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ABSTRACT 

OXA-58 enzyme from Acinetobacter baumannii is a carbepenm-hydrolyzing class-

D P-lactamase which uses a carbamylated lysine to activate the nucleophilic serine used 

for p-lactam hydrolysis. The deacylating water molecule approaches the acylenzyme 

intermediate formed between the enzyme and the P-lactam from the a-face. According to 

our findings, OXA-58 uses the same catalytic machinery observed in class D P-

lactamases such as OXA-IO. Comparison of active site shape in OXA-58, OXA-24 and 

OXA-48 with the OXA-IO p-lactamase suggests that these carbapenem-hydrolyzing class 

D P-lactamases have gained the capability of hydrolyzing imipenem, an important 

carbapenem in clinical use, by slight structural changes in the active site. Also, 

investigation of the kinetics of P-lactam hydrolysis by Phenl 13 A, Phenl 14A, Met225A, 

Phenll3Tyr, Phenl 14Ile and Met225Thr shows that penicillin G is hydrolyzed better 

than amoxicillin and ampicillin which are hydrolyzed with comparable catalytic 

efficiencies. Carbenicillin was the poorest substrate. 
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Chapter One: (J-Lactam resistance in Acinetobacter baumannii 

1.1 Acinetobacter baumannii 

1.1.1 Background and history 

Being a Gram-negative, coccobacilli aerobic pathogen, Acinetobacter baumannii 

is responsible for many community and hospital-acquired infections worldwide. 

Its genetic flexibility and versatility gives A. baumannii an exceptional catabolic 

capability to be highly competent for natural transformation. Also the ability to grow at a 

wide range of temperature (28-44 °C), humidity and pH range makes the A. baumannii 

capable of adapting to the hospital environment.1 

During the past decade A. baumannii has emerged as an important multidrug-

resistant nosocomial pathogen causing pneumonia, septicemia, urinary tract infections 

and meningitis.2 Drug families such as p-lactams, aminoglycosides and quinolones are 

normally used to treat this infections.1 

P-Lactams are the main antibiotic source and are used in a routine way to treat 

different bacterial infections. Carbapenems being the last resort of p-lactams are the most 

efficient antibiotics against a wide variety of Gram-negative bacteria. Acinetobacter was 

initially introduced in 1954 by Brisou and Prevot and in 1968 this genus designation 

was more widely accepted.4 

1.2 Antibiotic resistance in Acinetobacter baumannii 

1.2.1 Mechanisms of antibiotic resistance in Acinetobacter baumannii 
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A wide array of antibacterial resistance mechanisms have been identified for A. 

Baumannii.5'6 The fast emergence of different strains of A. Baumannii resistant to 

different {^-lactams, including carbapenems, indicates the ability of this organism to adapt 

rapidly to changes in environmental pressure. 

1.2.2 Enzymatic mechanisms 

Enzymatic degradation of P-lactams by P-lactamases is the most important 

mechanism of resistance in A. baumannii. However, taking the complexity of the nature 

of this organism into account, in A. baumannii multiple mechanisms, often function in a 

concerted manner.7,8'9 Out of P-lactamases, carbapenemases are most concerning and 

include class D OXA type oxacillinases and the metallo- p-lactamases (class B).10'11'12 So 

1 ^ 
far, the class A carbapenemases have not been described for A. Baumannii. 

The first OXA-type enzyme with carbapenem-hydrolyzing activity was found in 

1985 in a clinical A. Baumannii strain isolated in Edinburgh, Scotland.14 This resistance 

factor was discovered to be transferable, and the gene was sequenced and named 

blaOXA-23.15'16 This type of P-lactamases contributes seriously to carbapenem resistance 

7 18 10 "7ft 
in A. Baumannii all over the world . ' ' ' 

1.2.2.1 p-Lactamases 

Production of penicillinase by pathogenic Escherichia coli was most probably the 

first antibiotic resistance mechanism reported.71 Since then, intensive investigations have 

been performed on P-lactamases, and there are a large number of reviews and 
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monographs that reveal the details of this broad family of enzymes.72"76 Here only a brief 

explanation of the resistance mechanism and structure of p-lactamases will be provided 

for review purpose. 

p-Lactamases hydrolyze p-lactams either by employing an active site Ser 

nucleophile or through activation of a water molecule via a Zn in their structure (Figure 

1). These serine active site p-lactamases or metallo-P-lactamases have been categorized 

according to their three-dimensional structures, amino acid sequences, substrate 

preferences and inhibition by inhibitors. The P-lactamase family has been categorized in 

different ways; however, the nomenclature of Bush et al. has been widely accepted. In 

an investigation on almost 200 p-lactamases, these authors have subdivided these 

enzymes in four main groups. Groups 1, 2, and 4 are serine P-lactamases, while metallo-

P-lactamases fall into group 3. Group 1 consists of cephalosporinases which are poorly 

inhibited by ciavulanic acid; group 2 consists of penicillinases which are sensitive to 

70 
ciavulanic acid and are called extended spectrum P-lactamases (ESBLs) ; and group 4 

consists of P-lactamases that turn to be poorly inactivated by ciavulanic acid and cannot 

be fit into the other categories. The serine active site P-lactamases act via a covalent 

catalytic mechanism where an active site serine nucleophile attacks the lactam ring 

(Figure 1). Then the covalent enzyme intermediate is hydrolytically cleaved. This 

mechanism is exactly the same as P-lactam inactivation of the extracellular bacterial 

peptidoglycan transpeptidases (targets for these antibiotics) where an active site serine is 

modified covalently by the drug. However, in this case, the second step of the lactamase 

reaction is inhibited by the unavailability of the hydrolyzing water molecule due to the 
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configuration of the active site of these transpeptidases, and therefore the acyl-enzyme 

species is a stable complex resulting in enzyme inactivation and consequent breakdown 

of cell wall biosynthesis. 

The high similarity in mechanisms employed by peptidoglycan peptidases and 

serine ^-lactamases is an indicator of the similarities in their three-dimensional structures 

AA o 1 
and also an evolutionary link between them. ' 

1.2.2.2 Class D ^-lactamases in Acinetobacter Baumannii 

In general, in serine active-site enzymes including class D P-lactamases, after the 

formation of a Michaelis complex between the enzyme and substrate, the active site 

serine is deprotonated by an active site base and activated for a nucleophilic attack on the 

•j/* 
p-lactam carbonyl. Then a tetrahedral transitional state is formed between the enzyme 

and the substrate. The collapse of this transition state leads to an acyl-enzyme 

intermediate between the J3-lactam and the attacking serine. Finally activation of a water 

molecule through general-base mediation results in hydrolysis of the ester bond, releasing 

the hydrolyzed product. 

Two closely related enzymes that form the blaOXA-23 gene cluster in A. 

Baumannii are OXA-27 and OXA-49.21,22 Other OXA-type gene clusters with 

carbapenemase activity have been discovered to be the blaOXA-24-like (encoding OXA-

24, -25, -26, and -40) 21'23 and the WaOXA-58-like 24'25 carbapenemase genes. The X-ray 

structure of OXA-24 was recently revealed through which important information for drug 

development toward this class of carbapenemases was provided26 blaOXA-SS was 

•yj 
described recently and, like blaOXA-23, is normally plasmid mediated , which may be 
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the reason for its widespread distribution.28'29'30 blaOXA-58 gene has been also reported 

•51 
in A. Junii isolated in Romania and Australia. ' WaOXA-51-like genes (encoding 

OXA-51, -64, -65, -66, -68, -69, -70, -71, -78, -79, -80, and -82) are the final gene 

cluster, and this cluster is unique in terms of occurring naturally in A. baumannii because 

of its chromosomal location and prevalence.33,28'34 Like other class D enzymes, its 

encoded protein has a greater affinity for imipenem than for meropenem.33'35 

1.2.2.3 OXA-58, a class D P-lactamase in A. baumannii 

OXA-58 is the only member of a subgroup of carbepenem hydrolyzing class D (3-

lactamases and shares less than 50% sequence identity with other carbepenem 

hydrolyzing class D P-lactamase subgroups.11'37 OXA-58 was first identified in 2003 in 

France 27, and since then it has been isolated in different parts of the world.11'6 It has been 

proven that OXA-58 employs a carbamylated lysine residue in its active site to activate 

the serine nucleophile to attack the carbonyl carbon of the P-lactam backbone. 

1.2.2.4 Mechanism of action of p-lactams 

P-Lactams are the most widely employed antibiotics against bacterial infections 

due to their high efficiency and specificity.39"41 The chemical structures of different P-

lactam families have been shown in Figure 2. These compounds are small molecules with 

a four member ring which is known as the P-lactam backbone. The similarity of their 

chemical structure to that of the terminal D-alanine-D-alanine portion of the pentapeptide 

moiety of the precursors of the cell wall (peptidoglycan) makes them highly specific.42'43 

Due to this similarity, P-lactams are capable of binding penicillin binding proteins (PBPs) 

competitively and prevent them from binding to their natural substrate. p-Lactams bind to 

5 



the serine active site of PBPs forming an acyl-enzyme species. This acyl-enzyme species 

is stable in contrast to that formed with the D-alanine-D-alanine peptide of peptidoglycan 

precursors and irreversibly inhibits the transpeptidation function of PBPs.43'44 Inhibition 

of PBPs leads to a failure in cross-linking of the newly synthesized peptidoglycan 

precursors (The assembly of peptidoglycan and its structure in gram-negative bacteria 

have been illustrated in Figure 3 and Figure 4). This weakens the cell wall, leaving the 

cell wall unable to tolerate the osmotic pressure of the growing cell, which eventually 

leads to the cell breakdown.45'46 

Scheme 2 illustrates the three step model for inhibition of PBPs by P-lactams. 

k+2 k+3 
E + A * * E A *• E-A • E + P Scheme 2 

Kd 

where E represents the enzyme, A is the |3-lactam, E A is the non-covalent Michaelis 

complex, E-A represents the covalent acyl-enzyme species and P is the inactive 

hydrolysis product. Kd is the dissociation constant of the non-covalent complex, k+2 and 

k+3 are first order rate constants for the acylation and deacylation reactions, respectively. 

k+2IKd is the second order rate constant for the acylation step. In fact the PBPs catalyze 

the reaction up to the acyl-enzyme formation step therefore; these reactions have large 

k+^Kd values but very low k+3 values. However in ^-lactamases the reaction continues 

until the inactive hydrolyzed product is produced (Figure 5). The mechanism of (3-lactam 

hydrolysis by OXA-58 has been illustrated in Figure 6. 

1.2.2.5 Other enzymatic mechanism of antibiotic resistance 
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While hydrolysis is considered the most important characterized enzymatic 

resistance mechanism, there are some other alternative strategies that have been 

developed by bacteria for detoxification of antibiotics. 

1.2.2.5.1 Redox enzymes 

Oxidation is a mechanism employed by mammalians for detoxification of 

xenobiotics. Mainly a group of membrane-bound cytochrome P-450 enzymes with broad 

substrate specificity use this molecular strategy to hydroxylate xenobiotics to facilitate 

their elimination. In contrast, pathogenic bacteria have not developed the oxidation or 

reduction of antibiotics frequently as a mechanism of resistance. Nonetheless, a few 

examples of this strategy have been introduced in the literature. Oxidation of tetracycline 

antibiotics by TetX enzyme is the most widely studied of these.83-86 

TetX monohydroxylates tetracycline antibiotics at their position 11a, which 

consequently disrupts the Mg -binding site of the antibiotic which is essential for 

antibacterial activity. Following this hydroxylation, the antibiotic is non-enzymatically 

O/ 
rearranged into unstable products that polymerize into an inactive product. ' 

1.2.2.5.2 Lyase enzymes 

Lyases are non-hydrolytic or non-oxidative catalysts of the cleavage of carbon-

carbon, carbon-oxygen, carbon-nitrogen, and carbon-sulfur bonds. Double bond 

formation or ring closure also frequently happens due to these reactions. 

There is only one well investigated antibiotic resistance lyase, Vgb, which causes 

• • * . QO 
resistance against type B streptogramin antibiotic. Vgb from streptogramin B-resistant 

staphylococci 89'90 was first reported to be a hydrolytic lactonase because of the ring 
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opening of the antibiotic at the ester bond.91 Isolation and characterization of the product 

of 5". aureus Vgb catalysis, however, showed that water is not required as a co-substrate 

analogous in the reaction.88 There was also a double bond in the inactive product at the 

site of cleavage, which confirmed that the resistance enzyme Vgb is a lyase. 

1.2.3 Nonenzymatic mechanism 

In addition to the enzymatic mechanism by p-lactamases, nonenzymatic 

mechanisms have also been described for p-lactam resistance, including carbapenem 

resistance. These include changes in outer membrane proteins (OMPs) 25,47,48'8, multidrug 

efflux pumps 49,50'51, and variations in the affinity or expression of penicillin-binding 

proteins.8'52'53'54 

1.2.4 Strategies to fight resistance against {(-lactams 

Development of resistance to P-lactams by bacteria is a complicated phenomenon. 

