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ABSTRACT

Aminoglycosides antibiotics are a clinically relevant class of antibiotics that
continue to find use despite the appearance of organisms resistant to these therapeutic
agents. Resistance to aminoglycosides may be manifested through several mechanisms
including alteration of the ribosomal target, active efflux of the compounds or chemical
modification of the antibiotics. The latter mechanism of resistance can occur through O-
adenylation, N-acetylation or O-phosphorylation. An aminoglycoside
phosphotransferase, APH(3)-Illa modifies a broad range of aminoglycoside antibiotics
through ATP dependent phosphorylation of the 3’ hydroxyl group rendering these
antibiotics inoffensive to the bacterium. In an attempt to gain a more thorough
understanding of the molecular mechanisms of this drug modification, studies were
initiated to determine its substrate specificity and identify residues required for substrate
recognition and enzyme activity. The results reported herein, identify residues which line
the ATP binding pocket as well as identify substrate structures required for
enzyme/substrate interactions. These mechanistic studies further identify a functional
similarity between APH(3’)-IIla and eukaryotic protein kinases.

These data have mapped both enzyme and substrate strucutres required for

aminoglycoside detoxification and form the basis for further rational drug design studies.
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CHAPTER1

A General Introduction to Antibiotics and Mechanisms of Antibiotic Resistance.



Chapter 1

Introduction

1.1 Development of Antibiotics

There are few discoveries that have had a greater impact on both the length and
quality of life of humans than the development of modern antibiotics (Figure 1.1). The
earliest medical records describe the use of many different salves, ointments and
solutions, including frankincense, arsenic and mercury in the treatment of a panolpy of
infections. The development of these antimicrobial therapies was empirical in nature
and it wasn't until the late nineteenth century that a more rational approach to drug design
was undertaken by a variety of researchers.

Modem chemotherapy as a “magic bullet” is a term Paul Ehrlich first used to
describe his belief that infectious disease could be treated with synthetic compounds (57).
He is often referred to as the "father" of modern scientific chemotherapy and is
responsible for the development of some of the earliest antimicrobial chemicals, some of
which find use in modern clinical therapy. Ehrlich is probably best known for his work
on arsenical compounds which led to the development of salvarsan (Figure 1.2), used in
the treatment of both trypanosome and spirochete infections (reviewed in 114). His
methodology involved identifying a compound with a desired clinical outcome and using

this structure



1800

1600

1400

1200

1000

g2 & 8 8

Number of Deaths per Million Living in England and Wales

TN EE DN N I I R N I I N A OO N A N O O A O OO

(=]

1936 1940 1945 1960 1956
Year (1930-1957)

Figure 1.1. Effect of antimicrobials on the number of deaths caused by all infective
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infective diseases while open circles (0) represent the number of deaths caused by
tuberculosis. Modified and redrawn from The Use and Abuse of Antibiotics: Drug-
Resistant Staphylococcal Infection, Mary Barber, M.D.
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as a starting point for further modification. After several rounds of this
analysis/synthesis, the ideal therapeutic agent would be generated.

Various researchers began to follow Ehrlich’s systematic approach to drug testing
and this eventually led to the synthesis of the sulfonamide protonsil (Figure 1.2) by
Klarer and Mietzsch (reviewed in 114). Several groups demonstrated the usefulness of
protonsil in the treatment of streptococcal infections in vivo and it was subsequently
demonstrated by Trefouel that the reduction of protonsil occurred in vivo yielded the
active component sulfanilamide (Figure 1.2) (reviewed in 114). Since sulfanilamide’s
identification, many family members have been derived from the parent compound,
generating more potent and less toxic therapeutics ( reviewed in 114).

Often, the importance of the sulfanilamide drugs are under emphasized due to the
discovery of penicillin (Figure 1.2) which occurred during roughly the same period as the
development of protonsil. The fortuitous nature of penicillin’s discovery by Fleming (54)
led to one of the most important changes in antimicrobial research. Most of the early
antimicrobials were discovered by empirically screening large numbers of synthetic
compounds, many of which, although toxic to the micro-organisms, were also in part
toxic to the patient being treated. It was this toxicity and relatively narrow spectrum of
action which was the driving force for the discovery of new antimicrobials. The
discovery and development of penicillin from the mold Penicillium notatum heralded the
beginning of the era of natural product antibiotics and began to shift the focus of drug

development away from chemical synthesis and on to natural product discovery.
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The benefits of penicillin therapy inciude its relatively broad spectrum of activity
(most Gram positive and some Gram negative bacteria) and apparent lack of toxicity (the
exceptic—m being extremely high doses of intrathecally delivered penicillin (11)). Its
discovery was the first of many natural products which demonstrated some antimicrobial
activity. Using the identification of penicillin as a model, Waksman and colleagues
began an exhaustive search for natural products from soil bacteria. Their group screened
over ten thousand soil samples which eventually led to the discovery of bacteria which
produced streptomycin (168) and neomycin (196). These two antibiotics were the first
two cases where a systematic, high volume screening process was employed in an
attempt to identify antimicrobial agents. Within several years, a large assortment of
antibiotics had been isolated from various producing organisms, and these drugs targeted
a wide range of micro-organisms and cellular processes.

Itis evidgnt that the development of antimicrobial agents had a profound effect
upon mortality levels associated with infectious diseases (Figure 1.1). It has similarly
become quite apparent even from the outset, that microbial resistance to developed
antibiotics posed a serious threat to the continued usefulness of some, if not all antibiotics

currently in use.

1.2 General Antibiotic Resistance
The first account of drug resistance to a chemotherapeutic agent was observed and
detailed by Ehrlich in 1907 while testing arsenical compounds on trypanosomal parasites.

It wasn’t long after the initial introduction of sulphanilamides into clinical use that



resistance to this class of drugs appeared (reviewed in 114). Although these antibiotics
are currently perhaps clinically less prevalent than many others, the problem of drug
resistance to most classes of drugs is still a major health crisis (69, 129, 140).

The best studied of all antibiotics, and also associated resistance mechanisms, is
that of the penicillins. Early studies indicated that a buildup of cell wall components,
including N-acetyl muramic acid and N-acetyl glucosamine occurred when
Staphylococcus was treated with penicillin (reviewed in 114, 118). This led to the belief
that penicillin acted on cell wall biosynthesis and eventually transpeptidases (penicillin
binding proteins (PBPs)) were identified as the specific target of penicillin. These PBPs
are now known to cross-link a free amine (R-group side chain) of a dibasic amino acid
(L-lys or meso-diaminopimelic acid) to the penultimate D-alanine of a neighboring chain
(Figure 1.3). This link is either accomplished directly or through a multiglycine peptide
linker (118). The absence of cross-linking reduces the structural support usually
provided by the cell wall and the bacteria become more sensitive to environmental stress
in the form of osmotic pressures.

Resistance to B-lactam antibiotics can be achieved through an enzymatic
alteration of penicillins. These novel PBPs, or as they are more commonly referred to, f3-
lactamases, are capable of hydrolyzing the 4 membered ring of the f-lactams thus
rendering them inoffensive to the cells (Figure 1.4). To date there have been isolated
greater than 200 distinct PBPs which can detoxify penicillins, cephalosporins or both

family of drugs, thus severely reducing the usefulness of B-lactam antibiotics (118).
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1.3 Aminoglycoside Antibiotics
1.3.1 Aminoglycoside Aminocyclitol Structure

A second family of antibiotics whose mechanism of antimicrobial activity has
been well studied are the aminoglycoside-aminocyclitols. The aminoglycosides are a
large group of related antibiotics which share several characteristics including both
structure and general mode of action. All family members are highly positively charged
and are found to have a broad spectrum of antimicrobial activity, finding use in the
treatment of both Gram positive and Gram negative pathogens. The wide range of
susceptible organisms makes these antibiotics an extremely important therapeutic agent
in the treatment of a variety of infections. An important second feature of
aminoglycosides are their bactericidal, rather than bacteriostatic, properties (47). The
aminoglycosides are grouped into three distinct classes based upon their chemical
structure and all members share a common central aminocyclitol ring, at which various
positions are derivatized to generate distinct drugs (Figure 1.5A-C, Table 1.1). The first
group of compounds is substituted at the 4 and 6 position of the 2-deoxystreptamine
aminocyclitol ring and includes such family members as kanamycin and amikacin
(Figure 1.5A, Table 1.1); whereas the second closely related group is substituted at the 4
and 5 positions of the central 2-deoxystreptamine ring and includes such drugs as
neomycin, ribostamycin, paromomycin and butirosin (Figure 1.5B, Table 1.1). The third
group while also sharing the aminocyclitol ring is a rather loose association of
aminoglycoside antibiotics which do not belong to either of the first two classes and

includes such antibiotics as spectinomycin and streptomycin (Figure 1.5C, Table 1.1).
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Table 1.1: Aminoglycoside-aminocyclitol antibiotics

2-deoxystreptamine aminoglycosides

4,5-disubsituted 4,6-disubstituted other aminoglycosides
neomycin kanamycin A streptomycin
ribostamycin kanamycin B spectinomycin
butirosin amikacin hygromycin
lividomycin gentamicins apramycin
paromomycin isepamicin fortimicin
tobramycin
netilimicin
sisomicin

dibekacin
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Most of these antibiotics including kanamycin, gentamicin and streptomycin are natural
products and are purified from such organisms as Streptomyces, Micromonospora and
BaciIIus-others, however, such as amikacin, netilimicin and isepamicin are semi-synthetic

derivatives of other aminoglycoside antibiotics (Figure 1.5A, B, Table 1.1).

1.3.2 Mode of Action of aminoglycosides

A tremendous wealth of literature exists specific for the antimicrobial activity of
aminoglycoside antibiotics. Following treatment of bacterial cells with aminoglycosides,
a marked inhibition of protein synthesis is observed (180, 181, 197). This is specific to
70S ribosomes and thereby specific to bacterial cells. Assays on bacterial cellular
extracts demonstrate substantial inhibition of both protein initiation and elongation
suggesting that aminoglycosides exert their bactericidal effects by perturbing the A-site
of the 708 ribosome. Further experiments using reconstituted ribosomes from both
sensitive and resistant strains have identified the 30S subunit as the specific target for
streptomycin (reviewed in 57). These reconstitution experiments have also been
confirmed by binding assays which show radioactively labeled aminoglycosides binding
to the 30s subunit (5). These experiments although suggestive of A-site binding do not
decidedly implicate this target as the site of aminoglycoside interaction. More specific
targets of streptomycin interaction have emerged implicating ribosomal protein S12 and
the 16s rRNA of E.coli. Mutations in S12 (16, 144) and a C to U transition at position
912 of the 16s rRNA (133) have both been separately implicated in conferring resistance

to streptomycin. Similar studies have implicated other ribosomal proteins and RNA
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residues in spectinomycin resistance, where mutations at either S5 or a C to U transition
at position 1192 of the 16s rRNA are sufficient to render this antibiotic ineffective as a
therapeutic agent (94, 174).

Chemical footprinting of the 16s rRNA has been effectively used by several
groups in an attempt to confirm aminoglycoside interactions. The closely related
aminoglycosides kanamycin, gentamicin, paromomycin and neomycin protect A1408 and
G1494 from chemical modification by dimethyl sulfate (DMS) (131). Woodcock and co-
workers similarly demonstrated that neamine, which is a fragment of neomycin protects
residues A1408, G1491 and G1494 (202). This suggests that the pentose ring (other rings
are further substituted off the pentose ring) (Figure 1.5B) plays a limited role in the mode
of action of neomycin C. Such protection is consistent with a pattern observed for tRNA
A-site footprinting (131). Streptomycin has been found to footprint slightly differently
and strongly protects A913, A914 and A915 (132).

Recently Fourmy and colleagues have synthesized a 27 nucleotide synthetic
oligonucleotide which encompasses the A-site sequence of the 16s rRNA (55). Using
NMR studies, the conformation of paromomycin bound to the synthetic oligonucleotide
has been determined (Figure 1.6). Numerous hydrogen bonds are formed between
paromomycin and several bases of the RNA. Of particular interest is G1494 (G22
synthetic oligo numbering) which forms a hydrogen bond with an amino substituent from
the C3 position of the 2-deoxystreptamine aminocyclitol ring. This position on the
aminoglycoside antibiotic is likely to play an important role in aminoglycoside ribosome

interactions as it is completely conserved across both the 4,5-disubstituted 2-
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deoxystreptamine and 4,6-disubstituted 2-deoxystreptamine aminoglycosides (Figure
1.5A, B). A number of hydroxyl groups and amino groups are involved in forming
hydrogen bonds from rings I and II of paromomycin and residues U1495, G1494, A1493
and A1492 (Figure 1.6). No hydrogen bonds were detected between rings III or IV and
the synthetic oligonucleotide (55). These results are consistent with MIC data for
neamine (40 pug/mL), neomycin (5 pg/mL) and ribostamycin (10 pg/mL) which suggest
that the interaction between aminoglycosides and the ribosome is minimally affected by
removal of ring IV (paromomycin->ribostamycin) or removal of rings III and IV
(neomycin->neamine) (56). Although there is only a 10 fold difference in dissociation
constants upon removal of ring III removal of the pentose ring permits binding of
neamine in two distinct conformations. The primary conformation is identical to that of
neomycin while the alternate binding demonstrates different interactions between N1 of
neamine and N7 of G1494 and N3 of neamine and O4 of U1495 which gives an inverted
appearance.

Although this target is well characterized, the mechanism(s) by which these drugs
exert their bactericidal effects is still widely debated and remain to be unequivocally
determined. Part of the difficulty in delineating the toxic effects of aminoglycosides is
due to their pleitropic effects within the cell. At low concentrations there is a marked
decrease in translation fidelity and synthesis, whereas at high concentrations of
antibiotics protein synthesis is totally inhibited (70, 71). According to Tai and colleagues
(181) at low concentrations, the antibiotic binds to actively transiating ribosomes and

thereby leads to errors in fidelity. At high concentrations, the drug binds to inactive
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ribosomes preventing initiation from occurring. In the latter case as peptides are released
from the ribosome, the antibiotic is at such high concentrations that it immediately fills
the vacant spot left by the departing protein. From such a proposal one might speculate
that the total inhibition in protein synthesis would eventually lead to cell death by
inhibiting all cellular processes, and thus be the main bactericidal activity of

aminoglycosides. This, however, might not prove to be the case.

1.3.3 Aminoglycoside Entry

Preliminary studies on aminoglycoside action identified that these highly cationic
compounds bound to the cell surface of Gram negative bacteria. This interaction was
determined to occur at the cell surface and could easily be reversed by washing of cells in
various buffers (134). For streptomycin it appears to be an ionic interaction (134) that is
essentially complete after a few seconds and is linearly dependent on the concentration of
this aminoglycoside (93). Following this very rapid initial interaction of the drug and cell
surface there are several other distinct phases. Bryan and Van den Elzen have identified
a slow energy dependent phase (EDPI) where, following the initial adsorption of drug to
cell surface, a small amount of aminoglycoside gains entry to sensitive cells (Figure 1.7)
(25). It is important to note at this point that this energy dependent phase (and prior
adsorption obviously) occurs in resistant cells. Hancock demonstrated that the uptake
and thus bactericidal effect of streptomycin required the electron transport system and
was readily inhibited by anaerobic growth, carbon monoxide and many other electron

transport inhibitors (78). This energy requirement was observed for both streptomycin
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Figure 1.7. Typical aminoglycoside uptake curve for a streptomycin sensitive and
streptomycin resistant strain (modified and redrawn from R.E.W. Hancock, J.

Antimicrobial Chemotherapy 8: 249-276).
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and gentamicin and is accepted as consistent for all bactericidal aminoglycosides. Itis
also important to note that this energy requirement for EDPI is not limited to E. coli but is
also a feature of drug action in such species as Pseudomonas aeruginosa (26, 27) and
Staphylococcus aureus (130). This requirement of EDPI for the electron transport system
should not be taken as a requirement for O as it has been demonstrated that under
anaerobic conditions the alternate electron transport chain terminal acceptor nitrate (NOs”
) can be used as an alternate electron acceptor (24). These results are confirmed in the
obligate anaerobes Clostridium perfringens and Bacteroides fragilis where
aminoglycoside uptake requires anaerobic electron transport (79). The effect of
anaerobic growth or electron transport inhibitors is readily reversible upon their removal.

Studies with mutants and inhibitors of the proton motive force (PMF) have
demonstrated its requirement for aminoglycoside uptake. The ApH component of the
PMF appears to have little contribution to drug entry whereas the AY component appears
to be required for aminoglycoside entry during EDPI (23, 25).

The next phase of drug entry is generally referred to as energy dependent phase IT
(EDPII) and is unique to aminoglycoside sensitive strains (Figure 1.7). Resistant E. coli
strains do not exhibit an EDPII stage but continue to show low levels of drug uptake
similar to EDPI levels (Figure 1.7). Interestingly, drug entry during both EDPI and
EDPII is irreversible even upon extensive washing of antibiotic treated cultures (135). It
is during this phase, EDPII, that inhibition of protein synthesis occurs and loss of cell
viability is observed (25). Once aminoglycoside entry during EDPII occurs there is an

irreversible change leading eventually to cell death.
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Early in aminoglycoside research it was observed that sensitive cells exhibited
significant loss of cell membrane integrity (7, 8, 77) allowing non-specific permeability
to such species as K', nucleotides, and amino acids as well a variety of other compounds.
Conversely resistant cells did not demonstrate appreciable membrane damage upon
exposure to aminoglycoside antibiotics. These results seem to implicate some membrane
component as the resistance determinant for aminoglycoside antibiotics (7, 8). Within a
year, Spotts and Stanier (179) demonstrated that resistance to aminoglycoside was
manifested in ribosomes, and not the membrane, leading many researchers to conclude
that the cumulative membrane damage was simply a secondary effect of aminoglycoside
action within sensitive cells. For this reason membrane damage as a primary cause of
cell death was virtually ignored until the early eighties when Davis proposed linking the
observed membrane damage with the known target of aminoglycosides (30s subunit) and
the observed mistranslation of proteins. Although the mechanism is not entirely
understood Davis has proposed a unifying hypothesis which nonetheless remains

controversial (47).

1.3.4 Unifying Hypothesis for Aminoglycoside Action
The mode of aminoglycoside action involves several steps, each of which is
necessary but not sufficient for cell death. Consistent with studies discussed previously
there is a rapid binding of aminoglycosides with the cell surface, presumably through an
ionic interaction. This is then followed by EDPI where small amounts of drug enter the

cell leading to mistranslation of proteins. These proteins, some of which normally are
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targeted to the cytoplasmic membrane (CM) and periplasm, incorrectly incorporate into
the CM (48) creating channels allowing greater influx of aminoglycosides initiating a
cataclysmic cascade ending ultimately with cell death. This is found to coincide with the
second energy dependent phase (EDPII) and loss of cell viability. The final step in
aminoglycoside action involves entry of sufficient amounts of drug leading to total
protein synthesis shutdown. This dual effect of membrane damage and total protein
synthesis shutdown are both needed to cause cell death.

This hypothesis is supported by most of the data obtained to date. Davis has
shown (48) that general periplasmic pools of 355 labeled proteins significantly decrease
upon exposure of sensitive cells to aminoglycosides. More specifically alkaline
phosphatase (AP), a secretory protein, is found to partition primarily in the residual
fraction (which includes the membrane fraction) and is no longer properly exported (48).

Co-treatment of cells with low levels of puromycin, a bacteriostatic antibiotic
which causes premature termination of translation, has been shown to potentiate
aminoglycoside killing. Puromycin is now known to lead to membrane damage (47, 48)
and thereby facilitates aminoglycoside entry and cell death (92) by allowing EDP II to
proceed immediately following aminoglycoside binding, thus bypassing EDP 1. At high
concentrations of puromycin the release of nascent peptides occurs more rapidly and
these small peptides are unable to enter the membrane and cause structural damage and
are thereby antagonistic to the effects of aminoglycosides. Similar results are observed
with chloramphenicol, also a bacteriostatic antibiotic, which is known to exert its effect at

the ribosome causing premature termination of proteins. Co-administration of



24

chloramphenicol and aminoglycosides has been demonstrated to lead to a resistant
phenotype (in aminoglycoside sensitive cells) (26, 27, 47, 93, 152). As with puromycin it
is now believed that premature release of nascent peptides prevents the synthesis of
mistranslated products and their subsequent incorporation into the membrane, thus
producing the resistant phenotype (7).

While it is clear that aminoglycoside action is multi faceted, requiring both
membrane damage and inhibition of protein synthesis, there is much research, which
needs to be completed to clarify both the initial mode of entry during EDPI and also the

exact mechanism of drug toxicity.

1.4 Aminoglycoside Resistance

Within a year of the discovery and development of streptomycin, resistance to this
aminoglycoside also became manifest (reviewed in 114). Resistance to aminoglycoside
antibiotics can be grouped into two distinct mechanisms. The first group involves non-
enzymatic resistance mechanisms. This method which occurs much less frequently is
nonetheless clinically relevant in Mycobacterium tuberculosis and Mycobacterium leprae
(137). The second group involves enzymatic resistance whereby either the antibiotic is

modified in some way or the aminoglycoside target is altered enzymatically.

1.4.1 Non-Enzymatic Resistance
Mycobacterium tuberculosis, for which streptomycin was shown to be initially

useful as a therapeutic agent, frequently shows resistance to this aminoglycoside through
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non-enzymatic means. Resistance to streptomycin is conferred by a mutation in rps L
which encodes the ribosomal protein S12 (16, 144). Two amino acids have been
identified at positions 42 and 87 either of which will provide streptomycin resistance
resulting in a 10 000 fold reduction in binding affinity (33). Ribosomal mutations in S12
have yet to be identified for gentamicin resistant strains. Mutations of ribosomal proteins
conferring resistance to aminoglycosides is not limited to either S12 or the 30S subunit.
A mutation in 7plF, which codes for L6 of the 50S subunit is able to confer resistance to
not only streptomycin but other bactericidal aminoglycosides such as gentamicin,
kanamycin and neomycin (28, 46, 111). Non-enzymatic resistance to aminoglycosides
can also be mediated through several other changes in Mycobacteria including alterations
of rrs (codes for 16s rRNA), hemA (no electron transport chain) and ubiD (reduced levels
of electron transport chain) which have been shown to confer resistance to both
streptomycin and_gentamicin by blocking aminoglycoside uptake (79). Conversely, there
are a variety of mutations identified in E. coli; rps D (altered S4) and rps E (altered S5)
which enhance streptomycin sensitivity (strep only) by promoting aminoglycoside
binding to ribosomes (17). It is believed that these latter mutations are able to suppress
mutations in 7ps L (S12) by facilitating ribosomal binding and enhancing a rapid
initiation of EDPIL

It is clear from this brief review on non-enzymatic aminoglycoside resistance that
many targets can be modified or altered which confer upon the bacteria the ability to

thrive when challenged with these antibiotics. A broad review of theses mutations is



26

beyond the scope of this chapter and is carefully and thoroughly reviewed elsewhere (79,

137).

1.4.2 Enzymatic Resistance

Most bacteria that exhibit resistance to aminoglycosides do so through
enzymatically mediated means. It is obvious that any modification which interferes with
the interaction between the drug and its target will also affect its ability to function as an
antibacterial agent. Whether this modification is at the ribosome or the aminoglycoside
should have little bearing on the outcome. Target modification is an effective means for
a variety of organisms to evade such other antibiotics as macrolide, lincosamide and
streptogramins. Strains of Staphylococcus aureus expressing erm A, erm B and erm C
have been shown to confer macrolide, lincosamide and streptogramin (MLS) resistance
through methylation of A2508 of the 23s rRNA (116). Many aminoglycoside producing
organisms maintain self protection by methylating the N7 position of G1405 (14, 88).
This resistance mechanism interestingly is limited to aminoglycoside producing strains
and has yet to be isolated from a clinical setting.

The more common mechanism of resistance involves covalent modification of the
aminoglycoside-aminocyclitol antibiotics. Presently, three distinct mechanisms have
been clinically identified: O-adenylation (ANT), O-phosphorylation (APH), and N-

acetylation (AAC) (Figure 1.8).
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1.4.3 Nomenclature of Aminoglycoside Resistance Enzymes:

Given the number of genes identified which confer resistance to various
aminoglycosides, a systematic nomenclature was developed by Shaw and collcagues in
an attempt to catalogue and group them (170). Three distinct mechanisms of
aminoglycoside modification have been characterized; this includes aminoglycoside
phosphotransferase (APH), aminoglycoside acetyltransferase (AAC) and aminoglycoside
nucleotidyltransferase (ANT). The regiospecific site of modification is identified as a
numbered position of the antibiotic. Unique aminoglycoside resistance profiles (AGRP)
are identified by a Roman numeral while distinct genes conferring identical AGRP are
represented by lower case letters. Thus this gene, aph(3’)-Il]a, identifies an
aminoglycoside phosphotransferase which modifies the 3' hydroxyl with a specific
AGRP. The nucleotidyltransferases ANT(9)-Ia and ANT(9)-Ib share identical resistance
profiles and sites of adenylation, yet differ in their gene sequence and are thus

differentiated as forms a and b.

1.4.4 Dissemination of Aminoglycoside Resistance Enzymes in Nature

Protection from aminoglycoside antibiotics through the synthesis of modifying
enzymes is frequently found in a wide range of aminoglycoside producing organisms
allowing these bacteria to survive in high concentrations of these drugs. All three
mechanisms have been detected in producing organisms and clinically obtained bacteria.

Aminoglycoside producing organisms such as Streptomyces may harbour two distinct
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modifying enzymes (e.g. APH and AAC) where expression of each is required by the
organism in order to obtain high level resistance (151, 185). When expressed
individually in Streptomyces, either AAC or APH are only able to confer low level
resistance. This implies that the dually modified aminoglycoside has substantially
reduced affinity for the ribosome although through what exact means this high level
resistance is manifest at present remains unclear. At present in vivo doubly inactivated
product has yet to be identified.

Modification of aminoglycosides by any of these mechanisms impairs their ability

to interact with the ribosome and thus renders them ineffective as antibiotics (117).

1.4.5 Aminoglycoside Nucleotidyltransferase (ANT)

Seven distinct nucleotidyltransferases are now classified based upon their distinct
AGRP (Table 1.2) and the genes are widely distributed in nature (170). These enzymes
catalyze the transfer of an adenosine monophosphate (AMP) moiety to specific
aminoglycoside hydroxyl residues (Figure 1.8) thus reducing the modified
aminoglycosides therapeutic usefulness. This group of enzymes has been found to
modify aminoglycoside antibiotics from all 3 classes where hydroxyls at positions 4' of
the 4,5-disubstituted and 4,6-disubstituted aminoglycosides and 2" of the 4,6-
disubstituted deoxystreptamine aminoglycosides are frequent targets. Similarly positions
6 and 3" of streptomycin and position 9 of spectinomycin are also known targets for

modification (Figure 1.5C, Table 1.2).
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Table 1.2: Aminoglycoside nucleotidyltransferases

Enzyme Profile Source AGRP*

ANT (2:') Ia Enterobacteriaceae kan, gent, tob ®
ANT (3") Ia Enterobacteriaceae strep, spec

ANT (4") la  Staphylococcus aureus kan, tob, amik, neo
ANT (6) la Enterococcus faecalis strep

ANT (6) Ib Bacillus subtilis strep

ANT (9) la Staphylococcus aureus spec

ANT (9) b Enterococcus faecalis spec

* AGRP: aminoglycoside resistance phenotype.

® Abbreviations: amik, amikacin; kan, kanamycin; gent, gentamicin; neo, neomycin; spec, spectinomycin;
strep, streptomycin; tob, tobramycin.
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As discussed earlier, single organisms can harbour and express multiple resistance
enzymes as is the case for ANT(2")-Ia and ANT(3")-Ia which are both expressed in Gram
negative Enterobacteriaciae. This enzyme, ANT(2")-Ia along with ANT(4')-Ia are the
two most thoroughly studied aminoglycoside nucleotidyltransferases.

ANT(2")-Ia was first isolated from a gentamicin resistant strain of Klebsiella
pneumoniae where it was found to be expressed from plasmid pJR66 along with an
APH(3") (125, 138). This raises an important side point. Aminoglycoside resistance
mechanisms are primarily classified by their AGRP from clinical isolates. These AGRP
are determined by minimal inhibitor concentrations (MICs) which measure growing
cultures’ sensitivity to increasing concentrations of antibiotic. This can lead to
incorrectly identified and classified resistance mechanisms due to expression of multiple
resistance proteins within the same strain. Thus it is important to identify the individual
resistance gene and unequivocally identify its substrate profile prior to its assignment to a
specific AGRP and mechanism.

Northrop and colleagues have completed a detailed structure-function and kinetic
analysis of ANT(2")-Ia. Initial studies identified kanamycin, gentamicin and tobramycin
as the AGRP specific for this enzyme but upon more thorough in vitro analysis it was
discovered that ANT(2")-Ia had a much broader aminoglycoside substrate range than
initially identified (63). Most of the aminoglycoside substrates assayed were found to
exhibit varying degrees of substrate inhibition. This phenomenon occurs when one
substrate is able to bind non-productively to the enzyme thus affecting the overall

enzyme reaction (169). This behavior is often exhibited by enzymes which follow a
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Theorell-Chance type kinetic mechanism as has been determined in the case of ANT(2")-
Ia (61, 62). A more thorough discussion of enzyme kinetics and inhibition will be
presented in Chapter 3 of this thesis.

ANT(4')-1a has also been thoroughly investigated by several groups. Similar to
ANT(2")-Ia this second enzyme is also plasmid encoded and was originally isolated from
Staphylococcus aureus. 1Its resistance profile includes kanamycin, tobramycin, amikacin
and neomycin (127). The three dimensional structure of this enzyme has been solved in
both its native state (163) and the enzyme complexed with both (-y-methyleneadenosine
S'-triphosphate (AMPCPP: a non-hydrolyzable ATP analogue) and kanamycin (147). In
both structures the enzyme forms a head to tail homodimer where the interface between
the two monomers contains two enzyme active sites (Figure 1.9). Extensive interactions
are required from both subunits in order to form both the ATP and aminoglycoside

binding pocket and thus the monomeric form is inactive.

