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Abstract

The B-lactam antibiotics have been in use for human and animal therapy for
more than 50 years. The synthesis of P-lactamases represents the most
widespread and the most efficient mechanism devised by the pathogenic bacteria
to escape the lethal action of B-lactam antibiotics. Of all B-lactamases, class A
enzymes are the most commonly encountered by clinicians and hence, have been
extensively studied. However, despite numerous kinetic, structural and
site-directed mutagenesis studies, we have not completely succeeded in
explaining the diversity of the specificity profiles of B-lactamases and their
surprising catalytic power. The solutions to these problems may represent the
cornerstones on which better antibiotics and inhibitors of B-lactamases can be
designed, hopefully on a rational basis.

The generation and analysis of hybrid enzymes is one of the most powerful
tools for understanding structure-function relationships of enzymes and the

creation of enzymes with novel properties. Eighteen chimeric B-lactamase genes



(six from penPC and penP, 12 from penPC and pcl) were successfully generated
in E. coli RR1 by in vivo intramolecular recombination within the homologous
regions between two class A B-lactamase genes [the B-lactamase I gene from
Bacillus cereus (penPC) and the B-lactamase gene from Bacillus licheniformis
(penP); or penPC and the B-lactamase gene from Staphylococcus aureus (pcl)).
These hybrid genes encode novel B-lactamases with their N-terminal moiety
derived from PenPC and C-terminal moiety derived from either PenP or PC1.

While PenPC, PenP and their hybrid B-lactamases were highly expressed in
Bacillus subtilis by the use of a novel expression vector, $ 105 MU331 prophage,
the efforts to express PC1 and its hybrid B-lactamases with the same system were
proved to be unsuccessful. The expressed PenPC, HybridB, HybridC, HybridD,
HybridE and HybridF were purified to high purity by affinity binding to Celite,
but PenP and HybridA were purified by cation-exchange chromatography.

PC1 and its hybrid 8 -lactamases were successfully expressed in E. coli as
GST fusion proteins. The expressed GST fusion proteins with PC1, PenPC,
Hybridl, Hybrid2, Hybrid3, and Hybrid4 were highly soluble. However, the
expressed GST-Hybrid5S was only partially soluble, and the other GST fusion
proteins were found to be expressed as inclusion bodies. Many efforts made to

improve the solubility of these fusion proteins were demonstrated to be



unsuccessful, including lowering the growth temperature during induction from
37°C to 20°C, 25°C or 30°C, decreasing IPTG concentration to 0.05 mM,
expressing fusion protein in different host stains [BL21, BL21(DE3)] and the
addition of ethanol (to a final concentration of 3%) to the growth medium.
Nevertheless, when all these hybrids were expressed as maltose binding protein
(MBP) fusions in E. coli, all the expressed fusion proteins were found to be
highly soluble. They were purified by a one-step amylose affinity column.
Detailed kinetic characterizations and stability studies were carried out for
these purified B-lactamases. Many conclusions are drawn: (1) The C-terminus of
PenPC is essential to its stability and effective catalysis. The replacement of it
(42 amino acids) with the corresponding sequence from PC1 causes significant
loss of enzyme activity and stability. The identity and similarity of this
C-terminal region between PenPC and PCl are 30% and 62%, respectively,
which are quite similar to the identity (34%) and similarity (57%) between the
two entire polypeptides; (2) The region in between the crossover points in
Hybrid5 and Hybrid6 may be very important for the determination of substrate
specificity of Class A B-lactamases, since the Kr, values of MBP-Hybid5 (similar
to PCl) for many p-lactams are significantly different from those of

MBP-Hybrid6 (similar to PenPC). By alignment of protein sequences, the two



hybrids differ at a 43-amino-acid region, covering Ser 70 and Lys 73, which are
crucial active site residues for Class A B-lactamases. The identity and similarity
of this region between PenPC and PC1 are 41% and 69%, respectively, which are
much higher than those of the two entire polypeptides. Some residues in this
region may play important role in determining substrate specificity;  (3)
Compared with their parents, hybrid enzymes lose their stability to different
extent; (4) Some hybrids, especially those with crossovers occurred near the
middle of the two B-lactamases, such as Hybrid6, Hybrid7 and Hybrid8,
dramatically lost their catalytic efficiency in hydrolyzing penicillin G, ampicillin
and nitrocefin. In contrary, they have high substrate affinity to other B-lactams
with bulky side-chains such as methicillin and oxacillin. This suggests that the
generation of hybrid enzymes is similar to the evolution process. In carving out a
larger active site to accommodate the B-lactams with bulky side-chains, these
new enzymes lost their power to hydrolyze B-lactams with simple side-chains.
Also, they lost their internal actions that formerly contributed to their internal

integrity, lowering their stability.
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Chapter 1 Introduction

1.1 B-Lactams and their target enzymes

The most widely used antibiotics are B-lactams such as penicillins and
cephalosporins. The success of this family of drugs depends on their high clinical
efficacy, broad-spectrum activity, and good safety profile. The B-lactam antibiotics are
classified together as a result of their common core structure: the
four-membered-lactam ring (Figure 1.1). The B-lactam antibiotics have structural
similarities with the binding sites of bacterial substrates, which enable them to attach
to and inactivate the transpeptidases involved in bacterial cell wall synthesis. Their
broad spectrum of clinical effectiveness and tolerability mean that more than 50 years
after their introduction, B-lactam antibiotics are still very widely used in the successful

management of many common bacterial infections.
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Figure 1.1 Structures of some B-lactam antibiotics (after Matagne et al., 1998). (A) Penams
(e.g. benzylpenicillin, ampicillin, amoxycillin), (B) cephems (cephalosporins), (C)
cephamycins (e.g. cefoxitin), (D) cefotaxime (oximino cephalosporin; R = CH,~O-CO-
CH,), (E) oxacephamycins (e.g. moxalactam), (F) carbapenems (e.g. imipenem), G)
clavulanate (oxapenam), (H) monobactams (e.g. aztreonam), (I) temocillin (6—-methoxy
penam) and (J) sulbactam (penam sulphone).
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The history of the antibiotics is generally considered to begin with Alexander
Fleming and his observation in 1928 that a strain of the mould Penicillium produced a
diffusible antibacterial agent that he named penicillin (Fleming, 1929). Fleming
carried out a number of studies on the antibacterial activity of penicillin in vitro using
the filtrate from liquid cultures of Penicillium. He also showed that the culture filtrate
appeared to be non-toxic when injected into mice and rabbits. However, he did not
carry out any studies against experimental infections in animals, and thus failed to
demonstrate an essential property of penicillin, namely its ability to overcome

bacterial infection when administered systemically.

The first B-lactam antibiotics such as benzylpenicillin began making their way
into clinical use in the 1940s and 50s. By killing the bacteria that cause many of
humankind’s worst infectious diseases, such as tuberculosis and pneumonia, they
saved countless lives. They were hailed as miracle drugs, but not all miracles last
forever. Bacteria evolve methods of evading their action with all antibiotics including
B-lactams. Soon after -lactams were introduced as chemotherapeutic weapons, their
efficiency was challenged by the emergence of resistant pathogenic strains (Abraham
and Chain, 1940; Kirby, 1944). In consequence, new molecules have been
progressively introduced, with structures increasingly different from those of the

original drugs; therefore, the B-lactam antibiotics form an ever-expanding family of
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compounds. Table 1.1 lists the dates when B-lactam antibiotics were approved for use

in the United States (Medeiros, 1997).

The B-lactam antibiotics inhibit a set of transpeptidase enzymes [also called
penicillin-binding proteins (PBPs)] that are important for the construction of the
peptidoglycan layer in the bacterial cell wall. This layer protects bacteria from lysis
under osmotic pressure (Frere et al., 1992; Ghuysen, 1991). The peptidoglycan is also
an essential element in maintaining the shape and rigidity of the cell wall, in both
Gram-positive and Gram-negative bacteria. This macromolecule is unique to the
bacterial world, which explains the high specificity of antibiotics interfering with its
biosynthesis.

Membrane DD-peptidases, the physiological targets of B-lactam compounds, are
responsible for the synthesis and remodelling of the peptidoglycan (Frere et al., 1992;
Ghuysen, 1991; Nanninga, 1991). These lethal targets in bacteria are active-site serine
enzymes which perform their catalytic cycle according to an acylation/deacylation
mechanism, involving transient acyl-enzyme adducts (Frere and Joris, 1985; Jamin er

al., 1995) (Figure 1.2).



Table 1.1 Dates when B-lactam antibiotics were approved for use in the United States

Chapter 1 Introduction

Antibiotic era Antibiotic Approval
date
1940-1960: the penicillin era Penicillin 05/46
1960-1978: The era of Methicillin 10/60
broad- spectrum penicillins Oxacillin 01/62
and early generation Ampicillin 12/63
cephalosporins Nafcillin 0l/64
Cephalothin 07/64
Carbenicillin 08/70
Cefazolin 10/73
Ticarcillin 11/76
Cefamandole 09778
1978-1995: The era of Cefoxitin 10778
Cephamycins, Cefotaxime 03/81
Oxyiminocephalosporins, Piperacillin 12/81
Monobactams, Cefoperazone 11/82
Carbapenems, Ceftizoxime 09/83
And B-lactamase inhibitors Cefuroxime 10/83
(clavulanic acid and Amocicillin/clavulanate 08/84
penicillanic acid sulfones) Ceftriaxone 12/84
Ticarcillin/clavulanate 04/85
Ceftazidime 07/85
Imipenem/cilastatin 11785
Cefotetan 12/85
Ampicillin/sulbactam 12/86
Aztreonam 12/86
Piperacillin/tazobactam 10/93
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Figure 1.2 General catalytic pathway of active-site serine penicillin-recognizing
enzymes (after Matagne e al., 1998). In general, both acylation (k,) and hydrolysis of
the acyl-enzyme (k;) are rapid, resulting in high turnover numbers Koo = lyxhs/(kytks)]
and specificity constants [k.,/K,, = &/K’ where K> = (k;+k,)/k,,]]. Note that the k./K,
parameter (also sometimes referred to as the 'catalytic efficiency”) corresponds to the
apparent second-order rate constant for acyl-enzyme formation (k/K’), and thus is
independent of the deacylation rate. Hence the genuine catalytic efficiency of the
enzyme rests on high values of both k /K, and k.
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[nterestingly, the B-lactam compounds appear to form a similar adduct when
reacting with their physiological targets (the DD-peptidases) and with active-site
serine B-lactamases. The difference between these two types of enzymes is purely
quantitative. Indeed, with the former, the k; values are very low (hardly ever above
0.001 s™) and the acyl-enzymes are very stable (£2 > 10 min), whereas with the latter
very high k; values are observed (up to ~10000 s™ for the interaction between the B.
licheniformis and the Streptomyces albus G B-lactamases and benzylpenicillin at
30 °C). Also the rate of acylation (kcy/Km, see Figure 1.2) is generally larger with
B-lactamases, sometimes close to the diffusion-limited values of 10-10° M'-s™'.
These purely quantitative differences result in sharp qualitative differences, as

B-lactamases inactivate penicillins, whereas penicillins inactivate PBPs (Matagne er

al., 1998).

B-Lactam resistance is becoming an increasing problem for clinicians worldwide,
in both hospital and community settings. Resistance is mediated by four mechanisms:
decreased access to the targets in the bacterial cell by the antibiotic; altered
penicillin-binding proteins; upregulation of endogenous efflux mechanism; and
destruction of the antibiotics by B-lactamases (Davies, 1994; Levy, 1994). The most
frequent and most efficient mechanism of resistance to B-lactams is the production of

B-lactamase enzymes (Sanders and Sanders, 1992; Sykes and Matthew, 1976), which
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are now seen in a wide variety of clinically important bacteria. B-Lactamase
production has been widely reported among the Enterobacteriaceae, Haemophilus
influenzae, Moraxella spp., Neisseria gonorrhoeae, Vibrio cholerae, Pseudomonas
aeruginosa (Garau, 1994) and anaerobes such as Bacteroides fragilis, Prevotella spp.,

Fusobacterium spp., and Clostridium spp. (Summanen et al., 1993).

1.2. B -Lactamases

B-Lactamases (E.C. 3.5.2. 6, systematic name: B-lactam hydrolase) are a group of
constitutive or inducible enzymes. They catalyze the hydrolysis of the B-lactam ring,
splitting the amide bond and leaving a substituted B-amino acid. As a result, the
antibiotics can no longer inhibit bacterial cell wall synthesis. The enzymes are of
varying specificity, some acting more rapidly on penicillins (penicillinase), some
acting more rapidly on cephalosporins (cephalosporinase). Cephalosporinase was

formerly classified separately as E.C. 3.5.2.8.

Although all B-lactamases catalyze the same reaction, at the latest count, at least
340 B-lactamases, originating from clinical isolates, have been described with unique
amino acid sequences or differentiated phenotypic behavior (Bush, 2001). They have
been classified according to several schemes, based on, for example, amino acid

sequence homology, and biochemical characteristics such as molecular weight or

8
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substrate specificities. The location of genes encoding f-lactamases also varies; they
may be an innate part of the chromosome, or are encoded on plasmids. Chromosomal
B-lactamases are universal in a specific bacterial species, whereas the presence of
those encoded by plasmids is variable, and they are transferable between bacterial
species. Further genetic mobility may be provided by transposons, which can carry
B-lactamase genes from plasmids to chromosomes. More rarely, chromosomal
B-lactamase genes may escape onto plasmids. This mobility is important since it
allows for the possibility of the spread of resistance genes through several bacterial

communities.

Attempts to classify B-lactamases began in the late 1960s and the first scheme to
achieve wide acceptance was proposed by Richmond and Sykes (1973). This scheme
was based on whether an enzyme hydrolyzed penicillin more or less rapidly than
cephaloridine and whether its activity was inhibited by cloxacillin and/or
p-chloromercuibenzoate.

Based on structural comparisons of amino acid sequence relationships among the
diverse series of B-lactamases, these enzymes have been categorized into several
subgroups. Following an initial work by Ambler er al. (1980), these enzymes are
grouped into four molecular classes: A, B, C, and D. Class A, C, D B-lactamases

utilize an active-site serine residue and function by the three-step mechanism (shown
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in scheme 1) similar to the DD-peptidases, involving the transient formation of an
acyl-enzyme in which the hydroxyl group of the essential serine residue is esterified

by the carbonyl group of the antibiotic moiety (Frere et al., 1991; Waley, 1992; Fisher

et al., 1980).

k+1 kz k3
E + C«-;—rEC ——EC*—E+P
1
Scheme 1

where E is the enzyme, C the antibiotic, EC a non-covalent Heri-Michaclis complex,
EC* a covalent acyl-enzyme and P the inactive degradation product of the antibiotic.
Most clinically important B-lactamases belong to classes A and C. Class A
B-lactamases prefer penicillins as substrates, whereas class C enzymes turn over
cephalosporins better. On the other hand, class D p-lactamases hydrolyze
oxacillin-type B-lactams efficiently. In particular, Class A includes the chromosomal
B-lactamases of Klebsiella spp., Citrobacter diversus, Proteus vulgaris and most
Bacteroides spp., as well as virtually all the common plasmid-encoded B-lactamases.
Class C comprises the chromosomal AmpC (Richmond & Sykes Class D
cephalosporinases. Class D comprises the OXA enzymes, which are widely scattered
in Enterobacteriaceae as plasmid-encoded types (Livermore, 1998).

Class B B-lactamases are metalloenzymes. Although in vitro experiments have

10
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shown that the Co®* and Cd** derivatives are enzymatically active (Davies and
Abraham, 1974a; Davies and Abraham, 1974b), it seems that the naturally occurring
cation is always ZnZ*, requiring zinc for activity. The detailed mechanism of
metallo-B-lactamases has no been established, but the overall catalytic function is
similar to that of serine-based enzymes. There are a number of uncertainties as to
whether the mechanism involves a general base catalysis, a Zn atom behaving simply
as an eletrophile, a second Zn atom involvement in the mechanism, or a zinc atom
acting as a provider of Zn-bound hydroxide ion (Ambler, 1980). Whatever the
mechanism, it is likely that Zn (II) stabilizes the tetrahedral intermediate presumed to
be formed during the catalysis process. Class B enzymes can rapidly hydrolyze a
broad range of substrates, including carbapenems, which resist hydrolysis by most of
the other classes of enzymes. They are resistant to B-lactamase inhibitors. Class B
enzymes were originally confined to a few isolated strains of Bactrtoides fragilis and
Bacillus cereus as chromosomal enzymes, but have been identified in Japen later on
plasmids carried by Bactrtoides fragilis, Klebsiella pneumoniae, Serratia marcescens
and Pseudomonas aeruginosa. Such strains appear to be confined to localized area,
but they have the potential for widespread dissemination.

