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ABSTRACT 
 
 The 20th century introduction of antibiotics made once fatal infectious diseases 
readily treatable. This taken-for-granted therapy is now threatened by rising antibiotic 
resistance.  The ability of pathogens to acquire numerous simultaneous resistance 
mechanisms has given rise to an alarming number of increasingly difficult to treat multi-
drug resistant infections.  When coupled with a sharp decline in development of novel 
antibiotic therapies, health practitioners today are left with limited therapeutic options.  
Several alternative methodologies have been employed to find novel therapeutics, 
including new techniques in natural product isolation and the production of semi-
synthetic and synthetic antibiotics; however, there has been limited focus on targeting 
antibiotic resistance mechanisms directly to create synergistic therapies.  We demonstrate 
the potential in using small molecules to target antibiotic kinases, thereby rescuing the 
antibiotic action of aminoglycosides and macrolides when used in combination.  We 
conducted a thorough examination of these enzymes including: kinetic analysis; an 
assessment of phosphate donor specificity; and in-depth structural comparison, including 
a case study on the structure-function relationship of APH(4)-Ia. This analysis culminated 
in an intensive screening initiative of fourteen antibiotic kinases against a set of well 
defined protein kinase inhibitors. From this work, we have identified several inhibitors 
that have the potential for use in future combination therapeutics. This study illustrates 
the benefit of a structure-activity based approach to drug discovery, an important tool at a 
time when novel therapeutic strategies are required. 
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THE RISE AND FALL OF ANTIBIOTICS 
 The history of the co-evolution of infectious diseases goes back to ancient times 
with the earliest record of an epidemic being traced back to Ancient Greece in 430 BC, 
when a plague of typhoid fever wiped out 1/3 of Athens’ population.   This created 
political destabilization in the region resulting in the fall of Athens as the capital city-
state of Greece.  Since this time the health, political and socio-economic impacts of 
infectious disease have been well known and feared across the globe.  A number of 
plagues and epidemics would wreak havoc, culminating in the Bubonic plague.  Caused 
by the flea-borne Yersinia pestis, this pandemic decimated the population of Europe in a 
span of over 300 years and focused the efforts of researchers and physicians towards the 
elimination of these pathogens (Stenseth et al., 2008).  Unfortunately, the ability of 
pathogens to adapt and evolve against our offences has made this mostly an uphill battle 
that is still being waged today. 

 Several key discoveries have advanced this ongoing struggle, from the use of 
aseptic techniques and quarantine, up to the discovery of arsenic-based compound 
Salvarsan by Paul Ehrlich, which was hailed as a ‘magic bullet’ against syphilis. The 
most acclaimed discovery was that of penicillin by Alexander Fleming in 1928 (Fleming, 
1944).  Penicillin revolutionized the field of antimicrobial discovery, leading to vigorous 
campaigns of natural product discovery and heralding a ‘Golden Era’ in the field of 
infectious disease research.  The following 30 years marked the discovery of almost a 
dozen new classes of antibiotics, with new variants in each class being discovered.  
Antibiotics quickly flooded the market, with prescriptions being written for every minor 
infection and in the treatment of viral infections.  This overuse, and misuse, of antibiotics 
led to their diminished clinical efficacy, a phenomenon termed antibiotic resistance.  
Some antibiotics endured several decades without succumbing to the effects of clinical 
resistance, whereas others saw resistance in a few short years (Figure 1-1).   

 There are four major modes of action which can lead to antimicrobial resistance: 
target modification, antibiotic inactivation, active efflux and altered uptake/permeability 
(Figure 1-2).  The diversity of these mechanisms continues into specific types of each 
mechanism based upon substrate specificities, chemical reaction and structural class.  The 
most prolific and mobile mode of resistance is antibiotic inactivation.  Several modes of 
inactivation have been classified, including: acetylation, adenylylation, phosphorylation, 
glycosylation, and hydrolysation.  These modes of resistance have been very well 
characterized and reviewed thoroughly throughout the literature (Wright, 2005).    
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Figure 1-1: Timeline of Antibiotic resistance.  A survey of a dozen antibiotic classes showing the first 
antibiotic in that class to be discovered, the amount of time before resistance was discovered (red bar), and 
the mechanism of resistance.  The data for this table was derived from Walsh, CT. Antibiotics: Actions, 
Origins and Resistance, in addition to a literature survey of NCBI Pubmed. 
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 Resistance is an acquired trait among most pathogenic organisms, so where is it 
acquired from?  Antibiotic resistance mechanisms are widely distributed among 
environmental organisms and function as self-protection mechanisms for bacterial species 
that produce antibiotics and as a defensive mechanism for species that are proximal to 
these producing organisms (Cundliffe and Demain, 2010).  The idea that these 
environmental organisms could provide a reservoir of resistance genes for pathogenic 
organisms was suggested early based on the similarity of aminoglycoside modifying 
enzymes in producing bacteria and pathogens (Benveniste and Davies, 1973).  There now 
is growing favour to support this claim of an environmental reservoir of resistance (Allen 
et al., 2010; Canton, 2009; Wright, 2010).  Other theories suggest that resistance is 
adaptive due to the constant exposure of antibiotics to pathogenic organisms.  This could 
occur via ‘sleeper genes’ in the genome which have been silenced and are turned on due 
to antibiotic exposure, or genes that have mutated to accept an antibiotic substrate, as 
seen with efflux pumps in Pseudomonas spp. (Fernandez et al., 2011).  This body of bona 
fide and putative resistance genes have been collectively coined the Antibiotic Resistome 
(D'Costa et al., 2006). 

 As physicians continue to respond to resistance mechanisms by altering 
treatments with varied antibiotics, organisms fight back by acquiring multiple resistance 
mechanisms, making this strategy increasingly difficult.  The rise in multi-drug resistant 
(MDR) pathogens such as methicillin-resistant Staphylococcus aureus (MRSA) (Enright, 
2003; Eriksen, 1964), vancomycin-resistant Enterococci (VRE) (Uttley et al., 1988), 
carbapenem-resistant Enterobacteriaceae (Nordmann et al., 2009) and MDR 
Acinetobacter spp. (Montefour et al., 2008), has renewed interest in novel antibiotic 
discovery.   

 It has been quickly learned that the discovery of novel antibiotic scaffolds is not 
as easy as it once was.  The first round of antibiotics were discover from natural products; 
however, experts now believe that the ‘low hanging fruits’ have all been picked and that 
if natural sourced antibiotics are to be a viable reservoir, new methodologies for 
discovery need to be employed (Baltz, 2006).  An alternative strategy has focused on 
efforts for the creation of small, synthetic molecules as inhibitors of essential bacterial 
pathways.  This has been successful in cases such as the dihydrofolate reductase inhibitor 
trimethoprim (Bushby and Hitchings, 1968). However, overall progress through these 
campaigns has been limited, as documented in a recent survey conducted by Glaxo 
Smith-Kline, leading to a decreased interest in synthetic molecules as antibiotics (Payne 
et al., 2007).   
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 A less realized strategy is the use of inhibitors of a resistance mechanism paired 
with the target antibiotic to create a synergistic therapy.  This methodology has gained 
acclaim and has been especially successful in the field of β-lactam antibiotics.  The first 
β-lactam synergistic therapy found was Augmentin ® (Leigh et al., 1981), it is comprised 
of the natural product clavulanate, a potent β-lactamase inhibitor, paired with the β- 
lactam antibiotic amoxicillin.  Together, these two β-lactams were able to overcome 
several resistant organisms.  In addition to Augmentin, several other combination 
therapies have been developed including Zozysn® (Piperacillin-tazobactam) (Akova et 
al., 1990) and Unasyn® (ampicillin-sulbactam) (Labia et al., 1986).  If this same 
methodology is applicable to other antibiotic inactivating enzymes, it can offer a strategic 
advantage against resistant pathogens.  Some good candidates for this type of therapy 
include several protein synthesis inhibitors such as the aminoglycoside and macrolide 
antibiotics.  These two classes demonstrate either widespread or emerging antibiotic 
inactivation in bacterial species. 

PROTEIN SYNTHESIS INHIBITORS 

The Eubacterial Ribosome 
 The ribosome is the largest macromolecular catalyst which is required for the 
existence of life.  It is the workhorse of the cell responsible for the production of proteins 
by translating the mRNA transcript of the genetic code.  There are several critical sites on 
the ribosome which are required for its function.  The first of these critical centres are the 
three tRNA binding sites, which are: the aminoacyl site (A-site), where the aminoacyl-
tRNA is first recruited; the second site is the peptidyl site (P-site), where peptidyl-tRNA 
binds; and the exit site (E-site), where the bare tRNA binds prior to dissociation from the 
ribosome.  In order for the ribosome to function correctly, a proof-reading mechanism is 
required to ensure cognate codon-anticodon.  This machinery is embedded deep within 
the A-site below where the mRNA pairs with the aminoacyl-tRNA.  When correct pairing 
occurs, key residues in helix 44 shift interact with the decoding loop (or accuracy switch), 
a part of helix 27, which allows for polymerization of the new amino acid.  The final 
critical region is the peptide exit tunnel where the growing nascent peptide chain exits the 
ribosome (Figure 1-3) (Carter et al., 2000; Poehlsgaard and Douthwaite, 2005). 

 The essentiality of the ribosome has made it an attractive target for several major 
classes of antibiotics, some of which include: the phenicols, macrolides, lincosamides, 
streptogramins, oxazolidinones, tetracyclines and aminoglycosides (Poehlsgaard and 
Douthwaite, 2005). The precise action of these antibiotics had been previously 
determined based on early genetic foot-printing and mutational analyses; however, the 
elucidation of the high resolution three dimensional structure of the eubacterial ribosome  
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Figure 1-3: Overall structure of the 70S Ribosome.  This representation of the 70S ribosome from 
Thermus thermophilus (PDB# 3I8F and 3I8G) with three tRNA molecules bound to the A-site (yellow), the 
P-site (red) and the E-site (orange) as well as a short mRNA strand (green) (Jenner et al., 2010). This 
structure also highlights important residues involved in codon-anticodon pairing (blue) (Carter et al., 2000) 
and peptide exit tunnel (cyan) (Bulkley et al., 2010; Dunkle et al., 2010).  
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(Clemons et al., 1999; Yusupov et al., 2001) has led to important discoveries in 
mechanisms of antibiotic action and resistance.  To date, ribosomal structures of Thermus 
thermophilus (Clemons et al., 1999; Selmer et al., 2006; Yusupov et al., 2001), 
Deinococcus radiodurans (Harms et al., 2001), Escherichia coli (Vila-Sanjurjo et al., 
2003) and the archaeon Haloarcula marismortui (Ban et al., 2000) have been solved, all 
of which have been also solved bound to the aforementioned classes of antibiotics.  The 
most striking feature of these antibiotics is their ability to specifically target the 
aforementioned critical centres on the ribosome, which speaks to their level of co-
evolution with the bacterial cell. The sites of action of these antibiotics can be reduced to 
three of the aforementioned areas: the peptide exit tunnel, the tRNA-mRNA pairing 
accuracy switch (helix 27) and the aminoacyl-tRNA binding site (helix 44) (Poehlsgaard 
and Douthwaite, 2005).  The importance of these regions can be better understood by 
observing antibiotic action.  

The Aminoglycosides  
 The discovery of streptomycin in 1944 by Dr. Selman Waksman led to the birth of 
a new class of antibiotics called the aminoglycosides (AGs) (Schatz et al., 2005).  Since 
the initial discovery of streptomycin, the family of AG antibiotics has grown to over 25 
different molecules, of either natural or semi-synthetic origin, and divided into three 
major sub-divisions; 4,5-disubstituted, 4,6-disubstituted, and atypical (Figure 1-4). The 
first two classes of AGs are generally made up of a 2-deoxystreptamine (DOS) core 
bound to amino sugars, whereas the atypical class lacks this DOS core, with the 
exception of neamine, and maintain unique core elements such as streptidine in 
streptomycin and its derivatives.  Originally used as the only effective treatment against 
Mycobacterium tuberculosis, they gained utility in treating a wide range of nosocomial 
infections caused by species of Enterococcus¸ Pseudomonas and Staphylococcus 
(Vakulenko and Mobashery, 2003).  Gaining notoriety as broad spectrum bactericidal 
agents, their utility began to decline due to ototoxic (deafness) (Hutchin and Cortopassi, 
1994) and nephrotoxic (renal malfunction) (Mingeot-Leclercq and Tulkens, 1999) effects, 
as well as acquired resistance among bacterial species.  Although the toxic side effects 
can be avoided with careful patient monitoring, the effects of resistance require a more 
chemotherapeutic approach such as novel resistance-proof AGs or inhibitors of 
resistance. 

 AGs act on the cell by penetrating the bacterial cell envelope through a series of 
diffusion and energy-dependant processes (Taber et al., 1987).  Once in the cytosol, these 
small cationic molecules can bind to the several specific sites on anionic rRNA of the 30S 
subunit at the A-site to disrupt protein synthesis (Figure 1-5a) (Carter et al., 2000; Vicens 
and Westhof, 2001, 2002). The majority of aminoglycosides, namely the 4,5- 
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Figure 1-4: Structures of aminoglycoside antibiotics.  Aminoglycoside antibiotics are divided into three 
major classes, a) 4,6-disubsituted DOS, b) 4,5-disubstituted DOS and c) atypical.    
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disubstituted and the 4,6-disubstituted families, act on the same site within the 30S 
subunit (Francois et al., 2005).  The structure of paramomycin, a 4,5-disubstituted AG,  in 
complex with the 30S subunit reveals that it makes a tight interaction with the major 
groove of helix 44 in the 16S rRNA (Figure 1-5b) (Carter et al., 2000). This in turn 
causes the decoding loop in helix 27 to shift from its hyper-accurate conformation 
(residues 888-890 paired with 910-912) to its error-prone conformation or ribosomal 
ambiguity (ram) state (residues 885-887 paired with 910-912), this leads residues A1492 
and A1493 to move, which mimics the event when the aminoacyl-tRNA correctly pairs 
with the corresponding mRNA codon. With the ribosome in a constant ‘on’ state, it 
prevents proof-reading allowing any tRNA to pair with the mRNA. The atypical 
aminoglycoside streptomycin functions similarly to other AGs, but instead binds in a 
unique fashion to create the same end outcome of stabilizing the ram state (Figure 1-5b) 
(Carter et al., 2000).  Preventing cognate codon-anticodon pairing ultimately leads to the 
production of mistranslated proteins of either null or altered function.  These aberrant 
proteins produced by these interactions disseminate throughout the cell disrupting normal 
cellular functions and are believed to facilitate a second phase of lethal uptake of AGs, 
which is ultimately responsible for cell death.  If the AG-ribosome binding event does not 
occur, the second uptake is blocked, and cell death does not ensue (Taber et al., 1987).  
This second uptake is typically blocked by either ribosomal or antibiotic modification, 
both of which reduce affinity of the antibiotic to the target site on the ribosome.   

 The aminocyclitol spectinomycin alternatively binds to the A-site to prevent 
translocation of the peptidyl-tRNA from the A-site to the P-site, it does so by interacting 
with only four residues; G1064, C1066, G1068 and C1192 (Figure 1-5b) (Carter et al., 
2000).  This action is not bacteriocidal and is readily reversed once intracellular 
concentrations of spectinomycin are reduced.  Its action is also perturbed by ribosomal 
mutation or antibiotic modification, like the other AGs.     

Mechanisms of AG Inactivation 
 Antibiotic modification is the most prevalent cause of aminoglycoside resistance 
and can be found in microbes both in the clinic and the environment.  There are three 
major modes of inactivation that occur as a result of aminoglycoside modifying enzymes 
(AMEs): N-acetylation via aminoglycoside acetyltransferases (AACs), O-adenylylation 
via aminoglycoside nucleotidyltransferases (ANTs), and O-phosphorylation via 
aminoglycoside phosphotransferases (APHs) (Ramirez and Tolmasky, 2010) (Figure 1-
6).  Since this family of enzymes is large and diverse, a unified nomenclature system has 
been developed by Shaw et al., which starts with a three letter identifier to state its 
chemical activity (AAC, ANT or APH), followed by a number in parenthesis to denote its 
regiospecific activity on the target drug, a roman numeral to state its drug spectrum  



 
PhD Thesis – T. Shakya                     McMaster – Biochemistry and Biomedical Sciences 

11 
 

 

 

 

 

 

 

 

Figure 1-5: Aminoglycoside binding to the 30S ribosome.  Aminoglycosides have been shown to bind to 
three distinct locations on the ribosome.  Panel a) shows how paramomycin (purple), streptomycin (green) 
and spectinomycin (cyan) bind to the 30S subunit of the Thermus thermophilus ribosome with respect to 
the A-site tRNA contacts (red), the P-site tRNA contacts (orange) and the accuracy switch (yellow).  b) 
Specific contacts between spectinomycin and the 16S rRNA with hydrogen bonds (light blue).  c) Specific 
contacts between paramomycin and streptomycin with the 16S rRNA and ribo-proteins with hydrogen 
bonds (light blue). (PDB# 1FJG) (Carter et al., 2000). 
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(different for every regiospecific activity) and a lower-case letter to identify every new 
variant of the enzyme (Shaw et al., 1993).  The evolution of these modifications has 
clearly been selected to disrupt known contacts between the AGs and the bacterial 
ribosome.  Referring to Figure 1-5c, streptomycin is susceptible to phosphorylation and 
adenylylation at the C6-OH via APH(6) (Distler et al., 1987) and ANT(6) (Ounissi et al., 
1990) enzymes and at the C3”-OH via ANT(3”)(9) (Hollingshead and Vapnek, 1985) and 
APH(3”) (Heinzel et al., 1988) enzymes respectively.  Inspection of the co-structure of 
streptomycin with the 30S ribosomal subunit reveals that phosphorylation of C6-OH adds 
a large anionic phosphate group which will block the hydrogen bond formed by the 
anionic phosphate from G527 with the C6-OH. Similarly, addition of a large AMP 
moiety also abolishes this interaction.  Similar effects can be seen by modification at the 
C3”-OH site with either an AMP or phosphate interferes with the phosphates of A914 
and U14.  These small modifications on AGs have major impacts on hydrogen bond 
formation and add steric hindrance and charge repulsions, which are all detrimental to 
antibiotic action by reducing affinity for their ribosomal target.   

 Proliferation of AMEs is also of great concern.  They have been found to exist on 
mobile genetic elements, pathogenicity islands and embedded in chromosomes, either in 
an AG biosynthetic pathway or on their own in non-AG producing species.  It has been 
desired to discover resistance-proof aminoglycosides or broad spectrum inhibitors 
capable of counteracting the effects of all AMEs.  However, this goal is unlikely due to 
the diversity in substrate specificities, regiospecific activities and chemical action of 
AMEs.  Efforts have been made to remove sites of modification via synthetic chemistry; 
however, many of these sites, as demonstrated, are essential for binding to the ribosome 
and can abolish antibiotic activity, making this approach increasingly difficult.  Instead of 
focusing efforts on designing resistance-proof AGs, we can look at inhibitors for each 
family of AMEs and target their secondary substrate site (ATP or AcCoA) which donates 
the inactivating group to the AG. 

The Macrolides 
 The use of macrolide antibiotics began with the discovery of erythromycin in 
1952 from Saccharopolyspora erythreae by scientists at Eli Lilly (Lund, 1953; McGuire 
et al., 1952).  Acclaimed for their excellent oral availability and efficient bacteriostatic 
activity against Gram positive pathogens, macrolides antibiotics are still extensively used 
in clinical settings.   
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Figure 1-6: Enzymatic modifications of aminoglycosides.  Kanamycin A is represented here with 
appropriate numbered carbons in order to demonstrate regiospecific modifications by three kinds of 
aminoglycoside modifying enzymes: acetylation at the C6’-OH via AAC(6’), adenylylation at the C2”-OH 
via ANT(2”) and phosphorylation at the C3’-OH via APH(3’).  The modifications have been highlighted to 
correspond with the font colour of the modifying enzyme. 
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 Macrolides have a common structure consisting of a large macrocyclic lactone 
ring linked to various sugar moieties.  They are classified based on the size the lactone 
ring, which range from 12-16 atoms (Zhanel et al., 2001).  Like most antibiotics, the first 
generation of macrolides were isolated from a number of Actinobacteria; however, after 
succumbing to the effects of resistance a number of chemical modifications were made to 
the erythromycin scaffold giving rise to a second and third generations of semi-synthetic 
antibiotics, such as; clarithromycin, roxithromycin, dirithromycin, the azalide 
azithromycin and the ketolide telithromycin (Figure 1-7).   

 The ketolides have been a success story in the field of macrolide antibiotics; the 
replacement of the L-cladinose sugar in erythromycin with a 3-keto moiety improves the 
antibiotic activity and the efficacy against resistant organisms (Bryskier, 2000).  
Recently, anecdotal reports of telithromycin resistant clinical isolates have emerged and 
could be harbingers of an untimely demise of this new class of ML (Rantala et al., 2006; 
Reinert et al., 2005). 

 The action of macrolide antibiotics have been well described, they bind to the 23S 
rRNA within the 50S ribosomal subunit.  Several structures have been solved with 
macrolides bound to all four ribosomal structures of T. thermophilus (Bulkley et al., 
2010; Tu et al., 2005), D. radiodurans (Berisio et al., 2003; Schlunzen et al., 2001), E. 
coli (Dunkle et al., 2010) and H. marismortui (with a G2099A mutation, the equivalent to 
A2058 in E. coli in the 23S rRNA) (Hansen et al., 2002).  Although each structure shows 
subtle differences in the conformation of the lactone ring of the macrolides, they all bind 
to the same general area of the 50S ribosomal subunit with the same key residue 
interactions in the peptide exit tunnel near the peptide translocation centre (PTC) (Figure 
1-3).  This binding region is not unique to macrolides antibiotics, but it is also shared by 
lincosamide, streptogramin B, ketolide and oxazolidinone antibiotics resulting in  
classification of MLSBKO antibiotics, an acronym for antibiotics that bind at this site 
(Roberts, 2008).   

 To understand how binding at the peptide exit tunnel effects protein synthesis, we 
can look at how erythromycin works (Figure 1-8).  Erythromycin sits cradled among 
residues 2057-2059 and U2611 in the 23S rRNA with several strong hydrogen bond 
contacts formed with the C2’-OH on the desosamine sugar, namely with A2058 (Bulkley 
et al., 2010; Dunkle et al., 2010). Although the PTC is highly conserved among all orders 
of life, A2058 is only found among eubacterial species, thus offering a reason why 
macrolide antibiotics only affect bacterial ribosomes (Tu et al., 2005).  The presence of 
the desosamine sugar in erythromycin causes A2062 to shift position and create a van der  
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Figure 1-7: Structures of macrolide antibiotics.  Macrolides that have been purified from antibiotic 
producing bacteria typically have either a) 12-membered, b) 14-membered or c) 16-membered lactone 
rings.  These natural products have also been modified to produce semi-synthetic variants, such as the 
erythromycin-derived d) semi-synthetic 14and 15-membered MLs, the e) semi-synthetic 16-membered ML, 
and the erythromycin-derived f) ketolides. 
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 Waals contact with the P-site tRNA, this is what is thought to prevent the emerging 
nascent peptide chain from entering the peptide exit tunnel and halting protein synthesis 
(Bulkley et al., 2010).   

