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Abstract 

The clinical utility of aminoglycoside antibiotics is undermined by the action of 

bacterial modifying enzymes that inactivate these antimicrobial agents and confer drug 

resistance. Basic research on the aminoglycoside modifying enzymes has contributed to a 

greater understanding of the molecular mechanism of aminoglycoside detoxification by 

these proteins, information that is relevant to inhibitor studies and other approaches 

aimed at reversing bacterial aminoglycoside resistance in vivo. Described here is the 

characterization of AAC{6')-li, a chromosomally encoded aminoglycoside 6' -N­

acetyltransferase from the Gram positive pathogen Enterococcus faecium and a member 

of the GeNS-related superfamily of acyltransferase enzymes. 

Research on AAC{6')-li has focused on the kinetic and catalytic mechanism of 

aminoglycoside modification by this enzyme, in addition to inhibitor studies and 

investigations into a possible alternate role for this acetyltransferase in vivo. Using steady 

state-kinetic analysis of product and dead-end inhibition of protein activity, we have 

determined that AAC{6')-li follows a ternary complex, ordered bi-bi kinetic mechanism, 

with additional evidence supporting subunit cooperativity in the AAC{6')-Ii dimer. This 

work was complemented by studies that characterized substrate-induced conformational 

changes in AAC{6')-Ii, as well as analysis of solvent viscosity and isotope effects that 

identified the catalytic steps governing the steady-state rate of aminoglycoside 

inactivation. Together with the structural details of AAC{6')-li in complex with AcCoA, 

site-directed mutagenesis and related studies have also identified amino acid residues 
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important to the chemistry of drug acetylation as well as those involved in the binding of 

aminoglycoside substrates, providing us with a better understanding of the molecular 

mechanism of AAC(6')-Ii catalysis. Our results to date have been applied to numerous 

inhibitor studies, which have resulted in the identification of cationic peptides and semi­

synthetic aminoglycosides that demonstrate potent inhibition of AAC(6')-Ii activity in 

vitro. Finally, the acetylation of E. faecium proteins by AAC(6')-Ii has been shown by 

both in vitro and in vivo analysis, complementing the structural and functional homology 

observed for this enzyme and protein acetyltransferases, in addition to supporting our 

hypothesis that AAC(6')-Ii may have an alternate function in the host bacteria. As a 

whole, these studies have extensively characterized the activity of AAC(6')-Ii, which is 

relevant to ongoing and future inhibitor studies and to an understanding of the similarities 

and differences among enzymes in the GCNS-related N-acetyltransferase superfamily. 
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1.1 Discovery and Use oj Antibiotics to Treat Bacterial Injections 

The infectious nature of some microorganisms, including bacteria, was only 

beginning to be understood when Lows Pasteur presented his Germ Theory of Disease in 

1878 (pasteur & Lister, 1996). Complementing Pasteur's theory was the pioneering work 

of Joseph Lister on antiseptic techniques and Robert Koch's isolation of bacteria on solid 

media, which helped to revolutionize the field of early bacteriology (Levy, 1992a). These 

advances ultimately led to the use of antimicrobial agents to treat specific bacterial 

infections, such as the early use of synthetic sulfonamides in the treatment of haemolytic 

streptococcal infections in the 1930's (Greenwood, 2003). The famous discovery of 

penicillin by Alexander Fleming in 1929 was the first documented account of a natural 

product with antibacterial activity (Fleming, 1929), with the subsequent use (and 

overuse) of this antibiotic in the 1940s said to define the beginning of an antibiotic era 

(Greenwood, 2003). 

For over 70 years, the use of antibiotics as well as synthetic and semisynthetic 

antimicrobials continues to be the fundamental treatment regimen for both Gram positive 

and Gram negative bacterial infections. The underlying effectiveness of these agents is 

due to their selective toxicity· towards bacteria, targeting basic prokaryotic metabolic 

processes and cellular machinery that differ in eukaryotic cells. Currently, the vast 

number of antimicrobial agents available, estimated at over 100 in 1992 (Nell, 1992), 

interfere with such processes as bacterial cell wall synthesis, protein synthesis, nucleic 

acid metabolism and folic acid synthesis (Sefton, 2002). Table 1 provides a brief 

overview of current antimicrobial agents and their mechanism of action. 
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Table 1.1: Classes of antibacterial agents and their mode of action 

Antimicrobial Target Drug Class Examples Recent Reviews 

Protein Sr.nthesis 

30S Ribosomal subunit Aminoglycosides Gentamicin Boehr et aZ., 2003b 
Tobramycin 

Tetracyclines Doxycycline Chopra & Roberts, 2001 
Minocycline 

50S Ribosomal subunit MacroUdes Azithromycin Blondeau, 2002 
Erythromycin 

Lincosamides Clindamycin Carrasco et aZ., 2002 
Lincomycin 

Streptogramins Pristinamycin Johnston et aZ., 2002 
Virginiamycin 

Formation of 70S Oxazolidinones Linezolid Moellering, 2003 
initiation complex 

CeO wan Sr.nthesis 

Transpeptidases Cephalosporins Cefotaxime Marshall & Blair, 1999 
Ceftriaxone 

Penicillins Amoxicillin Wright, 1999a 
Carbenicillin 

Acyl-D-Ala-D-Ala Glycopeptides Vancomycin Allen & Nicas, 2003 
of peptidoglycan Teicoplanin 

Folate Bio~nthesis 

Dihydrofolate Diamino- Trimethoprim Fishman, 1998 
reductase (DHFR) pyrimidines Trimetrexate 

Pteroate sythase Sulfonamides Sulfadiazine Smith & Powell, 2000 
Sulfamethoxazole 

DNA Rm,iication & TranscriJ!.tion 

DNA Gyrase/ Quinolones Ciprofloxacin Schmitz et aZ., 2002 
Topoisomerase N Nalidixic acid 

RNA Polymerase Rifamycins Rifampicin Khasnobis et al., 2002 
Rifapentine 

DNA strands Nitroimidazoles Metronidazole Edwards, 1993 

Nitrofurans Nitrofurazone Guay, 2001 
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1.2 Bacterial Resistance to Antimicrobial Agents 

Bacterial resistance to antimicrobial agents is an alarming and well known 

phenomenon, the result of a combination of the misuse and overuse of antimicrobials as 

well as the outstanding ability of bacteria to adapt under selective pressure. It is 

interesting to note that bacterial resistance was predicted by Alexander Fleming in the 

1940s, even prior to the inevitable emergence of penicillin-resistant staphylococci after 

this antibiotic was misused and widely available without a doctor's prescription (Levy, 

1992b). Since then, the use of various antimicrobials to combat bacterial infections has 

consistently been paralleled with the emergence of bacteria resistant to these compounds. 

In fact, bacterial resistance has been observed for all known classes of antimicrobial 

agents (Normark & Normark, 2002), even for the newest oxazolidinone drug linezolid 

(Tsiodras et al., 2001; Herrero et al., 2002; Rahim et al., 2003). The impact of 

antimicrobial resistance on the clinical treatment of bacterial infections is therefore 

enormous, as recently discussed in several excellent reviews (Virk & Steckelberg, 2000; 

Normark & Normark, 2002; Sefton, 2002). 

Bacteria utilize several mechanisms to resist the action of antimicrobials. Resistance 

can be broadly classified as intrinsic or acquired, with the latter having the greatest 

impact on the emergence of resistance in a clinical setting. Intrinsic resistance occurs in 

the absence of antimicrobial selective pressure and is predominately the result of some 

natural property of a bacterial species, an example being the resistance of mycoplasma to 

j3-lactams due to the lack of peptidoglycan in their cell wall (Normark & Normark, 
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2002). In contrast, acquired bacterial resistance is the result of selective pressure after 

exposure to an antimicrobial, commonly occurring by acquisition of mobile genetic 

elements such as plasmids or transposons containing resistance genes, or by 

chromosomal mutations that confer bacterial resistance (Nell, 1992). The major 

mechanisms by which bacteria resist the action of antibiotics and other antimicrobials are 

summarized in Table 1.2; 

Table 1.2: Major mechanisms of bacterial resistance to antimicrobial agents 

Mechanism of Resistance 

Drug inactivation 
• expression of 

modifying enzymes 

Alterations in drug target 
• mutation or 

target modification 

Target Bypass System 
• changes to metabolic 

pathway 

Activeemux 
• drugs are extruded out 

of the cell by membrane 
proteins 

Altered Uptake 
• changes in cell 

permeability to drug 

Examples 

Aminoglycoside Modifying Enzymes 
• N-acetyltransJerases 

O-phosphotransJerases, 
O-nucleotidylyltransJerases 

p-lactamases 

Quinolone Resistance 
• mutation of DNA gyrase 

& topoisomerase N 

Macrolide Resistance 
• methylation of238 rRNA 

Diaminopyrimidine Resistance 
• acquisition of altered 

DHFRenzyme 

Tetracycline Resistance 
• Tet W antiporters 

Multi-Drug Resistance 
• ABC Transporters 

Aminoglycoside Resistance 
• OprH overexpression 
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1.3 The Aminoglycosides 

1.3.1 Discovery and General Properties of the Aminoglycosides 

The aminoglycosides (AGs) represent an important class of antimicrobial agents that 

have found use in the treatment of bacterial infections for over 50 years (Begg & Barclay, 

1995). The fIrst AG to be discovered was streptomycin in 1944, isolated from the 

producing organism Streptomyces griseus (Schatz et al., 1944). This was followed by the 

identifIcation of similar compounds also produced by Streptomyces spp., such as 

neomycin, kanamycin and tobramycin, in addition to the gentamicins isolated from 
, 

Micromonospora (Lortholary et al., 1995). Table 1.3 lists common AGs, including 

natural and semisynthetic derivatives of this antibiotic class (Boehr et al., 2003b). 

Aminoglycosides are cationic molecules characterized by a central aminocyclitol 

ring, with two or more amino sugars attached (Figure 1.1). Further classifIcation is based 

on the presence (or absence) of a 2-deoxystreptamine ring and the glycosyl linkages, 

which defInes the three classes of aminoglycosides (Table 1.3 and Figure 1.1). 

Table 1.3: Classes of aminoglycoside antimicrobials 

4,6-disubstituted 
Amikacin 
Arbekacin 
Dibekacin 
Gentamicins 
Isepamicin 
Kanamycins 
Netilmicin 
Sisomicin 
Tobramycin 

4,5-disubstituted 
Butirosin 
Lividomycin 
Neomycins 
Paromomycin 
Ribostamycin 

6 

Other 
Amino I cosides 

Apramycin 
Fortimicin 
Hygromycin 
Spectinomycin 
Streptomycin 
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A 

B 

c 

+ 
NH3 

Prime ('){ H~O 
Ring! HO 

HN+ + 

KanamycinB 

3 0 NH3 + 

AmlDoeytitol { ,*NH' 
(2-deo~;::amine) HO ~O 6 OH 

Double Prime (">{ HO 0 
RingUI OH 

H3N+ 

+ 
NH3 

H~O Ribostamycin 
HO + 

NH3 + 

H,N+ O~NH, 

~ .OH 

HO OH 

Streptomycin 

HO 

Figure 1.1: Representative structures of the three classes of aminoglycosides. 
Shown in A is the 4,6-disubstituted deoxystreptamine AG kanamycin B, with the 
prime, aminocyclitol, and double prime rings indicated. Ribostamycin, a 4,5-
disubstituted 2-deoxystreptamine AG, is shown in B. AGs that do not contain a 
2-deoxystreptamine ring make up the third class, such as streptomycin shown in C. 

7 



Ph.D. Thesis - K. Draker McMaster - Biochemistry 

1.3.2 AminogZycoside Uptake 

AGs enter bacterial cells by a multi-step process involving three main phases. This 

process was initially characterized for streptomycin uptake by Escherichia coli and 

Pseudomonas aeruginosa, utilizing both susceptible and resistant strains of bacteria 

(Bryan & Van den Elzen, 1976). The first stage of AG uptake consists of the rapid 

adsorption of cationic AGs to the negatively charged surface of the bacterial outer 

membrane, occurring predominantly by reversible electrostatic interactions (Taber et aZ., 

1987). Subsequent steps are dependent upon electron transport, and are therefore termed 

energy-dependent phases (Bryan & Van den Elzen, 1976; Bryan & Kwan, 1983; Muir et 

aZ., 1985). Energy-dependent phase I (EDP-I) is the second, rate-limiting step of AG 

uptake and involves the transport of AGs across the cell membrane, most likely by a 

facilitated transport mechanism that remains poorly understood (Taber et aZ., 1987). 

EDP-II describes the last stage of drug uptake, characterized by the initial binding of AGs 

to the 30S subunit of the bacterial ribosome (Bryan & Kwan, 1983). This event has 

previously been shown to cause misreading and premature termination of nascent 

polypeptide chains without disruption of initiation complex formation (Melancon et aZ., 

1992; Mingeot-Leclercq et aZ., 1999). Mistranslated proteins have been found to 

accumulate in the plasma membrane during the energy-dependent phases of AG uptake, 

causing membrane damage and efflux of cations and other cytoplasmic components out 

of the cell (Davis et aZ., 1986; Busse et aZ., 1992). These events are believed to playa role 

in the bactericidal action of AGs in addition to their inhibition of protein synthesis, as 

described in more detail in the following section. 

8 



Ph.D. Thesis - K. Draker McMaster - Biochemistry 

1.3.3 Aminoglycoside Mode of Action 

AGs fall into the class of antimicrobial agents that inhibit protein synthesis (Table 

1.1), with their main target being the prokaryotic ribosome. More specifically, these 

drugs bind to the 16S rRNA A site of the 30S ribosomal subunit, shown initially by 

chemical footprinting studies (Moazed & Noller, 1987; Miyaguchi et aI., 1996; Recht et 

al., 1996). Recent structural determinations of various AGs bound to the 30S ribosomal 

subunit or RNA oligonucleotides have also revealed the subtle differences in the mode of 

binding to the A site decoding region, shown by crystallographic studies with 

paromomycin, streptomycin, and spectinomycin (Carter et al., 2000), as well as 

hygromycin (Brodersen et al., 2000), and tobramycin (Vicens & Westhof, 2002). AG 

specificity for bacterial versus eukaryotic ribosomes has also been characterized, and is 

due to differences in the rRNA A site (Recht et al., 1999). 

In general, AG binding to the 30S ribosomal subunit disrupts protein synthesis in 

bacteria, causing the inhibition of translation initiation (Gale et al., 1981) as well as the 

mistranslation and premature termination of nascent polypeptides (Davies et al., 1965; 

Davies et al., 1966; Davies & Davis, 1968; Lando et al., 1973). These effects alone, 

however, do not explain the bactericidal action of AGs, as other antimicrobials that bind 

to the prokaryotic ribosome (see Table 1.1) are only bacteriostatic in nature (Lortholary 

et al., 1995; Wright, 2002). The lethal activity of AGs appears to involve secondary 

effects on cell membrane integrity, with the incorporation of mistranslated proteins into 

the bacterial cell membrane and the subsequent formation of membrane channels 

believed to playa critical role (Lando et al., 1973; Davis, 1987; Davis, 1988). 
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1.3.4 Clinical Use of Aminoglycosides 

The AGs remain an important drug class used in the current treatment of serious 

Gram positive and Gram negative bacterial infections (Boehr et al., 2003b). The major 

advantages of AG use are attributed to their potent bactericidal activity and 

concentration-dependent killing towards pathogenic enterococci, staphlococci, 

mycobacteria, gram negative bacilli and others (Gonzalez & Spencer, 1998; Edson & 

Terrell, 1999; Boehr et aI., 2003b). In addition, AGs are often co-administered with a cell 

wall active agent such as a ~-lactam or glycopeptide to treat serious infections that result 

in endocarditis or sepsis (Boehr et al., 2003b). Some AGs have even found other clinical 

uses, such as paromomycin in the treatment of parasitic infections (Davidson, 1998; 

Nyirjesy et al., 1998). Table 1.4 provides examples of select aminoglycosides and their 

use in clinical treatment. 

Table 1.4: Exam les of amino I coside clinical use a 

Aminoglycoside 

Gentamicin 

Neomycin 

Spectinomycin 

Streptomycin 

Tobramycin 

Clinical Use 

Gram negative septicaemia 
Endocarditis 

Topical treatment of skin infections 
Prophylaxis prior to surgery 

Gonorrhea (single dose) 

Mycobacterium tuberculosis 
(tuberculosis) 

Pseudomonas aeruginosa 
(cystic fibrosis) 

a The information in this table was gathered from Gonzolez & Spencer (1998), 
Edson & Terrel (1999), and Boohr et af. (2003b). 
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1.4 Mechanisms of AG Resistance 

Similar to other antimicrobial agents, resistance to AGs was observed shortly after 

their introduction into clinical use, with the first cases of streptomycin resistance noted in 

the 1950s, followed by kanamycin, neomycin, and gentamicin resistance in the 1960s 

(Davies & Wright, 1997). Bacteria utilize several mechanisms to resist the action of AGs, 

including altered drug uptake, AG efflux, ribosomal modification, and AG inactivation. 

1.4.1 AlteredAG Uptake 

Since AG uptake is an energy-dependent process (see section 1.3.2), resistance can 

occur as a result of bacterial mutations that affect electron transport, a mechanism which 

has been observed in both Gram positive and Gram negative bacteria (Bryan & VanDen 

Elzen, 1977; Muir & Wallace, 1979; Miller et al., 1980; Muir et al., 1981; Taber et aI., 

1981; Taber et al., 1987). Variations in the outer membrane of some bacteria can also 

account for reductions in AG uptake, seen in Burkholderia cepacia (Moore & Hancock, 

1986), P. aeruginosa mutants overexpressing OprH outer membrane protein (Young et 

al., 1992), and mutants of E. coli with reduced levels of oligopeptide binding protein 

OppA (Kashiwagi et al., 1998). In general, bacteria with altered AG uptake are not 

clinically relevant, as electron transport or cell membrane mutants are often not viable 

and do not arise as a result of AG exposure (Wright, 2002). 

1.4.2 AG Efflux 

Another form of resistance is the active efflux of AGs out of bacterial cells. 

Although this mechanism is also not regarded as clinically important, it does account for 

the intrinsic AG resistance observed in Burkholderia pseudomallei (Moore et al., 1999) 
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and P. aeruginosa (Aires et al., 1999; Li et aI., 2003). Additional multi-drug emux 

pumps conferring AG resistance have also been characterized from other bacteria, 

including Mycobacterium [ortuitum (Ainsa et al., 1998) and E. coli (Edgar & Bibi, 1997). 

The emerging picture therefore appears to be that this mechanism may be intrinsic to 

many different bacteria (Van Bambeke et aI., 2000; Wright, 2002). 

1.4.3 Ribosomal Modification and Drug Inactivation 

The most clinically relevant mechanisms of AG resistance involve modification of 

the AG target, the bacterial ribosome, and by the production of AG modifying enzymes 

(AMEs) that inactivate this class of antimicrobials. In general, ribosomal modification is 

achieved through point mutations in ribosomal proteins or rRNA, as well as by 

methylation of rRNA (Wright, 2002). Streptomycin resistance in the pathogen 

Mycobacterium tuberculosis, for example, is predominantly the result of mutation of the 

rpsL gene coding for ribosomal protein S12, or mutation of the 16S rRNA rrs gene 

resulting in various base substitutions (Honore & Cole, 1994; Sreevatsan et al., 1996). 

Methylation of 16S rRNA by ribosomal RNA methyltransferases is another fonn of 

target modification, but is predominantly found only as a self-protection mechanism in 

AG-producing bacteria (Thompson et al., 1985; Beauclerk & Cundliffe, 1987; Skeggs et 

al., 1987; Kelemen et al., 1991; Kojic et al., 1992). The biochemical basis for AG 

resistance by target modification is the disruption or decreased affinity of drug binding to 

the ribosome (Davies & Wright, 1997), a phenomenon also observed when AGs are 

modified (Llano-Sotelo et al., 2002). The mechanism of AG inactivation by bacterial 

modifying enzymes is described in more detail in the following sections. 
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1.5 Aminoglycoside Modifying Enzymes 

Of greatest clinical concern is AG resistance conferred by modifying proteins, which 

are commonly encoded on transferable plasmids and transposons for easy dissemination 

of the resistance genes to other strains, and even other species, of bacteria (Courvalin & 

Carlier, 1981; Shaw et al., 1993). The AMEs are divided into three main classes based on 

the chemistry of drug modification, grouped as AG O-phosphotransferases (APHs), 0-

adenylyltransferases (ANTs), or N-acetyltransferases (AACs) (Table 1.5). AME 

nomenclature proposed by Shaw et al. (1993) is used to identify AMEs and also provides 

important details on modification activity. Using the AME AAC(6')-Ii as an example, the 

naming scheme indicates the class of modifying enzyme (AAC), followed by the 

regiospecificity of group transfer (6') and the resistance phenotype (I), designated with a 

roman numeral. A small case letter (i) is also used to signify a unique protein (Shaw et 

al., 1993). This nomenclature has proved invaluable, especially considering the large 

number of AMEs (>50) that have been identified (Davies & Wright, 1997). Several 

excellent reviews have covered the topic of AMEs in detail (Davies, 1991; Shaw et aI., 

1993; Bush & Miller, 1998; Wright, 1999b; Azucena & Mobashery, 2001; Smith & 

Baker, 2002). The following sections will therefore give only a brief overview for each of 

the APH and ANT class of enzymes, followed by a more in-depth review of the AAC 

protein class. 
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Table 1.5: Regiospecificity and examples of AG modification catalysed by the AMEs 

Class of AME and typical modification reaction 

Aminoglycoside N-Acetyltrans/erases (AACs) 

AAC(6') HN 

HO .......... , 
~ 

n- HO ........ , "'-.. 
AcCoA CoA 

Aminoglycoside O-Phosphotrans/erases (APHs) 

H3N+ 
APH(3') HO 

° )-CH3 

.a 

HO 

HO"'f • .... 
--n-- 0, /0" 5"IJ'1::I.... 

-O .... P~ 
o 

o 
ATP ADP 

U\.I'\J\.I\J ..tI.I'I:rV\J 

Aminoglycoside O-Adenylyltrans/erases (ANTs) 

H2NJ"'1 

.. Q "Y rr: N-..::::-N Qp~o-

ANT(4') HO OH 0-:' '0 
.0 .. 

~ HO .......... , ~ ...... HO .......... , IIIIIIIpI ...... 
ATP PPi 

Typical regiospecificities & AG substrates 

2' gentamicin, tobramycin, netilimicin 

6' tobramycin, netilimicin, sisomicin 

1 apramycin, paromomycin, ribostamycin 

3 gentamicin, tobramycin, sisomicin 

3' kanamycin, neomycin, ribostamycin 

2" amikacin, gentamicin, tobramycin 

3" streptomycin 

4 hygromycin 

6 streptomycin 

9 spectinomycin 

4' amikacin, tobramycin, isepamicin 

2" gentamicin, tobramycin, kanamycin 

3" streptomycin, spectinomycin 

I 6 streptomycin 

9 spectinomycin 

~ 
!:J 
[ ..... 
CIl 
I 

~ 

~ 

i 
I 

tl:l ..... 
g 
g' 
§. 

~ 
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1.5.1 Aminoglycoside Phosphotransforases (APHs) 

Phosphorylation of AGs is achieved through the activity of APR enzymes, which are 

ATP-dependent kinases that transfer the y-phosphate of ATP to a free hydroxyl group, 

generating modified AG and ADP (Table 1.5). APRs represent the second largest group 

of AMEs, with varying regiospecificity for the 3', 5", and 2" hydroxyls on 2-

deoxystreptamine-containing AGs, as well as the 4 & 7" positions on hygromycin, the 9 

hydroxyl on spectinomycin, and the 3" & 6 positions on streptomycin (reviewed in 

Wright & Thompson, 1999). APR enzymes are present in pathogenic enterococci, 

staphylococci, and enterobacteriaceae, commonly encoded on resistance plasmids or 

transposons (Shaw et al., 1993; Wright, 2002). Chromosomally encoded APR genes have 

also been identified, however, in AG producing bacteria and others (Wright & 

Thompson, 1999). From a clinical standpoint, the AG resistance conferred in Gram 

positive cocci by the phosphotransferase activity of the bifunctional AAC(6')-APR(2") 

enzyme is particularly disturbing, as it can inactivate virtually all 2-deoxystreptamine­

containing AGs (Culebras & Martinez, 1999). Characterization of numerous APRs has 

contributed to a greater understanding of AG resistance conferred by these kinases 

(Wright & Thompson, 1999; Azucena & Mobashery, 2001; Smith & Baker, 2002). In 

particular, the crystal structure of APR(3 ')-IDa reveals that this phosphotransferase is 

structurally homologous to eukaryotic protein kinases (Ron et al., 1997), suggesting an 

evolutionary link and also complementing previous inhibitor studies (Daigle et al., 1997). 
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1.5.2 Aminoglycoside Adenylyltransferases (ANTs) 

ANTs catalyse the regiospecific transfer of an adenylyl group from ATP to an AG 

hydroxyl group, generating pyrophosphate (PPi) and modified drug (Table 1.5). Enzymes 

with regiospecificity for the 4'& 2" hydroxyls on 2-deoxystreptamine-containing AGs, 

the 6 & 3" positions on streptomycin, and the 9 & 3" hydroxyls on spectinomycin have 

been identified (Shaw et 01., 1993). The ANTs are currently the smallest group of 

AMEs, with less than 10 unique proteins identified to date (Wright, 2002). Similar to 

other AG inactivating enzymes, ANTs are encoded on resistance plasmids and 

transposons for easy dissemination of ant(2 '') and ant(3 '') genes among Gram negative 

bacteria and ant(4,), ant(6), and ant(9) genes among Gram positive bacteria (Shaw et 01., 

1993). The ant(6 ')-lb gene from Bacillus subtilis, however, is encoded on the 

chromosome (Ohmiya et 01., 1989). AG modification by ANT(2") enzymes is of 

particular clinical relevance, as this activity confers resistance to the important AGs 

tobramycin and gentamicin in several Gram negative pathogens (Miller et 01., 1997). 

Characterization of ANT(2")-Ia from E. coli has provided valuable information regarding 

the mechanism of AG modification by this important subclass of ANTs (reviewed in 

(Wright, 2002)). Further insight has come from the structural determinations of ANT(4')­

Ia from S. aureus, which represented the mst reported crystal structures of any AME 

(Sakon et 01., 1993; Pedersen et 01., 1995). Interestingly, the overall fold of this enzyme 

showed high structural homology to eukaryotic DNA polymerases, which led to the 

recognition that ANTs are members of a larger nucleotidylyltransferase superfamily 

(Aravind & Koonin, 1999). 
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1. 5.3 Aminoglycoside Acetyltransferases (AACs) 

The AACs represent the largest group of AG inactivating enzymes, with over 48 

unique enzymes identified from both Gram positive and Gram negative bacteria (see 

Table 1.6). These AMEs transfer the acetyl group from AcCoA to AG free amino groups 

predominantly, producing acetylated AG and CoA (Table 1.5). This family is grouped 

into AAC(1), AAC(3) AAC(2'), and AAC(6') enzymes, based on the regiospecificity of 

modification to 2-deoxystreptamine-containing AGs as well as fortimcin and apramycin 

(Shaw et al., 1993). A current list of known AAC enzymes is included in Table 1.6. 

Acetyl transfer to the aminocyclitol ring of AGs occurs by the action of AAC(1) and 

AAC(3) enzymes. Two AAC(1) enzymes have been identified to date, one conferring 

apramycin resistance in E. coli (Lovering et al., 1987) and the other acetylating 

paromomycin in an actinomycete strain but oddly not conferring resistance to this drug 

(Sunada et al., 1999). Both proteins are of little clinical relevance. In contrast, AAC(3) 

enzymes complicate the treatment of many bacterial infections due to their inactivation of 

tobramycin and gentamicin (Miller et al., 1997; Wright, 2002). AAC(3)-I from Serratia 

marcescens was studied in detail in the 1970s by Northrop's group, revealing a broad AG 

substrate specificity for this AAC and the kinetic mechanism of acetyl transfer (Williams 

& Northrop, 1976, 1978a, 1978b). An inhibitory bisubstrate analog for this protein was 

also designed by this group (Williams & Northrop, 1979). More recent findings have 

come from the structural elucidation of AAC(3)-I in complex with CoA, the first AAC 

crystal structure to be reported (Wolf et al., 1998). 
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Table 1.6: Me family of enzymes 

Enzyme Host Bacteria AG Resistance Referenceb 

ProIDetl 

AACU) Escherichia coli Apr, Liv, Paro, Ribo Lovering et 01.,1987 
Actinomycete strain unknown Sunada et al., 1999 

AAC(3)-I Gent, Fort 

AAC(3)-I Serratia marcescens Javier Teran et aI., 1991 
AAC(3)-1b P. aeruginosa Schwocho et al., 1995 
AAC(3)-Ic P. aeruginosa Riccio et aI., 2003 

AAC(3}:II Gent, Tob, Dbk, Nt!, 
2'Nt!, 6'Ntl, Siso 

AAC(3)-lla Enterobacteriaceae Allmansberger et aZ., 1985 
AAC(3)-llbc S. marcescens Rather et aI., 1992 
AAC(3)-llc E. coli Javier Teran et al., 1991 

AAC(3}:m Gent, Tob, Dbk, 
Kan, 5-Epi, Siso, 
Neo, Paro, Liv 

AAC(3)-illa P. aeruginosa Vliegenthart et al., 1991 
AAC(3)-llIb P. aeruginosa AAA25682 
AAC(3)-illc P. aeruginosa AAA25683 

AAC(3)-JVa E. coli Apr, Gent, Tob, Dbk, Hedges & Shannon, 1984 
Nt!, 2'Nt!, 6'Nt!, Siso 

AAC(3) mise 

AAC(3)-VIa Enterobacter cloacae Gent, 6'Ntl, SOO Rather et al., 1993a 
AAC(3)-Vll Streptomyces rimosus unknown Lopez-Cabrera et al., 1989 
AAC(3)-VllI Streptomyces fradiae unknown Salauze et ai., 1991 
AAC(3)-IX Micromonospora chalcea unknown Salauze et aZ., 1991 
AAC(3)-X S. griseus Gent, Kan, Dbk Hotta et al., 1988 

AAC(2'l:I Gent, Tob, Dbk, 
Ntl, 2 'Nt!, Siso 

AAC(2')-1a Providencia stuartii Rather et aI., 1993b 
AAC(2')-1b Mycobacterium fortuitum Afnsa et al., 1996 
AAC(2')-Ic Mycobacterium tuberculosis Afnsa et aI., 1997 
AAC(2')-Id Mycobacterium smegmatis Afnsa et aI., 1997 
AAC(2')-Ie Mycobacterium Zeprae Cole et ai., 2001 
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Table 1.6: continued 

Enzyme 

AAC(6')-I 

AAC(6')-Ia 
AAC(6')-Ib 
AAC(6')-Ic 
AAC(6')-Id 
AAC(6')-Ie 
AAC(6')-If 
AAC(6')-Ig 
AAC(6')-Th 
AAC(6')-Ii 
AAC(6')-Ij 
AAC(6')-Ik 
AAC(6')-Il 
AAC(6')-Im 
AAC(6')-In 
AAC(6')-Iq 
AAC(6')-Ir 
AAC(6')-Is 
AAC(6')-It 
AAC(6')-Iu 
AAC(6')-Iv 
AAC(6')-Iw 
AAC(6')-Ix 
AAC(6')-Iy 
AAC(6')-Iz 

AAC(6'l-ll 

AAC(6')-TIa 
AAC(6')-IIb 
AAC(6')-TIc 

Host Bacteria AG Resistance 
Prome/J 

Tob, Dbk, Amk, 5-Epi 
Ntl, 2'Ntl, Siso 

Citrobacter diversus 
S. marcescens 
S. marcescens 
Klebsiella pneumoniae 
Enterococcus faecalis & Fort 
Enterobacter cloacae 
Acinetobacter haemolyticus 
Acinetobacter baumanni 
Enterococcus faecium 
A. baumanni 
Acinetobacter sp. CIP-AI65 
Enterobacter aerogenes 
Citrobacter freundii 
C·freundii 
Klebsiella pneumoniae 
Acinetobacter sp. 14 
Acinetobacter sp. 15 
Acinetobacter sp. 16 
Acinetobacter sp. 17 
Acinetobacter sp. 631 
Acinetobacter sp. 640 
Acinetobacter sp. BM27222 
Salmonella enterica 
Stenotrophomonasmaltophilia 

P. aeruginosa 
Pseudomonas fluorescens 
P. aeruginosa 

Gent, Tob, Dbk, 5-Epi 
Ntl, 2'Ntl, Siso 

McMaster - Biochemistry 

Referenceb 

Tenover et aI., 1988 
Tran van Nhieu & Collatz, 1987 
Shaw et al., 1992 
Schmidt et al., 1988 
Ferretti et al., 1986 
Teran et aI., 1991 
Lambert et al., 1993 
Lambert et al., 1994 
Costa et al., 1993 
Lambert et al., 1994 
Rudant et al., 1994 
Bunny et aI., 1995 
Hannecart-Pokorni et al., 1997) 
Wu et aI., 1997 
Centron & Roy, 1998 
Rudant et aI., 1999 
Rudant et al., 1999 
Rudant et al., 1999 
Rudant et al., 1999 
Rudant et al., 1999 
Rudant et aI., 1999 
Rudant et aI., 1999 
~agneteta1., 1999 
Lambert et al., 1999 

Rather et aI., 1993a 
AAA25680 
AAD46626 

a AG resistance profile refers to the in vivo resistance conferred by the enzyme which identifies the regiospecificity 
and AG resistance profile (information gathered fom Shaw et aI. (1993». The abbreviations used are; 
Gent, gentamicin; Tob, tobramycin; Dbk. dibekacin; Ntl, netilimicin; 2'Ntl, 2'-N-ethylnetilm:icin; 6'Ntl, 
6'-N-ethylnetilmicin; Siso, sisomicin; 5-Epi, 5-episisomicin; Fort, fortimicin; Apr, apramycin; Liv, lividomycin; 
Pam, paromomycin; Ribo, ribostamycin; Kan, kanamycin. Neo; neomycin. 

b protein sequences that were submitted directly into the NCBI databank are referenced with the protein id. 
e also referred to as AAC(3)-Vb (Shaw et aZ., 1993) 
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Most remarkable about the AAC(3)-I fold was the striking structural homology it 

shared with the yeast histone acetyltransferase yHATl (Dutnan et al., 1998), even in the 

absence of significant amino acid sequence homology. Based on their structures, these 

two enzymes became the first representative members of the GeN5 related N­

acetyltransferase (GNAT) superfamily, a diverse group of prokaryotic and eukaryotic 

enzymes that share conserved structural motifs important for the binding of AcCoA 

(Neuwald & Landsman, 1997; Dyda et aI., 2000). Interestingly, the three dimensional 

structures of AAC(6')-Ii from E. faecium (Wybenga-Groot et al., 1999) and AAC(2')-Ic 

from M tuberculosis (Vetting et al., 2002) reveal that these proteins are also GNAT 

members, suggesting that all AAC enzymes, regardless of regiospecificity, share a 

common structural fold. The GNAT superfamily is discussed in more detail in chapter 4 

and has also been reviewed elsewhere (Dyda et al., 2000). 

