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Lay Abstract

Antibiotic resistance represents a major threat to global health. Infections that
were once readily treatable are no longer so due to the rise in multidrug resistant bacteria.
As our arsenal of effective antibiotics is depleted, new drugs are being discovered less
and less frequently. This has caused the scientific community to get creative in coming up
with treatments: trying combinations of antibiotics, using antibiotics which were once
considered too toxic, and repurposing antibiotics for different bacteria.

Rifamycins are a class of antibiotics most commonly used in the treatment of
tuberculosis. However, they are becoming more widely used as a result of antibiotic
resistance. There are a number of different ways bacteria can become resistant to the
harmful effects of rifamycins: by modifying the target so the drug can no longer bind to
it, actively pumping the drug out of the cell, or by changing the drug in some way so it is
no longer effective. Bacteria in the environment use antibiotics as a form of chemical
warfare to gain an advantage over their neighbours; therefore, they have had millions of
years to evolve very effective methods of antibiotic resistance. By surveying what kinds
of antibiotic resistance are in the environment, we can predict what we might see one day
in a medical setting.

In this thesis, | have studied a protein that bacteria make to inactivate rifamycins.
The rifamycin monooxygenase Rox adds an oxygen to the rifamycin scaffold; this causes
spontaneous cleavage of the rifamycin backbone and changes the conformation of the
drug so it can no longer bind to its target. | have also investigated the regulation of this

and other genes in the bacterial strain Streptomyces venezuelae. By understanding how
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this process works, we can potentially design inhibitors to stop this from happening,

should this method of resistance ever become clinically prevalent.
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Abstract

The rifamycins are a class of antibiotics which were once used almost exclusively
to treat tuberculosis, but are currently receiving renewed interest. Resistance to
rifamycins is most commonly attributed to mutations in the drug target, RNA polymerase.
Yet environmental isolates are also able to enzymatically inactivate rifamycins in a
number of ways. Recently, rifamycin resistance determinants from the environment were
found to be closely associated with a so called rifamycin associated element (RAE). The
region containing the RAE from an environmental strain was shown to induce gene
expression in the presence of rifamycins, hinting at an inducible system for rifamycin
resistance. In this work, we examine the RAE from a model organism for Streptomyces
genetics, Streptomyces venezuelae. We confirm that the promoter region containing the
RAE upstream of a rifamycin monooxygenase rox is inducible by rifamycins. The strains
of S. venezuelae generated in this work can be used in future genetic studies on the RAE.

As well, the rifamycin monooxygenase Rox was purified for the first time and
characterized biochemically. The structure of Rox was obtained with and without the
substrate rifampin. Steady state Kinetics for the enzyme were determined with a number
of substrates, and its ability to confer resistance to rifamycins was examined.
Monooxygenated rifamycin SV compound was purified and structurally characterized by
NMR analysis. We proposed an aromatic hydroxylase type mechanism for Rox, in which
the enzyme hydroxylates the aromatic core of the rifamycin scaffold and causes a non-

enzymatic C-N bond cleavage of the macrolactam ring. This is a new mechanism of
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rifamycin resistance, and sheds some light on the decomposition of rifamycins mediated

by monooxygenation, which is still poorly understood.

Vi
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Chapter 1. Introduction

1.1 Antibiotics and resistance

Antibiotics have revolutionized modern medicine. The golden age of antibiotic discovery
in 1940-1960 resulted in the development of many promising drugs that were predicted to
eradicate infectious disease. However, the emergence of antibiotic resistance has never been far
behind the discovery of a new compound. Fewer new antibiotics are developed each decade,
while antibiotic resistant bacteria are on the rise. This “antibiotic paradox” has led to the current
resistance crisis. Multidrug resistant bacteria represent one of the most serious threats to public

health.

Many of our clinically used antibiotics are natural products or derivatives of natural
product scaffolds produced by microorganisms. Antibiotics offer a competitive advantage in the
environment and consequently antibiotic resistance is also widespread in the environment.
Resistance determinants from the environment and the clinic are very similar, hinting that like

antibiotics, resistance originates from the environment (1).

Bacteria employ a number of different strategies to overcome the effect of antibiotics.
The entire collection of genes conferring resistance to antibiotics is termed the antibiotic
resistome (2). It is important that we study both clinical and environmental determinants that
comprise the resistome to adequately monitor the mutation and mobilization of potential

resistance genes.
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1.2 Rifamycin antibiotics

The rifamycins are an intriguing and invaluable class of antibiotics. They are part of the
ansamycin family, characterized as having an aromatic core often derived from 3-amino-5-
hydroxybenzoic acid (AHBA), and bridged on either side of this core by an aliphatic chain (3)
(Figure 1.1). The rifamycins have a broad spectrum of activity and exquisite specificity for
prokaryotes. Rifampin, the most widely used of the rifamycin antibiotics, has remained

instrumental in the treatment of tuberculosis since its discovery 50 years ago.

Figure 1.1 Structure of the AHBA core, and its position in rifampin.

1.2.1 Discovery of natural product rifamycins

In 1957, a mixture of compounds from Streptomyces mediterranei was found to have
antibacterial activity (4). The individual components of this mixture were given names
rifamycins A through E. All components were unstable and difficult to purify save for rifamycin
B (RIF-B). RIF-B has no antibacterial activity per se; however, it is readily converted to
rifamycin S (RIF-S) in agueous solution, which is what seems to give RIF-B its activity. RIF-S

can be reduced easily to rifamycin SV (RIF-SV) (4) (Figure 1.2). RIF-SV is highly active
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towards Gram-positive bacteria, including Mycobacterium tuberculosis, and moderately active
against Gram-negatives. However, it was poorly absorbed when taken orally, and when given
parenterally it is quickly excreted by the liver (4). Nevertheless RIF-SV sodium salt was
introduced as a topical and parenteral agent for Gram-positive infections and infections of biliary

tract in 1963 (4).

Rifamycin B Rifamycin O

Rifamycin SV Rifamycin S

Figure 1.2 Natural conversion of RIF-B to RIF-SV in aqueous reducing environments. Figure
adapted from (4).
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1.2.2 Rifamycin structure activity relationships

Due to the pharmacological drawbacks of RIF-SV, an effort was undertaken to create
better rifamycin antibiotics. Extensive chemical modification of RIF-SV uncovered some
important structure activity relationships. Modifications resulting in a conformational change in
the ansa chain diminished activity (4) (Figure 1.2). The hydroxyl residues at C21, C23 and C8
were also essential. An oxygen group on C1 was necessary for activity, though it did not matter
if it was a ketone or a hydroxyl moiety. Modifications to C3 and C4 were tolerated quite well.
The low level of activity of RIF-B was attributed to poor penetration through the cell wall due to
the carboxyl group on C4. This information was key to rational design of better rifamycin

antibiotics.

Figure 1.3 Structure of natural product RIF-SV. The various features identified by SAR studies
are highlighted. The ansa- chain is coloured gray; conformational changes to this region
negatively affects activity. The four key hydroxyl groups are highlighted in purple. Carbons 3
and 4 are amenable to semisynthetic modification, and are highlighted in green.
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1.2.3 Medicinal chemistry and derivatization

Guided by the structure activity relationships, derivatization at the C3 and C4 position
yielded a wide variety of compounds. By adding different chemical groups at these positions,
properties like absorption from the gastrointestinal tract, excretion, and uptake by bacterial cells
could be manipulated (4). Amide derivatives of RIF-SV were investigated for their
pharmacokinetic properties and had marginally better efficacy. The best candidate of these,
rifamide, was introduced as a drug in 1965, but overall was not much better than RIF-SV (4).
Continued semi-synthesis generated a particularly effective compound, which researchers called
rifampin. Rifampin has a hydrazone linked piperazine ring at the C3 position (Figure 1.4). The
addition of this group significantly improved the activity and stability of the drug, and rifampin
has since become a frontline agent in the treatment of tuberculosis (4). However, rifampin still
had a few drawbacks, including toxicity issues and a high frequency of resistance (5). Thus semi-
synthesis continued in efforts to create a drug without these drawbacks. Rifapentine (RIFAP)
was approved for use in 1998 and had a longer half life than rifampin, only needing to be taken
orally twice a week (5). Rifabutin (RIFAB) was approved in 1992 for the treatment of the
Mycobacterium avium complex in AIDS patients (5). The latest rifamycin approved for clinical
use is Rifaximin (RIFAX), which was approved in 2004 for the treatment of Escherichia coli
causing travellers diarrhea (5). The well defined structure activity relationships make the

rifamycin scaffold an attractive canvas for continued derivatization.
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Rifaximin Rifampin

Figure 1.4 Semisynthetic rifamycin derivatives. The synthetic part of the molecule is highlighted
in blue

1.2.4 Mechanism of action

Rifamycins are inhibitors of bacterial RNA synthesis, which represented a new drug
target at the time of their discovery (6-8). In 1968, Wehrli and coworkers showed that
rifamycins bind to RNA polymerase, and McClure and Cech showed that in vitro transcription in
the presence of rifamycins resulted in the accumulation of short chains of 2-3 nucleotides (8,9).
Taken together, these results suggested a steric occlusion model in which rifamycins physically

block the transcription of mMRNA. When Campbell and coworkers crystalized RNA polymerase
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in complex with rifampin in 2001, this was found to be exactly the case (10). Key interactions
between the rifamycin scaffold and the beta subunit of RNA polymerase (RpoB) depend on the
hydroxyl residues at positions C1, C8, C21 and C23 (Figure 1) (10). This explains the
importance of these moieties in the structure activity relationship studies. As well, the
conformation of the rifamycin molecule is critical for the drug to interact with the target,
explaining the necessity of an unmodified ansa chain. A number of amino acids in RpoB are also
involved in hydrophobic interactions with the aromatic core of the rifamycin scaffold.
Importantly, the semisynthetic tail region of rifampin does not make any interactions with the

enzyme (Figure 1.5).

Figure 1.5 Crystal structure of rifampin bound to RNA polymerase. Residues of RpoB forming
hydrogen bonds with RIF are shown and labelled. The 4 key hydroxyl moieties of RIF are
highlighted in purple. Figure adapted from (10)
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1.3 Rifamycin resistance

There are a number of ways bacteria can gain resistance to rifamycins. Target
modification, efflux, and enzymatic inactivation have all been uncovered as mechanisms
conferring resistance. Although target modification is currently the most commonly observed
cause of clinical resistance, there are a number of genes involved in inactivating rifamycins that
are of particular interest, due to their potential for mobility among bacteria. It is critical that we
are aware of all the determinants comprising the rifamycin resistome in preparation for what may

emerge into the clinic.

1.3.1 Target modification

A common resistance strategy employed by bacteria is the modification of the antibiotic
target. This tactic is often used by antibiotic producers to avoid self harm. Target modification
can occur in many ways, including mutation of the antibiotic target, production of an additional
resistant target, altering transcription of the target, and many more. Resistance to rifamycins by

target modification has been observed in a number of ways.

1.3.1.1 Point mutations in rpoB

Currently the leading cause of rifamycin resistance in the clinic is due to spontaneous
point mutations in the target rpoB. Bacteria have a high propensity of developing resistance to
rifamycins, which is why rifampin is always co-administered with other antibiotics (11,12). The
region of RpoB where the majority of mutations occur is termed the rifamycin resistance
determining region (RRDR) and is highly conserved across bacterial species (Figure 1.6). This
explains the broad spectrum activity of this class of antibiotics. Mutations causing rifamycin

resistance have been characterized in a number of species, including Thermus aquaticus,
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Escherichia coli, and Mycobacterium tuberculosis. (Figure 1.6). The three most common sites of
mutation are S455, H440, and D430 (M. tuberculosis numbering) (13). These residues are
involved in binding rifampin directly, and mutations at these sites account for more than 85% of
resistance mutations in tuberculosis. Mutations that are not involved in binding rifamycins nor
occurring in the binding pocket can also cause resistance to rifamycins, and might be due to

larger scale conformational changes in RpoB (10).

Mutations to RpoB are not without a fitness cost (14—16). This cost is different across the
wide variety of mutations conferring resistance to rifamycins. With long enough exposure,
additional mutations in the alpha and beta prime subunits of RNA polymerase can offset the
fitness cost (16-18). Mutated RpoB was found to misregulate gene expression in a number of
bacteria, and this feature of rifamycin resistant RNA polymerase has been exploited by

microbiologists to activate expression of cryptic genes (19-22).

