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ABSTRACT 

With beta-lactam antibiotics being the most widely used 

antibacterial agents in clinical use In the world today, 

mechanistic studies of these enzymes, called beta-

lactamases, which are responsible for beta-lactam antibiotic 

resistance in pathogenic bacteria have become Increasingly 

Important. Mechanistic studies have enabled researchers to 

develop a suicide or mechanism-based inhibitor, known 

commercially as Augmentin, which inactivates beta-lactamase 

I, a class A enzyme. Currently, there are no known inhibitors of 

beta-lactamase II, a class B enzyme. 

Class B beta-lactamases are unique in their requirement of 

metal ions for activity. The best studied class B enzyme is 

beta-lactamase II of Bacillus cereus 569/H/9. The metal 

requirement for this class of enzymes confers a unique 

reaction mechanism since the Vmax of the beta-lactamase II 

for cephalosporin C is approximately 8800 times that of beta-

lactamase I. Nuclear magnetic resonance (NMR) studies of the 

naturally occurring Zn (II)- and Co (ll)-reconstituted enzyme 

along with X-ray diffraction studies of the Cd (II)-

reconstituted enzyme have revealed the amino acid residues 

that serve as ligands to the active site metal Ion. Electron 

paramagnetic resonance (EPR) spectroscopy has not been 

greatly utilized in studying the reaction mechanism of beta-

lactamase II. EPR spectroscopy can detect changes in the 
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ligand environment about a paramagnetic metal Ion during 

catalysis especially when coupled with rapid kinetic 

techniques. 

These techniques require relatively large amounts of 

purified enzyme. Modifications to the growth conditions of the 

B. cereus and fermentation procedures not only eliminated the 

need for a fermenter with pH-stat capability but also allowed 

for consistently reproducible levels of bacterial growth and 

enzyme activity. A rapid and reproducible purification scheme 

Increased the overall yield of purified beta-lactamase II from 

B. cereus 569/H/9 by a factor of 5.6 and by a factor of 2 for 

the beta-lactamase II from B. cereus 5/B/6. The results of the 

SDS and native PAGE attest to the homogeneity of these 

preparations. Modifications in the reconstitution of enzymatic 

activity with Co (II) Increased the reported activity recovery 

of 13-20% to 30-34%. 

While the absorbance maxima and molar absorption 

extinction coefficients in the visible electronic spectrum of 

our Co(ll)-reconstituted B. cereus beta-lactamase II are 

almost identical in position and intensity to previously 

reported spectra for this enzyme, the EPR spectrum for our 

enzyme differs significantly from a previously- reported 

spectrum. This difference was unexpected. Several attempts 

were made to reproduce the previously reported EPR spectrum, 

but were unsuccessful. However, we note that the spectra 



conditions used previously do lead to serious Co (II) EPR signal 

saturation. 

Both the visible electronic and EPR spectra of the resting 

Co(ll)-reconstituted beta-lactamase II can be interpreted as 

arising from a distorted, pentacoordinate, high spin Co (II) 

metal coordination sphere. It has been proposed that the 

ligands to the Co (II) metal ion in Co (ll)-substituted beta-

lactamase II arise from three histidine residues and a single 

cysteine residue. The fifth ligand has been suggested to be a 

metal-coordinated water molecule by analogy to other zinc-

requiring hydrolases. When cephalosporin C is mixed with Co 

(ll)-reconstitiuted beta-lactamase II using continuous 

flow/freeze quench rapid kinetic techniques, the resulting EPR 

spectra are more axial in shape suggesting a change In the 

coordination number of the active site metal ion during 

catalysis. 
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CHAPTER I 

INTRODUCTION 

Almost coincidental with the widespread use of the newly 

discovered antibacterial agent, penicillin (Fleming, 1929; 

Abraham et al., 1941; Abraham et al., 1949), Abraham and 

Chain (1940) announced their discovery of a bacterial enzyme, 

beta-lactamase, from Escherichia coll which is able to 

catalyze the hydrolytic inactivation of penicillin. Since the 

discovery of penicillin, several other beta-lactam antibiotics 

and beta-lactamases have been discovered. However, when 

each new beta-lactam antibiotic Is assayed, it Is eventually 

found to be inactivatable by at least one type of beta-

lactamase (Maugh, 1981). Yet, beta-lactams are still the most 

widely prescribed antibiotics in clinical use today with annual 

world-wide sales of over one billion dollars (Maugh, 1981). 

Beta-lactamases constitute the major mechanism by which 

pathogenic bacteria develop resistance to these antibiotics. 

Therefore, mechanistic studies of these beta-lactamases could 

reveal information that would improve the efficacy of existing 

antibiotics or provide information useful in designing new, 

more effective antibiotics. 

Mechanistic studies enabled researchers to develop a 

suicide inhibitor, or mechanism-based, Inhibitor that 

covalently modifies and inactivates beta-lactamase I, a class 

A enzyme (Cole, 1979: Comber, et al., 1980; Knott-Hunziker et 
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al., 1980; Fisher et al., 1981; Charnas and Knowles, 1981). 

This suicide inhibitor is potassium clavulanate. Potassium 

clavulanate is combined with amoxycillin, a beta-lactam 

antibiotic, and has been marketed as Augmentin. Augmentin 

has no effect on beta-lactamase II activity; in fact, no reports 

of known inhibitors of beta-lactamase II activity exists (Cole, 

1979). 

The beta-lactam antibiotics represent the largest family of 

antibiotics in clinical use today and they all contain the same 

key structural feature. This is the beta-lactam ring which is a 

four-membered ring in which a carbonyl and nitrogen are 

joined In an amide linkage. Penicillins are the first generation 

of these beta-lactam antibiotics and have the amide nitrogen 

and an adjacent carbon fused to a five-membered thiazolidine 

ring. The second generation of beta-lactams are the generally 

more effective cephalosporins, in which the amide nitrogen 

and an adjacent carbon are fused to a six-membered 

dihydrothiazine ring. Penicillins and cephalosporins are 

referred to as classical beta-lactams (Maugh, 1981). 

Benzylpenicillin and cephalosporin C are common examples of 

these classical beta-lactam antibiotics (Figures 1 and 2, 

respectively). The various penicillins and cephalosporins 

differ by the identity of the side chains attached to the fourth 

atom In the beta-lactam ring and to the third carbon of the 

fused ring. Beta-lactams are now In their fourth generation 
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Figure 1. The enzymatic hydrolysis of benzylpenicillin by 
beta-lactamases (Georgopapadokou and Sykes, 
1983). 
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Figure 2. The enzymatic hydroysis of cephalosporin C by beta-
lactamases (Georgopapokou and Sykes, 1983). 



with each new generation showing an increased spectrum of 

activity or other therapeutic advantages. 

Since the discovery of penicillin, the mechanism by which 

it causes the death of bacterial cells has been of great 

interest. Tipper and Strominger (1965) proposed that 

penicillin inhibits a crucial step in the biosynthesis of the 

bacterial cell wall. The bacterial cell wall consists primarily 

of peptidoglycan which consists of linear chains of alternating 

N-acetylglucosamine and N-acetylmuramic acid forming glycan 

strands. These strands are crosslinked to each other by short 

peptide bridges forming a three-dimensional structure. These 

bridges in Staphylococcus aureus are pentaglycine peptides 

which connect the terminal carboxyl group of the D-alanine 

residue of one chain to the epsilon amino group of the third 

amino acid, L-lysine, in another chain (Zubay, 1984) as seen in 

Figure 3. It is the transpeptidase that catalyzes this 

crosslinking reaction, thereby adding mechanical strength to 

the cell wall. The latter reaction is Inhibited by beta-lactam 

antibiotics. Molecular model studies reveal that penicillin is a 

structural analog of acyl-D-alanyl-D-alanine in the linear 

glycan strands and irreversibly Inhibits the transpeptidase by 

forming a covalent bond between an active site serine residue 

of the enzyme and the carbonyl group of the beta-lactam ring 

(Stryer, 1981; Lehninger, 1982). Thus, these beta-lactam 
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Figure 3. The transpeptidase reaction (Zubay, 1984). 
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antibiotics are effective only against actively growing 

bacteria. 

A wide variety of organisms Including gram-negative and 

gram-positive bacteria, blue-green algae and yeasts are 

capable of producing enzymes able to catalyze the hydrolytic 

Inactivation of beta-lactam antibiotics (Ambler, 1980), These 

enzymes have been collectively grouped under the heading of 

beta-lactamase (EC 3.5.2.6) (Hamilton-Miller, 1979). With 

beta-lactamases being produced by such a wide variety of 

organisms, it only follows that beta-lactamases vary widely 

in their enzymatic and molecular properties including 

substrate specificity, susceptibility of inhibitors, active 

sites. Isoelectric points, molecular weights and amino acid 

sequences. In fact, it is these differences In the primary 

structure that the major classification scheme of beta-

lactamases is based. Three classes of beta-lactamases have 

been distinguished and are labeled A, B and C (Ambler, 1980; 

Bicknell et al., 1983; Ambler et al., 1985). 