Recently, the cysteine-rich protein A from Helicobacter pylori (HcpA) was

found to be a B-lactamase and was designated as class E B-lactamases Mittl et al,

3
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2000). HcpA slowly hydrolyzes 6-aminopenicillinic acid (6-APA) and
7-aminocephalosporanic acid (ACA) derivatives. The turnover for 6-APA derivatives
is 2-3 times greater than for ACA derivatives. The enzyme is efficiently inhibited by
cloxacillin and oxacillin but not by ACA derivatives or metal chelators. However, the
designation of class E B-lactamase is still not widely accepted.

With the discovery of more B-lactamases and the availability of additional
sequence data and biochemical information, an alternative classification scheme for
B-lactamases based on functional characteristics has been proposed by Bush and
coworkers (Bush et al., 1995), who tried to correlate molecular structure with catalytic
profiles and sensitivity to inactivator. This divides the enzymes into four groups
according to substrate and inhibitor susceptibilities. Group 1 consists of
cephalosporinases, which are not inhibited by clavulanic acid. Group 2 consists of
penicillinases, including broader-spectrum B-lactamases that are generally inhibited
by mechanism-based inhibitors. Subgroups of enzymes, namely, 2a, 2b, 2c, 2d, 2e and
2f, were defined based on the rates of hydrolysis of carbenicillin, cloxacillin,
extended-spectrum f-lactams ceftazidime, cefotaxime, or aztreonam and of inhibition
profile by clavulanate, respectively. Enzymes that are inhibited by the metal-chelating
agent ethylenediame tetra-acetic acid (EDTA) are classified as group 3. Group 4

consists of B-lactamases that are only poorly inhibited by the B-lactamase inhibitor

12
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clavulanic acid. It is summarized in Table 1.2, together with an updated summary of
the numbers of enzymes and their major attributes. As seen in Table 1.2, from 1995
through 2000, 5 of the 11 (sub)groups of B-lactamases increased in number by at least
50%: groups 1, 2be, 2br, 2d, and 3. Of these, at least 3 different groups of enzymes are
increasing in prevalence worldwide: the plasmid-encoded functional group 1
cephalosporinases, the group 3 metallo — B-lactamases, and the group 2be
extended-spectrum B-lactamases (ESBLs), which represent the largest group of
B-lactamases described. The other 2 budding groups are somewhat less problematic in
North America, in part because of the confinement of the group 2br inhibitor-resistant
TEM B-lactamases to Western Europe and the restriction of the newer, less efficient
group 2d OXA-related enzymes primarily to Eastern Europe (Bush, 2001). The
heterogeneity of group 2 in the classification emphasizes the amazing diversity of the
catalytic properties of class A B-lactamases (Matagne et al., 1990).

However, for simplicity, the consensus-numbering scheme (ABL scheme)
proposed by Ambler et al. (1991) will be used throughout this thesis to facilitate

comparisons between different class A B-lactamases.
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1.3. Fighting the B-lactamases

Two strategies have been used to overcome B-lactamase-mediated resistance to
B-lactam antibiotics: modification of the antibiotic's structure so that it is no longer a
substrate for the enzyme, and inhibition of the enzyme using a compound that is
structurally related to the B-lactam substrate. The use of B-lactamase inhibitors has
proved the more successful in recent years, because the rapid evolution of pathogens
has resulted in the eventual emergence of B-lactamases that are capable of hydrolysis

of the modified B-lactams that have been developed (Moosdeen, 1996).

The ability of certain natural and semi-synthetic B-lactam agents to inhibit
selected B-lactamases has been known for a long time. A wide search for more potent
compounds resulted in the discovery of carbapenems and clavulanic acid from natural
products, and the subsequent synthesis of the sulphones, sulbactam and tazobactam
(Muratani et al., 1993). The B-lactamase inhibitors in therapeutic use have poor
antimicrobial activity and act synergistically in combination with B-lactamase-labile
penicillins. None is effective against metallo-B-lactamases. The penicillins,
cephalosporins and monobactams are primarily competitive inhibitors, or, more
specifically competitive substrates. Their action is often reversible leaving the
enzymes intact, because they simply act as poor substrates that bound tightly to the

B-lactamase and are hydrolyzed slowly. The most effective inhibitors that have been
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developed commercially are irreversible, the enzyme and inhibitor interacting
competitively initially and then progressively forming a complex in which both
enzyme and inhibitor are inactivated: progressive or ‘suicide’ inhibitors. Inactivation
usually occurs after a fixed amount of inhibitors has been hydrolyzed like a normal
substrate. Clavulanic acid, sulbactam, and tazobactam are all of this form, although
the precise nature, rate and degree of inactivation differ considerably among the
various agents and enzyme (Muratani et al., 1993). The reaction mechanism is quite
complicated and, although the key intermediates are the same, the reaction probably
follows a slightly different course in the various types of class A enzymes. For
clavulanic acid, the reaction with S. aureus PC1 enzyme is nearly stoichiometric. The
reaction with other class A enzymes requires higher molar stoichiometric to achieve
complete inhibition. TEM-2 B-lactamase has been reported to require 115 moles/mole
enzyme for complete inhibition. Brown et al. (1996) showed that the reaction leading

to irreversible inhibition involves cross-linking to Ser 130 in the active site.

There are three B-lactamase inhibitors in clinical use: clavulanic acid, sulbactam,
and tazobactam (Figure 1.3). Five B-lactam/B-lactamase inhibitor combinations are
commercially available for the treatment of common infections, although some are
only available as parenteral preparations and others used for community-acquired

infections because of their oral bioavailability (Table 1.3). These combination
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therapies are being successfully used for the treatment of infectious due to
B-lactamases producing organisms. However, these inhibitors are becoming less
effective for certain infectious. During the past two decades, considerable efforts has
been expended to identify better inhibitors by exploiting the newly acquired

knowledge of structure and mechanism of action of these enzymes and their inhibitors

(Sandanayaka and Prashad, 2002).

Clavulanic acid Tazobactam Sulbactam
N=—N o o
oW " \s//o S "/\) N \3/ o
H — ] [ [
ﬁ /——7f'°"~ )——flw’
o H COoH o/ COOH 0/ ] cooH

Figure 1.3 Structure of B-lactamase inhibitors

Table 1.3 B-Lactams/B-lactamase inhibitors for clinical use

B-Lactam B-Lactamase inhibitor Administration route
Ampicillin Sulbactam Parenteral and oral
Cefoperazone Sulbactam Parenteral only
(not available in the USA)
Piperacillin Tazobactam Parenteral only
Ticarcillin Clavulanic acid Parenteral only
Amoxicillin Clavulanic acid Parenteral and oral

(only oral form available in the USA)

17



Chapter 1 Introduction

1.4 Conserved elements among DD-peptidases and B-lactamases

The similarity between P-lactamases and DD-peptidases is not restricted to
'mechanistic’ properties. Indeed, X-ray diffraction studies have highlighted striking
structural analogies between the Streptomyces R61 (S. R61) DD-peptidase and several
class A and class C B-lactamases (Figure 1.4) (Jamin et al., 1995; Kelly et al., 1986;
Lobkovsky et al., 1993; Oefner er al., 1990; Samraoui et al., 1986). There are striking
similarities in the organization of the secondary structure elements, despite very low
degrees of sequence similarity. These enzymes are all medium-sized monomeric
proteins (M; values of about 29000 and 39000 for class A and class C B-lactamases
respectively, and 37500 for the S. R61 DD-peptidase), which are made up of two
structural domains (an all-o and an o/B domain) with the active site situated in a
groove between the two domains (Figure 1.4). Compared with the class A
B-lactamases, the class C enzymes and the S. R61 PBP have additional loops and

secondary structures on the surface of the all-a domain («-20 helix).

Several conserved elements have been identified in the vicinity of the active-site
serine residue of DD-peptidases and B-lactamases, which appear to be directly or
indirectly involved in the substrate recognition and catalytic processes (Table 1.4)
(Matagne et al., 1999). Careful comparisons of the primary and tertiary structures

have allowed identification of the same structural and functional elements in all
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active-site serine penicillin-recognizing enzymes (Ghuysen, 1991, Joris ef al., 1991;

Joris et al, 1988; Sanschagrin ef al., 1995).

Figurel.4 Comparison of tertiary structures of the S. R61 DD-peptidase (A), the E.
cloacae class C B-lactamase (B) and the class A TEM B-lactamase (C). The o-
carbon of the active-site serine is marked by a star and those of the residues
discussed in the text by a dot ( after Matagne et al. ,1998).
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structural and functional elements of

penicillin-recognizing enzymes. The active-site serine is indicated by *.

Element 2

Element 3

Element 1
Class A S70*-Xaa-Xaa-Lys
Class C Ser64*-Xaa-Ser-Lys
Class D Ser70*-Xaa-Xaa-Lys
S.R61 DD-peptidase Ser60*-Val-Thr-Lys
Other known PBPs  Ser60*-Xaa-Xaa-Lys

Ser130-Asp-Asn
Ser130-Asp-Ser
Ser130-Asp-Gly

Tyrl150-Ala-Asn
Tyr150-Ser-Asn
Tyr144-Gly-Asn
Tyr159-Ser-Asn
Ser159-Xaa-Asn
Ser159-Xaa-Cys

Lys234-Thr-Gly
Lys234-Ser-Gly
Arg234-Thr-Gly
Arg234-Ser-Gly
Lys314-Thr-Gly

Lys214-Thr-Gly
His298-Thr-Gly
Lys298-Thr-Gly
Lys298-Ser-Gly

Tyr159-Gly-Asn

The first element contains the active serine (Ser 70) and, one helix-turn
downstream, a lysine (Lys 73) residue whose side-chain also points into the active site
(Ser-Xaa-Xaa-Lys sequence). The proximity of the serine and lysine side-chains,
which are hydrogen-bonded, suggested the likely involvement of the lysine side-chain
amino group in the catalytic process (Herzberg and Moult, 1987; Knox and Moews,
1991; Strynadka et al., 1992). Lys 73 is conserved active-site residues in the class A
B-lactamases, as well as other members of the serine penicillin—binding enzyme
family; its role in catalysis remain controversial and uncertain (Chen et al., 1996; Lietz

et al., 2000). It is likely that both Glu 166 and Lys 73 are important to each other in
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terms of maintaining the optimum electrostatic environment for fully efficient
catalytic activity to occur.

The second element is situated on a short loop in the all a-domain, where it forms
one side of the catalytic cavity. It consists of Tyr-Xaa-Asn (B-lactamases of classes C
and D, some PBPs) or Ser-Xaa-Asn (B-lactamases of class A, most PBPs) sequences.
In class A B-lactamases, the Ser'*°-Asp'*'-Asn'*? motif (also called the SDN loop) is
nearly invariant. From the study of the SDN loop in Streptomyces albus G B-lactamase
by site-directed mutagenesis (Jacob er al, 1990b), all three residues are indeed
important, either for the B-lactamase structure or good functioning, and their
respective roles are quite distinct. Ser 130 seems to help maintain the structure of the
active-site cavity, Asp 131 seems to be a key residue in protein structural stability, and
Asn 132 seems to act in the catalytic process. The structural and functional roles of Ser
130 also have been studies via Ala, Asp, and Gly mutant (Matagne and Frere, 1995),
these studies highlighted the participation of Ser 130 in the complex hydrogen bond
network in the active site and its potential role as a proton shuttle from the hydroxyl
group of Ser 70 to the leaving N atom.

The third element, on a piece of the B-sheet, forms the opposite wall of the
catalytic cavity. It is generally a Lys-Thr-Gly sequence, but Lys is replaced by His or

Arg in a few exceptional cases and Thr by Ser in several class A B-lactamases. A
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positive side-chain, followed by one bearing a hydroxyl group, appears to be
universally conserved. Lys 234 is an important site in class A B-lactamase, it may be
involved in the network of hydrogen bonds composited of Ser 70, Lys 73, Glu 66 and
Ser 130 (Herzberg, 1991). By calculation, the pKa of Lys234 is raised in the
tetrahedral intermediate, suggesting a probable role of this residue in the stabilization
of the tetrahedral intermediate.

The fourth element, containing a negatively charged residue, has been tentatively
identified in all enzymes, but it seems to play a catalytic role only in class A
B-lactamases. It is situated on a 16—19 residues loop [residues 161-179 in TEM-1
(Jelsch er al. 1993); residues 163-178 in PC1 (Herzberg and Moult, 1987)], and
usually referred to as the Q-loop (Figure 1.5). In most case, this loop contains the
Glul66-Xaa-Glu-Leu-Asn170 sequence where the two residues Glu 166 and Asn 170
seem essential in positioning the conserved water molecule W1 very close to the
active site serine (Lamotte-Brasseur et al., 1991). TEM-1 B-lactamase substrate
specificity can be significantly altered by mutation of amino acid 161 thought 170
(Palzkill er al., 1994). The wild-type Staphylococcus aureus PC1 B-lactamase
hydrolyzes penicillin compounds better than cephalosporins. In contrast, the deletion
of the Q-loop led to a variant enzyme that acts only on cephalosporins, including third

generation compounds (Banerjee et al., 1998). It seems that the Q-loop may plays
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importance roles in the activity, substrate specificity, and structure of class A
[-lactamases.

These ‘structural and functional conserved elements’, described in Table 1.4, are
also found in the sequences of penicillin—recognizing enzymes of unknown
three-dimensional structures, including the class D p-lactamases and the large number
of PBPs whose primary structures have been deduced from the corresponding gene
sequences (Joris ef al., 1988; Joris et al., 1991; Sanschagrin et al., 1998). However, it
is still not clear whether these conserved elements play identical roles in the catalytic

mechanism of the various groups of enzymes.

Figure 1.5 Overall fold of B-lactamase, highlighting the Q-loop (gold) and three
residues, Ser 70, Lys 73, and Glu 166 (red) (after Banerjee et al., 1998).
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1.5 Class A B-lactamases and their catalytic mechanism

Of all these enzymes, class A B-lactamases are the most commonly encountered
by clinicians and hence, have been extensively studied. A very high number of
enzymes have been reported and more than 45 sequences determined (not considering
the numerous variants in the TEM and SHV families) (Matagne et al., 1998). The
three-dimensional structures of six class A enzymes are known, most of them at high
resolution [B. cereus | (Samraoui et al., 1986); S. albus G (Lamotte-Brasseur et al.,
1991; Dideberg et al., 1987); Staphylococcus aureus PC1 (Herzberg and Moult, 1987;
Herzberg, 1991); B. licheniformis 749/C (Knox and Moews, 1991; Moews et al.,
1990); TEM-1 (Jelsch et al., 1992); NMC-A (Swaren et al., 1998)]. Also, the function
of many residues has been probed by site-directed mutagenesis (Matagne and Frere,
1995). The catalytic properties and primary structures of class A differ considerably,
making them a highly diverse class (Waley, 1992).

These medium-sized proteins (Mr about 29,000) show a wide distribution of pl
values, ranging from ~3.5 to ~10 (Waley, 1992). Of their 260-280 residues, it appears
that only nine residues are strictly conserved (Matagne et al., 1999). Four of them (Ser
70, Lys 73, Ser 130, Glu 166) are essential residues for catalysis, whereas five other
residues (Gly 45, Pro 107, Asp 131, Ala 134 and Gly 236) are conserved most

probably for structural reasons. Additionally, residues at positions 132 (Asn in most
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sequences), 234 (Lys or Arg) and 235 (Ser or Thr) have also been shown to be
important for the enzyme activity (Matagne et al., 1999).

