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Preface

This dissertation is comprised of six chapters that describe my Ph.D. studies aimed at
understanding and overcoming the antibiotic resistance conferred by acetyltransferases.
Chapter one focuses on properties of aminoglycosides (AGs) as antibacterials, the
challenges facing their use and development, as well as background on the other
antibiotics discussed in this thesis; this chapter was adapted in-part from a review article
(Houghton, J. L.; Green, K. D.; Chen, W.; Garneau-Tsodikova, S. ChemBioChem 2010,
11, 880). Chapter two describes the characterization of Eis from Mycobacterium
tuberculosis (Mtb) including NMR and TLC studies of the order and positions modified
on various AGs (Houghton, J. L.; Chen, W.; Garneau-Tsodikova, S.). Chapter three
reports the acetylation of capreomycin (CAP), a cyclic peptide antibiotic used as second-
line treatment for tuberculosis (TB), by Eis (Houghton, J. L.; Green, K. D.; Mayhoub, A.
S.; Garneau-Tsodikova, S.). Chapter four focuses on the synthesis and testing of novel
AGs aimed at overcoming antibacterial resistance (Houghton, J. L.; Green, K. D.;
Garneau-Tsodikova, S.). In chapter five, crystal structures of chloramphenicol
acetyltransferase I (CAT)) in the unbound (apo) form and a chloramphenicol (CAM)-
bound complex are reported and compared to CATj-fusidic acid (FA) and CATy-CAM
structures to provide insight into the broader substrate preference of CAT; (Biswas, T.;
Houghton, J. L.; Tsodikov, O. V.; Garneau-Tsodikova, S. Protein Science 2012, 4, 520.)
Chapter six discusses future directions of the projects, with a focus on further synthesis of
novel AGs to combat resistance and progression of methodology to study the kinetics of

acetylation by Eis by NMR spectroscopy.
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Abstract

Aminoglycoside (AG) antibiotics have been widely applied to the treatment of bacterial
infections since the discovery of streptomycin, the first drug successfully applied to
treatment of tuberculosis (TB). The bactericidal properties of these carbohydrate natural
products are attributed to their ability to bind to the prokaryotic ribosome at the decoding
A-site of the 16S rRNA, in a fashion that disrupts the cells ability to properly produce
proteins and eventually leads to the death of the affected cell. Having enjoyed over 60
years of clinical success, AGs have encountered problems with bacterial resistance, as is
eventually the case with all antibiotics. While there are several mechanisms by which
bacteria may evade the activity of AGs, the covalent chemical modification of the AG
structure by AG-modifying enzymes (AMESs) is the most common and poses the largest
threat to the future use of AGs as antibacterial agents. Chloramphenicol (CAM), another
natural product with excellent antibacterial properties, suffers from a similar resistance
problem. The modification of CAM by CAM-modifying enzymes such as
chloramphenicol acetyltransferase (CAT), reduces its affinity for the prokaryotic 50S
ribosome, its cellular target, rendering it inactive. This dissertation focuses on the
acetyltransferases that confer resistance to antibiotics, discussing progress towards

understanding and overcoming a major hurdle in our ability to combat bacterial infections.

Our laboratory recently reported the wunusual regio-versatility of the AG N-
acetyltransferase (AAC), Eis, from Mycobacterium tuberculosis (Mtb). We used NMR
spectroscopy to determine the order, number, and regio-specificity of the acetylations
carried out by Eis. We found that Eis not only acetylates multiple positions, but that the
order and positions of the acetyltations vary based on the particular AG scaffold studied.
Furthermore, Eis is capable of acetylating amines that have never been reported with any
other AAC. Those results caused us to investigate other anti-TB drugs in order to

determine if it was possible that Eis could cause resistance across drug classes. We found

XxXvil



that capreomycin (CAP), a cyclic peptide antibacterial agent used as a second-line

treatment for TB infections, could also be acetylated by Eis.

Using our knowledge of AMEs, we sought to develop novel AGs with
improved/maintained activity and the ability to avoid modification by AMEs. A series of
molecules that incorporated 6'-N- and 1-N-glycinyl/AHB groups was synthesized and
tested against a number of bacterial strains. These synthetic studies and the knowledge
gained regarding Eis will serve as a guide to the development of novel AGs targeting Mtb

and other pathogens, which are difficult to treat with known antibiotics.

Additionally, we determined the first X-ray crystal structure of CAT; with its natural
substrate, CAM, bound in the active site, along with a structure of the unbound form of
CAT;. Comparison to a structure with fusidic acid (FA) bound in the active site and the
previously well-characterized CATy; with CAM bound allowed for a deeper
understanding of the broader substrate preference of CAT;. Though CAM is seldom used
in many developed countries due to problems with toxicity, the need for effective
antibiotics may soon outweigh the risks, and we hope that the insights provided in our
studies may one day aid in the development of novel CAM analogs that overcome the

toxicity and resistance problems encountered by CAM itself.

XXviii



Chapter 1

Introduction: aminoglycosides (AGs), chloramphenicol (CAM), tuberculosis (TB),
and bacterial resistance

1.1. Introduction to AGs

1.1.1. AGs

Since the discovery of penicillin in 1928, a variety of antibiotics including
aminoglycosides (AGs), chloramphenicol (CAM), B-lactams, fluoroquinolones, among
many others, have been discovered and applied clinically towards the treatment of one of
the many growing number of bacterial infections. AGs (Fig. 1.1) in particular are being
extensively studied in order to find new molecules or derivatives of existing scaffolds
that may overcome the current resistant pathogens as well as prevent or slow the

development of novel resistant pathogens.

AGs were first established as antibiotics in the 1940s with the discovery of streptomycin
(STR), the first drug successfully applied to the treatment of tuberculosis (TB). Since
then, AGs have enjoyed widespread application as chemotherapeutic agents in the
treatments of many types of bacterial infections, including those associated with both
Gram-positive and Gram-negative pathogens.' Additionally, kanamycin A (KAN) and
amikacin (AMK) are both second-line drugs currently used to treat TB and multidrug-
resistant TB (MRD-TB), although STR, the first therapy used against TB infections, is no
longer used. In addition to being used for antibacterial purposes, the application of AG-
based compounds in the treatment of HIV has been the focus of many research efforts in
recent years due to their affinity for RNA.*'® Yet another potential use for AGs is in the
treatment of genetic diseases caused by premature termination codons (PTCs), which
have been linked to over 1800 genetic disorders.''" However, no AGs are currently

approved for these indications in the United States.
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Fig. 1.1. The chemical structures of common AGs.

AGs, and most other antibiotics isolated from bacterial species, arose in response to
selective pressure from, presumably, another bacterial species. As such, the antibacterial
agents of this class were designed by Nature as very potent RNA binding agents, which
leads to some toxicity in mammals, and, consequently, apprehensive use in many places
around the world. In addition, as with many other classes of antibiotics, heavy use in the
treatment of bacterial infections has caused many strains of bacteria to become resistant
to normal doses of AGs. This resistance often occurs via the production of AG-modifying
enzymes (AMEs), though other mechanisms exist. In order to circumvent the issue of
antibiotic resistance as it applies to AGs, many scientists have taken on the intricate task
of synthesizing AG derivatives, including synthetically modified AGs, AG dimers, and
AG-biomolecule conjugates. Efforts aiming to create better AGs have utilized several
new strategies including chemoenzymatic modification, selective modification of amine
or hydroxyl groups, as well as the coupling of antibiotics, both AGs as well as other
classes of drugs, by synthetic or semi-synthetic methods. The scientific community’s
understanding of these compounds and their effect on biological systems is increasing

rapidly and significant effort is being put forth in order to solve these problems.



1.1.2. AGs’ antibacterial modes of action

Fig. 1.2. The structures of A. TOB, B. GTC, and
C. AMK bound to 16S oligonucleotides
mimicking the bacterial decoding A-site. Also
shown is D. the crystal structure of PAR docked
into a bacterial A-site oligonucleotide. These
images illustrate the ‘flipped-out’ conformation of
the residues displaced upon binding of AGs to the
decoding A-site.

After decades of study, the modes of action
of AGs have been well characterized. It
was discovered in the late 1980s that their
molecular target is the 16S rRNA subunit
of the 30S bacterial ribosome."” While
alternative modes of binding have been
seen with various AG derivatives,zo as

21-24
1

determined by  biochemica and

structural®®®  (X-ray and modelling)
studies, in general, the interactions of AGs
with three unpaired adenine residues in the
decoding loop displace non-complementary
adenines and lock them into a so-called
‘flipped-out’ orientation similar to that
observed during mRNA  decoding.
Additionally, some AGs interfere with
translocation via stabilization of the 70S
subunit, by strengthening the interactions
between the 50S and 30S subunits. These

interactions stabilize the 70S complex,

leading to faulty translocation of tRNAs, which may arise from the AGs’ ability to

interact with specific sites of the 16S rRNA.* The interactions of AGs with the

eukaryotic ribosome serve to reduce the fidelity of translational processes by reducing the

ability of the ribosome to discriminate between the proper mRNA<tRNA complexes,

leading to the accumulation of truncated or non-functional proteins in the bacterial cells

and eventually cell death.

Two types of interactions have been shown to facilitate binding of AGs to their targets:

(1) the electrostatic interactions that occur between the positively-charged amino groups

of the AG and the negatively-charged phosphate backbones of the RNA target, which are



the most important,*® and (2) the hydrogen bonds that are formed between the amino and
hydroxyl groups of both the RNA bases and AGs. Both types of interactions combine to
form an intricate network of contacts between the RNA and AGs that results in very

tightly bound complexes that are prone to decreased translational fidelity.*'>*

1.1.3. Problems associated with AGs

1.1.3.1. Toxicity

One of the primary obstacles preventing more widespread use of AGs as long-term
treatment for genetic, viral, or microbial issues is the inherent toxicity associated with
non-specific binding to RNA. The primary risk factors for AG-induced toxicity include
the duration, dosage, and frequency of therapy, the patient’s age, the patient’s liver and
kidney health, and drug-drug interactions with other potential nephrotoxic agents.’°
Toxicity and selectivity are two intertwining issues associated with targeting RNA, due to

24,33,37-41

the fact that RNA is important in all forms of life. In general, AGs with fewer

amino groups on the scaffold will show less toxicity, and the same is true of AGs with

lower relative basicity of their existing amino groups, notably the 2'-amine.***

Nephrotoxicity, from drug compounds damaging the kidneys is generally reversible upon
halting therapy in the case of AGs. Ototoxicity, in contrast to nephrotoxicity, is mostly
irreversible. There are two types of ototoxicity: vestibular toxicity and cochlear toxicity.
AGs toxicity may lead to a temporary vestibular hypofunction or permanent high-
frequency hearing loss.** The permanence of AGs ototoxicity, which is the result of
degeneration of hair cells and neurons in the cochlea, remains one of the primary

44-54

obstacles in AG based therapies. Very recently, Bottger and co-workers discovered

that the AG apramycin (APR) is not ototoxic.”

1.1.3.2. Resistance

There are three mechanisms of bacterial resistance to AGs and more than one of the
above mechanisms may be simultaneously active, leading to complex resistance
problems. One mechanism of bacterial resistance to AGs is the reduction of the

intracellular concentration of AGs due to alteration of the bacterial outer membrane (Fig.



1.3), decreasing drug transport into the cell and/or increasing the activity of active efflux
systems. It is thought that three steps are involved in the uptake of AGs into bacterial
cells. The first step is the adsorption of the poly-cationic AG to the surface of bacteria by
electrostatic interactions with the negatively charged portions of biomolecules found on
the outer cell membranes of bacteria.’®> In numerous cases, changes in membrane
components involved in interactions with AGs are associated with increased levels of
resistance.””*® The two subsequent absorption steps are oxygen dependent. For this

67

reason anaerobic bacteria are intrinsically resistant to AGs, ' and mutations in ATP

synthases involved in these processes can cause decreased susceptibility to AGs.®
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Fig. 1.3. Illustration of the various mechanisms of AG resistance.

Another resistance mechanism involves the alteration of the 16S RNA of bacterial 30S
ribosomal subunit by mutation or methylation of the AG binding site (Fig. 1.3). Many
AG-producing organisms are capable of expressing rRNA methylases, which are able to
methylate the 16S rRNA.®""%7""> Resistance to AGs resulting from a mutation of the
ribosomal target has also been found in clinical isolates of Mycobacterium tuberculosis

(Mtb).” In general, the modifications carried out by these enzymes occur in two highly

5



conserved regions, resulting in decreased affinity of the AG for its oligonucleotide

partner such that the compounds are no longer effective.**

1.1.3.2.1. Covalent modification of AGs

Although AGs often target the 16S rRNA, the most common cause of AG resistance is
not conferred by alteration of this target, owing to the highly preserved function of the
rRNA across genera. Rather, the most common mechanism for bacterial resistance arises
from the covalent modification of AGs by AMEs expressed by resistant strains (Fig. 1.3),
which evolved from enzymes involved in normal cellular metabolism. Most
modifications take place at the 1-, 3-, 2'-, and 6'-amino groups and the 3'-, 4'-, and 2"-
hydroxyl groups.” There are three classes of AMEs: ATP-dependent AG
nucleotidyltransferases (ANTs), ATP (and/or GTP)-dependent AG phosphotransferases
(APHs), and AcCoA-dependent AG acetyltransferases (AACs) (Fig. 1.4), which are
grouped according to the positions of the AG they modify. There are four ANTs, seven
APHs, and four AACs (AAC(1), AAC(3), AAC(2'), and AAC(6")). An additional AAC,
the enhanced intracellular survival (Eis) protein, has been shown to confer AG resistance

in Mth.”®
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Fig. 1.4. Three AMEs and their modified KAN products.



There are also many bi-functional enzymes including AAC(6')/APH(2"),"*"®"7 ANT(3")-
I/AAC(6)-11d,”* AAC(3)-Ib/AAC(6)-Ib',” and AAC(6')-30/AAC(6")-Ib™ that are
capable of modifying numerous positions, and in some cases are capable of two types of
modification. The various sites of modification demonstrated with kanamycin B are

shown in Fig. 1.5.

1.1.3.2.2. AG acetyltransferases (AACs)
Over 50 members of the AAC family have been

AAC(6'
| LAC(S) identified. These enzymes catalyze the AcCoA-
Hgﬁ | dependent N-acetylation of AGs. They modify the 1-
H?N SC%NHZ —Aac()  and 3-amino groups of the central 2-deoxystreptamine
o

AAC(2) o OH (2-DOS) ring (Fig. 1.5) and the 2'- and 6'-amino groups
ka“amyci“BHoﬁf\ng/ of the 6-deoxy-6-aminoglucose ring (Fig. 1.5). Two
ACCOA AAC(1) enzymes have been found in E. coli and
COASHi actinomycetes strains, but their clinical importance is
NHAG minor due to the fact that their occurrence is extremely
HSC%% NHAC rare and neither has been reported in dangerous

m””“ pathogenic bacterial strains.®"**

#zv

. i The AACs that acetylate at the 2'-amino group are all
Fig. 1.5. The positions of

kanamycin B that are acetylated by chromosomally encoded and, interestingly, mutations in
each of the known AAC enzymes. the aac(2')-la gene may cause increased levels of
peptidoglycan O-acetylation, suggesting that peptidoglycan acetylation may be the
original physiological function of the enzyme. The chromosomally encoded Mth
AAC(2")-Ic was shown, in contrast to some other AACs, to be active against AMK and
KAN, both of which contain a 2'-hydroxyl group, suggesting that this enzyme may also

catalyze O-acetylation.™

The 6'-amino group plays an important role in rRNA binding as probed by the structural
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analysis of bound AGs to the 30S ribosomal subunit and, unsurprisingly, is the target

of one of the major classes of AMEs, the AAC(6') sub-family, which consists of more



than 25 members. Interestingly, a recently discovered variant of AAC(6'), the AAC(6')-
Ib-cr, has been shown to be able to modify AGs as well as fluoroquinolones.® It seems
likely that the steady increase in the clinical use of ciprofloxacin (CIP) during the 1990s

has generated selective pressure for this variant.”’

The AAC(3) sub-family is one of the largest AME families of enzymes and includes four
major types, [-IV, based on the AG resistance profile. The AAC(3)-1 from Serratia
marcescens was the first AAC whose 3D structure was determined.®** The enzyme-CoA
complex determined at 2.3 A allowed for identification of the interactions between the
enzyme and the product. Unfortunately, there is no structure of AAC(3) with bound AG

substrate available at this time.

1.1.4. Strategies for developing novel AGs

1.1.4.1. Development of novel AGs via chemical synthesis

Nature has evolved a number of very potent classes of antibacterials that effectively kill
bacteria, and AGs are no exception. Owing to the difficulties associated with the
synthesis of complex carbohydrates such as AGs, chemical synthesis remains a relatively
ineffective tool in the total synthesis of large quantities of AG from basic chemical
building blocks. This fact was evidenced in the early work on AGs reported by
Hannesian and co-workers on a number of modified AGs, and it is still evident today.”*”
The steps required to manipulate saccharide rings into the correct protection states is
often staggering. Their synthesis, starting from grams or kilograms of starting materials,
often provide only enough of the final product to test for minimum inhibitory

concentration (MIC) and toxicity. In fact, the overall yields of syntheses of many types of

complex molecules are often very low, and AGs are no exception.

Many reported syntheses of AG derivatives begin with the protection and hydrolysis of
neomycin B (NEO) to generate the neamine (NEA) core common to many many AGs,
leaving the 5-hydroxyl group of the 2-DOS ring open for derivatization.”*”° This type of
strategy often requires more than 20 steps,’’ so, even when starting with a known AG

scaffold, the chemical modification can be quite tedious. An example in which APR was



synthesized from NEA is illustrated, highlighting key steps, in Fig. 1.6.”® Some solutions
to these problems have been found, such as syntheses that start from a known AG to
produce novel compounds in few steps. Even though solutions like this are often specific
to a particular problem or only lead to a small number of novel compounds, the progress

made has been substantial.
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Fig. 1.6. Synthesis of APR starting from NEA.

One alternative to multi-step protections and deprotections involves metal chelation
directed reactions as used by Nudelman et al.'’ In this example, zinc was used to
preferentially protect the amino group at the 1-position. Afterwards they were able to
preferentially react the N-1-position with y-aminohydroxybutyric acid (AHB). After
several more steps the novel PAR derivative, NB54, was generated. NB54 was found to
suppress PTCs better than GEN, PAR, and its non-AHB containing counterpart NB30,
while also proving less toxic than PAR and GEN."



The appending of various chemical functionalities to known AGs is another popular
strategy aimed at developing improved AG-based drugs. An increasing number of
biochemical and structural studies have correlated the incorporation of the AHB at the N-
1-position of the 2-DOS ring, common in many AGs, with an improved antibacterial
profile.”””” Interestingly, the acyl moiety lowers the pK, of the N-1 nitrogen atom, and
this alteration of the N-1 nitrogen of compounds such as AMK, butirosin B, and others,
significantly enhances the binding of ring II to RNA. Additionally, the ammonium on the
terminus of the AHB group provides another favorable interaction with a backbone
phosphate.'® As a result of these observations, current strategies for increasing the
antibacterial activity of AGs involve the incorporation of AHB or functionalized acyl
groups to the scaffold of known AGs, a strategy that has produced results and shown
enormous promise. A good example is the next-generation AG derived from sisomicin
(SIS), ACHN-490 (Plazomicin, (PLZ)), which has shown very promising results against a
number of bacterial strains that pose public health threats. PLZ incorporates an AHB at
the N-1-position of SIS.'*!"1%

The incorporation of a number of other functionalized acyl groups to the amines of
known AGs has proven a successful strategy for overcoming bacterial resistance and
maintaining/or improving antibacterial activity. In contrast to other syntheses of AG
derivatives, the incorporation of a 6'-N-glycinyl group to AGs has showed promise, and
may be accomplished in only two steps (Fig. 1.7)."® MIC studies of 6'-N-glycinyl-TOB
with bacterial strains harbouring AMEs showed that the compound could avoid the
activity of AMEs while maintaining similar activity to the parent compound against the

same strains that did not have the AMEs.
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Fig. 1.7. Synthesis of 6'-N-glycinyl-TOB in two steps from TOB.
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The sensitivity to modification of natural AGs and the difficulty of enhancing compounds
that Nature has spent thousands of generations optimizing has been well established.
There is precedence in the literature that suggests potency, selectivity, and the ability to
overcome resistance may be achieved by synthetically modifying known AGs, though it
is rarely easy to control or predict. Nonetheless, many efforts have quite successfully

yielded active compounds, and knowledge in the field continues to grow.

1.1.4.2. Development of novel AGs via chemoenzymatic methods

Recently it has been shown that chemoenzymatic methods hold great promise in
generating large libraries of compounds. Generating large amounts of compound
chemoenzymatically can be challenging. However, using these methods, enough
compound can be produced for initial testing to help decide which compounds are worth
pursuing synthetically, expediting the process of novel AG development significantly.
There are also many other techniques currently being developed or already in practice
that will allow for a simplified approach which is less time consuming and more efficient

than the classical synthetic methods for developing novel AGs.

AAC(6')/APH(2")

0O AAC(3)-IV
o OO Nk,

I
NH R o) i NH, o
HO 9 PN 1. AAC(6)/APH(2") HO 0
HO CoA”™ 'R 2. AAC(3)-IV HO A
H;NOHZN 2 l . AAC(3) N HN” R

R = Acyl group HoN O3

Fig. 1.8. A chemoenzymatic approach to the generation of mono-N-acylated AGs as well
as homo- and hetero-di-N-acylated AGs via two sequential acylations by AACs utilizing
acyl-CoA as cosubstrates. R groups accepted include, but are not necessarily limited to
acetyl-, n-propionyl-, 4-bromo-thiophene-2-carbonyl-, 6-fluoro-picolinyl-, glycinyl-, and
malonyl-CoA.



While it is clear that N-acetylation of AGs by AACs evolved as a mechanism of
resistance in bacteria, there have been many reports of N-acylated AGs, both natural and
semi-synthetic, that show a retention or even improvement in activity.'*'%” N-acetylation
by AACs is a common means of deactivation in bacteria that results in decreased efficacy
of the AG. However, the semi-synthetic N-acylation with groups other than the normal
acetyl has resulted in highly potent AGs, as mentioned in the preceding sub-section.
Adopting this approach led to the development of AMK by N-1-acylation of KAN with
AHB,lO5 and arbekacin, which was produced by a combination of 3',4'-dideoxygenation
and N-1-acylation.'”® While these advancements in AGs are exciting, the synthesis of the
compounds is subject to the previously discussed pitfalls, making it difficult to generate a
large number of novel compounds quickly and efficiently. Current strategies aimed at
circumventing this particular problem include the application of enzymes to regio-

specifically acylate an amine on the AG scaffold.

Our laboratory recently reported a methodology which utilizes AACs and unnatural acyl-
CoA analogs to chemoenzymatically generate N-acylated AGs (Fig. 1.8).'"” Two AACs,
(AAC(6'YAPH(2") and AAC(3)-1V) were utilized, and both enzymes showed diverse
substrate promiscuity towards a number of AGs as well as acyl-CoA derivatives. The
method allows for the generation of mono-N-acylated AGs as well as homo- and hetero-
di-N-acylated AGs in quantities sufficient to screen each analog’s antibacterial potential.
Thus, it 1s possible to decide which of the novel compounds show promising activity that
is worth investigating on a larger scale all the while avoiding an arduous chemical

synthesis that leads to a dead end.

Baasov and co-workers reported a similar, yet distinct chemoenzymatic approach to the
development of novel acylated AG derivatives in 2008. They applied recombinant
enzymes involved in butirosin biosynthesis to selectively acylate the N-1-position of a
series of 2-DOS containing pseudo-di and trisaccharide AGs using a synthetic acyl
donor.'”® Similarly, Llewellyn and Spencer recently used the enzymes responsible for

synthesizing butirosin B in Staphylococcus aureus to generate AMK and neokacin from
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NEO.'"” As is the case when applying AACs to chemoenzymatically alter AGs, this
method greatly reduces the synthetic workload required to make such compounds via

purely synthetic methods.

1.2. Tuberculosis (TB)

Causing 1.4 million deaths globally in 2010, TB is the second leading pathogen-related
cause of death,''’ and the most common cause of death among immuno-compromised
people living with HIV/AIDS."""'> Although as much as a third of the global population

may be infected with TB,'""

in most cases (~90%), the infection remains dormant and
may never lead to a life-threatening infection.''® The global distribution of M#b infection,
latent or otherwise, is very skewed towards developing countries, especially those in
which relatively large portions of the populations are immuno-compromised.''’ TB
primarily affects the lungs and pulmonary function, although it may spread to other
organs- pulmonary TB is the infectious, lethal form of the disease. Massive efforts to
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combat this global pandemic have seen some success, though they have failed to

bring the spread of the disease under full control.

1.2.1. Anti-TB drugs

A large number of anti-TB drugs, with varying mechanisms of action, have been
discovered, and many are effective in curing infections caused by Mtb. The first drug that
was successfully used to treat TB was a natural product from Streptomyces griseus, the
AG antibiotic STR.""*"?! While STR is still currently used in special cases, it is generally
no longer used in the treatment of TB due to extremely high rates of resistance, likely the
result of its long-term use as a mono-therapy.'**'** Currently, the use of mono-therapies
has been abandoned because Mrb rapidly develops resistance when treated with only a
single drug. Instead, current therapeutic strategies incorporate several drugs into a single
regimen that generally lasts up to or in excess of 6 months.'**'*> There are four first-line
drugs for the treatment of TB, including isoniazid (INH), rifampicin (RMP),
pyrazinamide (PZA), and ethambutol (EMB), all of which are applied in a typical anti-
TB regimen (Fig. 1.9). There are also a number of second-line therapies including the

AGs KAN and AMK, the polypeptides capreomycin (CAP) and viomycin (VIO), the
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fluoroquinolones such as CIP and moxifloxacin (MXF), as well as ethionimide. The
second-line therapeutics are generally used against Mtb that is resistant to the first-line
therapies. While these two lines of anti-TB drugs generally show efficacy against TB,
there are many problems- cost, patient compliance, toxicity and the development of

further resistance- that require the further development of anti-TB drugs and treatment

strategies.
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Fig. 1.9. Commonly used first-line (red) and second-line (blue) anti-TB drugs.

1.2.2. TB resistance and enhanced intracellular survival (Eis) protein

1.2.2.1. Resistance to anti-TB drugs

Bacterial communities naturally evolve resistance to the drugs commonly used against
them through natural selection. The development of resistance to first- and second-line
drugs is outpacing the discovery and development of novel, effective treatments against
resistant strains of many bacteria, a process that may be accelerated when patients fail to
complete the full course of treatment. This occurs most frequently in areas with sub-
standard TB control programs, which often are also the places greatly affected by HIV,
greatly complicating the issue. The development of resistance to anti-TB drugs by M) is
especially problematic, considering that Mrb is naturally resistant to many common
antibiotics due to their unique cell wall that prevents drugs from reaching their

intracellular targets.'**'*’
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Bacteria that display resistance to INH and RMP, the two most powerful first-line
treatments for TB, are designated as multidrug-resistant (MDR). MDR-TB is fatal in
more than one-third of the cases. It is likely that this type of resistance emerged due to
therapy employing a single drug, allowing selective pressure to more rapidly cause the
evolution of resistance.”*'* Although multiple drug therapy is now used more
commonly, the development of resistance is still rapidly progressing, and has led to
extensively drug-resistant TB (XDR-TB). XDR-TB, a more severe form of MDR-TB
identified in 2006, is characterized by resistance to RMP and INH, in addition to a
fluoroquinolone, such as CIP, and at least one of the second-line anti-TB drugs including
KAN, AMK, or CAP."**"*? Recently, some of the most drug-resistant forms of TB ever
encountered have been reported in India- extremely drug-resistant (XXDR-TB) and
totally drug-resistant TB (TDR-TB)- though there is some controversy over the
nomenclature, which has not yet been accepted by the World Health Organization
(WHO)."?*13*%13% The difficulty in treating drug-resistant strains of M#b is a limiting factor
in our ability to maintain effective treatments for TB infections. Thus, there is a great

demand for anti-TB drugs with efficacy against MDR- and XDR-TB."*¢"%*

1.2.2.2. Eis

The structural and functional characterization of the enhanced intracellular survival (Eis)
protein from Mtb has been the goal of many research efforts recently.””'**'** The eis
gene and its protein product, Eis, were discovered in Mth H37Rv during an effort to
identify Mtb genes necessary for survival within macrophages, leading it to be named as
such.'”’” Bioinformatic analysis predicted that Eis belonged to the GCN5-related N-

acetyltransferase (GNAT) family of proteins,'*

and that it is capable of conferring
resistance to KAN in the AG-susceptible Mth strain H37Rv.” In one-third of cases,
covering a large, diverse set of strains, clinical resistance of Mth to KAN was shown to
be the result of mutations in the promoter of the eis gene.'*”'*” These studies led to the
idea that Eis may confer resistance by acting as an AAC. Subsequently, through
biochemical and structural studies (Fig. 1.10), our laboratory demonstrated that Eis acts

as an unusually regio-versatile AAC in M#b'*" and Mycobacterium smegmatis (Msm)."*°
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Fig. 1.10. Illustrations of the X-ray crystal structure of Eis from Mtb depicted in A. hexameric form and B.
monomeric form with CoA bound in one monomer (PDB: 3R1K).'*

It was recently reported that Eis from Msm (Eis_Msm) and Eis from Mtb (Eis_Mtb) are
also capable of acetylating dual-protein phosphatase 16 (DUSP16)/mitogen-activated
protein kinase phosphatase-7 (MKP-7) (DUSP16/MPK-7)."** These modifications occur
at Lys55, and this ability to modify primary amines on the amino acid residues of
proteins suggests that Eis may have a much broader substrate profile than might be
expected. Additionally, AACs are capable of acetylating classes of drugs other than AGs,

151

including the second-line anti-TB drug CIP.” The identification of novel substrates of

Eis, including both protein and small molecules, as well as the development of
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inhibitors will likely continue to be the focus of many research efforts in the near

future.