Many factors influence the emergence and spread of antibiotic resistance. Knowledge of 

the mechanism of action and structure of antibiotic hydrolyzing enzymes is critical to 

develop methods to ultimately fight against resistance. As an example, discovering the 

3'-regiospecificity of aminoglycoside resistance by the resistance kinases that appeared in 

the 1960s lead to the design of aminoglycosides such as tobramycin and gentamicin that 

did not have the sites of inactivation.55 This approach has also helped the design and 

development of many new generations of semi-synthetic P-lactams, by the purpose of 

keeping one step ahead of evolving P-lactamases. 

Among the more recent P-lactam scaffolds are the penems and carbapenems which 

are developed to overcome resistance. These P-lactams have broad-spectrum activity 
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against bacterial pathogens and high stability against P-lactamases.56 Imipenem as the 

first antibiotic in this class was metabolized by a renal dehydropeptidase and co­

administration of cilastatin, an inhibitor of this enzyme, was required although the more 

novel p-lactams such as ertapenem and faropenem have improved spectrum and 

stability.57-59 

Another strategy to fight against antibiotic resistance is development of inhibitors 

of P-lactamases on the basis of the knowledge of resistance mechanisms. These inhibitors 

can be administered along with the antibiotics, thereby inhibiting ^-lactamases as a main 

factor of resistance and rescuing the antibacterial activity of the P-lactams. This method 

has been successfully employed as a strategy to overcome resistance to the penicillinases 

where the mechanism-based inactivators of p-lactamases clavulanic acid, sulbactam, and 

tazobactam have been introduced to clinical use.60 Taking the success of class A P-

lactamase inhibitors into account, expanding this strategy to other antibiotics is of great 

importance. 

Mobashery and coworkers 61 showed that 6a-hydroxymethylpenicillanate is an 

effective inhibitor of TEM-1 P-lactamase, a class A P-lactamase. In the case of OXA-IO, 

a class D non-carbapenemase p-lactamase, it was reported that both a- and p-

hydroxyisopropylpenicillanates were inactivators for this class D oxacillinase. 62 

Recently, we have shown that 6a-hydroxyoctylpenicillanate rapidly inactivates the OXA-

58, a class D carbapenemase P-lactamase (ti/2=3 min at 4 °C) forming a very stable acyl-

enzyme complex.38 
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Another strategy to fight against antibiotic resistance is to improve the delivery and 

the accessibility of antibiotics to their sites of action. Liposomal preparations of 

hydrophobic antibiotics such as ethambutol which have been reported for treatment of 

mycobacterial infections are an example of this approach.63'64 

Linking of two different types of antibiotics (for example, P-lactams and 

quinolones 65, or P-lactams and oxazolidinones 66) is another method that has been 

investigated. In this method stable or labile bonds were used to link the antibiotics, 

although a more clever strategy that employs the enzymatic activity of P-lactamases to 

release linked antibiotics has been also introduced. For example, the Ala racemase 

inhibitor p-chloro-Ala was released from cephalosporin-p-chloro-Ala upon p-lactamase 

action 61, and cephalosporin-triclosan hybrids have been designed so that triclosan is 

release upon hydrolysis of the p-lactam bond by P-lactamases.68 

Expanded knowledge of the molecular mechanism of antibiotic resistance is 

required to develop different strategies to overcome antibiotic resistance. With regards to 

the ongoing drying of the pipeline of the antibiotic drug discovery 69'70 understanding of 

the details of enzyme-based resistance plays a crucial role on the treatment of infectious 

diseases. 

1.3 Research objectives 

In this project, the hydrolytic mechanism of OXA-58, a class D P-lactamase from 

A. Baumannii in antibiotic resistance has been investigated. Three main goals of this 

research have been: (I) Study of the inactivation and inhibition kinetics of this enzyme by 

different P-lactams and novel P-lactam analogues, hydrolytic mechanism and the 
10 



conformational changes induced in the presence of different p-lactams. (II) Investigation 

of the role of the lysine in the active site of this P-lactamase in its catalytic mechanism 

and (III) the role of Phen 113, Phen 114 and Met 225 residues which lie right above the 

active site in the activity of this protein. 
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Figures 
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Figure 1. General mechanism of Ser-P-lactamases and metallo-P-lactamases. The 

hydrolysis of the penicillin amoxicillin is shown catalyzed by a Ser-p-lactamase (A) and 

a metallo-P -lactamase (B). (Taken from Wright et al77) 
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Figure 2. Structure of different P-lactam families 
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Figure 3. The assembly of gram-negative peptidoglycan (Taken from Todar et al 
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Figure 4. Structure of peptidoglycan precursors found in gram-negative bacteria which is 

L-Ala, D-Glu, m-DAP, D-Ala, D-Ala. (GlcNAc: N-acetyl glucosamine, MurNAc: N-

acetyl-muramic acid) (Taken from Green et al ) 
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Figure 5. The metabolic pathway of (A) penicillin-Binding proteins and (B) P-

lactamases. (Taken from Schofield et al94) 
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Figure 6. General catalytic mechanism of OXA-58 (Prepared by Dr. Golemi-Kotra38 
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Chapter Two: Hydrolytic mechanism of OXA-58, a 

carbepenem hydrolyzing class D p-lactamase 

2.1 Introduction 

2.1.1 OXA-58 an OXA-type carbapenem-hydrolyzing (i-Iactamase 

Normally, severe Acinetobacter infections are treated with carbapenems.1'2 

Carbapenems are a family of P-lactams which are the most efficient antibiotics against 

bacteria and had initially been designed and developed to fight P-lactam resistance 

t ") 
because of their stability toward hydrolysis by most P-lactamases ', however, resistant 

Acinetobacter baumannii isolates are increasingly reported 3'4 and due to selective 

pressure, carbapenems have become inactive against P-lactamases. P-Lactamases are 

subdivided into four general classes. Classes A, C, and D are serine active site P-

lactamases where Class B consists of metalloenzymes.5'6 

After the introduction of carbepenems to clinical use ~30 years ago, emergence of 

members of all four classes of P-lactamases capable of hydrolyzing carbapenems has 

been reported.7"9 Outburst of carbapenem-resistant A. baumannii around the world is 

closely related to the new carbapenem-hydrolyzing class D P-lactamases.10"13 

Carbapenemase activity have been reported in Around 45 variants of class D P-

lactamases.14 Due to their ability to hydrolyze oxacillin, a penicillin P-lactam, class D P-

lactamases are sometimes called as oxacillinases or OXA p-lactamases. It was in late 

1980s that OXA p-lactamases were recognized as a resistance mechanism against 

imipenem, the first carbapenem which was used clinically.15 Class D P-lactamases and 
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oxacillinases have 18% sequence identity, however they share 40-90% sequence identity 

with each other.9'14 

Carbapenem-hydrolyzing class D P-lactamases have been categorized in nine 

groups.9'14 OXA-23, OXA-24, and OXA-58, which represent three different 

Carbapenem-hydrolyzing class D P-lactamase groups, are the most prevalent 

carbapenemases in A. baumannii.10'16 Out of these, only the structure of OXA-24 has 

been revealed.17"19 Investigations on the structure and the role of different residues in 

OXA-24 uncovered that the extended substrate specificity of these enzymes is due to a 

17 hydrophobic cleft over their active sites. 

Solution of the crystal structure of OXA-48, a Carbapenem-hydrolyzing class D 0-

lactamases from Klebsiella pneumoniae showed that unlike OXA-24 this enzyme lacks 

the hydrophobic cleft over the active site and also the shape of the active site in this 

enzyme is different from that of OXA-24.20 It was concluded that a different catalytic 

mechanism may be used by OXA-48. 

Details of the structural investigations performed on these different carbapenem-

hydrolyzing class D ^-lactamase subgroups reveals that they have gone through different 

evolutionary pathways. The diversity of carbapenem-hydrolyzing class D P-lactamases 

and their direct association with bacterial antibiotic resistance makes mechanistic studies 

on hydrolytic activity more important than ever. 
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2.2 Sequence analysis of OXA-58 

All serine active site P-lactamases possess three conserved catalytic motifs which 

are also found in OXA-58 (Figure 1). The Arg residue which interacts with the 

carboxylic group of P-lactams in OXA-IO (Arg-244) is also present in OXA-58 (Arg-

263). All the residues that form the hydrophobic cleft, in which the carbamylated lysine 

lies, as in OXA-IO, OXA-24, and OXA-48, are present also in OXA-58 (Phe-85, Val-

132, Phe-135, Trp-169, and Leu-170). Alignment of the sequence of OXA-58 with those 

of OXA-24 and OXA-48 and its comparison with the sequence of OXA-IO (Prepared by 

Dr. Golemi-Kotra) indicates that these carbapenem-hydrolyzing class D P-lactamases 

share the same catalytically important residues with OXA-IO (Figure 1). 

2.3 Mechanism of p-lactam turnover by OXA-58 

Penicillinate derivatives (Figure 2) were used to probe the mechanism of P-lactam 

hydrolysis in OXA-58. These derivatives have already been used to elucidate the 

mechanism of P-lactam turnover in different P-lactamases. These compounds have a 

hydroxyalkyl side chain at C6 position of the P-lactam ring which is either at a or P face 

of the plane of the molecule. After acylation of the p-lactamase by these penicillinates 

and formation of the acyl-enzyme intermediate, hydrolysis or stabilization of this 

intermediate will depend on the face from which the hydrolyzing water molecule 

approaches the ester bond and the orientation of the side chain in C6 position of the P-

lactam (Figure 3). 
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2.4 Experimental section 

Materials and chemical reagents 

All chemicals and antibiotics were purchased from Sigma or Fisher unless 

otherwise stated. Growth media were purchased from EMD Biosciences (Mississauga, 

Ontario, Canada). Chromatography media and columns were purchased from GE 

Healthcare. 

2.4.1 Purification of OXA-58 and K86A Mutant 

OXA-58 was cloned by Jerome Liu and OXA-58 K86A mutant was constructed 

(pET24d (+) vector was used) by Dr. Vidhu Verma (Dr. Golemi-Kotra's laboratory). The 

purification protocol was also developed by Dr. Vidhu Verma. A seed culture of E. coli 

BL21 (DE3) containing the appropriate expression vector was grown overnight at 37 °C 

in Luria Bertani medium containing 50 fig/ml kanamycin. A 2.5 ml aliquot of the seed 

culture was used to inoculate 800 ml of Terrific Broth medium containing 50 fig/ml 

kanamycin. The cell culture was grown at 37 °C until an absorbance at 600 nm (A600 

nm) of 0.6 was reached, at which point overexpression was induced by the addition of 

isopropyl p-D-thiogalactopyranoside to a final concentration of 0.1 mM. The cells were 

allowed to overexpress the requisite protein for 16 h at 25 °C with shaking. The cells 

were then harvested by centrifugation at 7,000 x g for 10 min at 4 °C. The cell pellet (3 

g) was resuspended in 90 ml of 10 mM sodium phosphate buffer, pH 6.4. The 

cytoplasmic contents were liberated by sonication, and the resulting cell extract was spun 

down at 18,000 x g to remove insoluble cell debris. The supernatant was then loaded onto 

an SP-Sepharose cation exchange column equilibrated with 10 mM sodium phosphate 
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buffer, pH 6.4. The protein was eluted with a linear gradient of 1.0-2.00 mM sodium 

phosphate buffer, pH6.4. Fractions containing the protein were concentrated and loaded 

onto a desalting column to exchange the buffer to 50 mM sodium phosphate buffer, pH 

7.0. All purification steps were carried out at 4 °C. To confirm the purity the purified 

protein was loaded on a 12.5% SDS-PAGE (Figure 4). 

2.4.2 Determination of the catalytic parameters by UV-visible spectrophotometry 

The catalytic parameters (Km and kcal) of OXA-58 with nitrocefin (studies by 

monitoring the production of the hydrolyzed product at 486 nm according to the 

instruction provided by the company, Calbiochem) and cephapirin (studied by monitoring 

the consumption of the substrate at 259 nm, figure 5(A)) were determined under steady 

state conditions at room temperature using a Cary 100 Bio UV-visible spectrophotometer 

(Varian Inc., Palo Alto, CA). Briefly, each P-lactam (20-100 jaM) was mixed with 

enzyme (5 nM in the case of nitrocefin, A«86 = 20,500 M"1 cm"1; 120 nM in the case of 

cephapirin, Aa.59 = 7000 iVT'cm"1). The initial rates were measured at 5% substrate 

turnover. All the kinetic reactions were carried out at room temperature in 50 mM sodium 

phosphate buffer, pH 7.0. The reaction volume was 250 jo.1. Linewever-Burk plots for 

these experiments have been presented in Figure 5 (B and C). 