The final two subclasses of AACs modify the primed ring of 2-deoxystreptamine­

containing AGs. The AAC(2') group of enzymes is made up of 5 unique proteins that are 

chromosomally encoded in Providencia or Mycobacterium species (Table 1.6). Although 

these enzymes do not confer clinically relevant AG resistance, characterization of 

AAC(2")-Ia from P. stuartii (payie et al., 1995; Payie & Clarke, 1997) and AAC(2")-Ic 

from M tuberculosis (Hegde et al., 2002; Vetting et al., 2002) have pointed to alternate 

functions for these proteins in vivo. In addition, the structural elucidation of AAC(2')-Ic 

in complex with CoA and various AG substrates has provided valuable information on 

the binding of AGs by this enzyme, with possible relevance to other AACs. 
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The AAC(6') subfamily of modifying enzymes is the largest of any AME subclass, 

with 27 unique enzymes (Table 1.6). The majority of these genes are encoded on 

transferable resistance plasmids and transposons, with exceptions including the 

chromosomally encoded aac(6 ')-Ic, aac(6 ,)-li, aac(6 ')-Iy, and aac(6 ')-Iz genes, as well 

as the aac(6') genes identified from species of Acinetobacter (see Table 1.6). Clinically 

relevant resistance conferred by the activity of these N-acetyltransferases is almost 

exclusive to Gram negative bacteria, with the exception of AAC(6')-Ii activity in 

enterococci (Costa et al., 1993) and AAC(6')-APH(2") activity in enterococci and 

staphylococci (Ferretti et aI., 1986). AG Modification by the bifunctional enzyme has 

been shown to account for almost half of the observed AG resistance in pathogenic 

Staphlococcus aureus and E. faecalis (Miller et al., 1997). Similarly, the low-level 

intrinsic resistance conferred by AAC(6')-Ii complicates the clinical treatment of 

infections caused by E.faecium (Costa et al., 1993). 

All AAC(6')s have the capacity to acetylate clinically useful AGs, including 

amikacin in the case of the AAC(6')-I enzymes and gentamicin for the AAC(6')-II class 

(Shaw et aI., 1993). As a large group, these enzymes share between 10 to 15 % amino 

acid sequence homology (Shaw et al., 1993), with sequence alignment of these proteins 

identifying several distinct subgroups of 6' N-acetylating enzymes, represented in Figure 

1.2 by a phylogenetic tree. In particular, AAC(6')-Ii from E. faecium shares over 40% 

amino acid sequence homology with AAC(6')-Ia from Citrobacter diversus (Tenover et 

al., 1988), AAC(6')-n from Citrobacter freundi (Hannecart-Pokorni et al., 1997), and 

AAC(6')-Iq from Klebsiella pneumoniae (Centron & Roy, 1998). 
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Figure 1.2: Phylogenetic relationships among the AAC(6') subfamily of enzymes. 
For simplicity, only the AG resistance profile (I or II) and the unique protein designation 
is shown. The host organisms and other details for each of the AAC(6') enzymes can be 
found in Table 1.6. Sequences were aligned using the program. Clustal W (Thompson et 
aZ., 1994). The unrooted phylogenetic tree was generated using TreeView (page, 1996), 
with the branch scale at left signifying 0.1 nucleotide substitutions per site. 
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Studies on several AAC(6') proteins have helped to characterize the enzymatic 

activity oftheseAG resistance determinants. Research on AAC(6')-Iy from Salmonella 

enterica has characterized this enzyme and the mechanism by which the cryptic 

chromosomal gene is activated (Magnet et al., 1999; Magnet et al., 2001; Hegde et al., 

2002). Studies in our lab have concentrated on the bifunctional AAC(6')-APH(2') and 

AAC(6)-Ii enzymes from Gram positive cocci, with several published reports on their 

kinetic characterization (Wright & Ladak, 1997; Daigle et al., 1999a; Daigle et al., 

1999b), structural determinations (Wybenga-Groot et al., 1999), and inhibitor studies 

(Daigle et aI., 1997; Sucheck et al., 2000; Boehr et al., 2003a; Boehr et aI., 2003c). The 

following section will give a brief overview of what is known about AAC(6')-Ii, the 

enzyme that is the focus of the research described in this thesis. 

1.6 AAC(6')-li From Enterococcus/aecium 

The chromosomal aac(6?-li gene was characterized in 1993 by Costa et al., who first 

reported the sequence of the gene and the encoded acetyltransferase protein of - 21 kDa 

(Costa et al., 1993). Insertional inactivation of the aac(6')-li gene confirmed that 

expression of the modifying enzyme was responsible for the low-level aminoglycoside 

resistance observed in E. faecium (Costa et al., 1993). The AAC(6')-Ii enzyme was 

subsequently overexpressed in E. coli and successfully purified by a three step 

chromatography procedure, as shown in Figure I.3A (Wright & Ladak, 1997). A robust 

continuous kinetic assay first described by Williams & Northrop (l978a) is used to 

monitor AAC(6')-li acetyl transfer activity in the steady-state (Figure 1.3B). 
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Figure 1.3: AAC(6')-1i purification and spectrophotometric assay. Shown in A. is 
the purification of AAC(6')-Ii from E. coli overexpressing the 21 kDa protein. The 
SDS-20% polyacrylamide gel was stained with Coomassie blue. Lane 1, molecular 
mass standards; lane 2, unpurified cell lysate; lane 3, pooled fractions after anion 
exchange chromatography; lane 4, pooled fractions after gel filtration chromatography; 
lane 5, pure AAC(6)-Ii collected after affinity chromatography. See Wright & Ladak 
(1997) for additional purification details. B. Continuous spectrophotometric assay used 
to detect AAC(6')-Ii acetyl transfer activity. The assay involves the in situ titration of 
CoA product with DTDP, generating a thiolate species that absorbs at 324 nm. 
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Initial in vitro studies on purified AAC(6')-Ii revealed a stable enzyme that exists as 

a homodimer in solution and displays a broad AG substrate specificity and varying 

kinetic properties depending on the aminoglycoside substrate (Wright & Ladak, 1997). 

Different binding modes for the 4,5- and 4,6-disubstituted deoxystreptamine AGs were 

hypothesized based on steady-state kinetic analysis (Wright & Ladak, 1997) and further 

supported by NMR spectroscopy studies (DiGiammarino et al., 1998). In addition, 

specificity constants were found to be fairly low (leeaJKm - 104 M-1s-1) and minimum 

inhibitory concentrations (MICs) were observed to be positively correlated to leea!' the rate 

at saturating AG, and not kcat IKm, the rate at subsaturating AG, revealing a suboptimal 

level of AG detoxification by this AME (Wright & Ladak, 1997). These results, together 

with the chromosomal origin of the aac(6')-Ii gene, suggested that this protein may have 

another function in E. faecium besides aminoglycoside modification (Wright & Ladak, 

1997). 

The structural determination of AAC(6')-Ii in complex with AcCoA, solved by 

Wybenga-Groot et al. (1999), provided a great deal of information relevant to the binding 

of substrates by this protein and the mechanism of acetyl transfer. It also identified this 

enzyme as a member of the GNAT superfamily, which already included AAC(3')-I and 

the histone acetyltransferase yHAT based on the previously reported crystal structures 

(Dutnall et al., 1998; Wolf et al., 1998). Biochemical evidence gathered by myself (see 

chapter 7) also revealed that AAC(6')-Ii can acetylate eukaryotic IDIH4 histones and a 

number of small basic proteins, suggesting that certain members of the GNAT 

superfamily are both structural and functional homologs (Wybenga-Groot et aZ., 1999). 
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The AAC(6')-li monomer has an obvious V-like structure, consisting ofN- and C-

terminal domains that diverge as a result of a GNAT-conserved J3-bulge in J3-strand 4 

(Wybenga-Groot et al., 1999). This separation forms a cleft-like region between the two 

domains and creates an AcCoA binding site, as shown in Figure 1.4. Interestingly, the 

majority of contacts made between the protein and AcCoA are made through interactions 

with the main chain backbone of the protein (Wybenga-Groot et al., 1999). A negatively 

charged surface patch in active site proximity is also apparent from the structure and is 

believed to draw in the cationic AG substrate (Wybenga-Groot et al., 1999). The 

structure of the AAC(6')-Ii dimer with bound CoA has also been recently reported (Burk 

et al., 2003), with relevance to some of the research described in the chapters that follow. 

Figure 1.4: Structure of the AAC(6')-Ii monomer in complex with AcCoA 
(Wybenga-Groot et aL, 1999). As shown above, AcCoA is bound in the cleft-like 
region between the N-terminal (left) and C-terminal (right) domains of the monomer. 
This figure was generated using the pdb code 1 b87 and PyMOL molecular graphics 
software (DeLano, 2002). 
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1.7 MC(6 ')-li Research Described Here 

This thesis describes the further characterization of the AAC(6')-Ii protein, which 

has entailed many different avenues of study. Chapter 2 summarizes research that was 

done to better understand the substrate-induced confonnational changes observed for this 

enzyme, shown to be an essential part of acetyl transfer catalysis. The next chapter 

reports the kinetic mechanism of AAC(6')-Ii, which describes the order of substrate 

binding and formation of a ternary complex required for productive AG inactivation. 

Studies to further defme the molecular mechanism of AAC(6')-Ii catalysis is then 

detailed in chapter 4, which describes the characterization of several GNAT-conserved 

residues and their potential role in AAC(6')-Ii acetyl transfer chemistry. Similarly, the 

chapter that follows investigates the role of several negatively charged amino acids in AG 

binding. Chapter 6 summarizes various inhibitor studies, including the characterization of 

several cationic peptides that were shown to inhibit AAC(6')-Ii as well as other AMEs. 

Finally, chapter 7 describes numerous studies perfonned with wild type and mutant 

strains of E.faecium in attempts to identify an alternate in vivo role for AAC(6')-Ii. 

Overall, the research described here contributes to a greater understanding of the 

mechanism of AG modification by this resistance enzyme, with relevance to other AACs 

and even other important proteins that are part of the GNAT superfamily. A detailed and 

extensive understanding of the different classes of AMEs, achieved by studying the 

enzymology and mechanism behind AG inactivation, win no doubt lead to methods to 

ultimately overcome AG resistance. 
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Chapter 2 

Ligand-Induced Conformational Cbanges in AAC(6')-1i 
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2.0 Summary 

The research described in this chapter characterizes the confonnational changes 

observed for AAC(6')-Ii in response to the binding of both AcCoA and AG substrates. 

Through a series of studies including partial proteolysis, tryptophan fluorescence, circular 

dichroism, and l~)H NMR, we have demonstrated that this enzyme undergoes a 

significant structural rearrangement upon the binding of AcCoA, with changes also noted 

in response to AG binding. Our results have established that AAC(6')-Ii is in a flexible, 

open confonnation in its ligand-free fonn and assumes a closed confonnation upon 

substrate binding, thereby generating a catalytically competent enzyme. The elucidation 

of the AAC(6')-Ii·AcCoA crystal structure that succeeded these studies (Wybenga-Groot 

et ai., 1999) allowed us to further interpret our results in the context of the proteins' 

tertiary structure, as well as to identify the correct dimer interface from numerous 

alternatives presented by the crystal structure data. 

We gratefully acknowledge the l~)H NMR work done by Dr. Kevin Gardner at the 

University of Toronto, Department of Medical Genetics and Microbiology. We also thank 

Dr. Kirk Green, who perfonned the mass spectrometry analysis of AAC(6')-Ii proteolytic 

fragments at the McMaster Regional Center for Mass Spectrometry. Lastly, we thank 

Leanne Wybenga-Groot, who solved the AAC(6')-Ii·AcCoA binary complex structure at 

McMaster and provided valuable crystallographic data that aided in the identification of 

the AAC(6')-Ii physiological dimer. 
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2.1 Introduction 

Protein confonnational changes in response to ligand binding are a well documented 

phenomenon and the subject of many comprehensive reviews (Gerstein et al., 1994; 

Hammes, 2002; Yon et al., 1998). The motions of structural domains within proteins 

have been repeatedly demonstrated to be essential for a wide range of protein functions, 

including efficient catalysis by several classes of enzymes such as dehydrogenases, 

kinases, synthases, proteases, and many others (Gerstein et al., 1994). The idea that 

substrate-induced confonnational changes are a requirement for catalysis was first 

proposed in Koshland's induced-fit theory of enzyme specificity, which consists of a set 

of postulates outlining the importance of structural rearrangements upon ligand binding in 

order to generate enzyme specificity and the proper orientation of substrates in the active 

site (Koshland, 1958). The extent of a substrate-induced confonnational change can vary 

greatly depending on the protein, with only subtle changes localized to the active site in 

some instances and much larger movements, sometimes distant from the active site, 

observed for other enzymes. A classic example of the latter case is ligand-induced 

domain closure, in which a substrate binds in a cleft-like region between two domains 

and induces a "closed" protein conformation (Gerstein et al., 1994). X-ray 

crystallography in particular has provided a wealth of information regarding enzyme 

confonnational changes, largely based on structural comparisons of an enzyme in 

uncomplexed versus complexed fonns (Gerstein et al., 1994; Yon et al., 1998). 

Additional methods such as fluorescence spectroscopy and NMR can also aid in 
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characterizing the nature and extent of ligand-induced protein movements (Yon et ai., 

1998), and often complement crystallographic studies. 

Recent work on several different GNAT enzymes has revealed that substrate-induced 

conformational changes are common for this superfamily. In particular, yeast histone 

acetyltransferase (HAT) has been shown to become refractory to protease digestion upon 

formation of the HA T·AcCoA complex, suggesting a change in protein conformation 

upon association with cofactor (Dutnall et ai., 1998). As well, crystal structures of the 

tetrahymena GCN5 enzyme with bound AcCoA as well as the ternary complex indicate 

that cofactor binding of essential in orienting the protein for proper histone binding and 

N-acetyltransfer (Rojas et ai., 1999). Similarly, the structure of serotonin N­

acetyltransferase (AANAT) in complex with a bisubstrate analog shows that cofactor 

binding is accompanied by both changes in secondary structure and conformation in order 

to form the serotonin binding site (Hickman et ai., 1999a; Hickman et ai., 1999b). 

This chapter focuses on the conformational changes in AAC(6')-li in response to 

both AcCoA and AG binding. In the absence of a three-dimensional structure of 

AAC(6')-li in unliganded or ternary complex forms, we turned to a series of experiments 

including protease susceptibility and Trp fluorescence to probe local conformational and 

general structural changes in response to ligand binding. Our results complement the 

structural determinations for this enzyme (Wybenga-Groot et ai., 1999; Burk et ai., 2003) 

and also contribute important protein structural information relevant to AAC(6')-li 

catalysis. 
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2.2 Materials and Methods 

2.2.1 Reagents 

McMaster - Biochemistry 

Kanamycin A, paromomycin, neomycIn, 4,4'-dithiodipyridine, subtilisin, 2-[N­

morpholino ]ethansulfonic acid (MES), and phenylmethylsulfonyl fluoride (PMSF) were 

from Sigma. AcCoA was from Boehringer Mannheim. 

2.2.2 AAC(6 ')-li Purification and Steady-State Kinetic Assays 

Wild type and mutant AAC(6')-li proteins were purified by anion exchange, gel 

filtration and affinity column chromatography as previously described (Wright & Ladak, 

1997). AG-dependent acetyltransferase activity was monitored during purification and 

steady-state kinetic studies by in situ titration of free coenzyme A with 4,4'­

dithiodipyridine as described previously (Williams & Northrop, 1978; Wright & Ladak, 

1997). Assay conditions for kinetic analysis of mutant AAC(6')-li enzymes were similar 

to those described for the wild type protein (Wright & Ladak, 1997). 

2.2.3 Proteolysis Studies and Mass Spectrometry 

The susceptibility of AAC(6')-li to the serine protease subtilisin was assessed by 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis. 

Reaction mixtures typically contained 20 ng subtilisin per 1 J.1g of purified AAC(6')-li in 

SO mM HEPES, pH 7.S, 40 mM KCl, 10 mM MgCh, and 2 mM CaCho AAC(6')-li was 

treated with protease for varying times from 0 to 75 min. Reactions were quenched with 

100 mM PMSF, applied onto 20% SDS polyacrylamide gels, and protein fragments 

separated by electrophoresis at a constant voltage of200 V. The gels were stained with 
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Coomassie blue for visualization of intact protein and proteolytic fragments. 

Susceptibility of AAC(6')-li to subtilisin digestion was further determined in the presence 

of various combinations of AcCoA and/or AG. Reactions were prepared as described 

above with the addition of either 100 .... M paromomycin, 250 J.1M AcCoA, or 100 .... M 

paromomycin + 250 .... M AcCoA. Proteolysis was allowed to proceed for a maximum of 

75 min. All digestions were performed at room temperature with appropriate controls 

that contained no protecting agent. 

N-terminal sequence determinations were performed on proteolytic fragments 

produced from digestion of free AAC( 6')-li with subtilisin. Peptide fragments were 

electroblotted onto polyvinylidene difluoride membranes as previously described (Xu & 

Shively, 1988). N-terminal sequencing was performed at the HSClPharmacia 

Biotechnology Service Center, University of Toronto (Toronto, Ontario) using a Proton 

Gas-Phase Microsequencer with in-line 3-phenyl-2-thiohydantoin amino acid analysis. 

Electrospray mass spectrometric analysis was also performed on AAC(6')-li proteolytic 

fragments to aid in identifying the precise sites of cleavage. Digestion reactions were 

prepared as described above and separated over a Superdex 75 gel filtration column 

(pharmacia) to isolate full length AAC(6')-li and ca. 17 and 15 kDa fragments. 

Electrospray mass spectrometry was performed at the McMaster Regional Center for 

Mass Spectrometry using a Micromass Quatro LC triple quadropole mass spectrometer in 

positive ion mode and a 15 J.1M sample in H20 + 0.2% formic acid in acetonitrilelH20. 
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2.2.4 Protein 15N)HNMR 

To further characterize the protein conformational changes suggested from partial 

proteolysis data, several l~_lH NMR experiments were performed. l~-labeled 

AAC(6')-Ii was obtained by purification of the protein from cells grown in M9 minimal 

medium (Ausubel et al., 1994) supplemented with l~CI (0.5g1500 mL). Sensitivity­

enhanced l~)H HSQC spectra (Kay et al., 1992) were recorded on samples of 

uniformly l~-labeled AAC(6')-Ii containing either 100 J.!M or 200 J.!M protein in 0.5 mL 

of 100 mM sodium phosphate buffer pH 6.0, 0.25 mM EDTA and 90% H20:1O% D20. 

All spectra were obtained using a 500 MHz Varian Unity Inova spectrometer, using a 

sample temperature of 40 °C. Each spectrum was collected as a 64*ct~x512*ctH) point 

matrix and used 16 (32) scans per transient for the 200 J.1M (100 J.1M) samples. 

2.2.5 Spectroscopic Studies 

2.2.5.1 Circular Dichroism (CD) Spectroscopy 

We employed CD spectroscopy to investigate whether ligand binding to AAC(6')-Ii 

induces observable changes in protein secondary structure. CD spectra of AAC(6')-Ii 

were recorded using a Jasco J600A spectropolarimeter. Samples were scanned from 250 

to 190 nm at room temperature using 0.1 cm path length quartz cells. Samples contained 

10 mM phosphate buffer, pH 6.0 with 5 J.1M wild type AAC(6')-li and various 

combinations of 100 J.!M paromomycin and/or 125 J.1M AcCoA. All samples were 

baseline corrected using baseline spectra for buffer alone, paromomycin, and/or AcCoA 

as appropriate. 
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2.2.5.2 Fluorescence Spectroscopy Measurements 

The intrinsic fluorescence of tryptophan residues in AAC(6')-Ii was utilized to probe 

changes in enzyme conformation in response to ligand binding. Fluorescence 

measurements were performed at 37 0 C using an SLM-Aminco Series 2 luminescence 

spectrometer with a temperature-regulated cuvette block and 1 cm path length quartz 

cuvettes. Tryptophan fluorescence was selected by excitation at 295 nm and emission 

spectra obtained by scanning between 310 and 430 nm. Excitation and emission slit 

widths were set at 4 nm. Samples contained 5 J.1M AAC(6')-Ii protein (wild type or Trp 

site mutants, see below) in 25 mM MES, pH 6 and 1 mM EDTA, with the addition of 

various combinations of 100 J.1M paromomycin and/or 125 J.1M AcCoA. All fluorescence 

spectra were baseline and instrument corrected. 

2.2.6 Site-Directed Mutagenesis of AAC(6 ')-li Trp Residues 

In an effort to investigate the contribution of individual Trp residues to the 

fluorescence changes observed in response to ligand, four AAC(6')-Ii site-mutants were 

created for subsequent fluorescence and steady-state kinetic analysis. Each mutant 

replaced one of the four Trp residues in the enzyme with Ala. The Trp25Ala and 

Trp71Ala mutations were generated by amplifying the full-length mutant aac(6 ')-1i gene 

from pPLaac-l (Wright & Ladak, 1997) using the oligonucleotide primers 5' 

GAATTCCATATGATAATCAGTGAATTTGACCGTAAAATCCAGTATTGAAAGA 

CCAGCTTTCTGATTTACTGAGACTGACTGCGCCGGAAGAATATGG 3' and 5' GC 

CCAAGCTTTATTGAGAATCTGGTCGAGG 3' for Trp25Ala, and 5' GGAA TTCCA 
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TATGATAATCAGTGAATTTGAC3'Md5'GCCCAAGCTTTATTGAGAATCTGG 

TCGAGGAA T AATCGTTTTTGCCATCGCAATATCC 3' for Trp170Ala. Polymerase 

chain reaction (PCR) amplifications were performed using Vent DNA polymerase (New 

EnglMd Biolabs) Md consisted of 30 cycles of 1 min at 94 0 C, 1 min at 50 0 C, Md 2 min 

at 72 0 C. The mutated genes were subcloned into pET22-b (+) (Novagen, Madison, WI) 

using the restriction enzymes NdeI Md HindIIl to generate the expression constructs 

paac-W25A Md paac-W170A. The Trp71Ala Md Trp164Ala mutMts were generated 

using the QuikChMge site-directed mutagenesis protocol (Stratagene) Md the mutagenic 

oligonucleotide primers 5' CTCAATACGGTATCACAGGTGCGGAATTGCATCC 3' 

(Trp71Ala) Md 5' CCAAATGCAAATGGTGCGGACAAACCG 3' (TrpI64Ala) in 

addition to their respective reverse complementary sequence. The wild type aac(6 ')-li 

gene was subcloned from pPLaac-1 into the pET22-b (+) vector (Novagen, Madison, WI) 

to create paac-WT for use as template DNA. PCR amplifications were performed with 

Pfu DNA polymerase by 16 cycles consisting of 12 min at 68 0 C, 1 min at 55 0 C, Md I 

min at 94 0 C. PCR products were treated with Dpn I Md the nicked vector DNA used to 

trMsform E. coli XLI-Blue competent cells to generate the plasmids paac-W71A Md 

paac-WI64A. The presence of the desired mutation in all mutMt aac(6')-li genes Md 

the absence of adventitious mutations was confirmed by complete gene sequencing at the 

Central Facility of the Institute for Molecular Biology Md Biotechnology, McMaster 

University. All constructs were used to trMsform E. coli BL21 (DE3) competent cells for 

subsequent enzyme overexpression Md purification. 
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2.3 Results and Discussion 

2.3.1 Partial Proteolysis Studies 

McMaster - Biochemistry 

Incubation of purified AAC(6')-li with the Ser protease subtilisin results in cleavage 

of the 20.7 kDa protein first into a fragment of ~ 17 kDa followed by the appearance of a 

~ 15 kDa peptide as assessed by SDS-PAGE (Figure 2.1A). N-terminal sequencing of 

both proteolytic fragments yielded the sequence MIISEFD which corresponds to the N­

terminal sequence of AAC(6')-li, indicating that proteolytic cleavage occurs successively 

in the C-terminus. Further analysis by electrospray mass spectrometry gave accurate 

masses of the proteolytic fragments to be 15 427 and 13 463 Da, with an additional 

smaller fragment of 5301.6 Da identified. These results indicate, within 1 Da, that free 

AAC(6')-li is first cleaved in a loop region C-terminal to Gln137 to generate fragments 1-

137 (15.4 kDa) and 138-182 (5.3 kDa), with subsequent cleavage of the larger peptide 

fragment C-terminal to Leu120, also within a loop region, to generate an additional 13.5 

kDa fragment 120 amino acids in length (Figure 2.2). 

AAC(6')-li was shown to have a decreased protease susceptibility in the presence of 

both AcCoA and AG, revealing that the binding of these ligands induces a 

conformational change in the enzyme to a form which is resistant to proteolysis. Based 

on the identified sites of proteolysis for the free enzyme, the conformational changes can 

be somewhat localized to the C-terminalloop region (Figure 2.2). More specifically, the 

enzyme is almost completely protected upon formation of the AAC(6')-li·AcCoA and 

ternary complex, with less protection offered by the binding of AG (Figure 2.1B). 
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Figure 2.1: Partial proteolysis of AAC(6')-Ii in the presence and absence of 
ligands. The SDS-20% polyacrylamide gels were stained with Coomassie blue. All 
samples were prepared as described in materials and methods. A. Susceptibility of 
free AAC(6')-Ii to subtilisin digestion when incubated for: lane 2, 0 min; lane 3, 2 
min; lane 4, 5 min; lane 5, 10 min; lane 6, 15 min. Lane 1, molecular mass 
standards. B. Proteolysis of AAC(6')-Ii in the presence of: lane 2, no ligands; lane 3, 
paromomycin; lane 4, AcCoA; lane 5, paromomycin + AcCoA. Lane 6, untreated 
AAC(6')-Ii; and lane 1, molecular mass standards. 
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Figure 2.2: Sites of AAC(6')-ll cleavage by subtilisin. Digestion of free enzyme 
with the Ser protease subtilisin gives two main sites of hydrolysis per monomer, 
shown as sites A and B. The first site of cleavage (site A) occurs C-terminal to 
Gln137 to generate 15.4 kDa (blue & green) and 5.3 kDa (red) fragments. The 
15.4 kDa fragment is then successively cleaved C-terminal to Leu120 (site B) to 
produce a 13.5 kDa fragment (blue). The dimeric AAC(6')-Ii·CoA complex is 
shown (pdb code IN71, Burk et aI., 2003) to illustrate the sites of cleavage in the 
context of the physiological dimer. Note that the indicated sites A and B are no 
longer accessible to protease upon formation of the AAC(6')-Ii·AcCoA binary 
complex. This figure was generated using the molecular graphics software 
PyMOL (DeLano. 2002). 
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The fact that the AcCoA·AAC(6')-Ii binary complex is more stable to hydrolysis than 

the paromomycin·AAC(6')-Ii complex indicates that the binding of cofactor induces a 

more significant change in AAC(6')-Ii conformation compared to the that induced by 

AG. Although only the AAC(6')-Ii·AcCoAiCoA structures have been elucidated, 

substantial alterations in protein movement and flexibility can be envisioned upon the 

binding of AcCoA, which is within the cleft-like region between the N and C-terminal 

domains of the AAC(6')-Ii monomer (Wybenga-Groot et ai., 1999). Our protease 

susceptibility experiments also reveal that AAC(6')-Ii is almost completely protected 

from digestion in the ternary complex form, consistent with a more "closed" tertiary 

structure when both substrates are bound in the active site. 

The changes in AAC(6')-Ii conformation noted in response to paromomycin binding 

are interesting in several respects. First, we know from mechanistic studies that 

AAC(6')-Ii follows an ordered bi-bi kinetic mechanism in which AcCoA binds first 

followed by AG to form a productive ternary complex (discussed in chapter 3). This 

indicates that AcCoA must bind prior to AG in order for catalysis to occur. The work 

presented here in addition to isothermal titration calorimetry (ITC) studies discussed in 

the next chapter shows that AG can bind in the absence of AcCoA, even though this 

interaction is unproductive in a catalytic sense. It is therefore unknown whether the 

changes observed upon association of free AAC(6')-Ii with AG is relevant to catalysis, 

although the structural rearrangements seen upon formation of the ternary complex do 

support the importance of AG-induced conformational changes. 
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2.3.2 Protein 15NJHNMR 

AAC(6')-Ii was enriched in l~ by expressing the enzyme in cells grown in minimal 

medium with l~CI as the nitrogen source. The l~)H heteronuclear correlation 

experiments demonstrated a significant change upon binding of both AcCoA and 

paromomycin, as shown in Figure 2.3; 
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Figure 2.3: NMR-based evidence for ligand-induced conformational changes in 
AAC(6')-li. l~)H HSQC spectra are shown for (a) free AAC(6')-Ii; (b) AAC(6')-Ii 
with AcCoA (c) AAC(6')-li with paromomycin, and (d) the ternary complex of AAC(6')­
Ii·AcCoA·paromomycin. Ligands were present in 3-fold (b) or 6-fold (c,d) molar excess 
over the AAC(6')-Ii monomer concentration. Trp indoles are boxed in the bottom left­
hand comer of each spectra. The observable movement of one Trp residue is circled. 
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There are 205 expected amide peaks derived from AAC(6')-Ii including Trp, Asn and 

GIn side chains. In the non-complexed enzyme, 91 are clearly resolved (Figure 2.3 a). 

Upon binding of AcCoA (Figure 2.3b) or paromomycin (Figure 2.3c), the number of 

resolvable peaks increases dramatically to 154 and 135 respectively, indicative of 

confonnational changes accompanying the formation of these binary complexes. In the 

ternary complex, the number of resolved peaks increases further to 175 peaks and the 

l~)H correlation spectrum is qualitatively similar to the AcCoA bound spectrum 

(Figure 2.3d). Also interesting to note is the Trp indole resonances that were observed and 

the ligand-induced movement of one of these residues (see boxed residues in Figure 2.3). 

Overall, the increased 1~ and IH chemical shift dispersion upon ligand binding clearly 

demonstrates changes in the flexibility of the enzyme on the msec time scale, with 

significant amide reorganization in AAC(6')-Ii upon fonnation of the AAC(6')-Ii·AcCoA 

and ternary complex, and less of a change noted upon formation of the AAC( 6')­

Ii·paromomycin complex. In addition, these results correlate well with the observations 

made from our proteolysis studies. 

2.3.3 CD and Trp Fluorescence 

The CD spectrum of uncomplexed AAC(6')-li demonstrates significant negative 

ellipticity at approximately 208 nm indicative of the a.-helical component of the enzyme 

(Figure 2.4). Addition of the AG paromomycin and/or AcCoA had no observable effect 

on the resulting spectra (Figure 2.4), indicating that no large secondary structural 

rearrangements are induced in AAC(6')-Ii by the binding of AcCoA, AG, or with 
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formation of the ternary complex. This observation suggests that the changes noted from 

partial proteolysis and protein l~)H NMR studies are due to local tertiary 

conformational changes in AAC(6')-Ii in response to cofactor/substrate, and are not due 

to large-scale changes in enzyme secondary structure. 

30000 
AAC( 6')-Ii alone 

20000 
+ Acetyl-CoA -I 

+ ParolDnnycin -
~ + Acetyl-CoA & 

N 10000 
fj ParOJmmycin 
00 
.g 
'a5' ........ 0 

-10000 

190 200 210 220 230 240 250 

Wavelength (run) 

Figure 2.4: Influence of ligands on the CD spectra of AAC(6')-Ii. 
Shown are the spectra for :free and complexed forms of the enzyme 
according to the legend above. 

There are four Trp residues within AAC(6')-Ii, one in the N-terminus at position 25, 

one in the central portion of the enzyme at position 71, and two in the immediate C-

terminal region at positions 164 and 170. Trp25 is located just outside of 0,1; Trp71 is 

the second residue of ~4; Trpl64 is in the loop region between ~6 and ~7; and Trp170 is 

the third residue of~7 (Figure 2.5). 
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Figure 2.5: Structure of the AAC(6')-Ii·CoA dimer indicating the positions of the 
four Trp residues per monomer. Trp25 is located in the active site cleft and .makes 
hydrophobic contacts with AcCoA (Wybenga-Groot et ai., 1999). Trp71 is located on ~­
strand 4 and in close proximity to the AcCoA binding site. The C-terminal residues 
Trpl64 and Trp170 participate in monomer-monomer interactions. See text for 
additional details. This figure was generated using PyMOL (DeLano, 2002). 

Trp fluorescence studies with the wild type enzyme revealed a complex pattern of 

Aem blue shift, as well as changes in relative intensity upon AG binding. The free enzyme 

displays a typical Trp fluorescence spectrum with Aem of 337 nm (Figure 2.6, Table 2.1). 