High resolution X-ray crystallography combined by detailed chemical studies
has served to elucidate the essential features in the catalytic mechanism of these
enzymes. The current consensus with respect to the active site residues directly
contributing to catalysis includes Ser 70, Lys 73, Ser 130, and Glu 166; Lys 234 and
Arg 244 are also believed to act as electrostatic catalysts. It is also now generally
agreed that the Glu 166 carboxylate is the general-base catalyst of the deacylation step
where an occluded water molecule, observed directly adjacent to the carboxylate in
crystal structures (Jelsch er al., 1993; Waley, 1992), is believed to be the nucleophile.
There is much less agreement concerning the mechanism of the acylation step where
various general acid/base roles have been attributed to Lys 73, Ser 130, and Glu 166.
The investigation of a wide range of mutants of these residues (Matagne and Frere,
1995) has not yet led to consensus.

The most controversial situation prevails for class A enzymes, in which two
distinct residues have been proposed as potential general bases. The first hypothesis
(Damblon et al., 1996; Lamotte-Brasseur et al., 1991; Lamotte-Brasseur et al., 1992)
assumes a symmetrical mechanism, where both acylation and deacylation involve Glu

166 as a general base via a conserved water molecule. The second hypothesis
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(Strynadka et al., 1992) assumes an non-symmetrical mechanism, with two different
general bases, Lys 73 and Glu 166, participating in acylation and deacylation,
respectively. In this mechanism, the enzyme active site would provide a favorable
local environment, namely a very positive electric field that strongly reduces the pKa
value of the alkylammonium group of Lys 73 (by 5-6 pH units), enabling the lysine to
remain unprotonated at neutral pH.

A recent comparison of two x-ray structures, one of the Staphylococcus aureus
PC1 B-lactamase modified by a phosphonate (Chen et al., 1993), and another of the
TEM-1 B-lactamase modified by the same phosphonate (Maveyraud et al., 1998),
indicated a pathway for the formation of the acyl-enzyme intermediate. The
phosphonate mimicked the transition state for acylation process. However, there are
intriguing differences between the two structures. In the S. aureus PC1 B-lactamase,
the side chains of Ser 70 and Lys 73 interact closely, giving the appearance of the
function of Lys 73 for abstracting the proton from Ser 70. On the other hand, the
structure of TEM-1 enzyme shows strong interaction between Ser 130 and the
phosphonate oxygen corresponding to the leaving group, indicating that the complex
mimics the collapse of the tetrahedral species en route to the formation of the
acyl-enzyme intermediate. The process would take place by the transfer of a proton

from Ser 130 to the departing amine in the B-lactam substrate. Then a proton would be
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transferred to Ser 130 from the now-protonated Lys 73 (Maveyraud er al., 1998).
These analyses collectively argue for the existence of Lys 73 in its unprotonated form.

Kinetic studies (Gibson et al., 1990; Guillaume et al., 1997) indicated that both
acylation and deacylation rates of Glu 166 mutants were decreased and that Glu 166
may play more important role than Lys 73 in acylation step. Moreover, the first
hypothesis is further strengthened by kinetic and modeling studies (Matagne er al.,
1993; Matagne et al., 1993; Raquet er al., 1994). Thus it seems that the present
evidence substantiates the view that Glu 166 is the genuine general base catalyst in
both formation and hydrolysis of the acyl-enzyme intermediate formed with class A
B-lactamases (Matagne et al., 1999).

The known three-dimensional structures of the class A p-lactamases are
superimposible, which is not surprising given their extensive amino acid sequence
homology. Nevertheless, a systematic study of the catalytic properties of class A
B-lactamases with a number of P-lactam substrates has revealed a wide range of
variation (Matagne et al., 1990) despite their extensive tertiary structure similarities
(Jelsch et al., 1993). For example, the K, values of the E. coli TEM-2 (Matagne et al.,
1990) and Bacillus cereus 569/H PB-lactamases for S-type penicillins (such as
penicillin G, ampicillin) are generally higher relative to those of the Staphylococcus

aureus PC1 enzyme (Matagne et al., 1990) and the converse situation exists with
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A-type penicillins (such as oxacillin, methicillin). These observations are highly
significant given that type A penicillins are thought to elicit a conformational change
in the enzyme unfavorable to catalysis (Citri and Zyk, 1982). The conformational
properties of B-lactamases are strongly influenced by the structure of the side-chains
of the substrates. Briefly, two types of derivatives have been recognized. S-type
induces a compact conformation that is favorable to the catalytic reaction. Conversely,
the open conformation induced by all A-type derivatives is unfavorable to catalysis
(Citri et al., 1976). The high variability of the kinetic parameters of class A
B-lactamases for a given B-lactam is also clear illustrated by Table 1.5 (Matagne et al.,
1999). Tablel.5 also indicates that with their best substrates, the interactions are
characterized by very high values of both k.,/Kn, (close to the diffusion limit, i.e. 10 ®

M 's™), and keq (up to 7000 s™).
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In addition to the differences in substrate specificity profiles, the class A
B-lactamases also vary in their susceptibility to inactivation by mechanism-based
inhibitors. Thus, S. aureus PC1 B-lactamase has been found to be extremely sensitive
to clavulanic acid (ICso 0.06 pug /ml, Cartwright and Coulsen, 1979) whereas the B.
cereus 569/H B-lactamase I exhibits considerable resistance (ICsp 17 pg /ml) to
undergo inactivation by this inhibitor (Durkin et al., 1978). Interestingly, the situation
with the two enzymes is exactly the converse with 6-bromopenicillanic acid (Pratt and
Loosemore, 1978). Complete inactivation of the B. cereus enzyme is achieved with a
10-fold molar excess of this B-lactam whereas the S. aureus enzyme is only partially
inhibited. Likewise, 6-(trifluoromethane sulfonyl)amido-penicillanic acid sulfone has
been shown to be a potent mechanism-based inhibitor of the B. cereus 569/H, B.
licheniformis 749/C and E. coli R6K B-lactamases (Hilhorst ef al., 1984; Clarks et al.,
1983; Mezes et al., 1982), whereas the S. aureus PC1 is less susceptible to this
compound.

A number of mechanistic properties of class A B-lactamases are beginning to be
elucidated by both biochemical studies and the structural information. Two broad
types of class A B-lactamases with defined phenotypic properties are emerging as a
result of recent clinical selection pressures. One is the inhibitor-resistant phenotype,

which was first observed in the TEM family, for which the term inhibitor-resistant
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TEM (IRT) was coined. This type of phenotype has now been seen in the SHV family
as well (Lin er al, 1998). The second phenotype is that of the so-called
extended-spectrum f-lactamases (ESBLs). As the name suggests, these variants have
broadened their substrate profiles to include such B-lactams as expended-spectrum
cephalosporins and carbapenems. These extended-spectrum p-lactamases are
exemplified by the Imi-1, Per-1, Sme-1, Toho-1 and NMC-A B-lactamases (Naas et al.,
1994; Nordmann et al., 1993; Rasmussen ef al., 1996; Swaren et al., 1998). Both these
phenotypes are the main causes for serious concern in the clinic.

More recent studies have shown that variation in the amino acids that line the
active-site pocket of B-lactamases imparts altered activities. Naturally occurring
substitutions of one to three amino acids in this region of the TEM-1 enzyme (Jacoby
and medeiros, 1991) or those generated in vitro by both random-replacement (Palzkill
and Botstein, 1992) and site-directed mutagenesis (reviewed by Matagne and Frere,
1995) enhance reactivity toward the extended-spectrum cephalosporins. And also, the
resistance of IRTs (inhibitor-resistant TEMs) to inhibitors has been accounted for by a
few naturally occurring amino acid replacements (Canica et al., 1997; Farzaneh et al.,
1996; Blazquez er al. 1993). Changes involving a single amino acid residue
comprising the active-site pocket thus appear to dramatically influence the activity of

B-lactamases toward some substrates and inhibitors, and this precision could account
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for the wide range of specificity noted among the class A enzymes (Matagne e al.,
1990).

To summarize, the introduction of B-lactam antibiotics in clinical trials more than
50 years ago clearly represents one of the major breakthroughs in modern
chemotherapy. Till now, B-lactams still account for approximately 50% of global
antibiotic consumption. The production of one or several B-lactamases by pathogenic
bacteria represents the most widespread resistance mechanism to antibiotics. Despite
numerous Kinetic, structural and site-directed mutagenesis studies, we have not
completely succeeded in explaining the diversity of the specificity profiles of
B-lactamases and their surprising catalytic power. The solutions to these problems
represent the cornerstones on which better antibiotics and inhibitors of B-lactamase

can be designed, hopefully on a rational basis.

1.6 Hybrid enzymes

While engineering enzymes is used to improve their properties, it has also
become an essential tool of research for basic protein biochemistry. In vitro DNA
synthesis and recombinant DNA technology make it possible to design and produce
any kind of polypeptide. So far, the majority of protein engineering relies on the

modification of pre-existing proteins. For this reason, recombination of pre-existing
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elements provides a very powerful tool to study the structure-function relationships of

proteins and to generate proteins with new properties.

The simplest approach to altering the structure of pre-existing protein is
site-directed mutagenesis. Site-directed mutagenesis, also called ‘rational
mutagenesis’, perhaps the most commonly employed method, makes it possible to
generate any desired protein sequence at will. However, given the large number of
possible derivatives [for a 20-amino-acid region there are 380 possible single mutants
and >10° possible double mutant(s)], it is completely impractical to alter protein
function by directed mutation in the absence of detailed structural information. The
advantage of site-directed mutagenesis is that a site can be precisely probed by
specific substitutions. The results allow one to conclude whether a specific site can
tolerate a specific change and to determine if changes alter the properties of a
particular variant. However, it should be noted that interpretation of the results might
be difficult. Loss of enzyme activity by certain substitution does not indicate, by itself,
that the replaced amino acid is directly involved in catalysis (Skandalis et al., 1997).
Moreover, a series of examples showing that mutation of essential residues generally
does not annihilate activity and sometimes even leaves most of the catalytic power of
the enzyme intact (Plapp, 1995). Enzymes deprived of important catalytic groups

perform catalysis through mechanisms that can be significantly modified with respect
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to the wild-type mechanism. Such altered mechanisms rely on the presence in the
active sites of multiple catalytic devices and, sometimes, on the surrogate action of
groups that do not participate in the wild-type reaction, blurring the distinction
between “essential' and 'nonessential' residues. Furthermore, the efficiency of the
alternative mechanisms can depend heavily on the specific enzyme and on the type of
amino acid substitution (Peracchi, 2001). In the case of class A B-lactamases,
replacing Ser 70 with Ala in B-lactamase from Bacillus licheniformis yielded a
severely impaired mutant that, nevertheless, retained a k., ~10%-fold higher than
background (Hokenson ef al., 2000). Analogously, the S7T0A mutant of the enzyme
from Streptomyces albus could still accelerate B-lactam hydrolysis by nearly a million
fold, even in the presence of B-iodopenicillinate, a covalent inhibitor of B-lactamase
that selectively modifies Ser 70 in the wild-type enzyme (Jacob et al., 1991a). The S.
albus STOA mutant also showed a specificity towards different substrates that was
markedly altered with respect to the wild-type enzyme (Jacob er al., 1991a). These
results suggested the existence of an alternative catalytic mechanism in the S70A

mutants, involving the direct hydrolysis of the B-lactam amide bond (Hokenson et al.,

2000; Jacob et al., 1991a).

Moreover, site-directed mutagenesis, as well as other conventional approaches,
has significant limitations with respect to the frequency and diversity of variant
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proteins. Growing evidences suggest that many protein functions cannot be ascribed
to single or a few amino acids but they rather depend on regions located far away from

the active and regulatory sites, and therefore hard to be predicted a priori.

Less stochastic approach to protein engineering is to make use of properties in
existing enzymes and, guided by the detailed sequence and structural knowledge
currently available, construct chimeric or hybrid enzymes. The term "hybrid enzyme'
is a rather nebulous term that warrants further definition. For the purposes of this
thesis, a hybrid enzyme is considered to be composed of elements of more than one
enzyme. The construction of hybrid enzymes (Figure 1.6) parallels the strategies that
nature uses to evolve enzymes. It is generally thought that enzymes have evolved to fit
a specific niche in biology through such processes as gene duplication, domain
recruitment and fixation of multiple point mutations. Similarly, hybrid-enzyme
approaches seek to recruit established functions and properties from existing enzymes
and incorporate them into the engineered enzyme. These techniques have been shown
to be useful in the alteration of nonenzymatic as well as enzymatic properties and also
as tools for understanding structure~function relationships. In addition, the creation of
hybrid enzymes can expand the potential uses of natural enzymes. Enzymes, or
fragments of enzymes, could potentially serve as building blocks for proteins capable

of catalyzing reactions not observed in nature.
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Figure 1.6 Hybrid-gene formation by using restriction enzymes or homologous
recombination. (a) Two common restriction sites, indicated by arrows, are used for
swapping DNA fragments. (b) Two genes whose sequences are similar (normally
>70%) are cloned in tandem in a vector. This recombinant plasmid is linearized by
restriction enzyme(s) as indicated by the arrow, and the resultant plasmid is used to
transform £. coli (or other organism). The homologous recombination between genes

forms a hybrid gene.
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Early demonstrations of the functionality of interspecies hybrids (Schneider et al.,
1981; Mas et al., 1986; Rey et al., 1986) have led to many studies on hybrids between
highly homologous enzymes in order to confer some enzymatic properties, such as
substrates specificity and thermal stability (Olsen et al., 1991; Zulli et al., 1990), of
one enzyme on the other. These hybrids are created by the exchange of residues or
structures between homologous regions of related enzymes. Such exchanges have
generally resulted in hybrid enzymes with properties intermediate between those of
the two parent enzymes. For example, hybrids of Agrobacterium tumefaciens
B-glucosidase (optimum activity at pH 7.2-7.4 and 60°C) and Cellvibrio gilvus
B-glucosidase (optimum activity at pH 6.2-6.4 and 35°C) resulted in hybrids that were
optimally active at pH 6.6—7.0 and 45-50°C, and possessed K, values for various
saccharides that were intermediate between those of the parent enzymes (Singh et al.,
1995; Singh and Hayashi, 1995).

Often, the exchange of homologous regions between related enzymes results in
hybrid enzymes with diminished activity. Not too surprisingly, the lower the similarity,
the more likely that the hybrid will have diminished or no activity. However, random
mutagenesis can be used to restore the enzyme's activity, presumably by restoring
proper interactions for folding, stability and obtaining the correct structural formation.

For example, RTEM-1 B-lactamase and a B-lactamase from Proteus vulgaris have
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37% similarity; of a series of 18 hybrids between the two B-lactamases, most were
inactive, with a few hybrids with partial or trace levels of activity (Hosseini-Mazinani
et al. 1996). However, random mutagenesis of some of the hybrids with partial or trace
activity dramatically improved their activity, even though the residues mutated did not
interact with the substrate.

Furthermore, hybrid enzymes have often been used to determine the differences
between related enzymes, identifying those residues or structures that impart a
specific property that one enzyme has but another, homologous, enzyme does not. For
example, hybrids between two highly homologous proteinases from Lactococcus
lactis were used to determine which residues were responsible for their cleavage
specificity and rate towards o;- and B-casein (Vos er al. 1991). The hybrids were also
used to identify an additional unique domain involved in substrate binding that was
absent from related subtilisins. Highly homologous Staphylococcus hyicus lipase
(SHL) and Staphylococcus aureus lipase (SAL) show remarkable differences in their
biochemical characteristics. Testing of the enzymatic activity of the hybrids toward
p-nitrophenyl esters showed that chain length selectivity is defined by elements within
the region of residues 180-253. Moreover, residues along the stretch 275-358
contribute to the binding of acyl chains. Interestingly, several chimeras were even

more active than the parent enzymes on long-chain p-nitrophenyl esters (van Kampen
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et al., 1998). Hybrid enzymes have also been used to investigate the relative merits of
structural and sequence alignments between related enzymes (Baker et al., 1997;
Caramori et al., 1991; Kimura et al., 1997; Vuilleumier and Fersht, 1994).