1 I |

— = ™

Taquaticus 133 RVIVSQ 139 385 FFSRSQLSQFKD ETNPLSSL RHKRRI SALGPGG 417 563 NMQTQAV 569
A mediterranei 166 RVWSQ 171 421 FFGTSQLSQFMQQTNPIDGLTHKRRL NALGPGG 453 601 NMQRQAV 607
M. tuberculosis 167 RVWSQ 172 424 FFGTSOLSOFMDQNNPLSGLTHKRRLSALGPGG 456 604 NMQRQAV 610
E. coli 143 RVIVSQ 148 505 FFGSSOLSOFMDQNNPLSE I THKRR ISALGPGG 537 684 NMQRQAV 690

442 ETPEGANIGLITSL 455
478 ETPEGPNIGLIGSL 491
481 ETPEGPNIGLIGSL 404
562 ETPEGPNIGLINSL 575

Figure 1.6. A comparison of bacterial rpoB genes. The regions highlighted in purple and red are
highly conserved across bacterial species. The red region is called the rifamycin resistance
determining region (RRDR) and is the most frequent site of mutations causing resistance. The
residues directly involved in binding rifampin in the T. aquaticus crystal structure are marked
with an asterisk. The coloured residues represent sites of common mutation in each species.
Figure adapted from (10).
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1.3.1.2 Duplication of rpoB

Some species of actinomycetes have been shown to contain more than one copy of rpoB
in their genomes (23,24). The second copy of rpoB, sometimes called rpoB2 or rpoB(R), is
located in a different region of the genome and harbours similar amino acid substitutions to
classical resistant mutants of RpoB, hinting that this subunit confers rifamycin resistance; this
was indeed found to be the case (24). Transcription of rpoB2 was shown to coincide with

transition into stationary phase and the commencement of secondary metabolism (23).

1.3.2 Efflux

Gram-negative bacteria are intrinsically less susceptible to rifamycins. This is in part due
to the presence of the outer membrane, and in part a result of multidrug efflux pumps which act
on hydrophobic compounds (25-28). M. tuberculosis has also been shown to upregulate several

efflux pumps in the presence of rifamycins (29-32).

1.3.3 Enzymatic inactivation of rifamycins

Some opportunistic pathogens and several environmental bacteria are capable of
inactivating rifamycins enzymatically. To date, four mechanisms of inactivation have been
observed: ADP ribosylation, glycosylation, phosphorylation, and decomposition mediated by

monooxygenation.

1.3.3.1 ADP Ribosylation

In 1987, Dabbs and coworkers identified that some bacteria were capable of inactivating
rifamycins (33). ADP ribosylation was the first of these inactivation strategies to be fully

characterized (34). This process was identified in fast growing Mycobacterium strains and a few
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other environmental actinomycetes. The modified rifampin appeared to be ribosylated on the
C23 hydroxyl group (35). As shown by structure activity relationships and the crystal structure
of RNA polymerase, this hydroxyl residue is critical for bioactivity. Modification at the position
causes a disruption of one of the key hydrogen bonds between the rifamycin scaffold and the
target RpoB. This was the first instance of ribosylation as a mechanism of antibiotic inactivation.
The gene responsible for rifamycin ribosylation was the arr gene, identified in Mycobacterium
smegmatis (36). The arr gene was also shown to confer high level rifamycin resistance when
heterologously expressed in E. coli (37) In 1999, a multidrug resistant strain of Pseudomonas
aeruginosa was found to contain an integron with an arr homolog, named arr-2 (38). Since then,
arr genes have been found on integrons in many Gram-negative pathogens, including Klebsiella
pneumoniae, E. coli, and Acinetobacter baumannii (39-42). This is particularly interesting
because rifampin is rarely used in the treatment of these infections. Despite this, the association
of the arr gene with other antibiotic resistance determinants has caused it to be maintained in

Gram-negative pathogens.

ADP ribosyl transferases (ARTS) are well known to catalyze post-translational
modifications in eukaryotes and modify a number of bacterial toxins (43). They do this by
cleaving nicotinamide from NAD* and transferring the resulting ADP ribose group to the target
protein. Although ARTs have many different protein targets, they share a common three-
dimensional structure capable of binding NAD™. Arr, despite being the only known example of a
small molecule ribosyl transferase, shares a similar three-dimensional structure to eukaryotic
ARTSs (44). Despite being much smaller than the average ART, Arr represents the minimum
structural motif required to bind NAD®. Arr binds rifamycins in a deep substrate binding cleft,

with a structural loop acting as a lid to keep the substrate in place once bound. There are no
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interactions between amino acid side chains of Arr and the rifamycin scaffold; the drug is held in
place entirely by a collection of backbone hydrogen bonds, water mediated interactions, and

hydrophobic interactions.

Arrs are widespread among the environment and now the clinic. Several Arr enzymes
from the environment were shown to be equivalent to the clinical arr-2 at inactivating a number
of rifamycin antibiotics (44). All known Arrs confer high level resistance to rifamycins. These
enzymes are a classic example of transfer of environmental resistance determinants to the clinic

and are exactly why we need to be continuously monitoring the resistome.

1.3.3.2 Glycosylation

In surveying environmental Nocardia species, Yazawa and coworkers uncovered that
many were resistant to rifamycins, and identified the species Nocardia brasiliensis as being able
to glycosylate rifampin (45). Structural studies showed that glycosylation occurs on the C23
hydroxyl, similarly to ADP ribosylation (46). By modifying the C23 hydroxyl, hydrogen
bonding between the drug and its target is significantly disrupted. Since then, glycosylation of
rifampin has been observed in a number of Streptomyces species, and has been attributed to the
rifamycin glycosyltransferase gene rgt (47). Overexpression of rgt in E. coli confers high level

resistance to a number of natural product and clinically used rifamycins (47).

Thus far, glycosylation as a mechanism of resistance has not emerged in the clinic, and is
seen sparingly in the environment. Rgts are widespread among but confined to the
Actinomycetales order of bacteria (47). The enzyme was found to use UDP glucose as a co-
substrate and a source of glucose (47). Glycosyltransferases (GTs) are often found in

biosynthetic clusters as tailoring enzymes for natural products. Rgt1438, isolated from a
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Streptomyces species, shows strong similarity to GTs involved in glycopeptide tailoring, hinting
that the origins of Rgts might be from other GTs involved in natural product biosynthesis (47).
Currently, there is no crystal structure of an Rgt bound to a rifamycin substrate. This would be
extremely beneficial in understanding specificity, activity, and history of these resistance

determinants.

1.3.3.3 Phosphorylation

Phosphorylation of rifamycins was first described by Yazawa and coworkers in the
species Nocardia otitidiscaviarium, followed by a number of Nocardia, Streptomyces, and
Bacillus strains (48-51). Inactivation in Bacillus is particularly interesting, since many naturally
occurring species are susceptible to rifamycins (50). Structural studies uncovered that
phosphorylation occurs on the C21 hydroxyl group, which is critical for bioactivity (46). The
gene encoding the rifamycin phosphotransferase, rph, was recently found in a Streptomyces
species (51). These genes are widespread in the environment, and Rphs from a variety of sources

confer high levels of resistance to rifamycins when overexpressed in E. coli (51).

The Rph enzyme represents a new family of antibiotic resistance proteins (52). Rphs are
multidomain proteins that are similar to phosphoenol pyruvate synthase (PPSA). These enzymes
are involved in gluconeogenesis, and utilize two separate active sites and three structural
domains (53). ATP is bound by the ATP binding domain, and the beta phosphate is transferred to
a His residue, releasing inorganic phosphate and AMP. The swivel domain then pivots to the
second active site, on the pyruvate/PEP binding domain, where the transfer of the phosphate
from His to pyruvate occurs, generating PEP (53). Rph is similar to PPSA in that it has three

domains, including an ATP binding and a swivel domain. However, the swivel domain is located
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in a different position, and in place of the pyruvate/PEP binding domain is a unique rifamycin

binding domain, making Rphs a brand new family of enzymes (52).

As mentioned, rph genes are widespread among the environment. Of particular concern
are rph genes within the genomes of pathogens such as Bacillus anthracis, Bacillus cereus, and
Listeria monocytogenes (51). Yet these species appear to be sensitive to rifamycins, despite
harbouring a bona fide resistance determinant. This is referred to as silent resistance, and in the
appropriate genetic context these genes cause high levels of resistance to rifamycins (51). Likely,
the original substrate for the Rph ancestor is something other than rifamycins, explaining their
presence in these susceptible organisms. Recently, the crystal structure of Rph from Listeria
monocytogenes has been solved in complex with rifampin (52). It appears that the rifamycin
binding domain shows some weak structural similarity with enzymes involved in the
phosphotransferase system in bacteria (52). These findings shed some light on the evolution of

Rphs as antibiotic resistance mechanisms.

ADP Ribosylation

Phosphorylati
Glycosylation osphorylation

Figure 1.7 Sites of group transfer as a means for rifamycin resistance.
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1.3.3.4 Decomposition mediated by monooxygenation

Decolourization of rifamycins was first observed by Dabbs and coworkers in 1987 in
species of Rhodococcus equi (33). Attempts to isolate the decolourized rifamycin compound
were unsuccessful, and Tanaka and coworkers suggested this was because the molecule
decomposes into smaller fragments (48). In 1997, Andersen and Dabbs created a genomic library
for Rhodococcus equi and screened for the decolourization phenotype. This search returned an
open reading frame which they called the iri gene (54). Iri had high sequence similarity to
phenolic monooxygenase genes, suggesting that it may modify the aromatic core of the
rifamycin scaffold, but no follow up characterization of the protein was performed (54). In 2010,
a homolog of the iri gene was found in a Nocardia species and subsequently renamed the rox
gene (55). Hoshino and coworkers overexpressed this gene in E. coli, and used these cells to
generate and purify a monooxygenated form of rifampin. However once again, no studies of the
Rox protein itself were performed. They propose that the hydroxylation occurs on the N2’ of the
semisynthetic tail of rifampin (Figure 1.8) (55). Interestingly, this part of the molecule is not

involved in binding to RpoB (10), and is not present in a number of rifamycin antibiotics.
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Figure 1.8 The proposed structure of monooxygenated RIF by Hoshino and coworkers. The
semisynthetic tail of RIF is highlighted in blue, and the additional oxygen moiety in pink.

1.3.3.5 Requlation of enzymatic inactivation

Antibiotic resistance is often associated with some fitness cost. For this reason, many
bacteria have developed mechanisms of responding to antibiotic stress with the induction of
resistance. Recently a genomic analysis was performed on regions of DNA surrounding
rifamycin inactivating genes, in an effort to find some sort of conserved genetic machinery (51).
A highly conserved palindromic motif was found upstream of all known rifamycin inactivating
genes within the order Actinomycetales (Figure 1.9) (51). This palindrome, termed the rifamycin
associated element (RAE) was found to be key in inducing expression in response to rifamycins
through initial transcriptional fusion experiments (51). The effector responsible for this RAE

specific induced transcription remains unknown.
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M. smegmatis  (arr) -ataagggcgcaggtGGGGCTTGCGGCAAGGCCCggtgccgggtgcac- [34]-GTG
R. equi (iri) -ataacgcgggacccGGGGCTTGCGGCAAGGCCCcggtgatggtgcac— [43]-ATG
N. farcinica (rox) -ataacgcgcacgggGGGCCTTGCGGCAAGGCCCccgtegtgectgcac- [91]-GTG
WAC1438 (rgt) -ttatagcgcacgggGGGCCTTGCGGCAAGGCCCcggtcagggcgcag- [38]-ATG
S. sviceus (rph) -aggtatagcgcggaGGGCCTTGCGGCAAGGCCCcggtcagggcgcag- [44]-TTG
WAC4747 (rph) -gtatatcccaccggGGGCCTTGCGGCAAGGCCCcggtgagggcgeag- [108]-ATG
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Figure 1.9 Regions containing the RAE from various Actinomycetes. On the left is the species in
which the RAE is found, followed by the rifamycin resistance gene that the RAE precedes. On
the right in square brackets is the distance from the RAE containing region shown to the start
codon. Figure adapted from (51).

1.4 Research Objectives

The rifamycins are an increasingly important class of antibiotics in an era of antibiotic
resistance. Once reserved for the treatment of Mycobacterium tuberculosis, rifamycins are
experiencing renewed usage in treatment of other multidrug resistant organisms. Their wide
range and amenability to semi synthesis makes rifamycins good candidates for development of
new generations of antibiotics. It is reasonable to speculate that as they become more widely
used, rifamycin resistance will also become more common. Bacteria in the environment have had
millions of years to devise strategies to inactivate rifamycins. By understanding these
mechanisms, we can anticipate new resistance determinants before they are mobilized into the

clinic.

Genes conferring rifamycin resistance are widespread in the environment. They appear to
be regulated in some way by a small DNA sequence motif, the rifamycin associated element
(RAE). The RAE is found upstream of rifamycin resistance genes. Using a rudimentary reporter

assay involving expression of a kanamycin resistance cassette, Spanogiannopoulos showed that
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in response to low levels of rifamycins, a promoter region containing the RAE induces gene

expression (51). Exactly how this process works remains unknown.

The RAE containing region used in the initial reporter was from WAC4747, an
environmental isolate from the Wright Actinomycetes Collection at McMaster University.
However, in order to study the RAE in the future, it would be ideal to use a more genetically
tractable organism. Streptomyces venezuelae is an increasingly popular model organism for
Streptomyces genetics. A search of the S. venezuelae genome revealed 3 RAE; one of these is
upstream of a rox gene. Neither the RAE nor the Rox enzyme are well understood. The objective
of this thesis is then twofold: characterize Rox to study the still poorly defined process of
rifamycin decomposition initiated by monooxygenation, and confirm that the RAE induces gene

expression in S. venezuelae in the same way as it did in WAC4747.