1.3. Chloramphenicol (CAM) and CAM acetyltransferase (CAT)
1.3.1. CAM as an antibacterial agent
Chloramphenicol (CAM) (Fig. 1.11) is a potent broad-

OH OH . . .
NG I spectrum antibacterial agent that was isolated from
ON HN%@ Streptomyces venezuelae in 1948.°> CAM was one of the
o° 0
Chloramphenicol (CAM) most effective antibiotics in use for decades and was used to

Fig. 1.11. Structure of CAM.  treat many different varieties of bacterial infections.

Although toxicity issues are relatively rare, bone marrow toxicity may be a very serious
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issue.'**1>® Despite the toxicity issues, CAM was often applied to the treatment of brain
infections, such as those caused by Neisseria meningitides, due to its ability to cross the
blood-brain barrier. CAM use has been almost completely halted in the United States and
Europe due to the aforementioned bone marrow toxicity. However, owing to the rapid
emergence of resistance to many common antibiotics, many believe that CAM should be

. . . .1
seriously reconsidered as a wider-spectrum therapeutic.'>’

CAM antibacterial activity is achieved via inhibition of bacterial protein biosynthesis by
binding to the 50S subunit of the bacterial ribosome. Crystal structures of the 50S subunit
of the Escherichia coli and Thermus thermophilus ribosome in complex with CAM
confirmed binding to A-site of the 50S subunit and showed that CAM occupies the
binding site for the amino-acyl moiety of the A-site tRNA."”*"*’ The 3-hydroxyl of CAM
(Fig. 1.11), which interacts with the ribosome through direct hydrogen bonding,
potassium ion-mediated electrostatic interactions, and van der Waals interactions with the
RNA phosphosugar backbone, is critical for antibacterial activity.'”®'** Additionally, the
1-hydroxyl of CAM forms hydrogen bonds with RNA bases. Thus, any modification of
the 1-hydroxyl or the 3-hydroxyl of CAM is likely to disrupt CAM-ribosome binding.'”’

1.3.2. Resistance to CAM

Similarly to AGs, there are multiple mechanisms of resistance to CAM. The least
common mechanism of resistance to CAM is mutation of the 50S ribosomal target,
specifically at the 23S rRNA, which decreases the affinity of CAM for its target.'®'** A
more common mechanism of resistance to CAM is the decreased permeability of the
outer membrane of the bacteria.'®'® This type of resistance manifests in lower
concentrations of CAM reaching the interior of the cell. Because CAM is not transported
into the cell in an energy-dependent manner, in contrast to AGs, the decrease in

permeability generally only leads to low levels of resistance.

The covalent modification of CAM is catalyzed by a number of bacterial resistance
enzymes, similar to the manner in which AGs are modified by AMEs (Fig. 1.12). In
addition to the CAM acetyltransferases (CATs) discussed at length in the following
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subsection, CAM O-phosphotransferases (CPTs) have been reported.'®'®® CAM
nitroreductases have also been confirmed to confer resistance to CAM.'® Additionally, in
mammals, a number of modifications may take place that deactivate CAM, including

dehalogenation, and glucuronidation, as well as reduction of the nitro group.'”
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Fig. 1.12. Modifications causing resistance to CAM by A. CAT, B. a nitroreductase, and C. CPT.

1.3.2.1. Resistance conferred by CATs

The most common and most clinically relevant bacterial resistance to CAM is conferred
by CAT enzymes, which catalyzes the transfer of an acetyl group from acetyl-coenzyme
A (AcCoA) to the 3-hydroxyl group of CAM (Fig. 1.12).""" Although two acetylations
may be catalyzed by CAT, the second occurring after a intramolecular transfer of the first
acetyl group, a single acetylation of CAM is sufficient to abolish its affinity for the
ribosome'””  which is rationalized in the previously discussed structural
observations.'”*'>? CAT proteins are divided into three types- CAT;, CATy, and CATy-
but the differences between the three types are not particularly well-defined in terms of
their amino acid sequences. Rather, certain functional properties of the proteins have
been used to delineate the boundaries. For example, in addition to binding and acetylating
CAM,""! CAT}, unlike CATyy, binds a much bulkier antibiotic, fusidic acid (FA).'” FA is
a steroidal antibacterial agent that is generally applied against infections caused by Gram-
positive pathogens. CAT; does not covalently modify FA as with CAM, but instead it
confers resistance by sequestering FA, which binds at the CAM binding site. Until
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recently, the physical properties of CAT; that confer this ability have not been well

characterized.

This dissertation summarizes a significant amount of the research I performed under the
supervision Professor Sylvie Garneau-Tsodikova. It is comprised of six chapters. Chapter
one is the introduction providing relevant background on AG antibiotics, CAM, and
acetyltransferases that confer resistance to antibiotics, as well as strategies used to
overcome resistance. Chapter six suggests a number of future directions for these projects.
Chapter two discusses the characterization of Eis from Mtb focusing on the development
of NMR methodology to efficiently determine of the order and positions modified on
various AGs. Chapter three reports the acetylation of CAP, a second-line drug for TB, by
Eis and the activity of CAP against various mycobacteria. Chapter four focuses on the
chemical synthesis of novel AGs aimed at overcoming antibacterial resistance. Chapter
five describes the first crystal structure of CAT; bound to CAM, focusing on the
structural differences between CAT; and CATiy that lead to the increased substrate

binding profile of CAT;.
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Chapter 2

Characterization of regio-promiscuity and regio-versatility of Eis via NMR

spectroscopy

2.1. Abstract

The escalation of drug resistance, in many species of virulent bacteria, is a serious public
health concern worldwide, and the emergence of drug-resistant tuberculosis (TB) is
particularly troubling given the prevalence of the disease. One of the most recently
characterized resistance mechanisms of TB is initiated by the expression of enhanced
intracellular survival (Eis) protein. Eis has recently been shown to act as an unusually
regio-versatile AAC, capable of multiply acetylating AGs, a characteristic unique among
known AACs. It is known that Eis can sequentially modify the AG neamine (NEA) at 3
positions, but the reaction of additional AGs with Eis has not been characterized to date.
Herein, we determined the number, position, and order of the acetylation of five
additional AGs using NMR spectroscopy. These studies further our understanding of the
capabilities of Eis as an AAC, and will guide future studies aimed at overcoming the

resistance conferred by Eis.

2.2. Introduction

Antibacterial resistance is a growing health concern worldwide, and the emergence of
resistance to many frontline and even second-line drugs is outpacing the discovery and
development of novel, effective treatments against resistant infections. Bacterial
communities naturally evolve such that resistance to the drugs employed against them
arises through natural selection, and this process is often accelerated by improper
treatment or poor patient compliance. Multidrug-resistant (MDR) and extensively drug-
resistant (XDR) strains of the intracellular pathogen Mycobacterium tuberculosis (Mtb)

are two prime examples of this paradigm that currently pose a serious, worldwide health

26



threat. It is estimated that there were 440,000 cases of MDR-TB that emerged in 2008
and over 1.6 million deaths related to M¢b infections in 2009. Our understanding of the
resistance mechanisms adopted by MDR- and XDR-Mtb against second-line antibacterial
therapies, such as the (AG) kanamycin A (KAN) and amikacin (AMK), is limited. Up-
regulation of the enhanced intracellular survival (eis) gene bearing mutations in its
promoter was the lone cause of KAN resistance in one-third of a large, diverse set Mtb
clinical isolates,'” and efforts to characterize the Eis protein are progressing rapidly.'™"
The menace presented by drug-resistant strains of Mtb combined with our limited
knowledge regarding the resistance mechanisms involved highlights a glaring gap in

knowledge and serves as a limiting factor in our ability to keep pace with an aggressively

evolving adversary.

The eis gene and its protein product, Eis, were discovered in M¢b H37Rv during an effort
to identify Mtb genes necessary for survival within macrophages.' Bioinformatic analysis
predicted that Eis belongs to the GCNS-related N-acetyltransferase (GNAT) family of
proteins,® which was later supported by studies showing that overexpression of Eis leads
to KAN resistance in Mtb.'” GNAT proteins generally catalyze the transfer of an acetyl
group from acetyl coenzyme A (AcCoA) to the primary amine of a substrate, liberating
free coenzyme A (CoA) in the process. We have recently reported biochemical,
spectroscopic, and crystallographic data confirming that Eis is an AAC that displays
unusual regio-versatility against NEA and is capable of acetylating many other AGs,
including those used as second-line MDR- and XDR-TB treatments such as KAN and
AMK

To further understand the nature of Eis as an AAC, we characterized the reactions
catalyzed by Eis with two sets of similar AG substrates. Tobramycin (TOB) (Fig. 2.5),
KAN (Fig. 2.1), and AMK (Fig. 2.3) were chosen for their structural similarities, and the
latter two compounds’ relevance in the treatment of MDR- and XDR-TB. We also chose
to investigate netilmicin (NET) and sisomicin (SIS) because they are both structurally
distinct from TOB, KAN, and AMK, but nearly identical to one another, the N-1-ethyl
group of NET being the only difference between the two structures. Using thin layer
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chromatography (TLC) and nuclear magnetic resonance spectroscopy (NMR), we sought
to determine the number, order, and regio-specificity of the multiple acetylations by Eis.
We found that not only does Eis show a novel ability to catalyze multiple acetylations to
each of the AGs studied, but also that these modifications occur at positions never before

shown to be modified by other AACs.

2.3. Results: determination of positions of AGs modified by Eis vie NMR and TLC

Eis exhibits unusual regio-versatility as an acetyltransferase, modifying some AGs as
many as four times, which makes it unique among known AACs.> TLC may be used to
qualitatively study the reaction progress of Eis with various AGs by following the
appearance of compounds with increased retention factor (R;) wvalues, indicating
acetylation has occurred. Side-by-side comparison of an Eis-modified AG to the
analogous AG product formed by other AACs with known specificity allows for the
prediction, and in some cases identification of the Eis-modified products (Table 2.1 and
Figs. 2.1-2.5). AACs capable of acetylating the 6'-, 2'-, 3-, and 1-amines of various AGs
have been reported, and examples of each, except AAC(1), were applied in this study.
AAC(1) was reported in the past but is very rare and our significant efforts to obtain

DNA or plasmids with the gene were not successful.

Table 2.1. R, values®’ of mono- and di-, acetylated AGs by the AAC(2")-Ic, AAC(3)-IV, AAC(6"), and Eis proteins.
Enzymes utilized
None @) (©) (6" (3)12) (6Y/(2) (6)/(3) Eis

AG 1 min 5 min 10 min 30 min 2h O/N
AMK Parent” 0.06 0.06 0.06 0.06 0.06
Mono® x" x! 0.10 0.10/ 0.10/ 0.10/ 0.10/
0.36 0.36 0.36 0.36
Di* x" x" X! 0.46 0.46
KAN Parent 0.28 0.28
Mono x" 0.33 043 0.33 033/ 033/ 033/ 0.33
043 043 043
Di x" x" 049 0.56 0.56
NET Parent 0.06 x! x! x! x!
Mono X X 0.26 0.26
Di -k 0.37 041 0.37
SIS Parent 0.05
Mono 0.08 0.16 0.24 0.24 0.24 0.24 0.24 0.24
Di 0.23 0.26 0.30 0.24 -
0.30
TOB Parent 0.24 0.24 0.24
Mono 0.27 0.36 0.48 0.48 0.29'/ 0.48 0.48
0.48
Di . - 0.71 0.62 0.62 0.62 0.62

‘The eluent systems used for TLCs were 5:2/MeOH:NH,OH, 5:2/MeOH:NH,OH, 25:1/MeOH:NH,OH, 12:1/MeOH:NH,OH, and
5:2/MeOH:NH,OH for AMK, KAN, NET, SIS, and TOB, respectively. "Parent indicates no acetylation. ‘Mono indicates mono-acetylation. ‘Di
indicates di-acetylation. °(2') indicates AAC(2")-Ic. f(3) indicates AAC(3)-IV. ¥(6') indicates AAC(6') of the AAC(6')/APH(2"). "x Because the 2'-
NH, does not exist in AMK or KAN, these controls were not performed. 'xAMK is not a substrate for AAC(3)-IV. 'xThese reactions were not
performed. *-- Indicates that the di-acetylated product could not be visualized as it had an R; value overlapping with that of the glycerol in the
reaction mixture or as the sequential use of enzymes did not work in these cases. 'Based on NMR analysis, this spot most likely corresponds to the
3"-acetyl-TOB.

28



To determine the position and order of the multiple acetylation reactions carried out by
Eis, we first compared the Ry of Eis-modified AMK, KAN, SIS, NET, and TOB to the 3-,
2'-, and 6'-acetyl counterparts, and when applicable, to the 6',3-, 6',2'-, and 3,2'-N-di-
acetyl compounds formed by sequential acylation, as previously described (Table 2.1 and
Figs. 2.1-2.5).>'? No combination of AACs was found to be capable of generating tri-
acetylated AGs.

Previous studies indicated that KAN and AMK were di-acetylated by Eis, and the N-1
AHB-containing AMK could be tri-acetylated to some extent, as determined by liquid
chromatography-mass spectrometry (LCMS), but the positions modified and the order in
which those acetylations occurred was not established.” The reaction progress followed
by TLC indicated that KAN rapidly underwent two acetylations, but the modifications
were not sequential in nature. The Ry value of the di-acylated KAN product of Eis did not
match the product of any other AAC, or sequential combination thereof, capable of
modifying KAN (Table 2.1 and Fig. 2.1). The Ry values of two of the intermediate mono-
acetylated products did closely correlate to the 6'- and 3-N-acetyl-KAN (Table 2.1 and
Fig. 2.1). The reaction was scaled up and the di-acetylated product was purified by flash
chromatography for NMR analysis. A comparison of the 1D- and 2D-NMR spectra of
KAN (Figs. 2.14-2.18) to the di-acetylated KAN product (Figs. 2.19-2.23) clearly
indicated that the reactions occurred at the 6'-amine and the 3"-amine (Fig. 2.1 and
Tables 2.4 and 2.5), showing Eis to be the first AAC reported to acetylate an AG at the
3"- position. TLC analysis of the Eis reaction with AMK suggested that as many as three
total mono- or di-acetylated products may be formed over the course of the reaction, and
that, similarly to KAN, their formation was not sequential in nature. AMK is only a good
substrate for AAC(6') of all the enzymes used in this study, limiting the information that
could be gathered from TLC experiments (Table 2.1 and Fig. 2.2).
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Fig. 2.1. The di-acetylation of KAN by Eis.

Of the three products formed by Eis that are visible over the course of the reaction, that
with the lowest Ry value closely matched that of 6'-N-acetyl AMK (Table 2.1 and Fig.
2.2). The reaction was scaled up and purified by flash chromatography for NMR analysis.
In order to reduce the amount of costly materials, namely AcCoA, and hasten the
characterization process, our method was adapted to use solely 'H-detected NMR studies.
In doing so, we eliminated superfluous data that was ultimately unnecessary for the
analysis of the products while at the same time greatly reducing the cost and amount of
instrument time required. The results indicated that the ultimate product of the Eis
reaction with AMK was di-acetylated (Fig. 2.2), similarly to KAN. However, in this case
comparison of the AMK standard (Figs. 2.7-2.9) to those of the product (Figs. 2.10-2.13)
showed that the reactions had taken place at the 3"-position and the y-amine of the AHB
moiety as determined by NMR (Fig. 2.2 and Table 2.3), making Eis the first AAC
reported to modify the AHB of an AG.
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Fig. 2.2. The di-acetylation of AMK by Eis.

Time-course TLC analysis of the acetylation of SIS and NET by Eis showed that the
reactions proceeded in a sequential manner and that the second sites of acetylation were
converted significantly more slowly than with KAN, AMK, or TOB. For both SIS and
NET, TLC indicated that Eis specifically and rapidly acetylated a single amine, and by
comparing the R, value of the Eis products to those of known AACs indicated the 6'-
amine was likely the acetylated position in both cases (Table 2.1 and Fig. 2.3). This was
then followed by a single, much slower reaction in the case of NET. SIS underwent two
such slower reactions, but it was unclear whether the products observed were di-
acetylated, tri-acetylated, or a mixture of both di- and tri-acetylated. In order to
definitively determine the order of acetylation, we once again adapted our method. The
experiments were designed so that the reaction progress was monitored in solution by
NMR, negating the need for time-consuming purification of the products. The molar
equivalents of AcCoA were regulated in order to control the reaction progress so that all
NMR experiments on the mono-acetylated products could be performed before the

subsequent acetylations had occurred.

Monitoring the reaction progress of NET with Eis by TLC indicated that the 6'-position
was likely the first to be modified, based on the similarity of the Ry of the first Eis product
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with that known to be 6'-N-acetyl-NET (Table 2.1 and Fig. 2.3). NMR analysis of a
reaction mixture containing a 1:1 ratio of AcCoA and NET with Eis showed rapid,
complete conversion (>95%) of NET (Table 2.6 and Figs. 2.24-2.26) to 6'-N-acetyl-NET
(Table 2.6 and Figs. 2.27-2.29), as was predicted by TLC. Addition of a second
equivalent of AcCoA yielded a single di-acetylated product. This second sequential
acetylation occurred at the 2'-amine to give the 6',2'-N-di-acetyl NET product (Table 2.7
and Fig. 2.3), as determined by 1D- and 2D-NMR (Table 2.7 and Figs. 2.30-2.32).
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: 6. 6 2-di-acetyl-NET (R;0.37)
7. NET + AcCoA + Eis_Mtb (ON) (R, 0.37)

12 3 45 6 7
Fig. 2.3. The di-acetylation of NET by Eis.

Similarly to NET, the conversion of SIS by Eis, as monitored by TLC, indicated that the
6'-position was likely the first to be modified by Eis (Fig. 2.4 and Table 2.1). At first, the
NMR analysis was carried out identically as with NET using a reaction mixture
containing a 1:1 ratio of AcCoA and SIS. Complete conversion (>95%) of SIS (Figs.
2.33-2.38 and Table 2.8) into 6'-N-acetyl-SIS (Figs. 2.39-2.41 and Table 2.8) was
observed as indicated by 1D- and 2D-'H NMR. TLC experiments of the Eis reaction
showed that like NET, SIS also underwent further reactions, but in this case two different
products were formed. Comparison of the R, values of the two additional SIS Eis
products to those of known di-acetylated SIS products, indicated a close correlation to the

6'2'- and 6',3-N-di-acetyl-SIS (Fig. 2.4 and Table 2.1). The secondary Eis products
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formed much more slowly than in the previous cases, and due to the slow hydrolysis of
AcCoA under the conditions, an additional 4 molar equivalents of AcCoA were required
to drive the reaction to completion (>95% conversion from the 6'-product). The CoA,
formed upon reaction with Eis in addition to that formed by hydrolysis of the thioether of
AcCoA, significantly hindered our ability to fully characterize the peaks of interest and
consequently, a mixture of the two products was purified by flash chromatography for
further NMR experiments. The relatively small difference in R, values made complete
separation of the two desired products extremely difficult, and as such, a mixture of the

two compounds was used for NMR studies.

Analysis of the NMR data indicated that SIS was converted into two distinct di-
acetylated products by Eis (Figs. 2.42-2.47 and Table 2.9), and that a tri-acetylated
product was not formed in significant enough quantity to be detected by NMR. One of
the products was unambiguously determined to be 6',2'-N-di-acetyl-SIS (Figs. 2.42-2.47
and Table 2.9). The second di-acetylated product was modified by Eis on the central 2-
deoxystreptamine (2-DOS) ring, at either the 1- or 3-position (Figs. 2.42-2.47 and Table
2.9). The exact position could not be assigned with certainty, due to the symmetrical
nature of the 2-DOS ring, but 1-N-acetylation is suspected because no 3-N-acetylation by

Eis has been observed.
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Fig. 2.4. The multiple di-acetylations of SIS by Eis.

Previous studies have shown qualitatively that TOB may be acetylated as many as four

times by Eis, as determined by LCMS.? Reactions monitored by TLC indicated that TOB

was di-acetylated (Fig. 2.5 and Table 2.1), but the modifications were not sequential,

similar to KAN and AMK. Comparison of the Ry values of the Eis product to those with

AACs of known specificity indicated that one of the mono-acetylated compounds formed

en route to the di-acetylated products was likely modified at the 6'-amine (Fig. 2.5 and
Table 2.1). NMR analysis of the reaction with Eis using a 1:1 ratio of TOB and AcCoA

indicated that two products formed in an approximately 3:2 ratio (data not shown).

Addition of a second molar equivalent of AcCoA resulted in the complete conversion of

TOB to a single, di-acetylated product. 1D- and 2D-NMR analysis indicated that TOB
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(Figs. 2.48-2.50 and Table 2.9) was converted to 6',3"-di-acetyl TOB (Figs. 2.51-2.53 and
Table 2.9) similarly to KAN (Fig. 2.5).
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Fig. 2.5. The di-acetylation of TOB by Eis.

2.4. Discussion

Herein, we have reported that Eis is the first and only AAC reported that is capable of
modifying either the 3"- or 1-N-AHB moiety of an AG in a manner dependent on the
scaffold of the AG. Not only is it the first AAC that has shown regio-versatility as
previously reported, but, since the acetylation pattern varies with the particular AG
scaffold presented to Eis, it also the first and only AAC to demonstrate regio-promiscuity.
Previous studies with Eis showed that it was capable of tri-acetylating NEA, a small AG
that contains 4 primary amines (1, 3, 2', and 6') on two aminocyclitol rings, rather than
the three or four ring system common to most AGs.> The novel regio-versatility was a
surprising result because no other AACs had been proven to perform multiple
acetylations on the same AG. However, the 1-, 3-, 2'-, and 6'-amines are all known to be
modified on AGs by AACs belonging to one or another of the four classes previously
reported in the literature. Furthermore, the number of acetylations performed by Eis on a
particular AG was always observed to be less than or equal to the total number of 1-, 3-,
2', and 6'-amines present on the same AG. As such, the discovery that Eis not only shows

unprecedented activity towards the amines at the 3"- and y-amine of AHB, but also
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acetylates various amine positions based on the chemical structure of a given AG makes

it unique among AG-modifying enzymes (AMEs).

Three different patterns of acetylation were observed with the three distinct AG scaffolds
investigated. The patterns of acetylation seen on the chemically distinct scaffold of NET
and SIS are relatively unsurprising because, as seen with NEA, there were multiple
acetylations but only in positions known to be modified by other AACs. The reasons for
the sequential nature of the reactions of Eis with SIS and NET are unclear. A probable
explanation for the trend seen with KAN, AMK, and TOB is that there exist (at least) two
possible binding orientations in which the AGs may initially bind with similar affinities
that will ultimately lead to acetylation. Since KAN, AMK, and TOB are di-acetylated by
Eis in random order, it stands to reason that two of the possible binding orientations are
in an equilibrium that does not significantly favor one over the other, allowing either of
the respective positions to be acetylated. Conversely, NMR and TLC analysis suggests
that there is one orientation that is initially preferred with SIS as well as one for NET that
leads to complete conversion at the 6'-amine before a second acetylation may occur,
suggesting the corresponding 6'-acetyl compound is the substrate for the second, slower

reaction.

TOB, which has distinct molecular scaffold compared to NET and SIS and a similar
scaffold to KAN and AMK, behaved more similarly to KAN and AMK, showing a
random order of acetylation and identical pattern of acetylation to that of KAN with Eis.
It would be reasonable to expect that one of the AGs that undergo a sequential acetylation
might be a better candidate for crystallization, and further attempts to obtain
unambiguous structures with the other 4 compounds are currently underway in our

laboratory.

2.5. Conclusions
That fact that Eis modifies AGs in a way that varies from AG to AG is at the same time
very interesting as well as very alarming in terms of the evolution of antibiotic resistance.

The development of novel, synthetically modified AGs that avoid resistance enzymes,
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reduce toxicity, and improve antimicrobial activity has been the goal of numerous
research efforts. Together, the lack of effective treatments for TB and the increasing
number and severity of outbreaks of MDR- and XDR-TB highlight a situation that
requires prompt action within the scientific community. The combined versatility and
promiscuity of Eis, particularly toward the AHB moiety which has been shown to
improve many AGs when incorporated at the N-1 position, will make it particularly
difficult to develop novel AGs as treatments, suggesting another course of action may be
necessary. Developing inhibitors of bacterial resistance enzymes, such as the [-lactamase
inhibitor clavulanic acid, has been a successful means of overcoming an analogous
problem associated with (-lactam antibiotics such as ampicillin, and studies to this affect

with Eis have been performed.*"

We have shown that Eis is the most regio-versatile and regio-promiscuous AAC
characterized to date. Its role in conferring resistance to AGs used in the treatment of TB
is a serious concern, as few drugs are efficient treatments. The overall lack of effective
treatments is exacerbated by the development and rapid spread of MDR- and XDR-TB.
We are left to ask whether the expanded AG modifying capabilities of Eis as an AAC is
the next advancement in bacteria’s defensive arsenal or just an isolated evolutionary
coincidence? If this type of capability starts expanding to other bacteria, it may mean that
AGs begin to see an even smaller role as useful therapies against many types of bacteria.
In any case, it highlights both the necessity to develop next generation antibacterial drugs,
as well as the need to advance our understanding of these processes as thoroughly and

rapidly as possible.

2.6. Materials and instrumentations

The Eis,” AAC2)-Ic,” AACQ3)-IV,"”” and AAC(6'YAPH(2")'? enzymes were
overexpressed and purified as previously described. For sake of simplicity, in the text that
follows we will refer to the bifunctional AAC(6')/APH(2") enzyme as AAC(6') since
none of the reactions performed in this study contain a nucleotide substrate for the
APH(2") domain of this enzyme. Acetyl-CoA (AcCoA) and aminoglycosides (AGs)
(AMK, KAN, and SIS) were bought from Sigma-Aldrich (Milwaukee, WI) (Fig. 2.1).
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The AGs NET and TOB were purchased from AK Scientific (Mountain View, CA) (Fig.
2.1.). TLCs (Merck, Silica gel 60 F,s4) were visualized using a cerium-molybdate stain
((NH4)2Ce(NOs)s (5 g), (NH4)6M07024°4H40 (120 g), H,SO4 (80 mL), H>O (720 mL)).
AMK, KAN, and SIS acetylated products were purified by SiO, flash chromatography
(Dynamic Absorbents 32-63 m). 'H, "°C, gCOSY, gHMBC, gHSQC, and zTOCSY NMR
spectra were recorded either on a Bruker Avance III'™ 600 MHz spectrometer equipped
with a 3 mm cryo-probe, a Varian 400 MHz equipped with a 5 mm OneProbe, or a
Varian 500 MHz equipped with a 3 mm OneProbe, as indicated in the figure legends of
the NMR spectra. All NMR spectra were recorded either in D,O or in 9:1/H,O0:D,0 at
either pH 3.0 or 8.0, as indicated in the appropriate figure captions. LCMS was
performed on a Shimadzu LCMS-2019EV equipped with a SPD-20AV UV-Vis detector
and a LC-20AD liquid chromatograph.