[n summary, studies of hybrid enzymes provide a broader understanding of how
an enzyme’s structure relates to its function and what changes can be tolerated within a
particular framework. It is one of the most powerful tools for determining

structure-function relationships of enzymes and the creation of enzymes with novel

activities.

1.7 The objective of this study

Understanding of the catalytic mechanism of B-lactamases would be an
important step in the design of improved P-lactam antibiotics or inhibitors of
B-lactamases. As mentioned above, even though site-directed mutagenesis has been
widely applied to the study of p—lactamases (reviewed by Matagne and Ferere, 1995),
itis still difficult to establish correlation between the primary structures and the highly
variable substrate profiles. It is interesting that the minor sequence changes can bring
about major changes in the stability, specificity, catalytic activity and antigenic
properties of B-lactamases. The analysis of a family of enzymes provides more

information than a combination of separate studies of each member. A comprehensive
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study allows us to make predictions about some family members based on the
properties of others. Comparisons of known enzyme structures can give us an
“enzyme’s eye view” of evolution: their similarities show us what is important to an
evolving enzyme, whereas their differences give us an appreciation of the flexibility of
an active site (Hasson et al, 1998). As class A B-lactamases show highly homologous
structures and exhibit an amazing spectrum of specificity profiles, it would be very
informative to study structure-function relationships of p-lactamase by the use of
hybrid enzyme approach.

Of the well-characterized class A PB-lactamases, Bacillus cereus 569/H
B-lactamse [ (PenPC), Bacillus licheniformis 749/C PB-lactamase (PenP) and
Staphalococcus aureus PC1 B-lactamase (PC1) were well studied. Although B. cereus
is not usually regarded as a pathogen, the molecular properties of the B-lactamases it
produces have been subjected to detailed study. One reason for the attention given to
these B—lactamases is that they are easily obtained in pure form in the relatively large
amounts needed for investigation by simple techniques. Many wild-type isolates of B.
licheniformis possess an inducible B—lactamase, and the studies of this system are
proved to be of considerable fundamental interest. PenP is the most homologous to
PenPC among all B-lactamases (Ambler, 1980), both are chromosomally-encoded

proteins secreted to the growth medium as multiple processed forms (Izui et al., 1980;
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Lampen et al, 1980; Thatcher, 1975a; Thatcher, 1975b). The study of the
B—lactamases of S. aureus has been sustained largely because of the problem of
resistance of this species to penicillin G, and PC1 has also been used as a model for
studying the folding of globular proteins. PCl contains neither cysteine nor
tryptophan and it is somewhat unusual in that more than 60% of the residues are polar.
The remarkable feature of the amino acid sequence of PC1 is the extensive homology
shown to PenPC and PenP. The most likely explanation is that there was a common
ancestral gene for these three enzymes (Dyke, 1979). The alignments of the three
mature f—lactamases are shown in Figure 1.7, both the identity (53%) and similarity
(74%) between PenPC and PenP are higher than the identity (34%) and similarity
(57%) between PenPC and PC1. The three-dimensional structures of all of these three
enzymes (Figure 1.8) are also known, and the function of many residues has been
studied by site-directed mutagenesis. Further, the properties of these three enzymes
(such as substrate profiles and responses to f—lactamase inhibitors) are very different,
which make the study of hybrid constructs more interesting and informative.
Therefore, the three class A B-lactamases PenPC, PenP and PC1 were chosen for
hybrid studies in this thesis. Table 1.6 and Table 1.7 summarize some published

kinetic parameters and properties of the three enzymes.
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PenPC 180
PCl 174
PenPC : 239
PC1l : 234
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PC1l 281
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PenPC 60
PenP 2 60
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Figure 1.7 Alignment of the mature protein primary structures of PenPC and PenP (A), or
PenPC and PC1 (B). Conserved amino acids are indicated by black box. The homologous
protein sequences are found from GeneBank at NCBI. The alignments of the amino acid
sequence were performed with Clustal W.
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)mﬁwﬁ

S SN\ EEZA S

Figure 1.8 Structure of the three B-lactamases PC1 (A) (after Herzberg and Moult, 1987),
PenPC (B) (after Samraoui er al., 1986), and PenP (C) (after Knox and Moews, 1991).
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[n our previous studies, five hybrids (Hybrids A-E, Figure 1.9) were successfully
constructed from the penPC and penP genes by in vivo homologous recombination in
B. subtilis 168 (Leung, 1994). By the comparison of the properties of these purified
hybrid enzymes and their parents, the HybridA was found to be more similar to PenP
in terms of its enzyme kinetics (with penicillin G, penicillin V and cephaloridine as
substrates), thermostability and pH stability than the other hybrids. The properties of
the Hybrids B-E are more similar to those of PenPC than those of HybridA (Cheung,
2000). Therefore, some important residues to differentiate PenPC from PenP may lie
in between the crossover sites of HybridA and HybridB. More hybrids would be
helpful to pinpoint some important determinants of PenPC and PenP.

The genes of penPC and penP share 61% identity. The recombinant machinery of
B. subtilis 168 was utilized to produce the hybrids. However, in this study, E. coli,
which is reported to have a similar machinery to carry out in vivo homologous
recombination to B. subtilis and yeast, was chosen to generate hybrids because it can
be more conveniently handled than B. subtilis. E. coli RR1 was successfully used to
generate hybrid enzymes crossing the human pyridoxal kinase and the procine
pyridoxal kinase in our laboratory, and the efficiency of homologous recombination
for these two highly identical kinases was proved to be very high, almost 100% (Kwok,

2000).
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PenPC : 79

PenP 73

PenPC : 157

PenP 148

penpc : MCIETEIYYSTIIEINY ZU;“S' “:: AN TLIGGIE TR T AT GOl AT IGAT ACYIGGT RIS . 237

PenP HE T AACTTG ARTRGEETETINT GCLNT[FGAS Al NG TR ASRCIENY : 220

AACTTGAG AA MT’I‘TG\ATGC ATGG T T TGC

PenbC : 317
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PenPC : 397

PenP 388

PenPC : 477
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PenP TG AT - TaleldT AT 208
TT TA GA TGGATGAAA GAAAT C ac GG GAC T AT CGT
HybridD

PenPC : 1=FiA A 297
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GC GG T CC

PenPC : 877

Penp T . 1 B68
TTGGCC CCARA GAG CC T T

HybridE
PenPC 921
PenP 924

ATTGCAGAGGC&AC AA GT TA T AA GC CTTA A

Figure 1.9 Crossover regions of the five hybrid genes obtained from penPC and penP, which
were generated by in vivo intramolecular homologous recombination in B. subtilis 168. The
two genes (penPC and penP) share 61% nucleotide sequence identity. The alignments of the
amino acid sequence were performed with Clustal W.
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[n addition to the creation of new hybrids from penPC and penP, the main aim of
the present study is to generate hybrids from penPC and pc!. Considering that the two
enzymes show relatively low similarity and identity, it is not surprising to see
aforementioned differences in substrate specificity profiles and their susceptibility to
inactivation by mechanism-based inhibitors between PenPC and PC1.

[n addition, the thermal stability of different B-lactamases also varies to some
extents (Table1-8) (Arnold and Viswanatha, 1983; Arriaga et al., 1992; Vanhove et al.,
1995a; Vanhove er al., 1995b; Rahil and Pratt, 1994). Since homologous enzymes
share the same catalytic mechanism, a high sequence homology, and a rather similar
three-dimensional structure, the comparison of homologous enzymes with different
thermostabilities offer a unique opportunity to elucidate strategies for the thermal
adaptation. Thermostability in different thermozymes seems not to be achieved by a
general universal strategy but by a combination of individual strategies, such as an
increased number of hydrogen bonds and salt bridges, an optimized packing of the
hydrophobic core, shortened surface loops, increased number of prolines, and an
increase in buried hydrophobic residues (Vielle et al., 1996; Wallon et al., 1997;
Korndorfer et al, 1995; Fritt et al., 2001). Five class A B-lactamases, the TEM-1
B-lactamase and the enzymes produced by Staphylococcus aureus PC1, Streptomyces

albus, Bacillus lichenisformis 749/C and Actinomadura R39, had been compared by
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Vanhove et al. (1995). The analysis revealed that higher stability appeared to correlate

with increased numbers of intramolecular hydrogen bonds and of salt bridges. By

contrast, the global hydrophobilicity of the protein seemed to play a relatively minor

role. A strong unfavorable balance between charged residues and the presence of a

cis-peptide bond preceding a non-proline residue might also contribute to the

particularly low stability of two of the enzymes. A more precise picture of protein

regions containing thermostability determinants may be drawn by the construction

and characterization of hybrid B-lactamases in this study.

Tablel.8 Comparison of the enthalpy changes of some different B-lactamases

B-lactamase

pH

Tes AH Approach

Ref

PCl
PC1
TEM-1
PenPC
PenPC
PenP

7
7.5
7
7
7.15
7

41.8+0.3 418+25 heat, v.H.
41.6+1.0 464 +63 heat, v.H
50.1+£0.2 469+29 heat, v.H
51.03 464x25 DSC
57.5+£0.1 646 DSC
63.2+0.6 686+38 heat, v.H

Vanhove et al., 1995

Rahil and Pratt, 1994
Vanhove et al., 1995

Arriaga et al., 1992

Arnold and Viswanatha, 1983
Vanhove et al., 1995

T, transition temperature; AH (J/mol), the enthalpy change; heat, v. H, heat-induced protein undolding;
DEC, differential scanning calorimetry.

For PC1, an interesting feature of its structure is the presence of a non-proline cis

peptide bond between Glu 166 and Ile 167 (Herzberg, 1991). Non-proline cis peptide

bonds are rare in proteins of known structure. This is not surprising because there is an

approximately 2.8 kcal/mol energy difference between the cis and trans
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conformations of a non-proline peptide bond as revealed by NMR experiments
(Drakenberg e al., 1972), and the cis conformation may be further destabilized by
longer range interactions, resulting in an expected frequency of occurrence of about
0.1% in the denatured state (Ramachandran & Mitra, 1976). The importance of the cis
peptide bond for the S. aureus PC1 B-lactamase function is obvious in light of the
crucial role of the carboxylate group of Glu166. The cis peptide bond is located on an
Q-loop encompassing residues 163-178, a structural unit which is not well packed
against the rest of the molecule, with several intervening internal water molecules,
which could contributed to a larger conformational flexibility of the Q loop (Herzberg
& Moult, 1987; Herzberg, 1991). The study of hybrid B-lactamases in this thesis may
be very helpful to decipher the precise function of the Q loop.

Nevertheless, PC1 has been proved to be a useful model for folding studies, not
least because of its large size and the absence of disulphide bonds, and of its high
solubility and stability, and also of the high degree of reversibility of denaturation. So,
the studies on hybrid enzymes generated from PenPC and PC1 may also be of great
help for the identification of protein-folding pathways.

In short, not only may the results of the study shed some lights on the elucidation
of structure-function relationships of B-lactamases and their folding pathways, but

also may supply important information for the design of new B-lactams and inhibitors.
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Chapter 2 Materials and Methods

2.1 Reagents

General chemicals used were of analytical grade, and were obtained from
BDH Chemicals Ltd., Difco, Pharmacia Ltd. and Sigma Chemical Company.

Antibiotics used for the selection of bacteria containing plasmids or phage
DNA were ampicillin trihydrate, chloramphenicol, erythromycin hydrochloride, and
were from Sigma Chemical Company. Lithium clvunate was generously supplied by
Prof. Yoshikazu Ishii. Antibiotic stocks were sterilized by filtration, if necessary
(through an Agrodisc disposable filter, pore size 0.22 um), and added to medium
after autoclaving to the final concentration shown in Table 2.1. All stock solutions

were kept at -20°C.

Table 2.1 Preparation of antibiotics

Antibiotics Stock Final concentration (ug/ml)
B. subtilis E. coli
Ampicillin 100 mg/ml in distilled water 100 100
Chloramphenicol 34 mg/ml in 100% ethanol 5 10
Erythromycin 20 mg/ml in 50% ethanol 20 100

2.2 Culture media

All media were made up in dH;O (distilled water) to a volume of 1 liter,
unless stated otherwise, and were sterilized by autoclaving at 15 Ib.p.s.i.,121°C for

20 to 25 min. E. coli strains were routinely grown in LB broth (Luria-Bertani Broth,
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consisted of 10 g trptone, 5 g Yeast-extract and 5 g NaCl per 1 liter), the 2 x TY
broth was used for the growth of E. coli for the preparation of competent cells,
transformation and protein expression, 2 x TY broth is made by the addition of 16 g
trptone, 10 g yeast-extract and 5 g NaCl into one liter dH,O.

The rich medium BHY, which consisted of 37 g Brain Heart Infusion Broth
and 5 g Yeast-extract per liter, was used for the growth of B. subtilis strains for
protein expression.

Nutrient agar plates were used for growth of bacteria, antibiotics were added
when the sterilized agar had cooled to about 50°C. However, when erythromycin was

in use, nutrient agar was replaced by LB agar.

2.3 Bacterial strains and plasmid DNA

The geneotypes of B. subtilis strains and ¢105DI:1t bacteriophage derivatives
used in this study are detailed in Table 2.2. The bacteriophage derivatives were
lysogens of 1A304 strains. The convention used in the text to describe lysogens is
strain (prophage). The genotypes of E. coli strains are shown in Table 2.3. The
relevant characteristics of the plasmids are shown in Table 2.4. The construction of
plasmids will be described in the various chapters in detail. The convention in the
text to describe strains constructed by transformation with plasmid is strain (plasmid).

Bacteria were maintained on nutrient agar plates, with antibiotics if required,

and were stored at room temperature (B. subtilis) or at 4°C (E. coli). The plates were
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subcultured every 3 to 4 weeks by streaking a single colony onto a fresh plate using a
sterile wire loop or wooden toothpick.
E. coli or B. subtilis frozen stocks were prepared for long-term storage as the follows:

a late log phase culture (700 ul) was added to sterile 50% glycerol (300 pl) in a

sterile eppendorf tube and was stored at -20°C or -80°C.

Table 2.2 Bacterial strains and bacteriophages of B. subtilis

Strain or Phages  Relevant characteristics® Source/construction®*

B. subtilis strains

168 trpC2 Lab stock

1A304 trpC2metBS52 xin-1 SPB(S) Lab stock

Phages

¢ 105MU331 ind-125 cts-52 Thornewell(1992)

Q(lacZcat)2

$105HB1 ind-125 cts-52 pSGpenPC DNA—
Q(lacZAClalpenPCcat)1 1A304($105MU331)

¢ 105HB2 ind-125 cts-52 pSGPC1 DNA—
Q(lacZAClaIPClcat)2 1A304(¢105MU331)

$105HB3 ind-125 cts-52 pSGhybridF DNA—
Q(lacZAClalhybridFcat)3 1A304($105MU331)

$10SHB4 ind-125 cts-52 pSGhybrid2 DNA—»
Q(lacZAClalhybrid1cat)4 1A304(¢105MU331)

¢ 10SHBS5 ind-125 cts-52 pSGhybrid2 DNA—
Q(lacZAClalhybrid2cat)5 1A304($105MU331)

$105HB6 ind-125 cts-52 pSGhybrid3 DNA—
Q(lacZAClalhybrid3cat)6 1A304(¢105MU331)

$105HB7 ind-125 cts-52 pSGhybrid4 DNA—»
Q(lacZAClalhybrid4cat)7 1A304(¢105MU331)
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$10SHBS8 ind-125 cts-52 pSGhybridS DNA—
Q(lacZAClalhybridScat)8 1A304(¢105MU331)
$105HB9 ind-125 cts-52 pSGhybridé DNA—
Q(lacZAClalhybrid6cat)9 1A304(¢105MU331)
¢105HB10 ind-125 cts-52 pSGhybrid7 DNA—
Q(lacZAClalhybrid7cat)10 1A304(¢105MU331)
¢10SHBI11 ind-125 cts-52 pSGhybrid8 DNA—
Q(lacZAClalhybrid8cat)1 1 1A304(¢105MU331)
¢105HB12 ind-125 cts-52 pSGhybrid9 DNA—
Q(lacZAClalhybrid9cat)12 1A304(¢105MU331)
¢105HB13 ind-125 cts-52 pSGhybrid10 DNA—
Q(lacZAClalhybrid10cat)13 1A304(¢105MU331)
¢105HB14 ind-125 cts-52 pSGhybrid1 1 DNA—
Q(lacZAClalhybrid1 1cat)14 1A304(¢105MU331)

* : Q indicates an insertion into the prophage of the genes shown in parenthesis; the

allele number following the parenthesis is derived from the isolation number of the

prophage carrying the original insertion. xxxAXxx represents the 5' portion of the

gene Xxx obtained when the DNA was digested with the restriction endonuclease

Xxx.