Formation of either binary or ternary complexes results in a significant blue shift of Aem, 

indicative of a shift of Trp residues from a polar to a non-polar environment, consistent 

with a structural rearrangement and formation of less flexible enzyme-ligand complexes. 

Specifically, the addition of paromomycin causes a 5 nm blue shift in A.em to 332 nm, 

indicative of transfer of one or more Trp residues to a more non-polar environment. In 
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addition, a significant increase in overall quantum yield as indicated by the increase in 

relative fluorescence intensity was also observed. Binding of AcCoA also results in a blue 

shift in Aem (3 run) with no significant increase in quantum yield observed. Addition of 

both AcCoA and paromomycin results in a 9 run blue shift in Aem, with a relative intensity 

comparable to the native enzyme and compatible with an additive effect between the two 

binary complexes. These changes in Trp fluorescence are open to two possible 

interpretations. The first is that only a subset of the Trps in AAC(6')-Ii are perturbed by 

ligand binding and thus a local conformational change in the protein may account for the 

observed changes. The second possibility is that the enzyme undergoes a more global 

change in conformation and/or flexibility, resulting in alterations in the mobility and 

packing of numerous Trp residues. Knowledge of the AAC(6')-Ii·AcCoA structure 

(Wybenga-Groot et aZ., 1999) and the lack of any nearby Trps in the region protected 

from proteolysis upon ligand binding appears to support the latter hypothesis. 

15N_1H NMR correlation spectrum of AAC(6')-Ii shows at least three downfield 

peaks eH > 1 0 ppm, 1~ > 130 ppm) with chemical shifts that are consistent with three of 

four Trp indole nitrogen resonances (Figure 2.4). The chemical shifts of two of these are 

relatively invariant in position in the uncomplexed and ligand-bound forms (see boxed 

region in Figure 2.4), one of which may correspond to the C-terminal Trp170 involved in 

AAC(6')-Ii monomer-monomer interactions. It can be speculated that Trp164, which 

appears to be quite flexible in the protein dimer and distant from the active site, may 

account for the unobserved Trp indole nitrogen resonance. In addition, one of the Trps 
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undergoes a major change upon formation of the paromomycin and AcCoA binary 

complexes (circled in Figure 2.3) and thus the environment of at least one of the Trp 

residues is sensitive to the nature of the protein-bound ligand(s). We speculate that this 

residue is Trp25, since it is one of the hydrophobic residues making van der Waal's 

contacts with the ~-mercaptoeythylamine moiety of AcCoA in the active site cleft 

(Wybenga-Groot et al., 1999). Thus its mobility would be restricted somewhat in both 

binary complexes and the ternary complex, accounting for the chemical shift observed 

upon AAC(6')-li association with AG and cofactor. 

2.3.4 Site-Directed Mutagenesis of AAC(6')-li Trps 

In order to better understand the contribution of individual Trp residues to the 

fluorescence changes observed in response to ligand, we generated four AAC(6')-Ii Trp 

mutants, each having one of the four Trp residues replaced with Ala. Proteolysis 

experiments performed on purified mutant enzymes indicated, with the exception of 

WI64A, that these proteins retained the structural integrity of the wild type protein. The 

W164A variant was subsequently shown to be a monomer in solution in contrast to the 

wild type AAC(6')-li dimer and is discussed later. Steady-state kinetic analyses of the Trp 

mutants were interesting in that they revealed a significant degree of change from the 

wild type enzyme (Table 2.2). 

The W25A mutant, while displaying minimal changes in fluorescence upon ligand 

binding as compared to the wild type enzyme, did however show significant effects on 

enzyme activity and substrate recognition (Table 2.2). Most dramatic were the decreases 
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in the apparent affinity for AGs, noted by a 54- to 320-fold increase in Km values which 

was paralleled by a 164-fold increase in the Ki for paromomycin relative to wild type. The 

location of Trp25 in the AAC(6')-Ii active site and its interaction with AcCoA most likely 

accounts for the changes observed, particularly the 8-fold increase in the Km for AcCoA. 

Trp fluorescence studies for this mutant demonstrated a large 8 nm blue shift in response 

to paromomycin binding but an attenuated increase in relative fluorescence. A 1 nm blue 

shift was also noted upon formation of the AAC·AcCoA binary complex (Table 2.1, 

Figure 2.6). 

Kinetic analysis of the W71A mutant revealed that this variant was also somewhat 

impaired in catalytically competent AG recognition, with a 58-fold increase in the Km for 

kanamycin and smaller changes noted for neomycin and the binding of the inhibitor 

paromomycin (Table 2.2). This substitution also had a large effect on the apparent affinity 

for AcCoA, a greater than 31-fold increase in Km over the wild type enzyme. Trp71 

appears to be relevant to the blue shifts observed upon ligand binding for the wild type 

enzyme, as only a small 1 nm blue-shifted spectrum was observed in response to 

paromomycin binding and no blue shifts noted for the AAC(6')-Ii·AcCoA or ternary 

complex for this mutant (Table 2.1, Figure 2.6). Furthermore, the significant increase in 

relative fluorescence observed upon binding of paromomycin to the wild type enzyme 

was completely abolished. 

The C-terminal W164A mutant demonstrated a significant drop in specificity for 

kanamycin with approximately lO-fold changes in both Km and kcat (Table 2.2). 
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Similarly, neomycin specificity decreased by a factor of ~ 7-fold with most of the change 

due to an increase in Krn., a change that was paralleled in the 5-fold increase in the Ki for 

paromomycin. The kinetic parameters for AcCoA, however, were only marginally 

affected with a 2-fold decrease in kcat/Km• This mutant was found to be more susceptible 

to subtilisin cleavage than wild type AAC(6')-li and neither AcCoA nor AG afforded 

significant protection, although the ternary complex was marginally protected. This 

prompted us to perform analytical gel filtration experiments on this mutant, which 

revealed that it exists as a monomer in solution, in contrast with the dimeric form of the 

wild type enzyme. This change most likely accounts for the increased susceptibility of 

this variant to protease and also suggests that Trp 164 participates in critical monomer­

monomer interactions in the native dimer. These results complemented initial 

crystallographic evidence and allowed us to identify the physiological AAC( 6')-li dimer 

from several candidates. The recent structural determination of the AAC(6')-Ii·CoA 

complex as a dimer (see Figures 2.2 and 2.5) has since confirmed our previous 

identification (Burk et al., 2003). Trp fluorescence studies were also interesting for the 

WI64A mutant in that there was no blue shift observed upon formation of the 

paromomycin·AAC(6')-Ii complex (Figure 2.6, Table 2.1), suggesting that Trp164 may 

be buried as a result of AG binding. This appears to be unlikely, however, given its 

relatively solvent accessible surface in the binary complex (Figure 2.5). Close contact 

with bound substrate is also unlikely as it is somewhat removed from the active site, and 
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thus the blue shift observed upon formation of the wild type AAC(6')-Ii·paromomycin 

complex may be characteristic of the dimeric form of the enzyme. 

The W170A mutant demonstrated a major increase in the Km for kanamycin (114-

fold) but much less so with neomycin (6.5 fold increase) and no change with AcCoA 

(Table 2.2). Trp fluorescence spectra largely mirrored the blue shifts seen upon ligand 

binding in the wild type enzyme, with a 2.2-fold increase in the relative fluorescence 

intensity observed upon AAC(6')-Ii association with paromomycin (Table 2.1 and Figure 

2.6). Interestingly, the AAC(6')-Ii dimer reveals that this C-terminal Trp makes contact 

with Trp170 of the opposing monomer at the dimer interface (Figure 2.5). 

Taken together, these results indicate that the environments of all four Trp residues 

are perturbed in some manner by the binding of AcCoA and AG. Trp71 in particular 

appears to account for the blue shifts observed upon the formation of AAC(6')-Ii binary 

and ternary complexes, with the two N-terminal Trps (25 and 71) largely responsible for 

the increase in relative fluorescence intensity noted upon AG binding. The C-terminal 

Trps (164 and 170) involved in dimer interface interactions also appear to undergo 

changes in response to ligand, although analysis is complicated by the monomeric form of 

the W164A mutant and the hydrophobic interactions observed between Trp170 residues 

(Figure 2.5). The Trp fluorescence studies therefore suggest changes in the mobility and 

packing of several Trp residues in response to ligand binding, and thus supports a more 

global change in conformation and AAC(6')-Ii flexibility upon association with AcCoA 

and/or AG. 
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Table 2.1: Fluorescence changes ofwild type and mutant AAC(6')-Ii proteins in response to ligand binding. 

Protein alone AG/ AcCoA binding 

Paromomycin + 
Paromomycin AcCoA AcCoA 

Emission Emission Emission Emission 
Protein ." AtIlllX( lU11t. . %.Chal1g~a Amax (om) %Chapge A max (nlll) % ClJange.AmJlx{nm} 

Wild Type 337 +26.7 332 +3.5 334 +25.6 328 

Trp25Ala 333 +9.7 325 -1.6 334 +8.2 324 

Trp7 1 Ala 333 -1.9 332 -3.1 334 -8.0 334 

Trp164Ala 340 +13.3 340 +0.82 338 +2.7 331 

Trp170Ala 337 +59.0 331 -2.7 339 +52.6 326 

a Enhancement (+) or quenching (-) offluorescence intensities are given as the percent change at the indicated wavelength 
maxima in response to ligand binding relative to the initial fluorescence of the specified protein alone. 
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Figure 2.6: Influence of ligands on the fluorescence spectra of wild type 
AAC(6')-Ii and the Trp site mutants. The spectra for uncomplexed AAC(6')-Ii (-), 
binary complexes of AAC(6')-Ii·AcCoA (-) and AAC(6')-Ii'paromomycin (-), and 
the AAC(6')-Ii·AcCoA·paromomycin ternary complex (-) is shown for each protein 
above. See Table 2.1 for additional details. 
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Table 2.2: Steady-state kinetic parameters for wild type and mutant AAC(6')-Ii 
protems.a 

Substrate Km (J.tM) kcat (S·l) Ki (J.tM) kcatlKm (M"lS·l) 

Wild Typeb 

Kanamycin A 19.9 ± 8.8 0.82 ± 0.21 196 ± 153 4.6 x 10 4 

Neomycin 5.3 ± 0.6 0.21 ± 0.00 3.9xl04 
Acetyl-CoA 23.5 ± 3.7 0.40±0.02 1.7 x 10 4 

Paromomycin 1.1 ± 0.2 

Trp25Alac 

Kanamycin A 6390 ± 610 0.70 ± 0.02 1.1x102 
Neomycin 287±26 1.61 ± 0.03 5.6xl0 3 

Acetyl-CoA 196 ± 41 0.05 ± 0.00 2.6 x 10 2 

Paromomycin 174 ± 32 

Trp71A1ac 

Kanamycin A 1160 ± 278 0.33 ± 0.01 3131 ± 1018 2.8 x 10 2 
Neomycin 20.9 ± 3.26 0.04± 0.00 2.2 x 10 3 

Acetyl-CoA 661 ± 207 0.16± 0.00 2.5x10 2 

Paromomycin 2.3 ± 0.7 

Trpl64Ala 

Kanamycin A 280±26 0.08± 0.00 2.8xl02 
Neomycin 23.7 ± 3.1 0.13 ±O.OO 5.7 x 10 3 

Acetyl-CoA 20.6 ± 2.3 0.17 ± 0.00 8.4xl0 3 

Paromomycin 5.3 ± 1.7 

Trp170Ala 

Kanamycin A 2270 ± 489 0.82± 0.00 1730±513 3.6x 10 2 
Neomycin 34.4 ± 4.6 0.57±0.00 1.7xl04 
Acetyl-CoA 17.9 ± 3.1 0.35 ± 0.00 503 ± 117 1.9 x 10 4 

Paromomycin 7.2±2.2 

"Reactions were carried out at 37°C in 25 mM MES, pH 6.0 and 1 mM EDTA. 
bKinetic parameters for wild type AAC(6')-Ii are reproduced from Wright & Ladak (1997). 
cKinetic parameters for AGs were determined using subsaturating concentrations 
of AcCoA (250 !JM per reaction). 
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2.4 Conclusions 

AG resistance conferred by the action of modifying enzymes poses intriguing 

questions regarding protein structure, specificity, and function. In particular, the means by 

which resistance proteins such as AAC(6')-Ii can recognize, in a catalytically competent 

fashion, such a broad spectrum of AG substrates is of particular importance from the 

point of view of the introduction of new AGs into the clinic and the design of specific 

inhibitors of the enzyme. The results presented here using a variety of biophysical 

methods cumulatively demonstrate a significant rearrangement in overall structure of 

AAC(6')-Ii upon interaction with AcCoA in particular and also with AG substrates. The 

crystal structures of AAC(6')-Ii with bound AcCoA and CoA (Wybenga-Groot et aZ., 

1999; Burk et aZ., 2003) are consistent with our interpretations, as the two domains of the 

enzyme appear to "close" around this first substrate, requiring significant protein 

rearrangement. Since this enzyme also has great tolerance in acyl-acceptor substrates, 

with the capacity to modify a broad range of AGs as well as proteins and peptides 

(Wright & Ladak, 1997; Wybenga-Groot et aZ., 1999), we propose that the AG-induced 

changes upon formation of the ternary complex play an important role in this regard. The 

ligand binding strategy of flexibility in the uncomplexed form of AAC(6')-Ii and a more 

closed structure upon substrate binding likely contributes to the broad substrate 

specificity observed. The conformational changes described here are therefore a 

requirement for AAC(6')-Ii catalysis, a point that is further supported by the mechanistic 

studies described in the following chapter. 
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3.0 Preface 

This chapter describes numerous studies that were performed to decipher the kinetic 

mechanism of AAC(6')-li. As this research has recently been published in the journal 

Biochemistry (Draker et ai., 2003), it is presented here in a sandwich style format. Only 

changes to the layout of the document have been made in order to conform to the overall 

format of the thesis. I performed all of the experiments described in the following 

sections and was also responsible for the writing of the original manuscript and any 

revisions requested by reviewers prior to publication. 

As detailed here, AAC(6')-li follows an ordered bi-bi ternary complex mechanism, 

with the rate-contributing steps in catalysis identified as diffusion-controlled events. 

Additional studies helped to characterize the binding of AGs by this enzyme as well as 

the subunit cooperativity observed for the protein dimer. Although some background 

information included in this chapter overlaps with that covered in the introduction 

(chapter 1), the document as a whole conveys the relevance of this work in further 

characterizing this enzyme, both as a resistance determinant and as a member of the 

GNAT superfamily. 

We sincerely thank Dr. Dexter Northrop, who made a significant intellectual 

contribution to this work by suggesting additional experiments to strengthen our analysis 

and in addressing reviewers' comments during the revision process. He therefore appears 

as second author on the journal article describing this research. We also acknowledge Dr. 

Kalinka Koteva for her technical assistance in the synthesis of acetylated AG and 

Dr. Raquel Epand for useful discussions concerning isothermal titration calorimetry. 
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3.1 Summary 

The AG 6'-N-acetyltransferase AAC(6')-Ii from Enterococcus faecium is an 

important microbial resistance determinant and a member of the GCN5-related N­

acetyltransferase (GNAT) superfamily. We report here the further characterization of this 

enzyme in terms of the kinetic mechanism of acetyl transfer and identification of rate­

contributing step( s) in catalysis, as well as investigations into the binding of both AcCoA 

and AG substrates to the AAC(6')-Ii dimer. Product and dead-end inhibition studies 

revealed that AAC(6')-Ii follows an ordered bi-bi ternary complex mechanism with 

AcCoA binding first followed by antibiotic. Solvent viscosity studies demonstrated that 

AG binding and product release govern the mte of acetyl transfer, as evidenced by 

changes in both the kcat!Kb for AG and kcat, respectively, with increasing solvent viscosity. 

Solvent isotope effects were consistent with our viscosity studies that diffusion-controlled 

processes and not the chemical step were rate-limiting in drug modification. The patterns 

of partial and mixed inhibition observed during our mechanistic studies were followed up 

by investigating the possibility of subunit cooperativity in the AAC(6')-Ii dimer. Through 

the use of Trpl64Ala, an active mutant which exists as a monomer in solution, the partial 

nature of the competitive inhibition observed in wild type dead-end inhibition studies was 

alleviated. Isothermal titration calorimetry studies also indicated two nonequivalent 

antibiotic binding sites for the AAC(6')-Ii dimer but only one binding site for the 

Trp164Ala mutant. Taken together, these results demonstrate subunit cooperativity in the 

AAC(6')-Ii dimer, with possible relevance to other oligomeric members of the GNAT 

superfamily. 

73 



Ph.D. Thesis - K. Draker McMaster - Biochemistry 

3.2 Introduction 

Aminocyclitol-AG antibiotics are a class of bactericidal drugs used in the treatment 

of infections caused by various Gram positive and Gram negative bacteria. Clinically 

relevant resistance to the AGs is mediated by the action of enzymes that modify the drugs 

and decrease their affinity for the 30S ribosomal subunit target (Davies & Wright, 1997; 

Llano-Sotelo et al., 2002). AG-inactivating enzymes include the phosphotransferase 

(APH), l nucleotidylyltransferase (ANT), and acetyltransferase (AAC) proteins, which are 

responsible for O-phosphorylation, O-adenylation, and N- or O-acetylation of the drugs, 

respectively (reviewed in Miller et al., 1997 and Wright, 1999). 

N-Acetylation at the 6' position of AGs is one of the most prevalent forms of 

modification in Gram negative bacteria (Miller et al., 1997). To date, only two AAC(6') 

enzymes from Gram positive pathogens have been identified and characterized: the 

bifunctional AAC(6')-APH(2") protein from enterococci and staphylococci (Daigle et al., 

1999) and AAC(6')-Ii from E. faecium (Wright & Ladak, 1997). The presence of these 

resistance determinants in enterococci complicates the use of ~-lactaml AG combination 

therapy in clinical treatment (Moellering et al., 1973; Moellering et al., 1979; 

Wennersten & Moellering, 1980; Costa et al., 1993) and thus increases the reliance on 

other antimicrobials such as glycopeptides. As such, these proteins are worthy of study to 

both better understand the resistance they confer and to apply this knowledge to the 

identification and/or design of enzyme inhibitors. The focus of this report is the further 

kinetic characterization of the AG 6'-N-acetyltransferase, AAC(6')-li. 
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The aac(6 ')-Ii gene from E. faecium is chromosomal in origin and has been shown to 

confer low-level AG resistance in vivo (Costa et ai., 1993). Initial characterization of 

purified AAC(6)-Ii by Wright and Ladak (Wright & Ladak, 1997) revealed that the 

protein is a homodimer in solution with a broad substrate specificity for several AGs of 

the 4,5- and 4,6-disubstituted dt(oxystreptamme class (see Figure 3.1) and specificity 

constants (kcatlKm) on the order of 104 M-1s-1• 

{'\-
AcCoA CoASH 

Neamine, R} and R2 = H 

Ribostamycin, R} = ~'P:0H 

HO OH 

Paromomycin, R} = ~~H II, ~ H and 6'-NH, is replaced by 6'-OH 

HO O~NH2 
HO OH OH 

Figure 3.1: Regiospecific acetyl transfer reaction catalyzed 
by AAC(6')-Ii and structures of AGs used in this study. 
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The crystal structure of the AAC(6')-li monomer in complex with AcCoA was 

solved by Berghuis and co-workers in 1999 (Wybenga-Groot et al., 1999), who identified 

it as a member of the GNAT superfamily (Neuwald & Landsman, 1997). This family of 

diverse enzymes is defined by several conserved sequence motifs involved in the binding 

of the common acyl-CoA substrate. Several recent crystal structures of various GNAT 

enzymes such as transcription factorlhistone acetyltransferases (Dutnall et al., 1998; 

Angus-Hill et al., 1999; Clements et al., 1999; Rojas et al., 1999; Trievel et al., 1999), 

arylamine/arylalkylamine acetyltransferases (Hickman et al., 1999a; Hickman et al., 

1999b; Sinclair et aI., 2000; Obsil et al., 2001), and N-myristoyltransferases (Bhatnagar 

et al., 1999; Hickman et al., 1999a), as well as sugar (peneff et al., 2001) and AG 

acetyltransferases (Wolf et aI., 1998; Wybenga-Groot et al., 1999; Vetting et aI., 2002), 

reveal the striking structural homology shared among the superfamily members 

(reviewed in Dyda et aI., 2000). In addition to structural homology, AAC(6')-Ii has also 

been shown to be a functional homologue of histone acetyltransferases, revealed by its 

capacity to modify histones as well as other small basic proteins (Wybenga-Groot et al., 

1999). 

Several detailed kinetic analyses have been done to better characterize the 

mechanism of group transfer by many GNAT superfamily members (Rudnick et al., 

1991; De Angelis et al., 1998; Lau et al., 2000; Tanner et al., 2000), as well as a limited 

number of studies on bacterial AG acetyltransferases (Radika & Northrop, 1984c, 1984b; 

Magnet et al., 2001; Hegde et al., 2002). Our level of understanding of the molecular 

mechanism of AAC(6')-li, however, is superficial, and we therefore report here a series 

76 



Ph.D. Thesis - K. Draker McMaster - Biochemistry 

of mechanistic studies on this enzyme to determine the kinetic mechanism of catalysis 

and to identify the rate-determining steps of acetyl transfer. Additional studies with a 

monomeric form of the enzyme and isothermal titration calorimetry (ITC) experiments 

further defined the mechanism of acetyl transfer by AAC(6')-Ii and provide insight into 

the physiological homodimeric form of AAC(6')-li. Our results allow us to compare the 

mechanism of acetylation by this resistance determinant with other bacterial AACs as 

well as with other members of the GNAT superfamily. 

3.3 Materials and Methods 

3.3.1 General 

AGs, desulfo-CoA, and 4,4-dithiodipyridine (DTDP) were from Sigma-Aldrich 

Chemical Co. (St. Louis, MO). The aac(6 ')-li gene was subcloned from the pPLaac 

vector (Wright & Ladak, 1997) into pET22b( +) (Novagen, Madison, WI) using the 

flanking NdeI and HindlII restriction sites. AAC(6')Ii was subsequently overexpressed in 

E. coli BL21(DE3) cells and purified to homogeneity following the procedures outlined 

previously (Wright & Ladak, 1997). 

3.3.2 AAC(6')-li Kinetic Assays 

Protein acetyltransferase activity was monitored with a continuous assay by the in 

situ titration of coenzyme A product with DTDP at 324 nm, as previously described 

(Williams & Northrop, 1978; Wright & Ladak, 1997). 
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3.3.3 Initial Velocity Experiments 

Initial rate data for AAC(6')-Ii acetylation ofribostamycin were collected at various 

concentrations of both AcCoA and AG. The data were fit by nonlinear least-squares fit to 

global eq I using Grafit software (Leatherbarrow, 2000). The equation describes a 

sequential, ternary complex mechanism, where [A] and [B] are the concentrations of 

substrates, Ka and Kb are the respective Michaelis-Menten constants, and Kia is the 

dissociation constant for A; 

(1) 

3.3.4 AAC(6 ')-Ii Inhibition Studies 

AAC(6')-Ii acetyltransferase activity was monitored in the presence of the dead-end 

inhibitors desulfo-CoA and paromomycin or the product inhibitor 6' -N-acetylated 

ribostamycin. Individual rate data generated at various concentrations of inhibitor were 

first fit to eq 2 describing Michaelis-Menten kinetics using Grafit 4.0 software 

(Leatherbarrow, 2000): 

v = V max[S] /(Km +[S]) (2) 

Reciprocal plots of each data set were then generated and are presented in Figures 3.3, 

3.4, and 3.5. Kinetic constants included in Table I are derived from the fit of the data to 

global equations of best fit describing either partially competitive inhibition (eq 3), 

uncompetitive inhibition (eq 4), or noncompetitive/mixed inhibition (eq 5), by non-linear 

least squares using the Enzyme Kinetics Module of Sigma Plot (Brannan et aI., 2000) ; 

v = V max[S]/(Km(1 + UKii)/(1 + UKis) + [S]) (3) 
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v = V max:[S]/(Km + [S](1 + UKii)) (4) 

v = V max[S]/(Km(1 + I1Kis) + [S](1 + IIKii)) (5) 

3.3.5 Alternative Substrate Method 

To verify the kinetic mechanism of AAC(6')-Ii determined by our inhibitor studies, 

alternative substrate studies described by Radika & Northrop (1984a) were performed. 

Briefly, initial rate data were collected at varying concentrations of AcCoA (5-250 J.lM) 

using saturating concentrations (> 1 Ox Km) of neomycin, ribostamycin, butirosin, 

neamine, or amikacin. Data were fit to eq 2 and reciprocal plots of ltv vs It[AcCoA] for 

each alternate AG used in the diagnostic were generated. 

3.3.6 Enzymatic Synthesis of 6' -N-Acetylated Ribostamycin 

6'-N-Acetylated ribostamycin (AcRibo) was enzymatically synthesized by AAC(6')­

Ii using AcCoA and ribostamycin as AG substrate. Synthesis of AcRibo was conducted 

using a 1:5 molar ratio of ribostamycin to AcCoA and ca. 2 J.lmoles of AAC(6')-Ii 

enzyme. Reactions were carried out in water and incubated for 1 h at room temperature. 

AcRibo was separated from other components by applying the reaction mixture to a 2 mL 

column of Dowex analytical grade cation-exchanger resin AG 50W (BioRad) 

equilibrated with H20, followed by elution at 2 M NH20H using aIM stepwise gradient 

from 1 to 5 M NH20H. The progress of AcRibo formation and separation from other 

reaction components was monitored by thin layer chromatography (TLC), using 250 flm 

silica G plates and a 5:2 ratio of MeOH:N140H as the solvent system. Distinct spots for 

AcRibo (Rf= 0.30) and ribostamycin controls (Rf= 0.12) were visualized by ninhydrin 
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spray and CoA product (Rf = 0.53) was visualized under UV light. The identity of the 

isolated product as 6'-N-acetylated ribostamycin was confumed by electrospray mass 

spectrometry as well as proton and BC NMR. 

3.3. 7 Viscosity Studies 

AAC(6')-Ii kinetic assays were performed with the macroviscosogen PEG 8000 

(6.7%) and the microviscosogen sucrose (0-30%). The viscosity of solutions was 

determined in quadruplicate at 22 °c using an Ostwald viscometer, relative to the 

standard AAC(6')-Ii kinetics buffer consisting of 25 mM MES; pH 6.0, and 1 mM 

EDTA. K; determinations for the competitive inhibitor paromomycin were made in the 

presence of 30% microviscosogen to ensure that the reagents were not binding to the 

enzyme active site. Enzyme assays were performed in duplicate in a final volume of 800 

J.LL. Initial rate data were fit by nonlinear least-squares regression to eq 2 using Grafit 4.0 

software (Leatherbarrow, 2000). The values reported in Table 3.2 are the slopes of plots 

from either kcat°/kcat or «kcaJKm ~lkcalKm) versus the relative viscosity of the solution. 

3.3.8 Trp164Ala Monomer Mutant 

The replacement of tryptophan at position 164 with alanine was performed using the 

QuikChange site-directed mutagenesis protocol (Stratagene) and the mutagenic 

oligonucleotide primers 5' CTCAATACGGTATCACAGGTGCGGAATTGCATCC 3' 

and 5' GGATGCAATTCCGCACCTGTGATACCGTATTGAG 3'. The presence of the 

desired mutation in the aac(6 ')-li gene as well as the absence of adventitious mutations 

was confirmed by complete gene sequencing at the Central Facility of the Institute for 
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Molecular Biology and Biotechnology, McMaster University. Subsequent overexpression 

and purification of the Trp164Ala mutant, as well as the determination of kinetics of 

acetyltransfer to various AGs for this mutant, were the same as those described for the 

wild type enzyme (Wright & Ladak, 1997). 

Analytical gel filtration experiments on Trpl64Ala were used to confirm initial 

evidence that this mutant was a monomer in solution. Trpl64Ala at ~ 2.10 mglmL was 

analyzed on an analytical Superdex 200 HR 10/30 column (BioRad). A molecular mass 

calibmtion curve was generated using a-lactalbumin (14.2 kDa), carbonic anhydrase (29 

kDa), chicken egg albumin (45 kDa), and BSA (66 kDa monomer, 132 kDa dimer) as 

well as Blue Dextran to determine the column void volume. The molecular masses of 

wild type AAC(6')-li and the Trpl64Ala mutant were estimated using the formula Kav = 

(Ve - Vo)/(f't - Vo), where Ve is the protein elution volume from the column, f't is the total 

column volume, and Vo is the column void volume. From these analytical gel filtration 

experiments, the estimated molecular mass of wild type AAC(6')-Ii was ~ 45900 Da and 

Trp 164Ala ~ 22 900 Da, confirming the monomeric form of this mutant in solution. 

3.3.9 Isothermal Titration Calorimetry Experiments 

All ITC measurements were made using a MicroCal VP-ITC isothermal titration 

calorimeter from MicroCal, Inc. (Northampton, MA). A buffer solution of 25 mM 

HEPES, pH 7.5 and 2 mM EDTA was used to dialyze purified AAC(6')-Ii wild type or 

the Trpl64Ala enzyme and the resulting dialyzate used to make AG and/or CoA 

solutions. In general, a 100 ~M solution of AAC(6')-Ii in 25 mM HEPES, pH 7.5, and 2 
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roM EDTA was added to the sample cell (ca. 1.4 mL) and a 0.5-2.0 roM solution of 

neamine, kanamycin A, or ribostamycin as titrant was loaded into the injection syringe. 

For each titration experiment, a 60 s delay at the start was followed by 29 injections of 10 

ilL of the titrant solution, spaced apart by 240 s. The sample cell was stirred at 300 rpm 

throughout and maintained at a temperature of 37 °C. Additional experiments were 

performed as described above in the presence of 2 mM coenzyme A in both the sample 

cell and injection syringe. Several control titrations were performed, and included 

baseline titrations of buffer into enzyme, titrant solutions into buffer, and CoA titrated 

into an enzyme and CoA solution. Titration data were analyzed using Origin 5.0 software 

supplied by Microcal. Briefly, data sets were corrected for baseline heats of dilutions 

from blank or control runs as appropriate. Corrected data were then fit to a theoretical 

titration curve describing two independent sets of binding sites for titrant. Calculated Ka 

values with the smallest standard error gave an acceptable c value between 1 and 1000 

(Wiseman et al., 1989). Free energies of association (6G) were calculated using the 

equation: 

6G=-RTlnKa (6) 

ITC experiments performed with the Trp164Ala monomer were as described for the wild 

type enzyme and the data best fit to a theoretical titration curve describing one binding 

site for the AG titrant. 

82 



Ph.D. Thesis - K. Draker McMaster - Biochemistry 

3.4 Results 

3.4.1 Initial Velocity Studies 

Initial velocity patterns obtained when the ribostamycin concentration was varied at 

various fixed concentrations of AcCoA displayed intersecting lines in the double 

reciprocal plot (Figure 3.2), indicative of a ternary complex, sequential mechanism. 

-0.1 -0.05 o 0.05 0.1 

l/[Ribostamycm] J.l.M-1 

Figure 3.2: AAC(6')-Ii initial velocity patterns. Double reciprocal plot of initial 
rate data at varying ribostamycin concentrations and fixed concentrations of AcCoA at 
5 IlM ( 0), 10 IlM ( • ), 25 IlM ( 0), and 50 IlM ( II). The pattern of intersecting lines is 
indicative of a sequential kinetic mechanism. The best fit of the data to eq 1 gave 
kinetic constants of Ka = 8.3 ± 1.4 1lM, Kb = 4.9 + 0.58 1lM, and Kia = 22 ± 6.3 IlM. 

3.4.2 Inhibition Studies 

To gain further insight into the mechanism of AAC(6')-Ii acetyl transfer, desulfo-

CoA and paromomycin were used as dead-end inhibitors to investigate the order of 

substrate binding and product release by the enzyme. Desulfo-CoA was chosen as the 

dead-end inhibitor as it does not interfere with the thiol titration assay, and the AG 
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paromomycin, which lacks a 6' amino group, has already been shown to be a competitive 

inhibitor of AAC(6')-li activity (Wright & Ladak, 1997). 