1.4.6 Aminoglycoside Acetyltransferases (AAC)

Aminoglycoside acetyltransferases are able to detoxify aminoglycosides through
covalent modification of specific amino groups. Modifications have been observed at
positions 1 and 3 of the 2-deoxystreptamine aminocyclitol ring as well as positions 2' and
6' of the 6-aminohexose ring (Figure 1.5A, B). These enzymes transfer an acetyl group
from a donor, most often acetyl-CoA, to the aminoglycoside amino group releasing CoA

and N-acetylated aminoglycoside (Figure 1.8).



Figure 1.9. Structure of ANT(4°)-Ia dimer (A) top view and (B) side view. Monomers
are coloured red and blue, while ATP/aminoglycoside pairs are coloured purple or white

(for each pair).
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More than 30 distinct AACs have been isolated from a broad range of bacterial
hosts including both Gram negative and Gram positive organisms. Many AAC have been
isolated from aminoglycoside producing strains of Streptomyces where presumably they
serve to protect the host from produced aminoglycosides. This family of enzymes is
extremely diverse sharing little sequence homology although they are all generally within
the 15-22 kDa range (Table 1.3). While the vast majority of the AAC genes are plasmid
encoded, there have been identified several AAC (2') and AAC (6") which are
chromosomally encoded (3, 42, 158, 168, 171). The AAC (1), of which there is only one
identified isozyme (type I) and AAC (3) thus far have only been found to be plasmid
encoded (171, 203).

The aac(2’)-I genes, of which there are 5 identified, are of interest due to their
chromosomal expression. These genes have been isolated from Providencia stuarti and
Mycobacteria species and exhibit the AGRP of gentamicin, tobramycin and amikacin (3,
90, 158). The aac(2’)-Ia which has been cloned from P. stuarti has recently been
proposed to have a role in maintaining cell structure. Providencia species contain O-
acetylated peptidoglycan as a normal component of its cell wall. Mutants of aac(2)-la
have been demonstrated to have altered cell morphology due to changes in the levels of
O-acetylation suggesting a possible role for AAC(2')-1a in peptidoglycan synthesis (148).
This hypothesis is supported by results that show that AAC(2')-Ia can acetylate
gentamicin using O-acetylated peptidoglycan in place of acetyl CoA (149). While the

origins of aminoglycoside resistance enzymes are widely debated these results suggest a



Table 1.3: Aminoglycoside acetyltransferases ¢

Enzyme Profile Source AGRP*

AACR) I Providencia stuarti Gent, Tob, Amik ®

AAC(2) be® Mycobacteria Gent, Tob

AAC(2) I Streptomyces kasugaaensis Gent, Arbek

AAC(6") Ia Citrobacter diversus Kan, Tob, Amik, Neo

AAC(6" Ib Enterobacteriaceae Kan, Tob, Amik, Neo

AAC(6" Id Serratia marcescens Kan, Tob, Amik, Neo

AAC(6") If Klebsiella sp. Kan, Tob, Amik, Neo

AAC(6") Ig,h,j,k  Acinetobacter sp Kan, Tob, Amik, Neo

AAC(6" ¢ Enterococcus faecium Kan, Tob, Amik, Neo

AAC(6) n Citrobacter freundii Kan, Tob, Amik, Neo

AAC(6) Im Escherichia coli Kan, Tob, Amik, Neo

AAC(6") In- Citrobacter freundii Kan, Tob, Amik, Neo

AAC(6") le Enterococci, Staphylococci Kan, Tob, Amik, Neo,
Fort

AAC(6) I Pseudomonas aeruginosa Kan, Tob, Amik, Neo

AAC(1) I Escherichia coli Neo, Apra

AAC®3) Ia Enterocacteriaceae Gent, Fort

AAC(®3) Ib Pseudomonas aeruginosa Gent, Fort

AACQ3) la Enterobacteriaceae Gent, Tob, Dibek, Net,
Siso

AAC(3) 41) Serratia marcescens Gent, Tob, Dibek, Net,
Siso

AAC(3) lc Escherichia coli

AAC(3) 11F] Pseudomonas sp. Gent, Tob, Dibek

AAC(3) b Pseudomonas aeruginosa



AAC(3)
AAC(3)

AAC(3)
AAC(3)
AAC(3)

AAC(3)

AAC(3)

s s5s =

>

X

Pseudomonas aeruginosa

Salmonella sp.

Enterobacter cloacae
Streptomyces rimosus

Streptomyces fradiae

Micromonospora chalcea

Streptomyces griseus

36

Gent, Tob, Dibek, Net,
Apra

Gent, Tob, Siso, Net

Gent, Kan, Neo, Paro,
Livid

Gent, Kan, Neo, Paro,
Livid

Gent, Kan, Neo, Paro,
Livid

* AGRP: aminoglycoside resistance phenotype.

Abbrevunom amik, amikacin; kan, kanamycin; gent, gentamicin; neo, neomycin; spec, spectinomycin;
strep, streptomycin; tob, tobramycin; Fort, fortimicin; Net, netilmicin; Siso, sisomicin; Apr, apramycin; But,
butirocin; Isep, isepamicin; Arbek, arbekacin; Ribos, ribostamycin; Paro, paromomycin; Livid, lividomycin.

© Chromosomal gene.

4 Table modified from G.D. Wright, A.M. Berghuis and Shahriar Mobashery, in press.
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possible “housekeeping” function for AAC enzymes and the aminoglycoside modifying
activity of AAC(2")-Ia may simply be a fortuitous secondary activity.

The AAC(6") family of enzymes have been isolated from a wide range of
organisms. These enzymes range in mass between 16 and 22 kDa. The aac (6')-Ii from
Enterococcus faecium, which is chromosomally located, has recently been cloned,
overexpressed, purified and characterized in some depth (204). This enzyme shows an
AGRP of kanamycin, tobramycin, amikacin and neomycin (42). While this enzyme
bears a similar substrate profile to other members of the AAC(6") family it shares only
limited similarity to most family members. The AAC(6")-li does however share 42.2%
identity with AAC (6')-1a isolated from Citrobacter diversus and Shigella sonnei (42)
suggesting that these two members are more closely related and form a subfamily within
the AAC(6)-1 enzymes.

One of the most extensively studied aminoglycoside acetyltransferases is AAC
(6")-Ib. This enzyme which has a molecular mass of 24.5 kDa was identified from
several sources (141, 189) and has an AGRP of kanamycin, tobramycin, amikacin and
neomycin. Radika and Northrop have completed exhaustive substrate specificity studies
and kinetic analysis of this enzyme and AAC(6'")-Ib exhibits a much broader substrate
profile than the AGRP would suggest. It is able to acetylate a number of other
aminoglycosides such as gentamicin Cla, gentamicin B, sisomicin and nebramycin 4
(156). It is also capable of using n-propionyl-CoA, n-butyryl-CoA and 1,N°-
ethaneacetyl-CoA as alternate acyl donors (154, 156). AAC(6')-Ib shares 76% sequence

identity with AAC(6')-IIa yet they differ in their AGRP where the latter enzyme shows
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resistance to gentamicin and sensitivity to amikacin, the reverse of which is seen for
AAC(6")-Ib. Shaw and colleagues have demonstrated through domain swapping
experiments and site directed mutagenesis that a leucine to serine mutation at position
119 (AAC(6")-Ib numbering) is sufficient to convert its AGRP to that of AAC(6")-1Ia

implicating this residue as critical for aminoglycoside recognition (157).

1.4.7 Aminoglycoside Phosphotransferases (APH)

Aminoglycoside phosphotransferases show the greatest diversity (in that there are
different enzymes which can phosphorylate 7 distinct hydroxyl residues) of all
aminoglycoside modifying enzymes (Table 1.4). These enzymes are widely distributed
in nature being found in both Gram positive and Gram negative bacteria. Through an
ATP dependent fashion, aminoglycoside phosphotransferases are able to covalently
modify these antibiotics by transferring the y-phosphate of the nucleotide to one of the
aminoglycoside hydroxyl residues impairing its ability to interact at the ribosome and
thereby reducing its clinical usefulness (Figure 1.8). The most thoroughly studied APHSs
are the APH (3') family of enzymes which phosphorylate many 2-deoxystreptamine
aminoglycosides from both the 4,5 and 4,6-disubstituted aminoglycosides including both
kanamycin and neomycin. For this reason this section dealing with aminoglycoside
phosphotransferases will concentrate on this group of enzymes and particular attention
will focus on APH(3')-II1a which is the topic of this thesis. Within this family of APHs
there have been identified twelve phosphotranferases sub-grouped into 7 distinct families

(Table 1.4). These enzymes have been isolated from both Gram positive and Gram



Table 1.4: Aminoglycoside phosphotransferases *

Enzyme Profile  Source AGRP"
APH(3) Ia Escherichia coli Kan, Neo, Ribos, Livid
APH3) Db Escherichia coli
APH(3) Ic Klebsiella pneumoniae
APH(3) I Escherichia coli Kan, Amik, Neo, But, Ribos
APH(3") Enterococcus faecalis, Kan, Amik, Isep, Neo, But,
Staphylococcus aureus Ribos, Livid
APH(3) IV Bacillus circulans Kan, Neo, But, Ribos
APH(3) Va‘ Streptomyces fradiae Neo, Ribos
APH(3) Vb° Streptomyces ribosidificus
APH(3) Vc¢° Micromonospora chalcea
APH(3) VI Acinetobacter baumanni Kan, Amik, Isep, Neo, But,
- Ribos
APH(3) VI Campylobacter jejuni Kan, Amik, Isep, Neo, But,
Ribos, Livid
APH@4) Ia Escherichia coli Hygr
APH(7") 1Ia Streptomyces hygroscopicus Hygr
APH(2") Ia Enterococcus faecalis Gent, Net, Siso, Kan, Amik,
[sep, Neo, But
APH(2") Ic Staphylococcus aureus, Ribos, Livid
Enterococcus gallinarum
APH(3") 1Ia Streptomyces griseus Strep
APH(3") Db Escherichia coli
APH6) 1Ia Streptomyces griseus Strep
APH6) Db Streptomyces glaucescens
APH(6) Ic Escherichia coli
APH6) Id Escherichia coli



APHY9) 1Ia Legionella pneumophila Spec
APHY9) DB Streptomyces flavopersicus  Spec

* Modified from G.D. Wright, A M. Berghuis and S. Mobashery, in press.

® AGRP, aminoglycoside resistance profile.

€ Chromosomal gene.

Abbreviations: Kan, kanamycin; Amik, amikacin; Isep, isepamicin; Neo, neomycin; But, butirocin; Ribos,

ribostamycin; Livid, lividomycin; Gent, gentamicin C; Net, netilmicin; Siso; sisomicin; Hygr, hygromycin;
Strep streptomycin; Spec, spectinomycin.
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negative organisms including such aminoglycoside producers as Strepromyces griseus
(84) and Bacillus circulans (85) and from such clinical isolates as Enterococcus faecalis
(190) and Staphylococcus aureus (74). All these enzymes have pls around 4-5 and are
roughly 30 kDa in size, with the only exceptions being APH(4’)-Ia and APH(4")-Ib
which are both 41 kDa (75, 212) and the bifunctional AAC(6")-APH(2") which is 57 kDa
(53, 162).

Many of the identified aminoglycoside phosphotransferases have been isolated
from clinical strains and are therefore of medical importance. AAC(6")-APH(2") is a 57
kDa bifunctional enzyme isolated from both Enterococcus faecalis (53) and
Staphylococcus aureus (162), organisms that are a frequent cause of nosocomial
infections. This bifunctional enzyme is the most frequent cause of high level gentamicin
resistance in Gram positive cocci such as Streptococcus and Staphylococcus (50). The
acetyltransferase domain, AAC(6')-Ie, and the phosphotransferase domain, APH(2")-Ia of
the bifunctional enzyme combine to produce an AGRP of kanamycin, tobramycin,
neomycin, lividomycin and gentamicin C. The two domains have long been predicted to
function independently with the AAC(6') activity in the N-terminal region and the APH
(2") in the C-terminal region. This has been confirmed by expressing the domains
separately in both E. coli (53) and Bacillus subtilis (45). The sites of drug modification
have unequivocally been assigned for both kanamycin (9) and arbekacin (109). More
importantly these studies have also characterized an aminoglycoside which was both N-
acetylated and O-phosphorylated. The ability of this enzyme to dually modify

aminoglycosides provides bacteria harboring the aac(6’)-aph(2") gene with the ability to
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detoxify virtually all clinically useful aminoglycosides. Martel and colleagues
demonstrated that both activities bind substrate in a rapid equilibrium random fashion,
aithough whether the singly modified substrates follow a similar mechanism at present
remains unclear (124). The origin of the bifunctional enzyme has long been the source of
much debate but recent studies should help to clarify the argument. APH(2")-Ic and
APH(2")-Id have been cloned from Enterococcus gallinarum (35) and Enterococcus
casseliflavus (191) and show ~25% and ~31% identity respectively with the
phosphotransferase domain of the bifunctional enzyme. These results support the
hypothesis proposed by Ferretti and colleagues that the bifunctional enzyme arose as the
result of a gene fusion event (53). Initially this resistance mechanism was believed to be
restricted to Gram positive organisms but recently it has been detected in Gram negative
bacteria (100) raising an alarming possibility that this resistance gene might disseminate
to more virulent bacteria rendering these organisms virtually untreatable with
aminoglycoside therapy.

Alignment of the APH(3") identified regions of homology in the carboxy terminal
third of the primary sequence (126, 166, 190). These regions have been divided into
three discrete motifs (I-IIT) sharing the highest degree of homology and are proposed to
also share functional roles (126).

Motif I (Figure 1.10A), which includes the consensus sequence
V1ssxxHGDxxxxN (where x is any amino acid) was initially proposed to have a role in
phosphate transfer from ATP to the aminoglycoside acceptor (126). Martin and

colleagues went as far as to propose a role for H188 as a phosphate accepting residue in a
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phospho-enzyme intermediate mechanism (126) (All numbering of residues is that of
APH(3")-II1a unless otherwise indicated). This proposal, however, was based solely upon
sequencé alignment of APHs and other phospho transfer proteins including bacterial
phosphoenolpyruvate-dependent sugar phosphotranferases which similarly were
postulated to use a histidine as the phosphate acceptor for an enzyme intermediate (20,
126). The putative role for this invariant histidine residue in APH(3') was somewhat
supported by mutagenesis experiments wherein this conserved histidine was mutated to
such residues as tyrosine, serine and leucine. These mutations resulted in a non-
functional protein (18). Results obtained by Kocabiyik and Perlin on APH (3')-1la,
however, raise doubt as to H188's putative involvement as a phosphate accepting residue.
Their results demonstrate that although a H188Q mutation has reduced activity as
measured through MICs and whole cell extract in vitro assays, the enzyme is capable of
detoxifying various aminoglycoside antibiotics (107). In particular APH(3")-Ila [H188Q]
demonstrates an MIC of greater than 512 ug/ml for gentamicin A which is identical to the
value for wild type APH(3')-IIa. These values would tend to suggest a role incompatible
for H188 functioning as a phosphate accepting residue.

Random hydroxylamine mutagenesis was employed by Blazquez and colleagues
to generate five individual mutations in APH(3')-IIa (18). Of these five mutations, four
mapped to Motifs I-III and only one mapped outside this region. Of the four identified
mutations, within Motifs I-IIL, two were identified as unique H188Y mutations
suggesting an important role for this residue in conferring aminoglycoside resistance. It

is important to note, however, that these mutations were screened and analyzed through
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in vivo methods only (18) and thereby protein expression levels could be a factor on
aminoglycoside resistance. A third mutation identified within Motif I in these studies is
GI189R. Similar to results obtained for H188Y, the G189R mutant shows a significantly
decreased resistance to aminoglycoside antibiotics as observed through replicate plating
on several different aminoglycosides. The neighboring residue D190 was the target of
mutagenesis studies where when altered to a glycine the enzyme APH(3')-Ila showed a
significantly reduced ability to detoxify aminoglycosides as evidenced by reduced MICs
and in vitro phosphotransferase assays (107).

These studies indicate the importance of Motif I for APH(3") activity although the
exact nature of these requirements remains ill defined. The mutations discussed above
(H188Y, H188Q, D190G and G189D) were analyzed by either in vivo drug resistance
assays (MICs or replicate plating) or in vitro phosphotransferase assays with whole cell
extracts. These studies, although laying the ground work for APH(3') mutagenesis
studies, do not distinguish between binding mutants, chemical mechanism mutants or
simply structural mutants. The latter possibility was to some extent addressed by
Kocabiyik and co-workers (105, 107) but a more thorough investigation of Motif I needs
to be completed.

The second conserved Motif (Figure 1.10B) includes the consensus sequence
Ga20sxxDxGRxG (105, 107, 126). This sequence is also found in other ATP requiring
enzymes including adenylate kinase (83) and cAMP dependent protein kinase (82) where
it is proposed to function as a glycine rich flexible loop (P-loop) (59, 105, 107, 126).

This proposal has lead to an intensive study of this region by several research groups.



Two of the three glycines (G205, G210) were individually mutated in APH(3')-I1a in
order to assess their involvement in enzyme function. These two mutants, G205E and
G210A show virtually identical MICs to each other although they are substantially
reduced comparative to wild type APH(3')-IIa (105). In vitro assays on whole cell
extracts show that both G20SE and G210A have reduced affinity for ATP (~2.4AK,,)
while similar studies on adenylate kinase show a more substantial effect in both ATP
binding (~7.5AK.) and AMP (~19AK.,) (159, 193). A common feature of P-loops from
various sources is an invariant lysine immediately to the carboxyl side of the last glycine
residue. This lysine residue is proposed to function in phosphate binding (60). Studies
on K21 of ras p21 (173) and E. coli adenylate kinase K13 (159) show that mutations at
these sites dramatically lower catalytic activity. These two lysine mutants show
significant effects with K21 showing a 20 fold increase in K. While APH(3") appear to
lack, based on primary sequence alignments, this invariant lysine it has been proposed by
Kocabivik and Perlin that R211 may fulfill an analogous function for the aminoglycoside
phosphotransferases (105). Mutations R211K , R211H, R211Q and R211P all show
similarly reduced yet measurable MICs when compared to wild type APH (3')-IIa (105,
107). Surprisingly R211K and R211H show significantly reduced in vitro activity as
compared to wild type (107) . R211K and R211P show only slightly elevated X, values
for ATP yet substantially reduced k.., values compared to wild type suggesting that
although the lysine or proline can substitute for substrate binding, the active site

geometry is sufficiently perturbed as to impair phosphate transfer (107).
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Most APH(3") research has focused on Motifs I and II while the third identified
Motif (IIT) remains the least clearly defined. The consensus sequence,
D150xxR/KxxF/YxxxLDE (Figure 1.10C), is present in both aminoglycoside
phosphotransferases and nucleotidyltransferases but not in aminoglycoside
acetyltransferases (18, 126). It is therefore proposed by Martin and colleagues that this
motif may be involved in the hydrolysis of the phosphodiester bond of ATP (126). This
conserved sequence has also been located within such other proteins as herpes virus DNA
polymerase (68) and HIV polyprotein polymerase (195) suggesting possibly a similar
role in phosphodiester hydrolysis. Other proteins identified which share this consensus
sequence include human vitronectin and murine laminin and is proposed to be involved
in a possible enzyme conformational change in response to its aminoglycoside substrate

(126).

1.S Synapsis

It is quite evident from the preceding sections that although much work has been
targeted towards understanding aminoglycoside action and resistance mechanisms, at
present a clear understanding of these areas remains lacking. It is apparent that
aminoglycoside entry has a requirement for the electron transport system, in what context
remains uncertain. Drug targeting to the ribosome is now quite firmly established, but
what contribution to toxicity this may have is also widely debated. Resistance
mechanisms to aminoglycoside antibiotics have been the focus of much research yet the

molecular mechanism of most of these enzymes is quite poorly understood.



48

Aminoglycoside phosphotransferases, in particular the APH(3")s have been the focus of
many mutagenesis studies but much of the data remains ambiguous and vague. These
studies for the most part have been limited to in vivo resistance assays (MICs) or in vitro
whole cell extract assays and though they are informative they are not sufficient to gain a
detailed molecular understanding of aminoglycoside resistance mechanisms. To obtain
such important knowledge it is vital that subsequent studies utilize highly purified
resistance enzyme samples in order to better delineate enzyme substrate interactions and
the mechanism of drug detoxification.

The focus of this thesis is to gain a clearer understanding of how APH(3')-Ila is

able to bind and detoxify such a broad range of aminoglycoside antibiotics.



CHAPTER 2

Overexpression, Purification and Initial Characterization of APH(3’)-Illa:
Substrate Specificity Including Contribution of Amino Groups Towards Substrate

Recognition.

Adapted from

McKay, G.A., Thompson, P.R., and Wright, G.D.
Biochemistry, 1994, vol. 33, pp. 6936-6944
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Chapter 2

2.1 Introduction

The APH(3')-1I1a exhibits an AGRP characterized by resistance to Kan A, Kan B,
Amik, Ribos, But, Neo, Paro and Livid (190). Aminoglycosides which are not substrates
include tobramycin and dibekacin. These latter two aminoglycosides both lack a 3'
hydroxyl (Figure 1.5SA, Table 1.1). Lividomycin A, which also lacks a 3' hydroxyl, is
surprisingly a substrate for the APH(3')-IIla and this resistance has been interpreted as
evidence for a 5" phosphotransferase activity.

The aph(3')-Illa gene has been isolated from Enterococcus faecalis (formerly
Streptococcus faecalis) (190) and Staphylococcus aureus (74), where the two expressed
enzymes are essentially identical, with the latter form having a deletion of Val35. This
would tend to suggest that the transfer between these organisms occurred relatively
recently and illustrates the concern of cross species resistance gene transfer. An identical
APH(3")-1I1a has also been characterized from Streptococcus pneumoniae BM4200 where
it appears to be chromosomally expressed (40). Of equal concern is the appearance of
APH(3")-1I1a in Camphylobacter coli (184). This is noteworthy due to the fact that only
an APH(3')-IITa isozyme has presently been identified in both Gram positive and Gram
negative organisms.

aph(3’)-Illa has been isolated, cloned and sequenced from a 72.6 kb R plasmid

pJH1 (190). This plasmid was originally isolated from a clinical strain of Enterococcus
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Jfaecalis (95). The 792 bp gene codes for a 264 amino acid protein with a predicted

molecular mass of 29200 Da, agreeing with the value of 32 500 Da determined by SDS-
polyacryfamide gel electrophoresis (40). Trieu-Cuot and colleagues subcloned a 1489 bp
Cla I fragment into pBR322 to generate plasmid pAT21-1 (190). This plasmid was
expressed in E. coli generating the aminoglycoside resistant transformant BM2182.

In order to gain a better understanding of APH(3')-IIIa’s ability to phosphorylate
and detoxify such a broad range of structurally diverse aminoglycosides, a thorough
analysis of the enzyme substrate profile was completed. Initial substrate-function
analysis necessitated large quantities of homogeneously pure enzyme and thus the
construct pAT21-1 was insufficient. Towards this end an improved expression system

was developed in order to generate the quantities of enzyme necessary for these studies.

2.2 Materials & Methods

2.2.1 General materials

Amik, But, Dibek, Gent C complex (mixture of C1, Cla and C2), Isep, Kan A,
Kan B, Livid, Neo, Paro, Ribos and Tob were from Sigma Chemical Co. (St. Louis, MO).
De-aminoaminoglycosides were prepared by Roestamadji and coworkers (161). Pyruvate
kinase/lactate dehydrogenase (PK/LDH), nicotinamide adenine dinucleotide reduced
(NADH), phosphoenolpyruvate (PEP) and adenosine 5'-triphosphate (ATP) were from

Sigma Chemical Co. (St. Louis, MO). Tris (hydroxymethyl) aminomethane (Tris),
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anhydrous magnesium chloride and potassium chioride were from British Drug House

(BDH) (Toronto, Ont).

2.2.2 Preparation and Purification of Neamine

Neamine was prepared and purified by modification of a previously reported
protocol (192). Absolute methanol was prepared by incubating pre-baked (110 °C for 4
hrs)4 A molecular sieves with 800 mL of methanol in a round bottom flask overnight.
The flask was evacuated of air by blowing N; gas over the methanol and then sealed with
vacuum grease and parafilm.

Methanolic hydrochloride was prepared by bubbling a side reaction of NH4Cl
solid in H,SOy into a flask containing 100 mL of anhydrous methanol under N; gas. One
milliliter fractions were removed and titrated using 0.1 N NaOH until an end point of 1.8
M methanolic hydrochloride was obtained.

A reflux apparatus was set up with 280 mL of anhydrous methanol to which was
then added 2.81 g of neomycin B (free base) and 60 mL of 1.8 M methanolic
hydrochloride. This solution was refluxed for 2.5 hr under N2. A 1 mL sample was
removed at 75 minutes and the refluxing was then terminated at 150 minutes. The
progress of the reaction was monitored by silica thin layer chromatography (TLC) in a
5:2 methanol:NH4OH mobile phase. The R¢ value of neomycin B is 0.1. Samples from
the reaction taken at t=75 min and t=150 min had R¢ values of 0.1, 0.24 and 0.55 which

corresponds to unreacted neomycin, neamine and methanolysis product #2.



S3

Following reflux, the methanol solution was allowed to cool on ice for 1hr and
then filtered through a sintered glass funnel. The filtrate was collected to which was
added 200 mL of ice cold diethyl-ether. The sample was then allowed to precipitate
overnight on ice. The following day this solution was vacuum filtered through a sintered
glass funnel. The solid collected during this filtration step (F2) was resuspended in 20
mL absolute methanol to which was added ~10 g of silica gel (63-200 mesh).

A silica flash column (63-200 mesh) was prepared (2.5 cm x 50 cm) and was
presaturated with 5:2 methanol:NH(OH. The resuspended F2 fraction was added to the
top of the column and subsequently eluted with ~1500 mL of 5:2 methanol:NH,OH.
Fifteen milliliter fractions were collected and analyzed by silica plate TLC using a 5:2
methanol:NH,OH mobile phase and visualized by ninhydrin staining (0.1% w/v in 95%
ethanol). Purified fractions were also assayed as substrates for APH(3')-I1Ia using the
coupled enzyme assay. Fractions which were substrates for APH(3")-IIla were

lyophilized until dry and subsequently analyzed by electrospray mass spectroscopy.

2.2.3 Preparation of Overproducing Constructs

A plasmid designed to overproduce APH(3')-IIla was constructed using the
polymerase chain reaction (PCR) to amplify the gene. PCR primers were designed to
create a unique Nde I (5'-- GC TCT AGA CAT ATG GCT AAA ATG AGA --3") site §'
to the initiation codon and a unique Hind III (5'-- CG AAG CTT GGA CTA AAA CAA
TTC ATC CAG --3') site 3' of the termination codon. These primers were used to

amplify the aminoglycoside phosphotransferase gene (aph(3’)-/lla) from plasmid pAT21-
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1 (gift of Dr. P. Courvalin, Institute Pasteur, Paris, France) by standard PCR methods.
Reaction #1 consisted of 20 mM Tris-HCI pH 8.8 @ 25 °C, 10 mM KCl, 10 mM
(NH4)2SO4, 2 mM MgSO,, 0.1% Trition X-100, 0.4 mM each dNTP, 1 uM Nde / primer,
1 uM Hind III primer and 10 ng of pAT21-1 template. Reaction #2 was identical with
the exception that it was supplemented with 2 mM MgSQOs. Both reaction #1 and
reaction #2 were preincubated at 94 °C for 2 minutes, following which the tubes were
spun briefly to collect the condensate. One unit of thermophilic Vent DNA polymerase
was added to each reaction following which they were overlayed with sterile mineral oil.
The reaction cycles consisted of 1 minute for denaturation at 94 °C, 1 minute at 50 °C for
annealing and lastly 2 minutes at 72 °C for extension. Twenty cycles were completed
followed by a 4 °C overnight incubation.

The mineral oil was extracted twice with 100 uL CHCl; and then the DNA was
precipitated by addition of 1/10 volume 3 M sodium acetate pH 5.2 and 2 volume of ice
cold 95% ethanol. The tubes were incubated at -20 °C for 15 minutes followed by a 30-
minute centrifugation at 4 °C whereupon the ethanol was removed and the pellet air
dried. Once dry the pellet was resuspended in 20 uL sterile deionized distilled water.

The isolated fragment was digested with Nde I and Hind III and ligated into pET-
22b (+) (Novagen, Madison, WI) cut with the same restriction endonucleases. The gene
was then sequenced in order to ensure that no mutations occurred during the PCR
procedure. This construct places the aph(3’)-Illa gene under control of a bacteriophage
T7 promoter and the lac operator. The new plasmid, pPETAPHG®6, was transformed into

CaCl,-competent Escherichia coli BL21 (DE3).
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2.2.4 Overexpression and Purification of APH(3')-11la

All purification steps were carried out at 4 °C. All Tris buffers are Tris-HCI pH
8.0 at room temperature. To insure that the overexpression of APH(3")-IIIa produced
fully functional protein the original clone pAT21-1 was also used to purify enzyme asa

comparative measure.

2.2.4a APH(3')-1lla from E. coli JM10S [pAT21-1]

A 2-L solution of Luria broth (LB) (10 g tryptone, 10 g NaCl, 10 g yeast extract
per liter) containing 100 pg/mL ampicillin was inoculated with 20 mL of an overnight
culture of E. coli IM105 [pAT21-1] which carries the aph(3’)-Illa gene from
Enterococcus faecalis inserted in the unique Cla I of pPBR322 (190). Cells were grown at
" 37 °C and 250 RPM to late log phase (6 hr), harvested by centrifugation at 3000g for 10
min, and washed yvith 20 mL ice cold 0.85% NaCl. Cells were resuspended in 20 mL of
lysis buffer (50 mM Tris-HCI pH 7.5, S mM EDTA
(N,N,N’'N’Ethylenediaminetetraacetic acid), 200 mM NaCl, 1 mM PMSF
(phenyimethanesulfonylfluoride) (stock solution made in 95% ethanol) and 0.1 mM DTT
(dithiothreitol)) and lysed by two passages through a French pressure cell at 20 000 psi
followed by removal of cell debris by centrifugation at 10000g for 20 min. The
supernatant was applied to a column containing MacroPrep Q (2x10 cm) equilibrated
with buffer A (50 mM Tris pH 8.0, 1 mM EDTA). APH(3")-IITa was eluted by a 0-50%
linear gradient at 3 mL/min in buffer B (50 mM Tris-HCI pH 8.0, ] mM EDTA and 1 M

NaCl) over 70 mL. Fractions containing APH(3")-IIIa were identified by enzyme assay,
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pooled and applied to a Mono Q (HR 5/5, Pharmacia) equilibrated with buffer A.
Enzyme was recovered by a linear gradient to 50% buffer B over 30 mL. APH(3")-IIIa
activity eluted in two distinct peaks at ~34% B and ~39% B. Each of these was
concentrated over Centricon 10 (Amicon) filters and applied separately at 0.4 mL/min to
a Superdex 200 column (HR 10/30, Pharmacia) equilibrated with SO mM Tris-HCI pH
8.0, 1 mM EDTA and 200 mM NaCl. Fractions containing APH(3')-Illa were identified

by enzyme activity, pooled, and stored at 4 °C.