2.7. Methods

2.7.1. Determination of amine positions acetylated by Eis on AMK, KAN, NET, SIS,
and TOB

2.7.1.1. TLC assays

In order to establish the amine positions acetylated by Eis on AMK, KAN, NET, SIS, and
TOB, we first performed TLC assays. Control experiments were done with three AG
acetyltransferases of known specificity (AAC(2')-Ic, AAC(3)-1V, and AAC(6")) that were
confirmed by us by UV-Vis assays and LCMS to acetylate only at the 2'-, 3-, and 6'-
positions, respectively (whenever available) of all AG substrates used in this study. The
eluent system utilized for all TLCs of reactions performed with AMK, KAN, NET, SIS,
and TOB were 5:2/MeOH:NH4,OH, 5:2/MeOH:NH,OH, 25:1/MeOH:NH,OH,
12:1/MeOH:NH4OH, and 5:2/MeOH:NH4OH, respectively. The R, values observed are
reported in Table S1. The exact reaction conditions are reported below. The R, values of
the various mono- and di-acetylated AGs are reported in section 2.3 of the main text

(Table 2.1).
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2.7.1.1.1. Control TLCs of AGs mono-acetylated at the 2'-, 3-, and 6'-position by
AAC(2")-Ic, AAC(3)-1V, and AAC(6'), respectively

Reactions (15 uL) were carried out at rt in MES buffer (50 mM, pH 6.6 adjusted at rt) for
AACQ3)-IV and AAC(6') or in Na,HPO, buffer (100 mM, pH 7.0 adjusted at rt) for
AAC(2")-Ic in the presence of AcCoA (0.96 mM, 1.2 eq), AG (0.8 mM, 1 eq), and AAC
enzyme (10 uM). After overnight incubation, aliquots (5 uL) of the reaction mixtures

were loaded onto a TLC plate and eluted with the proper eluent system.

2.7.1.1.2. Control TLCs of AGs di-acetylated sequentially by pairwise treatment
with AAC(2'")-Ic, AAC(3)-1V, and AAC(6")

Di-acetylation reactions for use as reference standards were carried out by sequentially
using the following pairs of enzymes: (1) AAC(6') followed by AAC(2')-Ic, (i1)) AAC(3)-
IV followed by AAC(2")-Ic, or (ii1)) AAC(6'") followed by AAC(3)-IV. Reactions (10 uL)
were carried out at rt in MES buffer (50 mM, pH 6.6 adjusted at rt) in the presence of
AcCoA (1.92 mM, 2.4 eq), AG (0.8 mM, 1 eq), and the first AAC enzyme (10 uM).
After overnight incubation, the second AAC enzyme (10 uM) was added to the reaction
mixture, which was incubated for at least an additional 16 h. Aliquots (5 uL) of each di-
acetylation reaction mixture were loaded onto a TLC plate and eluted with the proper

eluent system.

2.7.1.1.3. TLCs of the time course of multi-acetylation of KAN, AMK, NET, SIS,
and TOB by Eis

Reactions (30 uL) were carried out at rt in Tris-HCI buffer (50 mM, pH 8.0 adjusted at rt)
in the presence of AcCoA (4 mM, 5 eq), AGs (0.8 mM, 1 eq), and Eis (5 uM). Aliquots
(4 uL) were loaded onto a TLC plate after 0, 1, 5, 10, 30, and 120 min as well as after
overnight incubation and eluted with the proper eluent system. R, values are reported in

section 2.3 of the main text (Table 2.1).
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2.7.1.2. Mass spectrometry analysis of the multi-acetylated AMK, KAN, NET, SIS,
and TOB Eis products

The masses of the AGs multi-acetylated by Eis were obtained by LCMS in positive ion
mode using H>O (0.1% formic acid) after dilution of the NMR samples described below
(1 uL of 15 mM stock) with H,O (1 mL) and injection of 20 uL (Table 2.2 and Fig. 2.6).

Table 2.2. Mass analysis of aminoglycosides (AGs) acetylated by Eis.

AG Calculated [M]*  Observed [M+H]*
AMK Di® 669.31 670.35
KAN Di 568.26 569.30
NET Mono® 517.31 518.35

Di 559.32 560.30
SIS Di 531.29 532.35 (554.20 +Na)
TOB Di 551.28 552.25 (57420 +Na)

“Di indicates di-acetylation. ® Mono indicates mono-acetylation.

A Eis modified AMK B Eis modified KAN Cc Eis modified NET
o] (o]
NH, . [¢]
100 HSE% 100 57520 (+Li) I 100 ‘Hk i 560.30
HO | HaN OH o =~Q =~0
670.35 N HoQ éﬁ éﬁ
80 HO S Nm/kﬂuk 80 Ha% HN 80 HENOHQN " \[(NHOHEN "
HO\M,OH 569.30 ﬁo/mo/rw2 Hom/o N T Homo Neer
OH
60 HN 60 OH 60 o) o
2 J=o " HO\F%QZBH/ < HO. L Ho\f\P
40 ) 40 3",6™-Di-Ac-KAN o 40 {6-Ac-NET | 1| oH
3", AHB-Di-Ac-AMK Calc. 568.26 Calc. 517.31 T
Calc. 669.31 Obs. 569.30 Obs. 518.35 2',6"-Di-Ac-NET
20 Obs. 670.35 20 201 51835 Calc. 559.32
| | | Obs. 560.30
o0l el s 11 0 L, 1
660 670 680 690 700 710 720 560 570 580 590 600 610 620 510 520 530 540 550 560 570
m/z m/z
D Eis modified SIS E Eis modified TOB
(o] » A My
3",6"-Di-Ac-TOB
100 NHA\ 554.20 (+Na) 100 552.25 Calc. 55128
é Q Obs. 552.25
80 Nl HeN 80 574.20 (+Na) ¢
\o( Scwm 532.25 "Nﬂ\
60 o 60 HOﬁ
< HON < LN | HaN
3 HN S o
40 I oH 40 S
2',6-Di-Ac-SIS
Calc. 531.29
2
201 0ps. 532.25 I 0
0 Llosraa |||J o ||||j_|_|JLJ__ o0l
480 500 520 540 560 580 540 560 580 600 620 640
m/z m/z

Fig. 2.6. Mass spectra of Eis-AG reaction products studied in this work.
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2.7.1.3. NMR analysis of the multi-acetylated AMK, KAN, NET, SIS, and TOB Eis
products

2.7.1.3.1. Di-acetylation of AMK by Eis and NMR analysis of the 3", AHB-di-acetyl-
AMK product

To determine which two positions of AMK are acetylated by Eis, a reaction was
performed to yield sufficient amount of product for NMR analysis. Briefly, a reaction
mixture (4 mL) containing AMK (5 mM, 1 eq), AcCoA (20 mM, 4 eq), and Eis (0.5
mg/mL) in Na,HPO, buffer (50 mM, pH 8.0 adjusted at rt; Note: Na,HPO, replaced Tris-
HCI to simplify purification) was incubated with gentle shaking at rt for 24 h prior to
supplementing with additional portions of AcCoA (5 mM) and Eis (0.1 mg/mL) followed
by further incubation for 48 h (Note: the reaction was pH adjusted using 1.0 M KOH
solution prior to addition of enzyme as necessary to maintain pH 8.0). The progress of the
Eis reaction was monitored by TLC. After >90% conversion of AMK into di-acetyl-
AMK, the Eis enzyme was removed by addition of an equal volume of MeOH, cooling to
4 °C for 30 min, and centrifugation (15,000 rpm, 10 min, rt). The solution was separated
from the precipitate and the solvents evaporated under reduced pressure. The residue was
purified by flash chromatography (SiO,) using a gradient of 0.0-2.0% Et;N in MeOH.
Fractions containing the product were pooled and the solvents removed under reduced
pressure. The residue was dissolved in minimal volume of D,O, adjusted to pH 3 with
dilute sulfuric acid (0.5%), and lyophilized to give 3",AHB-di-acetyl-AMK as a white
powder. For NMR analyses, 3",AHB-di-acetyl-AMK was dissolved in D,O (400 mL),
centrifuged (15,000 rpm, 10 min, rt) to remove any particulate, and the supernatant
collected for analysis. The positions of acetylation, purity, and structure identification
were confirmed by 'H, zTOCSY, and gCOSY NMR as well as LCMS. Proton
connectivity was assigned using zTOCSY and gCOSY spectra. Representative spectra for

3" AHB-di-acetyl-AMK are provided (Figs. 2.10-2.13).

To unambiguously establish the two acetylated positions on the AMK scaffold, the NMR
spectra of the di-acetylated-AMK were compared to those of a standard of pure non-
acetylated AMK (Tables 2.3). The sample of AMK for NMR was prepared as described
for the 3",AHB-di-acetyl-AMK NMR sample. Additionally, the compound was prepared
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in 9:1/H,0:D,0 and both a 'H and a zZTOCSY spectra of the compound were obtained at
600 MHz resolution in order to resolve the amide bonds for further confirmation of the

structure. Representative spectra for AMK are provided (Figs. 2.7-2.9)

Table 2.3. Proton chemical shifts determined for AMK and 3",AHB-di-acetyl-AMK."

Ring H position AMK 3", AHB-di-acetyl-AMK Appm
I 1 4.10-3.95 (m)" [4.06]° 4.14-4.00 (m) [4.07] 0.01
2. 1.80 (m) 1.87-1.70 (m) [1.80] 0.00
2ea 2.22-2.09 (m) [2.19] 2.23-2.17 (m) [2.20] 0.01
3 3.53 (m) 3.65-3.40 (m) [3.56] 0.03
4 3.90-3.80 (m) [3.85] 3.95-3.65 (m) [3.90] 0.05
5 3.90-3.80 (m) [3.88] 3.95-3.65 (m) [3.90] 0.02
6 3.90-3.80 (m) [3.83] 3.95-3.65 (m) [3.84] 0.01
C=0OCH(OH)CH,CH,NH, 424 (dd, J,, ., =28 Hz,J,, 4, =94 Hz) [4.12] (dd, J,; 5, = 2.8 Hz, J,, 45, = 9.4 Hz) -0.12
(A1)
C=0OCH(OH)CH,CH,NH, 1.93 (m) 1.87-1.70 (m) [1.74] -0.19
(A2)
C=0OCH(OH)CH,CH,NH, 2.13 (m) 2.03-1.92 (m) [1.98] -0.15
(A2,)
C=0OCH(OH)CH,CH,NH, 3.18-3.10 (m) [3.15] 3.31-2.26 (m) [3.29] 0.14
(A3)
1 ' 554(d,J,,=3.6Hz) 5.57(d,J,,=3.7Hz) 0.03
2 368-3.62 (m) [3.63] 3.95-3.65 (m) [3.66] 0.03
3 3.80-3.70 (m) [3.74] 3.95-3.65 (m) [3.78] 0.04
4 3.37-3.32 (m) [3.35] 3.35(dd (app. t),J, 5 = J,5=9.5 Hz) 0.00
5' 4.10-3.95 (m) [3.98] 4.14-4.00 (m) [4.02] 0.04
6', 3.43-3.31 (m) [3.41] 3.65-3.40 (m) [3.45] 0.04
oo O . 318310 B.14) . 314(dd, J=133Hz, /=87 Hz) ... 000 __.
I 1" 5.14(d,J,.,,=33Hz) 5.13(d,J,.,.,=3.7Hz) -0.01
2" 3.80-3.70 (m) [3.75] 3.65-3.40 (m) [3.51] -0.24
3" 3.37-3.32 (m) [3.36] 4.14-4.00 (m) [4.05] 0.69
4" 368-3.62 (m) [3.66] 3.65-3.40 (m) [3.46] -0.20
5" 4.10-3.95 (m) [4.05] 4.14-4.00 (m) [4.08] 0.03
6", 3.87-3.72 (m) [3.78] 3.95-3.65 (m) [3.78] 0.00
oo Oy . 3873723761 .. 395365 (m 3.72) il 004 .
Amide  NH-1 7.62° 8.52(d,J=9.8 Hzo)*
C=0OCH(OH)(CH,),NH- x 8.00 (t,J =6.2 Hz)*
C=0CH;,
NH-3" X 8.08 (d,J =104 Hz)*
Acetyl CH,C=0 on AHB X 1.97 (s)
CH,C=O on 3" x 2.03 (s)

“The chemical shift were established based on 'H (400 MHz), ZTOCSY, and gCOSY NMR. "Multiplicity and J are given in (). “The numbers in [] were
determined from gCOSY and zTOCSY. *Indicates that the values were determined from spectra taken in 9:1/H,0:D,0 at 600 MHz. xIndicates that the
acetyl moiety is not present in the molecule. ‘Detected in the ZTOCSY (400 MHz).
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Fig. 2.7. '"H NMR of AMK in D,O at pH 3 (400 MHz). The full spectrum is
shown in panel A and the expansions in panels B-E.
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Fig. 2.10. '"H NMR of 3", AHB-di-acetyl-AMK in D,0 at pH 3 (400 MHz).
The full spectrum is shown in panel A and the expansions in panels B-E.
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Fig. 2.11. gCOSY of 3",AHB-di-acetyl-AMK in D,O at pH 3 (400 MHz).
The inserts show portions of the spectrum more clearly.
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Fig. 2.12. "H NMR of 3", AHB-di-acetyl-AMK in 9:1/H,0:D,0 (600 MHz).
The full spectrum is shown in panel A and the expansions in panels B-F.
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Fig. 2.13. zZTOCSY of 3",AHB-di-acetyl-AMK in 9:1/H,0:D,0 (600 MHz).
The full spectrum is shown in panel A and the expansion showing the amide
protons coupling to the protons at the 1-, 3"-, and AHB-positions in panel B.
A red box in panel A indicates the portion of the spectrum expanded and
shown in panel B. In panel B, the coupling of the amide protons at the 1-, 3"-,
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boxes, respectively.
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2.7.1.3.2. Di-acetylation of KAN by Eis and NMR analysis of the 3",6'-di-acetyl-
KAN product

To determine which two positions of KAN are acetylated by Eis, a reaction was
performed to yield sufficient amount of product for NMR analysis. Briefly, a reaction
mixture (4 mL) containing KAN (5 mM, 1 eq), AcCoA (20 mM, 4 eq), and Eis (0.5
mg/mL) in Na,HPO, buffer (50 mM, pH 8.0 adjusted at rt; Note: Na,HPO, replaced Tris-
HCI to simplify purification) was incubated with gentle shaking at rt for 24 h prior to
addition of supplementing with additional portions of AcCoA (5 mM) and Eis (0.1
mg/mL) followed by further incubation for 48 h (Note: the reaction was pH adjusted prior
to addition of enzyme as necessary to maintain pH 8.0). The progress of the Eis reaction
was monitored by TLC. After >90% conversion of KAN into di-acetyl-KAN, the Eis
enzyme was removed by addition of an equal volume of MeOH, cooling to 4 °C for 30
min, and centrifugation (15,000 rpm, 10 min, rt). The solution was separated from the
precipitate and the solvents evaporated under reduced pressure. The residue was purified
by flash chromatography (Si0O,) using a gradient of 0.0-2.0% Et;N in MeOH. Fractions
containing the product were pooled and the solvents removed under reduced pressure.
The residue was dissolved in minimal volume of D,0O, adjusted to pH 3 with dilute
sulfuric acid (0.5%), and lyophilized to give 3",6'-di-acetyl-KAN as a white powder. For
NMR analyses, 3",6'-di-acetyl-KAN was dissolved in D,O (400 uL), centrifuged (15,000
rpm, 10 min, rt) to remove any particulate, and the supernatant collected for analysis. The
positions of acetylation, purity, and structure identification were confirmed by 'H, °C,
gCOSY, gHMBC, and gHSQC NMR as well as LCMS. Proton connectivities were
assigned using 'H, zZTOCSY, and gCOSY spectra. Signals of all carbons were assigned
using the *C, gHSQC, and gHMBC spectra. Representative spectra for 3",6'-di-acetyl-
KAN are provided (Figs. 2.19-2.23).

To unambiguously establish the two acetylated positions on the KAN scaffold, the 'H and
3C NMR spectra of the di-acetylated-KAN were compared to those of a standard of pure
non-acetylated KAN (Tables 2.4-2.5). The sample of KAN for NMR was prepared as
described for the 3",6'-di-acetyl-KAN NMR sample. Representative spectra for KAN are
provided (Figs. 2.14-2.18).
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Table 2.4. Proton chemical shifts determined for KAN and 3" ,6'-di-acetyl-KAN."

Ring H position KAN 3" ,6'-di-acetyl-KAN Appm
I 1 3.61-3.54" (m)° [3.59]° 3.63-3.45 (m) [3.53] -0.06
2, 2,02 (ddd (app. ). Sy, = o) = Jrpes = 12.5 H) 1.93 (ddd (app. Q). Jope sy = oy = Jopes = 128 H2) 009
2eq 2.54 (ddd (app. dt), Jy, 00 = 12.5Hz, J,,, , = T35 = 2.54 (ddd (app. dt), J,, 00 = 128 Hz, J,,, , = T3 5 = 0.00
4.0 Hz) 4.2 Hz)
3 3.61-3.54" (m) [3.57] 3.63-3.45 (m) [3.59] 0.02
4 4.01-3.89° (m) [3.90] 3.94-3.66 (m) [3.85] -0.05
5 3.84-3.74 (m) [3.81] 3.94-3.66 (m) [3.73] -0.08
__________ 6 . A01-38%(m)[395] . __________394-3.66(m)[3.90]
I I 5.62(d,J,, =3. 545(d,J,, =3
2' 3.64 (dd,J,, =39 Hz,J,, =10.1 Hz) 3.60 (dd, J,, =39 Hz,J,, =9.8 Hz)
3 3.84-3.74 (m) [3.78] 3.94-3.66 (m) [3.72]
4 3.35(dd (app.t),J,; =J,5=9.5Hz) 3.51-3.43 (m) [3.31]
5' 4.01-3.89 (m) [3.96] 3.94-3.66 (m) [3.81]
6, 3.45(dd, J;,4, = 13.3 Hz,J,, 5 =2.9 Hz) 3.65-3.45 (m) [3.60]

11 1" 5.14(d,J,.,.,.=39 Hz) 507(d,J,.,.=35Hz)
2" 4.01-3.89 (m) [3.93] 3.69 (dd, J,.,.=3.5 Hz)'
3" 3.50 (dd (app. t), J5.,» = J5. .o = 10.5 Hz) 4.11 (dd (app. t), J;.,» = J;. o = 10.3 Hz)
4r 3.69 (dd (app. 1), Jyr,. = Jrso = 10.5 Hz) 3.49 (dd (app. 1), J,., = Jys = 10.3 Hz) *
5" 4.01-3.89 (m) [3.93] 3.94-3.66 (m) [3.93]
6", 3.84-3.74 (m) [3.81] 3.94-3.66 (m) [3.80]
__________ 6 . 3SA3T4MBIS 304366376l 002
Acetyl NH-3" x 8.14 (d, Jy,;=9.7 Hz)
NH-6' x 8.06 (t,Jy,,=6.0 Hz)
CH,C=0O on X 2.04 (s)
3
CH,C=0 on x 2.00 (s)
6

=133 Hz,J,,, = 8.7 Hz)

3.65-3.45 (m) [3.52]

“The chemical shift were established based on 'H (400 MHz), ZTOCSY, and gCOSY NMR. "Could be analogous position of the 2-deoxystreptamine
(DOS) ring. “Multiplicity and J are given in (). ‘The numbers in [] were determined from gCOSY and/or zZTOCSY. “Could be analogous position of the
DOS ring. xIndicates that the acetyl moiety is not present in the molecule. 'Indicates partially obscured peak preventing determination of the second J
value.

Table 2.5. Carbon chemical shifts determined for KAN and 3" ,6'-di-acetyl-KAN."

Ring C position KAN® 3",6-di-acetyl-KAN Appm
11 1 47.69 48.15 046
2 27.36 27.50 0.14
3 49.67 49.63 -0.04
4 77.33 79.06 1.73
5 83.70 8345 -0.25
_____________ 6 ...z 728 .. 023
1 ' 95.82 97.70 1.88
2' 70.64 70.95 0.31
3 71.83 72.01 0.18
4' 70.94 70.14 -0.95
5 68.56 71.08 2.52
_____________ 6 4034 344 0
1T " 100.40 100.84 0.44
2" 68.06 69.99 1.93
3" 54.77 53.85 -0.92
4" 65.30 66.92 1.62
5" 72.56 72.80 0.24
_____________ € N7 e 036
Acetyl CH,C=O on 3" x 175.20
CH,C=0O on 6' x 174.57
CH,C=0 % 220
CH,C=0 % 217

“The chemical shift were established based on “C, gHSQC, and gHMBC NMR. xIndicates
that the acetyl moiety is not present in the molecule.
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Fig. 2.14. "H NMR of KAN in D,O at pH 3 (400 MHz). The full spectrum is
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2.7.1.3.3. Di-acetylation of NET by Eis and NMR analysis of the 2',6'-di-acetyl-NET
product

To determine which two positions of NET are acetylated by Eis, the reaction was
designed such that it could be monitored in solution by NMR without the need for
purification. To determine which modification occurred first, a solution (400 mL)
containing NET (15 mM, 1 eq), AcCoA (15 mM, 1 eq), and Eis (0.5 mg/mL) in Na,HPOj4
buffer (25 mM, pH 8.0 adjusted at rt) containing 10% D,O was prepared and allowed to
proceed to >90% completion by TLC. 'H, gCOSY, and zZTOCSY NMR experiments were
performed on the reaction solution, applying PURGE solvent suppression.'* After the
first acetylation was complete and all spectra obtained, an additional aliquot of AcCoA
and Eis in 10% D,0 were added to yield a solution (600 mL) containing NET (10 mM, 1
eq), AcCoA (20 mM, 2 eq), and Eis (0.1 mg/mL) in Na,HPO,4 buffer (25 mM, pH 8.0
adjusted at rt) containing 10% D,O. Additional spectra were obtained after 48 h to
determine the second site of acetylation. The positions of acetylation, purity, and
structure identification were confirmed by IH, zTOCSY, and gCOSY NMR as well as
LCMS. Proton connectivity was assigned using zTOCSY and gCOSY spectra.
Representative spectra for 6'-acetyl-NET are provided (Figs. 2.27-2.29). Representative
spectra for 2',6'-di-acetyl-NET are provided (Figs. 2.30-2.32).

To unambiguously establish the two acetylated positions on the NET scaffold, the NMR
spectra were compared to those of a standard of pure NET [15 mM in Na,HPO, buffer
(25 mM, pH 8.0 adjusted at rt) containing 10% D,O], which was prepared identically to
the reaction mixture but omitted AcCoA and Eis (Tables 2.6-2.7). Representative spectra
for the standard reaction solution of NET omitting AcCoA are provided (Figs. 2.24-2.26).
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Table 2.6. Proton chemical shifts determined for NET and 6'-acetyl-NET."

Ring H position NET 6'-acetyl-NET Appm
I 1 3.26-3.17 (m)"[3.22]° 3.60-3.35 (m) [3.38] 0.16
2, 1.75 (ddd (app. Q). Jayuse0 = Jres = Joues = 12.4 Hz) 1.87 (ddd (app. Q). Jaguseg = Jrpes = Joues = 120Hz)  0.12
2eq 2.47 (ddd (app. dt), Jp, 00 = 124, 5, = T35 = 4.1 2.64-2.55 (m) [2.60] 0.13
Hz)
3 3.40-3.31 (m) [3.34] 3.60-3.35 (m) [3.42] 0.08
4 3.80-3.70 (m) [3.75] 3.92-3.70 (m) [3.89] 0.14
5 3.80-3.70 (m) [3.75] 3.92-3.70 (m) [3.75] =
6 3.86 (dd (app. 1), Js, = Js5=9.4 Hz) 3.92-3.70 (m) [3.89] 0.03
7 (NHCH,CH,) 3.10(dq,J,, =12.1Hz,J,,=7.0Hz)/ 305(dq,J,, =123 Hz,J,;=7.0Hz)/ -0.05
3.26-3.17 (m) [3.21] 3.28(dq,J,, =123 Hz,J,,=7.0 Hz) 0.07
e S(NHCH,CH) __ 129(/=70M2) __________________ 1300J=70Hz) 001 ___
1 5.61 (bs) 5.50 (s) -0.11
3.80-3.70 (m) [3.75] 3.86-3.78 (m) [3.83] 0.08
2.60 (ddd (app. dt), J ;,, 5.,= 18.0 Hz) 2.64-2.55 (m) [2.57] -0.03
2.32 (ddd (app. dt), J,, 5, = 18.0 Hz) 2.30 (ddd (app. bd), J;,, 3. = 18.4 Hz) -0.02
5.18 (m (app. bdd))" [4.87] -0.31
3.66 (s) 3.92-3.70 (m) [3.76] 0.10
S 366() ... 392:370m) (3760 010
it 5.12(d,J,. 5.14(d,J,.,,=3.5Hz) 0.02
423(dd,J,.,,=3.7Hz,J,.;,,=10.8 Hz) 4.29-4.23 (m) [4.26] 0.03
3.38(d, J;.,.=10.8 Hz) 3.60-3.35 (m) [3.42] 0.04
349 (d, Js. 5, =12.8 Hz) 3.60-3.35 (m) [3.50] 0.01
4.02 (d, J5, 5, = 12.8 Hz) [3.99] -0.03
1.35 (s) 1.34 (s) -0.01
o NHCH, 2929 293.8) 001
Acetyl H. x 8.32 (t, Jy, s = 6.0 Hz)
CH,C=O on 6' x 2.02 (s)

“The chemical shift were established based on 'H (400 MHz), ZTOCSY, and gCOSY NMR. "Multiplicity and J are given in (). “The numbers in [] were
determined from gCOSY and zZTOCSY . xIndicates that acetyl moiety is not present in the molecule. “Partially obscured by H,O peak in the spectra.

Table 2.7. Proton chemical shifts determined for NET and 2',6'-di-acetyl-NET."

Ring H position NET 2',6'-di-acetyl-NET Appm
I 1 3.26-3.17 (m)" [3.22]° [3.13] -0.09
2. 1.75 (ddd (app. Q) oy 20 = o) = Joury = 12.4 Hz) [1.72] -0.03
2eq 2.47 (ddd (app. dt), Jp, 00 = 124, 5, = J5, 5 = 4.1 [2.49] 0.02
Hz)
3 3.40-3.31 (m) [3.34] [3.34] =
4 3.80-3.70 (m) [3.75] [3.80-3.601° X
5 3.80-3.70 (m) [3.75] [3.80-3.601° X
6 3.86 (dd (app. 1), J;, = J;5=9.4 Hz) [3.80-3.601° X
7 3.10 (dq,J;, =12.1Hz,J,,=7.0Hz)/ [2.97]/ -0.13/
(NHCH,CH,) 3.26-3.17 (m) [3.21] [3.21] =
8 1.29 (t,J=7.0 Hz) 1.28 (t,J = 6.8 Hz) -0.01
__________ N O )
I I 5.61 (bs) [5.32] -0.29
2' 3.80-3.70 (m) [3.75] [4.20] 0.45
3 2.60 (ddd (app. dt), J ;,, 5.,= 18.0 Hz) [2.29] -0.31
3 2.32 (ddd (app. dt), J,, 5, = 18.0 Hz) [2.11] -0.21
4 5.18 (m (app. bdd))" [4.87] -0.31
6, 3.66 (s) [3.73] 0.07
o 6 3669 ] 373 007
it 1" 5.12(d,J, 5.14(d,J,.,,=3.5Hz) 0.02
2" 423(dd,J,.,,=3.7Hz,J,.;,,=10.8 Hz ) [4.25] 0.02
3" 3.38(d, J;.,.=10.8 Hz) [3.37] -0.01
5" 349 (d, Js., 5, = 12.8 Hz) [3.48] -0.01
5" 4.02 (d, J5, 5, = 12.8 Hz) [4.00] -0.02
CH,-4" 1.35 (s) 1.33 (s) -0.02
__________ NHCH, ___  292() 2920 F .
Acetyl NH-2' x [8.06]
NH-6' x [8.30]
CH,C=Oon2'  x 2.01(s)
CH,C=Oon6'  x 2.01(s)

“The chemical shift were established based on 'H (400 MHz), ZTOCSY, and gCOSY NMR. "Multiplicity and J are given in (). “The numbers in [] were
determined from gCOSY and zZTOCSY. xIndicates that the acetyl moiety is not present in the molecule. ‘Indicates that the peaks were not resolved due to

interfering peaks from CoA.
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2.7.1.3.4. Dual di-acetylation of SIS by Eis and NMR analysis of the 2',6'- and 1/3,6'-
di-acetyl-SIS products

To determine which positions of SIS are acetylated by Eis, the reaction was scaled-up
and designed such that the initial acetylation reaction could be monitored in solution by
NMR without the need for purification. To determine which modification occurred first, a
solution (400 uL) containing SIS (15 mM, 1 eq), AcCoA (15 mM, 1 eq), and Eis (~0.05
mg/mL) in Na,HPO,4 buffer (25 mM, pH 8.0 adjusted at rt) containing 10% D,O was
prepared and allowed to proceed to >90% completion by TLC. 'H, gCOSY, and
zZTOCSY experiments were performed on the reaction solution, applying PURGE solvent
suppression '* and compared to a standard that was prepared identically without Eis and
AcCoA. After the first acetylation was complete and all spectra obtained, additional
aliquots of AcCoA (total of 4 eq) were added and additional spectra were obtained after
incubating for 48 h to determine the subsequent sites of acetylation. Due to the
complexity of the resulting spectra, the final mixture of di-acetlyated products was
purified for further analysis. After >90% conversion of SIS into two distinct di-acetyl-SIS
products, the Eis enzyme was removed by the addition of an equal volume of MeOH,
cooling to 4 °C for 30 min, and centrifugation (15,000 rpm, 10 min, rt). The solution was
separated from the precipitate and the solvents evaporated under reduced pressure. The
residue was purified by flash chromatography (SiO,) using a gradient of 0.0-2.0% Et;N in
MeOH. Fractions containing the product were pooled and the solvents removed under
reduced pressure. The residue was dissolved in a minimal volume of D,0O and lyophilized
to give a mixture of the two di-acetyl-SIS products as a white powder. For NMR analyses,
the mixture of products was dissolved in 9:1/H,0:D,0 (400 uL), yielding a solution of
pH 8 which was centrifuged (15,000 rpm, 10 min, rt) to remove any particulate, and the
supernatant collected. However, the spectra obtained under these conditions were
insufficient to fully characterize the compounds. As such, the solution was adjusted to pH
3 with diluted sulfuric acid (0.5%) for further unambiguous analysis of the two di-
acetylated products (Note: The values in Tables 2.8 and 2.9 are of the product at pH 3).
The positions of acetylation, purity, and structure identifications were confirmed by 'H,
zZTOCSY, and gCOSY NMR as well as LCMS. Proton connectivity was assigned using
zZTOCSY and gCOSY spectra. Representative spectra for 6'-acetyl-SIS are provided (Figs.
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2.39-2.41). Representative spectra for the mixture of 2',6'-di-acetyl-SIS and 1/3,6'-di-
acetyl-SIS are provided (Figs. 2.42-2.47).