AAC(6')-li acetyl transfer kinetics in the presence of increasing concentrations of 

desulfo-CoA resulted in partial competitive inhibition of enzyme activity when AcCoA 

was the varied substrate, with Kis = 6.6 JlM and Ku = 24 JlM for the dead-end inhibitor 

(Figure 3.3 and Table 3.1). Noncompetitive/mixed-type inhibition was observed when the 

AG ribostamycin was the variable substrate in desulfo-CoA inhibition studies. In the 

presence of a fixed subsaturating concentration of AcCoA (50 JlM), Kis = 81 JlM and Kii 

= 99 JlM (Table 3.1). 
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Figure 3.3: Pariia.1 competitive inhibition of AAC(6')-1i activity through the use 
of desulfo-CoA as a dead-end inhibitor. The structure of desulfo-CoA is shown at 
left. Shown is a plot of 1/v versus 1/[ AcCoA] at fixed concentrations of 0 JlM ( • ), 5 
JlM ( 0), 10 JlM ( T ), 25 JlM ( v), and 50 JlM ( II ) desulfo-CoA. Ribostamycin was 
present in the assays at a saturating concentration of 200 JlM. Inset: Hyperbolic­
shaped replot for AcCoA versus [desulfo-CoA], indicating partial inhibition. 
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We used the 6'-hydroxy AG paromomycin as a dead-end inhibitor of AAC(6')-Ii 

activity to further elucidate the kinetic mechanism. From the double reciprocal plot of lIv 

versus lI[AcCoA] shown in Figure 3.4, paromomycin exhibits uncompetitive inhibition 

of AAC(6')-Ii activity versus AcCoA (Table 3.1). This pattern of inhibition indicates 

that paromomycin can bind to either the AAC(6')-Ii·AcCoA binary complex or the 

AAC(6')-li·CoA product complex, with paromomycin binding to the latter preventing the 

release of CoA and suggesting partial rate limitation by the dissociation of CoA from the 

enzyme. Our results are therefore consistent with ordered substrate addition and product 

release. 
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Figure 3.4: Uncompetitive inhibition of AAC(6')-1i activity through the use of 
paromomycm as a dead-end inhibitor. The structure of paromomycin is shown at 
left. Plot of lIv versus lI[AcCoA] at fixed concentrations of 0 IlM (.),25 IlM (0),50 
IlM ( T ), and 100 IlM ( v ) paromomycin. Ribostamycin was present at a saturating 
concentration of 100 IlM. Inset: Intercept replot for AcCoA versus [paromomycin]. 
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6' -N-Acetylated ribostamycin (AcRibo) used in product inhibition studies was found to 

be a noncompetitive/mixed-type inhibitor versus AG substrate with Kis and Kii values of 

46 and 363 f,1M, respectively (Figure 3.5 and Table 3.1), indicative of AcRibo binding to 

the AAC(6')-Ii·CoA complex. In addition, AcRibo did not behave as an inhibitor versus 

AcCoA in the presence of either fixed subsaturating (20 f,1M) or fixed saturating (100 

f,1M) concentrations of AG. This lack of inhibition was evident even when AcRibo 

concentrations exceeded the fixed concentration of ribostamycin substrate by up to 50-

fold. 
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Figure 3.5: Mixed inhibition of AAC(6')-Ii through the use of 6' N-aeetylated 
ribostamyein (AeRibo) as a product inhibitor. The structure of AcRibo is shown at 
left. Double-reciprocal plot of initial rate data at varying ribostamycin concentrations 
and fixed concentrations of AcRibo at 0 f,1M ( • ), 50f,1M ( 0), 100 f,1M ( 'Y), 150 f,1M ( 
v ) and 200f,1M ( II ). AcCoA was present at a saturating concentration of 100 f,1M. 
Inset: Intercept and slope replots for ribostamycin versus [AcRibo]. 
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We hypothesize that AcRibo could behave as a noncompetitive inhibitor of AcCoA at 

significantly higher concentrations that we could not achieve experimentally, which 

would be consistent with our dead-end inhibition. Our AcRibo inhibition results as a 

whole, however, supports the kinetic mechanism and are consistent with the release of 

acetylated AG first, followed by the slower release of the CoA product. 

Taken together, the results of product and dead-end inhibition studies (summarized 

in Table 3.1) indicate that AAC(6')-Ii follows an ordered bi-bi reaction mechanism, as 

outlined in Scheme 1. 

AcCoA AG AcAG CoA 

11 11 11 11 

E E-AcCoA E-AcCoA-AG -- E-CoA-AcAG E-CoA E 

Scheme 1: AAC(6')-Ii follows an ordered bi-bi kinetic mechanism. 
AcCoA, acetyl-CoA; AG, aminoglycoside substrate; AcAG, acetylated 
aminoglycoside product. 
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Table 3.1: Summary of AAC(6')-Ii Dead-End and Product Inhibition Studies. 

Inhibitor Varied Substrate Fixed Substrate Pattern of Inhibition 

desulfo-CoA AcCoA ribostamycin (200 11M) partially competitive 

desulfo-CoA ribostamycin AcCoA (50 11M) noncompetitive/mixed 

paromomycin AcCoA ribostamycin (100 ~lM) illlcompetitive 

AcRibo ribostamycin AcCoA (100 11M) noncompetitive/mixed 

AcRibo AcCoA ribostamycin (20 f.!M) no inhibition C 

Ki., Ki (slope) = aK;, where a is the factor by which Km changes when I is bound to the ES complex. 
b K ii, Ki (intercept) = K i• 

"See text for details. 

Kis (f.!M) a Eli (f.!M) b 

6.58 ± 2.18 24.3 ± 8.9 

81.3 ± 42.1 99.0 ± 34 

180 ± 13 

45.9 ± 14.1 363 ± 190 
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3.4.3 Alternative Substrate Diagnostic 

Parallel patterns were obtained from double reciprocal plots of 1/v versus l/[AcCoA] 

at saturating concentrations of numerous alternative AG substrates (Figure 3.6). Thus, 

kcatl Ka values determined for AcCoA are independent of the AG substrate, consistent with 

an ordered bi-bi mechanism (Radika & Northrop, 1984a) and our product and dead-end 

inhibition results. 

3 

o ~~~~~~~~~~~~~ 
o 0.02 0.04 0.06 0.08 0.1 

lI[Acetyl-CoA] f.1M-1 

Figure 3.6: Alternate substrate diagnostic with AcCoA as the variable substrate 
and fIXed concentrations of AG. Shown is a double reciprocal plot of 1/v versus 
1/[ AcCoA] at fixed, saturating concentrations of neomycin (. ), isepamicin ( 0 ), 

ribostamycin (v), and butirosin ( v). Parallel lines are diagnostic of an ordered bi-bi 
kinetic mechanism. 

3.4.4 Solvent Viscosity Effects 

We also explored the rate-determining step(s) in AAC(6')-Ii acetyl transfer using 

several approaches. Solvent viscosity effects on enzyme activity were first investigated to 

assess whether diffusion-controlled events such as product release may be rate-limiting. 

Using the microviscosogen sucrose, it was shown that there were significant solvent 
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viscosity effects on AAC(6')-li activity (Table 3.2). As a control, the macroviscosogen 

PEG 8000 was shown to have no effect on enzyme activity, revealing that the rate 

changes observed in the presence of sucrose are effects on diffusion-controlled 

phenomenon and not the result of changes in global viscosity (Blacklow et al., 1988; 

McKay & Wright, 1996). In general, solvent viscosity effects describing kcat changes 

ranged from 0.52 to 0.79 (Table 3.2), consistent with the suggestion that product release 

contributes significantly to the rate-determining step(s). In tum, the productive formation 

of the AAC-AcCoA complex does not appear to be rate-limiting at all since virtually no 

viscosity effect was observed on kcatfKa values for AcCoA (Table 3.2). The large kcatlKb 

changes observed when AG is the varied substrate, however, do suggest that the 

productive formation of an enzyme complex with AG may contribute to the rate-

determining step(s). These results as a whole therefore indicate that diffusion-controlled 

events and not chemistry contribute to the rate-limiting step(s) in AAC(6')-li acetyl 

transfer. 

Table 3.2: Solvent viscosity effects on AAC(6')-Ii activity 

Viscosogen Varied substrate Fixed Substrate (kcat°/kcat)T)D «kcalKm ~/kcatlKm)T) 

PEG 8000 AcCoA Kan A (200 JAM) 

Kanamycin A AcCoA (100 JAM) 

Sucrose AcCoA Ribo (100 JAM) 

Kanamycin A AcCoA (100 JAM) 

Ribostamycin AcCoA (l00 J.!.M) 

"The values reported are the slopes of plots for keat°/keat or [(yKm°)/(yKm)] 
versus the relative viscosity of the solution. 
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3.4.5 Solvent Isotope Effects 

To confirm our solvent viscosity effects that chemistry is not rate-limiting in 

AAC(6')-li acetyl transfer, we performed D20 solvent isotope experiments to investigate 

the dependence of kcat on proton abstraction at the 6' -amino group of an AG substrate. 

Kinetic assays were performed in either 100% H20 or ~ 94% D20 and a solvent isotope 

effect (kcat HID or kcalKm ~ was determined No significant solvent isotope effect was 

observed for ribostamycin or kanamycin, with kcat HID ranging from 1.1 to 1.3 and 

kcatlKm HID from 1.1 to 1.4. In contrast, Benke-Marti (Benke-Marti, 1987) observed a 

solvent isotope effect on kcatlKm of 10 for the acetylation oftobramycin by AAC(3)-I, an 

enzyme that also follows an ordered bi-bi kinetic mechanism. The small effect that was 

observed for AAC(6')-li may be attributed to the higher relative viscosity of D20 

compared to H20 (Schowen, 1978), supporting our argument for a diffusion-controlled 

process limiting AAC(6')-li reaction rates. 

3.4.6 Studies on Monomeric Trp164Ala 

Mutation of Trp 164 to Ala resulted in an active enzyme with the characteristics of a 

monomer rather than a dimer, which is the native state of the enzyme. Trp164 is located 

in the C-terminal region of AAC(6')-li and is relatively solvent exposed in the published 

crystal structure (Wybenga-Groot et ai., 1999). Given that mutation of this residue blocks 

homodimer formation, we propose that this residue is involved in critical monomer­

monomer interactions that are essential for dimer formation. 
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3.4.7 Activity ofTrp164Ala 

Steady-state kinetic analysis revealed that the Trpl64A1a monomer retained the 

capacity to modify various AGs, including the minimal substrate neamine (Wright & 

Ladak, 1997) as well as both the 4,5- and 4,6- classes of antibiotics acetylated by the wild 

type enzyme (Table 3.3). Specificity constants ranged from - 102 to 103 M"ls,I for this 

mutant due to both Km and keat changes, compared to kcalKm values on the order of 

104 M,ls'! for wild type AAC(6')-li (Table 3.3). 

Table 3.3: Steady-state kinetic parameters for wild type and Trp164A1a proteins a 

Wild Type b 

Substrate Km (J.iM) kcat (S·l) kcaJKm (M,IS,l) 

Neamine 5.8 ± 1.0 0.42 ± 0.02 7.2 x 10 4 

Kanamycin A 19.9 ± 8.8 .0.82 ± 0.21 4.6 X 10 4 

Rbostamycin 9.1 ± 2.0 0.34± 0.22 3.7xl0 4 

NeomycinC 5.3 ± 0.6 0.20± 0.00 3.9x10 4 

AcCoA 23.5 ± 3.7 0.40 ± 0.02 1.7 x 10 4 

Trp164A1a 

Substrate Km (!J.M) keat (S,l) kcatlKm (M,IS,I) 

Neamine 206±32 0.05 ±O.OO 2.3 x 10 2 

Kanamycin A 280±26 0.08± 0.00 2.8 x 10 2 

Ribostamycin 217 ±22 0.05±0.00 2.1 x 10 2 

NeomycinC 23.7 ± 3.1 0.14 ± 0.00 5.7x10 3 

AcCoA 20.6± 2.3 0.17 ± 0.00 8.4 x 10 3 

a Reactions were carried out at 37°C in 25 mM MES, pH 6.0 and 1 mM EDTA 
b Kinetic parameters for wild type AAC(6')-li are reproduced from Wright & Ladak (1997). 
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Our kinetic results suggest that although the Trp164Ala mutant is somewhat impaired in 

the recognition and acetylation of AGs, its catalytic ability nonetheless indicates that 

there is one functional active site per monomer subunit, as initially evidenced by the 

well-defined AcCoA binding pocket in the AAC(6')-Ii binary complex structure 

(Wybenga-Groot et al., 1999). We therefore proceeded to dead-end inhibition studies 

with Trp 164Ala to investigate whether the same partial inhibition observed for the 

AAC(6')Ii homodimer would be evident for this monomeric mutant. 

3.4.8 Desulfo-CoA Inhibition Studies with Trp164Ala 

Desulfo-CoA was found to be a full competitive inhibitor of the AAC(6')-Ii reaction 

versus AcCoA, in contrast to the partial competitive inhibition observed for the wild type 

homodimer (Figure 3.3, Table 3.1). As can be seen from the slope replot comparisons in 

Figure 3.7, the hyberbolic nature of the wild type replot is completely alleviated when 

monomeric Trpl64Ala is used in the inhibition studies. A Kis value of 39 ± 11 J.lM for 

desulfo-CoA inhibition of the Trp164Ala mutant was determined, revealing an ca. 6-fold 

increase in the Kis as compared to that determined for the wild type enzyme (Table 3.1). 

Desulfo-CoA is therefore a more potent inhibitor of acetyltransferase activity when 

AAC(6')-Ii is in dimeric form, perhaps through perturbation of AcCoA binding to one 

monomer subunit when the second monomer subunit contains bound desulfo-CoA. This 

idea is also consistent with one possible explanation for the partial competitive inhibition 

observed for the wild type dimer, which is that desulfo-CoA can bind to different sites on 

the homodimer (i.e., either AcCoA binding site per monomer), with AcCoA having a 
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decreased affinity for enzyme if inhibitor is bound to one subunit. The result is that both 

free and desulfo-CoA -bound enzymes retain the ability to turnover product, if one looks 

at the homodimer as an "enzyme form" with two functional active sites per dimer. 
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Figure 3.7: Slope replot comparisons of desulfo-CoA inhibition of wild type and 
mutant AAC(6')-Ii activity. The partial competitive inhibition revealed by the 
hyberbolic shape of the replot for wild type enzyme (. ) is not evident when the 
monomeric form of Trp164Ala (0) is used in dead-end inhibition studies. 

3.4.9 Isothermal Titration Calorimetry Studies 

We employed ITC studies to further investigate the binding of AGs to both wild type 

AAC(6')-Ii and the Trpl64Ala monomer. These experiments were initiated to better 

understand the noncompetitive/mixed inhibition that was observed with acetylated 

ribostamycin, since a possible explanation was, similar to the desulfo-CoA inhibitor 

results, that there were unequivalent binding sites for AG substrate per dimer. The results 

of our ITe experiments are summarized in Table 3.4 and representative ITC profiles for 

ribostamycin binding to wild type and Trp164Ala proteins are included in Figures 8 and 

9, respectively. 
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Table 3.4: ThermodYllamic Earameters of the bindinS ofaminosl~cosides to AAC~6'2-Ii a ~ 
No. of K.:il K.:i2 I:J.Go1 I:J.Go2 I:J.H1 i:J.H2 TI:J.S1 TI:J.S2 

til ..... 
til 

sites b (J.1M) (J.1M) (kcaVmol) (kcaVmol) (kcaVmol) (kcaVmol) (kcaVmol~ (kcaVmol) I 

Wild Type AAC(6')-Ii 
~ 

~ Neamine 2 13.0 ± 0.34 0.03 ± 0.02 -6.9 -10.7 -38.3 ± 0.8 -33.5 ± 0.1 -31.3 -22.8 
.... 

Kanamycin A 2 3.4 ± 0.14 0.20 ± om -7.8 -9.5 -30.1 ± 0.5 -93.6 ±2.0 -22.3 -84.0 

Ribostamycin 2 1.3 ± 0.07 0.06 ± 0.01 -8.4 -10.2 -44.8 ± 0.5 -81.1 ±2.0 -36.4 -70.9 

Neamine + CoA 2 0.10 ± 0.01 5.8 ± 0.47 -9.9 -7.4 -21.0 ± 0.1 -11.8 ± 0.6 -11.1 -4.34 

Kanamycin + CoA 2 0.62 ± 0.40 65 ± 15 -8.8 -5.9 -15.8 ± 0.2 NRc -7.0 NR 

\0 Ribostamycin + CoA 2 0.87 ± 0.14 0.02 ± 0.00 -8.6 -10.9 -9.1 ± 0.4 -24.8 ± 0.4 -36.3 -71.0 
VI 

Trp164Ala 

Neamine 486±38 -4.7 -72.5 ± 3.7 -67.8 

Kanamycin A 833 ± 17 -4.4 -25.3 ± 0.3 -20.9 

Ribostamycin 1 250 ± 5.4 -5.1 -17.3 ± 0.2 -12.1 ~ 
a All titrations were determined at 37°C (310 K). 

a: 
~ b Refers to the number of independent binding sites for titrant as determined by the theoretical curve of best fit. 
~ 

C NR, not reported due to large error associated with the value obtained. I 

~ .... 
0 
0 go 
~. 
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It was immediately apparent that our titration data using wild type AAC(6')-li and 

various AG substrates fit best to a theoretical model describing two independent binding 

sites for the AG titrant (Table 3.4 and Figure 3.8), a phenomenon which was consistent 

for all three representative antibiotics tested. 

Time (min) 

o 20 40 60 80 100 120 

o 

Q 

~ -5 

1 
-1 

0.0 0.5 1.0 1.5 

Molar Ratio 

Figure 3.8: ITC prorde of wild type AAC(6')-Ii with ribostamycm as the AG 
titrant. Top: raw experimental data from 29 automatic injections of 10 J.1L each of 
0.7 mM ribostamycin. Bottom: integrated titration curve showing data points (a) and 
the line of best fit (-) to a model describing two independent AG binding sites per 
AAC(6')-li dimer. ITC experimental conditions are described in section 3.3.9. 
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Although a complete titration curve for wild type enzyme was difficult to obtain due to 

the titration of multiple binding sites (see Figure 3.8), the K<J values with the lowest 

standard error (Table 3.4) were in the low micromolar range, in relative agreement with 

Km values reported previously for AAC(6')-Ii (Wright & Ladak, 1997; Table 3.3). As 

expected from the nature of the antibiotic binding site in AAC(6')-Ii and other AMEs 

(Wolf et ai., 1998; Wright et ai., 1999; Wybenga-Groot et ai., 1999; Vetting et ai., 2002), 

our results also indicate that free enzyme can bind AG in the absence of AcCoA, 

generating an unproductive complex. Consistent with the numerous electrostatic 

interactions hypothesized to occur between protein and antibiotic based on our 

knowledge of the 3D structure, binding enthalpies ranged from -AlI values of - 30 keal 

mol -1 to - 94 kcal mol -1 for AG binding to free AAC(6')-Ii (Table 3.4), indicating that 

this process is largely enthalpy driven. The AG binding sites present per monomer are 

therefore not thermodynamically equivalent in the wild type AAC(6')-Ii dimer. 

Additional AG titrations were performed in the presence of CoA to investigate whether 

the binary AAC(6')-Ii·CoA complex would impact the thermodynamics of antibiotic 

binding. Again, the titration of two independent AG sites (Table 3.4) made any 

interpretation as to whether AG has a higher affinity for the AAC(6')-Ii binary complex 

difficult. 

In contrast to the results obtained for the AAC(6')-Ii dimer, binding of AG substrates 

to the Trpl64Ala monomer fit best to theoretical titration curves describing only one 

binding site (Table 3.4), also seen by the representative ITC profile in Figure 3.9. The 
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single Kd values reported for neamine, kanamycin, and ribostamycin for Trp164A1a were 

comparable to the Km values determined for this mutant (see Tables 3.3 and 3.4), the 

largest discrepancy being only a 3-fold difference for kanamycin. The binding enthalpies 

varied from -17.3 to -72.5 kcal morl , comparable to the range observed for the wild type 

AAC(6')-Ii dimer, with only slightly higher ~G values reported (Table 3.4). 
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Figure 3.9: ITC profile of the Trp164A1a monomer with 2 mM ribostamycm as 
the titrant. Experimental conditions were the same as that described in Figure 3.8 
and in Materials and Methods. Top: raw experimental data. Bottom: integrated 
titration curve showing data points (_) and the line of best fit (-) to a model 
describing one binding site for the AG titrant. 
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Taken together, the ITC data for AG binding to both wild type and mutant proteins 

are consistent with our inhibition results and our hypothesis that the monomer subunits of 

the AAC(6')-li dimer may "cooperate" with one another. We speculate, on the basis of 

the results presented here, that substrate( s) bound to one monomer subunit may affect the 

binding and perhaps activity of the adjacent monomer in the AAC(6')-li dimer. 

3.5 Discussion 

The inhibition and alternative substrate diagnostic studies detailed here have shown 

that AAC(6')-li follows an ordered bi-bi ternary complex mechanism. As represented in 

Scheme 1, AcCoA binds first followed by the AG substrate to form a productive ternary 

complex. Acetylated AG is then the first product to be released after acetyl transfer, 

followed by coenzyme A. The sequential ternary complex mechanism described for this 

acetyltransferase appears to be common for all GNAT members studied to date (Williams 

& Northrop, 1978; Radika & Northrop, 1984b; Benke-Marti, 1987; Rudnick et at., 1991; 

Hickman et at., 1999b; Trievel et at., 1999; Dyda et at., 2000; Tanner et at., 2000; 

Magnet et at., 2001), and thus appears to be a universal property of this superfamily. The 

fact that all GCNS-related N-acetyltransferases share the striking structural homology 

centered on critical interactions with an acyl-CoA molecule suggests that these enzymes 

serve as catalytic scaffolds in their capacity to bind acyl-CoAs and a diverse array of 

other substrates to form a productive ternary complex. The ordered binding of acyl-CoA 

as a first substrate for many enzymes, including serotonin acetyltransferase (Hickman et 

at., 1999b), and histone acetyltransferases (Rojas et at., 1999; Trievel et at., 1999), has 
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been complemented by observations of a protein conformational change in response to 

the binding of AcCoA. We have also noted such changes for AAC(6')-Ii through 

proteolysis studies and intrinsic protein fluorescence (results not shown), with the solvent 

viscosity and alternate substrate data presented here indicating that this change is a 

requirement for catalysis. 

Product release appears to be partially rate-limiting in AAC(6')-Ii catalysis, as 

evidenced by keat changes from solvent viscosity studies and solvent isotope effects. The 

release of the final CoA product in particular appears to account for the rate limitation in 

this regard, as evidenced by our inhibition studies and previous observations of substrate 

inhibition with numerous AGs (Wright & Ladak, 1997). Of note are the significant 

changes in kcatlKb for AGs with increasing solvent viscosity. These results imply that the 

productive formation of an enzyme complex with AG is partly limited by diffusion, in 

which case one would expect significantly higher specificity constants on the order of 107 

M-1s-l . Since AGs have several possible conformations in solution with only one 

conformer optimal as a substrate, a much lower diffusion-controlled kcatlKb is possible 

and has been shown for an alternate AG acetyltransferase (Benke-Marti, 1987). In 

contrast, solvent viscosity appeared to have no effect on the productive formation of the 

AAC·AcCoA complex, reflected in the lack of kcatlKa changes for AcCoA. A slow 

conformational change in the enzyme after AcCoA binding is consistent with our 

mechanism and may also explain why no viscosity effects were observed in this case. 
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Last, the lack of an observable solvent isotope effect confirms our viscosity results that 

diffusion-controlled events, and not the chemical step, largely govern kcat. 

The partial and mixed forms of inhibition observed during our investigation of the 

AAC(6')-Ii kinetic mechanism complicated initial interpretations of our dead-end and 

product inhibition results. In general, the hyberbolic partial competitive inhibition 

observed for desulfo-CoA versus AcCoA could be the result of randomness in substrate 

binding or could indicate that this inhibitor has more than one binding site on AAC(6')-Ii, 

resulting in a catalytically active ESI complex. This latter hypothesis can also be applied 

to the observed mixed-type inhibition by 6'-N-acetyl ribostamycin versus AG. We have 

definitively ruled out the former hypothesis of randomness in the enzyme mechanism 

through the alternative substrate diagnostic approach, which clearly shows that AAC(6')­

Ii follows an ordered bi-bi kinetic mechanism. The implication of our observations of 

partial and mixed inhibitions is that multiple binding sites exist on the enzyme for both 

AcCoA and AG substrates. Several pieces of evidence suggest that the physiological 

dimer form of AAC(6')-Ii may act as a "functional unit" and account for the multiple 

binding sites hypothesized. First, the crystal structure of the AAC(6')-Ii·AcCoA binary 

complex (Wybenga-Groot et ai., 1999) and recent structural determination for the 

homodimer with bound coenzyme A (Burk et ai., 2003) reveal that there is one distinct 

cofactor binding site per monomer and two distinct sites per dimer. Kinetic analysis of 

the Trpl64Ala monomer described here also indicates that each monomer subunit 

appears to be functional on its own, signifying single binding sites for the AG substrate 
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per monomer. We therefore hypothesized that the binding of substrates to one subunit 

may affect the binding and activity of the other subunit in the dimer, resulting in a form 

of cooperation between monomers and attributing to the inhibition kinetics we observed. 

Consistent with our proposal of subunit cooperation in the AAC(6')-Ii dimer, the 

partial nature of the competitive inhibition observed for desulfo-CoA versus AcCoA was 

completely alleviated when the Trp 164Ala monomer was used. The binding of desulfo­

CoA to one active site may therefore change the affinity of the second active site for 

AcCoA substrate, a phenomenom which may occur through a slight conformational or 

structural change in the dimer upon ligand binding. In addition, subsequent ITC analysis 

of antibiotic binding to wild type AAC(6')-Ii revealed that two nonequivalent AG 

binding sites exist for the homodimer, in contrast to the one binding site characterized for 

the Trpl64Ala monomer. Again, these results are consistent with subunit cooperation in 

the physiological dimer. Our ITC data also rule out the possibility of half-site reactivity 

of the AAC(6')-Ii homodimer, in contrast to that observed for the AG acetyltransferase 

AAC(6')-Iy from Salmonella enterica (Magnet et al., 2001; Hegde et al., 2002). As well, 

previous NMR spectroscopy evidence which identified two enzyme-bound conformers 

for the same AG substrate on AAC(6')-li (DiGiammarino et al., 1998) is not inconsistent 

with our results. The likelihood of certain antibiotics having multiple binding modes per 

monomer active site, however, cannot be dismissed, given the multiple conformations 

possible for AG substrates in solution. 

The implications of our observations of subunit cooperativity for the AAC(6')-Ii 

physiological dimer are severalfold. First, the fairly low specificity constants observed 
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for AG modification by AAC(6')-Ii (-- 10 4 M-1s-1) can be partially attributed to this 

phenomenon if the reversible binding of ligands to each subunit effectively decreases the 

acetylation activity of the dimer as a whole. Second, the possibility of subunit 

cooperativity in other oligomeric members of the GNAT superfamily may implicate this 

phenomenon in the function and regulation of several enzymes, although this remains to 

be determined. 
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Chapter 4 

Studies on the Catalytic Mechanism of AAC(6')-1i 

The research described in this chapter was written as a manuscript entitled 

Molecular Mechanism of the Enterococcal Aminoglycoside 6'-N-Acetyltransferase 
AAC(6')-Ii: Role of GNAT-Conserved Residues in the Chemistry of Antibiotic 

Inactivation 

Draker, K. A. and G. D. Wright, authors 

108 



Ph.D. Thesis - K. Draker McMaster - Biochemistry 

4.0 Preface 

This chapter describes research on the catalytic mechanism of acetyl transfer by 

AAC(6')-Ii and represents the second and final sandwich style inclusion in this thesis. 

The original manuscript detailing this work has been reformatted to meet thesis style 

guidelines and is presented here. In addition, supplemental data submitted with the 

manuscript is included in section 4.3.6, with omission of the AAC(6')-Ii partial 

proteolysis data that has already been described in chapter 2. It is important to note that I 

conducted all of the research described in this chapter, with an acknowledged 

contribution made by Stevo Radinovic, an undergraduate project student who helped in 

the initial mutagenesis and purification of the His74Ala and Glu72Ala site mutants. I am 

also responsible for writing the manuscript, which has been accepted for publication in 

the journal Biochemistry. I also sincerely thank Drs. Murray Junop and Quyan Hoang for 

technical assistance in generating Figure 4.4. 

The studies described in this chapter convey the importance of investigating the 

catalytic mechanism of AAC(6')-Ii, which has resulted in a greater understanding of AG 

acetylation by this enzyme and also allows us to compare and contrast our results with 

other N-acetyltransferases. The introduction presented in section 4.2 also contains 

relevant background information on the GNAT superfamily that was not detailed in 

chapter 1. Furthermore, this work complements the research described in chapter 3 on the 

kinetic mechanism of AAC(6')-Ii, with several key fmdings from those studies applied to 

the characterization of several AAC(6')-Ii site mutants as detailed here. 
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4.1 Summary 

The Gram positive pathogen Enterococcus faecium is intrinsically resistant to AG 

antibiotics due to the presence of a chromosomally encoded AG 6' -N-acetyltransferase, 

AAC(6')-li. This enzyme is a member of the GeNS-related N-acetyltransferase (GNAT) 

superfamily and is therefore structurally homologous to proteins that catalyze acetyl 

transfer to diverse acyl-accepting substrates. This study reports the investigation of 

several potential catalytic residues that are present in the AAC(6')-Ii active site and also 

conserved in many GNAT enzymes. Site-directed mutagenesis of Glu72, His74, Leu76, 

and Tyr147 with characterization of the purified site mutants gave valuable information 

on the roles of these amino acids in acetyl transfer chemistry. More specifically, steady­

state kinetic analysis of protein activity, solvent viscosity effects, pH studies, as well as 

antibiotic resistance profiles were all used to assess the roles of Glu72 and His74 as 

potential active site bases, Tyr147 as a general acid, and the importance of the amide NH 

ofLeu76 in transition state stabilization. Taken together, our results indicate that Glu72 is 

not involved in general base catalysis, but is instead critical for the proper positioning and 

orientation of AG substrates in the active site. Similarly, His74 is also not acting as the 

active site base, with pH studies revealing that this residue must be protonated for 

optimal AAC(6')-Ii activity. Mutation of Tyr147 was found not to affect the chemical 

step of catalysis and our results were not consistent with this residue acting as a general 

acid. Lastly, the amide NH of Leu76 is implicated in important interactions with AcCoA 

and transition state stabilization. In summary, the work described here provides important 

information regarding the molecular mechanism of AAC(6')-li catalysis that allows us to 
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contrast our findings with other GNAT proteins and to demonstrate that these enzymes 

use a variety of chemical mechanisms to accelerate acyl transfer. 

4.2 Introduction 

Bacterial resistance to the AG-aminocyclitol antibiotics is most commonly due to the 

action of O-phosphotransferases (APHs)I, O-nucleotidylyltransferases (ANTs), and N­

acetyltransferases (AACs), which modify various hydroxyl or amino functionalities on 

the drug (Davies & Wright, 1997; Wright et al., 1998). Antibiotic modification by these 

AG modifying enzymes (AMEs) decreases the affinity of the antibiotic for its 30S 

ribosomal subunit target (Llano-Sotelo et aI., 2002), resulting in microbial resistance and 

complications in the clinical treatment of infections caused by both Gram positive and 

Gram negative bacteria. In particular, AG resistance in Gram positive enterococci renders 

routine ~-lactam/ AG therapy ineffective, due in many instances to high level gentamicin 

resistance in Enterococcus faecalis (patterson & Zervos, 1990) or low-level resistance to 

numerous AGs in E. faecium (Wennersten & Moellering JR., 1980). This failure of 

commonplace treatments increases the reliance on other classes of drugs such as the 

glycopeptides, resulting in an additional clinical problem in the form of vancomycin 

resistant enterococci (VRE) and a disturbing trend of bacterial multi-drug resistance 

(Huycke et al., 1998; Murray, 1998). 

A prevalent form of modification conferring AG resistance in bacteria is 6' -N­

acetylation, with two such enzymes responsible for antibiotic inactivation in Gram 
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positive enterococci (Davies & Wright, 1997; Shaw & Wright, 2000). In E. faecalis, 

high-level AG resistance is often due to the plasmid-mediated expression of the 

AAC(6')-APH(2") bifunctional enzyme, that both acetylates and phosphorylates various 

AGs (Daigle et al., 1999). In E. faecium, intrinsic resistance is mediated by expression of 

the chromosomally encoded aac(6')-li gene, conferring low-level resistance to the 4,5-

and 4,6-disubstituted deoxystreptamine classes of AGs (Costa et al., 1993). In vitro 

characterization of purified AAC(6')-Ii revealed its broad substrate specificity and 

defined the kinetics of acetyl transfer to be sub-optimal for a detoxification enzyme, with 

fairly low specificity constants (kcatlKm values) on the order of 10 4 MIs·I and poor 

correlation of this specificity with minimum inhibitory concentration (MIC) (Wright & 

Ladak, 1997). More recent studies have shown that AAC(6')-Ii follows an ordered bi-bi 

reaction mechanism similar to numerous other N-acetyltransferases, in which AcCoA 

binds first to the enzyme followed by AG to form a productive ternary complex (Draker 

et al., 2003). Solvent viscosity and isotope effects also revealed that diffusion-controlled 

processes and not the chemical step govern the rate of AAC(6')-Ii acetyl transfer (Draker 

et al., 2003). 

The crystal structure of AAC(6')-Ii in complex with AcCoA (Wybenga-Groot et al., 

1999) identified this resistance enzyme as a member of the large GCN5-related N­

acetyltransferase (GNAT) superfamily, which includes a diverse group of enzymes from 

both prokaryotes and eukaryotes. Originally based on primary sequence data which 

identified four sequence motifs common to N-acetyltransferases, early structural 

determinations of two GNAT members first revealed the remarkable structural homology 
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among superfamily members despite the lack of extensive primary sequence homology 

(Dutnall et al., 1998; Wolf et al., 1998). The subsequent structural determination of the 

AAC(6')-li·AcCoA binary complex helped to further derme the four conserved structural 

motifs and their role in AcCoA binding, as well as to characterize AAC(6')-li as both a 

structural and functional homolog of eukaryotic histone acetyltransferases (HATs) 

(Wybenga-Groot et aI., 1999). Numerous GNAT crystal structures are now available that 

exemplify both the structural similarities among superfamily members and the diverse 

specificity of these enzymes for acyl-accepting substrates, such as AGs and other sugars 

(Wolf et al., 1998; Wybenga-Groot et al., 1999; Peneff et al., 2001; Vetting et al., 2002), 

small molecules such as serotonin (Hickman et al., 1999a; Hickman et al., 1999b), as 

well as histones and other proteins (Bhatnagar et al., 1998; Dutnall et al., 1998; Weston 

et al., 1998; Angus-Hill et al., 1999; Clements et al., 1999; Rojas et al., 1999; Poux et aI., 

2002) (Figure 4.1). 

