifically, ad bacteria in the phylum Actinobacteria in general, are
among the most prolific producers of natural products, including antibiotics. A traditional
Waksmarlike antibiotic screening platform witeject a strain once any antimicrobial
activity derived fronthis strain is believed to come from a known molecule. The ability

to judge the biosynthetic capacity of a strain based on its genome sequence is valuable as
a way to direct the constructiondaacreening of a strain library. We implemented the
evoc softvare as a fingrained approach to represent and group the biosynthetic gene
clusters of streptothricirand streptomycin producing bacteria and show that
streptothricin production is distributegnongStreptomyceand that the capacity to

produce common maral products does not predict the remaining potential of a
Streptomycesp. This approach provides a way to consider the rareness of particular
natural products and grounds a biotechnologipgroach using CRISPR/Cas9

engineering that facilitates theeigtification of rare products from these strains.

40



Ph.D. ThesisN. Waglechner; McMaster UniversiBiochemistry and Biomedical Sciences

INTRODUCTION

Sequencing bacterial genomes is how a common starting point for natural product
discovery, alongside more traditional activitgsed screeningh\damek et al., 2018;
Adamek, Alanjary, & Ziemert, 2019; Nadine; Ziemert, Weber, & Medema, 2@&10)
ecosystem of tools has been developed to identifyptate and classify biosynthetic
gene clusters (BGCs) in these genome sequences with the goal @tfiagiliovel
natural product discovery, particularly antibiot{¥geber & Kim, 2016) Initial surveys
of the diversity of BGG among sequenced genomes used a variety of similarity measures
to map BGC spac@oroghazi et al., 2014Within the genu$§alinispora
MultiGeneBlast (a tool that processes BLAST results for multiple sequences into a single
score) was used to explore BGC diversity in way that that is intuitive anlibfato
many resear@rs(N. Ziemert et al., 2014)Vhile pairwise similarity measures have been
shown to be usefulefvtools exist to evaluate the biogketic potential of sains, where
analysis is mainly restricted to the BGC level. For example, MultiGeneBlast was
developed into ClusterBlast, and integrated into the antiSMASH pipeline as a weighting
scheme for BLAST results that performs BGC vs BGC ammspns(Cimermancic et al.,
2014) MIBIG is a repository that stores curated BGCs, BIGSCAPE generates BGC
comparison networks and CORASON visualizes dendrograms of these comparisons
(Medema et al., 2015; NavarMufioz et al., 2018)There is no general consensus on the
best way to compare BGCs with one another, and ashhocways to assess diversity of
BGCs in a set of strains. Asost BGCs are uncharacterized, findingelmatural

products is not difficult since novel clusters abound, consistent with the conclusions of
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analyses of BGC marker sequences that sampling of BGCs has not been saturated
(CharlopPowers, Owen, Reddy, Tein& Brady, 2014; CharlogPowers et al., 2015;
Crits-Christoph, Diamond, Butterfield, Thomas, & Banfield, 2018)e knowledge of

the general distribution of BGCs is not currently exploited to streamlescteening
process, or to specifically targetusual or rare biosynthetic potential. Novelty is not the
major criteria for which to characterize BGCs. Rather, once a target BGC ischosen
perhaps because its product was a hit in a screen, for examgigarison is made with
both known and uncharacteed BGCs residing in databases like MiBIG and
antiSMASHdDb to retroactively establish biosynthetic nov@iiyn, Medema, Kottmann,
Lee, & Weber, 201) Firsthand measures of BGC diversity can be used to evaleate th
diversity in a set of organisms, such as a culture collection or a set of genomes, and can
drive downstream applications such as strain engineeridgvalopment ohovelty
enriched extract librarider usein standard forwargcreens of compound adtiy.

Bacteria of the genuStreptomyceareespecially prolific with respect to BGC
diversity, however it is known that observed diversity is not equally distributed among
strains(Baltz, 2006; Cimermancic et al.024; Kieser et al., 2000; Lewis, 2012)
Streptothricin is one of the most common antibiotics found in extra8sebhtomyces,
and a determinant of resistance to this antibiotic is kn@aittz, 2006; Cox et al2017)
Screens of natural product extracts with antimicrobial activity from environmentally
derived strains histazia | | 'y suf fer from the &6éddereplicati
compounds are rediscovered repeatedly, such as streptof@idn Wright, 2014) This

occurs a direct result of the largely unknown structure of BGC diversity in bacteria in
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conjunction with the ability to bring only a limited number of environmental strains into
laboratory culture.

It is undear how to relialy access the novel chemical matter that surveys of
biosynthetic environmental DNA predict is pres@@harlopPowers et al., 2015;
CharlopPowers etla 2016) One strategy involves courdecresning extracts from
these strains against a panel of organisms harbouring resistance determinants to common
antibiotics, reserving thoseteacts retaining activity for costly and tirsensuming
characterizatioffCox et al., 2017)

It has been suggested that taxonomically diverse organisms will produce diverse
natural products. Phylogenetic analysis of natural product producdnsmig way to
access diverse natural products. McDonald and Currie selected asguehced
Streptomycet produce a robust phylogeny that represents the overall diversity in the
genus(McDonald & Currie, 2017)In this work, we combine this set with the identified
streptothricin producers iour strain collection to explore the taxonomic relationship and
correlation of strepthricin production in the wider background of the genus
StreptomycesTo accomplish this, we develop software to facilitate this exploration using
thebase annotation pvaded by the ubiquitous antiSMASH pipeline that identifies BGC
sequences in microbigenomegBlin, Wolf, et al., 2017)An optional component of this
annotation includes a comparison with known BGC sequences in MIBIiG, however
antiSMASH doesot provide a simple way to compare sequences with é¢aeh &Ve

address by implementing the python 3 module evoc, whichgrosesses antiSMASH
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annotations and provides a platform figg@ined expert annotation and comparison of

BGCs.
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METHODS
Strain Selection

Two sets of genome sequences were identifigdarwork of(Culp et al., 2019)
(See Appendin). One setvasidentified as putative streptothricin produckwsn our in
house strain collectioby virtuebeing positive hits against a aaar screen of
streptothricin resistant reporter strains. Others were identified as putative producers if
they possessed a streptothricin BGC (MIBIG acceB®660000432 after BLAST and
manuwal examination of their genome seque(See Appendid, Methods) A largerset
of 122 strainswaspreviously publishegMcDonald & Currie, 2017)whichrepreserga
selection of organisms sampled mainly from the g&ttepptomycesand other
organisms in thehylum ActinobacteriaThese strains were selected to provide a robust
comparison of organisms both withand without the genustreptomyces
Genome Sequencig of Wildtype Streptothricin Producing Strains

Genome sequences for these strains were producgduipret al., 2019)see
Appendix1). Strainswere grown in TSB at 30°C, 250 rpm to migliphasepelletedfor
lysis with standard lysozyme, proteinase K and SDS treatment, followed by
phenol/chloroform cleanup and ethanol precipitation or column purification. lllumina
MiSeq sequencing (80bp, paired end reads) was performed by the Farncombe
Genomics Facilit{McMasterUniversity) Raw reads were assembled following QC
trimming and filtering using Skewer 0.23ang, Lei, Ding, & Zhu, 2D4)w i t-dn304Q
300 options, foll owed b yMage & 8alzbeegr2§1il)n g

usi MgOMO parameter to produce files wi
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unpaied merged reads. These data were assembled using SPAdegBaBKeich et
al., 2012)using default parameters.
Phylogeromic Analysis
The hidden Markov models (HMMs) corresponding to every family listed under
TI GRFAM genome property 0799 O6bacterial <co

(https://genomeproperties.jcviorg/cgibin/Listing.cgi accessed Sept.12018) were

coll ected. HMMER3 was used to analyze ever
cutoff (Eddy, 2011) The top hits for each model were retained and aligned as a group

against the model HMM. If a genome lacked a hit foraalel, gaps equal to the length of

the missing sequence were added to the alignment for that genome. These aligned model
families were subsequently concatenated into an overall alignment which was inspected
manually. This alignment was used for phylogenatalysis using fasttree2 using the

WAG substitution model and otherwise default paraméfnise, Dehal, & Arkin,

2010)

Identification of BGCs and Assessment of diversity
The entire set adtreptothricin BGC containingerome sequenceseresubjected
to analysis by ansm8bdgkSio wriic luwsd tnefullt Ihees t66 ar
hmmer 6 i n addi t i(BimWadlfcetat @0L3The genomgs terived s
from public databses and McDonald and Cwralready had coding sequence (CDS)
features predicted, while the genomes produced from our strain library had CDSs

predicted using Prodigal, the default tool provided with antiSMAISYAtt et al., 2010)
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Each BGC in each genome was extraétech the overall geosme annotatioand
examing individually by a custom Python scrigpsing the BioPython librarfCock et
al., 2009) Translated oding sequences (CDSs) in each cluster were extracted whole if
t hey contai ned z er resHoweveoifithey corifed ovona marted f e at
6aSdomaind features the coding sequence wa
and extracted separately, including the sequences, if any, at the beginning and end of
each CDS and between labelled domaline entire set of extracteCDS sequences were
thenoutput to a fasta file arglibjected to clustering using USEARCH v8.1.{Bdgar,
20l0)using the oO0cluster f astanhdamoninem %t h a 609
length filter. After clustering, eactranslatedCDS and CDS fragment was labelled with
the cluster number it was assignsoeach BGC can be degmed as a sequence of
labelledtranslatedCDS fragments.

We compared the overall biosynthetic capacity pairwise between each genome by
implementing the Jaccard Index component of the Lin iif@&xermancic et al., 2014;
Lin, Zhu, & Zhang, 2006)sing the uniquelementggenes/domaing)f the set of
combined genome BGC CDS fragment lalfieden the whole genomén additionto the
Jaccard Index component, the Goodriamskal gamma functiowas implemented as
described byLin et al., 2006) This function, as previously implementedunts the set
of paired domains, and reverse paired domains between two proteins but we apply it to
the representatioof a BGC as a sequence of domains. The difference in theses c®unt
scaled to the interval], 1] by adding 1 and dividing by the two times sum total of

forward and reverse pairs. The possible values indicate 100% set coverage in reverse
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order, and 100%et coverage in forward order, in other words having the samaids

occurring in the same order either forward or reverse.

Development of the evoc Software

To streamline this analysis, the steps of ypretessinggenomic antiSMASH
annotations was comled into a python 3 module called evoc, which stores all the
genane annotations and processed sequences in a single sqlite3 database file. HMM
based core gene phylogenomics was incorporated into evoc as the HMMERprint module,
packaged along with the TIGRFANMM profiles used for this analysis. The ability to
provide a astom set of hmm profiles was included, in case a user wishes to use search,
extract, and produce a concatenated amino acid sequence phylogeny for custom markers.
We designed this package te suitable as a platform for further sequence analysis of
BGCs,coupled to a phylogenomic analysis of the strains from which these BGCs are

derived.
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RESULTS

Phylogeny of Streptothricin Producing Strains

To determine the potential chemical diversity aaalé in streptothricin producers
chosen by Culp and Yimat al, we performed a phylogenetic analysis to examine the
distribution of BGCs present in known streptothricin produ¢@tdp et al. 2019)(see
Appendix1). TIGRFAM genome propeyt0799 defines a set dfl1core bacterial genes
existingasexactlyonecopyin at least95% of bacterial genomeA.robust phylogeny is
necessary to establish any patterns observed for some trait iofaedated organisms.

In this cae, we want to determine if the genetic potential to produce streptothricin in
Streptomycedepends on how closely related the producers are in the specidheee.
associated HMM for each bacterial singlgpy TIGRFAM genevas used to both search
and praluce a profile alignment for each familye chose concatenateaulti-locus
sequence analysid 156 Streptomycestrains includingll genomes from streptothricin
producers from our #mouse strain collectioto representigtersity across the genasd
find streptothricin produon is distributel across tis phylogenetidree (Fig 21). We
included an additional 40 bacterggnomess outgroup$o Streptomycefor a total of
197 strains in &éinal alignmentconsising of 44012amino acid sites.

The current best molecular phylogeny established for the giregtomyces
defined an overall structure of sister monophyletic Clade | and Clade Il strains, as well as
an outgroup of strains that do not appear monigpicy Our phybgeny is consistent with
the general structure of the tree produced by McDonald and Quici2onald & Currie,

2017) Streptothricin biosynthesis appears to be a rare trait in the out§tgiomyces

49



Ph.D. ThesisN. Waglechner; McMaster UniversiBiochemistry and Biomedical Sciences

(labelled Other Lineages, Figld while it is associated with specificoups of taxa in

Cladesd and IlI.
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Figure 2-1: Maximum-likelihood Streptomyceghylogeny. (Continued).
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Figure 2-1:Maximum-likelihod Streptomyceghylogeny. (Continued)
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Figure 2-1:Maximum-likelihod Streptomycephylogeny.Core, single copy genes
ddfined in the TIGRFAM 079%enome property chosen frdi6 bacterial genomes
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were aligned concatenated, and analyzed under the WAG model with the CAT
approximation in FastTree 2 (see methods). The overall structure of the genus
Streptomycesonsists of an outgroup of other lineafi@lsie), and two monophyletic
clades, Clade | (gre¢ and Clade 1l (gold).

The evoc Software and Representation of BGCs

The output of antiSMASH software consists of annotated Genbank flat files along
with an HTML visualization. BGCs are annotated sedydbr visualization without
preserving the origed genomic coordinates, but are conveniently also provided as in
single genome file containing CDS features with optional genside annotations (the
6-full-h mme r 6 (Blip, Wolfp et gl., 2017)Each strain is processed separately in a
typical antiSMASH installation which does not facilitate comparison of strains or BGCs
without reference to a central database. This is an ongoing area of development for other
groups resulting in an expansion of the BGC tool ecosy@im Medema, et al., 2017,
Hadjithomas et al., 2015The evoc software was developed to organize and facilitate
strain vs strain and BGC vs BGC comparis starting from common antiSMASH
version 4 annotation. BioPython is used to parse each flat fitg, tei@onomy where
available from each genome record, extract and organize sequences and annotations
(Cock et al., 2009)This infaomation was stored and indexed in a single relational
database file havingsthema depicted in Rige 2-2. Theorganizing principle of this
database is stored in the type and type_relationship tables, intended to be hierarchical and
ontologylike, modeledafter the cvterm and cvterm_relationship table in the chado
schema and the original version of CARBcArthur et al., 2013; Mungall, Emmert, &

FlyBase, 2007)
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Figure 2-2: Entity relation diagram of the evoc sclema.The type and

type_relationships are central to every record stored in evoc except those in the gb table.
Taxon provides a field for storing an NCBI taxonomy id, wherdlabia, and is used to
provide a taxon type for each gb record which containB@€ annotation. Gene

records are derived from these gb records, and domain records are derived from each
gene record. The cluster_gene table links specific genes to sjBs&(iis, since gb

records can contain more than just BGC entries. Entries in tbe, telkster, molecule,

gene, and domain can be considered children elietegl entries in the type table. This
schema was derived frohttps://bitbucket.org/waglecn/eveommit 36239b637

The links from the gene, domain, taxon, cluster and moleculestabthae type
table indicate that the annotation of each of these elements may be stored as a type entry
with few constraints, for example no duplicate names are allowed thieilrelationships
between these types are stored in the type_relationshig.t&bolesimplicity, the only

type used currently is the 6is_ad relati

on

relationships such as O6part _redessarySththdo par t i

et al., 2005)As a result, there are tégvel entites modelled in the type table, in the

sense that they have no parent entitiesefch of the described tables (Tablds 2-2).
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When loading a genome annotation possessing an assigned NCBI taxonomy identifier,
each taxonomy t er ationships ta dndasting pareat tedmi, véhicha 6 r e |
should lead to precise interoperdliwith the NCBI taxonomy. In the same way, the

precise definitions for which sequences, and therefore clusters, match antiSMASH
identification rules are documented via typesl relationships in these tables. Where no

such annotation is available,catel | t er ms such as o6unknown _ g
ounknown_domaindéd may be used, however once
group sequences together in families by similaritgse families may be represented as
hierarchical g r o u p swhicH cangpatentally cimplify dpensteedm t y p e
annotation. Without anything but the most basic antiSMASH annotation, given specific
clustering evoc makes it possible to organizapgonents in a labdtee manner,

meaning it should be possible to compare BG@satled by antiSMASH without

knowing anything else about these features.
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Table 2-1: Basic types loaded omype table creation.

type name description
none nothing
parent a parent
child a child
is_a a relationship
organism an organism
unidentified_mcroorganism an unknown organism
- (NCBITax 81726)
cluster a cluster
unknown_cluster an unknown cluster
gene a gene
unknown_gene an unknown gene
domain adomain
unknown_domain an unknown domain
molecule a product of a cluster

unknown_molecule

an unknavn molecule

Table 2-2: Basic relationships loaded during type_relationship table creation.

subject relationship  object
child IS_a parent
unidentified_microorganisn is_a organism
unknown_cluster is_a cluster
unknown_gene is_a gene
unknown_domain Is_a domain
unknown_molecule is_a molecule

A limitation of using a defined set of annotations to label the parts of a BGC
comes from the limited number of profile models available for annotation. Neither the
smCOGs nor the PFAMs used by antiSMASH are tbfally annotate every CDS in a
BGC. Theydo offer a finite set of possible families, which eases the creation of
probabilistic models such as ClusterFinder where the emission probability vector for the

BGC and nofBGC states has a fixed dimensi@imermancic et al., 2014WWe consider
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a BGC to be composed of a sequence of translated CDSs. The antiSMASH rules for

detecting a BGC uses profile matches to a small number of fixed domains characteristic

of each BGC tpe, therefore each CDS will be anaweid with 0, 1 or more of these basic
6aSDomaind types. We decomposed each CDS i
refer to as a gener al 6domainé, wusing the
andanyinterra 6aSDomaindé featdb®swi tFloraesiamgl e, 6
type annotated as a sabquence of its CDS will be decomposed into the following three
intervals: [cds_start, aSDomain_stdr}, [aSDomain_start, aSDomain_end], and
[aSDomain_end+1,cdse nd] . Onl y 6 d o emthsae detanwad.tThis non z e |
converts a BGC into a sequence of oO6domai ns

single CDS, or a subsequence of a CDS (F3).2

DN A+ % H HEHHB- B o = o g o R 0

DN A+ ] *BIGC bor det— HIHHE- ONEDFEEDEDDEEEE0E - H H B
—eeeee 1 % b —1%kbp

Figure 2-3: Composition and annotation of a BGC Proceedig in steps, first CDS are
predictedrom open reading frames (ORFs, grey). Each ORF is scanned to detect core
antiSMASH domains (aSDomains). The presence of these domains are compared with
detection rules to infer the type of BGC and core ORFs are lal§bllez). The furthest
upstream andalvnstream core ORF plus 15 kbp are used to define the cluster border.