2.4.3 Inactivation kinetics 

A Cary 100 Bio UV-visible spectrophotometer was used to perform kinetic 

measurements. Inactivation experiments were carried out with compounds 1-6 (Scheme 

1). In a typical inactivation experiment, the p-lactam compound at different 



concentrations (100, 200, 300, 500, or 700 |xM) was incubated on ice with the enzyme 

(1.25 JIM) in 50 MM sodium phosphate buffer, pH 7.0. To monitor the residual activity of 

enzyme by time, at different time intervals, a 20-fo.l aliquot of the incubation mixture was 

diluted 12.5-fold (to a final assay volume of 250 p.1), and the remaining enzyme activity 

was monitored immediately at 240 nm using penicillin G (1 mM) as the reporter substrate 

(Ae24o = 570 M"1 cm"1). Data were analyzed using the Kitz-Wilson method.23 The rate of 

recovery of enzyme activity was determined by monitoring the enzyme activity of the 

above mixtures over 24 h at 4 °C. 

The P-lactam compounds 1-6 were also assessed as competitive inhibitors using 

nitrocefin as a reporter substrate (Figure 6-2). The steady state parameters for nitrocefin 

are kcat = 99 ± 8 s"1 and Km = 21 ±2 |_iM. In a typical competitive inhibition experiment, 

the enzyme was added to the reaction mixture containing nitrocefin and inhibitor. The 

final concentration of the enzyme was maintained at 5 nM. Two concentrations of 

nitrocefin, 30 and 100 |J.M were used. The reaction volume was 250 JJ,1. Enzyme activity 

was monitored at 486 nm (Ag486 = 20,500 M"1 cm"1). The concentrations of the inhibitors 

in these assays were selected such that they would flank 50% inhibition of enzyme 

activity. The experiments were repeated at least three times. The dissociation constants 

01 
(AT,) were determined by the Dixon plot (Figures 6). 

2.4.4 Circular dichroism spectroscopy 

The far-UV CD spectra of OXA-58 (10 jjM) in the absence and presence of a 0-

lactam (100 jxM) were recorded using a Jasco J-810 instrument. In experiments with the 

p-lactam substrates, CD spectra were recorded immediately after substrate and enzyme 
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were mixed together. All measurements were carried in 50 mM sodium phosphate buffer, 

pH 7.0, in a rectangular cuvette with a path length of 0.1 cm. Spectra were recorded from 

260 to 200 nm at a scan rate of 10 nm/min and a 1.0-nm bandwidth, at 20 °C. All spectra 

were corrected for buffer and inhibitor as appropriate. 

2.4.5 Electrospray Ionization Mass Spectrometry 

OXA-58 at a concentration of 110 jiM in 50 mM sodium phosphate, pH 7.0, was 

incubated individually with 5mM of each of the compounds 1-6 for 1 h at room 

temperature. The mixture was then desalted using Zeba mini centrifugal columns (Pierce) 

equilibrated with water, concentrated using a Speed Vac, and frozen at -20 °C. The 

samples were sent to the Advanced Protein Technology Centre, The Hospital for Sick 

Children (Toronto, Ontario, Canada) to be analyzd using an Applied Biosystems/MDS 

Sciex API QSTAR XL Pulsar mass spectrometer. 

2.5 Results 

2.5.1 Purification of OXA-58 and K86A Mutant 

High level expression of the protein in the cytoplasm (20 mg/liter) enabled 

isolation of > 95% homogeneous protein (Figure 4). 

The K86A mutant was purified using the same protocol. Expression levels 

and purity were the same as for the wild-type protein. 

2.5.2 Study of the enzyme kinetics of OXA-58 

Table 1 shows the kinetic constants (Km and kca, values) for the hydrolysis of 

nitrocefin and cephapirin by OXA-58 ^-lactamase obtained by Lineweaver-Burk 

method.21 
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Isothermal titration calorimetry investigations, performed by Dr. Vidhu Verma (Dr. 

Golemi-Kotra's laboratory) in our research group showed that OXA-58 readily 

hydrolyzed ampicillin, oxacillin, benzylpenicillin, amoxicillin, and cephalothin. Biphasic 

kinetics had been observed for the hydrolytic activity of OXA-58 on ampicillin, 

amoxicillin, and cephalothin in the absence of carbon dioxide. Penicillins were 

hydrolyzed better than cephalosporins. Imipenem had a slow turnover rate, but according 

to its low Km, it was a moderate substrate. Carbenicillin was reported not to be turned 

over by OXA-58.21 

2.5.3 Mode of interaction of OXA-58 with the 6-hydroxyalkylpenicillinate 

derivatives 

The structures of the 6-hydroxyalkylpenicillinate derivatives used have been 

illustrated in Figure 2. Out of six penicillinates examined only 6-a-

hydroxyoctylpenicillinate (compound 5) inactivated OXA-58 at 4 °C (Table 2). The 

inactivation persisted even after 24 hrs incubation of OXA-58 with concentrations as low 

as 100 |aM of compound 5 at 4 °C. However, the 6|3-hydroxyoctylpenicillanate derivative 

(compound 6) did not undergo hydrolysis as investigated by UV spectrophotometry, but 

this compound inhibited OXA-58 competitively (Table 3). By contrast, the 6-(3-

hydroxymethylpenicillinate derivative (compound 2, £203 = 200 s^M"1) behaved as a 

moderate substrate with kcJKm = 79 x 104 Mf's"1 {kcat — 32.2 ± 0.5 s"1; Km = 41 ± 1 (iM). 

Incidentally, the Michaelis-Menten constant for 6P-hydroxyoctylpenicillanate (compound 

6) is the same as the dissociation constant which indicates that the rate-limiting step is 
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likely to be acylation. On the other hand, all the penicillanate derivatives (compounds 1-

6) inhibited OXA-58 competitively (Table 3). 

2.5.4 Mass spectrometry analysis of the interaction between penicillinate derivatives 

and OXA-58 

The interaction modes of compounds 1-6 were also investigated by ESI-MS. These 

experiments showed that compound 5 resulted in the formation of quantitative and stable 

acyl-enzyme species, whereas compound 6 resulted in the formation of a smaller amount 

of acyl-enzyme species (Fig. 7). The lack of measurable time-dependent inactivation of 

the enzyme by compound 6, as investigated by UV-visible spectrophotometry, suggests 

that the observed acyl-enzyme species could result from the formation of a short lived 

covalent complex. However, at the level of the detection limit of the UV-visible 

spectrophotometer, we were not able to measure any hydrolysis. Other inhibitors do not 

show any acylation with the enzyme. The mass spectra for OXA-58 incubated with 

compound 1-3 have been illustrated in figure 8. 

2.5.5 Structural investigation of the interactions between p-lactams and OXA-58 p-

lactamase 

Far UV CD was used to investigate the effect that (3-lactam binding has on the 

secondary structures of OXA-58. These studies showed that the protein undergoes a 

conformational change in the presence of different p-lactams, albeit at different levels 

(Figure 9). 

2.6 Discussion 

2.6.1 Mechanism of p-lactam hydrolysis by OXA-58 
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Serine active site P-lactamases hydrolyze P-lactams in two steps as shown in 

scheme 2. 

ki k2 ^3 
E + A ^ E.A • E-A • E + P 

k-i 

In the first step, the enzyme (E) employs a serine active site residue to form a transient 

acyl-enzyme intermediate (E-A). This is a ring opening reaction. In the second step, 

hydrolysis of the acyl-enzyme intermediate happens by a water molecule. A general base 

within hydrogen-bonding proximity to the serine residue transforms the weakly 

nucleophilic alcohol of the serine into a strong nucleophile, by deprotonating it and 

makes the formation of the acyl-enzyme species in the first step possible. In class A P-

lactamases, this role is played by Lys-73 and Glu-166 2428 In class C, either Lys-67 or 

Tyr-105 may act as the general base to activate the serine.29 31 In class D P-lactamases, a 

Q 1 OO 
carbamylated lysine acts as the general base in both steps. 

The role of the carbamylated lysine in the hydrolysis is shown schematically in 

Figure 10. After activation of Ser-83, the carbamate species might be deprotonated by the 

t 8 
N-4 of the penam. At the end of hydrolysis, the carbamylated lysine is protonated and 

returns to its basic form, probably by receiving the proton from the protonated species of 

152 
carbamylated lysine by the N-4 amine group of the penam. 

The possibility of rendering the p-lactamase deacylation-deficient by 

stabilizing the acyl-enzyme species by disturbing of the hydrogen bonding network of the 

hydrolyzing water molecule or the physical displacements of this water molecule 
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sterically by bulky C6 side chains of p-lactams has been already shown.22'39"41 This is an 

important aim in designing new P-lactams that are stable toward the hydrolytic activity of 

"yy 

P-lactamases. 

In this project a set of 6a- and 6P-hydroxyalkylpenicillanate derivatives 

(compounds 1-6) have been used to probe the face from which the deacylating water 

molecule approaches the ester carbonyl of the acyl-enzyme species.22'42 Mobashery and 

coworkers 22 reported that compound 1 is an inactivator of TEM-1 P-lactamase, a class A 

P-lactamase. According to their study, the deacylating water molecule comes from the a-

face in TEM-1. In OXA-IO, it was shown that 6p-hydroxymethylpenicillanate 

(compound 2) behaved as a substrate for this class D oxacillinase, and hence it was 

concluded that the water molecule approaches from the a-face.34 The a- and P-face refer 

to the stereochemistry of the hydroxyalkyl side chain at the C6 position of the p-lactam 

molecule. 

In our study of the interactions of these penicillanate derivatives with OXA-58, 

compound 2 was shown to be a substrate for this enzyme, and compound 5 was proven to 

be an inactivator (Figure 6-1). Compound 6 was not hydrolyzed by OXA-58 which 

indicates that the increase in the bulkiness of the side chain at the C6 position could 

interfere with the catalytic machinery of OXA-58, for example by decarbamylating the 

enzyme.35 

Results from ESI-MS and competitive experiments also reinforce this; by revealing 

that compound 6 is capable of binding to OXA-58, but only a small percentage of the 

noncovalent Michaelis complex built between compound 6 and the enzyme form an acyl-
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enzyme species. Time-dependent inactivation experiments show that compound 6 is not 

capable of inactivating the enzyme even after 24 h. In contrast, the 6(3-

hydroxyoctylpenicillanate derivative (compound 5) inactivates the enzyme building a 

very stable acyl-enzyme complex (Figures 6-1 and 7). This shows that the water molecule 

approaches the ester bond of the acyl-enzyme species from the a-face (that of the side 

chain of compound 5). The knowledge obtained from the investigations on the binding 

interaction of compound 5 with OXA-58 provides insights which can help to design 

potential inactivators of these class D enzymes. For instance, a bulky side chain at the C6 

position may increase the binding affinity of (3-lactams, and the presence of a 6(3-

hydroxylalkyl substituent as displayed by compound 5 may provide an obstacle on the 

1 S 
way of the hydrolyzing water molecule. A recent study by Bou et al. also has shown 

that OXA-24 is rapidly inactivated in the presence of P-lactams with a bulky side chain at 

their C6 position. 

2.6.2 Insights into the Mechanism of Imipenem Hydrolysis 

Although high resolution structures for OXA-24 and OXA-48 have been 

obtained17,20, the fundamentals of gaining carbapenemase activity by oxacillinases to a 

large extend is still unknown. 