To date, crystal structures of three AG N-acetyltransferases representing the 3, 2', 

and 6' regiospecificities of drug modification have been determined (Wolf et al., 1998; 

Wybenga-Groot et al., 1999; Vetting et al., 2002). A structure-based sequence alignment 

of these AACs with other homologues in the GNAT superfamily provides information 

regarding the residues conserved within the structural motifs A-D (Figure 4.2). In 

addition to the numerous non-polar residues important for the GNAT structural fold 

(Dyda et al., 2000), several active site amino acids that could playa catalytic role are also 

structurally aligned in the highly conserved motifs A and B (Figure 4.2). 
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dark grey (conserved) or light grey (semi-conserved). Boxed in blue are potential catalytic residues that are conserved among some 
members, including AAC(6')-Ii residues GIu72, His74, Leu76, and Tyr147. GNAT structural motifs A-D are indicated. 
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In particular, AAC(6')-Ii residues Glu72, His74, Leu76 and Tyr147 align well with 

chemically similar residues from several GNATs (Figure 4.2) and have the potential to 

play a role in general acid/base catalysis or transition state stabilization typical for an 

acetyl transfer reaction, as shown in Figure 4.3; 

/{lR +NH3 Ej ¥R +NH3 
OR ,HN'-.S' OR 

o 6' OR ,,/ f 0 OR 

+NH (W -....... HN -

CR
' ~S-CoA R,C>1'S-CoA 

:B-Enz "-. HA-Enz + CoA-SR 

Figure 4.3: Proposed reaction pathway for AAC(6')-Ii-catalyzed acetyl transfer. 
The probable mechanism of AG acetylation by AAC(6')-Ii, showing nucleophilic 
attack of the carbonyl carbon of AcCoA by the deprotonated 6' -amino group of an AG 
(right) and formation of a tetrahedral-like transition state (middle). Possible general 
acid/base catalysis and transition state stabilization by the enzyme is also shown. 

The current study concentrates on these potential catalytic residues that line the 

AAC(6')-Ii active site, represented in Figure 4.4. The amino acids Glu72, His74, and 

Leu76 are found on ~-strand four (motif A), which contains the GNAT -conserved ~-

bulge and makes the majority of contacts with AcCoA (Wybenga-Groot et al., 1999; 

Dyda et al., 2000). Tyr147 is part of a-helix 5 (motif B), which also interacts with bound 

cofactor in the AAC(6')-Ii crystal structure. More specifically, Glu72 is in close 

proximity to the substrate acetyl moiety and may act as a general base by deprotonating 
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the incoming 6'-amino group of the AG. His74 could behave as either a general acid or 

base in drug modification. The backbone NH of Leu76 may also be critical for AAC(6')­

Ii catalysis, as this main chain element is in close proximity to the carbonyl oxygen of 

AcCoA (Figure 4.4) and equivalent residues have been repeatedly implicated in transition 

state stabilization for several GNATs (Bhatnagar et al., 1998; Hickman et al., 1999b; 

Rojas et aI., 1999; Vetting et al., 2002). Finally, the hydroxyl group of Tyr147 interacts 

with the sulfur atom of AcCoA (Figure 4.4) and thus has the potential to act as a general 

acid in acetyl transfer by reprotonating the CoA leaving group. Interestingly, several 

amino acids from various GNATs that structurally align with the aforementioned 

AAC(6')-Ii residues have already been shown to play critical roles in reaction chemistry. 

These include Glu173 of yeast GeN5 (aligns with AAC(6')-li Glu72), which has been 

characterized by mutagenesis and kinetic analysis to act as the general base in histone 

acetylation (Trievel et al., 1999). Recent studies on AANAT have shown that His122 

(aligns with AAC(6')-Ii His74, Figure 4.2) acts as a remote general base in serotonin 

acetylation, with Tyr168 (aligns with AAC(6')-Ii Tyr147, Figure 4.2) behaving as the 

general acid (Scheibner et al., 2002). 

This report describes the characterization of AAC(6')-Ii site mutants Glu72Ala, 

His74Ala, Leu76Ala, Leu76Pro, Tyr147Ala, and Tyr147Phe. Kinetic analysis of mutant 

enzyme activity was followed up with solvent viscosity studies to determine whether any 

of the amino acid substitutions resulted in a protein impaired at the chemical step of 

acetyl transfer. Additional studies on the pH dependence of wild type and His74Ala 

activity identified ionizable groups important for catalysis and further defined the 
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chemical mechanism of AAC(6')-li. Finally, the impact of each amino acid substitution 

on AAC(6')-Ii drug acetylation in vivo was assessed by MIC determinations of select AG 

antibiotics. The goal of this work is to elucidate the molecular mechanism of AG 

inactivation by this enzyme, which will no doubt be useful in both the identification 

and/or design of AAC(6')-Ii specific inhibitors in the future. In addition, an 

understanding of the chemical mechanisms of GNAT enzymes and how they differ may 

shed light on the broad specificities displayed for acyl-accepting substrates and on the 

evolution of these N-acyltransferases as a superfamily. 

Figure 4.4: Potential catalytic residues lining the AAC(6')-Ii active site. Bound 
AcCoA and nearby amino acids Glu72, His74, Leu76, and Tyr147 are represented. 
The potential roles of these amino acids are discussed throughout the text The sulfur 
atom of AcCoA is colored yellow and the amide N of Leu76 is represented as a blue 
sphere. Secondary structure that is part of a conserved motif is colored blue (motif 
A), purple (motif B), green (motif C) or red (motif D). This figure was generated 
using the pdb file IB87 (Wybenga-Groot et ai., 1999) and PyMOL (DeLano, 2002). 
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4.3 Materials ami Methods 

4.3.1 General 

McMaster - Biochemistry 

AGs and DTDP were from Sigma Chemical Co. (St. Louis, MO, USA). Neamine 

was the kind gift of Dr. Shahriar Mobashery at the Institute for Drug Design, 

Departments of Chemistry, Pharmacology and Biochemistry and Molecular Biology, 

Wayne State University, Detroit, Michigan, USA. AcCoA was from Amersham 

Pharmacia and [1 )4C]-labelled AcCoA (specific activity = 65 mCilmmol) was from ICN 

radiochemicals (Costa Mesa, CA, USA). Mutagenic oligonucleotide primers were 

synthesized at the Central Facility of the Institute for Molecular Biology and 

Biotechnology, McMaster University. 

4.3.2 Site-Directed Mutagenesis of AAC(6')-Ii 

To investigate the roles of Glu72, His74, Leu76, and Tyr147 in acetyl transfer, eight 

site mutants were generated by the QuikChange site-directed mutagenesis protocol 

(Stratagene, La Jolla, CA, USA) using the appropriate mutagenic oligonucleotide primer 

(Table 4.1) and its reverse complement. The wild type aac(6')-Ii gene cloned into 

pET22b(+) (Novagen, Madison, WI) (Draker et al., 2003) was used as template DNA in 

all PCR amplifications. The presence of the desired mutation in all mutant aac(6')-Ii 

genes as well as the absence of adventitious mutations was confirmed by complete gene 

sequencing at the Central Facility of the Institute for Molecular Biology and 

Biotechnology, McMaster University. All expression constructs were used to transform 

E. coli BL21(DE3) competent cells for subsequent enzyme overexpression and 

purification. 
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Table 4.1: Mutagenic oligonucleotides used in this study 

Mutation 

Glu72Ala 

Glu72Gln 

Glu72Asp 

His74Ala 

Leu76Ala 

Leu76Pro 

Tyr147Ala 

Tyrl47Phe 

Oligonucleotide Sequence a 

5' - ggtatcacaggttgggcattgcatccattag - 3' 

5' - ggtatcacaggttggcaattgcatccattag - 3' 

5' - ggtatcacaggttg~tttgcatccattag - 3' 

5' - ggttgggaattgg£!ccattagttgtagaaagc - 3' 

5' - gggaattgcatcca~gtagaaagctc - 3' 

5' - gggaattgcatccaccagttgtagaaagctc - 3' 

5' - ggacatccgtatgagttcsaaaaattagg - 3' 

5' - ggacatccgtatgagttc!1tgaaaaattagg - 3' 

a Underlined bases indicate the codon change used to generate the desired amino acid substitution 

4.3.3 Purification of Site Mutants 

Wild type and mutant AAC(6')-Ii proteins were overexpressed and purified by the 

three-step column chromatography procedure previously described (Wright & Ladak, 

1997). Exceptions were the Glu72Gln and Glu72Asp mutants, which were overexpressed 

following induction with IPTG at 16 °C overnight. This was done to obtain a reasonable 

quantity of soluble protein after initial attempts using wild type procedures were 

unsuccessful. 

4.3.4 Partial Proteolysis of Mutant AAC(6')-li Proteins 

Incubation of wild type AAC( 6')-Ii with subtilisin results in a reproducible pattern of 

proteolysis as visualized by SDS-PAGE. In addition, AAC(6')-Ii is almost completely 

protected from proteolysis in the presence of AcCoA, with bound AG offering less 

protection (see chapter 2). The susceptibility of mutant AAC(6')-Ii proteins to subtilisin 
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was therefore investigated for confirmation that the introduced mutations did not perturb 

the overall tertiary structure of the proteins, as assessed by visual comparison with wild 

type digestion patterns. 

4.3.5 Steady-State Kinetic Analysis 

AG-dependent acetyltransferase activity was monitored during protein purification 

and steady-state kinetic studies by in situ titration of free CoA with DTDP as described 

previously (Williams & Northrop, 1978; Wright & Ladak, 1997). Assay conditions for 

the kinetic analysis of mutant AAC(6')-Ii enzymes were similar to those described for the 

wild type protein (Wright & Ladak, 1997), but scaled down to a final volume of 250 ~L 

to monitor reactions in microtiter plate format using a Molecular Devices SpectraMAX 

Plus spectrophotometer. Initial rates were fit to equation 1 describing Michaelis-Menten 

kinetics, 

v = kcatEt[S]I(Km + [S]) (Eq. 1) 

or equation 2, 

(Eq.2) 

when substrate inhibition was detected, using Grafit 4.0 software (Leatherbarrow, 2000). 

Peptide acetylation activities of wild type and Glu72Ala proteins were compared using 

the modified phosphocellulose binding assay and the model peptide substrate poly-L-Lys 

as described previously (Wybenga-Groot et al., 1999). Reactions were allowed to 

proceed for 45 min and contained varying concentrations of poly-L-Lys, 0.1 ~Ci [1 )4C] 

AcCoA (160 ~M), and ca. 25 pmoles enzyme in 25 mM HEPES pH 7.5, 2 mM EDTA. 
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4.3.6 Supplemental Data Relevant to Kinetic Analysis 

Recent isothennal titration calorimetry CITC) experiments have shown that the Km 

values for AG binding to AAC(6')-Ii approximates the dissociation contants (~) for 

these substrates (Draker et al., 2003). To assess whether the Km for AcCoA also 

reflects the Kd, we turned to equilibrium dialysis and fluorescence anisotropy 

experiments to detennine the dissociation constants for AcCoA and 

N 6 - ethenocoenzyme A (tCoA), respectively. Our results indicate that Km does 

approximate Kd, allowing us to interpret changes in the kinetic parameter Km for the 

AAC(6')-Ii site mutants as changes in binding affinity for both AcCoA and AG 

substrates. 

4.3.6.1 Equilibrium Dialysis Experiments 

Kd detenninations for AcCoA binding to AAC(6')-Ii were made using disposable 

equilibrium dialyzers with a 10 kDa cut-off membrane separating two small volume 

chambers (~75 ilL). AAC(6')-Ii enzyme at a 100 11M concentration was added to the 

sample chamber and 5-320 11M of e4C]-AcCoA added to the other (buffer) chamber. 

Both chambers contained 25 mM Hepes, pH 7.5 and 1 mM EDTA as buffer. 

Following a 2 day equilibration on a level shaker, duplicate samples were recovered 

from each chamber and applied to filter paper. The dried filter paper was then counted 

by liquid scintillation to detennine the amount of radioactivity in the buffer 

([AcCoA]free), and sample ([AcCoA]free + [AcCoA'AAC(6')-IiD chambers. The 

concentration of bound AcCoA was determined by subtracting the [AcCoA]free value 

from the [AcCoA]free + [AcCoA'AAC(6')-Ii] detennination. A Kd value for AcCoA 
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binding was determined by nonlinear least squares fitting to equation 3 describing 1 

site ligand binding, using Grafit 4.0 (Leatherbarrow, 2000). 

[AcCoA·AAC(6')-li] = ([AAC(6')-li]total '" [AcCoA]ftee)/Kd + [AcCoA]ftee (Eq. 3) 

Fitting of the equilibrium dialysis data to the above equation describing 1 site ligand 

binding gave a Kd value of 16.8 ± 2.5 J.1M (Figure 4.5A). This is in good agreement with 

the published Km value of23.5 ± 3.7 J.1M for AcCoA (Wright & Ladak, 1997). 

4.3.6.2 Fluorescence Anisotropy Experiments 

The compound 1, N 6-ethenocoenzyme A (ECoA) was used in steady-state anisotropy 

experiments to approximate the Kd for CoA binding to AAC(6')-li. Triplicate 

measurements were made in which - 2 mLs of 0.5 J.1M ECoA was titrated with increasing 

concentrations of AAC(6')-li. Concentrated enzyme was added in 2-5 J.1L increments to 

the solution containing ECoA, and the anisotropy changes measured after 1 min of 

stirring. All titrations were done at 25°C in 25 mM Hepes, pH 7.5 and 1 mM EDTA 

using quartz cuvettes and a steady-state fluorescence spectrophotometer. Excitation of £ 

CoA occurred at 305 nm (4-nm slits), and emission monitored at 405 nm with 16-nm slits 

for both parallel and perpendicular components. The anisotropy r of ECoA was calculated 

by instrument software using the parallellvv and perpendicular Ivh polarized fluorescence 

intensities measured upon ECoA excitation. Data were fit to equation 4 as described 

previously (Richards et al., 1996) to determine Kd using Grafit 4.0 software 
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(Leatherbarrow,2000). 

A= «Abound - Afree) * [AAC(6')-Ii] / Kd + [AAC(6')-IiD + Afree (Eq.4) 

Fitting of the fluorescence anisotropy data to equation 4 gave a Kd value of 6.3 ± 0.6 IlM 

(Figure 4.5B). Again this value is in the low IlM range, representing only a 3.7-fold 

change relative to the Km for AcCoA and a 2.7-fold difference from the Kci determined 

using equilibrium dialysis. Taken together, our results therefore allow us to equate Km 

with Kd for this substrate. 

A. B. 
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Figure 4.5: Non-linear fits of equilibrium dialysis (A) and fluorescence anisotropy 
(B) data used to detennin.e dissociation constants (Kd). A Kd of 16.8 ± 2.5 IlM was 
determined for AcCoA using equilibrium dialysis and a Kd of 6.3 ± 0.6 IlM for eCoA 
based on fluorescence anisotropy experiments. 
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4.3.7 Sucrose Viscosity Studies on AAC(6 ')-li Mutants 

The rate of acetyl transfer for wild type AAC(6')-li is largely governed by CoA 

product release, as recently shown by solvent viscosity effects determined using the 

microviscosogen sucrose (Draker et ai., 2003). Viscosity studies were employed here to 

assess whether any of the amino acid substitutions under investigation affected the 

chemical step and therefore altered the rate limiting segment(s) of the reaction from 

product release to acetyl transfer chemistry. In such a case, we would not expect changes 

in enzymatic rates with increasing solvent viscosity. Viscosity studies with Glu72Ala, 

His74Ala, Leu76Ala, Leu76Pro, Tyr147Ala, and Tyr147Phe site mutants were done 

using the microviscosogen sucrose (0 - 30 %) and ribostamycin as the varied substrate as 

described previously (Draker et al., 2003). Initial rate data were fit by non-linear least 

squares to equation 1 using Graftt 4.0 software (Leatherbarrow, 2000). Values reported in 

Table 4.3 are the slopes of plots from either kcat°/kcat or «kcatlKmo)/kcatlKm) versus the 

relative viscosity of the sucrose containing solution for each mutant. 

4.3.8 pH Dependence on AAC(6 ')-li Activity 

pH studies on the wild type enzyme were performed to generate a profile of enzyme 

activity as a function of pH. Acetyl transfer activity was monitored from pH 5.5 to 9.0 

every 0.5 pH unit using overlapping 50 mM buffers of MES (PH 5.5-7.0), HEPES (PH 

7.0-8.0), or TAPS (PH 8.0 - 9.0). The resulting kinetic data were fit to equation 1 to 

obtain the first- and second-order kinetic parameters kcat and kcatlKm, respectively. Profiles 

were generated by plotting log kcat or log kcatl Km as a function of pH and relevant pK 

values identified by a fit of the data to global equations of best fit using the Enzyme 
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Kinetics Module of Sigma Plot software (Brannan et al., 2000). The wild type AAC(6')­

Ii pH profile fit best to equation 3 describing a single pKa value, where v is either the kcat 

or kcat/Km rate constants, C represents the pH-independent value, Ka is the acid 

equilibrium constant, and H is the proton concentration; 

log v = log [C/(l + Ka/H)] (Eq.5) 

Similar studies on the His74A1a mutant were performed as described above for the wild 

type enzyme. 

4.3.9 M1C Determinations 

MICs of kanamycin A and neomycin were determined using the serial dilution 

method in liquid culture and microtiter plate format according to standard NCCLS 

guidelines (Standards, 2000). The MIC was defined in this study as the lowest 

concentration of AG antibiotic to completely inhibit growth of E. coli BL21(DE3) cells 

expressing wild type or mutant AAC(6')-Ii proteins. E. coli BL21 (DE3) cells containing 

pET22b(+) or no plasmid DNA served as MIC controls. Western blot analysis of 

AAC(6')-li protein from bacteriallysates confirmed that expression levels of wild type 

and the various site mutants were comparable. 

4.4 Results and Discussion 

4.4.1 Purification and Stability of AAC(6 ')-li Site Mutants 

The AAC(6')-Ii mutants Glu72A1a, His74A1a, Leu76A1a, Leu76Pro, Tyr147Ala, and 

Tyr 14 7Phe were successfully overexpressed and purified using wild type procedures, 

indicating that these proteins maintained the general properties of the native protein. 
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In addition, partial proteolysis patterns for these mutants were identical to native 

AAC(6')-Ii, providing good evidence that the site mutations did not perturb the overall 

fold of the enzymes. The Glu72Gln and Glu72Asp mutants, which required lower 

overexpression temperatures to obtain soluble protein, were found to have an increased 

protease susceptibility and different proteolytic pattern compared to wild type, revealing 

that these proteins did not have the same protein fold as the native enzyme. As a result, 

only the substitution of Glu72 to Ala was characterized in this study. 

4.4.2 Steady-State Kinetic Analysis of AAC(6')-li Site Mutants 

Recent work on wild type AAC(6')-Ii has shown that the apparent affinity (Km) of 

both AcCoA and AG for the enzyme approximates the dissociation constant (Kd) for 

these substrates (see section 4.3.6 and Draker et al., 2003). This allows us to directly 

correlate changes in substrate Kms for the site mutants as changes in binding affinity. 

Since we also know that the rate of acetyl transfer by AAC(6')-Ii is largely governed by 

product (CoA) release and is reflected in kcat values, changes in catalytic efficiency 

(kcaJKm) as well as solvent viscosity effects were used to assess changes in the chemical 

steps for the various site mutants. The sucrose viscosity studies in particular were found 

to complement our steady-state kinetic analysis of each site mutant, as we could now 

assess whether each protein was catalytically impaired at the chemical steps as a result of 

the introduced mutation. Our results are discussed below for each site mutant with 

steady-state kinetic results included in Table 4.2 and solvent viscosity effects presented in 

Table 4.3. 
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Table 4.2: Steady-state kinetic parameters for wild type & mutant AAC(6')-Ii proteins a 

Wild Type b 

Substrate Km (~ keat (sol) keatlKm (M"lsol) 

Acetyl-eoA 23.5 ± 3.7 0.40 ± 0.02 1.7 x 10 4 

Neamine 5.8 ± 1.0 0.42 ± 0.02 7.2x 10 4 

Kanamycin A 19.9 ± 8.8 0.82 ± 0.21 4.6xl0 4 

Tobramycin 22.0±5.6 1.1 ± 0.20 5.1 x 10 4 

Amikacin 13.1 ± 2.1 0.11 ± O.oI 8.1 x 10 3 

Neomycin 5.3 ±0.6 0.20± 0.00 3.9xl0 4 

Ribostamycin 9.1 ± 2.0 0.34 ± 0.22 3.7x 10 4 

Glu72Ala 

Substrate Km (J.1M) kcat (sol) kcatlKm (M0lsol) 

Acetyl-eoA 154 ±39 0.99± 0.15 6.4xl0 3 

Neamine 482±49 0.44 ± 0.01 9.1 x 10 2 

Kanamycin A 3490± 512 0.55 ± 0.03 1.6 x 10 2 

Tobramycin 1150 ± 304 1.1 ± 0.20 9.6x 10 2 

Amikacin 380 ± 51 0.05 ± 0.00 1.3 x 10 2 

Neomycin 29.0± 4.2 1.1 ± 0.07 3.8 x 10 4 

Ribostamycin 301 ± 43 0.35 ± 0.02 1.2 x 10 3 

His 74Ala 
Substrate Km (J.1M) kcat (sol) kcatlKm (Mlsol) 

Acetyl-eoA 7.3 ± 0.8 0.18 ± 0.00 2.5 x 10 4 

Neamine 43.2 ± 9.0 0.15 ± 0.02 3.5 x 10 3 

Kanamycin A 14.4 ± 2.9 0.05±0.00 3.3 x 10 3 

Tobramycin 36.9±3.6 0.30± 0.01 8.2 x 10 3 

Amikacin 58.2±4.8 0.04±0.00 7.1 x 10 2 

Neomycin 18.2 ± 3.2 0.19±0.0l 1.0 x 10 4 

Ribostamycin 38.1 ± 3.9 0.23 ± 0.01 6.0x 10 3 

Leu 76Ala 
Substrate Km (~ keat (sol) keatlKm (M0lsoI) 

Acetyl-eoA 3.3 ± 0.6 0.23 ±0.01 6.9x 10 4 

Neamine 22.4± 5.6 0.38 ± 0.01 1.7 x 10 4 

Kanamycin A 25.7±2.6 0.27 ± 0.01 l.lx10 4 

Tobramycin 62± 12 0.89 ±0.14 1.4x10 4 

Amikacin 11.4 ± 2.1 0.03 ±O.OO 2.5 x 10 3 

Neomycin 19.0± 3.0 0.16±0.01 8.4 x 10 3 

Ribostamycin 21.4 ± 1.0 0.15 ±O.OO 7.0 x 10 3 
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Table 4.2: continued 

Leu 76Pro 
Substrate K", (I!M) kcat (S·l) kcat/K", (MIS·I) 

Acetyl-CoA 48.9 ± 9.9 0.06 ± 0.00 1.2 x 10 3 

Neamine 68.2 ± 8.8 0.002 ± 0.000 3.1 x 10 1 

Kanamycin A No activity C 

3.8 x 10 1 Tobramycin 146 ± 23 O.ol ± 0.00 
Amikacin No activity 
Neomycin 57.3 ± 5.4 0.04± 0.00 6.5 x 10 2 

Ribostamycin 107 ± 16 0.01 ± 0.00 7.7x 10 1 

Tl..r147Ala 
Substrate Km (I!M) keat (S·I) kcaJKm (MIS·I) 

Acetyl-CoA 4.68 ± 0.81 0.01 ± 0.00 1.6xl0 3 

Neamine 169 ± 20 0.004 ± 0.000 2.2 x 10 1 

Kanamycin A 110 ± 41 0.01 ± 0.00 5.6x 10 1 

Tobramycin 147 ±22 0.004 ± 0.001 2.6x 10 1 

Amikacin No activity 
Neomycin 38.6 ± 8.8 0.001 ± 0.000 3.6x 10 1 

Ribostamycin 109 ± 16 0.02 ±O.OO 1.5 x 10 2 

Tp147Phe 
Substrate Km (I!M) kcat (S·I) kcaJKm (M.IS·I) 

Acetyl-CoA 4.07 ±0.79 0.07 ± 0.00 1.8xl0 4 

Neamine 150 ±24 0.05 ±O.OO 3.2 x 10 2 

Kanamycin A 340 ± 14 0.03 ± 0.01 1.0 x 10 2 

Tobramycin 136 ± 19 0.10 ± 0.00 7.1 x 10 2 

Amikacin 2190± 600 0.003 ± 0.000 1.2 x 10 0 

Neomycin 55.3 ±20.8 0.07 ± O.ol 1.3 x 10 3 

Ribostamycin 306± 89 0.12 ± 0.01 4.0x 10 2 

QReactions were carried out at 37"C in 25 mM MES, pH 6.0 and 1 mM EDTA 
bKinetic parameters for wild type AAC(6')-li are reproduced from Wright & Ladak (1997) 
cNo measurable activity observed for up to 3 nmoles of protein added per reaction. 

129 



Ph.D. Thesis - K. Draker McMaster - Biochemistry 

Table 4.3: Solvent viscosity effects on wild type and mutant AAC(6')-Ii activities a 

Protein (kcat °/kcat) TJ b «kcat!Kb C)/kcatlKb)TJ Catalytic Mutant C 

Wild Typed 0.52 0.72 

Glu72Ala 0.04 0.02 

His74Ala 0.21 - 0.03 

Leu76Ala 0.61 0.70 

Leu76Pro 0.35 0.07 

Tyr147Ala 0.28 0.45 

Tyr147Phe 0.54 0.60 

a Reported sucrose viscosity effects are for ka.t and kc.I~ with ribostamycin as varied AG and saturating 
concentrations of AcCoA 

No 

Yes 

Yes 

No 

Yes 

No 

No 

b The values reported are the slopes of plots for ka.t°/ka.t or «kc.I K" ~1kc.lK,,) versus the relative viscosity of the solution. 
c AAC(6')-Ii proteins with an amino acid substitution that caused the chemical step of acetyl transfer to become 

rate-limiting was considered a catalytic mutant 
d Reproduced from Draker et al. (2003) 

4.4.3 Role ofGlu72 

The mutation of Glu72 to Ala caused a notable reduction in affinity for both the 4,5-

and 4,6-disubstituted classes of AGs, with the largest changes being an 83-fold decrease 

in the affinity for the minimal substrate neamine and a 175-fold reduction in Km for 

kanamycin A (Table 4.2). Little change in the rate of substrate turnover was observed for 

any of the AGs tested, with the exception of a 5-fold increase in kcat for neomycin 

acetylation. Reductions in specificity constants (kcatlKm) for this mutant were largely a 

result of the decrease in protein affinity for AG substrates, with the efficiency ofneamine 

acetylation reduced by almost 80-fold and the specificity for kanamycin A decreased by 

290-fold (Table 4.2). Sucrose viscosity studies revealed that this mutant was likely 
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impaired at the chemical step of acetyl transfer, as evidenced by the lack of an effect on 

both kcat and y% in response to increasing solvent viscosity (Table 4.3). Since 

AAC(6')-li can also modify the model substrate poly-L-lysine (Wybenga-Groot et al., 

1999), kinetic parameters were determined for the Glu72Ala mutant using this peptide 

and revealed no significant change in this activity compared to wild type (1.25-fold 

change in Y Km). 

Taken together, these kinetic results support a role for Glu72 in AG recognition and 

are not consistent with this residue acting as a general base in antibiotic or peptide 

acetylation. Our results instead suggest that the carboxylate moiety of Glu72 may be 

interacting, either directly or indirectly, with a common AG functional group on the 6-

aminohexose or the aminocyclitol ring. The fact that the apparent affinity of AAC(6')-Ii 

for the peptide substrate poly-L-Lys was not affected by this mutation provides additional 

support that this residue interacts specifically with AG. Our sucrose viscosity results also 

imply that Glu72, in addition to its role in AG recognition, may be critical for the proper 

positioning and orientation of this substrate in the AAC(6')-Ii active site in order for 

efficient acetyl transfer to occur. 

4.4.4 pH Dependence of AAC(6')-li Activity and the Role of His 74 

pH studies on the wild type enzyme were performed to identify enzyme ionizable 

groups that are relevant to the acetyl transfer mechanism. As we now know through 

viscosity studies and solvent isotope effects that substrate turnover, or kcat" is largely 

governed by a diffusion-controlled process and not the chemical step (Draker et al., 

2003), we have concentrated on catalytic efficiency, or kcatlKm values, in our analysis. In 
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addition, since AAC(6')-Ii follows an ordered bi-bi kinetic mechanism with AG being 

the second substrate to add in the formation of a productive ternary complex, changes in 

kcatlKb were analyzed in order to identify ionizable groups and protonation states relevant 

to both substrate binding and catalysis (Cleland, 1986). The results of our pH studies 

with wild type AAC(6')-li indicate that an ionizable group with a pK of 6.9 ± 0.1 is 

important for optimal acetyltransferase activity, determined from the best fit of the data 

to eq. 3. As can be seen from the plateau shaped pH profile in Figure 4.6A, the 

descending nature of the plot indicates that the ionizable group identified must be 

protonated for optimal catalytic efficiency. Since the determined pK value of 6.9 is 

consistent with the ionizable group of a histidine imidazole, pH studies were repeated 

with the His74Ala site mutant to investigate whether this residue was responsible for the 

observed pH dependence of wild type AAC(6')-Ii, the results of which are discussed 

below. 

Steady-state kinetic parameters determined for the His74Ala mutant revealed only a 

small effect on enzyme activity. Km values for AcCoA and the 4,5-and 4,6 disubstituted 

AGs only differed by a range of 2 to 7.5-fold compared to wild type, indicating no 

significant change in apparent affinity (Table 4.2). Similarly, rates of acetyl transfer to 

the AGs tested were almost identical to those obtained for the wild type protein. kcatlKm 

values were only slightly lower than wild type, ranging from a 6-fold reduction in 

tobramycin acetylation efficiency to a 20-fold decrease observed for neamine (Table 4.2). 

Surprisingly, solvent viscosity effects indicated that this substitution altered the rate­

determining step of acetyl transfer from a diffusion-controlled process to the chemical 
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step. As can be seen from Table 4.3, no viscosity effect was observed for kcat/Kb when 

AG was the varied substrate, in contrast to the significant effect observed for the wild 

type enzyme. Also supporting the importance of this residue are the results from pH 

studies with the His74Ala site mutant. Figure 4.6B clearly shows that the pH profile of 

His74Ala activity lacks the descending limb evident in the wild type plot (Figure 4a), 

revealing that the ionizable group of this residue was identified from the wild type pH 

profile. Most importantly, these fmdings support the identification of the ionization of the 

His74 imidazole, with a pKa of 6.9 and in its protonated form, as essential for optimal 

AAC(6')-Ii activity, which effectively rules out the possibility that this residue functions 

as an active site base. 
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Figure 4.6: pH profiles of wild type AAC(6')-Ii (A) and His74Ala (B) activity as a 
function of pH. Shown are plots of log (kcat/Kb) versus pH, which ranged from 5.5 to 
9.0 using 50 mM buffers of MES, HEPES, or TAPS as described in materials and 
methods. Enzyme activity was measured with ribostamycin AG as the variable 
substrate and saturating concentrations of AcCoA. A single pKa of 6.9 ± 0.1 was 
identified for the wild type protein based on the best fit of the generated data to 
equation 3. No relevant pK value was determined from the His74Ala pH profile based 
on the collected data. 
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The relatively close proximity of His74 NE2 to the carbonyl oxygen of AcCoA (~5 A) in 

the crystal structure (Figure 4.4) raises an interesting possibility that it may serve to 

polarize this oxygen for greater electrophilicity at the carbonyl carbon and also stabilize 

the negative charge which forms on the carbonyl oxygen in the transition state. His74 

may therefore contribute to the formation of an oxyanion hole in the AAC(6')-Ii active 

site. 

4.4.5 Leu76 

The potential role of the main chain NH of Leu76 in catalysis was investigated by 

mutating this residue to Ala or Pro, with the latter substitution eliminating the hydrogen 

bonding capacity of the backbone NH. The Leu76Ala mutant demonstrated virtually wild 

type activity as expected, with the biggest changes being a 3.6-fold reduction in the 

apparent affinity for neomycin and a 3.7-fold decrease in kcat for amikacin (Table 4.2). 

Sucrose viscosity effects for this mutant were identical to the wild type enzyme, 

indicating that diffusion controlled processes still governed the rate of acetyl transfer 

(Table 4.3). In contrast, the Leu76Pro mutant was found to be dramatically impaired in 

both AG recognition and catalysis. Specificity constants in particular revealed a large 

decrease in AAC(6')-Ii catalytic efficiency, including a 2300-fold decrease in kcatlKb for 

neamine modification, a BOO-fold reduction in kcatlKb for tobramycin, and no detectable 

acetyl transfer activity towards several AGs (Table 4.2). Consistent with the kinetic 

analysis is the lack of a solvent viscosity effect on kcatlKb (Table 4.3), revealing that the 

substitution of Leu76 with Pro generates a catalytic mutant impaired at the chemical step. 
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These results and the obvious differences in Leu76Ala and Leu76Pro protein activities 

lend support to a role for the backbone NH ofLeu76 in catalysis. 

As Leu76 is adjacent to the GNAT-conserved ~-bulge in AAC(6')-Ii, mutation of 

this residue to Pro would result in two adjacent prolines along f3-strand 4. We are 

confident, however, that the kinetic changes for this mutant are a result of functional 

alterations in AAC(6')-Ii chemistry, as opposed to structural changes in the active site as 

a consequence of the introduced mutation. First, wild type proteolysis patterns were 

observed for the Leu76Pro mutant, indicating no gross changes in AAC(6')-li tertiary 

structure. Also, the mutation to Pro is not expected to alter the hydrogen bonding patterns 

between ~-strands 3 and 4, since the amide NH of Leu76 does not participate in these 

interactions. Finally, the Leu76Pro site mutant displays only a marginal decrease (2-fold) 

in the affinity for acetyl CoA, suggesting that this mutation does not affect the enzyme's 

interactions with this substrate. Taken together, the evidence presented here does 

implicate the amide NH of Leu76 in transition state or intermediate stabilization and 

reveals that this backbone interaction is a requirement for efficient AAC(6')-Ii catalysis. 