This permits us to the use nearly all amino acid sequence information in a BGC
for comparison rather than just the subset that match the predefiadd 8 smCOG
profiles included in sindard antiSMASH annotation. This also prevents us from

assuminga priori, how many different possible &6doma

BGCs.
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Measures of Strainrwise and BGCGwise Similarity

The postprocessing &aiSMASH annotation ofi2 streptothgin producers
motivates a technique for evaluationtleéir biosynthetic potentiaCulp and Yimet al
showed these straing have the capacity to produce a wide variety of specialized
metabolites that rarely overlapiotentity (Culp et al., 2019)see Appendid). After each
BGC in each genome i s dec o mptleesedanainsare o or de
subjected to a cluster analysis using the greetlyst algorithm implemented in usearch
(see met hods) . Each o6domaindé will bel ong t
described as clusters, but for clarity we use the term family to distinguish behesen t
clusters of 0domai gwodsistaafahe @ @desmembers whichis f a mi
represented by a centroid member, that is, a representative member of the entire sequence
family such that every other f dantylbebds cent
the clustering threshold, while ery family member has a measure of similarity to the
family centroid above the clustering thresh(igar, 201Q)Once assigned into unique
families, 6domaindé types in the evoc sqglit
the type_relationship table. Each BGC may be represestadet of domain types, and
the Jaccard indexsalescribed by Lietal for comparing two BGCs is trivially
implemented using these domain gg&ia et al.,2006)

The union of the BGC domain sets from an entire genome may then be used as a
measure of the biosyhetic potential for that genome and compared in the same way as
for individual BGCs. This is shown for each of the streptothricin producers in4ig 2

Whencompared to the phylogeny of these producers, it becomes possible to see how
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clades close to eadither in the tree are more likely to share more of their biosynthetic
potential than clades more distantly related in the tree. Distantly related streptothric

producers appear to not share the majority of their biosynthetic potential.
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Figure 2-4: Pairwise genome vs. genome sum BGC distange42 streptothricin
producers. a The bacterial corgene phylogeny from Figure Rrepresented as a

circular cladogam. The streptothricin producing strains are indicated with numbers, as
well as their position ithe genusStreptomyceslades as organized by McDonald and
Currie.b TheJaccard index applied to the genemise union of BGC sequences in
streptothricin prducers shows that shared streptothricin production between all but the
closest neighbours on three does not predict other biosynthetic capacity.

When the MRCA distance of two leaves from the phylogeny are compared with
the genomeass-genome sum BGC Jeard distance, less than half of biosynthetic
potential is lost after two units on the tree. Aittively, 808 out of 922 or 87.6% of
species pairs share less than half biosynthetic potential in this set of organisms @Figure 2

5).
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Figure 2-5: Pairwise genome vs. genome sum BGC distance versus
phylogenetic distanceThe shared biosynthetic contdretween genome pairs rapidly
drops below 50% within 0.02 expected substitutions per site for strains with the
streptothricin BGC on the phylogeny depictedrigure 21.

In contrast, the Goodmalfruskalgindex provides a poor measure of generge
genome BGC similarity. Figure-@ shows the same comparison among strains using this
measure. This may be attributed to the representation of BGCs as they are predicted from
draft genomes, where incomplete cgatmay produce multiple partial BGC predictions
across two or more contigs which is likely to occur when genomes sequences are
produced using short read sequencing technology like lllumina MiSeq or HiSeq. This is
known to occur for large and/or highly régige cluster types, like neribosomal
polypeptide synthase and polyketide synthase type BGCs, which require additional

techniques to reconstru@¥leleshko et al., 2019The implementation dfin et al was

intended to compare two protesequences consisting of a series of domgiimset al.,
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2006) but protein sequences anérinsically ordered from Merminus to Germinus, so
ordered pairs of domains derived frontlswa protein are meaningful. Two BGCs may be
equivalent even though their component genes and domains derived from these gene
sequences may occur in a rearrahgeder. Similarly, two draft genome assemblies may
be equivalent even if they possess randaehersecomplemented contig sequences,
however the GKgindex applied to the evearocessed BGC annotations from these
genomes will produce scores randomly mplikd by-1 or 1 depending on the relative

orientation of each BGC sequences.
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Figure 2-6: Pairwise genome vs genome BGC sum Goodmd#ttuskal gamma index.
Unlike the Jaccard index, this measure relies on pairs of domains that may be randomly
in theforward or reverse orientation due to orientation of sequences in the genome
assembly. For genomésat share less overall BGC content, it is not informative about
the genome in general if that shared fraction lies in the same orientation or not.

The repesentation of BGCs used by evoc bins different components by sequence
similarity into families. Inthe BGC vs BGC case, an ordered sequence of domains for
each BGC is converted into a set, which is an unordered datatype in Python. The Jaccard

indexinasese compares the capacity of these
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sequencesd tploduttioneanespective satutallpmduct and is more robust to

the types of draft sequences used here than thgiGdex.
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DISCUSSION

High throughput micrbial sequencing has enabled even small laboratories to
quickly produce many complete and draft genomes, often with the purpose of studying a
specific set of genes relating to a particular function. It is undsuahnotation in public
databases to achiethe same level of accuracy for these sequences that a lab with
specific expertise can produce, however lack of significant bioinformatics resources can
result in the use aid hocand unreproducible methods.r8adsheets and unorganized
computer files usd to represent this expertise goes against ideal practices, and makes it

difficult to share back to the communitylao et al., 2016)

Evoc is a package of commatide tools that aids the organization, annotation
and phylogenomic analysis of conserved genomic regions. Starting with a preliminary set
of records in common forats, evocanhelp users perform iterations of extracting,
organizing, phylogenetic analysis, vifimation and annotation. evoc can potentially help
subjectmatter experts to rapidly curate minimally annotated sequencessimmgla file
suitable for dowstream applications such as biochemical investigation, ontology

building and phylogenomics.

Thesubdivisionof protein sequencesto smaller finegrainedcomponents
naturallydefines a hierarchy of familieBy using sequence similarity and length of
alignment as the clustering metric iteispecedthat domains will be organized into
alignable familes.These families, aided by the way they are stored by evoc, can be

quickly converted tonultiple sequence alignmentor downstream analysishe
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structureof these clusters is used to produce a loose hieraggleyn without manual

curation,which may beconsidered as mdimentaryontology.

The clustered domain family alignments may be inspected as part of a larger
curation effort, to be used by subject experts to iteratively refine the domain boundaries
to produce more biologically relevant subdivisiah< DS sequences. This can be used
to rapidly investigate CDS sequences that may be composed of previously unrecognized
functional domaingStogios et al., 2016; Truman et al., 200%ditionally, the family
alignments may be used to quickly produce profile models for additional searching to
obtain newsequences, contributing to the iterative building of a larger, more accurate,

dataset.

Annotations of the o6domaind families ma
records to rapidly classify and organize th
annotating the individual members of each cluster, representative sequences may be used
to easily annotate the family as a whole. Thay beespecially useful wheonly few

members of the family have been biochemically characterized.

Refined highg u a Idiotm@a in 6 al i gnment s may be used
trees that represent the evolution of the
phylogenetic recatiliation, or supertree phylogenetic methads be used to study the
evolution ofthese corponenttrees( J a c o x , Chauve, Sz°Il | Rsi, Po
2016; Stolzer, Siewert, Lai, Xu, & Durand, 2015) Ev e n  a {evel, thaditiodlg e n e 6

phylogenetic techniques cannot easily be applied to ftlaitiain CDS sequences like
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large norribosomal polypeptide magynthases because each functional domain in these
proteins might have a different histdilage & Charleston, 1997)he hstory of an

entire cluster of genes, and of the mdibimain gene, might include duplication,

horizontal transfer and loss events &t only be identified by studying the evolution of
thealignedsubsequences of these objects. Bvecframework isdesgnedtowards

organizing and facilitating this type of analysis.

The structure of thg/pe and type_relationship tabhteespecially useful for rapid
ontology development. A user can view the alignments and phylogenetic trees produced
by these tools and gpkly determine if the structure of tmedimentaryontology agrees
with the sequence annotations, and correct ariaogadr the structurgvhen there is
disagreemenBy providing rapid turnaround and directly linkinggequencelata, an
ontology that isised to organize and classify sequences can become a living document
that reflects ugio-date understanding of a aattion of sequences, as has been

successfully used elsewhdMcArthur et al., 2013)

The appliation to streptothricin production Btreptomyceslustrates other uses of evoc.
Blind extract screening, relying on large numbers of strains, has been thernediti

source for natural product discovery. Substantial genetic capacity for natural product
biosynthesis has been documented for several industrially important Genera of bacteria
(Doroghazi et al., 2014) argedatabases of genome and predicted BGC sequences are
now easily and routinely constructed, arekd to be rationalized against the phenomena

of rediscovery of common natural products in these screens. Effective measures of strain

vs strain biosynthetic pential are needed, as well as methods for performing BGC vs
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BGC searches that can leverage ¢hatsains and sequence collections. This knowledge
directly translates into greatenderstanding of how BGC diversity is distributed among
bacteria The evaluabn of BGC potential and phylogenetic analysis provides a strong
rational motivation for invegjating the antimicrobial extracts of streptothricin CRISPR
inactivated strains that would otherwise be discarded in a traditional screening approach

(Brown & Wright, 2016)
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CHAPTER THREE : Phylogenetic reconciliation reveals the natural history of

glycopeptide antibiotic biosynthesis and resistance
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ABSTRACT

Glycopeptide antibiotics are produced by Actinobacténiaugh biosynthetic gene

clusters that include genes supporting their regulation, synthesis, export, and resistance.
Thechemical and biosynthetic diversity of glycopeptides are the product of an intricate
evolutionary history. Extracting this history fragpenome sequences is difficult since
conservation of the individual components of these gene clusters is variableland eac
component can have a different trajectory. We show that glycopeptide biosynthesis and
resistance maps to approximately 48D million years ago in Actinobacteria.

Phylogenetic reconciliation reveals that the precursors of glycopeptide biosynthesis are
far older than other components implying that these clusters arose frorexaspirey

pool of genes. We find that resistance appeanateenporaneously with biosynthetic

genes, raising the possibility that the mechanism of action of glycopeptides wasra dri

of diversification in these gene clusters. Our results put antibiotic biosynthesis and
resistance into an evolutionary context aad guide future discovery of compounds
possessing new mechanisms of action. Furthermore, this work emphasizes theessique
of antibiotics as ancient natural wonders, coevolved with resistance, that are imperiled by

human activity.
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INTRODUCTION

The avdability of microbial genome sequences is transforming the study of antibiotic
biosynthesis and resistance, informatioat can be leveraged both in understanding and
predicting resistance emergence and in the discovery of new antilfioticsan et al.,
2014) Various informatic tool¢Skinnider et al., 2017; Weber et al., 20i&ilitate the
mining and discovery of biosynthetic gene clusters (BGCs), the sets of games fr
genome sequences that encode all the necessary elements for produnatarab
products, including antibiotics. Only a few studies have explored BGCsasbaed
units(CruzMorales et al., 2016Here we dcus on the BGCs that encode the
glycopeptide antibiotic (GPA) class to demonstrate the utility of a phylogenetic
reconciliation approach in understanding the origins and eenlaof these units and their

products.
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Figure 3-1: GPAs, BGC evolution andprecursor biosynthesisa Structure of

vancomycin and teicoplanin A2 b BGC components are a pool of sequences derived

from various aspects of host biology. Different combinations of these components make

up various BGCs like BGC A. Whole or partial BG@sginating outside the host, such

as BGC B, can be acquired via horitriransfer events and become part of the host
repertoire |ike BGC B6. The host repertoir
duplication, HGT, loss, mutation and recombiaati t hat can | ecad t o BG!
GPA Precursor biosynthetic pathwayghile HPG originates from the shikimate

pathway, DPG is synthesized from malonyastzyme A units. The final reaction in both
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HPG and DPG biosynthesis shares a common aminotrarestenésh regenerates an
intermediate precursor for more HPG biosynthéldme starting substrate for
vancosamine biosynthesis is a thymidine diphosphate (TDP) activated glucose. The
specific combination of enzymes present in each BGC result in differepredualcts

like the two epimers of vancosamine depicted. DAHRBS]leoxyarabinoheptulosonate
7-phosphate synthase, CMchorismate mutase.

GPAs such as vancomycin and teicoplanin (the two archetypal peptide scaffolds of this
class) (Figre3-1a, Supplemeary Figure3-1) are WHO essential medicines, used for

the treatment ofnfections caused by Grapositive bacteria. By leveraging the sequence
and chemical diversity of GPA biosynthesis we plot a natural history that reveals the
logic of GPA BGC assemblgver time. As a general principle, the assembly of BGCs
includes the cappting or divergent evolution of genes required for the production of
precursor components (amino acids, degiAs, sugars, etc.), scaffold assembly (e.g.
peptide or polyketide synthades), tailoring enzymes (halogenation, glycosylation,
acylation, etc.)transport, regulation, and resistance in the case of antibiotiag€Big

1b). The importance of GPAs, the number of GPA BGC sequences, and the association
between clinical and endnmental resistance through a common mechanism of bacterial
cell wall bicsynthesigMarshall, Broadhead, Leskiw, & Wright, 199Mpke these

antibiotics an excellent model for evolutionary studies.

GPAs share sevalrnotable features beginning with a admosomally gnthesized
peptide scaffoldNicolaou, Boddy, Brase, & Winssinger, 19983sembled via nen
ribosomal peptide synthetases (NRPSs). These NRPSs incorporate the constituent
standard (Asn, Leu) and nqmoteinogenic amim (dihydroxyphenylglycine (DPG),
hydroxyphenylglycindHPG), andb-hydroxytyrosine (BHT)) in a modular assenmttlye

fashion. The genes required to synthesize these amino(&ties, Tseng, Hubbard, &
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Walsh, 2001 pand the specialized aminosugars are also present in BGQsg8g)c).

During synthesis, peptide scaffolds undergo inmti@ecular cyclization by oxidative
crosslinking and are further modified during cafter reease from the NRPS machinery

by enzymatic tailoring reactions including,ND-, and CGmethylation, acylation,
glycosylation, sulfation, and halogenation all encoded by clustered genes (Supplementary
Figure 3-2) (Yim, Thaker, Koteva, & Wright, 2014)Lastly, genes responsible for GPA
resistance along with regulatory and export mechanisms are reffiiad, Frasch,

Kulik, Wohlleben, & Stegmann, 2016; Lo Grasso et al., 200bdh few exceptions,

these features are not universally conserved in all GPA BGCs, making their roles in the
origin and evolution of GPAs challeimg to interpret in isolation, but a natural history of
GPAs can be reconstructed through comparison of sev&@kBSince the components

of BCGs are not universally conserved across producers (which leads to chemical
diversity in the class), the homologslationships between duplicated components are not
obvious and obtaining robust estimates of rate parametegadb of these sequences is
difficult. We compare the phylogeny of each gene or domain component separately with
a dated species tree usinganciliation to identify milestones in the evolution of GPAs
(Supplementary Figre 3-3). Rather than an ancestratonstruction, using this species

tree, we can infer which nodes representing taxonomy and time were most important

during the evolution of BAs(Chevrette & Currie, 2018)
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METHODS

Growth of organisms, DNA sequencing and assembly

Strains from our irhouse ollection were grown in Tryptone Soy Broth (BD Biosciences,
TSB) for 3 to 7 days at 30°C shaking at 250 RPM. For short read sequencingdpellete
cells resuspended in 180 mM monobasic sodium phosphate, pH 8, with GES (0.51 M
guanidine thiocyanate, 10 mM EBT 3.4 mM N-lauroyl sarcosine) were subjected to
mechanical lysis with 0.1 mm glass beads followed by treatment with lysozyme (5
mg/mL) and RNae A (0.1 mg/mL) at 37°C for 1 hour. A second enzymatic lysis was
performed by addition of 0.625% SDS, Proteindg@.5 mg/mL) and 0.3 M NaCl with
gentle mixing and incubation at 65°C. Cell lysate was pelleted by centrifugation, and the
supernatant remodeand extracted with an equal volume of freshly prepared 25:24:1
phenolchloroformisoamyl alcohol. Following cénfugation, the organic layer was
removed and combined with 200 uL of DNA binding buffer (Thermo Scientific) then
bound to GeneJET spin colus(irhermo Scientific). Bound samples were washed twice
with wash buffer (Thermo Scientific), dried, then DNA vedisted with warmed 10mM
TRIS-HCI buffer. For long read sequencing, high molecular weight DNA was extracted
from pelleted cells grown to milbg phase treated with lysozyme (30 mg/mL) followed

by lysis with Proteinase K (5 mg/mL) and 1% SDS. Cell lysateextiacted with
phenol/chloroform and DNA precipitated from the agueous phase using cold isopropanol
with 0.3 M sodium acetate, pH 5.2, avoiglishearing. DNA was washed with cold 70%
ethanol then resuspended in 10 mM THRISI (pH 8) and treated with RNAZe (0.1

mg/mL). The resulting DNA was again cleaned by isopropanol precipitation and
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dissolved in 10mM TrigdCl buffer. DNA was submitted foreguencing on the lllumina
platform at the McMaster Genomics Facility at the Farncombe Family Digestive Health
Research Institute at McMaster University (Hamilton, Ontario, Canada). Libraries were
constructed using either 250 bp or 300 bp paired end pistasing Nextera kits or 650
bp insert size selection TruSeqg kminbs accor
Inc.). High molecular weight DNA was submitted for PacBio sequencing at the @énom
Québec Innovation Center at McGill University (Montréauébec, Canada), and
sequenced on the Pacific BiosciencesIR8lumina data were quality filtered and

trimmed using skewer v0.2.2 using 25 and-Q 25 quality filters, Nextera adapter
sequences were used for trimming using-theption on Nextergrepared libraries,

while nonNextera prepared samples were trimmed using the default lllumina universal
adapter squencegliang et al., 2014)rhese trimmed and filtered read pairs were then
overlapped and merged ugiRLASH v1.2.11 using default parameters prior to assembly
(Magoc & Salzberg, 2011)llumina reads were assersdlusing SPAdes v3.10.0 using
default parameter@ankevich et al., 20)2PacBio data were assembled at Gémom
Québec using the HGAPIpeline(Chin et al., 2013)Where available, short read data
were downloaded from the SRA and reassembled using this assembly protocol to help
complete BGCs that were incomplete in the piplavailable genome assemblies. The

source of all sequences used in this study are list&dpplementary Tabz 1.

Selection of BGCs
Strain descriptions and BGC accessions are included in Supplementarg-Taflee

BGCs of known glycopeptides andatd molecules reported in the literature were
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collected from public databases (31 BGCg@ementary Tabl8-1). BLASTp searches
were conducted using GPA BGC fingerprint sequefitbaker et al., @13)as queris to
identify suspected producers having hits of 85% length to at least three of the query
sequencefAltschul et al., 1997]18 BGCs) Where available, whole genome sequences
for known or predited GPA producers not in our strain collection were downloaded from
Genbank, otherwise genome sequences were produced aBetkfar strains from our
strain collection (22 BGCs). In total, 56 of the 71 strains harbouring alR@ABGC had

a genome se@mce available for phylogenetic analysis.