Macrolide Resistance 
 Macrolide resistance is on the rise within clinical settings.  The most prevalent 
form of resistance is ribosomal protection via rRNA methylases (Erm), there have been 
33 variants found in a number of clinical and environmental isolates, all which methylate 
A2058 (Roberts, 2008).  The next most prevalent are MDR efflux pumps, with 14 
different variants able to actively export macrolides (Roberts, 2008).  One of the less 
realized methods of macrolide resistance is via inactivating enzymes.  There are three 
modes of inactivation which have been discovered thus far: macrolide esterases (EreA 
and EreB) (Arthur et al., 1986; Ounissi and Courvalin, 1985), macrolide O-
glycosyltransferases (GimA, Mgt and OleD) (Arthur et al., 1986; Gourmelen et al., 1998; 
Hernandez et al., 1993; Jenkins and Cundliffe, 1991) and macrolide O-
phosphotransferases (MPHs) (Chesneau et al., 2007) (Figure 1-9).  Ribosomal binding is 
severely diminished by the action of all three of these modifications.  The hydrolysis of 
the ester via Ere causes the lactone ring to linearize and undergo a spontaneous 
hemiacetal formation followed by a condensation yielding a linear molecule that no 
longer resembles a macrolide (Barthelemy et al., 1984).  Both the O-glycosyltransferases 
and O-phosphotransferases modify the C2’-OH of the desosamine/mycarose sugar which 
breaks the main hydrogen bond contacts with the A2058 residue, thus abolishing 
macrolide action.  The O-glycosyltransferases have only been found in macrolide 
producing organisms and are not of clinical significance as of yet, however, the Ere and 
MPH phenotypes are on the rise clinically.  These two resistance phenotypes were 
originally isolated from E. coli (Barthelemy et al., 1984; O'Hara et al., 1988).  The 
presence of macrolide resistance mechanisms within a Gram negative pathogen is 
surprising since macrolides therapies are seldom used against Gram negative infections, 
with some exceptions, due to their innate resistance due to their outer cell membrane 
(Nikaido and Vaara, 1985). This implies that macrolide overuse is leading to these Gram 
negative organisms harbouring these mode of resistances, which is incidentally on the 
rise (Phuc Nguyen et al., 2009).  Additionally, several MPH variants are also capable of 
inactivating telithromycin (Chesneau et al., 2007).  A pre-emptive strategy is required to 
curb this new potentially dangerous mode of resistance.  
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Figure 1-8: Binding of Erythromycin to the 50S ribosome. Erythromycin (magenta), and all other 
macrolide and ketolide antibiotics, bind to the 50S subunit of the T. thermophilus ribosome in the peptide 
exit tunnel.  The critical contacts between 23S rRNA occur at the desosamine sugar moiety of erythromycin 
and the A2058 residue. (PDB# 3OHJ) (Bulkley et al., 2010) 
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Figure 1-9: Enzymatic modifications of macrolides.  The carbons in erythromycin have been numbered 
in order demonstrate regiospecificity of the enzymatic modifications: phosphorylation at the C2’-OH via 
MPH(2’), glycosylation at the C2’-OH via OleD and esterification of the lactone ring via Ere.  The 
modifications have been highlighted to correspond with the font colour of the modifying enzyme. 
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ANTIBIOTIC KINASES 
 Eukaryotic protein kinases (ePKs) have been of particular interest within 
eukaryotic biology due to their key involvement in several essential cell processes; 
including, metabolism, cell division, transcription, apoptosis, cytoskeletal rearrangement, 
movement and differentiation via complex cell signalling cascades.  Kinases constitute 
the largest family of genes within eukaryotic kingdom and have been intensively studied.  
They are also of interest because dysregulation or mutation of certain kinases can induce 
a disease state within the cell, whether it be cancer or neurodegenerative disorders like 
Alzheimer’s and Parkinson’s (Capra et al., 2006).  This has led to extensive campaigns to 
find therapies that target these enzymes in hopes of overcoming these afflictions.  
Although sound in methodology, early attempts showed that the similarity between 
kinases led to pleiotropic effects of small molecule kinase inhibitors due of to inhibition 
of other kinases in other pathways (Fabian et al., 2005; Fedorov et al., 2007).  Many of 
these issues are being solved with extensive bioinformatics (Manning et al., 2002), 
structural studies (Cheek et al., 2005) and screening against diverse panels of kinases 
(Fabian et al., 2005; Fedorov et al., 2007).  

 In the prokaryotic kingdom, the majority of cell signalling is not carried out by 
eukaryotic-like kinases (ELKs), but rather two-component histidine kinases which have a 
unique structural biology as compared to their eukaryotic counterparts (Wolanin et al., 
2002).  This does not mean that ELKs are not present in prokaryotes.  Several studies 
have shown the presence of these kinases in Actinobacteria like Mycobacteria (Av-Gay 
and Everett, 2000) and Streptomycetes (Petrickova and Petricek, 2003) and play roles in 
cell signalling.  The discovery of ELKs in prokaryotes are also beginning to be realized 
as important bacterial targets as seen with the Pkn kinases in Mycobacterium tuberculosis  
(Schreiber et al., 2009). In addition to having similar function in both prokaryotes and 
eukaryotes, the three-dimensional structures of ELKs and ePKs have revealed striking 
similarities in overall topology and catalytic residues and been collectively grouped as the 
protein kinase-like (PKL) superfamily (Scheeff and Bourne, 2005).  Although PKL 
enzymes have several diverse domains to allow them to carry out their numerous 
functions throughout they cell, they all maintain a core kinase domain which is 
structurally conserved.  The kinase core averages at about 300 amino acid residues and is 
made up of two lobes; a N-terminal lobe that is rich in β-sheets with a single α-helix (~80 
aa) and C-terminal lobe that is predominantly α-helices with several shorter β-sheets.  
These two regions are linked by a hinge which creates a pocket between the two lobes 
lined with several highly conserved motifs and residues for ATP binding and catalysis 
(Johnson, 2009).  The presence/absence of these motifs were surveyed in all the kinases 
sequences in the NCBI non-redundant database coupled with a recent global 
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oceanographic, metagenomic survey which identified 20 unique protein kinase-like 
(PKL) families (Kannan et al., 2007).  This survey looked at the glycine-rich nucleotide 
positioning loop, the α and β phosphate co-ordinating lysine/arginine residue, the 
glutamate involved in stabilizing the lysine/arginine, the phosphorylation catalyzing 
Brenner’s Motif (HxDxxxxN), the Mg2+ co-ordinating DFG sequence, the DLA sequence 
involved in stabilizing the Brenner motif and the histidine in LxxLH which hydrogen 
bonds to the DLA sequence (Kannan et al., 2007) (Figure 1-10).   

 One of the 20 families described was the choline and aminoglycoside kinase 
family (CAK) which is the largest and most diverse PKL family described in this survey 
(Kannan et al., 2007). The aminoglycoside kinases, or aminoglycoside 
phosphotransferases (APHs), are a major component of this family and were the first 
microbial kinases discovered to have PKL properties.  Early primary sequence analysis 
suggested that APHs may have a connection to ePKs (Heinzel et al., 1988) and this was 
only solidified with the determination of the structure of APH(3’)-IIIa (Hon et al., 1997).  
Since its discovery, several other APH structures have been solved including: APH(2”)-
IIa (Young et al., 2009), APH(2”)-IVa (Toth et al., 2010), APH(3’)-IIa (Nurizzo et al., 
2003), APH(4)-Ia (Stogios et al., 2011) and APH(9)-Ia (Fong et al., 2010), all of which 
support the same findings (Figure 1-11). These structures each contain the nine key 
motifs described previously, which are essential for kinase activity.  If the remaining 
APH and the related macrolides phosphotransferase (MPH) families are interrogated, 
there is a high level of consensus with those same nine regions (Appendix 2).  The 
relationship between APHs and ePKs is further supported by the ability of protein kinase 
inhibitors (PKIs) to perturb the phosphorylation activity of APHs; this has been noted 
with isoquinoline sufonamides, wortmannin and a number of flavonoid molecules versus 
APH(2”)-Ia and APH(3’)-IIIa (Boehr et al., 2001; Daigle et al., 1997).  

 Antibiotic phosphorylating enzymes can be generally described as antibiotic 
kinases (AKs) which occupy a unique space found at the cross-section of the Antibiotic 
Resistome (D'Costa et al., 2006) and the Microbial Kinome (Kannan et al., 2007) known 
as the Antibiotic Kinome.  This region is composed of microbial kinases that confer, or 
have the potential to confer, resistance to antibiotics via inactivation by a phosphorylation 
mechanism with a nucleotide donor.  To date, three classes of antibiotics are susceptible 
to this action, the aforementioned AGs and MLs, and phenicol antibiotics.   
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Figure 1-11: Comparison of ePKs to the CAK family of kinases.  An overall topological comparison of 
ePKs (blue), choline kinases (magenta) and aminoglycoside phosphotransferases (green) a) PKA (residues 
38-310)  bound to AMPPNP (PDB# 1CDK), b) Choline kinase (PDB# 1NWT), c) APH(3’)-IIIa bound to 
AMPPNP (PDB# 1J7U), d) APH(2”)-IIa bound to streptomycin and ATP (PDB# 3HAV) ,  e) APH(2”)-IVa 
(PDB# 3N4T), f) APH(3’)-IIa (PDB# 1ND4), g) APH(4)-Ia bound to hygromycin B (PDB# 3OVC) and h) 
APH(9)-Ia bound to spectinomycin and ADP (PDB# 3I0O) 
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 Chloramphenicol (CM) phosphorylation was originally observed in its producer 
Streptomyces venezuelae as the principal self-protection mechanism via chloramphenicol-
3’-O-phosphortransferase (CPT) (Mosher et al., 1995). Unlike the other antibiotic kinases 
discussed here, the three dimensional structure of this enzyme has revealed homology not 
to the PKL superfamily but rather the P-loop NTPase superfamily, more specifically the 
non-canonical relatives of the DxTN group of P-loop kinases (Izard and Ellis, 2000; 
Leipe et al., 2003).  This mode of chloramphenicol resistance has mainly been found 
within non-pathogenic soil dwelling bacteria.  However, an annotated hypothetical 
protein (Rv2636) in Mycobacterium tuberculosis H37rv shows 32% identity and 43% 
similarity to the bona fide CPT (Cole et al., 1998).  Although its activity as a CPT has not 
been demonstrated, this is the only plausible occurrence of a pathogenic variant of this 
resistance mechanism.  So far, CPT appears to be the only known antibiotic kinase to 
belong to P-loop superfamily.  However, the recent discovery of the crystal structure of 
TmrD, from Deinococcus radiodurans, suggests that it may inactivate tunicamycin via a 
phosphorylation mechanism based on its structural homology with CPT and its sequence 
identity with the Bacillus subtilis TmrB, a protein known to bind tunicamycin (Kapp et 
al., 2008; Noda et al., 1995).   

A STRATEGY TO OVERCOME ANTIBIOTIC KINASES 
 The revelation that APHs and MPHs share homology to ePKs lends a unique 
opportunity to exploit this relationship.  As previously mentioned, a select number of 
protein kinase inhibitors have demonstrated the ability to inhibit the action of a few 
APHs.   If a larger spectrum of kinase inhibitors were to be tested against a diverse panel 
of antibiotic kinases, this could open a new avenue of drug discovery against this class of 
enzymes.  With research on kinase inhibitors on the rise as chemotherapeutic agents 
against tumour cells, the majority of scaffolds of these molecules have been designed to 
target the ATP binding site and hold the potential to be repurposed as inhibitors of AKs.  
Many will argue that by using such compounds as potential therapeutics could lead to 
pleiotropic effects within the host target via human kinases.  Although this claim holds 
merit, the use of structural biology, combinatorial chemistry and compound counter-
screening against other kinases has yielded a number of highly specific kinase inhibitors 
which are also in clinical use (Johnson, 2009).  For example, staurosporine is a 
notoriously potent promiscuous inhibitor, in recent binding assay conducted against 119 
kinases, it was able to bind over 90% of them (Fabian et al., 2005).  However, 
hydroxylation at the C7 yields 7-hydroxystaurosporine, which increases the compound’s 
selectivity as a potent inhibitor of cell division enzyme checkpoint kinase 1.  This 
compound’s success has led to phase 1 clinical trials under the name UCN-01.  In fact, 
therapies by kinase inhibitors are increasing with ten compounds already on the market 
and with an additional 50 compounds under clinical investigation (Johnson, 2009).  The 
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classic example of well known kinase inhibitor is imatinib (Gleevec or Glivec) developed 
by Novartis.  Imatinib selectively inhibits a defective form of ABL tyrosine kinase that is 
fused to BCR, known as BCR-ABL kinase (Druker et al., 1996) which causes chronic 
myelogenous leukemia.  It has a narrow selectivity spectrum only inhibiting PDGFR 
kinase and KIT receptor tyrosine kinase (RTK).  The inhibition of KIT RTK by imatinib 
was serendipitous, since the upregulation of KIT RTK leads to gastrointestinal stromal 
tumours, repurposing imatinib with another role against another form of cancer (Tuveson 
et al., 2001).  

 The idea of repurposing kinase inhibitors as antibacterial agents is not unique; 
success in this area has been demonstrated by scientists at Pfizer.  Miller et al., have 
taken the kinase inhibitor pharmacophore of the pyridopyrimidines and used it to target 
the bacterial fatty acid biosynthesis enzyme biotin carboxylase, a member of the acetyl-
CoA carboxylase multi-enzyme complex.  The biotin carboxylase also has an active site 
with structural similarity to ePKs, but harbours enough unique traits to allow for 
selectivity against human kinases and the eukaryotic acetyl-CoA carboxylase.  This 
discovery did not occur through a directed effort against biotin carboxylase, but through a 
whole cell screening approach where the target was determined after growth inhibition 
was observed (Miller et al., 2009). In order to use a directed approach to target AKs with 
kinase inhibitors several steps are required:   

1. Obtain a diverse panel of AKs and subject them to rigorous biochemical 
characterization to understand their complete substrate spectra.   

2. Generate structural data of each representative class bound to its respective 
substrates to assess the presence/absence of unique motifs and residues for 
exploitation by novel inhibitor design.   

3. Screen these representative enzymes against a preliminary set of well known and 
characterized kinase inhibitors to search for plausible scaffolds  

4. Correlate structural data and screening data to design new highly specific 
inhibitors of AKs 

The work presented here demonstrates the use of the above principles in order to identify 
novel inhibitors of antibiotic kinases.  
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ABSTRACT 
 Antibiotic kinases, which include aminoglycoside and macrolide 
phosphotransferases (APHs and MPHs), pose a serious threat to currently used 
antimicrobial therapies.  These enzymes show structural and functional homology with 
Ser/Thr/Tyr kinases, suggestive of a common ancestor.  Surprisingly, recent in vitro 
studies using purified antibiotic kinase enzymes have revealed that a number are able to 
utilize GTP as the antibiotic phospho-donor;  either preferentially or exclusively when 
compared to ATP, the canonical phosphate donor in most biochemical reactions.  To 
further explore this phenomenon, we examined three enzymes: APH(3’)-IIIa, APH(2”)-Ib 
and MPH(2’)-I using a competitive  assay that mimics in vivo nucleotide triphosphate 
(NTP) concentrations and usage by each enzyme.  Downstream analysis of reaction 
products by HPLC enabled the determination of partitioning of phosphate flux from NTP 
donors to antibiotics.   Using this ratio along with support from kinetic analysis and 
inhibitor studies, we find that under physiologic concentrations of NTPs, APH(3’)-IIIa 
exclusively uses ATP, MPH(2’)-I exclusively uses GTP, and APH(2”)-Ib is able to use 
both species with a preference for GTP.   These differences reveal likely different 
pathways in antibiotic resistance enzyme evolution and can be exploited in selective 
inhibitor design to counteract resistance.  
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INTRODUCTION 
Antibiotic modification is a major mechanism of resistance that impacts the 

efficacy of numerous antimicrobial drug classes.  The enzymes that catalyze these group 
transfer mechanisms have evolved from precursor genes that encode proteins used to 
accomplish numerous metabolic tasks no doubt unrelated to drug resistance.  Borrowing 
nomenclature from the oncogene field, we term such elements proto-resistance genes.  
Biochemical and structural evidence has shown that proto-resistance genes can be found 
in a number of key metabolic pathways including cell wall biosynthesis and signal 
transduction (Wright, 2007).  With respect to group transfer antibiotic resistance 
enzymes, these proto-resistance genes encode protein and other small molecule kinases, 
acetyltransferases, adenylytransferases, ADP-ribosyltransferases, and 
glycosyltransferases.  The addition of phosphoryl, acyl, adenyl, ribosyl, and glycosyl 
groups to the antibiotic scaffold alters the interaction with the cellular target to a 
sufficient degree that the resistance phenotype results (D'Costa and Wright, 2009). 

The unifying biochemical logic of group transfer in antibiotic resistance is the co-
opting of the normal cellular function of the proto-resistance element by natural selection 
to include the modification of antibiotic molecules.  Because group transfer enzymes 
require a second substrate (e.g. ATP, acetylCoA, TDP-glucose), these should retain the 
original specificity of the proto-resistance enzyme since natural selection would not 
normally be expected to act on this site during resistance gene evolution.  

Antibiotic kinases represent a large superfamily of enzymes that covalently 
modify antibiotics by phosphorylation resulting in addition of both steric bulk and 
anionic character to the target molecule.  Kinases that modify aminoglycoside, macrolide 
and fenicol antibiotics have been well characterized (D'Costa and Wright, 2009).  The 
latter is a member of the shikimate group of kinases (Izard and Ellis, 2000), whereas the 
former (APHs and MPHs) share primary sequence, 3D-structure, and enzyme mechanism 
properties with the Ser/Thr/Tyr/Lipid family of kinases that are chief components of 
eukaryotic signal transduction (Wright and Thompson, 1999).  These antibiotic kinases 
have largely been seen to use the phosphoryl donor ATP as the second substrate for 
antibiotic modification, consistent with the primacy of this nucleotide triphosphate in 
primary metabolism and the intracellular concentration of ~3 mM in bacterial cells 
(Bochner and Ames, 1982).   

During our efforts to characterize the structure and mechanism of macrolide 
antibiotic kinases, we were struck by the poor activity with ATP, compared to GTP, as a 
phosphoryl donor substrate in vitro, exhibiting a selectivity that had been noted 
previously but was unexplored (Kono et al., 1992).  This preference was surprising to us 
given the reported intracellular concentrations of ATP vs. GTP, which in bacterial and 
mammalian cells are reported to be on the order of 3-4 fold in excess of ATP  (Buckstein 
et al., 2008)(Shugar, 1996).  In order to explore this further, we have established a 
competitive HPLC method to establish the NTP selectivity of antibiotic kinases under 
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conditions that mimic intracellular concentrations of NTPs.  We report a new partition 
co-efficient parameter that functionally discriminates antibiotic kinases based on their 
NTP preference.  This has significant implications on our understanding of the evolution 
of these kinases from proto-resistance elements and practical application in the 
development of selective inhibitors of kinases that can reverse resistance.
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MATERIALS AND METHODS 
Antibiotics and Reagents. Erythromycin A, troleandomycin, clarithromycin, 
azithromycin, tylosin, spiramycin, NADH, PEP, PK/LDH, ATP, GTP, AMPPNP and 
GMPPNP were purchased from Sigma-Aldrich (Oakville, ON).  Neomycin and 
kanamycin were purchased from Bioshop Canada (Mississauga, ON) and telithromycin 
was from Sanofi Aventis. 
 
Expression and Purification of antibiotic kinases. The mphA gene was amplified using 
the polymerase chain reaction from pTZ3509 (Noguchi et al., 1995), a gift from Dr. N. 
Noguchi, and aph(2”)-Ib was amplified from pSCH075 (Chow et al., 2001), generously 
provided by Dr. Joe Chow, using the oligonucleotide primers listed in Appendix 1.  The 
mphA gene was ligated into pET28a using Nde I and Hind III sites and aph(2”)-Ib was 
introduced into pDEST17 between the attR1 and attR2 sites using the Gateway® system 
(Invitrogen).  

 
APH(3’)-IIIa was purified using the protocol outlined in McKay et al (McKay et 

al., 1994).  Both MPH(2’)-I and APH(2”)-Ib were expressed in Escherichia coli 
BL21(DE3) (Novagen) and grown  overnight in the presence of  their respective 
antibiotic (50 g/mL kanamycin A (Bioshop) for pETMPHa, and 100 g/mL ampicillin 
for pDESTAPH(2”)-Ib) in Luria Bertani (LB) broth.  A 10 mL overnight culture was 
used to inoculate 1 L of fresh LB broth with antibiotic selection and was grown to OD600 
~ 0.6 at 37°C.  It was then induced for 16 hours at 16°C with 1 mM isopropyl--
thiogalactoside (Bioshop).  Cells were harvested by centrifugation at 6000 x g for 10 min.  
The cell pellet was resuspended in 15 mL of 50 mM HEPES pH 7.5, 300 mM NaCl, 10 
mM imidazole, 1 mM phenylmethanesulfonyl fluoride and 1 g/mL pancreatic bovine 
DNAse (Sigma).  The resuspended pellet was passed through a 20,000 psi French press 
cell (Thermo Fisher) four times to create a lysate.  The insoluble and soluble fractions 
were separated by centrifugation at 48,000 x g for 30 min.  The supernatant was then 
applied onto 5 mL Ni-NTA Column (Qiagen) equilibrated with 50 mM HEPES pH 7.5, 
300 mM NaCl, 10 mM imidazole (Buffer A).  A stepwise gradient over 20 column 
volumes was used to elute each enzyme with 50 mM HEPES pH 7.5, 300 mM NaCl, 250 
mM imidazole (Buffer B).  The kinase containing fractions were identified by SDS-
polyacrylamide gel electrophoresis and were subsequently pooled and dialyzed against 50 
mM HEPES pH 7.5, concentrated to approximately 2 mg/mL, and stored at -20C. 

 
Pyruvate Kinase/Lactate Dehydrogenase Coupled Assay.  The phosphorylation of 
antibiotics was monitored by coupling the release of ADP/GDP with pyruvate 
kinase/lactate dehydrogenase (PK/LDH) (Pon and Bondar, 1967).  The oxidization of 
NADH (= 6220 M-1 cm-1) was monitored at 340 nm using a SpectraMax plate reader in 
a 96-well format.  A typical reaction contained 230 L of reaction buffer (50 mM HEPES 
pH 7.5, 40 mM KCl, 10 mM MgCl2, 0.3 mM NADH, 3.5 mM phophoenolpyruvate, 
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0.00125 units PK/LDH, and antibiotic kinase).  A 10 L solution of the appropriate 
antibiotic was added to the reaction and allowed to incubate for 5 minutes at 37°C.  The 
reaction was initiated with a 10 L solution of nucleotide (ATP or GTP) and monitored 
for 5 minutes at 340 nm.   
 
 Initial rates were determined by utilizing the linear portion of the progress curve 
and analyzed by nonlinear least squares fitting of eq. 1, 

v = VmaxS/(KM + S) (1) 
 
or eq 2 for substrate inhibited reactions, 

v = VmaxS/(KM + S+ S2/Ki) (2) 
 
To further validate interaction of the enzymes with ATP and GTP, their non-hydrolysable 
analogues, AMPPNP and GMPPNP, were tested against the panel of enzymes using an 
IC50 analysis.  Each analogue was diluted in 2-fold dilution and assayed against each 
enzyme using the PK/LDH coupled assay. Antibiotic concentrations were kept at 
saturating levels and nucleotide concentrations were held at KM concentrations.  IC50s 
were determined using Grafit 4.0 and eq. 3, 

IC50 = Ki(1 + KM/[S]) (3) 
  
Paired-Ion Chromatography to Determine Nucleotide Selectivity.  The further 
explore the nucleotide preference of antibiotic kinases using physiological concentrations 
of ATP and GTP; we established a NTP competition assay with HPLC resolution of 
products.  Concentrations for ATP and GTP reported from Salmonella enterica were used 
to set up the in vitro competition assay, and were 3 mM and 0.9 mM respectively 
(Bochner and Ames, 1982).  Enzymes were then incubated at 25°C in the presence of 
both nucleotides with 50 mM HEPES pH 7.5, 40 mM KCl, 10 mM MgCl2 and 1 mM of 
appropriate antibiotic in a 50 L volume.  The reaction was stopped by the addition of 
150 L of 8 M urea.  The reactions were then filtered through a 10 kDa Pall micro-
centrifugation filter at 12,100 x g for 20 minutes to remove the protein.  The filtrate was 
collected; diluted two times and 25 L injected onto a Waters Novapak C18 3.9 X 150 
mm reverse-phase column that had been treated with tetrabutylammonium hydrogen 
sulfate (TBAHS).  A linear gradient was used to elute the various forms of the purine 
nucleotides using a 2 solvent system: solvent A – 15 mM H2KPO4/HK2PO4, 10 mM 
TBAHS, solvent B – 35 mM H2KPO4/HK2PO4, 10 mM TBAHS, 30% (v/v) acetonitrile.  
The elution was monitored using A259. Once peaks had been identified, they were 
integrated using the Chromeleon 6.8 HPLC software package to determine the quantity of 
each of the nucleotide species.  The product to substrate ratios were determined for 
ADP:ATP and GDP:GTP for each time point and plotted on a x-y scatter graph.  A line 
of best fit was applied to each set of data and a partition coefficient (PC) was determined 
for each enzyme using eq. 4. 

