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Foreword
Lay abstract

Pathogens continue to learn new ways to protect themselves from antibiotics. With the
discovery of new antibiotics becoming more challenging, global antibiotic resistance has the
potential to become the next global pandemic. One solution is to redesign traditional antibiotics to
escape resistance. A reliable, effective class of antibiotics currently under development are
aminoglycosides. There is considerable knowledge into the sequence-structure-function
relationships of proteins traditionally regarded as the sole contributors to a form of aminoglycoside
resistance. My work describes the use of computational and biochemical techniques to investigate
resistant elements beyond what we know is prevalent in clinical pathogens. Through these efforts
I uncover structurally, and mechanistically distinct proteins capable of broad-spectrum, high-level
aminoglycoside resistance produced by bacteria in various environments. These results are
invaluable for the informed design of less-resistance prone aminoglycosides and antibiotic
stewardship programs to limit these forms of resistance from becoming clinically prevalent.



PhD Thesis — E.A. Bordeleau — McMaster University — Biochemistry and Biomedical Sciences

Abstract

Since their discovery over 40 years ago, considerable knowledge has been obtained on the
diversity, and structure-function relationships of aminoglycoside acetyltransferases (AACs),
responsible for antibiotic resistance among priority clinical pathogens. In recent years,
investigations have expanded to biochemical characterizations of AACs found in environmental
reservoirs. The successful design of next-generation aminoglycosides (AGs) depends on an up-to-
date understanding of the broader AG resistome.

Towards this goal, I present the first structural analysis for the unique apramycin modifying
enzyme, ApmA. Apramycin is a veterinary antibiotic that is in development for clinical use. The
atypical chemical scaffold provides inherent protection from many clinically relevant resistance
mechanisms. Prior to the work presented herein, apmA4 was an uncharacterized apramycin
resistance element among environmental species. I heterologously expressed and subsequently
purified ApmA to characterize the nature of resistance towards this unique aminoglycoside. The
results report the first acetyltransferase of the left-handed B-helix (LBH) superfamily involved in
AG detoxification.

Secondly, I completed a comprehensive characterization of ApmA utilizing a structurally
diverse panel of AGs for susceptibility testing, protein engineering, steady-state kinetics, and x-
ray crystallography. Through these approaches, I establish the structural and functional features
that define ApmA’s place within the LBH superfamily and set it apart from other known AACs.
The biochemical data presented describes a chemical mechanism dependent on the substrate
specificity. Furthermore, I describe the molecular determinants behind AG-modification of
clinically relevant AGs.

Lastly, I describe the first comprehensive structural and functional study of clinical and
environmental Antibiotic NAT (A _NAT) inactivating enzymes. A pan-family antibiogram was
obtained and mapped to the reconstructed phylogeny for the A NAT family. Crystallographic
analysis of representatives from each clade was completed with our collaborators from the
University of Toronto. Through the analysis of several ligand-bound A NAT complexes, I
contributed to the elucidation of structural features responsible for substrate specificity.

The collective findings from these chapters have extended the protein landscape involved
in AG-acetylation from one commonly used fold to three distinct architectures, each unique in
underlying chemical mechanism and dissemination.
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Introduction

Bacterial pathogens have acquired and evolved through natural selection, a diverse
collection of resistance strategies to protect against all antibiotic classes. One of the major
resistance mechanisms employed is to reduce a drug’s affinity for its bacterial target through
enzyme-mediated antibiotic modification'. Aminoglycosides (AGs) are a class of natural and
semi-synthetic antibiotics that are impacted by highly diverse modification mechanisms. The
commonly used AGs incorporate a 2-deoxystreptamine ring varying in substitution by amino-
sugars. Their decorated structures provide ample centers for functionalization by AG-modifying
enzymes (AMESs) that phosphorylate, acetylate, or adenylate key AG sites (Fig. 1). These structural
alterations lead to a loss in affinity for one of the most reliable targets in drug development, the
bacterial ribosome. AGs primarily bind to the 16S rRNA and disrupt the codon-anticodon pairing
mechanism. This result compromises the fidelity of protein synthesis by creating mistranslated or
truncated proteins. Modifications of hydroxyl or primary amine groups on the AG molecule block
essential interactions within the ribosome A-site resulting in high levels of resistance for the host?.
Among the classes of AMESs, the most prominent in the clinic are the N-acetyltransferases (AACs).
AAC:s catalyze the acetyl-coenzyme A-dependent acetylation of primary amine functional groups
to reduce the affinity of AGs for their molecular target. Semi-synthesis of natural product AGs
leverages the stereochemistry and positioning of functional groups to evade AAC-mediated
inactivation. Substantial structure-activity studies have informed the design of analogs less prone
to resistance with improved activity. These attributes, in combination with their well-established
clinical history as effective bactericidal drugs for the treatment of infections caused by Gram
negative pathogens, have revitalized investigations for next-generation AGs to combat serious

multi-drug resistant infections>®.
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Figure 1. Nomenclature for aminoglycoside modifying enzymes reflects the diversity of
functionalization to reduce affinity for 16S rRNA. (a) Primary mechanism of action for AG
antibiotics. (b) There are three subclasses of AG-modifying enzymes that differ based on form of
chemical modification: ANTs (adenylation), APHs (phosphorylation) and AACs (acetylation).
The nomenclature for genes encoding three tobramycin modifying enzymes are broken down into
the four components first described in ref. 12 (functionality, regiospecificity, resistance phenotype
and protein designation). A three-letter italicized abbreviation indicates the functional group to be
added to tobramycin. The regiospecificity, or site of modification, is indicated in parentheses. A
roman numeral indicates the resistance phenotype when the protein is expressed in the host. The
last component of the nomenclature is a lower-case letter to differentiate between modifying
enzymes of the same function, regiospecificity and resistance phenotype. Functional groups that
are susceptible to modification on tobramycin by ANT(4’)-Ia, APH(2’’)-Ia and AAC(3)-Ia are
highlighted pink, green and lavender respectively. Figure in part created with BioRender.com
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Canonical members of the AG resistome: GCN5-related N-acetyltransferases

The GCN5-related N-acyltransferases (GNATSs) are a protein superfamily in which a
common fold has evolved to facilitate the acylation of a wide variety of important biological
molecules. The functional diversity observed for this superfamily is reflected in the low primary
sequence similarities and architecture of the acyl-accepting substrate region’. GNATSs are found
across all domains of life and are involved in processes such as detoxification, post-translation
regulation, and biosynthesis of the bacterial cell wall. Their ability to partake in various critical
acetylating activities is a consequence of the conserved fold involved in binding the pyrophosphate
group of acetyl-CoA. The pyrophosphate binding loop is the only structural feature with a
sequence motif shared between GNATSs (R/Q-X-X-G-X-A/G). Several hydrogen bonds are formed
between the peptide backbone and the pyrophosphate group within this region. Other
distinguishing secondary structural attributes are parallel beta sheets with interspersed alpha
helices®.

With regards to the AACs of the AG resistome, GNATs were the first members to be
identified®. Until relatively recently, the GNATSs have been recognized as the sole contributors to
AG resistance through acetylation for over 50 years. Consequently, a wealth of knowledge has
been obtained regarding the diversity of their sequences, structures, and functions (Fig. 2). The
nomenclature initially adapted for AMEs and is still in use today, was a system built to describe
gene and enzyme function with a useful short-hand!'®'*(Fig. 1b). Genes encoding
acetyltransferases are named with the three-letter abbreviation aac followed by a numerical value
that indicates the site of modification on the AG molecule. A Roman numeral represents the
resistance phenotype of the host when the gene is expressed. Lastly, a lower-case letter is assigned

to distinguish between unique genes that confer identical resistance profiles. Around the same
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time, an alternate nomenclature was also introduced by Novick et al. as a part of a proposal for
plasmid and strain designations!®>. This less frequently used naming system shortens the
abbreviation by removing a label that differentiates between isoforms. A capital letter followed by
a single numerical value is used to describe the regiospecificity and its position in the discovery
sequence. The review of these two systems by Shaw et al. in 1993 serves as the key starting
reference for resistance phenotypes and in-depth analysis of sequence-function relationships
across all AMEs known at the time of its publication'’.

The GNATSs involved in AG acetylation are the most diverse in terms of regiospecificity
for their activity (Fig. 2). Each enzyme primarily targets sites N3, N6’, and N2° of AGs and are
therefore referred to as AAC(3), AAC(6’), and AAC(2’), respectively (Fig 1b). The coexisting
naming systems have, over time, created discrepancies in the literature for assigning a designation
for a newly identified acetyltransferase. Vanhoof et al. were the first to address concerns regarding
coexisting nomenclature systems after unintentionally assigning a new protein to a designation
already in use'*. There have since been mischaracterized resistance elements and incorrect
functional assignments to sequences encoding acetyltransferases. For example, AAC(1) is an N-
acetyltransferase responsible for N1 acetylation of AGs'>!”. There are two reported enzymes
belonging to this group, with the point of differentiation in substrate specificity being apramycin'®.
The activity was last reported in 1999 and, despite a lack of supporting protein sequence or
structure, continues to be cited as a member of the GNAT superfamily'8-2°. There was also a shift
in the literature where the nomenclature was assumed to imply protein familial relationships. To
date, enzymes harboring AAC(3) activity can be categorized into ten subgroups based on their AG
resistance profile. AAC(3)-I1>! and AAC(3)-XI?? are the only known AACs that belong to the

GNAT superfamily. Before structures of the remaining eight subgroups became available, only a
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few publications recognized through protein sequence that two different protein families harbored
AAC(3) activity!®?!2*, However, these reports were outnumbered by a surge in structural data for
GNATs AAC(3)-I and AAC(6°)-1 isoforms, accompanied by detailed functional and mechanistic
studies. The result was the classification of all AG-modifying enzymes with AAC(3) activity
belonging to the GNAT superfamily. The low percent identity among sequences of true GNATSs
further supported defining all AAC(3)s as such, even when structures of a distinct fold were
published years later.

We highlight these discrepancies in the literature to create a solid foundation for developing
next-generation AGs. The appropriate designations of these proteins are crucial to understanding
how resistance functions evolve within their respective superfamily. There are many examples of
acetyltransferases chromosomally encoded where their actual physiological function has yet to be
determined, and it is proposed that antibiotic resistance may play a secondary role>*2%. Insight into
these connections will help us to better predict which genes have the evolutionary potential to
inactivate AGs. Working towards this goal, the following sections will review the sequence,

structure and function of GNATS studied to date with AG-modifying activities.
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Figure 2. Overview of GNATSs involved in AG-modification. Monomers from solved GNAT
crystal structures of each subgroup are shown. The network of GNAT structures highlights the
diversity in substrate specificity and regiospecificity. Structural and mechanistic studies have
primarily focused on resistance elements already mobilized in the clinic or chromosomally
encoded among pathogenic bacteria. Critical gaps remain in structures for newly identified AACs
and those found in AG-producing organisms.
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AACQ3)

The first protein sequence identified in the GNAT superfamily belongs to a 3-N-
acetyltransferase commonly found in clinical isolates that conferred resistance towards
gentamicin, fortimicin, and sisomicin®!'?. Later designated AAC(3)-Ia, a 3-N-acetyltransferase
from Serratia marcescens, also provided the first 3D-crystal structure of an AG-modifying
acetyltransferase?’. A truncated form of the protein (residues 1-168) was co-crystalized with CoA
to a resolution of 2.3 A. The initial structure provided invaluable insight into the binding
mechanism of the acetyl-donor and conserved catalytic region of GNATs. However, the truncated
AAC(3)-Ia isoform was later found to lack an o-helix observed in other AACs?*®. We recently
determined the crystal structure of the full-length protein (residues 1-177) in complex with CoA
to a resolution of 1.8 A% (Fig. 2). Our structure includes the C-terminal region, identifying changes
in positioning of a B-strand and the addition of the aforementioned a-helix that impacts the
positioning of CoA%.

The emergence of AAC(3)-Ia in the 1970s compromised the usefulness of the popular
clinical AG gentamicin®**2. To combat multi-drug resistance and improve the pharmacological
properties of the class, first-generation semi-synthetic AGs were designed to evade modification
and reduce toxicity. Amikacin is the most successful of those developed during this period and is
still widely used today**. Described in 1972, amikacin is a semi-synthetic derivative of kanamycin
A modified at C1 with an L-(y)-amino-a-hydroxybutyryl chain, inspired by the natural product
AG butirosin, an L-(y)-amino-a-hydroxybutyryl derivative of ribostamycin that has improved
activity against AAC-expressing bacteria®*. The substitution at this position was found to provide
protection against AAC(3)s.

There are currently four known isoforms of AAC(3)-I (a-d) that are found mobilized in

various Gram-negative pathogens®>*¢. The distribution of these isoforms among clinical isolates

8
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is mainly mediated by mobile gene cassettes inserted into integrons?'*>-738_ A fifth isoform,
AAC(3)-Ie, was reported in 2004 in a multi-drug resistant Salmonella enterica sample*®. However,
the protein sequence shares 100 % amino acid identity with AAC(3)-1d and should be referenced
as such.

More recent investigations have explored the diversity of GNATSs with AAC(3) activity in
the environment. We followed up on previously identified environmental metagenomic
sequences®’, and found AG-acetylating activities comparable to those found in clinical isolates?®.
To establish approximate relationships between subgroups, we pooled clinical representatives and
metagenomic sequences for phylogenetic analysis. While clinical isoforms of AAC(3)-I clustered
together, selected sequences from metagenomics sampling exhibited great diversity, belonging to
several subgroups within the GNAT superfamily. For this review, we re-constructed the
phylogenetic tree to include AACs of varying regiospecificity (Fig. 3). Our results demonstrate
the depth of functional diversity that remains to be characterized within environmental reservoirs.

Crystal structures of meta-AACs and AAC(3)-Ib verified the shared GNAT fold for acetyl-
CoA binding. Our in vitro kinetic experiments revealed greater rates of AG-acetylation for meta-
AACs than the AAC(3)-1 isoforms already circulating in clinic?®. We selected meta-AACs near in
phylogeny to clinical AAC(3)-I isoforms for susceptibility testing and found they exhibited an
expanded AG resistance profile. A handful of meta-AACs exhibited activity towards tobramycin,
a resistance profile noted to be reminiscent of AAC(3)-II. However, to designate these meta-AACs
an AAC(3)-11 GNAT, susceptibility testing with additional AGs would be required to distinguish
from other AG-modifying GNATSs!'.

AAC(3)-XI is a GNAT originating from clinical samples of the opportunistic pathogen,

Corynebacterium striatum. The strains were found to exhibit a similar AG resistance profile as our
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meta-AACs with the addition of activity observed towards kanamycin B and dibekacin?®?.
Purification of the 3’-N-acetylated dibekacin product in vitro supported the classification of the
enzyme to the AAC(3) subgroup with its unique activity profile justifying the assignment of
subgroup XI. The authors did not purify the acetylated-kanamycin B product, which may be
modified at a different site. A lack of resistance was observed towards kanamycin A, which only
differs from kanamycin B at the N2’ position. It is possible that the binding mode of kanamycin B
results in N-acetylation instead on the prime ring. The positioning of AAC(3)-XI in our GNAT
phylogenetic tree (Fig. 3) shows a distant relationship with the AAC(3) subgroup and instead falls
within a clade of verified AAC(6’) enzymes. Without supporting spectroscopic data of the

acetylated kanamycin B product, the activity of AAC(3)-XI remains to be fully characterized.

AAC(6’)

GNATs responsible for modifying the N6’ position can be categorized into two subclasses
based on their resistance profiles (Fig. 2). AAC(6’)-I confers resistance towards amikacin,
neomycin, and naturally occurring 4,6-disubstituted subclass of AGs, with minimal activity
observed towards gentamicin CI1. In contrast, AAC(6°)-1I is active towards all gentamicins and

cannot confer resistance towards amikacin®®

. AAC(6’)-1 isoforms have become widely
disseminated among priority pathogens. They exhibit the greatest sequence diversity among AMEs
and are distributed among three known GNAT clades harboring N6’ acetylating activity (Fig. 3).
The most prevalent isoform is AAC(6’)-Ib. It was first discovered in Klebsiella pneumoniae in
1986 and remains the most frequently reported in clinical isolates today>>*!*?, Several variants of
AAC(6°)-Ib have been identified, with the most notable being the bifunctional variant AAC(6’)-

Ib-cr*3. Due to two single amino acid substitutions, Trpl02Arg and Asp179Tyr, the substrate

specificity of this enzyme expanded to include fluoroquinolones that incorporate a pendant
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piperazine ring such as ciprofloxacin. Despite being a synthetic antibiotic, this minor change in
protein sequence permits the modification of the available secondary nitrogen of the piperazine
heterocycle®’. Fusion proteins with AAC(6°)-I activity have also been found with either terminal
region found to have an additional AAC(6’)-I, an AAC with different regiospecificity**, a
nucleotidyltransferase*, or a phosphotransferase®®. The most clinically relevant bifunctional
enzyme is AAC(6°)-APH(2°°)**’. The domain involved in AG acetylation is designated AAC(6’)-
Ie. This isoform uniquely N-acetylates fortimicin and is the only AAC verified to O-acetylate

lividomycin and paromomycin to confer resistance*’*®,

11
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Figure 3. Radial phylogram of clinical and metagenomic sequences identified as members of the
GNAT superfamily. AG-modifying GNATs exhibit great sequence diversity with variable
regiospecificity. GNATSs involved in AG-detoxification are not constrained to any one form of genetic
element and have been identified across Gram-negative and -positive bacteria of different environments.
Outgroup sequences are for mycothiol synthases, MshD, with GenBank protein accession identifiers
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acetylation. Representative bacterial species are listed in bold or italics to indicate if the sequence is known
to be chromosomally encoded or associated with mobile genetic elements.
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The chromosomal genes aac(6’)-1i* and aac(6°)-I*° encode for isoforms of AAC(6”)-1 in
Enterococcus faecium and Salmonella enterica, respectively. Biochemical investigations of these
isozymes have laid the groundwork for understanding the molecular mechanisms of GNAT-
mediated AG acetylation. AAC(6’)-1 isozymes have been the subject of rigorous steady-state
kinetic analyses across broad AG and acyl-CoA panels to describe details of substrate specificity,

catalytic activity, and chemical mechanism?47-50-31

. Elucidation of kinetic parameters found
AAC(6°)-1i to be relatively inefficient as a detoxifying enzyme, with a correlation between kc.: (the
rate at saturating levels of the antibiotic substrate) and minimal inhibitory concentration®®. The N-
acetylating activity of AAC(6’)-Ii and -ly was found to include histones in a discriminate

manner>>>3

. There are several crystal structures available for clinically derived AAC(6°)-1
isozymes that have contributed to understanding substrate specificity®> and in connection to the
sequence diversity within this subgroup of GNATs>*. At a molecular level, AAC(6°)-I isoforms
have undergone rigorous mechanistic investigations to learn which residues are critical for binding
AGs or catalysis®®>>*. GNATs involved in AG-modification have been found to utilize different
chemistries to facilitate acetylation*’>!. Overall, these GNATs have been described to lack
conserved residues involved in critical chemistries.

The combined efforts from these investigations informed the second generation semi-
synthetic AG, plazomicin®*"*%. The naturally occurring AG sisomicin was used as a parent
scaffold as the inherent unsaturation present in ring I provides protection from 4’-O-
nucleotidyltransferases. The addition of an L-(y)-amino-a-hydroxybutyryl chain to C1 renders the

AG to the activity of AAC(3) enzymes. Protection from inactivation by AAC(6’) enzymes is

provided through the addition of a hydroxyethyl substituent at the 6> position>®.

13
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AAC(2’)

The subgroup of AAC(2’) has been commonly recognized as chromosomally encoded N-
2’-acetyltransferases universally found in Providencia stuartii***! with more recent identifications
made in Mycobacteria®*?>%%% and Mycolicibacteria®%. GNATSs classified as AAC(2’)-1 confer
resistance towards disubstituted 2-deoxystreptamine subclasses of AGs containing an N2’ group,
including the second-generation semi-synthetic AG, plazomicin®® (Fig. 2). The O-acetylation of
AGs, such as amikacin and kanamycin A, has been suggested by AAC(2’)-Ic but the literature
currently lacks supporting cell-based susceptibility assays to confirm the acetylating activities
observed in vitro correlate to protection in vivo**. However, alternative substrates for AAC(2)-1
isoforms have been identified. Peptidoglycan is readily O-acetylated by AAC(2’)-1a, with host
AG-resistance under conditions where aac(2’)-Ia is highly expressed®®®*. Both acetyl-CoA and N-
acetylglucosamine have been demonstrated to be accepted by AAC(2’)-Ia as acetyl-donors in AG-
modification®. These studies were the first conversations about the physiological roles these
enzymes may serve for the host. Early kinetic analyses of AAC(2’)-1 isoforms, and later of
AAC(6°)-1 isoforms, also included AG-susceptibility testing to investigate the relationships of in
vitro activity and AG-resistance phenotypes. It’s suggested that the primary roles these enzymes
hold in secondary metabolism have been co-opted fortuitously to provide protection from
antibiotics®!.

Mechanistic studies of AAC(2’)-I isoforms subsided in the early 2000524152, The last of
these studies generated several crystal structures of apo-AAC(2’)-Ic as well as ternary complexes
with co-enzyme A and either tobramycin, kanamycin A or ribostamycin. The structural and
biochemical data obtained were compared with glucosamine-6-phosphate acetyltransferase to
investigate the alternative physiological role of AAC(2’)-Ic. The structures were the first detailed

reports highlighting water-mediated interactions involved in AG-binding and possible role in the
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chemical mechanism®?. Crystallographic analysis of other AAC(2’)-I ligand-bound complexes
resumed upon report of plazomicin susceptibility’. The molecular determinants for plazomicin
binding and other AG substrates have been explored in detail®*%%%7. Structural analyses of other
AAC(2’)-1 isoforms have also been completed with varying disubstituted AGs. These structures
have increased our knowledge of the complex networks within the AG-binding pocket for these
chromosomally encoded acetyltransferases. However, mutagenesis studies are still lacking to
compare elements necessary for binding and underlying chemistries.

Albeit a less recognized AAC, AAC(2°)-11 is a subclass of N2 GNATS responsible for the
acetylation of kasugamycin (Fig. 2). Kasugamycin is an atypical AG, composed of a p-chiro-
inositol moiety and a kasugamine moiety (2,4-diamino-2,3,4,6-tetradeoxy-p-arabino-hexose),
containing a carboxy-imino-methyl group®. The lack of a 2-deoxystreptamine ring, directs
kasugamycin to the mRNA-binding tunnel between the E- and P-sites of the 30S ribosomal
subunit. Consequently, kasugamycin blocks the initiation of translation at different stages®®°.
Kasugamycin is an agricultural control agent for fungal and bacterial pathogens in different crops.
AAC(2’)-I1ais responsible for kasugamycin resistance in isolates of the seed-borne rice pathogens,
Burkholderia glumae and Acidovorax avenae subsp. avenae. The encoding gene, aac(2’)-1la, is
mobilized on the IncP genomic island that can be inserted into the host chromosome’! and IncP-
1B plasmid pAAAS83”%. The isoform AAC(2’)-1Ib provides intrinsic kasugamycin resistance for
Paenibacillus sp. LC231, a multi-drug resistant strain isolated from the pristine environment of
Lechuguilla Cave’®. Chromosomally encoded isoforms have also been identified from the
kasugamycin producer, Streptomyces kasugaensis. Of the 23 putative proteins encoded within the
biosynthetic gene cluster’®, kasF and kasH, have been recently verified to encode kasugamycin

N2’ acetyltransferases’. KasH, herein referred to as AAC(2’)-Ilc, is the primary determinant for
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self-resistance against kasugamycin. The weak acetylating KasF in vitro does not correlate to

resistance in vivo, leaving its purpose to be determined””.

Although GNATs have been the subject of rigorous biochemical studies for several
decades, the knowledge obtained primarily looks to what is currently circulating among priority
pathogens*®>35676  Critical gaps in structural knowledge remains in each AAC subgroup?,
particularly for GNATSs involved in AG biosynthesis’>. Phylogenetic analysis has also been limited
to AACs falling within the same regiospecificity subgroup®®’’. The GNAT phylogeny presented
in this chapter is based on all AAC subgroups, providing greater insight into the functional
diversity of varying genetic backgrounds. The metagenomic AAC sequences identified in previous

works?® 1

show are putative AACs of varying regiospecificity and substrate specificity. Such
sequences within the GNAT superfamily can be investigated further for the evolution or adaptation
of physiological functions to confer AG resistance. The chapters presented in this thesis are how
we can begin establishing these connections within different protein superfamilies of the AG

resistome. The knowledge obtained through a genomic enzymology strategy can be leveraged in

the identification of novel resistance mechanisms and subsequent surveillance.
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Purpose and goals of thesis

The purpose of this thesis started as an investigation of resistance elements towards the
atypical AG apramycin to aid in its development as a next-generation therapeutic. As I uncovered
incredible structural and mechanistic diversity for modifying enzymes, this project widened to a
genomic enzymology study of AACs within the AG resistome.

Genomic enzymology is an interdisciplinary strategy that incorporates genetic context and
evolution into the paradigm of protein sequence-structure-function. The partnership of these
concepts provides insight into the evolution of function within a protein superfamily. Such
information is critical to inform next-generation antibiotic development, surveillance, and
stewardship strategies in all settings.

In chapter 2, I present ligand-bound and apo-crystal structures of ApmA, publishing the
first report of an LBH AAC involved in aminoglycoside detoxification. Through spectroscopic
techniques, I show ApmA acetylates apramycin with a previously unreported regiospecificity to
confer high-level resistance. Chapter 3 presents a comprehensive characterization of ApmA
utilizing protein engineering, x-ray crystallography, steady-state kinetics, and antimicrobial
susceptibility assays. I demonstrate that ApmA deviates from the chemical mechanism LBH’s are
well known for. These results highlight the liability of this resistance element to other AGs if it
becomes clinically prevalent. I show ApmA confers broad-spectrum resistance and provide a
detailed structural analysis to inform the development of next-generation scaffolds.

Chapter 4 incorporates bioinformatics with the approaches mentioned above to explore the
diversity within the underestimated protein family of A NATSs. For this study, my contributions
included the curation of clinical and environmentally derived A NATs and completion of all
antimicrobial susceptibility testing to map the function of encoded A_NATsS to the phylogeny.

Chapter 5 will bring together the major findings presented and outline future directions for
understanding the evolution of these functions in each protein family.
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Chapter Two: ApmA is a unique aminoglycoside modifying enzyme
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ApmA is a unique aminoglycoside antibiotic acetyltransferase that inactivates apramycin. Mbio,
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Abstract

Apramycin is an aminoglycoside antibiotic with the potential to be developed to combat
multi-drug resistant pathogens. Its unique structure evades the clinically widespread mechanisms
of aminoglycoside resistance that currently compromise the efficacy of other members in this drug
class. Of the aminoglycoside-modifying enzymes that chemically alter these antibiotics, only
AAC(3)-IVa has been demonstrated to confer resistance to apramycin through N-acetylation.
Knowledge of other modification mechanisms is important to successfully develop apramycin for
clinical use. Here, we show that ApmA is structurally unique among the previously described
aminoglycoside-modifying enzymes and capable of conferring a high level of resistance to
apramycin. In vitro experiments indicated ApmA to be an N-acetyltransferase, but in contrast to
AAC(3)-IVa, ApmA has a unique regiospecificity of the acetyl transfer to the N2’ position of
apramycin. Crystallographic analysis of ApmA conclusively showed that this enzyme is an
acetyltransferase from left-handed  helix protein superfamily (LBH) with a conserved active site
architecture. The success of apramycin will be dependent on consideration of the impact of this

potential form of clinical resistance.
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Introduction

Waksman'’s tandem discoveries of streptomycin and neomycin over 65 years ago ushered
in the clinical use of the aminoglycoside antibiotics (AGs) for the treatment of bacterial infections
(1, 2). Since then, a variety of AGs have found clinical success. All AGs have a six-membered
aminocyclitol core that serves to distinguish sub-families of the class. For example, the 4,6-
deoxstreptamine antibiotics tobramycin, gentamicin, and amikacin are particularly effective
against Gram negative pathogens. These antibiotics offer improved oto- and nephrotoxicity
profiles over the 4,5-deoxstreptamine containing scaffolds such as neomycin (3, 4). Most AGs act
through noncovalent binding to the small ribosomal subunit in a fashion that disrupts the
proofreading property of translation (5). The result is subversion of the genetic code followed by
the production of aberrant proteins and peptides, resulting in cell death.