4.4.6 Tyr147 

Replacement of Tyr147 with Ala caused significant reductions in AAC(6')-Ii affinity 

for all the AGs tested in addition to reductions in kcat (Table 4.2). As a result, specificity 

constants (kcatIKm) were dramatically lower than for the wild type protein, with changes 

ranging from 250-fold for ribostamycin acetylation to over a 3000-fold reduction for 

neamine modification. Characterization of the Tyrl47Phe was more informative, as the 
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substitution to Phe maintains the aromatic ring of the side chain but removes the 

hydrogen bonding potential and general acid capabilities of the Tyr phenolic hydroxyl. 

As can be seen from Table 4.2, this mutant also demonstrated significant reductions in 

both apparent affinity (Km) and catalytic turnover (kcat), resulting in lower specificity 

constants compared to the wild type enzyme. In particular, decreases in AG affinity 

ranged from a 6-fold decrease for tobramycin to a large l70-fold change in Km for 

amikacin (Table 4.2). In general, the significant reductions in catalytic efficiency 

observed for the Tyr 14 7Phe mutant suggests that the side chain hydroxyl plays a critical 

role in AAC(6')-Ii catalysis. Solvent viscosity studies on both Tyr147Ala and Tyr147Phe 

proteins, however, demonstrated that rate-limiting segments in catalysis remained 

diffusion-controlled, with only slightly smaller effects observed for the Tyr 147 Ala 

mutant compared to the wild type enzyme (Table 4.3). As well, pH studies did not 

identify an ionizable group consistent with a Tyr to be important for protein activity, 

suggesting that Tyr147 is not acting as an active site acid. The results presented here are 

consistent with the hydroxyl group of Tyr147 acting in some capacity to orient the acetyl 

moiety of AcCoA for optimal interaction with AG. It is possible that without this 

interaction the position of the acetyl-group may be altered slightly and actually perturb 

the productive binding of AG, likely explaining the reductions in Tyr147Phe affinity 

noted for this second substrate. Our results therefore suggest that Tyr147 does not act as 

the general acid in catalysis, but instead plays a major role in orienting the acetyl group 

for efficient transfer to the 6' -amino group of AGs. 
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4.4.7 MIe Determinations 

To complement our in vitro analysis, we investigated the effects of each amino acid 

substitution on protein activity in vivo by MIC determinations of kanamycin A and 

neomycin for E. coli BL21(DE3) cells expressing either wild type AAC(6')-li or one of 

the site mutants. As can be seen from Table 4.4, all of the mutants conferred a lower 

level of resistance to kanamycin A compared to the wild type protein. Increased 

susceptibility to this AG was most notable with Leu76Pro, Tyr147Ala, and Tyr147Phe 

proteins, revealed by a 16-fold change in MIC (Table 4.4). Similarly, the substitution of 

Glu72 with Ala caused an 8-fold change in MIC with kanamycin A, likely due to the 

large decreases in protein affinity for AGs as determined from our kinetic studies. 

Table 4.4: MICs of select AGs for AAC(6')-Ii site mutants 

MICinuglmL 
Site Mutant Kanamycin A Neomycin 

BL21(DE3)Q 4 1 

Wild Type 128 8 

Glu72Ala 16 4 

His74Ala 32 4 

Leu76Ala 32 8 

Leu76Pro 8 1 

Tyr147Ala 8 4 

Tyr147Phe 8 4 

a Negative control using Ecoli BL21(DE3) and E.coli BL21 (DE3)/pET22b(+). 
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In contrast to that observed for kanamycin A, changes in MICs in the presence of 

neomycin were for the most part small, with no change observed for the Leu76Ala 

mutant, and only a 2-fold decrease in the MIC due to Glu72Ala, His74Ala, Tyr147 Ala, 

and Tyr147Phe activities. The Leu76Pro protein, on the other hand, conferred no 

resistance to neomycin, with E. coli cells expressing this mutant becoming completely 

susceptible to this AG (Table 4.4). Overall, the increase in drug susceptibility observed 

by a decrease in MIC for E. coli expressing the mutant enzymes correlated well with 

changes in protein activity demonstrated in vitro. 

4.4.8 Implicationsfor the GNAT Superfamily 

Characterization of the AAC(6')-li site mutants described here has convincingly 

shown the importance of Glu72, His74, Tyr147 and the amide NH of Leu76 in catalysis. 

Since the structural fold and active site geometry of GNAT enzymes are very similar, our 

results also allow us to compare the functions of these residues with equivalent amino 

acids from other GNAT enzymes. Our finding that Glu72 is not behaving as the active 

site base in AAC(6')-li catalysis contrasts what was shown for Glu173 from tGCN5, an 

equivalent residue acting as the general base in histone modification (Tanner et al., 

1999). Similarly, His122 from AANAT (Scheibner et al.; 2002) and Asp99 from 

AAC(6')-Ie (Boehr et al., 2003) are geometrically equivalent to His74 from AAC(6')-li, 

and have both been shown to function as an active site base. Our results indicate that 

His74 is instead critical for optimal enzyme activity in its protonated form, and may 

contribute to the formation of an oxyanion hole in the active site. Additional differences 
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were also observed for the role of the GNAT conserved Tyr in acetyl transfer. Tyr168 

from AANAT has been characterized as the general acid in serotonin acetylation by 

AANAT (Scheibner et al., 2002), with a similar function for AAC(6')-Ii Tyr147 not 

supported based on our current results. Interestingly, mutation of an equivalent Tyr in 

AAC(6')-Th (Tyr166) and in vivo analysis of protein activity implicated this residue in the 

recognition of AG substrates (Shmara et al., 2001), which is consistent with the changes 

in AG affinity that we observed with the mutation of Tyr147 in AAC(6')-li. Lastly, we 

have shown the importance of the amide NH of Leu76 in AAC(6')-Ii activity, a finding 

that supports its involvement in transition state or intermediate stabilization and confirms 

previous speculation that this main chain element is critical for catalysis. 

Our results and the growing body of information available on the catalytic 

mechanisms of several other GNAT enzymes clearly reveal differences in catalysis 

among these proteins, particularly in the function of geometrically equivalent, active site 

residues. As members of this superfamily are structural homologs and bind AcCoA in a 

similar manner, we propose that the observed differences are a consequence of the acyl­

accepting substrate. Since all GNAT enzymes to our knowledge follow a ternary complex 

mechanism, the requirement to bind both substrates in the active site would generate 

obvious differences in acetyl transfer chemistry, especially given the diverse group of 

acyl-accepting substrates. The unique ability of AAC(6')-Ii to acetylate both AGs and 

basic proteins, for example, could be attributed to the different roles of active site 

residues as discussed, compared to other AACs and HAT enzymes. Furthermore, with the 

exception of the Leu76Pro mutation, mutagenesis of amino acid residues, while impeding 
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optimal catalysis, did not result in catastrophic loss of activity either in vivo or in vitro. 

This parallels several studies with other GNAT family members. The primary role of the 

GNAT protein scaffold may then simply be to bind and orient acyl-CoAs and their 

cognate substrates in a geometry appropriate to acyl group transfer, rather than to provide 

a framework for setting a constellation of amino acids residues essential for group 

transfer chemistry. 
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ChapterS 

Studies on the Putative Aminoglycoside Binding Site of AAC(6')-Ii 

144 



Ph.D. Thesis - K. Draker McMaster - Biochemistry 

S.O Summary 

This chapter briefly describes site-directed mutagenesis studies that were performed 

in an attempt to better characterize the AG binding site of AAC(6')-Ii. Using structural 

information obtained from the AAC(6')-Ii·AcCoA binary complex (Wybenga-Groot et 

al., 1999), we mutated several Glu and Asp residues that form a negatively charged 

surface patch localized at the enzyme active site. Mutation of Glu28 revealed that this 

residue is critical to the proper tertiary fold of the enzyme and may participate in 

important hydrogen bonding interactions, possibly with AG substrates. Mutation of 

Glu39 to Ala had virtually no impact on AG acetylation and is most likely not involved in 

direct interactions with AG functional groups. Glu72, previously characterized in chapter 

4, was shown to be important in the proper binding and orientation of AG substrates in 

the active site. Similarly, residues Asp112 and Asp168 both appear to play an important 

role in AG binding, with interactions of the Asp168 side chain at the dimer interface 

implicated in the formation of a proper AG binding site. In general, this mutagenesis 

work awaits structural elucidation of AAC(6')-Ii in complex with bound AG and/or 

molecular modeling studies in order to complement the analysis presented here. 

The research described in this chapter was performed in collaboration with Christina 

Capone, a summer student who generated a number of the site mutants described here. 

She was also responsible for purification of the Glu28Gln, Glu39Ala, Asp112Ala, and 

Asp 168Ala mutants in addition to assessing the structural integrity of these proteins by 

partial proteolysis. We thank Christina for her contribution to this work. 
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5.1 Introduction 

The available crystal structures of all three representative classes of AMEs has 

provided valuable information regarding both substrate binding and catalysis by these 

resistance proteins (reviewed in Wright, 1999 and Smith & Baker, 2002). In particular, 

the presence of a negatively charged surface patch hypothesized to be the AG binding site 

has been noted in all AME structures, including the kanamycin nucleotidylyltransferase 

ANT(4') (Sakon et al., 1993; Pedersen et al., 1995), the phosphotransferase APH (3')­

IlIa (Hon et aI., 1997; Fong & Berghuis, 2002), as well as the AAC(3)-I, AAC(6')-Ii, and 

AAC(2')-Ic acetyltransferases (Wolf et al., 1998; Wybenga-Groot et al., 1999; Vetting et 

al., 2002). Made up of several negatively charged Giu and Asp residues, this region is 

believed to draw in the cationic AG substrates to the enzyme active site by electrostatic 

interactions (Wright et al., 1998). A greater understanding of the specific interactions 

between inactivating enzymes and AGs has also come from crystallographic studies, in 

which several AME structures in complex with bound AG have been reported. These 

include ANT(4') in complex with an ATP analog and kanamycin (pedersen et al., 1995), 

APH(3')-Illa with bound ADP and kanamycin or neomycin (Fong & Berghuis, 2002), 

and AAC(2')-Ic in complex with CoA and kanamycin, tobramycin, or ribostamycin 

(Vetting et al., 2002). In the case of APH(3')-IIIa, additional studies involving site­

directed mutagenesis and molecular docking experiments have aiding in characterizing 

the AG binding site for this enzyme (Thompson et al., 1999), in addition to 

complementing the subsequent structural determination of this AME with bound AG 

(Fong & Berghuis, 2002). More importantly, this work also reveals the utility in studying 
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AG binding by protein mutagenesis and other studies, providing a rationale for the 

AAC(6')-Ii studies described here. 

Similar to other AMEs, the structure of AAC(6')-Ii in complex with AcCoA reveals 

an obvious surface patch of negative charge, localized between the two domains of the 

protein monomer (Figure 5.1). This anionic depression consists of several negatively 

charged amino acids in close proximity to the acetyl moiety of AcCoA (see Figure 5.2), 

including the residues Glu28, Glu39, Glu72, Asp 1 12, and Asp I 68, all hypothesized to be 

involved in AG binding (Wybenga-Groot et aZ., 1999). 

Figure S.l: Eledrostati~ surfa~e potential of the AAC(6')-Ii monomer in ~omplex 
with A~CoA. The molecular surface potential is colored red (electronegative) to blue 
( electropositive) using the range -10 to + 1 0 kB T and was calculated using the program 
GRASP (Nicholls et aI., 1991). Present in the region of the active site cleft between the 
N-terminal (right) and C-terminal (left) domains of the monomer is the negatively 
charged surface patch, hypothesized to be the AG binding site. This figure was adapted 
from Wybenga-Groot et al. (1993) with permission from Elsevier. 

147 



Ph.D. Thesis - K. Draker McMaster - Biochemistry 

Figure S.2: Several negatively charged residues make up the putative AG binding 
site of AAC(6')-Ii. Indicated above are the residues Glu28, Glu39, Glu72, Asp112, and 
Asp168. The active site view of the AAC(6')-Ii·AcCoA complex is shown with the 
same protein orientation as that represented in Figure 5.1. This figure was generated 
using PyMOL molecular graphics software (DeLano, 2002). 

Also of interest is the arrangement of these Giu and Asp residues in the AAC(6')-Ii 

dimer, recently solved in complex with CoA by Burk et al. (2003). As shown in Figure 

5.3, the putative AG binding sites from each monomer are in close proximity to one 

another, which essentially creates a larger region of electronegativity to draw in AG 

substrates. In addition, this configuration may help to explain the subunit cooperativity 

observed for the AAC(6')-Ii dimer during our kinetic mechanism studies, which are 

described in detailed in chapter 3. 
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Figure 5.3: The close proximity of putative AG binding sites in the AAC(6')-Ii 
dimer. The entire side chain of each Glu or Asp residue under investigation is colored 
red for clarity, with monomer A shown as light grey and monomer B as dark grey. 
Bound CoA in each monomer is also represented, with the sulfur of CoA in yellow. 
This figure was generated with PyMOL (DeLano, 2002), using the pdb code IN7l 
(Burk et al., 2003). 

With the exception of Asp168 (discussed below), none of the residues mutated in this 

study make any contacts with the opposing subunit in the AAC(6')-li dimer. Several 

pieces of evidence also indicate that there is one functional active site per monomer, 

including initial steady-state kinetic analysis of the wild type enzyme (Wright & Ladak, 

1997) and recent studies on a monomeric mutant of AAC(6')-li (Draker et al., 2003). 

Based on information from the crystal structure of ACC(6')-li in complex 

with AcCoA (Wybenga-Groot et al., 1999), GIu28 is found in the loop region between 
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a-helices 1 and 2 and hydrogen bonds with one of many water molecules ordered in the 

enzyme active site. Glu39 is the last residue of a2 and is the fourth negatively charged 

amino acid along this helix. Glu72 is part of ~-strand 4, which makes the majority of 

protein contacts with the AcCoA substrate. Similar to Glu28, Aspl12 also interacts with 

ordered water molecules in the active site when AcCoA is bound. Finally, Asp168 is the 

first residue of ~-strand 7 in the C-terminal region of AAC(6')-li. Based on structural 

data from the AAC(6')-Ii dimer (Burk et al., 2003 & pdb code IN71), the side chain of 

this amino acid makes up part of the dimer interface, hydrogen bonding with the phenolic 

hydroxyl of Tyr66 from the opposing monomer. 

In the absence of a crystal structure of AAC(6')-Ii in complex with both cofactor and 

antibiotic, we turned to site-directed mutagenesis of Glu28, Glu39, Glu72, Asp112, and 

Asp168 in hopes of defining the antibiotic binding site of AAC(6')-Ii. Steady-state 

kinetic analysis of AAC(6')-Ii site mutants and in vivo analysis of their AG inactivation 

activity in E. coli were used to assess the importance and possible role of each residue in 

binding AGs. 

5.2 Materials and Methods 

Only a brief description of experimental procedures is given here since many of the 

same methods are described in the previous chapter. Details regarding mutation of Glu72 

can also be found in chapter 4. Refer to section 4.3, pages 119-126 for additional details. 
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5.2.1 General 

AGs, AcCoA, DTDP, and mutagenic oligonucleotide primers were from the same 

sources as indicated in chapter 4, section 4.3.1. 

5.2.2 Site-Directed Mutagenesis of AAC(6 ')-li 

Glu28, Glu39, Aspl12, and Asp168 mutants of AAC(6')-Ii were generated by the 

QuikChange mutagenesis procedure as described in section 4.3.2, page 119. The 

mutagenic oligonucleotide primers used are included in Table 5.1 with the reverse 

complement of each primer not shown. Confirmation of the desired mutation and 

subsequent overexpression were also as described in section 4.3.2. 

Table 5.1: Mutagenic oligonucleotides used in this study 

Mutation 

Glu28Gln 

Glu39Ala 

Asp112Ala 

Asp112Asn 

Asp168Ala 

Asp168Asn 

Oligonucleotide Sequence a 

5' - ctgacttggccggaacaatatggagacagc - 3' 

5' - cggcagaagaagtagaaggatgatgaatcc - 3' 

5' - cgatttatttaggtacggggatttagaccatgg - 3' 

5' - cgatttatttaggtacgaatgatttagaccatgg - 3' 

5' - ggctgggacaaaccgggatttggatggc - 3' 

5' - ggctgggacaaaccgaatatttggatggc - 3' 

a Underlined bases indicate the codon change used to generate the desired amino acid substitution. 

s'2.3 Purification of Site Mutants and Steady-State Kinetic Analysis 

Overexpressed wild type and mutant AAC(6')-Ii proteins were purified by the furee-

step procedure described previously (Wright & Ladak, 1997). Soluble Glu28Ala and 

Glu28Asp proteins could not be obtained and thus only the purified Glu28Gln site mutant 

is discussed here. The structural integrity of purified site mutants was assessed by partial 

proteolysis relative to wild type digestion patterns, as described in section 4.3.4. 
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Steady-state kinetic analysis of mutant AAC(6')-Ii activities were performed as 

described in section 4.3.5 using the same spectrophotometric assay and microtiter plate 

format. Initial rates were fit to equation 1 describing Michaelis-Menton kinetics using 

Grafit 4.0 (Leatherbarrow, 2000); 

v = kcat&[S]/(Km + [S]) (Eq. 1) 

5.2.4 Sucrose Viscosity Effects on AAC(6 ')-1i Site Mutants 

As described in chapter 3, solvent viscosity studies were used to determine that 

diffusion-controlled processes govern the rate of AAC(6')-Ii catalysis. The effects of 

increasing solvent viscosity on the activity of Glu28Gln, Glu39A1a, Asp112Ala, 

Asp 112Asn, Asp 168Ala, and Asp168Asn site mutants were assessed by determining the 

kinetic parameters kcat and kcatlKm at 0 % and 30 % sucrose using ribostamycin as the 

varied substrate (see section 4.3.7 for additional details). The ratio of kcat°1kcat and 

(kcat!Km ~/(kcat!Km) obtained for each mutant were similar to wild type ratios, indicating 

that none of the above proteins became impaired at the chemical step of acetyl transfer as 

a result of the introduced mutation. Note that substitution of Glu72 to Ala did result in the 

generation of a catalytic mutant, with significant changes in solvent viscosity effects 

compared to the wild type enzyme, as described in chapter 4. 

5.2.5 MIC Determinations 

MICs of kanamycin A and neomycin were determined using the serial dilution 

method in liquid culture and microtiter plate format according to standard NCCLS 

guidelines (Standards, 2000), with the same MIC and protein level controls as described 

in section 4.3.9, page 126. 
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5.3 Results and Discussion 

McMaster - Biochemistry 

. . 
The AAC(6')-Ii site mutants Glu28GIn, Glu39Ala, Glu72Ala, Asp112Ala, 

Aspl12Asn, Asp168Ala, and Asp168Asn were all successfully purified using wild type 

procedures and shown to have the same partial proteolysis patterns as the native enzyme, 

providing good evidence that the amino acid substitutions did not perturb the overall fold 

and tertiary structure of the proteins. Steady-state kinetic parameters for these site 

mutants are presented in Table 5.2 with the exception of Glu72Ala, which is detailed in 

section 4.4.3 and Table 4.2 of the previous chapter. 

5.3.1 Glu28Gln 

As mentioned in section 5.2.3, attempts to obtain soluble Glu28Ala and Glu28Asp 

proteins were unsuccessful using wild type procedures and variations in growth and 

protein overexpression conditions. This suggests that this residue is in some way critical 

for wild type protein stability and structural integrity. The fact that the most conservative 

substitution of Glu28 to GIn was tolerated suggests that side chain length and hydrogen 

bonding capabilities are essential at this position. Based on steady-state kinetic analysis, 

the mutation of Glu28 to GIn appeared to have little effect on AG binding or acetyl 

transfer. Only slight increases in Kms were observed, ranging from a 2.5-fold change in 

apparent affinity for neamine to a 4.8-fold change observed for amikacin. (Table 5.2). In 

addition, no significant changes in catalytic efficiency of AG modification, reflected in 

kcatlKm values, were observed relative to the wild type enzyme. As a whole, these results 

suggest that Glu28 participates in important hydrogen bonding interactions, although our 

current data does not specifically identify a role for this residue in AG binding. 
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Table 5.2: Steady-state kinetic parameters for wild type & mutant AAC(6')-Ii proteins a 

Wild Type b 

Substrate Km (11M) keal (S·l) kcatlKm (M-ls·I ) 

Acetyl-CoA 23.5 ± 3.7 0.40 ± 0.02 1.7x10 4 

Neamine 5.8 ± 1.0 0.42 ± 0.02 7.2x10 4 

Kanamycin A 19.9 ± 8.8 0.82 ± 0.21 4.6x 10 4 

Tobramycin 22.0 ± 5.6 1.1 ± 0.20 5.1x10 4 

Amikacin 13.1 ± 2.1 0.11 ± 0.01 8.1 x 10 3 

Neomycin 5.3 ±0.6 0.20 ± 0.00 3.9 x 10 4 

Ribostamycin 9.1 ±2.0 0.34 ± 0.22 3.7 x 10 4 

61u2861n 
Substrate Km (11M) keat (S·I) kcatlKm (M-Is·I ) 

Acetyl-CoA 9.8 ±2.8 0.41 ± 0.03 4.2xl04 

Neamine 14.5 ± 4.3 0.56 ± 0.05 3.9 x 10 4 

Kanamycin A 75.3 ± 15.3 0.38 ± 0.02 5.0x 10 3 

Tobramycin 61.7 ± 17.3 0.50 ± 0.05 8.1 x 10 3 

Amikacin 62.6 ± 15.3 0.09 ± 0.01 1.4x10 3 

Neomycin 14.1 ± 3.3 0.25 ±0.02 1.8 x 10 4 

Ribostamycin 29.9 ± 7.3 0.44 ±0.04 1.5 x 10 4 

61u39Ala 
Substrate Km (1lM) keat (S-I) kcalKm (M-Is-I ) 

Acetyl-CoA 2.7 ± 0.3 0.17 ± 0.00 6.4 x 10 4 

Neamine 20.7 ± 3.1 0.68 ±0.04 3.3 x 10 4 

Kanamycin A 9.1 ± 0.4 0.47 ± 0.00 5.2 x 10 4 

Tobramycin 19.2 ± 3.4 1.1 ± 0.04 5.6 x 10 4 

Amikacin 33.8 ± 6.2 0.13 ± 0.01 3.8x 10 3 

Neomycin 7.7 ± 1.7 0.18 ± 0.01 2.3 x 10 4 

Ribostamycin HA±2.9 0.34 ± 0.02 3.0 x 10 4 

Aspl12Ala 
Substrate Km (11M) kea! (S-l) kcatlKm (M-ls·I ) 

Acetyl-CoA 6.6 ± 0.1 0.04 ±O.OO 6.5 x 10 3 

Neamine 355 ± 20 0.16 ± 0.01 4.5 x 10 2 

Kanamycin A 55± 12 0.04 ± 0.00 7.7x 10 2 

Tohramycin 21.5 ± 3.4 0.04± 0.00 1.9 x 10 3 

Amikacin 32.4 ± 9.6 0.01 ± 0.00 1.5 x 10 2 

Neomycin 17.9 ± 1.6 0.1O±0.00 5.4 x 10 3 

Ribostamycin 46.3 ± 4.3 0.01 ± 0.00 3.0 x 10 2 
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Table 5.2: continued 

Asl!.112Asn 
Substrate Km (J.1M) kcat (sol) kcalKm (M0lsoI) 

Acetyl-CoA 4.8± 1.0 0.05 ±O.OO l.1x10 4 

Neamine 296±75 0.10 ± 0.02 3.4x10 2 

Kanamycin A 44.2±6.0 0.08 ± 0.00 1.8xl0 3 

Tobramycin 98 ± 11 0.02 ± 0.00 2.0x 10 2 

Amikacin 18.9 ± 3.2 0.01 ± 0.00 2.6x 10 2 

Neomycin 1l.8± 1.7 0.05 ±O.OO 4.4 x 10 3 

Ribostamycin 70.5 ± 6.2 0.03 ±O.OO 4.0 x 10 2 

Asl!.168Ala 
Substrate Km (J.1M) kcat (sol) kcalKm (M0lsoI) 

Acetyl-CoA 4.2±0.9 0.22±0.01 5.3 x 10 4 

Neamine 8580 ± 200 0.21 ± 0.00 2.4 x 10 1 

Kanamycin A 5520 ± 880 0.05 ± 0.01 8.9x 10 0 

Tobramycin 2210 ± 520 0.04±0.00 1.8 x 10 1 

Amikacin 524 ± 51 0.01 ±O.OO 2.1 x 10 1 

Neomycin 431 ±95 0.27 ± 0.02 6.3 x 10 2 

Ribostamycin 730 ±71 0.004 ± 0.001 5.5 x 10 0 

Asl!.168Asn 
Substrate Km (J.1M) kcat (sol) kcalKm (Mlsol) 

Acetyl-CoA 7.7 ± 1.0 0.16 ± 0.01 2.0 x 10 4 

Neamine 4290± 760 0.20 ± 0.02 4.8 x 10 1 

Kanamycin A 3910 ± 1170 0.09 ± 0.01 2.2x 10 1 

Tobramycin 2570 ± 650 0.05 ±O.OO 1.9 x 10 1 

Amikacin N.D. 
Neomycin BOO ± 210 0.14 ± 0.01 1.3 x 10 2 

Ribostamycin 2220±330 0.01 ±O.OO 4.1 x 10 0 

a Reactions were carried out at 37°C in 25 DIM MES, pH 6.0 and 1 mM EDTA 
bKinetic parameters for wild type AAC(6')-Ii are reproduced from Wright & Ladak (1997). 
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5.3.2 Glu39Ala 

The mutation of Glu39 to Ala had only minimal effects on substrate recognition and 

catalytic turnover by this variant. Km values for all AGs tested were similar to those 

reported for the wild type protein, with the largest change in apparent affInity being a 3.6-

fold reduction noted for neamine (Table 5.2). Surprisingly, a 9-fold decrease in the Km for 

AcCoA was also observed, although it is currently not known why this mutation would 

cause an increase in AAC(6')-Ii affinity for this substrate. Analyses of the Glu39Gln and 

Glu39Asp site mutants were not pursued due to the virtually wild type kinetics obtained 

for the Giu to Ala substitution. In general, our results do not indicate that Glu39 makes 

any important interactions with AG substrates. 

5.3.3 Glu72Ala 

Glu72 was originally mutated to Ala to investigate the potential role of this amino 

acid as a general base. As detailed in chapter 4, this residue was shown not to act in this 

capacity, but is instead essential for the productive binding of AG substrates. Most 

notable were the large decreases in the affinity for neamine (83-fold) and kanamycin 

(175-fold), with significant changes in AG affinity accounting for the large reductions in 

specificity constants (kcat!Kms) for this mutant (see Table 4.2, page 128). Previous sucrose 

viscosity studies also revealed that this mutant was likely impaired at the chemical step of 

acetyl transfer, suggesting that in addition to AG recognition, Glu72 may be critical in the 

proper positioning and orientation of AGs in the AAC(6')-Ii active site in order for 

efficient acetyl transfer. 
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5.3.4 Mutation of Asp112 

Initial steady-state kinetic analysis of the Aspl12Ala site mutant revealed a large 

reduction in the apparent affinity for neamine compared to the wild type enzyme, shown 

by a 60-fold increase in Km (Table 5.2). Since' we have good evidence that Km values 

approximate the dissociation constants (Kd) for AG substrates, the change likely reflects a 

decreased protein affinity for this minimal substrate. Significant changes were also noted 

in kcat values for numerous AGs, including a 24-fold decrease in the kcat for ribostamycin 

and a 27-fold reduction in tobramycin turnover (Table 5.2). Specificity constants largely 

reflected the differences noted above, with the most significant reduction observed as a 

160-fold decrease in the catalytic efficiency of neamine modification by this variant. 

Similar changes were also observed for the Asp 112 to Asn mutant, including the relevant 

decrease in AAC(6')-Ii affinity for neamine (~ 50-fold) and the numerous reductions in 

kcat (Table 5.2). These results indicate that removal of the negative charge at this position 

by substitution of Asp 112 with Ala or Asn may account for the kinetic changes observed. 

The observation that only the affinity for neamine appears to be affected by these 

mutations suggests that Asp 112 may interact with a functional group that is unique to this 

substrate, although only the 5- or 6-hydroxyl groups on the 2-deoxystreptamine ring are 

unique when compared to 4,5- and 4,6-disubstituted AGs, respectively. Although purely 

speculative, alterations in the binding of this minimal substrate by Asp 112Ala/ Asn may 

be reflected almost exclusively in Km values, while changes in the binding of AGs with 

additional sugars may be revealed in other kinetic parameters. Since our sucrose viscosity 

studies indicated that diffusion-controlled events still govern the overall rate (kcat) of 
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Asp112Ala and Asp112Asn mutant activity, we can speculate that the decreases in kcat 

may reflect significant changes in the productive binding of AG substrates, which has 

been shown to contribute to the rate-determining steps for wild type AAC(6')-Ii (Draker 

et al., 2003) Again this is highly speculative, and additional, more in-depth analysis is 

certainly required to properly account for these changes. Based on the results presented 

here, however, we can conclude that Asp112 does play some role in AG binding in the 

wild type enzyme. 

5.3.5 Role of AspJ68 

Mutation of Asp 168 had significant effects on AG modification by the Asp 168Ala 

and Asp 168Asn variants, particularly at the level of Km. Large changes were observed for 

the apparent affinity of several AGs, including a 740-fold increase in the Km for neamme 

with Asp168Asn (Table 5.2). Other Km increases ranged from 40 to 280-fold for both 4,5-

and 4,6 disubstituted AGs relative to the wild type enzyme. Changes in substrate turnover 

(kcat) were also significant for several substrates, including kanamycin, tobramycin, 

amikacin and ribostamycin. The importance of this residue was also suggested by the 

changes in catalytic efficiency of AG modification by the Asp168Asn mutant 

specifically, which ranged from a 300-fold decrease for neomycin acetylation to a huge ~ 

9000 fold reduction in kcatlKm for ribostamycin (Table 5.2). 

Since we know that Asp 168 makes intermolecular contacts with Tyr66 of the 

opposing subunit in the AAC(6)-Ii dimer, we hypothesize that mutation of this residue 

likely disrupts this interaction and causes alterations to both AG binding sites. In 

addition, both Asp 168Ala and Asp 168Asn proteins still appear to be dimeric based on gel 
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filtration results during purification, which also suggests that mutation of Asp 168 disrupts 

AG binding in the AAC(6')-Ii dimer. A change in orientation or geometry of several 

residues in the region where AG substrates bind could very well account for the large 

changes in substrate affinity observed. We therefore speculate that Asp 168 plays an 

indirect but important role in the efficient modification of AGs by AAC(6')-Ii. 

5.3.6 MIe Determinations 

To complement our steady-state kinetic analysis, we investigated the effects of each 

amino acid substitution on mutant protein activity in vivo. This was done by MIC 

determinations of kanamycin A and neomycin for E. coli expressing either wild type 

AAC(6')-Ii or one of the site mutants (Table 5.3). Consistent with our in vitro results 

were the near wild type AG resistance conferred by the Glu28Gln and Glu39Ala proteins, 

which displayed no significant changes in acetylation activity in vitro compared to the 

native enzyme. The 2-fold change observed in kanamycin MIC as a result of Glu39Ala 

activity represents an acceptable MIC range according to NCCLS guidelines (Standards 

2000), and likely reflects little change in conferred resistance relative to the wild type 

enzyme. Increased susceptibility to kanamycin was noted for E. coli expressing the 

Asp112Ala and Asp112Asn mutants, seen by a 4-fold reduction in MIC with kanamycin 

A (Table 5.3). An 8-fold decrease in MIC for kanamycin A was noted for cells 

expressing each Asp 168 variant, correlating well with the large decreases in AG affInity 

observed for these mutants in vitro, in addition to revealing similarities with the 

Glu72Ala protein described in chapter 4. Only a 2-fold increase in neomycin 
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susceptibility was observed for both Asp 1 12 and Asp168 site mutants. In summary, AG 

susceptibility observed by MIC changes for E. coli expressing the AAC(6')-Ii variants 

were consistent with the in vitro analyses of mutant protein activity. 

Table 5.3: MICs of select AGs for AAC(6')-Ii site mutants 

MlCinWmL 
Site Mutant Kanamycin A Neomycm 

BL21 (DE3) a 4 1 
Wild Type 128 8 
Glu28Gln 128 8 
Glu39Ala 64 8 

Aspl12Ala 32 4 
Aspl12Asn 32 4 
Asp 1 68Ala 16 4 
Asp 1 68Asn 16 4 

a Negative control using E. coli BL21(DE3) and E. coli BL21(DE3)/pET22b(+). 

5.4 Conclusions 

The site-directed mutagenesis studies described in this chapter have revealed the 

importance of Glu72Ala, Aspl12Ala and Asp168 in AG binding by AAC(6')-Ii, shown 

by steady-state kinetic analysis of mutant proteins and in vivo analysis of AG resistance 

conferred by these variants. As this body of work represents only the initial stages of 

characterizing this protein's AG binding site, our understanding of this phenomenon 

remains superficial. It is also important to note that many other types of interactions 

probably occur between AAC(6')-Ii and AG in addition to direct contacts with acidic 
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residues, including other polar or even hydrophobic interactions. Also of interest is the 

number of main chain contacts and intervening water molecules involved in AG binding 

for the AAC(2')-Ic enzyme, revealed by the structural determination of this 

acetyltransferase with bound CoA and various AG substrates (Vetting et al., 2002). A 

comparison between the mode of AG binding by AAC(2')-Ic and our enzyme awaits the 

structural elucidation of AAC(6')-Ii with bound AG. Additional crystallographic studies 

of AAC(6')-Ii in complex with different 4,5- and 4,6-disubstituted AGs may also shed 

light on the multiple AG binding modes suggested from steady-state kinetic analysis of 

AAC(6')-Ii and NMR studies (Wright & Ladak, 1997; DiGiammarino et a!., 1998). 