¥k

were selected for chloramphenicol resistance.

54

: —> indicates transformation of DNA into the lysogen shown, the transformants
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Table 2.3 Bacterial strains of . coli used in this study

E. coli strain Genotype Source/reference
XLI1-blue recAl endAl gyrA96 thi-1 Stratagene
hsdR17 supE44 relAl
lac [F' proAB lacPPZAMI5 Tnl0 (Tet)]
DHS5a U169 recA! endAl X gyrA96 thi-1 Gibco BRL

hsdR17(rk” mk") deoR supE44 relAl
F- ¢80d/acZAM1S A(lacZY A-argF)

HB101 supk44 aral4 galK2 lacY1 A(gpt-proA)62 Stratagene

rpsL20 (Str") xyl-5 mtl-1 recAl3

A(mcrC-mrr) HsdS(r'm)
RR1 HB101 RecA” Stratagene
BL21 E. coli B F" dem ompT hsd(rB” mB") gal Stratagene
BL21(DE3) BL21 A(DE3) Stratagene
Table 2-4 Plasmids
Plasmid relevant characteristics Source/reference
PGK13" 5.0 kb, catermC with pWVOlori® Kok et al. (1984)
pYCLI18 8.2 kb, cat ermC penPCpenP pGK13
pHBL1 8.2 kb, cat ermC penPCpcl pGK13
pHBL2 5.2 kb, ermC hybridi2 pGK13
pHBL3 5.2 kb, ermC hybridl pGK13
pHBL4 5.2 kb, ermC hybrid?2 pGKI13
pHBLS 5.2 kb, ermC hybrid3 pGK13
pHBL6 5.2 kb, ermC hybrid4 pGK13
pHBL7 5.2 kb, ermC hybrid5 pGKI13
pHBLS 5.2 kb, ermC hybrid6 pGK13
pHBL9 5.2 kb, ermC hybrid7 pGK13
pHBLI10 5.2 kb, ermC hybrid8 pGK13
pHBLI11 5.2 kb, ermC hybrid9 pGK13

pHBLI2 5.2 kb, ermC hybridl0 pGK13
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pHBL13 5.2 kb, ermC hybridl 1 pGK13
pHBLI12 5.2 kb, ermC hybridF pGK13
pSG7O3b 5.3 kb, lacZAEcoRV cat bla Thornewell (1992)
pSGpenPC 6.5 kb, lacZASmal penPCcat bla pSG703
pSGPC1 6.5 kb, lacZASmal PClcat bla pSG703
pSGhybridF 6.5 kb, lacZASmal hybridFcat bla pSG703
pSGhybridl 6.5 kb, lacZASmal hybridlcat bla pSG703
pSGhybrid2 6.5 kb, lacZASmal hybrid2cat bla pSG703
pSGhybrid3 6.5 kb, lacZASmal hybrid3cat bla pSG703
pSGhybrid4 6.5 kb, lacZASmal hybrid4cat bla pSG703
pSGhybrid5 6.5 kb, lacZASmal hybrid5cat bla pSG703
pSGhybrid6 6.5 kb, lacZASmal hybrid6eat bla pSG703
pSGhybrid7 6.5 kb, lacZASmal hybrid7cat bla pSG703
pSGhybrid8 6.5 kb, lacZASmal hybrid8cat bla pSG703
pSGhybrid9 6.5 kb, lacZASmal hybrid9cat bla pSG703
pSGhybrid10 6.5 kb, lacZASmal hybridlOcat bla pSG703
pSGhybridl1 6.5 kb, lacZASmal hybridl Icat bla pSG703
pGEX-6P-1° 4.9 kb, lacl bla with pBR322 ori Phamacia Biotech
pGEXpenPC 6.1 kb, lacF bla penPC pGEX-6P-1
pGEXpcl 6.0 kb, lacF bla pcl pGEX-6P-1
pGEXhybrid1 6.1 kb, lacF bla hybirdl pGEX-6P-1
pGEXhybrid2 6.1 kb, lacl bla hybrid2 pGEX-6P-1
pGEXhybrid3 6.1 kb, lacF bla hybrid3 pGEX-6P-1
pGEXhybrid4 6.1 kb, lacF bla hybrid4 pGEX-6P-1
pGEXhybrid5 6.1 kb, lacF bla hybrid5 pGEX-6P-1
pGEXhybrid6 6.1 kb, lacF bla hybrid6 pGEX-6P-1
pGEXhybrid7 6.1 kb, lacF bla hybrid7 pGEX-6P-1
pGEXhybrid8 6.1 kb, lacF bla hybrid8 pGEX-6P-1
pGEXhybrid9 6.1 kb, lacF bla hybrid9 pGEX-6P-1
pGEXhybrid10 6.1 kb, lacF bla hybridl 0 pGEX-6P-1
pGEXhybrid11 6.1 kb, lacl bla hybridl 1 pGEX-6P-1
pMAL-c2° 6.6 kb, lacF bla New England Biolabs
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pMALpenPC 7.8 kb, lacF bla penPC pMAL-c2

pMALpcl 7.8 kb, lacP blapcl pMAL-c2
pMALhybridl 7.8 kb, lacF bla hybridl pMAL-c2
pMALhybrid2 7.8 kb, lacF bla hybrid2 pMAL-c2
pMALhybrid3 7.8 kb, lacF bla hybrid3 pMAL-c2
pMALhybrid4 7.8 kb, lacF bla hybrid4 pPMAL-c2
pMALhybrid5 7.8 kb, lacl bla hybrid5 pPMAL-c2
pMALhybrid6 7.8 kb, lacF bla hybrid6 pMAL-c2
pMALhybrid7 7.8 kb, lacl® bla hybrid7 pMAL-c2
pMALhybrid8 7.8 kb, lacF bla hybrid8 pMAL-c2
pMALhybrid9 7.8 kb, lacP bla hybrid9 pMAL-c2
pMALhybrid10 7.8 kb, lacPF bla hybridl0 pPMAL-c2
pMALhybridl 1 7.8 kb, lacF bla hybridl pMAL-c2
pSGI1112 3.5 kb, $105AEcoRI/Munl cat bla Lab stock

pSGI113 3.5 kb, $105AEcoRI/Munl cat bla Lab stock

pSGI1112blipF 4.2 kb, $105AEcoRI/Munl car bla blipF pSGl1112

pSG1112blipM 4.2 kb, $ 105AEcoRI/Munl cat bla blipM pSGl112

pSG1113blipF 4.2 kb, $105AEcoRI/Munl cat bla blipF pSGl1113
pSGL113blipM 4.2 kb, $10SAEcoRI/Munl cat bla blipM pSGI1113

(2): Plasmids based on the pWVOTL origin of replication can replicate in both E. coli

and B. subtilis.

(b): All the plasmids based on the ColEl-type origin (pSG703) or the pBR322
origin (pGEX-6P-1, pMAL-c2, pSG1112, pSG1113) can only replicate in E. coli.

2.4 Preparation of chromosomal DNA

The freeze-thaw method was used for the preparation of Staphylococcus
aureus PC1 (Staphylococcus aureus PCI1 strain was generously supplied by Prof.
Richard Virden) chromosomal DNA. Single colony of S. aureus PC1 was transferred

from agar plate to a universal bottle containing 5 ml LB medium, and incubated at
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37°C overnight. A | ml overnight culture was transferred into an eppendorf tube and
centrifuged at 12,000 rpm for | min. After the supernatant was removed, and added
to the cell pellet was resuspended in 400 pl TE buffer (10 mM Tris-HCI, 1 mM
EDTA, pH 8.0). The suspension was freezed at -80°C for 20 min, and then was
thawed at 50°C for 1 min. The above procedure of freeze and thaw was repeated 6
times/cycles. The cell culture was vortexed 15 se per two cycles. After 6 cycles, cell
suspension was heated to 85°C for 5 min, then centrifuged at 12,000 rpm for 15 s.
And the supernatant (containing the bacterial chromosomal DNA) was collected and
stored at -20°C. A 10 pl of the supernatant was used for agarose gel electrophoresis
in order to estimate the concentration of the chromosomal DNA.

Wizard® Genomic DNA Purification Kit (Promega) was used for the
preparation of chromosomal DNA from Stretomyces clavuligerus (ATCC 27064).
Single colony of S. clavuligeus was transferred from a nutrient agar plate to a
universal bottle containing 5 ml LB medium or #1877 broth (5 g Tryptone and 3 g
Yeast extract in 1 liter distilled water), and incubated at 30°C for several days. 1ml
of culture was transferred into an eppendorf tube and centrifuged at 12,000 rpm for 1
min. Chromosomal DNA was prepared following the steps described in the manual

(Technical Manual No. 050, Promega).

2.5 PCR
All PCR reactions in this study were carried out using the Expand™ High

Fidelity PCR System (Boehringer Mannheim). Expand™ High Fidelity PCR System
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composed of a unique enzyme mix containing thermostable Taq DNA and Pwo
DNA polymerases. This powerful polymerase mixture is designed to give PCR
products with high yield, high fidelity and high specificity. For each reaction, 50 pl
reaction solution was set up in a sterile microfuge tube according to the
manufacturer's instruction as follows: 0.1 - 0.75 pg template DNA, 300 nM dNTPs,

200 puM of each primer, 5 ul 10 x Expand HF buffer with 15 mM MgCl,, 2.6 units of

Expand™

High Fidelity PCR System enzyme mix and sterile re-distilled water.
After the reaction solution was denatured at 94°C for 5 min, thirty-five cycles of
amplification were performed with the following temperatures: 0.5 min at 94°C, 0.5
min at 50°C, 1 min at 72°C. Finally, the ragged ends were filled at 72 °C for 7 min.

Throughout this thesis, this setting of cycles was used for the PCR reactions with a

few exceptions, which were mentioned in the various chapters.

2.6 Preparation of plasmid DNA

Colonies from plate were inoculated into 5 ml LB medium with an
appropriate amount of antibiotic in a universal bottle. When shaken at 300 rpm at
37°C overnight, the culture became saturated. The cells were harvested from the
culture and used to isolate plasmid DNA by the Wizard® Plus SV Minipreps DNA

Purification System Kit (Promega).

2.7 Restriction enzyme digestion of DNA and electrophoresis
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Restriction digestions of DNAs by appropriate restriction enzymes were
performed according to the manufacturer's instruction. The digested DNA fragments
of the DNA were analyzed by electrophoresis on 0.8% (wt/v) horizontal slab agarose
gels containing 0.008% ethidium bromide, with 1 X TBE as the running buffer. And
then the DNAs were visualized by UV light using an UV transilluminator, Gel Doc
1000 (BIO-RAD), or Lumi-Imager™ (Boehringer). The 1kb DNA Ladder (Promega)

was used as the marker to estimate the sizes of DNA fragments.

2.8 [solation and purification of DNA fragments

After gel electrophoresis, the agarose gel containing the desired DNA
fragment was excised quickly with a scalpel under long-wavelength UV light. The
DNA fragment was purified from the excised agarose by using the QIAEX II Gel

Extraction Kit (Qiagen) or the Agarose Gel DNA Extraction Kit (Roche) following

the manufacturer's instruction.

2.9 Ligation of DNA fragments

For ligation, after the digestions of vector and insert DNA, the restriction
enzymes were inactivated at 65°C for 20 min. The vector and insert DNA fragments
were recovered and purified from agarose gels and appropriate amount of vector and
insert (normally at a molar ratio of 1:3) were used for ligation. Before the addition of

T4 DNA ligase, the ligation mixture was heated to 42°C for 5 min and then kept on
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ice for 3 min. After the addition of ligase and well mixture, the ligation mixture was
incubated overnight at 10°C and then was used for transformation.

For rapid ligation using Quick Ligation™ Kit (New England Biolabs), vector
and insert were combined and adjusted to 10 pul with distilled water, and 10 plof2 X
Ligation Buffer was added. After addition of 1 ul of the Quick T4 DNA ligase, the
mixture was centrifuged and incubated at room temperature (25°C) for 5 min. After

chilling on ice, the ligation mixture was used for transformation.

2.10 Preparation of E. coli competent cells

Strains of E. coli XL1-Blue, E. coli RR1, E. coli DH5a., E. coli BL21, and E.
coli BL21 (DE3) were used in this study. The competent cells of these strains were
prepared by the CaCl, method, which is described as follows.

Overnight culture of E. coli was inoculated into 2 x TY medium by 1: 100
dilution, and the fresh culture was incubated at 37°C with shaking at 300 rpm for 2-3
h until Ageo reached 0.3 - 0.4. After cooling down on ice, the cells were pelleted by
centrifugation at 3,000 rpm, 4°C for 15 min. And the cells were resuspended in ice-
cold sterile 100 mM CaCl, solution (using 1/2 of the original culture volume) by
pipetting gently and pelleted again by centrifugation. The procedure was repeated
once and the cells were stored at 4°C overnight. Finally, the competent cells were
pelleted again and resuspended in ice-cold sterile 100 mM CaCl, (containing 15%
glycerol) and aliquoted into sterile eppendorf tubes before freezed rapidly in liquid

nitrogen. They were stored at -80°C for future use.
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For the preparation of competent cells for electroporation, overnight culture
of E. coli was inoculated into LB broth by 1: 100 dilution, and the fresh culture was
incubated at 37°C with shaking at 300 rpm for 4-5 h until A reached 0.6 - 0.7.
After cooling down on ice for 10 min, the cells were pelleted by centrifugation at
3,000 rpm, 4°C for 15 min. The cells were resuspended in cold sterile Millli-Q water
by pipetting gently and pelleted again by centrifugation. The procedure was repeated
twice and the cells were resuspended in cold sterile 10 % glycerol and aliquoted into
sterile eppendorf tubes (50 pl of cells /tube) before freezed rapidly in liquid nitrogen.

They were stored at -80°C for future use.

2.11 Transformation of E. coli

The ligation product or plasmid DNA was added into 50 pl thaw competent
cells, and mixed thoroughly. The mixture was incubated on ice for 25 min and heat
shocked at 42°C for 2 min. An appropriate amount of transformed cells were plated
on agar plate containing suitable nutrients and antibiotics and incubated at 37°C
overnight.

For electroporation, less than 1 pul of ligation mixture (before transformation,
low DNA concentration ligation mixture was precipitated by ethanol using tRNA as
carrier and resuspended in sterile nuclease free water) was added to 50 pl of
competent cells. These were transferred to the bottom of a pre-chilled electroporation
cuvette making that there was no air bubbles trapped. After electroporated at 2.5 kV,

1 mlof 2 X TY (or SOC) was added to the cells before incubating at 37 °C for 30-60
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min. A 10 pl or 50 pl portion of cells were spread on the plate containing the
appropriate antibiotic. Normally, the transformation efficiency by electroporation is

greater than 10 ® colonies/ug supercoiled plasmid DNA.