Regions containing the RAE from S. venezuelae were cloned into a reporter and assayed
for their ability to respond to rifamycins and induce transcription. The reporter strains generated
in this work will be used in future studies on the RAE. The rox gene from S. venezuelae was
overexpressed, purified, and characterized in vitro. Rox was previously predicted to be an FAD
dependant monooxygenase based on sequence similarity to well characterized representatives of
this class. This was confirmed by the crystal structure of Rox. Steady state kinetics and MIC data
was obtained for Rox. The product of the in vitro reaction was purified, and the structure
elucidated by NMR analysis. Taken together, a reaction mechanism can be proposed for Rox,

representing a novel mechanism of antibiotic resistance.
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Chapter 2. Characterizing the RAE in Streptomyces venezuelae

2.1 Introduction

The environment is a large source of bacterial diversity (56). Due to the sheer number of
species that inhabit the soil, bacteria have had to devise methods of communication, signal
transduction, and antagonism. Antibiotics are widely produced by microorganisms, and one of
their functions is to act as a form of chemical warfare in the environment (2). As such, bacteria
have also devised strategies to become resistant to the harmful effects of antibiotics. Target
modification, active efflux, and inactivation all serve in the bacterial toolbox for resistance.
Antibiotic resistance mechanisms are generally associated with a fitness cost to the cell (2); it is
therefore advantageous for bacteria to have control over the expression of resistance. One way of
doing this involves sensing the presence of an antibiotic and responding by expressing resistance
determinants. One example of this would be the TetR system, where the transcription of
tetracycline efflux pumps is normally repressed by the repressor TetR (57). However, in the
presence of tetracycline, TetR undergoes a conformational change resulting in release from the
promoter region and the resistance gene is expressed (57). In this way it appears bacteria have

evolved to only express costly resistance genes when it is necessary.

Rifamycin antibiotics target bacterial RNA polymerase. A number of rifamycin
resistance determinants have been identified in the environment. Despite the simplicity of target
modification as a means of resistance, genes involved in ADP-ribosylation, glycosylation,
phosphorylation, and monooxygenation of rifamycins are widespread among environmental

bacteria. In 2014, a conserved genetic element was found to be associated with genes conferring
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enzymatic resistance to rifamycins (51). The rifamycin associated element (RAE) is a highly
conserved, 19 bp palindromic sequence identified upstream of a number of confirmed resistance
genes (Figure 1.9) (51). Interestingly, the RAE appears to be involved in rifamycin-induced gene
expression. When tested using a rudimentary reporter assay involving expression of a kanamycin
resistance cassette, the region of DNA containing the RAE was capable of inducing kanamycin
resistance in response to rifamycins (Figure 2.1). This was not the case when the palindrome was
disrupted, nor when this reporter construct was introduced into non-actinomycetes. It would
appear the RAE is involved in some inducible rifamycin resistance process in the environment,

although exactly how this process works remains unclear.

The RAE is widespread among Actinobacteria. The DNA used in this initial reporter
assay was that of WAC4747, a Streptomyces species from the Wright Actinomycetes Collection.
However, in order to study the induction of rifamycin resistance and what role the RAE has to
play, a more genetically tractable host is desirable. The species Streptomyces venezuelae is a well
characterized organism for studying Streptomyces genetics (58). In this work, we probed S.
venezuelae for the presence of the RAE and the ability of this genetic element to induce gene
expression. We chose to use the well characterized reporter plasmid pGUS for Streptomyces.
This reporter utilizes a B-glucuronidase gene fused to the promoter of interest, and cleaves a
chromogenic substrate to generate a blue precipitate as a readout. The reporter constructs and
strains generated in this work will be used in future studies to elucidate the mechanism of

rifamycin-induced transcription in Actinomycetes.
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Figure 2.1 Kanamycin reporter assay performed by Spanogiannopoulos. Prag/neo-pSET152 is
the reporter plasmid with the RAE containing region fused to a kanamycin resistance cassette.
Growth was induced on kanamycin containing media by RIF in each of the five Actinomycetes
tested. WAC4747-Prae-ar/Ne0-pSET152 is a negative control in which the RAE was replaced
by a sequence of 19 random nucleotides. DMSO is a vehicle control. Figure adapted from (59).
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2.2 Materials and methods

2.2.1 Identifying and cloning of RAE containing regions in S. venezuelae to generate reporter

constructs

The genome sequence of S. venezuelae ATCC 10712 was searched using blastn with the
RAE sequence (GGGGCTTGCGGCAAGGCCC) as a query. Three close matches were
identified; each was examined for its validity based on genetic context. The region of DNA to be
cloned was extended on either side of the RAE to the terminus of the next open reading frame, as
illustrated in Figure 2.2. Regions of DNA were amplified from S. venezuelae genomic DNA by
PCR. The primers used to amplify each region are listed in Appendix 1. The sizes of PCR
product ranged between 200- 250 bp. The amplified promoter regions were cloned into the
pGUS plasmid using Kpnl and Xbal restriction enzymes, creating a transcriptional fusion to the
B-glucuronidase gene gusA (60). Constructs were transformed into chemically competent TOP10

E. coli cells and sent for sequencing at the MOBIX facility at McMaster University.

2.2.2 Cloning of RAE associated genes and rifampin MIC determinations

To examine whether the three genes associated with the RAE conferred resistance to
rifamycins, they were cloned into E. coli strain BL21 (DE3). Each gene was amplified by PCR
using primers Rox_F/R, Rgt_F/R, and Hel_F/R (Appendix 1). The PCR products were cloned
into the pET28a using Ndel and BamHI. Constructs were sequenced to confirm the correct
inserts at the MOBIX facility at McMaster University. Constructs were transformed into
chemically competent E. coli BL21 (DE3) cells for minimum inhibitory concentration (MIC)
experiments. MICs were determined for rifampin according to the CLSI standard broth

microdilution method (61) with 1 uM IPTG added to induce expression of the genes.
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2.2.3 Generation of reporter strains of S. venezuelae

Reporter constructs were transformed into chemically competent E. coli ET12567-
pUZ8002 competent cells for conjugation into S. venezuelae. Conjugations were performed as
described by Kieser (62). Transconjugants were selected by growth on 50 pug/mL apramycin and
confirmed by PCR amplification. Strains of S. venezuelae containing positive and negative

pGUS reporter constructs were a gift from Dr. Marie Elliot at McMaster University.
2.2.4 Chromogenic reporter assay for -glucuronidase activity

Each of the five reporter strains of S. venezuelae and wild type were grown in liquid SIM
for 48 h. A Bennett’s agar plate was flooded with 400 pg in 1 mL of 5-bromo-4-chloro-3-indolyl
-D-glucuronide (X-Gluc) and allowed to dry. The liquid culture was used to streak a line of
bacteria onto the plate with a disk in the middle, containing either 500 pg rifampin, 100 pg
vancomycin, or 10 pL 20% DMSO. Plates were incubated for 48 h at 30 °C wrapped in foil

before imaging.
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2.3 Results
2.3.1 The RAE in S. venezuelae and their associated genes

We searched the genome of S. venezuelae ATCC 10712 for the RAE using blastn. Two
exact matches and one with two mismatches at the end were identified. The locations and genetic

context of these elements are listed in Table 2.1, and illustrated in Figure 2.2.

Table 2.1 Locations of the RAE in S. venezuelae ATCC 10712

RAE location Complement? | Mismatches | Nearest 5’ Nearest 3° ORF
ORF
to query
519,605 - 519,623 No 0 Amidase Rifampin
monooxygenase
6,165,400 - 6,165,418 Yes 0 Putative Beta-lactamase class C
helicase and other penicillin
binding proteins
3,760,571 - 3,760,587 No 2 Hypothetical | Hypothetical protein
protein

Amidase

SVEN_3444
pothetical protein

Hypothetical protein

B-lactamase class C...

Figure 2.2 Genetic context of the three RAE in the S. venezuelae genome.
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As shown in Figure 2.2, one of the RAEs is upstream of an annotated rifampin
monooxygenase, and another is upstream of a putative helicase. These types of genes are
frequently found to be associated with the RAE (51). One of the genes encoding a hypothetical
protein adjacent to the 2 bp mismatched RAE shows 62% identity to a known rgt and 75-81%
identity to other putative glycosyltransferase genes. To see if any of these genes conferred
resistance to rifamycins, each was cloned into E. coli BL21 (DE3) and the MIC for rifampin was
determined (Table 2.2). The rifampin monooxygenase rox conferred a 4-8-fold MIC increase,
however neither the helicase nor the putative glycosyltransferase conferred any resistance in this
context. Nevertheless, we decided to clone all three regions containing the RAE into our reporter

construct.

Table 2.2 Rifampin MICs for E. coli BL21 (DE3)

Strain MIC (pg/mL)
BL21-pET28a 4
BL21-pET28a-rox 16-32
BL21-pET28a-helicase 4
BL21-pET28a-putative rgt 4

2.3.2 Generating the S. venezuelae f-glucuronidase reporter strains

The reporter we chose to use was the pGUS plasmid, designed specifically for use in
Actinomycetes. The plasmid contains a promoterless 3-glucuronidase gene gusA which can be
fused to the promoter of interest, seen in Figure 2.5. When expressed, gusA cleaves -
glucuronides, and a B-glucuronide linked substrate can be used to generate the desired readout
format (chromogenic, spectrophotometric, etc) (60). We chose to clone the entire region between
the two ORFs flanking the RAE into our reporter construct (Figure 2.2). The promoter regions

from S. venezuelae containing the RAE were amplified by PCR and cloned into the pGUS
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plasmid (Table 2.3). The constructs were sent for sequencing to confirm successful insertion of
promoters before transforming into E. coli ET12567-pUZ8002. This strain of E. coli is
commonly used for bi-parental conjugation into Streptomyces species. The pGUS plasmid
integrates into the genome. The reporter constructs were conjugated into S. venezuelae and
successful transconjugants were confirmed by PCR. Strains of S. venezuelae already containing
positive and negative pGUS reporter constructs were a gift from the Elliot lab at McMaster
University. The negative control simply contains gusA with no promoter, and the positive control
contains a gusA-ermE* fusion, where ermE™ is a Streptomyces constitutive promoter. The

generated and acquired reporter strains of S. venezuelae used are listed in Table 2.4.

Table 2.3 Promoters cloned into the pGUS reporter plasmid

Promoter name Upstream of: Genomic Location
Prox Rifampin monooxygenase 519,476 - 519,682
Phel Putative helicase 6,561,340 - 6,561,553
Prgt Hypothetical protein 3,760,445 - 3,760,696

T4 term

int
| aadA

( attP = 8000 T4 term

F)(;ljf; 2000
9.7 kb

oriT

Kac(s)/v

Figure 2.3 The pGUS reporter plasmid. The multiple cloning site upstream of gusA is used to
create transcriptional fusions. Plasmid map from (60).
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Table 2.4 Names of reporter strains of S. venezuelae generated

Strain name Promoter Contains a RAE?
S. venezuelae- pGUS None No

S. venezuelae- pGUS-ermE* | ermE* No

S. venezuelae- pGUS-Prox Prox Yes

S. venezuelae- pGUS-Phel Phel Yes

S. venezuelae- pGUS-Prgt Prgt Yes (17/19)

2.3.3 p-glucuronidase assay findings

To study whether the promoter regions containing the RAE from S. venezuelae induce
transcription in response to rifamycins we used the pGUS reporter plasmid, creating a
transcriptional fusion to the B-glucuronidase gene gusA. We chose to use a chromogenic assay,
where the substrate X-Gluc contains a glucuronic acid sugar linked by a B-glucuronide bond to a
halogenated indole that when cleaved from the sugar forms a blue precipitate. The gusA product
cleaves this bond, and in this way blue colour can be observed as an indicator of expression (60).
We tested each of our reporter strains for their f-glucuronidase activity in the presence of
rifamycins. Our hypothesis was that the strains containing the RAE promoters would express
gusA only in response to rifamycins, while the positive control should express gusA
constitutively and the negative control should never express gusA. We also tested whether
vehicle alone could induce expression, and whether other antibiotic stress in the form of
vancomycin induced expression. The results can be seen in Figure 2.4. The controls reacted as
expected, where blue precipitate was formed constitutively around the positive control, and not
at all in the negative control. S. venezuelae- pGUS- Prox expresses gusA only in response to
rifamycins as hypothesized, which can be observed by the small zone of blue precipitate at the
edge of the Prox streak near the RIF diffusion zone. Neither S. venezuelae- pGUS- Prgt nor S.

venezuelae- pGUS- Phel seems to respond to RIF. In fact, S. venezuelae- pGUS- Prgt also
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appears to constitutively express gusA, while for S. venezuelae- pGUS- Phel it does not look like

any gusA is expressed after 48 h.

a) — \\
)

Figure 2.4 B-glucuronidase assay of S. venezuelae strains. a) Vehicle control, b) RIF, c)
Vancomycin. The strains are labelled around the edge of the plate. In b) the blue precipitate can
be observed at the edge of the RIF diffusion zone only in the Prox streak, indicated by an arrow.
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2.4 Discussion

Rifamycin resistance by enzymatic inactivation is widespread in the environment. The
RAE is a conserved genetic element associated with genes conferring rifamycin resistance, and
appears to be inducible by rifamycins. How the RAE induces transcription in the presence of
rifamycins remains unknown. To study this, detailed genetic analysis will need to be performed.
Currently, only the RAE from WAC4747 has been characterized as responding to rifamycins;
this species is from an in house collection at McMaster University. Ideally for more detailed
genetic studies, we would use an organism that is well characterized and widely used. S.
venezuelae is a relatively new model organism for Streptomyces genetics; it is attractive for a
number of reasons, including a short growing time and its ability to sporulate in liquid media

(58). For this reason, we decided to move our downstream studies of the RAE into S. venezuelae.