Investigations on the structure of OXA-24 showed a hydrophobic cleft right above 

the active site that might be responsible for the preference of this enzyme for imipenem 

over oxacillin.17 However, this hydrophobic cleft is not observed in OXA-48.20 

Alignment of the Sequence of OXA-58 with those of OXA-24 and OXA-48 and its 

21 
comparison with the. sequence of OXA-IO indicates that the residues that are involved 
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with catalysis in OXA-IO are conserved in these carbapenem-hydrolyzing class D (3-

lactamases (Figure 1). According to the study that we have performed these carbapenem-

hydrolyzing class D (^-lactamases employ the same catalytic mechanism as OXA-IO and 

even in contrast to OXA-IO they are capable of hydrolyzing imipenem. 
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Figures 

OXA-58 63 QNIKKYGXlJ&RMaAyiPi^^KIiMiAl^LEH-HKA^rEIFKWDQ^FfKaWDKDF 121 
OXA-IO 46 SSKSCAXHDLARASKEYLPASTFKIPSIAIIGI^TGVIKNEHilVFKWDOCPRAMKQWKRDL 106 
OXA-24 60 KNI^TYGHMJ®ANKEYVPASTFK>OiAIJ[GIJKN-HKA.TTNEIFKWD<3CKRlYPMWEKDM 119 
OXA-48 49 ^CKX3FTNNIiCRANC?AjBXPASTFKXPNSIJCAIJDLGVrVKDEH(lVFKWDGQIRDIATWNRDH 109 

OXA-58 122 TLGEAJNK2AST^FV?QELARSlGPSLK]SELQMGYGNMQIGTEVDQraLi<'GPLXITPIQR 181 
OXA-IO 107 TIilGMQVSAVPVFQQIA^VCEVRMDKYLIG!(FSYC2jQHISGGIDKFSLEG<2LRISA.VNQ 166 
OXA-24 120 Tl.GEAMALSAVPVYQEIAI<RTGLELMOKEVKjRVWFGSTKIGTQVDNFSiLVGPIJaLTPVQK 179 
OXA-48 110 OTJXAMKYSVVPVYOEE'ARQIGEARilSKMLHAFDyGSIEDISQHVDSFIILDGGIRISAIRJ 169 

•iiai up3n mef&m&jnliBt m 
OXA-58 182 VKFVYDlAQGCLPFKPgVQQQVKEMLYVERRGEHRLYAKSGWG SAVDPQVGWYVGFV 238 
OXA-IO 167 VEFLESLYU0CLSASKENOLrVKEAI.VTEAAPEyLVHSKTSFSGVGTESNPGVASSWV5WV 226 
OXA-24 180 VNRlDDLAH)SRIJ?FKLETQEEVKKMLLIKEVNGSKIYAKSGWG HGVTPQVGWLTGWV 236 
OXA-48 170 ISFLRECLYHNKLHVSERSQRrVKQAMLTEANGDYIIRAKTGYS—TRIEPKIG8WVGWV 226 

<«* M66sm 
OXA-58 239 EKADGQV^AI^MQMKAGDDIALRKQISLDVLDKLGVFHYL 280 
OXA-IO 227 EKET-EVYFFATNM)IDHESKLPLRK5IPTKIMESEGIIGG- 266 
OXA-24 237 EQANGKK1PFSIKLEMKEGMSGSIRNEITYK5LENLGII- 275 
OXA-48 227 ELDD-NVWFFAMNMDMPTSDGLGLRQAITKEVLKQEKIIP— 265 

Figure 1. Sequence alignment of OXA-58 with OXA-IO, OXA-24, and OXA-48. 
Highlighted in red are the three conserved motifs in serine P-lactamases. The green dots 
indicate the residues that form the hydrophobic cleft around the conserved lysine residue. 
The blue dots indicate the residues that form the hydrophobic cleft in OXA-24. The 
secondary structures correspond to those predicted by the OXA-58 homology model. 
(Prepared by Dr. Golemi-Kotra) 
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Figure 2 The structure of penicillinate derivatives 
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H2O approaching 
from a-face 

Hydrolysis 

H2O approaching 
from P-face -lactamase Inactivation 

P-isomer 

Figure 3. Schematic presentation of the process of studying the mechanism of hydrolysis 
of P-lactamases by penicillinates. 
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Figure 4. Isolation and purification of OXA-58 to homogeneity. 12.5% SDS-
polyacrylamide gel stained with Coomassie Blue. Lane 1, cell extract after sonication. 
Lane 2, pellet collected after centrifugation. Lane 3, supernatant obtained after 
centrifugation, Lane 4, OXA-58 after purification with a SP-Sepharose column. 
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Figure 5. (A) UV-Vis spectral profile for the hydrolysis of cephapirin at 100 |jM by 100 

nM OXA-58. The hydrolysis progress curves were obtained by monitoring at 260 nm. 

Lineweaver-Burk plots for the extraction of kinetic parameters for the hydrolysis of (B) 

nitrocefin and (C) cephapirin by OXA-58. 
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Figure 6-1. Graphical representations of the experimental procedure for inactivation studies. (A) 
Time- and concentration-dependent inactivation of enzyme by compound 5. (B) The Kitz-Wilson 
plot, of the observed inactivation rate constant (kobs) as a function of compound 5 concentration 
([I]). Graphs for monitoring residual activity (%) of OXA-58 versus time (min) in the presence of 
different concentrations of (C) compound 6, (D) compound 3, (E) compound 4, (F) compound 1 
and (G) compound 2. 
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Figure 6-2. Dixon plot obtained for the competitive inhibition of (A) carbenicillin, (B) 
Imipenem, compounds (C) 1, (D) 2, (E) 3. (F) 4, (G) 5 and (H) 6 on the activity of OXA.-
58 using nitrocefin as a reporter substrate at 30 and 100 p.M. 
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Figure 7. Examination of OXA-58 inactivation by compounds 5 and 6 with ESI-MS. In 
these experiments OXA- 58 at 110 jxM was incubated with compounds 5 or 6 at 5 mM 
for 1 h or 20 min, respectively, in 50mM sodium phosphate, pH 7.0, at room temperature. 
The mixtures were desalted and subjected to ESI-MS for analysis. 
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Figure 8. Examination of the interaction of OXA-58 and compounds 1, 2 and 3 with ESI-
MS. In this experiment OXA- 58 at 110 |o.M was incubated individually with compounds 
1, 2 and 3 at 5 mM for 1 h, in 50mM sodixim phosphate, pH 7.0, at room temperature. At 
different time intervals samples were taken, the mixture was desalted and subjected to 
ESI-MS for analysis. 

51 



250 260 

o 
u -20 

—— Oxa-58 
Oxa-58-1 

• ---Oxa-58-2 
- — Oxa-58-5 
- • -Oxa-58-6 
- -Oxa-58-4 

Wavelength (nm) 

OXA-58 

OXA-58-lmipenem 
• — - OXA-58-Oxacillin 
— OXA-58-PenicillinG 

Wavelength (nm) 

Figure 9. Effect of different [3-lactams on the structure of OXA-58 investigated by CD. 
In these experiments OXA-58 at 10 jj.M was incubated with 100 of each P-lactam 
individually and the CD spectrum was acquired immediately. 
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Figure 10. General catalytic mechanism of OXA-58 (Prepared by Dr. Golemi-Kotra) 
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Tables 

Table 1 Kinetic parameters for the hydrolysis of nitrocefin and cephapirin by OXA-58 

Substrate Km (ftM)±SD Kca, (s')±SD Kca/Km (nM~l sl) 
Nitrocefin 21±2 99±8 4.7 
Cephapirin 262±18 22±1 0.08 
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Table 2 Kinetic parameters of inactivation 

Inhibitor kinad^SD (min1) KI±SD(fiM) 
1 N/A N/A 
2 N/A N/A 
3 N/A N/A 
4 N/A N/A 
5 0.22±0.01 7804±366 
6 N/A N/A 
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Table 3 Competitive inhibition of OXA-58 by different inhibitors at 25 °C and pH 7 

Inhibitor KptSD (uM) 
1 29 ±4 
2 82 ±3 
3 644 ±8 
4 1276 ±58 
5 404 ±10 
6 42 ± 1 

Imipenem 3.1 ±0.2 
Carbenicillin 78 ± 2 
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Chapter Three: Elucidation of the role of active site lysine 

residue (Lys86) in catalytic activity of OXA-58 

3.1 Introduction 

3.1.1 The involvement of a crucial carbamylated lysine residue in the catalytic 

mechanism of OXA-58 

One of the characteristics of the catalytic mechanism of class D p-lactamases is 

employment of the same residues for both acylation and deacylation steps of hydrolysis.1 

In addition, all these enzymes use a carbamylated lysine residue which is of central 

significance for catalysis (Figure 1). Studies on different P-lactamases suggest that this 

carbamylated lysine residue is responsible for activation of both the active site serine for 

acylation by the substrate and the hydrolyzing water molecule in the deacylation step of 

the hydrolysis mechanism. 

Carbamylated lysine has also been reported in some other proteins such as 

rubisco3, urease 4 and phosphotriesterase.5 In most of these proteins the carbamylated 

lysine plays the role of a ligand for a metal ion. 

In class D P-lactamases carbamylated lysine is the general base that activates the 

hydroxyl group of the active site serine residue to get acylated by the substrate. 

According to a study performed previously in our lab by UV-visible spectrophotometry, 

replacement of this residue with an alanine leads to practical inactivation of the enzyme.6 

However, here we have shown that OXA-58 still is capable of hydrolyzing P-lactams 

57 



without the critical carbamylated lysine residue and also investigated the effect of 

absence of the carbamylated lysine on the catalytic activity of OXA-58. 

3.2 Experimental section 

Materials and methods 

All chemicals and antibiotics were purchased from Sigma-Aldrich (St. Louis, MO, 

USA) or Fisher (Fairlawn, NJ, USA) unless otherwise stated. Growth media were 

purchased from EMD Biosciences (Mississauga, Ontario, Canada). Chromatography 

media and columns were purchased from GE Healthcare (Chalfont St. Giles, 

Buckinghamshire, UK). Escherichia coli Nova Blue and BL21 (DE3) strains and cloning 

and expression plasmids were purchased from Novagen (Mississauga, Ontario, Canada). 

3.2.1 Circular dichroism spectroscopy 

The far-UV CD spectra of OXA-58 and OXA-58 K86A (10 nM) were recorded 

using a Jasco J-810 instrument. All measurements were carried in 50 mM sodium 

phosphate buffer, pH 7.0, in a rectangular cuvette with a path length of 0.1 cm. The 

volume of the cell was 200 fiL. Spectra were recorded from 260 to 200 nm at a scan rate 

of 10 nm/min and a 1.0-nm bandwidth, at 20 °C. All spectra were corrected for buffer as 

appropriate. 

3.2.2 Cibacron blue 3GA titrations 

Tryptophan fluorescence quench of OXA-58 and OXA-58 K86A by Cibacron Blue 

3GA was conducted in a Cary Eclipse fluorescence spectrophotometer (Varian Inc., Palo 

Alto, CA, USA). The fluorescence spectra of OXA-58 and OXA-58 K86A (1 jiM) were 

acquired in the presence of increasing concentrations of Cibacron Blue from 0.5 to 6 p.M 
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in 50 mM sodium phosphate buffer pH 7.0. The fluorescence (Fi) was fit to the equation 

below: 

Fi = Fmax - FChange{[Cibacron Blue] / (Kj + [Cibacron Blue])} 

where Fmax is the initial fluorescence intensity, Flange is the total fluorescence quench, 

and Kd is the dissociation constant.7 The excitation wavelength was 295 nm and the 

emission was recorded at 345 nm. 

3.2.3 Tryptophan fluorescence quenching experiments 

All the experiments were performed at room temperature. Quenching experiments 

with different P-lactams were performed by addition of aliquots of P-lactam solutions (25 

or 10 mM) into the wild type OXA-58 and OXA-58 K86A solutions. These experiments 

were performed to probe the interaction of the enzyme with the P-lactams. The final 

concentration of the enzyme was 1 (iM and that of P-lactams were, 0.5 to 27 mM for 

penicillin G, carbenicillin, ampicillin and oxacillin, 0.5 to 6 mM for amoxicillin and 25 to 

100 (iM for imipenem. The assay volume was 150 |iL. The experiments were performed 

in 50 mM sodium phosphate buffer (pH 7.0). The excitation wavelength was set at 295 

nm, and the fluorescence emission spectra were scanned from 300 to 400 nm. A cuvette 

with a path length of 1 cm was used. The effect of presence of different P-lactams on the 

variation of the fluorescence intensity of the proteins (1 |iM for carbenicillin and 0.5 to 3 

(0.M for penicillin G, ampicillin, oxacillin and amoxicillin) as a function of time time was 

investigated by monitoring the intensity at 345 nm in the presence of different P-lactams 

(0.5 to 27 mM carbenicillin (For 0 and 0.5 mM at 345 nm, for 1 mM at 350 nm, for 3 at 



355 nm, for 6 and 8 mM at 360 nm and for 12,18 and 27 mM at 365 nm), 2 to 10 mM 

penicillin G (at 345 nm) and ampicillin (at 345 nm), 0.5 to 8 mM for oxacillin (at 345 

nm) and 2 to 6 mM for amoxicillin (at 345 nm)) for up to 5 min in 50 mM sodium 

phosphate buffer. 

Quenching titrations with acrylamide were performed by addition of aliquots of 

concentrated acrylamide solution (100 mM) into the enzyme solution in the absence and 

presence of one or two different concentrations of each p-lactam. The final concentration 

of the proteins was 1 fiM and that of the P-lactams was 1 and 6 mM for carbenicillin, 1 

and 12 mM for penicillin G, 50 fiM for imipenem and 1 or 2 mM for the rest of the |3-

lactams. The experiments were performed in 50 mM sodium phosphate buffer. The 

fluorescence quenching data in the presence of acrylamide were first analyzed by the 

o 
Stern-Volmer equation which has been presented below: 

F/F0 = 1 + Ksv [Q] 

where F„ and F are the fluorescence intensities (at 345 nm) in the absence and presence of 

the quencher (P-lactam), respectively. Ksv is the Stern-Volmer constant, and [Q] is the 

concentration of the quencher. Also, the fluorescence intensity of OXA-58 and OXA-58 

K86A was monitored by time in the presence of different P-lactams. These experiments 

were performed at different concentrations of P-lactams and each protein. 