2.12 DNA sequencing

DNA sequencing in this study was carried out by using the ABI PRISM
BigDye™ Terminator Cycle Sequencing Kit (PE Applied Biosystem). ABI
PRISM™ 310 Genetic Analyzer (an automated instrument) was used for analyzing
fluorescently labeled DNA fragments by capillary electrophoresis. Cycle sequencing
is a simple method in which successive rounds of denaturation, annealing, and
extension in a thermal cycle result in linear amplification of extension product.
AmpliTaq® DNA polymerase, FS is the sequencing enzyme used in the kit. It is a
mutant form of Thermus aquaticus (Taq) DNA polymerase and contains a point
mutation in the active site, replacing phenylalanine with tyrosine at residue 667
(F667Y). This mutation results in less discrimination against dideoxynucleotides,
and leads to a much more even peak intensity pattern (Tabor and Richardson, 1995).
With dye terminator labeling, each of the four dideoxy terminators (ddNTPs) is
tagged with a different fluorescent dye. The growing chain is simultaneously
terminated and labeled with the dye that corresponds to that base. The recently
developed BigDye terminators are 2-3 times brighter than the rhodamine dye
terminators when incorporated into cycle sequencing products. Also, the BigDye

terminators have narrower emission spectra than the rhodamine dye terminators,
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giving less spectral overlap and therefore less noise. The procedures of DNA
sequencing were made as recommended by the kit's manufacturer, which are
described in brief as follows. A 8 ul portion of the master mix (from the kit), 0.5 -1
ug of plasmid DNA, 3.2 - 4 pmol of primer and sterile water (which made the total
volume up to 20 pl) were mixed into a 0.2-ml PCR tube. We had tried using 5 pl
total volume (2 pl of master mix, 2 ul of plasmid containing 0.5 -1ug DNA, 1 pl of 4
pmol/ul primer) to perform sequencing reaction, and obtained almost the same
results by increasing the injection time to 60 s. Twenty-five cycles of amplification
were carried out in a DNA thermal cycler (GenAmp PCR System 2400 or 9600,
Perkin-Elmer) with the recommended condition (96°C 10 s, 50°C 50 s, 60°C 4 min).
To remove unincorporated dye, the entire contents of each extension reaction were
mixed thoroughly with 2 ul of 3 M sodium acetate (pH 4.8) and 50 ul of 95%
ethanol in a 0.5-ml microcentrifuge tube. After incubation at room temperature for
I5 min, the extension products were precipitated by centrifugation at 14,000 rpm for
20 min. The supernatant was carefully aspirated with a pipette tip as completely as
possible, and the pellet was washed with 250 ul of 70 % ethanol. After the pellet
was dried at 90°C for 1 min, 15 ~ 20 pl template suppression reagent (TSR) was
added. Heat denaturation of the products was performed by boiling for 3 min and
then ice-chilled. The samples were loaded onto the instrument for automated

electrophoresis. The results were analyzed with the ABI PRISM® DNA Sequencing

Analysis Software.
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2.13 Preparation and transformation of B. subtilis competent cells

The method of transformation of B. subtilis is based on that of
Anagnostopoulos and Spizizen (Anagnostopoulos and Spizizen, 1961).

The recipient strain 168 or 1A304(¢105MU331) was streaked on nutrient
agar containing 5 pg/ml erythromycin and incubated overnight at 37°C. Cells from
the plate were heavily inoculated into a 150ml Erlenmeyer flask containing 5 ml of
freshly prepared PTM (pre-transformation medium) so that Agg of the culture was
within 0.7-0.9. The culture was then incubated at 37°C with shaking at 300 rpm for
several h (2.5-3.5 h). When Aggo of the culture reached 3-3.3, the cells were in
stationary phase and were most competent, and this competent state of the cells may
only last for about 30 min. The competent cells could also be stored at -80°C by the
addition of glycerol to a final concentration of 15%, but the competency may be
lower. For transformation, 100 ul of competent cells were transferred to 1 ml pre-
warmed TM (transformation medium) in a universal bottle, and an appropriate
amount of DNA (1-2 ug) was added into the mixture. The suspension was incubated
at 37°C with shaking at 300 rpm for 90 min. Certain amount of the culture was
plated on nutrient agar containing an appropriate antibiotic. For the plates containing
erythromycin or chloramphenicol, the colonies were usually visible after 2 days’

incubation at 37°C.

2.14 Protein expression in B. subtilis
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After the required gene was subcloned into pSG703, the recombinant plasmid
was transformed into B. subtilis 1A304(¢105MU331). The bacteria which were
resistant to chloramphenicol were used for protein expression. The bacteria were
inoculated from an agar plate into a 150 ml flask containing 5 m! BHY with 5 png/ml
chloramphenicol. For comparison, cells without the gene of interest were also
inoculated into a 150 ml flask containing 5 ml BHY with 5 pg/ml erythromycin. All
the cultures were incubated at 37°C with shaking at 300 rpm overnight (for about 11
h). A 1 ml portion of the overnight culture was transferred into other 150 ml flask
containing 15 ml BHY without antibiotics added. The flask was then incubated at
37°C with shaking of 300 rpm. A 0.1 ml portion of the culture was removed every h
to measure the absorbance at 600 nm. When Agg reached 3.1- 4.0, the culture was
heat-shocked at 50°C for 5 min with vigorous shaking. The culture was then re-
incubated at 37°C with shaking (300 rpm). Sample was taken every h for SDS-

PAGE and activity assay to detect the protein expression level.

2.15 Purification of PenPC, HybridF and HybridB by Celite

The purification procedure using Celite is modified from Davies and
Abraham (Davies and Abraham, 1974) and similar to that reported by Leung (Leung,
1994) and Cheung (Cheung, 2000).

Dry Celite 545 (40 g) was pre-washed and stirred with 500 ml of dH>O in a
beaker. After completely sedimentation, the small and fine particles were discarded

with dH;O. This step was repeated for 7 times. Culture supernatant with expressed
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B-lactamase was poured into the pre-washed Celite and was stirred continually on ice
for 20 min. Stirring was then stopped and Celite was allowed to settle down for
about 30 min. After the supernatant containing unbound proteins was removed,
Celite with bound B-lactamase was then washed with 500 ml of dH,O for 3-5 times.
Finally, enzyme was repeatedly eluted by adding 80 ml elution buffer (100 mM Tris-
HCI, 2 M NaCl, 0.1 M tri-sodium citrate, pH 7.0) for S times.

All the eluted fractions containig were pooled together and concentrated in a
200-ml ultrafiltrition cell (Amicon Inc., Model 8200) at 4°C under a pressure of 4 bar.
YM-1 membrane (Diafco Inc.) was used for retaining B-lactamase during
ultrafiltration. Finally, the buffer of concentrated B-lactamase was buffer-exchanged
into 20 mM ammonium bicarbonate, and the enzymes were aliquoted and freeze-

fried for long-term storage.

2.16 Expression and purification of GST fusion proteins

A single colony of E. coli cells containing a recombinant pGEX plasmid
were inoculated into 2-100 mL of 2 x TY medium and the culture was incubated at
37°C overnight with vigorous shaking. The overnight culture was diluted 1:100 into
fresh pre-warmed 2 x TY medium, and distributed into appropriate flasks and to
grow at 37°C with shaking until Ag reached 0.5-2 (to ensure adequate aeration,
flasks were filled to only 20-25% capacity). IPTG (100mM) was added to a final
concentration of 0.1 mM and the culture was continually incubated for an additional

2-6 h. Then, the culture was transferred to appropriate centrifuge bottles or tubes and
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centrifuged at 7,700g for 10 min at 4°C to sediment the cells. The supernatant was
discarded and the cell pellet was drained and stored at -20°C or -80°C for protein
extraction and purification.

For purification, the harvested cells were resuspended in appropriate amount
of PBS (20 ml PBS for 400 ml culture). After the addition of DTT (final 5-10 mM),
EDTA (final 2 mM) and PMSF (final 1 mM), the suspended cells were sonicated on
ice for about 3 min, and 20% triton X-100 was added to a final concentration of 1-
2%. After mixed gently for 30 min in a cold room to aid the solubilization of the
fusion protein, the suspension was centrifuged at 12,000g for 10 min at 4°C. The
supernatant was collected and subjected to protein purification. At the mean time,
certain amount of Glutathione Sepharose 4B (1 ml matrix per 8 mg fusion protein)
was packed into a column and equilibrated with PBS (140 mM NaCl, 2.7 mM KClI,
10.1 mM Na;HPO,, 1.8 mM KH,PO4, pH 7.3). After sonication, the extract was
clarified by filtration through a 0.45 um filter before applied to the column. After all
sonicate had flowed through the column, the matrix was washed by the addition of
30 bed volumes of PBS. The column was drained and the fusion protein was eluted
by the addition of Glutathione Elution Buffer (10mM reduced glutathione in 50 mM
Tris-HCI, pH 8.0). Following the elution steps, a significant amount of fusion protein
might still remain bound to the matrix. Conditions used for elution might vary
among fusion proteins. All eluates were analyzed by SDS-PAGE to estimate the
yield and purity, and the fractions containing the required enzyme were pooled

together for protease cleavage or other further studies.
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2.17 PreScission protease cleavage

In most cases, the fusion partner of interest retains functional activity such
that functional test can be performed using the intact fusion with GST. If removal of
the GST affinity tail is necessary, fusion proteins containing a PreScission protease
recognition site, Leu-Phe-Gln/Gly-Pro (for pGEX-6P vectors), may be cleaved in
solution. For cleavage, protease was added to pooled eluates (10 units of protease for
per mg fusion protein), and the solution was mixed gently and incubated at 4°C for
2-16 h. During these procedures, samples should be removed at various time and
analyzed by SDS-PAGE to estimate the extent of digestion. The amount of protease,
temperature and length of incubation required for complete digestion of a given GST
fusion protein varies. Optimal conditions for each fusion should be determined in
pilot experiments. Once digestion was complete, GST and PreScission protease
[which is a fusion protein of GST and human rhinovirus (HRV) type 14 3C protease,
Walker ef al., 1994] can be removed by first removing gluthathione by extensive
dialysis (e.g. 2000 volumes) against PBS followed by column purification on

Glutathione Sepharose 4B. The purified protein of interest would be found in the

flow-through.

2.18 Expression and purification of MBP fusion protein
For expression, bacteria transformed with recombinant plasmids were grown

in 200 ml 2 x TY medium with 0.1 mg/ml ampicillin and 0.2% glucose to an Aggo of
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0.6-0.8 at 37°C. Induction was performed with 0.2 mM isopropyl B-D-
thiogalactoside (IPTG) at 37°C. Bacteria were harvested 3 hours latter after induction
by centrifugation at 6,000 g for 20 min and stored at —80°C. For purification, 100 ml
MBP column buffer (20 mM Tris-HCI, 200 mM NaCl, 1 mM EDTA, pH 7.4) was
added to the cell pellet obtained from 400 ml of culture. After the addition of DTT
(final 2-5 mM) and PMSF (final 1 mM), the suspended cells were lysed with a probe
sonicator for about 5 min. The lysate was centrifuged at 18,000 rpm for | h and was
subjected to amylose affinity column. The supernatants containing the MBP fusion
proteins were loaded onto a 16 mm x 60 cm column packed with amylose affinity
gel (New England Biolabs) and washed with 2 column volume of the binding buffer.
Elution was performed with a maltose gradient (0-10 mM). Fractions of 6 ml were

collected. All the steps were conducted at 4 °C.

2.19 Protein gel electrophoresis (SDS/PAGE)

SDS/PAGE is based on the method of Laemmli (Laemmli, 1970). Proteins
were separated by polyacrylamide gel electrophoresis (PAGE) in the presence of
sodium dodecyl sulfate (SDS) in a Mini-PROTEIN II dual slab cell (Bio-Rad). Each
polyacrylamide gel was a discontinuous composite gel containing a short stacking
gel of low % T (3-4%) layered on top of a long resolving gel of higher % T and was
subjected to electrophoresis in Laemmli running buffer at 200 V for about one h. The
low-range protein marker from Bio-Rad was run with the samples at the same time

and was used to estimate the molecular weight of protein bands. When the
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electrophoresis was finished, the gel was stained in Coomassie Bule R-250 staining
solution (25% methanol, 10% acetic acid and 0.06% Coomassie Blue R-250) for
about 0.5 h with agitation and then was destained in destaining solution (10% acetic
acid and 10% methanol) until the background of the gel was clear. After soaked in

water for several h, the gel was dried by the use of the gel drying films for record.

2.19 Determination of protein concentration

The yield of fusion protein can be estimated by measuring the absorbance at
280 nm. The GST tag can be approximated by 1 Az = 0.5 mg/ml (This is based on
the extinction coefficient of the GST monomer using a Bradford assay).
Concentrations of the B-lactamase can be determined by using the absorption
coefficient 1.95 x 10* M'cm™ at 276.5 nm (Carrey and Pain, 1978). However, the
BIO-RAD Protein assay, based on the method of Bradfold, was widely used to

determine the concentrations of protein in this study according to the manufacturer's

instruction.

2.20 Enzyme Kkinetics

Kinetic measurements were made in a Perkin-Elmer Lambda Bio20 (or
Lambda35) UV/visible spectrometer. All assays were performed at 25°C in 0.05 M
sodium phosphate buffer at pH 7.0. Initial velocities of substrate hydrolysis were
monitored by loss of UV absorption for penicillin G (Aga3; = 755 M"cm"), penicillin

V (Ag23; = 940 M'em™), ampicillin (Aexs = 820 M'em™), oxacillin (Agze = 1,010
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M'lcm"), methicillin (Aexss = 960 M'lcm'[), 6-APA (Agy = 397 M"cm'l),
cephaloridine (Aexs = 10,700 M™'em™), cefuroxime (Agz0 = 7,600 M'cm™) and by
the increase in absorbance at 500 nm for nitrocefin (Agsgo = 15,900 M'cm™). The
wavelength for measuring the enzyme activity for specific substrate is the
wavelength at which the difference in absorbance between substrate and product is
maximum. The kinetic parameters were determined from measurements of initial
rates (from the first 5% of the reaction) by fitting the Michaelis-Menten equation
with the non-linear regression program of EnzymeKinetics version 1.1. Enzyme
Kinetics version 1.1, which was written by Don Gilbert, is a Hypercard stack for
Macintosh computers. When the value of K, was too high or below 10 pM, it was
measured as a K; with nitrocefin as the reporter substrate (De Meester e al., 1987).
Dilutions of the enzymes below a concentration of 0.1 mg/ml were performed with
buffer solutions containing 0.1 mg/ml bovine serum albumin. Nitrocefin is hard to
dissolve in assay buffer, nitrocefin stock solution was prepared in DMF by the ratio
of 0.0015 g powder in 200 pul of DMF. The stock solution can be kept at ~20°C for
one month. Before use, 210 ul of stock solution was added slowly (drop by drop)
into 5.79 ml of assay buffer. The final concentration of nitrocefin for use was
calculated from the measurement of the value of Asgs (€ = 19.2 mM'cm™). The

nitrocefin solution can only be used for one day and has to be freshly prepared from

the stock solution.

2.21 Thermal stability of B-lactamases
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The enzymes were incubated at various temperatures in assay buffer
containing 0.1 mg/ml bovine serum albumin. Samples were withdrawn after various
periods of time and the residual activity was determined with penicillin G,

cephaloridine or nitrocefin as substrate at 25 °C.

2.22 Circular dichroism

Circular dichroism (CD) spectra were measured with a Jasco 810
spectropolarimeter using a water-jacketed cylindrical cell with a path length of 1.0
mm. Temperature control was provided by a Neslab RTE-211 circulating water bath
interfaced with a MTP-6 temperature programmer. The protein samples were
dissolved in 10 mM potassium phosphate (pH 7.0) and their concentrations ranged
from 0.25 mg/ml to 0.5 mg/ml. Thermal denaturation of B-lactamases was monitored
by measuring the far-UV molar ellipticity at 222 nm. Data were collected as a

function of temperature with a scan rate of 1°C/min over the range of 20-90 °C.