2.2.4b APH(3')-Illa from E.coli BL21 (DE3) [pETAPHG®6]

Cells were grown from overnight innocula at 37 °C (250 RPM) in Luria broth
containing- 100 pug/mL ampicillin to a 0.5 Absgeo nm. Isopropyl B-D-
thiogalactopyranoside (IPTG) was then added to a final concentration of 1 mM, and the
cells were grown for an additional 2 hr. Cells were harvested as described above. The
lysate was loaded onto a MacroPrep Q column (2x10 cm) equilibrated with buffer A, and
APH(3")-ITIa was eluted by a 0-50% linear gradient in buffer B at 3 mL/minover 70 mL
(fast gradient). Fractions containing APH activity were pooled and dialyzed overnight at
4 °C against 2 L of buffer A. The following day the sample was reapplied to the
MacroPrep Q column, and eluted with a gradient to 50% in buffer B over 150 mL (slow
gradient). The enzyme is stable at 0, 4 and -20 °C (in the presence of 5% glycerol) for

several months.
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2.2.5 Physical Characterisitics of APH(3')-1lla

Magnesium is generally required by enzymes binding ATP
and APH(3')-IIIa was assessed for its ability to phosphorylate aminoglycosides in the
presence of alternate divalent cations; 10 mM Zn?*, 10 mM Cu?*, 10 mM Mn?*, 10 mM
Co”" and 10 mM Sn*".

Purified samples of APH(3")-IlIa were analyzed by gel filtration using a Superdex
200 (HR 10/3) at a flow rate of 0.4 mL/min in 50 mM Tris-HCI pH 8.0, 1 mM EDTA and
200 mM NaCl. Samples of B-amylase (200 kDa), alcohol dehydrogenase (150 kDa),
bovine albumin (66 kDa), carbonic anhydrase (29 kDa), cytochrome ¢ (12.4 kDa) and
blue dextran (~2000 kDa) were used as standards to obtain a calibration curve from
which an estimate of the molecular weight of APH(3")-IIla could be obtained. Purified
enzyme samples were sent to Dr. Richard Smith of the McMaster Chemistry Department

for electrospray mass spectroscopy.

2.2.6 Enzyme Assay- Substrate Specificity Kinetic Analysis

Phosphorylation of aminoglycoside antibiotics was monitored by coupling the
release of ADP to a pyruvate kinase/lactate dehydrogenase (PK/LDH) reaction (Figure
2.1A). The oxidation of NADH was followed by continuously monitoring the
absorbance at 340 nm using a Cary 3E UV-vis spectrophotometer. In a typical
experiment 975 uL of assay buffer (50 mM Tris-HCl pH 7.5, 40 mM KCl, 10 mM
MgCl,, 0.7 mM NADH, 2.5 mM phosphoenolpyruvate, | mM ATP) was mixed with 10

nL aminoglycoside solution and 5 pL. PK/LDH (3.5 units PK & S units LDH) enzyme
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Figure 2.1. Coupled enzyme reaction. (A) Coupled enzyme reaction for forward
direction kinetics. (B) Coupled enzyme reaction for reverse direction kinetics.
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solution. The mixture was preincubated for 10 min at 37 °C and the assay initiated by
rapid addition of 10 uL of purified APH(3')-IIIa (0.5 nmol per 10 pL).

The reverse reaction which converts;
kanamycin 3'-phosphate + ADP <+ kanamycin + ATP

was monitored using a second distinct coupled enzyme assay. This system couples the
release of a ATP to the eventual reduction of NADP* (Figure 2.1B). A typical reaction
consisted of 980 uL of assay buffer (100 mM HEPES-HCI, pH 7.5, 7.5 mM MgCl,, 100
mM KC|, 0.2 mM NADP®, 2 mM glucose, 9.4 units hexokinase, 1.9 units glucose-6-
phosphate dehydrogenase). The variable substrate was either kanamycin 3'-phosphate or
ADP while the second substrate was held saturating at concentrations of 5 mM and 1 mM
respectively. All reactions were performed at 37 °C and the assay was initiated by
addition of 0.12 nmol purified APH(3')-I1Ia unless otherwise indicated.

Assays on partially purified enzyme, e.g., during enzyme purification, were
carried out with 0.1 mM kanamycin A. The values indicated have been normalized for
background ATPase activity, which was monitored by assay in the absence of
aminoglycoside substrate.

All antibiotic stock solutions (for kinetics) were titrated using this assay under the
assumption that addition of a phosphate group to the antibiotic was a 1:1 stoichiometric
event (vide infra) for 4,6-disubstituted deoxystreptamine aminoglycosides. In order to
determine the kinetic parameters initial rates were obtained directly from progress curves
and analyzed by nonlinear least squares fitting of eq 1 by Grafit 3.0 (115),

Eq" 1: V=V max S/(Km + S)



or eq 2 for substrate inhibited reactions,

Eq"2: V =Vomax SIKm + S + SYK)

2.2.7 Large-Scale Preparation and Purification of Phosphorylated

Aminoglycosides

Large-scale production of phosphorylated kanamycin A was performed by
modification of the method of Coombe and George (41). The protocol was modified by
P. Thompson. Incubations consisted of 100 mg of kanamycin A in 50 mM HEPES-HCI
pH 7.5, 40 mM KCl, 10 mM MgCl; and used 1 mg of purified APH(3')-IIIa (an
additional 1 mg of purified APH(3")-IIla was added after 20 hr to drive the reaction to
completion). The reactions were carried out at 37 °C with 250 RPM shaking and in
" sufficient volume such that the final concentration of kanamycin A was an order of
magnitude below_ its ;. A 2-fold molar excess of ATP was added to ensure complete
phosphorylation of the aminoglycoside.

The progress of the reaction was monitored by measuring the amount of active
antibiotic by a Bacillus subtilis susceptibility disk assay. Reaction mixture (15 uL) was
applied to filter paper disks (6.4 mm) at various time points, and these disks were
overlaid onto a Muellen-Hinton agar plate (300 g beef infusion, 17.5 g acid hydrolysate
of casein, 17 g agar, 1.5 g starch, pHto 7.4, bring to 1 L) freshly inoculated with 200 uL
of an overnight liquid culture of B. subtilis grown in PY media (10 g peptone, 10 g yeast
extract, 5 NaCl, bring to 1 L with deionized distilled water). Plates were incubated at 37

°C overnight, and the amount of remaining antibiotic was estimated by measuring the
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radius of the clear zone surrounding the disk. Once the B. subiilis showed no further
sensitivity to the samples, the reaction was deemed complete (the MIC of kanamycin A
for B. subtilis is <1 pg/mL).

The reaction mixture was then applied to an AGS0W-X8 (Bio-Rad) (NH," form)
column (10x3 cm). The column was washed with 200 mL of H,0, and bound
phosphorylated aminoglycoside was eluted by the addition of 200 mL 0.1% NH,OH.
Fractions (4 mL) were collected and analyzed by TLC on silica plates (Merck) using
either methanol/ammonium hydroxide (5:2) or n-butyl
alcohol/ethanol/chloroform/ammonium hydroxide (4:5:2:8) as mobile phases.
Aminoglycosides were visualized by ninhydrin spray. Fractions containing
phosphorylated aminoglycoside were pooled and lyophilized, and the residue was
dissolved in 2 mL of H,O.

The product was then applied to a BioRex 70 (Bio-Rad) (NH," form) column
(11x3 cm) pre-equilibrated with 200 mL of H;0. The column was washed with a further
200 mL of H;0, and the product was eluted using a linear gradient of 0-1 M NH,OH.
The presence of phosphorylated drug was determined by TLC analysis of the fractions
and the pooled lyophilized matter dissolved in 500 uL of H;O.

The sample was applied to a Sephadex G-25 column (82x2 c¢m) equilibrated in
H,O0, and the phosphorylated drug was desalted at a flow rate of 1.5 mL/min. Fractions
were monitored by TLC as described above and those containing phosphorylated

aminoglycoside were pooled and lyophilized.
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2.3  Results

2.3.1 Purification of Neamine

Two peaks were identified eluting from the silica flash column, P1 and P2, which
had individual Ry values of 0.55 and 0.24 when analyzed by silica TLC
(methanol/ammonium hydroxide (5:2) mobile phase). The sample, P1, was not a
substrate for APH(3")-1I1a while P2 was a substrate. P2 was found to have a mass to
charge ratio of 323.4 Da/e a difference of 1.6 Da from the predicted value of neamine,
325.0 Da. The yield of P2 was calculated to be 1.4 g (~50%) and was determined by
titrating the purified sample using the coupled enzyme assay. The value was calculated

from the average of four separate assays.

2.3.2 Purification of APH(3')-Illa
Samples of APH(3')-IIIa were purified from two sources to insure that
overexpression of the enzyme did not affect its kinetic parameters and ability to detoxify

its aminoglycoside substrate.

2.3.2a Purification of APH(3')-1lla from E. coli JM105 [pAT21-1]
This initial construct was a kind gift of Dr. P. Courvalin of the Pasteur Institute.
This expression system placed the aph(3’)-/lla gene under the control of its E. faecalis

promoter in the plasmid pBR322. This low level constitutive expression provided a
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means to purify small amounts of APH(3")-IIIa to generate a baseline activity profile for
this enzyme.

Purification of APH(3")-IIla from E. coli IM10S [pAT21-1] was followed using a
coupled assay to monitor kanamycin dependent ADP release. Purification of APH(3")-
IMa resulted in two different protein peaks with phosphotransferase activity from the
Mono Q column (Table 2.1). These fractions were applied separately to a size exclusion
column, Superdex 200, where phosphotransferase activity eluted at two different times,
41 min for Mono Q peak 1 and 37 min for Mono Q peak 2. The Superdex 200 column
was standardized with proteins of known molecular weight from which a standard curve
was generated. The apparent molecular mass of Mono Q peak 1 was thus calculated to
be ~30 kDa while Mono Q peak 1 was determined to be ~60 kDa. These numbers are
indicative of a monomer/dimer mixture, while the SDS-polyacrylamide gel
electrophoresis indicated a homogeneous band of ~30 kDa (Figure 2.2).

Steady state kinetic analysis of the both the monomer form and dimer form, using
the pyruvate kinase/lactate dehydrogenase coupled enzyme assay, display identical
results within experimental error, demonstrating that the two forms are catalytically
identical and have two active sites per dimer (Table 2.2). Dissociation of the dimer was
not influenced by either salt, concentration or temperature but was sensitive to addition of
2-mercaptoethanol which converted the dimer to the monomeric form. The yield of
APH(3')-IlIa from a 2 L saturated culture of E. coli IM105 [pAT21-1] expression system
was 1.0 mg and 0.7 mg for the monomer and dimer respectively. This is a total yield of

1.37 mg of pure APH(3')-IIIa, as both the monomer and dimer are functionally identical.



Table 2.1: Purification of APH (3')-Illa from E. coli IM105/pAT21-1

fraction protein act. sp. act. purif n recov
) (mg)  (units) (unitymg)  (-fold) (%)

cell extract 299 ! - - -
Macroprep Q 13.5 15.6 1.2 - 100
Mono Q

fraction 1 2.6 59 23 1.9 54

fraction 2 1.3 2.5 1.9 1.6
Superdex 200

fraction 1 1 25 2.5 2.1

fraction 2 0.37 1.6 43 3.6 26

* High background ATPase activity in whole cell lysates prevented accurate measurement of APH (3')-
[IIa activity.
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Lane
1 Low molecular weight standards (20, 24, 29, 36, 45 and 66 kDa)
2 Whole cell extract of E. coli JM105 [pAT21-1]
3 Pooled Macroprep Q eluent
4 Pooled Mono Q peak 1 eluent
5 Pooled Mono Q peak 2 eluent
6 Superdex 200 peak 1 eluent
7 Superdex 200 peak 2 eluent
8

High molecular weight standards (29, 45, 66, 97.4, 116 and 205 kDa)

Figure 2.2. Purification of APH(3")-Illa from E. coli JM105 [pAT21-1]. SDS-
polyacrylamide gel (11%) was stained with Coomassie blue. Lane 1, low molecular
weight standards (14.5, 20, 24, 29, 36, 45 and 66 kDa); lane 2, whole cell extract of E.
coli JM105 [pAT21-1]; lane 3, pooled Macroprep Q eluent; lane 4, pooled mono Q peak
1 eluent; lane 5, pooled mono Q peak 2; lane 6, high molecular weight standards (29, 45,
66, 97.4, 116 and 205 kDa). Bullet indicates APH(3’)-IIIa (A).



Table 2.2: Kinetics* of APH(3')-IlIla monomer and dimer

Enzyme Form Knate, (RM) kear (s)
monomer 18+5.3 1.6+0.15
dimer 16+3.8 1.6+£0.11

? Kinetics were performed using identical conditions.
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Although the monomer and dimer were kinetically indistinguishable, samples of
enzyme were stored at 4 °C in the presence of 0.1 mM DTT and 5% glycerol, in which

the monomeric form would predominate.

2.3.2b Purification of APH(3')-11la from E. coli BL21 (DE3) [pETAPHGG6]

While purification of APH(3")-IIIa from pAT21-1 provided sufficient quantities of
enzyme for initial comparative studies, large quantities of enzyme were necessary for
subsequent studies and thus an overexpression system was designed and a construct
prepared, pPETAPHGS, which gave excellent overproduction of APH(3')-IIla (Figure 2.3,
Table 2.3). A two step purification yielded 30-40 mg of pure enzyme per liter of culture.

This overexpressed form of the enzyme was found to purify similarly to APH(3')-
IIa from pAT21-1, exhibiting a mixture of both monomer and dimer as determined by
size exclusion chromatography. Matrix-assisted laser desorption time of flight (MALDI-
TOF) mass spectrometry had significant peaks at mz=31030 and 61834 indicative of a
mixture of monomer and dimer consistent with the predicted masses of 30978 and 61956
respectively. Electro-spray mass spectrometry indicated proteins of m/z=30842.0 and
61685.5. The values measured by electro-spray indicates a mass discrepancy of roughly
136 Da for the monomer and 271 Da for the dimer indicative of N-terminal methionine
cleavage (mass of methionine 131 Da). These two forms were also found to be
catalytically indistinguishable from each other. Regardless of which form was assayed,
APH(3")-IMTa required Mg*" as a cofactor for activity. Other metals including Mn?*, Zn*",

Cu?*, Co**, Ca**, Sn** and Fe** could not substitute as a divalent metal cation. All metals
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Low molecular weight standards (14.5, 20, 24, 29, 36, 45 and 66 kDa)
Whole cell extract of E. coli BL21 (DE3) [pETAPHGG6]

Pooled Macroprep Q fast gradient eluent

Pooled Macroprep Q slow gradient eluent

High molecular weight standards (29, 45, 66, 97.4, 116 and 205 kDa)
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Figure 2.3. Purification of APH(3')-Illa from E. coli BL21 (DE3) [pPETAPHG6]. SDS-
polyacrylamide gel (11%) was stained with Coomassie blue. Lane 1, low molecular
weight standards (14.5, 20, 24, 29, 36, 45 and 66 kDa); lane 2, whole cell extract of E.
coli BL21 (DE3) [pETAPHG®6]; lane 3, pooled Macroprep Q fast gradient eluent; lane 4,
pooled Macroprep Q slow gradient eluent; lane 5, high molecular weight standards (29,
45, 66, 97.4, 116 and 205 kDa). Bullet indicates purified APH(3’)-IIIa (A).
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Table 2.3: Purification of APH (3")-Illa from £. coli BL21
(DE3)/pETAPHG6

fraction protein act. sp. act. purif n recov
(mg) (units) (units/mg) (- fold) (%)

cell extract 600 280 047 100

MacroPrep Q

fast gradient 155 248 1.6 34 88

slow gradient 76 167 22 47 60
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were added to a final concentration of 10 mM. The coupled enzyme assay was found to
be unaffected by all tested metals and thus the loss of activity was specific to APH(3')-

IIa.

2.3.3 Kinetic Properties of APH(3')-1lla

Purified overexpressed APH(3')-1I1a from E. coli BL21 (DE3) [pETAPHGS] was
used to determine the kinetic parameters of a series of 4,5 and 4,6-disubstituted
aminoglycosides by pyruvate kinase/lactate dehydrogenase coupled assay (Table 2.4A).
Most of the aminoglycoside substrates demonstrated substrate inhibition, a property
which has previously been reported for an aminoglycoside acetylitransferase and an
aminoglycoside nucleotidyltransferase (63, 156). Substrate inhibition was weak for most
aminoglycosides, particularly the 4,6-disubstituted aminoglycosides, with both amikacin
and kanamycin B showing no inhibition at all. Paromomycin, a 4,5-disubstituted
aminoglycoside, demonstrated the most profound substrate inhibition with a X; roughly
27 fold greater than its K.

As the 3' or 5" hydroxyl were predicted to be the regiospecific site of
phosphorylation 6-amino -a-methyl glucoside, a-methyl glucoside and ribose (the former
two compounds were prepared by G. Wright) were assayed as potential substrates. These
three compounds were found to be neither substrates nor inhibitors of APH(3')-IIla when
added to levels of 10 mM. The minimum requirement for substrate is neamine which

contains the first two rings of neomycin C (Figure 1.5B, Table 1.1, Table 2.4B).



Table 2.4A: Kinetic parameters of purified overexpressed APH(3')-1lla

substrate K kear K; kea/Ken

(uM) " (mM) M's™)

kanamycin A 126:26  1.79:009  6.38:1.67 1.43 x 10°
kanamycin B 19.4:22  351:0.19 nd® 1.81 x 10°
amikacin 245127 246:0.11 nd® 1.00 x 10*
neomycin B 7.72:0.9 2.08:0.07 2.65+0.59 2.69 x 10°
paromomycin 19.51+3.5 3.62:0.25 0.53:0.11 1.86 x 10°
lividomycin A 31.6:5.1  397:025  1.53:042 1.26 x 10°
ribostamycin 930:1.8  1.89:0.10  1.73:0.66 2.03 x 10°
butirosin 343:3.1  2.02:007  2.17:0.41 5.87 x 10*
isepamicin 198128 1.41:021 nd® 7.12x 10°
ATP? 27.7:3.7 1.76£008 nd® 6.37 x 10*
dATP ¢ 46.3:39  1.0:0.02 nd® 2.17 x 10
kanamycin phosphate ©  400+8S 0.11:€01 nd® 2.84 x 10°
ADP ©* 21.6:33  0.11:001 nd® 5.09 x 10°

* Kinetic parameters were determined using purified overexpressed APH (3") -IlIa at 37 °C as described
in Materials and Methods using | mM ATP. The data for ATP were collected using 100 uM kanamycin

A

® Substrate inhibition was not detected at the highest concentration of substrate tested (2-2.5 mM).
¢ Kinetic parameters for reverse reaction.

4 Kan A held fixed at 120 pM.

© Kan phosphate heid at 1.3 mM.



2.3.4 Use of De-amino Aminoglycosides to Probe Enzyme-Structure
Interactions

Removal of the amino groups from the C-1 position (Compound 1, Figure 2.4A)
results in a poorer substrate as evidenced by a fivefold lowering of k../Km. These results
are consistent with the data for Amik and Isep, which when substituted at the C-1
position with an amino-2-hydroxybutyriamide group and an amino-2-
hydroxypropionylamide group respectively are relatively poor substrates for APH(3")-IIla
with a Ak../K of 0.07 and 0.05 respectively. The effect is predominantly observed in
the substrate binding with a X,, change of 19 and 16 for Amik and Isep respectively.
Conversely, modification of the amino group linked to the C-3 position (Figure 1.5A, B,
Compound 2 Figure 2.4A) has virtually no effect on substrate binding (Table 2.5).

Loss of specific amino groups in the 6-aminohexose ring also proved highly
significant. This ring contains the 3' hydroxyl, which is the site of aminoglycoside
phosphorylation. Removal of the amino group from the C-2' position of the aminohexose
(Compound 3 Figure 2.4A) ring resulted in a 10 fold loss of specificity (Table 2.4B,
Table 2.5) while removal of the 6' amino group (Compound 4, Figure 2.4A) had a more
profound effect upon substrate specificity with a 30 fold decrease in k../Kn. The relative
importance of this 6'-amino group is demonstrated by its removal in a kanamycin
analogue (Compound S, Figure 2.4B) which leads to a 150 fold drop in specificity. These
changes in specificity in both cases are predominantly a K, effect indicating the

importance of these amino groups in aminoglycoside substrate binding.
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Figure 2.4. Modified 4,5 and 4,6-disubstituted deoxystreptamine aminoglycosides. (A)
Neamine aminoglycoside family members and (B) kanamycin A aminoglycoside family
members.
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Table 2.4B: Steady-state kinetic parameters for the synthetic

aminoglycoside substrates

Substrate Km keat K* keavKm

(M) (s (mM) M sy x10°

neamine 20.0:2.8 2.00+0.15 2.00:0.4 1.0
compound 1 51.8:6.0 1.03:0.05 ND® 0.2
compound 2 7.1:2.5 1.16:0.11 ND 1.6
compound 3 35.9:5.7 0.39:0.01 ND 0.11
compound 4 81.8:20.7 0.28:0.04 ND 0.034
kanamycin A 12.6:2.6 1.76:0.06 6.3:1.6 1.4
compound § 10004580 0.93:0.41 ND 0.0093
compound 6 21.3:3.0 1.52:0.11 0.56+0.16 0.71

2 K; is due to substrate inhibition resulting from binding of unphosphorylated aminoglycoside to the
ADPeAPH (3')-111a complex.

b ND, no substrate inhibition detected.
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Removal of the C-3" amino group from the kanamycin aminoglycoside
(Compound 6 Figure 2.4B) had a modest effect on specificity where a 2 fold decrease
was observed. This is consistent with the observation that specificity for neamine was
virtually identical to the specificity for neomycin B (Table 2.4A, Table 2.4B).

A variety of aminoglycosides have naturally substituted hydroxyl groups in place
of amino groups. Kanamycin B, which differs from kanamycin A by replacement of the
2' amino group with a hydroxyl, is an equally efficient substrate. Similarly paromomycin
and lividomycin A which replace the 6' amino group with a hydroxyl, are excellent

substrates for APH(3")-Illa (Table 2.4A, Table 2.5).
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Table 2.5: Structure-activity analysis of APH(3’)-IlIa

Parent Structural Change AK,, A keg Akeg/Km
Compound (%) (%) (%)
Kanamycin A 2’ OH~NH, +50 +96 +27
KanamycinA | NH,~NH-AHB* +1800 +37 -90
1 NH,~NH-AHP ° +1470 -20 -20000
Neomycin B 1 NH,~OH +150 +70 45
Ribostamycin 1 NH,~NH-AHB +270 +6 -246
* AHB=(S)~4-amino-2-hydroxybutyryl

® AHP=(S)4-amino-2-hydroxypropionyl



CHAPTER 3
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Chapter 3

3.1 Introduction

To date, few aminoglycoside modifying enzymes have been subject to extensive
kinetic or mechanistic studies. The aminoglycoside acetyltransferase AAC(3)-I was
found to follow a random kinetic mechanism (199) as was the bifunctional enzyme
AAC(6)-APH(2") (124). A third acetyltransferase AAC(6')-Ib has been established to
follow a rapid equilibrium random sequential kinetic mechanism in which catalysis is the
rate-limiting segment (154) . The aminoglycoside nucleotidyltransferase ANT(2")-I was
demonstrated to detoxify antibiotics through a Theorell-Chance kinetic mechanism (61)
where product release of the nucleotidylated aminoglycoside was found to be the rate
limiting step in the reaction (62).

To date, the aminoglycoside phosphotransferases have been virtually ignored and
have not been the target of any rigorous kinetic analysis. For this reason this makes
APH(3")-la particularly attractive to such mechanistic studies, also in part due to the
availability of large quantities of pure enzyme.

Towards a greater understanding of how APH(3')-IIla detoxifies such a broad
range of aminoglycoside substrates, a thorough knowledge of the kinetic mechanism of
this enzyme is essential. This type of mechanistic information is necessary to serve as the
ground work towards developing either additional aminoglycosides or inhibitors of

APH(3")-II1a thus restoring the usefulness of current aminoglycoside therapies.
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Criteria that often serve to characterize and compare the ability of enzymes to
utilize various substrates include the kinetic constants kca:;, Kw, and k../Kn the ‘specificity
constant’. These constants are steady state constants and are unique for a given enzyme
substrate reaction. The Michaelis-Menten constant, K, is an apparent dissociation
constant for a given enzyme/substrate complex and is reported as a unit of concentration.
The true definition of K,,, however, is the substrate concentration at %2V, (maximal
velocity) and can therefore be a more complex expression than a true dissociation
constant. The second kinetic constant often used when comparing enzyme substrate
reactions is k.., the catalytic constant which represents the maximal rate of substrate to
product conversion when substrate is present in saturating concentrations. This constant
is reported in units of s™ (time™) and indicates the number of substrate molecules
converted to product per unit time and per enzyme active site. The final criterion that is
frequently used to evaluate enzymes is the specificity constant, kK, which is reported
in units of M' s™'. This constant is biologically more relevant as a comparative tool as it
is a measure of the rate of reaction at subsaturating substrate levels which is frequently
the case for most enzyme-substrate interactions within an organism.

Enzyme inhibitors, which bind and affect enzyme reactions, are often used as
diagnostic tools helping to delineate enzyme kinetic mechanisms. Reversible enzyme
inhibitors can be grouped into three distinct classes based upon the enzyme form with
which they interact. The three classes of reversible enzyme inhibitors are competitive,
non-competitive and uncompetitive. The simplest, conceptually, type of inhibition is the

competitive form which in effect ‘competes’ with the substrate for the binding site on the
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enzyme (Scheme I). With formation of the EI complex, binding of substrate is excluded
and a dead-end complex is formed. Owing to the reversible nature of this reaction the EI
complex can dissociate and the enzyme is now free to form a productive ES complex (or
reform the EI complex). At sufficiently high concentrations of substrate the ES complex
formation becomes favoured thus a competitive inhibitor affects only the binding of
substrate (K,») and not the rate of reaction (k..().

The second form of reversible enzyme inhibition is referred to as non-competitive
inhibition (Scheme 2). This form of inhibition affects only the rate of reaction (k) and
not substrate binding (K). This occurs because the inhibitor and substrate bind
independent sites and inhibitor binding does not influence substrate binding.

The third general form of reversible enzyme inhibition is referred to as
uncompetitive inhibition (Scheme 3). This manifests itself by affecting both substrate
binding and the rate of reaction. In this case inhibitor binding is dependent upon
substrate binding. By forming the dead end complex ESI, this affects the E +S to ES
equilibrium and thus influences the substrate binding (K»). Similarly formation of the
ESI complex affects the rate of reaction (k) by decreasing the pool of productive ES
complex.

Due to the necessary requirements for each form of inhibition these species can
serve as useful diagnostic probes for determining enzyme mechanism (36, 58, 163).
Inhibitors can be used in a variety of studies to effectively delineate both the order of
substrate addition and the order of product release. Product inhibition as a tool to

differentiate bi-substrate sequential mechanisms was first proposed by Alberty (6) where
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he demonstrated that the order of substrate addition could be determined. Fromm and
Zewe suggested that competitive inhibitors could also effectively be used to differentiate
between random and ordered mechanisms and in the latter case identify the order of
substrate binding (58).

The final form of inhibition that will be presented is that of substrate inhibition.
While to most enzyme researchers this is often considered a nuisance, it provides an
excellent means for obtaining mechanistic information.

These inhibition studies used in conjunction with each other provide an effective
means to determine both the order of substrate addition and order of product release.
Such mechanistic information can be valuable when considering the design of APH(3")-
IMa inhibitors.

Although informative these kinetic mechanism studies are not sufficient to
delineate which step is rate-limiting. This however is frequently determined through he
use of rapid quench stop flow apparatus which allows a researcher to dissect each
individual rate constant. Failing the opportunity to complete such studies, alternative
methodology often employed to determine various rate constants is solvent viscosity
studies. This has successfully been used in the determination of rates which are
controlled by diffusion (1, 10, 13, 22, 29, 39, 175). It has been demonstrated that a
bimolecular collision is inversely proportional to the viscosity of the medium (110) and

this provides a means to determine the viscosity effects on both k.., and k.o/Kp.
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3.2 Materials & Methods

3.2.1 General Materials
AMP, adenylyl-imidophosphate (AMP-PNP), Tob, Dibek and ATP-y-S were

from Sigma (St. Louis, MO). D,0 (99.9%) was from Isotec. Phosphorylated kanamycin
was prepared as described in section 2.2.7.

All assays were performed at 37 °C and monitored by coupling the production of
ADP to the oxidation of NADH. This permits real time monitoring at 340 nm of the
reactions using a Cary 3E UV-vis spectrophotometer. Unless otherwise indicated
kanamycin A was held at 100 uM as the second substrate, and ATP was held at 1 mM as
the fixed second substrate. All reactions were initiated by the addition of 0.5 nmol

enzfrme, unless otherwise specified.

3.2.2 Initial Velocity Studies

A family of five kinetic Michaelis-Menten curves were generated under identical
conditions. The variable substrate, kanamycin A, ranged in concentrations from 10 pM
to 100 uM (K to ~10K,,). It is important to note that the highest concentration of
kanamycin A was substantially lower than its determined K thus substrate inhibition in
this case was not observed and did not contribute to the observed rates. The fixed
substrate, ATP, was held constant at five distinct concentrations: S uM, 10 uM, 50 uM,
200 uM and 1000 uM, which covers the range of ~0.2K, to ~35K,,. Each concentration

of ATP was used to generate a separate Michaelis-Menten curve. Initial velocities were



fit to equation 3 by non-linear least squares where Ki,;=k.,/k; and represents the true
dissociation constant of the first substrate in an ordered BiBi system. The rates constant
k, is a bimolecular rate constant describing the interaction of enzyme and substrate while
k. is a unimolecular rate constant describing the breakdown of th ES complex back to S

and free enzyme.