3.2.4 Investigation of the binding affinity of Bocillin for OXA-58 K86A 

Acyl-enzyme species formed between OXA-58 K86A and different P-lactams were 

detected using the fluorescent substrate BOCILLIN FL (Invitrogen, Carlsbad, CA). For 

Kd with BOCILLIN FL, OXA-58 K86A was incubated at 1 jiM with different 
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concentrations (0 to 20 fiM) BOCILLIN FL in 50 mM sodium phosphate buffer pH 7.0, 

for 30 s. The reaction volume was 25 jjL. Following the incubation the reaction was 

stopped by addition of 10 julI SDS loading dye and the 20 |j,L of samples were loaded on a 

12.5 % SDS-PAGE. The gel was scanned using a Typhoon Trio+ Variable Mode Imager 

(GE Healthcare) at 488 nm excitation and 520 nm emission. The gel images were 

analyzed using Image J software (NIH, USA). The Fluorescence (Fobs) was fitted using 

the hyperbolic equation below as the Kj for OXA-58 K86A and Bocillin was close to the 

concentration of protein: 

Fobs=Fo+(Fmax-Fo)(l/2Pt)[(Kd+Pt+Lt)-(((Kd+Pt+L,)2-4KdLt)1/2] 

where F0bs is the intensity observed, Pt is the concentration of receptor, Lt is the 

concentration of the ligand, Fmax is the maximum fluorescence intensity, Fo is the 

background fluorescence and Kd is the dissociation constant.9'10 

3.2.5 Determination of the acylation (kj) and deacylation (kj) rate constants 

For the acylation rate constant of the acyl-enzyme species formed between 

carbenicillin and OXA-58 K86A, cabenicillin at 64 (iM was incubated with 1 |iM of 

OXA-58 K86A and at different time intervals (0 to 60 min) a 25 (iL aliquot was taken 

and BOCILLIN FL at final concentration of 10 jxM was added to it and the solution was 

further incubated for 30 s and then the reaction was stopped by addition of SDS sample 

buffer (composed of 50 mM Tris-HCl pH 6.8,. 2% SDS, 10% glycerol, 1% p-

mercaptoethanol, 12.5 mM EDTA, 0.02 % bromophenol blue). All samples were loaded 

on a 12.5% SDS-PAGE. The gel was imaged using a Typhoon Trio+ Variable Mode 

Imager (GE Healthcare) at 488 nm excitation and 520 nm emission. The gel images were 
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analyzed using ImageJ software (NIH, USA). The fluorescence (Fi) was fitted using the 

equation below: 

FI — Fbase F max€ 

where k is the acylation rate constant (k2), Fmax is fluorescence intensity at time zero, and 

Fbase is the background fluorescence. 

For the deacylation rate constant of the acyl-enzyme species formed between 

OXA-58 K86A and BOCILLIN FL, the protein (3 |_iM) was incubated with 50 jiM 

BOCILLIN FL for 30 s and was desalted using Zeba mini centrifugal columns (Pierce, 

Rockford, IL, USA) equilibrated with 50 mM sodium phosphate buffer pH 7.0, to remove 

the excess of BOCILLIN FL. At different time intervals (30 s to 20 min) 25 jiL aliquots 

were taken and the reaction was quenched by addition of 10 [iL SDS sample buffer. All 

samples were loaded on a 12.5% SDS-PAGE. The gel was imaged using a Typhoon Trio+ 

Variable Mode Imager (GE Healthcare) at 488 nm excitation and 520 nm emission. The 

gel images were analyzed using ImageJ software (NIH, USA). The fluorescence (Fi) was 

fitted using the equation below: 

F i =  Fbase  F m a x e  

where k is the deacylation rate constant (k3), Fmax is fluorescence intensity at time zero, 

and Fbase is the background fluorescence. 

3.2.6 Determination of half maximal inhibitory concentrations (IC50) of different f$-

lactams with OXA-58 K86A 
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QXA-58 K86A at 1 |iM was individually incubated with 5 to 400 |iM penicillin G, 

ampicillin, amoxicillin or carbenicillin or with 1 to 8 mM oxacillin, cephalothin and 

imipenem for 2 min and then BOCILLIN FL at final concentration of 10 jiM was added 

to the incubation solution and the samples were further incubated for 30 s. The volume of 

all reaction mixtures was 25 p.L. Following the incubations SDS sample buffer was added 

to each sample to stop the reaction. The samples were loaded on a 12.5 % SDS-PAGE 

and the gel was illuminated using a Typhoon Trio+ Variable Mode Imager (GE 

Healthcare) at 488 nm excitation and 520 nm emission. The gel images were analyzed 

using Image J software (NIH, USA). The data obtained were fitted using the GraFit 

software to the equation below: 

Bound = ([L] .Capacity) / (IC50 + [L]) 

where Bound is the amount bound which is directly proportional with the fluorescence 

intensity, L is the concentration of the p-lactam and capacity is the binding capacity. 

3.2.7 Study of the turnover of different fi-lactams by OXA-58 K86A 

The hydrolytic catalytic activity of OXA-58 K86A on different P-lactams was 

studied by detection of the BOCILLIN FL bound to the mutant enzyme. OXA-58 K86A 

at 1 jiM was incubated individually with 64 (iM of penicillin G, amoxicillin, carbenicillin 

or imipenem and 1 mM of cephalothin and at different time intervals (1 to 120 min) 

BOCILLIN FL at a final concentration of 10 |iM was added to the samples and further 

incubated for 30 s and then the reaction was quenched by addition of SDS loading dye. 

The samples were loaded on a 12.5 % SDS-PAGE and the gel was scanned at 488 nm 
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excitation and 520 nm emission. The gel images were analyzed using imageJ software 

(NIH, USA). 

3.2.8 Electrospray ionization mass spectrometry 

OXA-58 K86A at a concentration of 10 (iM in 50 mM sodium phosphate, pH 7.0, 

was incubated individually with 200 BOCILLIN FL for 1 min and 800 |xM 

carbenicillin for 1 hour at room temperature. The volume of the reaction mixtures in both 

cases was 100 (xL. The mixture was then desalted using Zeba mini centrifugal columns 

(Pierce, Rockford, IL, USA) equilibrated with 50 mM sodium phosphate buffer pH 7.0. 

Then the reaction was stopped immediately by addition of 10 % final concentration of 

trichloroacetic acid and the protein precipitate was separated by centrifugation at 18000 x 

g for 5 min and dissolved in 10 \iL water and frozen at -20 °C. The samples were sent for 

analysis in the Advanced Protein Technology Centre, The Hospital for Sick Children 

(Toronto, Ontario, Canada) on an Applied Biosystems/MDS Sciex API QSTAR XL 

Pulsar mass spectrometer. 

3.4 Results and discussion 

3.4.1 Kinetics of OXA-58 K86A 

Half maximal inhibitory concentrations (IC50) for different P-lactams were 

extracted using BOCILLIN FL as a reporter substrate for OXA-58 K86A (Table 1, 

Figures 2 and 3). BOCILLIN FL is a fluorescent penicillin P-lactam which acylates 

OXA-58 K86A. Formation of the acyl-enzyme species between OXA-58 K86A and 

BOCILLIN FL was also confirmed using ESI-MS (Figure 4). IC50 values for penicillin 

G, ampicillin, amoxicillin and carbenicillin were in |iM range (Figure 2) however, 
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oxacillin, cephalothin and imipenem interacted with OXA-58 K86A with mM range 

IC50s (Figure 3 and Table 1). The dissociation constant (KJ) for BOCILLIN FL with 

OXA-58 K86A was determined to be 1.05 ± 0.03 jaM. 

Investigation of the hydrolysis of penicillin G and amoxicillin by OXA-58 K86A 

using BOCILLIN FL as the reporter substrate (Figure 5) showed a dramatic decrease in 

the reaction rate in comparison to the wild-type OXA-58. Although these penicillins 

undergo fast acylation by mutant enzyme, deacylation of the acyl-enzyme species 

happens very slowly. This is observed in the case of the hydrolysis of BOCILLIN FL. 

The deacylation rate constant (k3) of OXA-58 K86A-BOCILLIN FL was determined to 

be 0.0056 ± 0.001 s"1 (Figure 6). However, penicillins are still hydrolyzed better than the 

member of carbapenem group, imipenem. Only ~ 20 % recovery in the activity of 

enzyme was observed after 24 hrs of elimination of the extra imipenem from the acyl-

enzyme solution by desalting using Zeba minicentrifugal columns (Pierce, Rockford, IL, 

USA). For cephalothin, as a member of the cephalosporin group no significant hydrolysis 

was observed (Figure 5). The ~ 20 % decrease in the intensity which was not recovered 

for up to 3 hrs is probably due to the competitive inhibition of cephalothin on the activity 

of OXA-58 K86A. In spite of the fact that carbenicillin acylated OXA-58 K86A rapidly 

(Figure 7), the deacylation of the acyl-enzyme species happened very slowly and full 

recovery of enzyme activity (n the case of incubation of 64 (0.M carbenicillin with 1 (iM 

OXA-58 K86A) was observed after 24 hrs. The ability of carbenicillin to acylate OXA-

58 K86A was also assessed by ESI-mass spectrometry (Figure 8). 

3.4.2 Evaluation of the effect of mutation on the active site shape 
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To ensure that the significant decrease in hydrolytic activity was not caused by the 

misfolding of the mutant (OXA-58 K86A) or a change in the active site shape, 

fluorescence spectroscopy was used to observe the binding of the known class D active 

site probe, Cibacron Blue 3GA to the wild type and mutant protein. This anthraquinone 

dye has already been proven to be a strong ligand to probe the proper active site 

formation in class D P-lactamase mutants.7 The quenching effect of this dye on wild type 

OXA-58 and OXA-58 K86A fluorescence was observed. This hydrophobic dye was 

previously shown to bind specifically to the active site of other class D p-lactamases 

(OXA-1 and OXA-2) with low micromolar affinities and also quench the wild-type 

OXA-1 tryptophan emission.7 We found that Cibacron Blue 3GA also quenched wild-

type OXA-58 and OXA-58 K86A fluorescent emissions with a large magnitude. No 

significant shift in the wavelength of maximal emission was seen. The Kd values were 

calculated to be 3.4 ± 0.2 |iM and 4.0 ± 0.4 |iM for the wild type OXA-58 and OXA-58 

K86A mutant respectively by fitting the fluorescence intensity as a function of the 

concentration of cibacron blue to an inverted hyperbola single-site model (Figure 9). This 

indicates that the affinity of Cibacron Blue with OXA-58 K86A is similar to OXA-58. 

These results show that the mutant (K86A) forms an active site structurally similar to that 

of the wild-type enzyme. 

3.4.3 Tryptophan fluorescence quenching studies 

Under the conditions described in the experimental section, good fluorescence 

spectra for both OXA-58 and OXA-58 K86A were obtained. A regular decrease in the 

fluorescence intensity of both wild type and mutant enzyme was observed by increasing 

66 



concentrations of different [3-lactams. Among the p-lactams studied, carbenicillin and 

penicillin G caused a red shift in the emissions of OXA-58 and OXA-58 K86A which 

indicates that the side chain of the tryptophan residue(s) responsible for fluorescence 

intensity is located in a polar microenvironment in the presence of this P-lactam (Figure 

10). In the case of the wild type enzyme carbenicillin caused the red shift at 

concentrations as low as 0.5 mM, however only at 3mM and above it could cause a red 

shift in the fluorescence spectrum of the K86A mutant of OXA-58. The red shift caused 

by penicillin G was only observed at 8 mM and above for both wild type and K86A 

mutant. Other P-lactams quenched the fluorescence emission of these proteins without 

any shift (Figure 11). Figure 12 illustrates a comparison of the effect of carbenicillin, 

penicillin G and imipenem on the fluorescence emissions of wild type OXA-58 and 

OXA-58 K86A mutant. Although the fluorescence emission of the OXA-58 K86A 

mutant was quenched slightly more than that of the wild type protein by carbenicillin, in 

general, carbenicillin and penicillin G had similar quenching effects on both the wild type 

OXA-58 and OXA-58 K86A mutant. However, imipenem quenched the fluorescence of 

wild type enzyme more efficiently that the K86A mutant. Another technique, tryptophan 

emission quenching by acrylamide11, was used to further analyze the events that occurred 

upon binding of P-lactams to the wild type OXA-58 and the OXA-58 K86A mutant. The 

Stern-Volmer plots were obtained to determine the solvent accessibility of Trp residue 

responsible for the fluorescence intensity (Figure 13). These plots displayed linear trends 

in the absence and presence of penicillin G, indicating that acrylamide molecules directly 

contact the indole group of Trp-158.11 The calculated Stern-Volmer constants (Ksv) value 

6 7 



decreased in the presence of all p-lactams except imipenem (Table 2), indicating a 

decrease in solvent accessibility of the Trp residue responsible for fluorescence intensity 

in the presence of these p-lactams. However, in the presence of imipenem an increase in 

solvent accessibility is observed. Acrylamide quenched the fluorescence intensity of wild 

type and K86A mutant of OXA-58 with comparable efficiencies. The results obtained 

can be taken as evidence that p-lactam binding to both wild type OXA-58 and OXA-58 

K86A mutant affects the tertiary structure of these proteins (and also in a similar way) as 

well. 