The enzymes in class A (MW approximately 30 kdaltons) and 

class C (MW approximately 39 kdaltons) possess a serine 

residue at the active site. However, the amino add sequences 

of the two classes are not similar. The mechanism of the 

class A enzymes appears to involve the formation of an acyl-

enzyme intermediate (Knott-Hunziker et al., 1979). Class C 

enzymes, unlike class A, may utilize alcohols as a substitute 
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for water as acyl group acceptors. Thus, class C beta-

lactamases can also function as esterases (Knott-Hunziker et 

al., 1982). Class B enzymes (MW approximately 25 kdaltons) 

require metal ions for activity (Kuwabara, 1970; Davles and 

Abraham, 1974; Davies et al.. 1975; Ambler, 1980; Hill et al., 

1980; Baldwin et al., 1980a; Connally and Waley, 1983). 

The best studied class B enzyme Is the beta-lactamase II of 

Bacillus cereus 569 (Kuwabara and Abraham, 1967; Davies et 

al., 1974). Beta-lactamase II has been determined to be 

globular and monomeric by Its hydrodynamic properties and 

molecular weight determinations (Knott-Hunziker et al., 1982). 

The amino acid sequence of the B. cereus 569 beta-lactamase 

II consists of 227 residues giving a molecular weight of 25 

kdaltons and contains a single cysteine residue (Ambler et al., 

1985; Hussain et al., 1985). It has an Isoelectric point at pH 

8.45 (Davies et al., 1974). Beta-lactamase II exhibits a 

greater thermostability than class A beta-lactamases. This 

difference has been exploited to separate beta-lactamase II 

from the class A enzymes that are also produced by B. cereus 

569/H/9 (Kuwabara, 1970; Davies et al., 1974; Klener, 1976). 

The exact role of the metal Ion during catalysis is still 

unclear (Davies and Abraham, 1974; Davies et al., 1974; 

Baldwin et al., 1980a; Bicknell and Waley, 1985; Bicknell et 

al., 1986a). The unique structure of the active site of the 

class B beta-lactamases is reflected In their unique substrate 



specificities. The Vmax of beta-lactamase II for 

cephalosporin C is 8800 times higher than for beta-lactamase 

I, a class A enzyme, while the Vmax's for these two enzymes 

are very similar with benzylpenicillin as the substrate 

(Abraham and Waley, 1979). The Inhibition of beta-lactamase 

II by EDTA Indicates that the metal Ion Is required for 

enzymatic activity (Davies et al., 1974). Hydrolysis of the 

beta-lactam ring of penicillins and cephalosporins is maximal 

In the presence of Zn (II), but when the Zn (II) is replaced with 

Co (II), Cd (II), Mn (II) or Hg (II), the beta-lactamase II specific 

activity has been reported as 11-20, 10.5, 2.9 and 4.4 %, 

respectively, of that in the presence of Zn(ll) (Davies et al., 

1974; Baldwin et al., 1980a). However, when Zn (II) is 

replaced by Cu (II), Ni (II), Mg (II) or Ca (II), no activity is 

detected (Davies and Abraham, 1974). Equilibrium dialysis 

experiments have shown that the enzyme has two zinc binding 

sites with widely different dissociation constants of 0.7 ^M 

and 24 mM (Baldwin et al., 1980a; Davies and Abraham, 1974). 

It has also been shown that Zn (II) binding to the first (tighter) 

metal-binding site parallels the enzyme's activity toward 

benzylpenicillin (Abraham and Waley, 1979; Baldwin et al., 

1980a). Cobalt (ll)-reconstituted beta-lactamase II Is the 

best studied of the reconstituted enzymes since It has the 

greater percent of reconstituted activity. The effect of adding 

Co (II) In the nuclear magnetic resonance (NMR) spectrum to 
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apo-beta-lactamase II, the pH titration of the Co (II) enzyme 

and the rate of exchange of histidine protons for solvent 

deuteriums indicate that the Co (II) binds at the same two 

metal-binding sites on beta-lactamase II as does Zn (II) 

(Galdes et al., 1980). The microscopic dissociation constants 

for the binding of Co (II) have been calculated to be 0.14 mM 

and 2.66 mM (Baldwin et al., 1980a). 

The first data concerning the chemical Identify of the 

ligands to the active site metal ion came from optical 

spectroscopy in the form of a charge-transfer band between 

the enzyme's single cysteine residue and the metal ion. It was 

also shown that the cysteine residue Is reactive in the 

apoenzyme, but is not reactive in the metalloenzyme (Davies 

and Abraham, 1974). From an Investigation of the absorption 

spectra of the cobalt (II)- and the cadmium (ll)-enzyme, it has 

been suggested that the thiol group is involved In metal-ion 

binding at the first metal-ion-blnding site (Davies and 

Abraham, 1974). The extent of Incorporation of tritium at the 

C-2 position of three of the enzyme's five histidine residues is 

substantially decreased in the presence of one equivalent of 

zinc (II) as compared to the apoenzyme. In the presence of two 

equivalents of zinc (II), another histidine residue's extent of 

incorporation of tritium at the C-2 position is decreased 

(Baldwin et al., 1979). NMR spectroscopy revealed that the 

addition of one equivalent of zinc (II) to the apoenzyme shifted 
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the resonances for these histidine residues downfield from 

their unprotonated positions and no longer titrate (Baldwin et 

al., 1978). This Indicates that three histidine residues are 

ligands to the zinc (II) ion at the first (tighter) metal-binding 

site and a fourth histidine residue Is a ligand to the zinc (II) 

Ion at the second (looser) metal-binding site. These same 

observations have been made with the cobalt (II) enzyme 

(Galdes et al., 1980) indicating that cobalt Is binding at the 

same sites that zinc does. 

An X-ray-crystallographic study at 0.35 nm resolution of 

the cadmium (ll)-reconstituted beta-lactamase II reveals that 

three histidine residues, 86, 88 and 210 surround the active 

site metal ion and confirms the earlier NMR and tritium-

exchange studies. The electron density between cadmium (II) 

ion is continuous with the side chains of residues 88 and 210 

clearly indicating that they are ligands to the metal ion. 

However, the electron density for residue 86 is not continuous 

with that of the metal ion even though it Is close enough to be 

considered a ligand. It is also clear that the lone cysteine 

residue is not a strong ligand to the Cd (II) Ion In the resting 

enzyme at a distance of approximately 0.45 nm (Sutton et al., 

1987). 

The absorption and MCD spectra of Co (ll)-reconstituted 

beta-lactamase II in the region of 400 to 700 nm are 

remarkably similar, both in positions and intensities of their 
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bands, to those for Co (II) carbonic anhydrase B at high pH and 

Co (II) alkaline phosphatase (Baldwin et al., 1980a; Bicknell 

and Waley, 1985; Bicknell et al., 1986b). These spectra have 

all been interpreted in terms of pentacoordinate geometry 

about the cobalt (II) ion (Holmquist et al., 1975; Baldwin et al., 

1980a; Bicknell and Waley, 1985; Bicknell et al., 1986a). As 

for beta-lactamase II, four of the ligands to the active site 

metal Ion have been identified as three histidine residues and 

one cysteine residue. It had been suggested that the fifth 

ligand is, by analogy to other zinc hydrolases, a metal-

coordinated water molecule or hydroxyl anion (Bicknell and 

Waley, 1985). 

Although the exact role of the metal Ions in beta-lactamase 

II Is not completely known, recent studies indicate that at 

least one of the metal ions is directly involved in catalyzing 

the hydrolysis of benzylpenicillin (Bicknell and Waley, 1985; 

Bicknell et al., 1986a). The active site metal ion has been 

shown spectrophotometrically to be Involved during the 

catalytic hydrolysis of a thionocephalosporin substrate 

(Murphy and Pratt, 1989). Mechanistic studies have excluded an 

ordered pathway in which combination of the apoenzyme with 

metal Ion precedes combination with the substrate. The 

alternative Is a random pathway, in which the ternary complex 

(EMS) of enzyme (E), metal (M) and substrate (S) can be reached 

by alternative pathways (Hill et al., 1980). Subzero and 
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ambient temperature rapid-scanning stopped-flow 

spectroscopy have been used to follow spectral changes in the 

cobalt (ll)-reconstituted beta-lactamase II during catalysis. 