In probing the genome of S. venezuelae, we found two perfect matches to the RAE. They
were found in intergenic regions as expected. One was located upstream of an annotated
rifamycin monooxygenase, and one was upstream of a putative helicase. Both of these have been
previously found to be associated with the RAE (51). There was also a 2 bp mismatched RAE
upstream of a hypothetical protein, sharing 62% identity with known glycosyltransferase rgt1438
(47). It was intriguing to find a potential rifamycin monooxygenase and glycosyltransferase in
the genome, since S. venezuelae has a very low MIC for rifampin. When overexpressed in E.
coli, the monooxygenase increased the MIC for rifampin 4-8-fold, while the glycosyltransferase
and helicase did not confer any resistance; however it is unclear whether these genes are being
expressed in the E. coli background. It remains to be seen whether the glycosyltransferase is a
functional rifamycin glycosyltransferase, while characterization of the monooxygenase is

described in Chapter 3.
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Regions of DNA containing the RAE between adjacent open reading frames were cloned
into the reporter plasmid pGUS; these reporter constructs were then conjugated into S.
venezuelae. This generated a transcriptional fusion of the promoter region of interest to the -
glucuronidase gene gusA for detection using a chromogenic assay. The positive and negative
control strains behaved as expected as illustrated in Figure 2.4. The Prox promoter showed the
same phenotype as the WACA4747 reporter, in which expression was induced only in the
presence of low levels of RIF. Interestingly, neither the Prgt nor Phel promoters showed this
phenotype; the Prgt promoter appears constitutive, while it is difficult to tell with the Phel
promoter. The Phel promoter contains a RAE exactly matching that of the Prox promoter, while
the Prgt promoter contains 2 bp mismatched from the Prox RAE. The rox gene was the only one
of the three that conferred rifamycin resistance; logically it makes sense that this gene should be
induced by the presence of rifamycins. There must be something other than just the palindrome

that determines gene expression in response to rifamycins.

How expression is induced by the RAE in the presence of rifamycins remains a mystery.
Many unsuccessful attempts were made in the past to pull out the effector of the RAE from
WAC4747. Going forward, studies can be carried out in S. venezuelae knowing that the RAE
upstream of the rifampin monooxygenase is induced in the presence of rifamycins. S. venezuelae
is well studied; the genome sequence and RNA sequencing data is available. In the future, RNA
sequencing experiments could be performed in the presence of low levels of rifampin to try and

determine the effector of the RAE.
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Chapter 3. Characterizing the rifamycin monooxygenase Rox

3.1 Introduction

Rifamycins are a unique class of antibiotic that act as RNA polymerase inhibitors.
Natural product rifamycins like RIF-SV provide the scaffold, and semisynthetic derivatives
including rifampin (RIF) have become frontline agents in the treatment of Mycobacterium
tuberculosis. The environment is a wide reservoir of novel antibiotic resistance mechanisms, and
rifamycin resistance is no exception. Environmental isolates have been found to inactivate
rifamycins enzymatically in a number of ways. Genes encoding rifamycin ribosyltransferases
(34), glycosyltransferases (47), and phosphotransferases (51) were all discovered in the
environment and shown to be effective resistance determinants. The arr gene, responsible for
ADP-ribosylation of rifamycins, has already been mobilized from environmental hosts to
clinically relevant pathogens like Pseudomonas, Klebsiella, and enterobacterial species (38-42).
It is therefore critical that we study the mechanisms of rifamycin resistance in the environment to

be prepared for their potential migration to the clinic.

The decomposition of rifamycins is a phenomenon that has been observed in some
environmental Actinomycetes but is not well understood. In 1987 Dabbs and coworkers first
observed the decolourization of rifampin in Rhodococcus erythropolis (33). When attempts to
purify the decolourized rifampin failed, it was suggested that perhaps the decolourization was
due to degradation of the drug (48). The gene responsible for decolourization in R. erythropolis
was eventually identified as iri (inactivation of rifampin) by a functional genomics approach

(54). In 2010, Hoshino and colleagues identified a homolog to iri in Nocardia farcinica, called

31



M.Sc. Thesis — J. Kelso McMaster University — Biochemistry and Biomedical Sciences

rox (rifampin monooxygenase). The group proposed a structure of monooxygenated RIF (RIF-
0), but they did so using cells without ever studying the Rox enzyme itself. Very little is known

about the monooxygenation mediated decomposition of rifampin.

The rox gene sequence was determined by Andersen and coworkers (then called iri) (54).
They proposed that Rox is a flavin dependent monooxygenase, due to high sequence similarity to
other monooxygenases involved in natural product biosynthesis or aromatic hydroxylation (54).
They postulated that Rox may act on the aromatic core region of rifamycins due to the similarity
to these enzymes. However, when Hoshino and coworkers proposed RIF-O as the product of the
Rox reaction, the hydroxylation was shown on the synthetic tail of the RIF molecule. This
directly contradicted the idea that Rox acts on the aromatic core. It also begs the question as to
how Rox might modify other rifamycins with different tail regions. Without direct assessment of

the enzyme, this remains unclear.

Flavin-dependent monooxygenases (FMOs) have been well studied. There are eight
major classes of FMOs; these classes are dependent on a number of factors including enzyme
structure, type of flavin, electron donor, and the reaction they catalyze (63). Rox shows high
sequence similarity to members of Group A FMOs, the FAD-dependent monooxygenases, which
are enzymes encoded by a single gene and utilizing FAD and NAD(P)H as an electron donor
(63). These enzymes are also sometimes referred to as aromatic hydroxylases for their tendency
to have aromatic substrates. One of the most well studied examples of an aromatic hydroxylase is
para- hydroxybenzoate hydroxylase (pHBH), which catalyzes the hydroxylation of para-

hydroxybenzoate, as shown in Figure 3.1 (64).
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Figure 3.1 The reaction catalyzed by pHBH.

The kinetic mechanism of pHBH has been studied extensively, and is a prototype for
FAD dependent monooxygenase reactions (64). These enzymes act by electrophilic aromatic
substitution mechanism presented in Figure 3.2. First, substrate binding initiates the rapid
reduction of the FAD cofactor by the electron donor NAD(P)H. The reduced flavin then reacts
with molecular oxygen to form C(4a)-hydroperoxyflavin. The distal oxygen of this C(4a)-
hydroperoxyflavin then acts as the electrophile in the aromatic substitution, with the aromatic
substrate acting as the nucleophile. In pHBH, specific amino acid residues are involved in
deprotonation of the phenol group, increasing the nucleophilic tendency of the substrate. The
transfer of one oxygen from the C(4a)-hydroperoxyflavin to the ortho- position of
hydroxybenzoate breaks the peroxide bond of the cofactor. The product readily isomerizes to the
final 3,4-dihydroxybenzoate, and the hydroxyl group bound to the flavin is released as a water
molecule. The crystal structure of pHBH has been solved, along with a number of other
hydroxylases involved in aromatic degradation and the biosynthesis of natural products (65-68).
These enzymes are characterized by an NAD binding (NADB) Rossmann fold within the FAD

binding domain.
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Figure 3.2 The electrophilic aromatic substitution mechanism of pHBH.

Degradation initiated by monooxygenation of an antibiotic as a means of resistance has
been observed previously in the case of the tetracycline monooxygenase TetX (69). TetX is a
flavin dependent monooxygenase but is not an aromatic hydroxylase. TetX requires oxygen and
NADPH to hydroxylate tetracycline, which proceeds to cause spontaneous, non-enzymatic

breakdown of the molecule (69).

In this work, Rox from S. venezuelae was biochemically characterized to elucidate the
molecular mechanism. This includes overexpression and purification of the enzyme for protein

crystallography, enzyme kinetics, and examination of the in vitro reaction products.
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3.2 Materials and methods
3.2.1 Investigation of rifamycin degradation in S. venezuelae

To determine whether S. venezuelae was degrading rifamycins, cultures of S. venezuelae
were inoculated in liquid SIM and grown for 48 h at 30 °C. After 48 h, cultures were inoculated
with 25 pg/mL either RIF or RIF-SV. Cultures were grown for 48 h more, taking aliquots every
12 h. Aliquots were mixed with an equal volume methanol and spun for 10 min at 13 000 xg
before running on a C18 column on the Applied Biosystems QTRAP liquid chromatography

mass spectrometry system. Samples were separated using the following method:

Total time (min) | Flow rate (uL/min) | Solvent A (%) | Solvent B (%)
0.0 90 10
1.0 90 10
7.0 1000 3 97
8.0 3 97
8.5 90 10
9.0 90 10

where solvent A is water with 0.05% formic acid, and solvent B is acetonitrile with 0.05%

formic acid.
3.2.2 Cloning, overexpression and purification of Rox

The rox gene was amplified by PCR from the genome of S. venezuelae using the primers
Rox_F and Rox_R (Appendix 1). The size of the PCR product coincided with the expected size
of the gene, approximately 1.4 kb. The amplified gene was cloned into the pET28a(+) expression
vector using restriction enzymes Ndel and BamHlI, creating an N-terminal His-tag. The construct
was transformed into chemically competent E. coli BL21(DES3) cells for overexpression and
purification. A single colony was used to inoculate a starter culture of 10 mL of LB containing

50 ug/mL kanamycin. This was grown for approximately 18-20 h before the 10 mL starter
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culture was used to inoculate 1 L of LB containing kanamycin. The 1 L culture was grown at 37
°C with 225 rpm shaking until the optical density at 600 nm (ODsoo) was 0.4. Expression was
induced by adding 400 uM IPTG, and cultures resumed shaking at 225 rpm and 16 °C for an
additional 16-20 h. Cells were pelleted by centrifugation at 8,000 x g for 20 min and stored at -80
°C. Cells were thawed and resuspended in buffer A (50 mM HEPES (pH 7.5), 100 mM NacCl, 50
mM imidazole) for cell lysis. Lysozyme and DNase were added to the resuspension and
incubated on ice for 30 min before cell lysis by a Constant Systems continuous-flow cell-
disruptor. Cell lysate was centrifuged for 30 min at 4 °C and 20,000 x g to remove cell debris.
The supernatant was loaded into a 50 mL super-loop to load onto a GE 5 mL HisTrap FF nickel
column using a GE AKTA Purifier system. Protein was eluted using a linear gradient from 0-
100% buffer B (50 mM HEPES (pH 7.5), 100 mM NacCl, 1 M imidazole) over 20 min. Fractions
of 1 mL volume were collected and analyzed by SDS-PAGE, and those containing Rox were
pooled and dialyzed overnight at 4 °C against 2 L of dialysis buffer (25 mM HEPES (pH 7.5),
300 mM NacCl). Glycerol was added to dialyzed protein to 20 % glycerol and stored at -20 °C for

long term storage, or kept at 4 °C for short term storage.

3.2.3 Purification of Rox for crystallization trials

The rox gene was subcloned from pET28a into the vector pET19Tb (pET19b with a
tobacco etch virus (TEV) cleavage site in place of the enterokinase site) using the restriction
enzymes Ndel and Xhol. This vector contains a TEV protease cleavage site between the N-
terminal His-tag and the Ndel cut site which can be used to remove the His-tag before
crystallization. The pET19Tb construct was transformed into chemically competent E. coli
BL21(DE3) cells for expression and purification, as previously described in section 3.2.2.

Dialyzed protein was transferred to a flask and TEV protease was added. This was incubated at
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12 °C at 100 rpm shaking for 8 h, before adding an second aliquot of TEV protease and
continuing to incubate for 16 h. Approximately 2 mL of nickel NTA resin in dialysis buffer was
added to the flask before rocking at 4 °C for 30 min. The slurry was then poured into a gravity
column. The flow through containing Rox without a His tag was collected and analyzed by SDS-
PAGE. The protein solution was concentrated to 2 mL for purification using a GE HiPrep S200
(26/20) gel filtration column. This was carried out at 4 °C, and fractions containing Rox were

pooled and dialyzed against 2 L dialysis buffer.

3.2.4 Crystallization of Rox

Rox without a His-tag was purified as described in section 3.2.3. The protein was
concentrated to ~ 30 mg/mL using a centrifugal filter unit with a molecular weight cut-off of 30
kDa. Overall, 192 crystallization conditions were screened for optimal crystal growth, using the
commercially available Qiagen Classics and Classics 11 screening suites. Equal volumes of
protein solution and well solution were mixed to a final volume of 0.6 puL. Conditions were
screened using the sitting drop vapour diffusion method; the trays were incubated at room
temperature in a Formulatrix Rock Imager 182 incubator and imaged automatically after 12 h,
and then every 24 h for one week. Initial hits from the screen were further optimized by fine
screening using the hanging drop vapour diffusion method. This fine screening systematically
varied conditions significant in crystallization, including pH and percentage polyethylene glycol.
Buffer pH was varied up to + 1.5 pH unit, and polyethylene glycol (PEG) concentration was

varied up to £ 15%.