2.23 Site-directed mutagenesis

Site-directed mutagenesis was carried out by the use of QuickChange™ Site-
directed Mutagensis Kit (Stratagene). This method allows the rapid introduction of
point mutation into sequences of interest, using a pair of complementary mutagenesis
primers to amplify the entire plasmid in a single PCR reaction. Destruction of the
parental template plasmid by Dpnl digestion, followed by transformation into E. coli

cells, allows introduction of the desired mutation with high efficiency (70-90%), in
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as little as 24 h. Two mutagenesis primers, which contain the desired mutation and
anneal to the same sequence on opposite strands of the plasmid, were designed to
make sure that the melting temperature (T,,) was greater than or equal to 78 °C
according to the following formula: T, = 81.5 + 0.41 (%GC) — 675/N - % mismatch
(where N is the primer length in base pairs), even if this makes the primers 60 bp
long. The reaction was prepared by mixing the following ingredients: 5 pl of 10X
reaction buffer, 125 ng of the two primers, 10-100 ng of template DNA, 1 ul of
dNTP mix, and sterile ddH,O to a final volume of 50 pul. After the mixture was
preheated at 95°C for 5 min, | pul of PfuTurbo DNA polymerase (2.5 U/ul) was
added to start the PCR reaction using the following setting: 95°C for 30 s, 52°C for 1
min, 68 °C for several min (2 min/kb of plasmid length). The number of cycles
depends on the type of mutation desired: 12 for point mutation, 16 for single amino
acid changes, and 18 for multiple amino acid deletions or insertions. During thermal
cycling, Pfu DNA polymerase extended and incorporated the mutagenic primers and
resulted in nicked circular double stranded DNA. After 10 pl of the amplified
product was checked by electrophoresis on agarose gel, 1 pul of Dpnl (10 U/ul) was
added to certain amount of amplification product and incubated at 37 °C for 1 h to
digest the parental supercoiled dsDNA. Then digested DNA was transformed into E.
coli XL1-Blue competent cells. Transformants were screened from LB plate with
100 ug/mi of ampicillin.

When longer primers are attempted, the mutagenesis efficiency is drastically

decreased, largely because of the more favorable primer dimer formation (100%
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complementary), compared with the primer-template annealing. A simple
modification, two-stage PCR mutagenesis protocol, was used to address the problem
(Wang and Malcolm, 2002).

Additionally, primers with a very low %GC and long stretches of A’s and T’s
will most likely lead to secondary structure. The possible formation of primer
secondary structure may be limited by performing a two-step PCR (as opposed to a
traditional three-step PCR) as follows: 95°C for 30 s, 68°C for a few min, which is

suggested by Dr. James Hatteroth (Company’s technical support scientist, personal

communication)

2.24 B-Lactamase inhibition assays

B-Lactamase inhibition assays were conducted as described by Doran et al.
(1990), using Penase concentrate (Bacto™, BD Biosciences) as the source of p-
lactamase and nitrocefin (or penicillin G) as the substrate. One unit of BLIP was
defined as the amount of material that would give 50% inhibition of 2 x 10* U of
Penase used in the spectrophotometric B-lactamase inhibition assay. For the assay,
certain amount of Penase concentrate was incubated with BLIP sample at 25°C for 5

min, and then the residual activity of Penase was determined with Penicillin G or

nitrocefin as substrate.

2.25 Softwares
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Whiles the normal processing of experimental data was carried out by
Microsoft Excel, Graph Pad PRISM® (VERSION 3.0) was used for data fitting and
the calculation of the standard deviation. For kinetic study, the slope of the straight
line in the progress curve was obtained by the KinLab program (supplied by Perkin
Elmer) and kinetic parameters such as Ky and k., were calculated by computer
program EnzymeKinetics (Version 1.1, Trinity Software). The normal analysis of
DNA and protein was performed using computer program Gene Runner (Version

3.05), which was free downloaded from the website (www.generunner.com). The

alignment of DNAs or proteins was made by the use of computer programs Cluster
W (Multiple sequence alignment) and GeneDoc. Cluster W was developed by Kyoto
University Bioinformatics Center and was free downloaded from the website

(www.clustalw.genome.ad.jp). GeneDoc is also free software and was downloaded

from the website (www.psc.edu/biomed/genedoc).
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3.1 Introduction

Site-directed mutagenesis has become one of the most commonly used
methods in molecular biology. The site-directed mutagenesis of one or several amino
acid side chains in an enzyme guided by X-ray crystallographic data and followed up
by a detailed mechanistic data analysis can yield unique insight into structure-function
relationships of protein. It is apparent, however, that an enormous amount of
structure-function information is essentially inaccessible through this high-definition
methodology (Armstong, 1990). The major limitation of site-directed mutagenesis is
that it can only generate one specific mutation at a time which means that important
amino acid can only be discovered slowly. What is more, simple mutations generally
are not expected to drastically alter an enzyme’s substrate recognition pattern, as many
amino acid residues which often not close to one another in the primary structure may
affect the binding pocket of the substrate in the enzyme. In contrast, the accelerated
exploration is possible by hybrid enzyme approach, which involves replacing chunks
of protein primary sequence by formation of hybrid enzymes between two
evolutionarily related proteins and results in multiple mutations to a section of the
structure thought to be important to a particular function. The avowed objective of this
experimental exercise is to assess whether a particular structural module can confer a

defined functional characteristic of the donor to the newly constructed chimeric or
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hybrid enzyme. The replacement of defined structural motifs or regions of primary
structure with related sequences is as reasonable as the site-directed mutagenesis of a
single amino acid side chain but the changes are more complicated.

A library of chimeric genes encoding hybrid enzymes can be generated by
recombination between two partially homologous genes either in vitro or in vivo. It
was proved that the hybrids generated by in vifro homologous recombination might
contain deletions or rearranged sequences, whereas the in vivo process is both more
efficient and simpler to carry out (Weber and Weissmann, 1983).

Two methods of in vivo homologous recombination can be used to generate
libraries of chimeric genes encoding hybrid enzymes. Hybrid genes have been
efficiently assembled in E. coli (Weber and Weissmann, 1983; Rey et al., 1986;
Abastado et al., 1987), B. subtilis (Conrad et al., 1995) and Saccharomyces cerevisiae
(Pompon and Nicolas, 1989) by intramolecular recombination within homologous
regions of the two parent genes (Figure 3.1a). Chimeric genes also have been
constructed both in E. coli (Schneider ef al., 1981) and in yeast (Orr-Weaver and
Szostak, 1983; Pompon and Nicolas, 1989) by intermolecular recombination (Figure
3.1b). Both of the two methods offer the potential to generate libraries of chimeric
genes that can be used for further studies to map functional residues or regions of the

polypeptides.
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Figure 3.1 Construction of hybrid genes by homologous recombination.Libraries of
hybrid genes were constructed by (a) in vivo intramolecular recombination between
partially homologous genes located at the same linear DNA and (b) intermolecular
recombination, which requires two crossover events, one between the two partially
homologous genes and the other one between the selective marker (e.g., the

chloramphenicol resistance gene) sequences.

The penPC gene and the penP gene share 61% sequence identity. In our

previous studies (Leung, 1994), five hybrids (Hybrids A-E, Figure 1.9) were
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successfully constructed between the two genes by in vivo homologous recombination
in B. subtilis 168, and all these hybrids showed enzymatic function. Surprisingly, for
unknown reasons, no hybrid B-lactamase could be created by intermolecular
homologous recombination. Hybrid genes were successfully obtained by
intermolecular recombination in E. coli between two trp4 genes of E. coli and
Salmonella typhimurium (Schneider er al., 1981), which share 75% identity. The
lower identity may account for the lack of crossing over between penPC and penP.

In the present study, hybrids from crossing between penPC and pc! (the two
genes share 53% identity), as well as hybrids from crossing between penPC and penP,
were generated by in vivo intramolecular recombination in E. coli RR1 and have been

used for the study of the structure-function relationships of B-lactamase.

3.2 Construction of a recombinant plasmid containing two partially homologous
B-lactamase genes

While pYCL 18, which was constructed by the insertion of the penPC gene and
penP gene into plasmid pGK13 (Leung, 1994), was directly used for the generation of
hybrid B-lactamases in E. coli RR1, a new recombinant plasmid (pHBL1) containing
penPC and pcl was constructed from pYCL18 for the generation of hybrid
B-lactamase genes from penPC and pcl.

The chromosomal DNA of Staphylococcus aureus PClwas prepared by the
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freeze and thaw method. Two primers, LHB1 (5'-cataaAGATCTattgacaccgatatta
caattg-3") and LHB2 (5'-cggacATCGAT gtcaacgataatacaaaatataatac-3'), were
designed to amplify the pc/ gene from the upstream of the start codon to the
downstream of the transcriptional terminator by PCR. The PCR product and the
pYCL18 plasmid DNA were digested by Bg/II and Clal, and then the two digested
fragments were purified and ligated together. The correct recombinant plasmids were

screened by restriction enzymes digestions (Figure 3.2) and further confirmed by

DNA sequencing.

3.3 Generation of hybrid B-lactamases by in vivo intramolecular homologous
recombination

Both plasmids pYCL18 and pHBL1 carry two B-lactamase genes (penPC and
penP for pYCL18, penPC and pc/ for PHBL1) with the cat gene in between to
facilitate characterization. They also contain the ermC gene, which confer the
resistance for erythromycin (Figure 3.2). The initial plasmids confer Ef*CmR. There
are several restriction enzyme sites at the region between or in the two B-lactamse
genes, which may be used to linearize the plasmids for intramolecular recombination.
To generate hybrid genes by intramolecular homologous recombination, linearized

plasmids were transformed into E. coli RR1 competent cells, with selection for Er®.
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Er® transformants were examined for the absence of the car gene, which is lost upon
homologous recombination between penPC and penP or pcl. Recombination would
arise via a "snail" intermediate following a crossover event at any site with sufficient
homology. All hybrid genes generated would have their N-terminal coding moiety
derived from penPC and their C-terminal coding moiety derived from penP or pcl
(Figure 3.3).

Different enzyme digestions were used to linearize pYCL18 and pHBLI
before transformation was performed. The locations of the restriction enzymes for
pYCL 18 and pHBL1 were shown in Figure 3.2. The transformation efficiency of the
competent E. coli RR1 was about 10’colonies/ug pUCI8 or 10°cononies/ug pGK13.
Plasmids from Er®CmS transformants were prepared and analyzed for restriction

enzyme digestions and finally confirmed by DNA sequencing for correct hybrids.
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Bglll
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Clal

PCR product containing the pcl gene

ori+pWVO1

Digested by Bg/II and Clal, ligated,
and then transformed into E. coli RR1

Figure 3.2 The construction of plasmid pHBL1. Plasmid pYCL18 and PCR
product containing pc/ gene were digested by BglIl and Clal. Digested
fragments were purified and ligated together. The ligation product was
transformed into E. coli RR1. The correct recombinant plasmids were screened
by restriction enzyme digestions and DNA sequencing.
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Initial plasmid (EfRCmR)
pHBL. 1 or pYCL 18 - -
8200 bp
penPC “Snail” intermediate
cat

hybrid beta-lactamase gene

X

Recombinant (ErRCmS)

Figure 3.3 Intramolecular homologous recombination in E. coli RR1 for the generation of hybrid B-
lactamase genes. The initial plasmid confers Ef*CmR. To generate hybrid genes, linearized plasmids
were transformed into E. coli RR1 (recombination positive) cells, with selection for ErR. ErR
transformants were examined for the absence of the car gene, which was lost upon homologous
recombination between penPC and pcl or penP. Recombination would arise via a “snail” intermediate
following a crossover event at any site with sufficient homology. All hybrid genes generated would

have their N-terminal coding moiety derived from penPC and their C-terminal coding moiety derived
from pc! or penP.
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3.4 Restriction analysis and DNA sequencing of hybrid B-lactamase genes

Because the penPC gene and pc! gene only share 53% identity, transformation of
linear pHBL1 mainly resulted in self-ligation of the linear DNA, the efficiency of
homologous recombination was less than 30%. Therefore, a large number of colonies
had to be screened in order to obtain the hybrid genes. Clal was used to linearize the
plasmids for the estimation of the size of the plasmid DNA. The predicted size of real
hybrid plasmids is 5.3 kb.

Considered that there are three HindlII sites in pHBL1, one at the upstream of
the penPC gene and two inside the penPC gene (Figure 3.2). The crossover site can be
roughly decided by Hindlll digestion. One band was seen if the recombination
happened between the first and the second sites of HindlII after enzyme digestion, two
bands were seen if the recombination happened between the second and the third sites,
while three bands were seen if the recombination happened at the site downstream the
third Hindlll site. Figure 3.4 shows the electrophoresis resuits of pHBL1 and hybrid

plasmids by Clal and HindlII after restriction enzyme digestions.
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Figure 3.4 Gel electrophoresis of HindlIlI digested plasmids using 0.8% agarose gel (A) or
using 1.6% agarose gel (B) and Clal digested plasmids in 0.8% agarose gel (C). 1 kb DNA
ladder (Promega) was loaded as marker (M) to estimate the size of DNA fragments. Lanes 1
to 13 represented the samples from plasmids pHBL1, pHBL2, pHBL3, pHBL4, pHBLS,

pHBL6, pHBL7, pHBLS, pHBL9, pHBL10, pHBL!1, pHBL12 and pHBL13 respectively
No sample was loaded onto the Lane 2 in (C).
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3.5 DNA sequence analysis of hybrid B-lactamase genes

To determine the precise crossover regions of the hybrid B-lactamase genes,
the potential plasmids, which had been analyzed by restriction enzyme digestions,
were futher confirmed by DNA sequencing, using primers LHB2, LHB3
(5'-gattgtctattatgtgtacg-3', for sequencing 5' of penPC), and LHB4 (5'-gagaaacatg
tagatactgg-3', for sequencing the middle part of hybrid plasmids) for hybirds derived
from pHBLI1, or using primers LHB3, LHB4, LHB9 (5'-gectgGTCGACaatgata
tgagcttgatca-3', for sequencing 3' of the penP gene and amplification of AybridF gene)
for hybrids derived from pYCLI18. The results were summarized in Table 3.1. The
DNA sequences of crossover regions of different B-lactamase hybrid genes were also
listed in Table 3.2, the length of identical region for in vivo homologous recombination

varied from 4 to 14 nucleotides. The AT content of the region was found quite high,

range from 40% to 100%.
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Table 3.1 Hybrid genes obtained from intramolecular homologous recombination

Linear DNA used for transformation Hybrid genes obtained

Bglll digested pYCL18 hybridA hybridB hybridC
hybridD hybridE hybridF

Pstl digested pYCL18 hybridA

Pstl and BgllI digested pHBL1 hybridl2 hybridl hybrid2 hybrid3
hybrid4 hybrid5 hybrid6 hybrid7

Bglll digested pHBL1 hybridl hybrid4

BamHI digested pHBL1 hybridl hybrid3

EcoRI and EcoRV digested pHBL1 hybrid7 hybrid8 hybrid9 hybridl |

EcoRI and Bg/lI digested pHBL1 hybridl 0
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Table 3.2 DNA sequences of crossover regions of different B-lactamase hybrid genes

Hybrid gene Origin Crossover sequence  Length of AT% of
sequence sequence
hybrid A penPC x penP AACTTGAG 8 50
hybrid B penPC x penP ACTTCCA 7 57.1
hybrid C penPC x penP TGGATGAAA 9 66.7
hybrid D penPC x penP AATGA 5 60
hybrid E penPC x penP ATTGCAGAGGCAAC 14 50
hybrid F penPC x penP AAAT 4 100
hybridl penPC x pcl AAAAAAT 7 100
hybrid2 penPC x pcl ATGCTC 6 50
hybrid 3 penPC x pcl GGTGT 5 40
hybrid 4 penPC x pcl GATACT 6 66.7
hybrid 5 penPC x pcl AGATTTGCCT 10 60
hybrid 6 penPC x pcl ATGTAG 6 66.7
hybrid 7 penPC x pcl AGTGATAATAC 11 72.7
hybrid 8 penPC x pcl AGAATTAAA 9 88.9
hybrid 9 penPC x pcl AAAAC 5 80
hybrid 10 penPC x pcl AAAATTCTTAC 11 81.8
hybrid 11 penPC x pcl TTGCT 5 60
hybridl2 penPC x pcl TTGAAAAA 8 87.5
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From penPC and penP, in addition to hybridA-E, which had been generated in
B. subtilis, a new hybrid (hybridF) was produced by homologous recombination in £,
coli RR1 (Figure 3.5). From penPC and pcl, twelve hybrids were generated, the
crossover regions of these hybrids are showed in Figure 3.6. The crossover site of
hybridl2 is located at the begining code of pc!, while it encodes the whole PCI1
B-lactamase including the signal peptide, the upstream of the start codon was from
penPC gene. Therefore, it may be used for the study of whether the promoter and
ribosome binding site of the penPC gene is functional or not in PC1 protein expression.
The coding frame of the regions where crossover events happen for the generation of
hybrid9 and hybridl0 are different in penPC from that in pcl, therefore,

recombination generated a new stop codon “TGA” downstream of the crossover sites

in hybrid gene hybrid9 or hybrid10.
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T ATTGCAGAGGCAAC AA GT TA T AA GC CTTA A