Soon after the introduction of AGs in clinical practice, acquired resistance mediated by
mobile genetic elements was reported (6). Over the past decades, a plethora of AG resistance genes
have been identified, many of them moving through bacterial populations by lateral gene transfer
(7). In addition to the upregulation of efflux systems and mutations in outer membrane porins
occurring in some bacteria such as Pseudomonas aeruginosa (8), two general mechanisms of
resistance dominate in pathogens, drug inactivation and target modification. Both mechanisms
result in a decreased affinity of the AG for its ribosomal target (9, 10). Inactivation of AGs occurs
via chemical modification by one of the following three classes of aminoglycoside-modifying
enzymes (AMEs); O-phosphorylation (APHs), O-adenylylation (ANTSs), or N-acetylation by
aminoglycoside acetyltransferases (AACs) (11-13). Modification of the drug target is the most
recent form of aminoglycoside resistance to emerge in the clinic (14). The 16S rRNA

methyltransferases (RMTases) are responsible for the N7 methylation of G1405 (e.g., Escherichia
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coli numbering; ArmA, Rmt family) or N1 methylation of A1408 (14, 15) (e.g., NpmA, KamB)
within the 16S rRNA, respectively, conferring resistance to only 4,6-disubstituted or all 4,5- and
4,6-disubstituted AGs. RMTases are increasingly found in carbapenem-resistant isolates, greatly
limiting therapeutic options for infections caused by these bacteria (16).

The broad mechanistic and genetic diversity of AG resistance impacts the use of existing
drugs and dampens enthusiasm in the discovery of new members of this family of antibiotics,
despite their highly desirable bactericidal activity toward Gram-positive and Gram-negative
pathogens. In response to this challenge, the group at Achaogen embarked on an effort to deliver
a next generation semi-synthetic AG that was not susceptible to common AMEs. The result of this
effort is plazomicin (Zemdri) approved by the FDA in 2018, which retains antibiotic activity in
the presence of most AMEs (17, 18). However, plazomicin remains ineffective against isolates
coexpressing many RMTases, resistance genes that were not in significant circulation when the
development program was launched (19). This fact emphasizes the potential for rapid
dissemination of new resistance elements in the clinic that may move more rapidly through
bacterial populations than the drug development process.

Apramycin is an unusual AG where the deoxystreptamine (DOS) aminocyclitol ring is
monosubstituted and is linked to an octadiose element (Figure 1) (20). Apramycin has been used
in veterinary medicine for decades but more recently has been found to exhibit broad activity
against WHO prioritized multi-drug resistant (MDR) pathogens such as carbapenemase-producing
Enterobacteriaceae and Acinetobacter baumannii (3, 21-24). The unique monosubstitution of
apramycin’s DOS ring prevents both inactivation by a majority of common AMEs and resistance
due to target alteration by N7 RMTases (24). This characteristic makes apramycin particularly

attractive as a candidate next-generation AG for clinical use in humans (25).
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B Drug modification STSHN

Target modification = /0
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= APH(2") A Plazomicin oH ApmA ?
"G R pn~ OH
) H AAC(3)IV
AAC(B) o/
/ HoN

NHz AAC(B) Ha
ANT(4) 0 Ho’Xﬁ%, NH;
H, H

B N-acetyltransferases (AAC) /’ Hm Apramycin
[ | O-phosphotransferases (APH) AAC(2')
O-nucleotidyltransferases (ANT) ANT(2 \%\T steric clash with
[ Bifunctional acetyltransferase methylated target
[l 16S rRNA methyltransferase APH(2" )

Tobramycin

Figure 1. Apramycin’s advantage to overcome aminoglycoside resistance in the clinic. (A)
Aminoglycoside resistance elements explored in this study (Table S1, Figure S1). Inner circle
represents the two main modes of aminoglycoside resistance: drug inactivation and target
modification. Outer circle highlights the individual enzymes (Figure S1), coloured based on
chemical modification made to the target or antibiotic. (B) Apramycin’s unique monosubstitution

of the DOS ring with the octadiose element limits the number of inactivating mechanisms. Lack
of substitution at C6 allows avoidance of clinically relevant 16S rRNA methyltransferases.

Prior to the introduction of this antibiotic into the clinic, knowledge of the apramycin
resistome is important. The N-acetyltransferase AAC(3)-IVa, a common selectable antibiotic
resistance marker for molecular biology studies in actinomycetes, confers high level apramycin
resistance and is occasionally found in clinical isolates of Enterobacteriaceae (26—28). AAC(1)
has been reported to be associated with apramycin resistance; however, the sequence of this gene
is unavailable and the original isolates lost (A. Lovering, personal communication) (29, 30). ApmA
is another acetyltransferase linked to apramycin resistance. ApmA was first reported in 2011 from
bovine and porcine methicillin-resistant Staphylococcus aureus (MRSA) isolates (31, 32). The
gene was found as the sole resistance element on a smaller plasmid as well as a larger antimicrobial
multiresistance plasmid that also contained heavy metal resistance genes and potential virulence

elements (32, 33). AAC(3)-IVa adopts the structural fold for the more recently studied AAC(3)
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enzymes belonging the Antibiotic NAT family (PDB 6MN4). Primary sequence alignment
suggests that ApmA does not share this three-dimensional structure. Given the growing interest in
apramycin as a drug candidate we have investigated ApmA’s activity towards apramycin and
determined its three-dimensional structure. We identify ApmA as a member of the left-handed [3-
helix (LBH) superfamily, similar to chloramphenicol and streptogramin O-acetyltransferase
resistance enzymes. This is the first report of an AG resistance element with this protein fold and

reflects the diversity and enzymatic opportunism of antibiotic resistance.
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Results
The apramycin resistome is limited to four known genes

The resistome of apramycin was evaluated through susceptibility testing against our in-
house antibiotic resistance platform consisting of a panel of isogenic strains of Escherichia coli
BW25113 AtolCAbamB, each expressing unique aminoglycoside resistance elements (34).
Apramycin susceptibility was surveyed against 27 aminoglycoside resistance elements, consisting
of 11 AACs, 11 APHs, 2 ANTs, and 4 RMTases. Gene expression levels were under the control
of the constitutive promoter Ppia. A control strain not expressing an aminoglycoside resistance
element was used as a reference for apramycin potency. We found only the four previously
reported apramycin resistance elements to confer resistance (Figure S1). The two N1-A1408-
directed RMTases, NpmA and KamB, and the two acetyltransferases, AAC(3)-IVa and ApmA,
each confer a high level of resistance to apramycin (> 64 ug/mL; Table 1). ApmA remains the
only member of these apramycin resistance elements uncharacterized with respect to its structure
and function.

Table 1. Apramycin resistance elements identified through susceptibility testing of E. coli
BW25113 AtolCAbamB expressing aminoglycoside resistance enzymes.

Aminoglycoside
resistance mechanism

MIC (pg/mL)

Resistance gene E. coli BW25113 AtolC AbamB

None None 4
Drug modification aac(3)-1Va >512
apmA 64
Target modification kamB >512
npmA >512
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ApmA acetylates apramycin at 2’-NH>

Purified recombinant ApmA was used to produce acetylated apramycin in vitro to
determine the regiospecificity of acetyl group transfer. Characterization of the acetylated product
was carried out using high resolution electrospray ionization mass spectrometry (HR-ESI-MS),
which revealed a single acetylation of the apramycin core (mass increase of 42.0 Da) (Table 2).

Table 2. HR-ESI-MS analysis of ApmA-catalyzed acetylated aminoglycosides in positive ion
mode.

Modified Exact mass [M + H]
. . Molecular formula
Aminoglycoside Calculated Observed
apramycin C21H42N5011 540.2875 540.2891
N-acetyl apramycin C23HasNsO12 582.2986 582.2989

Further characterization of the regiospecificity of acetyl transfer was accomplished using
a combination of one- and two- dimensional nuclear magnetic resonance spectroscopy (1D and 2D
NMR) of purified, ApmA-inactivated apramycin. (Table S1, Figure S4-S8) Acetyl apramycin
NMR spectra were compared with those reported in the literature for the apramycin-free base (35).
We noted significant deshielding of the 2’ proton from 3.02 ppm in apramycin to 4.06 ppm in the
acetylated product in the '"H NMR. This change is a result of the effect of a carbonyl group attached
to a neighboring atom (N2”). In the *C NMR, two new carbon shifts were observed at 21.8 ppm
and at 172.89 ppm, corresponding to a methyl group carbon and carbonyl carbon chemical shifts.
Lastly, heteronuclear multiple bond correlation spectra (HMBC) revealed correlations between the
carbonyl carbon and methyl protons, as well as their correlation with the 2’ proton. (Figure 2)

These data are consistent with acetylation of apramycin by ApmA at the 2’-NH> of ring 1.
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Figure 2. HMBC correlations. Correlations between carbonyl carbon of the acetyl group,
methyl protons and 2’ proton are indicated with the arrows.

ApmaA is an N-acetyltransferase from the left-handed P helix protein superfamily

Primary sequence analysis of ApmA identified a seven-hexapeptide repeat motif,
suggesting it is a member of the LBH superfamily of acetyltransferases that includes the xenobiotic
acetyltransferases (XAT) subclass of LBHs, responsible for the inactivation of streptogramin group
A antibiotics (36, 37) (Vat) and chloramphenicol (38, 39) (CATB). Crystals of the apoenzyme and
ApmA in complex with apramycin or acetyl-CoA were obtained, and their structures solved to
resolutions of 2.08 A, 1.85 A and 2.30 A respectively (Table S2). Analysis of these complexes

showed ApmA to be a trimeric protein and confirmed it to be a member the LBH superfamily.

apramycin BApmA I H
N-terminal ~ VatA [

Figure 3. Structural comparison of ApmA to XAT subclass of LBH superfamily. (A) Domain
architecture represented in ApmA monomer. (B) Structural superimposition of ApmA and VatA
(PDB 4HUS) in complex with apramycin and virginiamycin respectively (substrates not shown).
ApmA chains are coloured in red, blue and green, and VatA chains are all coloured in black.

The overall structure of ApmA is consistent with the canonical XAT architecture (36): it

consists of a C-terminal region comprised of three a-helices (residues 232 to 274), a central LH
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domain where the hexapeptide motif is repeated seven times (residues 83 to 231) and an insert
located in the center of the LBH fold, characterized by two a-helices (residues 132 to 176). Unlike
other XATs, ApmA contains an additional N-terminal region, comprised of four B-sheets and two
a-helices (residues 1 to 82). (Figure 3A and 3B) The LBH domains of three neighbouring chains
together form a tunnel to shuttle the pantothenate arm of acetyl-CoA into the apramycin binding
pocket. (Figure 4A) The N-terminal region appears to play a role in distorting the first two -
strands from the 7-stranded B-sheet of the LBH domain relative to their position in VatA and XAT
(PDB 2XAT) (Figure S2). These B-strands are twisted nearly 90° from their position in VatA and
XAT and significantly alter the shape and volume of the substrate binding pocket (Figure S2).
Three acetyl-acceptor binding pockets were identified with the positioning of the central
DOS ring consistent with other AMEs, which typically are lined with aspartate and glutamate
residues (40). In the ApmA-apramycin complex, the N3 atom of the AG’s aminocyclitol ring is
coordinated by two aspartic acids (Asp144 and Aspl45) in a helix within the C-terminal domain,
and one glutamic acid (Glu85) positions the N1 atom. Ring III of apramycin interacts with several
residues from one of the helices of the insert loop region of the LBH domain (GIn147, GIn159, and
Tyr172). The 6’-OH of ring I interacts with N113 from within the LBH domain. (Figure 4A &
4B) Consistent with the NMR structure of 2’-acetyl-apramycin, we observed the 2°-NH> of the

antibiotic positioned for acetylation.
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A

apramycin

acetyl-CoA
Tyr102

Val142 (

His135

Glugs

Asp144

Asp145
Gin147 N2’
apramycin
GIn159
n
Asn113
Tyr172

Figure 4. LBH domain creates a tunnel for acetyl-CoA binding. (A) Surface view of

ApmAc-acetyl-CoA complex superimposed on ApmA-eapramycin complex. Chains are coloured

red, green and blue. Apramycin and acetyl-CoA are shown in sticks. (B) Active site of

superimposed ApmA substrate complexes highlighting residues suspected to be involved in
apramycin binding and acetylation.

Val142 (ApmA)
Thr93 (VatA)
Tyr102 (ApmA)
Tyrd2 (VatA)
His135 (ApmA)
His87 (VatA)
apramycin

virginiamycin M1

Figure 5. Superimposition of active site for VatA (PDB 4HUS) onto ApmA. Important catalytic
residues for VatA and the equivalent residues found in ApmA are identified.
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Upon superimposition of the two binary complexes (root mean square deviation [R.M.S.D], 0.29
A), the 2°-NHj lies between 3.1 to 3.7 A from the carbonyl carbon of the acetyl moiety. (Figure
4B) Tyr102 participates in a network of hydrogen bonds between the 2’NH> and Asp144 that may
be important for antibiotic binding. The imidazole side chain from His135 is within 2.8 to 3.1 A
of apramycin’s 2’-NH». Consistent with other XAT enzymes, the N1 of this imidazole is hydrogen
bonded to a carbonyl of the peptide backbone (Val142). (Figure 4B) It is suspected that interaction
increases the basicity of imidazole’s N2 to help in arole as a general base (37, 38). Superimposition
of ApmA with VatA, in complex with their antibiotic substrates, demonstrates that the His135 of
ApmA is geometrically equivalent to the catalytic histidine for VatA (His87) (36). (Figure 5)
Tyr102 of ApmA was also found in the same position of Tyr42 of VatA, a residue responsible for
stabilizing the oxyanion intermediate for O-acetylation (36). To further assess the significance of
His135 at the sequence level, we gathered reference sequences for Vats and CATBs from the
Comprehensive Antibiotic Resistance Database (CARD) (41) to construct a multiple sequence
alignment. Our analysis revealed that His135 of ApmA aligns with the conserved catalytic
histidine found across all Vat and CATB sequences, essential for the O-acetylation of their
respective substrates (36). (Figure S3) We next generated the alanine mutant of His135 to evaluate
the impact of this substitution on ApmA’s detoxification of apramycin through cell-based assays.
Upon expression of the His135Ala mutant in E. coli, resistance to apramycin remained within 2-
fold of when the wild-type enzyme was expressed (32 to 64 ug/mL). These results suggest the role
of this histidine in the acetylation of apramycin does not hold the same significance as for the

function of other XATs and requires further investigation.
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Discussion

Apramycin’s atypical structure in comparison with other AGs has garnered considerable
attention for its potential as a next-generation AG antibiotic. The development of derivatives
termed apralogs, has focused on retaining apramycin’s low ototoxic potential while increasing
potency coupled with evading resistance to apramycin through AAC(3)-IV-mediated modification
(42, 43). Molecular modeling of 3-acetyl-apramycin bound to the ribosome indicates that reduced
binding to the target results from a steric clash between the 16S rRNA phosphate backbone and
the amide positioned at C3 of apramycin (24). We show that ApmA is an acetyltransferase that
instead modifies apramycin at the N2’ position of the octadiose element to confer high level drug
resistance. However, N2’ does not make direct contacts with the 16S rRNA and could spatially
accommodate the acetyl group. We suggest that acetylation at this position reduces the affinity of
the overall molecule for its target. The N2’ participates in an intramolecular interaction with O5
of the 2-DOS ring. Intramolecular interactions between AG sugar rings have been suggested to
play an important role in the recognition and binding of AGs to the 16S rRNA (44). The octadiose
element of apramycin participates in important hydrogen bonds with A1408 of the 16S rRNA,
creating a glycoside-adenine pseudo-base pair (43, 45, 46). Acetylation of N2’ would disrupt the
orientation of the 2-DOS and octadiose ring. The carbonyl would also have the potential to create
new intramolecular interactions that alter the configuration of the molecule. Unfavourable
intermolecular interactions would also be introduced if the carbonyl group approaches the
negatively charged phosphate backbone, creating an electronic clash. Lastly, the overall charge of
apramycin will be impacted by the replacement of the primary amine with an amide. The removal
of the positively charged amine would further hinder its ability to interact with the negatively

charged RNA. (Figure 6)
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Figure 6. Impact of 2’-acetylation on ribosomal binding of apramycin. Crystal structure of
apramycin bound to the ribosome (PDB 4AQY). Important interactions between N3 and the
ribosome for recognition of the 2-DOS ring are indicated. Intramolecular interaction between N2’
and OS5 is highlighted. Acetylation at position N3 creates steric clash with the phosphate backbone.
Acetylation of the N2’ position is predicted to create an electronic clash with the negatively
charged backbone of A1492 and G1491.

The regiospecificity of the acetyl transfer phenotypically assigns ApmA to the AAC(2’)
family of AMEs. However, unlike ApmA, AAC(2’) enzymes are members of the GNAT
superfamily (19) and found chromosomally encoded in Providencia stuartii and Mycobacterium
tuberculosis (47, 48). Our analysis of AG resistance shows that AAC(2’)-1a from P. stuartii does
not confer resistance toward apramycin, making ApmA the first AAC(2’) enzyme documented to
do so. Furthermore, initial reports of apmA found the sequence mobilized on plasmids from
Staphylococci isolates from bovine and swine (31-33). The most recent report of the gene has also
identified apmA in Campylobacter isolated from pork, demonstrating an expansion of host and
crossover to Gram-negative pathogens (49).

The findings of this study highlight the adaptation of a common protein fold to generate
new functions in antibiotic resistance. Concerns that other XAT enzymes capable of conferring
resistance to other classes of antibiotics were discussed over 20 years ago (50). Antibiotic

acetyltransferases are products of convergence of function, with CoA-dependent acetylation
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spanning several protein scaffolds (39, 51-55). Our crystallographic data demonstrate ApmA
belongs to the LBH superfamily of acetyltransferases, which had not previously been linked to the
detoxification of AG antibiotics. The substrate specificity of the LBH scaffold has expanded to
accommodate AGs, reminiscent of other sugar-containing substrates of LBH N-acetyltransferases
involved in O-antigen biosynthesis (56, 57). Previously, XATs were observed to only O-acetylate
their respective antibiotic substrates with the help of a conserved catalytic histidine. There are also
LBH N-acetyltransferases that contain a histidine in the active site and have been shown to be
important in the acetylation of their respective nucleotide-linked sugar substrates (56, 58). We
show that the His135Ala ApmA mutant is still capable of N-acetylating apramycin to confer an
equivalent level of resistance to when the wild-type protein is expressed. This suggests that the
molecular mechanism of acetyl transfer is similar to that of the GCNS5 family AAC(6’) enzymes
where no catalytic base is necessary. Here, acyl transfer occurs due to the alignment and proximity
of acetyl-CoA and the nucleophilic receptor amine of the antibiotic (59). Overall, this work has
the potential to aid in the identification of apralogs with reduced susceptibility to ApmA.
Furthermore, the distribution of apmA should be monitored for the further transfer into clinical
isolates. This unique AME threatens not only the success of apramycin’s introduction into the

clinic but may impact other AGs susceptible to its modification as well.
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Methods
Bacterial strains and apmA cloning

apmA (Genbank ID: FN806789.3) was synthesized as a gBlock by Integrated DNA
Technologies (IDT) for cloning into pGDP3(34) and pET19b-TEV using Ndel and Xhol restriction
sites. The pET19b-TEV plasmid consists of an N-terminal Hisio-tag cleavable by a tobacco etch
virus protease (TEV). The pGDP3 construct of apmA was transformed into hyperpermeable,
efflux-deficient mutant E. coli BW25113 Ato/CAbamB (for antimicrobial susceptibility testing).
Construct of pET19b-TEV:apmA was transformed into BL21(DE3)-Gold competent cells (for
crystallography). All constructs were verified through Sanger sequencing at the Mobix sequencing

facility, McMaster University.

Site-directed mutagenesis

Nucleotide substitutions (indicated by bold text in primers) were introduced in apmA with
PCR site-directed mutagenesis by primer extension (60) using pGDP3:apmA as a template and the
following mutagenic oligonucleotide primers to produce apmA:HI135A.
Forward 5’~AGAGATCCATGCGAACGCTCAGTTAAACATGACCTTTG-3’
Reverse 5’-AAGGTCATGTTTAACTGAGCGTTCGCATGGATCTCTG-3".

The final construct was verified through Sanger sequencing at the Mobix sequencing

facility, McMaster University.

Antimicrobial susceptibility testing
Screening against our in-house antibiotic resistance platform was carried out as previously

described (34). Apramycin susceptibility testing of E. coli BW25113 AtolCAbamB expressing
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apmA and apmA(H135A) was completed in triplicate following the Clinical and Laboratory
Standards Institute (CLSI) protocols for the microbroth dilution method (61). Strains were cultured
in cation-adjusted Mueller-Hinton broth (CAMHB) in a 96-well format. Plates were incubated in

a shaking incubator at 37 °C for 18 hrs.

Protein expression and purification

For acetylated product characterization, E. coli BL21(DE3) Rosetta-gami pLysS
transformed with pET19b-TEV constructs of apmA were grown in autoinduction medium
supplemented with selection antibiotics for 3 days at 25 °C and 180 rpm. Cells were collected by
centrifugation at 6400 x g, 4 °C and resuspended in binding buffer (25 mM HEPES [pH 7.5], 300
mM NaCl, 10 mM imidazole]. Resuspended cells were lysed using a continuous cell disrupter at
20,000 psi, 4 °C followed by centrifugation at 30,000 x g to remove cell debris. ApmA was purified
from the lysate by nickel-nitrilotriacetic acid (Ni-NTA) affinity chromatography (Qiagen) at 4 °C.
A 2 mL volume of Ni-NTA resin was pre-equilibrated with binding buffer and incubated with the
lysate for 1 hr on ice prior to purification. The resin was washed with wash buffer (25 mM HEPES
[pH 7.5], 300 mM NaCl, 25 mM imidazole) and proteins were eluted with a 4-step wise gradient
(25 %, 50 %, 75 %, 100 %) of elution buffer (25 mM HEPES [pH 7.5], 300 mM NacCl, 250 mM
imidazole). Elutions were dialyzed overnight against dialysis buffer (25 mM HEPES [pH 7.5], 300
mM NaCl). SDS-PAGE gel electrophoresis was performed to assess sample purity. To prepare
stock solutions, concentrated ApmA was diluted to a final concentration ranging from 30 uM to
150 uM in dialysis buffer. Protein dilutions were flash frozen in liquid nitrogen and stored at — 80

°C.
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For crystallography studies, native ApmA was expressed in gold competent E. coli BL21(DE3).
A 3 mL overnight culture was diluted into 1 L of LB media containing selection antibiotics and
grown at 37 °C, shaking. Expression of selenomethionine-derivatized ApmA was carried out in
M9 minimal media following the manufacturer’s instructions (Shanghai Medicilon). Expression
was induced with isopropyl B-D-1-thiogalactopyranoside (IPTG) at 17 °C when ODsoo reached
0.6—0.8. The overnight cell culture was then collected by centrifugation at 7000 x g. Cells were
resuspended in binding buffer (100 mM HEPES [pH 7.5], 500 mM NacCl, 5 mM imidazole, and
5% glycerol [v/v]), lysed with a sonicator, and cell debris was removed by centrifugation at 30 000
x g. The cell lysate was loaded on a 4 mL Ni-NTA column (Qiagen) pre-equilibrated with 250 mL
of binding buffer. The resin was washed with wash buffer (100 mM HEPES [pH 7.5], 500 mM
NaCl, 30 mM imidazole, and 5% glycerol [v/v]), and the proteins were eluted with elution buffer
(100 mM HEPES [pH 7.5], 500 mM NaCl, 250 mM imidazole, and 5% glycerol [v/v]). The Hisio-
tagged proteins were then subjected to overnight TEV cleavage using 50 ug of TEV protease per
mg of Hisio-tagged protein in binding buffer and dialyzed overnight against the binding buffer.
The Hisio-tag and TEV were removed by running the protein again over the Ni-NTA column. The
tag-free proteins were dialyzed against dialysis buffer [SO mM HEPES (pH 7.5), 500 mM NaCl)

overnight, and the purity of the protein was analyzed by SDS-polyacrylamide gel electrophoresis.

Spectroscopic characterization of ApmA catalyzed acetylated apramycin

ApmA catalyzed acetylated apramycin was produced from 50 mL in vitro reactions (50
mM HEPES, pH 7.5) consisting of 500 uM aminoglycoside, 500 uM acetyl-CoA and 1 uM ApmA.
Reactions were incubated at room temperature until acetylated products (mass increase of 42.0

Da) were detected by LC/ESI-MS. Enzymes were removed by centrifugation using an Amicon
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Ultra-15 Centrifugal Filter and the flow-through subsequently concentrated. Acetyl-apramycin
was purified from the concentrate using AG50W-X8 strong cation resin. The resin was pre-
equilibrated with 1 % NH4OH and washed with H>O until a neutral pH was obtained. Fractions
containing acetylated products were identified by LC/ESI-MS, followed by detailed analysis with
NMR and HR-ESI-MS. LC/ESI-MS data was acquired using a QTRAP 2000 (Applied
Biosystems) system equipped with an Agilent 1100 LC interface. HR-ESI-MS data was acquired
using an Agilent 1290 UPLC separation module and qTOF G6550A mass detector in positive ion
mode. NMR analysis was completed using a Bruker AVIII 700 MHz instrument in deuterated

water as the solvent. The chemical shifts are reported in parts per million (ppm).

Crystallization and structure determination

All crystals were grown at room temperature using the vapor diffusion sitting drop method
with 0.5 pL of protein solution mixed with 0.5 puL of reservoir solution. Crystals were grown using
the following reservoir solutions: ApmA-<apramycin complex (0.2 M CaCl, 20% PEG 3350, 5 mM
apramycin) and ApmA-acetyl-CoA complex (0.1 M citric acid pH 3.6, 30% PEG 200, 5 mM
apramycin, 2mM acetyl-CoA). All crystals were cryoprotected with Paratone-N or ethylene glycol
and then flash-frozen in liquid nitrogen prior to diffraction data collection. Diffraction data were
collected at the Advanced Photon Source, Argonne National Laboratory, beamlines 19-ID or 21-
ID. All data were processed by HKL-3000. The ApmA-eapramycin structure was solved using the
single anomalous diffraction (SAD) method, and this was used to solve all additional complexes
by MR. Structure refinement was performed using Phenix.refine plus manual building with Coot.
The presence of substrate molecules was identified by building into the Fo — Fc difference density

after the initial rounds of refinement.
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Sequence and structural analysis

PyMOL (62) was used to identify potential interacting residues (< 4.0 A in distance) of
ApmA with substrates apramycin and acetyl-CoA. Structural superimpositions with VatA (4HUS)
were constructed using the cealign function in PyMol. XAT representative sequences were
obtained from the CARD (41). ApmA and Vat sequences were aligned with the Expresso (63—65)
function of T-COFFEE (66, 67) to build a profile hidden Markov model (HMMER 3.3.1) (68). All

sequences were aligned with the resulting HMM profile and visualized using Jalview (69).

Data availability statement
PDB validation reports for crystal structures obtained in this study have been submitted
with the manuscript. Accession numbers are as follows: 7JM0 (ApmA apoenzyme), 7JM1 (ApmA

complex with acetyl-CoA), 7JM2 (ApmA complex with apramycin).
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Figure S1. Apramycin resistance elements identified while screening within the
aminoglycoside resistance library expressed in E. coli BW25113 AtolCAbamB. (A)
Aminoglycoside resistance glycerol library layout. Color legend; N-acetyltransferase (blue), O-
phosphotransferase (gold), O-nucleotidyltransferase (yellow), bifunctional acetyltransferase
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(pink), 16S rRNA methyltransferase (red). Each gene was under the control of the Pgia promoter.
(B) Control growth of library on cation adjusted Mueller Hinton agar supplemented with no drug.
Colony growth highlighted with a circle were those found to confer apramycin resistance. (C) 4
pg/mL apramycin (D) 32 pg/mL apramycin (E) 256 pg/mL apramycin.
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A ApmA B CAT (2xat) C VatA (4hur, 4hus)

Figure S2. Impact of the N-terminal region on the substrate binding pocket of ApmA. Red
arrows indicate the first two B-strands from the 7-stranded B-sheet of the LPH domain. (A)
Superimpositions of ApmA in complex with apramycin (B) CAT (C) VatA.
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Figure S3. Sequence relationship of ApmA to the LBH superfamily. Full multiple sequence
alignment of ApmA with CATs and Vats obtained from the Comprehensive Antibiotic Resistance
Database. Amino acids are coloured based on percent identity. Traditional hexapeptide motif (i,
i+1 and i+4) of the LBH domain is highlighted in red. Conserved catalytic histidine of the XAT
subclass is highlighted in pink.
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941  Figure S5. 3C NMR for 2’-acetyl-apramycin.

942

52



PhD Thesis — E.A. Bordeleau — McMaster University — Biochemistry and Biomedical Sciences

U R B

L1
0o o o0
"ok @
] ] 1L 2
[ 8
a ) 0 g
9 L TR A "
L3 ~
) ’ ', 3
et &
\ @@a fow , =
14"
[ ] ® 4
. ' ) 0
2 ] e 0 5
=2 0
- 0
L6
B 4 3 2 1
943 2 (ppm)

944  Figure S6. '"H-'H COSY NMR for 2’-acetyl-apramycin.
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Chapter Three: Mechanistic plasticity in the antibiotic resistance acetyltransferase ApmA
enables substrate promiscuity
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Preface
The work presented in the following chapter is a manuscript in preparation for publication.