Eq'3: v=Vum[Al[BY(Kio/Kn@) + Kmw([B] + Kmg)[A] + [A][B])

3.2.3 Dead End Inhibitor Studies

Dead end competitive inhibitors were available for both the aminoglycoside and
ATP substrates. The aminoglycoside tobramycin, which lacks the 3'OH, and AMP were
used as dead inhibitors of their respective substrates. Tobramycin was used as a
competitive inhibitor of both kanamycin A and amikacin. ATP was held saturating at 1
mM as the fixed substrate while kanamycin A (or amikacin) was varied from 0.5Kx to
80K, as the variable substrate. Tobramycin was held at various fixed concentrations: 0,
0.5, 1, 1.5 and 3.0 uM generating a family of plots where each line corresponds to an
individual concentration of tobramycin.

AMP as a competitive inhibitor was assayed in a similar manner. Kanamycin A
was held constant at 100 uM while the concentration of ATP was varied from 10 uyM to 1
mM, a range of ~0.3K, to ~35K,.. A family of plots is generated where each line
corresponds to an individual concentration of AMP. The concentration of AMP was held

at 0 mM, 2.5 mM, 5.0 mM and 10 mM.
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Tobramycin was then assayed as a dead end inhibitor of ATP. A family of plots
was generated where amikacin was held fixed at 250 pM, roughly equal to its K. ATP
was varied at concentrations of 10, 20, 50, 100, 200, 500 and 1000 puM which covers a
range of ~0.3K to ~35K,.. Tobramycin was held at fixed concentrations of 0, 0.5, 1.0,
1.5, 2.0 and 2.5 pM generating a family of curves.

AMP was similarly assayed as a dead end inhibitor of the aminoglycoside
substrate kanamycin A. ATP was held fixed at a concentration of 25 uM where K»=27.7
uM while kanamycin A was varied from 10 pM to 1000 M a range of ~K to ~80K.
AMP was held fixed at concentrations of 0 mM, 2.5 mM, 5.0 mM and 7.5 mM generating

a family of curves.

3.2.4 Substrate Inhibition Studies
Both paromomycin and kanamycin A were investigated as high concentration
substrate inhibitors. These two aminoglycoside substrates were assayed in a similar
manner that involved varying the concentration of ATP from 10 uM to 1000 pM as in
standard kinetic assays. The fixed substrate paromomycin was held constant at several
different concentrations 30, 100, 300, 500, 750 and 1500 uM; a range of ~K, to ~50K
(for paromomy<in) generating a family of curves. Kanamycin A was similarly assayed

with its fixed concentrations ranging from 100 to 1200 uM (~10 to ~100K).



3.2.5 Product Inhibition Studies

The assay being used to monitor APH(3')-IIla activity couples the release of ADP
from the reaction to the eventual oxidation of NADH. The use of ADP by these coupling
enzymes obviates its use as a product inhibitor in these studies and thus limits the use of
phosphorylated aminoglycoside to this task.

The effect of kanamycin A phosphate was investigated under 2 conditions; where
kanamycin A was held fixed at 12.6 uM (K.) and where kanamycin A was held fixed at
126 puM (10K,,). All assays were similarly completed under the above two conditions.
Concentrations of ATP were varied from 10 uM to 1000 uM at several fixed
concentrations of kanamycin phosphate: 0, 100, 400 and 1000 uM. A family of curves
was generated for both cases and data were fit by non-linear least squares to equations 4,
S, and 6 using Grafit (115).

Eq" 4 v=Vu[SV/(Kn(1+1/Kis) + [S])

Eq"S: v=Va[SV(Km + [S](1 + UKy))

Eq"6: v=V[SV(Kn(1 + UK,,) + [S)(1 + UK}))

3.2.6 Alternative Substrate Diagnostic Studies
For these assays ATP was varied from concentrations of 10 uM to 1000 uM while
the second fixed substrate aminoglycoside was held constant at a value of 10K,. The
fixed substrate was one of the following, 100 uM kanamycin A (~10K,,), 200 uyM
kanamycin B (~10K,,), 200 uM paromomycin (~10K,) or 300 uM lividomycin A

(~10K,). A Michaelis-Menten curve was generated using each fixed substrate where the
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data was analyzed by non-linear least squares fitting to equation 1 (Section 2.2.6) using
Grafit (115).
3.2.7 Thio Effect on the Mechanism of APH(3')-1Ila Phosphorylation
Kinetics were completed in an identical fashion as reported in Chapter 2.
Aminoglycoside substrate, kanamycin A, was held at a fixed concentration of 100 uyM
while ATP-y-S was varied over a range of 10 to 1000 uM. Rates were collected and
analyzed by non-linear least squares fitting of data to equation 1 (Section 2.2.6) using the

computer program Grafit (115).

3.2.8 Solvent Isotope Effects on the Mechanism of APH(3')-111a

Phosphorylation

Reaction rqixtures were prepared in D,O including all substrates. All substrates
were initially dissolved in 1 mL D;0, lyophilized and then redissolved in D,O thus
exchanging all available protons. Stock enzyme solution were added in H;O to a
maximum final concentration of 5% (v/v). pD values were determined by measuring pH
and adding 0.4 units (pD=pH+0.4). Assays were completed as previously described
using ATP as the variable substrate while kanamycin A was held fixed at 100 uM, or
using kanamycin A as the variable substrate while ATP was held fixed at 1000 uM. All
data were analyzed by equation 1 (Section 2.2.6) for standard Michaelis-Menten kinetics
and equation 2 (Section 2.2.6) for substrate inhibited reactions by non-linear least squares

using the computer program Grafit (115).



3.2.9 Calibration of Ostwald Viscometer and Calculation of Solution Viscosity

The viscosity of a solution is calculated in an Ostwald viscometer by the equation
n=pBt where p is the density of water (or a particular solvent). The density of water is
0.997 g/mL at 25 °C (Merck Manual). B is a constant specific for the individual
viscometers and must be empirically determined. Four separate assays were performed
measuring the time (t) for water to pass through the viscometer. The viscosity of water
(n) is a constant at 25 °C which allows the determination of B. Solution viscosities were
determined at 25 °C in quadruplicate relative to a 50 mM HEPES-HCI, pH 7.5, 40 mM

KCl, 10 mM MgCl: using the viscometer and the constant (B).

3.2.10 Solvent Viscosity Assays

Assays were performed with glycerol (0-30%), sucrose (0-30%) and PEGgooo (0-
6.7%). The viscosity (of all solutions) was measured as described in the previous section.
Kinetic assays were completed by standard methodologies. Glycerol was used as a
viscogen where relative viscosities used were 1, 1.25, 1.81 and 2.58. The effects of
glycerol as a viscogen were assayed versus variable substrate kanamycin A while ATP
was held constant at 1 mM. Glycerol was also used as a viscogen towards the variable
substrate ATP while kanamycin A was held constant at 100 uM. Identical experiments
were performed using either sucrose (n=1.0, 1.24, 1.75 and 2.29) or PEGgoo0 (Nr1=1.0,

1.43, 1.92 and 3.30) as the viscogen.
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3.3 Results
3.3.1 Initial Velocity Patterns

As a first step in the determination of the kinetic mechanism of APH(3')-IIa, the
velocity reaction with kanamycin A, a 4,6-disubstituted deoxystreptamine
aminoglycoside, was determined at several fixed concentrations of ATP. Double
reciprocal plots of 1/v versus 1/[kan A] are an efficient graphical means to assess and
examine data (Figure 3.1) whereas they are an ineffective means for determining kinetic
parameters. For this reason data is presented graphically in such plots while kinetic
parameters are determined by non-linear least fit squares of appropriate equations.

The observed initial velocity patterns of intersecting lines in these plots is
indicative of a sequential (Scheme 4A and 4B) rather than a ping pong (Scheme 5)
mechanism. Paromomycin, a 4,5-disubstituted deoxystreptamine aminoglycoside also
exhibits an intersecting pattern of initial velocity plots (data not shown) indicating that
APH(3")-II1a follows a sequential kinetic mechanism regardless of the class of
aminoglycoside substrate analyzed. A K|, value (for ATP) of 26.0+8 4 uM is
indistinguishable from the K,, of 27.7+3.7 uM previously determined, consistent with

rapid equilibrium binding of ATP (169).

3.3.2 Dead End Inhibitor Studies
Substrate analogue inhibitors of aminoglycoside (tobramycin) and nucleotide
(AMP) were assayed as inhibitors of both substrates in order to elucidate substrate

binding order. These results are summarized in Table 3.1. Tobramycin, which lacks the
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Figure 3.1. Initial velocity patterns for APH(3')-Illa. Lineweaver Burke plots at five
fixed concentrations of ATP. ATP was held at 5 pM (@), 10 pM (O), 50 uM (X), 200
uM (M) and 1000 uM (A).
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Scheme 4A: Ordered Sequential Bi-Bi Kinetic Mechanism
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Scheme 4B: Random Sequential Bi-Bi Kinetic Mechanism
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Scheme 5: Ping-Pong Kinetic Mechanism
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Table 3.1: Summary of Kinetic Inhibition Constants

Inhibitor Substrate  Pattern® Kis Kii Equation ®
- (MM) (uM)

dibekacin amikacin C 2.64:0.77 4
tobramycin amikacin C 0.35:0.02 4
tobramycin kanamycin C 0.58+:0.40 4
tobramycin ATP¢ uc 0.64:0.02 s
AMP ATP C 4900+ 590 4
AMP kanamycin NC  10000:2400 7800:510 6
AMP-PNP ATP¢ C 350+50 4
AMP-PNP amikacin © NC 1800740  990:80 7
kanamycin ATP' NC  10000+7100 3700:470 7
phosphate

kanamycin ATP* £

phosphate

kanamycin ATP uc*® 32401225 5
paromomycin  ATP uc! 34501320 5

* C, competitive; NC, noncompetitive; UC, uncompetitive.
® Data fit to equation number.
° {amikacin] as the second substrate was heid at 250 MM where Koui)=245 uM.

¢ [kanamycin A] was held at 126 M (=10xKuqaar))
 [ATP] was held at 25 uM (=Ku(atr)

{ {kanamycin A] was held at 12.6 pM (=Kaqma)
* No inhibition observed at 5000 uM kanamycin phosphate.
* Substrate inhibition by kanamycin A, a 4,6-disubstituted deoxystreptamine aminoglycoside.
i Substrate inhibition by paromomycin, a 4,5-disubstituted deoxystreptamine aminoglycoside.
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3'-OH, was found to be a potent competitive inhibitor of kanamycin A with a K, of
0.58+0.40 pM as well as a competitive inhibitor of amikacin with a K, of 0.35+0.02 uM
(Figure 3.2, Table 3.1). It was also found to be an uncompetitive inhibitor of ATP with a
K,; of 0.64+0.02 uM (Figure 3.3, Table 3.1).

AMP was found to be a weak competitive inhibitor of ATP (Figure 3.4, Table
3.1) with a K, of 4.9+0.59 mM. It was also found to be a noncompetitive inhibitor of
kanamycin A with a K, of 10+2.4 mM and K, of 7.8+0.51 mM (Figure 3.5, Table 3.1).
This is consistent with an ordered BiBi substrate addition where ATP is the obligate first
substrate followed by aminoglycoside addition.

A second nucleotide analogue, AMP-PNP (a nonhydrolyzable ATP isostere) was
found to be a competitive inhibitor of ATP with a K, of 35050 uM (Table 3.1). It was
also found to be a noncompetitive inhibitor of amikacin with a K;; of 990+80 uM and a
K, of 1.840.74 mM (data not shown). These results are consistent with inhibition results
obtained using AMP and indicate an order of obligate ATP addition first followed by

aminoglycoside addition.

3.3.3 Substrate Inhibition Studies
At high concentrations of aminoglycoside, a decrease in the rate of reaction is
observed. This is indicative of nonproductive binding of the drug to a catalytically
incompetent form of the enzyme. I initially examined substrate inhibition by
paromomycin as it exhibited strong inhibition. Over a wide range of paromomycin

concentrations (~K to ~50K,,), the family of reciprocal plots shows a decrease in the



/v (min/nmol)

olllllLlll|lllL|lJll|

0 Q006 ao Q015 a2
1/jamikacin] (uM™)

[ |

|

Slope Replot

L1 1 11

[Tobramycin] (uM)

Figure 3.2. Competitive inhibition of APH(3')-IITa through the use of the dead-end
inhibitor tobramycin Slope replot of amikacin versus the inhibitor tobramycin.
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Figure 3.3. Uncompetitive inhibition of APH(3')-Illa through the use of the dead-end
inhibitor tobramycin. (A) Lineweaver Burke plots at 6 fixed concentrations of
tobramycin. Tobramycin was held fixed at 0 uM (@), 0.5 uM (O), 1.0 pM (X), 1.5 uM
(W), 2.0 uM (A) and 2.5 pM (Q). (B) Intercept replot for ATP versus [Tobramycin].
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Figure 3.4. Competitive inhibition of APH(3")-Illa through the use of the dead-end
inhibitor AMP. (A) Lineweaver Burke plot at 4 fixed concentrations of AMP.
Concentrations of AMP were 0 mM (O), 2.5 mM (A), 5.0 mM (V) and 10 mM (Q). (B)
Slope replot for ATP versus [AMP].
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Figure 3.5. Non-competitive inhibition of APH(3")-IIla for kanamycin A through the use
of the dead-end inhibitor AMP. (A) Lineweaver Burke plot at 4 fixed concentrations of
AMP. Concentrations of AMP were 0 mM (O), 2.5 mM (A), 5.0 mM (V) and 7.5 mM
Q). (B) Intercept replot for kanamycin A versus [AMP]. (C) Slope replot for
kanamycin A versus [AMP].
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slopes (Kmu1papp)/Vm) approaching the normal limit of Knurey/Vm (Figure 3.6). As the
concentration of aminoglycoside continues to increase, the family of plots generated
forms a series of parallel lines indicative of uncompetitive inhibition. The slope replot
therefore decreases over low concentrations of aminoglycoside reaching a minimum
above 10K, (Figure 3.6, Table 3.1). To more closely examine the nature of the substrate
inhibition, a second aminoglycoside substrate, kanamycin A, was chosen as the fixed
substrate at several saturating levels in order to avoid confusing the replot data with
initial velocity effects and to limit the results to substrate inhibition effects. The
inhibition is again uncompetitive with a linear intercept replot (Figure 3.7, Table 3.1),
and a standard slope replot (not shown) was associated with linear uncompetitive
inhibition. This indicates nonproductive binding of kanamycin to the (EsADP) complex
suggesting at least partial rate-limiting ADP product release. This linear uncompetitive

inhibition is observed for both classes of aminoglycoside substrates.

3.3.4 Product Inhibition Studies
Due to the limitations of the coupled assay, which consumes product ADP, only
kanamycin phosphate was available for use as a product inhibitor. Kanamycin phosphate
was found to be a noncompetitive inhibitor with respect to ATP when the concentration
of kanamycin was held at 12.6 uyM (K»=12.612.6 uM) with a K, of 10+7.1 mM and K,
of 3.7+0.47 mM (Table 3.1). Increasing the concentration of kanamycin A to 126 yM
(10K,,) eliminated inhibition by kanamycin phosphate (Figure 3.8, Table 3.1). The

results are consistent with a rapid release of the first product, kanamycin phosphate
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Figure 3.6. Substrate inhibition of APH(3')-IITa through the nonproductive binding of
aminoglycosides. A, intercept replot versus [paromomycin]. B, slope replot versus
[paromomycin]
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Figure 3.8. Inhibition of APH(3")-IIla through the use of product kanamycin phosphate.
Substrate ATP was varied while [kanamycin] was held at 126 uM. (A) Lineweaver
Burke plots at 4 fixed concentrations of kanamycin phosphate 0 uM (@), 500 uM (O),
1000 pM (X) and 3000 M (H). (B) Intercept replot of ATP versus {(kanamycin

phosphate]. (C) Slope replot of ATP versus [kanamycin phosphate].
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followed by a relatively slow release of ADP as the second product. This is indicative of

a Theorell-Chance mechanism, a specialized case of the ordered Bi Bi mechanism.

3.3.5 Alternative Substrates Diagnostic
APH(3")-1I1a has a broad aminoglycoside substrate range, which makes it
amenable to analysis by the alternative substrate method of Radika and Northrop (155) .
For a series of both 4,5- and 4,6-disubstituted deoxystreptamine antibiotics, we see kcar
vary only 1.1 fold and k../K vary 1.4 fold (Table 3.2). This results in a series of
essentially coincident lines in reciprocal plots (not shown) indicative of an ordered
sequential mechanism, specifically an Theorell-Chance mechanism where ATP binds

first followed by the aminoglycoside (155).

3.3.6 Solvent Isotope and Thio Effects
Since aminoglycoside phosphorylation implies at least one deprotonation event
(3'-OH), we sought to evaluate the effect of substituting this OH for OD by performing
the reaction in D,0. Solvent effects were minor at two pDs (6.5 and 7.5) for both
kanamycin A and ATP with keai Tkeal of 1.5-1.6 (Table 3.3).
Similarly, substitution of ATP-y-S for ATP resulted in only a small V4 change

(koo™ koo™ 7S =2) (Table 3.3).
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Table 3.2: Alternative substrate diagnostic with fixed concentration of

aminoglycoside substrate using ATP as variable substrate

Antibiotic Concentration Kear ko' Ken
(rM) " (M s™)
kanamycin A 100 1.71+0.050 0.16+0.03
kanamycin B 200 1.96+0.020 0.19:0.01
paromomycin 200 1.83:0.012 0.13:0.01
lividomycin A 300 1.88:0.012 0.161+0.01




Table 3.3: Solvent isotope and thio effects for APH(3')-Illa

varied substrate Kw (UM) ke (s*)  Ki(MM) ke Thea ket hcat T

ATP

pH 7S 27.7+3.7 1.76+0.08

pD 75 11.6:1.7 1.08:0.04 1.63
kanamycin A

pH 6.5 44:09 1.7:005 24105

pD 6.5 16.2:0.7 1.2:005 13:03 147

pH7S 12.6:2.6 1.8:0.1 6.4:1.7

pD 75 3.8:08 1.2:004 20:04 15

ATPYS,pH 7.5 495:69 08102 2.09:0.1
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3.3.7 Solvent Viscosity Effects

In an effort to elucidate which catalytic step was rate limiting, we determined
steady-state parameters for APH(3")-IIla in solvents of varying viscosity. We sought to
distinguish between effects due to global viscosity changes versus effects on diffusion-
controlled equilibria by monitoring effects due to the macroviscogen PEGgooo and the
microviscogens glycerol and sucrose (10). The polymer PEGsoo0 had no effect on the
relative k.o Or k.o’ K when either kanamycin A or ATP was varied (Figure 3.9, Table
3.4). This is an important resuit which demonstrates that the macroviscosity of the
solutions has no effect on the enzymatic rates as predicted for polymeric species which
do not affect the rate of diffusion of small molecules (10). Glycerol and sucrose, on the
other hand, had a dramatic effect on k.., when either substrate was varied (Figure 3.10,
Table 3.4). Additionally, k..vKn was affected for ATP but not for the aminoglycoside
substrate kanamycin A (Figure 3.11). Similar results were obtained with another
aminoglycoside, amikacin, which has a 20 fold higher KX, (245 pM) than kanamycin but
an unchanged k.

Kanamycin A and other aminoglycosides, except amikacin, show substrate
inhibition. We see no significant effect due to glycerol or sucrose induced viscosity

changes in K; (Table 3.4).
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Table 3.4: Viscosity effects on APH(3")-1lla

viscogen  varied fixed substrate (koo Tkea)" ® (Kool Ken)'lkcad K)
substrate ne
glycerol  ATP kanamycin A (0.125mM)  1.03:0.05 1.58:0.22
glycerol  ATP kanamycin A (1 mM) 1.37:0.14 2.10:0.19
glycerol  kan A ATP (1 mM) 1.29:0.03 0.15:0.06
glycerol ATP amikacin (2.5 mM) 0.93:0.12 2.23:0.13
glycerol  ATP amikacin (0.1 mM) 0.56:0.03 0.56:0.07
glycerol amikacin ATP (1 mM) 1.00:0.08 0.06:0.26
sucrose ATP amikacin (2.5 mM) 0.76:0.10 0.83:0.11
sucrose kan A ATP (1 mM) 1.05:0.05 -0.12:0.13
sucrose amikacin ATP (1 mM) 0.76+0.08 -0.02:0.06
PEGsyo kanA ATP (1 mM) 0.02:0.02 0.00:0.04
PEGgeo ATP kan A (1 mM) 0.02:0.00 -0.05+0.02

* k.o and (k../K)" are the rates with no added viscogen. Values are the slopes of plots for either

Kear' Ko OF (Koo K ) /kood K Versus relative viscosity of the solution.
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CHAPTER 4

Active Site Mapping and Mutagenesis of APH(3’)-111a Identify Two Residues
Which Line the ATP Binding Pocket.

Adapted from

McKay, G.A., Robinson, R.A., Lane, W.S_, and Wright, G.D.
Biochemistry, 1994, vol. 33, pp. 14115-14120

Hon, W-C., McKay, G.A., Thompson, P.R., Sweet, R M., Yang, D.S.C., Wright, G.D,,
and Berghuis, A.M.
Cell, 1997, vol. 89, pp. 887-895
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Chapter 4

4.1 Introduction

Information gained from kinetic mechanism studies, while insightful, is in itself
not sufficient to provide a solid basis for drug design. It is important for the
understanding of how a particular enzyme functions to identify residues involved in both
the chemistry of a reaction and also the binding of the enzyme’s substrates. The most
direct and informative means to identify residues involved in both substrate binding and
enzyme chemistry is through a determined X-ray 3-dimensional crystal structure. Inthe
absence of such a structure there are many tools available which can provide mechanistic
and structural information, if albeit through a slightly more indirect means.

The vast majority of structural and functional knowledge which exists for the
APH(3") family of enzymes has been the result of one of two approaches. First, work to
date has relied upon primary sequence alignment of APH(3') family members, whereby
highly conserved regions were identified and targeted for mutagenesis studies (105-107).
Second, studies have used a more random approach targeting the aminoglycoside
phosphotransferase genes with hydroxylamine hydrochloride (18). These approaches,
while often informative, suffer from distinct problems. Studies based upon homology
alignments require a researcher to make an assessment as to the potential importance of a
residue, or region, for enzyme function and thus frequently important residues or regions

are overlooked. Random hydroxylamine mutagenesis removes this bias of selection but
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poses another problem in that often mutations generated are eventually deemed
uninformative.

Here I approached the problem through the use of an electrophilic ATP analogue,
5'[p-(fluorosulfonyl)-benzoyl]adenosine (FSBA) (Figure 4.1). This compound was first
synthesized and described by Roberta Colman and colleagues who successfully used it to
probe the diphospho pyridine site of bovine liver glutamate dehydrogenase (145). FSBA
has since been successfully used to probe the ATP binding pocket of many enzymes
(102, 108, 207, 215). Active site residues; lysine, tyrosine, cysteine, histidine and serine
have been shown to form covalent adducts by nucleophilic attack at the sulfonyl halide
bond of FSBA. This reactive group is positioned similarly to the gamma phosphate of

ATP thus permitting the identification of residues surrounding the terminal phosphate.

4.2 Materials & Methods

4.2.1 General Materials
FSBA and N-p-tosyl-L-phenylalanine chloromethyl ketone (TPCK) treated
trypsin were from Sigma (St. Louis MO). Sephadex G-25 was from Pharmacia
(Montreal, PQ). ["*C]FSBA (radioactive label is incorporated in the purine ring) was

from Dupont NEN (Mississauga, Ont).
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Figure 4.1. Spacefill model of (A) p-fluorosulfonylbenzoyl adenosine (FSBA) and (B)
adenosine triphosphate (ATP). Fluoride atom is coloured pink in panel A.
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4.2.2 Inactivation of APH(3')-1lla with FSBA

Typically, FSBA inactivation experiments were conducted in S0 mM Tris-HCI,
pH 7.5, 10 mM MgCl; with various amounts of FSBA dissolved in dimethyl sulfoxide
(10% v/v final for all FSBA concentrations including controls) in a total volume of 225
uL at 37 °C. Reactions were initiated by the addition of purified APH(3")-IIIa (4.8 nmol)
and aliquots (10 pL) removed and assayed for phosphotransferase activity. Enzyme
activity was measured as previously presented, in section 2.2.6, where substrates ATP
and kanamycin A were held at 1 mM and 100 pM, respectively, unless otherwise

indicated.

4.2.3 Substrate Specific Protection of APH(3')-1lla from FSBA Inactivation
In order to assess the nature of FSBA inactivation, several assays were performed

to determine whether either ATP or tobramycin could protect APH(3")-IIla from FSBA
inactivation and labeling. Five separate reactions were completed investigating the
ability of ATP to afford protection from FSBA inactivation. Each reaction contained 70
ug APH(3')-IlIa, 50 mM Tris-HCI, pH 7.5, 10 mM MgCl; and 0.5 mM FSBA (5 mM
stock FSBA solution dissolved in 100% DMSOQO). Concentrations of ATP used were 0,
0.05,0.1 and 0.5 and 1.0 mM. To insure that inactivation was specific to FSBA and not a
by-product from the addition of DMSO a control reaction was performed where 10%
DMSO (dimethylsulfoxide) was substituted for FSBA. The ability of tobramycin to
afford similar protection was also investigated. The first reaction consisted of 70 pg

APH(3")-IlIa, 50 mM Tris-HCI pH 7.5, 10 mM MgCl;, 0.5 mM FSBA and 0.21 mM
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tobramycin (X;,=0.35 uM). The second reaction was designed to assess if ATP and
tobramycin afforded synergistic protection. This reaction consisted of 70 ug APH(3')-
IIIa, 50 n-xM Tris-HCI pH 7.5, 10 mM MgCl;, 0.5 mM FSBA and 0.21 mM tobramycin
and was additionally supplemented with 1| mM ATP. All eight reactions, including the
control, were incubated for 60 min at 37 °C following which the tubes centrifuged for 10
sec. The activity was measured in duplicate using the coupled enzyme assay as described
in section 2.2.6. Activity was normalized to a t=0 minute sample in the absence of any

additions except DMSO.

4.2.4 Determination of Stoichiometry of FSBA Labeling
APH(3")-IIIa (60 nmol) was added to a solution of 0.45 mM [**CJFSBA (2.2

pCi/pmol) in 50 mM Tris-HCI, pH 7.5, 10 mM MgCl, to give a final volume of 1.5 mL
and incubated at 37 °C. Aliquots (100 pL) were removed at various time points (0, 6.5,
10, 20, 35, 42, 60, 90, 130, 187, 275 min) and reactions quenched by the addition of 2-
mercaptoethanol to a final concentration of 1.35 mM. Unbound label was removed by
application to two successive Sephadex G-25 spin columns (400 uL) (150). The sample
was then assayed for APH(3")-IIIa activity in duplicate and scintillation counted to

determine label incorporation.

4.2.5 Large Scale Affinity Labeling and Peptide Mapping
Large scale inactivations of APH(3")-IlIa for peptide mapping consisted of

enzyme (100 nmol), SO mM Tris-HCI, pH 7.5, 10 mM MgCl;, and 0.75 mM FSBA ina
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final volume of 0.5 mL. A control incubation was carried out without FSBA, and a
reaction with 0.75 mM [**CJFSBA (1.2 pC/pmot) was also performed. Reactions were
incubated at 37 °C for 3 hr, the volumes were then increased to 1.5 mL by addition of
deionized distilled water, and the solutions were dialyzed against 2.25 L of 25 mM
NHHCO;, pH 8.3, at 4 °C overnight. The following day the dialyzed sample was
lyophilized to dryness following which the samples were taken up in 100 pL of 8 M urea,
100 mM NH4HCOs, pH 8.3, and incubated at room temperature for 15 minutes followed
by the addition of 45.5 uL of 100 mM NH,HCOs, pH 8.3. Trypsin (220 pg activated in
1.2 M HCI) was added to each sample, and the digestion was allowed to proceed for 24
hr in the dark at ambient temperature. Samples were frozen at -80 °C until further use.
Tryptic digests were analyzed by reverse-phase HPLC using a Spherisorb-ODS2
C18 column (4 mm x 20 cm) at ambient temperature at a flow rate of 0.8 mL/min.
Samples were applied in a solution of 0.1% trifuloroacetic acid (TFA), and peptides were
eluted by a gradient of 0.07% TFA in CH;CN (B). The gradient consisted of 0-35% B
over 55 minutes, 35-75% B over 30 minutes, and 75-90% B over 15 minutes. Samples
were monitored simultaneously at 214 and 260 nm, and radiolabeled APH(3')-IITa digest

was additionally analyzed by scintillation counting of 800 pL fractions.
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4.2.6 Characterization of Labeled Peptides by Narrowbore HPLC, Edman
Degradation and Mass Spectroscopy
Samples labeled with non-radioactively labeled FSBA and unlabeled APH(3")-1IIa
were sent to Dr. William Lane, Harvard Microchemistry, for further analysis by

narrowbore HPLC, Edman degradation, and mass spectroscopy.

4.2.7 Generation of APH(3')-111a Site Mutations
The following mutants S27A (5-TA TAC CTT AGC AGG AGC CAT TCC TTC
CGT ATC-3"), K33A (5-TTC TCC CAC CAG CGC ATA TAC CTT AGC AGG-3"),
K44A (5'-GCT GTC CGT CAT TGC TAA ATA TAG GTT TTC ATT-3") and
K33AK44A were all generated using an oligonucleotide directed mutagenesis protocol.
Mutagenesis of K44A was completed by Paul Thompson following which I subcloned

the fragment.

4.2.7a Cloning of aph(3')-1lla into M13mp18

The aph(3’)-1lla gene was cloned into M13mp18 using the generated restriction
endonuclease sites Nde I and Hind III and then was transformed into E. coli MV1190 as
follows. The ligation reaction mix (10 uL, ~50 ng DNA) was added to 250 uL CaCl;
competent MV1190 cells (1.5x10° cells/ug DNA). Cells were incubated on ice following
which they were heat shocked at 37 °C for 5 minutes. To this tube was added 250 uL

saturated overnight culture of MV1190 and 2.5 mL of 50 °C top agar. This mix was



118
pipetted onto a LB agar plate and allowed to solidify. Plates were incubated overnight at

37 °C and plaques were selected the following day.