PC = d/dt((ADP:ATP) /(GDP:GTP)) (4) 
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RESULTS 
Steady state kinetic analysis of antibiotic kinases.  Steady state kinetic constants for 
APH(3’)-IIIa (McKay et al., 1994)  and APH(2”)-Ib (Toth et al., 2007) as well as 
antibiotic substrate specificity have been previously reported.  Steady state constants for 
macrolide substrates of MPH(2’)-I were determined in this work and are reported in 
Table 2-1.  MPH(2’)-I showed a higher selectivity for 14- and 15-membered macrolide 
antibiotics (e.g. erythromycin, clarithromycin, azithromycin) over the 16-membered ring 
macrolides spiramycin and tylosin.  Of the seven macrolides tested, the ketolide 
telithromycin was the only one to show substrate inhibition.  
 

TABLE 2-1: KINETIC CONSTANTS FOR MACROLIDE SUBSTRATES OF MPH(2’)-I 
Substrate Macrocycle KM (M) kcat (s

-1) Ki (M) kcat/KM (sec-1*M-1) 
Erythromycin 14 37.2  5.6 0.279 - 7.52 × 103 

Clarithromycin 14 45.9  7.4 0.311 - 6.77 × 103 
Telithromycina 14 7.4  1.5 0.152 0.622  0.196 2.07 × 104 
Azithromycin 15 27.7  3.4 0.292 - 1.05 × 104 

Tylosin 16 131  45 0.174 - 1.33 × 103 
Spiramycin 16 478  55 0.200 - 4.19 × 102 

a Telithromycin was the only macrolide to show substrate inhibition 
All data were determined in the presence of 0.2 mM GTP 

 

 
 Kinetic constants for the nucleotides were determined for all antibiotic kinases 
(Table 2-2, Fig. 2-1).   These data demonstrate that APH(3’)-IIIa is strictly ATP-
dependent and MPH(2’)-I has a very high selectivity for GTP.  In our hands, the N-
terminally (His)6-tagged variant of APH(2”)-Ib shows a slight selectivity for GTP over 
ATP but is still able to utilize both NTPs.  This contrasts with results reported for 
untagged APH(2”)-Ib that showed a preference for ATP but that GTP was nevertheless a 
good substrate (4 fold difference in Km and 4.5 fold in kcat) (Toth et al., 2009) and these 
results could be the result of minor differences in enzyme and assay conditions. 
 

TABLE 2-2: KINETIC CONSTANTS OF NUCLEOTIDE SUBSTRATES 
Substrate Saturating  

Antibiotic* 
KM (M) kcat (s

-1) kcat/KM (sec-1*M-1) 

APH(3’)-IIIa     
ATP Neomycin 10.6  1.4 1.59 1.50 × 105 
GTP Neomycin n.c. n.c. n.c 

     
APH(2”)-Ib     

ATP Kanamycin 151  12 0.32 2.30 × 103 
GTP Kanamycin 18.0 1.9 0.10 5.40 × 103 

     
MPH(2’)-I     

ATP Erythromycin 1890  510 0.022 1.16 × 101 
GTP Erythromycin 59.2  4.7 0.634 1.07 × 104 

*The concentrations of the antibiotics were held as follows: Neomycin (200 M), 
Kanamycin (200 M) and Erythromycin (400 M). n.c. = no curve 
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Figure 2-1:  Nucleotide specificity of Antibiotic Kinases.  The above semi-log bar graph demonstrates 
the nucleotide specificity of 3 studied antibiotic kinases of ATP (white) vs GTP (black) based upon the 
Michaelis-Menten constant kcat/KM (sec-1*M-1).   



 

PhD Thesis – T. Shakya                     McMaster – Biochemistry and Biomedical Sciences 

43 
 

 

Inhibition profiles of antibiotic kinases as determinants of nucleotide preference. 
Inhibitory profiles were determined for each enzyme by observing their dose response 
against the two non-hydrolysable nucleotide analogs AMPPNP and GMPPNP.  IC50 
values were determined, for each of the enzymes and converted to Ki values using 
equation 3 (Table 2-3).  Consistent with our steady state kinetic data, APH(3’)-IIIa is 
only inhibited by AMPPNP, APH(2”)-Ib is inhibited by both AMPPNP and GMPPNP 
and MPH(2’)-I is only inhibited by GMPPNP.  
 

TABLE 2-3: Ki VALUES OF INHIBITORS AS PROBES OF NUCLEOTIDE SELECTIVITY 
Enzyme AMPPNP (M) GMPPNP (M) 

APH(3’)-IIIa 14.2 ± 1.0 No Inhibition 
APH(2”)-Ib 263.0 ± 55.0 19.3 ± 4.0 

MPHa No Inhibition 19.4 ± 1.4 
 
Antibiotic kinases discriminate nucleotide usage in competition experiments.  
Although in vitro kinetic data demonstrate the selectivity of these enzymes, the 
conditions within the bacterial cell are very different. Typically ATP and GTP exist in a 
ratio of about 3:1 in most Gram negative organisms (Bochner and Ames, 1982; Buckstein 
et al., 2008).  Therefore, the ability to use GTP as a phospho-donor in steady state kinetic 
experiments may not translate to a preference in the cell where ATP dominates.  In order 
to observe how these enzymes would behave in vivo, we established an in vitro NTP 
competition assay system with ATP and GTP present under physiological concentrations.  
NTP utilization was  analysed by paired ion chromatography (Patthy et al., 1990)  (Fig. 2-
2), which uses TBAHS to interact with the phosphates masking the hydrophilic 
negatively charged groups and improving HPLC resolution.   

 
The conversion of NTPs to NDPs over time under saturating antibiotic conditions 

was quantitatively assessed using this method. NTP turnover was calculated from the 
slopes of integrated HPLC data. The slopes for ATP and GTP turnover were used to 
calculate the partition coefficient (PC) for each enzyme (Figure 2-3).  The PC is a ratio 
that represents the nucleotide selectivity for a given enzyme.  If the partition coefficient is 
equal 1, there is no bias for either ATP or GTP, if it is greater than 1, there is a preference 
for ATP, and if it is less than 1 the enzyme prefers GTP.  MPH(2’)-I, although able to 
utilize ATP in steady state kinetic experiments did not use ATP while there was GTP 
present at physiological conditions and consequently shows a very low PC.  On the other 
hand APH(2”)-Ib utilized both nucleotides and APH(3’)-IIIa only used ATP.  This 
experiment demonstrates that under physiological NTP conditions antibiotic kinases 
demonstrate distinct selectivity for nucleotide substrates. 
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Figure 2-3:  NTP Selectivity of Antibiotic Kinases.  At physiological concentrations of NTP, antibiotic 
kinases show either exclusive or preferential usage of ATP or GTP.  The width of the arrows approximates 
the ratio of this selectivity.  Calculated partition coefficient listed to the right as calculated from equation 4. 
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DISCUSSION 
 Antibiotic resistance enzymes have evolved from precursor proteins, proto-
resistance elements, of different origins (Wright, 2007).  Elucidation of the structure and 
function of resistance enzymes has been essential in linking current proteins with 
ancestral proto-resistance enzymes.  For example, the 3D structures and biochemical 
function analysis of aminoglycoside kinases (APHs) revealed an otherwise unexpected  
link with Ser/Thr/Tyr protein kinases (Wright and Thompson, 1999).   Furthermore, in 
silico analysis of macrolide antibiotic kinase (MPH) amino acid sequences places them in 
the same family with aminoglycoside and protein kinases.  It is therefore highly likely 
that all these proteins share a common ancestor and that the proto-resistance elements that 
gave rise to MPHs and APHs fall within their evolutionary tree.   

 
The nucleotide selectivity of protein kinases is almost exclusively in favour of 

ATP.  There are a few exceptions where GTP is either a preferred or equivalent substrate 
(Shugar, 1996).  The best studied example is the Ser/Thr casein kinase-II, CK-2, which 
shows a 3-5 fold preference for GTP over ATP (Jakobi and Traugh, 1992).  Another 
example is protein kinase C delta, that undergoes 6-fold improved autophosphorylation 
with GTP (Gschwendt et al., 1995).  The human variant of the structurally unrelated 
small molecule kinase phophoenolpyruvate carboxykinase (PEPCK), which catalyzes the 
formation of PEP from oxaloacetate, will catalyze this reaction with GTP, while the E. 
coli homolog utilizes ATP (Dunten et al., 2002).  Nevertheless, GTP utilization among 
kinases remains rare.   

 
There is no thermodynamic imperative for the preference by kinases of ATP over 

other NTPs such as GTP as a phosphodonor.  The free energy associated with gamma-
phosphate transfer is equivalent.  Nature has nevertheless restricted most kinases to ATP 
utilization and the number of such reactions is reflected in the 3-4 fold stoichiometric 
excess of cellular ATP versus GTP.  GTP is utilized in cell signalling processes, e.g. 
tightly bound in GTP-protein coupled receptors, and is a major source of energy during 
translation where each amino acid elongation requires hydrolysis of 2 GTP molecules.  
Therefore, even though they are thermodynamically equivalent, ATP versus GTP 
utilization is biochemically segregated.   It was therefore surprising that our research as 
well as several literature reports using purified APH and MPH enzymes revealed that 
many of these enzymes can use both ATP and GTP (Boehr et al., 2004; Kono et al., 1992; 
O'Hara et al., 1989).  Indeed, this preference was recently used as the basis for a proposed 
new nomenclature for APH(2”) enzymes (Toth et al., 2009).   

 
However, even though these in vitro studies showed that GTP was a substrate for 

some antibiotic kinases, it did not mean that these observations were biologically relevant 
where the presence of multiple NTPs at various concentrations presents a different 
environment than saturating concentrations of NTP in a typical enzyme assay.  We 
therefore established a competition assay using NTPs at physiological concentration to 
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directly assess this phenomenon.  Using this assay, we were able to demonstrate a range 
of GTP versus ATP utilization by aminoglycoside kinases.  APH(3’)-IIIa is a ‘typical’ 
APH(3’), a class that includes the popular KanR (aka NEO) cassette used in molecular 
and cellular biology, only uses ATP.  APH(2”)-Ib, which is important for clinical 
gentamicin resistance in Gram positive cocci and E. coli (Chow et al., 2001; Kao et al., 
2000), shows a preference, but not exclusive dependence, on GTP in our experiments.   
On the other hand, the partition experiment shows that the macrolide kinase MPH(2’)-I 
will exclusively use GTP in the cell. 

 
The NTP preference of antibiotic kinases is fascinating and could reflect: 1)  the 

preference of the proto-resistance enzyme ancestor, 2) a structural requirement based on 
the nature of the second substrate e.g. macrolide or aminoglycoside, or 3) it may offer an 
evolutionary advantage in the face of antibiotic exposure.  The correlation between NTP 
utilization and sensitivity to NMPPNP inhibitors would suggest that option 2 is unlikely.  
Macrolides interact with the ribosome and prevent the emergence of the nascent peptide 
from the P-site (Hermann, 2005), furthermore, GTP is essential for protein synthesis.  It 
could be possible that halting protein synthesis may temporarily increase GTP stores 
within the cell and this could provide an advantage for the GTP preference of MPHs 
consistent with option 3.  On the other hand aminoglycoside, which cause mistranslation 
rather than blocking translation, would not be expected to alter GTP levels.  We explored 
changes in NTP and NDP levels in cells exposed to sub-therapeutic antibiotics, but could 
not detect any significant changes in NTP levels (not shown).  While the biological bias 
of ATP or GTP selectively in antibiotic kinases therefore remains an open question, 
option 1, where this preference is a reflection of the electivity of the proto-resistance 
element appears to be the most parsimonious explanation at present. 

 
Whatever the origin, the preference of NTP does provide a useful handle for the 

development of agents that selectively block antibiotic resistance as we have 
demonstrated with NMPPNP inhibitors.  Targeting the ATP binding site of antibiotic 
kinases with small molecule inhibitors is possible with known protein kinase inhibitors 
(Daigle et al., 1997).  However, given the non-specific nature of many of these 
compounds, therapeutic use to circumvent resistance has the potential to also block other 
off-target cellular kinases, with possible deleterious effects.  The GTP utilization of 
APH(2”), an important gentamicin resistance element, and MPH, a mechanism of 
growing importance (Phuc Nguyen et al., 2009), reveals an important differentiating 
property that could be exploited for downstream drug discovery research into agents that 
block resistance and restore antibiotic function. Obtaining the 3D-strucutre of GTP-
utilizing enzymes will greatly enhance this approach. 
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CHAPTER THREE 
STRUCTURE AND FUNCTION OF APH(4)-Ia: A HYGROMYCIN B 

RESISTANCE ENZYME 
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ABSTRACT 
 The aminoglycoside phosphotransferase APH(4)-Ia is one of two enzymes 

responsible for bacterial resistance to the atypical aminoglycoside antibiotic hygromycin 
B (hygB).  The crystal structure of APH(4)-Ia enzyme was solved in complex with hygB 
at 1.95 Å resolution. The APH(4)-Ia structure adapts a general two-lobe architecture 
shared by other APH enzymes and eukaryotic kinases, with the active site located at the 
inter-domain cavity. The enzyme forms an extended hydrogen bond network with hygB 
primarily through polar and acidic side chain groups.  Individual alanine substitutions of 
seven residues involved in hygB binding did not have significant effect on APH(4)-Ia 
enzymatic activity indicating that binding affinity is spread across a distributed network.  
hygB appeared as the only substrate recognized by APH(4)-Ia among the panel of 14 
aminoglycoside compounds. Analysis of the active site architecture and the interaction 
with the hygB molecule demonstrated several unique features supporting such restricted 
substrate specificity.  Primarily the APH(4)-Ia substrate binding site contains a cluster of 
hydrophobic residues that provides a complementary surface to the twisted structure of 
the substrate.  Similar to APH(2”) enzymes the APH(4)-Ia is able to utilize either ATP or 
GTP for phosphoryl transfer.  The defined structural features of APH(4)-Ia interactions 
with hygB and the promiscuity in regard to ATP or GTP binding could be exploited for 
the design of novel aminoglycoside antibiotics or inhibitors of this enzyme. 
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INTRODUCTION 
 With rising incidences of multi-drug resistant bacteria and a decline in the 

discovery of new antibiotics, attention is returning to ‘old’ antibiotics that in the past 
were not selected for clinical development by the pharmaceutical industry. These 
compounds represent chemical matter that may provide essential scaffolds that could be 
altered with modern medicinal chemical approaches or may be suitable to be re-
introduced into the clinic in this current era of pressing need.  For example, the 
lipopeptide antibiotic daptomycin (Cubicin®) was discovered in the 1980s by Eli Lilly 
but was not brought to the clinic until 2003 due to the efforts by Cubist Pharmaceuticals 
which resulted in FDA approval of this ‘old’ drug (Eisenstein et al., 2010).  

 
 Currently analogues of the known aminoglycoside antibiotics such as gentamicin 

and kanamycin are not seen as favourable drug candidates by the pharmaceutical 
industry.  Discovered in the 1950s, these compounds were acclaimed for their broad-
spectrum and potent bactericidal activity.  However, they lost favour as front line drugs 
as a result of toxicity and poor oral availability, and as newer agents with improved 
pharmacology entered the market.  Furthermore, the emergence of resistance provided an 
additional challenge to the clinical utility of these drugs.  Resistance to these antibiotics is 
most frequently conferred by aminoglycoside-modifying enzymes encoded by 
transferable gene cassettes. Nevertheless, in this era of acute antibiotic need, the 
aminoglycoside compounds, particularly the ones that were clinically “underused” in the 
past are re-emerging as promising drug leads. This in turn necessitates the detailed 
analysis of mechanisms of resistance to aminoglycosides as an essential part of 
developing antimicrobial therapies involving this class of antibiotics.  

 
 Aminoglycoside-modifying enzymes act through three major chemical 

mechanisms: acetyltransfer, nucleotidyltransfer or phosphoryltransfer.  Each of these 
classes of enzymes is highly diverse, with numerous representatives featuring different 
substrate profiles and regiochemical selectivities resulting in a plethora of enzymes with 
varied and distinct features.  The approximately 30 enzymes within the aminoglycoside 
phosphotransferase class of enzymes typically show less than 35% pair wise identities 
(Wright and Thompson, 1999). 

 
 Hygromycin B (hygB), isolated from Streptomyces hygroscopicus (Pittenger, 

1953) represents a promising “underused” aminoglycoside antibiotic.  It has atypical 
chemical features in comparison to more common representatives of this antibiotic class.  
A key structural feature of these common aminoglycosides is the 2-deoxystreptamine 
core, which is substituted by two amino sugar rings at the 4 and 6 positions (as in 
gentamicin or tobramycin), or the 4 and 5 positions (as in neomycin or butirosin). HygB 
is unique in that it is comprised of an N-methyl  2-deoxystreptamine ring (hyosamine), 
linked through the C5-OH to a talose sugar, which in turn forms an orthoester with the 
unusual amino acid destomic acid (Figure 3-1), resulting in a distinctive fused ring 
structure. This unique structure translates into novel mode of action. Where antibiotics 
like gentamicin bind to the 30S ribosomal subunit resulting in mistranslation of mRNA,  
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Figure 3-1: Chemical Reaction of APH(4)-Ia.  APH(4)-Ia catalyzes the phosphorylation of hygB using 
the gamma phosphate of ATP with addition of a phosphate group onto the 4-OH on the hyosamine ring 
(Ring I) yielding an inactivated phospho-hygromycin B and ADP. 
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hygB binding to this subunit primarily blocks mRNA and tRNA translocation 
(Borovinskaya et al., 2008; Cabanas et al., 1978).  Furthermore, hygB has been shown to 
also impact translocation in eukaryotic ribosomes (Gonzalez et al., 1978), increasing the 
spectrum of this antibiotic to eukaryotic pathogens and resulting in its application in 
agricultural settings as an anthelmintic agent in poultry and swine.   
 

 Like all antibiotics, resistance to hygB has emerged. Plasmid-encoded hygB 
resistance in Escherichia coli was reported some 30 years following its introduction 
(Gritz and Davies, 1983; Rao et al., 1983). This resistance was linked to the 
aminoglycoside phosphotransferase-(4)-Ia (APH(4)-Ia) enzyme, which catalyzes the 
ATP-dependent phosphorylation of the hydroxyl moiety on C4 of the hyosamine ring 
(“Ring I”) of hygB (Fig. 1) (Rao et al., 1983). This mechanism differs from the self-
protection one described in the hygB-producing Streptomyces hygroscopicus, which 
involves phosphorylation at the 7”-OH of the destomic acid ring (“Ring IV”) (Pardo et 
al., 1985; Zalacain et al., 1987).  The enzyme responsible for this activity, APH(7”)-Ia, 
shares only 37% amino acid identify with APH(4)-Ia. This implies that APH(4)-Ia may 
have evolved distinctly from self-resistance in the producing organism. 

 
 The 3D-structures of a number of APHs have been reported (Fong et al., 2010; 

Hon et al., 1997; Nurizzo et al., 2003; Toth et al., 2010; Young et al., 2009). These 
structures have demonstrated that despite their sequence diversity, APH enzymes share a 
common fold that is similar to that of eukaryotic protein kinases.  This common fold 
features a bilobed structure comprised of a primarily -sheet containing N-terminal 
domain and a mixed + C-terminal domain, with the two domains connected by a linker 
region.  Relative to eukaryotic protein kinases, APH enzymes contain an insertion in the 
C-terminal domain, which plays an important role in aminoglycoside binding (Hon et al., 
1997).  Despite structural information about a number of APH enzymes and advances in 
understanding of the mechanism of phosphorylation reaction (McKay and Wright, 1996), 
the basis of different substrate specificity toward diverse aminoglycosides between the 
representatives of APH enzymes remains poorly understood.  Low sequence similarity 
between APH enzymes precludes effective modeling of uncharacterized APH family 
members and necessitates further structural studies of diverse members of this family. 

 
 Given the importance of hygB as a potential scaffold for new drug discovery, we 

embarked on structural characterization of the APH(4)-Ia•hygB binary complex and 
investigated the enzymatic properties of this enzyme.  The 3D-structure shows that while 
the APH(4)-Ia enzyme adopts the general features of other APH enzymes, such as the 
overall eukaryotic protein kinase-like fold and the location of the hygB ligand binding 
site, it reveals unique structural features that explain its selectivity for this atypical 
aminoglycoside.   
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MATERIALS AND METHODS 
Expression and Purification of APH(4)-Ia. The aph(4)-Ia gene (NCBI Accession 
#V01499) from the retroviral protein expression vector pQCXIH (Clonetech Laboratories 
Inc.) was used as the template for preparation of an over-expressing construct.  An 
internal Nde I restriction endonuclease site was removed by creating a silent mutation at 
the site using the Stratagene Quikchange strategy (oligonucleotide primers are shown in 
Appendix 1). The gene was then amplified with oligonucleotide primers that introduced 
flanking 5’ Nde I and 3’ Hind III sites that were used to clone the gene into vector 
pET28a to create the expression plasmid pET-APH(4)-Ia. 
 

 APH(4)-Ia was expressed in Escherichia coli BL21(DE3) (Novagen) and grown  
overnight in the presence of  50 g/mL kanamycin A in Luria Bertani (LB) broth.  A 10 
mL overnight culture was used to inoculate 1 L of fresh LB broth with antibiotic selection 
and was grown to OD600 ~ 0.6 at 37 °C.  It was then induced for 16 hours at 16 °C with 1 
mM isopropyl--thiogalactoside.  Cells were harvested by centrifugation at 6000 x g for 
10 min.  The cell pellet was then resuspended in 15 mL of 50 mM HEPES pH 7.5, 300 
mM NaCl, 10 mM imidazole, 1 mM phenylmethanesulfonyl fluoride and 1 g/mL 
pancreatic bovine DNAse.  The resuspended pellet was passed through a T-S series cell 
disrupter (Constant Systems Inc.) twice at 35,000 psi to create a lysate.  The insoluble 
and soluble fractions were separated by centrifugation at 48,000 x g for 30 min.  The 
supernatant was then applied to a 1 mL Ni-NTA Column (Qiagen) equilibrated in ten 
column volumes 50 mM HEPES pH 7.5, 300 mM NaCl, 10 mM imidazole (Buffer A).  A 
stepwise gradient over five column volumes of each 10%, 25%, 50% and 100% Buffer B 
(50 mM HEPES pH 7.5, 300 mM NaCl, 250 mM imidazole) was used to elute the 
enzyme.  The APH(4)-Ia containing fractions were identified by SDS-polyacrylamide gel 
electrophoresis and were subsequently pooled and dialyzed against 50 mM HEPES pH 
7.5 overnight at 4 °C with stirring.   The protein was then quantified using the Bradford 
protein assay and was either concentrated or diluted to 0.5 mg/mL, and stored in 50 mM 
HEPES pH =7.5 and 15% glycerol at -20 C.  

 
 For crystallographic purposes, the aph(4)-Ia gene was sub-cloned from pET-

APH(4)-Ia into the vector p15Tv-LIC, which codes for a N-terminal (His)6 tag, a TEV 
protease cleavage site, ampicillin resistance gene and allows ligase-independent cloning.  
The expression vector was utilized for expression of Se-Met substituted protein using 
standard M9 high-yield growth procedure according to the manufacturer's instructions 
(Shanghai Medicilon, catalog MD045004-50), with E. coli BL21(DE3) codon plus cells. 

 
 Cells were lysed by sonication in 0.3 M NaCl, 50 mM HEPES pH 7.5, 5 mM 

imidazole, 5% glycerol, 0.5 mM tris[2-carboxyethyl]phosphine and 0.25 mM 
phenylmethanesulfonyl fluoride.  Protein was bound to NiNTA resin at 4º C for two 
hours, washed with lysis buffer with 30 mM imidazole, and then eluted with lysis buffer 
with 250 mM imidazole.  Eluted protein was supplemented with 1 mM EDTA. The (His)6 
tag was removed by cleavage with TEV protease overnight at 4º C in dialysis with the 
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buffer 0.3 M NaCl, 50 mM HEPES pH 7.5, 5% glycerol and 0.5 mM tris[2-
carboxyethyl]phosphine, followed by binding to NiNTA resin and capture of flow-
through.  Protein was concentrated to at least 10 mg/mL.  Protein was flash frozen in 
liquid nitrogen and stored at -70º C. 

 
Crystallography, Data Collection and Structure Determination. APH(4)-Ia crystals 
were grown at 22 °C using the hanging drop method, by mixing 1 µL of protein at 6.5 
mg/mL with 1 µL of reservoir solution containing 0.2 M di-ammonium hydrogen citrate, 
16% PEG3350 and 2 mM hygB. Crystals were cryo-protected with reservoir solution 
supplemented with 20% paratone prior to flash freezing.  Diffraction data at 100 K at the 
wavelength corresponding to the anomalous scattering peak wavelength of seleno-
methionine (0.97915 Å) were collected at beamline 19-BM at the Structural Biology 
Center, Advanced Photon Source, Argonne National Laboratory.  Diffraction data were 
reduced with HKL2000 (Minor, 1997). 