To unambiguously establish the first position acetylated on the SIS scaffold, the NMR
spectra were compared to those of a standard prepared identically to the reaction mixture
from which Eis and AcCoA were omitted (Tables 2.8). The SIS standard and the solution
containing the two di-acetyl-SIS products to which it was compared were prepared in an
identical fashion. Representative spectra of these standards are provided (Figs. 2.36-2.38).
Spectra of the standard at pH 8 in 9:1/H,0:D,0 are provided (Figs. 2.33-2.35), but no
values are reported in the tables. Note: The chemical shifts of the protons of Ring III of
the di-acetylated-SIS compounds were omitted because they could not be distinguished

from one another and, also, there are no possible sites of modification.

Table 2.8. Proton chemical shifts determined for SIS and 6'-acetyl-SIS."

Ring H position SIS 6'-acetyl-SIS Appm
1T 1 3.41-327° (m)° [3.31]° 3.50-3.30 (m) [3.36] 0.05
2 1.82 (ddd (app. q), JZUX.E(‘// =Jsws =23 =124 Hz) 1.84 (ddd (app. q), JZUX.E(‘// =ows =Sz =125 0.02
Hz)
2. 2.40-2.30 (m) [2.38] 2.64-2.44 (m) [2.49] 0.11
3 3.41-3.27° (m) [3.36] 3.50-3.30 (m) [3.45] 0.09
4 3.75-3.65° (m) [3.68] 3.89-3.64 (m) [3.72] 0.04
5 3.75-3.65 (m) [3.70] 3.89-3.64 (m) [3.76] 0.06
N 391 @pp. 0, Jyy = Jy=94HD) 389364 mB8Sl 006
1 ' 5.60 (s) 551 -0.09
2' 3.79 (bs) 3.89-3.64 (m) [3.81] 0.02
3 2.40-2.30 (m) [2.34] 230 (dd (app. bd), /. 50, = 17.8 Hz) 004
3 2.63 (dd (app. bd), J;,, 5, = 18.2 Hz) 2.64-2.44 (m) [2.58] -0.05
4 5.18 (bs) 4.89 -0.29
6, 3.75-3.65 (m) [3.67] 3.89-3.64 (m) [3.81] 0.14
6, T3S MBST 389364 mBS 04
' .13 5.15 =
. . 4.26-4.19 (m) [4.22] 0.02
3 3.40 (d, J;.,.=10.8 Hz) 3.50-3.30 (m) [3.43] 0.03
5" 4.05 (dd, J. =12.7 Hz) 4.02 (dd, Js., 5, = 12.9 Hz) -0.03
5" 3.47(dd, Js 5, 3.50-3.30 (m) [3.48] 0.01
CH,-4" 1.35 (s) 1.35 (s) =
e NHCH 29208) . . = .
Acetyl NH-6' X 8.20 (v
CH,C=Oon6' «x 2.03 (s)

“The chemical shift were established based on 'H (400 MHz), zZTOCSY, and gCOSY NMR. "Could be analogous position of the DOS ring. “Multiplicity
and J are given in (). “The numbers in [] were determined from gCOSY. ‘Could be analogous position of the DOS ring. xIndicates that the acetyl moiety
is not present in the molecule. “Obscured due to interference resulting from solvent suppression.
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Table 2.9. Proton chemical shifts determined for SIS and 6',2'-di-acetyl-SIS as well as 6',3 or 1-di-acetyl-SIS."

Ring H position SIS 6'3orl- 6',2'- (Appm)
(Appm)
I 1 3.62-3.54" (m)° [3.57] [3.53°1(-0.04)  [3.45](-0.12)
2. 2.12 (ddd (@pp- Q)» Jruzeg = J20es = Jouns = 12.6 Hz) [1.78] (-0.34) [1.99] (-0.13)
e 2.58 (ddd (app. dt), Jy, 00 = 12.6 Hz, J,,, , = J5, 5 = [2.25] (-0.33) [2.59] (-0.01)
43 Hz)
3 3.62-3.54" (m) [3.57] [3.99°] (0.42) [3.58] (0.01)
4 3.87°(dd (app.t),J,;=J,5=9.6 Hz) [3.837(-0.03)  [3.79] (-0.08)
5 4.15 (dd (app. 1), J;, = J;,=9.6 Hz) [4.12] (-0.03) [4.04] (-0.11)
______________ 6 .. 380dd(app.0). Sy, =Sps=90H ) [3T61(004)  [38010000)
I I 5.64 (s) [5.54] (-0.10) [5.39] (-0.25)
2' 3.96 (d (app. bd), J, ;, =4.3 Hz) [3.88] (-0.08) [4.26] (0.20)
3 2.75 (ddd (app. dt), J ;,, 5.,= 18.9 Hz) [2.63] (-0.12) [2.35] (-0.40)
3 2.40 (ddd (app. bd), J;,, ;.. = 18.9 Hz) [2.33] (-0.07) [2.15] (-0.25)
4 521(,J,;=3.7Hz) [4.90] (-0.31) [4.92] (-0.29)
6, 3.70 (d, Js, 4, = 14.0 Hz) [3.83] (0.13) [3.81] (0.11)

14.0 Hz) [3.83] (0.08) [3.81] (0.06)

2 424(dd, J,.,. =37 Hz, J,.,. = 10.8 Hz)
3 3.62-348 (m) [3.51]
5" 403 (d, Jyy 50 = 12.6 Hz)
5" 351 (d, Jyy sy = 12.6 Hz)
CH,-4" 137 (s)
______________ NHCH, 29508 ..
Acetyl H x 835 827
NH-3/1 or NH-2'  x 821 (NH-3/1)  8.12 (NH-2)
CH,C=0 on X x
CH,C=0 on 6' x

“The chemical shift were established based on 'H (400 MHz), 2D-TOCSY and 2D-COSY NMR. "Could be analogous position of
the 2-deoxystreptamine (DOS) ring. “Multiplicity and J are given in (). “The numbers in [] were determined from gCOSY. “Could
be analogous position of the DOS ring. xIndicates that acetyl moiety is not present in the molecule.
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2.7.1.3.5. Di-acetylation of TOB by Eis and NMR analysis of the 3",6'-di-acetyl-TOB
product

To determine which two positions of TOB are acetylated by Eis, the reaction was scaled-
up and designed such that it could be monitored in real time by NMR. To determine
which modification occurred first, a solution (150 uL) containing TOB (15 mM, 1 eq),
AcCoA (15 mM, 1 eq), and Eis (~0.02 mg) in Na,HPO, buffer (25 mM, pH 8.0 adjusted
at rt) containing 10% D,O was prepared and allowed to proceed until the AcCoA was
completely consumed as indicated by TLC. 'H, gCOSY, and zZTOCSY experiments were
performed on the reaction solution, applying PURGE solvent suppression '*. This
reaction was not sequential in nature, yielding a mixture of mono-acetylated products: 3"-
and 6'-acetyl-TOB (data not shown). After the first equivalent of AcCoA was consumed
to give a mixture of products and all spectra obtained (not reported), an additional aliquot
containing AcCoA (1 eq) was added and additional spectra were obtained after
incubating for 12 h in order confirm that a single di-acetylated product, the 3",6'-di-

acetyl-TOB, had been formed.

To unambiguously establish the two acetylated positions on the TOB scaffold, the NMR
spectra were compared to those of a standard of pure TOB [15 mM in Na,HPO,4 buffer
(25 mM, pH 8.0 adjusted at rt) containing 10% D,O], which was prepared identically to
the reaction mixture but omitted AcCoA and Eis (Table 2.10). Proton connectivity of the
final product was assigned using zZTOCSY and gCOSY spectra. Representative spectra
for 3",6'-di-acetyl-TOB are provided (Figs. 2.51-2.53).Representative spectra of the TOB
standards are provided (Figs. 2.48-2.50).
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Table 2.10. Proton chemical shifts determined for TOB and 3",6"-di-acetyl-TOB."

Ring H position TOB 3" ,6'-di-acetyl-TOB Appm

I 1 3.21-3.11° (m)* [3.18] [3.38] 0.20
2. 1.68 (ddd (app. Q) oy 20 = o) = Jous = 12.7 Hz) [1.85] 0.17
2ea 2.29-2.21 (m) [2.27] [2.49] 022
3 3.43-3.31° (m) [3.34] [3.52] 0.18
4 3.72-3.58° (m) [3.63] [3.73] 0.10
5 3.80-3.75 (m) [3.77] [3.79] 0.02
6 3.58° (m) [3.70]

1 I 5.68 (bs) 5.47 (bs) -0.21
2' 3.51-3.46 (m) [3.48] [3.59] 0.11
3a 1.68 (ddd (app. @), Jy, 5, = Iy, » = J5, = 11.8 Ho) [1.95] 027
3b 2.29-2.21 (m) [2.23] [2.26] 0.03
4 3.66-3.58 (m) [3.63] [3.46] -0.17
5' 3.96-3.88 (m) [3.90] [3.78] -0.12
6, 3.43-3.31 (m) [3.41] [3.60] 0.19

oo O oo 343331 BA B0 8

it 1" 5.11 (bs) 5.06 (bs) -0.05
2" 3.86-3.75 (m) [3.83] (m) [3.69] -0.14
3" 3.43-3.31 (m) [3.36] (m) [4.09] 0.73
4" 3.66-3.58 (m) [3.60] (m) [3.45] -0.15
5" 3.96-3.88 (m) [3.93] (m) [3.91] -0.02
6", (m) [3.79] (m) [3.70] -0.09

e 6 BTl 009

Acetyl NH-3" x (m) [8.14]
NH-6' x (m) [8.11]
CH,C=Oon3" x 2.03 (s)
CH,C=O on 6' x 1.98 (s)

“The chemical shift were established based on 'H (400 MHz), ZTOCSY, and gCOSY NMR °Could be analogous position of the DOS ring. “Multiplicity
and J are given in (). “The numbers in [] were determined from gCOSY and/or ZTOCSY. ‘Could be analogous position of the DOS ring. xIndicates that
the acetyl moiety is not present in the molecule.
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Chapter 3

Unexpected modification of capreomycin by the mycobacterial enzyme Eis

3.1. Abstract

The enhanced intracellular survival (Eis) protein from Mycobacterium tuberculosis
(Eis_M1tD), a regio-versatile N-acetyltransferase active towards many aminoglycosides
(AGs), confers resistance to KAN in some cases of multidrug-resistant-tuberculosis
(MDR-TB). We assessed the activity of Eis Mth, and the homologous Eis from
Mycobacterium smegmatis (Eis_Msm), against a panel of anti-TB drugs. In addition to
the AGs previously reported to be acetylated by Eis, both enzymes were capable of
acetylating capreomycin (CAP) but not the other drugs tested. Modeling studies predicted
the site of modification to be one of two primary amines located on the (-lysine side-
chain. It was confirmed, with Eis_Mtb, that acetylation occurs on the terminal amine of
the B-lysine side-chain via NMR spectroscopy. Additionally, MIC studies with CAP
against several strains of mycobacteria were performed for comparison to reported values
against susceptible and resistant strains of Mtb, indicating that CAP may be a useful anti-

mycobacterial drug against strains other than M¢b.

3.2. Introduction

Causing 1.4 million deaths globally in 2010, TB is the second leading pathogen-related
cause of death, surpassed only by HIV/AIDS. Although worldwide incidences of TB are
beginning to modestly decline, occurrences of multidrug-resistant TB (MDR-TB) and
extensively drug-resistant TB (XDR-TB) are increasing rapidly- the former proving fatal
in more than one-third of the cases. Drug resistance to TB occurs when infected patients
are treated with the wrong regimen of antibiotics or when the patients fail to complete the

full course of treatment, which occurs most frequently in areas with sub-standard TB

85



control programs. Bacteria that are resistant to at least isoniazid (INH) and rifampicin, the
two most powerful first-line treatments for TB, are designated as MDR-TB. Strains of
Mitb are classified as XDR if they are shown to be resistant to rifampicin and INH, in
addition to a fluoroquinolone, and at least one of the second-line anti-TB drugs such as

kanamycin A (KAN), amikacin (AMK), or CAP.

Clinical resistance of Mtb to KAN was shown, in one-third of cases covering a large and
diverse set of strains, to be the result of mutations in the promoter of the enhanced
intracellular survival (eis) gene, named for its ability to enhance survival of mycobacteria
in macrophages.'” The mutation causes up-regulation of eis, a gene that encodes for the
Eis protein. The structural and functional characterization of Eis from Mtb has been the
goal of many research efforts recently.”'® Our laboratory has shown that Eis acts as an
unusually regio-versatile AG acetyltransferase (AAC) in Mtb® and Msm,"" and it has also
been shown that Eis is capable of conferring resistance to KAN in the AG-susceptible
Mib strain H37Rv.” Additionally, it was recently reported that Eis from Msm (Eis_Msm)
and Eis from Mtb (Eis Mtb) are also capable of acetylating lysine residues of dual-
protein phosphatase 16/mitogen-activated protein kinase phosphatase-7 (DUSP16/MPK-
7).10

Due to the promiscuity of Eis towards a large number of AGs and precedents showing
that some AACs are capable of acetylating classes of drugs other than AGs, including the
second-line anti-TB drug ciprofloxacin (CIP) (Fig. 3.1),'* it is plausible that Eis is
capable of conferring resistance to other anti-TB drugs. CAP (Fig. 3.1), a cyclic peptide
antibiotic with a PB-lysine side-chain, is particularly effective against Mtb. Correlation
between mutations in the eis promoter and resistance to CAP have been suggested,”

though similar correlations are lacking with other non-AG anti-TB drugs.

In this study we sought to gain a greater understanding of the potential of Eis to acetylate
other non-AG anti-TB drugs, with a focus on the second-line drug, CAP. We
demonstrated that the Eis Mtb and/or the Eis Msm are both capable of acetylating CAP
IA and CAP IB, but neither shows activity against other anti-TB drugs that were
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investigated. The position of acetylation on CAP was confirmed as the terminal amine of

the B-lysine using Eis_ Mtb.

3.3. Results and discussion

3.3.1. Exploration of anti-TB drugs as potential substrates of Eis

It has been shown previously that Eis Mtb and Eis Msm are both capable of multi-
acetylating AGs, and that a wide range of AGs are substrates for both enzymes, including

KAN and AMK, two important second-line anti-TB drugs.>'*"!

In addition to acting as
an AAC against wide panels of AG antibiotics, Eis proteins from Mtb and Msm have
demonstrated acetylation activity against lysine residues of DUSP16/MPK-7."° Given the
substrate promiscuity of Eis, investigation of further possible acetylation targets was
explored, focusing on anti-TB drugs. CAP was chosen for these experiments because
aside from its use as a popular second-line anti-TB drug, its structure includes a (3-lysine
side-chain, which could potentially be acetylated. Previous studies have shown that INH
(Fig. 3.1) becomes acetylated by arylamine N-acetyltransferase 2 on the hydrazide
functional group, demonstrating its potential for deactivation via acetylation.'*"
Pyrazinamide (PZA) (Fig. 3.1) was chosen for its structural similarity to INH, allowing
for the comparison of INH to a similar drug that is not likely to be acetylated. CIP was
selected since previous studies have identified AACs capable of conferring resistance to
fluoroquinolones via acetylation.'”> Owing to the vast number of AG substrates previously

identified as substrates for Eis enzymes, streptomycin (STR) (Fig. 3.1), the first AG used

in anti-TB treatment, was chosen.

2 o H 0
HzN\)]\ )\ﬂ/ I\ “NH, [Nj)J\NHz
AN P
. mw | .

OHCE O »=NH 7 PZA
H,N
o INH o o
HN E
HO O | OH
Y HO o/H
HO -~
CAP IA: R = CH,OH HO HNJ A
CAP IB: R = CHj STR cIp

Fig. 3.1. Structures of anti-TB drugs tested against Eis proteins in this study. CAP =
capreomycin; STR = streptomycin; INH = isoniazid; PZA = pyrazinamide; CIP =
ciprofloxacin.
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In order to determine whether Eis proteins from Mtb or Msm were capable of deactivating
any of these anti-TB drugs, CAP, CIP, INH, PZA, and STR were screened using a UV-
Vis spectrophotometric assay. We found that Eis proteins from Mtbh and Msm, in the
cases of CIP, INH, PZA, and STR, did not show any acetylation activity. In the cases of
STR and PZA, these results are not particularly surprising, given the lack of nucleophilic

primary amines likely to undergo acetylation.

o R NH, B
H N HoN N
Eis_Mtb :\ o]
H o —— y AN o
m)VN NH2 AcCoA  Coa N S e N Ac-CAP IB (R, 0.44)
o ™ o b AC-CAP IA (R.0.40) CAP IB (R,0.33)
HN 0 0 HN o CAP IA (R;0.29)
HN HNJ\N
H H
CAP IA: R = CH,OH Ac-CAP IA: R = CH,OH
CAP IB: R = CH, Ac-CAP IB: R = CH,
0.25
¢ b Ac-CAP IB Ac-CAP IA
0.20 1004 Calc. 694.36 710.36
'g & e000000000000000000000 N Obs. 69585  go5g5 | 712.85
€ 0.15 .'cEPO
S 'é? 60 712.85 (+1D)
> o010 % R
3 < 40
“o0s] &
: ° s
° ® Eis_Mth 20 0.05 ;((m _f315;15_+4g ggw :
0.001_o © Eis_Msm 0 000 . =125+£003s
0 10 20 30 40 50 60 670 680 690 700 710 720 730 o 1000 2000 3000
m/z [CAP] (uM)

Time (min)
Fig. 3.2. Confirmation of mono-acetylation of CAP by Eis from Mtb and Msm. A. Scheme showing the
acetylation of CAP by Eis from Mtb, B. TLC showing the mono-acetylation of CAP. C. UV-Vis assay
confirming the mono-acetylation of CAP by Eis from Mtb and Msm. D. Confirmation of mono-
acetylation by LCMS. E. Michaelis-Menten kinetics of the acetylation of CAP by Eis from Mib.

We demonstrated using a UV-Vis spectrophotometric assay that Eis Mtbh and Eis Msm
are both capable of efficiently acetylating CAP (Figs. 3.2A and 3.2C). In contrast to the
multiple acetylations carried out by both Eis enzymes on AGs, we confirmed, by TLC
(Fig. 3.2B) and LCMS (Fig. 3.2D), that both CAP IA and CAP IB were converted to the
respective mono-acetylated products. Given the ability of Eis to accommodate proteins in
its substrate-binding site, it is not surprising that a relatively large biomolecule such as
CAP is a substrate for Eis. CAP is a peptidic molecule, so given the ability of Eis to
acetylate proteins, it is not surprising it is modified, despite its structure being very
different from that of AGs. In fact, determination of the kinetic parameters for CAP with
Eis_ Mtb (Fig. 3.2E) indicated that the Ky, and k. values were 654 £ 45 uM and 1.25 +

0.03 s, respectively. While these values were within an order of magnitude of those for
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the AGs studied to date with both Eis Mtbh and Eis Msm, the k. and K, were both

slightly higher than with most AGs.>'*"

As a result, the catalytic efficiency (kca/ Kim) of
1911 + 139 s'M™" is equivalent to or greater than many of the AGs previously tested.™"
This suggests that while CAP does not have as strong an affinity to the substrate binding
pocket of Eis, it is still capable of undergoing a particularly facile and efficient

acetylation, possibly due to Eis’ affinity for the lysine moiety.

3.3.2. Regio-specificity of CAP acetylation by Eis_Mtb

In order to predict which amine of CAP Eis Mtb acetylates, molecular modeling studies
were performed. These studies were performed using Sybyl-X for energy minimization of
the CAP IB structure and GOLD for docking the energy-minimized molecule into the
structure of Eis Mth (PDB code: 3R1K).> The resultant binding prediction was used to
identify the most likely site(s) of modification of CAP IB by Eis Mth. The energy-
minimized complex of CAP IB with Eis Mtb indicated that the large binding pocket of
Eis_ Mtb could accommodate the scaffold of CAP (Fig. 3.3A). CAP is predicted to bind
in a manner that places both amines of the [-lysine side-chain in proximity of the acetyl
thioester of AcCoA (Fig. 3.3B). This suggests the potential for multiple acetylations, yet,
in contrast to the activity of Eis towards most AGs, CAP is only mono-acetylated. (Figs.
3.2A and 3.2B). The acetylation of the lysine 55 residue in DUSP16/MPK-7 occurs at the
a-amine or the terminal/e-amine, with Eis_Msm and Eis_Mb, respectively.'® Given these
observations, it was predicted that the terminal amine is favored for acetylation. This
probability was further enhanced by the supposition that the terminal amine position
would have increased flexibility and superior nucleophilic behavior, due to lower steric

hindrance and increased electron density, respectively.

In order to unambiguously establish the specificity of Eis Mtb towards CAP, 1D- and
2D-NMR experiments were performed on the Eis Mtb reaction product for comparison
to a CAP standard. Tables were constructed to allow for simple side-by-side analysis of
the chemical shifts of the protons of interest (Table 3.2). Analysis of the Eis_ Mib reaction

with CAP indicated that the terminal primary amine of the P-lysine side-chain was
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acetylated, as indicated by a change in the chemical shift of the protons directly adjacent

to the terminal amine of the B-lysine side-chain.

Fig. 3.3. Docking of CAP in the binding pocket of Eis from Mtbh showing A. CAP and AcCoA bound to Eis
from Mtb and B. the potential for acetylation at either amine of the p-lysine side-chain.

A recent systematic review of M¢b mutations that are associated with resistance to CAP,
as well as KAN and AMK, found that Eis promoter mutations have been reported in as
many as 9% of CAP-resistant strains."> The same study suggested that CAP-resistance of
Mtb may be predicted by concurrent mutations in the 77s gene and eis promoter region,
suggesting that Eis may have some role in inactivating CAP, although evidence suggests
that mutations in the eis promoter region alone are insufficient to cause significant levels
of resistance to CAP in Mtb. Additionally, X-ray crystal structures of CAP with the 70S
ribosome have indicated that the B-lysine side-chain of CAP does not appear to be crucial
to its ability to bind to the ribosome,'® implying that acetylation of the B-lysine side-chain

may not be sufficient to rescue bacteria harboring Eis from the effects of CAP.

3.3.3. MIC values for CAP against various mycobacteria

To assess the relative susceptibility of mycobacteria to CAP, MIC values were
determined against Msm str. MC2155 and four additional strains of mycobacteria,
including M. avium subsp. avium ATCC 25291, M. abscessus ATCC 19977, M.
intracellulare ATCC 13950, and M. parascrofulaceum ATCC BAA-614 (Table 3.1). In
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general, CAP showed anti-mycobacterial activity in the strains tested, though the MIC for
M. abscessus was notably higher. This is not surprising based on recent reports of the
difficulties in treatment of infections caused by M. abscessus."” MIC values for the other

four strains, compared to previously reported MIC values'® against weMib strains as well

Table 3.. MIC (ug/mL) values for CAP agaimst as those with a combination of
mycobacteria.

mutations in rrs or t/ly4 and the eis

Species MIC

M. abscessus ATCC 19977 75 promoter region or only the eis
M. avium subsp. avium ATCC 25291 18.8

M. intracellulare ATCC 13950 9.4 promoter region, suggest that CAP
M. parascrofulaceum ATCC BAA-614 18.8 . .

M. smegmatis str. MC2155 47 could be an equally viable anti-
M. tuberculosis (wt <4.0" :

M thZzZ lgiii Srwel)s mutation 1418 mycobacterial treatment for those
M. tuberculosis + rrs mutation 0.5-32'"% strains, with the exception of M.
M. tuberculosis + eis + rrs mutations 1-16" ’ ’
M. tuberculosis + tyl4 mutation 0.5-16.0" abscessus.

3.4. Conclusions

We have assessed the potential of Eis proteins from Mtbh and Msm to acetylate various
first- and second-line anti-TB drugs, finding that CAP is the only non-AG drug tested to
date that is modified by either protein. This finding expands upon our understanding of
Eis proteins as acetyltransferases, specifically in terms of their ability to modify a broad
range of small molecules as well as proteins- to date, all known acetylations occur at a
primary amine. We conclusively confirmed via NMR spectroscopy that CAP is modified
at the terminal amine of the f-lysine residue, which studies have suggested, may not be
crucial for binding to the ribosome. /n silico assessment of the binding mode of a novel
peptide scaffold such as CAP with Eis will aid the discovery of novel inhibitors of Eis, an

emerging strategy for overcoming the resistance conferred by Eis.*''

Additionally, we
assessed the MIC values for CAP against several strains of mycobacteria, our results
suggest that CAP could be used in the treatment of mycobacteria other than Mtb. MIC
studies of Mtb that have shown A1401G rrs mutations combined with mutations in the
eis promoter may confer some low level resistance to CAP. These previous studies
coupled with our current studies suggest the possibility that CAP resistance may in fact

be mediated or enhanced via acetylation.
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3.5. Materials and methods

3.5.1. Materials and instrumentation

The Eis enzymes from Mycobacterium tuberculosis (Eis Mtb)" and Mycobacterium
smegmatis (Eis_Msm)'' were overexpressed and purified as previously described. Acetyl-
CoA (AcCoA), capreomycin (CAP; as a mixture of CAP IA and IB) (Note: If 1A or IB
are not indicated, CAP represents the mixture of both CAP IA and IB), isoniazid (INH),
pyrazinamide (PZA), streptomycin (STR), ciprofloxacin (CIP), and DTNB were bought
from Sigma-Aldrich (Milwaukee, WI) (Fig. 3.1). TLCs (Merck, Silica gel 60 F,s4) were
visualized using iodine. 'H, gCOSY, gHSQC, and zZTOCSY NMR spectra were recorded
on a Varian 500 MHz equipped with a 3 mm OneProbe. All NMR spectra were recorded
either in D,O or 9:1/H,0:D,0 at pH 8.0. Liquid chromatography-mass spectrometry
(LCMS) was performed on a Shimadzu LCMS-2019EV equipped with a SPD-20AV UV-
Vis detector and a LC-20AD liquid chromatograph. UV-Vis assays were performed using
a multimode SpectraMax MS5 plate reader and 96-well plates (Fisher Scientific). M.
avium subsp. avium ATCC 25291, M. abscessus ATCC 19977, M. intracellulare ATCC
13950, and M. parascrofulaceum ATCC BAA-614 were purchased from the American
Type Culture Collection (ATCC; Manassas, VA). M. smegmatis str. MC2 155 was a
generous gift from Dr. Sabine Ehrt (Weill Cornell Medical College).