Progress curves for the hydrolysis of benzylpenicillin 

consisted of a transient followed by a steady-state phase. The 

burst phase of the transient has an amplitude greater than the 

concentration of the enzyme suggesting a branched pathway 

(Bicknell and Waley, 1985). Bicknell and co-workers (1986a) 

have been able to identify three metallointermediates by their 

visible absorption spectra using rapid-scanning stopped-flow 

spectroscopy. These spectra suggest that the coordination 

number of the active-site metal changes from pentacoordinate 

In the resting enzyme to four coordinate during the course of 

catalysis. 

Electronic absorption spectroscopy has been heavily 

utilized in the mechanistic studies (Bicknell and Waley, 1985; 

Bicknell et al., 1986a). However, electron paramagnetic 

resonance (EPR) spectroscopy has not been utilized to any 

great extent previously in studying the reaction mechanism of 

beta-lactamase II. Changes In the ligand environment about a 

paramagnetic metal ion during catalysis can be detected by 

EPR when coupled with rapid kinetic techniques. The use of 

continuous flow/freeze quench rapid kinetic techniques (Bray, 

1961) can generate presteady-state samples of Co (II)-

reconstltuted beta-lactamase II that have reacted for various 
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times (msec timescale) with a beta-lactam antibiotic. The 

major advantage that EPR has over other spectroscopic 

techniques Is that important, often subtle, changes in the 

metal Ion environment can be directly observed rather than 

inferred from other changes in the enzyme not necessarily in 

the vicinity of the metal ion (Palmer, 1980). These techniques 

typically require relatively large amounts of purified enzyme 

(1-2 ml of approximately 1 mM enzyme). It is especially 

Important to have such a concentrated enzyme solution in the 

case of rapid kinetic techniques since the enzyme solution is 

diluted when the reaction is quenched by freezing. 

Beta-lactamases have become one of the best studied 

groups of bacterial enzymes for several reasons (Hamilton-

Miller, 1979). The main reasons are that relatively large 

amounts of the enzyme can be produced by organisms which are 

convenient to grow. The enzyme is produced at highest 

concentrations by certain Gram-positive organisms, and in 

particular by B. cereus. B. lichenformis and S. aureus (Ambler, 

1980). These Gram-positive bacteria also excrete the 

majority of the enzyme which greatly aids in Its purification 

(Frere et al., 1988). The enzyme Is also easily detected 

because of the specificity and sensitivity of the assays 

(Ambler, 1980) and the enzyme's extreme efficiency by 

exhibiting turnover numbers up to 2000 sec"'' (Frere et al., 

1988). Much of the work carried out on beta-lactamases 
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utilize the Bacillus species, especially B. cereus. rather than 

S. aureus since the latter organism Is much more virulent, fiu 

cereus. however, has been linked to causing bacterial 

gastroenteritis along with cases of abscess, cellulitis, 

meningitis, osteomyelitis, kidney and urinary tract Infections 

and gangrene (Bonventre and Sallinger, 1983). 

As a relatively large amount of purified beta-lactamase II 

Is required for the EPR experiments, two strains of B. cereus. 

569/H/9 and 5/B/6, have been chosen since they are able to 

produce relatively large amounts of the enzyme. B. cereus 

569/H/9 Is a hyper-magno, constitutive mutant strain which 

was derived from B. cereus 569. This strain produces beta-

lactamases I, II and III with beta-lactamases I and II being 

secreted extracellularly while beta-lactamase III is 

membrane-bound (Abraham and Waley, 1979). The mutant 

strain B. cereus 5/B/6 produces a single, extracellular beta-

lactamase which is a metal-dependent beta-lactamase which 

is similar to beta-lactamase II from B. cereus 569/H/9 in its 

zinc requirement, molecular weight, thermostability, pH rate 

profiles, substrate specificity (Davies et al., 1975) and amino 

acid sequences (Ambler et al., 1985; Hussain, et al., 1985; Lim 

et al., 1988). These similarities prompted researchers to 

designate this beta-lactamase as beta-lactamase II 5/B/6. 

However, these two enzymes differ in their substrate affinity 

to several different beta-lactam antibiotics. The Vmax with 
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cephalosporin C as the substrate for beta-lactamase li 5/B/6 

Is 47% of that for beta-lactamase II (Davies et al., 1975). 

While both enzymes contain 227 amino acids, they differ by 18 

residues of which only 6 changes are considered to be radical 

changes. The differences in the two enzymes substrate 

affinities may be due to these changes in the amino acid 

sequences even though the residues thought to be Involved in 

binding the zinc (II) ion are completely conserved (Davies et 

al., 1975). 

While beta-lactamase II from B. cereus 569/H/9 and 5/B/6 

have been purified in other laboratories (Kuwabara, 1970; 

Davies et al., 1975; Kiener, 1976), these procedures have not 

been consistently repeatable In this laboratory (Thannoun, 

1985; Price, 1987). The first objective was to develop 

fermenter growth conditions for B. cereus 569/H/9 and 5/B/6 

to optimize production of their metal-dependent beta-

lactamases without the necessity of a fermenter with pH-stat 

capabilities. New procedures for the rapid purification of the 

beta-lactamases II in very high yields have been developed, as 

well as an improved method for the reconstitution of the 

enzymes with Co (II) for subsequent spectroscopic studies. By 

coupling the continuous flow/freeze quench rapid kinetic 

techniques to EPR spectroscopy, we can examine the changes in 

the environment about the active site cobalt (II) ion of 
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beta-lactamase II from B. cereus 569/H/9 and 5/B/6 during 

the catalytic hydrolysis of cephalosporin C. 



CHAPTER II 

MATERIALS AND METHODS 

All reagents used were of the highest purity commercially 

available. All of the media and glassware used in spore 

preparation and enzyme production were sterilized In an 

American Sterilizing Company autoclave for 1 hour at 121 °C 

and 18 psi. Aeration measurements were made on a Hoke, Inc. 

Hoke OK airflow meter which was calibrated In l/min. 

ZetaPrep 15 disks (SP and DEAE) and ZetaPrep 100 column 

(DEAE), mass ion exchange (Hou and Mandaro, 1986) systems 

were obtained from LKB-Produkter AB. G-75 Sephadex 

(superfine), G-25 Sephadex (medium) and CM-Sepharose CL-6B 

were obtained from Pharmacia. SDS polyacrylamide gel 

electrophoresis (PAGE) low molecular weight standards were 

obtained from Bio-Rad Laboratories. Hy Soy powder was 

obtained from Sheffield Products. 

B. cereus 569/H/9 and 5/B/6 soore preparation. The 

organisms B. cereus 569/H/9 and B. cereus 5/B/6 were 

obtained as gifts in the form of desiccated spore suspensions 

from Profs. E. P. Abraham and S. G. Waley (569/H/9) and Profs. 

R. P. Ambler and J. Fleming (5/B/6). These samples were used 

to prepare stock spore suspensions from which subsequent 

inocula were prepared for fermentation. These spore 

suspensions were prepared by a modification of the procedure 

developed by Kuwabara (1970). Instead of using the Andrade 

18 
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indicator technique for screening for beta-lactamase-

producing cells, the cells are screened by streaking them on 

nutrient agar plates containing either 400 mM cephalosporin C 

on the surface of the plates for B. cereus 569/H/9 or 100 mM 

cephalosporin C on the surface of the plates in the case of fi^ 

cereus 5/B/6 in the appropriate medium. Furthermore, we 

have extended the incubation period at 30 °C for the spore 

production from 48 hrs. to 96 hrs. Spore suspensions thus 

prepared were stored at 4 °C in sterile 0.9% (w/v) saline 

solution. 

Bacterial growth of B. cereus 569/H/9 and 5/B/6. The 

spore suspensions were used to inoculate two separate growth 

media for comparison purposes. The first medium used was a 

modification of that used by Davies and co-workers (1974) for 

the growth of B. cereus 569/H/9. The monobasic potassium 

phosphate concentration has been increased in this medium to 

100 mM hence the resulting medium is called 100 mM 

phosphate modified CH/C medium. The additional buffer 

capacity of the medium avoids the necessity for a fermenter 

with pH-stat capability. The exact components and their 

concentrations are as follows: Solution A contained 1.0% (w/v) 

Casamino acids (Difco), 100 mM monobasic potassium 

phosphate, 20 mM sodium citrate and 1 mM zinc sulfate (pH 

7.0); Solution B was 425 mM magnesium sulfate; and Solution C 

was 12.5 mM ferrous sulfate. After the solutions have been 
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sterilized separately, 2 ml of Solution B and 1 ml of Solution 

is added per 250 ml of Solution A. In order to avoid 

precipitation of zinc phosphate. It is Important that zinc 

sulfate be the last component added in Solution A. 