 
 The structure was solved by single-wavelength anomalous dispersion (SAD) using 

the AutoSol module of Phenix (Adams et al., 2010).  Seven of the eight selenomethionine 
sites in the asymmetric unit were found as judged by occupancy values greater than 0.50.  
An initial model of the protein was built using Phenix AutoBuild, followed by rounds of 
manual model building and refinement with Coot (Emsley and Cowtan, 2004) and 
Phenix.refine.  Final rounds of refinement were completed with BUSTER (Blanc et al., 
2004) with TLS parameterization (TLS groups were residues 10-99 and 100-301).  The 
final atomic model includes residues 8-301 of APH(4)-Ia, all 25 atoms of hygB, 27 
ammonium ions, one chloride ion and seven PEG molecules (with varying numbers of 
atoms per PEG molecule visible in the electron density).  Procheck (Laskowski, 1993) 
was utilized for the Ramachandran analysis.  An iterative composite omit map for 
verification of position of hygB was generated with Phenix.autobuild with default 
parameters. 

 
 Structure similarity searches of the PDB were performed using the Dali server 

(Holm et al., 2008).  Structure superpositions were performed with the SSM algorithm in 
Coot or the Dali server as indicated in the manuscript. 

 
 Interactions between the protein and hygB were identified in Coot and also using 

the LIGPLOT program (Wallace et al., 1995).   
 
 Electrostatic potential surfaces were calculated using the APBS PyMOL plugin 

(Petrey and Honig, 2003). Red is negative, white is neutral, blue is positively charged, 
and surfaces were contoured between -20 and +20 kBT/e and 10 kBT/e, where kB is the 
Boltzmann constant, T is temperature, and e is the electronic charge.  Protein structure 
images were produced with PyMOL (Delano Scientific). 
 
PDB coordinates. The structure of APH(4)-Ia has been submitted to the PDB with the 
accession number 3OVC. 
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Site Directed Mutagenesis of APH(4)-Ia. Site-directed mutagenesis was carried out 
using the Stratagene Quikchange strategy in the pET-APH(4)-Ia plasmid.  The sequences 
of the oligonucleotide primers can be found in Appendix 1.  DNA sequencing using 
primers for the T7 promoter and terminator were used to verify the success of the 
mutants.  All mutants were purified as previously described above. 
 
Steady State Kinetic Analysis of APH(4)-Ia. The phosphorylation of antibiotics was 
monitored by coupling the release of ADP or GDP following antibiotic modification with 
pyruvate kinase/lactate dehydrogenase (PK/LDH) (Pon and Bondar, 1967).  The 
oxidization of NADH (= 6220 M-1 cm-1) was monitored at 340 nm using a SpectraMax 
plate reader in a 96-well format.  A typical reaction contained 195 L of reaction buffer 
(50 mM HEPES pH 7.5, 40 mM KCl, 10 mM MgCl2, 0.3 mM NADH, 3.5 mM 
phosphoenolpyruvate, 0.00125 units PK/LDH, and ~ 0.1 M APH(4)-Ia).  A 5 L 
solution of the appropriate antibiotic was added to the reaction and allowed to incubate 
for 5 minutes at 25°C.  The reaction was initiated with a 50 L solution of nucleotide and 
monitored for 5 minutes at 340 nm.   
 

 Initial rates (v) were determined by utilizing the linear portion of the progress 
curve and analyzed by nonlinear least squares fitting to eq. 1, 

v = VmaxS/(KM + S) (1) 
 
Structure determination of Phosphohygromycin B. Large scale preparation of 
phosphohygromycin B was carried out enzymatically using a 50 mL reaction comprised 
of 50 mM HEPES pH 7.5, 40 mM KCl, 10 mM MgCl2, 3 mM hygB, 5.4 mM ATP and 
2.1 M APH(4)-Ia.  The reaction was monitored using thin-layer chromatography with a 
mobile phase comprised of 5:2 MeOH:NH4OH and visualized with ninhydrin.  The 
reaction mixture was passed through a 0.2 m Millipore filter and a 10 kDa Millipore 
centrifugal filter to remove precipitated and soluble enzyme respectively.  The filtrate 
was then lyophilized overnight and resuspended in 4 mL of H2O and applied to a 48 mL 
AG50W X 8 200-400 Mesh column (78 mm x 28 mm) that had been charged with 1% 
NH4OH. The product was recovered with a wash of 0.1% NH4OH and lyophilized.   
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RESULTS AND DISCUSSION 
Substrate and regio-specificities of APH(4)-Ia.  Previous enzyme-based assays 
indicated that APH(4)-Ia is highly specific for hygromycin B and close analogs (Rao et 
al., 1983).  Using purified recombinant APH(4)-Ia, we screened a diverse panel of 
aminoglycoside antibiotics as potential substrates including the 4,6-disubstituted 2-
deoxystreptamine-based aminoglycosides (amikacin, kanamycin A, gentamicin C 
complex, and tobramycin), the 4,5-disubtituted 2-deoxystreptamine-based 
aminoglycosides (butirosin, neomycin B, paromomycin, ribostamycin and lividomycin) 
and the atypical aminoglycosides (neamine, apramycin, streptomycin, spectinomycin and 
hygromycin B).  Only hygB was susceptible to phosphorylation by APH(4)-Ia (Table 3-
2). Such narrow substrate specificity is unusual for APHs, which often have very broad 
aminoglycoside substrate profiles (Daigle et al., 1999; McKay et al., 1994b; Siregar et al., 
1995; Toth et al., 2007; Tsai et al., 1998). In contrast, APH(4)-Ia demonstrated the ability 
to utilize both ATP and GTP as a phosphate donor with ~5-fold preference towards ATP 
based upon the kcat/Km values of 5.42 X 104 and 1.04 X 104, respectively. Similar 
nucleotide promiscuity has been previous observed for the APH(2”) class of enzymes 
(Shakya and Wright, 2010; Toth et al., 2009). In eukaryotic protein kinases the capacity 
to utilize GTP is rare and this difference could be exploited in the development of 
specific inhibitors. 

 
 High resolution mass spectrometry of phosphorylated hygB gave a mass of 

607.1990 consistent with mono-phosphorylation of hygB.  Regiospecificity of 
phosphoryl transfer was confirmed to be at position 4 by multidimensional NMR as 
predicted (Figure 3-1) (Rao et al., 1983). 

 
Overall structure of APH(4)-Ia.  APH(4)-Ia shares relatively low sequence similarity 
with previously characterized APH enzymes (maximum of 16% identity across the full-
length enzymes) (Fong et al., 2010; Hon et al., 1997; Nurizzo et al., 2003; Toth et al., 
2010; Young et al., 2009). In order to gain further understanding of the unique substrate 
selectivity of this enzyme, the structure of APH(4)-Ia was solved by the SAD method 
using Se-Met derivatized APH(4)-Ia protein co-crystallized with hygB.  The final model 
contained one polypeptide chain in the asymmetric unit, with residues 8 to 301 resolved 
in the electron density, along with all atoms of the antibiotic (structure statistics are 
summarized in Table 3-1). 

 
 The analysis of the APH(4)-Ia structure demonstrated that like previously 

characterized APH enzymes APH(4)-Ia adopts a general eukaryotic protein kinase fold.  
Thus to simplify comparative structural analysis we labelled the secondary structure 
elements of the APH(4)-Ia structure according to those in the original APH structure, 
APH(3’)-IIIa (Hon et al., 1997). The N-terminal domain (residues 7 to 92) and C-
terminal domain (residues 99 and 301) are connected by a short loop (residues 93 to 98) 
also known as a hinge (Figure 3-2a). The C-terminal domain can be further divided into 
two sub-domains, each comprised of two non-contiguous sequences. The core sub-
domain spans residues 99 to 143 and 190 to 258.  The second sub-domain is exclusively 
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-helical and is made up of residues 144 to 189 and 259 to 301.   
 
TABLE 3-1: REFINEMENT DATA FOR CRYSTAL STRUCTURE OF APH(4)-IA + HYGB 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Pair-wise superposition of APH(4)-Ia with the full-length structures of APH(2’’)-
IIa (Young et al., 2009), APH(2’’)-IVa (Toth et al., 2010), APH(3’)-IIa (Nurizzo et al., 
2003), APH(3’)-IIIa (Burk et al., 2001; Hon et al., 1997) and APH(9)-Ia (Fong et al., 
2010), show RMSD values between 2.6-3.3 Å (over 182-229 matching C atoms), 
reflecting the conservation of the general APH fold in the APH(4)-Ia structure.  However,  

 APH(4)-Ia + hygB (3OVC ) 

Data collection  
Wavelength (Å) 0.9798 (peak) 
Resolution range (Å) 50.0 – 1.95 
Space group 
  a = b (Å) 
  c (Å) 

P 32 2 
70.64 
125.88 

Rmerge 0.068 (0.697)a 
<I>/I 52.2 (3.46) 
Completeness (%) 99.9 (100) 
Redundancy 10.3 (7.6) 
  
Refinement  
Resolution range (Å) 23.54 – 1.95 
Number of reflections 
  Working set 
  Test set 
  Rwork/Rfree

b 

 
25785 
1360 
0.176/0.218 

Number of non-hydrogen atoms 
  Protein 
  Substrate 
  Ion/solvent 
  Water 

 
2330 
25 
131 
249 

Root mean square deviation 
  Bond length (Å) 
  Bond angle (°) 

 
0.010 
0.98 

Average thermal factor (Å2) 
  Protein 
  Substrate 
  Ion/solvent 
  Water 

 
38.6 
29.6 
52.8 
48.2 

Ramachandran analysis (%) 
  Most favoured regions regions 
  Additionally allowed regions 
  Generously allowed regions 
  Disallowed regionsc 

 
92.1 
7.5 
0.4 
0 

aValues in parantheses refer to highest resolution shell of 1.98-1.95 Å. 
bRfree was calculated by randomly omitting 5% of the observed reflections from the 
refinement. 
cAccording to the Ramachandran plot in Procheck (Laskowski, 1993) 
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the C-terminal core sub-domain of APH(4)-Ia shows particularly high fold conservation 
and superimposes with the equivalent domain of other APH enzymes with a lower range 
of RMSD values (between 2.0 and 2.6 Å, over 89-95 matching C atoms).  This 
similarity is reflected in the strict spatial conservation of common catalytic residues, 
many of which are localized to the C-terminal core subdomain.  The N-terminal domain 
of APH(4)-Ia is also more highly conserved in structure than the full enzyme structure 
overall and superimposes with the equivalent domain of other APH enzymes with RMSD 
values between 2.1-2.6 Å (over 67-75 matching C atoms).  This is reflected in the high 
conservation of the ATP binding site, which is largely formed by this subdomain.  Taken 
together, these observations suggest that the structural variation in APH enzymes can be 
attributed to the C-terminal helical subdomain.  This domain is involved in substrate 
recognition, this led to the analysis of its topology and conformation. 

Role of the C-terminal helical subdomain in the narrow substrate specificity of 
APH(4)-Ia. Primary sequence alignment suggested that residues 156 to 171 of APH(4)-Ia 
should correspond to the aminoglycoside-binding loop of APH(3’)-IIIa, but according to 
tertiary structure analysis the region corresponding to these residues is largely displaced 
away from the antibiotic binding site.  Instead, the space corresponding to the 
aminoglycoside-binding loop in APH(3’)-IIIa structure is occupied by 9 and 10 
helices in the APH(4)-Ia (Figure 3-3). A similar feature had been shown for the APH(2”)-
IIa structure (Young et al., 2009); our superposition verified that the C-terminal helical 
subdomain of APH(2”)-IIa is a better match to this subdomain of APH(4)-Ia (Figure 3-3). 
 

 While substitution of the aminoglycoside-binding loop by helices 9 and 10 in 
APH(4)-Ia positions amino acids largely in the same vicinity in the aminoglycoside 
binding site, this replacement introduces numerous differences.  The helical periodicity 
and the specific residue content of 9 and 10 result in different residues accessible for 
interaction with the substrate.   These structural features may contribute to the narrow 
substrate specificity of APH(4)-Ia.  Notably, APH(3’)-IIa Asp159, which interacts with 
the C ring of kanamycin, corresponds to Trp288 in the APH(4)-Ia structure.  The 
presence of this bulky sidechain would preclude binding of 4,6-disubstituted 
aminoglycosides to APH(4)-Ia, a notion consistent with the substrate specificity studies. 
Furthermore, modeling of aminoglycosides with additional chemical groups at the 
position 1 of the 2-deoxystreptamine ring, such as the 4-amino-2-hydroxy-butyryl group 
of butirosin, into the APH(4)-Ia active site resulted in clashes with helix 10. 

  
 While the overall structure topology of the C-terminal helical subdomain of 

APH(4)-Ia is similar to that of corresponding subdomain in APH(2”)-IIa structure, there 
are notable differences in the active site between these enzymes that may be responsible 
for their different substrate preference. Compared to the APH(2”)-IIa structure, the 9 
helix in APH(4)-Ia is rotated towards the active site by ~30, which results in the Trp288  
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Figure 3-3: Domain architecture of APH enzymes and secondary structure topology of the C-
terminal helical sub-domain.  a) Domain architecture of APH enzymes and a representative eukaryotic 
protein kinase (ePK) enzyme CAPK (Zheng et al., 1993). The space occupied by the aminoglycoside 
binding loop from APH(3’) enzymes (shaded red) is replaced by the C-terminal region shaded pink in the 
APH(4)-Ia, APH(2’’)-IIa and APH(9)-Ia enzymes, as indicated by dashed lines connecting these regions.  
b) Zoom in view of the C-terminal helical sub-domain, showing the aminoglycoside binding loop of 
APH(3’) enzymes is replaced by extreme C-terminal helices in APH(4)-Ia, APH(2’’)-IIa and APH(9)-Ia 
enzymes.  Left panel = superposition of the structures of APH(3’)-IIIa (residues 125-182), coloured pink, 
and APH(4)-Ia (residues 125-189 and 278-300), coloured blue.  Aminoglycoside binding loop of APH(3’)-
IIIa (residues 150-165) is coloured red and the region of APH(4)-Ia (residues 278-300) that fills the 
equivalent volume is coloured dark blue.  Right panel = superposition of the structures of APH(2”)-IIa 
(residues 122-184 and 275-291), coloured grey, and APH(4)-Ia (125-189 and 278-300), coloured blue. 
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side chain approaching the active site by ~5 Å relative to its equivalent residue (Gly285) 
in APH(2”)-IIa.  As in the comparison with APH(3’)-IIa, the presence of this large 
aromatic side chain and the noted movement would prevent the binding of 4,6-
disubstituted aminoglycosides due to spatial constraints.  Also, the -helix defining the 
border of the active site (9 in APH(2’’)-IIa, 7 in APH(4)-Ia) is 4 Å closer to the 
position of the aminoglycoside ligand in APH(4)-Ia; Trp235 in this helix would interfere 
with the ring at the 6-position of a 4,6-disubstituted ligand in the active site of APH(4)-Ia. 

 
 Comparative structural analysis have demonstrated that the APH(4)-Ia enzyme 

features a distinctive topological variation in the aminoglycoside-binding loop region and 
specific sequence determinants that disfavour the binding of 4,5- or 4,6-disubstituted 
aminoglycosides.  These structural observations are consistent with the steady state 
kinetic studies presented here.  

 
APH(4)-Ia contains a unique cluster of hydrophobic residues that complements the 
twisted shape of hygB.  Having established that the active site of APH(4)-Ia is not 
comprised of an aminoglycoside binding loop structure, we analyzed the specific 
interactions between the enzyme and hygB. 
   

 As with other APH enzymes (Burk et al., 2001; Fong et al., 2010; Hon et al., 1997; 
Nurizzo et al., 2003; Toth et al., 2010; Young et al., 2009), the substrate binding site in 
the APH(4)-Ia structure is found in a negatively charged pocket between the C-terminal 
core and helical sub-domains (Figure 3-2b).  In the structure the hygB adopts a 
conformation such that rings II, III and IV are not coplanar, in contrast to the equivalent 
rings of 4,6-disubstituted ligands when bound to APH(2”) or APH(3’) enzymes. The 
plane defined by ring I of hygB is nearly perpendicular to a plane through rings II and III.  
Ring I is also nearly perpendicular in the other axis to the plane of ring IV, due to the 
twist introduced by the orthoester between rings III and IV.  Interestingly, rings I and IV 
of hygB superimpose well with rings A and C of the spectinomycin bound to APH(9)-Ia 
(Fong et al., 2010).  This is due to the fact that ring IV of hygB is twisted relative to rings 
II and III, in the same way as the twist of the spectinomycin ring C relative to rings A and 
B. 

 
 Ring I of hygB is prominently separated from the other rings with the C4-OH 

(oxygen 11/O11) phosphorylation site positioned at a distance of 2.2 Å from the catalytic 
Asp198 (Figure 3-4).  When other APH/aminoglycoside complex structures are 
superimposed onto the APH(4)-Ia/hygB structure, ring I of hygB occupies the position 
corresponding to the phosphorylated rings of spectinomycin bound to APH(9)-Ia, and 
ring C or ring A of 4,6-disubstituted aminoglycoside ligands bound to APH(2”) enzymes 
and APH(3’) enzymes, respectively. On the enzyme side this feature is reflected in the 
strict conservation of the C-terminal core sub-domain conformation and that of the 
catalytic residues across all APH enzymes.  
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Figure 3-4: HygB binding to APH(4)-Ia.  A, HygB (shown in yellow sticks) bound to APH(4)-Ia.  
Electron density shown is from a Phenix iterative omit 2Fo-Fc map at 1.0 .  Ammonium ions, water 
molecules, and enzyme sidechains that form H-bond or van der Waals interactions with hygB are shown.    
The phosphorylation site on hygB is labeled with a black star.  B, Hydrophobic interactions between 
APH(4)-Ia and hygB.  Surface representation is shown for Trp235, Trp238, Leu239, Met242 and Trp288.  
Surface colouring: grey = uncharged, blue = nitrogen atoms, red = oxygen atoms.  C, All interactions 
between APH(4)-Ia and hygB.  Hydrogen bonds are indicated with green dashed lines and van der Waals 
interactions indicated by red fans.  The phosphorylation site O11 is labeled with a black star.  Carbon, 
nitrogen, oxygen atoms, water and ammonium molecules are coloured black, blue, red, grey and blue, 
respectively.   The interactions from Asp126 and Ser128, residues from a symmetry-related chain in the 
crystal are indicated by an apostrophe. 
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The APH(4)-Ia enzyme forms a pocket that is complementary to the twisted shape of 

hygB (Figure 3-4).  There are thirteen direct hydrogen bonds between hygB and nine 
residues of this APH enzyme (Figure 3-4c).  These interactions are nearly equally 
distributed between the two “faces” of the substrate: an “A face” that interacts with six 
residues from the catalytic and NTP binding sites, and a “B face” that interacts with five 
residues from the C-terminal helical subdomain. 

 
 The interaction between the enzyme and hygB is bridged by a water molecule and 

three ammonium ions.  The water molecule interacts with the Asn202 side chain and 
forms six interactions with the A face of the ligand, including the phosphorylation site 
O11. One of the ammonium ions is found proximal to the A face and bridges interactions 
between Asp198 and Asn231 with N9 of the ligand.  On the B face of the ligand, the 
other two ammonium ions interact with Gln273 and atoms in rings I and IV of hygB. 

 
 Specific interactions between hygB and APH(4)-Ia Ser201 appear to be responsible 

for straining of the backbone / angles of this residue (Table 3-1), Ser201 is the only 
residue in the “generously allowed” region of the Ramachandran plot.  This strained 
nature of Ser201 does not have an analog in previously characterized APH-substrate 
complex structures, thus this residue plays a unique role in this APH enzyme. 

 
 In addition to an extensive network of electrostatic/H-bonding interactions, the 

APH(4)-Ia binding pocket also supplies a significant hydrophobic surface to complement 
the structure of the substrate (Figure 3-4b).  Residues Trp235, Trp238, Leu239 and 
Met242 provide hydrophobic and stacking interactions with rings II, III and IV of hygB.  
Trp235 is positioned directly under and stacks with ring II of hygB.  The edge of Trp238 
defined by atoms NE1 and CD1, along with Leu239 form a surface accommodating ring 
IV of hygB.  The CE atom of Met242 interacts with an edge of ring II.  Trp235 and 
Trp238 in turn pack against Trp288 from 9 of the enzyme.  The hydrophobic patch 
formed by these three tryptophan residues represents a distinctive feature of the APH(4)-
Ia structure when compared to other structures of APH enzymes.  The three tryptophan 
residues likely contribute to the conformation of the other residues making up this 
hydrophobic patch, therefore determining selectivity for the atypical chemical 
architecture of hygB. 

 
 HygB occupies only a portion of the large cleft between the APH(4)-Ia N- and C-

terminal domains.  This cleft contains residues Pro135, Tyr144, Phe150, Ala197, 
Met221, Tyr227, Asn231, Arg268 and Ile269, belonging to both C-terminal sub-domains.   

 
Nucleotide binding site of APH(4)-Ia resembles that of APH(2’’)-IIa.  At least seven 
residues involved in nucleotide binding in APH(2’’)-IIa (Young et al., 2009), APH(3’)-
IIIa (Burk et al., 2001; Hon et al., 1997) and APH(9)-Ia (Fong et al., 2010) are also 
conserved in the APH(4)-Ia.  These include the Brenner motif, a sequence that is 
distinctive of enzymes that catalyze phosphoryl transfer (Brenner, 1987) and the DFG 
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sequence that is conserved in eukaryotic protein kinases. APH(4)-Ia Glu288 corresponds 
to a highly conserved Asp/Glu residue in 7 that forms interactions with the backbone 
amides of the H-X sequence of the Brenner motif.  APH(4)-Ia contains a conserved 
glycine (Gly31) in the 2-3 loop corresponding to the nucleotide positioning loop 
(NPL)/Gly-rich loop).  The enzyme contains the conserved Leu48-Arg49 sequence in 3, 
shown to be involved in interactions with bound nucleotides and forming a salt-bridge 
with a highly conserved acidic residue in 2.  The enzyme also contains the highly 
conserved IDWS sequence in the 7-8 loop; side chains of the ID pair form interactions 
with bound nucleotides. 

 
 APH(4)-Ia did not crystallize in complex with ATP or its non-hydrolysable analogs 

such as AMPPNP or AMPPCP.  To gain some insight about APH(4)-Ia interactions with 
this substrate, the ATP molecule was manually docked in the nucleotide binding site of 
APH(4)-Ia using a superposition with the structure of APH(2’’)-IIa in complex with ATP 
and streptomycin (Young et al., 2009).  This superposition was accomplished by aligning 
C atoms in the region between 6 and 9, comprising the Brenner and DFG motifs 
(RMSD = 0.85 Å).  This superposition showed that the APH(4)-Ia and APH(2’)-IIa N-
terminal domains differ by a rotation of approximately 10° about the hinge region and we 
therefore adjusted the ATP position to compensate for this variation.   

 
 Based on this positioning of the nucleotide, most of the conserved nucleotide 

binding elements in the APH(4)-Ia structure are properly positioned for interactions with 
ATP except for the side chains of Arg49 and Asp216.  In ATP-bound forms of APH 
enzymes, the positively charged group of the conserved Lys/Arg residue is positioned to 
interact with non-bridging oxygen atoms of the  and -phosphates of ATP (Burk et al., 
2001; Fong et al., 2010; Scheeff and Bourne, 2005; Young et al., 2009). APH(4)-Ia 
Asp216 corresponds to the residue that would interact with Mg2+ and a non-bridging 
oxygen of the -phosphate of ATP in an APH(4)-Ia-Mg-ATP complex.  In the APH(4)-Ia 
ATP binding model, changes in the side chain rotamers of Arg49 and Asp216 would be 
needed to initiate such interactions.  

 
 The model also indicated that the nucleotide positioning loop (NPL) of APH(4)-Ia 

would form interactions with the nucleotide that resemble those seen between the NPL of 
APH(2”)-IIa and ATP (Young et al., 2009).  The NPL sequence is conserved between 
APH(4)-Ia and APH(2”)-IIa, and includes two serines involved in interactions with 
phosphates of ATP.  Therefore, the NPL of APH(4)-Ia likely does not undergo significant 
conformational changes and would not clamp over the nucleotide as seen in the 
nucleotide-bound APH(3’) and APH(9) complexes (Burk et al., 2001; Fong et al., 2010; 
Thompson et al., 2002). 