When monitoring the fluorescence intensity of the wild type OXA-58 as a function 

of time time in the presence of different p-lactams, we surprisingly observed a sudden 

increase in the fluorescence intensity at a certain point in time which seemed to be the 

inactivator of a certain step of hydrolysis (Figure 14, 15, 16 and 17). The time at which 

this sudden increase in fluorescence intensity happened was found to be dependent upon 

the concentrations of the substrate (p-lactam) and the protein. Increasing concentrations 

of the substrate caused a delay in the sudden fluorescence intensity increase. In contrast, 

when higher concentrations of protein were employed the sudden increase in 

fluorescence intensity happened earlier. Also fluorescence intensity of wild type OXA-58 

did not show any increase with time during its interaction with carbenicillin (The 

previous studies by Dr. Verma of Golemi-Kotra lab showed no hydrolysis of carbenicillin 

by OXA-58 6 however, here in this studies carbenicillin was hydrolyzed). No sudden 

increase was observed as well for the florescence intensity of the mutant enzyme OXA-

58 K86A in 5 min, when interacting with penicillin G; the hydrolysis of 64 pM penicillin 
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G takes place in 1 hour by 1 jaM OXA58K86A. In these experiments a higher 

concentration of penicillin G (2 mM) has been used which will increase the hydrolysis 

time. All these reinforced the hypothesis that this phenomenon may pertain to a 

conformational change in the protein which happens at a certain stage of hydrolysis. 

Investigation of the hydrolysis of penicillin G at different concentrations of substrate and 

protein shows that the sudden increase in the fluorescence intensity happens when the 

hydrolysis is completed. A possible theory could be that, the fluorescence emission of the 

protein is quenched due to the conformational changes caused by the binding and 

interaction of p-lactam and when the substrate is hydrolyzed, the protein returns to its 

previous conformation and the fluorescence intensity is recovered (Figures. 14,15,16, 17 

and 18). To investigate whether the sudden increase happens due to the P-lactam 

hydrolysis, wild type OXA-58 at 20 nM was added to the incubation solution of OXA-58 

K86A and penicillin G to remove the unreacted penicillin G. Under these conditions, 

sudden increase in the fluorescence intensity of K86A mutant was observed which 

reinforces the idea that this phenomenon happens at the end of hydrolysis (Figure 19). 

The fluorescence intensity is not fully recovered which might be due to a non-covalent 

interaction between the hydrolyzed product of the P-lactam with the protein. In the 

presence of carbenicillin and imipenem, no recovery of the fluorescence of either OXA-

58 or K86A mutant was observed during 5 min observation (Figure 18). 

3.4.4 Circular dichroism spectroscopy 
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Comparison of the CD spectra of OXA-58 and OXA-58 K86A shows that no 

significant change is introduced to the structure of the protein due to the mutation. Also, 

the thermal melting of the wild type OXA-58 and K86A mutant did not show a 

significant change in the melting point (i.e. the stability) of the protein because of 

mutation (melting point for the wild type and K86A mutant were 57 and 59 respectively) 

(Figure 20). 

Using the Lys86Ala mutant we were also able to study the interactions of OXA-58 

K86A and different P-lactams by following the acyl-enzyme species formed between the 

enzyme and the (3-lactam. 

Both acylation and deacylation rates can be influenced by elimination of the 

1 "7 
general base of a P-lactamase. Acyl-enzyme intermediate accumulation in Lys86Ala 

mutant evidently shows that in this mutant the deacylation rate is less than the acylation 

rate. Enzyme active sites are normally plastic, and the residual catalytic activity after 

removal of an important functional residue may simply indicate adaptations within the 

active site that compensates the missing functionality.13 The fact that acylation activity is 

not removed in the Lys86Ala mutant does not preclude a general base role for 

carbamylated Lys86 during the activation of active site Ser83. We should note that the 

action of a general base is only one part of the complicated series of strategies used by an 

enzyme to trigger catalysis. As suggested before positive charge of Lys212 can enhance 

n 

the deprotonation of Ser67 m OXA-1. It could be suggested that the in OXA-58 the role 

of the eliminated Lys86 is played by Lys220. This Lys residue is located in the close 

proximity to the Lys 86 in the structure of OXA-58 (Figure 21). The spatial arrangement 



of the active site in OXA-1 shows that The Lys 212 residue is closer to the Ser67 than it 

is to the expected position of a deacylating water molecule which explain the reason for 

the preferential enhancement of acylation over deacylation in the absence of K70.7 In the 

case of OXA-58 also this can be the reason for the fast acylation step in comparison to 

deacylation step in OXA-58. 

Because there is no other residue close enough to act as a general base, it is 

possible that the elimination of Lys86 side chain or the binding of substrate, or both in a 

concerted manner introduce a new active site architecture that allows such a residue to fill 

in for the Lys86. 
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Figure 2. Extraction of Kd for (A) Bocillin and IC50 values for (B) penicillin G, (C) 
carbenicillin, (D) Ampicillin and (E) Amoxicillin and OXA-58 K86A using BOCILLIN 
FL as a reporter substrate. 
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Figure 3. Extraction of IC50 values for (A) oxacillin, (B) imipenem and (C) cephalothin 
and OXA-58 K86A using BOCILLIN FL as a reporter substrate. 
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Figure 4. Examination of the formation of an acyl-enzyme species between OXA-58 
K86A and BOCILLIN FL with ESI-MS (deconvoluted ESI-MS spectra). In these 
experiments OXA-58 K86A at 10 jjM was incubated with BOCILLIN FL at 200 (J.M for 
1 min, in 50mM sodium phosphate, pH 7.0, at room temperature (total volume = 100 (iL). 
Then the solution was desalted and the reaction was immediately stopped by addition of 
trichloroacetic acid (10 % final concentration). The protein precipitate was separated by 
centrifuge at 13'000 rpm for 5 min and resuspended in 10 |o.L water (final concentration 
of the protein =100 pM). The mixture was subjected to ESI-MS for analysis. 
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Figure 5. Examination of the hydrolysis of Bocillin, penicillin G and amoxicillin by 
OXA-58 K86A using BOCILLIN FL as a reporter substrate. Penicillin G and amoxicillin 
at 64 |iM and cephalothin at 1 mM was incubated with OXA-58 K86A at 1 pM and at 
different time intervals an aliquot of the reaction mixture was taken and incubated with 
BOCILLIN FL for 30 s and then the reaction was quenched by addition of SDS loading 
dye. The aliquots were loaded on a 12.5 % SDS-gel and the gel was visualized at 488 nm 
excitation and 520 nm emission. 
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Figure 6 Deacylation of the acyl-enzyme intermediate formed between OXA-58 K86A 
and BOCILLIN FL. In this experiments OXA-58 K86A at 3 |iM was incubated with50 
HM BOCILLIN FL for 30 s and was desalted using Zeba mini centrifugal columns 
(Pierce, Rockford, IL, USA) equilibrated with 50 mM sodium phosphate buffer pH 7.0, 
to remove the excess of BOCILLIN FL and at different time intervals (30s to 20 min) 
aliquots were taken and the reaction was quenched by addition of SDS loading dye. All 
samples were loaded on a 12.5 % SDS-PAGE. The gel was imaged using a Typhoon 
Trio+ Variable Mode Imager (GE Healthcare) at 488 nm excitation and 520 nm emission. 
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Figure 7. (A) Carbenicillin acylation profile of OXA-58 K86A mutant assessed by SDS-
PAGE. Carbenicillin at 64 jxM was incubated with OXA-58 K86A at 1 |jM and at 
different time intervals an aliquot was taken and incubated with 10 jxM BOCILLIN FL 
for 30s and then the reaction was quenched by addition of SDS loading dye and the 
samples were loaded on a 12.5% SDS-PAGE. (B) Imipenem acylation profile of OXA-58 
K86A mutant assessed by SDS-PAGE. The experiment was performed similar to 
carbenicillin. 

8o 



28891.4 

After lhr at room temperature 

29269.9 

Carbenicillin 

2.85«« 2.90C4 25S«« 
Mass, am a 

,1992 

.^294863038 5367.099 

30585.3008^ '^801$.aC08 
£•*^ 2.8564 2,9024 295C1 

yasi.aatu 
3.CQ64 

Figure 8. Examination of the formation of an acyl-enzyme species between OXA-58 
K86A and carbenicillin. In this experiment carbenicillin at 800 |xM was incubated with 
OXA-58 K86A at 10 (iM for 1 hr at room temperature (total reaction mixture was 100 
|iL). Then the reaction was stopped by addition of trichloroacetic acid (final 
concentration = 10 %) and the protein precipitate was separated by centrifuge and was 
dissolved in 10 p.L water (total concentration of protein =10 jxM). The control solution 
was made in a similar way to the above mentioned sample with the only difference being 
that carbenicillin was not added. 
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Figure 9. (A) Quenching of the fluorescence emission of OXA-58 Wild type and (B) 
OXA-58 K86A mutant in the presence of different concentrations of Cibacron blue 3GA 
(CB stands for Cibacron blue 3GA and the concentrations mentioned in the graphs are in 
(iM). Non-linear fitting of the fluorescence quench of OXA-58 by Cibacron blue 3GA on 
(C) wild type OXA-58 and (D) OXA-58 K86A mutant recorded at 345 nm. 
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Figure 10. Quenching effect of different Carbenicillin on OXA-58 and OXA-58 K86A 
fluorescence emission. (A) Quenching the fluorescence of OXA-58 by carbenicillin. (B) 
Quenching the fluorescence of OXA-58 K86A by carbenicillin. 
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Figure 11. Quenching the fluorescence of OXA-58 by (A) Penicillin G (B) Imipenem (C) 
Ampicillin (D) Amoxicillin and (E) Oxacillin and Quenching the fluorescence of OXA-
58 K86A by (A') Penicillin G (B') Imipenem. 
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Figure 12. Comparison of the quenching effect of (A) carbenicillin, (B) penicillin G and 
(C) imipenem on the fluorescence emission (at 360-370 nm for carbenicillin and 345 nm 
for penicillin G and imipenem) of wild type OXA-58 and OXA-58 K86A mutant. 
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Figure 13. Stern-Volmer plots for (A) wild type OXA-58 and (B) OXA-58 K86A mutant 

in the absence and presence of different P-lactams. The data have been recorded at 345 

nm. 
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Figure 14 Monitoring the fluorescence intensity of (A) 1 |iM of OXA-58 and (B) OXA-58 K86A in the 
presence of different concentrations of penicillin G. (C) Monitoring the fluorescence intensity of different 
concentrations of OXA-58in the presence of 4 mM penicillin G. (D) Comparison of the fluctuation of the 
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concentrations of ampicilin (A). Monitoring the fluorescence intensity of different 
concentrations of OXA-58 in the presence of 4 mM ampicilin (B). Dependence of the 
sudden increase in the fluorescence intensity on (C) ampiciilin and (D) OXA-58 
concentration. 
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Figure 16. Monitoring the fluorescence intensity of OXA-58 in the presence of different 
concentrations of Oxacillin (A). Monitoring the fluorescence intensity of different 
concentrations of OXA-58 in the presence of 4 mM Oxacillin (B). Dependence of the 
sudden increase in the fluorescence intensity on (C) OXA-58 and (D) Oxacillin 
concentration. 