A second medium has also been utilized for the growth of 

both B. cereus 569/H/9 and 5/B/6 which supports a 

substantially higher bacterial growth resulting in 

significantly higher beta-lactamase levels than the 100 mM 

phosphate modified CH/C medium. This second medium is a 

modification of that used by Kiener (1976) and Baldwin and co

workers (1980b) for the growth of B. cereus 569/H/9. The 

modifications made include increasing the monobasic 

potassium phosphate concentration to 100 mM, eliminating the 

Lab-Lemco peptone, adding the Hy Soy powder to 0.8 % (w/v) 

and increasing the NaCI concentration to 68 mM (pH 7.0); the 

latter medium is called the 100 mM phosphate "S" broth 

medium. Again, it is important that zinc sulfate is the last 

component added to the medium in order to avoid precipitation 

of zinc phosphate. 

For bacterial growth in the 100 mM phosphate modified 

CH/C medium, 200 ml of the sterile broth was adjusted to 0.2 

% (v/v) with the appropriate spore suspension and incubated at 

30 °C for 22 hrs. In a Blue M Electric Company Magni Whirl 

constant temperature water bath. The resulting culture was 

then used to inoculate 10 I of sterile 100 mM phosphate 
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modified CH/C medium for fermentation. For bacterial growth 

In the 100 mM phosphate "S" broth, 400 ml of the sterile broth 

was adjusted to 0.2 % (v/v) with the appropriate spore 

suspension and incubated at 30 °C for 8.5 hrs. (for B. cereus 

569/H/9) or 7.5 hrs. (for B. cereus 5/B/6) In a shaking water 

bath with an aeration rate of 0.5 l/min. The resulting cultures 

were used to inoculate 10 I of sterile 100 mM phosphate "S" 

broth for fermentation. 

Fermentations were carried out in a New Brunswick Model 

MF-100, 10 I capacity bench-top fermenter. Growth of Bu 

cereus 569/H/9 in the 100 mM phosphate modified CH/C 

medium was performed as previously described (Davies et al., 

1974) with the following modifications. The aeration rate 

used was 3 l/min. and cell harvesting was carried out at mid-

log phase at approximately 13 hrs. Growth of B. cereus 

569/H/9 in the 100 mM phosphate "S" broth was also 

performed as previously described (Kiener, 1976; Baldwin et 

al., 1980b) except the aeration rate was 6 l/min. and cell 

harvesting was carried out at mid-log phase at approximately 

4.5 hrs. The growth of B. cereus 5/B/6 in the latter medium 

was identical to the procedure for the growth of B. cereus 

569/H/9 except that cell harvesting was performed at 

approximately 5.5 hrs. after inoculation. In every case, after 

2.5 hrs. of inoculation, measurements to determine bacterial 
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growth, beta-lactamase II activity and pH were made every 30 

min. throughout the remainder of the fermentation. 

Growth assay. The bacterial growth was estimated by 

measuring the apparent absorbance of a diluted culture sample 

at 600 nm. The value of one absorbance unit in a 1 cm 

pathlength cuvette is approximately equivalent to 1 g dry 

weight of cells/I. 

Assays of beta-lactamase activiities. In determining the 

beta-lactamase II enzymatic activity, the cephalosporin C was 

further purified using anion exchange chromatography 

(personal communication from C. W. Harkey). Approximately 

600 mg of crude cephalosporin C dissolved in 5 ml of 5 mM 

sodium citrate (pH 7.0) was loaded onto a 2.6 x 70 cm Dowex 

1-X8 anion exchange column which had been previously 

equilibrated with 5 mM sodium citrate (pH 7.0). The column 

was eluted with this same buffer at a flow rate of 60 ml/hr. 

Ten ml fractions were collected and the absorbance at 260 nm 

was monitored. Fractions having a significant amount of 

absorbance at 260 nm were pooled and lyophilized to dryness. 

The purity of this sample was ascertained by Its absorption 

spectrum, ratio of A26O/A40O and paper chromatography using 

a water:methanol:propanol solvent system at a ratio of 4:6:2 

and developed with a 0.3 % (w/v) ninhydrin in acetone. 

All enzyme assays were performed at 30 °C using a double 

beam Perkin-Elmer Lambda 3B spectrophotometer. The assay 
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procedure used for the determination of beta-lactamase II 

activity was a modification of the spectrophotometric method 

described by Davies and co-workers (1974) in which the 

cephalosporin C absorbance at 260 nm is continuously 

monitored during hydrolysis. All beta-lactamase II activity 

assays were carried out using 4 mM purified cephalosporin C 

dissolved in 10 mM sodium citrate + 11 mM zinc sulfate (pH 

7.0) in a 0.1 cm quartz cuvette. Samples of partially purified 

beta-lactamase II from B. cereus 569/H/9 also contained beta-

lactamase I; the latter enzymatic activity was also assayed 

during the purification scheme by a modification of the 

spectrophotometric procedure described by Davies and co

workers (1974) for beta-lactamase I activity. 

For beta-lactamase I activity assays, the enzyme sample 

was incubated with 20 mM EDTA (pH 7.0) for 15 min. at room 

temperature prior to the assay. The enzymatic hydrolysis of 

1.1 mM benzylpenicillin in 10 mM sodium citrate + 1 mM EDTA 

was continuously monitored at 246 nm at 30 °C. One unit of 

beta-lactamase activity is defined as the amount of enzyme 

required to hydrolyze one îmole of beta-lactam substrate/min. 

at 30 °C at pH 7.0. 

Purification of beta-lactamase II. The fermentation broths 

in all cases were adjusted to pH 7.0 using cold 0.3 M HCI just 

prior to cell harvesting and the beta-lactamase II specific 

activity of the broths were determined. Cell harvesting and all 
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subsequent steps were performed at 4 °C, and after each step 

the beta-lactamase II specific activity was determined. Cell 

harvesting was accomplished by high performance 

ultrafiltration (HPUF) employing a Millipore Corporation model 

XX42 HPK 10 Pellicon Cassette system equipped with a 0.45 

jim cutoff cassette which had been previously washed with 4 I 

of cold 1 mM zinc sulfate. The filtrate from cell harvesting 

was concentrated to approximately 800 ml using the Pellicon 

Cassette HPUF system equipped with a 10,000 molecular 

weight cutoff ultrafiltration cassette which had been 

previously washed with 4 I of cold 1 mM zinc sulfate. In 

preparation for mass ion exchange chromatography (Hou and 

Mandaro, 1986), the conductivity of the concentrated protein 

solution was then adjusted to 560 ^mho/cm by constant 

volume dialysis against 5 I of cold 1 mM zinc sulfate and then 

concentrated by HPUF to 500 ml using the ultrafiltration 

system. 

For B. cereus 569/H/9 or 5/B/6 grown on the 100 mM 

phosphate "S" broth medium, the retentate was passed through 

an LKB DEAE-ZetaPrep 100 column previously equilibrated with 

10 mM sodium citrate (pH 7.0) at 800 ml/hr. using a Gilson 

Miniplus 2 peristaltic pump. The sample passing through the 

column was immediately loaded onto an LKB SP-ZetaPrep 15 

disk at 150 ml/hr. In the case of B. cereus 569/H/9 grown on 

the 100 mM phosphate modified CH/C medium, the LKB 
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DEAE-ZetaPrep 100 column was replaced with an LKB DEAE-

ZetaPrep 15 disk which was connected in tandem with an LKB 

SP-ZetaPrep 15 disk, both equilibrated as previously 

described. The flow rate used was 150 ml/hr. In all cases, 

batch elution of the bound protein on the LKB SP-ZetaPrep 15 

disk was achieved by washing the disk with 10 mM sodium 

citrate + 1 mM zinc sulfate + 150 mM ammonium sulfate (pH 

7.0) until the beta-lactamase II activity was recovered in 

the effluent. 