Rox was infused with rifampin to obtain crystals with bound substrate. A solution of 1.4
mM RIF was added to 4 mL of buffer and incubated with 1.4 mM Rox on ice for 20 min. A

centrifugal filter unit was used to remove buffer. This process was repeated twice more until the
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protein was assumed to be saturated with RIF. After concentrating the RIF infused Rox was used

to set hanging drop trays.

For data collection, crystals were transferred to mother liquor containing 20% glycerol as
a cryoprotectant. Data was collected at 100 K with Cu Ka X-rays generated by a Rigaku 007
Microfocus rotating-anode generator equipped with VariMax HF optics and a Rigaku Raxis
IV2+ detector. All X-ray data was reduced with HKL-3000 software. A model for molecular
replacement was generated using Phenix.ensembler. The aromatic hydroxylases PgaE (PDB code
2QA1), CabE (PDB code 2QA2), and OxyS (PDB code 4K2X), and both available structures of
the atypical Baeyer-Villiger monooxygenase MtmOIV (PDB codes 4K5S and 3FMW) were used
to create an ensemble for molecular replacement using the PDB structures and multiple sequence
alignment. This ensemble was used by Phenix.phaser to generate a structure of Rox, which was
then refined using Phenix.refine. X-ray data collection and analysis was performed by Dr.

Georgina Cox in the Wright Lab.

3.2.5 Site directed mutagenesis of Rox

Site directed mutagenesis of the rox gene was performed with KAPA high fidelity
polymerase and primers ¢138g_F and ¢138g_R (Appendix 1). Each PCR reaction contained the
following: 1 ng of pET28a-rox plasmid template, 0.3 uM of each primer, 3% DMSO, and 1 U

KAPA. The reaction was performed in a Bioer LifeEco thermal cycler using the following

method:
Cycle step Temperature (°C) | Time Number of cycles
Initial denaturation | 98 1 min 1
Denaturation 98 20s
Annealing 65 155 35
Extension 72 4 min
Final extension 72 75min |1
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Two microliters of Dpnl was added to the PCR product and incubated for 1 h at 37 °C.
Ten microliters of digested PCR product was transformed into chemically competent TOP10
cells. Plasmids from positive transformants were purified and sequenced at the MOBIX facility
at McMaster University to confirm the mutation. The mutated rox plasmid was transformed into
chemically competent BL21 cells for protein expression. Mutated H46Q Rox was expressed and
purified as described in section 3.2.2, and activity was tested using the HPLC assay described in

section 3.2.7.
3.2.6 Rifamycin MIC determinations

The rox gene was subcloned using Ndel and Xhol into vectors pGDP1 and pGDP2 for
minimum inhibitory concentration (MIC) experiments. MICs were determined for various
rifamycins according to the CLSI standard broth microdilution method using E. coli strain

BW25113 AbamB AtolC as the host (61).
3.2.7 Kinetic characterization of Rox by high performance liquid chromatography

Liquid chromatography mass spectrometry (LC/MS) was used to investigate the product
of in vitro reactions between Rox and several rifamycin substrates. Each reaction contained
rifamycin substrate, NADH, Rox enzyme, and was carried out in reaction buffer (50 mM HEPES
(pH 7.5), 300 mM NacCl) at room temperature. Reactions were stopped by the addition of an
equal volume of cold methanol to precipitate the enzyme and aliquots were spun at 21,000 x g
for 3 min. RIF-S and RIF-SV were run on a C8 column, while all other rifamycin substrates were
run on a C18 column on an Applied Biosystems QTRAP LC/MS/MS system. Samples were

separated using one of two methods, depending on the substrate and column.

For separation on the C8 column, the following method was used:
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Total time (min) | Flow rate (uL/min) | Solvent A (%) | Solvent B (%)
0.0 60 40
1.0 60 40
6.0 1000 0 100
8.0 0 100
10.0 60 40
12.0 60 40

where solvent A is water with 0.05% formic acid, and solvent B is acetonitrile with 0.05%

formic acid.

For separation on the C18 column, the following method was used:

Total time (min) | Flow rate (uL/min) | Solvent A (%) | Solvent B (%)
0.0 90 10
1.0 90 10
7.0 1000 3 97
8.0 3 97
8.5 90 10
9.0 90 10

where solvent A is water with 0.05% formic acid, and solvent B is acetonitrile with 0.05%

formic acid.

Steady state kinetic analysis was determined by a discontinuous reverse phase assay
performed using a similar method on a Waters Alliance HPLC system. The Kn, values for
various rifamycins were determined using the following reaction conditions: 5-100 uM
rifamycin substrate, 200 uM NADH, and 3.8 uM Rox. Samples were analyzed for the presence
of monooxygenated rifamycin at 5 min. The Km value for reducing co-substrate NADH and
NADPH was determined using the following reaction conditions: 5-1000 uM NAD(P)H, 30 uM

RIF-SV, and 0.38 uM Rox. Samples were analyzed for the presence of RIF-SV-O over 5 min.
3.2.8 Purification and structure elucidation of monooxygenated RIF-SV

The reaction of Rox and RIF-SV was scaled up to a volume of 60 mL in a 500 mL flask,

containing 12 mg of substrate. The reaction was monitored by LC/MS for complete turnover of
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the starting material, taking ~ 2 h. The entire 60 mL reaction was incubated with 3 mL Ni-NTA
resin for 30 min at 4 °C before pouring through a column to remove the His-tagged Rox protein.
The flow through from the column was frozen and dried by lyophilization. The lyophilized
product was crushed and mixed with functionalized C18 resin and poured into a disposable
column for purification using a Teledyne Isco CombiFlash chromatography system. Solid phase
loading was used to inject the reaction product onto a reverse phase C18 column. The following

method was used to separate the product RIF-SV-O from other reaction components:

Total time (min) | Flow rate (mL/min) | Solvent A (%) | Solvent B (%)
0.0 100 0

2.4 100 0

2.5 60 40

5.5 35 60 40

13.6 0 100

15.4 0 100

15.5 20 80

16.9 20 80

where solvent A was water and solvent B was acetonitrile. Fractions were checked by LC/MS for
RIF-SV-O and fractions of interest were frozen and lyophilized. The semi-pure CombiFlash
fractions were dissolved in less than 1 mL DMSO and purified further by preparative HPLC

using an Agilent ZORBAX Eclipse XDB-C8 column (4.6 x 150 mm; 5 pm) and the following

gradient:
Total time (min) | Flow rate (uL/min) | Solvent A (%) | Solvent B (%)
0.0 55 45
1.0 55 45
6.0 1000 0 100
8.0 0 100
10.0 55 45
12.0 55 45
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where solvent A was water with 0.05% formic acid and solvent B was acetonitrile with 0.05%
formic acid. Fractions from HPLC were collected on ice, pooled and flash frozen immediately
after eluting. The pooled HPLC fractions were lyophilized and re-dissolved in 50:50 water:
acetonitrile before transferring to a pre-weighed vial and lyophilizing again. The final product
was dissolved in deuterated DMSO and submitted for 1D and 2D NMR experiments on a Bruker
AVl 700 MHz instrument equipped with a cryoprobe. NMR analysis was performed by Dr.
Kalinka Koteva in the Wright lab. High resolution mass and tandem mass spectrometry data was
obtained using an Agilent 1260 Infinity liquid chromatography system attached to a 6550 QTOF

mass spectrometer in negative mode.
3.2.9 Investigating the Rox reaction under anaerobic and ‘80, conditions

To investigate the Rox reaction under anaerobic conditions, a flask containing 1 mM
RIF-SV and 20 mM NADH in 8 mL of reaction buffer was degassed under vacuum for 5 min.
Nitrogen gas was then bubbled into the solution, which was kept under vacuum for another 5
min. Buffer containing Rox was added to bring the reaction volume up to 15 mL and this was
bubbled with nitrogen and degassed again. This was left under nitrogen for 15 min before
opening the flask to remove an aliquot for analysis by HPLC. To investigate the Rox reaction
under 80, conditions, a flask containing 50 mg RIF-SV and 2 mM NADH in 25 mL reaction
buffer was degassed under vacuum for 5 min. Nitrogen gas was then bubbled into the solution,
which was kept under vacuum for another 5 min. Buffer containing Rox was added to bring the
volume up to 50 mL and this was bubbled with nitrogen and degassed again. 0, gas was then
bubbled into the solution in the flask and left to sit, swirling occasionally, for 1 h. After one h the
flask was opened to remove an aliquot for LC/MS analysis. The reaction product, RIF-SV-20,

was purified as described in section 3.2.7.
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3.2.10 Assessing the antibiotic activity of RIF-SV-O

A disk assay was performed to observed whether RIF-SV-O retained antibiotic activity.
A lawn of E. coli BW25113 AbamB AtolC was swabbed onto an agar plate. 10 pL of RIF-SV
and RIF-SV-180 were spotted on paper disks on an agar plate. 5 puL of ampicillin was spotted as
a positive control, and 10 pL of 20% DMSO was spotted as a vehicle control. The plate was

incubated at 37 °C for 20 h before observing.
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3.3 Results
3.3.1 Degradation of rifamycins by S. venezuelae

To test whether S. venezuelae was capable of degrading rifamycins, cultures of S.
venezuelae were grown in the presence of low levels of either RIF or RIF-SV and monitored
over two days. Aliguots were taken at 12, 24, 36, and 48 h after the addition of rifampin and run
on the LC/MS for analysis. The result for RIF is shown; the same trend was observed for RIF-
SV. As seen in Figure 3.3, rifampin disappears over 48 h. Both peaks on the chromatogram are
RIF; this is a result of the quinone-hydroguinone system on the aromatic core of the rifamycin
scaffold. One is the quinone form (oxidized) and the other is the hydroquinone (reduced). This is
consistent with the previous observations that the presence of a rifampin monooxygenase gene

causes decomposition of RIF.

1.4
1.0
0.5

RIF (red)

0.0
-0.5
-1.0
-1.5
-2.0
-2.5
-3.0
-3.5
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Absorbance, mAU
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-6.5
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o.c 3.5 4.0 45

Figure 3.3 Chromatogram from S. venezuelae cultured with RIF, extracted at 300 nm. The blue
trace represents 24 h after RIF addition, the red represents 72 h after RIF addition, and the green
represents a control of media plus RIF after 72 h. The two peaks represent the two forms of RIF:
the oxidized quinone (RIF(0x)) and the reduced hydroquinone (RIF(red)).
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3.3.2 Cloning, expression and purification of Rox

Purified His-tagged Rox was run on an SDS-PAGE gel to confirm the size of the protein.
A band consistent with the predicted molecular weight of 52 kDa was observed and is shown in
Figure 3.4. The molecular weight of native Rox protein was also confirmed by analytical gel
filtration (section 3.2.3). The purified Rox enzyme was bright yellow in colour, as expected by
the prediction of a bound flavin cofactor. The UV-Vis spectrum of Rox was measured, and is
shown in Figure 3.5. The visible spectrum contains absorbance maxima at 370 nm and 450 nm as

well, which are characteristic of FAD.

" LysT Lys2 Insol S8 FT A4 A5 A6 A7 A8 MW 175

22

14

‘ ¥ 10.5

Figure 3.4 Overexpression and purification of Rox. Lys1= cell lysate 1% passage; Lys2= cell
lysate 2" passage; Insol= insoluble pellet; Sol= clarified supernatant (soluble); FT= flow
through. A4-A8 are FPLC collected fractions containing Rox, which has an approximate
molecular weight of 52 kDa.
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Figure 3.5 UV-Vis absorbance spectrum of Rox, containing the characteristic absorbance
maxima at 370 and 450 nm, indicative of a bound FAD cofactor.

3.3.3 Cleavage of the His-tag and infusion with the substrate for crystallography

For protein crystallography, we removed the His-tag that was used to initially purify Rox.
The protein was then concentrated and purified further using an analytical gel filtration column.
This column was calibrated using a gel filtration LMW kit according to the manufacturers
guidelines, allowing for the determination of protein size. From this column, Rox eluted as a
single peak with the approximate size of 50 kDa, agreeing with the SDS-PAGE analysis. This
indicates that Rox is a monomeric protein. For co-crystallization with the substrate rifampin, the
drug was infused into the protein before setting trays. This resulted in the protein solution

changing colour from the native yellow to orange, as seen in Figure 3.6.
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Figure 3.6 Crystals of Rox. On the left, apo-Rox is yellow in colour due to the FAD cofactor. On
the right, bound RIF causes the protein to become orange-red.

3.3.4 The crystal structure of Rox

Initial conditions for protein crystallography were screened using the commercially
available kits from Qiagen. Of the 192 conditions screened, seven had crystal growth. These
conditions are listed in Table 3.1. Each condition was then systematically screened by tuning the
pH and PEG concentration to find conditions optimal for crystal growth. Fine screening was
performed using hanging drop trays, and crystals grew within 24 h both in the presence and
absence of RIF. Crystals of apo-Rox and Rox with RIF were grown in 0.1 M MES (pH 6), 25%
PEGm 5k, 0.2 M (NH4)2SOs. Data collection took place at McMaster and data was analyzed by
Dr. Georgina Cox in the Wright lab. Both apo- and RIF bound Rox crystallized with 3 molecules

in the asymmetric unit.