  
 This similarity between the nucleotide binding pocket of APH(4)-Ia and APH(2”)-

IIa  could also explain why APH(4)-Ia shows promiscuity towards the nucleotide 
substrates ATP and GTP.  APH(2’’)-IIa was recently shown to utilize both nucleotides in 
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its reaction (Toth et al., 2009).  It has been suggested that a larger nucleotide binding 
pocket in the APH(2’’) enzymes could offer an alternative binding mode for GTP as 
compared to ATP (Toth et al., 2010).  APH(3’)-IIIa on the other hand shows exclusivity 
for ATP (Shakya and Wright, 2010), which could be due to a tighter binding pocket, and 
a large conformational change of the NPL upon nucleotide binding (Burk et al., 2001). 
 
Site-directed Mutagenesis of APH(4)-Ia.  In order to confirm the results of the 
structural analysis, several APH(4)-Ia active site residues were probed by site-directed 
mutagenesis. Eleven active site residues, Gln101, Asp126, Ser201, Asn231, Trp238, 
Gln273, and Asp285 (all involved in hygB binding), Arg49, Asn203, Asp216 
(participating in nucleotide binding) and Asp198 (involved in -phosphate transfer from 
ATP to hygB) were selected. Each of these residues was individually mutated to an 
alanine, with the exception of Trp238, which was converted to leucine in order to retain 
similar hydrophobic and volume properties.  Of the eleven mutations studied, the four 
expected to participate in ATP binding and catalysis (R49A, D216A, N203A and D198A) 
showed the greatest level of impairment in hygB modifying activity as compared to the 
wild-type enzyme (Table 3-2).  Among these, the D216A, N203A and D198A variants 
showed complete loss of activity.  R49A variant showed no change in its ability to 
recognize hygB but was severely impaired in ATP binding with a 30-fold increase in its 
Km as compared to the wild-type.  The residues involved in nucleotide binding are well 
conserved across all the APH enzymes with the exception of the substitution of the  
phosphate coordinating lysine with an arginine (Arg49). This substitution is also seen in 
APH(2’’)-IIIa and the macrolide phosphotransferases MPHa and MPHb.  Arg49 shows 
the same level of indispensability as compared to its lysine counterparts in other APH 
enzymes (Hon et al., 1997; McKay et al., 1994a), where its removal leads to severe 
impairment in ATP utilization. 

 
 The seven APH(4)-Ia variants with alanine substitutions of residues involved in 

hygB binding showed nominal changes (no greater than a 2-fold increase) in Km and 
kcat/Km as compared to the wild-type enzyme for hygB utilization.  This reflects the 
extensive and distributed hydrogen-bonding network used to bind hygB.  In such a 
network, removal of one or even two hydrogen bonds in the network of 13 total bonds is 
not predicted to have a significant effect. 
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TABLE 3-2: KINETIC CONSTANTS OF APH(4)-IA MUTANTS 

Enzyme Substrate Tested 
Km kcat kcat/Km 

(M) (sec-1) (sec-1*M-1) 
Wild-type HygB 6.8 ± 1.1 3.18 4.68 x 105 

  ATP 57.2 ± 7.2 3.10 5.42 x 104 
 GTP 339 ± 43 3.53 1.04 x 104 
     

R49A HygB 3.7 ± 0.3 0.37 1.00 x 105 
  ATP 1708 ± 677 0.84 4.93 x 102 

Q101A HygB 34.5 ± 1.8 4.21 1.22 x 105 
  ATP 314 ± 11 5.11 1.63 x 104 

D126A HygB 3.5 ± 0.7 1.36 3.89 x 105 
  ATP 31 ± 3.4 1.17 3.77 x 104 

D198A HygB No Activity     
  ATP No Activity     

S201A HygB 15 ± 4.6 3.75 2.50 x 105 
  ATP 96.3 ± 6.7 3.73 3.88 x 104 

N203A HygB No Activity     
  ATP No Activity     

D216A HygB No Activity     
  ATP No Activity     

N231A HygB 18 ± 2.4 2.13 1.18 x 105 
  ATP 73 ± 9.0 2.18 2.99 x 104 

W238L HygB 7 ± 2.1 2.68 3.83 x 105 
  ATP 52.2 ± 6.2 2.40 4.59 x 104 

Q273A HygB 11.2 ± 1.6 2.77 2.48 x 105 
  ATP 255 ± 15 3.28 1.29 x 104 

D285A HygB 12.6 ± 1 3.22 2.55 x 105 
  ATP 70.5 ± 8.0 3.19 4.52 x 104 

  For hygB Kms, the [ATP] = 1 mM, for ATP Kms, the [hygB] = 0.5 mM. 
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CONCLUSION 
 This study presents a structural and functional analysis of APH(4)-Ia interactions 
with its substrate, the atypical aminoglycoside antibiotic hygromycin B.  APH(4)-Ia 
adopts the common eukaryotic protein-kinase like fold seen in all APH enzyme 
structures.  However, the APH(4)-Ia structure also demonstrates unique features that 
provides molecular insight into the high substrate specificity of this enzyme.  Primarily, 
the APH(4)-Ia substrate binding site is lined by hydrophobic residues, including a cluster 
of Trp residues, absent in previously characterized APH enzymes. These residues provide 
a structural and chemical complement to the structure of hygB and also prohibits binding 
of 4,6- or 4,5-disubstituted 2-deoxystreptamine-based aminoglycosides. 
 

 Through comparative structural analysis, it was shown that the aminoglycoside 
binding site of APH(4)-Ia is made up of residues found towards the C-terminal portion of 
the C-terminal helical subdomain, and not the region corresponding to the 
“aminoglycoside binding loop”, found in the N-terminal portion of the C-terminal helical 
subdomain in otherwise homologous APH(3’) enzymes.  This topology is shared with 
APH(2”) and APH(9) groups of enzymes.  APH(4)-Ia can also utilize GTP in its 
phosphorylation reaction, which is a property previously observed only for APH(2”) 
enzymes (Toth et al., 2009).  

 
 HygB has broad antimicrobial activity and is only targeted by two known 

modifying enzymes, APH(7”)-Ia and APH(4)-Ia, making it a good scaffold for novel 
antibiotic development in comparison with other aminoglycoside antibiotics such as 
kanamycin A, which is targeted by over 18 different modifying enzymes. The presented 
structural and mutational analysis opens the possibility for the design of hygB derivatives 
that would be less prone to modification by APH(4)-Ia, further improving the prospects 
for generation of novel phosphorylation-proof aminoglycoside antibiotics. 
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CHAPTER FOUR 
A SMALL MOLECULE DISCRIMINATION MAP OF THE ANTIBIOTIC 

RESISTANCE KINOME 
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ABSTRACT 
Antibiotic resistance kinases are a major cause of clinical failure of antibiotics including 
the aminoglycosides and macrolides.  Structure and function studies have demonstrated 
that these enzymes share the same characteristic protein fold and motifs as Ser/Thr/Try 
protein kinases offering the possibility that they would be targets for known protein 
kinase inhibitors.  This would enable chemo-profiling of resistance kinases for 
discrimination of inhibitor scaffold selectivity and leads for molecules that could block 
resistance. We have interrogated fourteen resistance kinases against a set of 80 well 
characterized kinase inhibitors. Compounds with both broad and narrow inhibition 
profiles were identified that could be eventual leads for co-drug therapy. We found that 
compound specificity against a set of enzymes is not necessarily dictated by molecular 
phylogeny, and that enzyme promiscuity can vary regardless of ancestral origin, 
antibiotic substrate- and regio-specificity.   We also show how these data can be used in 
conjunction with structural data to predict interactions between small molecules and 
enzymes where co-structures do not exist.  
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INTRODUCTION 
 Resistance to antibiotics is a problem of global scope with massive impact on 
clinical outcomes.  The emergence of resistance to all classes of antibiotics in current use 
and the gathering of multiple resistance mechanisms in individual pathogens has resulted 
in strains resistant to all available drugs.  This regression towards the pre-antibiotic era 
continues unabated as efforts to bring new antibiotics to market are diminishing.  New 
drugs and antibiotic strategies are urgently needed to fill this growing gap in infectious 
disease control.   
 
 One of the challenges facing the drug discovery community is the lack of readily 
available new chemical scaffolds with antibiotic activity.  This has led to the open 
question of whether all easily implementable antibiotic chemical scaffolds have already 
been exploited over the last 50 years: the so-called ‘low hanging fruit’ (Baltz, 2006; 
Fischbach and Walsh, 2009).  One option to meet the challenge of new scaffold discovery 
is to rescue ‘old’ or orphaned antibiotics by inhibiting antibiotic resistance proteins.  
Indeed, this strategy has been highly successful in the -lactam field.  Synthetic and 
natural product inhibitors of -lactamases have proven to be highly successful -lactam 
adjuvants; some examples of such combinations are: Augmentin® (amoxicillin-
clavulanate) (Leigh et al., 1981), Zozysn® (Piperacillin-tazobactam) (Akova et al., 1990) 
and Unasyn® (ampillicin-sulbactam) (Labia et al., 1986).  New combinations are also 
actively being pursued; for example, meropenem and clavulanate have recently been 
shown to have potent activity against Mycobacterium tuberculosis (Hugonnet et al., 
2009).  Also, the novel -lactamase inhibitor NXL104 and the cephalosporin ceftazidime 
have shown potency against several Enterobacteriaceae harboring extended-spectrum -
lactamases and carbapenemases (Livermore et al., 2008). The later combination is 
scheduled to complete phase II clinical trials in 2011.  The success of these combination 
therapies in combating β-lactam resistance via β-lactamase inhibition suggests the same 
strategy could be applied to other resistance mechanisms.  Aminoglycosides and 
macrolides are clinically relevant antibiotics that are susceptible to inactivation via 
numerous, ubiquitous modifying enzymes, as described below. To date, no combination 
therapies are available to rescue the activity of these antibiotics.   
  
 The Antibiotic Resistance Kinome represents a unique space found at the cross-
section of the Microbial Kinome (Kannan et al., 2007) and Antibiotic Resistome (D'Costa 
et al., 2006).  This subset of genes is comprised of antibiotic kinases (AKs), prevalent  in 
microbes in both the clinic and the environment, that confer, or have the potential to 
confer, resistance to important antibiotics such as aminoglycosides (e.g. gentamicin, 
amikacin) and macrolides (e.g. erythromycin, azithromycin, telithromycin).  These 
kinases show modest primary sequence similarity making phylogenic classification 
difficult; however, they all adopt the Ser/Thr/Tyr protein kinase three-dimensional fold 
(Fong et al., 2010; Hon et al., 1997; Nurizzo et al., 2003; Stogios et al., 2011; Toth et al., 
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2010; Young et al., 2009).  In particular, the nucleotide-binding site contains several 
conserved key catalytic residues (Kannan et al., 2007).  This finding suggests that protein 
kinase inhibitors have the potential to also inhibit AKs, as demonstrated by isoquinoline 
sulfonamides and flavonoid protein kinase inhibitors that have been shown to 
successfully inhibit several aminoglycoside kinases (Daigle et al., 1997). 
 
 Susceptibility to protein kinase inhibitors has been previously used to 
quantitatively explore the phylogenetic relationship among human protein kinase 
inhibitors using novel high–throughput platforms (Fabian et al., 2005; Metz et al., 2011).  
These efforts provide a quantitative map of inhibitor-kinase space, establishing an 
inhibitor-based phylogeny that can be leveraged in drug discovery. This approach allows 
simultaneous evaluation of the kinase spectrum of activity among a panel of enzymes and 
facilitates selection of compounds based on downstream requirements as probes of 
biology or, more importantly, as plausible drug leads.   
 
 Protein kinase inhibitors are currently in clinical use for the treatment of cancer 
and have great potential for additional therapies (Knight et al., 2010; Zhang et al., 2009).  
The pharmaceutical industry has invested significantly in the design and synthesis of 
large libraries of compounds that target protein kinases, representing an untapped small 
molecule resource that could potentially be repurposed for blocking antibiotic resistance.  
Similar efforts have been successful, as seen with the use of pyridopyrimidines, a 
eukaryotic kinase pharmacophore, to inhibit bacterial biotin carboxylase in prokaryotic 
fatty acid biosynthesis (Miller et al., 2009).  We have screened a library of 80 well 
characterized protein kinase inhibitors against a panel of fourteen bona fide AKs, and 
show that these inhibitors can be used to quantitatively distinguish among resistance 
kinases and expose active site similarities and differences that can be exploited in the 
discrimination of molecules that block antibiotic resistance. 
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MATERIALS AND METHODS  
Phylogenetic Analysis of AKs.  A comprehensive list of 34 known AKs was compiled in 
order to determine their phylogenetic relationship: APH(2”)-Ia (Acc # AAA26865, 
residues 175-479), APH(2”)-IIa (Acc # AAK63040), APH(2”)-IIIa (Acc # AAB49832), 
APH(2”)-IVa (Acc # AAC14693), APH(2”)-Ie (Acc # AAW59417), APH(3’)-Ia (Acc # 
CAA23656), APH(3’)-IIa (Acc # CAA23892), APH(3’)-IIb (Acc # AAG07506), 
APH(3’)-IIIa (Acc # CAA24789), APH(3’)-IVa (Acc # P00553), APH(3’)-Va (Acc # 
P00555), APH(3’)-Vb (Acc # P13250), APH(3’)-Vc (Acc # AAB21326), APH(3’)-Vd 
(Acc # YP_482452), APH(3’)-VIa (Acc # CAA30578), APH(3’)-VIb (Acc # 
CAF29483), APH(3’)-VIIa (Acc # P14508), APH(3’)-VIIIa (Acc # AAA26412), 
APH(3”)-Ia (Acc # CAA37605), APH(3”)-Ib (Acc # AAA26442), APH(3”)-Ic (Acc # 
ABC68330), APH(4)-Ia (Acc # P00557), APH(4)-Ib (Acc # CAA52372, residues 179 -
420), APH(6)-Ia (Acc # P08077), APH(6)-Ib (Acc # P18622), APH(6)-Ic (Acc # 
CAA25854), APH(6)-Id (Acc # AAA26443), APH(7”)-Ia (Acc # P09979), APH(9)-Ia 
(Acc # AAB58447), APH(9)-Ib (Acc # AAB66655), APH(9)-Ic (Acc # AAD50455), 
MPH(2’)-Ia (Acc # BAA03776), MPH(2’)-IIa (Acc # BAA12910), MPH(2’)-IIIa (Acc # 
BAA34540).   
 A preliminary alignment was conducted with a Pfam group for APHS (Pf01636, 
Pfam data base at the Welcome Trust Sanger Institute) in order to align all of the core 
APH motifs using HMMER 3.0 (Eddy, 2008) at default parameters.  It was then followed 
by five rounds of refinement with MUSCLE v3.7 (Edgar, 2004) followed with manual 
adjustment of APH(4)-Ia, APH(6)-Id and APH(9)-Ia to return consensus in the conserved 
regions (Appendix 2).  
 
 The tree was estimated with two runs of 5 million generations of a Metropolis 
coupled Markov chain Monte Carlo (MCMCMC) algorithm (Altekar et al., 2004) with 
four chains per run in Mr. Bayes v3.1.2 (Ronquist and Huelsenbeck, 2003) using a 
gamma model and estimating a proportion of invariant sites using the empirical WAG 
amino acid substitution model (Whelan and Goldman, 2001).  Random topology trees 
were sampled every 100 generations.  The consensus tree was constructed using a burn-in 
of 1000 samples for every 50,000 trees sampled such they followed the 50% majority 
rule.    
 
Cloning, Expression and Purification of Antibiotic Kinases.  A summary of the strains 
used in this study are in Table 4-1 and the oligonucleotide primers used to construct 
specific expressing clones can be seen in Appendix 1.  APH(2”)-Ia (Boehr et al., 2001), 
APH(2”)-IIa (Shakya and Wright, 2010), APH(3’)-IIIa (McKay et al., 1994), APH(4)-Ia 
(Stogios et al., 2011), APH(9)-Ia (Lemke et al., 2005) and MPH(2’)-Ia (Shakya and 
Wright, 2010) were expressed and purified as previously described.  The remaining genes 
were all cloned into their respective expression vectors using standard restriction 
endonuclease digestion and ligation techniques, with the exception of APH(3’)-Va which 
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was cloned into pDEST17 expression vector using the homologous recombination 
technique as described by the Gateway® Cloning System (Invitrogen).   

 
TABLE 4-1:. CONSTRUCTS USED IN THIS STUDY 

Gene 
Original 

Organism 
Source Backbone Reference 

aac(6’)-Ie -
aph(2”)-Ia 

S. aureus HisAAC(6’)-APH(2’’)* pET15b (Boehr et al., 2001) 

aph(2”)-IIa E.  coli pD17-APH(2”)-Ib* pDEST17 (Shakya and Wright, 2010) 
aph(2”)-IIIa E. gallinarium pAM3606 pET28a (Chow et al., 1997) 
aph(2”)-IVa E. casseflavius NC95 pET28a (Tsai et al., 1998) 
aph(3’)-Ia A. baumannii gDNA pET28a (Fournier et al., 2006) 
aph(3’)-IIa S. enterica pGEME182 pET28a (Siregar et al., 1994) 
aph(3’)-IIIa E. faecalis pETSACG1* pET22b (McKay et al., 1994) 
aph(3’)-Va S. fradiae gDNA pDEST17 (Thompson and Gray, 1983) 
aph(3’’)-Ia S. griseus gDNA pET28a (Trower and Clark, 1990) 
aph(4)-Ia E.  coli pET28a-APH(4)-Ia* pET28a (Stogios et al., 2011) 
aph(6)-Ia S. griseus gDNA pTipQC.1 (Distler et al., 1987) 
aph(9)-Ia L. pneumophila pET21b-APH(9)H* pET21b (Lemke et al., 2005) 
mphA E.  coli pET28a-MPH(2’)-I pET28a (Shakya and Wright, 2010) 
mphB E.  coli pTZ3716 pET28a (Noguchi et al., 1996) 
*The same constructs were used as stated in the cited papers.  Remaining genes were cloned from the 
respective sources into the stated plasmid backbones. 

 
All of the enzymes, with the exception of APH(6)-Ia were purified using a 

standard protocol.  Each enzyme was expressed in E. coli BL21(DE3) (Novagen) and 
grown  overnight in the presence of  50 g/mL kanamycin A (100 g/mL of Ampicillin 
for pD17-aph(3’)-Va) in Luria Bertani (LB) broth.  A 10 mL overnight culture was used 
to inoculate 1 L of fresh LB broth with antibiotic selection and was grown to OD600 ~ 0.6 
at 37°C.  It was then induced for 16 hours at 16°C with 1 mM isopropyl-β-
thiogalactoside.  Cells were harvested by centrifugation at 6000 x g for 10 min.  The cell 
pellet was then resuspended in 15 mL of 50 mM HEPES pH 7.5, 300 mM NaCl, 10 mM 
imidazole, 1 mM phenylmethanesulfonyl fluoride and 1 µg/mL pancreatic bovine 
DNAse.  The resuspended pellet was passed through a T-S series cell disrupter (Constant 
Systems Inc.) twice at 35,000 psi to create a lysate.  The insoluble and soluble fractions 
were separated by centrifugation at 48,000 x g for 30 minutes.  The supernatant was then 
applied to a 1 mL Ni-NTA Column (Qiagen) equilibrated in ten column volumes 50 mM 
HEPES pH 7.5, 300 mM NaCl, 10 mM imidazole (Buffer A).  A stepwise gradient over 
five column volumes each of 10%, 25%, 50% and 100% Buffer B (50 mM HEPES pH 
7.5, 300 mM NaCl, 250 mM imidazole) was used to elute the enzyme.  The kinase 
containing fractions were identified by SDS-polyacrylamide gel electrophoresis and were 
subsequently pooled and dialyzed against 50 mM HEPES pH 7.5 overnight at 4°C with 
stirring.   The protein was then quantified using the Bradford protein assay and was either 
concentrated or diluted ~2 mg/mL, and stored in 15% glycerol at -20C. 

 
APH(6)-Ia was expressed in a unique fashion due to poor expression and 

solubility in standard E. coli expression systems.  The plasmid pTip-aph(6)-Ia (ThioR, 
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CmR) was constructed in order to facilitate APH(6)-Ia expression in Rhodococcus 
erythropolis L-88 (Mitani et al., 2005), a lysozyme susceptible mutant.  The plasmid was 
prepared in E. coli DH5 cells with chloramphenicol (35 g/mL) selection in order 
maintain stability of the pTip-QC1 plasmid (Nakashima and Tamura, 2004).  To facilitate 
transformation into Rhodococcus spp. 300-500 ng of the pTip-aph(6)-Ia plasmid was 
prepared and transformed into electro-competent cells (Shao et al., 1995) cell using a 2 
mm BioRad electrocuvette in the BioRad Gene pulser system with a 2.5 kV pulse.  
Transformants were grown on LB agar plates containing 35 g/mL chloramphenicol for 5 
days at 30°C.  Post selection, several single colonies were selected and inoculated in 100 
mL of LB supplemented with 35 g/mL chloramphenicol for 2-3 days at 30°C until a 
saturated culture was achieved.  The total culture was then diluted 1:10 into 1 L of LB 
with 35 g/mL chloramphenicol and 1 g/mL thiostrepton.  The culture was grown at 
30°C with shaking at 250 rpm for 16-20 hours.  Cells were harvested by centrifugation at 
5000 x g for 45 minutes, and then resuspended in 30 mL of 0.85% saline and centrifuged 
again at 10 000 x g for 10 minutes and stored at -20°C.  For lysis, cells were resuspended 
in 25 mL of 50 mM HEPES pH 7.5, 300 mM NaCl, 10 mM imidazole, 1 mM 
phenylmethanesulfonyl fluoride, 1 µg/mL pancreatic bovine DNAse and 2 mg/mL of 
lysozyme.  Cells were incubated for 1 hour on ice and then passed through a T-S series 
cell disrupter (Constant Systems Inc.) twice at 35,000 psi to create a lysate.  The 
insoluble and soluble fractions were separated by centrifugation at 48,000 x g for 30 
minutes and purified using a 1 mL Ni-NTA column as described above. 

 
Pyruvate Kinase/Lactate Dehydrogenase Coupled Enzyme Assay.  The 
phosphorylation of antibiotics was monitored by coupling the release of ADP or GDP 
with pyruvate kinase/lactate dehydrogenase (PK/LDH) (Pon and Bondar, 1967).  The 
oxidization of NADH (ε= 6220 M-1 cm-1) was monitored at 340 nm using a SpectraMax 
microtitre plate reader in a 96-well format.  A typical 250 µLreaction contained 50 mM 
HEPES pH 7.5, 40 mM KCl, 10 mM MgCl2, 0.3 mM NADH, 3.5 mM 
phophoenolpyruvate, 0.00125 units PK/LDH, 1% DMSO (v/v), antibiotic kinase, 
antibiotic substrate and nucleotide.  The reaction was allowed to incubate for 5 minutes at 
room temperature in the absence of nucleotide, and then subsequently initiated with 
nucleotide and monitored for 5 minutes at 340 nm.   
 
 Initial rates were determined by utilizing the linear portion of the progress curve 
and analyzed by nonlinear least squares fitting of eq. 1, 
 

v = VmaxS/(KM + S) (1) 
 

or eq. 2 for substrate inhibited reactions, 
 

v = VmaxS/(KM + S+ S2/Ki) (2) 
 
Kinase inhibitor screening conditions. The assay conditions described above were 
scaled-down 100 L to accommodate 384-well plate screening; the nucleotide 
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concentration was held at a concentration ~ Km, antibiotic concentration was kept at 2-10 
times Km and the amount of enzyme added was determined empirically such that the 
reaction was in the linear range for 10 minutes at the fixed drug and nucleotide 
concentration (Table 4-2).  A Z’-score (Zhang et al., 1999) was determined for each of 
the screening conditions, with high and low controls, as determined by reactions 
performed in the presence and absence of enzyme respectively, are compared statistically 
by eq. 3, 
 

Z’ = 1 - |(3σHigh + 3σLow)/(High - Low)| (3) 
 
 A Z’-score greater than a value of 0.5 was considered acceptable for screening 
purposes.  A summary of the screening conditions is found in Table 4-2.  The screen was 
conducted in duplicate at two concentrations (10 and 50 M) of kinase inhibitor from the 
Screen-Well ™ Kinase Inhibitor library version 2.1 (Enzo Life Sciences/BIOMOL).  Hits 
were assessed by residual activity which is calculated by eq. 4, where v is the velocity of 
the reaction. 
 