The resulting high salt pool was loaded directly onto a 4.5 x 

60 cm. G-75 superfine Sephadex gel filtration column 

equilibrated with 10 mM sodium citrate + 11 mM zinc sulfate + 

15 mM ammonium sulfate (pH 7.0). This column accomplished 

desalting of the sample for subsequent ion exchange 

chromatography and the removal of some higher molecular 

weight protein impurities. The flow rate was 40 ml/hr. The 

absorbance at 280 nm of the effluent was continuously 

monitored using a Du Pont HPLC spectrophotometer equipped 

with an 80 [xl flow cell. Approximately 10 ml fractions were 

collected using a Gilson model FC-100 fraction collector. At 

this point, the enzyme from B. cereus 5/B/6 was purified to 

homogeneity. However, in the case of B. cereus 569/H/9, the 

partially purified beta-lactamase 11 pool still contained beta-

lactamase I. 
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For the purification of beta-lactamase II from B. cereus 

569/H/9 grown on the 100 mM phosphate modified CH/C 

medium, the pool from gel filtration was loaded onto a 2.6 x 

100 cm CM-Sepharose CL-6B cation exchange column 

equilibrated with 10 mM sodium citrate + 11 mM zinc sulfate + 

15 mM ammonium sulfate (pH 7.0). The bound proteins were 

eluted from the column at 40 ml/hr. with a linear gradient of 

150 ml of 10 mM sodium citrate + 11 mM zinc sulfate + 15 mM 

ammonium sulfate (pH 7.0) and 150 ml of the same buffer in 

which the ammonium sulfate concentration was increased to 

150 mM. After the gradient was completed, further elution of 

the column was achieved with the latter buffer. A few 

modifications were required for the chromatography of the 

proteins from B. cereus 569/H/9 grown on the 100 mM 

phosphate "S" broth. The column dimensions were increased to 

5.1 x 42 cm., the flow rate used was increased to 80 ml/hr. and 

the total volume of the gradient was increased to 480 ml. The 

absorbance at 280 nm of the effluent was continuously 

monitored as previously discussed and 12 ml fractions were 

collected. In both cases, the beta-lactamase II was purified to 

homogeneity at this point. In all cases, the pool of purified 

beta-lactamase II was concentrated to 0.3-0.5 mM using an 

Amicon concentrator equipped with a YM-5 membrane (5000 

molecular weight cutoff). 
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Determination of steadv-state parameters for beta-

lactamase II and beta-lactamase II 5/B/6. The values of Km 

and Vmax of the purified beta-lactamase II enzymes were 

obtained by computer simulation of the initial velocity versus 

substrate concentration profiles using an adaptation of the 

program described by Duggleby (1981). In all cases, the 

enzyme concentration was 16 nM while the purified 

cephalosporin C concentration was varied. 

Gel electrophoresis. SDS PAGE of the purified Zn (II)-

containing B. cereus 569/H/9 and 5/B/6 beta-lactamase II was 

performed using the method of Laemmli (1979) with an LKB 

model 2001-001 vertical electrophoresis unit. A 4% stacking 

and a 12% resolving gel were used, in which the percentage 

represents the total of the acrylamide and bis-acrylamide 

concentrations. The gels were stained with Coomassie Blue 

R250 and molecular weight comparisons were made using the 

standards previously mentioned. For SDS PAGE, 15 jag of a 

protein standard was applied to the leftmost lane. Starting 

from the top of the gel, the standards are: phosphorylase B 

(92,500), bovine serum albumin (66,200), ovalbumin (45,000), 

carbonic anhydrase (31,000), soybean trypsin inhibitor 

(21,500), and lysozyme (14,400). Native PAGE (pH of the 

resolving gel is 6.8) was carried out according to the method 

of Thomas and Hodes (1981) except that the concentration of 
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the stock riboflavin solution was increased to 0.5% (w/v) and 

the sample buffer contained 1 mM zinc sulfate. 

Preparation of apo-beta-lactamase II. The purified beta-

lactamase II pool was adjusted to 25 mM in EDTA from a 250 

mM EDTA (pH 7.0) stock solution and incubated on ice until less 

than 0.1% of the original beta-lactamase II activity remained. 

For the enzyme from B. cereus 569/H/9, this point was reached 

in 2 hrs., while the B. cereus 5/B/6 beta-lactamase II required 

7 hrs. incubation. In every case, the sample was loaded onto a 

1.5 X 50 cm. G-25 medium Sephadex gel filtration column 

equilibrated with 50 mM MOPS (pH 7.0). The latter buffer had 

previously been passed over a small Chelex 100 column to 

remove trace metal ions. The column was eluted at 3 ml/hr., 

0.5 ml fractions were collected and the absorbance of each 

fraction was determined at 280 nm and 220 nm (the 

absorbance maximum for the EDTA-Zn (II) complex). 

Rftnnnstitutinn of activity with cobalt (W). Reconstitution 

of the beta-lactamase II enzymatic activity was achieved by 

addition of cobalt sulfate from a 1.0 M stock solution of cobalt 

sulfate to the apoenzyme from the G-25 medium Sephadex 

column to give a final cobalt sulfate concentration of 1 mM. 

The pool was then incubated on ice for 20 min. prior to 

assaying the beta-lactamase II enzymatic activity In the same 

manner as described previously except the 11 mM zinc sulfate 

in the assay buffer was replaced with 1 mM cobalt sulfate. 
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The Co (ll)-reconstituted pool was concentrated to give 1 mM 

enzyme by ultrafiltration using the Amicon concentrator as 

previously described. The concentrated Co (ll)-reconstituted 

beta-lactamase II was stored at 4 °C. 

Visible spectra of Co Mh-reconstituted beta-lactamase II. 

The visible electronic spectra were recorded using a Shimadzu 

model UV 265 spectrophotometer at room temperature. 

Continuous flow/freeze quench rapid kinetic techniques. 

Pre-steady state samples for subsequent EPR analysis of the 

Co (ll)-reconstituted beta-lactamase II mixed with 

cephalosporin C were prepared on the millisecond timescale as 

described by Bray (1961). An Update Instrument, Inc. Model 

725 Syringe-ram Controller was employed to supply a constant 

velocity to drive the syringes containing the enzyme and 

substrate. 

EPR spectroscopy. EPR spectra were recorded using a 

Varian E-109 spectrometer Interfaced with a Varian/Hewlett-

Packard E-935 data acquisition system. The sample 

temperature was maintained using a modified Air Products 

model LTD-3-110 flexible helium transfer line and a 

temperature controller of our own design. Sample 

temperatures were measured by the use of a chromel versus 

gold + 0.07 atom % iron thermocouple positioned just below 

the sample. Microwave bridge power level calibrations were 

accomplished through the use of a 20 dB crossguide coupler 
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(Microwave Development Laboratories, Inc.) and a Hewlett-

Packard model 432A microwave power meter equipped with a 

Hewlett-Packard model 486A temperature-compensated 

thermistor mount. Microwave frequency and magnetic field 

strength were measured using an EIP Microwave, Inc. model 

331 Autohet microwave frequency counter, and a Varian E-500 

NMR Gaussmeter, respectively. 



CHAPTER III 

RESULTS 

Bacterial growth of B. cereus 569/H/9 and 5/B/6. In the 

fermentation of B. cereus 569/H/9 in the 100 mM phosphate 

modified CH/C medium, the typical Aeoo was 4-5 with a total 

beta-lactamase II activity of 7-8 units/ml in the fermentation 

broth at the time of harvesting. The 100 mM phosphate "S" 

broth produced significantly higher levels of both growth and 

beta-lactamase II activity; at the time of harvest, the typical 

Aeoo was 8 with a total beta-lactamase II activity of 20-23 

units/ml. For B. cereus 5/B/6, only the latter medium was 

used. The typical Aeoo was 6-7 with a beta-lactamase II 

activity of 7-8 units/ml. The use of the modified CH/C 

medium (Davies et al., 1974; Davies et al., 1975) for the 

growth of B. cereus 5/B/6 did not result in the production of 

significant levels of beta-lactamase II activity. In all cases, 

longer fermentations led to significant decreases in the beta-

lactamase II activity. 

Assays of heta-lactamase II activities. The use of purified 

cephalosporin C in the beta-lactamase II activity assay yields 

an approximately 20 % increase in the apparent beta-

lactamase II activity when compared to the crude substrate. 

Purification of beta-lactamase II. Typical G-75 superfine 

Sephadex gel filtration elution profiles obtained during the 

purification of B. cereus 569/H/9 beta-lactamase II from both 
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the modified CH/C medium and the "S" broth and of B. cereus 

5/B/6 beta-lactamase II 5/B/6 can be seen In Figures 4, 5 and 

6, respectively. In all cases, the leading edge of the beta-

lactamase II peak shows a small shoulder of higher molecular 

weight contaminants which were removed during this step. A 

second small peak of low molecular weight contaminants can 

also be observed but at much greater elution volumes than is 

shown in the three figures. Figures 7 and 8 show typical CM-

Sepharose CL-6B cation exchange elution profiles obtained 

during the purification of the B. cereus 569/H/9 enzyme from 

the modified CH/C medium and the "S" broth, respectively. 

This step primarily involves the separation of beta-lactamase 

II (leading peak in Figs. 7 and 8) from beta-lactamase I 

(trailing peaks in Figs. 7 and 8) and therefore is not required in 

the purification of B. cereus 5/B/6 beta-lactamase II since E_, 

cereus 5/B/6 does not produce (or excrete) beta-lactamase I. 