To find the closest structural analogs of Rox, the protein sequence was submitted to the I-
TASSER server (70). This returned the monooxygenases PgakE and CabE, involved in
angucycline biosynthesis, OxyS involved in oxytetracycline biosynthesis, and MtmOIV,

involved in mithramycin biosynthesis (66,71,72). Their structures are shown in Appendix 2.
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Table 3.1 Crystallography conditions producing hits in the initial screen of Classics and Classics

Il (Qiagen).

H8 — Classics H3 — Classics G2 — Classics F10 — Classics
0.1M MES 0.1M Nasz(CsH507) 0.1M BIS TRIS 0.1M Na(CHz3)2As02
pH 6.5 pH 5.6 pH 6.5 pH 6.5

30% PEGm 5k 30% PEG 4k 25% PEG 3.35k 30% PEG 8k
0.2M (NH4)2SO4 0.2M NH4(CH3COy) | Li>» SO4 0.2M (NH4)2SO4
F8 — Classics F7 — Classics D10 — Classics 1l

0.1M Na(CHz3)2As02 0.1M Na(CH3)2AsO, | 0.1M BIS TRIS

pH 6.5 pH 6.5 pH 6.5

20% PEG 8k 18% PEG 8k 20% PEGm 5k

0.2M Mg(CH3CO3)> 0.2M Ca(CH3COy).

A multiple sequence alignment of these proteins was performed and is shown in Figure
3.7. These proteins share approximately 50% identity. A model for molecular replacement was
built by Phenix.ensembler using the PDB structures of these enzymes and the multiple sequence
alignment. The structure of Rox was solved by molecular replacement using this model. The
structure without RIF is currently refined to 2.9 A, while the structure with RIF has not been
refined from the molecular replacement model at this time. The more refined apo-structure is
shown in Figure 3.8. Some disordered regions of the enzyme could not be modeled in;
specifically, the loop between 181-220, which has been observed to be disordered in the other

monooxygenases as well (65,66,72).

Similar to other monooxygenases, Rox has three domains: the FAD binding domain (1-
163, 259-380), the middle domain (164-258), and the C-terminal domain (381-476). The FAD
binding domain is responsible for binding both FAD and reducing cofactor, as well as forming
part of the substrate binding pocket. It is in this domain where most of the identity among
monooxygenases occurs, as illustrated in Figure 3.9. The middle domain is inserted in the FAD

binding domain in the primary sequence. Consistent with the other monooxygenase structures,
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there is a large disordered loop in this region; in Rox this corresponds to residues 181- 220. This
domain forms the roof of the substrate binding pocket. There is a lot of variability in this domain

between structures.

The binding pocket for RIF can be seen in Figure 3.10. It is mostly hydrophobic which is
consistent with other proteins that bind RIF, due to the hydrophobicity of the molecule. The
aromatic core if the RIF molecule is pointing in towards the FAD binding pocket, while the
semisynthetic tail at C3 points out (Figure 3.11). This suggests that the tail may not be the site of

monooxygenation, as was previously believed.
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Figure 3.7 Multiple sequence alignment of monooxygenases most similar to Rox, as identified
by I-TASSER. The name of the enzyme and its PDB code are labelled at the left. Residues with
white text in red columns are identical; residues with red text with blue columns are similar.
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Figure 3.8 The apo-Rox crystal structure, partially refined to 2.9 A. The three domains are colour
coded: FAD binding (green), middle (red) and C-terminal (blue). The FAD cofactor is shown.
Parts of the structure are missing; this is due to some disordered regions in the structure that
could not be modeled in.

Figure 3.9 The FAD binding pocket of Rox. The red represents identity among monooxygenases
identified as closest structural analogs to Rox by I-TASSER. The FAD molecule is shown.
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Figure 3.10 The RIF binding pocket of Rox. a) The domains are coloured in the same way as
Figure 3.8: the FAD binding domain in green and the middle domain in red, showing how these
two domains form the binding pocket. b) The colouring represents hydrophobicity: red is most
hydrophobic and white is least hydrophobic, showing the hydrophobicity of the RIF binding
pocket.

Figure 3.11 Orientation of RIF and FAD bound to Rox. This image was generated from the
unrefined model of Rox with RIF. The aromatic core of RIF is coloured orange, while the
semisynthetic tail on C3 is coloured purple.
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The C-terminal domain is not known to be involved in the enzymatic reaction. A C-
terminal domain truncation of PgaE was not expressed, indicating that this part of the enzyme
may be involved in folding stability. We are in the process of generating a C-terminal truncation

to test whether this is the same for Rox.

3.3.5 Rox confers resistance to rifamycins

To examine whether Rox was conferring resistance to rifamycins, we tested the minimum
inhibitory concentration (MIC) of various rifamycins towards E. coli with and without the rox
gene. The E. coli strain used, BW25113 AbamB AtolC, was constructed in the Wright lab and is
hypersensitive to drugs due to the deletion of bamB (involved in membrane permeability) and
tolC (involved in efflux). We used this strain since rifamycins generally have poor activity
against Gram-negative bacteria like E. coli due to poor permeability. The pGDP1 and 2 vectors
were also constructed in the Wright lab, and are part of a tunable platform for expressing
antibiotic resistance genes. The rox gene was cloned under a strong (pGDP1) and weak (pGDP2)
promoter and transformed into E. coli BW25113 AbamB AtolC for MIC determination. The
results are summarized in Table 3.2. Normally a higher MIC would be observed for the
resistance gene under control of the strong promoter, however here both promoters give
relatively similar MIC values. The presence of the rox gene confers at least 5-fold resistance to
all rifamycins tested except rifabutin (RIFAB). This highlights the ability of Rox to confer
resistance to not only natural products but additionally to clinically relevant rifamycin

antibiotics.
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Table 3.2 Rifamycin MIC determinations of rox heterologously expressed in E. coli strain
BW25113 AbamB AtolC

Rifamycin MIC (pg/mL)
No construct pGDP2-rox pGDP1-rox

RIF-SV 2 >256 >256
RIF-S <0.5 >256 >256
RIF 1 128 64
RIFAP <0.5 16-32 16
RIFAX <0.5 16-32 16
RIFAB <0.5 1-2 1

3.3.6 Confirming Rox activity in vitro using an LC/MS assay

To test the activity of the purified Rox, an in vitro assay was developed. This reaction
contained the rifamycin substrate, the enzyme, buffer, and a reducing co-substrate NADH. Like
other flavin dependant monooxygenases, a reducing co-substrate was required; in the absence of
this co-substrate the reaction did not occur. LC/MS was used to confirm the activity of the
enzyme. Figure 3.12 shows the LC/MS analysis of the reaction with RIF-SV as the substrate.
Both the original starting material RIF-SV (696.36) and RIF-S (694.62) are present; this is due to
the non-enzymatic conversion of RIF-SV to RIF-S in aqueous, aerated solutions (73). The
predicted molecular weight of monooxygenated RIF-SV is 713.3047 Da. Interestingly, two
products were formed: in negative mode their masses are 712.32 and 714.54 Da. The 712.32
mass product represents the [M-H]" ion for the monooxygenated RIF-SV (RIF-SV-0). The
second product could be the [M-H] ion for a reduced form of RIF-SV-O, or RIF-SV-O +2H.
This trend of two reaction products was observed for other rifamycin substrates, as seen in Table
3.3. It should be noted that very little product was formed for rifabutin; this is consistent with the
very modest increase in MIC for this substrate. Using this in vitro assay, kinetic parameters for

Rox were assessed using a discontinuous, reverse phase HPLC assay.
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Figure 3.12 LC/MS analysis of the reaction with RIF-SV. Panel (e) shows the chromatograms of
reactions with (blue) and without (red) enzyme. The 4 peaks represent the 4 species present: the
two starting materials RIF-SV (696.36) and RIF-S (694.62), and two products with masses of
712.44 and 714.42. Panels (a) - (d) show the mass spectra of each peak. RT represents the
retention time of each peak.
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Table 3.3 LC/MS analysis of in vitro reactions with various rifamycin substrates

Rifamycin I;:gig;ii;iig Observed mass ([M- | Observed mass ([M-
H]) of “Product 1” H]) of “Product 2”
product (Da)

RIF-SV 713.3047 712.32 714.54
RIF 837.3928 837.60 839.76
RIFAP 891.4397 891.48 893.40
RIFAX 800.3400 800.40 802.44
RIFAB 861.4291 861.48 863.64

3.3.7 Discontinuous, reverse phase HPLC assay of Rox steady-state kinetics

Reactions were set up with varying concentrations of rifamycin substrate, NADH, and
Rox to optimize the HPLC assay. Aliquots were taken at fixed time points and quenched with
cold methanol, before separating on a reverse phase chromatography column. Figure 3.13 shows
an example of the reaction progress monitored at 400 nm. The product peaks were integrated and
area under the curve was plotted against time to generate progress curves. From these, the
reaction was found to be linear over 5 min, and this time scale was used for steady state kinetic
assays. One substrate concentration ranged from 5-200 uM while the other was held in excess to
determine kinetic parameters for both rifamycins and reducing co-substrates. The GraFit
software was used to fit data to Michaelis-Menten curves, as seen in Figure 3.14 and Figure 3.15.
Table 3.4 lists kinetic constants for Rox. As expected from the colorimetric observation of the
reactions, RIF-SV is the best substrate. As well, the enzyme can use either NADH or NADPH as

a co-substrate, however NADH is preferred.
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Figure 3.13 HPLC chromatograms showing progression of the reaction over time. The black
chromatogram at O min is prior to the addition of Rox; the following coloured chromatograms
represent 5- 60 min, in which the starting material RIF-SV is completely converted to the
product RIF-SV-O.
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Figure 3.14 Michaelis-Menten curves for Rox with rifamycin substrates tested: RIF-SV, RIF,
and RIFAX. Each concentration was repeated in triplicate. NADH concentration was held at 200
MM.
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Figure 3.15 Michaelis-Menten curves for Rox with reducing co-substrates tested: NADH and
NADPH. Each concentration was repeated in triplicate. RIF-SV concentration was held at 30

MM.

Table 3.4 Steady-state kinetic parameters of Rox

Substrate Km (UM) Vmax [Rox] Total Enzyme | Keat (1/S) | Keat/Km
(UM/s) | (mg/mL) (UM) (UM-s)
RIF-SV 3.27 5.49 0.01 0.19 28.79 8.81
RIF 13.24 1124.08 0.20 3.82 294.51 22.24
RIFAX 20.39 246.8470 0.20 3.82 64.67 3.17
NADH 37.20 89.40 0.02 0.38 234.22 6.30
NADPH 200.44 102.26 0.02 0.38 267.92 1.34

3.3.8 Structure elucidation of monooxygenated RIF-SV

The structure of monooxygenated rifampin was previously proposed, with the

modification occurring on the tail region of the molecule. For this reason, we were intrigued to

see that RIF-SV was a substrate for Rox, since it lacks a tail region. We decided to purify

monooxygenated RIF-SV for structure elucidation. The Rox reaction was scaled up to contain 12

mg of RIF-SV; this scaled up reaction was performed in triplicate. The product RIF-SV-O was
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purified by chromatography as described in section 3.2.8. The UV-Vis spectra of RIF-SV-O
differs significantly from that of RIF-SV; it is more consistent with the spectra of RIF-S (Figure
3.16). The purified RIF-SV-O was dissolved in deuterated DMSO and submitted for 1D and 2D
NMR analysis. Chemical shifts are reported in ppm relative to tetramethylsilane (TMS), using
the residual solvent signals at 2.50 and 39.50 ppm as internal standards for H* and C*3
respectively (Appendix 3). The chemical shifts were compared to those of RIF-SV and RIF-S.
Knowing that Rox is a flavin dependent monooxygenase, we hypothesized that Rox may
hydroxylate RIF-SV on the aromatic core of the molecule. However, all protons in the RIF-SV
spectrum are accounted for in the RIF-SV-O spectrum, ruling out C3 as the site of
monooxygenation via a hydroxylase type mechanism. One interesting phenomenon observed in
the N heteronuclear single-bond correlation (HSQC-°N) experiment was the presence of two
protons bound to the only nitrogen atom in the rifamycin scaffold, as seen in Figure 3.17. This
suggested a ring opening event taking place. With that in mind, the structure of RIF-SV-O was
solved by Dr. Kalinka Koteva in the Wright lab, illustrated in Figure 3.18. Note that the
hydroxylation is proposed to occur on C2; this is in part due to the hypothesized mechanism,

which will be discussed in section 3.4.

= m RIF-SV
m RIF-SV-O
o _ = RIF-S
= T T T T T
200 300 400 500 600

Wavelength
Figure 3.16 Comparison of the UV-Vis spectra of RIF-SV, RIF-S, and RIF-SV-O
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Figure 3.17 HSQC-'*N 2D NMR spectra. Along the top is the proton spectra and along the left is
the nitrogen spectra. Dots on the 2D spectra represent protons directly bound to a nitrogen atom.
Clearly both protons are bound to the nitrogen atom.