89 



50 

45 

r40 
> 

r35 

I30 

hs 
120 

! »  

>  

: 10 

5 

0 

AM 

- OXA-58 luM 
OXA-58 luM-Antoxicillin2mM 

OXA-58 luM-Amoxicillin 3mM 

OXA-58 luM-Amoxicillin4mM 

OXA-58 luM-Amoxicillin6mM 

10 20 30 

Time (sj 

50 

8 
| 40 J 

\J 
- OXA-58 O-SuM-AmoxIcHrtn 4mM 

-OXA-58 luM-AmoxfCitlln 4mM 

-OXA-581.5uM-AmoxicHRn 4mM 

-OXA-58 2uM-Amoxici!lin 4mM 

-OXA-S8 3uM-Amoxicillin 4rrW 

10 20 30 40 50 €0 

Ttm«{s) 

fij <u c 20 L Ml 'V 

1 2 3 4 5 

Amoxicillin Concentration (mM) 

1 1.5 2 2.5 

OXA-58 Concentration(|jM) 
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Figure 18. Monitoring the fluorescence intensity of 1 |J.M of (A) OXA-58 and (B) OXA-

58 K86A in the presence of different concentrations of Carbenicillin and monitoring the 
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Figure 19. Monitoring the fluorescence intensity of 1 (iM of OXA-58 K86A while 

interacting with 2 mM penicillin G. After addition of 20 nM of wild type OXA-58 to the 

incubation solution of OXA-58 K86A and penicillin G the sudden increase in the 

fluorescence intensity of K86A mutant is also observed which indicates that after the 

hydrolysis of excess of penicillin G, the acyl-enzyme species between K86A and 

penicillin G is deacylated and the sudden increase happens at the end of hydrolysis. 
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Figure 20. Comparison of the (A) CD spectrum and (B) thermal melting of the wild type 

OXA-58 with that of the OXA-58 K86A mutant. 
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Figure 21. Positions of Ser83, Lys86 and Lys220 with respect to each other 

structure of the protein. 
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Tables 

Table 1 Half minimal inhibitory concentrations (IC50) for different p-lactams on the 

activity of OXA-58 K86A 

0-Lactam IC50 ± SD (fiM) 
BOCILLIN FL 1.05 ±0.03 

Penicillin G 15 ±2 
Ampicillin 10.4 ±0.8 
Amoxicillin 21200 ±2500 

Oxacillin 3100 ± 200 
Cephalothin 3800 ± 200 
Carenicillin 18 ± 3 
Imipenem 4700 ± 300 

This value is the dissociation constant (KJ).  
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Table 2 Stern-Volmer constants (Ksv) for quenching of wild type OXA-58 and OXA-58 

K86A mutant by acrylamide in the presence and absence of different P-lactams. 

fi-lactam (Concentration) Ksv (M1) WT K„ (M1) K86A 
In the Absence of any P-lactam 2.1 ±0.1 2.0 ± 0.2 

Carbenicillin (1 mM-6 mM) 1.1 ±0.1-1.1 ±0.1 1.2 ±0.1-1.1 ±0.1 
Penicillin G (1 mM) 1.7 ±0.2 1.0 ±0.1 
Ampicillin (1 mM) 1.5 ±0.1 N.D.* 
Oxacillin (2 mM) 0.7 ±0.1 N.D. 

Amoxicillin (1 mM) 1.1 ±0.1 N.D. 
Imipenem (50 |a,M) 2.5 ± 0.2 3.0 ±0.2 

Not Determined. 
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Chapter Four: Investigation of the role of Phenll3, Phenll4 

and Met225 residues in the active-site of OXA-58 on its 

catalytic activity 

4.1 Introduction 

4.1.1 The importance of different residues in the active site of OXA-58 

The structural homology model of OXA-58 has already been shown to be similar 

to that of OXA-24 and OXA-48 carbapenemases (Figure l)1. The Arg-244 in OXA-IO 

that enters into an interaction with the carboxylic group of P-lactams is also conserved in 

OXA-58 (Arg-263). Similar to OXA-IO, OXA-24, and OXA-48, the hydrophobic pocket 

formed by the side chains of hydrophobic residues in which the carbamylated lysine 

residue in the active site lies, is also present in OXA-58 (Phe-85, Val-132, Phe-135, Trp-

169, and Leu-170)1. 

The most significant conformational differences between the OXA-58 homology 

model and the OXA-IO crystal structure are observed in the loop between the P4 and p5 

strands and in the overall topology of the active site1 (Figure 1). The loop which connects 

the 04 and p5 strands has been shown to be shorter in OXA-58 than in OXA-IO1. In 

addition, similar to the conformation of the loop in OXA-24 and OXA-48 2'3, the OXA-

58 loop has a closed conformation (Figure 1 and Figure 2). OXA-58 active site, 

according to its predicted topology, has been shown to be narrower in comparison to the 

active site of OXA-IO and OXA-24. 'This is because of the location of the side chains of 
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hydrophobic residues such as Phe-113, Phe-114, Ala-226, Gln-167, Met-225, and Ile-250 

which are toward the active site (Figure 2). 

The side chain of Met-225 located in the p4-p5 loop (comparable to Met-223 in 

OXA-24 and Ser-244 in OXA-48) and the side chains of Phe-113 (comparable to Tyr-

112 in OXA-24 and Ile-104 in OXA-48) and Phe-114 of the a3-a4 loop have been 

predicted to be in an interaction according to the homology model of OXA-58 model1. 

Consequently, probably due to the flexibility of both loops, a better tunnel-like topology 

is observed in comparison to the active sites of OXA-IO and OXA-24 (Figure 2).1 

According to the OXA-58 homology model, side chains of Leu-170 and Val-132 in this 

protein don't have much interaction with each other which may lead to a pocket with less 

hydrophobicity as in oxacillinases such as OXA-IO and OXA-13 (Leu-155 and Val-117) 

(Figure 2). 

In this part of the project, we have tried to elucidate the role of Phenl 13, Phenl 14 

and Met225 residues located right above the active site in the catalytic mechanism of 

OXA-58 by studying the kinetics of Phenl 13Ala, Phenl 14Ala, Phenl 13Tyr, Phenl 14Ile, 

Met225Ala and Met225Thr mutants. The logic behind mutating any of these residues to 

Alanine is to investigate the role of them in the active site. The reason for studying 

F113Y mutant is the result of the finding by Santillana et al. In the OXA-24 crystal 

structure, a hydrophobic tunnel substructure is observed at the entrance of the active site 

which is suggested to have a critical role in substrate specificity. In OXA-24, Met223 and 

Tyrll2 form the hydrophobic tunnel, the latter of which is the Phell3 equivalent in 

OXA-58. The steric obstruction dictated by the hydrophobic barrier, makes the entrance 
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of bulky substrates like oxacillin into the active site difficult and limits their hydrolysis. 

However, smaller substrates have the chance to manoeuvre around the hydrophobic 

tunnel and enter the active site pocket without any significant hindrance. Hence, the 

plausible model for ^-lactam hydrolysis is investigated by mutating the Phenll3 to a 

tyrosine residue in OXA-58. 

The tunnel-like entrance of the active site seen in OXA-24 (the Tyr-112 and Met-

223 hydrophobic barrier) 2, and also in OXA-58 (the Phen-113, Phen-114 and Met-225 

hydrophobic barrier) is missing m OXA-48. This corresponds to the different behavior 

of the two enzymes toward oxacillin. However, by mutating Phenll4 to an Isoleucine 

and the Met225 to a Therionine, we have investigated the model of (3-lactam hydrolysis 

by simulating the active site of OXA-48 in OXA-58 (Figure 2). 

4.1.2 Employment of isothermal titration calorimetry for enzyme kinetic studies 

The ITC protocol developed by Kotra and co-workers 4 was employed as an 

appropriate tool to determine the steady state kinetic parameters of OXA-58 against 0-

lactams with low extinction coefficients. High sensitivity, direct rate measurement, and 

easy data analysis are the advantages of this method. 

ITC progress curves are named as thermal power and are reported in the form of 

microcalories per unit time (Figure 3A). The thermal power (ITC signal) is proportional 

with the rate of substrate consumption. As the substrate is metabolized by the enzyme, 

the thermal power decreases up to the base line. Using equations 1-2 we can convert 

thermal power into reaction rates (Figure 3B), which are then plotted against substrate 

concentration (Equation 3). 



power (P) = dQ/dt = (dPt/dt)V0AHapp (eq. 1) 

Rt = dPt/dt = (l/(V0AHapp)) x dQ/dt (eq. 2) 

S,=S,  0 

< 

fPdt  
0 

(eq. 3) 

where, P is thermal power ((xcal/s); Rt is the rate of the reaction at time t; St is the 

substrate concentration at time t; Q is the heat released during the enzymatic reaction; Vo 

is the volume of the ITC cell; AHapp is the molar enthalpy (calculated by dividing the net 

heat by the number of moles of substrate in the assay). 

4.2 Experimental section 

Materials and Methods 

All chemicals and antibiotics were purchased from Sigma or Fisher unless 

otherwise stated. Growth media were purchased from EMD Biosciences (Mississauga, 

Ontario, Canada). Chromatography media and columns were purchased from GE 

Healthcare. 

The plasmids for mutants were obtained from Mutagenex (Piscataway, NJ). 

4.2.1 Purification of the mutants 

The mutants were constructed by the Mutagenex (Piscataway, NJ). 
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All the mutants were purified employing the same purification protocol for the wild type 

OXA-58.1 

4.2.2 Circular dichroism spectroscopy 

The far-UV CD spectra of OXA-58 and OXA-58 Phenll3Ala, Phenll4Ala, 

Phenll3Tyr, Phenll4Ile, Met225Ala and Met225Thr (10 jxM) were recorded using a 

Jasco J-810 instrument. All measurements were carried in 50 mM sodium phosphate 

buffer, pH 7.0, in a rectangular cuvette with a path length of 0.1 cm. Spectra were 

recorded from 260 to 200 nm at a scan rate of 10 nm/min and a 1.0-nm bandwidth, at 20 

°C. All spectra were corrected for buffer as appropriate. 

4.2.3 Cibacron blue 3GA titrations 

Tryptophan fluorescence quench of OXA-58 and OXA-58 K86A by Cibacron Blue 

3GA was conducted in a Cary Eclipse fluorescence spectrophotometer (Varian Inc., Palo 

Alto, CA, USA). The fluorescence spectra of OXA-58 and OXA-58 F113A, F114A, 

F113Y, F114I, M225T and M225A (1 joM) were acquired in the presence of increasing 

concentrations of Cibacron Blue from 0.5 to 6 jxM in 50 mM sodium phosphate buffer pH 

7.0. The fluorescence (Fi) was fit to the equation below: 

Fi= Fmax- FChange{ [Cibacron Blue] / (K<i+ [Cibacron Blue])} 

where Fmax is the initial fluorescence intensity, Flange is the total fluorescence quench, 

and Kd is the dissociation constant.6 
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4.2.4 Determination of the Kj for CO2 with the lysine 86 residue in the active site 

The dissociation constants (KJ) of CO2 to lysine 86 in wild type OXA-58 and 

mutants (F113A, F114A, F113Y, F1141, M225A and M225T) were determined using the 

activity assay method.4 The dependence of the activity of the enzyme on carbon dioxide 

concentration has been explored using penicillin G as a substrate at varying 

concentrations of sodium bicarbonate as a source of CO2 in solution. The Kj 

determination for CO2 and lysine residue in the active site of the enzyme using activity 

studies were performed as described previously.4 

All the buffers were degassed and purged with argon to remove CO2. Enzymes 

were decarbamylated by incubation with 25mM sodium acetate (pH 4.5) under vacuum 

for 8 min. Carbon dioxide was supplemented using sodium bicarbonate at different 

concentrations ranging from 0-1500 |j.M. The concentration of CO2 in the solution on the 

basis of sodium bicarbonate added was calculated using the equations below : 

H2CO3 (aq) < » H+ + HCO3" kai —10"6'3 

HCO3" « * H+ + C03
2" ka2=10-103 

[C02] = Cx ([H+]/kalka2 + ka, [H+] + [H+] 2) 

Ct = [CO32-] + [HC03-] + [C02] + [H2C03] 

kai and ka2 are acid dissociation constants for two different steps of dissociation of 

H2CO3. The enzyme activity (100-200 nM) was studied by monitoring the hydrolysis of 

penicillin G (1 mM) in 100 mM sodium phosphate buffer pH = 7.5. The ionic strength 

was kept constant at 0.3 M by addition of Na2SC>4. The dissociation constant was 

102 



determined by fitting the results using GraFit 5.0 software to a single-site binding 

equation. 

4.2.5 Determination of the kinetic parameters by isothermal titration calorimetry 

Isothermal titration calorimetry (ITC) experiments were performed using a 

MicroCal VP-ITC instrument (GE Healthcare) according to the protocol developed by 

Kotra and co-workers.5 The measurements were performed at 25 °C. Substrate 

(antibiotic) stock solutions were prepared in 100 mM sodium phosphate buffer, pH 7.0. 

A single injection method for all enzyme kinetic studies was used where the sample 

cell contained the antibiotic solution (substrate), and the syringe added the enzyme into 

the sample cell and the signal was recorded versus 100 mM sodium phosphate buffer, pH 

7.0 in the reference cell contained. The final concentration of enzyme in the sample cell 

was 20-200 nM following injection of a 5 pi aliquot. The injection flow rate was 1 (j.l/s. 