Bordeleau, E., Stogios, P. J., Evdokimova, E., Koteva, K., Savchenko, A., & Wright, G. D.

E.B. and G.D.W. conceived the study and designed the experiments. E.B. completed all
antimicrobial susceptibility testing and wrote the published manuscript. Purification of ApmA and
acetylated aminoglycosides was completed by E.B., K.K. completed spectroscopic
characterization of acetylated aminoglycosides. P.J.S. solved all crystal structures and wrote the
manuscript. E.B. completed structural analysis, protein engineering and steady-state kinetics. E.E.
performed protein purification and crystallization. A.S. and G.D.W. oversaw the work and wrote
the manuscript.
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Abstract

Aminoglycoside antibiotics are a focus of next-generation design efforts to combat
multidrug-resistant pathogens. The most significant barrier in new aminoglycoside development
is the wide circulation of resistance genes responsible for drug and target modification. One
candidate aminoglycoside that evades most of these resistance elements is apramycin.
Nevertheless, the aminoglycoside acetyltransferase (AAC), ApmA, confers apramycin resistance.
ApmA is found in a growing number of pathogens and is the first AAC reported to belong to the
left-handed B-helix (LBH) protein superfamily. Here, we show that ApmA is capable of broad-
spectrum aminoglycoside resistance with a molecular mechanism that diverges from other
detoxifying enzymes of the LBH superfamily and canonical AACs. Antimicrobial susceptibility
testing identified next-generation aminoglycosides susceptible to modification by ApmA along
with drugs already critical in the clinic. We crystallized ApmA in complex with several
aminoglycosides to comprehensively investigate the structural elements involved in substrate
binding and catalysis. Using site-directed mutagenesis and steady-state kinetic studies, we find the
role of the conserved active site histidine differs from other LBH enzymes and remarkably varies
depending on the acetyl-accepting antibiotic substrate. This unusual flexibility in molecular
mechanism demonstrates the unexpected plasticity of antibiotic resistance elements to co-opt
protein catalysts in the evolution of drug detoxification and provides vital structural and

mechanistic data to inform the future development of aminoglycoside antibiotics.

58



992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1013

PhD Thesis — E.A. Bordeleau — McMaster University — Biochemistry and Biomedical Sciences

Introduction

Aminoglycosides (AGs) are polycationic amino sugar-based antibiotics first identified
over 60 years ago that have excellent bactericidal activity in Gram negative and Gram positive
pathogens. Widespread and genetically diverse resistance has diminished their impact, but they
have found renewed interest in treating multidrug-resistant pathogens. The well-established
pharmacokinetic-pharmacodynamic profiles and broad-spectrum antimicrobial activity of
aminoglycosides make them attractive candidates for further development!. Most clinically used
AGs consist of a 2-deoxystreptamine (2-DOS) ring core decorated with different sugars that define
subclasses (Extended Data Fig. 1). The positive charge generated by several amines gives AGs
affinity for the negatively charged backbone of 16S rRNAZ. Upon binding to the decoding center
of the ribosome, AGs disrupt the proof-reading process of translation resulting in miscoding or
inhibit translocation.

The molecular details of AG-ribosome interactions have informed the development of
analogs with increased target selectivity and reduced toxicity’. These efforts have been
complemented by investigations of AG resistance mechanisms reported during their decades of
use. The AG-modifying enzymes (AMESs) capable of derivatizing amino or hydroxyl groups on
the AG scaffold are the most significant contributors to clinical resistance. These enzymes fall into
three subclasses: O-phosphotransferases, O-nucleotidyltransferases, and N-acetyltransferases
(AACs). Modified AG-substituents can create a steric clash or disrupt fundamental interactions
with the 16S rRNA, compromising the drug’s antimicrobial activity. AAC-modified AGs also
experience an overall reduction in positive charge that lowers their affinity for the rRNA backbone.

Understanding these relationships and the interactions between modifying enzymes and
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susceptible AGs provide vital information to guide the development of less resistance-prone

analogs™®°.
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Figure 1. Next-generation AG scaffolds vulnerable to 2’-N-acetylation by proteins of two
structurally distinct superfamilies. (a) Chemical structures of next-generation AG scaffolds.
Apramycin and paromomycin lack substitution at C6 (highlighted by red circles), evading the
action of 16S RMTases. Site of 2’-N-acetylation and is shaded green or purple for each structure.
(b) AAC(2’)-1 belongs to the GNAT superfamily (top) and ApmA belongs to the LBH superfamily
(bottom). Both enzymes utilize acetyl-CoA to modify N2’ of AGs. Defining structural motifs are
highlighted in structure of the single subunit.

Plazomicin is the most recent clinically approved next-generation AG, designed to evade
the majority of AMEs (Fig. 1a, Extended Data Fig. 1)°. Plazomicin is a semi-synthetic derivative
of the naturally occurring 4,6-disubstituted AG, sisomicin. The addition of an (S)-4-amino-2-
hydroxybutyryl group on N1 and hydroxyethyl group on N6’ protect against prevalent AAC(3)
and AAC(6"), respectively®. Unfortunately, plazomicin remains susceptible to clinically relevant
target modifying enzymes, 16S rRNA methyltransferases, that are increasingly common among

multidrug resistant pathogens’. The methylation of A1405 of the 16S rRNA creates a steric clash

60



1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

PhD Thesis — E.A. Bordeleau — McMaster University — Biochemistry and Biomedical Sciences

with ring III of the 4,6 disubstituted subclass. This liability has prompted the search for AGs whose
structures and mode of action evade both AMEs and target modification mechanisms® (Fig. 1a).

Paromomycin (Fig. 1a) is a naturally occurring 4,5-disubstituted AG with limited clinical
usage due to this subclass's increased toxicity”!’. The substitution of ring III at C5 allows the
antibiotic to retain activity against pathogens expressing 16S RMTases. Propylamycin is one of
several new AG-derivatives designed to improve the properties of the 4,5-disubstituted subclass!!.
This semisynthetic derivative of paromomycin differs by the addition of a 4’-deoxy-4’-alkyl
substituent (Extended Data Fig. 1). This modification provides increased selectivity towards
bacterial ribosomes and superior efficacy over paromomycin towards AG-resistant ESKAPE
pathogens'!"!2. Apramycin (Fig. 1a) is another naturally occurring AG used in veterinary medicine.
The unique monosubstitution at C4 with an octadiose element protects against clinically important
16S RMTases and the most common AMEs®. Apramycin is only susceptible to acetylation by
AAC(3)-IV'*!* and the recently investigated ApmA!'>!®. These AACs use acetyl-coenzyme A to
modify primary amines and render apramycin inactive. While apramycin analogs that evade
AAC(3)-IV have been reported!’, the 3D structure of ApmA has only been recently available to
guide semi-synthesis'®.

ApmA is the first acetyltransferase of the AG resistome belonging to the left-hand beta-
helix acyltransferase superfamily (LBH)'®, falling under the subclass of xenobiotic
acetyltransferases (XATs)!®!? (Fig. 1b). Our previous investigation of ApmA found apramycin
prone to acetylation at the N2’ position, assigning ApmA as an AAC(2°)*. In contrast, other
known AAC(2’) enzymes belong to the GCN5-N-acetyltransferase (GNAT) superfamily (Fig. 1b)

and are chromosomally encoded by Providencia stuartii’’ and Mycobacterium tuberculosis®’. The

61



1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

PhD Thesis — E.A. Bordeleau — McMaster University — Biochemistry and Biomedical Sciences

report that plazomicin is susceptible to AAC(2’)-Ia has prompted research into other isoforms of
this GNAT enzyme®?324,

Crystal structures of complexes of plazomicin and other susceptible AGs have provided
the structural rationale for substrate specificity?’. Structural and biochemical analyses of AMEs
belonging to the GNAT superfamily describe a flexible active architecture supporting AG
acetylation. The binding and orientation of substrates in the correct geometries for catalysis are
more critical than conserved residues directly participating in acid/base chemistry?. Like these
GNATS, our mutagenesis and cell-based assays with the LBH ApmA demonstrated that apramycin
N2’ acetylation does not require an active site base'®. This finding was unexpected since other
antibiotic resistance XATs that O-acetylate type A streptogramin and chloramphenicol antibiotics
rely on an invariant His in this role'®?°. ApmA, therefore, must have a distinct molecular
mechanism of antibiotic inactivation. In this study, we employ a combination of protein function
and cell-based assays, together with structural studies, to investigate the mechanism of AG

modification by ApmA.
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Results

ApmA can N-acetylate a range of aminoglycoside substrates to confer resistance

We previously established that ApmA is an N-acetyltransferase that modifies apramycin at the N2’
position to confer high-level resistance'S. To further investigate substrate specificity, we performed
antimicrobial susceptibility testing with an expanded AG panel (Extended Data Fig. 1). ApmA
confers resistance to not only apramycin’s unique chemical scaffold but also a broad spectrum of
4,5-DOS and 4,6-DOS AGs (Table 1).

Table 1. Aminoglycoside susceptibility testing of E. coli BW25113 AtolCAbamB expressing
apmA under the control of the Pvia promoter

Aminoglycoside MIC (pg/mL)
Structural subfamily Name No plasmid control pGDP3:apmA

4-monosubstituted 2-DOS apramycin 4 64

4,5-disubstituted 2-DOS paromomycin 2 256
neomycin 0.5 16

4,6-disubstituted 2-DOS tobramycin 0.5 16
gentamicin 0.25 2
kanamycin A 2 2

kanamycin B 1 64 — 128

plazomicin 0.25 8-16

amikacin 0.5 0.5

S5-monosubstituted 2-DOS  hygromycin B 16-32 16
aminocyclitol spectinomycin 8 8

Acetylation of paromomycin and kanamycin B resulted in the highest resistance levels,
with the minimal inhibitory concentration (MIC) increasing 128-fold. No resistance was observed
to kanamycin A, an antibiotic that differs from ApmA-susceptible kanamycin B by incorporation
of a hydroxyl at the 2’ position rather than a primary amine (Extended Data Fig. 1). Amikacin, a

first-generation semi-synthetic AG that also includes a hydroxyl at position 2°, is also not
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susceptible to ApmA (Extended Data Fig. 1). Both observations suggest that, unlike other LBH
acetyltransferases, ApmA 1is limited to N-acetylation of AG substrates. Like amikacin, the N1
position of plazomicin contains an (S)-4-amino-2-hydroxybutyrate substitution for evasion from a
wide variety of AMEs. Additionally, plazomicin also has a hydroxyethyl group at position N6’ to
block the activity of clinically relevant AAC(6’)s (Extended Data Fig. 1). Despite these chemical
changes, the N2’ of plazomicin remains susceptible to modification by ApmA with a 32-fold
increase in MIC (Table 1).

We confirmed the regiospecificity of acetyl-transfer for three AGs, with representatives
from the 4,5-DOS (neomycin®’?® paromomycin) and 4,6-DOS (tobramycin®’) subclasses. Each
acetylated AG was produced in vitro with purified recombinant ApmA and purified to
homogeneity. Consistent with our previous report for ApmA-inactivated apramycin, each of the
AGs was acetylated at the 2’ position of ring I. High-resolution electrospray ionization mass
spectrometry (HR-ESI-MS) was consistent with monoacetylation (mass increase of 42.0 Da,
[Extended Data Table 2]). The regiospecificity of acetylation was confirmed by a combination
of one-and two-dimensional nuclear magnetic resonance spectroscopy of purified, ApmA-
inactivated AG (Table S1-S3, Fig. S1-S13).

We next probed ApmA’s in vitro activity towards apramycin and paromomycin using
steady-state kinetics (Fig.2). The enzyme exhibited negative cooperativity towards both AGs as
reflected by the Hill constants (n < 1) (Fig. 2b). The sigmoidal steady-state kinetic curve indicates

a decreased affinity for binding a second AG substrate after the first*

. At first glance, this form of
cooperative behavior for a detoxifying enzyme would not seem optimal to protect the host from

antibiotics, 1.e., the enzyme gets less active as antibiotic concentration increases. Further inspection

of the traditional Michaelis-Menten and allosteric model fit with kinetic data for ApmA identifies
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the advantage of this phenomenon (Fig. 2b). At the lower concentrations of AG substrate, the rates
are higher than they would otherwise be if ApmA did not exhibit this form of cooperative behavior.
The benefit in the context of antibiotic resistance is that maximal AG inactivation is achieved at

low concentrations of AG that are not yet overwhelming the defensive capacity of the cell’!.
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Figure 2. Kinetic activity of wild-type ApmA towards AGs. (a) Chemical structures of next-
generation AG parent scaffolds apramycin and paromomycin. Site of ApmA-catalyzed acetylation
is highlighted. (b) and (c) In vitro kinetics for apramycin and paromomycin respectively. Assays
were both completed with 400 uM of acetyl-CoA. Apramycin and paromomycin kinetics were
obtained using 150 nM and 250 nM wild-type ApmA respectively. Linear and semilogarithmic
plots for velocity versus AG concentrations are shown for both substrates. The Michaelis-Menten
model (dotted line) and allosteric sigmoidal model (solid coloured line) for cooperativity are
shown to illustrate the best fit for both sets of data.

Structural analysis of aminoglycoside binding and promiscuity of ApmA

Crystal structures of ApmA bound with 4,5-DOS AGs (neomycin and paromomycin) and
4,6-DOS AGs (gentamicin, tobramycin, and kanamycin B) were determined to investigate the
binding of AG substrates (Fig. 3, Extended Data Fig. 2). Crystallographic statistics for all the

structures are presented in Supplemental Table 4.
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Figure 3. Breakdown of AG binding in the acetyl-acceptor pocket of ApmA. (a) Surface view of
ApmA highlights the AG binding pocket. ApmA in complex with different AGs are superimposed
onto ApmA in complex with apramycin (PDB 7JM2). AGs shown in crystal structure complex;
apramycin (pink), paromomycin (PDB 7UUM, yellow) and tobramycin (PDB 7UUK, purple). A
close view cartoon representation of the AG binding pocket shows different regions of chains
directly interacting with substrates. The positioning of the N2’ and 2-DOS ring of 4,5- and 4,6-
DOS AGs are consistent with apramycin. (b and ¢) Amino acids implicated in binding AGs of
different 2-DOS ring substitution pattern. Residues for binding of ring III for apramycin are shown
in grey. AG representatives: paromomycin (b) and tobramycin (c¢) are shown in the acetyl-
accepting binding pocket. Interactions within 4.0 A are represented by dashed lines. Interactions
between paromomycin and ApmA(chain B) were identified from a superimposed complex of
ApmA-apramycin and ApmA-e<paromomycin. (d) Conserved network of interactions involved in
the binding and positioning of N2’ and 2-DOS ring of all ApmA substrates. (¢) and (f) show
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differences in AG binding based on lack of and presence of O3’ group for tobramycin and
kanamycin B (PDB 7UUL) respectively.

Positioning of the 2-DOS ring is conserved for all AG substrates investigated and
consistent with our previously reported complex of ApmA with apramycin (Fig. 3a). The
negatively charged Aspl44, Aspl45, and Glu85 create an optimal environment for binding the
positively charged N1 and N3 atoms on the 2-DOS ring. When ring III is substituted at CS5 (e.g.,
neomycin, paromomycin), it extends in the direction of the N-terminal region but does not make
any contacts with the binding pocket. For both 4,5-DOS AGs, ring IV interacts with Asp55 of the
N-terminal region in addition to Asn133 and Glul12 of the LBH domain (Fig. 3b). The substitution
of ring III at C6 for tobramycin and kanamycin B creates interactions within the LBH domain to
Asp81 and the backbone of Phel03 (Fig. 3¢, Extended Data Fig. 2a). Ring III of gentamicin only
benefits from interactions with Asp81 (Extended Data Fig. 2b). The specific interactions and
conformations of AGs when bound by ApmA are comparable to those observed for GNATS of the
AG resistome. It has been suggested that this conformation is the lowest energy conformer, and
by evolving to bind the drugs in the same orientation, modifying enzymes can compete with the
ribosomal target?.

The same network of interactions involved in binding the N2’ of all AG substrates includes
the hydrogen bonds between amino acids of the LBH domain (Tyr102) and the insert loop region
(Aspl44) (Fig. 3d). A lack of sugar rings branching from C4 in both 4,5- and 4,6-DOS AGs limits
the interactions that can support positioning the N2’ for acetylation (Fig. 3b and 3c). Notably, the
conserved His135 of LBH enzymes is only within hydrogen-bonding distance of the N2’ when
ApmA is in complex with either tobramycin, gentamicin, or apramycin. When ApmA is in

complex with either kanamycin B or 4,5-DOS AGs, the O3’ of these compounds is more likely to
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interact with the Ne2 of the His135 imidazole group (Fig. 3e and 3f). Interestingly, we found O3’

containing AGs the more challenging substrates to produce crystals of ligand bound to ApmaA.

Mutagenesis studies implicate residues involved in substrate binding and positioning

To identify residues that may play a substantial role in AG binding, we generated single
amino acid substitutions at five positions in the active site of ApmA (Fig. 4, Extended Data Table
2). Cell-based assays were used to survey changes in the AG susceptibility of E. coli BW25113

expressing ApmA mutants compared to the wildtype enzyme.

a b

Aminoglycoside

NH, APR
HO °
¥ GEN
HzN
, .
2 o8 tobramycin
Ring T of tobramycin C
NH, KAN @
Insert
HO o loop J Tyr102 Glugs
HO NEO '.\
T HN ~ 5= :
P .oty * N3 N1
Ring I of kanamycin B PAR /\\/JL N2’ :

03"

Increasing level of aminoglycoside resistance kanamycin B

Figure 4. Aminoglycoside resistance conferred by wild-type ApmA and ApmA mutants. (a)
Antimicrobial susceptibility testing was completed in E. coli BW25113 Ato/CAbamB against
structurally diverse AG substrates of ApmA. The reference point in the heat map is the MIC when
wild-type ApmA is expressed. AGs are grouped together based on the absence (top) or presence
(bottom) of 3° hydroxyl. Ring I of tobramycin and kanamycin B are shown for structural
representation for group comparison. 4-monosubstituted AG subclass; APR (apramycin), 4,6-
disubstituted AG subclass; TOB (tobramycin), GEN (gentamicin), KAN (kanamycin B), 4,5-
disubsituted AG subclass; NEO (neomycin), PAR (paromomycin). (b) and (c) Active site residues
targeted for mutagenesis studies for ligand bound structures of tobramycin (b) and kanamycin B
(c). Positions 2’ and 3’are highlighted as shown for Ring I in panel A.
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Only the substitution of Asp144 with Ala caused E. coli to become susceptible to all the
AGs tested. Furthermore, expression of ApmA(Aspl44Ala) was the only mutant to impact the
MIC of apramycin significantly. The other mutants constructed did not alter apramycin’s MIC
outside a 2-fold range when the wildtype protein was expressed. The Asp144Asn mutant was then
produced to supplement the hydrogen bonding potential between the AG and ApmA. When
expressed in E. coli, the Asn substitution restored activity sufficiently to provide an equivalent
resistance level to apramycin to the wildtype protein. However, ApmA(Asp144Asn) resistance
was diminished or abolished towards all other AGs tested. Mutation of the acidic residues Glu85
and Aspl145 that interact with the 2-DOS ring had minimal effect on resistance towards 4,6-DOS
AGs. In contrast, these mutations compromised activity and increased susceptibility to 4,5-DOS
AGs and kanamycin B.

Replacement of Tyr102 with Ala or Phe significantly increased the susceptibility of E. coli
to 4,5-DOS AGs, and the MIC of kanamycin B was reduced 8-fold. These findings indicate that
maintaining an aromatic ring for structural stability is not as crucial as the hydrogen bonding
potential of the phenolic hydroxyl for the activity of ApmA with select substrates.

The evidence reveals contrasting salt bridging and hydrogen bonding requirements that
depend on the AG substrate. Apramycin’s rings I and III provide contacts within the binding pocket
of ApmA surrounding the 2’-NH> to be acetylated. Alteration of these residues, except for Asp144,
does not significantly compromise the acetylation of apramycin in cells (Fig. 4a). However,
acetylation of disubstituted AGs is more sensitive to the substitution of any of these binding site
residues. These findings imply that correctly positioning the core 2-DOS ring for disubstituted
AGs is critical in orienting the N2’ for acetylation and other nearby residues required for optimal

catalysis.
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The interactions between sugars substituted from C5 or C6 of the 2-DOS ring and ApmA
are the dominant elements for binding and orientation of the prime ring I for acetylation. Their
importance results from a lack of direct contacts within the insert loop region of ApmA’s LH
domain to provide flanking support for orienting the N2’ (Fig. 3b and 3c¢). There is a conserved
network of interactions through Aspl144 and Tyr102 that help to position N2’ of all AGs for
acetylation and bind ring II 3-NH» (Fig. 3d). The amide side chain of Asp144Asn has reduced
hydrogen bonding capacity, with any interactions formed dependent on the functional group’s
rotamer conformation. The carbonyl is either available to bridge a network with Tyr102 and the
N2’ or be an electron acceptor for the AG’s N3 (Extended Data Fig. 3). For O3’ containing AG
substrates, the impact of a Tyr102 substitution is compounded by the difference in interactions
with His135. AG substrates that lack an O3’ (apramycin, tobramycin, and gentamicin) benefit from
hydrogen bonding between His135 and the N2’ to orient the functional group (Fig. 4b).
Conversely, for O3’ containing AGs (kanamycin B, neomycin, paromomycin), His135 is closer to

the O3’, creating a dependence on Tyr102 for orienting the N2’ for acetylation (Fig. 4c).

The active site His of ApmA breaks its traditional role in LBH enzymes

The ApmA His135Ala mutation does not significantly impact resistance to apramycin'®.
This result implies that His135 is unlikely to act as an active site base, contrary to its role for other
XATs!®2, When we tested this mutant against our expanded AG panel, we observed that the
His135Ala substitution provided the most variability in AG susceptibility. The changes in MIC
observed for tobramycin and gentamicin were within 4-fold, indicating significant retention of
AG-modifying activity (Fig. 4a). In contrast, E. coli expressing this mutant was susceptible to
kanamycin B and 4,5-DOS AGs. The significance of this residue in the molecular mechanism of

XATs prompted us to verify the AG-susceptibility phenotypes correlated to the trends observed in
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vitro. Acetyltransferase activity was assessed for the wildtype and His135Ala mutant with AGs
spanning each structural subclass (Extended Data Fig. 4a and 4b).

Consistent with the wildtype enzyme, we did not observe in vitro modification of
kanamycin A, verifying that ApmA cannot perform O-acetylation. Kanamycin B and
paromomycin were both poor substrates. In contrast, tobramycin, differing from kanamycin B only
by a single hydroxyl group at the O3’ position, was modified, albeit at a 4-fold decreased level
(Extended Data Fig. 4a and 4b). Without His135, Tyr102 is the sole residue available to orient
the N2’ of tobramycin. The His135Ala mutant did not affect apramycin modification, and kinetic
analysis verified that the mutant retains negative cooperativity (Fig. 5a and b, Extended Data Fig
4a and 4b). These results support our observation that disubstituted AGs rely more on active site
residues for binding and positioning.

The His135GIn mutant conserves the imidazole ring's hydrogen bonding potential but
cannot participate in acid/base catalysis. If the histidine’s role in binding substrates is more critical
than acid/base catalytic potential, we predicted that expression of the His135GIn mutant should
confer a comparable resistance level to the wildtype protein. Resistance was moderately recovered
for most of the AGs tested compared to His135Ala (Fig. 4a). As the best O3’-containing substrate
for the wild-type enzyme (Extended Data Fig. 4a), paromomycin was selected as a representative
substrate for in vitro assessment with ApmA(His135GIn). Consistent with the resistance
phenotypes, the enzyme was active towards the 4,5-DOS AG and retained negative cooperativity
kinetics (Fig. 5S¢ and 5d). The expression of the His135GIn mutant generated wildtype levels of
kanamycin B and tobramycin resistance (Fig. 4a). Taken together, the in vitro kinetics and cell-
based data indicate a dependence on the presence of a hydrogen-bonding acceptor at position 135,

rather than an acid/base, for the acetylation of O3’ containing AGs.
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Figure 5. Proposed role for active site His135 in the acetylation of O3’ containing
aminoglycosides. (a) and (b) In vitro kinetics for ApmA(His135Ala) with apramycin. (c and d) In
vitro kinetics for ApmA(His135GIn) with paromomycin. Assays were both completed with 400
uM of acetyl-CoA. Apramycin kinetics were obtained using 300 nM of ApmA(His135Ala).
Paromomycin kinetics were obtained with 250 nM ApmA(His135GIn). Linear and
semilogarithmic plots for velocity versus AG concentrations are shown for both substrates. (e) and
(f) ApmA(His135Ala)stobramycinecoenzyme A complex superimposed with ApmA-tobramycin
complex (e¢) ApmA-<kanamycin B complex (f). (f) Cross-section of the active site is shown to reveal
the histidine and alanine at position 135 of wild-type and His135Ala mutant respectively. The red
sphere represents the observed density for a water molecule in the active site of the His135Ala
mutant. Yellow dashes highlight proposed intermolecular hydrogen bonds. (g) and (h) Proposed
molecular mechanism of ApmA. Ring I of kanamycin B is shown to highlight the network of
intermolecular interactions within the active site of ApmA that influences the acetylation of O3’
containing AGs.

We determined the structure of ApmA(His135Ala) in complex with tobramycin and
coenzyme A to investigate changes within the AG binding pocket that account for these
observations (Fig. Se, Supplemental Table 4). Side chain interactions remained consistent for
both ligands, assuming near-identical conformations when bound to the wildtype enzyme (Fig.

5e). In the binding pocket of tobramycin, the alanine substitution created enough space for
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positioning a water molecule where the imidazole side chain of His135 would have been located
(Fig. Se and 5f).

We propose that residue 135 in the wildtype enzyme and His135GIn mutant spatially
prevent a water molecule from interfering and assists in the prime ring I alignment due to side
chain interactions with the O3’.Without an imidazole or amide functionality, this water molecule
mediates a new set of hydrogen bonds between the N2’ and O3’ (Fig. Sg and 5h). By sequestering
the N2’ unoccupied electrons, the nucleophilicity of this functional group is reduced, and
acetylation will not occur. For 4,6-disubstituted substrates that lack an O3’, the activity of the two
variants suffers minimally from a lack of hydrogen bonding side chain at position 135 when
alanine is introduced. The free electrons of the N2’ for these substrates remain available for
nucleophilic addition to the carbonyl functional group of acetyl-CoA (Fig. Se). Activity towards
apramycin in vitro (Fig. 2a, Extended Data Fig. 4a, and 4b) and cell-based assays (Fig. 4a)
exhibited no significant difference, which we attribute to the unique 4-DOS monosubstitution.
Interactions between ring I1I of apramycin and the insert loop region optimize support for ring I
and N2’ positioning (Extended Data Fig. 4¢). In contrast, O3’-lacking substrates rely on Tyr102
to position N2’ for catalysis (Extended Data Fig. 4d).

We hypothesize that the lack of 2°-O-acetylating activity is due to the interaction between
His135 and O3’. In cell-based assays, both kanamycin A and amikacin are O2’ containing
substrates that retain activity towards E. coli expressing ApmA (Table 1). Our in vitro kinetic
studies further demonstrated that ApmA does not modify kanamycin A but is active towards the
N2’ containing kanamycin B (Extended Data Fig. 4a). Moreover, we found plazomicin
susceptible to modification in our cell-based assays, demonstrating the tolerance of ApmA to

accommodate the N1-(S)-4-amino-2-hydroxybutyrate substituent of amikacin in the binding
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1296  pocket (Table 1). If His135 is positioned closer to the O3’ of kanamycin A and amikacin, as seen
1297  for kanamycin B, the residue would be unavailable to participate in the required acid-base
1298  catalysis.

1299
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Discussion

The acquisition and spread of antibiotic modification resistance mechanisms present
challenges in developing new drug scaffolds. The informed design of next-generation AGs
requires knowledge of the structural and biochemical diversity in the broader resistome. Here, we
expand the functional definition of ApmA from an apramycin 2’-N-acetylating enzyme to an
AAC(2’) capable of high-level, broad-spectrum AG resistance. The AG promiscuity of ApmA
jeopardizes next-generation scaffolds and the traditional AGs currently relied upon in the clinic.
Tobramycin is an effective therapy for treating chronic Pseudomonas aeruginosa infections in

cystic fibrosis patients>*?

. While mobilization of apmA has the potential to compromise the
efficacy of these antibiotics, these AGs could select for apmA before next-generation AGs are
introduced. Our comprehensive structural and biochemical analysis uncovers the molecular
determinants of substrate specificity and N-acetylating activity for the first XAT identified in the
AG resistome!'®. This information can be leveraged to develop analogs less prone to resistance or
inhibitors of ApmA.