% Residual Activity = (v - vLow )/(vHigh - vLow)*100  (4) 
 

TABLE 4-2: SCREENING CONDITIONS OF AKS 

Enzyme 
[Enzyme]  

(μM) 
Nucleotide 

[Nucleotide]  
(μM) 

Drug 
[Drug]  
(μM) 

APH(2")-Ia 1.06 GTP 5 Gentamicin 200 
APH(2")-IIa 0.57 ATP 150 Kanamycin A 200 
APH(2'')-IIIa 0.29 GTP 25 Kanamycin A 200 
APH(2")-IVa 0.34 ATP 200 Kanamycin A 200 

APH(3')-Ia 0.19 GTP 100 Kanamycin A 200 
APH(3')-IIa 0.34 ATP 50 Kanamycin A 200 
APH(3')-IIIa 0.16 ATP 10 Neomycin B 200 
APH(3')-Va 0.03 ATP 25 Neomycin B 200 
APH(3")-Ia 0.03 ATP 300 Streptomycin 500 
APH(4)-Ia 0.05 ATP 40 Hygromycin B 200 
APH(6)-Ia 0.90 ATP 50 Streptomycin 200 
APH(9)-Ia 0.06 ATP 12.5 Spectinomycin 200 

MPHa 0.20 GTP 25 Erythromycin 200 
MPHb 1.16 GTP 25 Azithromycin 200 

 
 
Inhibition Kinetics.  A secondary analysis was conducted on hits by assessing the IC50 
of each compound against each enzyme (data not shown).  If the IC50 showed dose-
response against the activity of the enzyme, a Ki against ATP was conducted in triplicate.  
The Ki data were fit to one of four models and best fit assessed by Chi2 values and F-test 
comparisons in Graffit 4.0.21 (Erithacus Software). 
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Competitive Inhibition: 
 

v = VmaxS/(Km*(1 + I/Ki) + S)   (5) 
Mixed Inhibition: 
 

v = VmaxS/(Km(1+I/Ki) + S(1+I/Ki’))  (6) 
Non-Competitive Inhibition: 
 

v = (VmaxS/(1 + I/Ki))/(Km+S)   (7) 
Uncompetitive Inhibition: 
 

v = (VmaxS)/(Km+(S(1+I/Ki)))   (8) 
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RESULTS 
Phylogeny of AKs.  Previous phylogenetic comparisons between AKs were made using 
neighbour joining trees (Fong et al., 2010; Shaw et al., 1993; Wright and Thompson, 
1999) with pair-wise alignment programs such as CLUSTALW (Thompson et al., 1994).  
These comparisons can be very useful when taking a cursory look at these enzymes to 
compare their relatedness to one another, but lack the ability to predict evolutionary 
distance between two members in this family.  In order to infer inhibitor susceptibility 
based on relatedness, we required a more robust analysis of relatedness between AKs, 
and therefore have constructed a statistically relevant tree of 34 bona fide AKs (Figure 4-
1) based upon the alignment in Appendix 2.   The antibiotic kinase activity of each 
selected enzyme has been validated by either in vivo and/or in vitro activity.  The 
topology of this tree is consistent with functional analysis of these enzymes, in that 
enzymes with the same regiospecificity have a tendency to group together in the same 
clade inferring common ancestry during speciation.  The majority of probabilities at the 
nodes are very high (>0.97) with the exception of two points where the APH(3’)-II 
enzymes and APH(4)-I enzymes branch with probabilities of 0.76 and 0.78 respectively.  
There were also areas where the tree was not fully resolved, namely among the APH(2”) 
enzymes, which produced a polytomy at their node that lacks a probability marked with a 
star.  There are two other polytomies present on this model, one at the node of all 
APH(3’) and APH(3”) enzymes and one among the APH(3’)-V enzymes, these two 
nodes have associated probabilities but the order of speciation is unknown.   
 
Michaelis-Menten kinetics of AKs.  Of the 34 known AKs from the PKL family, 
fourteen were selected based on known or predicted diversity of antibiotic and nucleotide 
substrate specificity, and clinical relevance.  All fourteen AKs were overexpressed, 
purified and quantitatively analyzed for substrate specificity and nucleotide selectivity 
using a coupled continuous steady state kinetic assay (Appendix 3). A striking trait 
among some AKs is their ability to utilize GTP in addition to ATP.  This activity has only 
been previously described for the APH(2”) subclass of enzymes (Toth et al., 2009), 
APH(4)-Ia (Stogios et al., 2011), and the MPHs (Shakya and Wright, 2010).  This more 
extensive survey of AKs reveals that this phenomenon is present in a number of AKs, 
suggesting that these enzymes have a significant level of plasticity towards nucleotide 
usage.   
 
 Another interesting trait among these AKs is their variability in catalytic turnover 
of antibiotic.  Generally it can be noted that enzymes of pathogenic origin with a broad 
substrate spectrum, tend to have lower kcat values (ie. APH(2”), APH(3’) and MPH(2’) 
enzymes) as compared to enzymes from antibiotic producing organisms or enzymes with 
a narrower substrate spectrum (ie. APH(3’)-Va, APH(3”)-Ia and APH(9)-Ia).  It is 
unknown whether there is an evolutionary advantage based on antibiotic exposure or if 
this is an epiphenomenon. 
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Figure 4-1: Phylogenetic tree of antibiotic kinases.  A phylogenetic analysis of 34 bona fide AKs which 
have been grouped into six major groups: APH(2”) – red, APH(3’) and APH(3”) – yellow, APH(4) and 
APH(7”) – green, APH(6) – blue, APH(9) – purple and MPH(2’) – red.  Enzymes listed in bold were 
screened against the Screen-Well™ library, and of those in red represent enzymes with structural data.  The 
evolutionary distances are to scale as stated.  A star (*) represents a branch point where a polytomy was 
observed.   
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Screening protein kinase inhibitors as inhibitors of AKs.  The fourteen AKs were 
screened against the Screen-Well™ protein kinase inhibitor library, a chemically diverse 
and well characterized compound collection in order to uncover and assess chemo-
selectivity between AKs.  The primary screen confirmed our prediction and experience 
(Daigle et al., 1997) that protein kinase inhibitors would serve as privileged scaffolds for 
AK inhibitors.  We simultaneously conducted the screens at two inhibitor concentrations, 
(10 and 50 μM) enabling us to rapidly assess dose response for inhibitor-AK pairs 
(Figure 4-2).  The primary screen identified compounds with promiscuous inhibitory 
action against AKs such as the natural product flavonoids apigenin and quercetin, the 
anthraquinone damnacanthal and adenosine mimic 5-iodotubericidin, along with narrow 
specificity compounds such as the tri-substituted imidazole MAP kinase inhibitor SB-
203580 that only affects APH(3’)-Va and the isoquinoline sulfonamides H8 and H9 that 
only inhibit APH(3’)-IIIa. 
 
 Similarly, we found that some enzymes were especially amenable to inhibition, 
such as APH(2”)-IIa from E. coli, APH(3’)-Ia from A. baumanii, APH(3’)-Va from the 
neomycin producer S. fradiae, APH(3”)-Ia from the streptomycin producer S. griseus, 
APH(4)-Ia from E. coli and APH(9)-Ia from L. pneumophila.  As demonstrated, inhibitor 
sensitivity/insensitivity was not restricted to a particular class with the exception of the 
MPHs, which in particular were especially insensitive to most of the inhibitors in this 
library.  
 
 The primary screening data were used to identify candidate compounds for further 
study based on the following criteria: representative chemical scaffolds, 
specificity/promiscuity of the inhibitors, and compound potency.  Using this diverse 
selection criteria, 18 inhibitors were selected for follow up studies: apigenin, quercetin, 
genistein, LY294002, Tyrphostin 25, Tyrphostin 47, Tyrphostin AG1478 (AG1478), 
GW5074, indirubin-3’-monooxime, Ro-31-8220, olomoucine, PP1, KN-93, SB-202190, 
BML-259, LFM A13, SP600125 and ZM449829 (Figure 4-3).  
 
Chemical genetic profiling of AKs.  The 18 short listed compounds were reexamined 
using full dose dependency to determine IC50 values (not shown).  Compound-enzyme 
pairs that showed tractable behavior for reversible inhibition (dose dependence, slope 
factor ~1) were further analyzed by determination of the Ki versus ATP to provide a 
robust and quantitative measure of inhibitor affinity for the enzyme (Appendix 4).  We 
elected to only perform the Ki determination versus ATP since the compounds were 
largely designed as competitive inhibitors for the ATP binding pocket.  Probing this site 
should prove more useful when comparing enzymes as compared to the antibiotic binding 
pocket where small changes in sequence can have significant impact on antibiotic 
selectivity, making this site too sensitive for chemical genetic studies.  Indeed the vast 
majority of compounds were competitive with ATP with the exception of non-
competitive behaviour noted for GW5074 vs. MPH(2’)-Ia and MPH(2’)-IIa, Ro-31-8220 
vs. APH(2”)-IIIa and APH(3’)-Ia, and ZM449829 vs. APH(4)-Ia and APH(9)-Ia.   
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Figure 4-2: Heat 
plot of primary 
screening data.  
A 2-D array of 
the fourteen AKs 
against the 80 
kinase inhibitors 
tested from the 
Screen-Well™ 
kinase inhibitor 
library.  The 
average of the 
residual activities, 
at both 10 and 50 
µM, were plotted 
and assigned a 
color based on 
the potency of the 
inhibitor.  Red 
denotes complete 
inhibition and 
Black is a lack of 
inhibition.  The 
compounds have 
been ordered 
based on 
relatedness by 
chemical 
substructure. 
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Figure 4-3: Summary of the structures of the 18 selected compounds.  



 
 
PhD Thesis – T. Shakya                     McMaster – Biochemistry and Biomedical Sciences 
 
 

89 
 

Molecular phylogeny of kinase inhibitors.  In a reciprocal analysis, the inhibitory data 
were correlated to the phylogenetic data by mapping the potency of each compound 
against each enzyme’s respective branch on the phylogenetic tree (Figure 4-4).  This 
cross-analysis revealed several interesting insights into the behavior of the inhibitor-
enzyme interactions.   
 
 The most striking of the interactions were those that clustered on to specific 
clades of the tree.  Although no single compound showed an absolute clade preference, 
several compounds were close such as the highly specific Bruton’s tyrosine kinase 
inhibitor LFM-A13 (Mahajan et al., 1999), which showed specificity towards the 
APH(2”) and MPH enzymes.  LFM-A13 deviated by additionally inhibiting APH(4)-Ia, 
which is not surprising since a recent structural analysis of APH(4)-Ia reveals that it 
shares a high-level of homology with APH(2”)-IIa in the nucleotide binding region 
(Stogios et al., 2011).  The isoquinoline sulfonamide KN-93 is also able to weakly inhibit 
two of the four APH(2”) enzymes and both MPH enzymes tested, in addition to APH(3’)-
Ia and APH(3’)-IIa.  
 
 Some additional sub-clade specific interactions occurred with PP1 and AG1478 
with APH(3’)-Ia, APH(3’)-Va and APH(3”)-Ia, all with low micromolar/high nanomolar 
affinity.  Although these compounds did not inhibit all of the APH(3’) enzymes and hit 
compounds outside of this large family, APH(4)-Ia for AG1478 and APH(9)-Ia for PP1, 
these compounds may offer an understanding of how these enzymes behave within this 
sub-clade.  The PP1 compounds were all further explored with a structure activity 
relationship study to determine essential chemical moieties for inhibitory action. 
 
 Several compounds were selected from the same compound class to assess 
potency and structure-activity relationship potential.  The first pair selected was 
Tyrphostin 25 and Tyrphostin 47.  Both compounds contain the same 
benzylidenemalonitrile core; however, Tyrphostin 47 shows a higher level of promiscuity 
as compared to Tyrphostin 25; specifically, in its ability to inhibit several APH(2”) 
enzymes.  This change in specificity could be attributed to lack of the C2-OH or the 
presence of a thioamide in place of the nitrile group in Tyrphostin 47.  In addition to this 
varied enzyme specificity, Ki analyses support that these compounds are ATP 
competitive in AKs, which contrasts with their activity against protein tyrosine kinase 
(PTK) targets, where they have been shown to be competitive with the non-ATP substrate 
by mimicking the target tyrosine residue (Gazit et al., 1989).  
 
 Four flavonoid molecules were also surveyed: the flavone apigenin, the flavonol 
quercetin, the isoflavone genistein, and the flavan-like chromone LY294002. Genistein 
showed the least amount of potency and promiscuity, followed by LY294002.  However, 
both apigenin and quercetin showed a high level of potency against several of the targets, 
with quercetin showing the most promiscuity by targeting 12 of the 14 enzymes tested 
and apigenin only inhibited five.  The principal difference between these two molecules 
is that quercetin has two hydroxyl groups as compared to apigenin; the C3’ position of  
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Figure 4-4: Specificity profiles of kinase inhibitors vs. AKs.  The Ki of each compound was plotted 
against each enzyme on the phylogenetic tree.  The Kis are graphically represented with a red circle to 
represent potency, the larger the circle, the lower the associated Ki value, a small blue circle denotes no 
inhibition.  Complete quantitative data can be seen in Appendix 4.  Tree legend – 1) APH(2”)-Ia, 2) 
APH(2”)-IIa, 3) APH(2”)-IVa, 4) APH(2”)-IIIa, 5) APH(3”)-Ia, 6) APH(3’)-Va,7) APH(3’)-Ia, 8) 
APH(3’)-IIa, 9) APH(3’)-IIIa, 10) APH(4)-Ia, 11) APH(6)-Ia, 12) APH(9)-Ia, 13) MPH(2’)-Ia and 14) 
MPH(2’)-IIa. 
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the C ring and the C3 position of the B ring.  The interactions of these molecules were 
further studied with respect to the structural information received with APH(2”)-IVa 
bound to quercetin (see below). 
 
 The remaining molecules showed no particular clade specificity.  However, what 
can be noted is that SP600125, indirubin-3’-monooxime, olomoucine and BML-259 all 
target APH(2”)-IIa, APH(4)-Ia and APH(9)-Ia, a relationship that is obscured by 
phylogeny.  These three enzymes also demonstrated hypersensitivity against the library 
of inhibitors; this relationship could be due in part to active site promiscuity rather than 
specific chemical interactions with the aforementioned probes.  In addition GW5074 and 
SP600125 are chemically distinct compounds that show mid to low micromolar affinity 
for a number of AKs scattered across the entire tree.  SP600125 in particular appears 
have potent activity against all of the APH(3’) enzymes. 
 
 To focus our efforts to dissect these interactions, we targeted inhibitor-AK 
interactions where we could gain some structural knowledge of their binding. 
 
Structure of APH(2”)-IVa quercetin-kanamycin-bound form.  To further investigate 
the action of these inhibitors versus the AKs, collaboration with Dr. Alexei Savchenko’s 
group was initiated in order to probe the structural biology of these interactions.  Based 
upon a personal communication from Dr. Peter Stogios, a member of Dr. Savchenko’s 
lab, they were successful in solving the structure of APH(2”)-IVa in the apo form and 
with both kanamycin and the flavonol quercetin bound.  The apo structure of APH(2’’)-
IVa most closely resembled the structure of the apo form of this enzyme solved by 
another group (Toth et al., 2010), with the same space group, very similar unit cell 
parameters and a root-mean-squared deviation of 0.7 Å over 281 matching C atoms.   
 
 They were successful in soaking quercetin into crystals of the APH(2’’)-IVa-
kanamycin complex.  Quercetin molecules were built into positive electron density in the 
nucleotide binding site of both chains in the asymmetric unit, with a third quercetin found 
between the two chains along the non-crystallographic symmetry axis (Figure 4-5a).  The 
inhibitor interacts with the hinge region of the enzyme, mimicking some interactions and 
the shape similarity between ATP and APH enzymes.  Quercetin forms a number of 
hydrogen bond contacts, including four to the backbone atoms of the hinge region where 
ATP binds. ATP itself is only expected to form two bonds in this region. There are 
additional H-bonds from the C7-OH of quercetin to both of the side chains from Lys-46 
and Asp-217, residues involved in coordination of the α and β phosphates of ATP and 
Mg2+ respectively. A final H-bond is made to an ordered water molecule that in turn 
hydrogen bonds to Glu-60, a residue with a role in positioning Lys-46 to support ATP 
binding (Figure 4-5b).  There are also a number of van der Waals interactions provided 
by Ile-44, Leu-204 and Ile-216 residues which could also provide hydrophobic 
interactions with the adenine ring of ATP. 
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Figure 4-5: Structural analysis of the APH(2”)-IVa-kanamycin-quercetin complex.  (a) Structure of 
the APH(2’’)-IVa-kanamycin-quercetin complex.  (b) Quercetin molecules bound to chain A of APH(2’’)-
IVa, showing the electron density of the quercetin molecule(green).   Side chains forming interactions with 
the inhibitor are labeled and hydrogen bonds are indicated with dashed red lines.  (c) Key interactions 
between AKs and flavonoids.  A generic flavonoid is shown in yellow with numbering in the APH(2’’)-IVa 
quercetin binding site is shown.  Interaction sites where the distance between the flavonoid and APH 
enzyme are within 4 Å are labeled with letters A through J, with H-bonds indicated by dashed red lines and 
van der Waals interactions indicated by red fans.  Secondary structure elements that contribute residues to 
interactions are labeled as necessary. (Figure courtesy of Dr. P. Stogios) 
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Structure-activity relationship of flavonoids with APH(2”)-IVa.  To further elucidate 
the action of flavonoid binding with APH(2”)-IVa, a structure activity relationship 
analysis was conducted to identify the determinants of flavonoid binding to APH(2”)-
IVa.  Several types of flavonoid molecules were surveyed including: flavans ((+)-
catechin, (±)-naringenin), flavones (apigenin, baicalein, luteolin), flavonols (3-
hydroxyflavone, kaempferol, quercetin, morin and myricetin) and the isoflavone 
genistein (Figure 4-5c, Table 4-3). 
 

TABLE 4-3: STRUCTURE ACTIVITY RELATIONSHIP OF FLAVONOID COMPOUNDS 

 
Compound Position on Flavonoid Ki 
 2 3 4 5 6 7 8 2' 3' 4' 5' 6' (µM) 
Flavans              
(+)-Catechin H H, H H, H OH H OH H H OH OH H H N.I. 
(±)-Naringenin H H, H H, H OH H OH H H H OH H H N.I. 
              
Flavones              
Baicalein - H O OH OH OH H H H H H H N.I. 
Apigenin - H O OH H OH H H H OH H H N.I. 
Luteolin - H O OH H OH H H OH OH H H 81.3 ± 4.9 
              
Isoflavone              
Genistein H * O OH H OH H H H OH H H N.I. 
              
Flavonols              
3-Hydroxyflavone - OH O H H H H H H H H H N.I. 
Kaempferol - OH O OH H OH H H H OH H H 108 ± 18 
Morin - OH O OH H OH H OH H OH H H N.I. 
Quercetin - OH O OH H OH H H OH OH H H 25.1 ± 3.7 
Myricetin - OH O OH H OH H H OH OH OH H 38.6 ± 2.9 
N.I. – No Inhibition at highest concentration tested (100 μM) 
* B ring is bound at the C3 in isoflavone molecules 

 
  The most prominent activity against APH(2”)-IVa was seen with the flavones and 
flavonols.  Quercetin and myricetin have similar inhibition kinetics against APH(2”)-IVa.  
Myricetin differs from quercetin only in the addition of a hydroxyl on C5’; this moiety 
would be exposed to the ribose-binding pocket of the nucleotide binding site, an open 
space in this structure and would lead to no adverse affects.  Luteolin was the only 
flavone to show a positive interaction with APH(2”)-IVa; analogous to quercetin, this 
flavone only lacks a hydroxyl on C3. The removal of this group causes a loss in 
interaction D, which reduces the Ki 3-fold.  The flavonol kaempferol lacks a hydroxyl 
moiety missing on C3’, compared to quercetin, resulting in a loss in interaction E and a 4-
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fold decrease in Ki.  The impact of the loss of both interaction D and E is illustrated by 
apigenin, which shows no activity against APH(2”)-IVa.  Morin, on the other hand, is a 
structural isomer of quercetin and would be expected to have similar binding kinetics to 
that of kaempferol. However, the redistribution of the hydroxyl moiety from C3’ to C2’ 
results in a complete loss in activity and it is possible that the C2’ hydroxyl produces a 
steric hindrance with the Cγ1 group of Ile216, which is within 3.4 Å of this group.  
Additionally, the flavone baicalein also had no interaction with APH(2”)-IVa, which is 
consistent with the fact that it lacks the essential contacts D and E. In addition to this, 
baicalein has a hydroxyl moiety on C6, which could produce a steric clash with the Phe95 
from β3 (refer to Figure 4-5c). 
 
 The lack of activity of apigenin versus APH(2”)-IVa was somewhat surprising, 
since the closest structural relative of this enzyme, APH(2”)-IIa,  showed a high level of 
sensitivity to apigenin in molecular phylogenetic analysis.  To resolve this discrepancy, a 
superposition of the quercetin-bound APH(2”)-IVa and the structure of APH(2”)-IIa was 
conducted.  The superposition suggested that the differential activity of apigenin was due 
to the presence of Arg92 in APH(2”)-IIa which could be capable of forming interaction 
“G” with the C4’-OH of apigenin, this is in contrast to the Pro102 in APH(2”)-IVa which 
would not form this interaction.  This suggests that the lack of interactions D and E could 
be compensated by the presence of interaction G with the C4’-OH. 
  
 Of the remaining compounds studied, none of the flavans (catechin and 
naringenin) showed any activity against APH(2”)-IVa, which may reflect that the 
carbonyl on C4 is essential to flavonoid binding, a loss in interaction C, or that the chiral 
center at C2 creates an unfavorable conformation of the flavonoid disallowing binding in 
the hinge region.  3-hydroxyflavone contains the 4-carbonyl oxygen but lacks the C5 and 
C7 hydroxyls, suggesting one or both of these hydroxyl groups are critical for inhibition.  
The isoflavone genistein also showed no interaction against APH(2”)-IVa, this is clearly 
due to the positioning of ring B at C3 versus C2 as seen in quercetin.  This movement of 
the ring is predicted to sterically interfere with the hinge region of the enzyme 
destabilizing its interaction. 
 
Interrogating pyrazalo-pyrimidines as selective inhibitors of AKs using a structure-
activity relationship (SAR).  During the screen, two pyrazalo-pyrimidines (PPs), PP1 
and PP2, were determined to be semi-selective inhibitors of APH(3’)-Ia, APH(3’)-Va, 
APH(3”)-Ia and APH(9)-Ia.  PP1 and PP2 were originally found to be highly potent 
inhibitors of the Src family of non-receptor tyrosine kinases, suggesting that this scaffold 
lacks promiscuity against most eukaryotic protein kinases.  The Src-family kinases 
(SFKs) are important in cancer biology due to their proto-oncogene capacity to progress 
apoptosis, proliferation, cell adhesion, cell migration, angiogenesis and metastasis of 
solid tumours.  There are nine types of SFKs known, c-Src, Yes, Fyn, Lyn, Lck, Hck, 
Fgr, Blk and Yrk, making them a relatively small class of protein kinases (Kim et al., 
2009).  A recent survey of 3800 compounds against a panel 172 kinases confirmed that 
PP1 and PP2 have nanomolar affinity against most of the SFKs and have micromolar 
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affinity against some of the other RTKs like RET, BTK and EPHA2 (Metz et al., 2011).  
With the knowledge of this high selectivity against SFKs, we  designed novel inhibitors 
of AKs based on the PP1 and PP2 scaffold to reduce fidelity against SFKs and increase 
binding for the selected AK targets. 
 
 Crystal structures of PP1 and PP2 in complex with Hck, Lyn and Lck have been 
solved and all reveal the same highlights: the main purine moiety binds in same plane as 
adenosine, the t-butyl group occupies the same space as the ribose sugar and the para-
substituted phenyl moiety extends into a unique hydrophobic pocket found in SFKs 
(Schindler et al., 1999; Williams et al., 2009; Zhu et al., 1999) (Figure 4-6a-c).  Our 
collaborators, Dr. Peter Stogios and Dr. Alexei Savchenko, have solved the structure of 
APH(3’)-Ia in complex with ATP (personal communication) where they found a small 
hydrophobic pocket which could accommodate the para-substituted phenyl moiety and 
modeled PP1 into this space which follows PP1 binding as seen in Hck, Lck and Lyn 
(Figure 4-6d).  Using this strictly as a model and not drawing too many inferences from 
it, we pursued novel compounds based on these PP scaffolds in an effort to increase their 
specificity for AK targets.  In collaboration with Dr. Fred Capretta and Nick Todorovic, 
we were supplied 23 novel PP compounds (Appendix 5) to determine theSAR of these 
compounds.  The PP compounds were tested against the four aforementioned AKs with a 
preliminary IC50 analysis.  From these data, thirteen compounds were selected based on 
chemical diversity and inhibitory action and further analyzed via Ki determinations.  The 
data were organized to show progressive substitutions at the R1 and R2 groups using four 
themes: butyl isomers, hydrocarbon substitutions, chloro-phenyl isomers and substituted 
phenyl groups (Table 4-4). 
 