5.5 References 

Burk, D. L., N. Ghuman, L. E. Wybenga-Groot, and A. M. Berghuis. (2003) X-ray 
structure of the AAC(6')-Ii antibiotic resistance enzyme at 1.8 A resolution; 
examination of oligomeric arrangements in GNAT superfamily members. Protein 
Sci 12: 426-37. 

DeLano, W. L. The PyMOL molecular graphics system 0.82. DeLano Scientific, San 
Carlos, CA. USA. 

DiGiammarino, E. L., K. A. Draker, G. D. Wright, and E. H. Serpersu. (1998) Solution 
studies of isepamicin and conformational comparisons between isepamicin and 
butirosin a when bound to an aminoglycoside 6'-N-acetyltransferase determined 
by NMR spectroscopy. Biochemistry 37: 3638-44. 

Draker, K. A., D. B. Northrop, and G. D. Wright. (2003) Kinetic mechanism of the 
GeN5-related chromosomal aminoglycoside acetyltransferase AAC(6')-Ii from 
Enterococcus faecium: Evidence of dimer subunit cooperativity. Biochemistry 42: 
6565-6574. 

Fong, D. H. & A. M. Berghuis. (2002) Substrate promiscuity of an aminoglycoside 
antibiotic resistance enzyme via target mimicry. Embo J 21: 2323-31. 

161 



Ph.D. Thesis - K. Draker McMaster - Biochemistry 

Hon, W. C., G. A. McKay, P. R Thompson, R M. Sweet, D. S. Yang, G. D. Wright, and 
A. M. Berghuis. (1997) Structure of an enzyme required for aminoglycoside 
antibiotic resistance reveals homology to eukaryotic protein kinases. 
Cell 89: 887-95. 

Leatherbarrow, R 1. Grafit 4.0. Erithacus Software. Staines, UK. 

Nicholls, A., K. A. Sharp, and B. Honig. (1991) Protein folding and association: Insights 
from the interfacial and thermodynamic properties of hydrocarbons. Proteins 11: 
281-96. 

Pedersen, L. C., M. M. Benning, and H. M. Holden. (1995) Structural investigation of the 
antibiotic and ATP-binding sites in kanamycin nucleotidyltransferase. 
Biochemistry 34: 13305-11. 

Sakon, J., H. H. Liao, A. M. Kanikula, M. M. Benning, I. Rayment, and H. M. Holden. 
(1993) Molecular structure of kanamycin nucleotidyltransferase determined to 
3.0-A resolution. Biochemistry 32: 11977-84. 

Smith, C. A. & E. N. Baker. (2002) Aminoglycoside antibiotic resistance by enzymatic 
deactivation. Curr Drug Targets Infect Disord2: 143-60. 

Standards, National Committee for Clinical Laboratory. (2000) Methods for dilution 
antimicrobial susceptibility tests for bacteria that grow aerobically; approved 
standard - fifth edition. Document M7 - A5. 

Thompson, P. R, J. Schwartzenhauer, D. W. Hughes, A. M. Berghuis, and G. D. Wright. 
(1999) The COOH terminus of aminoglycoside phosphotransferase (3')-IIIa is 
critical for antibiotic recognition and resistance. J Bioi Chem 274: 30697-706. 

Vetting, M. W., S. S. Hegde, F. Javid-Majd, J. S. Blanchard, and S. L. Roderick. (2002) 
Aminoglycoside 2'-N-acetyltransferase from Mycobacterium tuberculosis in 
complex with coenzyme A and aminoglycoside substrates. Nat Struct Bioi 
9: 653-8. 

Wolf, E., A. Vassilev, Y. Makino, A. Sali, Y. Nakatani, and S. K. Burley. (1998) Crystal 
structure of a GCN5-related N-acetyltransferase: Serratia marcescens 
aminoglycoside 3-N-acetyltransferase. Cell 94: 439-49. 

Wright, G. D. (1999) Aminoglycoside modifying enzymes. Curr Opin Microbiol 
2: 499-503. 

162 



Ph.D. Thesis - K. Draker McMaster - Biochemistry 

Wright, G. D., A. M. Berghuis, and S. Mobashery. (1998) Aminoglycoside antibiotics. 
Structures, functions, and resistance. Adv Exp Med Bioi 456: 27-69. 

Wright, G.D. & P. Ladak. (1997) Overexpression and characterization of the 
chromosomal aminoglycoside 6'-N-acetyltransferase from Enterococcus faecium. 
Antimicrob. Agents Chemother. 41: 956-960. 

Wybenga-Groot, L. E., K. Draker, G. D. Wright, and A. M. Berghuis. (1999) Crystal 
structure of an aminoglycoside 6'-N-acetyltransferase: Defining the GCN5-related 
N-acetyltransferase superfamily fold. Structure Fold Des 7: 497-507. 

163 



Ph.D. Thesis - K. Draker McMaster - Biochemistry 

Chapter 6 

AAC(6')-Ii Inhibitor Studies 
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6.1 Introduction 

A thorough characterization of any enzyme, particularly for those that confer 

bacterial drug resistance, requires an investigation of protein inhibition. The identification 

of compounds that behave as inhibitors can complement mechanistic analysis of an 

enzyme, and in the case of AMEs, could lead to the development of clinically relevant 

molecules that reverse AG resistance in vivo. Drug potentiation by the co-administration 

of AGs with AME inhibitors remains a real possibility, especially given the successful 

use of 13-lactam/I3-lactamase combinations in the clinic (Miller et 01.,2001). Compounds 

that could inhibit all classes of AMEs, perhaps by disrupting the binding of AGs, would 

represent an ideal broad specificity inhibitor for these resistance enzymes. Targeting the 

drug binding site may also prevent inhibitor cross reactivity with the numerous 

eukaryotic proteins that are structurally homologous to AMEs, and which share many 

similarities in the binding of ATP and AcCoA (Smith & Baker, 2002; Wright, 1999). An 

alternate approach to overcome AG resistance is the development of new or modified AG 

antimicrobials that are not inactivated by AMEs but still exhibit bactericidal activity 

(Mingeot-Leclercq et 01., 1999). The design of bifunctional AGs that exhibit antibiotic 

activity plus inhibit AMEs has also been recently explored and shown to be a promising 

avenue of research (Sucheck et 01., 2000). 

These approaches have all been applied to the AAC(6')-Ii inhibitor studies described 

in the sections that follow, with emphasis on classes of compounds that may inhibit 

enzyme activity in addition to the characterization of numerous AG derivatives. 
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6.1.1 Survey of Potential AAC(6)-li Inhibitors 

Steady-state kinetic studies on AAC(6')-li have shown that this enzyme follows an 

ordered bi-bi ternary complex mechanism, indicating that both AcCoA and AG must be 

bound in the active site prior to acetyl transfer (Draker et al., 2003). Based on this 

knowledge and the classical reaction mechanism involving nucleophilic substitution at a 

carbonyl carbon, we propose a tetrahedral transition state for the reaction catalysed by 

AAC(6')-li (Figure 6.1). 

Figure 6.1: Tetrahedral transition state proposed for 
the acetyl transfer reaction catalyzed by AAC(6')-li. 

As compounds which mimic the transition state or intermediate of a reaction commonly 

behave as excellent inhibitors of enzyme activity (Radzicka & Wolfenden, 1996), we 

tested a number of in-house and commercially available compounds that may mimic the 

tetrahedral geometry of the proposed transition state. This small survey of thiazolidine 

and oxazoline-containing compounds tested as potential inhibitors of AAC(6')-li acetyl 

transfer is described in section 6.3.1. 
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6.1.2 AG Derivatives as Potential Bifunctional Antimicrobials 

In collaboration with Dr. Chi-Huey Wong at the Skaggs Institute for Chemical 

Biology, Scripps Research Institute, several neamine derivatives generated in Dr. Wong's 

lab were tested as both AAC(6')-Ii substrates and inhibitors. Many of these derivatives, 

consisting of modified neamine monomers (Figure 6.2) or dimers attached by linkers of 

variable structure and length (Figure 6.3), have been shown to target bacterial rRNA and 

act as antibiotics in vivo (Greenberg et al., 1999; Sucheck et al., 2000). A number of 

derivatives were subsequently tested in our lab as potential bifunctional compounds that 

may also inhibit the activity of AMEs. The results obtained for the AAC(6')-Ii enzyme 

are described in section 6.3.2. ~+ 

.~ 
HrjN~R 

HO 

Neamine, R= H 

AG-Wl, R= 1~~3 
o 

AG-Wl, R= I~OH 

AG-Wl, R= 1~N.Jy~yl~3 
H - 0 

H + 
AG-W4, R= .I~OH 

H ~N~NH, 

AG-W5 AG-W6 

Figure 6.2: Structures of the monomeric neamine derivatives tested as potential 
AAC(6')-Ii substrates and inhibitors. Derivatives AG-Wl through AG-W4 differ in 
their functionality at position 5 on the aminocyclitol ring, as shown. AG-W5 is altered at 
the 6' position on the aminohexose ring, indicated in red. AG-W61acks the aminocyclitol 
ring but has various substituents at the l' and 2' positions of the aminohexose. 
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+ + 

OH HO o 0 0'!H,N OH HO~NH' 

+NH, H,N+ 

+ 0 ~ 
H,N _ ~ .;~~~ !.;., 

AG-W7, n= 1 
AG-WS, n=3 

H H 

+ + 

~H,N OH ~NIJ;, 
o OH AG-W9 

. ~~ +NIJ;, 0 0 H,N+ o~ , 
~~')::(;~_ ........ Jl -" -" Jl -'" .~~o~~ 

HO +y"""""""u. OH 

00 ~~o ~o ~o OH 
o OH 

, I 
00 +NH, H,N OH 

+ + 

~ H~ AG-WlO,R=H2 '" 

H ~oo +NH3 H,N+ ~ AG-Wll, R= j~~, 
R;,N~ -: A3 A3 ( ~~'R 0 

HO~'~ ~ ~OH 

AG-W12 

Figure 6.3: Strucmres of the neamine-based dimers investigated as 
substrates and inhibitors for AAC(6')-Ii. Two molecules of neamine are 
attached at position 5 of the aminocyclitol rings through the various linkers 
shown for AG-W7 through AG-W12. AG-Wll is additionally modified on the 
aminocyclitol ring as shown. AG-WI2 represents the only 6' N-methyl 
derivative (in red) investigated in this study. 
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6.1.3 Cationic Peptides as Potential AAC(6')-li Inhibitors 

The three dimensional structures representing all classes of AMEs have provided a 

great deal of useful information regarding both substrate binding and catalysis (Wright, 

1999). Relevent to this chapter is the negatively charged surface patch that is evident for 

AAC(6')-li and other AG resistance enzymes, which is believed to draw in the positively 

charged AG substrate to the active site (Vetting et al., 2002; Wolf et al., 1998; Wright et 

ai., 1998; Wybenga-Groot et al., 1999). It is therefore possible that positively charged 

species could bind at or near this antibiotic binding site and inhibit group transfer by 

AAC(6')-li. The fact that AAC(6')-li also has the capacity to bind and acetylate protein 

and peptide substrates (Wybenga-Groot et al., 1999), similar to that shown for two AG 

phosphotransferases as well (Daigle et al., 1999), lends support to our choice to 

investigate cationic peptides as potential inhibitors. In collaboration with Dr. Bob 

Hancock at the University of British Columbia, Department of Microbiology and 

Immunology, our lab obtained several antimicrobial cationic peptides (see Table 6.3) to 

screen against the AAC(6')-li enzyme as well as other AMEs studied in our lab by David 

D. Boehr. Although only the AAC(6')-li inhibition results conducted by myself are 

discussed in detail here, studies performed with the APH(3')-IIIa and bifunctional 

AAC(6')-APH(2") enzymes are included in Boehr et al. (2003). This publication 

describes the inhibition of several AMEs (including AAC(6')-li) by cationic peptides and 

also addresses the mode of inhibition and structure-activity relationships for 

representative peptides. 
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6.2 Materials and Methods 

6.2.1 Chemicals 

McMaster - Biochemistry 

Kanamycin A and 4,4'-dithiodipyridine were from Sigma-Aldrich Chemical Co. (St. 

Louis, MO). AcCoA was from Amersham Pharmacia (Baie d'Urfe, PQ). Using Table 6.1 

numbering, compounds 1-9 were also from Sigma-Aldrich Chemical Co. (St. Louis, MO) 

and compounds 10-18 were from Maybridge Chemical Company, Ltd. (Cornwall, U.K.). 

The 12 neamine derivatives tested as AAC(6')-li substrates and inhibitors (section 6.3.2) 

were the kind gift of Dr. Chi-Huey Wong at The Scripps Research Institute in La Jolla, 

CA. The numerous cationic peptides discussed in section 6.3.3 were graciously supplied 

by Dr. Robert E. Hancock at the University of British Columbia, Department of 

Microbiology and Immunology. 

6.2.2 Survey of Potential AAC(6 ')-li Inhibitors 

AAC(6')-li activity was measured in the presence of each of the compounds listed 

in Table 6.1 to identify any inhibitors of enzymatic acetyl transfer. The compounds were 

dissolved in DMSO and added to a final concentration of 5 to 100 IlM to standard 

AAC(6')-Ii assay mixtures consisting of 50 IlM AcCoA, 50 IlM kanamycin A, and 2.0 

mM DTDP in 25mM HEPES, pH 7.5, and 1 mM EDTA. Final volumes were 

approximately 1 mL and the mixtures were incubated at 37EC for 3-5 min before the 

addition of ca. 0.5 nmoles AAC(6')-Ii. Acetyl transfer activity was monitored by in situ 

titration of free CoA with DTDP as previously described (Williams & Northrop, 1978; 

Wright & Ladak, 1997). All reactions were performed in duplicate with the mean 
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percentage activity and standard error reported in Table 6.1 relative to control activity 

measured with no potential inhibitor present. The compounds were also tested as slow­

binding inhibitors by assessing the time dependence of any possible inhibition over a 

time course of one hour. 

6.2.3 Survey ofNeamine Derivatives 

The twelve neamine derivatives represented in figures 6.2 and 6.3 were tested as 

both AAC(6')-Ii substrates and inhibitors. Note that all of the derivatives screened were 

first tested in the Wong lab for antimicrobial activity using the methods described 

previously (Greenberg et al., 1999; Sucheck et al., 2000). All derivatives exhibited 

antibiotic behaviour with the exception of AG-W5 and AG-W6, which were not active. 

For the initial substrate screen, 100 JlM and 250 JlM final concentrations of 

derivatives were added to a standard assay mixture consisting of 50 JlM Ac-CoA, 1.3 JlM 

AAC(6')-Ii and 2 mM DTDP in 25 mM MES, pH 6.0, 1 mM EDTA. Acetyl transfer 

activity was measured by the in situ titration of free CoA with DTDP as described in 

section 6.2.2. Kinetic parameters for those analogs behaving as substrates were then 

determined in duplicate and initial rates fit to equation 1 describing Michaelis-Menten 

kinetics or equation 2 when substrate inhibition was detected, using Grafit 4.0 software 

(Leatherbarrow, 2000). 

v = kcatEt[S]/(Km + [S]) 

v = kcatEt[S]/(Km + [S])(1 + [S]/K;)) 

(Eq. 1) 

(Eq.2) 

The neamme derivatives were screened as potential inhibitors by using the same 

concentrations and assay procedure described above but with the addition of 50 JlM (2x 
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Km) kanamycin A. Control reactions monitored the acetylation of kanamycin A in the 

absence of potential inhibitors with the initial rates compared to the rates obtained from 

those reactions containing the various derivatives. All reactions were performed in 

duplicate. An ICso (inhibitory concentration 50 %) determination for the lone AG-WI2 

inhibitor was determined using the kinetic assay described and by collecting initial 

velocity data in the presence of increasing concentrations of AG-W12 and subsaturating 

50 ~ concentrations of AcCoA and kanamycin A. The data were fit to equation 3 using 

Graftt 4.0 software (Leatherbarrow, 2000), where x is the inhibitor concentration, y is the 

enzymatic rate, and range is the uninhibited rates minus background values. 

Range 
Y = s + Background 

( X J 1+ --
ICso 

(Eq.3) 

6.2.4 Survey ojCationic Peptides 

The twelve cationic peptides listed in Table 6.3 were first dissolved in 20 % ethanol 

and initially screened at a 50 IlM final concentration. Standard assay mixtures included 

2.0 IlM AAC(6')-Ii, 50 IlM AcCoA, and 2 mM DTDP in 25 mM MES, pH 6.0 and 1 mM 

EDTA. AAC(6')-Ii was preincubated with the peptides for 10 min at 37 0 C before the 

addition of 50-75 IlM kanamycin A to initiate the reaction. Control reactions contained 

no cationic peptide. Acetyl transfer activity was measured by the kinetic assay described 

in the previous sections. ICso determinations for CM3, indolicidin, CPI1CN, CPlOA, and 
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gramicidin peptides were made as described in section 6.2.3. Ki estimations for indolicin 

and CPlOA peptides were made by detennining the steady-state kinetic parameters for 

AAC(6')-li kanamycin acetylation in the presence of increasing concentrations of 

peptide. The data were fit to the appropriate equation of best fit describing either 

competitive (equation 4), or noncompetitive/mixed-type inhibition (equation 5) using 

Grafit 4.0 (Leatherbarrow, 2000): 

v = Vmax[S]/(Km«1 + UKi) + [S]) 

v = V max[S]/(Km(1 + VKis) + [S](1 + UKii)) 

(Eq.4) 

(Eq.5) 

Kinetic parameters for those cationic peptides behaving as substrates were 

determined using a phosphocellulose binding assay and [l_14C]AcCoA as described 

previously (Wybenga-Groot et aI., 1999). Reactions were allowed to proceed for 45 min 

prior to placement on the phosphocellulose. 
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6.3 Results and Discussion 

6.3.1 Survey o/Potential AAC(6')-li inhibitors 

As can be seen from Table 6.1, the majority of compounds had little to no effect on 

AAC(6')-li activity at the concentrations tested. Note that thiostrepton (# 8) did give 30 

% inhibition of AAC(6')-Ii at 100 J-lM but no inhibition was detected at lower 

concentrations (Table 6.1). In addition, no slow-binding inhibition was noted for any of 

the compounds surveyed. 

Table 6.1: Survey of potential AAC(6')-li inhibitors 

Potential Inhibitor Structure % Activity a 

Control, no potential inhibitor added ------------ 100 

1 Thiazolidine 
S.....-'\ 

VII 100± 1 

S~ 
2 3,4-Dimetbyl-5-(2-hydroxyetbyl) HO~W-CH3 

thiazolium iodide 100±2 

CH3 

3 2,4,4-Trimetbyl-2-oxazoline H3C>C~ 100 ±3 
H3C N CH3 

4 4-Phenyl-2-oxazolidinone O(~o 100± 6 
H 

s:}/ 
5 Cefotaxime 

~ NH S 

UN N I ft~ lOO±5 
2 N,? 0 N b <>yCH3 

CH3 _ 0 
o 0 

S~ 
~~ J }r~ ?' 

6 Ceftriaxone '0 N b sliN, 10O±2 I 0 I NH 
CH3 - N0 

000 

0 
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Table 6.1: continued 

Potential Inhibitor Structure % Activity a 

7 Cefoxitin ° ~E~ 6" ° ::_ gNH' 100±7 

o CH, 

H,c011~o 70±3 
HN~ NH, 

~ 
@ 100 J.1M 

HI 0 100 ± 5 s N ~I! 0 

8 Thiostrepton ~-f o~ "~~~ 
@ 10 J.1M 

100±2 
_0 ~¥ @5 J.1M (\\-~ ~ ~A 

s/"'-NH 
9 4-metboxy-8-phenyl-octabydro- 0-01-0"", 100±3 

5,7,9-trioxa-I-thla3-az 

syy 2-(1,2,4,5-tetrabydroxy-3-{[3,4,5-

oo~ 00° 10 trfuydroxy-6-(hydroxymetbyl) 
tetrahydro-2H-pyran-2-yl]oxy} 90±4 
pentyl)-1,3-thlazolane-4-carboxylic HO OH 

acid OH OH 
OH 

3,5-di(acetyloxy)-2-
o s~ 

oo~~~ 100±2 [( acetyloxy)metbyl]-6-(2-metboxy-
11 4-{3-[(metbylamino )carbonyl]-1,3- A.Loo lIN ft{ \ thlazolan-2-ylphenoxy)tetrahydro- O ..... CH CH3 o 3 

2H-pyran-4-yl acetate 
'(yO 

0 

2,3-di( acetyloxy)-l-[ acetyloxy) ~ '\--1, ~ )-metbyl]-3-{I-oxo-3-[1,2,3,4-
12 tetra(acetyloxy)butyl]perb.ydrol[1,3] o 00 N--l(--Co 100±5 

thlazolo[3,4-c][1,3]oxazol-5-yl} ~'Y°i 
propyl acetate o 0,0 oJ.--
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Table 6.1: continued 

Potential Inhibitor Structure % AcfurityIJ 

2-(8-acetyl-7,7-dimethyl-2-oxo-3- o~o oJl~ 
13 oxa-6-tbia-8-azabicyclo[3,2, 1 ]oct-4-

'J(O~NIO lOO± 1 
yl)-2-(acetyloxy)-I-[acetyoxy) 
methyl]ethyl acetate o 0/0 
Nl-tetrahydrofuran-2-ylmethyl-2-

(:Ny~,U"~JJ 14 [( S-oxo-2,3-dihydro-SH-pyrimido lOO±4 
[2, I-b ][1,3]tbiazol-6-yl)carbonyl] ~ I s 
hydrazine-l-carbotbioamide s N 

IS 
4-[3-(S-oxo-2,3-dih.ydro-SH- yO~ lOO±3 
pyrimido[2,1-b][ 1 ,3]tbiazol-6-yl)-
1,2,4-oxadiazol-S-yl] butanoic acid C-.-t I N HO 0 

S N 

6-{3-[4-(trifluoromethyl)phenyl]- (:1t~~ lOO±9 
16 1,2,4-oxadiazol-S-yl}-2,3-dihydro- @2S)!M 

SH-pyrimido[2,1-b] [1,3]tbiazol-S- S N h F 
one F 

F 

Ol-[(S-oxo-2,3-dih.ydro-SH- ~F 17 pyrimido[2, I-b ][1,3]thiazol-6-yl) o 0 I ~ lOO±6 
carbonyl]-4-(trifluoromethyl) (:NYO'N~ A @2S)!M 
benzene-l-carbohydroximamide sAN NH2 

F 

3-[3-( 4-chlorophenyl)-I,2,4- ct: 90±3 oxadiazol-S-yl]-l-( 4,4-dimethyl-S-
18 methyene-2-{[3-trifluoromethyl) @2S)!M 

phenyl]imino} -1 ,3-tbiazolan-3-yl) H,c;\-1~>--O-" propan-l-one 
H3C N-

CH3 0 

There are several explanations as to why no significant enzyme inhibition was 

observed with any of the compounds tested. One simple reason is that the small number 

of potential inhibitors in our survey may not mimic the transition state of the reaction 
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enough to have an effect on acetyltransferase activity. More interesting is the possibility 

that the substrate-induced confonnational changes in AAC(6')-Ii described in chapter 2 

may account for the lack of inhibition observed. Since there is evidence that these 

structural rearrangments are a requirement for acetyl transfer and are essential in forming 

a catalytically productive active site, we can speculate that transition state analogs will 

not induce the same conformational changes in AAC(6')-Ii as AcCoA and AG substrates. 

As a result, the compounds would have no significant affinity for the enzyme. 

6.3.2 AG Analogs as Potential Inhibitors 

Of the 12 neamine derivatives tested as AAC(6') substrates and inhibitors (see 

Figures 6.2 and 6.3), nine of these compounds were found to behave as fairly good 

substrates for the enzyme (Table 6.2): 

Table 6.2: AAC{6'}-Ii stead~-state kinetic I!arameters for neamine derivatives a 

Substrate b Km (JAM) leat (S·l) Ki (JAM) 

Neamine C 5.8 ± 1.0 0.42 ± 0.02 

AG-Wl 19.6 ± 7.4 0.35 ± 0.07 286 ± 149 
AG-W2 320 ± 65 0.31 ± 0.02 

AG-W3 10.8 ± 1.7 0.26 ± 0.01 

AG-W4 40.7 ± 4.4 0.55 ± 0.02 

AG-W7 53.4 ± 23.8 0.86± 0.23 311 ± 177 

AG-W8 83.6 ± 33.4 1.9 ± 0.53 

AG-W9 143 ± 57 0.27 ±0.03 

AG-WlO 28.7 ±4.9 0.27 ± 0.10 

AG-Wll 34.1 ± 5.3 0.60 ± 0.02 

a Reactions were carried out at 37"C in 25 mM MES, pH 6.0 and 1 mM EDTA 
b Note that derivatives AG-W5, AG-W6, and AG-W12 did not behave as substrates. 
C Kinetic parameters for neamme are reproduced from Wright & Ladak (1997). 

177 

keaJKm (MiS·i) 

7.2 x 10 4 

1.8 x 10 4 

9.7x 10 2 

2.4 x 10 4 

1.3 x 10 4 

1.6 x 10 4 

2.3 x 10 4 

1.9xl03 
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For the monomeric derivatives AG-W1, AG-W3, and AG-W4, Km values only differed 

from ~ 2 to 7-fold relative to neamine, with AG-W2 having the least apparent affinity for 

AAC(6')-Ii noted from a 55-fold increase in Km (Table 6.2). Turnover rates were similar 

to that determined for neamine, resulting in essentially wild type catalytic efficiencies for 

AG-W1, AG-W3, and AG-W4. A 75-fold decrease in kcatlKm was observed for AG-W2, 

largely due to the changes in Km. As expected, AG-W5 did not behave as a substrate for 

AAC(6')-Ii due to the lack of a free 6'-amino group (Figure 2.2). Similarly, AG-W6 was 

also not a substrate, consistent with the finding that neamine, made up of an 

aminocyclitol and 6-aminohexose ring, is the minimal substrate for this enzyme (Wright 

& Ladak, 1997). In addition, both AG-W5 and AG-W6 did not behave as inhibitors of 

AAC(6')-Ii activity. 

Five of the six AG dimers tested were also shown to be good AAC(6')-Ii substrates. 

In addition, both AG-W7 and AG-W8 had higher kcat values compared to neamine as well 

as all the other derivatives tested (Table 6.2). Since two free 6'-amino groups may be 

accessible to AAC(6')-Ii in these cases, it is possible that both are acetylated, accounting 

for the observed increases in kcat. The flexible amide linkers between these neamine 

dimers (Figure 6.3) may very well allow each monomer to be separately bound to 

AAC(6')-Ii and acetylated. Additional differences in the linker regions between neamine 

monomers was also shown to effect the efficiency of AAC(6')-Ii acetylation. As can be 

seen from the kinetic parameters determined for AG-W9, the addition of two sugar 

moieties per monomer to generate a neomycin dimer resulted in the second poorest 

catalytic efficiency observed (Table 6.2). 
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AG-W12 was the only derivative out of the twelve screened that inhibited AAC(6')­

Ii activity. The 6' N-methylated derivative of neamine attached through a diaminobutyl 

linker (Figure 6.3) was found to be a potent inhibitor of kanamycin A acetylation, with a 

ICso of 1.03 ± 0.11 J.IM. Unfortunately, a Ki determination that would identify the type of 

inhibition could not be made due to the limited quantity of the derivative we received. 

In summary, it is evident that although the majority of the analogs were acetylated by 

AAC(6')-Ii, variations between derivatives did have an effect on the efficiency of 

modification, with methylation of the 6' amino group generating an inhibitor of 

AAC(6')-Ii acetyl transfer. In addition, the neamine dimers AG-W7, AG-W8, and AG­

WI0 (designated dimers 4,6, and 27, respectively in Sucheck et 01. (2000» were shown 

by David Boohr in our lab to behave as potent inhibitors towards the phosphotransferase 

domain of the bifunctional enzyme AAC(6')-APH(2") (Sucheck et 01.,2000), illustrating 

that this type of approach can indeed identify inhibitors for AG inactivating enzymes. 

More importantly, those derivatives that behave as antibiotics in vivo and that also can 

inhibit resistance enzymes have the potential to act as efficient bifunctional drugs in a 

clinical setting. 
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6.3.3 Cationic Peptides as Inhibitors of AAC(6 ')-li Activity 

The initial screen for AAC(6')-Ii inhibition at 50 J.LM cationic peptide revealed that 

seven out of the twelve peptides tested behaved as inhibitors, as seen in Table 6.3. Note 

that the cyclic peptide gramicidin, which is not cationic, was used as a control in the 

initial screen. 

Table 6.3: Properties of cationic peptides and inhibition of AAC(6')-li activity 

Peptide Sequence Charge Inhibition IC50 

at pH 7 Observed Q (J.lM) 

CP26 KWKSFIKKLTSAAKKVVTTAKPUSS 7 + N.D.b 

CP27 KWKLFKKIGIGA VLKVLTTGLP ALIS 5 --
CP28 KWKLFKKIGIGA VLKVLTTGLPALKLTK 7 --
CP29 KWKSFIKKLTTA VKKVLTTGLPALIS 6 - -
CP2600 KWKSFIKKLTSAAKKVLTTAKPLISS 7 --
Cpal KWKSFIKKLTSAAKKVTTAAKPLTK 8 --
Cpa2 KWKKFIKKIGIGAVLKVLTTGLPALKLTKK 9 --
CM3 KWKKFIKSLTKAAKTVVKTAKKPLIV(NH2) 9 + 24± 0.6 

Indolicidin ILPWKWPWWP'WRR.{Nfu) 1 + 13 ± 1.3 

CPllCN ILKKWPWWP~) 3 + 23 ± 4.3 

CPIOA ILAWKWAWWAWRR(NH2) 1 + 4.4 ± 0.2 

MS178 GIGKFLKKAKKFGKATVKILKK(NH2) 9 + N.D. 

Gramicidin L(dF)PVOL(dF)PVO (cyclic) - + 148 ± 13.8 
a + mdicates detectable inhibition of AAC(6')-Ii using 50 IJM cationic peptide as described in section 6.2.3. 
b N.D., not determined. 

ICsos were determined to be in the low J.LM range for almost all of the inhibitory 

peptides evaluated except the control peptide gramicidin S, which exhibited significantly 

less inhibition. The indolicidin analog CPlOA was found to have the greatest effect on 

AAC(6')-Ii activity with an ICso of - 4 J.lM. Based on the results presented in Table 6.3, 
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the generalization can be made that the shorter peptides appear to be more consistently 

inhibitory than the longer peptides for AAC(6')-li. Strangely, the peptides behaving as 

inhibitors do not share a similar structure, as CM3 and CPIOA are a-helical, indolicidin 

and CPIICN adopt extended structures, and Gramicidin S is a ~-sheet (Scott et al., 1999; 

Zhang et al., 2001). To further characterize the inhibition observed, indolicidin and 

CP 1 OA were selected for Ki determinations and structure-activity relationships. Both 

peptides were found to be competitive inhibitors versus AG substrate (Kis = 4.2 ± 1.0 for 

indolicidin and 2.4 ~ ± 0.6 for CPlOA), indicating that they compete for the AG 

binding site on the enzyme. Noncompetitive/mixed-type inhibition was observed versus 

AcCoA (Kis = 38 ± 2 for indolicidin, and Kjs = 4.7 ± 1.3 J.1M & Kii = 32 ± 8 J.1M for 

CPlOA), consistent with the peptides having no little to no effect on AcCoA binding. The 

inhibition patterns observed for CPI0A are included as an example in Figure 6.4: 

A B 

6 8 II 

III 
'if 

II 
j 

14 ~ 6 

] 
II ] 4 ....., ....., 

~ 2 ~ - _ 2 

0 0 

-0.1 -0.05 0 0.05 0.1 0.15 0.2 -0.02 0 0.02 0.04 0.06 0.08 0.1 

l/[kanamycin B] (II.M -1) 1 / [acetyl CoA](f.IM -1) 

Figure 6.4: Patterns of AAC(6')-fi inhibition by the cationic peptide CPI0A. Shown are 
double-reciprocal plots indicative of competitive inhibition vs. AG (A) and 
noncompetitive/mixed inhibition vs. AcCoA (B). The varying concentrations of CPl OA shown 
in A are 0 f.1M (0), 5 f.1M (. ), 10 f.1M (0), & 20 f.1M (II) and in B, 0 f.1M (0), 10 f.1M (. ), 20 f.1M 
(0), & 40 f.1M (II). AKi!; of 2.4 ± 0.6 f.1M was determined for CPI0A vs. AG and aKi!; = 4.7 ± 1.3 
f.1M & Kii = 32 ± 8 J.1M for CPIOA vs. AcCoA. This figure was reproduced from Boehr et al., 
2003, with permission from Elsevier. 
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Also interesting to note is the fact that various cationic peptides behaved differently 

toward other AMEs that were tested by David Boehr in our lab, suggesting that the 

mode of inhibition by these peptides may be enzyme specific (Boehr et ai., 2003). 

Information on the structure-function relationships of the CPlOA peptide was 

gained by additional studies with AAC(6')-Ii as well as with other AMEs investigated 

by David Boehr. Specifically, increasing the salt concentrations of kinetic assay 

mixtures was shown to increase 1Cso values for CPlOA (and therefore decrease the 

inhibition), consistent with these peptides making electrostatic interactions with the 

acetyltransferase and phophostransferase enzymes tested (Boehr et al., 2003). Activity 

screens of truncated versions of CPI0A made by Dr. Kalinka Koteva in our lab also 

revealed that hydrophobic interactions and Vander Waals forces are important in 

enzyme-peptide interactions and the inhibition observed (Boehr et al., 2003). 