After single injection of the enzyme, the change in heat was measured until a stable base 

line was obtained, showing the end of the enzymatic reaction. The reaction mixtures were 

stirred at 500 rpm. All reactions were carried out in triplicate. The buffer was 

supplemented with 50 mM sodium bicarbonate to ensure full carbamylation of the 

enzyme. The raw data were analyzed using Origin version 7.0 software and as described 

previously by fitting the data to Michaelis-Menten equation.5 

4.2.6 Preparation of protein samples for mass spectrometry studies 

A 10 p.M solution of each mutant (100 jj.1) was prepared and the protein was precipitated 

by addition of 10% Trichloroacetic acid and separated by centrifugation at 18000 xg for 5 
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min. Then the protein precipitate was resuspended in 10 jil water to yield the 100 p.M 

protein solution. 

4.3 Results and discussion 

4.3.1 Comparison of the conformation of wild type OXA-58 to that of mutants 

Comparison of the CD spectra of OXA-58 and mutants although shows slight 

differences, however no significant change is introduced to the structure of the protein 

due to the mutation (Figure 4). Also, the thermal melting of the wild type OXA-58 and 

Lys86Ala mutant did not show a significant change in the melting point (i.e. the stability) 

of the proteins because of mutation (Melting point for the wild type is 57, for 

Phenl 14Ala is 55, for Phenl 13Ala is 58, for Phenl 13Tyr is 58, for Phenl 14Ile is 58, for 

Met225Ala is 57 and for Met225Tyr is 57) (Figure 4). 

4.3.2 Determination of the dissociation constant (Kd) of CO2 for lysine 86 

All mutants and also the wild type enzyme showed between 20 and 30% residual 

activity after decarbamylation and in the absence of CO2 (figure 5). An increase in the 

activity of the enzyme was observed in the presence of increasing concentrations of CO2. 

The Kd values (Table 1) were extracted using the GraFit by fitting the data to the equation 

below: 

Bound = ([L].capacity) / (Kd + [L]) 

where Bound is the amount bound which is directly proportional with the fluorescence 

intensity, L is the concentration of the p-lactam and capacity is the binding capacity. 
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All mutants showed around two times higher Kj values in comparison to the wild type 

enzyme indicating that the CO2 affinity to the lysine residue in the active site is decreased 

due to these mutations. 

4.3.3 Kinetic studies on OXA-58 mutants using isothermal titration calorimetry 

It was already determined experimentally in our research group that it was best to 

inject the enzyme, rather than substrate into the assay buffer.1 The single injection 

method was used to determine the kca, and Km of OXA-58 for several P-lactam antibiotics. 

Control experiments including the injection of buffer into antibiotic solution in the 

sample cell, or OXA-58 into buffer were performed to ensure that the heat observed 

during the assays was from the enzymatic reaction. 

Carbenicillin which had already reported not to get hydrolyzed turned to be a 

substrate of this enzyme in this study (Table 2). Carbenicillin was the poorest substrate 

(kcat/Km =0.7 ± 0.1 s'^M"1). Imipenem (A098 = -9000 Nf'cm"1) has been shown to have a 

slow turnover rate however, in this study although a slight slope was seen in the 

n 8 1 . • 

absorbance versus time graph (2.5 x 10" to 8 x 10" Ms*) for the interaction of imipenem 

with wild type OXA-58, however the slope did not change significantly at different 

concentrations of imipenem and enzyme and due to the low turnover rate the kinetic 

parameters could not be determined (Figure 6). M225A and F113Y did show hydrolysis 

when investigated by ITC however the curves could not be fitted to determine the kinetic 

parameters (figure 7). 

F114A did not show a significant change in kcal value however, the Km value was 

increased around 3-fold for different substrates. This indicates that this mutation has 
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negatively affected the affinity of the substrate to the enzyme. In the case of F114I a 

dramatic decrease in the kcat was observed, however, Km was not changed significantly 

for different substrate which means the affinity of the substrate to the protein has not 

changed however the ability of the protein to hydrolyze the substrate has been decreased. 

For other mutants both the Km and kcat have been affected negatively which means the 

catalytic efficiency has decreased for these enzymes. 

When determining the Kd between CO2 and lysine 86 residue, OXA-58 displayed 

high levels of residual activity before supplementation with bicarbonate. Two hypotheses 

are proposed to explain why this high enzyme activity is seen in the absence of CO2. 

Removal of the carbon dioxide that is covalently linked to the lysine residue is carried out 

by degassing the enzyme in sodium acetate buffer. It is possible that all the enzyme 

molecules are not decarbmylated fully and certain population of the enzyme solution still 

remain bound to carbon dioxide yielding the observed high levels of residual activity. A 

second hypothesis is that OXA-58 may possess a basal level enzymatic activity even 

when decarbamylated. Furthermore, only after the carbamylation event is the enzyme 

able to reach optimal residual enzyme activity. The determined dissociation constants for 

all mutants were higher compared with Wild type. This result suggests that the carbon 

dioxide affinity for these mutants of OXA-58 was reduced which may be because of the 

change in the hydrophobicity of the cleft over the active site of the enzyme that affects 

the pKa of the lysine 86 residue. 
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4.3.4 Evaluation of the effect of mutation on the active site shape 

To ensure that the changes in hydrolytic activity were not caused by the misfolding 

of the mutants (F113 A, F114A, F113Y, F1141, M225T, M225A) or a change in the active 

site shape, fluorescence spectroscopy was used to observe the binding of the known class 

D active site probe, Cibacron Blue 3GA to the wild type and mutant proteins. This 

anthraquinone dye has already been proven to be a strong ligand to probe the proper 

active site formation in class D P-lactamase mutants.6 The quenching effect of this dye on 

the fluorescence intensity of wild type OXA-58 and mutants was observed. This 

hydrophobic dye was previously shown to bind specifically to the active site of other 

class D p-lactamases (OXA-1 and OXA-2) with low micromolar affinities and also 

quench the wild-type OXA-1 tryptophan emission.6 We found that Cibacron Blue 3GA 

also quenched the fluorescence intensity of wild-type OXA-58 and mutants with a large 

magnitude. No significant shift in the wavelength of maximal emission was seen. The Kj 

values obtained by fitting the fluorescence intensity as a function of cibacron blue 

concentration to an inverted hyperbola single-site model shown below (Figure 8, Table 

3). 

Fi= Fmax- Fchange{[Cibacron Blue] / (Kd+ [Cibacron Blue])} 

where Fmax is the initial fluorescence intensity, Flange is the total fluorescence quench, 

and Kd is the dissociation constant6. In the case of the mutants for which the Kd value was 

obtained no dramatic change in the Kd value was observed which in turn means that the 

shape of active sites has not changed significantly due to this mutations. 
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4.3.5 Comparison of the expected mass for the wild type OXA-58 and mutants 

studied (K86A, F113A, F114A, F113Y, F114I, M225T, and M225A) with the 

obtained mass using ESI-Mass spectrometry 

The expected mass and the mass obtained by mass spectrometry of the wild type 

and mutants have been shown in Table 4. 100 pM samples of wild type and each mutant 

were prepared. 

All samples were submitted to the Advanced Protein Technology Centre at hospital 

for sick kids (Toronto, Canada) for analysis. The mass spectra for different mutants have 

been illustrated in Figure 6. The masses obtained by mass spectrometry are compatible 

with the expected ones however an extra peak with a +80 Da shift is observed for all the 

wild type and mutant proteins which to the most of our knowledge could be because of 

sulfonation or phosphorylation of the proteins. 
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Figures 

Figure 1. Comparison of the structures of Carbapenem-hydrolyzing class D p-
lactamases. The OXA-58 structural homology (orange) model is superimposed on the 
crystal structures of OXA-IO (PDB ID 1K54, green) and OXA-24 (PDB ID 2JC7, cyan). 
Structures are shown in ribbons and highlighted in sticks are the sidechains of 
carboxylated Lys-73 and Ser-70 in OXA-IO, and Lys-86 and Ser-83 in OXA-58 (figures 
prepared with PyMol). (Prepared by Dr. Golemi-Kotra) 
(B) The positions of F113, F114 and M225 residues in the structure of OXA-58 (prepared 
by PyMol). 
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"M223 

OXA-IO 

Figure 2. Molecular surfaces of OXA-IO, OXA-24, OXA-48, and the OXA-58 
homology model. The brown color and blue color on the surfaces show hydrophobicity 
and hydrophilicity. (Taken from Verma et al.1) 
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The table shows the rates (Ms*1) for the reaction mixtures of different concentrations of 
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Tables 

Table 1 Dissociation constants between wild type OXA-58 and mutants and CO2. 

Protein Kg(fiM) 
Wild Type 18 ±2 

F114A 43± 6 
F113A 50 ±5 
M225A 36 ± 4 
M225T 31 ±5 
F114I 39 ±4 
F113Y 44 ±4 
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Table 2 Kinetic parameters for the hydrolysis of different antibiotics with wild type 

OXA-58 and mutants. 
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Table 3. Kj values obtained for the interaction of cibacron blue and different OXA-58 

mutants 

Protein Kd (nM) ± SD 
OXA-58 WT 3.4 ± 0.2 

K86A 4.0 ± 0.4 
F114A N.D.* 
F113A N.D. 
M225A N.D. 
M225T 2.5 ± 0.3 
F113Y N.D. 
F114I 3 ± 1 

*Not Determined (Not enough data points to determine the KJ) 
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Table 4. 

Protein Expected Mass (Da) Mass obtained by 
Mass Spectrometry 

(Da) 

Mass + 80 Da 

Wild Type 28948.1 28949.8 29029.7 
K86A 28891.0 28891.5 28971.0 
F114A 28872.0 28872.0 28951.9 
F113A 28872.0 28872.0 28952.0 
M225A 28888.0 28887.8 28968.3 
M225T 28918.0 28917.8 28997.9 
F113Y 28964.1 28963.3 29042.6 
F114I 28914.1 28914.0 28994.4 
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Chapter Five: Summary and future perspectives 

OXA-58 is a carbapenem-hydrolyzing class D ^-lactamase from Acinetobacter 

baumannii. This enzyme uses a carbamylated lysine to activate the serine residue in its 

active site for a nucleophillic attack on the substrate. 1 Our findings indicate that OXA-58 

uses the same catalytic machinery observed in class D (3-lactamases such as OXA-IO. 

In this study, the hydrolytic mechanism of OXA-58 was investigated and the findings 

show that the hydrolyzing water molecule in the deacylation step of hydrolysis reaction 

approaches the acyl-enzyme intermediate from a-face. Among penicillinate derivatives 

studies, 6 a-hydroxyoctyl penicillinate inactivated the enzyme. All other penicillinate 

derivatives only were competitive inhibitors of OXA-58. 

Elimination of K86 residue which in carbamylated form works as a general base to 

activate the active site serine residue, does not remove the activity of enzyme completely 

(the enzyme is still capable of hydrolyzing (3-lactams although the acylation and more 

deacylation step have been affected) which means another lysine residue in close 

proximity of K86 (K220) may work as the general base in the absence of K86. 

The roles ofF113, F114 and Met225 in catalysis were studied by mutating these 

residues to Alanine and Tyrosine, Methionine, Isoleucine and Therionine which are 

present in the active sites of OXA-24 and OXA-48 (other carbapenem-hydrolyzing class 

D P-lactamases). Studies show that mutation of these residues has a negative effect on the 

affinity of CO2 to the K86 in the active site of OXA-58. In the case of F114A kcat value 

did not change significantly however, the Km value showed around a 3-fold increase for 
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different substrates. This means that this mutation negatively affects the affinity of the 

substrate to the enzyme. In the case of F114I a remarkable decrease in the kcat was 

observed, however, Km was not changed significantly for different substrates which 

means the affinity of the substrate to the protein has not been affected however the 

capability of the protein to hydrolyze the substrate has been decreased. For other mutants 

both the Km and kcat have been affected negatively which means the catalytic efficiency 

has decreased for these enzymes. 

In conclusion, the research work presented here provides insights into the p-lactam 

hydrolysis mechanism of OXA-58. In addition, the interactions of different P-lactams 

with this enzyme and the effect that this interaction may have on the secondary structure 

of this protein have been studied. Also, by mutating K86, F113, F114 and M225 residues 

the role of these residues in the enzymatic mechanism of OXA-58 has been investigated. 

X-ray crystallography of OXA-24 and OXA-48 (carbapenem-hydrolyzing class D J3-

lactamases) has provided invaluable information about the way they interact with their 

substrates.2,3 Crystallization of OXA-58 in pure form and in complex with different |3-

lactams will provide a better understanding of the hydrolytic mechanism of this enzyme. 

Also, investigation of the acylation and deacylation rates of K86A mutant of OXA-58 

with different p-lactams using a stopped flow instrument will be interesting. Tryptophan 

fluorescence quenching experiments can be performed on F113A, F114A, M225A, 

M225T, F114I and F113Y mutants to study the interaction of different p-lactams with 

these mutants. 
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