4.2.7b  Generation of Single Stranded Template DNA

Plaques were selected using sterile toothpicks and used to inoculate 1.5 ml sterile
LB broth to which was then added 15 puL of overnight culture of CJ236 (duf, ung’) This
tube was incubated at 37 °C for 5 min without agitation following which the cells were
permitted to grow for 8 hr at 250 RPM agitation. Cells were harvested by
microcentrifugation and the supernatant was removed to a fresh eppendorf tube
containing 15 pL of CHCl; as an antiseptic. The cell pellet was frozen at -20 °C from
which could be purified the replicative form of M13mp18::aph(3’)-Illa. The supernatant
containing the phage was further purified to obtain the single stranded DNA needed for
the template in the mutagenesis reactions.

One milliliter of phage supernatant was precipitated using 200 uL of 20%
PEG/2.5 M NaCl by incubating the mix at room temperature for 15 min following which
the tube was spun for 5 min. All supernatant was removed and the inside of the tube was
carefully dried using a Kimwipe. The phage pellet was resuspended in 200 uL TE (10
mM Tris-HCI pH 8.0, 1 mM EDTA) and then incubated on ice for 45 min. The phage
solution was extracted once with phenol, once with phenol: CHCl; and twice with CHCl;.
Extraction involved mixing of the phage with the organic phase followed by a 5 min
incubation at room temperature and then the tubes were spun for 2 min and the aqueous

phase removed. The final extracted aqueous phase was brought to 250 uL with deionized
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distilled water to which was added 28 uL 7.8 M ammonium acetate and 2 volumes
absolute ethanol. The sample was thoroughly mixed and then incubated at -70 °C for 120
min. The tube was spun at 12000 RPM in a microcentrifuge for 20 min and the pellet
subsequently washed with 700 pL of 70% ethanol. The pellet was air dried for 1 hr at

room temperature.

4.2.7¢c Phosphorylation of Oligonucleotide
A reaction mix containing 200 pmol oligonucleotide, 100 mM Tris-HC! pH 8.0,
10 mM MgCl;, 5 mM DTT, 0.4 mM ATP in a total volume of 30 uL. T4 polynucleotide

kinase was added to the reaction (4.5 units) and incubated at 37 °C for 45 min.

4.2.7d Annealing of Phosphorylated Oligonucleotide to ssDNA aph(3')-1lla
Template
An annealing reaction was mixed which included 250 ng of single stranded
template DNA, 3 pmol phosphorylated oligonucleotide, 100 mM Tris-HCl pH 7.6 in a
total volume of 10 pL. A control reaction was also mixed which omitted the

phosphorylated oligonucleotide.

4.2.7¢ Synthesis of Second Strand
A synthesis reaction was added in the following order to the annealing reaction: 1

uL of 10X synthesis buffer, 4 units of T4 ligase and 1 unit of T4 polymerase. This mix
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was incubated on ice for 5 min, followed by a S min incubation at room temperature and
a final 90 min incubation at 37 °C. The reaction was quenched by addition of 90 uL of §

mM EDTA. The synthesis reaction was then frozen at -20 °C.

4.2.7f Transformation of MV'1190 with Synthesis Reaction
To 300 uL of MV1190 cells was added 5 L of synthesis reaction followed by
incubation in ice for 40 min. The cells were heat shocked at 37 °C for 5 min.
Transformed cells (100 pL) were added to 300 uL overnight MV1190 and 2.5 mL 50 °C
top agar. The mix was then plated on an LB agar plate. The control reaction was

similarly plated and the following day plaques were selected as previously described.

4.2.7g¢ Screening of Mutants
Several plaques were picked using the described techniques and the single
stranded DNA isolated (Section 4.2.6b). Mutant K44A was sequenced by Paul
Thompson. The remaining mutants were sent for DNA sequencing at the central MOBIX
facility to insure incorporation of the oligonucleotide and also to insure that no separate

mutations were introduced during the synthesis process.
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4.3 Results

4.3.1 FSBA Labels APH(3')-I11a at the ATP Binding Site
Incubation of purified APH(3")-IIla with FSBA resulted in inactivation of the

enzyme (Table 4.1). The rate of inactivation is dependent on the concentration of FSBA
(Figure 4.2). APH(3")-MIa activity could not be restored even upon extensive dialysis of
inactivated samples. Passage of inactivated enzyme through a G-10 Sephadex gel
filtration matrix was also insufficient to restore enzyme activity indicating that the
interaction of FSBA with APH(3')-II1a was irreversible in nature. FSBA inactivation of
APH(3")-II1a was successfully inhibited by increasing amounts of ATP (Table 4.1) while
the aminoglycoside, tobramycin, was unable to prevent enzyme inactivation. These
results are consistent with the hypothesis that inactivation of APH(3")-IIIa by FSBA was
occurring at the ATP binding site. Phenylmethylsulfonyl fluoride a compound with the
same reactive group as FSBA did not inactivate APH(3')-IIIa even when present at levels
of 1 mM, once again supporting the theory that FSBA inactivation of the enzyme was

specific and targeted to the ATP binding pocket.

4.3.2 Kinetics of Inactivation of APH(3')-Illa with FSBA
Inactivation was found to be both time dependent and concentration dependent

(Figure 4.2) and was found to be consistent with the following reaction:

K; Kmax

E + | =—=E — EI
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Table 4.1: Inactivation of APH (3')-IIla by FSBA

FSBA ATP tobramycin phosphotransferase activity
(0.5 mM) (mM) (0.21 mM) (%)
- 0 - 97:0.4
+ 0 - 18:2.6
+ 0.05 - 53:1.6
+ 0.10 - 72+2.7
+ 0.5 - 106+3
+ 1.0 - 105+5
+ 0 + 17.8£0.3
+ 1.0 + 1067

' Activity was measured following a 60 minute incubation at 37 °C; values are the average of two assays.
Values are normalized to t=0 minutes in the absence of any addition except DMSO. Activity was
monitored through the use of PK/LDH coupled enzyme assay.
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log{(Et-Ex0)/(E0o-Ex)]

Figure 4.2. Inactivation of APH(3’)-Illa with FSBA. APH(3’)-Illa inactivated with
FSBA at a final concentration of 12.5 (o), 20 (@), 50 (OJ), 200 (W), 500 (A) and 2000 (a)
M. E, represents 2.5% residual activity following extended incubations with FSBA and
E. is the enzyme activity measured at various time points.
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where X is the apparent binding constant, k. is the rate of inactivation at saturating
inactivator (I), and EI* is the inactive enzyme. Inactivation of the enzyme was first order
with res;;ect to FSBA concentration for the first 10-15 minutes but then appeared to reach
a limiting value (not shown). Similar behavior had previously been observed for other
similar inactivators (12). It is proposed that the limiting value was reached due to the
loss of FSBA by hydrolysis or interaction with buffer components. Addition of fresh
FSBA to reactions led to further inactivation of APH(3')-IIla to an absolute limit of-2.5%
remaining activity. This value was therefore incorporated for the value of remaining
enzyme activity (E.) into the calculations of Ko,

It is evident that the preceding equation can be treated similarly to the Michaelis-
Menten equation. For this situation a hyperbolic curve is generated (Figure 4.3) where a
limit is reached corresponding t0 kme:. The inhibitor concentration at 1/2kma corresponds
to K; which is ana_logous to the Michaelis constant K,,. Values for ks and K; were
therefore calculated using non-linear least squares fitting of the following equation:

Kobs = (Kmax [T}/(Ki +1)

The data is also presented in a reciprocal format as the results are graphically
informative (inset Figure 4.3). Using non-linear least fit squares, values of 406+28 uM
and 0.086+0.077 s were obtained for K; and kna: respectively. The dissociation constant
of FSBA is approximately 13.5 fold higher than the K, for ATP (27.7 pM) suggesting the

phosphates of ATP significantly contribute to the binding energy of ATP.
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4.3.3 Stoichiometry of APH(3')-1lla Inactivation by FSBA
Inactivation studies were performed with '“C-labeled FSBA in order to determine
the stoichiometry of the inactivation event. By extrapolation of the curve, to 100%
inactivation, this generates a ratio of enzyme to FSBA of 0.98+0.03 (Figure 4.4) strongly

supporting a unique inactivation event per monomer.

4.3.4 Identification of FSBA-Labeled Peptides

As a means to identify amino acid residues lining the ATP binding pocket of
APH(3")-I1Ia we performed a large scale inactivation of the enzyme with both 4C-labeled
and non-radioactive FSBA. The labeled proteins were then treated with activated trypsin
and the peptides separated by reverse-phase HPLC.

Peptide maps of unlabeled APH(3')-IITa and ['‘C]JFSBA labeled APH(3")-Illa
performed on 4.6 mm internal bore C18 column indicated a peak at ~77 min which
absorbed at 260 nm which was present only in the labeled enzyme map (Figure 4.5).
This peak was also found to contain greater than 58% of the total radioactivity. Those
peaks denoted with an asterisks are species which are specific to ['*C]JFSBA including
peaks at 30.5 min and 82 min which have been identified as specific to adenosine (**C
label of FSBA is in the adenine ring).

The large scale inactivations which were preliminarily investigated using C18
reverse-phase HPLC were further analyzed by Dr. William Lane of the Harvard

Microchemistry Department.
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Phosphotransferase Activity (%)

0 02 04 0.6 0.8 1
[FSBAJ/JAPH(3')-IIa]

Figure 4.4. Stoichiometry of APH(3’)-Illa labeling by FSBA. APH(3’)-Illa was
incubated with ['*CJFSBA and aliquots were removed at various time time points and
assayed for activity and label incorporation as measured by scintillation counting. The
correlation coefficient (r) is 0.95.
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Figure 4.5. Peptide mapping of ['‘CIFSBA labeled APH(3')-IIla. The peptides were
separated by Spherisorb-ODS2 C18 reverse phase HPLC. Fractions were monitored by
A2z (not shown) and scintillation counting. Asterisks (*) denote peaks derived from
[“C]FSBA only.
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4.3.5 Narrowbore HPLC Purification of FSBA Labeled Peptides, Edman

Degradation and Mass Spectroscopy of Identified Peptides

Unlabeled APH(3")-II1a and FSBA labeled enzyme were peptide mapped using
narrowbore reverse phase HPLC. This technique provides a much better resolution than
standard C-18 reverse phase HPLC as completed above in section 4.2.4. Through this
technique, two peaks showing strong absorbance at 260 nm were identified as specific to
the FSBA-labeled tryptic digest (Figure 4.6) with retention times of 61.7 min (peak 1)
and 62.7 min (peak 2). Electrospray mass spectroscopy of peak 1 revealed two peptides
with molecular weights of 2258.9 and 2114.8 (Table 4.2). These two peptides were N-
terminal sequenced and the secondary peptide (as defined by relative amount) was found
to have the sequence VY*LVGENENLYLK. The asterisk denotes a PTH-amino acid
(phenylthiohydantoin amino acid derivative) which could not be identified. From the
primary sequence of APH(3")-IIIa this amino acid is identified as K33. The mass of the
peptide differs from the predicted mass of this peptide by 433.7 Da, consistent with
labeling of this peptide with FSBA (mass of 433.4 Da with loss of F). The second
peptide identified in this peak was found to correspond to Leul21-Argl139. This peptide
was found to be unlabeled.

The peak identified at 62.7 min was also found to be comprised of two unique
peptides. N-terminal sequencing and mass electrospray of the secondary peptide (again
defined based on relative amount) identified a fragment with 2314.7 Da and the sequence
LVGENENLYL*MTDSR, where as above the asterisk denotes a PTH-derivative which

could not be identified. By the primary sequence this amino acid was identified as K44.
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Figure 4.6. Peptide mapping of (A) APH(3")-IIla and (B) non-radioactively labeled
FSBA-inactivated APH(3")-I1Ia by narrowbore reverse-phase HPLC. Traces are
absorption at 260 nm and arrows in panel B represent peaks unique to FSBA-labeled
peptide. (Modified and redrawn from M°Kay et al, Biochemistry, 1994).
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Table 4.2: Analysis of tryptic peptides from FSBA-labeled APH(3’)-IlIa

retention peptide mass (Da) mass
time : sequence difference
(min) predicted  ESI-MS (Da)
61.7 LFHSIDISDCPYTNSLDSR 2259.4° 22589 0.5
VY*LVGENENLYLK 1681.1 2114.8 433.7
62.7 [ELYAECIR 1297.8° 12979 0.1
LVGENENLYL*MTDSR 1881.3 2314.7 4334

* Retention times were obtained following injection of the tryptic digest onto a narrowbore column and
identified by their significant absorbance at 260 nm as compared to a control digest done without

preincubation with FSBA. Pepides were analyzed by electrospray ionization mass spectrometry and
sequenced by Edman degradation as indicated in Materials and Methods. Predicted masses were determined

assuming a lys residue at positions marked with an asterisk as suggested by the primary sequence (185). An
asterisk denotes an unidentified amino acid, approximately 10% of predicted Lys was observed.

® Mass includes an additional disulfide with 2-mercaptoethanol.
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The mass of this peptide was found to differ from its predicted mass by 433.4 Da, once
again consistent with a single FSBA modification of the fragment (Table 4.2). The other
peptide identified at 62.7 min was sequenced and identified as tryptic peptide Ile111-
Argl20. This peptide’s mass, 1297.8 Da, was identical to its predicted value indicating
that it was not labeled by FSBA.

As a control, peaks at the same retention time were isolated from the unlabeled
tryptic digest of APH(3")-IIla. These peptides were analyzed by both Edman degradation
and electrospray mass spectroscopy and they were found to be unlabeled as expected (not
shown).

The combination of the enzymatic data, mass spectral data and N-terminal
sequence data identify two sites of FSBA labeling of APH(3")-IITa which are strongly

" indicated to lie proximally to the ATP binding pocket of the enzyme.

4.3.6 Analysis of APH(3')-1lla K44A, K33A and K33AK44A Mutants

The steady-state kinetics of the three lysine mutants K33A, K44A and
K33AK44A were completed and compared to wild type enzyme. Remarkably APH(3’)-
IIIa [K33A] demonstrated steady-state kinetic parameters very similar to wild type. The
K., values for both enzymes were virtually identical while the &, value decreased by less
that 3 fold (Table 4.3) suggesting that this residue’s contribution to enzyme function was
limited and not likely involved in ATP binding. Similar results were obtained for steady
state kinetics of kanamycin A where substrate binding was unaffected by this mutation.

The steady-state kinetics for APH(3’)-IIIa [K44A] shows interesting results. While
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Table 4.3: Steady-state kinetic parameters of APH(3’)-IIIa mutants

ATP Kanamycin A
Mutant K (BM) ke (s7) K (BM) Koar (™)
Wild type 214:12 1.83:0.11 159:1.7 2.04:0.15
K33A 14.0:1.5 0.62+0.03 17.4:34 0.68:0.04
K44A 566149 1.58:0.07 24.8+3.2 1.28:0.12
K33A,K44A  640:89 0.62+0.08 23.3:7.5 0.56:0.012
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kinetics for kanamycin A remains virtually identical to those for wild type there is a
substantial effect of ATP binding. While APH(3’)-IIIa [K44A] demonstrates k.o values
virtually identical to that of wild type there is a 27 fold increase in K (Table 4.3) values
for ATP binding indicating that this residue is likely involved in binding of ATP in some

capacity.
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CHAPTER §

Functional Comparison Between APH(3’)-111a and Eukaryotic Protein Kinases
Demonstrates Similar Activities.

Adapted from

Daigle, D.M., McKay, G.A., and Wright, G.D.
Journal of Biological Chemistry, 1997, vol. 272, pp. 24755-24758

Daigle, D.M., McKay, G.A., Thompson, P.R., and Wright, G.D.
Chemistry and Biology, 1999, vol. 6, pp. 11-18
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Chapter 5

5.1 Introduction

Much has been made of the recent discovery of apparent Ser/Thr and tyrosine
kinases in prokaryotes (99). It was previously believed that bacteria favoured the use of
histidine and carboxy amino acids as phosphoacceptors while eukaryotes preferred
serine, threonine and tyrosine for signal transduction purposes (99).

As more serine/threonine and tyrosine protein kinases were identified and entered
into the protein databases, features and primary sequence signatures were identified.
. Several of these sequences are named after Hanks, who was responsible in large part for
defining these reéions (80, 81). The first “eukaryotic” type protein kinase identified from
bacteria was Pknl which was isolated from Myxococcus xanthus (136). Pknl is predicted
to have between 27 and 31% identity over its putative catalytic domains when compared
to Hanks type protein kinases such as cyclic AMP dependent protein kinase (CAMP
DPK) and protein kinase C (PKC). Pknl autophosphorylates and mutagenesis studies
have shown that the amino acids necessary for eukaryotic protein kinase function are also
necessary for Pknl activity. While direct evidence of Pknl phosphorylation of protein
substrates has not been readily forthcoming, both the autophosphorylation and
mutagenesis studies are supportive of protein kinase function.

It is important to note that although other “protein kinases” have been identified

prior to Pknl, including Ser/Thr kinases for bacteriophage A and ¢80 (37, 38) and a
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protein phosphatase, taken as circumstantial evidence of the existence of a protein kinase
activity, from Yersinia pseudotuberculosis (76) it is speculated that these genes were of
foreign origin and not native to its present host (99). All three of these organisms are
intracellular pathogens and thus making the origin of these genes ambiguous.

A number of groups have noted the similarity between protein kinases and
APH(3") family members (21, 105, 126). In particular it was noted by Brenner that
APH(3") proteins and identified protein kinases shared the consensus sequence
HxDhxxxNhhh where x represents any amino acid and h represents any large
hydrophobic residue (21). He also noted the conservation of D208 (APH(3')-IIla
numbering) and suggested its possible involvement in coordinating Mg** and thus
binding of ATP.

A second region of conserved residues was identified by Martin and colleagues
(126) which was believed to have an analogous function to the P-loop initially identified
by Hanks (81). For a more thorough discussion of this region see section 1.4.7. The
possible involvement of this putative nucleotide binding loop in APH(3")-IIla function
was further investigated by Kocabivik and Perlin (105).

The recently solved crystal structure of APH(3')-IIla has allowed a more detailed
analysis of its similarities with eukaryotic protein kinases (EPKs) (89). Crystal structures
now exist for such Ser/Thr protein kinases including casein kinase I from
Schizosaccharomyces pombe (119, 209), and cAMP dependent protein kinase catalytic
subunit isolated from porcine heart (19, 51, 214). Phosphorylase kinase has been

structurally solved by X-ray crystallography (120, 143). What immediately becomes
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apparent is that APH(3")-I1Ia shows a reasonably strong similarity to the aforementioned
eukaryotic protein kinases (Figure 5.1). A more thorough discussion of this similarity
will be presented in the discussion. Briefly, however, several features are noticeably
different between EPKs and APH(3’)-IIIa. While the active sites are generally large and
accessible for EPKs, presumably permitting entry of large protein substrates, the active
site of APH(3’)-IIa is blocked by residues 135-180 (referred to hereafter as domain IIT)
which form 2 antiparallel helices joined by a loose 19 amino acid coil (Figure 5.1). This
loop region was removed by PCR mutagenesis in an attempt to open the active site to
larger protein substrates. A second noticeable difference between EPKs and APH(3")-
I1a is the residue G189. Virtually all EPKs have an arginine residue at this position
which has been demonstrated to be necessary for enzyme function (reference). This
residue iis knownb to interact with phosphothreonine residue 197 which is
autophosphorylated in cAPK upon activation. This residue was therefore altered from a
glycine to an arginine residue (APH(3)-IIIa) to assess its contribution if any to the
enzyme’s kinase activity.

Although there have been identified regions of conserved primary sequence
between APH(3')-IIIa and EPKs and they also appear to share structural similarity as
determined by X-ray crystallographic structures, it is quite conceivable that they might
share no functional similarity other than the binding of ATP and the ability to transfer
phosphate to their appropriate substrates. For this reason the similarity which exists
between APH(3')-I1a and EPKs was investigated thoroughly using both known inhibitors

of EPKSs including a variety of isoquinolinesulfonamide (Figure 5.2A and 5.2B), several
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isoflavone (Figure 5.3A) derived inhibitors, staurosporine (Figure 5.3B) and numerous
tyrphostin analogues (Figure 5.4). To further investigate and establish a possible
functional similarity between APH(3')-II1a and EPKs a series of protein kinase substrates
were also surveyed. The protein kinase substrates assessed included, tyrosine kinase
substrates poly (Glu, Tyr) (4:1) and p60°™ substrate II a known substrate of c-src kinase
(139). Numerous Ser/Thr protein kinase specific substrates were also investigated
including myristolated alanine-rich C-kinase substrate protein (MARCKS) derived
peptides MARCKS K and MARCKS R, protamine, casein, histone H1, Kemptide and the

broad range substrate myelin basic protein (MBP).

5.2 Materials and Methods

5.2.1 General Materials
Genistein, quercetin, staurosporine, myelin-basic protein from bovine brain,

Kemptide (LRRASLG), casein and poly (Glu,Tyr) (4:1) were from Sigma (St. Louis,
MO). N-(2-aminoethyl)-5-chloroisoquinoline-8 sulfonamide (CKI-7) and 1-(5-
chloroisoquinoline-8-sulfonyl)piperazine (CKI-8) were from Seikagaku America
(Rockville, MD). 1-(5-isoquinolinesulfonyl)-2-methylpiperazine (H-7), N-(2-
aminoethyl)-5-isoquinoline sulfonamide (H-9) and N-(2-guanidinoethyl)-5-isoquinoline
sulfonamide (HA-1004) were from Research Biochemicals International (Nattick, MA).

Histone H1 from calf thymus and p60°* Substrate II (Ac-IYGEF-NH;) were from
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Figure 5.3. Structure of protein kinase inhibitors. (A) Isoflavone derived protein kinase
inhibitors. (B) Structure of protein kinase C inhibitor staurosporine.
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Calbiochem. Protamine and MARCKS R peptide were the kind gift of Dr. Richard
Epand, Department of Biochemistry, McMaster University. MARCKS K peptide was
prepared-by Dr. R.E. Williams, Institute for Biological Sciences, National Research
Council, Ottawa, Ont. Rat brain PKC preparation (a mixture of a, B and y isoforms)
were a kind gift of Dr. R. Epand, Department of Biochemistry, McMaster University.
Casein kinase-I clone pT71I-ckiA298 was a kind gift of Dr. Jeff Kuret, Department of
Cell and Molecular Biology, Northwestern University Medical School, Chicago, Il and

was purified as described in section 5.2.2.

5.2.2 Purification of Casein Kinase-1 from E. coli BL21 (DE3)
[pT7II-ckiA298]
Casein kinase-I was purified by minor modification of the previously reported

protocol (30). All steps were performed at 4 °C. E. coli harboring plasmid pT7II-
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ckiA298 was grown in Luria broth media containing 200 pg/mL ampicillin at 37 °C to an

Agoo of 0.3 at which point IPTG was added to a final concentration of 1 mM. Cells were

allowed to continue growing at 250 RPM for another 3 hr whereupon they were harvested

by a 20-minute spin at 5000g. The cell pellet was then washed with 50 mL STE buffer
(10 mM Tris-HCI, pH 8.0, 100 mM NaCl, | mM EDTA). The resultant cell pellet was
then frozen overnight at -70 °C.

The following day, the cell paste was resuspended in 20 mL of lysis buffer (20
mM Tris-HC}, pH 7.5, 0.5 M NaCl, 5 mM imidazole, 10% glycerol, | mM PMSF) and

disrupted by two passages through a French pressure cell at 20000 psi. The cell debris
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was removed by two successive 20-minute centrifugation spins at 15000g. The detergent
Brij35 was added to the crude extract to a final concentration of 0.1% (v/v) and then the
sample was slowly brought to 75% saturation with addition of solid (NH,);SO,, stirred
for 20 minutes and then centrifuged for 20 minutes at 20000g. The resultant pellet was
resuspended in 5 mL buffer A (10 mM HEPES-HCI, pH 7.4, 150 mM NaCl, 0.1 mM
EGTA) and then loaded onto a Sephadex G-100 (1.6 x 91 cm) column pre-equilibrated
with buffer A. The column fractions were collected (0.5 min) at a flow rate of 30
mL/min and were monitored by both SDS-PAGE and casein kinase activity assays
(Section 5.2.3).

Fractions containing CK-I were pooled and dialyzed against 1 L of buffer B (10
mM MOPS-HC], pH 7.0, 50 mM NaCl, 0.1 mM EGTA, 0.02% Brij35 (v/v)). The
following day the dialyzate was centrifuged (20 minutes at 20000g) and the supernatant
applied onto a Sepharose-Q fast flow column (1.2 x 10 cm) equilibrated in buffer B.
Protein that did not bind to the column was screened by SDS-PAGE and activity assays,
following which positive fractions were combined.

The fractions of unbound protein were subsequently applied to a Mono S column
(HRS5/5) (Pharmacia) equilibrated in buffer C (10 mM MOPS-HCI, pH 7.0, 0.1 mM
EGTA, 0.1% 2-mercaptoethanol, S0 mM NaCl). The column was washed with 20 ml
buffer C and protein eluted with a S0 mM to 250 mM NaCl gradient in buffer C over 50
mL. Fractions were identified by SDS-PAGE and activity assays. Positive fractions
were pooled and stored at 4 °C following the addition of 1 mM dithiothreitol. Samples

were stable for up to 1 month.
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5.2.3 Casein Kinase Activity Assays

Casein kinase I activity was assayed by modification of the procedure described
for Ca**/calmodulin-dependent casein kinase (112). Standard assay conditions consisted
of a 100 uL reaction of 25 mM MES-HCI pH 6.5, 50 mM NaCl, 15 mM MgCl,, 2 mg/ml
casein, 2 mg EDTA and 100 uM [y**PJATP [250 000 CPM/nmol] and 10 ug of protein
sample. Incubations proceeded at 30 °C for 15 minutes and were performed in duplicate.
The reaction was terminated by addition of 10 uL of 300 mM EDTA and immediately
spotted on Whatman GF/C glass fiber filters (24 mm diameter). Filters were washed in
four changes of 10% trichloroacetic acid (w/v) and 100 mM sodium pyrophosphate
followed by one rinse of 70% ethanol and one rinse of 100% ethanol (each wash 5
mL/filter). Filters were dried under a heat gun and samples analyzed in a scintilation

counter.

5.2.4 Generation of APH(3')-1lla Site Mutants

APH(3')-1I1a [G189R] was prepared by the QuikChange site-directed mutagenesis
kit (Stratagene) using primers 5'-CCC AGG TCG CGG TGG GAA AAG AC-3' and 5'-
GTC TTT TCC CAC CGC GAC CTG GG-3' while APH(3")-IITa [A123-189] was
prepared using a modification of this procedure using primers 5'-A ACT GCA GCG ATA
CAC CAA GGA GTT TTC GTG AAA GAG CCT GAT-3' and 5'-A ACT GCA GAC
CTG GGA GAC AGC-3' which both incorporate Pst [ sites at their 5'-end.

PCR reactions consisted of 150 ng pPETAPHG® plasmid, 0.5 uM primer 1 and 0.5

uM primer 2, 100 uM each dNTP, native PFU polymerase reaction buffer (10 mM KClI,
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20 mM Tris-HCI, pH 8.8 at 25 °C, 10 mM (NH4):SO4, 2 mM MgSO,, 0.1% Triton X-100
(v/v)). The reactions were heated to 94 °C to denature the sample following which was
added 2.5 units of native Pfu polymerase. PCR cycles consisted of 1 minute at 94 °C, 1
minute at 52 °C and 6.5 minutes at 72 °C for elongation. Twenty-five cycles were
completed and the reaction was stored at 4 °C overnight.

The pETAPHG6 [G189R] PCR reaction was precipitated by the addition of 1/10
volume 3 M sodium acetate pH 5.2 and 2 volumes of ice cold absolute ethanol.
Following incubation for 20 minutes at -20 °C the mix was microcentrifuged at 4 °C for
10 min. The supernatant was removed and the pellet washed with 1 mL ice cold 70%
ethanol. The pellet was allowed to dry and was then resuspended in 10 puL of deionized
distilled water. A 15 pL digest reaction was prepared consisting of 10 uL of PCR
reaction, 1.5 uL NEBuffer 4 and S units Dpn I and allowed to proceed for 1 hr at 37 °C.
Three transformations of competent E. coli BL21 (DE3) were performed (CaCl; method)
using S, 10 and 50 ng of the Dpn I digested PCR reaction mix and transformants were
plated on LB-agar plates containing 100 ug/ml ampicillin and permitted to grow at 37 °C
overnight. The following day colonies were picked, DNA isolated by alkaline lysis
minipreps, and sent the central MOBIX facility for DNA sequencing to insure correct
incorporation of mutations.

The protocol for the deletion mutant pETAPHG6 [A123-189] consisted of
identical steps to and including PCR reaction DNA precipitation. Following precipitation
of the PCR reaction, the DNA was digested with Pst / (1.5 uL. 10x NEBuffer 3, 2.5 units

Pst I, 10 uL PCR reaction) for 1 hr at 37 °C. The reaction was once again sodium
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acetate/ethanol precipitated and the purified DNA ligated (10 uL Pst I digested DNA, 1.5
pL T4 ligase buffer NEB, 1 unit T4 DNA ligase (NEB)) overnight at 20 °C. The
following- day 2 transformations were performed using 50 and 200 ng of the ligated Pst /
digested PCR reaction. Cells were plated on LB-agar plates containing 100 pg/mL
ampicillin and grown overnight at 37 °C.