Figure 3.18 Structure of RIF-SV-O. The oxygen added by Rox is highlighted in red.
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3.3.9 High resolution MS/MS analysis of monooxygenated rifamycins

To confirm our hypothesis that ring cleavage and C2 hydroxylation occurs, we performed
tandem mass spectrometry analysis of RIF-SV-O and other monooxygenated rifamycins.
Reactions were prepared with 300 uM rifamycin substrate, 1 mM NADH, and 1 mg/mL Rox.
Aliguots were taken after 30 min, quenched with methanol, and diluted by a factor of 10. Stocks
of rifamycin substrates were diluted to 30 uM. Samples were run on the high resolution LC/MS
instrument in negative mode to obtain high resolution masses for both the starting material and
product of the reaction. These data are summarized in Table 3.5. All of the substrates tested
showed some product formation in vitro and the expected and observed masses are very close.

Substrate and product ions were then fragmented in negative mode and compared.

The aromatic core fragment of rifamycins is easily identified in MS/MS experiments
(74,75), and these core fragments were compared between starting material and product, as seen
in Table 3.6. The masses of the core fragments are very similar between the starting material and
product, as illustrated in Table 3.6. If we consider the structures in Figure 3.19, the hydroxylation
at C2 replaces the amine group normally present at this position, and the mass of the core
fragment remains nearly the same. Indeed, the fragmentation data seems to support this
hypothesis, as indicated by the low error values. In contrast, note the incredibly high error for the
rifapentine product from Table 3.6. The mass of the observed product is 1.0079 Da larger than
expected; this suggests that the aromatic core fragment of rifapentine is actually protonated, in
which case the error reduces to 0.22 ppm. Also of note is that the product ion for rifabutin could

not be fragmented, due to its low abundance.
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Exact Mass: 273.0637

Exact Mass: 273.0399

Figure 3.19 Structures of the aromatic core fragments of a) RIF-SV and b) RIF-SV-O. Note that
the masses are very similar despite the structural differences.

Table 3.5 High resolution mass data for rifamycin starting materials and products

Expected Observed Expected m/z Observed m/z
. . . . Error Error

Rifamycin | m/z starting | m/z starting (ppm) monooxygenated | monooxygenated (ppm)

material material PP product product PP
RIF-SV 696.3025 | 696.3082 |8.19 | 712.2975 712.2984 1.26
Rifampin | 821.3978 | 821.3997 |2.31 | 837.3928 837.3927 -0.12
Rifapentine | 875.4448 | 875.4509 | 6.97 | 891.4397 891.4397 0.00
Rifabutin | 845.4342 | 845.4377 | 4.14 |861.4291 861.4285 -0.70
Rifaximin | 784.3451 | 784.3468 | 2.17 | 800.34 800.3399 -0.12

Table 3.6 Comparison of aromatic core fragment mass for rifamycin starting materials and

products
Expected m/z | Observed m/z Expected Observed
. . m/z for m/z for
for aromatic for aromatic . .
. . Error aromatic aromatic Error
Rifamycin | core fragment | core fragment
. . (ppm) | core core (ppm)
starting starting
. ) fragment fragment
material material
product product
RIF-SV 272.0564 272.0568 1.47 272.0326 272.0321 -1.84
Rifampin 397.1517 397.1519 0.50 397.1279 397.1273 -1.51
Rifapentine | 451.1987 451.1986 -0.22 451.1749 452.1828 2233.95
Rifabutin 421.1881 421.1867 -3.32 421.1643 - -
Rifaximin | 360.099 360.0979 -3.05 360.0752 360.0754 0.56
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3.3.10 Investigating the Rox reaction under anaerobic and 80, conditions

Rox is a flavin dependant monooxygenase and we hypothesized that it is mechanistically
similar to other flavin dependant monooxygenases which use molecular oxygen as the oxygen
source for hydroxylation. To confirm this, we investigated the reaction under anaerobic
conditions, with our hypothesis being that no reaction would occur. No product formation was
observed under anaerobic conditions. We also decided to perform the reaction under 20
labelled gas to observe whether incorporation of the heavy oxygen would occur. This reaction
was performed as described in section 3.2.9 of this thesis. Table 3.7 shows high resolution mass
analysis of the aliquot taken from the 80, labelling reaction. The mass of both the product and
the aromatic core fragment of the molecule increases by 2 Da as expected, confirming that
molecular oxygen is the oxygen source. The RIF-SV-80 was purified in the same manner as

RIF-SV-0, described in section 3.2.8 of this thesis.

Table 3.7 High resolution mass spectrometry analysis of RIF-SV-180

Expected | Observed
mass of mass of

Expected mass of | Observed mass of | grror product product | Error

monooxygenated | monooxygenated

product product (ppm) | aromatic | aromatic | (ppm)
core core
fragment | fragment
RIF-SV-0 714.3017 714.3010 -0.98 | 274.0369 | 274.0369 | 0.00

3.3.11 Testing the antibiotic activity of RIF-SV-O

To determine whether the RIF-SV-O product had antibiotic activity, we performed a disk
diffusion assay against E. coli strain BW25113 AbamB AtolC. Onto a lawn of this E. coli strain,

disks containing RIF-SV, RIF-SV-180, ampicillin, and 20% DMSO were placed. The ampicillin
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was a positive control, while the 20% DMSO was a negative control. RIF-SV-180 was used as it
was the most recently purified RIF-SV-O product and available at the time. Equal concentrations
in milligrams per millilitre were used for RIF-SV and RIF-SV-O. Figure 3.20 shows the result.
RIF-SV-O shows no zone of inhibition; however, when a higher concentration of product was

tested, small zones were observed. RIF-SV-O then has significantly less activity than RIF-SV

Figure 3.20 Disk diffusion assay to test for antibiotic activity of RIF-SV-0. Clockwise starting
from the top: RIF-SV-0, 20% DMSO, RIF-SV, and ampicillin (AMP).
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3.4 Discussion

The environment has been shown to be a vast reservoir for antibiotic resistance genes
(76). The rox gene was identified as being responsible for the decolourization and subsequent
decomposition of rifamycins from an environmental opportunistic pathogen (54). In this work
we aimed to characterize the Rox enzyme from S. venezuelae. Prior to this research, very little
was known about Rox except that the sequence had high similarity to flavin-dependent
monooxygenases. We cloned rox from S. venezuelae and expressed the enzyme heterologously
in E. coli. We were able to crystalize Rox both in the presence and absence of RIF and solve the
structure to using molecular replacement. The model for molecular replacement was a
combination of the most similar proteins to Rox with their structures solved: PgaE, CabE, OxysS,
and MtmOIV. These enzymes all have approximately 50% identity to Rox and consequently
their structures are very similar (Appendix 2). PgaE and CabE are involved in angucycline
biosynthesis, both catalyzing aromatic hydroxylase reactions. The structure of PgaE was solved
by multiple wavelength anomalous diffraction (MAD), and the structure of CabE was solved by
molecular replacement with PgaE as the search model (65). OxyS is an aromatic hydroxylase
involved in oxytetracycline biosynthesis. MtmOIV is a Baeyer-Villiger monooxygenase, causing
oxygen insertion and downstream non-enzymatic ring-opening. Both the OxyS and MtmOIV
structures were solved by molecular replacement using PgaE as the search model (66,72).
Despite these enzymes all being very similar in structure, they are divided by the reactions they
catalyze: the aromatic hydroxylase and Baeyer-Villiger monooxygenase reactions. Both utilize a
C(4a)-hydroperoxyflavin intermediate to transfer one oxygen from molecular oxygen to their
substrates. The difference is that in the aromatic hydroxylase reaction, the C(4a)-

hydroperoxyflavin acts as an electrophile, while in the Baeyer-Villiger reaction, the C(4a)-
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hydroperoxyflavin is deprotonated and acts as a nucleophile, as illustrated in Figure 3.21 (63).
Typical Baeyer-Villiger monooxygenases have sequence motifs that can be used to identify them
from the protein sequence alone, and the structural fold is different than typical aromatic
hydroxylases (67) (Appendix 2). However, MtmOIV is atypical; it looks like an aromatic
hydroxylase from its sequence and structure, but has been shown to be a Baeyer-Villiger
monooxygenase mechanistically (67). This makes it impossible to tell from the structure alone

whether Rox is an aromatic hydroxylase or a Baeyer-Villiger monooxygenase.

R
a) N_0O D) N /NYO
;@:NL(NH ;@:N NH
'/IL_:O/Q)O H_/O @)
_O (‘ 0
)—~(_Fon (e

Figure 3.21 Comparing the aromatic hydroxylase and Baeyer-Villiger reactions. a) The aromatic
hydroxylase reaction, in which the C(4a)-hydroperoxyflavin acts as an electrophile. b) The
Baeyer-Villiger reaction, in which the C(4a)-hydroperoxyflavin anion acts as a nucleophile.

To confirm that Rox was capable of monooxygenating rifamycins as we expected from
the sequence and structure of the enzyme, we set up an in vitro reaction. We were particularly
interested in RIF-SV since this rifamycin does not have the C3 tail region that RIF does, which is
where Rox was previously proposed to act. Two products were generated in the in vitro reaction;
one 16 Da and one 18 Da larger than the starting material RIF-SV. We predicted the product
mass would increase by the mass of one oxygen, which is consistent with the 16 Da increase.

Rifamycins have a quinone-hydroquinone system at the C1 and C4 positions on the aromatic
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core of the molecule (4). Mild reduction converts the quinone to the hydroquinone form, but
ultimately the hydroquinone form will auto-oxidize to the quinone form in aerated, aqueous
solution over time (73). This equilibrium causes both RIF-SV and RIF-S to be present in aqueous
solution. This phenomenon might explain the second product of the in vitro reaction; it could be
a hydroquinone form of the product RIF-SV-O. Nonetheless, we were encouraged to see the
major product of 16 Da increase which we termed RIF-SV-0O, and decided to move forward in
characterizing this molecule. After purifying RIF-SV-O the structure was solved by NMR
analysis performed by Dr. Kalinka Koteva, and is presented in Figure 3.18. Interestingly, the
enzyme does act on the aromatic core, consistent with the high sequence and structural similarity
to aromatic hydroxylases. The enzyme hydroxylates the C2 position, and the C2 nitrogen bond is
broken in the RIF-SV-O structure. As determined in the SAR studies, the conformation of the
ansa chain is essential for the activity of rifamycins, since it is this conformation that positions
the 4 key hydroxyl groups correctly. By cleaving the ansa chain at C2, Rox completely alters the
conformation of the RIF-SV molecule; it is logical to conclude that this is how the enzyme
confers resistance to rifamycins. Indeed, RIF-SV-O demonstrated significantly reduced antibiotic
activity in a disk diffusion activity in Figure 3.15 and in the MIC data in Table 3.2. Also of note
from the RIF-SV-O structure is the C1/C4 quinone structure, as opposed to the hydroquinone
scaffold in the starting material. This further supports the hypothesis that the second in vitro
reaction product with a mass of 2 Da higher than RIF-SV-O could be a hydroquinone form of

RIF-SV-O.

Based on mechanisms of structurally similar aromatic hydroxylases, we hypothesized
that the source of the oxygen being incorporated into RIF-SV-O was molecular oxygen. To

confirm this, we tested the reaction under anaerobic and labelled oxygen gas conditions. The
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reaction did not occur in anaerobic conditions, and when the reaction was performed under an
180, atmosphere the mass of the product increased by 2 Da, representing RIF-SV-180. This
confirms that Rox uses molecular oxygen similar to other well characterized aromatic
hydroxylases. We also observed that the enzyme showed no activity in the absence of a reducing

co-substrate; this is also consistent with known mechanisms of aromatic hydroxylases.

The structural and mechanistic similarities to well characterized aromatic hydroxylases,
and the structure of RIF-SV-O, led us to propose a mechanism for Rox. There are two parts to
flavin dependant reactions: the reductive and reoxidative half reactions. The reductive half
reaction is conserved among flavin dependant monooxygenases. A co-substrate, NAD(P)H in the
case of aromatic hydroxylases, reduces the FAD flavin cofactor to FADH>. The reduced flavin
can then react with molecular oxygen to form C(4a)-hydroperoxyflavin. For aromatic
hydroxylases, the reoxidative half reaction involves nucleophilic attack on the C(4a)-
hydroperoxyflavin by the aromatic substrate, and we propose a similar mechanism for Rox. We
propose that the C1 hydroxyl forms a C1 ketone group, and this allows for nucleophilic attack by
C2 on the distal oxygen of the C(4a)-hydroperoxyflavin, as shown in Figure 3.15. This would
form a rather unstable C2 hemiaminal intermediate. We propose that this leads to subsequent
cleavage of the C2 nitrogen bond by ketone formation at C2. Finally, tautomerization of the di-
ketone readily occurs, generating the final product RIF-SV-O. According to this mechanism,
rifamycin substrates require a hydroxyl group at C1 for activation of the aromatic ring for
nucleophilic attack. This could explain the limited affinity of the enzyme for rifabutin, a
rifamycin with a ketone at C1. The very modest increase in MIC and HPLC product formation

for rifabutin could be attributed to a tautomer of the molecule with a free hydroxyl at C1.
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RIF-SV

RIF-SV-O

Figure 3.22 Proposed mechanism of Rox. The mechanism of the reductive half reaction is the
same as that of pHBH, illustrated in Figure 3.2. NADH reduces the FAD to FADH>, which
recombines with molecular oxygen to form the C(4a)-hydroperoxyflavin (shown here in blue).
The reoxidative half reaction is an electrophilic aromatic substation followed by a non-enzymatic
rearrangement shown here.