Even though ApmA exhibits the conserved active site architecture of XATs to facilitate O-
acetylation, we show that this enzyme cannot carry out this activity to confer AG resistance. The
structural diversity of ApmA substrates allowed us to provide a detailed rationale for these active
site residues' varying roles in AG binding and acetylation. We attribute the strikingly different
resistance phenotypes for ApmA(His135) variants to the site of modification on the molecule.
Previously studied GNATs, AAC(3), and AAC(6’) enzymes show similar consequences across
substrates studied upon mutation of suspect residues involved in AG catalysis***. The primary

amines susceptible to these AMEs exhibit nearly the same chemical environment across all AG

subclasses. Unique to substrates of AAC(2’) is the presence or absence of an O3’ neighboring the
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site of acetylation. This difference in the immediate chemical environment for the N2’ can
influence its behavior.

The participation of water molecules in AG orientation and binding is precedented in
interactions with 16S rRNA?*%. Studies utilizing x-ray crystallography and NMR have all
produced structural data for AG-ribosomal complexes that have aided in understanding these
relationships™*7-*°. Water molecules bridge important intramolecular hydrogen bonds between the
N2’ of ring I and OS5’ of ring II for 4,6 disubstituted AGs>. These interactions assist in establishing
the correct orientation that optimizes target recognition and binding by the antibiotics. Water-
mediated hydrogen bonds facilitate a third of the interactions between functional groups of AG
sugars and the RNA®. While studied to a lesser extent, structural studies of AAC(2’)-Ic have found
similar interactions in the binding and positioning ring I of AGs for acetylation®. Literature
describing the underlying 2’-N-acetylating activity for AAC(2’) was last addressed 20 years ago*’.
More recently, attention returned to probe substrate specificity determinants of AAC(2’)
isoforms®***. Our study demonstrates the intricacies behind these interactions that can be applied
to the alternative roles that active site residues can play in binding or catalysis.

Previous kinetic characterizations completed by our group of AAC(6’)-I and AAC(3)-1
isoforms have found that these GNATSs exhibit positive cooperativity (n > 1) towards AG
substrates*!**2. This form of cooperative behavior reflects an increased affinity for substrates upon
binding, resulting in faster rates at the higher concentrations of substrate’®. This relationship
supports our earlier studies with AAC(6’)-1i, which reported a positive correlation between MIC
and kcar, the rate observed at saturating AG concentrations that would be overwhelming the cell*.
Consequently, these proteins are susceptible to small environmental changes, as reflected in the

steepness of their sigmoidal curve’’. This behavior benefits the defensive capacity of the cell in
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the event there is a sudden influx of AGs. In contrast, the LBH AG-detoxifying enzyme ApmA
exhibits the opposite cooperative relationship to its antibiotic substrate. Our report of negative
cooperativity for ApmA is the first example of such a mechanism in AG resistance but not
unprecedented for other drug inactivating enzymes. Early investigations of chloramphenicol
acetyltransferases (CATum) also found negative cooperativity towards their antibiotic substrate**4>,
Beyond antibiotic resistance are similar examples among other members of the LBH superfamily.
Negative cooperativity has been reported for serine acetyltransferase (SAT*) and NodL*’, an
acetyltransferase for oligosaccharides of Rhizobium leguminosarum.

Characterization of ApmA provides further evidence for the depths of mechanistic

diversity in the AG resistome necessary to guide future investigations and understand the evolution

of this AG-modifying function within the LBH superfamily.
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Methods
Site-directed mutagenesis

PCR site-directed mutagenesis by primer extension was performed to introduce nucleotide
substitutions in apmA. The pGDP3:apmA construct was used as a template with the mutagenic
primers listed in Supplementary Table 4 to generate apmA mutants (for susceptibility testing and
in vitro enzyme kinetics). The ApmA His135Ala mutant (for crystallography) was generated using

Quickchange site-directed mutagenesis using the apmA gene in the vector pMCGS53.

Antimicrobial susceptibility testing

AG susceptibility testing of E. coli BW25113 AtolC AbamB expressing wildtype apmA

and apmA mutants was completed following the methods described in PMID 33563840.

In vitro enzyme Kinetics and spectroscopic characterization of ApmA-catalyzed acetylated
aminoglycosides

ApmA wildtype, His135Ala and His135GIn proteins were purified as described in PMID
33563840. AG acetylation catalyzed by ApmA wildtype and mutant enzymes was monitored by
the detection of thiols from released CoA with the chromogenic reagent 5,5-dithio-bis(2-
nitrobenzoic acid) (DTNB) at 412 nm. All kinetic assays were carried out in 96-well plates with a
final reaction volume of 300 uL, 50 mM HEPES (pH 7.5) and 1 mM DTNB dissolved in ethanol
(final ethanol concentration maintained at 5 %). All reactions were initiated by adding AG
substrate. GraphPad Prism Version 9.3.0 was used for all kinetic data analysis. Kinetic data were
fit with equation (1) for Michaelis-Menten kinetics and equation (2) for an Allosteric sigmoidal
model. Nonlinear regression model comparisons were completed using the Extra sum-of-fit F test

method (P value < 0.05).
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equation (1) v = Vyua*[SJ/(Km + [S])

equation (2) v = Vuax*[S]"/(K* + [S]")
where v is the initial velocity, Vi is the maximal velocity, [S] is the concentration of AG substrate,
K.» and K’ is the substrate concentration at half maximal velocity and /4 is the Hill coefficient.
Characterization of acetylated AGs was completed following procedures outlined in PMID

33563840.

Crystallization, data collection, structure determination and analysis

ApmA wildtype and His135Ala proteins were purified as described in PMID 33563840.
All crystals were grown at room temperature using the vapor diffusion sitting drop method with
0.5 pl of protein solution mixed with 0.5 pl of reservoir solution. Crystals were grown by co-
crystallization using the following reservoir solutions: ApmA plus paromomycin complex - 0.2 M
lithium sulfate, 0.1 M Tris pH 8.5, 23% (w/v) PEG3350 and 14 mM paromomycin; ApmA plus
neomycin complex - 0.2 M lithium sulfate, 0.1 M Tris pH 8.5, 23% (w/v) PEG3350 and 10 mM
neomycin; ApmA plus gentamicin complex - 0.2 M calcium chloride dihydrate, 16% (w/v)
PEG3350 and 2.5 mM gentamicin; ApmA plus tobramycin complex - 0.2 M calcium chloride,
20% (w/v) PEG3350 and 5 mM tobramycin; ApmA plus kanamycin B complex - 0.2 M lithium
sulfate, 0.1 M Tris pH 8.5, 25% (w/v) PEG3350 and 5 mM kanamycin B; ApmA H135A mutant
plus tobramycin complex -0.1 M sodium acetate pH 4.5, 10% (w/v) PEG 10K and 2mM
tobramycin. Crystals were cryoprotected with Paratone-N oil, 25% (w/v) ethylene glycol or 25%
(w/v) MPD, depending on the crystal. Diffraction data were collected at the Advanced Photon
Source, Argonne National Laboratory, beamline 21-ID or at a home source Rigaku Micromax 007-

HF rotating anode. All data were processed by HKL-3000 and all structures were solved by
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Molecular Replacement using the ApmA apoenzyme structure (PDB 7JMO0). Structure refinement
was performed using Phenix.refine plus manual building with Coot. The presence of substrate
molecules was identified by building into the Fo-Fc difference density after the initial rounds of
refinement. Ligand-bound structures of ApmA were visualized in PyMol to identify potential
residues involved in substrate binding and catalysis. Candidates were defined as amino acids
within 4.0 A of AG functional groups. Structures have been deposited to the Protein Databank

under accession codes 7UUJ, 7TUUK, 7UUL, 7UUM, 7UUN and 7UUO.
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1558  Extended Data Fig. 1. Chemical Structures of AGs referenced in our study and used for
1559  antimicrobial susceptibility testing. AGs are group according to structural subclass with carbons
1560  coloured to distinguish substitution pattern of 2-DOS ring when present. (a) atypical subclass. (b)
1561  4,6-disubstituted AGs. Kanamycin A and B differ at the 2’ position highlighted in red. Amikacin
1562  and plazomicin differ at the N6’ position (red highlight) but both contain the same substituent at
1563  NI. (c) 4,5-disubstituted AGs.

i =
[
=

=

=

==

NH, propylamycin

1557



1564

1565
1566
1567

PhD Thesis — E.A. Bordeleau — McMaster University — Biochemistry and Biomedical Sciences

Phe103

Asp8i1

..

'
i
Asn113 kanamycin B Asni13
% <

Extended Data Fig. 2. Additional ligand bound crystal structure complexes. Amino acids
implicated in binding AGs of different 2-DOS substitution pattern AGs are shown. (a) kanamycin
B. (b) gentamicin
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1569  Extended Data Fig. 3. Chemical line representation of Asp144Asn substitution impact on AG
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1572  Extended Data Fig. 4. Specific activities for (a) ApmA-mediated acetylation and (b)
1573  ApmA(His135Ala)-mediated acetylation of AGs were determined in vitro with 1 M AG substrate,
1574 100 uM acetyl-CoA. (¢) Chemical line drawing representation of apramycin acetylation mediated
1575 by Hisl35Ala mutant. (d) Chemical line drawing representation of tobramycin acetylation
1576  mediated by His135Ala mutant.
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1578  Extended Data Table 1. HR-ESI-MS analysis of ApmA-catalyzed acetylated aminoglycosides
1579  in positive ion mode

Modified Exact mass [M + H]
. . Molecular formula
Aminoglycoside Calculated Observed
acetyl-neomycin C25H49N6O14 657.3307 657.3300
acetyl-paromomycin C25HagNs5O1s 658.3143 658.3126
acetyl-tobramycin C20H39N5010 510.2770 510.2777
1580
1581
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1582 Extended Data Table 2. Aminoglycoside susceptibility testing of E. coli BW25113
1583  AtolCAbamB expressing apmA and apmA mutants under the control of the Pbia promoter

Aminoglycoside MIC (ug/mL)

apmA
mutant  aoamycin - gentamicin - tobramyein kanag yein neomycin paromomycin
wildtype 644  2(025) 1605 4 (‘1)128 16(0.5  256(2)
Aspl44Ala 4 0.25 0.5 0.5 0.5 1-2
Aspl44Asn 64 0.25-0.5 1 0.5 0.5 1
Aspl45Ala 32-64 2 8—16 8 0.5 32
Glu85Ala 32-64 2 8—16 8—16 0.5-1 8—16
Tyrl102Ala 64 2 8—16 4-8 05-1 4-8
Ty102Phe 64 2 8—16 8 0.5 4-8
His135Ala 32-64 05-1 4 0.5 0.5-1 2
His135GIn 64 2 16 —32 64 1 64
1584
1585

91



PhD Thesis — E.A. Bordeleau — McMaster University — Biochemistry and Biomedical Sciences

Supplementary information

1586

1587

12000

11000
10000
9000
8000
7000
6000

5000
4000

3000

2000

1000

-1000

1614
1611
90°Z
07
0z
874
621
08'C

08'
187
267

562
662
66'C-|
ooAm;W
10°€

10°e/
10°€]
20°e]
60
vzed
szel
rze]
ov'e ]

£6'7
v6'7 T

\
1.19

oL
)

1.91
2.06

V()
2.69

2.80

il

A}

Bl
i

STy

AY
R
3.10

LIV

3.47

ATy

3.60

Py
3.40

"
ad)

2.94

W2

= f”,
3.80
9

K=y
3.89

il

4.34

4.12

et

3.74

|+

Trel
e ]
65
65
65°¢ |
09'€

09'€

09'€

09'€

19°€

z9'€

(743

SL°E

or€

oLe

e

8L'€

8L'€

6L°€

08'€

08'€

[4:¥3

z8°€

68'c

66'€

66'€

66'€

[An2

0Ty,

T2,

TZ'b

€€

PE b

S6'F

S6'F

1Sl
185

85

B-(d)
5Ly
5.21

5.48

—_—

8.45

f1 (ppm)

1588
1589

-neomycin.

TH-NMR spectra for 2’-acetyl

Figure S1.

1590

92



PhD Thesis — E.A. Bordeleau — McMaster University — Biochemistry and Biomedical Sciences

AcNeo [
13Cpg D20_salt /USERdata/wright kotevak 29
35000

730000
25000
720000
715000
710000

5000

-5000
-10000
-15000

-20000

-25000

f1 (ppm)
1591
1592  Figure S2. 3C-NMR spectra for 2’-acetyl-neomycin.
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1625  Figure S13. '"H-13C-HMBC spectra for 2’-acetyl-tobramycin.
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Table S1. NMR Assignments for 2’-acetyl-neomycin

Neomycin standard

Acetyl-neomycin

Carbon Number H 13C H 13C COSY HMBC
(ppm)*”*  (ppm)*"-# (ppm) (ppm) H # Cto#H
1 2.72 512 2.69 (m, 1H) 50.38 2,6 2
1.95 36.5 1.92 (m, 1H) 35.65 1.3
1.20 1.19 (m, 1H)
3 2.89 51.2 2.86 (ddd, J=12.5,9.4,4.1 Hz, 50.20 2.4
1H)
4 3.46 83.2 3.47(t,J=9.2 Hz, 1H) 81.14 35
5 3.68 82.4 3.62 (m, 1H) 85.27 4.6 4
6 3.26 78.4 3.25(t,J=9.5 Hz, 1H) 77.11 5.1 5.2
I 5.45 100.3 5.48 (d,J=3.8 Hz, 1H) 96.63 2
2 2.74 56.4 3.96 (dd, J=10.7,3.7 Hz, 1H)  53.98 1,3
2’-NH-CO-CH3 1.91 (s, 3H) 23.27
2’-NH-CO-CH; NA 181.18 2’ (CO-CHs)
3 3.61 74.1 3.77 (m, 1H) 70.76 34 41
4 3.33 722 3.40 (m, 1H) 71.55 6
5 3.77 74.1 3.74 (m, 1H) 73.28 6 1, 4,6
6 3.00 42.6 2.99 (m, 1H) 41.66 5 4
2.82 2.83(m,1H)
1” 5.37 109.2 5.18 (m, 1H) 109.00 27 37,5
2”7 4.29 74.1 421 (m, 1H) 74.26 17,3
3” 4.43 77.0 434 (t,J=5.1 Hz, 1H) 77.18 27,47 17,57
47 4.14 85.1 4.13 (m, 1H) 82.16 375"
5” 3.88 62.3 3.82 (m, 1H) 61.67 4 3”
3.73 3.70 (m, 1H)
1 4.96 99.8 4.94 (d,J=1.9 Hz, 1H) 99.86 2 37
2 3.02 53.7 3.01(m, 1H) 53.14 12,270 170, 477
300 4.02 71.6 3.99 (t,J=3.2 Hz, 1H) 71.14 20 40 1
4 3.64 69.4 3.59(m, 1H) 68.88 6"
5 3.91 77.0 3.88 (m, 1H) 76.22 6 6
6 2.97 42.1 2.92(dd, J=13.5,8.7Hz, 1H) 4122 5
2.83 2.77 (dt, J=13.7, 5.0 Hz, 1H)

105



PhD Thesis — E.A. Bordeleau — McMaster University — Biochemistry and Biomedical Sciences

1629  Table S2. NMR assignments of 2’-acetyl-paromomycin

Acetyl-paromomycin

Carbon Number H °C COSsY HMBC
(ppm) (ppm) H# Cto#H
1 2.67 (m, 1H) 50.58 2,6 2
1.92 (m, 1H) 35.50 1,3
1.17 (g, J=12.5 Hz, 1H)
3 2.87 (ddd, J=13.0,9.4, 4.0 Hz, 50.20 2,4
1H)
4 3.46 (m, 1H) 81.74 3,5
5 3.60 (m, 1H) 85.58 4,6
6 3.24 (t,J=9.5 Hz, 1H) 77.10 5,1 5
1’ 5.40 (d, J=3.7 Hz, 1H) 96.94 2’
2’ 3.94 (dd, J=10.7, 3.7 Hz, 1H) 54.03 1°,3°
2°-NH-CO-CH3; 1.90 (s, 3H) 23.27
2°-NH-CO-CH3; na 181.5 2’ (CO-CH3)
3’ 3.78 (m, 1H) 71.02 3,4
4 3.46 (m, 1H) 81.57 4’5
5’ 3.60 85.47 4,6’
6’ 3.81 (m, 1H) 62.63 5’
3.71(m,1H)
17 5.18 (m, 1H) 109.30 27 3”
27 4.15 (m, 1H) 74.48 17,37
3” 4.28 (t,J=5.1 Hz, 1H) 77.49 27,47 1’
4” 4.13 (m, 1H) 82.16 3»,5”
5” 3.92 (m, 1H) 61.02 4” 3”
3.83 (m, 1H)
1’ 4.94 (d,J=1.9 Hz, 1H) 100.00 27 3”
27 3.01(m, 1H) 53.14 17,2
3 3.97 (t,J=3.2 Hz, 1H) 54.02 277 4 1’
4> 3.76 (m, 1H) 3,5
5 3.88 (m, 1H) 76.29 467 6’
6’ 2.77 (dt,J=13.7,5.0 Hz, 1H) 41.26 5
2.92 (dd, J=13.5, 8.7 Hz, 1H)
1630
1631
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Table S3. NMR assignments of 2’-acetyl-tobramycin

Tobramycin Acetyl-tobramycin
Carbon Number H 13C H 13C COSY HMBC
(ppm)* (ppm)* (ppm) (ppm) H # Cto#H
1 2.90 50.4 2.90 (m, 1H) 50.28 2
1.23 1.21 (m, 1H)
2 1.9 355 1.98 (m. 1H) 3547 1,3
3 2.90 49.2 2.90 (m, 1H) 49.85 2,4 2,
4 3.33 86.5 3.30 (m, 1H) 88.32 3,5 2,
5 3.64 74.5 3.68 (m, 1H) 74.18 4,6
6 3.25 88.1 3.30 (m, 1H) 88.66 5 17,2,5
rr 5.16 99.7 5.13(dd,J=11.2,3.7 Hz, 1H) 97.37 2’
2’ 2.90 494 4.03 (m, 1H) 49.0 1°,3° 3
2’-NH-CO-CH3 1.91 (s, 3H) 2340
2’-NH-CO-CH3 181.5 NH-CO-CH3
, 1.61 1.80 (m,1H) s 1o
3 503 34.9 213 (m.1H) 31.71 2’4
4 3.54 66.2 3.63 65.64 3,5 3’
5 3.58 73.7 3.71 73.78 4°,6° 3,6
73 2.79 (dd, J=13.7, 7.3 Hz, 1H)
6 297 41.6 3.00 (m,1H) 41.36 5
1” 5.05 100.0 5.06 (dd, J=19.0, 3.7 Hz, 1H) 99.81 27 4
27 3.51 71.8 3.53 (m, 1H) 71.88 17,3 37
3” 3.01 54.2 3.03 (m, 1H) 54.21 2.4 17,27,3”
4 3.33 69.3 3.37 (m, 1H) 69.25 3,57 37
57 3.92 72.1 3.95 (m, 1H) 72.48 47,6
6’ 3.77 60.3 3.78 (t,J=3.7 Hz, 2H) 60.36 5
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Table S4. Crystallographic statistics for aminoglycosideeApmA complexes

Structure ApmA-gentamicin ApmA-tobramycin ApmA-kanamycin
B*CoA

PDB code 77Uyl 7UUK 7UUL

Data collection

Space group P2:2:2, P2:2:2, P2,2:2,

Cell dimensions
a, b, c(A)
a, B, v, (°)

Resolution, A

Rm ergea

pim
CCi

1/ 0()
Completeness, %
Redundancy
Refinement
Resolution, A

No. unique reflections:

working, test
Rwork/ RfreeC

No. atoms

Protein

60.8,107.1, 137.1
90, 90, 90

30.00 - 1.78

0.074 (0.807)"
0.032 (0.376)

0.999 (0.878)

19.1 (1.0)

96.2 (91.0)

6.1 (5.0)

29.85-1.78

83017, 1983

17.3/22.1 (31.7/36.9)

6607

62.1,107.4,135.0
90, 90, 90

30.00 —2.82

0.158 (0.702)
0.078 (0.389)

0.996 (0.655)

5.9 (1.0)

96.4 (93.7)

5.0 (4.1)

29.85-2.82

21441, 1072

19.9/25.4 (27.3/33.1)

6616

108

101.1, 131.7, 157.9
90, 90, 90

29.47-2.26

0.085 (0.888)
0.034 (0.436)

0.999 (0.889)

22.2 (1.30)

99.4 (9.4)

6.9 (4.8)

29.47-2.26

96912, 3281

17.3/23.2 (27.5/27.3)

13217
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Aminoglycoside 93 96 198
Coenzyme A N/A N/A 240
Solvent 19 3 86
Water 851 196 1900
B-factors

Protein 33.1 44.9 37.9
Aminoglycoside 36.2 344 32.2
Coenzyme A N/A N/A 43.2
Solvent 50.1 53.5 50.0
Water 42.1 39.0 42.6

R.m.s. deviations
Bond lengths, A 0.011 0.004 0.012
Bond angles, ° 1.110 0.660 1.419

Ramachandran plot

Favored, % 98.2 96.9 97.7
Allowed, % 1.8 3.1 23
Outliers, % 0 0 0
1635
Structure ApmAcparomomycin® ApmAeneomycin ApmA(H135A)+tobramycine
CoA CoA
PDB code 7UUM 7UUN 7000

Data collection

Space group P4332 P4332 P3

Unit cell

a, b, c(A) 133.7,133.7,133.7 133.6, 133.6, 133.6 108.3, 108.3, 87.7
a, B, v, (°) 90, 90, 90 90, 90, 90 90, 90, 120

109



PhD Thesis — E.A. Bordeleau — McMaster University — Biochemistry and Biomedical Sciences

Resolution, A

Rm erge

Rpim

CCin

1/ 01
Completeness, %
Redundancy
Refinement
Resolution, A
No. unique

reflections:

working, test

Rwork/ R'free

No. atoms,
Protein
Aminoglycoside
Coenzyme A
Solvent

Water

B-factors

Protein
Aminoglycoside
Coenzyme A
Solvent

Water

50.00 -2.74

0.197 (1.791)°
0.036 (0.548)

1.00 (0.527)

20.2 (1.3)

100 (100)

30.1 (13.2)

35.75-2.74

10423, 940

22.4/24.9 (33.7/30.3)

2194
42
48

54

46.9
49.5
75.2
40.1
37.0

40.90-2.83

0.102 (4.877)
0.016 (0.770)

1.00 (0.924)

54.3 (1.1)

99.9 (100)

40.9 (40.5)

24.80-2.83

9940, 786

21.3/25.0 (36.3/41.3)

2185
42
N/A

92

82.5
87.5
N/A
85.4
60.1

110

30.0-2.65

0.144 (1.610)
0.052 (0.605)

0.998 (0.638)

16.7 (1.43)

99.9 (99.9)

8.1(7.5)

29.45-2.65

32941, 1614

28.8/32.8 (37.0/41.2)

6536
96
48

24

115.6
89.4
150.1
57.0
63.4
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R.m.s. deviations
Bond lengths, A 0.003 0.005 0.007
Bond angles, ° 0.725 0.885 1.082

Ramachandran plot

Favored, % 97.7 95.9 94.5
Allowed, % 33 4.1 5.5
Outliers, % 0 0 0

1636 “Rmerge = ZnkiZjllikj - {Ina) |/ZnaZilnkj, where Iaj and  {Iwj) are the jth and mean
1637  measurement of the intensity of reflection ;.

1638  °Rpim = SnaV(n/m—1) %1l - I |[/ZnZilnkg

1639  °R = I|F,° — F,%¢/5F,%% where F,°™ and F,®° are the observed and calculated structure factor
1640  amplitudes, respectively.

1641  N/A =not applicable.

1642
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1643  Table S5 Primers for generating apmA mutants

Mutation Oligonucleotide sequence®
H135A 5’-AGAGATCCATGCGAACGCTCAGTTAAACATGACCTTTG-3’
H135Q 5’-AGAGATCCATGCGAACCAGCAGTTAAACATGACCTTTG-3’
Y102A 5'-TGGCAGGCAAACGGCTTTTGGAGACGGTGTC-3'
Y102F 5'-“TGGCAGGCAAACGTTTTTTGGAGACGGTGTCG-3'
D144A 5’-ATGACCTTTGTAAGCGCCGATATTCAAAACTTCTTCAACG-3’
D144N 5’-ATGACCTTTGTAAGCAACGATATTCAAAACTTCTTCAACG-3’
D145A 5’-ATGACCTTTGTAAGCGACGCGATTCAAAACTTCTTC-3’
E85A 5’-TTGACGACGAGGGAGGCGCACTTCCGTTTGAACG-3’
N/A 5’-CGTACGCATATGAAAACCAG
(FWD plasmid primer) ACTTGAACAAGTTTTAGAACGTTATCTCAAC-3’
N/A 5’-ATCCGCCTCGAGTTACAAACTCCCGTAC
(REV plasmid primer) TTTTTCATAAATAGTTCAGGTGATATAAGC-3’

1644  Notes: a. Bolded nucleotides represent change in codon for the desired amino acid substitution.
1645  Underlined nucleotides indicate the addition of restriction enzyme sites required for cloning each
1646  apmA mutant into the pGDP3 vector.

1647
1648
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Chapter Four: Structural and molecular rationale for the diversification of resistance
mediated by the Antibiotic NAT family
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Preface

The work presented in the following chapter has been published in Communications Biology —
Nature.

Stogios, P.J., Bordeleau, E., Xu, Z. ef al. Structural and molecular rationale for the diversification
of resistance mediated by the Antibiotic NAT family. Commun  BiolS, 263
(2022). https://doi.org/10.1038/s42003-022-03219-w

Copyright © Stogios, P.J., Bordeleau, E. et al. under a Creative Commons Attribution 4.0
International License
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solved all crystal structures, completed sequence and structural analyses, prepared figures, and
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performed FMG. GD, GDW and AS oversaw the work and wrote the manuscript.

114



1675

1676

1677

1678

1679

1680

1681

1682

1683

1684

1685

1686

1687

1688

1689

1690

PhD Thesis — E.A. Bordeleau — McMaster University — Biochemistry and Biomedical Sciences

Abstract

The environmental microbiome harbors a vast repertoire of antibiotic resistance genes
(ARGs) which can serve as evolutionary predecessors for ARGs found in pathogenic bacteria, or
can be directly mobilized to pathogens in the presence of selection pressures. Thus, ARGs from
benign environmental bacteria are an important resource for understanding clinically relevant
resistance. Here, we conduct a comprehensive functional analysis of the Antibiotic NAT family
of aminoglycoside acetyltransferases. We determined a pan-family antibiogram of 21
Antibiotic NAT enzymes, including 8 derived from clinical isolates and 13 from environmental
metagenomic samples. We find that environment-derived representatives confer high-level, broad-
spectrum resistance, including against the atypical aminoglycoside apramycin, and that a
metagenome-derived gene likely is ancestral to an aac(3) gene found in clinical isolates. Through
crystallographic analysis, we rationalize the molecular basis for diversification of substrate
specificity across the family. This work provides critical data on the molecular mechanism
underpinning resistance to established and emergent aminoglycoside antibiotics and broadens our

understanding of ARGs in the environment.
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Introduction

Antibiotic resistance is a global crisis that threatens every class of clinically deployed
antibiotic '. Antibiotic resistance genes (ARGs) isolated from bacteria that cause life-threatening
disease can often be traced to environmental microbial communities (reviewed in >*). To
understand the sources of antibiotic resistance, the identification of links connecting ARGs in the
clinic with those in the environment, characterization of their horizontal transfer, evolution, and
biochemical/molecular properties are focuses of continuing research (reviewed in * and °). For
example, the mcr family of plasmid-borne colistin resistance genes is thought to originate from
chromosomal genes found in various Moraxella and Aeromonas species °®. The family of
extended-spectrum B-lactamase blactx-m genes found on plasmids of Gram-negative pathogens
has been traced to the chromosomal genes of various Kluyvera species that are only rarely
pathogenic’. Given the regular exchange of genetic material harboring ARGs between microbial
species, more research is required to understand the breadth and depth of the global resistome,
including such aspects as the scope of resistance mechanisms, the specificity and efficiency of
ARG products in conferring resistance, and their potential to be mobilized and transferred to
pathogens. This comprehensive data is critical for tackling the antibiotic resistance crisis>'°.