Annotation of BGCs and ORF sequences

The antiSMASH software consists of a pipelinexgsidden Markov models (HMMs)

and BGGspecific rules to identify regions of a genome sequence that are likely to encode

the praluction of a natural product of an expected type. Since many of the known GPA

BGCs were first identified long before antiSMASHs available, detection of BGCs

was performed using antiSMASH v4.2.0, for both identification of BGCs from newly

available sequees and consistent firpass annotation of known BG(®Iin, Wolf, et

al., 2017) Genome sequences lacking opeading frame predictions were run through

Prodigal v2.6.2 (part of the antiSMASH pipeline) usinfpd# parametergHyatt et al.,

2010). Amino acid sequences for all ORFs in the set of predicted biosynthetic clusters

were divided into two sets based on the features present in the AStS@enbank

format output; those that were predicted b
featuret ype and those that did not. The 6aSDom

antiSMASH specific HMMs that are used to predict the BGC type. Since tt@sains
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are frequently found as part of medtbmain megasynthase proteins, the sequences of
thesedomains were separately extracted and organized hierarchically by type (as
identified by antiSMASH, according to the HMM that identified each domain), along

with the amino acid sequences between these identified domains. Whole ORFs were then
further binnednto families using the cluster_fast option implemented in usearch v8.1

with 65% identity and minimum 70% query coverage cut(ifsgar, 201Q)To generate
consistent annotations for each sequence family, the centroid sequenceafa centr
representative sequence, as defined and output by usearch) of each family was manually
annotatedising BLAST hits to the nr database at NCBI. The annotation of this centroid
sequence was then used to label the entire family. This process ensuredhtiatds
consisted of sequences that were more alike each other than they were to sequences in
anyother family, that these sequences have consistent labels, and ensured that sequences
from GPA BGCs were more similar to the other BGC sequences than éneyonother

sequences in the public database.

Construction of species trees

Two approaches were ubt construct a species level phylogeny for the strains
considered in this work. 16S ribosomal DNA sequences were obtained, where available,
for known GPAproducers from NCBI (Supplementary TaBt&). For organisms with
available genome sequences, ribnabDNA sequences were extracted using rnammer
vl.2(Lagesen et al., 200.7)hese 16S sequences were aligned using the aligner tool at
the ribosomal database proj¢Coble et al., 2014)These alignmentsere subjected to

phylogenetic analysis using GTR model with default rate categoriegpsmented by
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fasttree2 (Supplementary kige 3-4). FollowingMcDonald and Currie (201/)he set of
HMMs included in TlI GRFAM (release 15.0) 0b
0799, a set ajjenes expected to be present in a single copy in every bagar@ahe

(Selengut et al., 200Thttp://genomeproperties.jcvi.org/cgi

bin/GenomePropDefinition.cgi?prop_acc=GenProp)v8Feused b analyze the

available genome sequences used in this study, using trusted cutoffisHonedel.

Amino acid sequences were extracted and aligned for each TIGRFAM using HMMER
3.1b2(Eddy, 2011)Missing sequences were replaced with gap symbols, any missing
families, if presentwere replaced with a single column of gaps, and finally each
TIGRFAM alignment was caratenated into an overall alignment. The final alignment
was used for phylogenetic analysis using fasttree2 v2.1.8 using the WAG substitution
model with the default nuber of rate categories for preliminary comparison with the
16S tregPrice et al., 2010)We compared the topology of the 16S tree and the
TIGRFAM coregenome trees using normalized Robinsaulds difference

(implemented in ete@HuertaCepas, Serra, & Bork, 200)&nd found they wersimilar,

and proceeded with the amino acid sequences for the rest of the analysis.

The concatenated TIGRFAM core genome sequence alignment was analyzed using
BEAST v1.84 and libhmsbeagle on a NVIDIA GTX 1080 Ti GPU using the WAG
substiution model, and #ier relaxed uncorrelated lognormal distributed or strict clock
priors, and either a constasize population coalescent or a bidéath tree prior over-2
runs for 50 to 250 million generations each depending on model comlexigs et al.,

2012; Drummond & Rambaut, 200)p to 60% of each MCMC run was discarded as
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burnin when assessed with Tracer before results were combimegdlagcombiner and
treeannotator in the BEAST package to generate the maxinaata ctedibility (MCC)
trees, retaining mean node heights, for each combination of priors. The priors for the age
of the root of the BEAST trees and most recent common an¢bdREA) nodes for
Proteobacteria, Terrabacteria and Actinobacteria were catibaataniform distributions
bounded by previously published estimates for comparison with splits older than
ancestors the GPA BGC harboring organi¢Bettistuzzi, Feijao, & Hedges, 2004;
McDonald & Currie, 2017)Specifically, the tree root was uniformly distributed from
35004000 MA. The MRCA of. coliandSalmonellauniformly distributed from 5176
Ma, initial value 102 Ma. The MRCA of the Terraiberia B. subitilisand
Actinobacteria) uniformly distributed fro 27343434 Ma, initial value 3051 Ma. The
MRCA of Actinobacteria uniformly distributed from 258076 Ma, initial 2734 Ma.
The oldest nodes in the species tree have the longest brancleesiseguently the

largest uncertainty in the ages of the majootepmic groups of GPA producers.

Dated species trees using different clock models and tree priors agreed well with each
other (Supplementary TabB82). Topologies produced by the strictakausing either

tree prior were identical. Small differences ipatogy, particularly within
Amycolatopsisbetween the strict and relaxed clock models, and between the two tree
priors used with a relaxed clock in BEAST, produced a maximum normalizedgeaobi
Foulds distance of 0.09 as computed by ete3 and a maximtanadif 11.62 using the
KendallColijn metric as implemented in the R package treesfiaeenmond &

Rambaut, 2007; HueH@epas et al., 2016; Jombdfendall, AlimagreGarcia, & Colijn,
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2017)(Supplementary Figre 3-5, 3-6, Supplementary Tab®3, 3-4). The eight genera
represented in these trees are organized into four groups by Family and Order in
ActinobacteriaAmycolatopsisndMicromonosporgFamily Micromonosporaceae),
KibdellosporangiumandAmycolatopsigFamily Pseudonocardiacea@)tinomadua,
NonomuraeandHerbidospora(Order Streptosporangiales), and finadyeptomyces
(Family Streptomycetaceae). All species trees displayed high interior node support
values, providing consistent and robust topolsde further analysis of the individu

cluster components.

Construction of domain/gene trees and obtaining BG@elated sequences

Phylogenetic trees were constructed for each domain/gene family with at least three
sequences (since rooted trees with tweearer members are trivial), alignedthv

MUSCLE, inspected manually for presence of gaps and misalignment, then analyzed
with fasttree2 to produce unrooted phylogenetic trees using the WAG model suitable for
phylogenetic reconciliatiofEdgar, 2004)We also performed the reawlation of inter
domain sequences lnycluding the sequence between the functional domains in NRPS
sequences (i.e. the Condensatfatenylation linker domain as reported elsewhere

(Bozhuyuk et al., 2018; Bozhuyw al., 2019)

Phylogenetic reconciliation

Reconciliations take the form of a mapping between gene/domain tree nodes, labelled
with one of several events, and species tree nodes. Given a set of event costs, an optimal
reconciliation under the parsamy ciiterion is the one with minimal cost. Typically,

multiple optimal reconciliations share a minimal cost therefore support for an event can
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be computed as the fraction of reconciliations with the same event mapping among the

set of optimal reconciliabns. Using a dated species tree, estimates can be made for

various features of GPA biosynthesis represented by the domain trees. We chose to use

the node numbers from the relaxed clock, bit#fath prior tree for comparison in this
work and used the mosbrsenative node age intervals for the analysis. Time estimates
for the major events in GPA evolution were produced by summarizing the most
parsimonious (MP) reconciliations of the domain family trees against thectilieated
species tree using ecceTERA .24 including the estimation of MPR root positions,
using the following sets of DTL (u, U,
without (A0O, B0OO) and with (A10, B10) transfers to/from a dead lineage, or the Pareto
optimal strategies £ COland 3 = C03 as previously publish@acox et al., 2016;
LibeskindHadas, Wu, Bansal, & Kellis, 2014; To, Jacox, Ranwez, & Scornavacca,
2015) For each domain family, ¢hset of MP reconciliations were used toraate the
frequencyweighted time range for the corresponding events discussed in the text. All

events and time estimates are included in Supplementary 3-able

Data Availability

All genome sequences produced for this study (22 organisms) are deppS&tBiank
under the BioProject accession PRINA472056. The source of every BGC is listed in
Supplementary Tabl@1. Dates for all nodes in all dated trees are provided in
Supplemerdry Table3-2. Input BGC sequences, 16S rRNA sequences, 16S rRNA
alignment,16S rRNA tree, concatenated TIGRFAM core genome sequence alignment,

all dated BEAST species trees, extracted gene/domain family sequences, annotated
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gene/domain families, gene/dom#amily alignments, gene/domain family trees and all
reconciliations (sabme A00, A10, BOO, B10, C01 and C03) are available at

http://qgithub.com/waglecn/GPA evolution

Code availability
Reconciliations were visualized by overlaying the reconciled nodes of each gene tree to
the species tree using a custom Python script, available at

http://github.com/waglecn/GPA_evolution.
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RESULTS

GPA production is distributed in Actinobacteria

We sourcd 71 GPA BGC clusters consisting of previously published sequences (31
BGCs), and use@PA fingerprint sequencé$haker et al., 2013nd BLASTp followed
by antiSMASH(Weber et al., 2015software consisting of rules and sequence models
that detect regionsf genomes likely to be BGCs) to identify BGCs from Genbh@k
BGCs) and our #house collection (22 BGCs) (Methods, Supplementary Taf)e The
GPA BGCs studied here are derived from eight genera from the phylum Actinobacteria,
and we constructed mydte species phylogenies using available 16S rRNA sequences
(58 strains) and concatenated TIGRFAM singbpy bacterial core genome protein
sajuences (56 strains) (Methods, SupplementarnyrEigr4) (Selengut et al., 2007The
16S rRNA (fasttree2Price et al., 2010and core genomehglogeny under various
combinations of clock model and tree prior (implemented in BEABT)mmond &
Rambat, 2007)produced similar topologies as measured by normalized Robinson
Foulds distance (implemented in eféRiertaCepas et al., 201pand the KendalColijn
metric(Jonbart et al., 2017)Methods, Supplementary kige 3-5, 3-6, Supplementary
Table3-2, 3-3). A Bacillus subtilisand two proteobacteria genomes were used to
calibrate the clocks for these trees (Supplementary Badb)eand compason with
previously publibed dates for splits outside of the GPA producing organiBaisistuzzi

et al, 2004; McDonald & Currie, 2017We chose to use the relaxed clock, bd#ath
prior tree for reconciliation and present the mosiseowative node age intervals for the

analysis.

86



Ph.D. ThesisN. Waglechner; McMaster UniversiBiochemistry and Biomedical Sciences

25 Am. sp. MIM2482
27 Am. sp. MIM2482 b
53 Am. sp. WAC04197
06 Am. japonica MG417-CF17 a
40 Am. orientalis HCCB10007
51 Am. sp. WAC04169
07 Am. keratiniphila FH1893 b
09 Am. decaplanina DSM 44594 N e
55 Am. sp. WAC05977
08 Am. lurida NRRL 2430
52 Am. sp. WAC04182
46 Am. sp. WAC01416
44 Am. sp. WAC01375
45 Am. sp. WAC01376 d
04 Am. azurea DSM 43854 c
36 03 Am. alba DSM 44262
20 11 Am. regifaucium GY080
35 05 Am. balhimycina FH1893
14 Am. balhimycina DSM 5908
18 Kb.sp.NRRL 8098
26 Kb. sp. NRRL B-16535 c
39 Actp. sp. ATCC 53533

60 Actp. subtropicus NRRL B-24665 1
10 Actp. rectilineatus NRRL B-16090

69 Mc. chersina DSM 44151

43 St. sp. WAC01325

54 St. sp. WAC05379

61 St.sp.KS 5

70 St. sp. TLI 55

02 St. toyocaensis ATCC 15009

49 St. sp. WAC01438 A B c D E
29 St. sp. WAC04229

13 Actinobacterium sp. OK074
35 St. sp. NRRL S-1521

50 St. sp. WAC01529

32 st. silaceus NRRL B-24166
31 St. luteocolor NRBC 13826
47 St. sp. WAC01420

57 St. sp. WAC06725

59 St. sp. WAC06725

42 St. sp. WAC00631

93 82 64 St. sp. CNQ865

e 66 St. sp. CNY243

; 65 St. sp. CNT371

112 9% 0 63 St. sp. CNQ525

= 92 Iy 33 St. sp. CNQ509
%—_ N 58 St. sp. WAC06738

62 St. sp CNQ329

67 St. sp. TLI 053

71 No. sp ATCC 55076

01 No. geranzensis ATCC 39727
48 No. sp. WAC01424

28 No. coxensis DSM 45129

68 Hb. daliensis NRBC 106372
56 Actm. sp. WAC06369

12 Actm. rifamycini DSM43936
X1 B. subtilis 168

FEES —— X2 E. coli MG1655

X3 S. enterica serovar typhimurium LT2

WAG + strict + BD
WAG + strict + coal 5
B WAG + urc + BD

B WAG + urc + coal o e

37

3
PSEUDONOCARDI ACEAE

48

IS
MI CROS

63

51
53
58
60
71
66
110 7 70

77 69

79 76

STREPTOMYCE TACE AE

109

>
STREPTOSP

L 1 1 1 l 1 1 1 ]
4000 3500 3000 2500 2000 1500 1000 500 0
Millions of years

Figure 3-2: Species phylogeny and reconciliatiora GPA-producing species

phylogeny. The topology and node heights as drawn come from the tree using a birth
death tree prior and the lawprmally distributeduncorrelated relaxed clock implemented

in BEAST. Node numbers are used throughout the manuscript to refer to time and place
in this phylogeny. Overlaid on each node are the 95% highest posterior distribution
(HPD) values for the median height of each camafje node from the trees computed

using other models. WAG WAG substitution model, striét strict molecular clock, BD

T birth-death tree prior, urc log-normal distributed uncorrelated relaxed clock, ¢oal

fixed population size coalescent tree priéerus abbreviationsAm.i Amycolatopsis

Kb.1 KibdellosporangiumMicros.i Micromonosporacead&ctp.i Actinoplanes; Mci
MicromonosporaSt.i StreptomycesStreptosp- Streptosporangialedlo. i

NonomuraeaHb. i Herbidospora Actm.i ActinomaduraNote that nodes in this tree

only refer to the ancestor of the GPA BGC strains included here wh ich are not the
ancestors of the entire group of taxa of which these strains are a subset. We use the
combined largest interval of the @bhighest posterior siribution (HPD) of species

nodes defining a branch as an estimate for the uncertainty when mapping an event to that
branch (Supplementary Tal8e5). b An unrootedcartoon gene tree depicting five genes
using lower case nhameseac A cartoon species trakepicting five species using upper
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case labels A. d A cartoon showing the gene tree fronmdgonciled to species tree C
showing inferred position of the root (solid circle), a loss event (open circle) in the
ancestor leading to spies A and B, and a hiaontal gene transfer event (dashed line)
from the branching leading to species E to the ancestor of species A and B. This is one
possible reconciliation of these trees. If the interior nodes of this cartoon species tree
were datedthen the inferred evésin the mapped gene tree can be dated.

The diversity of their produc{€imermancic et al., 2014jirrors the evolutionary

complexity ofBGCs. Domains evolve within genes, genes evolve within BGCs, and

BGCs evdve within the genomes of producers. In our analysis, the simplest type of
biosynthetic unit is that of a protein domain. For single domain proteins the domain tree

is equivalent totte gene tree but for higher levels of organization (multiple domains in a
gene, e.g. NRPSs; multiple genes in a BGC, e.g., cytochrome P450s) evolutionary history
encompasses more than molecular sequence evolution and may not be adequately
represented bydes at all. For the sake of clarity, we refer to the trees of siloglian

proteins along with the trees using domains from radtnain protein as domain trees

and eschew the explicit construction of BGCs trees entirely. We used a clustering
procedure tgather each of these domain sequences into families to generate annotati
alignment, and phyl ogenetic trees (see Met
we refer to clustered biosynthetic genes as BGCs and clusters of aligned domain
sequenceas families. To construct a model of GPA evolution we compare the set of
domain family trees to the dated species phylogeny using reconcili@owdman,

Moore, RomereHerrera, & Matsuda, 19794 technique that recognizes phylogeny of

one set of sequences caffatifrom another for reasons other than speciation and vertical

inheritance(LibeskindHadas et al., 2014; Stolzer et al., 2Q018¢ntifying well
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supported speciation, duplication, transfer and loss events during the evolution of the
GPA BGCs using ecceTERA v1.2dacox et al., 2014Jigure 3-2b, c, d). Dates of
mapped events are presented as millions of years ago (Ma) basedliam node ages

within the species tree.

GPA biosynthesis is accomplished by atdst 90 component families

The clustering procedure employed on the protein sequences of the entire set of GPA
BGCs was limited by two factors. First, because some clustespredictedle novo
antiSMASH analysis, their borders may be inaccurate eitluarise of the arbitrary

limits of a window of 15kbp upand downstream of an identified core biosynthetic
domain, or because of the presence of a sequence gap from thatioigogenome

assembly of the source organism. The danger of the first probleat setijuences that

are norbiosynthetic may become inadvertently grouped with the BGC sequences, while
the danger of the latter is that sequences may be missed. Sincedtnectiom of a

rooted phylogenetic tree requires at least three leaf sequeniesstdhree copies of a

false positive sequence must be included at the border of a BGC in order to affect
downstream analysis, which might be expected to occur if a setatéd organisms all

have a GPA BGC at the same chromosomal locus. This hasext,cdemonstrated by

the work ofAdamek et al. (2018howing thalAmycolatopsifiave several common loci
occupied GPA BGCs. Rassenbly was used for stins with available read data to

improve the contiguity of genome sequences and reduce the number of gaps and identify
whole genome BGC sequencesHKabodellosporangiunsp. NRRL B16545,

Streptomyces luteocoltNRBC 13826 Streptomycesp. CNQ329Streptanycessp.
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CNQ-525, Streptomycesp. CNQ826Streptomycesp. CNT371Streptomycesp.
CNY243,HerbidosporadaliensisNRBC 106372Micromonosporachersina

DSM44151, and@treptomycesp. TLI_55 (Supplementary Tablel3.