3.5.2. Determination of Eis Mth and Eis_Msm acetylation activity with anti-TB
drugs by UV-Vis assays

The acetylation of the anti-TB drugs INH, PZA, STR, CIP, and CAP was explored using
the previously described Ellman method™'' monitoring the reaction of CoASH released
by the Eis enzymes with the Ellman’s reagent (DTNB). Briefly, Eis (from Mtb or Msm,
0.5 mM) was added to a mixture containing Tris (50 mM, pH 8.0, adjusted at rt), AcCoA
(500 uM), anti-TB drug (100 uM), and DTNB (2 mM) to initiate reactions (200 uL total
volume). The reaction progress at 25 °C was monitored at 412 nm (412 = 14,150 M'em™)

by taking measurements every 30 s for 1 h (Fig. 3.2C).

The kinetic parameters (K, and kc,) for CAP were determined as above using varying

concentrations of CAP (0, 20, 50, 100, 250, 500, 1000, 2000 uM) and AcCoA (500 uM).
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The first 2-5 min of reactions were used to calculate the initial rates and the data were fit
to a Michaelis-Menten curve using SigmaPlot 11.0 to determine the K, and k..« values

(Fig. 3.2E).

3.5.3. TLC and LCMS assays showing the conversion of CAP into mono-acetyl-CAP
(Ac-CAP) products

An aliquot (5 uL) of the CAP acetylation reaction used for NMR analysis (10 mM in
Na,HPOy buffer (25 mM, pH 8.0 adjusted at rt)) and an aliquot of the CAP standard used
for NMR analysis (10 mM in D,0) were loaded onto a silica gel TLC plate and eluted in
a mixture of phenol:H,O:NH4OH/30:10:1. After drying for 2 h, the TLC plate was

stained for visualization in a sealed chamber containing 1,/SiO; for 8 h (Fig. 3.2B).

To confirm the single N-acetylation of both CAP IA and IB, the masses of the novel
acetylated CAP were determined using the NMR sample (20 uL) by LCMS in positive
mode using H,O (0.1% formic acid). The mass spectrum obtained is provided in Fig.

3.2D.

3.5.4. Molecular modeling of CAP IB with Eis_Mtb

The CAP IB structure was built with Sybyl-X software and minimized to 0.01 kcal/mol
by the Powell method, using Gasteiger-Hiickel charges and the Tripos force field. The
protein coordinates (PDB code: 3R1K)" were downloaded from the Protein Data Bank
website. With the exception of CoA, the H,O molecules, acetamide, and all other
substructures were removed from the structure. An acetyl group was added to CoA by
modifying the natural ligand using Sybyl-X. The surrounding protein residues were then
kept frozen while the AcCoA was subjected to energy minimization using the Steepest
Descent method to get rid of steric clashes. Hydrogen atoms were added to the Eis Mtb-
AcCoA complex and its energy was minimized using the Amber force field with Amber
charges. The energy-optimized CAP IB was docked into the AG binding site in the
Eis_Mtb protein using GOLD.? The parameters were set as the default values for GOLD.
The maximum distance between hydrogen bond donors and acceptors for hydrogen

bonding was set to 3.5 A. After docking, the top three CAP IB conformations were
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individually merged into the minimized Eis Mb-AcCoA complex. To relax the protein
side chains, the three new Eis Mtb-AcCoA-CAP IB complexes were subsequently
subjected to energy minimization using the Amber force field with Amber charges.
During the energy minimization, the structure of CAP IB and residues within an 8-A
radius were allowed to move. The remaining residues were kept frozen in order to reduce
calculation time. The energy minimization, in all three cases, was performed using the
Powell method with a 0.05 kcal/mol energy gradient convergence criterion and a distance
dependent dielectric function. The model of the Eis Mthb-AcCoA CAP IB complex is
depicted in Figs. 3.3A and 3.3B.

3.5.5. Acetylation of CAP by Eis_Mtb analyzed by NMR: analysis of the 6'-/NV-acetyl-
CAP (Ac-CAP) products and comparison to the parent compounds

To determine which position of CAP becomes acetylated by Eis Mtb, the reaction was
performed by monitoring the solution via NMR in a manner that did not require the need
for purification of the acetylated products. A solution (200 uL) containing CAP (10 mM,
1 eq), AcCoA (25 mM, 2.5 eq), and Eis Mtb (5 uM) in Na,HPO, buffer (25 mM, pH 8.0
adjusted at rt) containing 10% D,O was prepared and allowed to proceed to completion
(O/N) at rt. 'H, gCOSY, zZTOCSY, and gHSQC NMR experiments were performed on
the reaction solution, applying PURGE solvent suppression.”’ Proton connectivity was
assigned using zTOCSY and gCOSY spectra. Representative spectra for 6'-N-acetyl-CAP
products are provided in Figs. 3.8-3.11. (Note: According to standard nomenclature, the
terminal amine of the P-lysine is notated as the 6'-position, which is indicated on the

spectra of the appropriate figures.)

To unambiguously establish the position acetylated on CAP, the NMR spectra of the
product were compared to those of a standard of pure CAP (as a mixture of CAP IA and
IB) [10 mM in 10% D,0O] (Tables 3.2 and 3.3). Representative spectra for the CAP
standard are provided in Figs. 3.4-3.7.
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9.0 8.0 70 6.0 50 40 30 20 10 00
(ppm)

B

' 50 ' 48 ' 46 ' 44 ' 42 ' 40 ' 38 ' 36

(ppm)

Cc

34 33 32 31 30 29 28 27 26
(ppm)

D

21 20 19 18 17 16 15 14 13

(ppm)

Fig. 3.4. 'H of CAP (9:1/H,0:D,0, 25 mM Na,HPO,, pH 8.0) (500 MHz). The full
spectrum is shown in panel A and the expansions in panels B-D.
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Fig. 3.7. gHSQC of CAP (9:1/H,0:D,0, 25 mM Na,HPO,, pH 8.0) (500 MHz).
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Fig. 3.8. 'H of 6'-N-acetyl CAP in 9:1/H,0:D,0 (500 MHz). The full spectrum is
shown in panel A and the expansions in panels B-D.
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Table 3.2. Proton chemical shifts determined for CAP IA and 6'-N-acetyl-CAP IA (Ac-CAP IA)."
H position CAPIA 6'-N-acetyl-CAP IA Appm
1 4.48-4.41 (m)® [4.44]° 4.41-4.33 (m) [4.38] -0.06
2a/b 3.75 (m) 3.77-3.70 (m) [3.72] -0.03
5 5.00 (d, J;,, =22 Hz) 5.06-4.93 (m) [5.02] 0.02
1 4.29 (dd, J,, . = 5.0 Hz, J,, 5, = 10.0 Hz) 4.20-4.12 (m) [4.16] 0.13
14 [4.81] [4.83]° 0.02
17 8.02 (s) 8.05-7.99 (m)" !
20a 4.03 (dd, J,,,, =50 Hz, J,),,,, = 13.7 Hz) 4.03-3.95 (m) [3.97] -0.06
20b 3.17(dd, J,,,, = 10.0 Hz, J,, ., = 13.7 Hz) 3.22-3.09 (m) [3.13] -0.04
21 3.86-3.81 (m) [3.85] 3.85-3.81 (m) [3.84] -0.01
22 4.48-4.41 (m) [4.46] 4.42-4.33 (m) [4.38] -0.08
23a 2.07 (ddd (app. dq), J,3,., = 5.3 Hz, J,,,3, = J,,,, = 13.7 Hz) 2.07-1.98 (m) [2.06] -0.01
23b 1.75-1.65 (m) [1.69] 1.73-1.54 (m) [1.69] =
24 oo 333 mB3 .. 33632331 : = .
2'a 2.78 (dd (app. ), Jy,,,, = 162 Hz, J,,, = 15.0 Hz) 2.79-2.60 (m) [2.73] -0.05
2'b 2.68 (dd, J,,,, =162 Hz, J,,; =82 Hz) 2.79-2.60 (m) [2.65] -0.03
3 3.70-3.63 (m) [3.66] 3.68-3.60 (m) [3.64] -0.02
4 1.84-1.75 (m) [1.80] 1.73-1.55 (m) [1.70] -0.10
5' 1.84-1.75 (m) [1.80] 1.73-1.55 (m) [1.60] -0.20
Lo 307302(m[B0s) .. 336310@[3.19 014
NH-6' x 8.06-7.99 (m) [8.03]
CH,C=0 on 6' x 1.97 (s)

“The chemical shift values were established based on 'H (500 MHz), zTOCSY, and gCOSY NMR. "Multiplicity and J are
given in (). “The numbers in [] were determined from gCOSY and zTOCSY. xIndicates that acetyl moiety is not present in
the molecule. “Obscured by H,O peak in the 'H spectrum. "No correlation in spectra so specific chemical shift undetermined.
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Table 3.3. Proton chemical shifts determined for CAP IB and 6'-N-acetyl-CAP IB (Ac-CAP IB)."

H position CAPIA 6'-N-acetyl-CAP TA Appm
1 4.48-441 (m)* [4.42] 4.41-4.33 (m) [4.36] -0.06
2a 3.86-3.81 (m) [3.83] 3.88-3.79 (m) [3.84] 0.01
2b 3.70-3.63 (m) [3.68] 3.68-3.60 (m) [3.61] -0.07
5 497 (d,J;,,=2.5Hz) 5.06-4.93 (m) [4.94] -0.03
11 424 (dd,J,,,,=8.1Hz,J,,,,=50Hz) 4.20-4.12 (m) [4.14] -0.10
14 4.64(q,J,,,, =73 Hz) 4.67-4.62 (m) [4.64] =
17 8.01 (s) 8.05-7.99 (m)’
20a 4.06 (dd, Jy,,, = 5.0 Hz, Jy, 5, = 13.7 Hz) 4.03-3.95 (m) [3.97] -0.09
20b 3.24 (dd, J,y,,, = 8.1 Hz, Jyy, 5, = 13.7 Hz) 3.22-3.09 (m) [3.17] -0.07
21 1.40 (d, J,;,,=7.3 Hz) 1.39(d,J,,,,=72Hz) -0.01
22 439 (dd, J,,5=2.5Hz,J,,,;,, =53 Hz,J,,,;, = 8.1 Hz) 4.42-4.33 (m) [4.34] -0.05
23a 2.07 (ddd (app. dq), J53,,, = 5.3 Hz, J 5555, = J5,,, = 13.7 Hz) 2.07-1.98 (m) [2.06] -0.01
23b 1.75-1.65 (m) [1.69] 1.73-1.54 (m) [1.69] =
24 3MBM@BAN 33632 B3l =
2'a 2.77 (dd (app. t), J,,,, = 162 Hz, J,,, ;= 15.0 Hz) 2.79-2.60 (m) [2.73] -0.04
2b 2.68 (dd, J,,,,=162Hz,J,,, =82 Hz) 2.79-2.60 (m) [2.65] -0.03
3 3.70-3.63 (m) [3.66] 3.68-3.60 (m) [3.64] -0.02
4 1.84-1.75 (m) [1.80] 1.73-1.55 (m) [1.70] -0.10
5' 1.84-1.75 (m) [1.80] 1.73-1.55 (m) [1.60] -0.20
6 B0T302mIB0S. 3363103091 044
NH-6' x 8.06-7.99 (m) [8.03]

CH,C=Oon6'  «x

1.97 (s)

“The chemical shift values were established based on 'H (500 MHz), zZTOCSY, and gCOSY NMR. "Multiplicity and J are
given in (). “The numbers in [] were determined from gCOSY and zTOCSY. xIndicates that acetyl moiety is not present in
the molecule. "No correlation in spectra so specific chemical shift undetermined.

3.5.6. Determination of the MIC values for CAP against various mycobacteria

MIC experiments were performed against a variety of mycobacteria, using the double

dilution method. Compounds were added to 7H9 media containing ADC supplement. M.
avium subsp. avium ATCC 25291, M. abscessus ATCC 19977, M. intracellulare ATCC
13950, and M. parascrofulaceum ATCC BAA-614 were grown for 6 days before MIC

readings were taken, while M. smegmatis readings were taken 1-3 days after dilution.

Concentrations of CAP tested ranged from 150 mg/mL to 0.3 mg/mL. All experiments

were completed in sets of duplicate or triplicate experiments. MIC values are reported in

Table 3.1.
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Chapter 4

Towards the development of novel aminoglycosides via chemical modification of

known aminoglycosides

4.1. Abstract

Despite issues with toxicity and resistance, aminoglycosides (AGs) have remained an
effective and widely used class of antibacterials since their discovery. Efforts to
synthesize novel AGs that overcome some of the problems with this class of compounds,
including their toxicity and bacterial resistance, have been a major focus research efforts
for decades. 1-N-acylation has proved to be one of the most successful strategies for
improving the overall properties of AGs, including their ability to avoid certain resistance
mechanisms. More recently, 6'-N-acylation arose as another possible strategy, leading us
to question what other positions could be modified and what types of acyl groups will
lead to increased activity of AGs. In this study we report on the progress of strategies to
generate novel AGs with improved activity and the ability to avoid resistance. Also we
report progress towards the synthesis of AGs with the most reactive amines protected, for
future use in the synthesis of AGs acylated at positions previously difficult to selective

access in a short number of steps.

4.2. Introduction

AGs are a potent class of natural product antibacterial agents that are effective in the
treatment of many Gram-positive and Gram-negative antibacterial infections, including
those that accompany other diseases such as cancer and HIV."? The synthesis of complex
carbohydrates like AGs, which are comprised of as few as two or as many as five
aminosugars, and in some cases, ribose, is often a daunting task, and their total synthesis
from basic chemical building blocks is rarely an efficient means of developing novel,

effective compounds. Additionally, the numerous protecting group manipulations
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required to selectively modify known AGs in a predictable manner is also quite difficult
owing to the large number of amine and hydroxyl groups with similar reactivity.” '’ In
most cases, the overall yields of syntheses are rather low, requiring large quantities of

starting material and many steps to achieve a single product.

The manifestation of a number of resistance mechanisms that reduce the efficacy of AGs
is another obstacle in the development of novel AGs. Some mechanisms, such as the

1,11-19

increased efflux or decreased uptake of AGs by bacterial cells and modifications of

. 20-2
the ribosome, 0-23

are generally effective against most AGs, because they reduce the
intracellular concentration of AGs or modify the binding site common to most AGs,
respectively. In these cases, modifying the AG scaffold may not provide any benefit.
However, AG-modifying enzymes (AMESs), which covalently modify AGs leading to
decreased affinity for the ribosome, are the most common mechanism of resistance and
tend to be more specific towards particular AGs.”*? The activity of AMEs may, in fact,
be circumvented by small manipulations of the scaffolds of known AGs to yield products
that retain their activity against bacteria but are no longer modified by AMEs. The
development of semi-synthetic AGs has proven a successful strategy in overcoming, to
some extent, the AG resistance problem.>*>’ In particular, the incorporation of a y-amino-

B-hydroxybutyric acid (AHB), exemplified by plazomicin (PZN),**~

or glycinyl group to
the scaffold of known AGs has been one successful strategy used to circumvent AMEs
while retaining or improving upon their antibacterial properties.”® Herein, we report
progress towards the development of strategies to further expand our ability to access

novel AGs through facile synthetic methods.”>'**®

6' ~NH, 6 —~NH, 6' ~NH, 6'—NH;
HO O HO QO HO o]
HoN HO HoN HO HoN OH o
HoN | HaN HO | M2N 4 HO | 72\3 H HoN
O’m;NH OmNH omN HN | He
HO 2 HO 2 HO~—Y NH, %6 L NHR

(0] (0]

OH OH ° OH e

0 ez ez

Ho\:\ZEH/ HO on HO on o /50
HoN HoN HoN ON

Tobramycin (TOB) Kanamycin A (KAN) Amikacin (AMK) I OH

Sisomicin (SIS) (R =H)
Netilmicin (NET) (R = Et)

Fig. 4.1. The structures of AGs that were synthetically modified to generate novel AGs in this study.
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4.3. Results and discussion

A series of 6'-N-glycinyl compounds (9-13) (Fig. 4.3) were prepared using an activated
ester in the form of O-azidoacetyl-N-hydroxysuccinimide (1) to selectively append an
a-zidoacetyl group. Compound 1 was prepared via the DCC mediated coupling of a-

azidoacetic acid and N-hydroxysuccinimide in THF (Fig. 4.2).

0 0 Q
Q bcc —
N-OH + »— ——» [ NG N
HO Ny THF
0 0

1 (82%)

o o]
0 H \/@ Dce o ’
EtOAc i
S OH (o] (] OH o)
2 (95%)
0 0 0
0 Et:N Yo
N-OH + O —> N-O \—©
c CH,Cl
o)

O 3(92%)

Fig. 4.2. Synthesis of coupling reagents (1-3) used in this study.

The reaction of tobramycin (TOB), kanamycin A (KAN), amikacin (AMK), sisomicin
(SIS), or netilmicin (NET) with 1 using potassium carbonate as base in a 1:1 mixture of
H,0 and MeOH afforded the 6'-N-azidoacetyl compounds (4-8) in yields ranging from
26-60% after purification by Si0O; flash chromatography. The 6'-N-azidoacetyl compound
was the primary product in each of the reactions (Fig. 4.3A) and was in each case isolable
as pure compound for use in the following steps. Some side-products were present, such
as di-N-azidoacetyl as well as a mixture of other mono-N-azidoacetyl (i.e. 6'-, 3-, or 1-N-
azidoacetyl), but isolation of these compounds revealed that the other compounds were
purified as mixtures of various side products. The 6'-N-azidoacetyl compounds were all
isolated as single spots on TLC and used directly in the following step. In the case of
AMK, the acylation reaction occurred at a relatively equal rate at the 6'-amine and
terminal amine of the AHB. For this reason, 6 was prepared in the same fashion as all
other 6'-N-azidoacetyl compounds but with an additional molar equivalent of the

acylating reagent 1.
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Fig. 4.3. A. Representative synthetic scheme illustrating the preparation of the 6'-N-
azidoacetyl compounds (4-8). B. Representative synthetic scheme illustrating the
conversion of 6'-N-azidoacetyl compounds 4-6 to the respective 6'-N-glycinyl compounds
9-11 by catalytic hydrogenation. C. Representative synthetic scheme illustrating the
conversion of 6'-N-azidoacetyl compounds 7 and 8 to the respective 6'-N-glycinyl
compounds 12 and 13 by Staudinger reaction.
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For compounds 4-6, the azide functionalities were then converted to the free amines to
yield afford compounds 9-11 via catalytic hydrogenation (Fig. 4.3B), and, after removal
of the catalyst by filtration through Celite, no further purification was necessary. The
synthetic strategy and purification were adapted from a previously reported method that
takes advantage of the increased nucleophilicity of the 6'-amine to selectively acylate that

position, without additional acylation at the other primary amines.*

6'-N-azidoacetyl compounds 7 and 8 both contain an alkene that is not compatible with
catalytic hydrogenation, and for that reason they were converted to the repective 6'-N-
glycinyl compounds using a Staudinger reaction. Treatment of compound 7 and 8 with
trimethyl phospine in a 1:1 mixture of aqueous NaOH (I mM) and THF yielded
compounds 12 and 13, respectively (Fig. 4.3C).

The synthesis and antibacterial testing of 6'-N-glycinyl-TOB (9) was previously
reported,” but we report a slightly modified method that improved yield, achieved by
slower addition of the acylating reagent and use of an adjusted solvent gradient during the
purification process. Previous reports have indicated that 9 demonstrates potent
antibacterial activity against a number of bacterial strains,” including those that express
AMEs that are capable of conferring resistance to the parent compound. It was shown
that the ability of AAC(3) and AAC(6") to modify and deactivate TOB was reduced
significantly by the incorporation of a 6'-N-glycinyl moiety. Interestingly, this same trend
was not observed with the compound in this study- TOB was more effective or equally as
ineffective against all strains tested compared to 9 (Tables 4.1-4.3). One possible
explanation for this is the formulation of the compound used in MIC testing- previous
studies used a sulfate salt generated at pH 3, whereas the compound was used in MIC
testing in its free-base form (~pH 8). Contamination of the sample was unlikely to be a
factor as they were otherwise prepared in an identical fashion. In this study, compound 9
did show some antibacterial activity, but in each case, the parent compound, TOB, was

already very effective.
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MIC values for 10 against all strains were all poor and no improvement compared to
KAN was observed (Tables 4.1-4.3). The same was true of compound 11, which showed
poor activity against all strains (Tables 4.1-4.3). These results suggest that in the case of
KAN, the 6'-amine is likely crucial to antibacterial activity, and therefore, its affinity for
the ribosome target. The same is true of the combination of the 6'-amine and terminal
amine of AHB from AMK. The syntheses of mono-glycinyl-AMK derivatives were
attempted using chelation control with zinc acetate and by selectively protecting the AHB
amine with a Cbz group followed by selective acylation of the 6'-amine. These strategies
did not lead to the desired products, possibly because protection of the 6'-amine interferes
with the chelation. Further efforts to identify other possible methods of chelation and or

variations on the protecting groups will be pursued.

The best compounds, in terms of MIC values, were compounds 12 and 13, 6'-N-glycinyl-
SIS and -NET derivatives, respectively (Tables 4.1-4.3). SIS and NET both showed the
overall best antibacterial activity in these studies, so it is not necessarily surprising that
this was the case. However, compounds 12 and 13 were, in all cases, inferior to the parent

AG (Tables 4.1-4.3)- a trend that held true of all compounds tested in this study.

Table 4.1. Antibacterial activity of AGs against Gram-negative bacteria: MIC values (ug/mL) determined by double dilution.

CPD A B C D E F G H 1 J K

KAN >150 >150 9.4 4.7 4.7 150 >150 2.3 >150 >150 >150
10 >150 >150 150 75 150 >150 >150 150 >150 >150 >150
AMK 37.5 75 9.4 4.7 9.4 >150 75 2.3 150 75 75

11 >150 >150 >150 >150 >150 >150 >150 >150 >150 >150 >150
17 >150 >150 >150 >150 >150 >150 >150 >150 >150 >150 >150
18 >150 >150 >150 37.5 >150 >150 >150 75 >150 >150 >150
TOB 9.4 9.4 9.4 4.7 2.3 75 >150 1.2 >150 >150 >150
9 75 150 18.8 18.8 18.8 >150 >150 37.5 >150 >150 >150
19 >150 >150 150 37.5 150 >150 >150 75 >150 >150 >150
NET 4.7 9.5 4.7 1.2 2.3 37.5 >150 0.6 4.7 >150 >150
13 37.5 159 75 9.4 18.8 >150 >150 4.7 37.5 >150 >150
SIS 4.7 9.4 9.4 2.3 2.3 37.5 >150 0.6 4.7 >150 >150
12 37.5 150 75 9.4 18.8 >150 >150 9.4 37.5 >150 >150

A. B. subtilis 168, B. B. subtilis 168 with pBF16 harboring AAC(6')/APH(2"), C. B. cereus ATCC 17788, D. B. anthtacis str. Sterne,
E. L. monocytogenes ATCC 19115, F. E. faecalis ATCC 29212, G. E. faecium BM4105-RF, H. S. aureus ATCC 29213, 1. MRSA, J.
VRE, K. S. aureus Nor A.
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Table 4.2. Antibacterial activity of AGs against Gram-positive bacteria: MIC values (ug/mL) determined by double dilution.

CPD L M N (8] P Q R S T U \ W
KAN >150 >150 >150 >150 37.5 9.4 37.5 150 >150 37.5 >150 >150
10 >150 >150 >150 >150 >150 150 >150 >150 >150 150 >150 >150
AMK 150 75 75 75 37.5 37.5 2.3 4.7 37.5 9.4 18.8 4.7
11 >150 >150 >150 >150 >150 >150 >150 150 >150 >150 >150 >150
17 >150 >150 >150 >150 >150 >150 >150 >150 >150 >150 >150 >150
18 >150 >150 >150 >150 >150 >150 150 150 >150 >150 >150 >150
TOB 150 150 9.4 9.4 9.4 4.7 0.6 X 4.7 4.7 9.4 4.7
9 >150 >150 150 150 75 75 18.8 X >150 75 150 37.5
19 >150 >150 >150 >150 >150 >150 75 X >150 >150 >150 >150
NET 37.5 150 9.4 4.7 9.4 2.3 2.3 2.3 9.4 4.7 2.3 2.3
13 150 >150 150 75 75 37.5 37.5 75 150 75 >150 37.5
SIS 75 75 9.4 9.4 9.4 4.7 1.2 2.3 9.4 4.7 9.4 4.7
12 >150 >150 150 75 75 37.5 18.8 37.5 150 75 >150 37.5

L. E. coli BL21 (DE3) with pET22b harboring AAC(6')/APH(2"), M. E. coli BL21 (DE3) with pET19b-pps harboring AAC(3)-1V, N.
E. coli BL21 (DE3) with pET28a harboring Eis, O. E. coli BL21 (DE3) with pET22b, P. E. coli MC1061, Q. H. influenzae ATCC
51907, R. P. aeruginosa PAO1, S. P. aeruginosa PA14, T. S. enterica ATCC 14028, U. K. pneumoniae ATCC 27736, V. A.
baumannii ATCC 19606, W. E. coli Tol C. X = not determined.

Table 4.3. Antibacterial activity of AGs against various
mycobacteria: MIC values (ug/mL) determined by double

dilution.

CPD X Y 7 AA AB
KAN 0.3 >150 >150 >150 94
10 4.7 >150 >150 >150 >150
AMK <0.3 150 94 23 4.7
11 37.5 >150 >150 >150 >150
17 18.8 >150 >150 >150 >150
18 4.7 >150 >150 75 >150
TOB 0.3 >150 150 23 94

9 2.3 >150 >150 94 >150
19 9.4 >150 >150 >150 >150
NET 0.3 37.5 23 >150 18.8
13 2.3 >150 18.8 >150 >150
SIS 2.3 18.8 4.7 >150 94
12 4.7 >150 18.8 >150 >150

X. M. smegmatis str. MC2 155, Y. M. abscessus ATCC 19977, Z.
M. parascrofulaceum ATCC BAA-614, AA. M. intracellulare
ATCC 13950, AB. M. avium subsp. avium ATCC 25291.
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Fig. 4.4. A. Representative synthetic scheme illustrating the preparation of the 6'-
and di-N-(CbzAHB) compounds (14-16) from TOB or KAN. B. Representative
synthetic scheme illustrating the conversion of 6'- and di-N-(CbzAHB)
compounds 14-16 to the respective 6'- and di-N-(CbzAHB) compounds 17-19 by
catalytic hydrogenation.

Since the incorporation of an AHB group has proven a successful strategy in the
development of novel AGs, attempts to expand the current methodology to selectively
incorporate the AHB group at the N-1 position of TOB were attempted. Similar reaction
conditions, in which 1 was replaced by O-y-benzyloxycarbonylamino-o-
hydroxybutyrate-N-hydroxysuccinimide (2), were used in our attempts to prepare
compounds with an AHB group at the N-1 position. The use of chelation with zinc di-
acetate has been shown to work well to incorporate protecting groups with KAN.
However, attempts to use the same strategy starting from TOB under several conditions
proved unsuccessful, as our attempts led only to a mixture of products. However, the
reaction of TOB with 2, using potassium carbonate as base in a 1:1 mixture of H,O and
MeOH, afforded compound 14 (Fig. 4.4A). Two additional N-(CbzAHB) derivatives,
compounds 15 and 16 (Fig. 4.4A), were synthesized. Catalytic hydrogenation of
compounds 14-16 (Fig. 4.4B) provided the respective N-AHB products, 17-19, which

were tested for antibacterial activity. Unfortunately, none of the compounds with an AHB
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moiety showed improved activity against any of the bacterial strains tested compared to

their respective parent compounds.

NH, NHCbz

Ry Ry
R, | N Cpd. 3, K,CO5 R, | N

2 2
OONTQ NHR, Q5N NHR,
(0] (0]

H,0:MeOH / 1:1
OH OH
Hom Hom
HoN HoN
TOB R = H, Ry = NHy, Rg = H 20 R, =H, Ry = NH,, Ry=H (64%)
KAN Ry = OH, Ry = OH, Ry = H 21 Ry=OH, Ry = OH, Ry =H (40%)
AMK R, = OH, R, = OH, Ry = AHB 22 R, = OH, Ry = OH, Ry = AHB (46%)

Fig. 4.5. Representative synthetic scheme illustrating the preparation of the N-
Cbz compounds (20-22).