Aminoglycosides (AGs) (Figure 1) are widely used to treat infections caused both by
Gram-positive and Gram-negative bacteria due to their broad-spectrum activity'!. Toxicity and
resistance are significant problems complicating the use of this class of drugs; nonetheless, they
retain value for treating multi-drug and extensively-drug resistant Gram-negative pathogens
causing serious infections!2. Canonical AGs are characterized by a core 2-deoxystreptamine ring
with substitutions at the 4- and 6- or 4- and 5- positions. Non-canonical AGs possess variations on

the 2-deoxystreptamine core such as streptomycin, or apramycin which contains a fourth ring

116



1714

1715

1716

1717

1718
1719

1720

1721

1722

1723

1724

PhD Thesis — E.A. Bordeleau — McMaster University — Biochemistry and Biomedical Sciences

structure fused to 2-deoxystreptamine. Apramycin is currently used in veterinary medicine!>!',

and with the notable exceptions of aac3-IV and the emerging resistance determinant apmA '>-1°,

few ARGs confer resistance to apramycin, prompting excitement for broader deployment in

medicine 2!,
HO Gentamicin Tobramycin
4
HsC H HoN
N 2,
Hio? 3 6 NH,
NHZ
1 3 ¢ c, c, 1 3
R= cHy CHyNH
HaCAM/ HscANHE BiNP 2
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o 4 o 2 &
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i : " oot
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HO: X 9 - .
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R2 O

Figure 1. Chemical structures of aminoglycosides. The 3-amino group is highlighted in red.

AG resistance is primarily conferred by three classes of aminoglycoside-modifying
enzymes (AMESs): phosphotransferases (APHs), nucleotidylyltransferases (ANTs), and
acetyltransferases (AACs)*?>. AMEs permanently alter the AG substrate, preventing them from
binding to their target, the A-site of the 16S rRNA in the bacterial ribosome. AMEs are widely

disseminated in pathogens. Current research focuses on their specificity, mechanisms, and
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inhibition by small molecules to fortify the design of next-generation AG against resistance, as
exemplified by the development of plazomicin and apramycin analogs (apralogs, 2*%°).
Previously, we identified 27 AACs in grassland soils microbial communities using a
functional metagenomics (FMG) approach 26?7, These AACs belonged to two sequence and
structurally distinct acetyltransferase families - GNAT (GCNS5-related N-acetyltransferase) and
Antibiotic NAT. These families are distinct in sequence length (approx. 120 residues for GNAT
and approx. 220 residues for Antibiotic NAT) and are classified distinctly by sequence databases
(Antibiotic_ NAT in Pfam: family Antibiotic NAT (PF02522), clan Antibiotic NAT (CL0627) vs
GNAT: Acetyltransf 1 (PF00583), Clan Acetyltrans (CL0257) and by structural databases
(Antibiotic NAT in SCOP: Class = Alpha and beta proteins (a/b), Fold = TTHA0583/Y okD-like,
Superfamily = TTHAO0583/YokD-like, Family Aminoglycoside 3-N-acetyltransferase-like vs
GNAT: Class Alpha and beta proteins (at+b), Fold: Acyl-CoA N-acyltransferases (Nat),
Superfamily: Acyl-CoA N-acyltransferases (Nat), Family: N-acetyltransferase, NAT).
Furthermore, the distinction between these two families is reflected in the divergence in the
topology of the B-sheet core of each fold, where the Antibiotic NAT family is centered on a 3-
stranded parallel B-sheet while the GNAT family is centered on a 4-stranded antiparallel B-sheet.
Finally, the two families utilize distinct enzymatic mechanisms, with Antibiotic NAT utilizing a
catalytic histidine/glutamate dyad 2® while GNAT utilizes a catalytic tyrosine and glutamate pair
2. For GNAT AACs, we showed that many environment derived ARGs, which we called meta-
AACs for metagenomic AACs, possess resistance activity, acetylation efficiency, and structural
properties comparable to AMEs derived from drug resistant clinical species**?®. Our research

established that GNAT meta-AACs include all the qualities necessary to cause high-level

resistance if mobilized and transferred to human pathogens.
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In contrast to the GNAT family, less is known about the biochemical, structural, and
molecular features of the Antibiotic NAT family. There are approximately 50 of this family
members identified?® and many are highly disseminated in Gram-negative pathogens®, including
AAC3)-II, AAC(3)-III, and AAC(3)-IVa. The AAC(3)-Ila enzyme possesses narrow AG
specificity as it is active only against 4,6-disubstituted compounds, while AAC(3)-I1la is strongly
promiscuous due to its activity against a broad range of 4,5- and 4,6-disubstituted AGs 233! . The
AAC(3)-IVa enzyme was also shown to be promiscuous against a broad range of 4,5- and 4,6-
disubstituted AGs as well as against apramycin'®>. There have been no studies describing the
enzymatic characteristics of environment-derived members of this family and no comprehensive
family-wide analysis to understand their diversification of structure and function.

Several members of the Antibiotic NAT family have been structurally characterized,
including AAC(3)-11Ib and AAC(3)-VIa 22 (note: these were erroneously assigned as members
of the GNAT family of AAC enzymes in these publications). Other structurally characterized
members of this family include FrbF from Streptomyces rubellomurinus®®, YokD from Bacillus
subtilis, and BA2930 from Bacillus anthracis**, none of which possess activity against AGs.

Here, we report a comprehensive structural and functional analysis of the aminoglycoside-
resistance spectrum conferred by Antibiotic NAT family enzymes through characterization of 13
environment-derived enzymes and 8 derived from clinical isolates. This analysis shows that many
confer high-level, broad-spectrum aminoglycoside resistance, and five environment-derived
enzymes confer apramycin resistance. Crystallographic analysis of various family members,
including meta-AACO0038, AAC(3)-1IVa, AAC(3)-1Ib, and AAC(3)-Xa, allowed the construction

of a molecular model explaining the diversification of substrate specificity in this ARG family.
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Results

The Antibiotic. NAT family sequences branch into four distinct clades, with all but one
including environment-derived members

Identification of new members of the Antibiotic NAT family through antibiotic selections
of soil metagenomic libraries®> prompted a revisit of the sequence diversity of this family.
Comparative sequence analysis of the family, including these 14 enzymes derived from
environmental microbial communities, 12 Antibiotic NAT enzymes originating from pathogenic
strains, and 25 additional representatives identified by BLAST searches of Genbank, confirmed
the presence of conserved sequence motifs typical of Antibiotic NAT enzymes (Supplementary
Figure 1). This analysis also identified highly variable regions that correspond to residues 62-95,
110-117, 127-142, and 190-212 in meta-AACO0038, along with a variable C-terminal region
(Supplementary Figure 1). The TXOHDAE (where ®=a hydrophobic residue) sequence motif

was previously proposed to contain key catalytic residues of this family 283233

. The glutamate
residue in this motif interacts with the histidine serving to increase the basicity of latter residue.
The histidine extracts a proton from the AG 3-N-amine group, activating it for nucleophilic attack

on the acetyl-CoA carbonyl group 28323

. The threonine in this motif is thought to stabilize the
tetrahedral intermediate. Similar sequence signatures (residues Thr165-Glul71 in meta-AAC0038,
Supplementary Figure 1) were identified in all analyzed members of this family, with His and
Glu (His168 and Glul71 in meta-AAC0038) along with two glycine residues (Gly122 and Gly158
in metaAACO0038), completely conserved. This motif’s threonine (Thr165 in meta-AACO0038) is
also conserved in all but one of the analyzed sequences where it is substituted by a chemically
similar serine (Supplementary Figure 1) 28323,

Bayesian reconstruction of the phylogeny of the Antibiotic NAT family revealed four

main clades (Groups 1 through 4, Figure 2). Enzymes identified by our metagenomic sampling
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1797  were distributed among all the clades except for Group 2, which exclusively contains sequences
1798  derived from Actinomycetes. Several meta-AACs such as meta-AAC0038, meta-AACO0016, and

1799 meta-AAC0043 appear to be paralogs of AAC(3)-III, AAC(3)-IVa, and AAC(3)-I1a, respectively.
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Figure 2. Family-wide antibiotic susceptibility mapped onto phylogenetic reconstruction of
Antibiotic NAT family. The four main groups are separately colored. Sequence names are only
shown for meta-AAC, clinical isolates of AAC(3) enzymes, and outgroup members with
Antibiotic NAT fold but with no activity against aminoglycosides (FrbF, YokD, and BA2930);
other sequences not labeled are hits from BLAST search of NCBI nr database. Node labels are
Bayesian probability values. Right side represents a heatmap of AG susceptibility (fold change
MIC relative to control strain containing no resistance element), with key shown at bottom right,
full data in Supplementary Table 1.
Pan-family antimicrobial susceptibility testing aligns substrate specificity with phylogeny
To comprehensively characterize the spectrum and degree of resistance conferred by
Antibiotic NAT family members, we tested the antimicrobial susceptibility of E. coli individually
harboring the 21 different genes coding for Antibiotic NAT enzymes on the pGDP3 plasmid*®.
The results (Figure 2 and Supplementary Table 1) show that the spectrum and degree of AG
resistance correlate with the phylogenetic clustering. Group 1 members including AAC(3)-IVa
and four meta-AACs confer the broadest spectrum and highest degree of resistance to 4,6- and 4,5-
disubstituted AGs, consistent with previous studies on AAC(3)-IVa!®, and confer high-level
resistance to apramycin. We found that the Group 2 member AAC(3)-Xa, derived from an
Actinomycetes, is limited in its AG specificity to the 4,6-disubstituted AGs kanamycin and
tobramycin; the only other Group 2 member tested in our host E. coli was AAC(3)-1Xa did not
convey any detectable AG resistance. Group 3 enzymes including AAC(3)-11Ib and four meta-
AACs confer resistance to 4,6- and 4,5-disubstituted AGs, consistent with previous data reported
for AAC(3)-III enzymes?®?!; meta-AAC0038 is the lone member of this family that confers
resistance to apramycin. Group 4 members are restricted in activity to 4,6-disubstituted AGs,

including AAC(3)-IIb/Ilc and six meta-AAC enzymes, which is reflective of reports on the

resistance profile of AAC(3)-VIa**37; AAC(3)-1Ib also confers low-level apramycin resistance.
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Notably, each meta-AAC confers AG resistance, with many demonstrating broad-spectrum
and high-level resistance, including against apramycin (meta-AAC0016, meta-AAC0018, meta-

AACO0033, meta-AAC0030, and meta-AACO0038).

Crystal structures of meta-AAC0038, AAC(3)-1Va, AAC(3)-IIb, and AAC(3)-Xa enzymes
show that the variation in the minor subdomain is responsible for diversity in activity against
AGs

We undertook a structural genomics campaign to understand the structural basis of the
evident diversification of substrate specificity across the Antibiotic NAT family, with particular
interest in the broadly active Group 1 and meta-AAC enzymes. We solved crystal structures of the
AAC(3)-1Va, AAC(3)-1Ib, AAC(3)-Xa, and meta-AACO0038 enzymes, including ligand-bound
states of AAC(3)-IVa and meta-AACO0038. Crystallographic statistics for all determined structures
are shown in Table 1.

The fold typical of the Antibiotic NAT family is evident in all structures, composed of 13
a-helices and 8 [B-strands (Figure 3A), and determined structures superpose with pairwise
RMSD’s 0.8-1.0 A between 197 to 266 matching Co atoms. Notably, the primary sequence most
conserved across the family representatives (Supplementary Figure 1) belong to what we defined
as a major subdomain in the Antibiotic NAT fold (Figure 3B). In contrast, the variable sequence
regions identified by our comparative analysis (see above) constitute a minor subdomain (Figure
3B). According to this distinction, the major subdomain is centered on a 7-stranded antiparallel -
sheet with a bundle of 5 a-helices arranged on one face of the sheet, with a second bundle of 4 a-
helices arranged on the other face of the sheet. The minor subdomain is characterized by four main
structural variations that are subfamily-specific, which we called inserts 1 to 4. Insert 1 (Figure
3B) forms an extended loop structure of variable length, while adopting a helical structure in

AAC(3)-Xa, meta-AACO0038, and AAC(3)-IIb but not in AAC(3)-IVa. Insert 2 forms a short turn
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between two a-helices, which most closely impacts the AG binding site. Insert 3 forms a two-
stranded antiparallel B-sheet while corresponding to a short a-helix found only in AAC(3)-IIb
structure. Finally, insert 4 is a C-terminal extension to the major subdomain unique to AAC(3)-
IVa and forms an a-helix and a C3H1 Zn*" binding site. Altogether, this global structural analysis
reflects that the minor domain is the principal source of structural diversity among members of
this family. A negatively charged cleft is formed in the region between the minor and major
subdomains in each structure, with the deepest section formed primarily by the minor subdomain.
As will be discussed in detail later, this cleft harbors the AG binding site.

The Antibiotic NAT enzymes also diversify in their oligomerization state. The meta-
AACO0038 adopt dimeric structure with buried surface of ~900 A? per subunit (Figure 3). This
enzyme also forms dimer in solution according to the size exclusion chromatography (not shown).
In contrast, the AAC(3)-Xa enzyme exists as a monomer in solution despite forming a dimer in
crystal lattice (Figure 3). AAC(3)-1Va also adopted a dimeric structure (Figure 3) both in crystal
and in solution, in line with previous reports on its oligomeric state'”, but the arrangement of the
two chains in this enzyme differed from that of the meta-AAC0038 dimer. The buried surface area
between subunits of the AAC(3)-IVa dimer (~650 A?) was formed nearly exclusively through
interactions between the major subdomains of the two monomers of this enzyme. Finally, AAC(3)-

IIb was monomeric both in the crystal structure or in solution (not shown).
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Table 1. X-ray crystallographic statistics.
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Structure Meta-AAC0038"**  Meta- Meta- Meta-
apoenzyme AAC0038"1634AcCoA AAC0038"1684CoA AAC0038"34eapramycineCoA
PDB code 6MMZ 6MNO SHTO 7KES
Data collection
Space group C2 C2 C2 P3,2,

Cell dimensions
a, b, c(A)
o B,7, (°)

Resolution, A
Rierge”

Ryinm

CCip

1/0(l)
Completeness, %

Redundancy

Refinement
Resolution, A

No. unique
reflections:

working, test

b
Rwork/ Rfree

No. atoms, molecules

Protein
Aminoglycoside
Acetyl-CoA/CoA
Solvent

Water

B-factors
Protein
Aminoglycoside

Acetyl-CoA/CoA

105.8, 158.1, 143.4

90, 94.9, 90

25.00 - 3.30
0.268 (0.743)*
0.142 (0.395)
0.809*
6.3(2.3)

99.4 (99.9)

4.6 (4.6)

19.75-3.30

35122, 1646

20.4/26.1 (29.6/38.9)

11977, 6
N/A
N/A
104

104

59.2
N/A

N/A

108.1, 159.6, 143.3

90, 94.6, 90

25.00 - 2.40
0.094 (0.372)
0.062 (0.249)
0.949

10.75 (2.09)
99.9 (100)

33(3.2)

24.93 -2.39

94715, 1996

17.8/20.8 (23.1/28.9)

12033, 6
N/A
306, 6
236

1706

329
N/A

33.1

107.02, 159.50, 146.22

90, 94.7, 90

25.0-2.75
0.074 (0.440)
0.085 (0.251)
0.968

17.76 (3.19)
96.7 (90.4)

4.0 (3.7)

24.97-2.75

60061, 2021

20.4/23.3 (31.3/30.8)

12016, 6
N/A
288, 6
105

343

54.1

N/A

127.77,127.77, 94.65

90, 90, 120
30.0 -2.36
0.091 (1.427)
0.031 (0.505)
0.601

21.87 (1.0)
100 (100)

9.9 (8.8)

29.19-2.36

36879, 1846

19.1/22.8 (29.6/34.7)

3992,2
73,2
96, 2
25

170

70.9

129.0
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Structure Meta-AAC0038"%*  Meta- Meta- Meta-
apoenzyme AAC0038"1634AcCoA AAC0038"1684CoA AAC0038"34eapramycineCoA
Solvent 96.2 71.4 108.2 100.5
Water 20.4 43.4 47.7 64.2
R.m.s. deviations
Bond lengths, A 0.002 0.005 0.014 0.005
Bond angles, ° 0.552 1.770 1.827 1.337
Stracture AAC(3)-1Va AACQ)- AACQ3)- AAC(3)-1Ib AAC(3)-Xa
apoenzyme IValll34. APR IVal1$A«GEN
PDB code 6MN3 6MN4 6MNS5 7LAO TLAP
Data collection
Space group C2 P2,2,2, P2,2:2, P2,2:2, P6522

Unit cell
a, b, c(A)
o B,7, (°)

Resolution, A

Roeree”
-merge

Rpim

CCip
1/o(l)
Completeness, %

Redundancy

Refinement
Resolution, A

No. unique
reflections:

working, test

R-factor/free R-
factor®

No. refined atoms,
molecules

Protein

Aminoglycoside

114.2,55.3,94.3

90, 102.6, 90

30.00 -2.39

0.141 (0.997)

0.080 (0.572)

0.524
9.98 (1.25)
98.8 (99.9)

3.9(3.9)

30-2.39

22587, 1129

18.2/22.8
(27.1/32.2)

3921,2

77.6,103.5,264.9

90, 90, 90

30.00 -2.80

0.183 (1.771)

0.063 (0.613)

0.776
12.77 (1.40)
95.2(97.1)

9.0 (8.9)

29.33-2.80

63643, 3627

26.1/32.1 (35.3/41.1)

11564, 6

77.6,131.9, 266.9

90, 90, 90

40.0 - 2.58

0.086 (0.542)

0.048 (0.371)

0.703
14.08 (1.08)
95.7 (82.0)

3.7(2.3)

38.4-2.58

83240, 2000

18.7/22.1 (26.8/28.1)

11824, 6

43.2,61.4,112.0
90, 90, 90

40.0-1.92

0.080 (0.332)
0.037 (0.159)
0.524

26.19 (3.13)
95.8(79.8)

5.4 (4.7)

35.32-1.92

22528, 2167

18.0/22.9 (23.6/29.4)

2045, 1

161.5,161.5,138.7
90, 90, 120

50.0-2.04

0.098 (1.074)
0.024 (0.396)
0.593

31.42 (1.08)
99.5 (92.9)

17.2 (6.6)

49.39-2.04

66736, 3279

16.5/19.8
(28.7/31.5)

4421, 2
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Structure

Acetyl-CoA/CoA
Solvent

Water

B-factors

Protein
Aminoglycoside
Acetyl-CoA/CoA
Solvent

Water

r.m.s.d.

Bond lengths, A

Bond angles, °©

AAC(3)-IVa
apoenzyme

N/A
N/A
3

176

48.7
N/A

N/A

0.004

0.803

AAC(3)-
Va4 APR

186, 5
N/A
5

330

90.4

111.0

N/A

61.4

0.006

1.071

AAC(Q3)-
IVat!54GEN

186, 6
N/A
422

519

91.2
142.9
N/A
98.0

72.6

0.006

0.879

AAC(3)-IIb

N/A
N/A
17

211

50.8
N/A
N/A
70.3

45.7

0.014

1.260

AAC(3)-Xa

N/A
N/A
58

678

N/A
N/A
105.8

63.2

0.012

1.118

*All values in brackets and all CCy/, values refer to highest resolution shells.

*Rmerge = ZhkiZillnklj - Ink)[/ZnkiZilnk j, where Inj and (Ina) are the jth and mean measurement of the intensity of

reflection j.

PRpim = S V(0/0-1) Z% 1 it = Traa)/EiaZiln
¢value refers to highest resolution shell.
4R = T|F,°" — Fpl¢//ZF,°%, where F,°* and F,'° are the observed and calculated structure factor amplitudes,

respectively.

ND = not determined
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Figure 3. Structures of AAC(3)-IVa, AAC(3)-Xa, meta-AACO0038, and AAC(3)-IIb. a) As
representatives of groups 1 through 4, respectively. The conserved major subdomain of the
Antibiotic NAT fold is colored in cyan; the variable minor subdomain is colored in dark blue.
Zn*" ion bound to AAC(3)-IVa is shown as a dark grey sphere. Ligands bound to AAC(3)-IVa and
meta-AACO0038 are shown in sticks and labeled. b) Schematic of structural variations in the minor
subdomain as insertions or extensions to the major subdomain, numbered 1 through 4.

Structural analysis of the group 1 enzyme AAC(3)-IVa suggests a mechanism for broad
specificity against AG substrates

To understand the structural basis of the highly promiscuous nature of group 1
Antibiotic NAT enzymes, we pursued structural characterization of AAC(3)-IVa representative
of this clade in complex with AG substrates. To increase the chances of capturing substrate-bound
enzyme complex we used catalytically impaired His154Ala mutant of AAC(3)-IVa.

Using this strategy, we were able to determine the crystal structures of AAC(3)-IVa
enzyme in complex with gentamicin or apramycin to 2.6 and 2.8 A, respectively. In both complex
structures, the electron density corresponding to the AG molecule localized to the cleft between
major and minor subdomains of the enzyme. Most of the AG substrate interactions with the protein
are mediated by amino acid sidechains from the minor subdomain (Figure 4A, 4B, 4C). For the
AG substrate in both structures, the 3-N group is positioned close to residue 154 and proximal to
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the presumed location of the thiol of CoA. We observe similar substrate orientation in the crystal
structures of meta-AAC0038 enzyme complexes, described below, suggesting a common active
site topology for this family.

In the complex structures, the gentamicin molecule spans across enzyme’s minor
subdomain while the apramycin molecule is twisted nearly 90° relative to gentamicin. This
difference is reflected in the rotation of the 2-deoxystreptamine rings of each compound being
rotated (Figure 4B). The 2-deoxystreptamine/Il ring of apramycin stacks against the sidechain of
Trp63, and its rotation positioned the central and III rings more into the minor subdomain cleft and
towards Asp67. Notably, these two residues are contributed from the much shorter hairpin
connecting the o4 and a5 helices compared to the equivalent region in the other enzymes we
crystallized. Additionally, Glul85 appears to be a critical residue for interactions with gentamicin
and apramycin as it positions the 2-deoxystreptamine ring for modification through interactions
with the 1-N of gentamicin or the 5-hydroxyl of apramycin. Interestingly, Cys190, which is just
N-terminal to the Zn?" binding site, interacts with the 3-N of gentamicin. Finally, the C-terminal
extension of AAC(3)-IVa corresponding to residues 236-257 contributes to the interactions with
both gentamicin and apramycin via Glu249 side chain.

We identified a Zn?" ion binding site in the C-terminal extension of AAC(3)-IVa structure.
This feature may be of only structural significance since neither this ion nor the sidechains of its
cysteine and histidine ligands formed any interactions with the AGs. The binding of Zn** could
stabilize this region and allow for orientation of the Glu249 residue for AG recognition. The Zn**-
binding residues are fully conserved across Antibiotic NAT Group 1 representatives.

The analysis of the AAC(3)-IVasgentamicin complex allowed to propose a mechanism for

this enzyme’s ability to recognize 4,5-disubstituted AGs. In the complex structure, gentamicin’s
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5-OH pointed out of enzyme’s active site. If similarly oriented, 4,5-disubstituted AGs would not
cause a steric clash with this enzyme’s active site. Collectively, these observations show that AGs
can adopt multiple bound orientations facilitated by the dramatic structural changes in the minor

subdomain of AAC(3)-1Va, thereby supporting broad substrate specificity for AG modification.

The meta-AAC0038 enzyme active site’s molecular architecture allows for activity against
4,5 and 4,6-disubstituted AGs

Our data presented above demonstrated that the environmental metagenome-derived meta-
AACO0038 enzyme can confer high and broad resistance to AGs including to the atypical AG -
apramycin when expressed in E. coli. Using the catalytically inactive His168Ala mutant of this
enzyme, we were able to determine the crystal structures of ternary meta-
AAC003811¥AapramycineCoA and the binary meta-AAC0038116%4sacetyl-CoA complexes.

In line with the previously discussed Antibiotic. NAT enzyme structures, meta-AAC0038
accommodated the substrates in the negatively charged cleft formed by the minor subdomain, with
the 3-N group of apramycin located within 2.6 A of the sulthydryl group of CoA (Figure 4C).
Notably, the I and III rings of apramycin were positioned out from the active site cleft and did not
form interactions with the enzyme except for hydrogen bonds with the Asp94 and Aspl62
sidechains. The ability to retain this AG molecule in the active site via very few contacts could
explain the activity of meta-AACO0038 on this substrate resulting in the low-level resistance to
apramycin which was not detected for the other representatives of Group 3 Antibiotic NAT

enzymes.
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a AAC(3)-IVa-GEN b AAC(3)-IVa-APR
Cysifs Glu249
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Figure 4. Details of molecular recognition of aminoglycosides by meta-AAC0038 and
AAC(3)-IVa. a) From solved crystal structures, active sites of AAC(3)-IVa''!>** and gentamicin,
b) AAC(3)-IVal''>*A and apramycin, c) meta-AAC003814 and apramycin and CoA. Dashes
indicate hydrogen bonds. Since each protein was crystallized with inactive mutants, His168 Ala of
His154A mutations for meta-AACO0038 and AAC(3)-1Va, respectively, these sidechains shown in
this figure are from the apoenzyme structures and indicated with asterisks. Residues colored in
dark and light blue are from the major and minor subdomains of the two enzymes, respectively.
Acetylation sites (3-N groups) are labeled with red arrows.

AAC(3)-IIIb, another group 3 enzyme, has been previously characterized in detail for its
interactions with 4,6- and 4,5-disubstituted AGs?®. The meta-AAC0038 and AAC(3)-IlIb

structures superimpose with RMSD 0.54 A across 219 Ca atoms, share all the minor subdomain
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structural elements, and show complete conservation of AG binding residues (Fig. 4C). However,
the position corresponding to Glu223 in AAC(3)-I1Ib is occupied by Asp213 in meta-AAC0038.
Glu223 is positioned at the ring I binding site of apramycin, which may impact the ability of

AAC(3)-IIIb to accommodate this AG as a substrate.

The group 4 enzyme AAC(3)-1Ib harbors a restricted active site

The crystal structure of AAC(3)-IIb represents the first molecular image of enzymes with
AAC(3)-II activity. Its structure superimposes with RMSD 0.7 A over 221 Ca atoms with the
previously characterized AAC(3)-VIa structure®?, consistent with our phylogenetic analysis
placing both these enzymes in the group 4 of the Antibiotic NAT family. Similarly to the AAC(3)-
Vla enzyme?2, the minor subdomain loop of AAC(3)-1Ib contains the conserved Asn208, which is
predicted to clash with substituents at position 5 of the AG substrate, thereby explaining the lack
of activity toward 4,5-disubstituted AGs. Other notable amino acids in the active site of AAC(3)-
ITa that may restrict the size and positioning of AG substrates include Tyr66, positioned near the
binding location of the double prime ring (Figure 1), and Phe97, positioned near the central 2-
deoxystreptamine ring. Altogether, AAC(3)-1Ib — like AAC(3)-VIa — harbors a more restricted

active site, consistent with its limited AG specificity.

AAC(3)-Xa also harbors a restricted AG binding site

As indicated by our AG susceptibility testing, the activity of AAC(3)-Xa is limited to
tobramycin and kanamycin (Figure 2). To rationalize this strict specificity, we modeled the
position of kanamycin into the active site of the apoenzyme structure based on the position of

gentamicin bound to AAC(3)-IVa. This analysis suggested that gentamicin would not be
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accommodated due to the Tyr79 and Asp130 residues, which would clash with the 4”-OH group
or the methylated 3”-amine of the corresponding AG substrate, respectively. This model also
provides a hypothesis for the inability of this enzyme to confer resistance to 4,5-disubstituted AGs,
as the 5-substituents would clash with Glu220 of the enzyme. Based on comparative analysis of
the AAC(3)-Xa and AAC(3)-IVacapramycin complex structures, Tyr79 would also introduce a
steric clash with this AG in the AAC(3)-Xa active site. Notably, Tyr79, Asp130, Glu220, and
adjacent active site residues are highly conserved in Antibiotic NAT Group 2 (Supplementary
Figure 1), suggesting these are critical determinants for restricting the specificity of these

enzymes.