A total of 91 fanilies were producebly the sequence clustering procedure. They are
summarized in Table-B. 8 families were rejected because they either had too few
members for phylogenetic analysis and reconciliation, because they were found in strains
missing from the ecies tree, or beaae manual curation of the sequences and alignment
suggested they were not involved in GPA biosynthdsis.remainder of this chapter will
consist of analysis of reconciliation data of these families and discussion of where they fit

into overall GPA BGC wolution.
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Table 3-1: Component Families Involved in GPA Biosynthesis.

Class Family Name Description gtg(;uences Reason for exclusion
DAHPS_| deoxy-6-arabinehexulosonate phosphate synthase | 63
DAHPS_II deoxy-6-arabno-hexulosonate phosphate synthase I 25
CM_I chorismate mutase | 27
CM_II chorismate mutase |l 123
pdh prephenate dehydrogenase 130
HmaS hydroxymandelate synthase 64
Hmo hydroxymandelate oxidase 64
HpgT 4-hydroxy phenylglycine amino tressferase 67
DpgA 3,5dihydroxy phenylglycine biosynthesis 57
DpgB 3,5dihydroxy phenylglycine biosynthesis 57
DpgC 3,5-dihydroxy phenylglycine biosynthesis 58
Precursors DpgD 3,5dihydroxy phenylglycine biosynthesis 43
OxyD b-OH tyrosine monooxygenase 26
Bhp PCRboundb-OH tyrosine hydrolase 27
BpsD minimal tyrosine loading NRPS 27
evaA NDP-4-oxo-6-deoxy-glucose 3dehydratase 26
evaB NDP-3,4-dioxo-2,6-dideoxy glucose 4ransaminase 25
evaC NDP-3-amino2,3,6trideoxy glucose 3nethyltransérase 12
evaD NDP-3-amino2,3,6trideoxy 3methyl glucose @pimerase 25
4KR NDP-aminosugar ketoreductase 20
G1PTtf hexose Iphosphate thymidyltransferase 4 I’: gf%(;r;%rzscseiquences with gen
bOHase amino acidb-hydroxylase 7
46DH NDP-sugar 4,6 dehydratase 4 I’:le (;fgseenqoun;ﬁcseesquences with gent
Adomain NRPS amino acid adenylation 664
Condensation NRPS condensation 561
Epimerization NRPSepimerization 253
PCP peptidyl carrier protein 648
Thioesterase scaffdd peptide release 78
Xdomain Recruits P450s for crosslinking 61
NtermCOM NRPS interaction 134
NRPS
CtermCOM NRPS interaction 53
AMTFill between A and MT domains 6
APCPFIll between A and PCP domains 633
ATEFill between A and TE domains 19
CondAFill between C and A domains 544
CondPCPFill between C and PCP domains 4 Il:lsgfg:enqoumeﬁcseesquences with gen
ECondFill between E and C domains 147
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ECtermCOMFill between E and @rm COM domains 47
MT Methyltransferase 10
MTPCPFil between MT and PCP domains 6
PCPCondFill between PCP and C domains 203
PCPEFill between PCP and E domains 251
PCPTEFill between PCP and TE domains 9
PCPXEFill between PCP and X domains 61
XAFill between X and A domains 20
XTEFill betweenA and TE domains 40
MbtH NRPS accessory protein 70
Hal halogenase 50
deacetylase N-acetyl glucosamine deacetylase 32
hyd_Acyiltfl hydrolase/acyltransferase | 13
hyd_Acyltfll hydrolase/acyltransferase Il 9
P450 P450 monoxygenaseifscaffold crosslinking 214
gtfl glycosyltransferase | 107
gtfll glycosyltransferase Il 8
mbgtfl membranebound glycosytransferase | 28
Tailoring mbgtfll membranebound glycosyl transferase I 7
stf sulfotransferase 12
mitfl methyltransferase | 14
mitfll methyltransferase I 3
mtflll methyltransferase 111 3 I’: gfg:enqourzﬁcseiquences with gen
mtflV methyltransferase 1V 4
omitfl O-methyltransferase | 11
omtfll O-methyltransferase I 3
omtflll-IV O-methyltransferase Il and/I 3
nmtf N-mehtyltransferase 16
ABC-ATP ABC transporter ATPase component 118
ABC-perm ABC transporter permease 21
ABC-sol ABC transporter solute binding 8
cat_antiporter cation antiporter 40
catAcSymporter| cation/acetate symporter | 7
catAcSymporterll cation/acetate symporter Il 6
Other
Al23trans Al-23 transporter 6
Not a coherent family, no
MFS MFS family transporter 21 Tgi\:;deuniLzlfst’oJ;ie&T;?gg i'evéittr;
GPA BGCs
abhyd a,b hydrolase family 49
ferredoxin P450 accessory 22
vanH D-lactate dehydrogenase 31
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vanA D-ala-D-lac ligase 28

vanX D-ala-D-ala carboxypeptidase 29

vanY D,D carboxypeptidase 5

PGblI peptidoglycan binding protein | 14

PGblI petgidoglycan binding protein Il 7

PgBIII peptidaylcan binding protein IlI 4

MurE ll;/étgslieuDP-N-acetylmuramoytrlpeptlde DalanylD-alanine 1
MurG UDP:-N-acetylglucosamindl-acetylmuramy

MurG (pentapeptide) pyrophosphoiyhdecaprenol N 2 Not enoughsequences
acetylglucosamine transferase

FemAB VanJllike peptidoglycarbiosynthesis protein 4

DDcarboxypeptidase cell wall D,D-carboxypeptidase 8

. ) Lo No genome sequences with gent

DalaDalaligase Cell wall D-alanytD-alanine ligase 5 leaf sequences

StrR StrRlike regulator 62

RespReg Response regulator, parttefo-component regulator system 62

HisK family | Sensor histidine kinase |, part of tgomponent regulator 55
system

HisK family 1 Sensor histidine kinase Il, part of teomponent regulator 4 No genome sagences with gene
system leaf sequences

GPA precursor biosynthesis is over 1 billion years old

The precursor amino acids HPG, DPG, and BHT share common aromatic amino acid
biosynthetic pathways including the enzymede®xy-D-arabinoheptulosonate 7

phosphate syhase (DAHPS) and chiemate mutase (CM). Two types of DAHPS and
CM, as well as a single type of prephenate dehydrogenase (Pdh), are found among GPA
BGCs, and additional copies of each are found elsewhere in these genome sequences.
Phylogenetic reconciltan hypothesizes thesenzymes are ancient, predating their
incorporation into GPA biosynthesis (Pdhode 112, 3401 Ma; DAHPS | and CM Il

node 110, 2537 Ma) summarized in lHig3-3a. The most recent common ancestor
(MRCA) of the DAHPS type | in GPA BGELmaps to the root émycolatopsignode

40, 703 Ma), while the MRCA of DAHPS type Il found in GPA BGCs maps to the root
of Streptomycefode 77, 503 Ma). The BGC copies of both types of CM could not be

dated since they are primarily found in organisatcking sequenced genes1 These
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results suggest that additional copies of at least some of these enzymes were captured in
ancestral GPA BGCs in a taxaspecific manner but do not suggest which version, if any,

is ancestral in GPA BGCs.
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Figure 3-3: GPA precursor biosynthesisreconciliation dates.a Dates of reconciled
nodes of GPA precursor biosynthesis genes versus the four dated species trees. HPD
colors for tree models follow Figure R Visualized reconciliation for thie-OH tyrosine
(BHT) biosynthesis. Root of the ancestr-hydroxylase from lipodepsipeptide and GPA
BGCs (green arrow) maps to the ancient node 110. The MRCA of thebGPA
hydroxylase that converts Tyr in the GPA scaffold to BHT is inferred to transfer from
Nonomuraean the branch leading to node 102Actinoplanegnode 45). The roots of

the trees representing the alternate pathway for generating BHT (blue 2Busid, red
arrowi OxyD, yellow arrowi Bph) map to early nodes Amycolatopsignodes 45 ath

36). KR sugar 4ketoreductase. Taxa abbreviati@ssin Figire 3-2.

The HPG biosynthetic enzymes are not always found in these BGCs, perhaps because
Pdh is not conserved and the function of the aminotransferase HpgT is not specific to
HPG synthesis. ie BGC pdh sequences are divided between those found in
Streptomyces (MR& node 93, 718 Ma) and those foundNonomuraeand
Amycolatopsi$MRCA node 104, 504 Ma). The BGC and genome copies are not strictly
monophyletic, suggesting that other rddastercopies or viceversa may replace BGC
genes. In som8treptomyceBGCs Hmais fused with HpgT. These sequences were split
in our construction of their respective trees but genome sequences for the BGCs
containing these fused genes are lacking thereforéethtisre cannot be dated. The

MRCA of both Hmo and HmasS suggest HPG bidkesis has ancient origins (node 110,

similar to DAHPS | and CM II).

In contrast, the Dpg genes are usually in an operon; however, DpgD is typically absent in
the StreptomyceBGCs and is noressential for DPG biosynthegiShen et al., 2001)

The reconciled roots of DpgB and DpgD also map to node 110, while thioBpgA

and DpgC map to node 109 (1913 Ma). The topology of the aramsferase HpgT tree

differs from the other HPG and DPG enzymes, its reconciliation to the relaxed clock trees
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suggest multiple transfers froBtreptomyce® other producers, with ¢hroot mapping to

the relatively recent node 71 with8treptomyceg318Ma).

Two distinct routes for BHT biosynthesis are known from tyrosine. In pathway 1,
tyrosine is activated and loaded onto a minimal NRPS BpsD where it is hydroxylated to
BHT by the 50 enzyme OxyD and then released by the Bhp hydrolaser¢Bid.c,
Supplementary Figre 3-7). In pathway 2, tyrosine is incorporated into the scaffold and
subsequently hydroxylated bybahydroxylasg(Stinchi et al., 2006)The adenylation
domain (Adomain) specificity for the GPA NRPS module 6 incorporating either Tyr or
BHT agrees with the observed genes in each BGC. A rdiatgdroxylase islao

predicted to be presein the ramoplanin (Supplementary kig3-1, 32) BGC as well

as in several other related lipodepsipeptide BGCs in whitslOB group is known or
predicted to participate in cyclization of the scaff@ttbertz, Hamburger, Gooden,
Bednar, & McCafferty, 2012)The root of the reconcildathydroxylase tree maps to
ancient nodes 16910, compared to the roots of the BpsD/OxyD/Bhp trees, which all
map near the root &mycolatopsignode 40, 703 Ma or node 36, 303 Ma), implying that
pathway 2 reflects the ancestral biosynthetic pathwayrstiée by some BGCs (Rige

3-3b).

GPAs are frquently tailored by aminosugars, glucose, arabinose, and mannose.
Aminosugar biosynthesis is initiated with an activated hexose and elaborated via a series
of Eva enzymegfChen et al., 200Q)Figure 3-1c). Phylogenetic roots of EvaA and EvaB

map to the MRCA oAmycolatopsig Actinoplanegnode 48, 1988 Ma) while the EvaC
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root is reconciled to node 32 withikmycolatopsi§140 Ma), EvaD is reconciled to node

45 within Actinoplaneg404 Ma), the root athe ketoreductase (KR) tree (EvaE or VcaE)

is reconciled to node 20 withlimycolatopsig68 Ma). The comparatively older roots for
EvaA and EvaB may reflect their pathway function leading to several related aminosugar
products, known among a wider setppbducing organismérhibodeaux, Meincon, &

Liu, 2008) In contrastthe GPAs with C3 methylated aminosugars appear to be an

innovation originating in or acquired Bymycolatopsi¢EvaC, Figire 3-3a).

The GPA scaffold is three to five hundred million years old

The GPA scaffold is a hepteptide where each amino acid incorgted by an NRPS
module is encoded on three or four ORFs found in each BGC. The multimodular
organization of NRPSs is a recognized source of chemical diversity in GPAs and other
natural productéMedema, Cimermancic, Sali, Takano, & Fischbach, 2(Rigure 3-

4a). An analysis of the adenylation-(Avhere amino acid recognition occurs) and
condensation (€ site of peptide synthesis) domain phylogenies reveals a MRCA with
high suport for each Adomain in the GPA NRPSs, rationalizing thet@at of amino

acids they are either known, or predicted, to activatau(Egr4b). Similarly, the €

domains responsible for amide bond formation between these amino acids in the GPA
family alsohave common ancestors in the domain tree. Together the#ts seggest

that the GPA scaffold has a single origin which can be dated in the species tree. Despite
sharing several general molecular features according to the classification of N&tolaou
al. (1999) the A and Gdomains encodindhe GPAlike compounds complestatin and

kistamicin (Nicolaou d@ssification type V) (Supplementary kg 3-1) scaffolds are not
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shared with GPA scaffolds (type$\M) indicating they evolved independently from the
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Figure 3-4: GPA scaffold A-domain phylogeny and reconciliation datesa Linear

peptide scaffolds of known and predicted in the GPA BGC family. Circles represent the
A-domains activating the amino acid in each position. Crosslinked residu¢®are s

with arcs. Abbreviations: gp152%he pedicted scaffold of the BGC fro®treptomyces

sp. WACO01529; gp673Bthe predicted scaffold of the BGC fraBtreptomycesp.
WAC06738.b GPA BGC Adomain phylogeny. Clades representing major divisions in
the saffolds are indicated. Colors for individuatdomains follow panel & Summary

dates of the reconciled roots for GPA BGEakhd Gdomains versus the four species

trees. HPD colors for phylogenetic models followur&3-2.

Reconciliationsf the MRCAs or these important nodes in theddmain treeshows that

modules 1, 2, 3, and 5 of the GPAs map to node 45 whittimoplaneg404 Ma), while

modules 6 and 7 map to a contemporary nodéoimomuraegnode 102, 202 Ma)

(Figure 3-4c). The MRCA of the centr&dlPG (module 4 in GPAs, Fige 3-4a) maps to
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node 104 (504 Ma) withiNonomuraedollowed by a later horizontal gene transfer event
into node 45 ofActinoplaneg404 Ma). Reconciliation of the-Gomain phylogeny tells a
similar tale with domains catalyziramide bond formation in the GPAs sharinghomon
ancestors that map to s6B0 Ma nodes in the species treed@nains catalyzing
condensations at homologous positions relative to the central HPG4 in known and
predicted molecules are ancestral in eaadofain clade. One exception to this is
position 3 in the GPAs. The MRCA of Anzin the
chloroeremomycin/balhimycin/vancomycin group, mapping to node Béycolatopsis
(303 Ma), is more closely related taspdomains found in lipodespipeptides, while the
MRCA of ALeuzfrom pekiskomycin (SupplememiaFigure 3-3) is more closely related

to the Adomain in BpsD than to any-domain from the GPA scaffold NRPS sequences.
Likewise, the Gdomain responsible for the peptide bond between position 2 and 3 in
theseBGCs is unrelated to the-@main catalyzinghis bond in the other GPAs. We
postulate an NRPS recombination event that reorganized the seven GPA NRPS modules
from four genes with a-2-3-1 pattern into three genes with 83 pattern sometime

after theBGCs arrived intdAmycolatopsisind a secondvent that converted the- A

domain specificity of the third module (Mod3) in pekiskomycin.

Reconciliation of GPA tailoring strategies

Enzymecatalyzed tailoring of GPAs is a significant source of chemical diydBanik,
Craig, Calle, & Brady, 2010; Yim, Thaker, et al., 2014; Yim, Wang, Thaker, Tan, &
Wright, 2016) A hallmark of the GPA family is a series of intramolecular crosslinks

through aromatic €@© and CC bondsa feature linked to antibiotic activity. Known and
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predicted crosslinks are represented by distinct clades in the phylogeny of the P450s
responsibldor these modifications. While the root of the reconciled P450 tree maps to
ancient node 110, P450s Oxy@xyC and OxyE have origins at node M@nhomuraea
(202 Ma), similar to the NRPS module 6 and-ddmains. The OxyB MRCA maps to
node 47 withinActingplanes(731 Ma) (Figire 3-5b). The early branching of the GPA
crosslinking enzymes is challenging to intetpdue to conflicting branching order of
sequences mapping withictinoplanesandNonomuraeahowever, we postulate a lower
bound for a complete sef P450 enzymes to be present witAimycolatopsignode 30,

106 Ma).
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Figure 3-5: GPA tailoring, resistance and regulation reconciliation datesa Summary
dates of the reconciled nodes from GPA BGC modification enzyme phylogenies versus
the four speds phylogenies. HPD colors for phylogenetic models as in Figire 2.
Summary dates of the reconciled GPA®@&xport, regulation and resistance versus the
four species trees.Reconciliation of GPA BGC resistance genes. RootapH (red
arrow)andvanX(orange arrow) map tactinoplanesiode 45, whilevanA(blue arrow)

maps tcAmycolatopsismode 32vanY(green arrow) maps tblonomuraeand is

narrowly distributed in BGC clusters, requiring multiple transfer events. Taxa
abbreviations as in Fige 3-2.

The glycosyltransferases (Gtfs) that modify GPAs with sugars all group into a single
family. The reconciledaot for this family maps to an ancient node in the species tree, but
this is possibly an example of poor fitting since it splits a clade of aminosuga

glycosyltransferases expected to be monophy(&tieman et al.2009)which includes
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GtfC from the chloroeremomycin BGC and GtfD from the vancomycin BGC. The
MRCA of the clade containing GtfE maps wittAmycolatopsignode 43, 224 Ma) and

is expected to predate GtfC and GtfD since it acts upstream in the GPA beigynt
pathway. While there ardear subfamilies in the Gtf phylogeny, outside of the named
enzymes here there are few biochemical studies that demonstrate their substrate and
regiospecificities. Two additional types of glycosyltransferases are found a&ihg
BGCs, the first having aidh-probability match to pfam02366, and the second to the
related pfam13231, both related to the transfer of a sugar from a polyprenylphosphate
carrier at or outside the membrane. The first, and more numerous, type in tH&GERA

is consistent with the pdiction of a conserved mannosyltransferase among the GPAs
and ramoplanin and related BGCs, while the second is only found in ristocetin BGCs
(Supplementary Figres 3-1, 3-2) in Amycolatopsignd may represent an unidentified

arabinosyl transferase.

GPAs are chlorinated at several aromatic amino acid positions by halogenases. The root
of the reconciled halogenase tree maps wistritycolatopsignode 47, 731 Ma).
Halogenation is a feature thdistinguishes the vancomyeiyppe GPAs from the
teicoplanintype withinAmycolatopsiswith the latter BGCs likely losing the ability since
halogenation is widespread among other BGCs. Another distinguishing feature in GPAs
is the fatty acid acylation of sugar moiety attached to the aahHpg4 in molecules like
A40926 (Supplementary Rige 3-1) and teicoplanin. Precursors of these products have

an Nacetylglucosamine in this position that requires deacetylation before addition of the

fatty acyl chainfTruman, Robinson, & Spencer, 2008)putative deacetylase is found in
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these BGCs but surprisingly also in every BGC frimycolatopsiseven wiere glucose

is known to be added position 4 without being ultimately acylated. The root of this tree
is reconciled to node 102 withidonomuraed202 Ma). The acyltransferase tree
(hydrolaseacyltransferase Il) is also reconciled at its root to node A& an HGT

event predicted tatroduce it into thémycolatopsis coloradendiseage at node 25

(21.9 Ma).