We have shown that it is possible to acylate, for example, the 3-N and retain activity
against some bacteria® while in other cases it deleterious to antibacterial activity.*’
Therefore, the selective protection of the most nucleophilic groups (i.e. 6'- and AHB-
amine) of AGs to generate compounds for use in the synthesis of novel AGs that are
modified at positions that are typically more difficult to selectively modify is a strategy
that could potentially yield compounds with antibacterial activity. Towards this end, a
method for the selective Cbz-protection of AGs at the 6'- and AHB-amine was developed
(Fig 4.5). O-Cbz-N-hydroxyphthalimide (3) was synthesized from N-hydroxyphthalimide
and benzylchloroformate using Et;N as a base in dichloromethane for use as the acylating
reagent (Fig. 4.2). Compounds 20-22 were prepared from the reaction of the respective
parent AG and 3, using potassium carbonate as base in a 1:1 mixture of H,O and MeOH
(Fig. 4.5). These compounds were synthesized in order to provide a starting material for
reactions that had the most reactive amine protected. We attempted syntheses using
chelation control and without chelation, in an attempt to eventually generate compounds
with mono- and di-acylations (glycinyl or AHB) at positions not generally accessible
through concise synthetic routes. Unfortunately, the use of these compounds as starting
materials did not yield novel AGs with the desired selectivity, giving, in all cases after
purification, complex mixtures of compounds. Further experiments are necessary to
determine any further usefulness of the Cbz-protected AGs in the development of novel

N-acylated AGs.
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4.4. Conclusions

Two series of novel N-acylated AGs were synthesized and tested against a large panel of
Gram-positive and Gram-negative bacterial strains as well as several strains of
mycobacteria. The determination of the MIC values of the compounds indicated that
most of the synthetically modified AGs were inferior to their parent AG compounds.
Interestingly, these results were not in agreement with previous reports of the activity of
9. One possible reason for this is the formulation of the compounds for testing, which
varied between studies. The compounds tested in this studied were utilized in their free
base form, whereas previous studies employed compounds as sulfate salts that had been
adjusted to pH 3 or lower prior to determination of the MIC values. The compounds
reported herein will be reformulated for further investigation of this possibility.
Additionally, a series of AGs that were Cbz-protected at the most reactive amine of each
respective compound were synthesized, for use in the generation of further series of
compounds modified at positions other than the 6'- or AHB-amines. However, results
with this strategy were poor and further work will be necessary to accomplish a short,

efficient method for generation of further N-glycinyl and N-AHB AGs.

4.5. Materials and instrumentation

The AGs AMK, KAN, and SIS were purchased from Sigma-Aldrich (Milwaukee, WI)
(Fig. 4.1). The AGs NET and TOB were purchased from AK Scientific (Mountain View,
CA) (Fig. 4.1). TLCs (Merck, Silica gel 60 Fys4) were visualized using a cerium-
molybdate stain ((NH4),Ce(NOs)s (5 g), (NH4)sM07024°4H,O (120 g), H>SO4 (80 mL),
H,O (720 mL)). Synthetic products were purified by SiO, flash chromatography
(Dynamic Absorbents 32-63 m). 'H, "°C, gCOSY, gHMBC, gHSQC, and zTOCSY NMR
spectra were recorded either on a Varian 400 MHz equipped with a 5 mm OneProbe or a
Varian 500 MHz equipped with a 3 mm OneProbe. Liquid chromatography-mass
spectrometry (LCMS) was performed on a Shimadzu LCMS-2019EV equipped with a
SPD-20AV UV-Vis detector and a LC-20AD liquid chromatograph. O-azidoacetyl-N-
hydroxysuccinimide (1)*’ and N-hydroxysuccinimide ester of Y-
benzyloxycarbonylamino-a-hydroxybutyric acid (2) were prepared in the manner

previously described.”!
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4.6. Methods
4.6.1. Chemistry

4.6.1.1. Preparation of coupling reagents

0 0 0-azidoacetyl-N-hydroxysuccinimide (1). Azidoacetic acid (2.53 g, 25

QN"O | mmol) was dissolved in THF (20 mL) and cooled to 0 °C. N-
(0]

hydroxysuccinimide (2.88 g, 25 mmol) was added to the solution and stirred
for 10 min. DCC (5.16 g, 25 mmol) was dissolved in THF (15 mL) and added dropwise
over 10 min, and the reaction was allowed to stir at 0 °C for 4 h. The mixture was
vacuum filtered and the filtrate was added Et,O and stored at 4 °C overnight to form
white crystals, which were then filtered, rinsed with Et,O (30 mL), and dried under
vacuum to yield 1 as a white crystalline solid (4.08 g, 82%). Characterization of the

compound was in agreement with previous reports.>’

O-y-benzyloxycarbonylamino- a-hydroxybutyryl-/V-

0]
0}
q OJ\_/\/HToJ@ hydroxysuccinimide (2). y-benzyloxycarbonylamino-a-
© O g hydroxybutyric acid (2.53 g, 10 mmol, 1 eq) was dissolved in

EtOAc (80 mL) and cooled to 0 °C. N-hydroxysuccinimide (1.15 g, 10 mmol, 1 eq) was
added to the solution and stirred for 10 min. DCC (2.07 g, 10 mmol, 1 eq) was dissolved
in EtOAc (20 mL) and added dropwise over 10 min, and the reaction was allowed to
warm to rt while stirring for 8 h. The mixture was vacuum filtered to remove the urea and
the solvent removed under reduced pressure to give 2 (3.33 g, 95%). The resulting white
solid was used without further purification. "H NMR (400 MHz, CDCls) & 7.40-7.30 (m,
5H), 5.15 (d, J = 12.1 Hz, 1H), 5.06 (d, J = 12.1 Hz, 1H), 3.65-3.53 (m, 1H), 3.44 (ddd
(app. dq), J=14.6, 5.7 Hz, 1H), 2.89-2.60 (m, 4H), 2.33-2.10 (m, 2H).

5o 0-Cbz-N-hydroxyphthalimide (3). N-hydroxyphthalimide (4.90
(@]
©:I<\<NO>_ \—Q g, 30 mmol, leq) was dissolved in CH,Cl, (45 mL) and Et;N (4.18
6]

mL, 30 mmol, 1 eq) was added at rt before cooling the solution to 0

°C. Benzylchloroformate (4.45 mL, 30 mmol, 1 eq) was added dropwise to the stirring
solution over 5 min. The reaction was allowed to warm to rt while stirring O/N (16 h).

After concentration under reduced pressure, the residue was purified by SiO, flash
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chromatography (CH>Cl,:MeOH/98:2, Ry = 0.29) to yield the product as a white solid
(8.2 g, 92%). '"H NMR (400 MHz, CDCl;) § 7.82 (dd, J, = 5.4, J, = 3.1 Hz, 2H), 7.74
(dd, J1 =5.5, J,=3.1 Hz, 2H), 7.57-7.53 (m, 2H), 7.41-7.37 (m, 3H), 5.23 (s, 2H).

4.6.1.2. General procedure for preparation of N-azidoacetyl compounds

0 6'-N-azidoacetyl-TOB (4). TOB (468 mg, 1.0 mmol, 1 eq)

N3 . .
o i and K,CO; (276 mg, 2.0 mmol, 2 eq) were dissolved in
HoN | HoN MeOH:H,0/1:1 (5 mL) and O-azidoacetyl-N-

ng/NH2 o
o on hydroxysuccinimide (1) (297 mg, 1.5 mmol, 1.5 eq) was
O
"o N o added in three equal portions at least 2 h apart. The progress

of the reaction was monitored by TLC (MeOH:NH4OH/4:1), while stirring at rt. After 20
h, the reaction was complete. The mixture was concentrated under reduced pressure and
purified by Si0O; flash chromatography, eluting with MeOH and a gradient of Et;N (0-2%)
(R = 0.78 in MeOH:NH4OH/3:2). TLC was used to determine the fractions containing
the product, which were then concentrated under reduced pressure. The residue was
dissolved in a minimal volume of H,O and lyophilized to provide the pure product, 4, as
white powder (348 mg, 63%). The product was a single spot by TLC and was used as
directly in the following step without further characterization. NMR of the corresponding

final product (9) is reported in Section 4.6.1.4.

6'-N-azidoacetyl-KAN (5). 5 was prepared as described for 4.

(0]
o ES/\NE' The reaction of KAN (1.75 g, 3.0 mmol, 1 eq), K,COs (830
H% HoN mg, 60 mmol, 2 eq), and O-azidoacetyl-N-
"% e hydroxysuccinimide (1) (890 mg, 4.5 mmol, 1.5 eq) in
”ngNszoVH " MeOH:LO/M:1 (16 mL) yielded, after SiO, flash

chromatography eluting with MeOH and a gradient of Et;N (0-2%), 5 (937 mg, 55%), as
a white powder (Ry= 0.67 in MeOH:NH4OH/3:2). The product was a single spot by TLC
and was used as directly in the following step without further characterization. NMR of

the corresponding final product (10) is reported in Section 4.6.1.4.
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6', AHB-di-N-azidoacetyl-AMK (6). 6 was prepared
as described for 4. The reaction of AMK (469 mg,
OH o) 0.6 mmol, 1 eq), K,CO; (166 mg, 1.2 mmol, 2 eq),
H and O-azidoacetyl-N-hydroxysuccinimide (1) (297

0
o OH
Hom mg, 1.5 mmol, 2.5 eq) in MeOH:H,0/1:1 (8 mL)

yielded the product 6 (110 mg, 26%) as a white powder (R,= 0.53 in MeOH:NH,OH/3:2),
after Si0O; flash chromatography eluting with MeOH and a gradient of Et;N (0-2%). The

product was a single spot by TLC and was used as directly in the following step without

further characterization. NMR of the corresponding final product (11) is reported in
Section 4.6.1.4.

o)
N
NH 2
=0
HN | H2N
HO NH,
o)
HO—L7L
W oH

6'-N-azidoacetyl-SIS (7). 7 was prepared as described for 4. The
reaction of SIS (140 mg, 0.20 mmol, 1 eq), K,CO; (55 mg, 0.4 mmol,
2 eq), and O-azidoacetyl-N-hydroxysuccinimide (1) (59 mg, 0.3 mmol,
1.5 eq) in MeOH:H,O/1:1 (2 mL) yielded, after SiO, flash
chromatography eluting with MeOH and a gradient of Et;N (0-2%), 7
(42 mg, 40%) as a white powder (Ry= 0.42 in MeOH:NH;OH/4:1).

The product was a single spot by TLC and was used as directly in the following step

without further characterization. NMR of the corresponding final product (12) is reported

in Section 4.6.1.4.

0

NH

é%

N3

m“
N\/

o fe

6'-N-azidoacetyl-NET (8). 8 was prepared as described for 4. The
reaction of NET (100 mg, 0.14 mmol, 1 eq), K,COs (39 mg, 0.28
mmol, 2 eq), and O-azidoacetyl-N-hydroxysuccinimide (1) (42 mg,
0.21 mmol, 1.5 eq) in MeOH:H,0O/1:1 (2 mL) yielded, after SiO,
flash chromatography eluting with MeOH and a gradient of Et;N
(0-2%), 8 (45 mg, 57%) as a white powder (R, = 0.50 in

MeOH:NH4OH/4:1). The product was a single spot by TLC and was used as directly in

the following step without further characterization. NMR of the corresponding final

product (10) is reported in Section 4.6.1.4.
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4.6.1.3. General procedure for preparation of N-y-benzyloxycarbonylamino-o.-

hydroxybutyric acid (N-(CbzAHB)) compounds

ar 6'-N-(CbzAHB)-TOB (14). TOB (234 mg, 0.5 mmol, 1 eq)
NH O and Zn(OAc); (110 mg, 0.6 mmol, 1.2 eq) were dissolved in

HO 0
%m HoN DMF:H,0/5:1 (3 mL) and the mixture was stirred at rt for 16

h. 3 (175 mg, 0.5 mmol, 1 eq) was added to the reaction
\bQZ\/OH . . . ... .
HO OH mixture which was stirred for an additional 24 h. The reaction

mixture was concentrated under reduced pressure and the residue was purified by SiO;
flash chromatography, eluting with MeOH and a gradient of Et;N (0-2%). Fractions with
the product were pooled and concentrated under reduced pressure. The residue was
dissolved in minimal volume of H,O, flash frozen, and lyophilized to give the product
(108 mg, 31%, Ry= 0.61 in MeOH:NH4OH/3:2) as a white powder. The product was a
single spot by TLC and was used as directly in the following step without further
characterization. NMR of the corresponding final product (17) is reported in Section

4.6.1.4.

o) NHCbz o) NHCbz 6'-N-(CbzAHB)-KAN (15) and

NH NH NHCbz| ', 1-N-di-(AHB)-KAN (16).
g R o [
HO HO
HO | HaN HO | HeN Both compounds were prepared
O, G e O P prep

0 0 in the same manner as 14. The
Mo L5070 Ho_L5Q7=—O" .
N on N o reaction of KAN (291 mg, 0.5

mmol, 1 eq), Zn(OAc), (110 mg, 0.6 mmol, 1.2 eq) and 3 (350 mg, 1.0 mmol, 2 eq) in
DMF:H,0/5:1 (4 mL). (Note: The equivalents of acylating reagent were increased to
generate both the mono- and di-N-(CbzAHB) KAN products.) Purification by SiO, flash
chromatography, eluting with MeOH and a gradient of EtsN (0-2%), yielded 15 (42 mg,
12%, Ry = 0.32 in MeOH:NH4OH/3:2) and 16 (75 mg, 16%, R, = 0.55 in
MeOH:NH4OH/3:2). The product was a single spot by TLC and was used as directly in
the following step without further characterization. NMR of the corresponding final

products (18 and 19) are reported in Section 4.6.1.4.
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4.6.1.4. General procedure for hydrogenation reactions

O>/\NH2 6'-N-glycinyl-TOB (9). 4 (730 mg, 1.33 mmol) was

Ho éh% thoroughly dissolved in MeOH:H,O/1:1 (4 mL) and
HoN H:2N ", hydrogenated using H, and 10% Pd/C (100 mg) at rt for 4 h.

0 o o The resulting mixture was monitored for completion by TLC

"o N O and upon completion was filtered through Celite and

concentrated under reduced pressure with gentle heating. The residue was dissolved in
minimal volume of H,O and lyophilized to generate the pure product 9 (665 mg, 96%, Ry
=0.62 in MeOH:NH4OH/3:2) as a white powder. (Note: This procedure described above
was used in each case to convert the N3 and/or the NHCbz into NH,.) '"H NMR
(H20:D,0/9:1, 400 MHz) 6 3.90-3.74 (m, 2H, CH; of Gly), Ring I: 5.58 (d, J = 3.2 Hz,
1H, H1), 4.05-3.90 (m, 1H, HS), 3.73-3.47 (m, 4H, H6, H6,, H2, and H4), 2.57 (ddd
(app. dt), J1 = 12.2, J, = 4.1 Hz, 1H, H3,), 2.03 (m, 1H, H3;), Ring II: 3.73-3.47 (m, 1H,
HS), 3.73-3.47 (m, 4H, H1, H3, H4 and H6), 2.34-2.20 (m, 1H. H2,), 2.03 (m, 1H, H2y),
Ring III: 5.15 (d, J = 3.6 Hz, 1H, H1), 4.05-3.90 (m, 1H, HS), 3.90-3.74 (m, 3H, H6,,
Hé6y, and H2), 3.73-3.47 (m, 1H, H4), 3.73-3.47 (m, 1H, H3). m/z calcd for C20H49NcO1¢:
524.28; found 525.35 [M+H]" and 547.25 [M+Na]".

0 6'-N-glycinyl-KAN (10). Compound 10 was prepared and

o g‘lc”)/\ e purified as described for compound 9. The reaction of 5 (114
"o o goﬂszNHz mg, 0.2 mmol) with 10% Pd/C (114 mg) in MeOH:H,0/1:1
0 (4 mL) under H, atmosphere yielded 10 (104 mg, 96%, R, =

v 5" 0.54 in MeOH:NH,OH/3:2). '"H NMR (H,0:D,0/9:1, 500

MHz) § 3.43-3.24 (m, 2H, CH, of Gly), Ring I: 5.27 (d, J = 4.0 Hz, 1H, H1), 3.90-3.85
(m, 1H, H3), 3.76-3.58 (m, 3H, H2, HS, and H6,), 3.50 (dd, J; = 14.4, J, = 6.9 Hz, 1H,
Hé6y), 3.43-3.24 (m, 1H, H4), Ring IT: 3.76-3.58 (m, 1H, H5), 3.43-3.24 (m, 2H, H4 and
H6), 2.96 (ddd, J = 12.5, 9.6, 4.2 Hz, 1H, H3), 2.88 (ddd, J; = 12.5, J, = 9.6, J; = 4.2 Hz,
1H, H1), 2.01 (ddd (app. dt), J; = 12.5, J, = 4.2 Hz, 1H, H2,), 1.26 (ddd (app. q), J = 12.9
Hz, 1H, H2y), Ring II: 5.07 (d, J = 3.8 Hz, 1H, H1), 3.94 (ddd (app. dt), J; = 10.1, J, =
3.5 Hz, 1H, H5), 3.83-3.76 (m, 2H, H6, and H6y), 3.55 (dd, J; = 10.2, J, = 3.8 Hz, 1H,

117



H2), 3.43-3.24 (m, 1H, H4), 3.05 (dd (app. t), J = 10.2 Hz, 1H, H3). m/z calcd for
C20H39N5015: 541.26; found 542.45 [M+H]" and 564.35 [M+Na]".

OY\NHZ 6', AHB-di-N-glycinyl-AMK (11). Compound 11
Hoé% was prepared and purified as described for
"o ﬁgsz/H OH NJOK/NHz compound 9. The reaction of 6 (75 mg, 0.1 mmol)
Hogaz%Ho” H with 10% Pd/C (75 mg) in MeOH:H,0/1:1 (3 mL)

HoN under H, atmosphere yielded 11 (65 mg, 93%, R, =

0.44 in MeOH:NH4OH/3:2). "H NMR (H,0:D,0/9:1, 500 MHz) & 4.16 (dd, J; =9.5, J, =
3.5 Hz, 1H), 4.07-3.96 (m, 4H, CH, of Gly), 3.47-3.29 (m, 1H, AHB), 2.08-1.95 (m, 1H,
AHB), 1.85-1.77 (m, 1H, AHB), Ring I: 5.26 (d, J = 3.9 Hz, 1H, H1), 3.89 (ddd, J, =
10.0, J, = 7.3, J3 = 2.8 Hz, 1H, HS), 3.82-3.65 (m, 2H, H3 and H6,), 3.63 (dd, J, =9.9, J»
= 3.9 Hz, 1H, H2), 3.50 (dd, J;, = 14.4, J, = 7.4 Hz, 1H, H6y), 3.47-3.29 (m, 1H, H4),
Ring II: 4.07-3.96 (m, 1H, HI1), 3.82-3.65 (m, 2H, HS5 and H6), 3.47-3.29 (m, 1H, H4),
2.93 (m, 1H, H3), 2.08-1.95 (m, 1H, H2,), 1.44 (ddd, (app. q), J = 12.6 Hz, 1H, H2y),
Ring I1I: 5.09 (d, /= 3.8 Hz, 1H, H1), 4.07-3.96 (m, 1H, HS), 3.82-3.65 (m, 2H, H6, and
Hé6y), 3.47-3.29 (m, 2H, H2 and H4), 3.07 (dd (app.t), /= 10.0 Hz, 1H, H3). m/z calcd for
Ca6H2oN7015: 699.33; found 722.60 [M+Na]".

o y\//ANHZ 6'-N-AHB-TOB (17). Compound 17 was prepared and
Ng oM purified as described for compound 9. The reaction of 14 (50

HO 0
%m HaN mg, 0.071 mml) with 10% Pd/C (50 mg) in MeOH:H,0O/1:1

m (2 mL) under H, atmosphere yielded 17 (37 mg, 92%, Ry =
#ZV 0.38 in MeOH:NH,OH/3:2). '"H NMR (H,0:D,0/9:1, 500

MHz) § 4.31 (dd, Ji = 8.6, J» = 3.8 Hz, 1H, AHB), 3.22-2.99 (m, 2H, AHB), 2.19-1.89
(m, 2H, AHB), Ring I: 5.19 (d, J = 3.8 Hz, 1H, H1), 3.84-3.73 (m, 1H, H5), 3.70-3.46
(m, 3H, H4, H6,, and H6y), 3.22-2.99 (m, 1H, H2), 2.19-1.89 (m, 1H, H2,), 1.72 (ddd
(app. q), J = 11.9 Hz, 1H, H2y), Ring II: 5.06 (d, /= 3.8 Hz, 1H, H1), 3.70-3.46 (m, 1H,
H5), 3.44-3.32 (m, 2H, H4 and H6), 3.22-2.99 (m, 1H, H3), 2.96-2.89 (m, 1H, H1), 2.19-
1.89 (m, 1H, H2,), 1.33 (ddd (app. q), J = 12.4 Hz, 1H, H2}), Ring I1I: 3.95-3.90 (m, 1H,
HS), 3.84-3.73 (m, 1H, H6, and H6y), 3.70-3.46 (m, 1H, H2), 3.44-3.32 (m, 1H, H4),
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3.22-2.99 (m, 1H, H3). m/z caled for CyyHuNgOy: 568.31; found 569.25 [M+H]" and
591.40 [M+Na]".

0 V/\NHZ 6'-N-AHB-KAN (18). Compound 18 was prepared and
N o purified as described for compound 9. The reaction of 15 (40

HO
Hc% HN mg, 0.56 mmol) with 10% Pd/C (50 mg) in MeOH:H,0O/1:1

go/m/NHz .
0 (2 mL) under H, atmosphere yielded 18 (29 mg, 89%, Ry =
oH

HOQZNEQZOV'* 0.12 in MeOH:NH,OH/3:2). '"H NMR (H,0:D,0/9:1, 500

MHz) & 4.30 (dd, J; = 8.2, J, = 3.7 Hz, 1H, AHB), 3.09-2.99 (m, 2H, AHB), 2.09 (dtd, J,
=14.6, J, = 8.2, Js = 3.7 Hz, 1H), 1.96-1.82 (m, 1H, AHB), Ring I: 5.28 (d, J = 3.9 Hz,
1H, H1), 3.96-3.85 (m, 1H, H3), 3.83-3.50 (m, 4H, H2, H5, H6,, and H6), 3.39-3.26 (m,
1H, H4), Ring II: 3.83-3.50 (m, 1H, H5), 3.39-3.26 (m, 2H, H4 and H6), 2.98-2.91 (m,
1H, H1), 2.90-2.84 (m, 1H, H3), 2.04-1.96 (m, 1H, H2,), 1.25 (ddd (app. q), J = 12.4 Hz,
1H, H2y), Ring III: 5.07 (d, J = 3.8 Hz, 1H, H1), 3.96-3.85 (m, 1H, H5), 3.83-3.50 (m,
3H, H2, H6,, and H6y), 3.39-3.26 (m, 1H, H4), 3.09-2.99 (m, 1H, H3). m/z calcd for
C2»H43N503: 585.29; found 586.30 [M+H]" and 608.40 [M+Na]".

6',1-di-VN-AHB-KAN (19). Compound 19 was prepared and

NH, purified as described for compound 9. The reaction of 16 (60
o»//) mg, 0.063 mmol) with 10% Pd/C (60 mg) in MeOH:H,0O/1:1
/mNH on (2 mL) under H, atmosphere yielded 19 (38 mg, 88%, Ry =
HOMOH 0.28 in MeOH:NH,OH/3:2). 'H NMR (H,0:D,0/9:1, 500

= MHz) 6 4.38-4.12 (m, 2H, AHB), 3.21-2.95 (m, 4H, AHB),

2.14-2.03 (m, 2H, AHB), 2.02-1.84 (m, 2H, AHB), Ring I: 5.27 (d, /= 4.2 Hz, 1H, H1),
4.06-3.86 (m, 1H, H3), 3.83-3.46 (m, 4H, H2, HS5, H6, and H6y), 3.43-3.24 (m, 1H, H4),
Ring II: 3.83-3.46 (m, 2H, H1 and HS5), 3.43-3.24 (m, 2H, H4, and H6), 2.94-2.84 (m,
1H, H3), 2.02-1.84 (m, 1H, H2,), 1.54-1.38 (m, 1H, H2;,), Ring I1I: 5.08 (d, J = 3.7 Hz,
1H, H1), 4.06-3.86 (m, 1H, HS), 3.83-3.46 (m, 3H, H2, H6,, and H6y,), 3.43-3.24 (m, 1H,
H4), 3.21-2.95 (m, 1H, H3). m/z calcd for C,cHs50NsO,s: 686.33; found 687.75 [M+H]+

and 709.55 [M+Na]".

o>///\ NH,
"OH
NH
o)
HO
o
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4.6.1.5. General procedure for Staudinger reactions

5 6'-N-glycinyl-SIS (12). Compound 12 was prepared from 7 using a
EH/\NHZ Staudinger reaction. 7 (18 mg, 0.034 mmol) was dissolved in a
%N% " mixture of aqueous NaOH (1 mM, 1.0 mL) and THF (1.0 mL) and
’ ﬁ%wz stirred at rt for 15 min. PMe; (1 M solution in THF, 0.51 mL, 0.51
HO fgp mmol, 15 eq) was added to the stirring solution, which was monitored

| 9"] for completion via TLC (MeOH:NH4OH/4:1). After 1 h, the solution

was concentrated under reduced pressure and loaded onto a short SiO, column. The
column was washed thoroughly (THF (50 mL), EtOH (50 mL), and MeOH (50 mL)) and
then eluted with 1% Et;N in MeOH. Fractions containing the product were pooled and
concentrated under reduced pressure. The residue was then dissolved in minimal H,O,
flash frozen, and lyophilized to give the pure product, 12, as a white powder (12 mg,
67%, Ry=0.76 in MeOH:NH4OH/3:2). 'H NMR (H,0:D,0/9:1, 400 MHz) & 3.78-3.15
(m, 2H, CH, of Gly), Ring I: 5.41 (d, J= 3.6 Hz, 1H, H1), 4.83* (m, 1H, HS), 3.88-3.77
(m, 2H, H6,, and H6y,), 3.78-3.15 (m, 2H, H2 and H4), 2.38-2.26 (m, 1H, H3,), 2.18-2.06
(m, 1H, H3p), Ring II: 3.78-3.15 (m, 3H, H4, HS, and H6), 3.13-2.85 (m, 2H, H1 and
H3), 2.18-2.06 (m, 1H, H2,), 1.45-1.09 (m, 1H, H2;,), Ring III: 5.04 (d, J = 3.4 Hz, 1H,
HI1), 4.18-3.98 (m, 1H, H2 and and H5,), 3.78-3.15 (m, 1H, H5y), 3.13-2.85 (m, 1H, H3),
2.77 (s, 3H, NHCH3), 1.45-1.09 (m, 3H, CHj3). m/z caled for C;1H4oNeOg: 504.29; found
527.35 [M+Na]".

6'-N-glycinyl-NET (13). Compound 13 was prepared and purified
as described for compound 12. The reaction of 8 (15 mg, 0.027

é% mmol, 1 eq) and PMe; (I M solution in THF, 0.345 mL, 0.405
mnv mmol, 15 eq) in a mixture of aqueous NaOH (1 mM, 1.0 mL) and
#? THF (1.0 mL) yielded 13 as a white powder (9 mg, 60% R,= 0.82

in MeOH:NH,OH/3:2). '"H NMR (H,0:D,0/9:1, 400 MHz) & 3.59-
3.16 (m, 2H, CH; of Gly), Ring I: 5.42 (d, /= 2.1 Hz, 1H), 4.91* (m, 1H, HS), 3.89-3.78
(m, 3H, H4, H6,, and H6y), 3.59-3.16 (m, 1H, H2), 2.42-2.27 (m, 1H, H3,), 2.17-2.06 (m,
1H, H3;), Ring II: 3.68-3.60 (m, 1H, HS), 3.59-3.16 (m, 2H, H4 and H6), 3.09-2.85 (m,
3H, H1, H3, and CH»,CH3), 2.80-2.67 (m, 1H, CH»,CHz), 2.42-2.27 (m, 1H, H2,), 1.44-
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1.09 (m, 4H, H2, and CH,CH3), Ring III: 5.04 (d, J = 3.8 Hz, 1H), 4.04 (m, 2H, H2 and
HS,), 3.59-3.16 (m, 1H, 5p), 3.09-2.85 (m, 1H, H3), 2.80-2.67 (m, 3H, CH3 of NHCH3),
1.44-1.09 (m, H, CH3). m/z calcd for C,3H44NgOs: 532.32; found 533.45 [M+H]+ and
555.35 [M+Na]". Note: An asterix denotes peak obscured by solvent suppression that is
detected in 2D spectra.