Genetic elements adjacent to meta-AACs suggest possible mobilization mechanisms

To investigate the potential for lateral transfer of meta-AACs, we searched for mobile
genetic elements (MGEs) on the AAC-encoding contigs. Of the genes recovered through FMG,
only one - meta-AAC0043 - is syntenic with multiple MGEs. This sequence is co-localized on our
phylogeny (Figure 1) with aac(3)-Ile, suggesting a close evolutionary relationship. This finding
is in line with the observation that all 28 gentamicin-selected FMG contigs annotated with a gene
encoding an AAC(3)-1I family enzyme were syntenic with at least one MGE. Worryingly, this
contig shows extremely high similarity to sequences found in both chromosomes and plasmids of
pathogens like E. coli, K. pneumoniae, C. freundii, and V. cholerae (Figure 5). Taken together,
our analysis demonstrates that representatives of Antibiotic NAT family encoded by
environmental microbiome can be directly mobilized across taxonomic boundaries to convey

resistance in clinically important bacterial species.
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1 kbp Spect AGenba_nk Contl .
IR o i pecies ccession ontig Origin
—  meta-AACO043 - tmiB = iSKpnii iSKpnt1 1526 Uncultured bacterium KU545358.1 FMG library
r . - — - Enterobacter hormaschei  CP0456111  Chromosome
- . - - - Citrobacter freundii CPO11611.1 Plasmid
— - — - - Salmonella enterica CP021463.1 Plasmid
- - - - - Shewanella bicestrii CP022358.1 Plasmid
— : - - - Klebsiella pneumoniae MT560079.1 Plasmid
| ] — — —  Klebsiella quasipneumoniae  CP034131.1 Plasmid
- . - - - Escherichia coli CP0343839.1 Chromosome
— . - - - Klebsiella oxytoca CP056583.1 Plasmid
— J — - Acinetobacter baumannii CP051875.1 Chromosome
| J — - - Enterobacter cloacae MK736669.1 Plasmid
— ' — - Enterobacter asburiae AP024499.1 Plasmid
r ! — Raoultella ornithinolytica CP048350.1 Plasmid
— — - — - Citrobacter portucalensis AP022378.1 Chromosome
¥ ) — — ' Escherichia coli CP025402.1 Plasmid
] . — - u Enterobacter bugandensis ~ CP077207.1 Plasmid
] ! - H Enterobacter sp. 247 LN830952.1 Plasmid
—] J — . Enterobacter sp. CRENT-193 CP024813.1 Plasmid
L 4 Morganeila morganii CP027177 1 Chromosome
— | — Vibrio cholerae MT151380.1 Plasmid
2009 annotation: ] arc []MGE [Jother

2010  Figure 5: Synteny of meta-AAC0043 with mobile genetic elements. The contig containing
2011  meta-AAC0043 was queried against the NCBI nucleotide database and filtered for highly similar
2012 sequences, revealing the presence of similar sequences in a hugely diverse set of taxa. A
2013  representative set of similar genomic segments are shown, with grey bars indicating blastn percent
2014  identity >= 99.5%. Many of these matches are from plasmid sequences, and almost all of them
2015  contain ORFs annotated as MGEs (e.g., transposons, insertion sequences, etc.). FMG = functional
2016  metagenomic library.

2017

135



2018

2019

2020

2021

2022

2023

2024

2025

2026

2027

2028

2029

2030

2031

2032

2033

2034

2035

2036

2037

2038

2039

2040

2041

PhD Thesis — E.A. Bordeleau — McMaster University — Biochemistry and Biomedical Sciences

Discussion

The realization that environmental microbial communities are important reservoirs of
ARGs provides keys to understanding the emergence of antibiotic resistance in pathogenic species.
For most ARG families, the evolution, transferability, and molecular/structural basis for the
activity of their environmental relatives has not been well characterized. Given that antibiotic use
in agricultural and other anthropogenic settings represents a significant proportion of global
antibiotic deployment, it is vital to understand the scope and breadth of resistance in the broader
global resistome, which may select for the evolution and transfer of ARGs. This knowledge is
critical to protecting the potency of our current antibiotic arsenal and designing antibiotics that are
less susceptible to ARGs.

In this study, we follow on our previous identification of multiple Antibiotic NAT family
members in soil-derived metagenomic libraries®® through detailed structural and functional
analysis. Firstly, the phylogenetic reconstruction of this family that we calculated was linked to a
comprehensive study of the substrate specificity profiles of the four main clades, represented by
the AAC(3)-1V, AAC(3)-VII/VII/IX/X, AAC(3)-11I, and AAC(3)-1I/IV enzymes. Secondly, with
the additional crystal structures described in this study and comparison to previously-available
structural information, we conclusively show that this division is reflected in differences in activity
against AG substrates and in structural diversification localized to the minor subdomain of the
Antibiotic NAT fold. Given that the minor subdomain is much less conserved between
Antibiotic NAT family members, the deficit in molecular information about variations in this
subdomain that would allow for better understanding of the role of individual amino acids in this
region for substrate specificity necessitated and inspired our structural investigation into additional
representatives of this family. Thirdly, we show that environment-derived enzymes of this family,

which previously have not been characterized for molecular determinants behind their activity
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against antibiotic substrates, possess resistance-conferring activities comparable to and sometimes
exceeding those activities of their counterparts derived from clinical isolates. Fourthly, we show
that numerous members of this family inactivate apramycin, an atypical AG that is increasingly
being considered for clinical deployment and for which little has been known about possible
resistance determinants.

Our structural data includes the crystal structure of AAC(3)-IVa enzyme which is the first
molecular image of Group 1 Antibiotic NAT enzymes. Our extensive structural and functional
characterization demonstrates that this enzyme mediates broad-spectrum AG resistance, including
to 4,5-, 4,6-disubstituted AGs and the atypical AG apramycin by evolving a more spacious active
site. This is achieved by a C-terminal extension and modifications the structure and residue
composition of the a4-a5 hairpin of the minor subdomain of the enzyme which allow for broad
spectrum of AG recognition. The role of the Zn**-binding site in the mechanism of action of
AAC(3)-IVa and Group 1 enzymes is the subject of ongoing investigation. After the structures of
AAC(3)-IVaegentamicin and AAC(3)-IVasapramycin were publicly available in the PDB, another
group performed structure-guided mutagenesis on the enzyme®®. This analysis confirmed the
Glul85 and Asp187 residues’ important roles for interactions with AG substrates, and the role of
Asp67 residue in specificity for gentamicin recognition. This group also generated a double mutant
Cys247Ser/Cys250Ser, which abrogated resistance to both gentamicin and apramycin, suggesting
that Zn**-binding is necessary for substrate recognition. However, since no evidence for the effect
of these two mutations on overall stability of this enzyme was provided, the direct effect of Zn**
binding on interaction with AG substrates remains unclear.

According to our sequence analysis the Group 1 members meta-AAC0022, meta-

AAC0033, meta-AAC0016, and meta-AACO0018 also share the C-terminal extension, the Zn?'-
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binding residues, and the shorter sequence corresponding to the o4-aS5 hairpin. Thus, we
hypothesis that these enzymes are likely to be active against the wide range of AGs including
apramycin.

Antibiotic NAT Group 3 members showed a high degree of promiscuity, including activity
toward the 4,5- and 4,6-disubstituted AGs. Notably, the meta-AAC0038 enzyme was also active
against apramycin which inspired our structural analysis of this activity. According to our meta-
AACO0038-apramycin complex structure, binding of apramycin to this enzyme differed from its
interactions to AAC(3)-IVa. Meta-AAC0038 demonstrated activity analogous to AAC(3)-IIIb and
AAC(3)-IIIc enzymes, which belonged to the same clade. Other environment-derived members,
including meta-AACO0008, meta-AAC0030, and meta-AAC0071, were similarly active against
4,5- and 4,6-disubstituted AGs.

Representatives of Antibiotic NAT Groups 2 and 4 were the most restricted in their
specificity, and this was reflected in more constrained and smaller active sites, as revealed by the
structures of AAC(3)-IIb and AAC(3)-Xa. The environment-derived enzymes of Group 4,
including meta-AAC0032, meta-AAC0029, meta-AAC0034, meta-AAC0035, and meta-
AACO0043, likewise conferred resistance only to kanamycin and tobramycin. The crystal structure
of AAC(3)-IIb features an active site highly like that in AAC(3)-VIa, consistent with the 4,6-
disubstituted specificity of Group 4 enzymes.

Additionally, our study expanded the repertoire of AMEs active against apramycin to
include six environment-derived enzymes, with the Group 1 members meta-AAC0016, meta-
AACO0018, meta-AAC0033, and meta-AAC0022 conferring high-level apramycin resistance. The

presence of these enzymes in environmental microbial species may be provoked by widespread
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apramycin use in agriculture settings. As apramycin is deployed in the clinic, it is important to be
mindful of possible further dissemination of these ARGs.

Our analysis of lateral gene transfer signatures in the genetic vicinity of meta-AAC genes
indicates that these genes show low potential for mobilization, for the most part, with the notable
exception of meta-AAC0043. This conclusion is corroborated by the separation of meta-AAC and
AAC(3) enzyme sequences in each group within our phylogenetic reconstruction, except for the
close clustering of meta-AAC0008 with AAC(3)-11la (67% identical at the protein level) and meta-
AAC0043 with AAC(3)-Ilc (96% identical). While no MGEs were identified in the contig
containing the meta-AAC0008 gene, multiple MGEs were present in the contig harboring meta-
AACO0043. This proximity strongly suggests that meta-AAC0043 has mobilized into pathogens,
manifesting in the enzyme AAC(3)-Ile, conferring resistance to 4,6-disubstituted AGs. This
precedent suggests that with further FMG sampling, additional meta-AAC genes may be identified
which represent environmental sources of clinically relevant Antibiotic NAT genes.

The metagenomic, structural, and functional data presented in this study establishes key
molecular insights into the molecular basis for AG recognition by all four clades of the
Antibiotic NAT family. This provides deeper understanding of primary sequence signatures
important for AG resistance profile conferred by corresponding enzymes. Our observation that
environmental members of this family can confer broad, high-level AG resistance and have already
mobilized into pathogenic species warrants surveillance and FMG sampling to detect new

connections between ARGs in the clinic and the environment.
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Methods
Sequence analysis and phylogenetic reconstruction

Previously identified members of the Antibiotic NAT family from functional selections of
soil metagenomes®> were aligned with clinically isolated AAC(3) enzyme sequences and homologs
in Genbank identified by BLAST. Sequence alignment was performed using the Clustal Omega
server (EMBL-EBI). The phylogenetic reconstruction was generated from the sequence alignment
by MrBayes®’ (with gamma-distributed rates across sites, rate matrix=mixed, 1000000 generations

for memc) and visualized by using FigTree v1.4.2.

Antibiotic susceptibility testing

Environmental and clinical Antibiotic NAT sequences were cloned into the low copy
plasmid pGDP3. Expression levels of each gene were controlled by the strong, constitutive
promoter Pyla. Aminoglycoside susceptibility testing was completed in technical triplicate, single
colony dilution replicated across three rows of the same microtiter plate, with our hyperpermeable,
efflux-deficient strain E. coli BW25113 AtolCAbamB following the Clinical and Laboratory
Standards Institute (CLSI) protocols for the microbroth dilution method*. E. coli was cultured in
a cation-adjusted Mueller Hinton broth (CAMHB) arrayed in a 96-well format. The plates were
incubated for 18 hrs at 37 °C. A Labcyte Echo 550 and Thermo Combi nLL was used for dispensing

the antibiotics and a Formulatrix Tempest for culture dispensing.

Protein Purification
E.coli BL21(DE3) Gold was used for meta-AAC0038 and aac(3)-1Va overexpression. 3

mL overnight culture was diluted into 1 L LB media containing selection antibiotic ampicillin and
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grew at 37°C with shaking. The cell culture was induced with IPTG at 17 °C once the ODsoo
reached 0.6-0.8. Cell pellets were collected by centrifugation at 7000 g. Ni-NTA affinity
chromatography was used for protein purification. Cells were resuspended in binding buffer [100
mM HEPES pH 7.5, 500 mM NaCl, 5 mM imidazole, and 5% glycerol (v/v)], lysed with a
sonicator. Then insoluble cell debris was removed by centrifugation at 30000 g. The soluble cell
lysate fraction was loaded on a 4 mL Ni-NTA column (QIAGEN) pre-equilibrated with binding
buffer, washed with 250 mL washing buffer [100 mM HEPES pH 7.5, 500 mM NacCl, 30 mM
imidazole, and 5% glycerol (v/v)], and N-terminal His6-tagged protein was eluted with elution
buffer [100 mM HEPES pH 7.5, 500 mM NaCl, 250 mM imidazole and 5% glycerol (v/v)]. The
His6-tagged proteins were then subjected to overnight TEV cleavage using 50ug of TEV per mg
of His6-tagged protein in binding buffer and dialyzed overnight against the binding buffer. The
His-tag and TEV were removed by rerunning the protein over the Ni-NTA column. The tag-free
protein was then dialyzed in crystallization buffer (50 mM HEPES pH 7.5, 500 mM NacCl)

overnight, and the purity of the protein was analyzed by SDS-polyacrylamide gel electrophoresis.

Crystallization and Structure Determination

The meta-AAC0038 apoenzyme crystal was grown at room temperature using the vapor
diffusion sitting drop method solution containing 20 mg/mL protein, 2.5 M ammonium sulfate, 0.1
M Bis-Tris propane pH 7, and 10 mM gentamicin. For the AG-bound structures of meta-AAC0038
and AAC(3)-IVa, we utilized the catalytically inactive mutants His168Ala and His154Ala. The
meta-AAC0038"1%8A apramycin-CoA complex was co-crystallized from solution containing 20
mg/mL protein, 20% PEG 3350, 50 mM ADA pH 7, 10 mM apramycin. The AAC(3)-IVa

apoenzyme was crystallized as selenomethionine-derivative from a solution containing 30 mg/mL
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protein, 0.2 M magnesium chloride, 0.1 M Tris pH 8.8, and 25% PEG3350. The AAC(3)-IVa'!34A.
apramycin complex was co-crystallized from a solution containing 0.1 M Hepes pH 7.6, 30% PEG
1K, and 2.5 mM apramycin; the AAC(3)-IVa''>*-apramycin complex was co-crystallized from a
solution containing 0.1 M Hepes pH 7.5, 30% PEG 1K and 1 mM gentamicin.

Diffraction data at 100K were collected at a home source Rigaku Micromax 007-HF/R-
Axis IV system, at beamline 21-ID-G of the Life Sciences Collaborative Access Team at the
Advanced Photon Source (MAR CCD detector with 300 mm plate), or beamline 19-ID of the
Structural Biology Center of the Advanced Photon Source, Argonne National Laboratory. All
diffraction data were processed using HKL.3000*!. For meta-AAC0038, the apoenzyme structure
was solved by Molecular Replacement (MR), using the structure of YokD?** and the CCP4 online
server Balbes program. The apramycin complex structure was used solved by MR using the
apoenzyme model. For AAC(3)-IVa, the apoenzyme structure was solved by MR using the
structure of FrbF (PDB 3SMA)* and the CCP4 online server MoRDa program, and the AG bound
structures were solved by MR using the apoenzyme model.

All model building and refinement were performed using Phenix.refine ** and Coot®.
Atomic coordinates have been deposited in the Protein Data Bank with accession codes SHTO,
6MMZ, 6MNO, 7KES, 6MN3, 6MN4, 6MN5, 7LAO, and 7LAP. Dimerization interfaces were

determined using the PDBePISA server**. Structural homologs were identified in the PDB using

the Dali-lite server® or the PDBeFold server*.
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major subdomain
1 10 20 40
AAC 3 TVa WP 63040260 .1 KAE] TGO GVLLYIFIFRIVRPL GLIE A
S meliloti WP (127993499.1 FSE] VDAl GVLLVIESFRIVRPV| SV[IA A
Hhodoni crobium WP $A0346190.1 DAFYAGQ GVLLVIMSWRAARPYV| GLIA &
merbalRCHILG ATATAZSS .1 LARYS S0 GYLLYV Iy FRAVRPI| GLID &
metalnsH7L 57367 .1 RAEVAAQ GVLLVI@SFRAVRP I GLIE &
sphingumonas sp. WP 029724114.1 DAEY.VAQ GVLLVI &5 FRAVRPYV| GLIA &
mexbaARCHILA ATATATST .1 QARLVAQ GVLLAISS FRAVRPY| GLIA B
Allokntzoeria albata WP (3043128 .1 YQHLTGAQ DVLV V@S FRAIRPYV| GY|IT &
Group 1 ium gepyra WP (4 .1 IEQ¥ATALR GVLLYVifS FRAVRPV| GLIA A
Cymtobacter fuscus WP G43420505.1 EEYATO GVLLVI@ 3 FRAVRP I GLLR A
Myxomoms Fulves SEUTEN43.1 DQOMEEQ GV LL YIS FRAVRPY| GLVA A
Sorangium cellulosm KYE7HI36. 1 YSR¥VAE GVLLV @S FRAVRPI| GLIR A
Sorangiim cellulosm WP 14490544 .1 Y SRYVAE GVLLVI@ 3 FRAVRP I GLIR A&
stigmatelTa awor. WP TLATIAI6.1 DPETEQDTH GV LLY IS FRAVRPY| GLIG A
Samdarac mis 1. WP $53233315.1 REQY LTQ GVLLY @S FRAVRP I GLIA A
me=taARC3] ATAL?S96.T YQE¥VEE GVLLYVI @3 FRAVRPYV| GLIR &
metaARCH2? ATALGANT .1 DEAYTRO GVLLY! FSKVRPYV| GLIA &
3 DEa wWE OE3R4AIZES.D L. ..... MEEMSLLNHSGGP . VTRSR] KHDI,.2 DV VIFI@RMIATGY V| TIIG &
Group 2 A4 IXa WP BEMMOZIR.I ... MDELALLERSDGP . YFTRTRL.ARDIT DTVYMF I @RHIAVGY V] TYIG A
= A e W WIERETIENZ. 0 L. .. MDETELLRRSDGP . VIRDR]RHDI,A DTVMFI@RLIATIGY Y| TY¥ID A
LW Ta W BEMISE943.T ... ..... MDEEELIERAGGF . VFTRGR]. VRDI,¥ DTYMYV I ERHIAT GY V| TEID A
Bz 3 IIXa WP 063R40261.1 0 ... ........... MTDLEIP.HPHAHLVDAY QALMLIBS VEAVGAYV| VILO &
metafAGHH ATA12232.1 000 ... .a.... MSESNIP.FTrQTQLMDH QT VMLIBS VEAVGPY| TILO &
P asruginona WP 023911614.1 0 ... ......--.... MSTTIS.HTRIQLMNH QT TMTL) VEAVGATY IO A
mEtaAACH3 AMPINS1E. 1 MTDSNDHL . YTHGQLTER QITMYV I EIVEATGRT| vYwa A
metafAsHTL AMP57363 .1 MATPSERL. ITKSALEKTY Y QT VML S VES IGAL IV[IR &
ARZ 3 TTTh WP GAAT70001.1 MTSATASF . ATRTSLAADI,A DATMY @AV IRVGRI) TITA A
st 3 TITG WP 063B44263.1 0000 .. ..... MFSRWSEPLVLAA . VTRAS]LAADI,A DATMY I EAVIRNVGRI TITA A
Group3 Fosea lupini W 091829703.1 00 ... ... .. MTSPPASF . VIPQASLAADI DAVMY I BAVIKNVGRL FLIIA A
P i W (4AZA54441.1 000 .. ... ....... MT3PPASF.VTRASLAAD] DATMYIBAYINTGRI) TITA A
Hhizcbiwm etTi WP 039610492.1 ... ......--.... MTYPHF . HTRL 3L GQON T TIRVGRIY VLID &
Devosia insmlac WP 69900639.1 RS S1LADD] DAVLVISALRIVGEL DLID &
Ve lnresd AARTIZ107 .1 R 3 S1LADD] DATLY LRJVGKT| ITD &
me=taARCHOIl ATATARLD .1 R3S SLAEDLR DATLY ISATLREVGE T DILD &
Unem Hred AALS216T . R3SLADD] DAVLY iBALRIVGE L D &
Tnguilims Limosus B 0260770780.1 RTTLAAQ DS TMY I BGLERIVGRT) LID A
metaARC0037 ATA17S9A.T R3S1L.AADIS DITMY IS LRAVGEY| ETHL &
ARG 3 -IXe WP 1635920HHF.1 KAITEA DL LMV LEAIGPV| VWA A
ACHME ACT97599.1 EAITEA DLLMYVIiBILEALGPY| TYVA A
Uncultured AGCH9640 .1 RA 91, VRDAH DTIMYV I @IVRIVGET] KITHL &
Az 3 Via GBC2 WP 063040273.1 TODPRENGDLHEPATAPATP . ASKIELVRA DMVMPNSLRAVGPL TLYD &
Masailia alk. WP 027865365.1 ... ............ MRCLDL . LREDILIRQ 1 9 LMT] LRANVGPIy LILE &
MiveispiTillum cy. WP 102114653.1 . ............. MDSEITE. IDRAALVRDLT DLYMY RS LEAVGPY| QVVE &
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Group 4 metaAACOO ATRIVSER.T 0 L. M.TTKEDLYGDY DT IMY @S LEATGPY| MIVE &
metaAAGHI3S ATATT960.1 0000 L ... iaeeae... M. TTKEDLVGDE DT IMYiBSLEATGPY| MIVE &
metaARCO029 AMPATENE.1 00000 L. eaeaaeaa. M. IGLDQLVDH] DT IMI @S LEATGPY| avwa A
metaARCH00 AMPARS06.1 000000 L e aiaaeaaeaa. M. IGLDQLVDH] DT IMT @S LEATGPY| avwa A
Ensifer sp.” RWAB69.1 00000 ... ... ........... M. NDEAT|TGNILE DLLMY @S LEATGAY| mIvA 3
ARG 3 TTIg WP N26954085.1 00 L. .. .iiaeaae.a. M.NTRET]AAD] AL TMY @S LEATGPY| STIwS A
AACT Y ITh WP _0AX14AT097.1 0 L e iaaaaea. M.NTIES]TADLE DLIMY @S LEAVGPY| STws A
Sinorhizobium sp.GL2 KSWITIOL. 1 . .. ..o M_KTRTE] TTDILE DLVMY B LEAVGAY| AIVG A
sSinorhizchium WP O50327TT75.1 .. ... .ieioiianaaaa. M.HTRRS]TDAJ NLLMY @S LEATGPY| TYVA A
AAC 3 TToc CAATASTS. 100 L ik ieeeeeaaeaaeaan M.HTREA]TEALT DLLMY @S LEATGPY| TEVA A
AAC 3 IIa WP D63R40264.1 00000 L. ... ......a.... M.HTQKAITEAL DLLMY @S LEIIGPY| TYVA A
BA2OI0 AP 0000 L.l MNDIVASTQLP . NTIET|TNDIH IMTYIY LIS TGAT] BYVE &
BaYokD 2NY6  eeeeeaan SLERKIVESTTFP.RTKQS| TEDLE MTTLY IS LIS TGAY AvIQ A
SrErhF 3sMa MIRHIDARREDLEPDRODREL . VTRDRLASDI,A IGVLLVIBSLIALGAVC AVVL &
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Az 3 Iva WP {(G3040260 .1 LRARLGPGEILVMP . SWIG. - o e v ov e e mnemmen e mnnnn LDDEPHDEFATSPYTPDLGVVSDE F
£ meliloti WP 27991499.1 LRABTGPEEIL VM . SWIG . . - oo o vv e vnmnnamnn e LDDEPHOPAATPATPDLGIVADT F
Hhodoni crobium WP #A0346190.1 LREBLGPDENLYMP . SMPG . - o ¢ v o v evmvemmnnemnnn DDDAPHDFPIYTTPAGSDLGIVADL F
metaAnCH1E ATRLAPSS .1 LRDALGPEEILTMP . SWIG . - o v o v evmvemnenemnnn LDDEPEDPYTTPIADDLGIVAQE F
metalAsH7L 57367 .1 LREBLGPDENLYMPINTE . . . o oo o v iemvemmem e mnnns LDDEPHDANTMPSARDLGVVAQE F
Sphingumonas sp. WP 029724114.1 LRABLGPEETTLAMP . SATG . - o o v o v vvmvemnenemnnnn EDDLPEDPATTANREDLGIVESL F
metaARCHO1 ATAITIST.1 LRABLGPEETTLAME . SATG . - o v o v evmvemnenemnnnn DDDLPEDEPNTTANREDLGIVESL F
Allokutzoeria albata WP §3043128.1 LRTBLGISENLYMP . SMPGG. - v o v v v mvemnenemnnnn ENPEPYDFHQSPT . RDMGVVAETF F
Gmup 1 i gpespil 2 WP 04 6.1 LRIBLGEDEILYMP . THTDG. - - o - o o i v eemeeaeaneann ESVHOPTNSTPT . COMGITAEL F
Cystobacter fusous @F G4A3420505.1 LRLALGEKGILYMPTMTDG . o oo v oem e memmemmn e ESLEDPASTPT . HDMGITAFL F
Fulvus SEUTEA4LS .1 LRABRLGPREINLYMP . PTHMPDG. « . -« o v ovm e memmemmn e s ESVEOPRSTPT . TDMGITAEL F
Sorangivn cellylosm KYE7HI3E6.1 LRARLGDDENLYMP . PTHMPDG . « . - o v ovm e memmemm e e s Q3VEDPRSTPT . SGMGITAETF F
Sorangime cellylosm BP (4490544.1 LRABLGDDEILYMP . THTDG. « . o o v ovn e mnmnn e RSVEDPRITPT . SIGMGITAFRT F
sStigmatella awr. WP TLIT7TRIIE. 1L L LGPTENLYMP . THFDG. - o o o v v mvemnnmemmmmn e ETVEOPRSTPT . EGMGITAEY F
Samdarac mim L. WP §53233315.1 LEDAIGRACSHLVMP . TMTDG. « . o o v ovm e memmemmn ESVHOPTSTPT . LDMGIVAEF F
metaARC1l ATAL?S96 .1 LREBLGAQETLYMP . THTDG . « & - o v ova v memmemm e e s ESVYDPRITPS . EGMGIVAFL F
me=tafnsHiZ2 ATAL G407 .1 LREBLGPAEILYMP . SMAD . - o o v o v it o vemin e mnnan DDEHPHDARQTPCLH .MGIVAQE F
3 m WP E3RA2ES. 1 LLD¥¥GARSILMYPCGANNAPPYDFLDWPRDWQDALR. . . . AEHPAYDPILSEADYNNGRLPER L
Eroup 2 WA W MR 2. LRDVYGEREGILHYTCGANDAPPYDFTOWPOTAODARR. . - . AFHPAYDPYLSFADHNNGRLPFR L
AU 2 I e W WIR2ATIENZ . LLD¥¥GPT e LLYTCGANDAPPYDFTDAPPANQEAVR. . . . AHHPAHDPHTSEAEHANGRLPER L
WL W NG VRDAYGADELMAYCGANDAPPYDLAEWPPAWREAAR. . . . AENPAYDPILSEADRGNGRYPER L
L LTPDErLMMYAGAQDY . POFIDSLPDALEAVYL. . . . EQHPPHDPATARAVRENSVLAEF ©L
ILDVLTPASILMMYAGWQDI . PDFLYELPEDVRAVYY. . . . EHHPAFDPATSRAVRDNS ILYEF F
ILDTLGRDETNLMMYAGAQDI . PDFYLDLPIEARAVYY. . . . DEHPPHOPATARAVRDHS ILAEF ©L
LLDELTPASILMMYVGAENT . PDFYSNLSPAVRQEYY. . . . AEHPPHOPHIARAVRDHGTILART ¥
LIELLGDESILMMY TGAEDS . PYTMEGWSEEKEETYYL. . . . QECPPHOPHTARAVYDASILAEM L
anz 3 ITTh WP OAAT70801.1 LRDIVGPGETTLAYADWEA . . RYEDLVDDAGRVPPERR. . . EHVPPHOPJRIRAIRDNGVLPEF L
BAC 3 IINc WP (63R40263.1 LSDAGRPACIILAYADWEA . . RYEDLVDEDGRVPQEWR . . .EHIPPHOPFARSRAIRDNGVLPEF L
Bosea lupini W 091A29703.1 LCDRYGPQENYLAYADWEA . . RYEDLLDDEGRVPPENR . . .EHIPPHOPURSRAIRDNGVLPEF L
Group3 asTuginoss WF (42054447 .1 LCDAYGPASTYLAYADWEA . . RYEDLVDDEGRVPPERAR. . . EHVPPHOPJRIRAIRDNGVLPEF L
Hhizabium etTi WP $39618492.1 LRDAVGPIENIVAYTDANG . . AYDELLDCDGRVPEEWR . . . AHIAPHDPALSRAIRDNGVFPEF L
Devosia insmlac WP 69900639.1 LRDVYGPASIILGYCDAQ . . . . . . . LEDELRDDSAMR. . . .QHIAAHDPERSRSTRONGYWPER L
Umem Hnresd AALST1ET .1 LRDVIGPASIILGYCDAQ . . . . ... LEDELRDDPSMR. . .. PHIAAHDPERSRITRDNGYWPER T
me=tasncHi3E ATATARLD .1 MRDVIGPASIYLGYADAWQ. .. . ... LEDEIRDDPAMR. . . .EHIPAHDPIRSRSIRDNGFAPEL I
Unem Hred BALS2167 . LRDVIGPASIILGYCDAQ . . . . ... LEDELRDDPSMR. . .. PHIAAHDPERSRSTRONGYWPER L
Toguilimms Lisosus WP 026070700.1 LHDYIGPGEIILYYTDWSD..DYHDLLDDDGNVPAFRLR. . . DDIPPHOPAS SRARRFNGATARL ¥
metaARC0037 ATA17S9A.T IKDVYITDRETLFMYASCPA . . . YYDEVGRGNLTPAREAEVYLETLPARDPHTARSARDNGATL.VEM F
AAC 3 —IXe WP 163592000.1 LRSAVGPTENVMGYASWDRS . PYEETLNGARLDDEAR. . . . RTALPHDPATAGTYRGFGLLNQF L
metalACHHMI ACT97599.1 LRIBYGPTHITHMGYASWDRS . PYEETLNGARLDDEPR. . . . RTALPEDPATAGTYRGFGLLNQF T
Uncultured AGCH9640.1 LEEALTEREGILHMYASCPA . . HYD . EVGRGNLTAEQEREVLERLPANDAQTARISQRENGALYEL L
Az 3 Via GBC2 WP 063040273.1 LIERVGPTENILAFVISWRDS . PYEQTLGHDAPPAAIA. . . .OSWPAHDPIHAPAYPGFGAINEF I
Masailia alk. WP 027065365.1 ILACYGTACNLHMAYVIWIDS . PYEETLGQAATPDAVR. . . . DINPANDPYHAPIYPAFGAFNEF T
MiveispiTillum cy. WP 102114653.1 LLEAIGPASTLLAFVIWDRS.PYEETLNGRTLIPRER. ...EDNPARDPTRAGTYPGFGHMLNAF I
Hydrogenophaga sp. WP MI6125356.1 LMDSVSPGESLMAYVSWORS . PYEETLNGAQLGAAER. . . . EAWPAHDPYTSGTYRGFGLLNEF L
Group4 metaAACH034 ATAT17503.7 LVDAYGQSENLLAYVSADRS . PYEETTLNGRRLIDAER. . . . EANPARDPATAGAYRGFGYLNDF I
metaANC(035 ATATT7960 .1 LVDAYGORENLLAYVIWDRS . PYEDTLNGRRLSDAER. . . . EAWPANDPATAGTYRGFGVLNDF I
metaAncH29 aMP4ATA36 .1 LVERVGNASIILAYASWDRS . PYEETLNGAELPDTER. . . . RAWPAHDPATAGTYRGFGLLNEY L
metaARCH07)_ AMPARS06 .1 LYERAYGNAGIILAYASWDRS . PYEETLNGAERLPDTER. . . . RAWNPAHDPATAGTYRGFGLLNEY T
Ensifer sp. KgWI4069.1 ILEATGPNETLMGYASWDRS . PYDETLNGAQLSEERR. . . . RENPPHHPRATAGTYRGFGYLEONY T
ARG 3 TTIg WP (12695405.1 LLDAYGPTESLMGYASWDRS . PYEETLNGARMDAELR. . . . HRNPPHDPATSGTYRGFGLLNRF T
anC Y ITh WP _033147097.1 LRARYGIASILMGYAISWDRS . PYEETLNGARMDEELR. . . . RRAPPHOLATISGTYPGFGLLNRF L
sinorhizohium sp.GL2 RSv7T101.1 LLDRAIGIS M LMGYASWDRS . PYEETLNGVRMADEAR. . . . RTWPPHOPATARTY PGFGLLNQF L
sSinorhizchium WP 050327775.1 L9 SV GPTErTMGYASWDRS . PYEETLNGARLDDEAR. . . . RTWPPHDPATAGTYRGFGLLNQF L
AAC 3 Ilc GAAIASZS.1 LRSAVGPTENVMGYASWDORS . PYEETRNGARLDDETR. . . . RTWPPHOPATAGTYRGFGLLNQF L
AAC 3 ITa WP 063040264.1 LRSAVGPTENVMGYASWDRS . PYEETLNGARLDDNAR. . . . RTWPPHOPATAGTYRGFGLLNQF L
BA29IN IRAF LMEVITEESrI TMPTQSSDLIDPEHASRPEVPEFEAWQIT .RDNYPAREPHITP. TRAMGEVYEC F
BaYokD 2NYG LIDVYTEESrIVHPSQSVELIDPEEAGN PEYPEEAADII .RESMPAYNISNYTPTTRGMGQITEL F
23 10 sSrPrhF 3sMn LODAYGEEEILYMP . TFSGDLSDP S TARRPPYPEDANPVIREQMPPHOPFILTP . TRGMGAVAEC F
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100 110 1z0 130 140 is0 160
ARG 3 IvVa WP D63A40260.1 WRLPNYERSRHEFA.F. AEQfISDPLPLPPHY PA] PYVARVHELNGAVLLLEGHDANTT L
5 meliloti WP 27993499 .1 WRLENVTRSDHPFA. F. ARITSDSLPLPPHAPAYPIGHIHELDGAVLLL:MEADIDTT L
Fhodomicrobive WP 0246190 .1 WRMPGYLRIDHPHA. F. LAAITADPLPLPPHIPAJPYGRVHDLGGQILLLMGHDANTT T
metannCHILE ATAL4Z55.1 WRLPGYRRSNHFHA. F. AELYTADPLPLPPHIPAYPYGHEVHDLNGOVLLL:MGHDANTT L
metaRACHI7A_AMPS 76T .1 WRLPGYRRIDHFHA. F. AGYITADPLPLPPHIPAJPYGHETYHDLOGUVLLLMGHDANTT L
Sphingumonas sp. WP 0297241141 WQAPGYVRSAHFDA. . AEW[TGGPFY¥LPPAAPGHAIDEIREAGGIILLL:MGHDANTY L
metaARCHILA ATATLTST. 1 WQQPGYVRIAHFDA. . AEW[TGGPFYVPPAAPGJAIDEIREAAGOILLLEMGHDANTY T
Allokntzneria albata WP 03043120.1 WRQPGVLRGDHETSTF AOQRIVAPQPLSPPHGEDY PYGHVYHELGG S TLLLEMGHDANTT M
S we 47 .1  WRAPGYRRS[PHPGGIF. ERJCAPQPLAPPHGPDY FYGHVHELAGOVLLL:MSHIEDTT L
Cystobacter fuscus WP 043420505.1 WROPSYRRS[FHPGGIF. AELICAPQPLSPPHGPDYPYGHEVHELAGQVLLLMSHGENTT L
Myzococoms Tulves SEUTGEA43.1 WRAPGYVRS[PHPGGIF. AVEICRPQPLSPPHGPDY PYGYVHALGGOVLLLEMTHIEDTT L
Sorangimm ozl lulomsm KYF7I036.1 WROPGYLRIGHPGGIF. LAERICAPQPLSPPHGPDY PPGEVHELGGQVLL LM THAENTT T
Sorangium ce=llulosm WP $4490544.1 WRAPGVLRSGHPGGS F. RERICAPQPLSPPHGPDY PPGEVHELGGOVLLLEMTHAENTT L
tella auwr. WP FLITTAIIE.1 WRAPGYLAS[PHPGGIF. ARJCEPQPLSPPHGPDY PFYGHVHILDGAVLLLEMTHIENTT L
Sandaracims_amyl . WP 053231315.1 WREPGYVRSTHPGASF. AHATCAPQPLSPPHGYDY PYGHEVHELGGUVLLLMEHSESTT L
metannciHidd AIA17596. T WAREEGYLRSPHPGGIF. ARJCATQPLSPPHGODY FYGHVYELGGAVLLLEMTHISEDTT L
metafACH027 ATALGA0T.1 WQLPGYRRIPIPHA. F. AERITAPHPYAYPHGLDY PPGRVIEADGOVLLLMGHGEDTT I
e W BEIRANPES PRAWPGAIRSRHPDASF. AELMAFHPH PDYPLARLIAHSGHVLLLEMPLDTMIY L
I WITa W ¥ RRRPGAVRSRHPDASF ATAT.TADHP PDYPLARLVAMGGHVLLLEMPLEALTL T
T M W IR RRRPGAVRIRHEDYIL, LPATLMDAHPHS PGYPLARLVALGGHYLLLEMPRDTHTL L
BTN T B OG0 RHQPGAVRIRHPDAIF AHPT.MDDHPWDDPHGPDY PLARLAGAGERYLL LM PIDTLTY T
3 IIXa WP 0G3R40261.1 RTAPCYHRSANFEASM ALLTANHALDYGYGVEJ PLARLVAIEGY VLMLEMPLDTITY L
mextaARCHHI_ATA12232.1 RTWPGTHRS[LNPEAS [ ARSITODHPINYGYGAGY PLERLVGLEGVVHLEMPLDTITL T
P acTuginosa WP $23911614.1 RTAPGAERSLEFEASM AEQLTODHPLDYGYGAGH PLARLVEHEGHVLML:SPIDRITL L
metaAACH030 AMPANS1E. 1 RGWPGARRILNPEAIN. LAEWITODHPLNYGYGAGY PLERLYVAARGOVLMLMPIDTLTY L
metaARCH07T_AMPS7363.1 REWPGAKRIMHPDGS F LAFFLTNDHSLEYGYGVYHYPLGRLIALEGRYYLIEPINNYTL L
ARG 3 IITh WP G8ALHHHIL.1 RTTPGTLRSGNPFGAIL AEWFTADHPLDYGYGEGH PLARLVEAGGHVLML:SPIDRLTL L
AAC 3 ITTc WP GEIR4A0263 .1 RTTPGALRIGNPGAIM AEWFTADHPLDYGYGEGY PLARLVEAGGR TLMLMPIDTLTY T
Bosea lupini WP (91829703.1 RTTPGALRSGNPGAIL AEWFTADHPLDYGYGAGH PLARLIEAGGHALML:MPIDRLTL L
P asruginoss WE (42054447 .1 RTTPGALRISNPGAIL AEWFTADHPLDYGYGAGY PLARLYVEGGGRN TLMLMPIDTLTY L
Rhizobimm etTi WP (39610492 .1 RTTPGARRIANPGAIN. AEWTLTADHPLDYGYGEAY PLARLYEAGGN TLMVESPIDTMTL T
Devosia insalac WP 0699HIG39.1 RTTPGILRSGIPGAS AEWFTADHALDYGYGPOY PLGRLVEARGH VLML:SPIDEMTL L
Uncmlimred AALSZ107.1 RTTPGALRSEIPGAS AEWFTADHALDYGYGPOQYPLGELYEARGH T LML M PIDTMTL T
metanncHi3l ATATARLI. 1 RTTPGALRSAS FGAS AEWFTADHALDYGYGPRYPLGELVEARGHVLML:SPIDEMTL L
Uncmlimred AALIZ107.1 RTTPGALRSEIPGAS AEWFTADHALDYGYGPOQYPLGELYEARGH T LML M PIDTMTL T
Inguilions limosus W $268HI7HI.1 RTRPGARRSANPGASF ADWFTAGHALDYGYGEQY PFARLVOARGH VLML:SPIDAMSL L
metanncii3Z ATA17598.1T RTYPGIRVHENVHY|  ARF PORLLTPOPEDY PFGHGYLLER FYELDGHVLLLESDHDNVTF L
AAC 3 —ITe WP 163592000.1 VQAPGARRIAHPDAIM AETTLTEPHELGHALGEGY PYERFYRLGGRALLLMPINIVTA L
metanRCHH3 ACT97599.1 VOAPGARRSAHPDASM ETLTEPHELGHALGEGY FYERFVRLGGRALLLMPLNIVEA L
Uncultured AGCO9640 .1 RTYPGSVYNDHY|. ARF ARHI.ISEQPWDYAFGEDJALDEFYOLGGRILLLE@DHDNYTE T
A 3 Via GBC2 WP 063040273.1 RTYPGCRRTRHPDAS AWNLVAPHEMGAAYGPRIPIARFLAHAGRILSIGEGHADAVTA L
Massilia alk. WP D27A65365.1 RMHPGCRRSAHPDAS ALWL.VAPHPMDSAYGPGYPIERLLHRKRGNILIST:MGEDATITA T
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Supplementary Figure 1. Sequence alignment of the Antibiotic NAT family. Sequences are
grouped and shaded according to phylogenetic reconstruction in Figure 1. Includes meta-AAC’s,
AAC(3) enzymes from clinical isolates, and sequences identified through BLAST searches of
NCBI. Darker color or shading of amino acids indicates higher conservation. Major and minor
subdomains are indicated with solid and dashed black lines, respectively, above the sequence
alignment.
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a AAC(3HIb (majoiiminor subdomains)
AAC(3HVarsisomicin-CoA