Efflux and regulatory elements reveal possible multiple lateral gene transfer events
ABC transporters required for export of the synthesizeithiatit with sequence

similarity to StaU from the teicoplanin BGC are found in every BGC. Reconciliation of
StaU phylogenetic history is complex or may merely reflect poor performance of the
ecceTERA algorithm for this aspect of GPA biosynthesis. The cdedrroot of the

ABC transporte ATP-binding domain phylogeny maps to ancient node 109 (1913 Ma),
yet the StaU phylogenetic pattern fits poorly within the species phylogeny requiring late
HGTs fromNonomuraeafter the split at node 98 (60 Ma)Amycolabpsisin the

branch leading to n&d12 (27 Ma) andctinoplanesat the same time.

An StrR-like regulator is also found in most BGCs and shows a similarly conflicting
reconciliation pattern compared to other BGC components. The root of the StrR family
mapsto node 40 withirAmycolatopsisviolating the expected monophyly of the GPA

StrR family and requiring an HGT intéonomuraegnode 100, 140 Ma).
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Resistance is contemporary with GPA biosynthesis dating to one to four hundred
million years

Most GPA BGCsnclude thevanHAXgenes responsibifor selfresistance, with

sequence and mechanistic similarity to the van genes found in human pathogens
(Marshall et al., 1997Reconciled roots for VanH and VanX map to node 45 withi
Actinoplaneg404 Ma), whie the root of VanA maps slightly later to node 32 in
Amycolatopsi§140 Ma) (Figires 3-5a,3-5c¢). In addition to the vanHAX genes, one or
more twecomponent systems consisting of a paired sensor and response regulator are
foundin every BGC outside odhmycolatopsisiexcludingA. balhimycina. Such twe
component systems are known to be present in some BGCs, with or without
accompanying resistance geiiggegmann, Frasch, Kilian, & Pozzi, 20Es)d may play
many role. Yet, while the roots of both components map to ancient node 109, robust
clades of sensors and regulators both map to node 45 wittinoplaneg404 Ma), both
arriving via lateral transfer events contemporaneous with origin of the BGCs as measured
by the NRPS Aand Gdomains, that appear to be associated with a resistance gene

operon in their BGCs.
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DISCUSSION

To understand the evolutiary history of the GPA antibiotics, we have reconciled the
phylogeny of gene families having varying levels of covesteon in BGCs. Other

attempts to date the origin of natural products have focused on phylogenies of a restricted
number of marker genéBaltz, 2005; Joynt & Seipke, 2018; Medema et al., 2044

our approach cause any sequences for which a robust tree can be estimated. Precursor
synthesis genes have some of the oldest reconciled dates, while specific tailoring genes
have some of the youngest. The age of the GPAs iglbsstibed by comparing the dates

of thecommon ancestors of the NRPS domains responsible for the peptide scaffold
making the GPA backbone, approximately 80 Ma, which agrees well with other

gene and domain families from these BGCs. A timeline ofiireficant events in GPA
evolution accorohg to reconciliation is summarized in kig 3-6. Our results show that

the different features of these molecules have complex evolutionary histories and that the
GPA BGCs producing molecules with the wiatiown alility to bind D-Ala-D-Ala of

peptidoglyca precursors arose from a larger pool of biosynthetic components.
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Figure 3-6: Summary of major events in GPA BGC evolution inferred from
reconciliation. BGC components responsible for precursor biosynthesiamgestors of
common functions like expband regulation are the most ancient components of BGCs.
Ancestral NRPS components of the true GPAs emergetinoplanesandNonomuraea
around the 100@00 Ma range and form the GPA BGCs around 400 Mectmophlnes.
This BGC subsequently spreaddNanomuraeaStreptomyceandAmycolatopsis
gaining characteristic features like novel scaffold modificatisasYresistance in
Nonomuraeaa 33-1 NRPS module arrangement and alternate BHT biosynthesis in
Amycolatogis. Dashed line indicates the transfétlee Nmethyltransferase from
Amycolatopsiso Nonomuraeaand the movement of an acyltransferase from
Nonomuraedo theAmycolatopsi€oloradensid i n e @dea .s -bydroxflase; Gtf,
glycosyltransferase; RespRégo component system response regujaisK, two
component system sensor histidine kinase; AcylTF, acyltransferaseh&f
rhamnosyltransferase.

Our results offer a lens in which to consider the current antibiotic crisis. The GPAs
represent a chemically complex and remarkably tuned farhépttiotics assembled by
natural selection over the last 2 billion years. They have been encoded by BGCs in
several genera for at least 150 million years. The first GPA antibiotic used in the clinic,
vancomycin, was discovered in the 1950s and entetedignificant clinical use

following the emergence of methicillresistanStaphylococcus aureRSA) in the

late 1970gKirst, Thompson, & Nicas, 1998Llinical resistance ingthogenic

107



Ph.D. ThesisN. Waglechner; McMaster UniversiBiochemistry and Biomedical Sciences

enterococci was reported a decade I@dteclercq, Derlot, Duval, & Courvial, 1988)

When compared to the natural history of GPAs occurring on geologic time scales, the
emergence of resistance in the clinic 10 yeties ¢heir introduction speaks dramatically

to the unique fragility of antibiotics as drugs and the great fogaxhreful stewardship in

their deployment. More positively, this study strengthens the role for phylogenetics in the
discovery of new antibiats by careful analysis of BGCs and their evolutionary history

and the leveraging of this information to dirgehomefirst discovery efforts towards

new molecules with new modes of acti{@inaker et al., 2013)
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SUPPLEMENTARY MATERIAL
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Supplementary Figures
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Supplementary Figure 31: GPAsand related structures.Type designations for GPAs
follow Nicolauet al (1999). Ramoplanin is not a GPA, however it shares several
modular features with the GPAs like nproteanogenic amino acid precursors in its
scaffold and tailoring reactions like acylation, glycosylatiod halogenation. The type
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V GPAs, containing crosslinked Trp residues, are more structurally related but evolved
independently from the true GPAs.
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Supplementary Figure 3-2: GPA BGC synteny.71 GPA BGCs included in thigork.
Environmental strains derived from uncultured organisms and those lacking sequenced
genomes are depicted above, followed by the remaining BGCs originating from strains in
the TIGRFAMcoregenome species tree estimated in BEAST using the WAG

substituton model, a strict clock, and a Biribeath tree prior. Genes and domains are
coloured according to their assigned family.
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Supplementary Figure 33: Workflow overview. Heterogenous soces of sequence
data were used for this workflow. Either previousiiblished GPA BGC sequences or
whole genome sequences with known clusters are obtained. Available whole genome
sequences were used to extract TIGRFAM skuglgy core bacterial genome seques,
aligned, concatenated, and used to produce species treesfroRFeach identified BGC
were taken either whole (single), or broken down (radtnain), depending on their
antiSMASH annotation. These sequences were subjected to a clustering $t&JsT0C

to form domain families. Representative members of this @snivere queried against
genbank (BLASTp) to annotate each family with a common label. Families with at least
3 member sequences were subject to alignment, editing if necessary, anddinroot
phylogenetic tree estimation. These domain family trees weraehenciled against the
species tree (ecceTERA). See Methods.
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Supplementary Figure 34: 16S rRNA species treeSequence sources are listed in
Supplementary Table-B.
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.

SupplementaryFigure 3-5: Dated amino acid species tree3rees were computed

using the following models, node heights are drawn using the posterior median node
heights estimated in BEAST (see methods). Blue bars over each node show 95% highest
posterior distribution (RD) of node heights. All trees were estiethtising the WAG
substitution modea i strict molecular clock, BirtiDeath tree priotb i strict molecular

clock, fixed population size coalescent tree pearuncorrelated, lognormal distributed
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relaxed clockBirth-Death tree priord i uncorrelatedlog-normal distributed relaxed
clock, fixed population size coalescent tree prior.
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Supplementary Figure 36: densiTree plot of species tree®verlay of dated species
trees computed by densiTree as implemeintélde treespace R package. See Methods.
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Supplementary Figure 37: Amino acid precursor biosynthesisNonproteinogenic

amino acids used in GPA biosynthesis originate either from the shikimate pathway as in
aromatic amino acid biosynthesis or from nmgleCoA. Both the HPG and DPG

pathways reque an aminotransferase reaction, provided by HpgT, which u3gs &s

an amino donor and regeneratesydiroxyphenyl pyruvate that can feedback into BHT

or HPG production. The pathway generating BHT via BpsD@xyD shown here
corresponds to pathway A the main text.
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Supplementary Tables

Supplementary Table 31: Description of organisms, clusters, and sequences used in
this study. All genome, BGC, and 16S rRNA sequences attributed to this study are
availableunder BioProject PRINA472056.

Genome Genome  Taxonomy
BGC Genome Genome accessior reference reassembled source Genus Species Strain
1 Y LT559118.1 N/A No as reported Nonomuraea gerenzanensis ATCC 39727
(Kwun &
2 Y JFCB01000000 Hong, No as reported Streptomyces toyocaensis NRRL 15009
2014b)
3 Y NZ_ARAF01000000 N/A No as reported Amycolatopsis alba DSM 44262
4 Y NZ_ANMG01000000 N/A No as reported Amycolatopsis azurea DSM 43854
5 Y NZ_ARBH01000000 N/A No as reported Amycolatopsis balhimycina DSF'\f_éggjgl’
6 Y NZ_CP008953.1 (Stegmann No as reported Amycolatopsis japonica MG417-CF17
etal., 2014)
subsp
7 Y MQUP01000000 N/A No as reported Amycolatogis keratiniphila nogabecina
FH1893
(Kwun &
8 Y CP007219.1 Hong, No as repaed Amycolatopsis lurida NRRL 2430
2014a)
(Kaur,
Kumar,
9 Y AOHO01000000 Bala, No as repord Amycolatopsis decaplanina DSM 44594
Raghava, &
Mayilraj,
2013)
. - NRRL B-
10 Y JZKF01000000 N/A No as reported Actinoplanes rectilineatus 16090
11 Y LQCI01000000 N/A No as reported Amycolatopsis regifaucium GY080
12 Y AULB01000000 N/A No as reported Actinomadura rifamycini DSM 43936
Actinobacteria
13 Y LJCV01000000 N/A No as reported Streptomyces sp. bacterium
OKO074
14 Y QHHU00000000 this study N/A as reported Amycolatopsis balhimycina DSM 5908
uncultued
15 N N/A N/A N/A unknown organism
CA37
uncultured
16 N N/A N/A N/A unknown organism
CA878
uncultured
17 N N/A N/A N/A unknown organism
CA915
18 Y QHKI00000000 this study N/A by 16S Kibdellosporangium aridum NRRL18098
19 N N/A N/A N/A asreported Streptomyces lavendulae SANK
20 N N/A N/A N/A as reported Streptomyces fungicidicus
uncultured
21 N N/A N/A N/A as reported organism
esnapdl5
uncultured
22 N N/A N/A N/A as reported organism
esnapdl6
uncultured
23 N N/A N/A N/A as reported organism
esnapd22
uncultured
24 N N/A N/A N/A as reported organism
esnapd26
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63 Y JNID01000000 N/A Yes as reported Streptomyces sp. CNQ-525

64 Y AUKP01000000 N/A Yes as reported Strepbmyces sp. CNQ865

65 Y AZWZ01000000 N/A Yes as reported Streptomyces sp. CNT371

66 Y ARHU01000000 N/A Yes as reported Strepbmyces sp. CNY243

67 Y LT629775.1 N/A No as reported Streptomyces sp. TLI_053
(Komaki et . _ NRBC

68 Y BBXF01000000 al., 2015) Yes as reported Herbidospora daliensis 106372

69 Y FMIB01000000 N/A Yes as reported Micromonospora chersina DSM 44151

70 Y OAO0J01000000 N/A Yes as reported Streptomyces sp. TLI_55

71 Y CP017717.1 g\llaZZ%ri%t No as reported Nonomuraea sp. ATCC 55076
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https://www.ncbi.nlm.nih.gov/nuccore/AZWZ01000000
https://www.ncbi.nlm.nih.gov/nuccore/KB897713.1
https://www.ncbi.nlm.nih.gov/nuccore/LT629775.1
https://www.ncbi.nlm.nih.gov/nuccore/BBXF01000000
https://www.ncbi.nlm.nih.gov/nuccore/FMIB01000000
https://www.ncbi.nlm.nih.gov/nuccore/OAOJ01000000
https://www.ncbi.nlm.nih.gov/nuccore/CP017717.1

Ph.D. ThesisN. Waglechner; McMaster UniversiBiochemistry and Biomedical Sciences

Supplementary Table 3-1 (Continued). Description of organisms, clusters, and

sequences used in this studyll genome, BGC, and 16S rRNA sequences attributed to
this study are available under BioProject PRINA472056.

Peptide
BGC 16S? 16S accession BGC accession Product BGC family length  BGC reference
(Margherita
Sosio, Stinchi,
1 Y NR_148586.1 AJ561198.1 A40926 GPA 7 Beltrametti,
Lazzarini, &
Donadio, 2003)
2 Y JFCB01000068.1_165619 U82965 A47934 GPA 7 (P00t2000(;62\|) etal.,
3 Y NR_024888.1 KB913032.1:5306245399940 unknown GPA 7 this study
ANMG01000033.1:12566693411
4 Y NZ—ANMG%S? 0133.1. & ANMG01000086.1:115420 unknown GPA 7 (Ongaget al,
ANMG01000086.1:518782518 1979)
5 Y NR_025564.1 KB913037.1:1104787 balhimycin GPA 7 this study
6 Y NR_025561.1 CP0089531:68853286816619 ristocetin GPA 7 this study
7 Y NR_025563.1 MQUP01000022.1:8551181481 unknown GPA 7 this study
8 Y NR_114905.1 CP007219.1:4230016310208 ristocetin GPA 7 (Kwun & Hong,
2014a)
9 Y NR_05562.1 AOHO001000074.1:35544260799 unknown GPA 7 this study
10 Y JZKF01000194.1_63568 JZKF01000002.1:14829254753 unknown GPA 7 this study
11 Y NR_042747.1 LQCI01000003.1:2293931781 unknown GPA 7 this study
AULB01000007.1:8844.6513
AULB01000053.1:17382
AULB01000063.1:16453
AULB01000066.1:15192
AULB01000065.1:13684 .
12 Y NR_113155.1 AULBOL000064. 1.5228 unknown N/A ? this study
AULB01000007.1:87661
AULB01000053.1:197131874
AULB01000074.1:1534.
AULB001000044.1:115549
LJCV01000261.1:2746839
13 Y 1ICV01000089.1. 33598 LICV01000108.1:110254 unknown GPA this study
LJCV01000261.1:167985068
QHHUO01000165.1:124 . . (Pelzer et al.,
14 Y 1632 Y16952 balhimycin GPA 7 1999)
(Banik et al.,
15 N N/A HM486074.1 CA37 N/A 2010)
(Banik et al.,
16 N N/A HM486075.1 CA878 N/A 2010)
(Banik et al.,
N/A HM486076.1
17 N CA915 N/A 2010)
QHKI01000152.1:3401 AJ223998.1 (van
18 Y 2907 AJ223999 1 chloroeremomycin GPA 7 Wageningen et
I al., 1998)
19 N N/A AF386507.1 complestatin complestatin 7 (Cglgoelt)al.,
enduracidin, (Yin &
20 N N/A DQ403252.1 enduracidin raml?lzleanlﬂ Zabriskie, 2006)
(Owen et al.,
21 N N/A KF264554.1 esnapdl5 GPA 7 2013)
KF264555.1 (Owen et &,
22 N N/A KE264556.1 esnapd16 N/A 2013)
(Owen et al.,
23 N N/A KF264562.1 esnapd22 N/A 2013)
(Owen et al.,
24 N N/A KF264565.1 esnapd26 N/A 2013)
25 Y JPLWO01000013.1-2100  JPLWO01000007.1:28211269000 ristocetin GPA 7 (KW;&Z; al.,
26 Y JOAA01000108.1_1320 JOAA01000006.1:26039353547  chlorceremomycin GPA 7 this study
27 Y JPLW01000013.1 -2100 KF882511.1 ristocetin GPA 7 (Truman etal.,
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_148586.1
https://www.ncbi.nlm.nih.gov/nuccore/AJ561198
https://www.ncbi.nlm.nih.gov/nuccore/U82965.2
https://www.ncbi.nlm.nih.gov/nucleotide/NR_024888.1
https://www.ncbi.nlm.nih.gov/nucleotide/NR_025564.1
https://www.ncbi.nlm.nih.gov/nucleotide/NR_025561.1
https://www.ncbi.nlm.nih.gov/nucleotide/NR_025563.1
https://www.ncbi.nlm.nih.gov/nuccore/NR_114905.1
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AXVU01000019.1:9196629952
AXVU01000134.1:12401

AXVU01000075.1:11484.606 WACO06738 .
62 N/A AXVU010000%.1-1-5175 unknown like this study
AXVU01000075.1:2729
AXVU01000035.1:132560
63 N/A KL370766.1:95096L unknown WA(ﬁI(()s738 this study
AUKP01000017.1:11478656847
64 N/A AUKP01000055.1:1:80486 unknown WA?.S 6738 this study
AUKP01000017.1:15510979896 ke
AZWZ01000018.1:11410967525
65 N/A AZWZ01000073.1:7344. unknown WA%(() 6738 this study
AZWZ01000051.1:332785 ke
66 N/A KB897732.1:86781 unknown WA?“SSBS this study
enduracidin,
67 LT629775.1 7898131 LT629775.1:2832422843423 unknown ramoplanin this study
7899642 -
like
enduracidin,
68 BBXFOlg%OS%l&l—lZS BBXF01000001.1:26460437000 unknown ramoplanin this study
like
enduracidin,
69 NR_0448921 FMIB01000002.1:3560142931 unknown ramoplanin this study
like
enduracidin,
70 OAOJOI%%%%%%—M%OQ“ OA0J01000001.1:4307568193402 unknown ramoplanin this study
like
CP017717.1_11588372 . . complestatin (Nazari et al.,
= P017717.1:119695812040280 "
71 11589881 C 8120 kistamicin like 2017)
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Supplementary Table 32: Time tree node detailsAll node heights provided as

Millions of Years (Ma). Tree names as in main text.