4.6.1.6. General procedure for Cbz coupling reactions
NFCEs 6'-N-Cbz-TOB (20). TOB (234 mg, 0.5 mmol, 1 eq) and
Ho%ﬁ HaN K,CO; (138 mg, 1.0 mmol, 2 eq) were dissolved in
o NH, MeOH:H,0O/1:1 (5§ mL) and Cbz-N-hydroxyphthalimide (2)
Hom "l (223 mg, 0.75 mmol, 1.5 eq) was added. The progress of the
reaction was monitored by TLC (MeOH:NH4OH/4:1), while

stirring at rt. After 18 h, the reaction was complete. The mixture was concentrated under
reduced pressure and purified by SiO, flash chromatography, eluting with MeOH and a
gradient of Et;N (0-2%). TLC was used to determine the fractions containing the product,
which were then concentrated under reduced pressure. The residue was dissolved in a
minimal volume of H,O and lyophilized to provide the pure product, 20, as white powder
(195 mg, 64%, Ry = 0.82 in MeOH:NH4OH/3:2). 'H NMR (H,0:D,0/9:1, 400 MHz) &
7.65 (d, J = 7.5 Hz, 1H aromatic), 7.59-7.46 (m, 4H, aromatic), 4.83* (m, 2H, CH; of
Cbz), Ring I: 5.51 (d, /= 3.3 Hz, 1H, H1), 3.97-3.90 (m, 1H, HS5), 3.86-3.64 (m, 3H, H6,,
H6y, and H4), 3.61-3.48 (m, 1H, H2), 2.30-2.21 (m, 1H, H3,), 1.97 (ddd (app. q), /= 11.2
Hz, 1H, H3y), Ring II: 3.86-3.64 (m, 1H, HS), 3.61-3.48 (m, 2H, H4 and H6), 3.27-3.19
(m, 2H, H1 and H3), 2.30-2.21 (m, 1H, H2,), 1.66 (ddd (app. q), J = 12.6 Hz, 1H, H2),
Ring III: 5.09 (d, J = 3.7 Hz, 1H, HI1), 3.97-3.90 (m, 1H, HS), 3.86-3.64 (m, 3H, H6,,
H6y, and H2), 3.61-3.48 (m, 1H, H4), 3.31 (dd (app. t), J = 10.4 Hz, 1H, H3). Note: An

asterix denotes peak obscured by solvent suppression that is detected in 2D spectra.

o NngZ 6'-N-Cbz-KAN (21). Compound 21 was prepared as
Hc%cﬁo HzN described for compound 20. The reaction of KAN (291 mg,
HoA— e 0.5 mmol, 1 eq), K»CO; (138 mg, 1.0 mmol, 2 cq), and 2
“O% * (223 mg 1.5 mmol, 1.5 eq) yielded, after SiO» flash
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chromatography (MeOH and a gradient of EtsN (0-2%)), compound 21 (124 mg, 40%, Ry
= 0.73 in MeOH:NH,OH/3:2). '"H NMR (H,0:D,0/9:1, 400 MHz) & 7.64 (dd, J = 7.4,
1.6 Hz, 1H aromatic), 7.59-7.46 (m, 4H, aromatic), 4.80* (m, 2H, CH; of Cbz), Ring I:
5.49 (d, J = 3.9 Hz, 1H, H1), 3.96-3.90 (m, 1H, HS5), 3.88-3.71 (m, 2H, H6, and H3),
3.71-3.54 (m, 2H, H6, and H2), 3.53-3.39 (m, 1H, H4), Ring II: 3.88-3.71 (m, 1H, HY),
3.71-3.54 (m, 1H, H6), 3.53-3.39 (m, 1H, H4), 3.36-3.08 (m, H, H1 and H3), 2.22 (ddd
(app. dt), J1 = 12.7, J, = 4.2 Hz, 1H, H2,), 1.61 (ddd (app. q), J = 12.7 Hz, 1H, H2y),
Ring III: 5.08 (d, J = 3.6 Hz, 1H, H1), 3.96-3.90 (m, 1H, HS), 3.88-3.71 (m, 3H, H6,,
Hé6y, and H2), 3.71-3.54 (m, 1H, H4), 3.36-3.08 (m, 1H, H3). Note: An asterix denotes

peak obscured by solvent suppression that is detected in 2D spectra.

o é'“g AHB-N-Cbz-AMK (22). Compound 22 was prepared
Moo S&H OH . as described for compound 20. The reaction of AMK
° 4§ (291 mg, 0.5 mmol, 1 eq), KoCO; (138 mg, 1.0 mmol,
HO@%QZEOH 2 eq), and 2 (223 mg, 1.5 mmol, 1.5 eq) yielded, after

S10, flash chromatography (MeOH and a gradient of Et;N (0-2%)), compound 22 (29 mg,
8% Ry = 0.56 in MeOH:NH4OH/3:2). (Note: Di-N-Cbz-AMK was the major product,
46%) "H NMR (H,0:D,0/9:1, 400 MHz) & 7.63 (d, J= 7.3 Hz, 1H, aromatic), 7.59-7.46
(m, 4H, aromatic), 4.29 (dd, J; = 3.9, J, = 9.1 Hz, 1H, AHB), 3.68-3.47 (m, 2H, AHB),
2.15-2.03 (m, 1H, AHB), 1.96-1.85 (m, 1H, AHB), Ring I: 5.54 (d, /= 3.8 Hz, 1H, H1),
4.09-4.00 (m, 1H, H5), 3.85-3.70 (m, 1H, H3), 3.68-3.47 (m, 1H, H2), 3.45-3.34 (m, 2H,
H4 and H6,), 3.22-3.12 (m, H, H6y), Ring II: 4.09-4.00 (m, 1H, HI), 3.85-3.70 (m, 2H,
HS5 and H6), 3.68-3.47 (m, 1H, H4), 2.15-2.03 (m, 1H, H2), 1.57 (ddd (app. q), J = 12.5
Hz, 1H, H2y), 3.22-3.12 (m, 1H, H3), Ring I1I: 5.20 (d, J = 3.8 Hz, 1H, H1), 4.09-4.00
(m, 1H, HS5), 3.85-3.70 (m, 3H, H2, H6,, and H6y), 3.68-3.47 (m, 1H, H4), 3.28 (dd (app.
t),J =10.4 Hz, 1H, H3).
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4.6.2. Mass spectrometry analysis of the acylated AMK, KAN, NET, SIS, and TOB
synthetic products

The masses of the synthetic AGs were obtained by LCMS in positive ion mode using
H,0 (0.1% formic acid). 20 uLL of a 1 ug/mL solution of the compound dissolved in H,O

was injected for analysis.

4.6.3. Determination of the MIC values against various bacteria

MIC experiments were performed using the double dilution method against a variety of
bacteria- values are reported in Tables 4.1-4.3 in the main text. 4) B. subtilis 168, B) B.
subtilis 168 with pBF16 harboring AAC(6')/APH(2"), C) B. cereus ATCC 17788, D) B.
anthtacis str. Sterne, E) L. monocytogenes ATCC 19115, F) E. faecalis ATCC 29212, G)
E. faecium BM4105-RF, H) S. aureus ATCC 29213, 1) MRSA, J) VRE, K) S. aureus Nor
A, L) E. coli BL21 (DE3) with pET22b harboring AAC(6'/APH(2"), M) E. coli BL21
(DE3) with pET19b-pps harboring AAC(3)-1V, N) E. coli BL21 (DE3) with pET28a
harboring Eis, O) E. coli BL21 (DE3) with pET22b, P) E. coli MC1061, Q) H. influenzae
ATCC 51907, R) P. aeruginosa PAO1, S) P. aeruginosa PA14, T) S. enterica ATCC
14028, U) K. pneumoniae ATCC 27736, V) A. baumannii ATCC 19606, W) E. coli Tol
C, X) M. smegmatis str. MC2 155, Y) M. abscessus ATCC 19977, Z) M.
parascrofulaceum ATCC BAA-614, AA) M. intracellulare ATCC 13950, AB) M. avium
subsp. avium ATCC 25291.

M. avium subsp. avium ATCC 25291, M. abscessus ATCC 19977, M. intracellulare
ATCC 13950, and M. parascrofulaceum ATCC BAA-614 were grown for 6 days before
determining the MIC values, while the values for M. smegmatis str. MC2 155 were
determined after 1-3 days. The rest of the MIC values were determined after 16 h. The
concentrations of the compounds evaluated were in the range of 150 ug/mL to 0.3 ug/mL.

All experiments were performed in duplicate or triplicate sets.
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4.8. Appendix
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O-(CbzAHB)-N-hydroxysuccinimide (2)
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Fig. 4.6. 'H of O-(CbzAHB)-N-hydroxysuccinimide (2) in CDCl; (400 MHz).
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Fig. 4.7. 'H of 0-Cbz-N-hydroxyphthalimide (3) in CDCl; (400 MHz).
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Fig. 4.8. 'H of 6'-N-glycinyl-TOB (9) in 9:1/H,0:D,0 (400 MHz).
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Fig. 4.9. 'H of 6'-N-glycinyl-KAN (10) in 9:1/H,0:D,0 (500 MHz).
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6',AHB-di-N-glycinyl-AMK (11)
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Fig. 4.10. 'H of 6',AHB-di-N-glycinyl-AMK (11) in 9:1/H,0:D,0 (500 MHz).
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Fig. 4.11. "H of 6'-N-glycinyl-SIS (12) in 9:1/H,0:D,0 (400 MHz).
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Fig. 4.12. 'H of 6'-N-glycinyl-NET (13) in 9:1/H,0:D,0 (400 MHz).
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Fig. 4.13. 'H of 6'-N-AHB-TOB (17) in 9:1/H,0:D,0 (500 MHz).
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Fig. 4.14. 'H of 6-N-AHB-KAN (18) in 9:1/H,0:D,0 (500 MHz).
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Fig. 4.15. 'H of 6',1-di-N-AHB-KAN (19) in 9:1/H,0:D,0 (500 MHz).
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Fig. 4.16. 'H of 6'-N-Cbz-TOB (20) in 9:1/H,0:D,0 (500 MHz).
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Fig. 4.17. 'H of 6'-N-Cbz-KAN (21) in 9:1/H,0:D,0 (500 MHz).
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Fig. 4.18. 'H of 6'-N-Cbz-AMK (22) in 9:1/H,0:D,0 (500 MHz).
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Chapter 5

The structural basis for substrate versatility of chloramphenicol acetyltransferase

CAT;

5.1. Abstract

Novel antibiotics are needed to overcome the challenge of continually evolving bacterial
resistance. This has led to a renewed interest in mechanistic studies of once popular
antibiotics like chloramphenicol (CAM). Chloramphenicol acetyltransferases (CATs) are
enzymes that covalently modify CAM, rendering it inactive against its target, the
ribosome, and thereby causing resistance to CAM. Out of the three major types of CAT
(CATim), the CAM-specific CATyy has been studied extensively. Much less is known
about another clinically important type, CAT;. In addition to inactivating CAM and
unlike CATyy, CAT confers resistance to a structurally distinct antibiotic, fusidic acid
(FA). The origin of the broader substrate specificity of CAT; has not been fully
elucidated. To understand the substrate binding features of CAT], its crystal structures in
the unbound (apo) and CAM-bound forms were determined. The analysis of these and
previously determined CAT;-FA and CATy-CAM structures revealed interactions
responsible for CAT; binding to its substrates and clarified the broader substrate

preference of CAT; compared to that of CATiy.

5.2. Introduction

Chloramphenicol (CAM) (Fig. 5.1A) is a potent broad-spectrum antibacterial agent.
Since its isolation from Streptomyces venezuelae in 1948, CAM was one of the primary
agents used to treat many infections in the decades that followed. To date, despite its
relatively high toxicity,” CAM is used in many countries due to its affordability and its
broad spectrum of activity. In the Western world, CAM is used in treatment of

ophthalmic infections and as a last resort in cases of life-threatening brain infections,
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such as those caused by Neisseria meningitides, which do not respond to other agents.
CAM’s ability to cross the blood-brain barrier makes it a potent therapeutic against brain
infections. Due to the emergence of pathogens resistant to multiple drugs, CAM is now

being reconsidered as a wider-spectrum therapeutic.’

A

OH OH
o]
®
ON HN Cl
HO NS
o o
Chloramphenicol (CAM)
B )CJ)\
OH OH OH O
1 3 Cl
Cl
CAT
o oA s > O N
|
& \[o AcCoA  CoA o° o}

Non-enzymatic
acetyl transfer

o o) 0
)ko OJ\ )ko OH
CAT
Cl 47? |\ cl
@ @
o HNm/kC, Coh AcCon OsRA HN%C'
) XS}
0 0 0 0

Fig. 5.1. A. Chemical structures of CAM and FA. B. Acetylation of CAM by CATs.

CAM inhibits protein biosynthesis by binding to the 50S subunit of the bacterial
ribosome. Recent crystal structures of the 50S subunit of the Escherichia coli and
Thermus thermophilus ribosome in complex with CAM revealed that CAM binds to the
A-site of the 50S subunit and occupies the binding site for the amino-acyl moiety of the
A-site tRNA.* The 3-hydroxyl of CAM is buried in the interface with the ribosome
through direct hydrogen bonding, potassium ion-mediated electrostatic interactions, as
well as through van der Waals interactions with the RNA phosphosugar backbone.** The
1-hydroxyl of CAM forms hydrogen bonds with RNA bases. Therefore, any modification
of the 1-hydroxyl or the 3-hydroxyl of CAM is predicted to be disruptive of CAM-
ribosome binding.” Bacterial resistance to CAM is caused by the chromosomally or

plasmid-encoded enzyme chloramphenicol acetyltransferase (CAT) that catalyzes the
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transfer of an acetyl group from acetyl-coenzyme A (AcCoA) to the 3-hydroxyl group of
CAM (Fig. 5.1B).° A subsequent slow, non-enzymatic transfer of this acetyl group to the
neighboring 1-hydroxyl group allows for a second CAT-catalyzed acetyl transfer from
AcCoA onto the 3-hydroxyl group of the same CAM molecule, resulting in a di-
acetylated CAM.”® However, a single acetylation of CAM is sufficient to abolish its

affinity for the ribosome’ as explained by the above structural observations.*”

CAT proteins are historically divided into three types: CAT;, CATy, and CATyy, with all
three types capable of catalyzing the acetyl transfer to CAM to generate 3-O-acetyl-CAM.
Genomic analysis of different CAT sequences indicates that the boundaries between
these CAT types are not sharp. Members of the CAT; family are present in many
important pathogens such as E. coli, Shigella flexneri, Serratia marcescens, and
Salmonella enterica. CAT; family enzymes display high sequence conservation among
themselves (e.g. S. flexneri and S. marcescens CATj proteins are 98% and 99% identical
to E. coli CAT], respectively); however, they display only a modest sequence identity to
CATy (~46%) and CATy (32% to 47%) (Fig. 5.2). The CATy family is not easily
distinguishable from CATi; and has been defined historically only through its extreme
susceptibility to thiol-modifying agents compared with that of CAT; and CATyy.."® There
are no obvious additional Cys residues or other sequence features in CATy; distinguishing
it from the type-IIl variants. A slight variation in the pK, of the Cys31 (in CATyy
nomenclature), the only Cys in vicinity of the substrate or the cosubstrate binding sites,
was suggested to be responsible for the difference in reactivity with thiol-modifying

agents,'" although there is no evidence confirming this idea.

The sequence differences between CAT; and CATyy include several substitutions in the
binding site (Fig. 5.2), potentially resulting in positional differences of CAM bound to
these two proteins. A major consequence of this divergence is reflected in different
substrate selectivities of CAT; and CATyy. In addition to binding and modifying CAM,°
CAT), unlike CATyy, binds a much bulkier antibiotic, fusidic acid (FA)."> FA (Fig. 5.1A)
is a steroidal antibacterial agent that is used topically or systemically, usually against

infections caused by Gram-positive pathogens. CAT; does not modify FA; rather, it
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p1 Nl al p2 a2 a3 n2

EC_CATI —_— > 000000000 200 =

1 1o ° se 60 70
EC_CATI MEKKI[T|GY T|T[VD|T QSVA[QCTYNQT]V| T[VKK|NKHKFFIPAF I HILARLMYAH]P)
YP_CATI MEKKI[TG|Y T|T[VD|T QSVAQCTYNQTV T|V K K|NK|H/K Fp4P/AF I HILARLMYAHP
KP_CATI MEKKI[TG]Y T|T[VD|T QSVAQCTYNQTV T|V K K|NK|HK Fp4PAF I HILARLMYAHP
SM_CATI MEKKI[T|G]Y T|T[VD|T QSVAQCTYNQTV T|V KK|NK|HK FpP4PAF I HILARLMYAHP
SF_CATI MEKKI[T|GY T|TVD|T QSVAQCTYNQTV T|V K K|N|K[H P|A[F I H IL/ARLMNAHP)
PM_CATI MDTKRV|G|Y T|V|VD|L QSFAQCTFSQTV T|VKQN|G[Y, P|TF IY|I|I|S|LLVIKHA
EC_CATII  .....MN[FTR[IDL| RQQIKCGFSLTT, ALAE[TG]Y PILM I Y|LI|SRAVRQFP
SE_CATII  .....MN[FTR[IDL| RQQIKCGFSLTT, ALAKT(G]Y P|LM I Y|LI|SRAVRIQF|P
HI_CATII ..... IMNF T|R|T D|L, RQQIKCGFSLTT, ALAE|TD]Y P|VM I YLI|S[RVVIYQF|P
VS_CATII ..... MN|F T|R[T DL RQQIKCGFSLT|T, ALAE|TD|Y P|VM I Y|LI|SRV VEQ[F|P
EC_CATIII .....MNYTKFDYV| RHRLPCGFSLT|S SILDD|S|A[Y[K FFPVM I Y|L|I|Al0 A VSJQ|F|D
BC_CATIII .....MKFHI[IDR| LK.LKCTFSMTV E|L HOQ[K/G|IK Fp4P|V|F I Y|L{I|SRV VRIN[HK
BA_CATIII .....MKFHV[IDR LE.LKCTFSMTV K|VHOQ[K/G|I[K Fp4P|TF I Y|I|I|SR I INKHEK
SP_CATIII ..... MKF NL|I DT LNAVRCTYSMTA E|I KLK/G|LK LE4P|T|L I Y|I|I|T|T V VIYRHK
CB_CATIII ..... MK|F N|L|I D|T LHSVRCTYSMTA E|I KLKKLKL}P|/TL I Y|I|I|ATVVRINHEK
EF_CATIII .....MNFNKIDL| LN.QQTTFSITT N|IKQE(G|YK FF4P|AIF I FIL|V|TR V IRISN|T
SA_CATIII .....MN[FNK[IDL| LN.QQOTTFSITT, NIKOQEGYKFEPAF I FLVTRV ISNT
LM_CATIII ..... MT/FNI|INL FN.QQTTYSVTK MIKNK‘(;XLL PAL I Y|T|I[V|N I IRJONK
CD_CATIII ..... MV|F E[K[T DK FASVPCTYSMTV 0T KE[K/GIMK LFqP|AML v|Y|T|AM I VRIRIH[S
CT_CATIII .....L..MEY[IDF KGANNPQFNICM KF|v K DINDIL|S FF{F|sMv v|alsTly v M| EME

B3 B4 ?ﬁs? B6 ad B7
EC_CATI - —_

- 80 99| | 100 | | 110 120 130 140
EC_CATI AM.KDGELVIWDSVEECYEVFHEQTETFSSLWSEYHDDFRQ LHIYSQDVACYGWLAYFPKGFI.EN.MI?FVEA
YP_CATI AM.KDGELVIWD|SVH4C|YEVFHEQTETF SSLWS|EYHDDFRQIJLHI|Y|SQD IAC|Y/GENLAYFPKGF[I.EN.MFFVEHA
KP_CATI AM.[KDGELVIWD|S IH[FC|YlVFHEQTETF SSLWS[E YHDDFRIQELH I|Y|SQDVAC|Y|GENLAYFPKGF[I.EN.MFFVEA
SM_CATI AM.KDGELVIWD|SI[H|JC|YpVFHEQTETF SSLWS[E Y[HDDFRQJLHI|Y|SQDVAC|Y|GENLAYFPKGF[I.EN.MFFVEA
SF_CATI AM.KDGELVIWD|SVH|JC|YpVFHEQTETFSSLWS[EYHDDFRQJLHI|Y[SXDVAC|Y/GENLAYFPKXFX.EN.MXFVEA
PM_CATI AM.KDGELVIWD|SV|N|4GYRIFHEQTETFSSLWS|YYHKD INHJLKT|Y|SED IAQY|GDDLAYFPKEF[I.EN.MFFVEA
EC_CATII  AL.KDNELIYWD|QS|DjVFRVFHKETETFSALSICRY[FPDLSEIMAG|YNAVTAEY|QHDTRLFPQGNLPEN|. HLNI[S
SE_CATII  AM.KDNELIYWE/QSD|JVFEVFHKETETFSALS|CRY|FPDL|SEMAGYNAVTAE|Y/QHDTRLFPQGNLPEN|. HLNIHS
HI_CATII  AM.KDNALIYWDQTPDEVFEVFHKETETFSALF/CRY|CPDISERMAGYNAVMAEY/QHNTALFPQGALPEN|. HLNIHs
VS_CATII  AM.KDNALIYWDQTDIZVFWVFHKETETFSALF|CRY/C[PDI|S[E[JMAGYNAVMAE|YQHNTALFPQGALPEN|. HLNIHS
EC_CATIII AI|.KDDELIVWD|SVD|4QFVFHQETETFSALS|CPY|S|SDIDQJgMVNYLSVMERYKSDTKLFPQGVTPEN|.HLNIFA
BC_CATIII CFNDEGVLGYWEEMTI|4S/YWIFHKDDKSFSSIWT|DY|SNDFHI)§YKNYEEDMRC|YANVHGLFTKENVPPN|.VFPIHs
BA_CATIII CFNDEGVLGYWEEMTI|4SYMIFHKDDKSFSSIWTDY|S|SDFRI|JYKNYEEDMRC|YASVHGLLTKENIPPN|.IFPIFG
SP_CATIII SFDOQNGKLGYWD|SMN|4S|YRIFHKDNETFSSIWTE YDENFPRiYYNYLEDIRNJYSDVMNFMPKAGQPAN|. TINVES
CB_CATIII CFDENGNLGYWD|/SMSES/YEIFHKDNETFSSIWTDYDESF|SIC[g¥/ND|Y|LD[DIKN[Y/GAIMKFTPKLNEPAN|. TFPVEs
EF_CATIII GYNSDGELGYWDKL[EJJLYRWIFDGVSKTFSGIWTPVKNDFKE)JYDL|YLSDVEKYNGSGKLFPKTP|IPEN.AFSLET
SA_CATIII GYN|SDGELGYWDKLE|JLYMIFDGVSKTFSGIWTPVKNDFKE)HYDLY|LSDVEKYNGSGKLFPKTPIPEN.AF|SLET
LM_CATIII GINSEGNLGYWDKLNJ4LYMVFNKETEKFSNIWTES|NVSFNS|§YNS|YKSDLLE[YKDKNEMFPKKPIPEN|. TV[PIfM
CD_CATIII AINQDGELGIYDEMI|4SYWIFHNDTETFSSLWTECKSDFK[S LADYESDTQRYGﬂHRMEGKPNAPEN.IFNV M
CT_CATIII XKIRKDG.IVLHDYLI)JSFR{DMSNRDNLYKIITLPLSDDIKS)YS/TIAKKTSK.[.|.|S QKFFPKIDFDQDKLﬂYF c
% #9 10 a5
EC_CATI »TT TT —-TT
- 159 6 17* | 189 199 209 219

EC_CATI NEVSBTSFDLNVANMDNF FARVF TMGEJY Y TOGDKVLMELA I[RJEEIA V CPIEFEVIGRMLNELPJOY CDEWQGGA . . .
YP_CATI NJ@YVSIPTSFDLNVANMDNFFAJJVF TMGJJY YTOGDK VLM LA T[Sy H)AA v CPYelFEIVIGRMLNEL[JO YCDEW|QGGA . . .
KP_CATI Nj@YV S TSFDLNVANMDNFFAJJVF TMGJY Y TOGDKVL Mz LA I[S\YH)AA v CpYelFEIVIGRMLNEL[JO YCNEWQGGA . . .
SM_CATI NjAYV S TSFDLNVANMDNFFAJJVF TMGJY Y TOGDKVL M LA I[S\YH):A v CpXelFEIVIGRMLNEL[JO Y CNEW|QGGA . . .
SF_CATI NJAYV SITSFDLNVANMDNF FAJJVF TMGJY Y TOGDKVL Mz LA I[\YH):A V CpXelFEVIGRMLNEL[JO Y CDEW|QGGA . . .
PM_CATI NJAYV S TSFNLNVANINNFFAJJVFTIGIJY YTOGDKVLMZLA I[SAyH)AA v CPYelFEIVIGRLLNE I[JOYCDEGCK . « . . .
EC_CATII L|AIVS|EDGFNLNITGNDDYFAJVFTMAMFQOEGDRVLL{ZVS VIQWYHEIAVCPYEFEAARF INTLJLMCDNILK. . . . .
SE_CATII  L|AVS|YDGFNLNITGNDDYF SlgVF TMA[MFQOEGDRVLL{ZVS VWYHEIA VCPYelFEAARF INTLJLMCDNILK. . . . .
HI_CATII  L|ANVS|DGFNLNITGNDDYFAJVFTMAMFQOEDNRVLL{ZVS VYHEIAVCPYFE(AARF INTLMMCDNILK. . . . .
VS_CATII  L{AUVS|IDGFNLNI|TGNDDYFAJIVF TMAMFQQOEDNRVLLIFVS V[YHE(AV CPYEFEAARF INTLMMCDN|ILK. « . . .
EC_CATIII L|AIVN|IDSFNLNVANFTDYFATIITMAIYQQEGDRLLL{FL S VIQWHEIAVCPYEFEIVARF INRLJELCNSKLK. . . . .
BC_CATIII I|dASTGFNLNINNDGDFLLIFIITCGI{YFNEENKVIL|ZVSL{O\H: ASRFIQDL[ELSNS|CNEWLK. .
BA_CATIII INTSETGFNLNINNDGDFLLEIITCGEYFNEENKIMLEVSLEHEESVCREYEVSRFIEDLFELSNS|CNEWLK. .
SP_CATIII I|AVNITGFNLNI[YNDATYLIJIFTLG|YYFQODNKILL{ZMS VIWHEIAVCPYEYEITSRFFNEAMELASNFETWLGEK
CB_CATIII I|AIVNRTGFNLNVYNNGTYLV)JIFTMGI{YFEQNNKIFI|3MS IfWHEIAVCPYEYEII|SRF INEV[ELALNS|QTWLKHK
EF_CATIII I|AITS|ITGFNLNINNNSNYLLI{IITAGI4FINKGNSIYL{FLSLNYHESVCPYEYEIAGLFMNSI[MELSDRPNDWLL . .
SA_CATIII I|ATS|YTGFNLNINNNSNYLLI{IITAGI4FINKGNSIYLIZLSLYHESVCPIeYEIAGLFMNSI[MELSDRPNDWLL . .
LM_CATIII I|MIID|YSSFNLNIGNNSRFLLI{IITIGE{FYSKNNKIYLIZVSL{YHEAVCPYEYEVSLFMSEFNIVDSVNEWT . . .
CD_CATIII IMDGFNLNLQKGYDYLIEIFTMGEYYKEDNKIILLAIHAVCFICRFVNELEELINS S Y P
CT_CATIII I|AIS|yTSVSNEMVMDENDSIJJRISFG] YF‘I‘KDNKVLLIYSIIINIKLL.YIVGYFIEKL EYINKIK......

Fig. 5.2. Sequence alignment13 of CAT), CATy, and CATyy enzymes from various bacteria
(EC = Escherichia coli, YP = Yersinia pestis, KP = Klebsiella pneumoniae, SM = Serratia
marcescens, SF = Shigella flexneri, PM = Proteus mirabilis, Hl = Haemophilus influenzae,
SE = Salmonella enterica, VS = Vibrio sp., BC = Bacillus cereus, BA = Bacillus anthracis,
SP = Streptococcus pneumoniae, EF = Enterococcus faecium, LM = Listeria monocytogenes,
SA = Staphylococcus aureus, CD = Clostridium difficile, CB = Clostridium botulinum, and
CT = Clostridium tetani). Important residues in the active site that are either conserved or
non-conserved (vary) between CAT; and CATyy are indicated by red and blue circles,
respectively. Residues involved in CAM and FA binding are marked by orange and yellow
circles, respectively.
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sequesters it through binding by its CAM binding site. This type of mechanism of
resistance through sequestration is not uncommon and has been observed for other
antibiotics such as bleomycin and thiocoraline."*'® Kinetic studies have shown that FA
competes with CAM for binding to CAT}, but not the other CAT types.'> Various bile
salts and some triphenylmethane dyes also exhibit similar competitive binding to CATj,

but not to CATyyy. >

CAT; plays an important role in antibiotic resistance of many pathogenic bacteria. In
addition, CAT; has been used as a biochemical and proteomic tool in a number of

222 . . .
% and as a common CAM resistance marker encoded in laboratory plasmids.

systems
Despite its importance in drug resistance and biotechnology, CAT;*’ has been much less
investigated than CATyy. Structural and biochemical studies of CAT™*>* have been
mostly used to understand general features of CAT; proteins. Despite this progress,
differences in the substrate selectivity between CAT; and CATy; remain unclear in

absence of analysis of CAT;-CAM and CAT;-FA structures.