 All four sets of compounds revealed a number of similarities and differences in 
affinity.  Two sets of compounds were designed with modification at the N1 atom, there 
were the butyl isomers and hydrocarbon chain substitutions.  Starting with the butyl 
isomers, APH(3’)-Ia showed a 5-fold higher affinity for the tert-butyl isomer (PP2) over 
the linear butyl form (compound 11), whereas, APH(9)-Ia showed the opposite trend of a 
9-fold higher affinity for the butyl form (11) over the tert-butyl (PP2).  Both APH(3’)-Va 
and APH(3”)-Ia showed negligible preferences with all of the Ki values falling within a 
single order of magnitude.  Non-substitution at N1 (14) had a negative effect on all of the 
AKs tested, APH(3’)-Ia, APH(3”)-Va and APH(9)-Ia, showed a preference for methyl 
variant (13).  However, both APH(3’)-Va and APH(9)-Ia were able to accept up to a 
hexyl group at N1 (12) as compared to APH(3’)-Ia and APH(3”)-Ia showed considerably 
lower susceptibility to longer carbon chain substitutions (11 & 12). 
 
 The next two sets of compounds looked at the effect of phenyl group substitution 
at C3 by first looking at chloro-phenyl isomers and other substituted moieties.  APH(3’)-
Ia, APH(3’)-Va and APH(3”)-Ia all showed the highest affinity for the para-chloro form 
(10), with APH(3’)-Ia showing an almost equal affinity for the meta-chloro form (16) and 
APH(9)-Ia showed the highest affinity for the meta-chloro (16).  The different phenyl  
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Figure 4-6: Comparison of PP1/PP2 bound crystal structures.  Here a selected panel of Src kinases 
have been shown with PP1/PP2 bound compared to the model of APH(3’)-Ia bound to PP1.  a) Hck bound 
to PP1 (PDB# 1QCF) superimposed with the Hck bound to AMPPNP (PDB# 1AD5), b) Lck bound to PP2 
(PDB# 1QPE) superimposed with the Lck bound to AMPPNP (PDB# 1QPC), c) Lyn bound to PP2 (PDB# 
2ZV9) superimposed with the Lyn bound to AMPPNP (PDB# 2ZV8) and d) Structure of APH(3’)-Ia with 
ATP bound (2.29 Å) superimposed with a model of APH(3’)-Ia with PP1 bound in the active site with 
optimized energy minimization using the CNS software (Brunger et al., 1998).  Structure superpositions 
were conducted using the UCSF Chimera software (Pettersen et al., 2004).  Images were rendered with 
Chimera and show the enzyme surface features one with a cross-section of the binding site with surfaces 
capped in black. 
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substituted moieties did not reveal anything striking as would be expected with the 
variety of substitutions tested.  APH(3’)-Ia and APH(3”)-Ia both had the same affinity for 
almost of phenyl substitutions tested varying in between 1-2 fold difference in Ki; 
APH(9)-Ia maintained its lower affinity for the para-substituted group showing its 
highest affinity for the unsubstituted phenyl group (5); and APH(3’)-Va showed the 
highest affinity for the 3,4-dichlorophenyl group (18). 
 

TABLE 4-4: KI DATA OF PYRAZOLO-PYRIMIDINES 
 

 
 

Compound R1 R2 
Ki (μM) 

APH(3')-Ia APH(3')-Va APH(3'')-Ia APH(9)-Ia 

Butyl Isomers 

PP2 para-Cl tert-butyl 6.23 ± 0.45 1.15 ± 0.09 3.82 ± 0.20 57.8 ± 3.4 

10 para -Cl sec-butyl 22.0 ± 1.0 0.84 ± 0.05 5.31 ± 0.34 12.0 ± 0.7 

11 para -Cl butyl 33.7 ± 5.2 0.95 ± 0.04 7.04 ± 0.46 6.56 ± 0.21 

Linear Hydrocarbon Substitutions 

14 para -Cl hydrogen 24.6 ± 2.3 4.06 ± 0.20 25.0 ± 2.9 3.25 ± 0.13 

13 para -Cl methyl 8.81 ± 0.94 1.56 ± 0.07 4.48 ± 0.43 1.69 ± 0.09 

11 para -Cl butyl 33.7 ± 5.2 0.95 ± 0.04 7.04 ± 0.46 6.56 ± 0.21 

12 para -Cl hexyl 93.2 ± 20.0 2.35 ± 0.09 25.9 ± 1.4 3.43 ± 0.15 

Chloro-phenyl Isomers 

10 para -Cl sec-butyl 22.0 ± 1.0 0.84 ± 0.05 5.31 ± 0.34 12.0 ± 0.7 

16 meta-Cl sec-butyl 22.7 ± 2.1 1.25 ± 0.05 14.8 ± 2.2 3.74 ± 0.71 

17 ortho-Cl sec-butyl 43.5 ± 3.6 3.2 ± 0.30 16.4 ± 1.0 26.3 ± 1.8 

Substituted Phenyl Groups 

5 phenyl sec-butyl 25.5 ± 3.1 1.59 ± 0.03 15.4 ± 1.5 3.46 ± 0.13 

7 para -Me sec-butyl 20.7 ± 0.9 0.96 ± 0.03 7.65 ± 0.30 16.4 ± 1.2 

19 para -F sec-butyl 21.6 ± 1.6 2.04 ± 0.10 12.0 ± 0.7 8.78 ± 0.79 

10 para -Cl sec-butyl 22.0 ± 1.0 0.84 ± 0.05 5.31 ± 0.34 12.0 ± 0.7 

20 para -Br sec-butyl 48.9 ± 6.6 2.46 ± 0.13 7.15 ± 0.29 44.1 ± 2.1 

21 para -OMe sec-butyl 24.2 ± 2.1 2.52 ± 0.12 8.16 ± 0.51 15.9 ± 0.8 

18 3,4-dichloro sec-butyl 48.4 ± 6.3 0.50 ± 0.03 13.4 ± 1.7 16.4 ± 0.7 
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 Overall, APH(3’)-Ia, APH(3’)-Va and APH(3”)-Ia share similar trends with a 
preference for a bulkier branched substituent at N1 and para-substituted phenyl group at 
C3, and APH(9)-Ia opposes this with a preference for a linear substituent at N1 and either 
a ortho or non-substituted phenyl group at C3.  This clustering of data is in accordance 
with the phylogenetic data showing APH(3’)-Ia, APH(3’)-Va and APH(3”)-Ia belonging 
to a single family with common origin as compared to APH(9)-Ia which shows a more 
distant relationship to the previous three enzymes. 
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DISCUSSION 
 The global spread of antibiotic resistance has created an urgent need for novel 
antimicrobial therapies.  Using the hypothesis that novel chemical scaffolds as 
antimicrobial compounds have been exhausted (Payne et al., 2007), we look at new 
strategies to combat microorganisms, such as targeting the resistance mechanisms.  Here 
we focus on the study of AKs to understand their potential as targets for future therapies.   
The phylogeny of AKs has revealed that these somewhat divergent sequences are tightly 
related by several signature sequences which have been previously reported (Kannan et 
al., 2007; Scheeff and Bourne, 2005).  The phylogenetic tree presented here validates the 
hypothesis that AK enzymes with similar regio and substrate specificities are indeed 
related and have divergent sequences due to radiation of species and evolutionary 
selection. 
   
 We have additionally compared these AKs using a small molecule-kinase 
interaction map using a traditional robust kinase assay to determine the dissociation 
constant for each interaction as compared to their genetic phylogeny.  Using a common 
and robust activity assay not only confirms binding of the compound, it validates 
inhibition allowing us to report the value Ki instead Kd.  Using the molecular phylogeny 
of these AKs, we can better understand the mechanism of action of these enzymes by first 
realizing their susceptibilities to various compounds and correlating these interactions to 
specific residues and motifs when compared to structural data.   
 
Flavonoids as inhibitors of antibiotic resistance. The therapeutic potential of 
flavonoids is very high.  Flavonoids are ubiquitous in nature and have been sourced from 
a number of plants, trees, fruits and vegetables.  They have been found to be the active 
agent in many traditional medicines which has led several researchers to focus on their 
action.  Recent literature boasts the use of flavonoids for their anti-oxidative effects 
(Woodman and Chan, 2004), ability to curb hypertension (Perez-Vizcaino et al., 2009), 
anticancer (Teillet et al., 2008) and antimicrobial action (Cushnie and Lamb, 2005).  This 
wide range of effects would suggest that flavonoids are promiscuous in their action and 
could pose a threat as toxic agents (Galati and O'Brien, 2004).  Although they are indeed 
promiscuous and their overuse and abuse could lead to undesired side effects, their 
therapeutic potential is large and should not be dismissed. 
 
 The antimicrobial effects of flavonoids have been well documented and reviewed 
(Cushnie and Lamb, 2005; Ozcelik et al., 2011).  Two of the flavonoids used in this 
study, apigenin and quercetin, have been shown to inhibit the growth of methicillin-
resistant Staphylococcus aureus (Sato et al., 2000) and inhibit bacterial growth by 
targeting DNA gyrase (Plaper et al., 2003), respectively.    
 
 Here we documented the use of flavonoids as inhibitors of AKs and have 
additionally solved the crystal structure of APH(2”)-IVa bound to both kanamycin and 
the flavonol quercetin.  We were able to resolve several key contacts required for 
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quercetin binding to the APH(2”)-IVa active site and related them to inhibitory action of 
other flavonoid molecules.  Although the indispensability of interactions D and E in 
APH(2”)-IVa was determined, it was found that apigenin was an inhibitor for the closely 
related APH(2”)-IIa, but not for APH(2”)-IVa since it lacked the D and E contacts.  A 
structural comparison revealed that APH(2”)-IIa may form a novel contact G between the 
C4’-OH and Arg-92 which could override the necessity of contacts D and E.  These 
findings validate that quercetin is a true inhibitor of AKs and the inhibition observed by 
quercetin is not the result of the formation of non-specific aggregates as demonstrated by 
other studies (McGovern and Shoichet, 2003).   
 
 Although we have not demonstrated an in vivo application of a flavonoid –
aminoglycoside (FL-AG) therapy, there have been several studies previously conducted 
which have demonstrated their synergistic action together.  One study has focused in on 
the synergy of the flavonoid baicalein and gentamicin in vancomycin-resistant 
Enterococci (VRE) (Chang et al., 2007).  Approximately 69-71% of E. faecalis and E. 
faecium strains have been shown to have high-level aminoglycoside resistance and 40% 
of VRE strains (Linden, 2007), this resistance can be mediated via AKs.  This study in 
particular demonstrated the ability of baicalein to lower gentamicin resistance 8-30 fold 
in four different strains of VRE in vitro.   Although our preliminary studies did not show 
baicalein to directly inhibit any of the APHs in this study, this observation offers an 
example of FL-AG synergy in a resistant host.  Animal models have also demonstrated 
the reduction in nephrotoxicity caused by gentamicin when co-administered with the 
flavonol quercetin due to its antioxidant properties, displaying another beneficial property 
of a FL-AG co-therapy (Abdel-Raheem et al., 2009).   Quercetin already is being used as 
a nutraceutical and can be taken in doses as high 500-1000 mg/day with no observable 
toxic side effects (Bischoff, 2008).  These observations FL-AG therapy provide support 
for a possible clinical application.  
 
Kinase inhibitors that target phylogeny.  The most compelling inhibitor-enzyme 
interactions were those that supported phylogeny, as seen with LFM A13, KN-93, PP1 
and AG1478.  All four of these molecules have been described as being highly specific 
against their intended ePK targets, however here we show that they can additionally 
target specific clades of AKs with high nanomolar to micromolar affinity.   
 
 We have further explored the effects of 14 PP compounds in addition to PP1 to 
elucidate the action of these molecules in the hopes of finding an AK selective variant of 
these molecules.  It has been made evident that the chemical space we probed did not 
significantly impair or improve the action of these molecules.  However, the compounds 
did reveal an important phylogenetic relationship.  We observed that compounds that had 
a potent effect on closely related APH(3’)-Ia, APH(3’)-Va and APH(3”)-Ia tended to 
have an opposite effect on the distantly related APH(9)-Ia, another AK that was 
susceptible to the action of PP1.  Specifically, APH(9)-Ia preferred substitution at the N1 
group with longer unbranched hydrocarbon chains versus smaller branched chains and no 



 
 
PhD Thesis – T. Shakya                     McMaster – Biochemistry and Biomedical Sciences 
 
 

101 
 

substitution on the phenyl moiety, which is the exact opposite of what was observed for 
the APH(3’) sub-clade.   
  
 Since, the completion of this preliminary work, our collaborators were successful 
in solving PP1 bound to APH(3’)-Ia. This structure conflicted with the original model we 
had proposed (Figure 4-7).  The fully resolved structure reveals that PP1 does not share 
the exact same binding mode as ATP; instead the molecule has a flipped orientation 
within the active site with the t-butyl moiety occupying the hydrophobic pocket and the 
phenyl moiety occupying the ribose-binding pocket.  This would explain why t-butyl 
substitution was preferred by APH(3’)-Ia and not the more linear hydrocarbon chains 
since they were constrained to the smaller hydrophobic pocket.  Using this new structural 
data, a second set of compounds can be produced around this more definitive structure of 
PP1 bound to the APH(3’)-Ia active site.  In addition to the construction of new 
molecules, we need to counter screen them against a panel of Src kinases to establish the 
loss of activity against the original eukaryotic targets. 
 
Conclusions.  These comparative and collaborative studies help us understand the true 
relationship between these somewhat loosely related AKs.  The end goal is to develop 
new molecules to target AKs; however, by looking at existing kinase inhibitor scaffolds, 
we are afforded the opportunity to re-purpose these compounds as adjuvants of 
antibiotics in a resistant host.   Understanding the interaction of these molecules against a 
comprehensive collection of AKs increases the chance of discovering a broad-spectrum 
therapy, or the coveted mono-therapy against all AKs. 
 
 We conclude that in general, this kinase screen predicts similar chemical genetic 
profiles to those that are predicted based on molecular phylogeny.  Therefore, inhibitor 
screening can be a valuable orthogonal tool when investigating new AKs and predicting 
behavior from sequence analysis. 
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Figure 4-7: Comparison of the model and structure of APH(3’)-Ia bound to PP1.  a) Structure of 
APH(3’)-Ia with ATP (2.29 Å) bound superimposed with a model of APH(3’)-Ia with PP1 bound in the 
active site with optimized energy minimization using the CNS software (Brunger et al., 1998).  b) Solved 
structure of APH(3’)-Ia bound to PP1 and kanamycin (1.84 Å), superimposed with the solved structure of 
APH(3’)-Ia bound to ATP (2.29 Å). Superpositions were conducted using the UCSF Chimera software 
(Pettersen et al., 2004).  Images were rendered with Chimera and show the enzyme surface features one 
with a cross-section of the binding site with surfaces capped in black. 
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 The incidence of antibiotic resistant infections is on the rise, while the discovery 
of effective treatments is on a sharp decline.  As we continue to search for measures to 
combat prevalent MDR-bacteria, such as MRSA, new more virulent strains are emerging 
that are posing an even larger threat, such as extended spectrum β-lactmases (ESBL) in 
Enterobacteriaceae, K. pneumoniae carbapenemase (KPC) producing bacteria, C. 
difficile, and MDR A. baumannii.  To curb the proliferation of these ‘superbugs’, new 
methodologies are required to ward them off. 
 
 Citing the decline in novel antimicrobial agents, we decided to approach the 
problem of antibiotic resistance directly via finding inhibitors of resistance by in vitro 
screening of small molecules against purified enzyme targets that confer resistance in 
bacteria.  Considering the scope of antibiotic resistance enzymes, we focused on the 
antibiotic kinases (AKs), causative agents in aminoglycoside and macrolide resistance.  
The AKs are attractive targets for several reasons: they inactivate clinically significant 
antibiotics; they are widespread among pathogenic bacteria; and they have a high 
structural homology to eukaryotic protein kinases (ePKs).  This latter point is of 
significance because ePKs are being studied extensively as druggable targets, resulting in 
the creation of plethora of compounds that are directed towards ATP catalysis.  With the 
prior knowledge of the susceptibility of AKs against protein kinase inhibitors, our goal 
was to exploit such compounds to see if they could be repurposed as inhibitors of 
resistance.  Before these potential inhibitors could be evaluated however, it was necessary 
to conduct several rigorous biochemical, structural and phylogenetic studies in order to 
better understand the action of these enzymes. 
 

ANTIBIOTIC KINASES: A DIVERSE ARRAY OF ENZYMES 
 The discovery of antibiotic kinases (AKs) was initiated by Umezawa and co-
workers with the discovery of the first APH(3’) enzyme from E. coli (Umezawa et al., 
1967).  Since then, AKs have been found in a number of hosts ranging from 
environmental antibiotic producers to clinically relevant pathogens.  The dissemination 
and spread of these mechanisms has been attributed to horizontal gene transfer starting 
from the antibiotic producers and eventually ending up in pathogenic organisms via 
several unknown intermediate species (Benveniste and Davies, 1973).  If antibiotic 
producers are the supposed source of AKs in clinical pathogens, this transfer must have 
occurred much before the antibiotic era, as suggested by the divergence in amino acid 
sequences.  This proved to be a challenge when trying to determine the phylogenetic 
relationship between 34 AKs.  Trying to use the sequences alone to create an alignment 
repeatedly failed to bring consensus regions into alignment.  This required us to create an 
alignment using a unique strategy of using a preliminary alignment using the Pfam group 
of APHs as a template in order to bring all consensus regions into alignment, followed by 
several rounds of refinement to resolve the remaining regions.   
 
 Although all AKs share the same action of transferring a phosphate moiety to an 
antibiotic leading to inactivation, the high-level divergence of sequences is not surprising 
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when you look at AK families specifically.  The first important realization is that there 
are eight different classes of APHs and one class of MPH based strictly on 
regioselectivity.  Every known AK family thus far is only capable of adding a single 
phosphate moiety at a specific site. The notable exception is APH(3’)-IIIa, which has 
been shown to phosphorylate both at the C3’-OH and the C5”-OH of 4,5-disubstituted 
AGs to varying degrees, most likely due to the proximity of the C5”-OH to the catalytic 
Asp residue (Thompson et al., 1996).  Structural data of AKs suggest that regioselectivity 
is due of an extensive network of hydrogen bonds and interactions which fix the 
orientation of the target antibiotic.  This would imply that every family of AK has a 
unique antibiotic binding site in order to accommodate regioselectivity.   
 
 In addition to regioselectivity, AKs within a family have varied antibiotic spectra.  
This is best demonstrated in the APH(2”), APH(3’) and MPH(2’) family of enzymes, all 
of which have a broad, yet varied, substrate spectra among their variants.  These broad-
spectrum resistance enzymes also exhibit a larger binding space for the antibiotic, as seen 
in APH(3’)-IIIa, as compared to narrow spectrum AKs like APH(9)-Ia, which has a 
smaller antibiotic binding site.  We have also demonstrated a level of plasticity in the 
nucleotide binding pocket of AKs, which shows a varied selectivity for ATP and GTP, as 
described in Chapter 2.  Using a competition assay, which mimicked intracellular 
concentrations of ATP and GTP, we studied three representative enzymes: the ATP 
specific APH(3’)-IIIa, the GTP specific MPH(2’)-Ia, and the ambivalent APH(2”)-IIa 
(Ib).  When the remaining AKs were surveyed with Michaelis-Menten kinetics it was 
observed that nucleotide promiscuity existed in a number of AKs and was not restricted 
to specific families as had been previously suggested.  Nucleotide promiscuity has been 
observed among a number of kinases, but rarely is GTP the preferred phosphate donor.  
GTP preference outside of the AKs has only been documented in protein kinase Cδ 
(Gschwendt et al., 1995), calcium/calmodulin-dependent protein kinase II (Bostrom et al., 
2009), glycerate kinase (Liu et al., 2009), and phosphoenolpyruvate carboxykinase 
(Dunten et al., 2002; Scheen and Legrand, 2006).  We still lack the ability to predict the 
motifs that govern nucleotide selectivity due to the lack of structural data of AKs with 
GTP-bound.    It has been suggested that nucleotide promiscuity in AKs may be due in 
part to a larger nucleotide pocket which offers two separate binding modes for both ATP 
and GTP (Toth et al., 2010), however this does not explain nucleotide preference. 
 
 The most compelling feature of AKs is that even though they only maintain 
sequence identity in the few residues involved in nucleotide binding and catalysis, they 
all demonstrate the same overall fold; notably, this tertiary structure is also shared with 
the core kinase domain of eukaryotic protein kinases (Kannan et al., 2007; Scheeff and 
Bourne, 2005).  To date, six different AK structures have been solved, all of which 
support these findings, including the structure of the hygromycin resistance determinant 
APH(4)-Ia, described in detail in Chapter 3.   
 
 APH(4)-Ia is a unique resistance enzyme which was first isolated from an 
environmental strain of E. coli (Gritz and Davies, 1983). The most striking feature of 
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APH(4)-Ia is that it is different from the only other known hygB resistance gene, 
APH(7”)-Ia, found in the hygB producer Streptomyces hygroscopicus.  Our phylogenetic 
survey suggests that these two enzymes branched off from a common progenitor (Figure 
4-1), but branch lengths show the relationship as being quite distant. 
 
 The structure of APH(4)-Ia showed a high level of structural similarity N-terminal 
domain with other AKs, namely APH(2”)-IIa.  Whereas, variations were principally 
noted with the C-terminal lobe where hygromycin (hygB) binding occurs, this is because 
hygB has an atypical structure compared to the majority of AG antibiotics, which is 
highlighted by its pucker around its central sugar moiety, giving it a unique twisted 
conformation.  The C-terminal lobe architecture compensates for the structure of hygB, 
creating a novel AG binding pocket that only accommodates hygB and no other AG 
antibiotic.  HygB binding is also supported by thirteen hydrogen bonds via nine amino 
acid residues which additionally aid in its binding to the active site. 
 
 With structural and sequence diversity in mind, we determined the best approach 
to finding a unified inhibitor of AKs was to follow the similarities, which clearly lie 
within the ATP catalysis region. These finding supported our initial predictions that ePK 
inhibitors could logically be repurposed as potential inhibitors of AKs. 

KINASE INHIBITORS AS CHEMICAL BIOLOGICAL PROBES OF AKS 
 We began our work with the precedence of AKs being susceptible to the action of 
kinase inhibitors (Daigle et al., 1997).  To further this observation, in Chapter 4 we 
interrogated 80 well characterized kinase inhibitors against a panel of 14 AKs.  From this 
we have been able to visualize a network of chemical-biological interactions as compared 
to phylogeny creating a molecular phylogeny of AKs.  The activity of the compounds 
ranged from highly promiscuous to selective and from weak to potent.  Some of the most 
surprising interactions were those that followed phylogeny, as demonstrated by LFM 
A13, KN-93, PP1 and Tyrphostin AG1478.  This suggested that small molecules are able 
to exploit inherited elements within families of AKs, marking the first step in finding 
broadly applicable synergistic therapies against AKs.  To further elucidate the action of 
some of these interactions, we conducted SAR and structural studies with the flavonoids 
pyrazolo-pyrimidines and flavonoids.   
 
 We probed the action of the pyrazolo-pyrimidines (PP) against a sub-clade of the 
APH(3’)/APH(3”) enzymes and the distantly related APH(9)-Ia.  Using a model of 
APH(3’)-Ia bound to PP1, which we designed based on other known structures of kinases 
bound to PP compounds, we hypothesized the orientation of PP1 in the APH(3’)-Ia ATP 
binding site.  This paved the way for a SAR analysis of four AKs that showed moderate 
to strong activity with PP1 and PP2.  From this we found that the three closely related 
AKs showed a similar SAR as compared to the distantly related APH(9)-Ia.  We also 
noted that we were not able to significantly improve or impair inhibition with any of the 
newly derived PP compounds, which brought into question the validity of the model we 
had been using.  This was confirmed when our collaborators solved the structure of 
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APH(3’)-Ia bound to PP1, which revealed that the hypothesized orientation of PP1 was 
incorrect and it was in fact inverted as compared to the model.  
 