Battistuzziet al

McDonald and

stree04

stree05

(2004) Currie (2017) WAG + strict + BD WAG + strict + Coal
Taxa at Node Median Cl Median Cl Node Posterior Median 95% HPD Node Posterior Median 95% HPD
root sor7 3% na 20| 116 1.0 3099 39944000 | 116 1.0 3999 39944000
EC+SALM 102 57176 | 87 45130 | 115 1.0 117 110124 115 1.0 117 111124
FIRM+ACTINO s51 o0 | ase % | 112 1.0 3434 34333434 | 112 1.0 3433 34333434
ACTINOBACTERIA a3 22| 2578 o= | 110 1.0 2512 25122513 | 110 1.0 2512 25122513
STREPTOMYCES 1375 %2 | a2 250514 | 95 1.0 993 9731014 95 1.0 993 9731014
Mc+Ac+Kb+Amy 48 1.0 2007 19762037 | 48 1.0 2006 19762036
Mc+Ac 47 1.0 825 806844 47 1.0 824 806844
ACTINOPLANES 45 1.0 554 539568 45 1.0 554 539568
Ac 43 1.0 406 304419 43 1.0 406 393419
Amy+Kb 40 10 900 879921 40 1.0 900 878921
KIBDELLOSPORANGIUM 39 1.0 162 08725 39 1.0 1.63 0.892.49
AMYCOLATOPSIS 36 10 376 364388 36 1.0 376 364388
Amy 35 1.0 18 1.012.67 35 1.0 1.78 1.052.71
Amy 32 10 125 120130 32 1.0 125 120130
Amy 30 1.0 103 99-107 30 1.0 103 99107
Amy 29 10 26 2329 29 1.0 26 2330
Amy 27 1.0 9 7.011 27 1.0 8.78 7.0310.7
Amy 24 1.0 94 9098 24 1.0 94 9098
Amy 22 1.0 87 8390 22 1.0 86 8390
Amy 21 1.0 61 5865 21 1.0 23 20.626.2
Amy 19 1.0 23 21.26 19 1.0 23 2126
Amy 16 1.0 63 60-67 16 1.0 63 60-67
Amy 14 1.0 53 4956 14 1.0 53 4956
Amy 12 1.0 32 2935 12 1.0 32 2935
Amy 11 1.0 13 11.215.2 11 1.0 132 113152
Amy 9 1.0 9 7.010.3 9 1.0 8.66 7.0210.3
Amy 6 1.0 26 2328 6 1.0 26 2328
Amy 4 10 1 9.613 4 1.0 11.4 9.613.3
Amy 2 10 022  0.03053 2 1.0 0.23 0.030.54
No-+St 109 1.0 1860 18311888 | 109 1.0 1860 18311888
Acm+Hb+No 108 10 1104 11691219 | 108 1.0 1194 11681219
ACTINOMADURA 107 10 48 356.2 107 1.0 4.8 356.2
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Supplementary Table 32 (Continued): Time tree node detailsAll node heights

provided as Millons of Years (Ma). Tree names as in main text.

Battistuzziet al

McDonald and

stree06

stree09

(2004) Currie (2017) WAG +urc + BD WAG + urc + Coal
Taxa at Node Median Cl Median Cl Node Posterior Median  95% HPD | Node Posterior Median  95% HPD
root sor7 S onm 20| 116 1.0 3714 35003968 | 116 10 3741 35003972
EC+SALM 102 57176 | 87 45130 | 115 1.0 929 510158 | 115 10 101 51.0161
FIRM+ACTINO s51 o0 | ase % | 112 1.0 3401 33013434 | 112 10 3400 33003434
ACTINOBACTERIA a3 22| 2578 o= | 110 1.0 2537 25122615 | 110 10 2538 25122616
STREPTOMYCES 1375 %2 | a2 250514 95 1.0 1002 6251419 | 46 10 1049 7661408
Mc+Ac+Kb+Amy 48 1.0 1988 12932358 | 109 10 1869 10612365
Mc+Ac 47 1.0 731 2841185 | 108 10 665 3461102
ACTINOPLANES 45 1.0 404 143726 | 106 10 366 169614
Ac 43 1.0 224 60.0485 | 104 10 218 95.1387
Amy+Kb 40 10 703 4111197 | 101 10 794 3771261
KIBD ELLOSPORANGIUM 39 1.0 148 032358 | 100 10 158  0.363.93
AMYCOLATOPSIS 36 10 303 179518 | 97 10 354 207655
Amy 35 1.0 168 043400 | 96 10 185  0.454.46
Amy 32 10 140 87.0209 | 92 10 152 92.3227
Amy 26 1.0 63 57.0127 | o1 10 115  75.5168
30 10 106 87.0209 | 85 10 943 637139
29 1.0 63 278100 | 84 10 58.6  26.399.4
Amy 25 10 219 896413 | 90 10 263 911551
Amy 23 1.0 618 194131 | 88 10 727 199161
- - - - 81 10 69.6  46.4101
Amy - - = - - - == -
Amy 20 1.0 67.9 436980 | 79 1.0 50 38.887.2
Amy - - = - - - == -
- - - - 78 1.0 40 22.662.5
Amy 19 1.0 31.3 108579 | 76 10 187  7.7633.9
Amy 14 1.0 397 236586 | - - - -
Amy 16 1.0 539 334781 | - - - -
Amy 12 1.0 27 16.140.6 | 73 1.0 358  20.857.8
Amy 11 1.0 12 567206 | 72 10 137 6.0725.4
Amy 9 1.0 721 259139 | 70 1.0 793 276165
Amy 6 1.0 196 106314 | 67 10 253 12.442.1
Amy 4 10 888 371164 | 65 1.0 104 327203
Amy 2 10 003 001075 | 63 10 026  0.010.84
No-+St 109 1.0 1913 13112407 | 60 10 1864 12642402
Acm+Hb+No 108 10 964 5271554 | 59 10 004 4381468
ACTINOMADURA 107 10 409 115030 | 58 10 445 117104
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Supplementary Table 33: Kendall-Colijn distance between species ¢res.Tree names
as in main text.

tree| WAG + strict + | WAG + strict + | WAG + urc +
BD Coal BD
WAG + strict + 0.00 N/A N/A
coal
WAG + urc + 10.95 10.95 N/A
BD
WAG + urc + 9.00 9.00 11.62
coal
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Supplementary Table 34: Normalized RobinsorrFoulds distancebetween species
trees.Tree names as in main text.

tree| WAG + strict + | WAG + strict + | WAG + urc +
BD Coal BD
WAG + strict + 0.00 N/A N/A
coal
WAG + urc + 0.09 0.09 N/A
BD
WAG +urc + 0.09 0.09 0.05
coal
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Supplementary Table 35: Node reconciliation cetails. All node heights provided as
Millions of Years (Ma). Tree names as in main text.

Sparent combined
Onode Shode Snode 95% Oparent Sparent 95% Rec. Rec. HPD
Class Family  Qnode SUppOrt Sode support median  HPD | Qparent SUPPOrt Sparent support median HPD | event sugort  range
DAHPS 1293 2512 1293
Precursor | 44 1.00 48 1.00 1988 2358 122 N/A 110 1.00 2537 2615 S 1.00 2615
DAHPS
1 29 0.97 45 1.00 404 143726 | 30 0.47 104 1.00 504 261-883 T 0.33 143883
2512 3301 2512
PDHSt 103 0.77 110 1.00 2537 2615 104 0.49 112 1.00 3401 3434 S 1.00 3434
PDH 227 0.99 102 1.00 202 106330 | 228 1.00 104 1.00 504 261-883 S 0.31 106883
No+Amy
CMI 45 100 95 100 1002 6251419 46 035 109 100 1913 Solb | S 100 6252407
2512 330k 2512
CMII 236 0.64 110 1.00 2537 2615 N/A N/A 112 1.00 3401 3434 S 1.00 3434
2512 330k 2512
HmaS 100 0.97 110 1.00 2537 2615 N/A N/A 112 1.00 3401 3434 S 1.00 3434
2512 3301 2512
Hmo 102 0.87 110 1.00 2537 2615 N/A N/A 112 1.00 3401 3434 S 1.00 3434

HpgT 104 090 71 1.00 318  211-436 | N/A N/A 73 1.00 393 267526 S 1.00 211526

DpgA 92 089 109 100 1913 obb | NA  NA 110 100 2537 2 | s 100 ot
DpgC 94 094 109 100 1913 ot | NA  NA 110 100 2537 2 | s 100 ot
DpgB 92 080 110 100 2537 o2 | NA  NA 112 100 3401 S0b | s 100 2
DpgD 66 067 110 100 2537 o2 | NA  NA 112 100 3401 S0t | s 100 22
OyD 44 090 40 100 703 4111197 NA NA 48 100 1988 200 | S 100 411:2358
BpsD 44 096 40 100 703 4111197| NA N/A 48 100 1988 50 | S 100 4112358

Bhp 44 0.28 36 1.00 303 179518 | N/A N/A 40 1.00 703 4111197 S 1.00 1791197

2512 3301 2512
BOH 20 1.00 110 1.00 2537 2615 N/A N/A 112 1.00 3401 3434 S 1.00 3434
1293 2512 1293
EvaA 40 0.76 48 1.00 1988 2358 N/A N/A 110 1.00 2537 2615 S 1.00 2615
1293 2512 1293
EvaB 40 0.81 48 1.00 1988 2358 N/A N/A 110  1.00 2537 2615 S 1.00 2615

EvaC 20 0.18 32 1.00 140 87-209 | N/A N/A 36 1.00 303 179518 S 1.00 87-518

EvaD 40 0.95 45 1.00 404 143726 | N/A N/A 47 1.00 731 2841185 S 1.00 1431185

KR 32 096 20 1.00 67.9 43.698 | N/A N/A 26 1.00 63 57.0127| S 1.00 436127

NRPS Amodl 509 098 109 1.00 1913 12‘1%17 510 098 110 1.00 2537 22‘211%,) s 098 12%1115
Amod2 727 100 45 100 404 143726 | 728 098 110 100 2537 22561125 S 100 1432615
Amod3 451 099 108 100 964 5271554| 511 100 109 100 1913 SSE | S 098 5272407
Apek3 616 100 29 100 0 00 | 617 087 39 100 148 032358 T 025 0358
Avan3 1002 100 40 100 703 4111197 1003 096 Lo, 100 731 2841185 S 100 4111185

Amod4 414 100 45 1.00 404 143726 | 415 095 104 1.00 504 261883 | T 0.53 143883

Amod5 259 1.00 45 1.00 404 143726 | 513 0.91 47 1.00 731 2841185 S 1.00 1431185
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Amodé 787 1.00 102 1.00 202 106330 | 788 052 104 1.00 504  261-883 D 0.62 106883

Amod7 195 100 40 100 703 4111197 515 037 48 100 1988 5% | S 095 4112358
Condiz 698 100 102 100 202 106330 | 699 095 a0 100 404 143726 | T 015 106726

Cond23 877 099 60 1.00 135 76-200 | 878  1.00 61 1.00 190 120273 S 0.92 76-273

van 1293
Cond23 20 0.97 40 1.00 703  411-1197| 276 0.88 48 1.00 1988 2358 S 0.60 411-2358
Cond34 398 1.00 45 1.00 404 143726 | 399 0.79 47 1.00 731 2841185 S 1.00 1431185
Cond45 777 096 45 1.00 404 143726 | 778  0.99 47 1.00 731 2841185 S 1.00 1431185
Cond 56 598 0.06 102 1.00 202 106330 | 599 1.00 104 1.00 504 261-883 T 0.30 106883

Cond67 498 100 102 1.00 202 106330 | 499 095 104 1.00 504 261883 | D 1.00 106883

Tailoring  NMT 24 1.00 40 1.00 708 411-1197| N/A N/A 45 1.00 404 143726 S 1.00 411726

330k 3500 330k
gtfroot 164 0.98 112 1.00 3401 3434 N/A N/A 116 1.00 3714 3968 S 1.00 3968
ggg 159 042 43 1.00 224 69.0485| 160 0091 45 1.00 404 143726 | T 0.93 69-726

gtf Rha 97 0.86 19 1.00 31.3 10.857.9| 98 0.96 20 1.00 67.9  43.698 T 0.44 10.898

GtfC 161 098 45 1.00 404 143726 | 162 090 47 1.00 731 2841185 D 0.93 1431185

GtfD 161 098 45 1.00 404 143726 | 162 0.90 a7 1.00 731 2841185| D 0.93 1431185

GtfA 78 099 14 1.00 39.7 236-58.6| 98 0.90 20 1.00 67.9 43.698 T 042  23.698

1293

Hal 72 0.89 47 1.00 731 2841185| N/A N/A 48 1.00 1988 2358 S 1.00 2842358
Hal S67 13.5
comp 16 0.89 53 1.00 28.8 13.546.6| 17 0.94 ~47 1.00 731 2841185 T 1.00 1185

Hal GPA 71 089 45 1.00 404 143726 | 72 0.89 47 1.00 731 2841185 S 1.00 1431185

P450 2512 3301 2512
root 348 0.28 110 1.00 2537 2615 N/A N/A 112 1.00 3401 3434 S 1.00 3434

OxyA 59 1.00 100 1.00 140 67.1:235| 95 0.72 102 1.00 202 106330 S 0.60 67.1-330

OxyB 283 1.00 102 1.00 202 106330 | 284 1.00 104 1.00 504  261-883 S 1.00 106883

OxyC 345  N/A 45 1.00 404 143726 | 346 1.00 47 1.00 731 2841185 S 1.00 1431185

OxyE 94 1.00 28 1.00 0 0-0 95 0.72 102 1.00 202 106330 | T 0.10 0-330
OxyF 141 096 95 1.00 1002 6251419| 142 0.28 109 1.00 1913 ]éijéj; S 1.00 6252407

OxyH 218 078 79 1.00 596 480965 | 286  0.82 93 1.00 718 480965 S 1.00 480965

Oxyl 223 100 51 1.00 10.8 4.0220.3| 285 0.99 107 1.00 4.09 115930 S 1.00 4.029.30

deAc 50 099 102 1.00 202 106330 | N/A N/A 104 1.00 504  261-883 S 1.00 106883

AcyITfll 10 1.00 102 1.00 202 106330 | N/A N/A 104 1.00 504  261-883 S 1.00 106883

ABC 1311 2512 1311
Other ATP root 196 0.78 109 1.00 1913 2407 N/A N/A 110 1.00 2537 2615 S 1.00 2615

ABC

ATP 193 098 77 1.00 503 333678 | 194 0.99 79 1.00 596 480965 S 1.00 333965

GPA

StrR 92 0.72 40 1.00 703 411-1197| N/A N/A 48 1.00 1988 22395:; S 0.84 411-2358

VanH 46 081 45 1.00 404 143726 | N/A N/A 47 1.00 731 2841185 S 1.00 1431185
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CHAPTER FOUR: Phylogenetics predict diverse members of the glycopeptide

biosynthetic gene cluster family
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ABSTRACT

Amongst a set of 71 previouslyadtified GPA biosynthetic gene clusters were several
encoding scaffolds distinct from the traditionalAa-D-Ala binding glycopeptides.

Some heptapeptides are previously known, such as complestatin tanaidiis, and

some encode longer peptide scaffdike enduracidin and ramoplanin with different
mechanisms of action. We have produced an expanded phylogenetic analysis of these
BGCs and develop a new classification scheme to organize these scaffofdarinto
major types based on their apparent evohaig relationships. This scheme and analysis
of these BGCs allows us to make putative structural predictions for novel compound
encoding by strains in our strain collection. These predictions allowedousifpa GPA
from our strain collection expecteal be complestatin, and another compound with a
novel scaffold we have named corbomycin. Both compounds possess antibacterial
activity. Indicator strains raised to be resistant to these compounds suggest a n
mechanism of action distinct from the knownpooposed mechanism of action of other

compounds in the extended Gfamily.
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INTRODUCTION

In Chapter 3, a phylogenetic history of glycopeptide antibiotics was presented. 71
biosynthetic gene clusters veedentified from pure bacterial isolates and from
environmental DNAWaglechner, McArthur, &Vright, 2019) The significance of

GPAs lies in their clinical history as drugs of last resort, once reserved for severe
infections(Demain, 2009put also in the fact that an unprecedented and growing number
of BGCs have been sequeed from several genera of bacteria including
Micromonospora, Actinomadura, Actinoplanes, Nonomuraea, Amycolatopsis,
HerbidosporaKibdellosporangiumandStreptomycegDoroghazi et al., 2014;

Doroghazi & Metcalf, 2013; Ju et al., 2015he breadth of organisnis which these

BGCs have spread is comparable to the chemical diversitgahdie observed in the
known compounds produced by these BGCs. While the evolutionary history of a subset
of these compounds has been explored in detail, how these features totimeoverall

sequence diversity of the entire family has not been piexsen

Evolutionary analysis of these BGCs is challenging because they are expected to change
at multiple levels of organization through a diverse set of mechanisms that havernot bee
integrated in single framework. BGCs are organized in a modular fashibthe GPA

BGCs are no exceptidwan Wageningen et al., 1998; Yim et al., 20¥)the highest

level of organization, multiple generaopiuce compounds in this family. Abstracting to

this level would focus on questions of why only some of the members of these genera
produceGPAs and not all, and what forces are responsible for the gain of these BGCs

and what prevents the loss of all codresn these lineages. This may be best modeled as
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the dynamics of gain and loss of binary traits on a species phylggangan, Li,
Rubinstein, & Mushegian, 2013Abstracting to the level of the individual BGC it is
possible to ask questions about the changing composifiBGCs. This again may be
modeled as the dynamics of an unordered collection of binary traits representing BGC
componentgCohen & Pupko, 2011pr one can use techniques such as the dauible

join to measure the sliance between two ordered collecti@fertin, Jean, & Tannier,
2017) Distances or similarity measures between BGCs (such as the Jdistande, see
chapter 2)Lin et al., 2006)are useful for pairwise compsons in an arlagy to BLAST
searching of nucleotide and protein sequences and have many potential applications to
BGC database®. Liu & Pop, 2009) Matrices of distances between a collection of
BGCs calculated in this manner may be used as input tekn@yn methods for
phylogenetic tree inference, but have equally skethwn drawbacks that can lead to
incorrect tree inferece(Joseph Felsenstein, 2003; John P. Huelsenbeck,.1995)
Questiors have been reed about whether trdike representations of these dynamics are
even possible or desir¢lunin, Goldovsky, Darzentas, & Ouzounis, 2005; C. Liu,

Wright, Allen-Vercoe, Gu, & Beiko, 2018)

At lower levels of organization, we can abstract to gene and domain sequences. Multi
domain genes are subject to the same limitations encountered when studying BGC
compositions, namely that complicated series of events are potentially needed to explain
how multi-domain NRPS sequence can transform into each other. This has been a barrier
to studying the evolution of eukaryotic proteins, where the dynamics of duplication, loss,

and transfer are known to be important mechanisms of protein evglBaosal, Kellis,
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Kordi, & Kundu, 2018; Ravenhall, Skunca, Lassalle, & Dessimoz, 2015; Stolzer et al.,
2015) At the lowest organizational level, sequences of whole or partial genes may be
aligned at the protein and/or nucleotide lesedl subjecte to probabilistic phylogenetic
analysis (Bayesian or maximum likelihood) using standard techniques describing
molecular sequence evolutirummond & Rambaut, 2007; J. Felsenstein, 1981; J. P.
Huelsenleck & Ronquist, 2001)At the sequence level various strong assumptions are
made about the nature, source, and informational content of gaps or insertions (indels),
and about the independence ofiposs in the sequenddoseph Felsenstein, 2003;

Maiolo, Zhang, Gil, & Anisimova, 2018; Nasrallah, Mathews, & Huelsenbeck, 2011)
These features of molecular evolution are often ignored in favour of more tractable

mathematics.