Herein we report crystal structures of CAT; alone and in complex with CAM, which
explain how CAT; binds CAM despite differences in its binding site residues from those
in CATyp. Analysis of these structures along with that of the structure of CAT; in
complex with FA (deposited in the Protein Data Bank (PDB) by Roidis and Kokkinidis;
accession code: 1Q23%) provides an explanation of the differences in substrate

preference among CAT types.

5.3. Results

5.3.1. Overall structure of CAT;

E. coli CAT; protein was initially co-crystallized with CAM in the P1 space group (Table
5.1). Molecular replacement using either a monomer or trimer of apo-CAT; (from the
structure of a serendipitous complex of the nitric oxide synthase oxygenase domain with
CATy; PDB code: INOC™) as a search model did not yield a solution. This complication
likely arose due to the presence of several copies of the protein molecules within a very

large unit cell. Further crystallization trials yielded crystals of CATj alone (the apo form)
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in the P2, space group with a smaller asymmetric unit. These crystals grew under
conditions similar to those of CAT;-CAM crystals. Molecular replacement with a CAT;
trimer from the 1INOC entry as a search model, yielded an apo-CAT; structure with three
CAT;] trimers in the asymmetric unit (Table 5.1). This three-trimer structure was then
successfully used as a molecular replacement search model to determine the structure of
the CAT;-CAM complex in the P1 crystal form. The asymmetric unit of the P1 crystal
form contained six CAT-CAM trimers. The crystal structure of the apo-CAT;j and that of
the CAT-CAM complex were refined to 3.2 A and 2.9 A resolution, respectively (Table
5.1).

Table 5.1. X-ray diffraction data collection and refinement statistics for apo-CAT; and CAT;-CAM structures.

Apo-CAT,; CAT-CAM
Data collection
Space group P2, Pl
Number of trimers per asymmetric unit 3 6

Unit cell dimensions

a, b, c(A) 1152,102.7,114.1 107.5,114.5,114.5
a, B,y (©) 90, 119.9, 90 119.9,97.8,98.7
Resolution (A) 50.0-3.2 (3.3-3.2) 50.0-2.9 (3.0-2.9)°
1/s 93 (2.1) 143 (2.3)
Completeness (%) 98.4 (86.1) 87.3 (85.0)
Redundancy 4.3 (3.5) 1.7.(1.7)
Rierge 0.15 (0.476) 0.06 (0.38)
Number of unique reflections 35,818 82,522
Structure refinement statistics
Resolution (A) 40.0-3.2 35.0-2.9
R (%) 238 240
Ry (%) 30.1 309
Bond length deviation (rmsd) from ideal A 0.009 0.006
Bond angle deviation (rmsd) from ideal (°) 1.08 0.907
Ramachadran plot statistics®
% of residues in most allowed regions 84.9 88.7
% of residues in additional allowed regions 12.9 10.5
% of residues in generously allowed regions 23 0.8
% of residues in disallowed regions 0 (0 residue) 0 (0 residue)

“ Numbers in parentheses indicate the values in the highest-resolution shell. " Indicates Procheck statistics.”

The structure of CAT; in the apo form reported here is very similar to the structure of
apo-CAT; (PDB code: INOC) used for the molecular replacement (Ca RMSD = 0.7 A)
and to another previously deposited structure of apo-CAT; (PDB code: 1PD5; Cao RMSD
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= 0.7 A). Furthermore, the structures of apo-CAT; are highly similar to the structure of
CAT; in complex with CAM (Co. RMSD ~ 0.4 A), suggesting that no major protein
conformational changes occur upon CAM binding. Analogously, no major
conformational differences were observed for CATyy in the apo and the CAM-bound
forms.”® The overall fold and the oligomeric organization of CAT; (Fig. 5.3A) resemble
those of the previously characterized CATy*® variant. Three identical monomers of CAT;
form a trimer with a 3-fold rotational symmetry. The overall trimeric scaffold is formed
by three 7-stranded (3-sheets, each of which is formed by six strands (86, 35, B7, f9, 10,
and (2) from one monomer and one strand (38) from another monomer (Fig. 5.3B). In
each monomer, this B-sheet is flanked on the outside by 5 a-helices and a small 3-
stranded -sheet. In the trimeric core, the aliphatic parts of buried Asp157 side-chains (in
strand 38) of the three monomers come together to form intimate hydrophobic contacts
with each other while their carboxyl groups are engaged in intricate, asymmetric network
of hydrogen bonding interactions with the side-chains of Ser155 and Asnl59. The
hydrophobic interactions between the Aspl57 residues are likely critical for complex
stability as this residue is either an Asp or an Asn in most CAT\/CATyy proteins. Serl155
could however be substituted for a Gly (Fig. 5.2). The side-chains of Asp157 residues are
distorted so that the carboxyl groups form hydrogen bonds with their own backbone
amide NH moieties justifying a weaker conservation of the Ser155. As the side-chains in
these B-strands are generally buried away from the solvent, their identities are well

conserved among CAT homologs.
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Fig. 5.3. A. Overall fold and trimeric organization of CAM-bound form. The strands of the (3-sheets
comprising the central scaffold are marked. The CAM molecule and its molecular surface are shown in
blue. B. A close-up view of the active site at the interface of two monomers in CAT-CAM structure.
Substrate binding residues of the binding monomer and catalytic monomer are colored in green and
orange, respectively. A few highly conserved residues involved in catalysis are marked in red. C. A
representative view of one of the CAT) active sites. The violet mesh clearly defining the CAM
molecule (blue sticks) is Fo-Fc omit electron density generated without the CAM in the model and
contoured at 30. D. A zoomed in view of the active site shown in panel C, depicted in a slightly
different orientation. E. A schematic view of residues of the CAT; active site and their interactions
with CAM. Hydrogen bonds and hydrophobic contacts are marked by black dashed lines and the grey
hashed lines, respectively. The color coding is consistent with that of panel B.

5.3.2. Chloramphenicol (CAM) interactions in the active site

Upon trimerization, the active site is formed at the interface of two [-sheets
predominantly with residues from strands p6, p5, p7, 9, and B8 of one monomer
(termed as the binding monomer) and strands (32, and 10 of the other (the catalytic
monomer). Each trimer contains three identical substrate binding sites (Fig. 5.3A). The
nature of this conserved trimeric assembly strongly suggests that CAT; monomers either

require trimeric assembly for proper folding or, if folded, CAT; would be catalytically
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active only in the context of a trimer. Indeed, monomeric mutants of the CATyy, whose
overall fold is highly similar to that of CAT;, were shown to be catalytically inactive.’®
Below, we discuss features of the active site of CAT; and highlight its differences from
that of CATyy that specify the distinct substrate recognition properties of these two

proteins.

In the structure of CAT;-CAM complex, all three active site pockets of the CAT; trimer
are occupied with CAM molecules (Fig. 5.3A), whose positions are clearly defined in the
electron density map (Figs. 3C and 3D). One of the two monomers forming a binding site
(called here the binding monomer) provides the majority of the residues (Cys91, Phe102,
Ser104, Phel34, Phel44, Ser146, Leul58, and Vall70) involved in binding of the CAM
while the other one (called here the catalytic monomer) provides His193, which has been
demonstrated to be one of the primary conserved catalytic residues™”* (Fig. 5.3B). A
few other residues from the catalytic monomer (Phe25 and Cys31) also provide an
important CAM-binding surface in the binding pocket. The disposition of the conserved
catalytic residues (e.g. His193, Ser146, and Asp197; highlighted in red in Fig. 5.3B) in
the CAT-CAM structure is highly similar to that observed previously in CATy-CAM
complex.*! The position of His193, the likely general base, relative to the bound CAM is
identical to its counterpart in CATyy (His195). The Ne2 atom of His193 is located 2.7 A
away from the 3-hydroxyl of CAM (Fig. 5.3E). The side-chain of His193 is in a distorted
conformation (His193 x; = -150.2° and y, = -41.0° with CAM bound and y; = -142.0°
and x» = -32.6° with FA bound). This conformation likely ensures that the imidazole ring
is aligned appropriately for abstracting the 3-hydroxyl proton of CAM, promoting a

29,3034 . .
A, 7% similarly

nucleophilic attack by the oxygen on the acetyl group carbonyl of AcCo
to the proposed mechanism of the CATyy variant.*” The imidazole ring of His193 is
positioned at a proper distance (approximately 3.6 A) for a face-to-face m-m stacking
contact with Phe25. This overall structural arrangement of the catalytic monomer for
proper positioning of His193 at the subunit interface is stabilized by several interactions
that include a chain of hydrogen bonds between His193, Aspl197, Argl8, and the
backbone carbonyl oxygen of Alal94 (Fig. 5.3E). The conserved Serl46 (another

catalytically important residue) of CAT; is positioned similarly in the active site of all
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three CAT; structures, and likely stabilizes the transition state oxyanion by donating a

hydrogen bond (possibly water-mediated in CAT}), as proposed for Ser148 of CATyy.*

The sequence alignment of CAT; and CATiy from E. coli demonstrates that out of the 20
amino acid residues lining the CAM binding site, 9 are different between the two types
(Fig. 5.2, blue circles). These differences [Ala24 (CATiy, Phe24), Phe25 (CATiy, Tyr25),
Ala29 (CATy, Leu29), Cys91 (CATwy, GIn92), Tyr133 (CATwm, Leul34), Pheld44
(CATy, Asnl46), Phel66 (CATiy, Tyrl68), and Vall70 (CATyy, Ile172)] are significant
as they include changes in the size and hydrophobicity of the residues. Remarkably,
despite these differences, CAM binding affinities for CAT; and CATyy appear to be very
similar.* Furthermore, the superposition of CAT-CAM and CAT;-CAM structures
demonstrates that the orientations of the CAM molecule in the active sites of the two
proteins are nearly identical. The p-NO, group of CAM is solvent exposed when bound
in the CATj active site and the aromatic ring rests on the hydrophobic surface provided
primarily by Leul58 and Vall70, as observed in the CATy-CAM structure. The side-
chains of Leul58, Val160, and Phel66 that line the very bottom of the substrate binding
pocket (Fig. 5.4C) are positioned through interactions of the trimeric assembly and show
only minor alterations between CAT; and CATyy. The dichloroacetyl moiety of CAM
closely interacts with Phe134 (Phel35 in CATyy), likely indicating a strong hydrophobic
interaction. A major difference between the CAT;-CAM and CATy-CAM structures is
that the residue analogous to Tyr133 of CAT; is non-polar (Leul34) in CATiy. Tyr133
forms a strong hydrogen bond (2.9 A) with the carbonyl group of CAM. Interestingly,
this interaction occurs in place of the interaction of that between the hydroxyl of Tyr25 in
CATi (Phe25 in CAT)) and the carbonyl group of CAM, located at an O-O distance of
2.8 A from each other.

5.3.3. Fusidic acid (FA) interactions in the active site

In the CAT-FA complex (Fig. 5.4A), FA occupies the same binding site as CAM, which
explains its observed behavior as a competitive inhibitor of CAM acetylation.'> The
differences between the active site residues of CAT; (as described above) and those of

CATyy; while having little effect on CAM binding,*'** create a unique surface suitable for
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binding to FA in CAT]. In particular, the placement of Ala24 and Ala29 of CAT; shapes
the substrate binding cavity such that the ring D and the 2-methylhex-2-ene “tail” of FA
can be accommodated. The hydrophobic steroid ring system of FA makes numerous
hydrophobic contacts with active site residues, including Thr93, Phe102, Phe134, Phel44,
Ser146, Phel56, Leul58, Val160, Phel66, and Vall70 of the binding subunit, as well as
Ala24, Phe25, Val28, and Ala29 of the catalytic subunit (Figs. 4A and 4C). The hydroxyl
moiety of ring A of FA closely aligns with the 3-hydroxyl of CAM and forms a very
strong hydrogen bond the Ne2 atom of His193 at a distance of 2.9 A (Fig. 5.4C). The
hydroxyl group of Tyr133 points inward towards the binding pocket forming a hydrogen
bond with the hydroxyl moiety of ring C, the atoms being separated by a distance of
about 2.6 A (Fig. 5.4C), similarly to the interaction between the 3-hydroxyl and Tyr133
in the CAT-CAM structure (Fig. 5.3E). Residues from both the binding monomer
(Phel134) and the catalytic monomer (Ala24 and Val28) form a hydrophobic zone near
the entrance of the binding pocket in CAT; that cradle the “tail” section of FA and dictate

its conformation (Figs. 4A and 4C).

Valuable insight can be gained by comparing this structure with the previously reported
structures of a CATyy in complex with CAM® and a quadruple mutant of CATyy in
complex with FA.* In the quadruple mutant of CATyy, four catalytic pocket residues
were mutated (GIn92Cys/Asn146Phe/Tyr168Phe/lle172Val) to mimic those of CAT;.
This comparison (Fig. 5.4B) indicates a disruption of the FA tail-interacting hydrophobic
zone in the quadruple mutant of CATyy, in particular due to the Ala24Phe and Val28Arg
substitutions. The carboxylic acid and acetoxy moieties of ring D are highly solvent
exposed when bound to both CAT; and the CATy; mutant. The acetoxy group of FA
makes a hydrophobic contact with Phe166 in CAT; (Phel68 in CATyy) (Figs. 4C and 4D).
Despite the same general protein backbone scaffold of CAT; and the mutant CATy
structures, there are several differences in the FA-protein contacts for the two enzymes.
Most strikingly, several bulkier residues of CATy: Phe24 (Ala24 in CATy), Tyr25 (Phe25
in CATy), Arg28 (Val28 in CAT)), and Leu29 (Ala29 in CAT)) prevent the FA molecule
from binding in a position similar to that in CAT;. A required shift of the FA molecule

must not be accommodated due to structural rigidity of wild-type CATyy resulting in the
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lack of binding to FA. The mutations of the CATi; quadruple mutant apparently relax
this rigidity, and surprisingly accommodate the FA molecule in a very different position
from that seen in the CAT;-FA structure and in an altered conformation. The hydrophobic
“tail” of FA now adopts a very different conformation and gets buried in the disordered
loop region (residues 138-141) of the CATy; mutant. This disorder is very likely due to
both the Asn146Phe and the GIn92Cys substitutions in the CATy; mutant, which cause
displacement of the His144 and Thr140 side-chains, respectively, thereby distorting of
the local backbone. This displacement allows the FA-tail to occupy its altered position in
CATy; mutant.” Notably, Tyr25 in the CATyy quadruple mutant structure (positionally
analogous to Phe25 of CAT}) forms hydrogen bond with FA, at a distance of 2.8 A to the
hydroxyl on the A-ring (Fig. 5.4D), and stabilize the altered FA orientation. Phel68 and
Vall72 residues in the CATy; quadruple mutant make direct hydrophobic contacts with
the FA molecule, which explains the contribution of these substitutions to the change in

binding affinity to FA.*

We observe no major differences in the backbone conformations near the active site of
CAT; in the structures of apo-CAT; (PDB code: 3U9B), CAT; bound to CAM (PDB
code: 3U9F), and CAT; bound to FA (PDB code: 1Q23). This strongly suggests that
CAT] has evolved to bind multiple ligands, even as large as an FA molecule, without any

major protein conformational changes in its backbone.
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Fig.5.4. A. Close-up views of interactions of FA with active-site residues of CAT; and B.
Close-up views of interactions of FA with active-site residues of CATyy (quadruple mutant).
C. Schematic views of interactions of FA with CAT;. D. Schematic views of interactions of
FA with CATy (quadruple mutant). The color coding is consistent with that of Fig.5.3. (FA is
shown in blue).

5.4. Discussion

Chloramphenicol acetyltransferase (CAT) is found in many pathogenic bacteria and is
often the cause of resistance against chloramphenicol (CAM), once a widely used
antibiotic. Of many known CATs, the type-I appears to be the most prevalent. Recent
studies have found CAT; in many pathogenic bacteria. CAT; has a preference for binding
to a variety of substrates; not only does it inactivate chloramphenicol but it also binds and

sequesters other antibiotics such as FA. A clear understanding of the mechanism of
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substrate binding by CAT; is important to address the intriguing question of how CAT
proteins from different classes with similar overall structures display different substrate
selectivity profiles. In comparison to CATyy that has been studied almost exclusively,

there are only few mechanistic studies that have been performed on CAT}.

The general fold and the trimeric organization of CAT proteins have been observed in
enzymes of primary metabolic pathways in bacteria and eukaryotes, such as pyruvate

#46 and a-keto acid dehydrogenases.*”* Therefore, CAT appears to be a

dehydrogenases
product of an ancient gene duplication event, which underwent subsequent specialization
through evolution to serve a protective role against toxic compounds such as CAM. The
general catalytic mechanism proposed for CAT proteins is based on studies of many such
proteins. The residue primarily responsible for catalysis of CAT; appears to be His193
(His195 in CATyy).”® This role was proposed based on a previous study in which a mutant
(His195Tyr) CATy; was shown to be devoid of catalytic activity.*” Another conserved
residue, Serl46, likely stabilizes the oxyanion formed upon an attack on the AcCoA

carbonyl carbon by the 3-hydroxyl of CAM. Mutagenesis studies with CATy; confirmed
that Ser148 (Ser146 in CAT)) is crucial for efficient catalysis.*

The CAT;] protein structure is similar in the apo form and in CAM- and FA-bound states,
indicating that no major changes in the backbone conformations or in positions of the
side-chains occur upon ligand binding. It is quite remarkable that such a nearly rigid
scaffold is evolutionary conserved and yet CAT; can bind chemically diverse substrates.
Analysis of the aligned sequences shows that several residues of CAT; are different than
corresponding residues in CATyyy. Our investigation of the CAT; structures indicates that
many of these differences are in residues lining the substrate binding pocket (Fig. 5.2,
blue circles). The most striking differences are concentrated around a small patch of
residues (Ala24-Cys31, contributed by the catalytic monomer) that enable the FA
molecule to be accommodated only in the pocket of CAT;. The bulkier residues of CATiy
at this patch would push the FA towards the opposite side of the pocket and consequently
disrupt the structure. Interestingly, the flexibility (apparently resulting in the reduced
rigidity and increased disorder of the backbone) of the quadruple mutant of CATyy helps
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it accommodate the pushed out FA in a different conformation. The “tail” of FA now
finds a different hydrophobic pocket to rest in and in turn provides stability to the FA in
this altered binding pocket. The mutant CATi; shows a 200-fold higher affinity to FA
than the wild-type CATin. However, the quadruple mutant of CATyy binds FA with a
much (4-fold) weaker affinity®’ than CAT}. In addition, the K, for CAM acetylation by
the CATyy quadruple mutant was somewhat compromised (with respect to either CAT; or
CATy) and the value of k. was between those for CATy and CAT;. With the direct
structural evidence, it is now clear how the tail of FA nests in a hydrophobic pocket and
renders CAT; more energetically favorable to bind to FA. In CATyy, a similarly
positioned FA “tail” would get sterically blocked by Phe24 and Arg28, and it is not
surprising that CATy; does not show affinity towards FA.

Our understanding of CAM’s mechanism of action as well as the mechanisms of
resistance to it were largely based on biochemical and structural information available on
CAM binding to CATy; and to the bacterial ribosome.® The present structural study
augments this knowledge by filling in the gap in our understanding of the recognition of
both CAM and FA by CAT;. CAM has been largely removed from the clinic in the
Western world due to its safety concerns, even though cases of extreme toxicity are
exceedingly rare. CAM has remained a popular drug in underdeveloped areas due to its
low cost and effectiveness against a variety of pathogens. However, as with other
antibiotics, development of resistance against CAM is a major obstacle to its power in
saving lives. The detailed picture of CAT; structure is expected to aid in design of
inhibitors of CAT enzymes that could re-sensitize CAM-resistant strains. In addition,
structure-guided design of CAM analogs could lead to new antibiotics of this class that

would be less toxic and more refractory to inactivation by CAT.

5.5. Materials and Methods

5.5.1. Expression and purification of CAT;

CAT; was expressed in BL21 (DE3)/RIL cells (Stratagene), which harbor a plasmid
containing a constitutively expressed CAM resistance gene camR encoding untagged

CAT; protein. The cells were grown in LB medium (200 rpm, 37 °C) containing CAM
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(25 wg/mL) until the culture reached the attenuance of 0.4 at 600 nm. The cells were
harvested after an additional 3 h growth. Pelleted cells (centrifugation at 5,000 g, 10 min,
4 °C) were resuspended in the lysis buffer [MES pH 6.5 (40 mM), NaCl (200 mM),
glycerol (5%), B-mercaptoethanol (2 mM), and EDTA (0.1 mM)] and lysed by sonication.
The lysate was clarified by centrifugation at 35,000 x g for 45 min at 4 °C. We took
advantage of the thermostability of CAT proteins’ in purifying CAT; without an affinity
tag. The clarified lysate was heated (75 °C, 20 min) and subsequently centrifuged (35,000
x g, 45 min, 4 °C) to remove unfolded precipitated proteins. The CAT; in the soluble
fraction was further purified by size-exclusion chromatography on an S-200 column (GE
Healthcare) equilibrated with buffer [Tris pH 8.0 (40 mM) and NaCl (100 mM)]. The
fractions containing pure CATj, as determined by SDS-PAGE, were concentrated to 5
mg/mL by using an Amicon Ultra centrifugal filter device (Millipore) and used for

crystallization.

5.5.2. Crystallization of CATjalone and in complex with CAM

Crystals of CAT; alone and a complex of CAT; with CAM (CAT;-CAM) were grown by
vapor diffusion in hanging drops containing 1 uL of protein and 1 uL of the reservoir
solution [HEPES (100 mM) pH 7.5 (pH of 1 M stock of HEPES acid was adjusted by
adding NaOH), PEG 4,000 (20% w/v), isopropanol (10% v/v)] or 1 uL of the reservoir
solution containing CAM (1 mM), respectively. Irregularly shaped crystals, 40-60 mm in
each of the three dimensions were formed in 7-10 days when incubated at 22 °C against
the respective reservoir solutions. The crystals were gradually transferred into the

reservoir solution containing glycerol (15% v/v) and flash frozen in liquid nitrogen.

5.5.3. Data collection and structure determination

X-ray diffraction data were collected at 100 K at the X25 beamline of the National Light
Source at the Brookhaven National Laboratory. The data were processed with
HKL2000.”' The crystals of apo-CAT; and CAT;-CAM complex were in the P2; and P1
space groups, respectively. The structures of both apo-CAT; and CAT;-CAM complex
were determined by molecular replacement with MOLREP?? as described in Results. The

locations of the CAM molecules in the active sites of CAT; were clearly identified and
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positioned in the omit Fo-Fc density and then refined. The structures were iteratively

manually built and refined using programs Coot>> and REFMAC,* respectively. The data

collection and refinement statistics are given in Table 5.1. The structures of apo-CAT;

and CAT;-CAM complex were deposited in the Protein Data Bank with accession codes

3U9B and 3U9F, respectively.
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Chapter 6

Future directions

It has been shown that Eis from Mtb demonstrates unprecedented activity as an AAC,
performing multiple acetylations of numerous AGs. During my time studying Eis in the
Garneau-Tsodikova laboratory, we have described several new surprising findings with
respect to Eis: (1) the multiple acetylations by Eis may occur in a sequential or non-
sequential manner, depending on the AG, (2) Eis acetylates AGs at positions not
acetylated by other AACs, including the AHB and 3"-position, and (3) Eis is capable of
acetylating non-AG drugs, such as CAP. Further research towards understanding Eis
could follow any number of courses, as there is still relatively little known about this

important protein from Mtb.

First, the structural characteristics that lend Eis its vast substrate promiscuity should be
investigated, with the aim to understand and overcome the resistance conferred against
AGs. Further developing our NMR methodology so that we can follow the reaction
progress of the non-sequentially modified AGs in real time by NMR could provide
crucial information about Eis’ interaction with the various, diverse scaffolds comprising
this important family of antibiotics. In the cases of reactions that do not occur
sequentially, quantitative kinetics experiments to compare the rate of reaction at each
amine using our current biochemical assays would be impossible. However, NMR
experiments would allow us to follow the modification of each specific amine in real time.
These studies of the acetylation of AGs by Eis Mtb could help in the development of
novel AG analogs that avoid modification, by providing a type of structure activity
relationship. This could be aided by expanding our knowledge of the positions acetylated

by Eis on all its known AG substrates, all of which are acetylated at multiple positions.
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We have developed methodology that allows us to utilize the cosubstrate promiscuity of
AACs to generate libraries of compounds to test the activity of AGs with functionalized
acyl groups that have been incorporated at specific positions. Extending this methodology
to the novel positions that may be acetylated by Eis Mtb would be very useful in
determining if additional positions may be modified with functionalized acyl groups to
improve antibacterial activity while avoiding the deactivation by AMEs. Since Eis may
non-sequentially acetylate multiple positions of a given AG, the investigation of multiply
acetylated compounds would also be possible, perhaps without reliance on the sequential
application of multiple AACs. Similarly, the application of an AAC other than Eis that
may acylate a single position with reliable regio-selectivity followed by acylation by Eis
using either the same or a different functionalized acyl group would allow us to generate
extremely diverse libraries of acylated AGs to screen for activity. We have reported that
Eis Mtb is, when compared to the AACs used in our previous experiments, not highly
cosubstrate promiscuous, so, before this strategy may realize its full potential, it will be
necessary to expand Eis’ cosubstrate promiscuity via site-directed mutagenesis. Studies

to this affect are currently underway in our laboratory.

There are a number of homologous Eis proteins identified in species of mycobacteria, and
our laboratory has reported preliminary studies of the Eis from Msm. The systematic
characterization of these Eis homologs is currently underway in our laboratory. Efforts
should focus on the identification of Eis enzymes that show increased cosubstrate
promiscuity for two reasons. First, we could apply them in our efforts to
chemoenzymatically generate novel AGs for antibacterial activity screening. Second, we
could use the differences in the binding pockets to identify which amino acid residues

may be mutated to retain activity while expanding on the cosubstrate promiscuity.

Additional investigations with CAP, including studies of the Eis catalyzed acetylation of
the B-lysine side chain, could provide valuable information. It was noted, in Chapter 2,
that previous studies of the Eis proteins from Mrb and Msm have shown that the Eis from
each strain modifies a different amine on the Lys55 of DUSP16/MPK-7. The activity of
Eis Msm towards CAP has not been thoroughly studied, and it would be interesting to

152



see if the terminal amine of the B-lysine side chain is modified or if it is the 3-amine that
is acetylated. Furthermore, since the ability of Eis Mtb to confer resistance to CAP via
acetylation has not been conclusively disproved, the synthesis and determination of the
MIC values of Ac-CAP compounds (separately mono-acetylated at either amine) against

strains of mycobacteria could provide a more definitive answer.

The synthesis of AGs with functionalized acyl groups, particularly those modified with a
glycinyl or AHB group, has shown to be a very promising strategy in our ability to
combat the rapid development of resistance described herein. These problems are in no
way specific to AGs and CAM and it is certain that as long as antibacterial treatments are
used, resistance will develop. The screening methodology described above will aid in the
rapid identification of novel, active compounds; however, once identified, those
compounds will need to be synthesized on a larger scale for testing against numerous
bacterial strains. Strategies for the facile protection and deprotection of amines other than
the 6'- and 1-position on the various AG scaffold should be the primary focus of these
efforts.

Although CAM is not currently used for the treatment of systemic infections in the
United States, it remains an important drug in many other countries because it is
relatively cheap and extremely effective. The need for effective drugs is being amplified
by the rapid development of resistance, so the development of novel CAM analogs is still
a worthwhile endeavor. Significant research into CAM analogs was performed in the past,
yet advances in drug development technology and our increased understanding of
structure and function of CAM resistance proteins, should allow this process to be more
expedient and precise than was previously possible. Structure activity relationships could
now be predicted with some accuracy based on crystallographic data of CAM with its
ribosomal target as well as with resistance enzymes. Furthermore, understanding of the
genetic predisposition that leads to CAM toxicity is more easily identified than when
CAM was withdrawn from many markets, meaning some of the serious toxicity issues

could likely be avoided ab initio.
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