 The flavonol quercetin appeared to have the most robust and promiscuous action 
observed compared to the other compounds studied.  In addition to its activity, we were 
able to obtain a structure of quercetin bound to APH(2”)-IVa. Using these data coupled 
with the SAR, we have been able to determine critical contacts between the flavonoids 
and the APH(2”)-IVa ATP binding site.  It was clear from this analysis as to why 
apigenin was not a suitable inhibitor for APH(2”)-IVa, however apigenin was able to 
inhibit the closely related APH(2”)-IIa.  A superposition of these structures revealed that 
an arginine residue in APH(2”)-IIa has the propensity to form a compensatory interaction 
with apigenin that is lacking in APH(2”)-IVa; this extra interaction could also explain 
why quercetin has a 15-fold higher binding affinity to APH(2”)-IIa.  The studies done 
with flavonoids as antimicrobial agents offer some promise towards the future application 
of these nutraceuticals as synergistic therapies against antibiotic resistant pathogens. 
 
ONGOING STUDIES 
  As comprehensive as these AK studies were, a number of questions remain to be 
addressed.  The first is to assess the bioactivity of the proven inhibitors in a bacterial host.  
There is precedence for a number of these compounds already having antibacterial 
activity on their own, such as the flavonoids (Cushnie and Lamb, 2005) and quinazolines 
(Bedi et al., 2004; Boyapati et al., 2010; Marino et al., 2011; Rodrigues and Renshaw, 
2010).  However, the majority of the compounds in our screening library have only been 
assessed for bioactivity in eukaryotic cell lines.  Ideally, these tests should be conducted 
in a model organism expressing a single AK resistance determinant with a controlled 
level of expression, such that activity specifically against resistance mechanisms can be 
judged in addition to antimicrobial action.  Such a library of strains needs to be 
constructed to carry out this work. 
 
 We have also had the good fortune of working with collaborators who have been 
proactive in producing inhibitor-bound structures of AKs.  Considering the large number 
of positive inhibitor-AK interactions, these efforts need to continue in order to gain 
valuable insights on key active site residues that confer inhibitor susceptibility and to 
ascertain the similarity/difference in binding modes of common inhibitors in multiple 
AKs.  As previously discussed, these types of data were pivotal in deciphering the action 
of flavonoids in APH(2”)-IVa, which also led to our hypothesis of the action of 
flavonoids against APH(2”)-IIa.  Also, with structural data of APH(3’)-Ia with PP1, we 
can move forward and rationally design inhibitors that can have an improved effect 
against the panel of selected AKs.   
 
 The ultimate achievement of this work would be to demonstrate the robustness of 
the chemical interaction map against uncharacterized AKs and to determine if they follow 
the same trends as their phylogenetically related AKs.  This would provide a novel 
method by which to classify AKs based on their inhibitor susceptibility.  The current 
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sample set has proven to be too small to attempt to make any broad statements with 
regards to molecular phylogeny.  To make use of this technique, we need to interrogate 
all known AKs (34 in total) with our 80 kinase inhibitors, in order to fully validate 
molecular phylogeny as a tool for classifying putative and uncharacterized AKs. 
 
CONCLUDING REMARKS 
 As discussed throughout this work, the problem of antibiotic resistance requires 
immediate attention with a focus on alternative therapies rather than relying upon the 
discovery of novel antibiotics.  We have approached this issue by observing the action of 
AKs and asking if possible synergistic therapies could be developed against this class of 
resistance enzymes. Using a multi-disciplinary approach consisting of phylogeny, 
enzymology, chemistry and structural biology as tools to decipher the connections among 
AKs, we have identified several unique traits among AKs (i.e. nucleotide preferences and 
structural motifs). These studies culminated in the identification of a number of inhibitors 
that have the potential to be exploited in the development of synergistic therapies.  This 
work provides invaluable insight towards this seldom realized method of antimicrobial 
therapy and provides the basis for the future development of novel synergistic treatments.  
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APPENDIX 1: Oligonucleotide Primers for Gene Amplification and Site 
Mutations 
Primer name Direction Sequence (5’ to 3’)* 
Chapter 2 Primers   
mphA (mph(2’)-I) Forward CGCGAATTCCATATGACCGTAGTCACGACCGCCGA  
mphA (mph(2’)-I) Reverse CCCAAGCTTGGATCCTTGCCGATCCGGAAGAGAAAGGTA  
aph(2”)-Ib(IIa) Forward GGGGACAAGTTTGTACAAAAAAGCAGCCTTCATGGTTAACTTGGACG

CTGAG 
aph(2”)-Ib(IIa) Reverse GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAAAATATAAACATCT

CTGCTTGTG 
   
Chapter 3 Primers   

aph(4)-Ia ΔNdeI Forward CATGGCGTGATTTCATCTGCGCGATTGCTGATCCC 
aph(4)-Ia ΔNdeI Reverse GGGATCAGCAATCGCGCAGATGAAATCACGCCATG 

aph(4)-Ia Forward GGGGATCCATATGAAAAAGCCTGAACTCACCGCGACG 
aph(4)-Ia Reverse GGGGATCCAAGCTTCTATTCCTTTGCCCTCGGACGAGTG 

aph(4)-Ia R49A Forward CGTGGATATGTCCTGGCGGTAAATAGCTGCGCC  
aph(4)-Ia R49A Reverse GGCGCAGCTATTTACCGCCAGGACATATCCACG 

aph(4)-Ia Q101A Forward CAGGGTGTCACGTTGGCAGACCTGCCTGAAACC  
aph(4)-Ia Q101A Reverse GGTTTCAGGCAGGTCTGCCAACGTGACACCCTG  
aph(4)-Ia D126A Forward GCGATCGCTGCGGCCGCTCTTAGCCAGACGAGC  
aph(4)-Ia D126A Reverse GCTCGTCTGGCTAAGAGCGGCCGCAGCGATCGC  
aph(4)-Ia D198A Forward CTCGTGCACGCGGCTTTCGGCTCCAACAATG  
aph(4)-Ia D198A Reverse CATTGTTGGAGCCGAAAGCCGCGTGCACGAG 
aph(4)-Ia S201A Forward CACGCGGATTTCGGCGCCAACAATGTCCTGACG 
aph(4)-Ia S201A Reverse CGTCAGGACATTGTTGGCGCCGAAATCCGCGTG 
aph(4)-Ia N203A Forward GATTTCGGCTCCAACGCTGTCCTGACGGACAATGGCC 
aph(4)-Ia N203A Reverse GGCCATTGTCCGTCAGGACAGCGTTGGAGCCGAAATC 
aph(4)-Ia D216A Forward CATAACAGCGGTCATTGCCTGGAGCGAGGCGATG 
aph(4)-Ia D216A Reverse CATCGCCTCGCTCCAGGCAATGACCGCTGTTATG 
aph(4)-Ia N231A Forward CCCAATACGAGGTCGCCGCCATCTTCTTCTGGAGGCCG 
aph(4)-Ia N231A Reverse CGGCCTCCAGAAGAAGATGGCGGCGACCTCGTATTGGG 
aph(4)-Ia W238L Forward CTTCTTCTGGAGGCCGCTGTTGGCTTGTATGGAG 
aph(4)-Ia W238L Reverse CTCCATACAAGCCAACAGCGGCCTCCAGAAGAAG 
aph(4)-Ia Q273A Forward GCTCCGCATTGGTCTTGACGCACTCTATCAGAGCTTGG 
aph(4)-Ia Q273A Reverse CCAAGCTCTGATAGAGTGCGTCAAGACCAATGCGGAGC 
aph(4)-Ia D285A Forward GACGGCAATTTCGATGCTGCAGCTTGGGCGCAG 
aph(4)-Ia D285A Reverse CTGCGCCCAAGCTGCAGCATCGAAATTGCCGTC 

   
Chapter 4 Primers   

aph(2”)-IIIa Forward GGGGATCCATATGAAACAAAATAAACTTCACTATACCACAATGATAA
TG 

aph(2”)-IIIa Reverse GGGGATCCAAGCTTTTAAGCACTGTTCGCACCAAAATTGTTG 
aph(2”)-IVa Forward GGGGATCCATATGACAACTTATACTTTCGACCAGGTAGAAGAGG 
aph(2”)-IVa Reverse GGGGATCCAAGCTTCTATTTAATTTTAATGCTTCTGATTTCATTTAA

TCCC 
aph(3’)-Ia Forward GGGGATCCATATGAGCCATATTCAACGGGAAACGTC 
aph(3’)-Ia Reverse GGGGATCCGGATCCTTAGAAAAACTCATCGAGCATCAAATGAAAC 
aph(3’)-IIa Forward GGGGATCCATATGATTGAACAAGATGGATTGCACGC 
aph(3’)-IIa Reverse GGGGATCCAAGCTTTCAGAAGAACTCGTCAAGAAGGCGATAG 
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Primer name Direction Sequence (5’ to 3’)* 
Chapter 4 Primers cont... 

aph(3’)-Va Forward GGGGACAAGTTTGTACAAAAAAGCAGGCTTCCATATGGACGAC 
AGCACGTTGCGCC 

aph(3’)-Va Reverse GGGGACCACTTTGTACAAGAAAGCTGGGTCAAGCTTTCAGAAG 
AACTCGTCGAGAAGCTGGTAGAAGGC 

aph(3”)-Ia Forward GGGAATTCCATATGAGTGATCACCCCGGGCCGG 
aph(3”)-Ia Reverse GGGAATTCAAGCTTCTAGCCCCAGGTGAGCGGATCGAG 
aph(6)-Ia Forward GGGGATCCATATGAGTTCGTCGGACCACATCCAC 
aph(6)-Ia Reverse GGGGATCCAAGCTTTCAGGGCTTCGCCAGCGCTTCG 

mphB (mph(2’)-II) Forward GGGGATCCATATGAGTAAAGATATTAAACAAGTAATCGAGATAGC 
mphB (mph(2’)-II) Reverse GGGGATCCCTCGAGTTACGAACCTTGTACTTCCAATGCTTCC 

* Regions that are bold, underlined and blue are the clone sites used, and regions in bold and red are the 
specific site mutations 

 

List of clone sites used: 

BamHI – GGATCC 
EcoRI – GAATTC 
HindIII – AAGCTT 
XhoI – CTCGAG 
attB1 – ACAAGTTTGTACAAAAAAGCAGCCTTC 
attB2 – ACCACTTTGTACAAGAAAGCTGGGT 
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APPENDIX 2: Alignment of AKs 
Complete identity – red, high identity/similarity – orange; low identity/similarity – 
yellow.  Key kinase domains are outlined in bold below each alignment with key residues 
highlighted in red. 

 



 
PhD Thesis – T. Shakya                     McMaster – Biochemistry and Biomedical Sciences 

121 
 

 



 
PhD Thesis – T. Shakya                     McMaster – Biochemistry and Biomedical Sciences 

122 
 

 



 
PhD Thesis – T. Shakya                     McMaster – Biochemistry and Biomedical Sciences 

123 
 

APPENDIX 3: Complete Km Data for all AKs 

Substrate 
Saturating 
Substrate 

[2nd Subs.] 
(μM) 

Km 

(μM) 
Ki 

(μM) 
kcat 

(sec-1) 
kcat/Km 

(sec-1*M-1) 

APH(2")-Ia 
Amikacin GTP 200 31.5 ± 4.8 0.07 2.2E+03 

Gentamicin C GTP 200 12.2 ± 2.0 0.33 2.7E+04 
Kanamycin A GTP 200 2.9 ± 1.6 382 ± 268 0.04 1.3E+04 

Sisomicin GTP 200 28.3 ± 7.5 0.60 2.1E+04 
Tobramycin GTP 200 85 ± 61 0.02 2.4E+02 

ATP Gentamicin C 200 67.6 ± 24.3 0.06 8.4E+02 
GTP Gentamicin C 200 16.8 ± 0.6 0.13 1.8E+04 

APH(2")-IIa             
Gentamicin C ATP 1000 15.6 ± 0.9 0.38 2.5E+04 
Kanamycin A ATP 1000 17.0 ± 2.0 0.21 1.3E+04 

Netilmicin ATP 1000 24.3 ± 2.3 0.24 1.0E+04 
Tobramycin ATP 1000 11.7 ± 3.3 0.45 3.9E+04 

ATP Kanamycin 200 152 ± 13 0.32 2.1E+03 
GTP Kanamycin 200 18 ± 1.9 0.10 5.4E+03 

APH(2")-IIIa             
Gentamicin C GTP 200 15.9 ± 3.9 0.47 3.0E+04 
Kanamycin A GTP 200 23.1 ± 3.1 0.50 2.2E+04 
Tobramycin GTP 200 21.8 ± 7.4 0.49 2.2E+04 

ATP  Kanamycin A 200 43.6 ± 9.9 0.03 6.7E+02 
GTP Kanamycin A 200 59.5 ± 4.0 0.49 8.3E+03 

APH(2")-IVa             
Gentamicin C ATP 1000 11.3 ± 4.1 0.15 4.2E+04 
Kanamycin A ATP 1000 11.1 ± 1.3 0.27 2.4E+04 

Netilimicin ATP 1000 7.9 ± 1.9 0.45 5.7E+04 
Tobramycin ATP 1000 22.3 ± 4.8 0.45 2.0E+04 

ATP Kanamycin 200 127 ± 6 0.55 4.3E+03 
GTP Kanamycin 200 195 ± 19 0.54 2.8E+03 

APH(3')-Ia             
Kanamycin A GTP 500 24.1 ± 5.3 0.58 2.4E+04 

Lividomycin A GTP 500 59.5 ± 15.7 1.10 1.9E+04 
Neamine GTP 500 70.5 ± 17.5 1.15 2.6E+04 

Neomycin B GTP 500 34.4 ± 6.4 0.75 2.2E+04 
Paromomycin GTP 500 68.4 ± 12.9 1.12 1.6E+04 
Ribostamycin GTP 500 19.1 ± 5.9 0.46 2.4E+04 

ATP Kanamycin 200 5.4 ± 0.5 0.09 1.7E+04 
GTP Kanamycin 200 127 ± 15 0.75 5.9E+03 
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Substrate 
Saturating 
Substrate 

[2nd Subs.] 
(μM) 

Km 

(μM) 
Ki 

(μM) 
kcat 

(sec-1) 
kcat/Km 

(sec-1*M-1) 
APH(3')-IIa             

Amikacin ATP 400 245 ± 161 0.67 2.7E+03 
Butirosin ATP 400 14.5 ± 5.1 1.05 7.2E+04 

Kanamycin A ATP 400 8.9 ± 2.0 0.53 6.0E+04 
Neamine ATP 400 4.9 ± 1.1 0.46 2.4E+04 

Neomycin B ATP 400 8.6 ± 3.8 0.65 7.6E+04 
Paromomycin ATP 400 3.2 ± 1.4 0.45 1.4E+05 
Ribostamycin ATP 400 10 ± 3.0 0.70 7.0E+04 

ATP Kanamycin 200 61.4 ± 6.9 0.51 8.3E+03 
GTP Kanamycin 200 455 ± 88 0.12 2.6E+02 

APH(3')-IIIa             
Amikacin ATP 400 10.3 ± 2.3 0.20 1.9E+04 
Butirosin ATP 400 4.6 ± 2.0 0.19 4.0E+04 

Kanamycin A ATP 400 6.8 ± 1.3 247 ± 63 0.38 5.5E+04 
Lividomycin A ATP 400 17.9 ± 6.2 0.53 2.9E+04 

Neamine ATP 400 13.4 ± 3.2 0.55 2.6E+04 
Neomycin B ATP 400 10.7 ± 2.9 0.70 6.6E+04 

Paromomycin ATP 400 20.3 ± 6.3 0.79 3.9E+04 
Ribostamycin ATP 400 0.43 ± 0.3 0.20 4.6E+05 

ATP Neomycin 200 10.6 ± 1.4 1.60 1.5E+05 

APH(3')-Va             
Butirosin ATP 200 257 ± 51 0.08 3.2E+02 

Kanamycin A ATP 200 22.0 ± 2.0 0.41 1.9E+04 
Neomycin B ATP 200 2.6 ± 0.5 4.80 1.8E+06 

Paromomycin ATP 200 6.2 ± 1.6 2.10 3.4E+06 
Ribostamycin ATP 200 4.6 ± 1.8 1.10 2.4E+06 

ATP Neomycin 200 21.5 ± 4.2 0.38 1.2E+04 

APH(3'')-Ia             
Streptomycin ATP 1000 313 ± 48 653 ± 244 5.28 1.2E+04 

ATP Streptomycin 1000 288 ± 52 3.60 1.2E+04 
GTP Streptomycin 1000 589 ± 62 2.08 3.5E+03 

APH(4)-Ia             
Hygromycin B ATP 1000 4.4 ± 1.7 0.81 1.8E+05 

ATP Hygromycin B 200 40.5 ± 7.1 1.44 3.6E+04 
GTP Hygromycin B 200 1320 ± 289 3.36 2.5E+03 
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Substrate 
Saturating 
Substrate 

[2nd Subs.] 
(μM) 

Km 

(μM) 
Ki 

(μM) 
kcat 

(sec-1) 
kcat/Km 

(sec-1*M-1) 
APH(6)-Ia             

Streptomycin ATP 1000 9.0 ± 0.7 0.48 5.4E+04 

ATP Streptomycin 200 28.0 ± 2.3 0.39 1.4E+04 

APH(9)-Ia             
Spectinomycin ATP 200 18.7 ± 4.9 232 ± 128 15.97 8.5E+05 

ATP Spectinomycin 200 12.4 ± 1.9 10.21 8.2E+05 

MPHa             
Azithromycin GTP 200 27.7 ± 3.4 0.29 1.1E+04 

Clarythromycin GTP 200 45.9 ± 7.4 0.31 6.8E+03 
Erythromycin GTP 200 37.2 ± 5.6 0.28 7.5E+03 
Spiramycin GTP 200 478 ± 55 0.20 4.2E+02 

Tylosin GTP 200 131 ± 45 0.17 1.3E+03 
Telithromycin GTP 200 7.4 ± 1.5 622 ± 196 0.15 2.1E+04 

ATP Erythromycin 200 1890 ± 310 0.02 1.1E+01 
GTP Erythromycin 200 59.2 ± 4.7 0.64 1.1E+04 

MPHb             
Azithromycin GTP 200 9.4 ± 0.8 0.28 3.0E+04 

Clarythromycin GTP 200 10.5 ± 4.2 0.09 8.4E+03 
Erythromycin GTP 200 4.1 ± 0.9 0.05 1.2E+04 
Spiramycin GTP 200 1.6 ± 0.7 0.03 1.7E+04 

Tylosin GTP 200 2.7 ± 0.8 0.04 1.4E+04 
Telithromycin GTP 200 15.2 ± 4.7 0.60 4.0E+04 

GTP Azithromycin 200 9.4 ± 0.7 0.19 2.0E+04 
              

 



 
PhD Thesis – T. Shakya                     McMaster – Biochemistry and Biomedical Sciences 

126 
 

APPENDIX 4: Ki data of Kinase Inhibitors vs. AKs 

Enzyme APH(2")-Ia APH(2")-IIa
APH(2")-

IIIa 
APH(2")-

IVa 
APH(3')-Ia APH(3')-IIa APH(3')-IIIa

Apigenin - 3.7 ± 0.5 - - 5.3 ± 0.3 - - 
Quercetin 24.6 ± 0.9 1.5 ± 0.1 23.5 ± 1.4 25.1 ± 3.7 1.0 ± 0.1 8.1 ± 0.5 23.7 ± 0.7 
Genistein - - 109 ± 6 - - - - 
LY294002 - - - - 79.0 ± 8.0 - - 

Tyrphostin 25 - - - - 275 ± 37 28.2 ± 3.5 102 ± 13 
Tyrphostin 47 - 50.3 ± 8.0 59.3 ± 5.6 170 ± 14 - 122 ± 13 77.8 ± 7.9 

Tyrphostin AG1478 - - - - 15.6 ± 1.0 - - 
GW5074 - 2.1 ± 0.3 - - - - - 

Indirubin-3'-
Monooxime 

- 8.1 ± 1.5 - - - - - 

Ro-31-8220 - - 41.8 ± 3.1* - 97.5 ± 12.6* - - 
LFMA13 56.7 ± 1.6 16.6 ± 1.8 21.9 ± 1.7 - - - - 

PP1 - - - - 3.8 ± 0.4 - - 
SP600125 - 5.4 ± 1.3 - - 7.2 ± 0.7 28.6 ± 7.6 6.6 ± 1.0 
BML-259 - 30.3 ± 3.9 - - - - - 

KN-93 - 59.5 ± 16.2 196 ± 13 - 183 ± 36 95.6 ± 15.2 - 
Olomoucine - 3.6  ± 0.5 - - 49.2 ± 2.2 - - 
SB-202190 - - - - - - - 
ZM449829 - 29.6 ± 5.8 120 ± 13 25.8 ± 0.8 300 ± 47 - - 

 
 
 

       

Enzyme APH(3')-Va APH(3")-Ia APH(4)-Ia APH(6)-Ia APH(9)-Ia MPH(2')-Ia MPH(2')-IIa
Apigenin 0.18 ± 0.01 - 0.86 ± 0.03 - 5.9 ± 0.2 - - 
Quercetin 0.07 ± 0.005 8.4 ± 0.6 1.2 ± 0.1 15.0 ± 0.6 0.56 ± 0.03 - - 
Genistein 21.3 ± 1.5 17.8 ± 0.9 - - - - - 
LY294002 68.5 ± 6.7 2.4 ± 0.1 14.7 ± 0.4 - 64.1 ± 2.2 - - 

Tyrphostin 25 16.5 ± 0.8 110 ± 6 49.0 ± 2.3 - 231 ± 19 - - 
Tyrphostin 47 59.4 ± 1.4 128 ± 6 8.9 ± 0.4 - 23.5 ± 2.3 - - 

Tyrphostin AG1478 0.82 ± 0.07 0.73 ± 0.05 14.1 ± 0.8 - - - - 
GW5074 9.7 ± 0.3 4.5 ± 0.4 11.2 ± 0.9 20.6 ± 1.3 4.5 ± 0.2 190 ± 16* 80.4 ± 5.0* 

Indirubin-3'-
Monooxime 

11.4 ± 1.2 8.3 ± 0.8 5.9 ± 1.2 - 22.9 ± 2.7 - - 

Ro-31-8220 27.4 ± 1.8 66.7 ± 11.7 7.1 ± 0.1 - 130 ± 7 - - 
LFMA13 - - 94.3 ± 7.7 - - 68.4 ± 4.4 93.5 ± 5.0 

PP1 0.47 ± 0.03 5.2 ± 0.5 - - 36 ± 3 - - 
SP600125 4.7 ± 0.3 - 3.8 ± 0.2 - 1.6 ± 0.1 - - 
BML-259 - - 32.1 ± 1.2 - 7.6 ± 0.3 - - 

KN-93 - - - - - 40.3 ± 4.0 41.7 ± 2.8 
Olomoucine - - 9.6 ± 0.5 - 9.7 ± 0.3 - - 
SB-202190 10.2 ± 0.8 - - - 87.0 ± 8.2 - - 
ZM449829 88.4 ± 8.5 109 ± 10 289 ± 13* - 8.8  ± 0.7* - - 

* Enzyme-inhibitor interactions that showed a non-competitive inhibition trend 
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APPENDIX 5: List of PP Compounds 
 

 

 

N

N
N

N

R1
NH2

R2  

 

Compound R1 R2 
pyrazolo[3,4-d]pyrimidine H H 

1 H sec-butyl 
2 H Hexyl 
3 I sec-butyl 
4 Phenyl tert-butyl 
5 Phenyl sec-butyl 
6 Phenyl butyl 

PP1 para-CH3 tert-butyl 
7 para-CH3 sec-butyl 
8 para-CH3 butyl 
9 para-CH3 H 

PP2 para-Cl tert-butyl 
10 para-Cl sec-butyl 
11 para-Cl butyl 
12 para-Cl hexyl 
13 para-Cl methyl 
14 para-Cl H 
15 para-Cl 4-(4-methyl-1H-1,2,3-triazol-1-yl)butan-1-ol 
16 meta-Cl sec-butyl 
17 ortho-Cl sec-butyl 
18 3,4-dichloro-phenyl sec-butyl 
19 para-F sec-butyl 
20 para-Br sec-butyl 
21 para-OMe sec-butyl 
22 5-indole sec-butyl 
23 5-benzo[d][1,3]dioxole sec-butyl 

 

 