Lacking an integrated and rigorous framekvtitat accounts for evolution at all
organiational levels, a major reason theAla-D-Ala binding GPAs are attractive

targets for phylogenetic reconciliation is that the NRPS domains which code for and are
predictive of the basic structure of these comrmaisuin their BGC sequences, have single
robustly supported common ancest@f¢aglechner et al., 2019 hapter 3). This made it
possible to reconcile and confidently date their evolutionary emergence in terms of
taxonomic location and age with respect to a dated species phylogeny. The remaining
BGCs in this extendkfamily are primarily found in the gen@reptomyceswhich is

known to be especially diverse among the other bacterial genera producing GPAs
(Chevrette et al., 2019; McDonald & Currie, 201This genetic and gmotypic diversity

was observed as increased branch lengthheStreptomyceslade of the previously
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produced species tree, leading attempts to reconcile gene families and produce concise

reconciliation dates to be more difficult than for the traditié@@A BGC sequences.

The composition of the {Ala-D-Ala binding BGCs distributed among several genera are
also more complex. Precursor biosynthesis forpiateinogenic amino acids 4
hydroxyphenylglycine (Hpg) and 3dihydroxyphenylglycine (Dpg) is morgiform in
Streptomycesyhile b-hydroxytyrosine (Bht) ashaminosugar biosynthesis is absent in
these uncharacteriz&treptomyceassociated GPAike BGCs, leaving none, few, or
unsuitable genes as phylogenetic markers. There are no obvious resistance enzymes
located in these GRAke BGCs which puts nearly athe burden for distinguishing these
clusters on the composition of their NRPS sequences and the complement of tailoring

enzymes, if present.

We wished develop a meaningful classification scheme to categorize these BGCs based
on the phylogenetic analysig their BGC components. The goal of such a scheme should
be to harmonize the sequence information with the chemical structure and biological
activity of each BGC product in a way that best explains the evolution of these
compoundsThis synthesis extendse previous use of marker sequences to map out the
extended GPA BGC family and prioritizes which BGCs and compounds are more likely
to be novelThaker et al., 2013Buch a system shouldeally assist in compound

purification by predicting the gtcture of the putative products of these clusters where it

is not known if a specific molecule has biological activity.
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METHODS

GPA-like BGC sequences

The 71 GPA and GPAke BGC sequences idefied in Chapter 3 were used for this
study(Waglechner et gl2019) Briefly, a GPA or GPAike BGC is one that has ée
previously published as a GPA BGC, or possesses a sequence with similarity to one of
the GPA fingerprint gene®XyB, hall, oxyC, dpg@&ndoxyE via BLAST (at least 75%
length, evalue < 1.0x0°) (Thaker et al., 2013Putative BGCs are then analysed with
antiSMASH and manually inspected for the following characteristics: NRPS scaffold
biosynthesis, a scaffold that contains one or both of the amidsHog and Dpg along

with their biosynthetic enzymes, glycopeptigpe conda s at i on domai ns (06C
antiSMASH(Medena et al., 2011)Supplementary Table Ill), one or more tailoring

and/or crosstiking enzymesuch as halogenases, glycosyltransferases,
methyltransferases, cytochrome P450 monooxygenases, acyltransferases. BGCs
sequences were identified from the literature, from public sequence databases, and from

genome sequences produced from st our inhouse strain collection.

GPA BGC analysis

The set of GPA and GRikke BGCs were subjected to analysis by the python module
evoc(Waglechner et al., 2019 hapter 3). ORF sequences froragbd BGCs were

divided into single (gene) and mukdomain sequences (domains), as previously
described. These sequences wergestiid to a clustering step using USEARCH (at least
60% identity)(Edgar, 201Q)For clarity, we use the term cluster to refer to BGCs, and

family to refer to the clustered gene/domain families. Each faraitybe described by its
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centroid sequence, a centrally representative sequence of the entire family. The centroid
sequences weresed to annotate each family, and these annotations were used as labels
to describe each family. Thefamily trees together wh sequencand chemical structure
comparison with known GPA BGC&hd compoundwere used to prepare initial

predictions of the mlecular structures of products of WAC01325 and WAC01529.

Phylogenetic trees

Gene/domain families having at least three members aligned using MUSCLE, each
alignment was manually inspected for the presence of excessivéegiges, 2004)92

of these aligned families werelgacted to phylogenetic analysis using fasttree 2 using
the WAG substitution model, and the default number of categoriesef@AR rate

approximationPrice et al., 2010; Whelan & Goldman, 2001)

Growth of organisms

Streptomycesp. WAC1325 an&treptomycesp. WAC01529 spores stored-80°C

were streaked o(l%potatostaRle, 0.20ecasamiro acdg, 8.18% yeast
extract, 0.02% KCI, 0.02% MgS7H,0, 0.024% NaN@, 4x10* % FeSQ-7H.0) and
incubatedor 7 days at 30°C. Seed cultures were prepared from colonies ‘oykbute

into 50mL of Trypic Soy Broth (BD biosciences) and incubated for 5 days under 250rpm

shaking at 30°C.

WAC1529 mycelium from 50 mI'SB seed culture was inoculated into each dfiteign
2.8 L flasks containing 600 mL Bennett s

with 0.2 mM each cysteine, histidine, glutamine and tyrosine. Amino acid supplements
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were prepared as 100x stocksnvater (Cys, His, Glu) or 10 mM HCI (Tyr) and

neuralized with two equivalents of NaHGG@fter addition to fermentations.

Spent media was extracted with 8% (W/V)-B@ (Diaion) resin. Cell pellets were
extracted twice with 500 mL methanol (MeOH) and wasceotrated under vacuum with
100 g HR20 (Diaion)resin. These resins were combined and eluted with (@ L), 20%
MeOH (2 L), 40% MeOH (2 L), and 100% MeOH (4 L). Analysis of fractions by HPLC
and liquid chromatographmass spectrometry (L-®1S) identifieda peak with molecular
weight (~13001600 Da) andUV-profile maxima (220 nm, 280 nm) consistent with the
predicted structure. This fraction (100% MeOH) was extracted with ethyl acetate,
MeOH/H:0 (1:4) and DMSO. The DMSO subfraction was found to contaipribdicted
glycopeptide and was applied to rewephiase CombiFlash ISCO (RediSep Rf C18,
Teledyne) and eluted with a linear gradient systertO@% water/acetonitrile, 0.1%
formic acid) to give 136 fractions. Fractions containing the predicted glycopeige
combined and subject to Sephadex2&icoumn (400 mL), eluting with
MeOH/Acetonitrile/HO (1:2:1), to yield 36 subfractions. Identified subfractions were
combined and further purified with Agilent Eclipse XBBBB c ol umn (5 & m,

mm), to yield23.6 mg of corbomycin.

Fermentation and purification of complestatin

WACO01325 was fermented using conditions identical to VUA&29 except for amino

acid feeding. After 3 days growth at 30°C, 250 rpm, fermentations were fed with 0.2 mM
each 4hydroxyphenylycine, tryptophan and tyrosine. Amino acids&prepared as a

100x stock solution in 10 mM HCI and neutralized with two equivalents of Natd@er
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addition to fermentations. Growth was allowed to continue for a total of 8 days and
complestatin was puied from spent media and cell pellet in a saninanner to
corbomycin. High resolutioelectrospray ionisatiemass spectrometry (HRSFMS)

andH- nuclear magnetic resonance (NMR) confirmed the compound as complestatin.
Initial MIC determination

MICs for triclosan (Sigma), complestatin and corbomyweere determined following the
broth microdilution method in Mueller Hinton broth at 37°C, excepEfmerococcus

where Brain Heart Infusion media (BD Biosciences) was used.

Raising resistance mutants throgh serial passag in the presence of antibiotic
Complestatin and corbomycin resistant mutants were raised beginning with the laboratory
strainB. subtilis168 orS. aureuATCC 29213. To begin, a single colony was inoculated
into 1 mL MHB in a sterile test tube with 0.25xMIC, 0.5xMIC, 1xMIC and 2xMIGeveh

MIC = 1 pg/mL for both complestatin and corbomycin, and 0.0625 pg/mL for rifampicin.
After 24 hr growth with shakinghe lowest concentration with no growth was taken as

the new MIC, and cells were subcultured into fresh tubes 1 in 100 from thethighes
concentration that supported growth. This process was continued for 25 days, and
glycerol stocks were taken whenever theas a shift in MIC. At the end of 25 days,
glycerol stocks were streaked on reeiective media (Mueller Hinton agar) and single
colonies were isolated for two generations. The MIC of purified strains was measured by
microbroth dilution. Serial passagimgs performed in biological duplicate using two

independent lines.
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For one line of the serially passaged cells, whole genome ssngevas
performed on the strain on the final day (COM25 and COR25), or at the earliest time
point that the highest MIC wasached. For corbomyc{WAC01529) this strain arose
at day 14 B. subtilisCOR14), and for complestatin, day 2 6ubtilisCOM20). Whole
genome sequencing on resistant mutants, as well as our lab@asuytilis168, was
performed with lllumina Migq (300 bp, paired end reads) by the Farncombe Genomics
Facility (McMaster University) To identify mutations unique to our evolveditants
versus wildtype, each of the three sequenced strains were compared to the pBblished
subtilis 168 reference genontaccession number AL009126.3) using breseq (version
0.33.1)(Deatherage & Barrick, 20149 generate a list of differences. Changes in protein
coding regions that were unigtio resistant mutants and not present in our laborBtory
subtilis 168 strain were identified for follow up. Sequencing two indigidcolonies

isolated from day 25 gave identical genotypes.
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RESULTS

Several distinct scaffold types are encoded by GRkk e BGCs in Actinobacteria

The work of Waglechnest al (2019) (Chapter 3) focused on the analysis of 71 BGCs
related to GPAs, particaitly the evolution of the BAla-D-Ala-binding GPAs. Unlike

these GPAs, the potential evolutionary relationships betweerxterded GPAike

BGCs appears to be more complex. There are no universal patterns that can point to clear
ancestral relationshipstween the various scaffold componenisalysis of NRPS
components can help to determine the basic scaffold encoded®{ adnsideration of

the overall domain architecture of the NRPS sequences in these BGCs allow a
preliminary evolutionary classificain of these scaffolds. Specifically, we propose a

system of four classes (I, II, lll and V) that augments the existing Bpe
nomenclaturé¢Nicolaou et al., 199%ased on the compositional and genetic diversity as
well as the apparent evolutionary relationships of the expanded set of GBA BG
sequencedAn overview of these working criteria is provided in Tablg, 4vhile details

and examples for ea®GC class are subsequently discus&@Cs may first be divided

into simple or complex NRPSs classes based whether antiSMASH analysis islentifie
more than the common NRPS domains: adenylation (A), condensation (C), epimerization
(E), peptidyitcarrier proteingr alternately thiolation) (PCP, or T respectively) and

thioesterase (TE) domains.
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Table 4-1: GPA BGC classification criteria

Class Subdass Positive criteria Negative criteria

GPA

NRPS peptide scaffold incorporating Hpg, Dpg, components otasely related
to the exclusion of other NRPS sequences

Linear peptide, variable sequence Cyclization (peptide or
depsipeptide)

Variable ength, >7 amino acids

Highly repetitive NRPS modules, putatively duplicated (shared MRCA)

> 10amino acids Linear peptide
Cyclized depsipeptide, variable sequence

Repetitive NRPS components/modules, putatively duplicated (share MRCA)

Crosslinked scaffold, presence of NRPS X domain Crosslinked Trp in
scaffold

NRPS Xdomain shares MRCA with known GPA BGCs

O 1 cytochrome P450 monooxygenase

Heptapeptide scaffold

O 5 NRPS modules share MRCA with k

Follows Nicoloau (1999 lassification Type-IV

Crosslinked scaffold, presence of NRPS X domain

NRPS Xdomain shares MRCA with known GPA BGCs

O 1 cytochrome P450 monooxygenase
Scaffold Trp participates in crosslinks

Prence of putativénactive Adomain after Xdomain in final module

Variable length peptide, O 7 amino

Heptapeptide scaffold, complestatype peptide (Hpgrp-Hpg-Hpg-Hpg-Tyr-
Hpg)

NRPS HPG modules are duplicated

Loss of DPG in scaffd and DPGbiosynthesis in BGC

NRPS components share MRCA

Variable length peptide, O 7 amino
Variable peptide sequence at&hd Gterms, shared core (crosslinked) scaffold

sequence with corbomyc{X-Dpg-Trp-Hpg-Hpg-Tyr-Tyr-Dpg-X)
partly repetitive scaffold, > 1 NRPS modules share MRCA
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NRPS components share MRCA with corbomycin NRPS
>2 intramolecular oxidative crosslinks

acylated scaffold Nerm

c nonapeptide
thar)e$caffoId sequence with GP6738 (Bpgg-Val-Trp-Dpg-Hpg-Dpg-Tyr-
pai)rgtgly repetitive scaffold, >1 NRPS modules share MRCA
NRPS components shares MRCA with GP6738 NRPS

2 intramolecular oxidative crosslinks
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Figure 4-1: Feglymycin structure, BGC, and NRPS configuration.Feglymcin is a 13
amino acid linear peptide with repeated Dpg residues. The BGC includes the necessary
precursor biosynthesis genes for Dpg and Hpg, but lacks tailoring and resistance genes.
The simple cegory is known to produce both linear (class I, example feglymycin
(Gonsior et al., 2015Figure 41) and cyclic depsipeptides (class I, examples

ramoplanin(Hoertz et al., 20123nd enduracidifYin & Zabriskie, 2006) Figure 42)

scaffolds. Depsipeptide cyclization in class Il occurs via hydroxyl groups dn the
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carbons of ammo acids, and both of these BGCs have the unusual feature of an

incomplete NRPS module in the middle of a polypeptide being supplied in trans.
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Figure 4-2: Ramoplanin and enduracidin structures, BGG, and NRPS

configurations. These cyclidepsipeptides lack Dpg residues, but do encode the non
proteinogenic amino acids ornithine, citrulline and enduracidin. Both are acylated on the
N-terminus but differ in tailoring. Ramo Orf 13 and EndB share structural homology
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having an Adomain encodeth trans on Ramo Orf 16 and EndD, respectively, supply
allo-Thr during scaffold biosynthesis, however this is not a defining feature of all class Il
scaffolds.

Complex NRPS sequences include additional domains like the X domain, and iAactive
domains. Irthe nomenclature of Nicologet al, the typedIV (D-Ala-D-Ala binding

GPASs) and type V (THzontaining) scaffolds are products of the complex category by
virtue of possessing an X domgMicolaou et al., 1999)All BGCs with an Xdomain
containing NRPS appear to include one arencytochrore P450 monooxygenase
sequences, suggesting they have one or more intramolecular oxidative crosslinks. The D
Ala-D-Ala binding GPAs are crosslinked heptapeptides (Class 1, example vancomycin
(Xu et al., 2014Figure43 ) . We have previously wused the
(Chapter 3YDemain, 2014jo refer to this subset of the GPAs that bind\2-D-Ala,

and for this purpose&e might resurrect the name dalbaheptgEssuParenti &

Cavalleri, 1989)Other complex scaffolds are known or predicted to incorporate Trp and,
with the exception of kistamicin, they all have aadtive Adomain in their NRPS

sequences downstream of thel®main. This group of scaffolds includes known the
heptapeptides complasin and kistamicin (kistamicin Figure4) (Nazari et al., 2017)

and two groups of compounds with longer scaffolds wiisanct distribution in the

generaStreptomycegeollectively class 1V) that will be treated in some detail below.
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. Vem31 - DpgA vem13 - cytochrome P450 OxyC Unknown / Other
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Figure 4-3: Vancomycin structure, BGC, and NRPS configurationDespite being the
archetypal clinical GPA, the BGC was not published 2ttll1 after many features of

GPA biosynthesis were investigated through other clusters. Significantly, the seven
NRPS modules hawe 3-3-1 configuration which is a derived character from the ancestral
2-1-3-1 configuration observed in GPA BGCs. Unlike Claaad Il scaffolds, the NRPS
BGCs have an additional X domain in the terminal module which recruits several
tailoring cytochromd>450 monooxygenases to install intramoleculaaril and biaryl

ether crosslinks in these scaffolds.
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Figure 4-4: Kistamicin structure, BGC, and NRPS configuration.Kistamicin shares a
heptapeptide scaffold structure with Class 11l GPAs with Trpositppn 2 leading to its
classification by Nicolaet alas a Type V GPA. Significantly, the NRPS Kisl module 1

is incompleteleading to the hypothesis that Tys supplied to the scaffold in trans via
another mechanism. The NRPS KisL possesses@wmén, however there are only two
cytochrome P450 monooxygenases, KisN and KisO, available to install the 3 crosslinks.
The spedicity of the halogenase, KisU, also differs compared to the Class Il scaffolds.

A-domain sequence analysis in conjunction whih ¢ollinearity rule have been
successfully used to predict the scaffold peptide sequence, and is a key element in the
bioinformatic analysis of NRPS type BG(ppelmann, Stachelhaus, & Marahiel, 2002;
Medema et al., 2011; Stachelhaus, Mootz, & Marahiel, 1999previously reported, the
topology of the tree suggests thaspions coresponding to each position in the true

GPA scaffold are monophylet{@Vaglechner et al., 2019Chapter 3). A phylogenetic
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tree using the antiSMASH identified-domains is depicted illustrating the scaffold
classifications in Figure-8. The positions for the other scaffold classes do not follow the
same pattern. &her than each position evolving once, the other BGCs aractbazed

by extensive repetitiveness, putatively the result of duplication. Scaffold peptide
sequence predictions and putative classifications based on antiSMASH analysis of A
domains using # SandPUMA ensemble classification t@@hevrette, Aicheler,

Kohlbache, Currie, & Medema, 201 7pr all BGCs ae provided in Table-2.