Finally, since it is known that AAC(6')-Ii can modify a number of small basic 

proteins as well as poly-L-lysine (Wybenga-Groot et al., 1999), it was investigated 

whether some of the cationic peptides were also being acetylated. As can be seen from 

Table 6.4, three peptides that were inhibitory also behaved as AAC(6')-Ii substrates. The 

kinetic parameters determined for CM3, CP11CN and MS178 were comparable to those 

determined for poly-L-lysine, suggesting that one or more lysine residues are being 

modified. Most importantly, the acetylation of these peptides was found not to effect their 

antimicrobial activity, demonstrating that the presence of AAC(6')-Ii does not confer 

resistance to these cationic peptides in vivo (Boehr et al., 2003). 
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Table 6.4: Acetylation of cationic peptides by AAC(6')-Ii a 

Substrate Km (J..I.M) kcat (sec-I) kcaJ Km (M-1sec -1) 

Kanamycin Ab 19.9 ± 8.8 0.816 ± 0.207 4.60 X 104 

Poly-L-Lysine c 17.1 ± 1.4 0.004 ± 0.001 2.23 X 102 

CM3 27 ± 12 0.03 ± 0.01 1.1 X 103 

CPllCN 25 ± 14 0.04 ± 0.01 1.7 X 103 

MS178 16 ± 7 0.01 ± 0.00 2.7 X lif 
a This table was reproduced from Boehr et af. (2003), with permission from Elsevier. 
b Kinetic parameters for kanamycin A are reproduced from Wright & Ladak (1997). 
C Kinetic parameters for poly-L-lysine are reproduced from Wybenga-Groot et al. (1999). 

In summary, the results presented here convincingly show that cationic peptides can 

act as inhibitors of AAC(6')-Ii activity by interfering with the binding of AG substrates to 

the enzyme. These studies, in conjunction with the inhibition also observed for other 

acetyltransferase and phosphotransferase enzymes, reveals the potential for cationic 

peptides to be used as broad-spectrum inhibitors of AG inactivating enzymes. 
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Chapter 7 

Studies on the Protein Acetylation Activity of AAC(6')-Ii 
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7.0 Summary 

This chapter investigates the protein acetylation activity of AAC(6')-Ii as a possible 

alternate function for this modifying enzyme in vivo. An enrichment of small basic 

proteins from E. faecium has revealed that several proteins are acetylated in vitro by 

AAC(6')-li. Three of these proteins were further characterized by N-terminal sequencing 

analysis and putatively identified based on BLAST sequence analysis. Of particular 

interest was the identification of an AAC(6')-Ii substrate with N-terminal sequence 

homology to the Bacillus subtilis ribosomal protein S9, prompting us to initiate studies to 

investigate whether AAC(6')-Ii may be acetylating a similar ribosomal protein in E. 

faecium. In addition, we also have compelling evidence that AAC(6')-Ii is responsible for 

the modification of several unidentified proteins in vivo, shown by acetylation 

comparisons of crude protein extracts from wild type E. faecium and a knockout strain 

that has the aac(6 ')-li gene insertionally inactivated. Taken together, these results support 

the hypothesis that AAC(6')-Ii may have an alternate function in vivo as a protein 

acetyltransferase, a proposal that also suggests an evolutionary origin for this 

chromosomal AME in E. faecium. 
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7.1 Introduction 

The proposal that AG resistance genes originate from antibiotic-producing bacteria 

was fIrst made in the early 1970's, when it was reported that AMEs present in AG 

resistant clinical isolates were similar to enzymes found in AG-producing species of 

Streptomyces and Micromonospora (Benveniste & Davies, 1973). Another widely 

accepted theory based on an analysis by Piepersberg et al. (1988) suggests that 

duplication and mutation of bacterial genes involved in basic cellular processes also 

accounts for the derivation of AG resistance determinants, in both AG-producing and 

non-producing bacteria. SpecifIcally, analyses of phylogenetic relationships among the 

APH and AAC classes of enzymes led to the proposal that these proteins may have 

evolved from protein kinases and acetyltransferases, respectively (piepersberg et al., 

1988). Recent biochemical and structural studies on two AMEs have supported this 

hypothesis, shown by the structural and functional homology observed for APH(3')-IIIa 

and proteins kinases (Hon et al., 1997; Daigle et al., 1999), with similar homologies 

observed for AAC(6')-Ii and histone acetyltransferases (Wybenga-Groot et al., 1999). 

Relevant to this study is the characterization of several chromosomally encoded 

AAC enzymes, the results of which have suggested or identifIed alternate, in vivo 

functions for these AMEs. The AAC(2')-Ia from Providencia stuartii, for example, has 

been shown to playa role in peptidoglycan O-acetylation as wen as in 2' -N-acetylation of 

AGs (Payie et al., 1995; Payie & Clarke, 1997). Similarly, recent structural evidence 

from the M tuberculosis AAC(2')-Ic protein solved with bound AG supports a possible 

role for this AAC in mycothiol biosynthesis 01 etting et al., 2002; Vetting et al., 2003). 
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Studies on the chromosomally encoded AAC(6')-Ii protein from E. foecium have 

also suggested that this enzyme may have a alternate function in vivo besides AG 

modification. The chromosomal origin of the ooc(6 ')-Ii gene first suggested a possible 

physiological role, with studies by Costa et 01. showing that insertional inactivation of 

ooc(6 ')-li caused AG resistance to be reversed, but with no other biochemical or 

morphological changes observed in the knockout strain (Costa et 01., 1993). The genome 

sequencing project underway for E. foecium has so far not provided any clues as to an 

alternate role, since the genomic environment of ooc(6 ')-li has yet to be rigorously 

determined. 

As described in chapter 1, initial steady-state kinetic analysis of AAC(6')-Ii activity 

revealed a sub-optimal level of AG detoxification compared to other AMEs, seen by 

fairly low specificity constants (kcat 1Km) on the order of 104 M-I S-l and a positive 

correlation of MIC values with kcat, the rate at saturating AG concentrations (Wright & 

Ladak, 1997). In addition, AAC(6')-Ii has the capacity to acetylate eukaryotic histones as 

well as other small basic proteins and the model substrate poly-L-Lys (Figure 7.1), 

demonstrating a novel AAC(6')-Ii substrate specifity for protein lysine residues 

(Wybenga-Groot et 01., 1999). This biochemical evidence was also complemented by the 

structural similarity observed for AAC(6')-Ii and the yeast histone acetyltransferase 

yHA T 1, with both enzymes being members of the large GNAT superfamily (Dutnall et 

ol., 1998; Wybenga-Groot et 01., 1999). Based on these fmding in particular, we initiated 

the research described here to further investigate the possibility that AAC(6')-Ii may 

behave as a protein acetyltransferase in vivo in E. foecium. 
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Figure 7.1: Protein and peptide acetylation activity of AAC(6')-Ii. Shown in A is 
an autoradiogram of eukaryotic histone acetylation by AAC(6')-Ii, analyzed by SDS· 
PAGE. Enzymatic modification of this protein substrate is observed over a range of 
histone concentrations: lane 1, 5 IJ.M; lane 2, 10 IJ.M; lane 3, 15 IJ.M; lane 4, 25 IJ.M; 
lane 5, 50 IJ.M; lane 6, 100 IJ.M; lane 7, 250 IJ.M; lane 8, 500 J.l.M. Experimental details 
are given in Wybenga-Groot et al. (1999). Shown in B is the steady-state kinetic 
analysis of poly-L-Lys acetylation by AAC(6')-li. A Km of 38.5 ± 7.8 IJ.M, a Ki of 1.78 
mM and a kcat = 0.0019 S·l was determined from a fit of initial rate data to the equation 
v = Vmax[S]/(Km + [S](1 + [S]/K;» describing substrate inhibition. This figure was 
reproduced from Wybenga-Groot et al. (1999) with permission from Elsevier. 
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7.2 Materials and Methods 

7.2.1 General 

McMaster - Biochemistry 

Calf thymus H31H4 histones, type VIll-S were from Sigma-Aldrich Chemical Co. 

(St. Louis, MO, USA). AcCoA was from Amersham Pharmacia and [1-14C]-labelled 

AcCoA (specific activity = 65 mCilmmol) was from ICN radiochemicals (Costa Mesa, 

CA, USA). Wild type E. faecium strain C238 was obtained from J. Gunn-Munroe at the 

Chedoke-McMaster microbiology laboratory in Hamilton, ON, Canada (Wright & Ladak, 

1997). Additional E.faecium strains CIP 54-32 (wild type) and BM4229 (aac(6')-Ii gene 

insertionally inactivated) described in Costa et al. (1993) were provided by Dr. Patrice 

Courvalin at the Institut Pasteur, National Centre for Scientific Research, Paris, France. 

7.2.2 Enrichment of AAe (6')-li Protein Substrates from E.faecium 

To identify any potential protein substrates for this enzyme in E. faecium, the 

following purification scheme was used to isolate small basic proteins, similar to the 

procedures previously described for the isolation of histone-like proteins of bacteria 

(Salti et al., 1985). Briefly, 16 L of E.faecium C238 were grown to mid-log phase (OD6oo 

~ 0.5-06) at 37°C and 250 rpm in brain heart infusion (BRI) media supplemented with 

25 j.1g of kanamycin per ml. The 18 g of cells obtained were harvested by centrifugation 

at 10,000 x g for 15 min, washed with 0.85% NaCl, and resuspended in lysis buffer 

consisting of 25 mM HEPES, pH 7.5, 2 mM EDTA (buffer A) plus 0.15 M NaCl, 0.1 

mM DTT, and 1 mM PMSF. Cells were subjected to bead-beater lysis by 3, 30-45 sec. 

intervals of disruption using 0.1 mm glass beads. Cell debris was removed by two 20 min 

centrifugations at 10 000 x g. The crude lysate (S 1) was treated with 6 M HCI to a pH of 
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2 and incubated on ice for 15 min. Precipitated proteins were removed by centrifugation 

at 10000 x g for 30 min The recovered supernatant was neutralised to pH 7 by the 

addition of 250 mM HEPES, pH 7.5 and 10 mM EDTA. The acid-soluble protein sample 

(S2) was loaded onto a 1.5 mL Mono S cation exchange column and basic proteins eluted 

by a 0-1 M linear NaCI gradient in buffer A. Peak A2S0 fractions were pooled and 

dialysed against buffer A at 4 °C overnight Each pooled fraction (S3) was then 

separately reapplied to the Mono S column for greater separation of proteins in each 

sample. Peak A2S0 fractions were again pooled (S4), dialysed and then tested as potential 

substrates for AAC(6')-Ii. Reactions contained 10-20 ~g of S4 protein sample, 50 ~M 

AAC(6')-Ii, and 160 JlM [14C]-AcCoA in 25 mM HEPES, pH 7.5, and 1 mM EDTA. 

Similar to the histone acetylation experiments previously described (Wybenga-Groot et 

al., 1999), SDS-PAGE and autoradiography were then used to visualise anyacetylated 

proteins. Modification of eukaryotic histones by AAC(6')-Ii served as a positive control 

in these experiments. 

7.2.3 N-terminal Sequencing of AAC(6 ')-1i Protein Substrates 

Two protein substrates (A and B) were selected for N-terminal sequencing based on 

the protein enrichment described above and the autoradiogram results shown (Figure 7.3, 

lanes 1-8). A third E. faecium protein was also chosen for sequencing (see lane 9, Figure 

7.3) following a second protein enrichment of small basic proteins using the same 

procedure and 21 grams of E. faecium cells as starting material from 18 L of bacterial 

culture. N-terminal sequencing of proteins blotted onto polyvinyldifluoride (PVDF) 
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membranes was performed by a standard automated Edman degradation procedure at the 

Peptide Sequence Analysis Facility at the University of Toronto (Toronto, ON) for 

proteins A and B, using a Porton Gas-Phase Microsequencer with in-line 3-phenyl-2-

thiohydantoin (pTH)-amino acid analysis. N-terminal sequencing of the third protein 

substrate was performed at the Harvard Microchemistry Facility (Cambridge, MA) using 

a PEl ABD Procise 494 HT Protein Sequencing System (VGR). 

7.2.4 Preparation of E. faecium Ribosomes and Ribosomal Subunits 

Based on the N-terminal sequencing results of protein substrate B (see section 7.3.1), 

we wished to further investigate the possible physiological relevance of ribosomal protein 

acetylation by AAC(6')-li. To do this, we set out to perform comparative two­

dimensional (2-D) gel electrophoretic analysis of ribosomal proteins from wild type and 

knockout strains of E. faecium. Although such an analysis has not been performed to 

date, the isolation of ribosomes and ribosomal subunits from E. faecium have been 

optimized and the protocol is therefore described here. 70S ribosomes were isolated in a 

similar manner as described in a protocol tailored for prokaryotic ribosomes (Spedding, 

1990), which is a modification of methods previously described (Noll et al., 1973; Jelenc, 

1980). Steps to yield tight-coupled ribosomes were omitted as they were not required. 

Briefly, 2 L cultures of E.faecium BM4229 and CIP 54-32 were grown to mid-log phase 

in BID media supplemented with 12.5 Jlg of kanamycin A per ml. Approximately 5 g of 

cells were obtained for each strain and lysed by several passages through a French press 

at 12000 p.s.i, with RNase-free DNase added to a final concentration of 2 Jlglml. The 

crude extracts were spun at 30 000 x g for 1 h and the top three-fourths of the supernatant 
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(S30) retained. Crude ribosomes were obtained by spinning the S30 fraction at 100000 x 

g for 4 h at 4 0 C. The ribosomes were salt washed and dialysed several times against a 

typical ribosome storage buffer for proper storage @ -80 0 C. An A260i A2so purity ratio of 

;::: 1.8 was calculated for both preps, indicating the isolation of pure, "clean" ribosomes 

using the above protocol. After extensive dialysis of stored 70S ribosomes against a low 

Mi+ buffer, ribosomal subunits were prepared by layering - 60 A260 units of sample onto 

38 mI, 10 - 30 % (w/v) sucrose gradients made in low Mi+ buffer. Samples were spun at 

43 000 x g for 18 h at 4 0 C using a Beckman SW28 rotor. 30S and 50S peak fractions 

were pooled by monitoring absorbance at 260 nm of the fractionated gradients. Figure 7.2 

shows the good separation of ribosomal subunits and reproducibility between the knock 

out and wild type preparations, which will be essential for any future comparisons of 

subunits or ribosomal proteins. Isolated subunits were pelleted at 200 000 x g for 18 h at 

4 0 C, resuspended in storage buffer and then stored at - 80 0 C. 

3 -- BM4229 

-- CIP 54-32 

5 10 15 20 25 30 
Fraction # 

Figure 7.2: Separation of 30S and 50S ribosomal subunits by sucrose gradient 
density centrifugation. A 10% - 30% gradient was used. BM4229 (red) and CIP 54-
32 (blue) denote the fractionation of the knockout and wild type ribosomal subunits, 
respectively. As expected, a 2:1 absorbance ratio was noted for 50S (larger peak) to 
30S (smaller peak) subunits. 
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In addition, ribosomal proteins have also been successfully isolated from 30S and 50S 

ribosomal subunits based on an acetic acid extraction and acetone precipitation protocol 

previously described (Spedding, 1990). 

7.2.5 In Vivo Protein Acetylation Comparisons 

To investigate whether AAC(6')-Ii may be acetylating proteins in vivo, crude protein 

extracts of wild type and AAC(6')-Ii knockout strains of E. faecium were prepared. 

Briefly, 1L cultures of E. faecium CIP 54-32 (wild type) and BM4229 (knockout) strains 

were grown to mid-log phase at 37 °C and 250 rpm in BHI media supplemented with 

12.5 J.l.g of kanamycin per mi. The cells were harvested and lysed using the same lysis 

buffer and method described in section 7.2.2. After cell debris was removed by two 20 

min centrifugations at 10 000 x g, the crude lysate (Sl) was DNase-treated and spun at 

100 000 x g for 2 hrs @ 4 0 C. Samples of S 1, supernatant from the high speed spin (S2), 

and resuspended pellet from the high speed spin (P2) were then used in the following 

incubations. 30 J.l.g of crude protein extract (Sl, S2, or P2) was incubated with 50 J.l.M 

AAC(6')-Ii and 160 J.l.M 14C-AcCoA in 25 roM HEPES, pH 7.5, and 1 roM EDTA. 

Reactions were incubated at 37 ° C for 60 min before the addition of standard 2x loading 

buffer. Samples were boiled for 5 minutes, loaded onto a 20% SDS-P AGE gel and ran for 

60 min at 200 V. The gel was dried and exposed to X-ray film for 10 days. The 

developed autoradiogram was used to assess whether any acetylation differences were 

apparent between the wild type and knockout E. faecium strains. 
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7.3 Results and Discussion 

7.3.1 AAC(6')-Ii Protein Substrates from E.faecium 

The purification of small basic proteins from E. faecium by acid treatment and cation 

exchange chromatography yielded less than 5% of the proteins present in S 1. As seen in 

Figure 7.3, several of these proteins were acetylated by AAC(6')-li. The most intensely 

radiolabelled proteins, indicated as A, B, and C in Figure 7.3 were selected for N-

terminal sequencing, the results of which are presented in Table 7.1. 

kDa 1 2 3 4 5 6 7 8 kDa 9 
29-

36 - C 
24-

20 -
20-

14.2 -

14.2-

Figure 7.3: Autondiograph of E. faecium proteins acetylated bl AAC(6')-1i. 
Potential protein substrates were incubated with AAC(6')-Ii and (1) C]-AcCoA as 
described in section 7.2.2. Incubations contained 50 11M AAC(6')-Ii, 115 11M 14C_ 
AcCoA and 10 Ilg of the following; Lane 1, eukaryotic histones (+ve Co); lane 2, S 1-
crude lysate; lane 3, S2-acid soluble :fraction; lane 4, blank; lanes 5-8, various S4 
protein fractions from a second Mono S run. Lane 9 is from an additional 
autoradiogram revealing AAC(6')-Ii acetylation of a higher molecular weight protein 
from an enriched S4 sample. Proteins labelled A, B (left panel) and C (right panel) was 
sent for N-terminal sequencing as described. 
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Table 7.1: N-terminal sequencing results of AAC(6')-li protein substrates 

Protem N-Terminal Sequence 
Substrate 

A MEKKEFHVV AE 

B AQVQYIGTGRR 

BLAST Search 
Results a 

Phosphocarrier protein 
Hpr from E. faecalis 

Ribosomal protein S9 
from B. subtilis 

c MKKKQKQKLLNQFRPSLD Hypothetical protein 
from E. faecium 

References 

Deutscher et 01., 
1986 

Higo et 01., 1982 

Direct Submission 
(Accession No. 
ZP 00036196). 

a based on protein-protein BLAST (Altschul et al., 1990) using the option to search for short nearly exact 
matches in available protein sequence databases 

7.3.1.1 AAC(6')-Ii Protein Substrate A 

The N-terminal sequence of protein substrate A was identical to that of the HPr 

phosphocarrier protein from E. faecalis, suggesting that a homologous protein has been 

isolated from E. faecium in our study. Hpr is a lysine-rich, histidine-containing protein 

that functions in the phosphoenolpyruvate-sugar phosphotransferase system (PTS) as a 

phosphate carrier (Deutscher et al., 1986). No follow-up studies have been conducted on 

this protein substrate for two reasons. First, this pathway has been well characterized in 

several species of bacteria and in vivo acetylation of Hpr has never been observed. 

Secondly, AAC(6')-li could be modifying certain residues simply because they are 

accessible to the enzyme or because the HPr protein is rich in lysine, as is the case for the 

eukaryotic histone substrates. The abundance of this substrate in our enriched protein 

samples may also be a factor in the extent of acetylation observed. 
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7.3.1.2 AAC(6')-Ii Protein Substrate B 

We have focused more attention on protein substrate B, which shows N-terminal 

sequence homology to the 30S ribosomal protein S9 from B. subtilis (Higo et al., 1982). 

The similarity in molecular mass of protein substrate B and the characterized S9 protein 

from B. subtilis, together with the BLAST search results, suggests that AAC(6')-Ii is 

acting on a homologous ribosomal protein from E. faecium. The possibility that 

AAC( 6')-Ii may function as a ribosomal N-acetyltransferase in vivo is very interesting 

given the hypothesis set forth by Piepersberg et al. (1988) that AACs may have 

originated and evolved from ribosomal N-acetyltransferases. Although no significant 

primary amino acid sequence homology exists between AAC(6')-li and known bacterial 

ribosomal acetyltransferases, several residues known to be important for the GNAT 

structural fold are conserved (Figure 7.4), suggesting that these proteins, like AACs, are 

also members of the GNAT superfamily. Also of note is the absence of any positively 

charged lysines in the N-terminus of this protein, which is in contrast to other AAC(6')-li 

protein substrates characterized in this study and in previous investigations (Wybenga­

Groot et al., 1999). Our results with protein substrate B suggests that AAC(6')-Ii may 

also have the capacity to acetylate the free amino group on the terminal alanine residue, 

similar to ribosomal acetyltransferases. This is largely based on our hypothesis that 

AAC( 6')-Ii is acetylating in the N-terminal region of protein substrates, due in part to the 

likely accessibility of this region to the enzyme active site, in addition to the identified 

sites of histone modification by the structurally homologous HAT enzymes 

(Marmorstein, 200 I). 
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Figure 7.4: Primary sequence alignment of AAC(6')-Ii (top) with ribosomal N­
acetyltnmsferases. RimI, RimJ and RimL are from E. coli (Yoshikawa et ai., 1987; 
Tanaka et ai., 1989). YdiD and YjcK are B. subtilis proteins deduced from the 
complete genome sequence (Kunst et ai., 1997). AAC(6')-Ii shares between 25-30 % 
amino acid sequence homology with the proteins included in the above alignment. 
Shaded residues are semi-conserved (grey) or conserved (black), with non-polar 
residues important for the GNAT structural fold indicated with a red asterisk. This 
alignment was generated using the program Clustal W (Thompson et aI., 1994). 

The relevance of the observed in vitro ribosomal protein acetylation by AAC(6')-Ii is 

currently unknown. It is interesting to note that in B. subtilis, the characterization of 30S 

ribosomal proteins by 2-D electrophoresis revealed that the S9 protein was present in 

both non-acetylated and N-cx:-acetylated forms (Higo et ai., 1982). The fact that S9 was 

the only 30S ribosomal protein shown to be acetylated in this study suggests that the 

acetylation of a homologous E. faecium protein by AAC(6')-Ii could be of physiological 

relevance. Steady state kinetic analysis of the semi-pure E. faecium "S9" protein gave a 

Km of 35 J.l.M, a kcat of 3.7 x 10-3 S-1 and a kcat/Km on the order of 102 M -1 s -1, 
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comparable to values obtained with the model substrate poly-L-Lys and other cationic 

peptides (Boehr et al., 2003). It must be noted that these are crude estimates only, 

considering both the sample purity and the possibility that a fraction of the protein may 

already be acetylated. 

To investigate the possibility that AAC(6')-Ii may be acting as a ribosomal 

acetyltransferase in vivo, we focused on the isolation of 308 ribosomal proteins from 

wild type (CIP 54-32) and knockout (BM4229) strains of E. faecium. Our ultimate goal 

was to assess any differences in ribosomal protein acetylation in the two strains by 

comparative 2-D electrophoresis. This proposal was based on a previously reported study 

on E. coli ribosomal proteins in which a similar methodology was used to see acetylation 

differences between a wild type and mutant strain (Isono & Isono, 1980). Although such 

an analysis has not yet been successfully perfonned in our lab, a protocol has been 

optimized to isolate ribosomes and ribosomal subunits from E. faecium. As no published 

reports. are available on ribosomal isolation from this bacterium, the methodology 

described in section 7.2.4 will be useful for the continuation of these studies and any 

future work that may involve enterococcal ribosomes. In summary, the in vivo relevance 

of the acetylation of protein substrate B by AAC(6')-Ii awaits the completion of the 

comparative 2-D gel electrophoresis analysis. If these experiments indicate that the 

ribosomal protein is acetylated in wild type but not in the knockout strain, it will 

convincingly show that AAC(6')-Ii is acting on this substrate in vivo. 
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7.3.1.3 AAC(6')-li Protein Substrate C 

The third and final protein substrate analysed in this study was found to be identical 

in the first 18 amino acids to a hypothetical E. faecium protein, annotated as such based 

on data from the current genome sequencing project. In addition, the approximate 

molecular mass of 26 kDa for this protein substrate (see Figure 7.3) is in good agreement 

with the predicted size of the hypothetical protein, lending further support to our 

identification. Subsequent BLAST analysis using the entire amino acid sequence of 

protein substrate C revealed no significant homology with any other known proteins. We 

therefore know very little about this protein, except that its' N-terminus contains 5 lysine 

residues, many of which may be accessible for acetylation by AAC(6')-Ii. Similar to 

what was hypothesized for the HPr substrate (see section 7.3.1.1), the abundance of this 

protein in our enriched fractions may account for its modification. 

In general, the studies described so far have demonstrated that AAC(6')-Ii is capable 

of acetylating E. faecium proteins in vitro. Although these findings broaden the known 

protein substrate specificity of AAC(6)-Ii to include small basic proteins from the host 

organism, additional studies were performed to determine whether AAC(6')-Ii was acting 

as a protein acetyltransferase in vivo. 

7.3.2 In Vivo Protein Acetylation Comparisons 

To investigate whether AAC(6')-Ii may be acetylating proteins in vivo in E.faecium, 

crude protein extracts of wild type and AAC(6')-Ii knockout strains were prepared. We 

hypothesized that if endogenous AAC(6')-Ii was indeed acetylating proteins in vivo in the 
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wild type strain, then these proteins would not be radiolabelled (or radiolabelled as much) 

when exogenous 14C-AcCoA was added, simply because these proteins would have 

already been acetylated. In contrast, the knockout strain of E. faecium would have no 

endogenous AAC(6')-Ii acting on these proteins and therefore these substrates would be 

more heavily radiolabelled by the addition of exogenous AAC(6')-Ii and 14C-AcCoA. As 

can be seen from Figure 7.5, proteins from the P2 fraction of the knockout strain crude 

extracts were more strongly radiolabelled than the identical fraction from the wild type 

strain. This provides us with strong evidence that AAC(6')-Ii is acetylating proteins in 

vivo. 

WT KO 

1 2 

kDa 

36 

24 
20 

14.2 

Figure 7.5: Acetylation comparisons of crude protein extracts from a wild type 
and AAC(6')-Ii-knockout strain of E. faecium. The more heavily labeled proteins in 
the knockout (KO) extract (lane 2) suggest that endogenous AAC(6')-Ii has previously 
acetylated these protein substrates in vivo. 
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Although we have not yet identified the in vivo protein substrates indicated in Figure 7.5, 

these results, together with the in vitro analysis of AAC(6')-Ii protein modification 

described in section 7.3.1, convincingly show that this AAC has an alternate function in 

E. faecium as a protein acetyitransferase. 
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Chapter 8 

Conclusions and Prospects for Future AAC(6')-Ii Research 
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8.1 Relevance oj AAC(6')-li Research 

Although the importance of the AAC(6')-Ii studies detailed here have been discussed 

in each individual chapter, the relevance of this research will be briefly reiterated in the 

following sections. Specifically, the broader significance of this work in terms of 

inhibitor studies and implications for the GNAT superfamily will be discussed. 

8.1.1 Inhibition of AAC(6')-li Activity to Reverse AG Resistance 

A prerequisite for any rationale-based drug design approach or inhibition study is a 

thorough understanding and characterization of the drug target. For the AMEs, this 

involves a working knowledge of the mechanism of aminoglycoside modification, 

including the mode of substrate binding and the underlying chemistry involved in drug 

inactivation. Although the characterization of AAC(6')-Ii is by no means complete, it 

complements the structural data available for AAC(6')-Ii, which together can be applied 

to relevant inhibitor studies. The investigation of cationic peptides as inhibitors of 

AAC(6')-Ii activity (chapter 6) is an example ofa rationale and educated approach, as we 

set out to target the negatively charged surface patch present on this and other AMEs 

(Boehr et al., 2003). The fact that this enzyme shares a similar AcCoA binding fold with 

that of eukaryotic protein acetyltransferases also validates the search for inhibitors 

specific to the AG binding site, in order to minimize potential cross reactivity with other 

GNAT enzymes. 

8.1.2 Relevance to the GNAT superfamily 

Our understanding of the kinetic and catalytic mechanism of AAC( 6')-Ii (described 

in chapters 3 and 4) allows us to compare and contrast our results with other members of 

207 



Ph.D. Thesis - K. Draker McMaster - Biochemistry 

the GNAT superfamily. Our dead-end and product inhibition studies have shown that 

AAC(6')-Ii follows a sequential ternary complex mechanism, similar to all other N­

acetyltransferases characterized within the superfamily. These results therefore support 

the hypothesis that GNAT members share a similar kinetic mechanism. Our evidence of 

subunit cooperativity in the AAC(6')-Ii dimer may also be relevant to other oligomeric 

members of the GNAT superfamily, as this phenomenon may be important to the 

function and/or regulation of other acetyltransferase enzymes. Finally, our studies on the 

catalytic mechanism of AAC(6')-Ii (chapter 4) has revealed several differences compared 

to other GNAT superfamily members. This is in contrast to what was suggested by Dyda 

et al. (2000), and reveals that although the underlying chemistry is similar, the roles of 

geometrically equivalent residues in the active site of these enzymes are not. 

8.2 Prospects/or Future AAC(6 ')-li Studies 

This section briefly describes various studies on AAC(6')-Ii that could be performed to 

complement the research described in the preceding chapters, in addition to several 

suggestions for new experiments. 

8.2.1 Follow Up Studies 

As described in chapter 3, sucrose viscosity studies demonstrated that both AG 

binding and product release govern the rate of AAC(6')-Ii acetyl transfer, revealed by 

changes in kcaJKb and kcat with increasing solvent viscosity. To investigate the individual 

contributions of productive AG binding and product release to this rate-limitation, pre­

steady state kinetic analysis could be done using both stopped flow and quenched flow 
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studies. It would also be interesting to investigate the binding of different AGs by 

AAC(6'}-Ii using this technique. These experiments would be fairly straightforward since 

the equipment is available to us and a sensitive nonradioactive assay that detects CoA has 

previously been described for use in transient-state kinetic studies (Farazi et al., 2000). 

The results from such experiments would complement previous kinetic mechanism 

studies and may also serve to better characterize the binding of AG substrates to 

AAC(6'}-Ii. As no pre-steady state kinetic analysis on an AAC or other AME has been 

reported to date, this work may also have implications for other bacterial enzymes which 

bind and modify AG substrates. 

Relevant to the research described in chapter 7, follow up studies on the protein 

acetylation activity of AAC(6'}-Ii in vivo would further support our hypothesis that 

AAC(6'}-Ii is behaving as a protein N-acetyltransferase in E. faecium. In order to identify 

the protein substrates that are evident from the autoradiograph shown in Figure 7.5 (page 

202), a semi-purification of these proteins would be needed to isolate them in sufficient 

quantity for subsequent N-terminal sequencing. Using ~ 15-20 grams of cells from both 

strains of E. faecium (wild type and knock out) as starting material, purification could 

begin by following the scheme in section 7.2.5 (page 195) to obtain P2, followed by 

cation exchange and/or size exclusion chromatography to further enrich our sample with 

the desired proteins. This work would be extremely important if we could eventually 

identify the proteins being acetylated by AAC(6'}-Ii in vivo. Depending on whether we 

identify a ribosomal protein from our studies, we could follow up these findings with the 

comparative 2-D gel electrophoretic analysis proposed in section 7.3.1.2. 
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8.2.2 Crystallographic Studies on AAC(6 ')-Ii 

As mentioned numerous times throughout this thesis, a crystal structure of AAC( 6')­

Ii in ternary complex form would be very useful for a number of reasons. First, structural 

details on AAC(6')-Ii with bound CoA and AG would provide us with an approximate 

representation of the Michaelis complex, revealing important interactions between the 

enzyme and both substrates. In particular, it would give us additional information on the 

binding of AGs by AAC(6')-Ii, allowing us to further interpret the results included in 

chapter 5 and to compare the mode of binding to that observed for AAC(2')-Ic (Vetting 

et ai., 2002) and other AMEs (pedersen et ai., 1995; Hon et ai., 1997). Furthermore, an 

AAC(6')-Ii·CoA·AG crystal structure would enable us to analyze the protein movements 

that we know to occur upon formation of the ternary complex, as described in chapter 2. 

Although the proposed work is currently underway in Dr. Albert Berghuis' Lab at McGill 

University, progress has not been made in crystallizing AAC(6')-Ii in complex with CoA 

and kanamycin or neomycin. Crystal trials with the minimal substrate neamine could 

alleviate some potential problems that may originate from the multiple conformations 

possible for AGs in solution. 

8.2.3 AAC(6')-li Inhibitor Studies 

Collaborations with other groups interested in bacterial AG resistance have proven 

very beneficial to past inhibitor studies on AAC( 6')-Ii and other AMEs characterized in 

our lab (discussed in chapter 6), and this trend will no doubt continue. In addition, Dr. Ian 

Moore who is a post doc in our lab is currently characterizing several AAC(6')-Ii 
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inhibitory compounds, based on the results of a high throughput screen of this protein 

that he conducted in collaboration with the HTS facility at McMaster. Follow up research 

may include chemical derivatization of inhibitory compounds to investigate structure-

activity relationships as well as crystal trials of AAC(6')-Ii with bound inhibitor. 

8.3 Concluding Remarks 

AAC(6')-Ii is a fascinating enzyme with the capacity to acetylate both 

aminoglycosides and a variety of small basic proteins and peptides. The research detailed 

in this thesis has characterized both activities, and reveals an enzyme with a molecular 

mechanism of acetylation that may contribute to the broad substrate specificity observed. 

The structural homology AAC(6')-Ii shares with histone and other protein 

acetyltransferases is also of great interest, and together with our biochemical evidence 

that suggests a role for this enzyme in protein acetylation in vivo, supports the hypothesis 

that AAC(6')-Ii may have evolved from a protein N-acetyltransferase. 
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