In the canonical aromatic hydroxylase pHBH, a network of amino acids deprotonated the
phenol to make the substrate a better nucleophile in the reoxidative half reaction. We looked at
the active site of Rox for residues that may be involved in the deprotonation of the C1 hydroxyl
group. The only candidate was His46; we proceeded to mutate this residue to a GIn. However,
when the mutant Rox was assayed by HPLC it was found to have activity consistent with wild

type Rox, indicating that His46 is not a necessary residue for catalysis. Further mutants can be
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generated once the crystal structure of Rox is fully refined and we have a better idea of which

residues may be involved.

We have proposed a mechanism for Rox that is consistent with the data generated in this
thesis. This mechanism involves oxidative C-N bond cleavage by a monooxygenase, which to
the best of our knowledge is the first example of this type of reaction. This is a new type of
resistance to rifamycins, and the first example of monooxygenase mediated ring opening of an
antibiotic conferring resistance. TetX has been shown to monooxygenate tetracycline conferring
resistance, but this is caused by hemiketal formation within the molecule that leads to non-
enzymatic polymerization of the molecule (69). TetX is not an aromatic hydroxylase; it acts on a
B-diketone double bond instead of an aromatic ring. By cleaving the C2-N bond of the rifamycin
scaffold, the conformation of the ansa chain is altered significantly, and this drastically reduces
antibiotic activity. Cleavage of an antibiotic macrolactam ring causing resistance is precedented
in a few cases. The enzyme Vgb cleaves the streptogramin B scaffold causing resistance by
linearizing the antibiotic, and the Ere enzymes linearize macrolides by cleaving the macrolactam
ring (77,78). However, these enzymes act by elimination and hydrolysis across an ester bond

respectively.

We considered the Baeyer-Villiger type reaction for Rox. However, we discounted this
type of mechanism for a few reasons. In the Baeyer-Villiger reaction, the C(4a)-
hydroperoxyflavin acts as the nucleophile, attacking an electrophilic ketone carbon. RIF-SV does
not have a suitable ketone on the aromatic core, but RIF-S has ketones at C1 and C4. However,
we noted that rifamycins with a ketone at C1 were poor substrates for Rox, while other
rifamycins with hydroxyl groups at C1 were better. As well, from the NMR analysis of RIF-SV-

O, we are confident that C-N bond cleavage is occurring that gives rise to the two protons on the
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nitrogen, and a Baeyer-Villiger type mechanism that resulted in this C-N bond cleavage could
not be proposed that coincided with the available data. For these reasons, we do not believe that

Rox is a Baeyer-Villiger type monooxygenase.
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Chapter 4. Conclusions and future directions

4.1 Concluding remarks and future directions

In this work we examined the rifamycin resistome of S. venezuelae. Based on previous
work from the Wright lab, we probed the genome for the presence of the RAE. We were
specifically interested in S. venezuelae because this strain is widely used for Streptomyces
genetics, and will be easily tractable for future research. We examined regions containing RAEs
in S. venezuelae, along with the genes associated with the element. One of these genes, a
rifampin monooxygenase rox conferred rifamycin resistance, while the putative helicase and
glycosyltransferase did not. The promoter region upstream of rox responded to low levels of
rifamycins to induce transcription, as was previously observed in WACA4747. The reporter strains
of S. venezuelae generated in this work contain the gusA gene, which is a versatile reporter that
can be used in many types of assays. These reporter strains will be useful in future studies
involving the RAE. Pull down assays in S. venezuelae could be performed using the rox
promoter region, in an attempt to identify an effector protein. Alternatively, RNA sequencing
data could be obtained both in the presence and absence of low levels of RIF to observe genes

that are upregulated, which may potentially inform on the process of induction by the RAE.

Once identified, the rox gene was cloned, overexpressed in E. coli, and biochemically
characterized. We were able to crystallize Rox both in the presence and absence of the substrate
RIF. The structure is very similar to other aromatic hydroxylases involved in natural product
biosynthesis. RIF is bound mostly by hydrophobic residues adjacent to the FAD cofactor. We did
not attempt to crystallize Rox with NADH bound; this could be done in the future to gain further

insight into the enzyme mechanism.
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We performed an in vitro reaction to determine whether Rox was capable of modifying
rifamycins. Monooxygenated products could be observed for nearly all rifamycin substrates
tested. We were intrigued to see that Rox monooxygenated RIF-SV, a rifamycin lacking a
synthetic tail. We purified RIF-SV-O from a large scale in vitro reaction for structural analysis.
The structure was solved by NMR and from this we concluded that the monooxygenation occurs
on the aromatic core at C2, with a cleavage of the macrocyclic ring between the nitrogen and C2
occurring as well. This changes the conformation of the rifamycin scaffold, explaining both the
decolourization and resistance mechanisms. From the structure of the enzyme and the product of
the reaction, we propose a molecular mechanism for Rox similar to that of other aromatic
hydroxylases, as seen in Figure 3.16. This monooxygenation mediated ring cleavage would be a
new resistance mechanism and reaction type for a flavin dependant monooxygenase. The
mechanism that we have proposed is from our work on RIF-SV; however, we speculate that this
mechanism would be consistent with other rifamycins. This mechanism directly contradicts the
presented structure of RIF-O by Hoshino and coworkers (55). Their procedure for obtaining RIF-
O involved using resting cells overexpressing Rox. There is no way to be certain that RIF-O is a
product of the enzyme; perhaps it is a by-product of some downstream reactions in the cell.
Direct in vitro characterization of the Rox from N. farcinica would be useful and could perhaps

be done in future to compare with Rox from S. venezuelae.

There remain a few questions about the Rox mediated decomposition process. Although
we have proposed a mechanism by which Rox monooxygenates and inactivates rifamycins,
further confirmation of the mechanism is needed. Detailed substrate binding studies would be
useful in confirming the order of binding and reaction steps. The proposed reaction involves a

number of intermediates post-enzymatic activity. Perhaps chemical trapping experiments could
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be used to isolate these intermediates and further validate the mechanism. And although the
proposed mechanism explains the inactivation and decolourization of rifamycins, it does not
necessarily explain the decomposition. It remains unknown whether there are additional enzymes
involved in the complete decomposition of rifamycins, or whether this is a non-enzymatic
process. The extent to which the rifamycin scaffold is decomposed is unknown, since no
fragments could ever be obtained. A thorough investigation of a rifamycin degradation using

mass spectrometry analysis might be useful in elucidating this process.

Characterization of Rox presents a previously unknown inactivation mechanism of
rifamycins. As we continue in an era of antibiotic resistance, we may find the rifamycins being
repurposed for new treatment regimes. The rifamycin scaffold is also an attractive candidate for
continued semi-synthesis. As these antibiotics experience a resurgence in popularity, the
selective pressure for resistance is sure to increase. Understanding the rifamycin resistance
determinants in the environment is sure to be an asset should they migrate to the clinic in the

future.
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Appendix 1. List of primers used

Primer name | Direction | Sequence Purpose
Prgt-F Forward | 5'-atgcattctagacggccccggaggcegeg-3' Cloning Prgt into
, pGUS plasmid
Prgt-R Reverse | 5'-atgcatggtacccggctcgacgctcececgeg-3
Prox-F Forward | 5'-atgcattctagacgctacctcagcccecegge-3' Cloning Prox into
, pGUS plasmid
Prox-R Reverse | 5'-atgcatggtaccgagaaccgccccgtttccge-3
Phel-F Forward | 5'-atgcattctagaggacggccgggtacggg-3' Cloning Phel into
, — pGUS plasmid
Phel-R Reverse | 5'-atgcatggtaccgaggtgagtctcatttctgcaggtcctg-3
Rox_F Forward | 5'-atgcatcatatgatgtttgacgtgatcgttgtcgg-3' Cloning rox into
ET28a
Rox_R Reverse | 5'-atgcatggatcctcagccggcecgtggce-3' P
Rgt F Forward | 5'-atgcatcatatgatggtggggctcgeegtg-3' Cloning potential
, , rgt into pET28a
Rgt R Reverse | 5'-atgcatggatccctaccgegtcgeggege-3
Hel F Forward | 5'-atgcatcatatggtgcgtgtgctttcgtc-3' Cloning putative
, , helicase into
Hel R Reverse | 5'-atgcatggatcctcaggagctggtgaggatc-3 OET28a
cl38g_F Forward | 5'-gcaggggctgcaggtccgcagcatc-3' Site directed
mutagenesis of rox
c138g_R Reverse | 5'-atcacctcgatgctgcggacctgcagce-3'
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Appendix 2. Structures of monooxygenases used to generate Rox model

McMaster University — Biochemistry and Biomedical Sciences

PgaE CabE
PDB: 2QA1 PDB: 2QA2
OxyS MtmOIV
PDB: 4K2X PDB: 3FMW
MtmOIV
PDB: 4K5S
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Appendix 3. 'H and *C chemical shifts of RIF-SV-O

# 1H 13C
1 18156
2 132.18
3 6.10 (5, 1H) 111.44
4 185.96
5 105.39
6 17155
7 113.21
8 165.88
9 109.22
10 127.48
11 190.4
12 11156
13 | 165(s,3H) 20.12
14 | 2.14(s 3H) 732
15 170.52
16 130.45
17 | 6.01(d, 1H) 131.46
18 | 6.54 (dtd, 1H) 126.4
19 |5.75 (dd, 1H) 140.67
20 | 2.19(q, 1H) 20.32
21 | 3.54-3.44 (m, 1H) 74.92
22 | 1.75(m, 1H) 33.97
23 [3.07 (dd, 1H) 75.93
24 | 1.57 (ddt, 1H) 39.75
25 | 5.24(d, 1H) 7253
26 | 1.75 (m, 1H) 36.57
27 | 3.54-3.44 (m, 1H) 73.45
28 | 5.18_5.09 (m, 1H) 112.13
29 |6.33(d, 1H) 14133
30 | 1.94 (s, 3H) 20.85
31 | 0.85(d, 3H) 16.43
32 | 0.85(d,3H) 10.92
33 |0.72(d, 3H) 9.83
34 ]0.69(d, 3H) 10.14
35 169.74
36 | 1.94 (s, 3H) 21.02
37 | 291 (s, 3H) 55.17

7.06 (s, 1H)

NH 724 (d 1R)
OH
OH | 459-0H (21)
OH | 4.43-0H (23)
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Appendix 4. 'H and C chemical shifts of RIF-S

# lH 13C

1 181.78
2 140.11
3 7.31 (s, 1H) 118.55
4 184.78
5 107.06
6 171.87
7 114.36
8 165.89
9 110.14
10 130.55
11 191.23
12 111.17
13 1.65 (s, 3H) 21.48
14 2.20 (s, 3H) 75
15 170.29
16 130.1
17 6.20 (d, 1H) 131.63
18 6.07 (dd, 1H) 124.46
19 5.81 (dd, 1H) 141.35
20 1.45 (m, 1H) 39.12
21 3.51 (dd, 1H) 72.22
22 1.61 (g, 1H) 32.71
23 2.90 (d, 1H) 75.97
24 1.45 (m, 1H) 36.83
25 5.10 — 5.02 (m, 1H) 72.22
26 2.06 (h, 1H) 39.82
27 3.26 (dd, 1H) 77.89
28 5.10 — 5.02 (m, 1H) 116.66
29 6.14 (d, 1H) 142.87
30 1.98 (s, 3H) 19.87
31 0.79 (d, 3H) 17.32
32 0.84 (d, 3H) 11.67
33 0.57 (d, 3H) 9.41
34 0.17 (d, 3H) 10.08
35 169.82
36 1.93 (s, 3H) 20.85
37 2.98 (s, 3H) 55.66
NH 9.71

OH 12.66

OH 4.38

OH 4.35
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Appendix 5. 'H and *C chemical shifts of RIF-SV

# IH 1BC

1 14517
2 119.37
3 7.12 (s, 1H) 111.59
4 145.34
5 114.07
6 171.96
7 100.26
8 114.07
9 115.88
10 98.72
11 184.53
12 108.73
13 1.60 (s, 3H) 22.35
14 1.89 (s, 3H) 7.47
15 168.07
16 133.35
17 6.09 (d, 1H) 129.87
18 6.38 (dd, 10.8 Hz, 1H) 125.48
19 5.96 (dd, 1H) 138.52
20 2.17 (g, 1H 38.44
21 3.72 (s, 1H) 72.83
22 1.65 (d, 1H) 33.27
23 2.88 - 2.82 (m, 1H) 76.05
24 1.32 (d, 1H) 38.11
25 5.05 (d, 1H 73.57
26 1.08 (d, 1H) 40.54
27 3.24 (dd, 1H) 76.63
28 4.93 (dd, 1H) 117.43
29 6.24 (d, 1H) 143.22
30 1.92 (s, 3H) 20.03
31 0.84 (d, 3H) 18.49
32 0.88 (d, 3H) 11.77
33 0.53 (d, 3H) 8.61
34 0.53 (d, 3H) 9.03
35 169.91
36 1.99 (s, 3H) 20.81
37 2.89 (s, 3H) 55.76
NH | 855 s, 1H)

OH 11.60 (s, 1H)

OH | 4.23(d, IH)

OH | 4.67 (s, 1H)
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