Six clones were picked, plasmid was obtained by the alkaline lysis method and
subsequently screened by restriction endonuclease digest mapping (using Psz I and Nde I,
or Pst I and Hind III), Clones which were positive for insert were digested with Pst I (1
uL 10x NEBuffer 3, 2.5 units Pst I, 200 ng plasmid) at 37 °C for 1 hr. Following
digestion the 3' overhangs were removed by the Klenow fragment 3'-S' exonuclease
activity. To the Pst I digest was added 1 uL of 2.0 mM dNTP mix (0.5 mM each dNTP)
" and 5 units of the Klenow fragment of DNA polymerase. The reaction was incubated at
30°C for 15 minu;es following which it was extracted once with CHCl,:phenol and
subsequently sodium acetate/ethanol precipitated. The pellet was redissolved in 8 uL
deionized distilled water to which was added 1 uL 10x T4 ligation buffer (NEB) and 1
uL T4 ligase (400 units/uL). The ligation was terminated after 2 hr at room temperature
and used to transform competent E. coli BL21 (DE3). Six clones were prepared from
positive transformants and sent to the MOBIX central facility for didexoy sequencing of

the plasmid DNA.
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5.2.S Survey of Protein Kinase Inhibitors and their Effects on APH(3')-Illa

Kinetic inhibition studies were assayed in a similar manner as presented in section
3.2.3. Inhibitors assayed include H-7, H-9, HA-1004, CKI-7, CKI-8 (Figure 5.2A, Figure
5.2B), genistein, quercetin (Figure 5.3A), staurosporine (Figure 5.3B) and a series of
tyrphostins (A1, A25, B42, B44, B46, B48, B50 and B56) (Figure 5.4). In all cases the
coupled enzyme assay remained unaffected by the level of inhibitor used.

For initial screening of inhibitors both APH(3')-IIIa substrates were held at
subsaturating concentrations ([ATP]= 25 uM and [kan A]=25 pM). Staurosporine was
assessed as an inhibitor of APH(3')-I1Ia at only 500 nM due to the limited availability of
this compound. Quercetin and genistein were assayed as inhibitors at concentrations of
0, 133, 267 and 533 uM and 0, 62.5, 125 and 250 uM respectively. HA-1004 and H-9
were assayed at concentrations of 0, S0, 100 and 200 pM and 0, 50, 100 and 150 uyM
respectively while H-7, CKI-7 and CKI-8 were all assayed at concentrations of 0, 53,
105, 210 and 427 uM in their respective trials. All tyrphostin species were assayed at
concentrations of 0, 133, 200 and 333 uM.

All assays were completed at 37 °C in a reaction buffer consisting of 50 mM Tris-

HCI, pH 7.5, 10 mM MgCl,, 40 mM KCl.

5.2.6 Growth of APH(3')-1lla [A123-189]
In an effort to increase the protein yield from APH(3")-IITa [A123-189] cultures
were heat shocked prior to the addition of IPTG using the following procedure.

Overnight cultures of APH(3')-IIIa [A123-189] were diluted 1:100 into 2 L fresh Luria
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broth containing 100 pg/mL ampicillin. Cells were grown with 250 RPM shaking at 30
°C until an ODego of 0.4 was reached. The two liter culture was heat shocked by addition
of 500 mL prewarmed Luria broth (~80 °C). Following addition of the heated broth,
IPTG was added to a final concentration of 0.1 mM and the flasks were returned to the 30
°C incubator and grown for 3 hr. Cells were then harvested and APH(3')-IIla [A123-189]

purified as described previously for wild type APH(3")-IIIa (Section 2.2.4b).

5.2.7 Dead-End Inhibitor Analysis of Protein Kinase Inhibitors

Only those compounds which demonstrated moderate to good levels of inhibition
from the general survey were further screened as dead-end inhibitors of APH(3')-Illa.
Compounds which were studied further include H-7, H-9, HA-1004, CKI-7, CKI-8 and
quercetin.

The five isoquinoline derived species were all analyzed as dead-end inhibitors of
ATP. A family of plots was generated for each individual inhibitor where Kan A was
held saturating at 120 uM while ATP was varied at concentration of 10, 25, 50, 100, 200
and 500 pM which covers a range of ~0.3K, to ~18K,,. HA-1004 was held at fixed
concentrations of 0, 50, 100 and 200 uM, H-9 at fixed concentrations of 0, 50, 100 and
150 uM while the remaining isoquinoline derived inhibitors H-7, CKI-7 and CKI-8 were
held at fixed concentrations of 0, 50, 105, 213 and 427 uM. Data were analyzed by
equation 4 (see section 3.2.6).

The isoflavone derived compound quercetin was similarly analyzed. Kan A was

held fixed at 120 uM while ATP was varied at concentrations of 10, 25, 50, 100, 200 and
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500 uM spanning a range of ~0.3K,, to ~18K,,. Quercetin was held fixed at
concentrations of 0, 133, 267 and 533 uM generating a family of curves each
corresponding to a unique concentration of inhibitor. Data were analyzed by fitting to
equation 4 (see section 3.2.6).

To further characterize the nature of H-9 inhibition, this compound was assayed
as a dead-end inhibitor of the second APH(3')-IIIa substrate Kan A. For these studies
ATP was held fixed at 27 uM while Kan A concentrations were varied from 12, 25, 67,
100, 600 and 1000 uM covering a range of ~K,, to ~80K,,. H-9 was held at fixed
concentration of 0, 53, 106 and 213 uM generating a family of curves where each curve
corresponds to a unique concentration of H-9. Results were analyzed by fitting of data to

equation 5 (see section 3.2.6).

5.2.8 Survey of APH(3')-1l1a Protein Kinase Activity

5.2.8a Phosphorylation of p60°"™ substrate Il

Assay mixtures (20 pL) were comprised of peptide (500 pg/mL), 10 mM [y*2P)-
ATP (1.2 x 10° CPM/nmol), 100 mM Tris-HCI, pH 7.5, 10 mM MgCl, and 40 mM KCl.
Reactions were initiated by the addition of 0.8 nmol purified APH(3')-IIIa and
incubations were allowed to proceed for 4 hr at ambient temperature. Following
completion of the reaction the mixture was diluted 5 fold to a final volume of 100 uL.
Samples were analyzed by reverse phase HPLC using a Spherisorb-ODS2 C18 column (4

mm x 20 cm) at a flow rate of 0.5 mL/min) The entire sample was applied to the column
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in a solution of 0.1% trifluoroacetic acid (v/v). Peptides were eluted by a gradient of
0.07% TFA in acetonitrile (CH;CN) (B). The gradient consisted of 10 minutes 0% B, 0
to 40% B over 50 minutes, a 10 minute hold at 40% B followed by 40 to 90% B over 1
minute. Eluent was monitored by simultaneously monitoring wavelengths from 210 to
300 nm using a photodiode array detector. Fractions (0.5 mL) were collected and

analyzed by scintillation counting.

5.2.8b Phosphorylation of Histone HI, MBP and Poly (Glu:Tyr) (4:1)

Incubations (10 pL) consisted of 0.4 mg/ml histone H1, MBP or poly (Glu:Tyr)
(4:1), 10 mM [y**P}-ATP (1.2 x 10° CPM/nmol), 50 mM Tris-HCl pH 7.5, 10 mM
MgCl; and 40 mM KCl. The assays were initiated by the addition of 0.8 nmol of purified
* APH(3")-IIIa and allowed to progress for 4 hr at ambient temperature. Mutants APH(3")-
ITa [G189R] (1-4 nmol) and APH(3")-ITa [A123-189] (1-2 nmol) were screened for the
ability to phosphorylate MBP. The samples were quenched by the addition of EDTA to a
final concentration of 35 mM followed by an equal volume of 2xSDS loading buffer (100
mM Tris-HCI, pH 8.8, 2 mM EDTA, 10% glycerol, 4% SDS) and separated on a 15%
SDS-polyacrylamide gel. Phosphorylation of the substrates was monitored by

autoradiography of the dried gel.

5.2.8c Phosphorylation of Peptide Substrates
A phosphocellulose binding assay was employed for substrates which are

positively charged at neutral pH including MARCKS K (Ac-FKKSFKL-NH;), MARCKS
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R (Ac-FRRSFRL-NH;), protamine and Kemptide (LRRASLG). The assay consisted of
100 uM peptide substrate, 1 nmol purified APH(3')-IIla, APH(3")-IIIa [G189R] 1 or 4
nmol, or APH(3")-IIa [A123-189] 1 or 2 nmol, 10 mM [y*2P}-ATP (1.2 x 10°
CPM/nmol), 50 mM Tris-HCI, pH 8.0, 40 mM KCl, 10 mM MgCl,, in a final volume of
10 uL. The reactions proceeded at room temperature and were terminated after 4 hr by
application onto Whatman P-81 phosphocellulose paper. The filter papers were washed
once in boiling water for S minutes followed by 2 successive washes in cold water, and
then dried with a heat gun. The fiiter papers were then placed in scintillation vials to
which was added S mL of scintillation fluid and counted.

Casein, which is negatively charged at neutral pH, is not amenable to
phosphocellulose trapping and thus was analyzed using glass fiber filters. Reactions
consisted of 50 mM Tris-HCI, pH 7.5, 10 mM MgCl;, 40 mM KCl, 2 mg/mL casein, 2
mg/mL EGTA, 100 uM [y*2P]-ATP (2.5 x 10° CPM/nmol) and 1 nmol purified APH(3')-
IIIa in a total volume of 100 pL.. Samples were incubated for 3 hr at 30 °C and were
performed in duplicate following which they were quenched by the addition of 10 pL of
300 mM EDTA and spotted on glass fiber filters. The filters were washed in four
changes of 10% trifluoroacetic acid and 100 mM sodium pyrophosphate followed by one
rinse of 70% ethanol and one rinse of 100% ethanol (each rinse 5 mL/filter). Filters were
dried and then monitored in a scintillation counter.

Those substrates including both peptide and proteins which exhibited positive
results in the APH(3")-IIla protein kinase assays were further analyzed in order to

determine the rates of reaction.



154

5.2.9 Calculation of Rates of Phosphorylation of MBP by

APH(3')-1lla

A series of reactions were performed using a known concentration of MBP
protein and varied concentrations of APH(3')-IIIa. Reactions (50 puL) were performed in
duplicate and consisted of 50 mM Tris-HCI, pH 7.5, 10 mM MgCl,, 10 mM [y**P]-ATP
(1.2 x 10° CPM/nmol), 300 uM MBP and were incubated at ambient temperature.
Reactions were sampled by removal of 10 uL aliquots at time points 15, 45, 90, 180, and
360 minutes and were quenched by addition of an equal volume of 2xSDS loading buffer.
These 20 uL samples were loaded on 15% SDS-polyacrylamide gels and separated at 200
V. Gels were stained for 15 minutes with Coomassie blue and destained for 15 minutes
(30% methanol, 10% acetic acid in deionized distilled water), following which they were
dried onto Whatman filter paper. Bands corresponding to MBP were excised from the
gel and monitored by liquid scintillation counting. Negative controls were performed by
excising similar size fragments of gel from unlabeled areas and monitoring their

radioactive decay.

5.2.10 Calculation of Rates of Phosphorylation of Peptides by APH(3')-1lla

Peptides MARCKS K, MARCKS R and protamine were analyzed in a similar
manner to MBP. Reactions were performed in duplicate and consisted of 1 nmol purified
APH(3")-IITa, 10 mM [y>?P]-ATP (1.2 x 10° CPM/nmol), 50 mM Tris-HCI, pH 8.0, 40
mM KCl, 10 mM MgCl. in a final volume of 100 pL. Peptide substrates were varied at

concentrations of 50, 100, 250 and 400 pM for MARCKS K, MARCKS R and
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protamine. Aliquots (10 puL) were removed at S, 10, 40 and 60 minutes and immediately
spotted on Whatman P-81 phosphocellulose paper. Filters were washed once in boiling

water and twice in cold water, dried and then monitored by scintillation counting.

5.3 Results

5.3.1 Enzyme kinetics of APH(3')-1l1a [G189R] and

APH(3')-1lla [A123-189]

Purified samples of APH(3')-IIIa [G189R] and APH(3')-II1a [A123-189] were
used for kinetic studies (Table 5.1). No phosphorylation of either 4,5 or 4,6-disubstituted
deoxystreptamine aminoglycosides was detectable when these antibiotics were incubated
in the presence of APH(3')-IIIa [A123-189]. Incubations were completed over a wide
range of antibiotics (10 to 1500 pM), a wide range of purified mutant enzyme (0.5 to 4
nmol), and a wide range of incubation times (1 to 30 min) and all results were negative.

Derivative G189R appeared to substantially affect enzyme activity by decreasing
ko values and increasing K, values for most aminoglycosides (Table 5.1). APH(3")-IIla
[G189R] was able to phosphorylate aminoglycosides kanamycin A, kanamycin B,
neomycin C and ribostamycin while it was unable to detoxify amikacin, butirosin,

isepamicin, lividomycin and paromomycin at concentrations of 10 to 1500 uM.
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Table 5.1. Kinetics of APH(3’)-IIIa [G189R] for aminoglycoside

substrates
Substrate® ket Kn ko K
™ (M) M's™h
ATP 0.52:0.02 320+34 1.6x10°
Kanamycin A 0.10:0.01 1050+310 9.4x10'
Kanamycin B 0.60+0.02 89.6:7.0 6.6x10°
Neomycin C 0.15:0.01 32.3:+4.5 4.8x10°
Ribostamycin 0.09:0.005  91.3:14.3 9.9x10?

a Others substrates which were not phosphorylated include amikacin, butirosin,

isepamicin, lividomycin and paromomycin.
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5.3.2 Survey of protein kinase inhibitors

A series of known protein kinase inhibitors were screened to determine if they
exhibited any effect on APH(3')-II1a activity. Those species assayed included isoflavone
derived inhibitors, isoquinoline derived inhibitors, the plant alkaloid staurosporine and a
series of tyrphostins. The alkaloid staurosporine was found to have no inhibitory effect
upon APH(3')-ITIa when present at levels of 0.7 pM while its inhibitory effect of PKC
activity is generally in the range of 10 nM (86). Tyrphostins, Al, B42, B44, B46, B48,
B50 and B56, showed no inhibition of APH(3")-IIIa when present at levels of 350 uM.
Tyrphostin A25 (350 uM), showed extremely modest inhibition of APH(3')-IIla and was
therefore not further analyzed. The isoflavone derived inhibitors, genistein and quercetin
have previously been demonstrated as effective tyrosine kinase inhibitors (4). Genistein
was not an inhibitor of APH(3")-IIIa at levels of 250 uM while quercetin demonstrated
moderate inhibition of APH(3')-IIIa. The inhibition was found to be competitive towards
ATP with a K, of 126 uM (Table 5.2).

The isoquinoline-derived inhibitors can be grouped into two families based upon
their shared general structure. The first group, the H-series includes H-7, H-9 and HA-
1004 (Figure 5.2A) while the second family, the C-series, includes CKI-7 and CKI-8
(Figure 5.2B). Although these two family members are structurally quite similar they
show remarkable target specificity (34, 51, 87, 209).

All isoquinoline inhibitors assayed demonstrated competitive inhibition of
APH(3")-IlIa with respect to ATP. The most potent inhibition of APH(3')-IIIa was

demonstrated by HA-1004 (no equivalent C-series inhibitor) with a Kj; of 48.9 uyM. H-9
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Table 5.2: Effects of protein kinase inhibitors on APH(3")-Illa

Inhibitor Variable  Pattern* K, K; Equation °
substrate (uM) (uM)
CKI-7 ATP C 66.1+7.5 1
CKI-8 ATP C 290+89 1
H-7 ATP C 730:130 1
H-9 ATP C 138+40 1
H-9 kanamycin A NC 155+26 260+19 3
HA-1004 ATP C 489:123 1
Genistein ATP *
Quercetin ATP C 126422 1
Staurosporine ATP d

* C. competitive; NC, noncompetitive
® Data fit to equations in chapter 3

© No inhibition at 250 uM

4 No inhibition at 0.7 uM



and its C-series equivalent, CKI-7, demonstrated moderate levels of inhibition with K,
values of 138 and 66 pM respectively. The least efficient inhibitors H-7 and its
equivalent, CKI-8, demonstrated relatively poor inhibition of APH(3")-IIIa with X,
values of 730 and 290 uM respectively (Table 5.2).

The inhibitor H-9 was found to be noncompetitive with respect to its
aminoglycoside substrate, consistent with the isoquinoline inhibitor interacting with the

enzyme at the ATP binding pocket.

5.3.3 APH(3')-1lla Demonstrates Eukaryotic Protein Kinase Like Activity
Initial surveys of various serine/threonine protein kinase and tyrosine kinase
substrates demonstrated an apparent preference of APH(3')-IIa for the former group.

0°* substrate II were not

Tyrosine kinase substrates poly (Glu:Tyr) (4:1) and p6
phosphorylated by APH(3')-IIIa. Serine threonine kinase substrates casein, histone H1
and Kemptide were similarly not substrates for APH(3')-IIIa. Substrates MARCKS K,
MARCKS R, protamine and MBP (Figure 5.5A), however, were demonstrated to be

substrates for APH(3')-IIla phosphorylation during the initial survey and were therefore

studied further to determine their rates of phosphorylation. MARCKS K, MARCKS R

and protamine were all analyzed by phosphocellulose filter binding assay (Figure 5.5B).
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Kanamycin A, as a positive control, was analyzed using this assay and was found to have

a rate of phosphorylation of 257 fmol/min. The two most efficiently phosphorylated
substrates, efficiency being a measure of rate, MARCKS K and MARCKS R have

phosphorylation rates of 58 and 53 fmol/min respectively (Table 5.3). The substrate
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Figure 5.5. Protein kinase activity of APH(3")-IIla, SDS-PAGE of myelin basic protein.
Modified and redrawn from Daigle ef al, 1999, reference #44.
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Table 5.3. Phosphorylation of protein kinase substrates by APH(3’)-Illa

Substrate * Rate of phosphorylation (fmol/min)
- Kanamycin A 257+12
MARCKS K 58:8
MARCKS R 5315
Protamine 4314
Myelin basic protein 23:3

* Substrates which were not phosphorylated include Kemptide, Histone H1, casein, Poly
Glu-Tyr and p60°*™ substrate II.
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protamine was demonstrated to have a phosphorylation rate of 43 fmol/min (Table 5.3).
Owing to the quantities of peptide required to determine ¥,y and X, we were unable to
complete more thorough studies of a kinetic nature for MARCKS K, MARCKS R and
protamine.

For MBP, however, we were able to determine a value of k.o/Kn at sub-K,,
values. At such substrate levels the Michaelis-Menten equation simplifies to:

Eq'7: V={S}[Ew](kca/Km)
With defined levels of [S] and [Ex] and measured (V) it is possible to calculate a value
for keo/ Km although the two values, k. and K, are not separable. Using the above
conditions, a value of 4.5 x 10> M! s™ was determined for the phosphorylation of MBP
by APH(3')-Illa . This specificity constant is 50 fold lower than the similarly obtained
specificity constant for the phosphorylation of kanamycin A by APH(3)-Illa
demonstrating that although the enzyme is capable of phosphorylating certain protein

substrates such activity is admittedly weak.



163

CHAPTER 6
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Chapter 6

6.1  Overexpression, purfication and characterization of APH(3')-Illa

APH(3")-IITa was found to purify as a mixture of monomer and dimer. The mass
of 30842 Da, as determined by electrospray mass spectroscopy, is a very precise
measurement (32, 123, 177) and differs from the predicted molecular mass of 30978 Da
by 136 Da consistent with cleavage of the N-terminal methionine of the enzyme (Met 131
Da). A second substantial peak of 61685.5 Da was also detected by electrospray mass
spectroscopy which is approximately double the mass of a single APH(3")-IIla enzyme
thus suggesting the formation of a stable dimer. The dimer was found to be sensitive to
2-mercaptoethanol indicating that presence of a disulphide bond stabilizing the dimer.

Samples of monomer and dimer were separately purified using size exclusion
chromatography. Steady state kinetic parameters were determined for both forms
yielding indistinguishable results when compared to one another. Although both forms
were kinetically identical, purified samples of APH(3")-IIIa were isolated in the presence
of the reducing agent dithiothreitol (DTT) in all further enzyme preparations. At present
the exact nature of the proposed disulphide bond remains unclear as does its possible
physiological role. The structure of APH(3")-IIIa has recently been solved using X-ray
crystallographic methods and has determined that the enzyme forms a covalent dimer
joined by two disulphide bonds (89). The dimer forms a “head to tail-tail to head”

structure and the disulphide bonds are formed between C19 of one dimer and C156 on
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the second dimer. The two active sites are separated by approximately 20 A and are thus
likely independent from one another as suggested by the steady state kinetic studies. It
seems lilEely however that this disulphide bond would not exist in the cell cytoplasm as
such an environment is reducing by nature and would tend to favour the monomeric form
of the enzyme. This however is purely speculative and remains to be physically

demonstrated.

6.2 APH(3')-1lla substrate specificity studies

Large quantities of purified APH(3’)-IIIa permitted a detailed substrate specificity
analysis. Substrates assayed included representative members of both the 4,5 and 4,6-
disbstituted deoxystreptamine aminoglycosides. Antibiotics assayed included kanamycin
A, kanamycin B, amikacin, isepamicin, neomycin, paromomycin, lividomycin A,
ribostamycin, but.irosin and neamine. Nucleotide substrates assayed included ATP,
dATP, GTP, CTP, UTP and thio-ATP. An initial examination of the data indicated for
most aminoglycosides a small variation in substrate Ky, values suggesting that binding
affinities are fairly similar for both the 4,5 and 4,6-disubstituted deoxystreptamine
aminoglycosides. Most aminoglycoside Km values varied by only 3 fold for both classes
of aminoglycosides. The noted exceptions include amikacin and isepamicin. These two
substrates belong to the 4,6-disubstituted class of aminoglycosides and are substituted at
the C-1 position of the aminocyclitol ring with an amino-2-hydroxybutyrlamide and an
amino-2-hydroxypropionylamide group respectively. It is likely that these substituent

groups sterically interfere with binding of these aminoglycosides to the enzyme active
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site. Amikacin and isepamicin differ from kanamycin A solely at the C-1 position of the
aminocyclitol ring and differ in their Kqs (relative to kanamycin A) by 19 and 15.7 fold
respectively. The 4,5-disubstituted aminoglycoside butirosin is substituted at the
equivalent C-1 position with an amino-2-hydroxybutyrlamide group. This
aminoglycoside differs solely from ribostamycin by this substitution. Their Kns are 9.3
uM and 34.3 uM differing by 3.6 fold. The contribution of this hydroxybutyrlamide
group on butirosin binding is relatively limited suggesting binding of the 4,5 and 4,6-
disubstituted aminoglycosides differ in their active site orientation at the C-1 position.
While the K., values are significantly affected by substitution at the C-1 position the ke
values remain largely unaffected by the hydroxybutyrlamide and hydroxypropionylamide
groups. Modification at either the 2’ or the 6’ position of the 6-aminohexose ring of both
the 4,5 and 4,6-disubstituted deoxystreptamine aminoglycoside result in small changes in
both the Kn, and k. Kanamycin A and kanamycin B differ at the 2’ position by a
hydroxyl and amino group respectively and show only a modest 1.5 fold difference in Km
values. Removal of the 6’ amino group of kanamycin A to form 6’-deamino kanamycin
A results in a 78 fold increase in K, representing substantial loss of binding affinity.
Conversely the k.. values show only a modest effect. The effect of substitution of an
amino group for a hydroxyl group at the 6’ position of the aminohexose ring of the 4,5-
disubstituted and 4,6-disubstituted aminoglycoside suggests that this position forms a
hydrogen bond with the enzyme rather than an ionic interaction and is involved in

helping to productively bind the substrate.
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While it is apparent that the 6’ position of aminoglycosides plays a role in
substrate binding, removal of the 2’ amino group from Kan A has only a 1.75 fold effect
on substrate affinity and a 4.5 fold effect on ke suggesting a possible role for this group
in positioning of the 3’ hydroxyl for catalysis.

Removal of the amino group at the C-3 position of kanamycin A resulted in a
modest 1.8 fold effect on K, and a 1.2 fold effect on ke suggesting this group plays a
limited role in enzyme substrate binding or the enzyme chemistry. This is supported by
studies which demonstrate that neamine which encompasses only the 6’ aminohexose and
aminocyclitol ring of neomycin B is an excellent substrate for APH(3’)-IIIa showing
identical ke values and a moderate 2.5 fold increase in Ky, values. The lack of a
contribution by C-3 to substrate binding agrees well with Fourmy's observation that rings
I and II of the aminoglycoside have the primary determinants necessary for binding to the
16S rRNA oligonucleotide (45, 46). APH(3")-IIIa appears to have evolved to modify a
hydroxyl group located on the rings necessary for aminoglycoside binding. Thereisa
general trend towards modification of rings I and II by all aminoglycoside modifying
enzymes and this is best exemplified by the acetyltransferases which exclusively modify
amino groups on these two rings. To further identify the minimum binding unit for
aminoglycoside substrates, samples of 6-amino-a-methyl glucoside and ribose were
assayed and found to be neither substrates nor inhibitors of APH(3’)-IIla at
concentrations of 10 mM. This demonstrates that neamine is the minimal unit necessary

for aminoglycoside binding.
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6.3  Kinetic mechanism studies of APH(3')-1lla

Presently, there are few cases when kinetic mechanisms have been determined for
aminoglycoside modifying enzymes. The bulk of these studies have been completed by
Northrop’s group where they have identified the kinetic mechanisms for a kanamycin
acetyltransferase (154), gentamicin acetyltranferase I (199) and the nucleotidyltransferase
2”-1 (ANT(2”)-I) (61). Martel and colleagues have demonstrated that the bifunctional
enzyme AAC(6’)-APH(2") follows a random kinetic mechanism for both enzyme
activities (124).

A number of techniques were required in order to conclusively delineate the
kinetic mechanism for APH(3’)-IITa. Initial velocity patterns demonstrate a family of
intersecting lines indicative of a sequential mechanism thus excluding the possibility of a
Ping Pong mechanism. Previously, studies by Kocabiyik had putatively identified H188
as a phosphate-accepting residue in a kinetic mechanism. Other studies refute this
suggestion while the possibility of a phospho-enzyme intermediate was further
discredited by the absence of a measurable positional isotope exchange (PIXs) (187).
PIXs experiments demonstrated that phosphotransfer likely proceeded in a direct transfer
mechanism (187). An intersecting pattern of initial velocity plots is observed for Kan A,
Amik and Paro which indicates that aminoglycosides from both the 4,6- and 4,5-
disubstituted deoxystreptamine aminoglycosides follow a sequential mechanism. It is

also important to note that a sequential order is also maintained for both good (Kan A kex

Km =1.43x10° M''s™) and poor (Amik kea /Km =1.0x10* M"' ') substrates.
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Inhibition studies are often used to help identify both the order of substrate
binding and product release. Substrate analogue dead-end inhibitors of both the
nucleotide and aminoglycoside substrates permitted us to probe the order of substrate
addition. Tobramycin and dibekacin which both lack the 3’ OH were found to be potent
competitive inhibitors of aminoglycosides with K;; values of 0.35 uM and 2.64 uyM
respectively. Tobramycin was also demonstrated to be an uncompetitive inhibitor of
ATP. For a species to demonstrate uncompetitive inhibition it requires that the substrate
be bound initially, followed subsequently by inhibitor binding. This is therefore strongly
suggestive of an ordered sequential substrate addition where ATP must bind prior to
aminoglycoside binding (inhibitor binding). Two dead end inhibitors AMP-PNP and
AMP were shown to bind competitively with respect to ATP and were also found to be
) non;competitive inhibitors of kanamycin A. These data support an ordered substrate
addition where ATP must be bound prior to aminoglycoside entry into the active site.
Due to the unique nature of the Ping Pong mechanism and the separation of the two
substrate binding events (separated by product release) dead end inhibitors show
uncompetitive inhibition of the second substrate while random mechanisms show non-
competitive inhibition of the second substrate by the dead-end inhibitors. The latter
phenomenon is due to the random order of addition for the substrates (58)

Product inhibition studies are a useful diagnostic tool to help in the identification
of product release order. APH(3’)-II1a activity is measured by coupling the release of
ADP from the reaction to a pyruvate kinase/lactate dehydrogenase reaction. This

coupling reaction ultimately leads to the oxidation of NADH (regenerating ATP) and
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monitoring this reaction at 340 nm. This obviates the use of ADP as a product inhibitor
and limits product inhibition studies to the use of kanamycin phosphate (phosphorylated
aminoglycoside). Large quantities of the phoshorylated aminoglycoside were purified
and analyzed as a product inhibitor of ATP. Initially kanamycin A was held at saturating
concentrations (10K, kan o) as the fixed substrate while the concentration of ATP was
varied. Even when present at concentrations of 2 mM, kanamycin phosphate was not
found to inhibit the enzyme. When the concentration of the fixed substrate, kanamycin
A, was lowered to subsaturating concentrations (Km k. o) and ATP was varied it was
observed that kanamycin phosphate was a weak non-competitive inhibitor with a K, of
10+7.1 mM and K;; of 3.740.47 mM. This observed pattern of product inhibition is
consistent with the release of kanamycin phosphate prior to the release of ADP. The
elimination of product inhibition by saturation with kanamycin A is consistent with two
possible mechanisms including the Ping Pong and Theorell-Chance ordered Bi-Bi
reaction. The possibility of the former mechanism had previously been eliminated on the
basis of both initial velocity studies and dead-end inhibitor results. All the data collected
is consistent however with the special case ordered Bi-Bi kinetic mechanism where ATP
binds prior to kanamycin binding. This is followed by a chemical step and release of
kanamycin phosphate and subsequent ADP release.

The Theorell-Chance mechanism is a special case of a bi substrate bi product
reaction where the central kinetic complex (E-ATP-kane&E-ADP-kanphos) becomes
kinetically insignificant and does not contribute to the rate of reaction as presented in

Scheme 6 (163). For APH(3’)-IlIa following conversion of the two substrates to products
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there is a rapid release of kanamycin phosphate followed by a slower rate limiting release
of the second product ADP. As discussed earlier, although the initial velocity patterns
have established a sequential mechanism it is due to the transient nature of the ternary
complex that the product inhibition patterns appear to be supportive of a Ping Pong
mechanism.

Similar behaviour has previously been observed by Northrop for ANT(2”)-I1 (61).
They observed an identical order of substrate addition followed by a quick chemical
reaction and rapid release of ADP and ultimately a rate limiting release of nucleotidylated
aminoglycoside. Both APH(3’)-Illa and ANT(2")-I exhibit the phenomenon of substrate
inhibition where when the aminoglycoside substrate reaches sufficiently high
concentrations it begins to inhibit the enzyme rate of reaction. The non-productive
binding of aminoglycoside leading to substrate inhibition is believed to occur in a similar
fashion for both enzymes. As substrate is converted to product there is the rapid release
of the first product (kanamycin phosphate for APH(3’)-1IIa) followed by the relatively
slow rate limiting release of the second product (ADP). We propose that following
release of kanamycin phosphate a specific binding site is exposed allowing entry of a
second aminoglycoside molecule. Binding of this second substrate aminoglycoside
would then trap the enzyme in a non-productive complex (E-ADP-kan) leading to an
overall decrease in Vy, (measured rate) at high levels of aminoglycoside substrate. The
inhibition observed is both full and uncompetitive in nature and therefore suggests that
blockage of the E-ADP-kan complex is complete and must have no finite release of ADP.