Tables 1-3 summarize the typical results from the individual 

steps in the purification schemes for B. cereus 569/H/9 beta-

lactamase II from the modified CH/C medium and the "S" broth 

and B. cereus 5/B/6 beta-lactamase II, respectively. The 

overall enzymatic yields for beta-lactamase II were 85-90 % 

in all cases. The purification schemes in Tables 1 and 2 were 

completed in 3 days: only two days were required in the 

purification of B. cereus 5/B/6 beta-lactamase II (Table 3). 
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Figure 4. G-75 superfine Sephadex gel filtration 
chromatography elution profile obtained from a 
fermentation of B. cereus 569/H/9 using the 100 
mM phosphate modified CH/C medium. Details of 
the chromatography conditions are described in 
Chapter II. The beta-lactamase II enzymatic 
activity was found In the fractions corresponding 
to elution volumes of 580 ml through 760 ml. 
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Figure 5. G-75 superfine Sephadex gel filtration 
chromatography elution profile obtained from a 
fermentation of B. cereus 569/H/9 using the 100 
mM phosphate "S" broth medium. Details of the 
chromatography conditions are described in Chapter 
II. The beta-lactamase II enzymatic activity was 
found in the fractions corresponding to elution 
volumes of 580 ml through 760 ml. 
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Figure 6. G-75 superfine Sephadex gel filtration 
chromatography elution profile obtained from a 
fermentation of B. cereus 5/B/6 using the 100 mM 
phosphate "S" broth medium. Details of the 
chromatography conditions are described in Chapter 
II. The beta-lactamase II enzymatic activity was 
found in thefractions corresponding to elution 
volumes of 580 ml through 760 ml. 
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CM-Sepharose CL-6B gradient cation exchange 
chromatography elution profile obtained from a 
fermentation of B. cereus 569/H/9 using the 100 
mM phoshate modified CH/C medium. Details of 
the chromatography are described in Chapter II. 
The solid squares represent the 280 nm absorbance 
values; the dashed line indicates the salt gradient 
used for the separation. The beta-lactamase II 
enzymatic activity was confined to the leading 
peak of the chromatogram. 
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Figure 8. CM-Sepharose CL-6B gradient cation exchange 
chromatography elution profile obtained from a 
fermentation of B. cereus 569/H/9 using the 100 mM 
phosphate "S" broth medium. Details of the 
chromatography are described in Chapter II. The solid 
squares represent the 280 nm absorbance values; the 
dashed line indicates the salt gradient used for the 
separation. The beta-lactamase II enzymatic activity 
was confined to the leading peak of the chromatogram. 
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Determination of steadv-state parameters for beta-

lactamase II and beta-lactamase II 5/B/6. Plots of the beta-

lactamase II specific activity as a function of the substrate 

concentration can be seen In Figures 9 and 10. The Km and 

Vmax values for the B. cereus 569/H/9 beta-lactamase II from 

the two different media were essentially Identical with a Km 

equal to 0.20 ± 0.01 mM and a Vmax of 2726 ± 83 units/mg for 

the enzyme from the modified CH/C medium and a Km of 0.20 ± 

0.01 mM and Vmax equal to 2727 ± 88 units/mg for the enzyme 

from the "S" broth. The B. cereus 5/B/6 beta-lactamase II 

exhibited a Km of 0.39 ± 0.07 mM and a Vmax of 1332 ± 58 

units/mg. 

Gel electrophoresis. In order to assess further the 

homogeneity of the purified B. cereus 569/H/9 beta-lactamase 

II and B. cereus 5/B/6 beta-lactamase II samples were 

examined by both SDS and native PAGE. Figures 11-13 show 

the results of the SDS PAGE obtained for B. cereus 569/H/9 

beta-lactamase II purified from the modified CH/C medium and 

the "S" broth and B. cereus 5/B/6 beta-lactamase II, 

respectively. Figures 14-16 show the results of the near-

neutrality native PAGE obtained for the same samples 

examined in the SDS PAGE experiments. Clearly, only a single 

species appears in the lanes containing the beta-lactamase II 

enzymes in either gel. For Figures 11-13, a plot of the 
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Figure 9. Initial velocity versus cephalosporin C concentration 
for purified beta-lactamase II from B. cereus 
569/H/9, grown on the 100 mM phosphate modified 
CH/C medium (open boxes) and the 100 mM 
phosphate "S" broth medium (solid boxes). The 
solid line represents the theoretical hyperbolic 
curve when Km is 0.20 mM and Vmax is 2727 
units/mg. 
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Figure 10. Initial velocity versus cephalosporin C 
concentration for purified beta-lactamase II from 
B. cereus 5/B/6, grown on the 100 mM phosphate 
"S" broth medium. The solid line represents the 
theoretical hyperbolic curve when Km is 0.39 and 
Vmax is 1332 units/mg. 
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Figure 11 SDS PAGE gel of purified beta-lactamase II 
obtained from a fermentation of B. cereus 569/H/9 
using the 100 mM phosphate modified CH/C 
medium. Details for the electrophoresis are 
described In Chapter II. The leftmost lane 
contained the molecular weight standards; 15 jig 
of protein was applied to this lane. The identity of 
these standards are listed In Chapter II with the 
highest molecular weight protein being at the top 
of the gel. The next four lanes on the gel in which 
protein appear contained 0.2, 0.5, 2 and 20 îg of 
purified beta-lactamase li protein. 



45 

•• * . . . . 

i 4 
1. • 

•'•«^^'^^nirifttm-'--'f £i:.-;:'.'i;;.:2 
• a • • _ 

Figure 12. SDS PAGE gel of purified beta-lactamase II 
obtained from a fermentation of B. cereus 569/H/9 
using the 100 mM phosphate "S" broth medium. 
Details for the electrophoresis are described in 
Chapter II. The leftmost lane contained the 
molecular weight standards; 15 îg of protein was 
applied to this lane. The Identity of these 
standards are listed in Chapter II with the highest 
molecular weight protein being at the top of the 
gel. The next four lanes on the gel in which 
protein appears contained 1, 2, 10 and 100 ^g of 
purified beta-lactamase II protein. 
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Figure 13. SDS PAGE gel of purified beta-lactamase II 
obtained from a fermentation of B. cereus 5/B/6 
using the 100 mM phosphate "S" broth medium. 
Details for the electrophoresis are described in 
Chapter II. The leftmost lane contained the 
molecular weight standards; 15 ^g of protein was 
applied to this lane. The identity of these 
standards are listed in Chapter II with the highest 
molecular weight protein being at the top of the 
gel. The next four lanes on the gel In which 
protein appears contained 0.2, 0.4, 2 and 20 ^g of 
purified beta-lactamase II protein. 
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Figure 14. Native PAGE gel of purified beta-lactamase II 
obtained from a fermentation of B. cereus 569/H/9 
using the 100 mM phosphate modified CH/C 
medium. Only two gel lanes were used; 50 jig of 
protein was loaded onto the left lane, the right 
lane contained 10 |xg of protein. 
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Figure 15. Native PAGE gel of purified beta-lactamase II 
obtained from a fermentation of B. cereus 569/H/9 
using the 100 mM phosphate "S" broth medium. 
Only two gel lanes were used; 11 îg of protein 
was loaded onto the left lane, the right lane 
contained 56 îg of protein. 
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Figure 16. Native PAGE gel of purified beta-lactamase II 
obtained from a fermentation of B. cereus 5/B/6 
using the 100 mM phosphate "S" broth medium. 
Only two gel lanes were used; 10 ^g of protein 
was loaded onto the left lane, the right lane 
contained 1 jig of protein. 
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relative mobility versus the log of the molecular weights of 

the protein standards (data not shown) revealed an apparent 

molecular weight of 26,400 for the B. cereus 569/H/9 enzyme 

and 23,400 for the B. cereus 5/B/6 enzyme. 

Preoaration of the apoenzyme and the reconstitution of 

enzymatic activity with cobalt (W). To generate the 

apoenzyme, a concentrated stock solution of EDTA was added 

to the haloenzyme to give a final concentration of 20 mM and 

then incubated at 4 °C until less than 0.1% of the original 

beta-lactamase II activity in the presence of Zn (II) remained. 

The Zn (ll):EDTA complex and the excess EDTA was removed by 

gel filtration on a G-25 Sephadex column. A typical G-25 

medium Sephadex gel filtration elution profile can be seen in 

Figure 17. After chromatography, the pool of apo-enzyme 

contained less than 0.1% of the original beta-lactamase II 

activity in the presence of Zn (II). In all cases, the recovery of 

the beta-lactamase II specific activity in the Co (II)-

reconstituted enzymes was typically 30-34% of the original 

specific activity of the Zn (II) enzymes. 