Ser207
Ser225
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| Tyr159
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2321  Supplementary Figure 2. Structural analysis of Group 4 AAC(3)-IIb vs. AAC(3)-VlIa. a)
2322 Superposition of overall structures. b) Zoom of active sites, sisomicin and CoA are shown in ball-
2323 and-stick representation.
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2325  Supplementary Table 1. Aminoglycoside susceptibility of E. coli harboring Antibiotic NAT
2326 genes. E. coli BW25113 AtolCAbamB expressing individual Antibiotic NAT genes under the
2327  control of the Ppla promoter in vector pGDP3. Shown are MIC values in ug/mL grouped and
2328  coloured as in Figure 2. Raw data used to derive this table is shown in Supplementary Data 1.

Group 1

Meta- Meta-
Control AACO016 AACO018 HMB0022 HMB00033 AAC(3)-IVa

APR
> 256
TOB
> 256 > 256
GEN
>256 128-256
KAN
128-256 64-128
AMI
NEO
PAR
128-256
2329
Group 2
AAC(3)- AAC(Q3)-
Vi Villa AACGHIXa AAC(@)-Xa
APR ND ND 4 24
108 o N <os -
GEN ND ND <05 8
KAN ND ND 2 64-128
AMI ND ND 1 1
NEO ND ND 1 1
PAR ND ND 2 4
2330
2331
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Group 3

Meta- Meta- Meta- Meta-
AAC0008 AAC0030 AAC0038 AAC0071

AACQ)-I1Ia AACQ3)-IIIc AAC(3)-IIIb

APR 16-32 16 ND 8
TOB ND
GEN ND
KAN ND
AMI 1 1-2 1-2 1-2 1 ND
NEO 1 128-256 ND
PAR 4 ND
Group 4
Meta-  Meta- Meta-  Meta- Meta- Meta-

AAC0029AAC0032AAC0035AAC0043  AAC0070 AACG)-TIa  AACG)KIIb AAC@)KTIe  AACG)-VIa  AACO034

APR ND 8 16-32 2 4
TOB ND
GEN ND
KAN ND
AMI ND
NEO <1 1 1 1 ND
1
PAR 1 2 2 2-4 ND 2-4 12 0.5-1 2
ND = No data.

Supplementary Data 1. Raw data for MIC experiments. Raw data from excel document
provided as images, reproduced for presentation in thesis.
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Please read the notes below for how to navigate the supplemental data presented in this document
This document is an extended record for our antimicrobial susceptibility testing data; £. coli BW25113 AtolC AbamB expressing

1 individual Antibiotic_NAT genes under the control of the P, promoter in vector pGDP3.

The summary table below presents all minimal inhibitory concentration values obtained in this study. The Antibiotic_NAT proteins are

2 coloured and listed in this table in the order they appear in the phylogeny from Figure 2 in the main text.

Tabs 2 -5 contain raw data for antimicrobial susceptibility testing. Each tab contains the data for individual clades, organized and color
3 coded according to phylogeny presented in Figure 2 of main text.

Supplemental Table 1 Extended: Aminoglycoside susceptibility of E. coli harboring Antibiotic_NAT genes

MIC (pg/mL
Structural subclass of Antibiotic (o)
aminoglycoside name Lo UEsy
Bl Control
4-monosubsituted Apramycin 4 > 512 > 256 > 256 > 266 > 256
Tobramycin 0.5 264 > 256 > 256 > 256 > 256
" . Gentamicin 02505 > 512 2256 128-256 2256 64
4,6-disubsituted
Kanamycin 2 684 128-256 64-128 32 8
Amikacin 1-2 1 1-2 1 1 1-2
4,5-disubstituted Neomycin 1 64-128 64 128 64-128 8-16
Paromomycin 2 128-256 > 256 128 64-128 16
Legend:
* Structural subclass refers to the substitution pattern of sugars from 2-deoxystreptamine ring core of the aminoglycoside
2338 * Phylogeny colour code: Clade 2
MIC (pg/mL,
Structural subclass  Antibiotic g/mb)
of aminoglycoside name AAC(3)-IXa  AAC(3)-Xa AAC(3)-Vila AAC(3)-Villa _
4-monosubsituted Apramycin 4 2-4 ND ND 8-16 16-32 16
Tobramygcin =05 16-32 ND ND > 256 > 256 > 256
" . Gentamicin =05 8 ND ND > 256 > 256 > 256
4,6-disubsituted
Kanamycin 2 64-128 ND ND > 256 > 256 > 256
Amikacin 1 1 ND ND 1 1 1-2
. 128 ;
4,5-disubstituted Neomycin 1 1 ND ND 28-256 > 256 64-128
Paromomycin 2 4 ND ND > 256 > 256 > 256
MIC (pg/mL;
Structural subclass of  Antibiotic LD
aminoglycoside name
4-monosubsituted Apramycin ND 32-64 2-4 4 4
Tobramycin ND > 256 4-8 8 64
i S >
4,6-disubsituted Gemtamlc.m ND > 266 64 = 256 > 64
Kanamycin ND > 256 16-32 16 16
Amikacin ND 1-2 1-2 1-2 0.51
- 1 <
45 disubsticuted _e0YEn ND 26 ! y !
Paromomycin ND > 256 2 2 1
2340
MIC (pg/mL.
Structural subclass  Antibiotic Lo
of aminoglycoside name
4-monosubsituted Apramycin ND 8 8 16-32 2 8 4
Tobramycin ND >256 > 266 > 266 64 -128 > 64 32-64
. . Gentamicin ND > 64 > 256 > 256 > 256 > 64 =266
4,6-disubsituted )
Kanamycin ND > 256 2266 > 266 32 > 64 16
Amikacin ND 1-2 1 1 0.51 2 1-2
- - 1
4,5-disubstituted Neomycmr ND <1 1 051 0.51 1
2341 Paromomycin ND 1 2 1-2 0.5-1 2-4 2-4
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No vector control

Media 0.125 0.25 0.5 1 2 4 8 18 32 64 MIC ug/mL)
0.279 0.042 0.044 0.041 0.041 0.041 0.043 0.042 1

Neomycin

0.267 0.044 0.044 0.043 0.041 0.041 0.042 0.041 1
0.241 0.094 0.045 0.042 0.041 0.042 0.044 0.043 1
Paromomycin 0.239 0.042 0.045 0.041 0.04 0.04 0.042 2
0.243 0.043 0.043 0.041 0.04 0.041 0.042 2
0.226 0.066 0.046 0.043 0.041 0.045 0.043 2
1 2 4 B 16 32 64 MIC (ug/mL)

0.042 0.043 0.044 0.044 0.042 0.046 0.042 0.5
0.059 0.052 0.045 0.041 0.042 0.045 0.043 0.5
0.087 0.051 0.045 0.041 0.041 0.041 0.042 0.5

Tobramycin

Kanamycin 0.209 0.041 0.041 0.041 0.042 0.041 0.044 2
0.208 0.042 0.042 0.041 0.040 0.041 0.041 2
0.171 0.043 0.042 0.042 0.041 0.042 0.042 2

2 a 8 16 32 64 MIC (ug/mL)
Apramycin 0.235] 0042] 0041] o041 0041 0041 4
0.232] 0041 0043 0042 o00a0] 0041 4
0232 0042 0041 0042] 0041 0041 4

Gentamicin 0.042 0.042 0.045 0.042 0.040 0.042 0.5
0.045 0.045 0.041 0.042 0.040 0.042 0.5

0.041 0.041 0.043 0.041 0.041 0.041 05

1 2 4 8 16 32 64 MIC {ug/mL)
Amikacin 0.043 0.042 0.044 0.041 0.041 0.04 0.041 1

0.218 0.042 0.042 0.041 0.041 0.041 0.041 2

0.079 0.049 0.045 0.045 0.045 0.041 0.044 1

2342
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AAC(3)-a

o Media 0125 025 0.5 1 2 4 3 16 2 50 MIC (ug/mL}
>54
> 64
> 54

Gentamicin

MIC {ug/mL}
512
>512
5512

Gentamicin

(MIC pg/mL}
>256
256
»256

Apramycin

] 0.5 1 2 ) ] 16 32 23 128 256 512 (MIC ug/ml)
>512
Apramyein 2512
>512

0 Media 0.125 0.25 0.5 1 2 4 8 16 32 64 MIC {pg/mL}
> 64
>64
>64

Tobramycin

0 Media 0.5 1 2 4 S 16 32 128 256 MIC (ug/ml}
B4

64
004z
Kanamycin A &4

B4

o Media 0.25 0.5 1 2 4 8 16 32 64 128 MIC (pgfmlL)
0.044 [ cosz [ 0044 | 0042 | 0042 | 0042 | 0042 | 0045 | 0053 | 1
Amikacin 0044 | oosr | oosz | oo | o042 | noss | coaz | ooss | aost | 1
0.044 | cos | ooaz | ooss | oo4s | nost | codr | oesd | oowr | 1

0 Media 05 1 2 ] g 16 3z 61 128 356 MIC{ug/mL}
: G039 128
Neomycin 84
&

MIC (ugfmL}
128
128
356

Paromomyein

2343

meta-AAC0016

0.5 MIC {pgfmL)
»256
»256
256
256 MIC (pgfmL)
256
»256
256

Apramycin

Gentamicin

256 MIC(wg/mL)
128

Kanamyein A 128

Tobramyein

Neamyein

Paromomycin

1 2 4 8 16 32 64 128
0074 | 0068 | 0043 [ 0042 | 0043 | 0042 | 0042 | 0045 |
G072 | 0082 | 0048 | 0043 | o042 | ocas | o0om | 0045 |
0254 | o058 | o048 | ooad | o4 [ o044 | 0043 | o043 |

Amikacin

2344
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meta-AAC0018

256 MIC [pg/mL)
[ ocos ] 64
Kanamycin [ 0165 | oo | ona | 128
[ 0150 [ oos1 | oner | 1

Apramycin

Gentamicin

MIC (pg/mL}
> 256
Tohramycin »256
2256
0042 | 0042 | 004 1
Amikacin 0041 | o004 | ooe | ooal | | cost 20.5
0041 | 004 | 004 | o041 | ooa | | aosz 505
0 Media 0.5 1 2 4 B 16 32 64 128 256 MIC {pg/mL}
0051 | 0048 128
Neomycin 0065 | 0064 128
0062 | 0056 128
004 | 0067 128
Paromomycin 004_| 00 128
0043 | 0041 128
2345
meta-AAC0033
[1] Media 0.5 1 2 4 3 16 32 64 128 256 MIC {ug/mL}
> 256
Tobramyein > 256
> 356
028 | 0042 | 0043 | 004 004 | Doa2 | ood 004 004 | og4t 1
Amilacin 0036 | 0228 | 0144 | oom | o043 | o004 | 0088 | 0074 | 0078 | 0039 | o041 | 2
004 | 0228 | 0142 | o004 | oodl | o004 | o041 | cod4 | ooz | 004 | o042 | 2
o Media 05 1 2 7] 8 16 32 &4 128 256 MIC (ug/mL)
0.04 0794 | 0041 | 0066 | 0044 =)
Neomycin 0.04 0167 0102 0.041 0.045 128
BEES] 0202 | 00e2 | 0041 | 00@s 54
001 0198 | oo | oo | oos 54
romaycin 0180 | 0084 | 004 | 0041 128
004 0453 | oo0s 0.04 004 128
o Media 0125 025 0.5 1 2 4 2 16 32 64 MIC(ug/mL)
R
Kanamycin EP)
32
o Media 0.5 1 2 q 8 16 32 64 128 256 MIC iug/mlL)
356
Apramycin » 256
> 256
256
Gentamicin 258

[o2ar | ot ] =25

2346

meta-AAC0022

256 MIC{pg/mL}
0217 =256
03217 »256
0221 > 256
004 1
003 | 004 1
003 | 0os 2

Tobramycin

0213 004 004
0198 004
0.204 004

Amikacin

| ooa |
[ ooe

MIC (ug/mL)
=256
> 256
»256
84
£
B4

Apramyein

Gentamicin

64 128 256 MIC (ug/mL)
[ 004 | oox | oods | B
| ooz | ood | ood | 8
| ooa | oo | ooa | 8

Kanamycin

256 128 64 32

0043 | 0044 | 004 | ooes |
0051 | 0051 | 0045 | 0046 |
ooaz | o044 | ooae | oos7

MIC (pg/mL}
16
16
16

Paromomycin

32 16 B L] 2 1 0.5 0.25 0.125  0.0625 Media 0 MIC (Hg/mL}

Neomycin

2347
2348
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AAC(3)-IX
0 Media 0.5 1 2 4 8 16 32 64 128 256 MIC (ng/mL)
0923 | ooa1 | o807 | 0041 | 0042 | 0043 | 0.041 0.041 0.052 | 0.04 0.041 0.043 1
Amikacin 0.911 0041 | 0802 | ooe8 | coes [ ooee | 0067 [ 0.041 0.041 0.088 | 0042 | 0081 1
0.911 0041 | 0592 | o042 | 0041 0067 | 0.041 0.042 | 0047 | 0041 0.07 0.063 1
0 Media 0.5 1 H 4 8 16 32 64 128 256 MIC (pg/mL)
0893 | o041 | 0886 0.77 0428 | 0047 [ 0041 0.041 0.041 0.041 0.041 0.042 4
Apramycin | 0878 | o041 [ 0976 | o762 | 0481 0.041 0.041 0105 | 0105 | 0043 | 0125 | 0055 4
0905 | oo42 [ Moo2 | 0822 | 0526 | oo4s | 0075 | 0077 | 0043 | 0042 | 0085 | oo4e 4
0809 | o043 | oos8 | 0079 014 0.041 0042 | 04114 | 0147 [ 0042 [ 0185 0.07 <05
0837 | co4a | o0oss | o043 [ o042 | o041 0042 | 0042 | oo4az [ 0052 | 0042 | o043 <05
0845 | oo4a2 | 0071 0061 | 0063 | 0077 | 0041 0075 | oovs [ o042 | oos2 [ 0074 <05
0 Media 0.5 1 2 4 16 32 64 128 256 MIC (ug/mL)
0903 | o041 | 0398 | o045 | 0041 0.041 0044 | 0044 | 0041 0.041 0.041 0.048 1
Neomycin 0803 | o041 | 0366 | 0041 | 0057 | 0041 0.042_| 0.041 0.042 | 0.04 0.042 | 0.042 1
0898 | o041 [ 0437 | 0079 0.07 0072 | 0042 | 0042 | 0077 | 0042 | 0087 | 0.042 1
0814 | oos1 [o07s7 | o418 | 0044 [ 004t 0.041 0.041 0.041 0.067 | 0055 | 0o# 2
Paromomycin | 0813 | oo41 | 0773 | 0462 | o00ss | 0.051 0.155 011 0.073 | 0.0# 0.078 | 0.059 2
09829 | oo41 | 0776 | 0468 | 0076 | opes | o068 0.08 0.064 | 0.041 0.079 0.07 2
0 Media 0.5 1 2 4 8 16 32 64 128 256 MIC (png/mL)
0826 | o041 [ 0043 | o041 | 0o 0042 | 0044 | 0042 | 0.041 0.041 0.041 0.041 <05
Tobramycin | 0.844 0041 | 0041 0042 | 0041 0.041 0042 | 0041 0.041 0.041 0042 | 0042 <05
0808 | o041 | 0041 0087 | 00%6 | ooss [ oo0s7 | 0045 | 0042 | oo0se | ooss | oo4s <05
0041 | 0789 | 0444 | 0041 0.06 0042 | 0045 | 0042 | 0041 0.041 0.043 2
Kanamycin 091 0041 | 0741 0342 | 0087 0.09 0.08 0096 | 0074 | 0084 | 0074 | 0041 2
2349 | 0846 | 0051 | 07ar | 0408 0.08 0072 | 0082 | 0042 | 0042 | 0041 0042 | 004 2
AAC(3)-X
32 16 8 4 2 1 0.5  MIC (pg/mL)
004 0043 | 0042 | 0041 0.063 2
Apramycin 0041 0041 | 0042 | o044 | oo72 2
0.041 0042 | 0042 | 0042 | 0199 4
4 8 16 32 64 128 256 MIC (ug/mL)
0166 | 0046 | 0043 | 0043 | 0042 | 0043 [ 0043 8
Gentamicin 0532 | 0067 | 0043 | 0043 | 0042 | 0043 | 0043 8
0563 | 0049 | 0047 | 0042 | 0042 | 0042 | 0044 8
64 128 256 MIC (ng/mL)
0.061 0.044 | 0032 64
Kanamycin A 0044 | 0042 | 0.041 64
0175 | 0043 | 0042 128
0.041 0041 | 0042 16
Tobramycin 0.044 0.045 0.043 16
0.038 004 0.043 32
4 8 16 32 64 128 256 MIC (ng/mL)
0.041 0042 | 0043 | 0042 [ 0042 | 0042 | 0044 1
Neomycin 0038 | 0042 [ 0043 | 0043 | 004z [ 0042 | 0042 1
004 0042 | 0042 | 0043 [ 0041 005 0.041 1
005 0043 | 0042 | 0043 [ 0042 0.041 0.041 4
Paromomycin 0.054 0042 | ap42 | oos 0.042 0042 | 0041 4
0045 | 0043 [ 0042 0.04 0.04 004 | 0044 4
0 Media 0.5 1 2 4 8 16 32 64 128 256 MIC (ug/mL)
0035 | 0239 | po42 [ 003 [ 0043 | 0042 [ 0042 | 0077 [ 0043 [ 0042 | 0041 1
Amikacin 0035 | 0104 | 0040 | 0038 | 0038 | 0042 | 0042 | 004z | oost 0041 | 0041 1
2350 0.041 0.441 0041 | 0041 0.04 0042 | 0042 | 0.041 0.041 0042 | 0046 1
2351
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AAC(3)-llla