The observation of uncompetitive substrate inhibition implies that the aminoglycoside (I)
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must bind to an enzyme form isolated by irreversible steps from the enzyme form that
binds ATP.

A unique diagnostic technique capable of identifying each major class of kinetic
mechanism was developed by Radika and Northrop (155) and has been successfully used
to help delineate the kinetic mechanism of ANT(2"”)-I (61), AAC(6”)-4 (154) and
APH(3’)-1a (176). The technique requires that several alternative substrates exist for
both the nucleotide phosphoryl donor and the second substrate the aminoglycoside.
Although numerous aminoglycoside substrates were readily available, APH(3’)-II1a,
could only use ATP and dATP as the phosphoryl donor thus somewhat limiting the
alternative substrate diagnostic. A substrate, such as ATP, is varied using several fixed
alternative second fixed aminoglycoside substrates such as kanamycin A, kanamycin B,
~ paromomycin and lividomycin. Similarly the second substrate kanamycin A, is varied
using several alternative fixed phosphoryl donor substrates (ATP, dATP). As discussed
previously this second series of plots was not generated due to the inability of APH(3’)-
ITa to use sufficient alternative phosphoryl donor substrates. Unique families of plots are
generated depending on the kinetic mechanism of the enzyme being assessed.

When ATP is varied using several distinct aminoglycoside substrates as the fixed
second substrate a family of coincident lines are generated where k., values vary by only
1.15 fold and second order rate constants ke /Km vary by only 1.38 fold. This pattern of
coincident lines is consistent only with a Theorell-Chance kinetic mechanism (155)
where ATP binding occurs first followed by aminoglycoside binding. One would expect

the second substrate of a Theorell-Chance mechanism to have very little effect on the
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overall rate of reaction, as is in fact observed, yet one would propose a more substantial
effect on both kea and kea/Km by the nucleotide substrate which unfortunately due to the
limitation of the system can not be adequately addressed.

To further address and independently assess the conclusion of a Theorell-Chance
type kinetic mechanism we have used solvent isotope, solvent viscosity and nucleotide
thio effects to probe the contribution of each step to the overall rate of the reaction. Two
possible mechanisms have been proposed theoretically to exist in which a phosphate
group is transferred from a donor molecule (ATP) to a recipient molecule (kanamycin A
or other aminoglycoside). These two mechanisms are associative reaction (Figure 6.1B)
via a pentacoordinate transition state and a dissociative reaction (Figure 6.1A) via a
monomeric metaphosphate (104). The former mechanisms involves the formation of a
transition state where bond formation between the phosphate and donor is breaking as the
bond between the recipient and phosphate is forming and thus the phosphate is never in a
“free” state. The latter mechanism is proposed for the hydrolysis of phosphate
monoesters with good leaving groups and in this mechanism a “free” metaphosphate
anion (POy)) is transiently formed prior to the second nucleophilic attack by the recipient
compound.

In either case both mechanisms require a deprotonation event be it the secondary
3’OH or the primary 5”OH of the aminoglycosides to generate the attacking nucleophile.
Enzyme kinetics for APH(3’)-IIIa were performed in DO where all hydroxyls are
deuterated. Assuming this, by Hook's law, one would expect to see a significant solvent

isotope effect on the rate of reaction if a deprotonation event were contributing to the
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Figure 6.1. Proposed mechanisms of phosphoryl transfer. (A) Dissociative meta
phosphate transition state and (B) associative pentacoordinate transition state.
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overall rate of reaction. We demonstrated that there was roughly a 1.4-1.6 fold effect on
ke for the enzyme at two distinct pH values thus insuring that results were not masked
by a possible pKa effect. This small value is consistent with a minor contribution of
deprotonation to the overall rate of aminoglycoside phosphorylation. A maximal isotope
effect of 10 would be expected for a mechanism where proton transfer is solely rate
limiting (113). Similar values have been observed for both C-terminal Src kinase and
cAMP dependent protein kinase where solvent isotope effects of 1.2 and 1.6 were
observed respectively (39, 210). Yoon and Cook also demonstrated and concluded that
the relatively small observed deuterium solvent isotope effect was consistent with
viscosity measurements and other kinetic studies which demonstrated that cAMP
dependent protein kinase was controlled by ADP product release as the rate limiting step
(210).

In an attempt to assess the contribution of nucleophilic attack at the phosphoryl
center we have turned to using a sulfur substituted nucleotide (ATP-y-S). This species is
substituted at a non-bridging position on the y-phosphate of ATP. This substitution
(P—S) is substantially less electrophilic than the P—O group and this results in a lower
rate of reaction if nucleophilic attack at the phosphoryl center contributes to the rate-
limiting step of the reaction. The thio effect observed for APH(3’)-IIla which is a ratio
of ket for ATP/ATP-y-S was measured to be approximately 2 while the K, values
differed by only 1.8 fold indicating that nucleotide binding was minimally affected by the
O to S substitution (an important consideration when trying to interpret thio effects). A

thio effect of 10-20 has previously been reported for the phosphorylation of
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poly(Glu:Tyr) by C-terminal Src kinase (39) while a thio effect of 18 has been measured
for phosphorylation of lymphoid cell kinase (Lck-ANH:-R) under identical conditions
(178). This second substrate, Lck-ANH2-R is a biologically relevant protein substrate for
Csk (178). The presence of a thio effect for both the peptide substrate and biological
protein substrate Lck suggests that it is probable that the chemical step for both substrates
has a similar rate and both likely contribute to the rate-limiting segment of their
respective kinetic mechanisms. It is important to note that the measured thio effects were
observed using manganese as the divalent cation while substitution with magnesium
leads to a thio effect of 136 fold on ke (71). Conversely cyclic AMP dependent protein
kinase can phosphorylate phosphorylase kinase (its natural substrate) using ATP-y-S at a
rate virtually identical to that when ATP was used as the phosphoryl donor (72). These
results indicate that while nucleophilic attack at the phosphorus center contributes to the
rate limiting step of catalysis for C-terminal Src kinase whereas the rate-limiting step of
the mechanism for cCAMP dependent protein kinase does not appear have a significant
contribution from a nucleophilic attack at the phosphorus center of ATP. This is in
agreement with Yoon'’s studies showing ADP release as the rate limiting step of catalysis
(210)

Both the solvent isotope and thio effects imply that APH(3’)-IIla has a rate
limiting step which is independent of either deprotonation of the nucleophilic hydroxyl or
nucleophilic attack at the phosphorus center. This observation independently confirms
our previous kinetic studies which identified a Theorell-Chance mechanism where ADP

release was the rate-limiting step of the kinetic mechanism.
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Although the data was fairly conclusive that APH(3’)-IIIa followed a Theorell-
Chance kinetic mechanism and its rate of reaction was primarily governed by a rate-
limiting release of the product ADP we sought to investigate the question of how solvent
viscosity would affect the kinetic parameters for the enzyme reaction. Simplistically, the
alterations of a solution viscosity should affect only diffusional steps of a reaction, such
as binding and release of substrates and/or products. Thus in a two molecule system the
rate of collision is inversely proportional to the viscosity of the solution (110). For such a
statement to be true it must hold that viscogens have no non-specific effects on the
enzymatic reactions. As such they must not generate their effects by altering/affecting
the structure of the enzyme, substrate or product and they must have no secondary effect
upon the reaction media. Often viscosity studies are controlled for such effects by
~ completing identical studies using either a “poor” substrate or “poor” enzyme (10, 22).
In both instances Fhere should be no diffusion effects upon either a “poor” substrate or
“poor” enzyme if their rates are limited by a chemical step. Neither of these species was
available however at the time of these studies and therefore we used the substrate
inhibition as a similar control. Neither of the two microviscogens sucrose nor glycerol
had an effect upon the substrate inhibition constant indicating that these species did not
interfere with the aminoglycoside interaction on the enzyme. Data for viscosity studies
were all plotted in a similar fashion where the x-axis is relative viscosity calculated as
described in Materials and Methods while the y-axis was either ke’ /Kear 0 (Kear /Ken)*/(
ke /Km) Where ° represents values obtained in the absence of viscogen. These plots are

generated at four distinct solution viscosities and the slope of the line calculated. The
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maximal theoretical value for either of these ratios is predicted to be 1 (22). A value of 1
implies a diffusion controlled limit while a value of 0 denotes a step which is insensitive
to viscosity changes.

When either sucrose or glycerol was used as the viscogen and ATP was held
saturating as the fixed substrate our results demonstrated there was no viscosity effect on
keu /Km consistent with the Theorell-Chance kinetic mechanism. The second substrate in
a Theorell-Chance mechanism should not contribute to the rate-limiting step and thus
should be independent of the solution viscosity. The viscosity effect on ke, under the
same conditions is roughly 1 regardless of whether sucrose or glycerol is used as the
viscogen demonstrating a sensitivity to solution viscosity consistent with a diffusion
limited step. Both kanamycin A and amikacin show identical results when ATP is fixed
at saturating levels. Thus although amikacin is a relatively poor substrate compared to
kanamycin A both aminoglycosides appear to share viscosity sensitive and insensitive
steps confirming our belief that the kinetic mechanism is identical for all
aminoglycosides.

While most of the data demonstrate results consistent with a Theorell-Chance
mechanism a discrepancy is observed for slope effects on Vma/Km for ATP when the
second fixed aminoglycoside was held at saturating amounts. It was found for both fixed
substrates amikacin and kanamycin A that the slope exceeded the theoretical maximal
value of 1. Simopoulos and Jencks have previously suggested that a value in excess of
the theoretical limit could indicate that V,/Km for ATP is governed by two diffusion

controlled equilibrium and thus are subject to solution viscosity effects (175).
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Any such second diffusion controlled equilibria would have to affect Vipe/Km for
ATP such as a possible conformational change upon binding of ATP to the enzyme. We
believe that such a conformational change might be present in the APH(3’)-Illa
mechanism. A conformation change of this nature might be used to bring the y-
phosphate of ATP into the proximity of the catalytic base and the attacking hydroxyl.
Without such a conformational change, one might expect to see some non-specific
ATPase activity associated with APH(3’)-IIIa upon transfer of the phosphate to a water
molecule. Under no conditions was non-specific ATP hydrolysis observed. As presented
in section 2.3.4 phosphate transfer required a minimum substrate of neamine and
compounds such as 6-amino-a-methylglucoside were not phosphorylated by APH(3’)-
Ila. Although the active site of APH(3’)-IIla can accommodate a wide variety of
aminoglycoside substrates it is unable to “accommodate” such smaller substrates
suggestive of a possible conformational change necessary to bring the two substrates into
proximity. It has been demonstrated elsewhere that triosephosphate isomerase shows a
solvent viscosity sensitive structural change similar to our proposal (167) while
hexokinase requires a conformational change to bring glucose and ATP together prior to
catalysis. As with APH(3")-IIIa, hexokinase does not show appreciable ATPase activity
in the absence of its second substrate glucose (15).

Direct evidence of a conformational change was investigated using several
techniques including circular dichroism (CD), tryptophan fluorescence and UV spectral
changes following substrate binding. Changes in enzyme conformation were assessed

using substrates ATP, ADP and competitive inhibitors AMP-PNP and tobramycin.
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Under these conditions and using these methods co-incubation of APH(3’)-IIIa with any
of the compounds or combination of compounds did not lead to an observable change in
the spectra being monitored. While the techniques of CD and tryptophan fluorescence
are sensitive to small changes in protein structure it is possible that subtle changes might
be invisible. CD measurements generate spectra based upon secondary structure and
thereby identification of a conformational change using this technique would require a
shift in secondary structure content in order to be detected. Tryptophan fluorescence
detects perturbations in the environment surrounding tryptophan residues. In order to
detect any effect it is necessary that one such residue be affected by a shift in enzyme
structure. APH(3")-IIIa has 5 tryptophan residues and it is therefore conceivable that any
slight effect upon the enzyme structure might in fact be obscured by the remaining
tryptophan residues. In collaboration with Wai Ching Hon, Dr. Albert Berghuis and Dr.
Daniel Yang the crystal structure of APH(3")-IIIa has been solved (89). Two forms
have been determined including the apo enzyme and a second form with bound ADP.
These two enzyme forms show two major important differences in structure. Firstly the
apo enzyme demonstrates that a loop (green loop) comprised of residues 21-29 (Figure
6.2B and 6.2D) occupies the nucleotide binding cleft in the absence of the nucleotide
substrate. Upon binding of ADP (nucleotide substrate) this loop adopts a more elongated
conformation and swings up and out of the nucleotide binding cleft (Figure 6.2A and
6.2C). A second noticeable change is apparent between the apo and ADP bound forms of
APH(3’)-IITa. The “Thumb region” formed by residues 135-180 (hereafter referred to as

domain IIT) adopts a different conformation upon binding of ADP. Without a structure



182

‘SAIMONNS

INoJ [je Ul MOJjo£ PaInojod st 08-S | SINPISAI JO ] UTBWOP PIok OUIWY °SIINJONKS INOJ [{e Ul U3 PaInojod st 6Z-1T
sanpisai jo doo| pioe outwry ‘(ma1A apis) eJ[[-(,¢)HAV ode () pue (ma1a apis) JQV punoq yum e[[[-(£)HIV (D) ‘(maia uox)
el11-(.)HdV ode (g) ‘(ma1A Juoy) JAV punoq i efII-(€)HAV (V) Jo uosireduiod jeinionns [BuoiSUSWIP-03Iy |, "7°9 34n3yy




183

with bound aminoglycoside one can only speculate as to which residues are required on
domain III (if any) for substrate binding. It is reasonable to assume however, that given
the high ;iegree of positive charge on aminoglycosides the binding pocket will likely have
an overall net negative charge. Domain III is proposed to be involved in aminoglycoside
substrate due to its position and high negative charge and likely adopts this conformation
in order to make available the site and residues necessary for aminoglycoside binding.
These structural changes are supportive of the proposed viscosity sensitive
conformational change. As suggested both of these changes involve little (if any)
secondary structure changes and thus would likely remain undetectable by CD spectra.
While no tryptophan residue is found within loop 21-29 there is one found in domain III
(135-180) suggesting that although the residue changes position as part of the
conformational change, its environment remains essentially the same and therefore
remains undetectz_zble by tryptophan fluorescence.

The elucidation of a Theorell-Chance mechanism has permitted a detailed
evaluation of several microscopic rate constants and is represented graphically in Scheme
7. The energetic profile indicated is constructed using standard state 1 M reactants and it
is important to note that there are several limitations due to the techniques employed.
Firstly the free energy of the ternary complex cannot be actually determined using steady
state kinetics and is therefore represented by a bracket. Secondly it is possible that one or
more steps in fact incorporate multiple equilibria, as is our proposal upon binding of
ATP. The values calculated are presented in Table 6.1 and were found to be consistent

with each other and the proposed mechanism with one noticeable exception. A Theorell-
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Scheme 7: APH(3’)-Illa Free Energy Reaction Diagram

E-ATP-KAN

E-ADP-KanPhos

AG | E +ATP

E + ADP

E-ADP
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Table 6.1. Microscopic rate constants for APH(3’)-I11a with substrates
ATP and kanamycin A

Constant * values AG (kcal/mol)
k® 6.35x10°s" M 113
k. 0.11s-1 19.5
k? 1.40x 10°s' M 10.8
ks 86.4s' M 15.4
ke 1.76 s™ 17.8
k® 468x10°s' M 12.9

* Constants are described in Scheme 6. " k;=ko/Kp'" ', © k..—kc.,(m,, ko= ko/ K™,
k3"’ kcll(reveuc)/ Kmkln-phosplme f kl— kat(fowud), & k—"’ kal(rewne)/ Km
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Chance mechanism is unique in that k., ;=k (reverse) by definition and thus should also
equal Ki/k; (169). It was found however that there was over a 10 fold discrepancy
between the calculated value of 0.11 s™ in the reverse direction and the expected value of
1.65 s calculated from k; and Ki, (1.65 s™"). Such a discrepancy is consistent with or
proposal of a conformation change in APH(3’)-IIla following binding of ATP and agrees
well with the observed conformational change following binding of the nucleotide

substrate (Figure 6.2).

6.4  Active site mapping and structure of APH(3)-1lla

As presented in section 1.4.7 considerable work has been directed towards
identifying active site residues involved in the function of several aminoglycoside
phosphotransferases (105-107). Primary sequence alignments have identified conserved
regions of amino acid homology. The C-terminal third of the protein demonstrates the
highest degree of homology and three motifs have been identified which have residues
which are conserved across all APH(3") family members. These studies however had
relied solely upon primary sequence alignments of the phosphotransferase family
members to identify residues essential to the activity of these enzymes. This approach,
although useful, can potentially ignore residues that are not identified by these sequence
alignments. In a more direct means we attempted to identify residues in the ATP binding
site by probing the enzyme with the electrophilic ATP analogue p-fluorosulfonylbenzoyl

adenosine (FSBA).
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Preliminary experiments with FSBA and purified APH(3’)-IIIa demonstrated a
substantial decrease in enzyme activity following an hour incubation. Co-incubation of
ATP with the inactivation reactions resulted in a significant protection from FSBA
labeling. Co-incubation of APH(3’)-IIla with its second substrate, an aminoglycoside,
did not afford similar protection to that observed for ATP while co-incubation of both the
aminoglycoside substrate and ATP afforded an identical level of protection to that
observed with ATP alone suggesting that the two active site pockets were independent of
one another.

Inactivation of APH(3’)-IIIa by FSBA was demonstrated to be both concentration
and time dependent. These rates of inactivation at increasing FSBA concentrations were
used to generate a family of plots where the slope of each individual line corresponds to
" the observed first order rate (kobs) Of inactivation for a given FSBA concentration. A
replot of kobs values versus the inactivator concentration (FSBA) generates a rectangular
hyperbola similar to that of a typical Michaelis-Menten curve. The curve approaches a
limit of 0.086+0.077 min™ which indicates the maximal rate of inactivation of APH(3’)-
Ia in the presence of saturating amounts of FSBA (kmx). The FSBA concentration at
Yakmax represents the apparent dissociation constant (Ki) for the inactivator and enzyme
complex. The estimation of the value of 406+28 uM is substantially higher than the 27
uM obtained for the K, of ATP demonstrating that there is significant contribution to the
binding energy of ATP from the phosphate groups which are lacking on FSBA. Other
factors including geometry and steric constraints are likely to play a role in the increased

apparent dissociation constant.
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Large scale inactivation of APH(3’)-IIIa was performed using either “C-labeled
FSBA or non-radioactive FSBA. The labeled peptide was digested with TPCK-treated
trypsin and the peptide mix separated by reverse phase HPLC followed by mass spectral

analysis and N-terminal analysis of labeled peptides. Labeled peptides were identified by

both an increase at 280 nm absorbance and the '*C-labeled signal. The two residues,
K33 and K44, were identified as the targets of FSBA inactivation. Labeling of these
residues appeared to be mutually exclusive as no peptide was identified which had been
labeled at both residues. This is in agreement with the stoichiometry of inactivation that
had previously indicated a unique labeling event. The two residues are located outside
the conserved C-terminal motifs and therefore this region had heretofore remained
virtually totally ignored. Motif IT which includes the sequence GXXXXGR/K had
previously been proposed to be the nucleotide binding fold (18) identified in other ATP
requiring enzymes by Fry and colleagues (60). For this reason most site-directed
mutagenesis had focused on the terminal third of the phosphotransferase enzymes.
Blazquez and colleagues identified a valine to methionine mutation at residue 36 of
APH(3")-ITa which resulted in a 20 fold decrease in antibiotic resistance (18). This
decrease in resistance was exclusively detected by MIC and therefore in the absence of
analysis using purified enzyme it is not possible to elucidate the specific effect the V36M
mutation has on APH(3’)-Ila function.

Multiple sequence alignments of APH(3’) family members using Clustal W (186)
(Figure 6.3) demonstrates that K44 is conserved across all family members while K33 is

less conserved within the aminoglycoside phosphotransferase family. The absolute
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Figure 6.3. Primary sequence alignment of seven APH(3’)-Illa family members.
Alignment was performed using Clustal W and the graphical interface Clustal X. Red
amino acids indicate complete conservation across all family members, while green
amino acids indicate conservation across most family members. Lysine 33 and lysine 44
are identified with purple bullets. Accession numbers are as follows: APH(3’)-Ia,
547782; APH(3’)-Ila, 125463; APH(3)-Illa, 125464; APH(3’)-IVa, 125465; APH(3’)-

--------- MAKMRISPELKKLIEKYRCVKDTEGMSPAKVYKLVG--ENE
MSHIQRETSCSRPRLNSNMDADLYGYKWARDNVGQSGATIDRLYGK-PDA
----MIEQDGLHAGSPAAWVERLFGYDWAQQTIGCSDAAVFRLSA--QGR
------- MNESTRNWPEELLELLGQTELTVNKIGYSGDHVYHVKEY-RGT
------------- MDDSTLRRKYPHHEWHAVNEGDSGAFVYQLTGGPEPQ
------------ MELPNIIQQFIGNSVLEPNKIGQSPSDVYSFNR--NNE
MKYIDEIQILGKCSEGMSPAEVYKCQL-~KNT

N-LYLKMTDSRYKGTTYDVEREKDMMLWLEGK-LPVPKVLHFERHDGWSN
PELFLKHGKGSVAND~~--VTDEMVRLNWMTEF-MPLPTIKHFIRTPDDAW
PVLFVKT-DLSGALN--ELQDEAARLSWLATTGVPCAAVLDVVTEAGRDW
P-AFLKIAPSVWWRT---LRPEIEALAWLDGK-LPVPKILYTAEHGGMDY
PELYAKIAPRAPENSAFDLSGEADRLEWLHRHGI PVPRVVERGADDTAAW
T-FFLKRSSTLYTETTYSVSREAKMLSWLSEK~LKVPELIMTFQDEQFEF
V-CYLKKIDDIFSKTTYSVKREAEMMMWLSDK~LKVPDVIEYGVREHSEY

LLMSEADGV-~-LCSEEYEDEQSPEKIIELYAECIRLFHSIDISDCPYTN
LLTTAIPGKTAFQVLEEYPDS--GENIVDALAVFLRRLHSIPVCNCPFNS
LLLGEVPGQ---DLLSSHLA--~-PAEKVSIMADAMRRLHTLDPATCPFDH
LLMEALGGK~---DGSHETIQAK-RKLFVKLYAEGLRSVHGLDIRECPLSN
LVTEAVPGV~~-AAAEEWPEHQ-RFAVVEAMAELARALHELPVEDCPSDR
MITKAINAK---PISALFLT---DQELLAIYKEALNLLNSIAIIDCPFIS
LIMSELRGK-~-HIDCFIDH---PIKYIECLVNALHQLQOAIDIRNCPFSS

SLDSRLAELDYLLNNDLAD~VDCENWEEDTPFKDP--RELYDFLKTEKP~
DRVFRLVQAQSRMNNGLVD---ASDFDDERNGWPV--EQVWKEMHKLLPF
QAKHRIERARTRMEAGLVD---QDDLDEEHQGLAP-~-AELFARLKARMPD
GLEKKLRDAKRIVDESLVD--~PADIKEEYDCTPE---ELYGLLLESKPV
RLDAAVAEARRNVAEGLVD---LDDLQEERAGWTG--DQLLAELDRTRPE
NIDHRLKESKFFIDNQLLODIDQDDFDTELWGDHKTYLSLWNELTETRV-
KIDVRLKELKYLLDNRIAD-IDVSNWEDTTEFDDP--MTLYQWLCENQP-

EEELVFSHGDLGDSNIFVK~--DGKVSGFIDLGRSGRADKWNYDIAFCVRSI
SPDSVVTHGDFSLDNLIFD-~EGKLIGCIDVGRVGIADRYQDLAILWNCL
GEDLVVTHGDACLPNIMVE--NGRFSGFIDCGRLGVADRYQDIALATRDI
TEDLVFAHGDYCAPNLIIDG-EK-LSGFIDLGRAGVADRYQDISLAIRSL
KEDLVVCHGDLCPNNVLLDPGTCRVTGVIDVGRLGVADRHADIALAAREL
EERLVFSHGDITDSNIFIDK-FN-EIYFLDLGRAGLADEFVDISFVERCL
QEELCLSHGDMS~ANFFVSH-DG--IYFYDLARCGVADKWLDIAFCVREI

REDIGE-~--EQYVELFFDLLGIK-PDWEKIKYYILLDELF
GEFSP-=--- SLOKRLFQKYGIDNPDMNKLQFTLMLDEFF
AEELG----GEWADRFLVLYGIAAPDSQRIAFYRLLDEFF
RHDYGD---DRYKALFLELYGLDGLDEDKVRYYIRLDEFF
EIDEDPWFGPAYAERFLERYGAHRVDKEKLAFYQLLDEFF
REDASE~---ETAKIFLKHLKNDR-PD--KRNYFLKLDELN
REYYPD~~-SDYEKFFFNMLGLE~PDYKKINYYILLDEMF

Va, 125466; APH(3’)-VIa, 125467 and APH(3’)-VIla, 125468.
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conservation of K44 strongly suggests that this residue is adjacent to the terminal
phosphate. Several other residues which include G25 and S27 are also universaily
conserved across all APH(3’) family members while it is interesting to note that V31
(corresponds to V36 of APH(3’)-IIa) is not universally conserved but is replaced with an
isoleucine residue in both APH(3’)-Ia and APH(3")-Ic while the other isozymes including
APH(3")-II1a have a conserved valine residue.

FSBA has frequently been used successfully to identify residues in the active site
of a variety of enzymes. In smooth-muscle myosin light-chain kinase (108), type II
calmodulin-dependent protein kinase (102), phosphoinositide 3-kinase (207), cAMP
dependent protein kinase (215) v-SRC (96) and EGFR (164) a lysine residue has been
identified by its covalent modification with p-FSBA. Selective mutagenesis of these
lysine residues in the case of v-SRC (96), EGFR (164), cAMP dependent protein kinase
(215) and phosphoinositide 3-kinase (207) have demonstrated that this residue is required
for enzyme function. In all cases it was determined that the nucleotide substrate was
competitively able to prevent FSBA inactivation of these lysine residues.

In all cases this lysine residue is located 10-25 amino acids on the C-terminal side
of the GxGxxG motif identified in eukaryotic protein kinases (81). While this is true for
EPKs this is obviously not as clearly defined for APH(3’)-ITIa. While there is a putative
GxxxxGR/K motif located in the C-terminal region of the enzyme, the lysine residues
identified are located in the N-terminus. It is interesting to note that this glycine rich
motif is distally located from the nucleotide substrate and thus likely plays no direct role

in either substrate binding or the enzyme active site chemistry. While APH(3’)-IITa and
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the identified EPKs show a similar protection from FSBA inactivation by co-incubation
with their nucleotide substrate, it is quite clear that substantial differences do exist
between the two enzymes.

Mutagenesis of K44 of APH(3’)-IIla to an alanine, while retaining substantial
phosphotransferase activity was found to have a K ATP of 566+59 uM which is a 27
fold increase over wild type. Conversely, however, the ke was found to remain
essentially identical to that of wild type where only a 1.1 fold difference was observed.
While a substantial change was observed for the ATP kinetics virtually no change was
observed for the second substrate aminoglycoside kanamycin A where binding (Kp) was
unaffected by the K44 A mutation. These results differ substantially from those observed
for several EPKs where this similarly identified lysine residue demonstrates a much more
substantial effect upon ke and not K, values for both cAMP dependent protein kinase
(67) and mitogen activated kinase ERK2 (160).

Mutagenesis studies on K33 yielded an enzyme with essentially wild type kinetics
for both substrates ATP and kanamycin A. There was a slight decrease in ke values (2.7
fold) while the K, remained unchanged. These mutagenesis studies would suggest that
while both K33 and K44 are protected from FSBA inactivation only the latter residue
likely plays a role in substrate binding and enzyme function. It is likely, given that the
inactivation events are mutually exclusive, that when inactivation of K33 occurs, it
prevents entry of further FSBA molecules and subsequent inactivation of K44. Similarly,

inactivation of K44 prevents subsequent inactivation of K33. While K33 seems to play
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little or no role in either substrate binding or catalysis, it is likely to lie close to the ATP
binding pocket for reasons discussed above.

l?:ecently the X-ray crystal structure of APH(3’)-IIIa with bound ADP has been
determined to a resolution of 2.2 A (89). Currently other aminoglycoside modifying
enzymes which has been solved using X-ray crystallography, ANT(4’) (147, 165),
AAC(3’) (201) and AAC(6’)-1i (205) have also been demonstrated to exist as a
homodimers. For ANT(4’) however there are substantially more interactions between the
monomers and in fact the two subunits combine to form the functional active site at the
dimer interface. For this reason, ANT(4’) functions only when present as a dimer, and
thus this form is the physiologically relevant species. While the AAC(3’) monomers
show a significant interaction at their interface and are likely to form a dimer in the cell
the active sites appear to be functional independent of one another (201).

This stmgurd arrangement of APH(3')-IIla shows strong similarity to eukaryotic
protein kinases. Specifically the N-terminal B-sheets are highly similar between
APH(3’)-II1a and the available eukaryotic protein kinase structures for cAMP dependent
protein kinase (51, 121, 214), casein kinase I (119, 208) and phosphorylase kinase (120,
143). In addition the sections of the C-terminal core which form the ATP binding cleft in
eukaryotic protein kinases are found to be virtually identical in APH(3")-IITa (Figure 6.4).