Electronic absorption spectra of Co flh-reconstituted beta-

lactamase 11. The electronic absorption spectrum of the Co 

(ll)-reconstituted B. cereus 569/H/9 beta-lactamase II 

purified from the "S" broth is shown in Figure 18. The 

absorbance maxima appeared at 348, 551, 616 and 640 nm 

with molar extinction coefficients of 890, 273, 167 and 150 
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Elution Uolume (ml) 
A typical G-25 medium Sephadex gel filtration 
chromatography elution profile for the B. cereus 
569/H/9 apo-beta-lactamase II from either 
medium or the B. cereus 5/B/6 apo-beta-
lactamase II. Details of the chromatography 
conditions are described in Chapter II. The 
absorbance at 280 nm is represented by the solid 
boxes while the absorbance at 220 nm is 
represented by the open boxes. Protein was 
confined to the leading peak. 
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M^^cm"'', respectively. The electronic absorption spectrum of 

this same enzyme in the presence of 10 mM sodium citrate (pH 

7.0) Is shown in Figure 19. The absorbance maxima appeared at 

353 and 551 with molar extinction coefficients of 1132 and 

270 M""icm-"', respectively. Similar spectra were recorded in 

the presence of other carboxylate anions such as succinate and 

acetate. The electronic absorption spectrum of the Co (II)-

reconstituted B. cereus 569/H/9 beta-lactamase II purified 

from the "S" broth when mixed with cephalosporin C is shown 

in Figure 20. The absorbance maximum occurred at 342 nm a 

molar extinction coefficient of 2059 M"''cm"''. 

EPR spectra. The X-band EPR spectra at 10 K of purified Co 

(ll)-reconstituted beta-lactamases II of B. cereus 569/H/9 and 

5/B/6 are shown in Figure 21. Figures 21a and 21b show the 

spectra obtained for the B. cereus 569/H/9 enzyme purified 

from the two media, while Figure 21c shows the spectrum of 

the B. cereus 5/B/6 enzyme. The spectra of the 569/H/9 

enzymes displayed a prominent, broad low-field resonance 

having maxima and minima with apparent g values of 5.29 and 

3.02, respectively. The low-field resonance crosses the 

baseline at an apparent g value of 4.26. Also, these spectra 

displayed small, very broad minima at an apparent g value at 

2.24. The apparent g values for the corresponding features in 

the spectrum of the B. cereus 5/B/6 enzyme were 5.21, 3.08, 

4.17 and 2.19, respectively. The small resonance which 
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appears in Figure 21c near g « 2 was occasionally present in 

variable amounts in some, but not all samples and Its 

magnitude did not correlate well with the history of the 

sample. Small shifts in the exact positions of the maxima and 

minima of the broad, low-field Co (II) resonances were 

observed which depended upon the composition of the buffer 

solution used. For example, spectra of the B. cereus 569/H/9 

Co (ll)-reconstituted beta-lactamase II in 50 mM MOPS + 100 

mM KCI + 0.5 mM C0SO4 (pH 7.0) displayed maxima and minima 

for the major low-field resonance with apparent g values of 

5.35 and 3.07, respectively. In 50 mM HEPES + 0.5 mM C0SO4 

(pH 7.0), the same enzyme had maxima and minima for the 

major low-field resonance with apparent g values of 5.32 and 

3.20, respectively, while the crossover point appeared at g = 

4.38 and the high-field minimum appeared at g = 2.25. 

The continuous flow/freeze quench rapid kinetic EPR 

spectrum of Co(ll)-reconstituted beta-lactamase II of fi^ 

cereus 5/B/6 in the presence of cephalosporin C can be seen in 

Figure 22. The enzyme was mixed with cephalosporin C and 

allowed to react for 50 msec before freeze quenching by 

spraying the reaction mixture into an isopentane bath cooled 

with liquid nitrogen to -150 oc. The spectrum displays a 

prominent, broad low-field resonance having a maximum and a 

minimum with apparent g values of 5.02 and 3.96, respectively. 
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CHAPTER IV 

DISCUSSION 

The modifications to the growth conditions for B. cereus 

569/H/9 and 5/B/6 and fermentation procedures described 

previously not only eliminated the need for a fermenter with 

pH-stat capability but also allowed for consistently 

reproducible levels of bacterial growth and beta-lactamase II 

activity- The levels of B. cereus 569/H/9 beta-lactamase II 

enzymatic activity compared quite favorably to those reported 

previously (Davies et al., 1974; Kiener, 1982). The levels of fi^ 

cereus 5/B/6 beta-lactamase II enzymatic activity obtained 

here exceed those previously reported (Davies et al., 1975) by 

more than a factor of two. The "S" broth medium (Kiener, 

1982; Baldwin et al., 1980) has not been previously utilized in 

the growth of B. cereus 5/B/6. In all our fermentation 

experiments, significantly higher levels of bacterial growth 

and beta-lactamase II enzymatic activity could be obtained if 

longer fermentation times were used than those specified in 

Chapter II. In the case of B. cereus 569/H/9 grown on the 100 

mM phosphate "S" broth, the beta-lactamase II enzymatic 

activity would reach a level that was more than 1.5 times 

greater than the highest level previously reported for that 

medium (Kiener, 1982) at a fermentation time of 8 hours. 

However, there were sizable drops in the beta-lactamase II 

enzymatic levels at the longer fermentation times. These 

64 
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drops in the enzymatic activity levels were presumably a 

result of proteolysis (data not shown) and could be avoided by 

the shorter fermentation times. 

The purification scheme presented here offers significant 

advantages over the previous schemes. This new scheme 

eliminates the need for absorption of dilute beta-lactamase II 

enzyme onto very large amounts (up to 15 kg) of Celite 545 and 

also eliminates the need for the heating step used previously 

(Davies et al., 1974; Kiener, 1982) to separate beta-lactamase 

II from beta-lactamase I In the case of B. cereus 569/H/9. The 

very high recoveries of beta-lactamase II activity obtained 

here are partially due to the elimination of the two previously 

mentioned steps. In terms of overall yield, the recovery levels 

of this new purification scheme are 5.6 times higher than the 

level reported for B. cereus 569/H/9 beta-lactamase II 

purified from the CH/C type medium (Davies et al., 1974) and 

1.3 times higher than that reported for purification from the 

"S" broth medium (Kiener, 1982). The 91% recovery of the 

beta-lactamase II 5/B/6 activity obtained here compares well 

with the recovery reported for that enzyme (Davies et al., 

1975). Using this purification scheme in combination with the 

new fermentation conditions described previously, the result 

Is a net yield that Is twice that reported previously (Davies et 

al., 1975). In terms of efficiency for a single step in the 

purification scheme, the greatest apparent increase in the 
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beta-lactamase II specific activity was obtained from the 

HPUF concentration and constant volume dialysis step. For the 

fermentation of B. cereus 569/H/9 using the 100 mM phosphate 

"S" broth, the G-75 Sephadex gel filtration step resulted in 

only a 20% increase in the beta-lactamase il specific activity. 

However this step was able to remove small amounts of 

impurities with molecular weights both lower and higher than 

beta-lactamase II, and the sample was desalted in preparation 

for subsequent gradient cation exchange chromatography. 

The results of the SDS and native PAGE clearly further 

attest to the homogeneity of these preparation. The molecular 

weight estimations agree within experimental error with the 

known molecular weights for these enzymes (Ambler et al., 

1985; Hussain et al., 1985; Lim et al., 1988). The steady-state 

parameters for B. cereus 569/H/9 beta-lactamase II revealed, 

as would be expected, that the Km and Vmax values are 

independent of the medium from which the enzyme was 

purified. Also, the Km values for both enzymes are in 

excellent agreement with the published value of 0.22 mM for 

the B. cereus 569/H/9 beta-lactamase II (Abraham and Waley, 

1979) and 0.31 mM for the B. cereus 5/B/6 enzyme (Davies et 

al., 1975). The Vmax values obtained for B. cereus 569/H/9 

and B. cereus 5/B/6 beta-lactamase II are 14 and 18% higher, 

respectively, than the previously reported values (Abraham and 



67 

Waley, 1979; Davies et al., 1975), but the ratio of these Vmax 

values is almost Identical to the ratio reported by Davies et al. 

(1975). 

The 30-34% recovery of the original beta-lactamase II 

specific activity upon reconstitution of the apoenzyme with Co 

(II) represents a significant Increase in the previously 

reported recoveries of 13 % (Bicknell et al., 1983) to 20% 

(Davies et al., 1974). The values for the recovery of the fi^ 

cereus 5/B/6 beta-lactamase il upon reconstitution with Co 

(11) has not been previously reported. The use of the G-25 

Sephadex gel filtration column to separate the apoenzyme from 

the excess EDTA and the EDTAiZn complex avoids the lengthy 

dialysis and chromatography procedures used previously 

(Bicknell et al., 1983). The overall shorter time required for 

Co (ll)-reconstitution by this procedure may explain the 

Increase in the recovery. 