157



Ph.D. ThesisN. Waglechner; McMaster Universityiochemistry and Biomedical Sciences

4-5

Class III mod1

El_ A
E . Class IIT mod3

. B Class III mod4, Kist mod5

C Class IV Hpg

D Class IIT mod 5

mmmmm Kist mod 3, 4, 7 Hpg
E Class III mod 7
. Class II Hpg
F Class I Hpg
. Class I Nrp

-

G Class III mod 2, Kist mod 6

Class III mod 6
H
]

—p.1

Class IVa Tyr
Class IVabc Tyr

Class IVb Tyr
L Class I, IVb Tyr/Phe
Class III BpsD

Class IV Trp/Orn, Kist mod 2

Class II End/Cit/Orn
Class II Tyr/Phe

%

Support
e 1.0
>0.95

>0.90
>0.80 M J Class I, II, IV Dpg

>0.70
L=
L

L.

Class II, III Asn/Asp

Class II Gly
Class I, II Ser

T = B
‘I

Class I, II Thr, Val
— memmm Class I Tyr

Class IV inactive

158



Ph.D. ThesisN. Waglechner; McMaster UniversiBiochemistry and Biomedical Sciences

Figure 4-5: Approximate maximum likelihood phylogeny of GPA BGCadenylation
domains. GPA BGC Adomains amino acid sequences identified by antiSMASH HMMs,
aligned and subjected to phylogenetic analysis under the WAG substidaei with
the default CAT approximate rate categories using fasttree2 (see mefimlsyerall
structure of the phylogeny is shown using a midpoint rootingligéisupport values for
basal branches are summarized. Insets for major clades are inicébeercase letters
and include numeric support values. All scale bars indicate expected number of
substitutions per site. Subset-AClass Il modules 1 and 3. Subset 8lass Ill module 4
and kistamicin module 5. Subset Class IV Aqpg domains. Subsé - Class Il module
5 and kistamicin modules 3, 4, and 7. SubseCEass Il module 7. Subset-FClass |l
Anpg, Class | Arp (domains not predicted by antiSMASH), class IM@ACIlass | Aval.
Subset G Class Il module 2 and kistamicin moduleSiibset H Class Il module 6,
Class IV Aryr. Subset | Class Il BpsD Ayr, Class IV Arp/Aom, kistanicin module 2,
Class Il AendAor/Acit, Class Il Ay/Arne Subset J Class I, Class II, and Class [\bfy
modules not predicted by antiSMASH. Subset®ass I, Class Il AsW/Aasp, Class Il
Aacly, Class |, Class Il &, Class |, Class Il A, Ava, Class | Ayr. Subset L- Class IV
inactive Adomains and outgroup-Aomains not part of GPA BGCs.
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Table 4-2: Scaffold peptides and classes

scaffold
gene_id
Class Cluster Prefix (domain_id) amino acid
| 1732 [ 1733 |
34 teglymycin |—A0e | @np [ a2)val | aSjomp [ a9)Hpg [ @2)np | (26)Hpg [ (29)nrp [ (33)val | (36)np |
1734
(41) Hpg | (44) Phe | (47) Asp
657 658 [ 659 |
1 Arit @Qop [ @t T @nop | @np | @S)np [ @ np [ @Ser [ @np [ @ [ @D nrp [ (25) Tyr |
661
@nmp [ ©np [ ©@np [ (12) nip
2950 [ 2951 ] 2952
56 WAC06369 (5) Ser | (8) nrp | (11) nrp | (15) nrp | (19) Tyr | (25) nrp | (31) nrp | (34) Thr | (37) nrp
2953
(42) nrp | (45) nrp | (48) nrp | (51) Ser | (54) nrp | (57) nrp | (60) nrp | (63) nrp | (66) nrp
1 1061 [ 1062 [ 1065 |
20 End @A | (aThr | (A0)Hpg [ (13)Om [ (A6)aThr | (19) Hpg [ (22) Hpg [ (55) aThr | (27)Cit |
1063
(30)End | (33)Hpg | (36) Ser | (39)Dpg | (42)Gly | (45)End | (48) Ala | (51) Hpg
1164
23 esnapd22
P T [ @Tyr [ _(@np | @0ty |
1566 | 1567 1571 | 1567
20 Ram @4Asn | (B)Hpg [ (8)Om [ (11)aThr [ (14)Hpg | (17)Hpg | (50) aThr | (22) Phe
1568
(25)0rn [ (28)Hpg | 3L arhr | (34)Hpg | (37)Gly [ (40)Leu | (43)Asn | (46) Hpg
2520 |
G Hpg | @ ser | (A)nrp [ (14)Asp [ (A7)np [ (20)Thr | (23) Hpg [ (26) Hpg [ (29) Asp [ (32) Hpg [ (35) Ser |
49 WAC01438 2521 2522 2522 |
(38)Hpg | (40 nrp [ (44)nrp [ (47)Asp | (50)Ser | (53)Asn | (56) Ser | (59) Hpg | (62) nrp | (65) Phe | (68) nrp [(71)Ser|
3496 [ 3497 |
67 STLIOS3 (8)Asp | (1) Asp | (A7)Glu [ (20) nrp34|198(23) nrp | (26)nrp | (31) Phe |
Ba)nrp [ 37)Hpg | (40)Thr | (43)nrp | (46)Gly [ (49)Val [ (52)nrp [ (55) Leu |
3532
@np | (5)Asp [ (8)Asp
68 Hdaliensis 3547 |
(11) nrp | (14) Asp| (17) Ser | (20) nrp | (23) nrp | (26) nrp | (29) nrp | (32) nrp (35) nrp[ (38) Tyr | (41) Asp|
3548
(48 Asn [ @0 Tyr [ (50)np | (53)Tyr | (56)Asp | (59)Asp | (62)nrp | (65) Aso
3595 [ 3596 3596
60 Mchersina | _@Asn [ (@Asn [ (10)Hpg | (13)nmp | (1365)9T7hr [ (19 Hpg [ (22)Hpg | (27) Phe | |
(30)nrp [ (33)Hpg | (36)Thr | (39)nrp | (42)Gly | (45)Val | (48)Ala | (51) Hpg [ (55) Thr |
1 13 12 23 24
1 A40926
(13)Hpg [ (10)Tyr [ (6)Dpg [ (16)Hpg [ (20)Tyr | (24)Bht | (28) Dpg
63 64 65 66
2 A47934
@Hpg [ (MTyr | (11)Dpg | (17)Hpg | (21)Hpg [ (25)Bht | (29) Dpg
4 Aazuraea 157 158 159 160
(WHpg [ (#Bht | (8)Dpg | (12)Hpg [ (16)Hpg [ (20) Bht | (24) Dpg
6 Ajap-ist 284 285 286 288
(WHpg [ (4 Bht | (9)Dpg | (13)Hpg [ (17)Hpg [ (21)Bht | (25) Dpg
7 AkerNogbecin 338 339 340 31
(WHpg [ (4Hpg [ (@) Phe | (13)Hpg [ (17)Hpg [ (21)Bht | (25 Dpg
8 AlurRist 431 430 431 432
(32)Hpg [ (29)Bht | (25)Dpg | (1) Hpg | (17) Hpg | (13)Bht | (9) Dpg
10 Arect 519 520 521 522
@Hpg [ #Tyr - @Hpg [ (13)Hpg [ (A7) Bht | (21) Dpg
16 CA878 833 835 836 837
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() Hpg | (4 Bht (99 Dpg [ (13)Hpg | (17)Hpg | (21)Bht | (25) Ala
901 902 903 904 905
17 CA915
(WHpg [ @ Tyr | (8)Dpg | (12)Hpg [ (16)Hpg [ (20) Bht | (24) Dpg
21 esnapd15 1080 1081 1082 1083
(WHpg [ #Tyr | (10)Ala [ (14)Hpg | (18)Hpg | (22)Bht | (26) Dpy
2 esnapd16 1153 1155 1156 1157 1158
@Hpg [ (MTyr | (1)Dpg [ _@Hpg | @1)Bht | (15) Dpg
1281 1282 1283 1284
25 JPLW
(WHpg | (4Bht | (9)Dpg | (A3)Hpg | (17)Hpg [ (20)Bht | (25) Dpg
. 1414 1415 1416 1417
27 KF88Rist
(WHpg | (#Bht | (9)Dpg | (A3)Hpg | (17)Hpg | (21)Bht | (25) Dpg
28 Ncox 1493 1494 1495 1496
@Hpg [ (M Tyr | (12)Dpg | (16)Hpg [ (20)Hpg [ (24) Tyr | (28) Dpg
29 Pek 1526 1527 1529 1530
@Wnp [ @ Tyr (8)Leu | (12)Hpg [ (16) Hpg [ (20) Bht | (24) Dpg
36 TEG 1784 1785 1787 1788
(WHpg [ #Bht | (8)Ala [ (A3)Hpg | (17)Hpg [ (21)Bht | (25) Dpg
37 Teico 1819 1820 1821 1822
(WHpg [ @ Tyr | (8)Dpg | (12)Hpg | (16)Hpg [ (20)Bht | (24) Dpg
38 Teico2 1870 1871 1872 1873
(WHpg | #Tyr | (8)Dpg | (12)Hpg | (16)Hpg [ (20)Bht | (24) Dpg
1909 1910 1912 1913
39 UK68597
(WHpg | #Tyr | (8)Dpg | (14)Hpg | (18)Hpg | (21)Bht | (26) Dpg
a1 VEG 1989 1990 1994 1992
(M Hpg [ @Bht | (9)Hpg | (12)Hpg [ (16)Hpg [ (20)Bht | (24) Ala
2127 2128 2129 2130
44 WACO01375
(W Hpg [ (@) Bht | (8)Dpg | (12)Hpg [ (16)Hpg [ (20) Bht | (24) Dpg
2263 2262 2261 2259
45 WACO01376
(31) Hpg | (28)Bht | (24)Dpg | (20)Hpg | (16) Hpg [ (12)Bht | (9) Dpg
2304 2305 2306 2307
46 WAC01416
(WHpg | (4Bht | (8)Dpg | (12)Hpg | (16)Hpg | (20)Bht | (23) Dpg
2485 2484 2483 2482
48 WACO01424
(30)Hpg [ (27)Tyr | (24)Dpg | (18)Hpg | (14)Hpg [ (10)Tyr | (7) Dpg
2743 2742 2741 2740
52 WAC04182
(33)Hpg | (30)Bht | (25)Dpg | (21)Hpg | (17)Hpg | (17)Bht | (9) Dpg
2787 2788 2789 2790
53 WACO04197
(W Hpg [ (@) Bht | (8)Dpg | (12)Hpg [ (16)Hpg [ (20) Bht | (24) Dpg
2902 2903 2904 2905
55 WACO05977
(WHpg [ (@) Bht | (8)Dpg | (12)Hpg [ (16)Hpg [ (20) Bht | (24) Dpg
60 Asub 3098 3099 3100 3101
(WHpg [ #HTyr | (9)Dpyg | (A4)Hpg | (18)Hpg [ (22)Bht | (26) Dpg
15 CA37 762 763 764 765
(1)Hpg [(4)30H G (8)Dpg | (14)Hpg | (18)Hpg | (22)Bht | (26) Dpg
3 Aalba 95 96 97
Wnp [ (@Bht | (8)Asn (13)Hpg | (17)Hpg [ (21)Bht | (25) Dpg
230 231 232
5 ABalhFH1894 () Leu [ (@Bht | (8)Asn (12)Hpg | (16) Hpg | (20) Bht | (24) Dpg
461 462 463
9 AOHO (DLeu [ (@Bht | (8)Asn | (12)Hpg [ (16)Hpg | (20) Bnt | (24) Dpg
1 Are 601 602 603
9 Wnp [ @Bht | (8 Asn | (13)Hpg [ (A7) Hpg | (21) Bht | (25) Dpg
14 Balh 708 709 710
(DLeu [ @Bht | (8Asn | (12)Hpg [ (16)Hpg | (20) Bht | (24) Dpg
18 Chloroeremom 960 961 962
cin ()Leu | (9Bht | (8)Asn | (12)Hpg | (16)Hpg | (20) Bht | (24) Dpg
26 Karid 1354 1355 1356
@Wnrp [ (@Bht | (8)Asn (12)Hpg | (16) Hpg | (20)Bht | (24) Dpg
20 Vanco 1955 1956 1957
()Leu | (9Bht | (8)Asn | (12)Hpg | (16)Hpg | (20) Bht | (24) Dpg
2415 2418 2419
47 WAC01420 Wnp [ @Tyr [ (8)Leu (12)Tyr | (16) Tyr | (20)Bht | (24) Dpg
2640 2638 2637
51 WACD4169 (32)nrp [ (29)Bht | (25)Asn | (21)Hpg [ (A7) Hpg | (13)Bht | (9) Dpg

- Kistamicin [ 3710 [ 37411 [ 3712 | 3713 |
L@ [ @nop [ @nmp [ @5)np | a9)Tyr [ (23)nrp |
Va 19 complestatin 1005 1006 1007 1008
(WHpg [ #Trp [ (9)Hpg | (15)Hpg [ (19) Hpg [ (23) Tyr | (28) Hpg [(31) inactive
2078 2079 2080 2081
43 WAC01325 —
MHpg [ #Tp | (9)Hpg | (15)Hpg [ (19) Hpg [ (23) Tyr | (28) Hpg [(31) inactive
2847 2849 2851 2852
54 WACO5378 () Hpg | (@) Trp (1) Hpg (49 Hpg | (8 Hpg | (12)Tyr | (17) Ala_](20) Inactivd
3135 3136 3137 3138

61 FNTE

(MWHpg [ @ Tp | (9)Hpg | (15)Hpg [ (19)Hpg [ (23) Tyr | (28) Hpg [(31) inactive
2040 2041 2042 2043
(2Hpg [ & Trp | ) Hpg [ A7) Hpg [ (21) Hpg [ (25) Tyr | (31) Hpg [(34) inactive

42 WAC00631
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2976 2977 2978 2979
WACOST2S T75) Fpg | @ T | (1) ipg | (7)ipg | (21) o | @) Tyr | G g [G4) et
WACOSTES [T Hpg | (©)Trp | (1) Hpg | (17) Aipg | (21) Hpg | (25) Tyr | (31) Hipg | (34) inaciva
686 687 689 690 691
AspOKO74 @Hpg | (7)nrp | @0)Trp | @4yHpg | (19)Hpg | (23) Tyr ‘ @nTyr ‘ @ mp | @ep | B9
1608 1609 1610 1611
Stut (5) nrp ‘ (8) nrp ‘ (A1) nrp ‘ (14) Trp (18) Hpg (24) Hpg ‘ (28) Tyr (32) Tyr @B7)nrp | (41) nrp in(azt:‘t‘i)ve
) 1651 1653 1654 1655 1656
Ssl (6) nrp (8) nrp ‘ (A1) nrp (14) Trp (1) Hpg (7) Hpg (11) Tyr (1) Tyr ‘ (6) nrp 910) nrp in(alc:?i)ve
1756 1759 1760
SSPNRRLS152 (4) Hpg I 1) Trp (3) Tyr ‘ (7) Tyr ‘ (12) Tyr | (16) nrp in(alcgt)i)ve
2565 2566 2567 2568
WAC01529 (4) Hpg (7) nrp ‘ (10 Trp (14) Hpg (20) Hpg ‘ (24) Tyr (28) Tyr ‘ 33)nrp | (37) nrp in(a:t:(t)i)\/e
3658 3659
TLISS (2) nrp ‘ (6) nrp (12) Tyr (15) nrp ‘ (18) nrp ‘ (21) Tyr (24) nrp ‘ (27) nrp ‘ (30)nrp | (33) nrp in(a%:?i)ve
1691 1692 1693 1694 1695
SPENQS09 (3) Tyr ‘ (6) nrp ‘ (9) val (15) Trp (19) nrp (25) Hpg ‘ (29) nrp ‘ (33) Tyr (39) nrp inggi)ve
3020 3021 3022 3023 3024
WACO6738 | 1) 1y ‘ ) nip ‘ @va | @2Te | @enp | (22) Hpg ‘ (26) np ‘ @1y | @eymp | G
3213 3214 3215 3216 3217
SspCNQ329 (3) nrp ‘ (6) nrp ‘ (9) nrp (14) Orn (18) nrp (25) Hpg ‘ (27) nrp ‘ (31) Tyr (37) nrp I ingt:(t)i)ve
3269 3270 3271 3272 3273
SspCNQ525 (3) nrp ‘ (6) nrp ‘ (9) nrp (14) Orn (29) nrp (25) Hpg ‘ (29) nrp ‘ (33) Tyr (39) nrp inggi)ve
3325 3226 3227 3328 3329
SSpCNQBES | o) 1y ‘ (6) nip ‘ @nmp | @4om | @9 nmp | (25) Hpg ‘ (29) nrp ‘ @) Ty | @oymp | D
3381 3382 3283 3324 3385
SSpCNTS71 (3) nrp ‘ (6) nrp ‘ (9) nrp (15) Trp (19) nrp (25) Hpg ‘ (29) nrp ‘ (33) Tyr (39) nrp I inggi)ve
3435 3436 3437 3438 3439
SSpCNY243 (3) nrp ‘ (6) nrp ‘ (9) nrp (15) Trp (19) nrp (25) Hpg ‘ (29) nrp ‘ (33) Tyr (39) nrp inggi)ve

The prediction of the structeiof some of the amino acids in several BGCs was

facilitated by the Adomain phylogeny and the structure of feglymycin. Incorporation of

3,5-dihydroxy phenylglycine was not unambiguously predicted foAtttmmains in the

feglymycin BGC(Gonsior et al., 2015 Clades of similar Adomains were identified in

the phylogeny consistent with the presence of a set of biosynthetic genes fartbgsgp

BGCs. The Dpenctivating Adomains are found in distinct regions in gtg/logeny,

differentiated by being located in either class | (Supplementary Figbire 4
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Supplementary Figure-40), 1l (Supplementary Figure@), IV (Supplementary Figure
4-10), or class Il (Dpg found in the-Bla-D-Ala GPA scaffolds module 3

(Supplemetary Figure 41) and 7 (Supplementary Figures)).

In addition to the large number of similar Dpgdamains, the feglymycin BGC encodes
A-domains with similarity to other p®ns that will be noted as those scaffolds are
analyzed. Unlike the Alomainsthe Gdomains (Figure 4) synthesizing the feglymycin
scaffold come in two varieties found in different regions of the tree (Supplementary
Figures 420 and 423, Group 1 an@ respectively). Neither group is monophyletic, but
group 1 is responsible forfiming peptide bonds with the residue following a Dpg. A
similar profile is observed with the feglymcin PCP sequences (Figdydding divided
into two related groups, howavihe Dpgassociated PCP groups are not monophyletic,
being ancestral to PCP semees found in the WAC06738pe scaffold NRPS
(Supplementary Figure-32), while the nofDpg related PCP domains are monophyletic

(Supplementary Figure-34).
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Figure 4-6: Approximate maximum likelihood phylogeny of GPA BGC

condensation domainsThe anino acid sequences of condensation domains identified
by the antiSMASH HMM in the GPA BGCs were aligned and subjected to the WAG

substitution model with thdefault CAT approximation rate categories as implemented



































































































































































































































































































































