Despite sharing little primary sequence identity, APH(3")-IIla and several Ser/Thr
and tyrosine kinases show distinct similarities using a structure-based alignment. Lysine
44 that was covalently labeled by FSBA shows absolute conservation across all

eukaryotic protein kinases. This residue was initially proposed to be involved directly in
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the phosphotransfer reaction by protonating the MgATP or stabilization of the negative
charge generated during phospho transfer (96). With the increased number of eukaryotic
protein kinase crystal structures it is clear that this invariant lysine functions not in direct
phosphoryl transfer but rather plays a role in hydrogen bonding to the oxygen atoms of
both the a and B phosphates of the nucleotide substrate (19). A similar interaction is
observed for APH(3’)-I1Ia where K44 is found to interact with both the o and 8
phosphates of the co-crystal ADP molecule. In the APH(3")-IIla and cyclic AMP
dependent protein kinase, casein kinase I and phosphorylase kinase structures a
conserved glutamate residue (E60 APH(3’)-IIIa numbering) forms a salt bridge with the
invariant lysine residue stabilizing its interaction with MgATP and thus making it
implausible that K44 is involved directly in phosphoryl transfer. Direct physical
evidence using the K44A mutant supports its proposed role in a hydrogen bond network.
The ratio of kew/Km Wild type to K44A mutant is approximately 30 fold consistent with
an ion-pair interaction of 2.1 kcal/mol (198). Surprisingly, a K72A mutation in cAMP
dependent protein kinase demonstrates only a 5 fold decrease in K, values while showing
approximately a 1000 fold decrease in kcx values (67). The mechanism of cAMP DPK
has been shown to follow an ordered sequential Bi-Bi mechanism and thus ke, reflects a
relatively complex expression of several elementary rate constants. The kinetic
mechanism of APH(3’)-IIla is a more uncommon case where the first order rate constant,
ke, reflects the first order rate of dissociation of ADP and thus one might expect a less

dramatic effect upon the phosphorylation reaction.
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6.5  Protein kinase inhibitor studies

It is clear from the X-ray crystallographic studies that APH(3")-IIIa and several
eukaryotic protein kinases share substantial homology over specific discreet regions.
Conserved structures include the N-terminal B-sheet lobe and perhaps more importantly
they show a remarkable conservation over the nucleotide binding fold. This homology
over the ATP binding pocket is particularly striking when one considers the overall lack
of primary sequence homology between APH(3’)-IIla and eukaryotic protein kinases.
Residues which are conserved include K44 (numbering is based on APH(3’)-IIIa), E60,
D190, N195 and D208. While APH(3’)-IIla and eukaryotic protein kinases show these
similarities it is quite possible that the similarity does not extend beyond their ability to
bind and utilize the nucleotide substrate ATP. For this reason we chose to investigate a
possible functional similarity between the two species. To investigate this we used two
approaches. The first studies investigated a series of well characterized protein kinase
specific inhibitors to determine if any were suitable inhibitors of APH(3")-IIla function
while the second approach screened a variety of eukaryotic protein kinase substrates
specific for either Ser/Thr or tyrosine kinases. Substrates assayed were either full protein
substrates or peptide substrates routinely used in EPK assays.

Staurosporine is an:alkaloid compound initially isolated from Streptomyces sp.
(142, 182) which has long been known to posses antifungal properties (182). Its
inhibitory activity has also been shown to act on phospholipid/Ca®** dependent protein
kinase (PKC) with a K; value of between 1-2 nM (86, 182). Initially staurosporine was

believed to be a PKC specific inhibitor but it was subsequently demonstrated that while
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the compound was a very potent inhibitor of protein kinases it showed very little
selectivity (86, 128). Kinases including PKC, phosphorylase kinase, PKA and EGFR
kinase are inhibited by staurosporine at levels ranging from 2 nM to 15 nM while other
kinases such as casein kinase I, casein kinase Il and CSK are relatively refractory with K;
levels between 1000 nM and 13000 nM.. Crystal structures of both cAMP dependent
protein kinase (Figure 6.5A) and CDK2 (Figure 6.5B) co-crystallized with staurosporine
have shed light on the interactions necessary for binding. Residues E81, L83 and Q131
of CDK2 form hydrogen bonds with staurosporine while residues E121, V123, E127 and
E170 form similar interactions between cCAMP dependent protein kinase and the inhibitor
(153, 188). These data strongly support the hypothesis that the staurosporine inhibitor
binds competitively to ATP in the enzyme active site. Crystal structures of ;cAMP DPK
and CDK2 demonstrated that the same residues are required for ATP binding in the
enzyme active sites (19, 49). The residues which have been identified demonstrate that
position E127 and E170 which are present in both cAMP dependent protein kinase and
phosphorylase kinase yet absent in casein kinase-1 and CSK are indicators of
susceptibility to staurosporine. Positions E121 and V123 appear to be more flexible
where the residue seems to have poor correlation to staurosporine sensitivity with the
only general trend being the presence of an acidic residue at position 121, although ths is
found in both sensitive and resistant enzymes. APH(3')-IIla is found to code for a leucine
and a serine at positions 127 and 170 respectively which would disrupt the hydrogen
bonds necessary for staurosporine binding and thus likely explains its apparent refractory

behaviour.
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Figure 6.5. Three-dimensional structural comparison of (A) staurosporine bound to
cAMP dependent protein kinase (PDB code 1STC reference #183) and (B) staurosporine
bound to cyclin dependent kinase (PDB code 1AQI reference #183).



The two related isoflavones quercetin and genistein are members of a series of naturally
occurring compounds which previously have been shown to have inhibitory activity
against tyr-osine kinases and Ser/Thr kinases. Genistein is a potent inhibitor of tyrosine
kinases pp60v-src, EGFR kinase and insulin receptor kinase (4, 66). Similarly quercetin
has been shown to have activity against EGFR and the Ser/Thr protein kinase PKC (2).
Quercetin and not genistein has been shown as an effective inhibitor of the lipid kinase,
phosphatidyl inositol (PidIns) 3-kinase (194).

These isoflavone compounds show a remarkable selective structure-activity
relationship when the replacement of hydroxyl groups with methyl groups leads to a
substantial drop in their inhibitory activity (4, 66, 194). Hydroxylation of the 5’ position
of quercetin affects this compounds inhibitory activity versus MLC-kinase, casein kinase

"I and 1I while conversely modification of this position appears to play no role in its
activity towards both cAMP dependent protein kinase and PKC. In general it has been
demonstrated for the isoflavones that tyrosine kinases appear to be more sensitive to the
level of hydroxylation than do Ser/Thr kinases (4).

These two compounds, quercetin and genistein, while structurally similar
demonstrate substantially different inhibitory effects against APH(3’)-IITa. Quercetin
was found to be a competitive inhibitor of APH(3’)-111a activity (with respect to ATP
binding) with a moderate K;; of 126+22 uM. Genistein however dispiayed no inhibition
of APH(3’)-11Ia even when present at levels of 250 uM. As discussed previously similar
behavior had been noted for several kinases including PI3K which was strongly inhibited

by quercetin, with a K;, of 3.8 uM while remaining unaffected by genistein (194).

198
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A series of eight closely related compounds, the tyrphostins, were screened as
potential inhibitors of APH(3")-IITa. The structures all share a phenyl ring substituted at
the para position with various functional groups. Many of these compounds show
inhibition of tyrosine kinases. Tyrphostins A48, A51, B44 and B50 show specific
inhibition of EGFR kinase with K;; values ranging from 100 nM to 2.5 uM while species
Al and A63 are often used as negative controls of EGFR tyrphostin inhibition as their K;,
are greater than 1 mM (64, 65, 97, 210). Of this family of compounds only tyrphostin
A25 showed inhibition of APH(3’)-IIla. This species only demonstrated a moderate
level of inhibition of APH(3’)-IIIa activity when present up to a concentration of 350 uM
(~40% inhibition). For this reason no K;; was determined for this tyrphostin and this
family of inhibitors was not further investigated. Although very little is known about the
mechanism of tyrphostin inhibition it is clear that APH(3’)-IIIa lacks determinants
necessary for inhibitor activity. This would suggest that the active site of APH(3")-IIIa is
strucuturally distinct from that of tyrosine protein kinases.

The most thoroughly studied group of protein kinase inhibitors are the
isoquinoline sulfonamide derived compounds (87). Two families of isoquinoline have
been described which differ in the position of the ring nitrogen (position 2 to 3). The
placement of the nitrogen within the ring and variation of the side chain determine
remarkable specificity of these inhibitors. Many studies have indicated that the closely
related species H-7, H-8, H-9 and H-89 are effective inhibitors of protein kinases. All
these compounds show competitive inhibition with respect to MgATP (87) suggesting an

interaction at the ATP binding pocket. It is believed that the isoquinoline sulfonamide
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ring mimics many of the interactions between the enzyme and its natural substrate
MgATP. Several crystal structures now exist for EPKs with bound MgATP, AMP-PNP
or isoquinoline sulfonamide inhibitors (19, 49, 51, 91, 200, 208, 214). These structures
have permitted a detailed understanding of the interactions necessary for
substrate/inhibitor binding.

The isoquinoline sulfonamide inhibitors H-7, H-9, HA-1004, CKI-7 and CKI-8
were assayed as potential inhibitors of APH(3’)-IIIa activity. Surprisingly all compounds
exhibited some inhibition of phosphotransferase function. The inhibitor HA-1004 which
is substituted at the sulfonyl group with a guanidinoethyl group was found to be the most
effective inhibitor of APH(3")-IIIa activity with a K;; of 48.9+12.3 uM. The inhibition
was found to be competitive towards ATP binding consistent with the proposal that the
isoquinoline sulfonamide ring bound in the purine site of the protein kinase ATP binding
pocket (51, 209). Subsequent studies demonstrated that all species were competitive
inhibitors of ATP binding with K;; values ranging from 48.9 to 730 pM. Similar to the
results obtained previously for the ATP analogue AMP-PNP it was found that the
inhibitor H-9 was a non-competitive inhibitor of the second substrate kanamycin A with a
Kis of 155+26 uM and a K;; of 260+£19 uM characteristic of an ordered substrate addition
as previously described for APH(3’)-IIla.

Upon examination of the inhibitors the compounds substituted with the
aminoethyl group (H-9 and CKI-7) demonstrate intermediate inhibition with K;, values of
66.117.5 and 138440 uM versus ATP. The piperazine substituted compounds

(methylpiperazine on H-7 and piperazine on CKI-8) are the least effective inhibitors
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demonstrating K;; values of 7301130 and 290+89 uM for H-7 and CKI-8 respectively.
The guanidinoethyl substituted compound, HA-1004, had no C-series equivalent but was
found to be the most effective inhibitor of APH(3’)-IIla activity.

Similar results have previously been noted for various EPKs where there is
selective inhibition by either the H-series or C-series of isoquinoline sulfonamide
inhibitors. While CK1 is inhibited by CKI-7 with a K, of 8.5 uM towards ATP, its sister
compound H-9 shows significantly reduced inhibitory activity with a 10 fold higher Ki,.
These two inhibitors CKI-7 and H-9 demonstrate K;; values of 550 and 3.6 uM
respectively when tested on cAMP dependent protein kinase demonstrating that reversal
of the ring nitrogen from position 2 (C-series) to position 3 (H-series) has a dramatic
effect upon the specificity of these inhibitors. The crystal structure of cAMP dependent
protein kinase with bound H-7, H-8 and H-89 (51) and the structure of CK1 with bound
CKI-7 has helped identify interactions involved in inhibitor binding (209). The species
H-7 bound to cAMP dependent protein kinase indicates a total of 50 Van der Waals
interactions with many active site amino acid residues. Two hydrogen bonds are also
involved in the inhibitor binding. The piperazine ring of H-7 adopts a chair conformation
with an axial N-H bond at position N17 forming an H-bond with the backbone carbonyl
of residue E170 (51). This residue as discussed previously is replaced with an alanine
residue in C-src kinase and is believed to be involved in partially determining sensitivity
to staurosporine. A second hydrogen bond between the backbone amide of V123 forms
with N3 of the isoquinoline ring. While many of the interactions exist between cAMP

dependent protein kinase and the other inhibitors H-8 and H-89 only the hydrogen bond
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Figure 6.6. Three-dimensional structural comparison of (A) cyclic AMP dependent
protein kinase with co-crystal ATP (1ATP reference #19) and (B) cyclic AMP dependent
protein kinase with co-crystal H-7 isoquinoline inhibitor (1YDR reference #51).
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between V123 and the nitrogen of the isoquinoline sulfonamide ring is observed for all
three species (51). Similarly this interaction between the N2 position of CKI-7 and the
backbon_e amide of L88 is involved in inhibitor binding (208, 209). Enzyme structures
with bound ATP have also demonstrated the importance of the amide of V123 and L88
for a hydrogen bond with N1 of the purine base of ATP. Similarly, an identically
positioned hydrogen bond is involved in binding of ATP to other protein kinases CDK2
(L83) (49) and ERK2 (M106) (213). Hidaka and colleagues have suggested that the
presence of this nitrogen is crucial for the interaction of both the H and C series
isoquinoline inhibitors with the ATP binding sites of EPKs (87). They have noticed that
napthalenesulfonamides which lack this nitrogen are relatively poor and non-selective
inhibitors of EPKs (87, 183). Xu and coworkers have demonstrated that the structural
" basis for isoquinoline sulfonamide inhibitors centers around the hydrogen bond formed
between the baclgbone amide of a residue (L88, V123, L83, etc) and the ring nitrogen of
the inhibitor. APH(3’)-IIIa forms a hydrogen bond between the backbone amide of A93
and N1 of ATP similar to that observed for many EPKs (89). It is proposed through our
research that binding of the isoquinoline sulfonamide derived inhibitors will employ a
similar binding strategy as observed for EPKs and thus this interaction will contribute to
the specificity of inhibitor binding. This can be directly addressed through the
crystallization of APH(3’)-IIIa with bound inhibitor or alternatively through a more
indirect means of computer assisted docking as was employed with CK1 and H-9 (209).
It is apparent from the K; values for both the H and C series isoquinolines that trends

exist for structure/effectiveness of the inhibitors. The two piperazine derived structures,
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H-7 and CKI-8, are the least effective inhibitors of their respective families. HA-1004,
for which there is no C series equivalent, is the most effective inhibitor and is substituted
with a guanidinoethyl group. The two remaining inhibitors, H-9 and CKI-7, demonstrate
intermediate effectiveness. In each case the H series species is a more effective inhibitor
than its C series counterpart suggesting that the active site pocket for APH(3’)-IIIa is
more similar to the ATP pocket of cCAMP dependent protein kinase than to Ser/Thr
kinases such as casein kinase-1. This is based upon studies demonstrating that H-series
inhibitors are more effective and more specific for cCAMP dependent protein kinase while
C-series compounds are similarly more suited to inhibition of casein kinase-1 and closely
related kinases (34, 51, 87, 209)

Similar studies completed by Denis Daigle demonstrated inhibition of AAC(6’)-
APH(2”) by many of the H-series and C-series inhibitors. Akin to results obtained for
APH(3’)-IlIa both species were competitive towards ATP and non-competitive towards
the second substrate kanamycin A. While the isoquinoline inhibited AAC(6’)-APH(2")
activity other protein kinase inhibitors assessed including genistein, quercetin and the
indole carbazole staurosporine were not effective inhibitors of enzyme activity. All
compounds assayed were found to inhibit APH(2") activity while the AAC(6’) function
remained unaffected by the various compounds thus indicating that the inhibitors were
specific for kinase activity consistent with results demonstrating binding at the ATP
active site cleft. These studies suggest that although AAC(6’)-APH(2”) and APH(3’)-IIIa
differ substantially at the primary sequence level and differ in their substrate profiles it is

likely that the two enzymes share some active site homology similar to that observed
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between the latter enzyme and EPKs structures. Studies to solve the crystal structure of
AAC(6’)-APH(2”) are presently underway.

While several of these isoquinoline sulfonamide inhibitors demonstrate rather
substantial levels of APH(3’)-IIla inhibition this does not imply any therapeutic
usefulness. Competitive inhibitors are frequently not the best choice for therapeutic
agents owing both to the reversible nature of their interaction at the enzyme active site
and that high substrate levels can overcome the inhibition due to a competitive inhibitors
exclusive effect on K and not k. Resistance of E. coli (harbouring APH(3°)-IIIa) to
kanamycin A was assessed in the absence or presence of either CKI-7 or HA-1004. It
was found that the presence of these two isoquinoline derived inhibitors at 1 mM did not

reverse antibiotic resistance in these cultures when grown in either liquid or solid media.

6.6  Protein kinase substrate studies

To further establish and characterize the potential functional similarity between
APH(3’)-I1Ia and EPKs we investigated the ability of the former enzyme to
phosphorylate many known EPK substrates. Given the structural similarity observed
between APH(3’)-IIIa and several EPKs and the inhibitory effect of both the H-series and
C-series of protein kinase inhibitors it is conceivable that the aminoglycoside
phosphotransferase might share a functional ability to phosphorylate protein kinase
substrates. Myelin basic protein (MBP) is frequently used as a protein kinase substrate of
broad specificity and is phosphorylated by various kinases including calmodulin-

dependent protein kinase II, MAP kinases (p38, p42 and p44), PKC and PKA (146).
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While MBP is a substrate for several kinases the site of phosphorylation differs for each
of the listed EPKs making this an ideal broad range substrate (146). Initial assays
suggested that MBP was a substrate for APH(3’)-IIla although the level of substrate
phosphorylation appeared to be reduced when compared to phosphorylation of the
aminoglycoside substrate kanamycin A. We attempted to determine the V. and Kq, for
MBP but the quantities of substrate required for the assays were incompatible with the
assay themselves. An estimate of ke, /Km was determined however by using a sub-Km
concentration of MBP (10 uM). Under these limitations the Michaelis-Menten equation
simplifies to:

V=[S][Ew]kest K
Both [S] and [Etot] are known values and the rate of reaction (V) is obtained from the
assay permitting a calculated value for kcat/Km. The value of kcat/Km for the substrate

S

kanamycin A was found to be 1.43x10 s'lM'l while this second order rate constant for

MBP was calculated to be 4.5x10% s"'M"!. This indicates a 50 fold decrease in the
catalytic efficiency using the substrate MBP when the assays were completed under
identical conditions. Similar results were obtained by Denis Daigle for a second
aminoglycoside modifying enzyme AAC(6’)-APH(2") where he found a 75 fold decrease
in the catalytic efficiency for the substrate MBP (44).

The Ser/Thr protein kinase substrates MARCKS K and MARCKS R are two N-
terminally acetylated peptides derived from the myristolated alanine-rich C-kinase

substrate protein and are used as PKC substrates (146). These two peptide substrates
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were phosphorylated by APH(3’)-IIIa with rates of 58 and 53 fmol/min for the MARCKS
K and MARCKS R respectively. This represents a 3.6 and a 3.9 fold decrease in rate of
phospho;ylation when compared to the natural substrate kanamycin A. The PKC
substrate protamine is phosphorylated by APH(3’)-IIla at a rate S fold lower than that of
kanamycin A. Denis Daigle has similarly demonstrated that the bifunctional enzyme
AAC(6’)-APH(2") phosphorylates the substrates MARCKS K, MARCKS R and
protamine as effectively as APH(3’)-IIla. Using purified casein kinase I and PKC,
generously provided by Dr. R. Epand, I was unable to demonstrate phosphorylation of
either kanamycin A or neomycin B with either enzyme. In an attempt to further
characterize the site of phosphorylation of MARCKS K, MBP and protamine,
phosphoamino acid analysis was completed by Denis Daigle on peptides phosphorylated
" by both APH(3’)-ITa and AAC(6°)-APH(2") (44). Phosphoamino acid analysis,
performed by Denis Daigle, unambiguously identifies the site of phosphorylation on all
substrates by both enzymes to be serine residues. Although the MARCKS peptides lack
threonine residues, MBP has been demonstrated to be phosphorylated on threonine 97 by
MARP kinase (52) and threonine 94 by calmodulin-dependent protein kinase II (172)
suggesting such sites are available for modification. Other Ser/Thr protein kinase
substrates assayed included casein, phosphorylated and dephosphorylated, histone H1
and Kemptide (Table 5.3). Unlike the substrates discussed previously neither APH(3’)-
IIIa nor AAC(6’)-APH(2") were capable of phosphorylating these kinase substrates.
Two tyrosine kinase substrates; poly (Glu:Tyr) (4:1), a synthetic peptide substrate for

0@" (4

tyrosine kinases, and p6 substrate II, a known substrate for c-src kinase, were also
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investigated as potential substrates for APH(3’)-IIla kinase activity. Neither of these two
substrates were phosphorylated by APH(3’)-IIIa.

The peptide and protein substrates phosphorylated including MARCKS peptides,
MBP and protamine were all positively charged under the assay conditions employed
while those substrates which were overall negatively charged such as poly (Glu:Tyr)
were not substrates for APH(3")-11Ia. The relationship between substrate charge and
phosphorylation by APH(3')-IITa, however, is not exclusively charge related given that
neither Kemptide nor histone H1 are substrates for the enzyme. The implication is that
while overall charge is a minimal requirement for phosphorylation there are other factors,
which govern their ability to function as substrates. It is possible that like many protein
kinases there are preferred consensus sequence phosphorylation sites. Many features
including neighboring amino acids surrounding the site of phosphorylation govern the
consensus sequences. Ser/Thr protein kinases including cCAMP dependent protein kinase,
cGMP dependent protein kinase and PKC show strong preference for target sequences
which contain basic residues (K or R) surrounding the site of modification (31, 98).
Without identifying and further characterizing the site of phosphorylation of both MBP
and protamine it is impossible to clearly identify a preferred consensus sequence for
APH(3’)-IlIa. Given that MARCKS K and MARCKS R and not Kemptide are substrates
for APH(3’)-Il1a kinase activity one might cautiously speculate that the enzyme requires
charged residues both on the N-terminal and C-terminal side of the target serine. Similar
preferences are observed for PKC substrates and cAMP dependent protein kinase

substrates. Phosphorylase kinase shows that replacement of an arginine residue with an
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alanine two amino acids to the carboxyl side of the serine leads to a 3 fold increase in K
and a 16 fold decrease in Ve, while the effect on cAMP dependent protein kinase is a
100 fold decrease in K, and a S fold increase in Vmax. Conversely replacement of an
arginine residue 4 positions to the N-terminal side of the serine shows that phosphorylase
kinase remains unaffected while cAMP dependent protein kinase shows a 100 fold
decrease in Vimax (98). These studies clearly server to illustrate that these enzymes require
quite stringent recognition sequence sites, which have been empirically identified.
Although one might expect APH(3")-II1a to prefer positively charged substrates
given that its natural substrates are highly charged amino sugars it is nonetheless
remarkable that the enzyme is able to accommodate protein kinase substrates and in
particular substrates MBP and protamine which are comparatively large next to
aminoglycosides. Inspection of the crystal structure of APH(3’)-Illa demonstrates a
significant difference between the second substrate binding pocket when compared to
that of EPKs. While the EPKSs have an open accessible active site, presumably designed
to accommodate peptide substrates, the APH(3’)-IIla active site is more thoroughly
blocked by domain III of the structure. Domain III consists of two antiparallel a-helices
(aA and aB) connected by a 19 amino acid loose coil. Hon and coworkers have
proposed that this 60 amino acid domain might provide a means for APH(3")-IIla
substrate selectivity (89). Thus the ability of APH(3’)-II1a to phosphorylate a number of
peptide and protein substrates suggest a great deal of flexibility at the active site in order

to accommodate these relatively large substrates.
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One of the most highly conserved motifs identified in EPKs, H/'YXDX3-4N, has
similarly been identified in APH(3’)-IIIa. The aspartate residue is tentatively identified
as the active site catalytic base while the asparagine residue is involved in coordination of
one of the magnesium ions (103, 121, 214). Although the second residue in this
consensus sequence is listed as variable, until relatively recently it was believed to be a
highly conserved arginine residue found in protein kinases. All members of the APH(3’)
family including the type IIla phosphotransferase have a glycine at this position (glycine
189 APH(3’)-IIIa numbering). This residue was mutated to an arginine residue to
identify the impact if any upon APH(3")-IIIa protein kinase activity. Studies with the
G189R mutant APH(3’)-IIIa demonstrated that this change had a significant impact on
aminoglycoside phosphorylation. While substrates such as kanamycin A, kanamycin B,
neomycin B and ribostamycin were phosphorylated by the enzyme the specificity
constant (ke /Km) for each was significantly reduced as compared to the wild type
enzyme. Changes in the specificity constant ranged from 0.036 fold for kanamycin B to
0.005 fold for ribostamycin. The effect was seen in both the ke and Ky, values for all
substrates. Aminoglycosides from both the 4,5-disubstituted and 4,6-disubstituted
aminoglycosides appeared to be affected similarly by the mutation suggesting that a
feature common to both classes of aminoglycosides was adversely affected. One feature
shared by both the 4,5 and 4,6-disubstituted deoxystreptamine aminoglycosides is the
central aminocyclitol ring. Those aminoglycosides that are substituted at the 1 position
of the aminocyclitol ring with either an aminohydroxybutyrl group or an

aminohydroxypropionyl group were no longer phosphorylated at detectable levels. Itis
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conceivable that the arginine side chain was unfavorably interacting with these groups
thus preventing their ability to productively bind to the G189R mutant enzyme.
Altemati\-rely the amikacin, butirosin and isepamicin might adopt a unique conformation
due to substitution at the 2 position and thus their binding would be reduced in the
G189R mutant. Blazquez has previously isolated a G189D hydroxylamine derived
mutant of APH(3’)-Ila and has demonstrated using MICs that enzyme activity is 0.2%
that of wild type (18). The MICs investigated were limited to kanamycin A and this
agrees well with our data for APH(3')-1lIa [G189R] which demonstrated that the mutant
had a 1500 fold decrease in ka/Km for this aminoglycoside. From their results they
cautiously speculate that this residue may be a critical determinant in the conformation
of this region (18). Thus while APH(3’)-IIIa and EPKs share substantial 3D-homology
* there still remains significant differences between the two enzymes which permit their
different substrate specificities.

It was hoped that removal of the “Thumb Region” (Domain IIT) of APH(3’)-IIla
would permit entry of larger substrates and thus improve the ability of the enzyme to
phosphorylate protein kinase substrates. The mutant protein generated, APH(3’)-Illa
[A123-189], was found to be unstable under all circumstances and thus no mechanistic
data was obtained from these studies.

The ability of APH(3’)-IIIa to phosphorylate several Ser/Thr protein kinase
substrates indicates a need to be aware of such activity when designing signal
transduction experiments where frequently used selectable markers include a neomycin

phosphotransferase (APH(3’)-I1a) and a hygromycin phosphotransferase (APH(4)-I).
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While the Ser/Thr kinase activities exhibited by APH(3’)-IIla are certainly not robust it is
important to be aware of such activity when considering suitable selectable markers for
signal transduction experiments. Such a concern has previously been noted by Maio and
Brown (122). Their results have demonstrated that upon introduction of APH(3’)-IIa as a
neomycin selection marker in a U937 cell line their was significant perturbation of
cellular pathways including PKC which led to gene expression. This activation,
however, was found to be cell type specific (122). This helps to illustrate the importance
of careful selection of resistance determinants in mammalian signal transduction

experiments.

6.7  Similarity of APH(3')-1lla to Eukaryotic Protein Kinases

It has long been speculated that APH(3") enzymes showed sequence homology to
eukaryotic protein kinases suggesting a possible common evolutionary ancestor between
the two enzyme families (21, 126). This is now supported by our biochemical studies
which demonstrates that functionally APH(3")-IIla is inhibited by EPK specific inhibitors
and also the enzyme demonstrates a protein kinase like activity. Furthermore the
structural similarity indicates that the enzymes employ similar catalytic and chemical
mechanisms. In recent years it has been demonstrated that a number of aminoglycoside
producing organisms also code for eukaryotic like protein kinases. Thus it seems
possible that aminoglycoside phosphotransferases may have evolved from an ancestor
that performed a different cellular function such as a protein kinase. A similar type of

evolutionary descent may also have occurred for acetyltransferases where it has been
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demonstrated that gentamicin 2' acetyltransferase affects peptidoglycan structure and thus
impacts on cell morphology (148, 149). More recently the crystal structure of two
acetyltransferases have been solved and both enzymes show similar GCN5-related N-
acetyltransferase superfamily folds (201, 205). AAC(6')-li has been demonstrated to
possess protein acetylation activity indicating that this enzyme is a functional and
structural homologue of GCNS histone acetyltransferases (205). This would suggest that
acetyltransferases and by extension phosphotransferases may have evolved from their
respective ancestral enzyme which may have been involved in a cellular pathway other

than aminoglycoside detoxification.
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Conclusion and Future Work

With the development of antibiotic resistance over the past half century it has
become apparent that a detailed understanding of the molecular mechanisms by which
bacteria circumvent therapeutic agents is required if the usefulness of these compounds is
to be restored.

Aminoglycoside antibiotics have long been used as therapeutic agents for the
treatment of tuberculosis and other clinically relevant infections. There continued
usefulness, however is in jeopardy due to the increased high level resistance observed in
both Gram positive and Gram negative organisms. A detailed understanding of
aminoglycoside resistance is required if these antibiotics are to find continued use as
chemotherapeutics.

Studies detailed within this thesis have helped broaden the understanding of
APH(3’)-IlIa. The ground work including substrate profile and a thorough detailing of
the enzyme kinetic mechanism are essential to aid in the identification of substrate groups
necessary for enzyme/substrate interactions. Additionally through the use of the ATP
analogue FSBA we have identified K44 as a residue involved in ATP binding. This was
subsequently confirmed by mutagenesis studies and X-ray crystallography studies. The
three dimensional structure of APH(3’)-II1a has shed insight into the enzyme residues
required for nucleotide binding and has demonstrated that APH(3’)-IITa shows structural
similarity to many eukaryotic protein kinases. Thus although APH(3")-IIIa and EPKs

show low overall primary sequence identity they do show gross structural similarity and
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amazingly functional similarity. APH(3’)-IIIa appears to belong to a superfamily of
kinases based on their susceptibility to protein kinase inhibitors and ability to
phospho}ylate such substrates as myelin basic protein, protamine and MARCKS peptides.
This similarity to EPKs suggest a possible descent from a common evolutionary ancestor.
Such an evolutionary link would suggest that the family of APH(3’) enzymes evolved
from a enzyme that had a function distinct from its current role in aminoglycoside
detoxification.

These studies while laying the ground work for understanding aminoglycoside
detoxification need to be continued to achieve a better understanding of the enzyme
chemistry required for its function. While ATP/enzyme interactions have been identified,
the equally important aminoglycoside/enzyme substrate binding pocket remains to be
~ clearly mapped. Studies are currently focusing on addressing this question. While much
is known about the enzyme chemistry further studies are required to identify all residues

involved in the detoxification of the aminoglycoside substrates.
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