The absorbance maxima in the visible electronic spectrum 

of the Co (ll)-reconstituted B. cereus 569/H/9 beta-lactamase 

II (Fig. 18) are identical to those reported previously (Bicknell, 

et al., 1986a) while the molar absorption extinction 

coefficients are nearly identical to Bicknell and co-workers 

(1986a). This absorption spectrum Is due to Co (11) at the first 

(tighter) binding site. Previously, these spectra were 

interpreted as arising from a distorted, perhaps 

pentacoordinate, metal coordination sphere (Bicknell and 
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Waley, 1985; Bicknell et al., 1986a). The binding of Co (II) to 

the second binding site has no apparent effect on the spectrum 

(data not shown). The addition of stoichiometric amounts of 

zinc (II) to both the mono- and dicobalt (II) beta-lactamase 11 

resulted in the loss of the characteristic Co (II) enzyme 

features because the active site Co (II) is replaced with the Zn 

(II) ion (data not shown). The two peaks that have absorbance 

maxima at 616 and 640 nm are lost in the presence of sodium 

citrate (Fig. 19) as well as sodium succinate and potassium 

acetate (data not shown) which suggests that the carboxylate 

anion is responsible for the change in the spectra. Not only are 

these two peaks lost, but there is also an increase in the molar 

extinction coefficient in the charge-transfer transition 

accompanied by a shift in the wavelength maximum to 353 nm. 

When cephalosporin C is mixed with Co (ll)-reconstituted 

beta-lactamase II, there is a 2.4-fold increase in the molar 

extinction coefficient of the charge-transfer band along with a 

shift in the maxima to 342 nm suggesting a tightening of the 

Co (ll)-thiol bond (Bicknell and Waley, 1985). Another 

interpretation is that in the presence of substrate, there is a 

better overlap of the orbitals between the active site cobalt 

(11) ion and the thiol group of the cysteine residues. Also, the 

two peaks with absorbance maxima at 616 and 640 nm are lost 

which is reminiscent of the Co (II) enzyme in the presence of 

carboxylate anion. These two spectra are similar to the 
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spectra of the ESi intermediate observed when Co (II)-

reconstituted beta-lactamase il is mixed with benzylpenicillin 

(Bicknell and Waley, 1985; Bicknell et al., 1986a). The effects 

of the carboxylate anion and the cephalosporin C on the visible 

absorption spectrum of Co (il)-reconstituted beta-lactamase II 

suggest that the anions are bound to the metal Ion or to a site 

very close to it. It is possible that the metal ion may be 

required for forming the anion binding site of the enzyme or 

anions could result In a rearrangement of the protein structure 

without being a ligand to the metal ion. 

The three EPR spectra in Figure 21 are typical of those 

observed previously for several other Co (ll)-reconstituted 

enzymes and proteins in which the high-spin Co (II) exists in a 

rhombically distorted environment (Nelson et al., 1984; Rose 

et al., 1984; Calabrese et al., 1979; Bicknell et al., 1986b; 

Lorosch and Hasse, 1986). While these spectra are consistent 

with pentacoordinate geometry, there are noticeable 

differences between these spectra and the spectrum 

previously reported for B. cereus 569/H/9 beta-lactamase II 

(Bicknell et al., 1986a) which had resonances at g « 6.29, 4.21 

and 1.99. Since there are the similarities in specific activity, 

molecular weight, steady-state kinetic properties and optical 

spectral properties, the difference In the EPR spectra is 

unexpected. In order to resolve the differences, several 

possible causes for the discrepancy have been investigated. 
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For example, the previously reported spectrum was recorded in 

50 mM HEPES (pH 7.0), whereas the spectra in Figure 21 was 

recorded In 50 mM MOPS (pH 7.0). However, as mentioned in 

the results, the change In buffers causes only minor changes in 

the apparent g values. The small resonance which appears in 

Figure 21c near g = 2 is probably due to a small amount of 

contaminating, adventitiously bound Cu (II) ion introduced 

during the handling of the apoenzyme. The spectrum obtained 

by Bicknell and co-workers (1986a) employed lyophilization to 

concentrate the enzyme. Since lyophilization causes up to a 

30% decrease in specific activity in this laboratory, 

ultrafiltration is the preferred method of concentration. 

Nevertheless, we have prepared lyophilized samples of fi^ 

cereus 569/H/9 Co (ll)-reconstituted beta-lactamase II for 

EPR analysis, and find that the spectra are identical to those 

of Figure 21. The same results were obtained when the 

apoenzyme was generated as described by Davies and co

workers (1974) which involves extensive dialysis or Inserting 

a heating step into the purification scheme (Davies et al., 

1974). It should be noted that the spectrum reported by 

Bicknell and co-workers (1986a) was obtained at a microwave 

power level of 200 mW and a sample temperature near 4 K. 

The spectra presented in Figure 21 were obtained at 3 mW and 

10 K. In our hands, EPR spectra of Co (ll)-reconstituted beta-

lactamase li obtained at 200 mW and below 10 K are severely 
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saturated. Presently, we cannot explain the difference 

between these spectra and that reported by Bicknell co

workers (1986a). 

The continuous flow/freeze quench rapid kinetic EPR 

spectrum of Co(ll)-reconstituted beta-lactamase II of E* 

cereus 5/B/6 in the presence of cephalosporin C shown in 

Figure 22 with apparent g values of 5.02 and 3.96 is very 

similar to the spectra previously reported for the Co(ll)-

reconstituted beta-lactamase II of B. cereus 569/H/9 having g 

values of 5.04 and 3.92 (Thannoun, 1985). This narrowing of 

the signal can be interpreted as a change in the coordination 

number in the active site metal Ion during catalysis. This 

change in the spectrum can be possibly interpreted as a change 

from the rhombically distorted pentacoordinate high spin Co 

(II) complex in the resting enzyme to a more axial environment 

when substrate is present (Nelson et al., 1984; Rose et al., 

1984; Calabress et al., 1979; Bicknell et al., 1986a; Lorosch 

and Hasse, 1986). 

Bicknell et al. (1986a) proposed that the Co (II) In Co (II)-

substituted beta-lactamase 11 Is pentacoordinate with three 

ligands arising from the three histidine residues and one 

ligand from a cysteine residue. The fifth ligand is by analogy 

to other zinc-requiring hydrolases tentatively suggested to be 

a metal-coordinated water molecule or hydroxy anion. Their 

proposed mechanisms are: 
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Scheme I 

E + S^;=±r(ES*:^z:^ES^)—^^-^ E + P k2 

t 
• • - E + P 

Scheme II 

E + S^;:^r(ES*^;;z:^ES^) -^ E + P 

ES^ 

The MCD spectrum of ES^ is very similar to that of the resting 

enzyme and is consistent with penticoordinate geometry for 

the Co (II) ion in ES^. However, ES'' shows close resemblance 

to MCD spectra of 4-coordinate model complexes. The 

exceptional similarity between the absorption spectra of ES* 

and ES"! suggest that the metal ion coordination number in ES* 

Is also 4-coordinate. 

Grell and Bray (1971) have reported EPR spectra of Co(ll)-

reconstituted bovine carbonic anhydrase B which appear very 

similar to the ones presented in this dissertation. Upon 

addition of increasing imidazole concentration at pH 7.8, they 

obtained EPR spectra which have the same characteristics as 

the spectra we generate upon the addition of cephalosporin C 

to the Co (ll)-beta-lactamase II (Thannoun, 1985). They 

Interpreted these changes in the spectra to correspond to a 
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change in the coordination number or to a ligand substitution 

reaction with maintenance of coordination number. 

Therefore, we propose that the more axial EPR signal that 

we observe upon the addition of cephalosporin C is due to a 

change in coordination geometry about the Co (II) ion in going 

from a pentacoordinate geometry in the resting enzyme to a 

four-coordinate geometry for the enzyme-substrate 

Intermediate supporting the hypothetical scheme of Bicknell 

and co-workers (1986a). 

We intend to further characterize the EPR signals of the 

resting Co(ll)-reconstituted enzyme, where the coordination 

geometry is thought to be known, as well as that of the 

intermediate, using microwave power saturation and 

temperature dependence studies to determine the zero field 

splitting (ZFS) energies (Makinen and Yim, 1981). Even though 

EPR spectra of high spin Co (II) are derived from an S=3/2 

state and are therefore more complex than S=1/2 systems, the 

liquid helium EPR spectra of Co (II) complexes in enzymes can 

be very sensitive to the ligand composition and geometry of 

the complexes (Palmer, 1980). Some trends In coordination 

number are discernible at least In model complexes (Bencini 

and GatteschI, 1980). The ZFS of high spin Co (II) has been a 

useful parameter in defining the metal coordination geometry 

of Co(ll)-reconstituted alcohol dehydrogenase and its complex 

with NAD+ (Makinen and Yim, 1981). 
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