0.5 1 2 4 8 16 32 64 128 256 MIC (pg/mL)
0.443 0.039 0.078 0.082 0.078 0.082 0.076 0.076 0.085 0.038 1
0.448 0.086 0.087 0.082 0.073 0.055 0.076 0039 0.039 0.039 1
0.467 0.08 0.087 0077 0.039 004 0.082 0039 0.084 0.08 1

Amikacin

MIC (pg/mL)
8
16
8
> 256
> 256
> 256

Apramycin

Gentamicin

MIC (ug/mL)
128
256

Neomycin

Paromomycin

MIC (ug/mL)
> 256
>256
>256
> 256
>256
> 256

Tobramycin

Kanamycin

2352

meta-AAC0008

2 8 MIC (pg/mL)
> 256
>256
> 256

Gentamicin

MIC (pg/mL)
> 256
> 256
> 256
> 258
> 258
> 256

Neomycin

Paromomycin

MIC (pg/mlL)
>256
>256
>256
>256
> 256
> 256

Kanamycin

Tobramycin

0 Media 0.125 0.25 0.5 1 2 4 8 16 32 64 MIC (ug/mL)
0.074| 0.042 0.051 0.041 0.041 0.042 0.042 1

0.12 0.042 0.041 0.042 0.041 0.042 0.041 1
0.042 0.043 0.044] 0.042] 0.042] 0.046 0.043] 1

Amikacin

[ Media 0.125 0.25 0.5 1 2 4 8

0.043
Apramycin 0.041
0.041

=
@
w
N
@
B

MIC (ug/mL)
2 32
16
2 32

.059
.042
.043

olo|e

olo|e

olole
ey

2353
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meta-AAC0030
0 Media 0.5 1 2 4 8 16 32 64 128 256 MIC (pg/mL)
>256
Gentamicin >256
s

MIC (pg/mL)
64
64
128
> 256
> 256
> 256

Neomycin

Paromomycin

MIC (pg/mL)
256
>256
> 256
> 256
>256
>256

Kanamyein

Tobramycin

8 16 32 64 MIC {ug/mL)
0.191 0.041 0.041 0.041 16
0.183 0.043 0.041 0.041 16
0.193] 0.042] 0.043] 0.045 16

Apramycin

0 Media 0.125 0.25 0.5 1 2

0.042 0.092 0.044)

Amikacin 0.041 0.116 0.043]
0.04 0.081 0.043]

16 32 64 MIC (ug/mL)
1
2
1

b

0.041

olo|els
=

=1 =1 =1 L
=

olo|e
2122
ElE

2354

meta-AAC0071
32 16 . MIC (pg/mL)
0.03¢ 0.039 8
Apramycin 0.037 0.04 4
0.036 0.039 , 8
4 8 MIC (ug/mL)
> 256
> 256
> 256

Gentamicin

MIC (ug/mL)
> 256
256
>256
»256
>256
>256

Kanamycin A

Tobramyein

MIC (pg/mL)

Neomycin

Paromomycin

o

1 2 4 8 16 32 64 128 256 MIC(pg/mL)
0038 0.03% 0.041 0.043 0.044 0.044 0.042 0.041 0.045 1
0.04 0.03% 0.039 0.041 0.041 0.041 0.042 0.042 0.041 1
0.251 0.04 004 0.042 0041 0.041 0.04 0.042 0.043 2

Amikacin

2355
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AAC(3)-lllb
Media MIC (pg/mL)
0.043 8
Apramycin 8
s
Media MIC (ng/mL}
»256
Gentamicin 0.044 >256
0.044 > 256
Media 64 128 256 MIC (pg/mL)
>256
Paromomycin 0.043 > 256
0.044 > 256
0 Media 0.5 1 2 4 8 16 32 64 128 256 MIC (pg/mL)
o | 256
Kanamycin A | 003s | > 256
[ 002 | > 256
] Media 0.25 0.5 1 2 4 8 16 32 64 128 MIC (ng/mL}
0.042 0.235 0.17 0.044 0.045 0.045 0.044 0.043 0.043 0.046 0.043 1
Amikacin 0.041 0.239 0.082 0.041 0.042 0.044 0.044 0049 0.042 0.043 0.042 a5
0.041 0.24 0.07 0.041 0.042 0.042 0.044 0.042 0.04 0.043 0.043 a5
0 Media 0.5 1 2 4 8 16 32 64 128 256 MIC (ng/mL}
256
Neomyein 256
256
0 Media 0.5 1 2 4 8 16 32 64 128 256 MIC (ng/mL}
[ o004 | > 256
Tobramycin [ 004 | >256
2356 =
meta-AAC0038
] 8 MIC (pg/mL)
> 256
in >256
>256
MIC (pg/mL)
256
Neomycin 256
256
> 256
Paromomycin = 256
> 256
MIC (pg/mL)
> 256
Kanamycin > 256
>256
>256
Tobramycin >256
> 256
1 2 4 8 16 32 64 128 MIC (pg/mL)
0199 0.043 0.042 0.042 0041 0.042 0.041 0.043 2
Amikacin 0042 0.041 0.041 0.042 0042 0.042 0.041 0.045 1
0.042 0.041 0.041 0.043 0.042 0.042 0.042 0.044 1
Media  0.125 0.25 X 32 64 MIC (ug/mL)
0.039] 0.041 32
Apramycin 0.037] 0.038] 32
0.119] 0.040] 64

2357
2358
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meta-AAC0032

0 Media 0.5 1 2 4 8 16 32 64 128 256 MIC (pg/mL)
0.295 0.04 0.03% 0.04 0.041 0.071 16
Kanamycin 0433 | o209 0.04 0.045 0.04 0.044 32
0412 | 0044 | 0056 | 003g | 0039 | 0038 16
16 32 64 128 256 MIC (ug/mL}
0.04 0.041 0.04 0.04 0.051 4
Apramycin 0041 [ 0041 [ 0041 0.04 0.042 2
0041 | 0041 0.04 0.041 0.051 4
0277 | 0228 | 0041 0.042 | 0077 84
Gentamicin 0278 | 0138 | 0042 | 0043 | 0042 64
0272 | 0142 | 004z | 0041 0.043 64
0 Media 0.5 1 2 4 8 16 32 64 128 256 NIC (pg/mL}
0037 | 0342 [ 0.088 | oosr | oot 0.03% 0.04 0.041 | 0039 | 0039 | oos2 1
Neomycin 0037 | 0277 | ao3s | o037 | 0037 | oo3s | oo4t 0.04 0.041 0043 | 0042 1
0039 | 0338 | 0.071 0039 | 0087 0.04 0.041 0.04 0.04 0052 | 0074 1
0030 | 0525 [ 0.041 0.04 0.04 0.04 0041 | 0.042 0.04 0.041 0.084 1
Paromomycin 0041 | 0538 [ 0216 | 0041 0.041 0.041 0.04 0.041 0.04 0.041 0.084 2
0041 | 0576 | 0225 | 0.041 0.04 0.04 0.041 0.04 0.04 c.047 | 0075 2
0 Media 0.5 1 2 4 8 16 32 64 128 256 MIC (ug/mlL)
0.037 0.572 0.18 0.033 0.04 0.04 0035 | 0044 [ 0038 | o041 4
Tobramycin 0.038 0594 | o185 [ 0184 | oos 0041 | oos1 004 0.04 0.042 3
0.038 0585 | 0203 0.04 0.041 0.041 0.04 0033 | 0042 | oo4 4
0.04 0405 | 0384 | o045 0.04 0.041 0.041 0.04 004 0.043 | 0oa 2
Amikacin 0.04 0415 | 0.049 0.04 0.042 0.04 0.04 0.04 0.04 0.04 0.043 1
2359 0042 | 0438 [ 0042 | 0044 0.04 0.041 0.047 0.04 0038 | 0039 | 0043 1
AAC(3)-Via
0 Media 1 2 4 8 16 32 3 128 256 MIC {ug/mL}
0.046 0264 | on42 | 0075 | o042 | o042 | o042 [ o042 | 0044 | 004 2
Amikacin 0.041 0.07 0.042 | 0042 | 0042 | 0042 | 0088 | 0046 | 0042 | 0043 1
0.042 0042 | o042 | 0043 [ 0043 | 0043 | 0043 | 0043 | 0043 | 0042 1
64 128 256 MIC {ug/mL)
0.052 | 004 0.041 4
Apramycin 0.042 0.043 0.0 a4
0.041 0.05 0.134 4
0328 | 0183 | 0401 >256
Gentamicin 0325 | 0126 | 0043 256
0382 | 0124 | 0048 256
0 Media 0.5 1 2 4 8 15 32 64 128 256 MIC {pg/mlL}
0043 [ 0045 [ 0044 [ 0.041 0.043 [ 0.041 0.042 | 0041 [ 0041 | 0041 0.042 <05
Neomycin 0041 | 0047 | 0042 | ooss | oo42 | ooss | 0042 | 0041 | 0045 | 0042 | 004 <05
0.041 0042 [ 0041 0041 | 0042 | 0042 | 0042 | 0042 | 0044 | 0042 s05
0.041 032 0043 | 0073 | o041 0042 | oo42 | o042 | 0041 0.078 2
Paromomycin 0.041 0327 | 0041 0041 | 0041 0.041 0042 | 0041 | 004 0.043 2
0.041 0344 | 0045 | 0045 [ 0043 | 0041 0041 | 0041 | 0048 | 0042 2
4 8 16 32 64 128 256 MIC {ug/mL)
0.18 0087 | 0041 0042 | 0041 | 0044 [ 0043 38
Tobramycin 0191 | 0084 [ oost 0041 | 0089 | 0043 | 0042 8
0192 | 0083 | oo4t 0042 | 0082 | 0042 | 0042 8
0.33 0135 | 0041 0041 | 0041 | 004 0.042 16
Kanamycin 0326 | 0136 | 0044 | 0041 | 0043 | 004 0.043 16
0341 | 0135 [ ooat 0041 | 0041 | oost 0.044 16

2360
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meta-AAC0029

0 Media 0.5 1 2 4 8 16 32 64 128 256 NIC (pg/mL)
0051 | 0038 | 0037 [ 0042 | o039 | 0039 0.04 0.04 0.04 0.041 <05
Neomycin 0349 | 0038 | 0037 | 0037 0.04 0.04 0041 | 0041 | 0042 0.04 1
0.042 | 0.039 0.04 0.038 0.04 0.04 0042 | 0041 | 0041 | 004 505
0.399 0.04 0.044 0.04 0.04 0041 | 0041 | 0042 | oo#l [ 004z 1
Paromomycin 0355 | 0074 | 0041 0041 | 0041 0.04 0.041 0.04 0.04 0.042 1
0375 | 0048 | 0041 0.04 0041 | 0041 | 0041 | 0044 | 0041 | 0043 1
0 Media 0,125 0.25 0.5 1 2 4 ] 16 32 64 NIC fug/mL)
0.075 0.046]  0.042]  0.042 0042] 0041  0.049]  0.044 0.5
Amikacin 0211 0043 o0o042]  oo0a1] oo0a3] o042  0o0d1]  0.041 1
0114 0041] o042 0051 ooss|  oasz]  ooo7]  0.ass 1
MIC {ug/mL)
4
Apramycin 4
a
>64
Gentamicin > 64
>64
16 32 64 MIC fug/mlL)
0.227]  0.146] c042 54
Tobramycin 0.244 0.143 0.053 64
0234] 013%] 0041 54
0.040] 0041 0041 16
Kanamycin 0.042] 0040] 0042 16
2361 0041  0041] 0042 16
meta-AAC0034
4 3 64 128 256 NIC fug/mL)
0.346 | 0299 | 0246 >256
Tohramycin 0.314 0.242 > 256
0299 | 024 >256
0.039 0.04 1
Amikacin 0.039 0.04 2
0.04 0.041 1
0 Media 0.5 1 2 L] 8 16 32 64 128 256 MIC {ug/mL}
0038 | 0.047 | 0.039 | 0.037 0.04 0.03¢ | 0039 | 0039 | 0053 | 0052 | 0048 <05
Neomycin 0.037 036 0038 | oose [ 0037 0.04 0.04 0048 | 0043 | 0043 | 0041 1
0039 | 0.044 | cosm 0039 | o.03¢ 0.04 0.04 0.04 0.083 0.06 0.042 <05
0039 | 0.506 | 0.043 | 0.214 0.04 0.04 0.04 0.043 | 0.043 | 0148 [ 0.057 1
Paromamycin 0043 | 0478 | co45 | 0043 0.04 0.04 0.04 0.04 0.04 0.04 0.043 1
no4z | 0506 | 0052 | 0043 | o041 | codz | 0043 | 0042 | 0.045 0.05 0.043 1
MIC {ug/mL)
>256
Kanamycin >256
>256
MIC fug/mL}
Apramycin
Gentamicin
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meta-AAC0035

Media 756 128 o 32 16 3 r Z 1 05 WIIC (ug/mL)
0.037 0.039 E)
Apramycin 0.037 0.039 8
0.037 0.04 8
Media 3 MIC (pg/mL)
»256
Gentamicin > 256
NIIC {ug/mL)
256
Kanamycin A > 256
256
>256
Tobramycin >256
> 256
2 4 8 16 32 64 128 256 MIC {pg/mL}
0039 | 0038 | 0044 | 0041 | 0041 | 0.041 | 0042 | 0.041 1
Neomycin 0039 | 0041 | 0042 | 0043 | 0043 | 0102 | 0042 | 0043 1
0.041 0.04 0044 | 0044 | 0043 [ 0045 | 0042 | 0044 1
0043 | 0042 | 0042 | 0042 | 0041 | 0042 | 0042 | 0043 2
Paromomycin 0096 | o042 | 0042 [ o042 | 0042 [ 0041 | 0042 | 0043 2
0044 | 0042 | 0042 | 0041 | 0043 | 0041 | 0042 | 0044 2
Media 1 2 4 8 16 32 64 128 256 MIC {ug/mL)
0.04 0048 | 0056 | 0039 | 0042 | 0042 | 0042 | 0041 | 0042 | 0042 1
Amikacin 0038 0.042 0.04 0039 | 0045 | 0043 | o042 | 0042 | 0046 | 0046 1
0.04 0059 | 0042 | 0042 | 0043 | 0043 | 0042 | 0041 | 0042 | 0045 1
AAC(3)-1Ib
Z B MIC tng/mL)
>256
Tobramycin > 256
> 256
> 256
Gentamicin > 256
>256
128 256 MIC {ug/ml)
0222 | 0144 > 1256
Kanamycin 0216 | 0441 > 256
0212 | 0148 > 256
8 16 32 64 128 MIC {ug/ml)
0193 | 0042 | 0.042 | 0043 | 0043 16
Apramycin 0186 | 0.141 0.043 0.041 0046 32
0185 | 0043 | 0041 | 0044 | 0043 15
Media 025 0.5 1 2 4 8 16 32 64 128 MIC {ug/ml)
0.042 0180 | 0042 | 0049 | 0044 | 0046 | 0044 [ 0041 | 0044 | 0041 1
Amikacin 0.051 0220 | 0043 | 0049 | 0041 | 0043 | 0045 | 0045 | 0041 | 0041 1
0.045 0122 | 0041 | 0041 | 0042 | 0045 | 0043 | 0043 | 0048 | 0043 1
Media 0.0625  0.125 0.25 0.5 1 2 4 8 16 32 MIC {pg/mL)
0044 | 0041 | 0044 [ 0049 [ 0046 | 0043 | 0046 05
Neomycin 0084 | 0045 | 0045 | 0044 | 0043 | 0048 | 0066 05
0204 | 0042 | 0044 | 0045 | 0044 | ooss 0.05 1
Media 0.5 1 2 4 8 16 32 64 128 256 MIC {pg/ml)
0043 | 0268 | 0077 | 0048 | 0042 [ 0048 | 0042 0.05 0.044 | 0046 | 0048 1
Paromomycin 0.042 0216 | 0045 | 0044 | 0037 | 0038 | 0043 | 0043 | 0051 0.04 2
0.042 0045 | 0046 | 0046 | 0037 0.18 0045 [ 0042 | 0034 | 0033 1
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AAC(3)-llc
4 8 16 32 64 128 256 MIC {pg/mlL)

0607 | o278 | oore | 0041 | o0.041 64
Tobramycin 0598 | 0248 0,16 0042 | 0.042 128
0.043 54
>256
>256
>256
8 16 32 64 128 256 MIC {ug/mL)
0216 | 0147 0.04 0.04 0.04 0.041 32
Kanamycin 0215 | 0151 | 0041 | co41 [ 0039 0.04 32
0.217 | 0.154 0.04 0.030 0.04 0.042 32
2 4 8 16 32 64 128 (MICpg/mL)
0.041 0.043 0.041 0.041 0.041 0.042 0.042 2
Apramycin 0.051 0.044 | 0044 | 0042 [ 004 0.041 0.042 2
0044 | 0069 0043 | oo4z | o041 0.041 0.044 z
0 Media 05 1 2 4 8 16 32 64 128 256 MIC {ug/mL)
0042 | 0257 [ 0132 [ 0042 | 0040 [ 0041 [ 0041 | o041 | 0039 | 0038 | 0.038 2
T 0040 | 0251 | 0050 | 0041 | 0041 | 0039 | 0043 | 0043 | 0043 | 0045 | 0.047 1
0042 | 0270 | 0043 | 0042 | 0042 [ 0042 [ 0043 | o041 [ 0043 | 0043 | 0048 1
0.25 0.5 1 2 4 8 16 32 MIC (ug/mL)
0293 | 0041 | 0042 | 0042 | 0041 | 0043 | 0040 | 0.041 05
Neomycin 0312 | 0043 [ 0063 | 0042 | o044 | 0045 | 0041 | 0.043 05
0321 | 0140 [ 0042 | 0042 | o043 | o041 | 0042 | 0.043 1
0 Media 025 0.5 1 2 4 8 16 32 54 128 MIC (ug/mL)
0042 H 0153 | 0044 | o042 | no4l | 0041 | o041 | o041 | 0041 | 004 1
Amikacin 0042 | 0282 | 0176 | 0047 | 0042 | 0044 | 0041 | 0041 | 0043 | 0035 | 0041 1
0042 | 0284 | 0095 [ 0043 | 0075 [ 0045 | ood0 | oo4z [ o040 | 0038 | 0.042 05
2365
AAC(3)-lla
0 Media 0.5 1 2 4 8 16 32 64 128 256 MIC (ugfmL)
0.037 054 | 0506 0.04 0039 [ 0041 | oo3s | o038 | 0085 | 0087 4
0.035 - 0,572 0034 | 0038 | 004 0.04 0036 | 0037 | 0042 4
0.036 0.51 0035 | 003 [ 0038 | 0039 | 0038 | oosg | 0038 | 0038 2
0 Media 05 1 2 a 8 16 32 64 128 256 MIC (ugfmL)
0.038 0035 | 0039 | 0042 | 0038 | 0039 | 0038 0.04 0038 0.04 1
Neomycin 0.037 0,039 0,051 0,038 0,039 0.039 0,038 0.038 0.057 0.038 1
0.037 0037 | 0037 | 0036 | 0039 | 0039 | 0039 | 0039 0.04 0.045 1
0.125 . . 2 4 8 16 32 64 MIC (ug/mL)
0043 | 0043 0.04 004 | 0038 | 0038 2
Amikacin 0.04 0.04 0039 | o039 0.04 0.04 2
0042 [ 0041 | 0041 | on42 | 004z | o041 2
0 Media  0.425 0.25 0.5 1 2 4 8 16 32 64 MIC {ug/mL)
] ] >64
Kanamycin X . >64
] ] »64
MIC (ug/mL)
=64
Tobramycin >64
>64
MIC (ug/mL)
>64
>64
>64
4 8 16 32 64 128 256 MIC {ug/mL)
0604 | 00m [ 0.045 0.04 o039 | ooss | coam 8
Apramycin 0623 | 0042 | 0041 | 0041 | 0042 0.08 0.041 8
0607 | 0041 [ 0042 | 0041 | o045 | 0042 | oo41 8
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meta-AAC0043

Apramycin

Gentamicin

Kanamycin A

Tabramycin

Neamycin

Paromemycin

Amikacin

2367
2368

Media 256 128 &4 32 16 8 4 2 1 0.5
0.052 Q.037 0.038 0.039 0,037 0.04 0.042 0.04
0.037 0.042 0.037 0.037 0.04 0.04 0.049 0.04
0.038 0.03% 0.039 0.038 Q.037 0.04 0.062 0.088
Media 0.5 1 2 4 8 16 32 64 128 256
0.631 0.09
0.629 0.101
0.604 012
16 32 64 128 256
a.04 0039 0.039 0.041 0.043
0.041 0.04 0.039 0.038 0.04
0.079 0.041 0.04 0.041 0.042
Q.128 0.041 0.041 0.042 0.043
0.122 0.041 0.04 0.042 0.045
0.128 0.117 0.04 0.045 0.042
16 32 64 128 256
0.043 0.041 0.041 0.042 0.042
0.043 0.043 0.044 0.047 0.051
0.045 0.044 0.041 0.043 0.048
0.044 0.042 0.043 0.042 0.042
0.049 0.042 0.048 0.041 0.042
0.042 0.041 0.04 0.041 0.078
Media 0.5 1 2 4 8 16 32 64 128 256
0.068 0.042 0.04 0.043 0.043 0.048 0.058 0.059 0.043 0.046
0.028 0.05 0.044 0.042 0.051 0.052 0.056 0.058 0.048 0.06
0.057 0.289 0.044 0.04 0.042 0.046 0.053 0.052 0.05 0.042
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MIC (ugfmL)
4
4
4
MIC (pg/mL)
256
> 256
> 256

MIC (ugfmL)
16
16
16
32
32
64

MIC {ug/mL)
1

"
BN O

MIC (pgfmL)
1
1
2
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Discussion and future directions

ApmA’s unique AG resistance profile warrants the classification of this enzyme to be
AAC(2’)-Illa (Fig. 1). The isoform refers to the GenBank protein sequence identifier
WP 032494221, the sequence under investigation in Chapters 2 and 3 of this thesis. The sequence
for apmA was originally identified on a multiresistance resistant plasmid from a bovine methicillin-
resistant Staphylococcus aureus (MRSA) ST398 isolate’®”. There is also a second sequence for
apmA (GenBank identifier WP_015059965), reported in 2012 as the sole resistance element of a
smaller plasmid originating in an MRSA ST398 isolate from a swine breeding pen®’. While our
reports are the first characterization of an LBH acetyltransferase involved in AG detoxification,
they are not the first for the modification of sugar-based compounds.

AAC(2')-lll
ApmA

/

OH
H,N. o plazomlcm
HO. - OH Mow N NN
Ho| HN N A 4 '{' ‘i OH
© ) -
NH2
- H HN \A{i\l;
4

apramycin  HNg
HO NH,
OH

HN

PDB: 7MJ0 y
‘\-_.—‘
Atypical / \ 4,6 disubstituted 2-DOS
4-monosubstituted 2-DOS OH aminoglycosides
aminoglycoside HO— § paromcmycm NH, second generation
natural semi-synthetic
H,N

H,N | HaN

o]

tobramycin
o OH
HO =
H,N

4.5 disubstituted 2-DOS 4,6 disubstituted 2-DOS
aminoglycosides aminoglycosides
natural natural

Figure 1. ApmA substrate specificity spans across each AG structural subclass.
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The LBH superfamily is primarily involved in N- or O-acetylating nucleotide-linked sugars

in the biosynthesis of outer membrane components for Gram-negative bacteria®!

or the S-layer
glycoprotein glycans produced by Gram-positive bacteria®®. Ligand-bound crystal structure
complexes are available for many of these enzymes with their respective acetyl-accepting
substrate®?. The structural data from crystallographic analyses has informed protein engineering
and in vitro steady-state kinetics to identify key residues involved in catalysis and substrate
positioning®®. The conserved active site histidine, in sequence and structure, is the defining feature
for these enzymes. Conclusions to the residue’s chemical significance are usually drawn as to
determine if the histidine is essential as a general base irrespective of an N- or O-acetylation
mechanism. Residues deemed not essential in the active site are loosely described important for
substrate binding or positioning®*%¢.

Unique to our evaluation of ApmA-mediated acetylation, is the structural diversity of
susceptible substrates. This allowed us to explore the chemistries governing substrate binding,
positioning and subsequent acetylation in greater detail. We present an alternate significance for
the histidine, attributing the flexibility in its role of AG-modification resulting from the immediate
chemical environment for acetylation. These findings widen the scope of future investigations
within the LBH superfamily beyond the current notion that histidine is only conserved for the
necessity to act as a general base. The lessons from this work can also be applied for future
biochemical investigations of AAC(2’) from the GNAT superfamily.

Interdisciplinary approaches are key to continue challenging our current perspectives on
the biochemistry underlying these enzyme-mediated reactions. Our characterization of ApmA can

now be leveraged to identify other LBH acetyltransferases with AG-acetylating activity or their

potential to do so. Towards this goal, future investigations will need to fill the gap in the
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bioinformatics component of our genomic enzymology study. This will involve evaluating the
genetic context of apmA in greater detail and curation of homologous protein sequences to study
where ApmA falls in the phylogeny. These relationships can be used in the reconstruction of
ancestral protein sequences to capture the functional diversity within the LBH superfamily.
Chapter 4 of this thesis incorporates bioinformatic approaches to map structural-functional
relationships to the phylogeny of Antibiotic NAT AACs. Our characterization of the
Antibiotic NAT family produced molecular determinants from representative crystal structures
across 4 clades of AAC(3)s to rationalize substrate specificity. We show Antibiotic NAT
sequences originating in the clinic or environment is distributed throughout the phylogeny. One of
these clades includes all known AAC(3)s identified in biosynthetic gene clusters of AGs. The
expanded substrate specificity seen towards apramycin in different clades, highlights the depth of
diversity that remains to be identified in the AG resistome. Together, the phylogeny and functional
data presented serves as a foundation moving forward to investigating the evolution of AG-

acetylation within this protein family (Fig. 2).
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AAC(3)-VIll

AAC(3)-IX

-

resistance profile matching
AAC(3)-VII
unpublished data

e ~————

AAC(3)-VII

-

AAC(3)-l

3'-0-phosphorylparomomycin

H
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AAC(3)-X

PDB: BMN3

AAC(3)-IV

Figure 2. Antibiotic. NAT family exhibits several iterations in the minor domain to permit
the 3-N-acetylation of various structurally distinct AGs. Major domain is coloured consistent
across each structure shown. The minor domain, responsible for AG binding is shown in a different
colour in each structure. Gaps in structural information are indicated. Representatives of
susceptible AGs are shown, those selected are substrates shared by indicated AAC(3)s.

There have been extensive investigations into the underlying chemical mechanisms of
some AAC(3) Antibiotic NATs®, however, there is still much to learn. The most notable member

of the Antibiotic NAT family is AAC(3)-IV. As the first AAC identified to confer resistance to

88,89

apramycin, we found it belonged within a clade distinct from other clinically relevant
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Antibiotic NAT AAC(3)s. The structural data obtained for this enzyme also revealed a Zn>"
binding site. Our structural data can be combined with previously published steady-state kinetics?®
for AAC(3)-1V to fill in the gaps remaining for the chemical mechanism. The structural uniqueness
observed with AAC(3)-1V creates an opportunity to gain insight into alternate physiological roles
members of this clade possess. Is the Zn** important solely for protein folding and structural
integrity? Is there a secondary function for these enzymes that requires the Zn>" or is it important
for AG recognition? Pursing further characterization of such enzymes can be used to broaden the
search of additional sequences involved in AG detoxification or other antibiotic classes.
Opportunity for future work also exists within the clade of AAC(3)s identified in biosynthetic gene
clusters of AG-producing Streptomyces sp. Like the GNAT superfamily, very little structural
information exists for these enzymes. As we learn more about the biosynthesis of AGs, we must
leverage the knowledge to investigate how these chemistries are adapted or evolve for antibiotic
resistance.
Concluding remarks

I want to use this opportunity to unify the decades of quality research investigating the
sequence-structure-function relationships of the three protein families involved in AG acetylation.
The information presented in the introductory chapter will serve as the first section in a literature
review of the AACs. The second and third section of the review will discuss where the research
started, what we have learned and where the research is needed for the Antibiotic NAT and
ApmA-like AACs respectively. The lessons from each section will inform future investigations
into the evolution of AG-acetylating activity within each protein family. As these mechanisms
continue to evolve, genomic enzymology-based studies will continue to inform AG development,

stewardship, and surveillance for resistance mechanisms in different environments.
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