Figure 3.5 The crossover region locations of the six hybrid genes obtained from the penPC and penP,
which were generated by in vivo intramolecular homologous recombination in E. coli RR1. The two
genes (penPC and penP) share 61% nucleotide sequence identity. Conserved nucleotides are indicated
by black box. The DNA sequences are found in Genebank at NCBI. The alignment of the DNA sequence
Was performed with Clustal W.
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Figure 3.6 Locations of the twelve different crossover regions between the penPC and pcl genes as
determined by DNA sequencing. The two genes share 53% nucleotide sequence identity. Conserved
nucleotides are indicated by black box. The DNA sequences are found in Genebank at NCBI. The
alignment of the DNA sequence was performed with Clustal W. The hybrid genes were generated by in
vivo homologous recombination in E. coli RR1. Recombination results in a new stop codon “TGA”
Flownstream of the crossover sites in Aybrid9 or hybridl 0. Other hybrid genes do not have any changes
In coding frame downstream of the crossover sites.
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3.6 Discussion

From this study, we found that most of the plasmids (>90%) prepared from the
colonies transformed with single cut pHBL1 were identical to pHBL1, which were
probably due to plasmid molecules that escaped cutting by the restriction enzyme or
were end-to-end ligated after the transformation. However, even when two restriction
enzymes (e.g. EcoRI and Bg/II) were used to linearize pHBL1, about 70% plasmids
were still found to be self-ligated. It is amazing that noncompatible DNA ends can be
ligated together in vivo. However, single cut pKSY2 DNA (containing two pyridoxal
kinase genes with more than 80% identity) resulted in the yield of almost 100%
recombinants in transformants and single cut pYCL18 resulted in the yield of more
than 90% recombinants. Therefore, it was proposed that both self-ligation and
homologous recombination would compete with each other when linear DNAs were
transformed into the cells of £. coli RR1. The more sequence identity between the two
concerned genes, the higher frequency of homologous recombination, and lower
frequency of end-to-end ligation. Considering the notion that the frequency of
intermolecluar recombination is a function of the sequence similarity between the
genes concerned (Leung, 1994), the same situation may also exist for intramolecular
recombination. Therefore, it is concluded that the frequency of homologous

recombination is a function of the sequence identity between the genes concerned.
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Because two crossover events are needed for intermolecular recombination, it is
reasonable that the two genes for intermolecular recombination require more sequence
identity than the two genes for intramolecular recombination. This may be the reason
why no hybrid B-lactamase genes were created by intermolecular recombination even
with the stimulation of double-strand breaks inside the homologous region of the
penPC gene while hybrid genes were successfully obtained by intramolecular
recombination (Leung, 1994). We also propose that 53% sequence identity may be
marginal for performing intramolecular homologous recombination between the
genes of interest.

Abstado et al. (1987) suggested that double-strand breaks inside a region of
homology stimulate recombination. Such stimulation of recombination was very
obvious in this study when the linear pHBLI, cut by Pstl and Bg/ll, was used to
generate hybrid B-lactamase genes. There are two Psil sites in pHBL1. One is
upstream of the pc/ gene, the other is inside the penPC gene. The region containing
Pstl cutting site is highly homologous with pcl. Consequently, eight of twelve hybrid
genes between penPC and pcl were generated by the transformation with this linear
pHBLI. Our resuits strongly support this hypothesis, which should be an important
guideline when experiments are designed to generate hybrid genes.

Abstado et al. (1987) also suggested that recombination was most frequent
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near the homologous end, and the frequency decrease with the distance. In our studies,
when linear pHBL1 digested by PsiI and Bg/IT was used to transform E. coli RR1,
about half of the recombinants were proved to be hybrid7. As the crossover site of
hybrid7 is very near to the PstI site of penPC, our observation is fully consistent with
the first part of the suggestion. However, the gradient of recombination frequencies
related to the location of the break was not observed in our study. However, when we
tried to generate more hybrid p-lactamase genes between penPC and penP, linear
pYCL18 digested by PstI was transformed into competent cells. Surprisingly, all
recombinants were found to be iiybridA, the crossover site (5’-AACTTGAG-3") of
hybridA is very far from the Pstl site. More strikingly, even the neighbor homologous
region of hybridA (5°-AATTTGATGC-3’) is more homologous, no crossover event
happened there at all. One possible explanation is that the crossover site of AybridA is
a particular hot spot of recombination, with sequence different from the octameric Chi
(x) seqnence (5°-GCTGGTGG-3"). The Chi sequence is a recombination hot spot in E.
coli. Recent studies (Eggleston and West, 1997) suggest a singular mechanism by
which y regulates not only the nuclease activity of RecBCD enzyme, but also the
ability of RecBCD to promote loading of the stand exchange protein, RecA, onto
x-containing DNA. The mechanism by which the sequence (5’-AATTTGATGC-3")

may also function as a recombination hot spot is still unclear. From our results, the
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distribution of crossover sites over the homologous regions of two genes is almost
systematical but nonrandom. This leads us to believe that crossover loci are not strictly
a function of local DNA homology, but may reflect the mechanism of recombination
in this system, which is under investigation.

In summary, even though the molecular details of the recombination processes
are still far from being completely deciphered, homologous recombination is proved
to be a very powerful approach to generate hybrid genes between two partially
homologous genes. For protein engineering, it is very useful to construct enzymes
with altered properties and to identify the sequences that may correlate with changed

properties, such as thermostability and substrate specificity.
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Chapter 4 Expression of B-lactamases in B. subtilis

4.1 Introduction

A broad range of prokaryotic and eukaryotic cells have been used through
genetic engineering for the overproduction of proteins, which are widely used for
research and industry. Among them, Bacillus subtilis may be an optimal host for
many applications. Bacillus subtilis is a very attractive host for the production of
heterologous secretary proteins (Wong, 1995).

[t is capable of secreting functional extracellular proteins directly to the
culture medium. Product recovery is thereby greatly simplified compared with high-
level intracellular expression, which may lead to the formation of inclusion bodies
containing insoluble and inactive proteins. An important feature of B. subtilis is its
apathogenicity and GRAS (Generally Recognized As Safe) status. It lacks the
cellular components or metabolic products toxic to humans or animals, which
facilitates the production of proteins of medical interest. In particular, as gram-
positive organism, B. subtilis does not produce endotoxins (lipopolysaccharide),
which are ubiquitous in all gram-negative bacteria, including E. coli, and are difficult
to remove from many proteins in the process of purification. B. subtilis has been
characterized extensively both physiologically and genetically, second only to E. coli,
a great deal of vital information concerning its transcription and translation
mechanisms, genetic manipulation and large-scale fermentation has now been
acquired. Furthermore, B. subtilis has no significant bias in codon usage, it has been
successfully applied to produce various industrial enzymes in large quantities, up to
1 g/L of a-amylase of B. amyloliquefaciens was secreted into the growth medium
when it was expressed in B. subtilis (Palva et al., 1992). Even so, however, using B.
subtilis as a production host has also met some obstacles, the most prominent ones

being the proteolysis degradation of many proteins by host proteases and the poor
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compatibility of many nonbacillar proteins for secretion, especially those of
eukaryotic origin. Production of high-value human proteins for pharmaceutical
applications remains a major challenge. Most medical applications require intact
proteins with both authentic primary sequences and properly folded three-
dimensional structures.

Temperate phages have been widely used as tools for genetic manipulation
and analysis of B. subtilis, the vast majority of cloning experiments were based on
the use of prophage vectors, such as $105 and SPB (Errington, 1993). Previously, the
most important application for phage vector in B. subtilis has been in gene cloning.
However, it has recently become possible to use bacteriophage vectors for the
overexpression of genes encoding heterologous or genetically manipulation proteins.
Although a number of plasmid expression vectors are available, the prophage-based
vectors have the advantages of increased stability because of their chromosomal
locations and convenient regulation provided by the phage immunity system.
Moreover, phage induction, which can be controlled by temperature shift in
appropriate mutants, results not only in the expression from strong phage promoters
but also in an increased copy number through phage DNA replication.

Expression vectors have been developed from two phages, $105 and a
defective phage, PBSX, which is present in most of the genetic strain of B. subtilis
(Seaman et al., 1964). One of the systems has been derived by manipulation of the
PBSX prophage of B. subtilis 168 (Errington, 1993). Campbell-type integration
introduces a plasmid carrying the gene to be expressed into the PBSX prophage and
downstream from a strong prophage promoter (O'Kane et al., 1986). The prophage
carries a mutation, xhi-/479, that allows thermoinduction of prophage development,

and the plasmid insertion blocks lysis of the host cell because the gene needed lie
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downstream from the same promoter (Wood et al, 1990). The construction is
relatively stable and is maintained in single copy during the growth phase.
Transcription and DNA amplification are activated by thermoinduction.

Similar systems have been developed from phage $105. One vector utilizing
the phage promoter that directs transcription through the $105J106 cloning site, and
mutations preventing host cell lysis and allowing thermoinduction, gave a relatively
modest yield (about 20 mg/L) of a secreted heterologous protein (Gibson and
Errington, 1992). Vectors giving substantially greater yield were also developed,
mainly by the identification and use of a strong $105 promoter. $105MU209 was
isolated as a colony exhibiting extremely strong expression of B-galctosidase among
transformants generated by random insertion of a lacZ reporter gene into a
temperature-inducible ¢105 prophage (Errington, 1986). The structure of the
insertion in ¢ 105MU209 is complex and has not yet been fully resolved. However, it
is clear that the insertion has not only conferred strong inducible expression of lacZ
following temperature induction but has also somehow blocked host cell lysis.
Despite the fact that the structure of the insertion is not fully known, it has been
possible to use homologous recombination to replace part of the coding lacZ with
heterologous genes, which are then overexpressioned following thermoinduction.
This system has been used to produce 6000 to 900 Miller units of B-galctosidase
(BGal) (approximately 5 to 10 % of total cellular protein) and wild type and mutant
versions of the secreted B-lactamase [ of B. cereus (Errington, 1993).

A novel expression vector based on the B. subtilis phage $105 was then
developed to permit the high-level synthesis and secretion of B-lactamase I (PenPC)
from B. cereus (Thornewell et al., 1993). The insertion of a promoterless lacZ gene

into the phage genome by shotgun permitted the identification of a clone producing
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large amounts of BGal. The insertion also blocked lysis of the host cell. Although the
insertion in the original prophage was complex, plasmid vectors and prophage
derivatives have been developed to facilitate the replacement of /acZ with other
genes for expression. The new prophage contains two additional mutations: an ind
mutation, which greatly enhances the normally poor transformability of $105
lysogens, and a cts mutation, which allows thermoinduction of phage development
and protein production. Induction of a derivative prophage containing the penPC
gene resulted in the production of up to 500 mg of secreted PenPC per liter of culture
supernatant. The $105SMU331 has several advantages as an expression vector. It is
stable in the absence of selective pressure because the prophage is covalently
inserted, in a single copy, into the host chromosome (Rutberg et al., 1969). The
lysogenic state also involves strong repression of phage transcription, minimizing
expression of potentially toxic genes during the growth phase. On prophage
induction, a strong phage promoter is activated and expression is further enhanced
by phage DNA replication giving a rapid increase of copy number. Although
induction of ¢105 prophage normally results in lysis of the host cell, the w(/acZ
cat)3 insertion, by which the vector differs from ¢ 105, has the additional property of
blocking host cell lysis. The use of vectors containing this insertion facilitates the
purification of secreted proteins by avoiding the solubilization of host proteins. The
system has been used for the high-level overproduction of cytoplasmic protein BGal,
secretary protein PenPC B-lactamase (Thornewell et al., 1993) and its mutants
(Leung et al., 1994).

The high levels of protein synthesis obtained with ¢105 MU331derivatives
have been attributed to the presence of a powerful inducible phage promoter

upstream form from the cloning site in the prophage. The existence of two adjacent
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promoters was demonstrated by primer extension analysis (Leung and Errington,
1995). The two promoters are in an equivalent position to the strong late promoter of
phage A and are likely to contribute to the high-level transcription of genes inserted
in the expression vectors.

In our laboratory, B. subtilis 1A304 $105MU331 has been successfully used
to facilitate the expression and purification of PenPC, PenP B-lactamase and their
hybrid derivatives (Cheung, 2000; Leung, 1994). Considering the advantages of the
expression system, B. subtilis is the first choice for the expression of B-lactamases.
While the HybridF B-lactamase can be expressed by use of the system for sure, the
efforts to express PCl PB-lactamase and its hybrid derivatives with PenPC p-

lactamase in the system will be made in this study.

4.2 Construction of the pSG703 derivatives containing various B-lactamase genes

To facilitate the introduction of heterologous genes for expression into the
$105MU331 prophage, plasmid pSG703 was used. pSG703 was constructed by
Thronewell er al. (1993), with a truncated lacZ gene, followed by a MCS containing
several unique restriction sites, and an intact cat gene (Figure 4.1). Primers LHB5
(5'-cggcaCCCGGGtgattgtctattatgtgtacg-3") and LHBS (5'-cggct
GTCGACtuttaatactttcatgttaaaaatg-3") were used to amplify the penPC gene from
pYCLI18; Primers LHB6 (5'-cggcaCCCGGGtattgacaccgatattacaattg-3") and LHB7
(5'-cggacGTCGACgtcaacgataatacaaaatataatac-3") were used to amplify the pc! gene
from pHBL1; Primers LHBS and LHB9 were used to amplify hybridF gene from
pHBL14; Primers LHBS and LHB7 were used to amplify different hybrid genes of
penPC and pcl from plasmids containing these genes, respectively. The PCR

conditions for the amplification are described in Chapter 2. Promoter, RBS, whole B-
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lactamase gene and transcriptional terminator were included in these PCR products.
These PCR products were digested by restriction enzymes Smal and Sall, and then
DNA fragments were purified and ligated with similarly digested pSG703 (Figure
4.1). After the ligation products were transformed into £. coli DHSa competent cells,
some colonies were picked from each plate for the preparation of plasmid DNAs.
The correct recombinant plasmids were screened by BamHI digestion. While
pSG703 contains two BamHI sites, only one BamHI site exists for the recombinant
plasmid. One DNA band of 6.2 kb was seen when recombinant plasmid was digested
by BamHI (Figure 4.2). All these recombinant plasmids containing different B-

lactamase genes in an appropriate orientation were confirmed by DNA sequencing.
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transformed into competent E. coli DH5a cells
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Figure 4.1 Construction of pSG703 derivatives containing various B-lactamase genes. Plasmid
pSG703 and PCR products of different B-lactamase genes were digested by Smal and Sall.
Digested fragments were purified and ligated together. The ligation product was then transformed
into E. coli DH5a. After the preparation of plasmid DNAs from some selected transformants, the
right recombinant plasmids were screened by restriction enzyme digestions and further confirmed
by DNA sequencing.
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Figure 4.2 Analysis of recombinant plasmids derived from pSG703 by restriction enzyme
digestion. While 1 kb DNA ladder (Promega) was loaded as marker (M) to estimate the sizes of
DNA fragments, digested DNA samples were analyzed in 0.8% agarose gel. Lane 1 was pSG703
digested by EcoRI. Lane 2-16 were BamHI-digested samples of pSG703, pSGPC1, pSGpenPC,
pSGhybridF, pSGhybridl, pSGhybrid2, pSGhybrid3, pSGhybrid4, pSGhybridS, pSGhybrid6,
pSGhybrid7, pSGhybrid8, pSGhybrid9, pSGhybrid10, and pSGhybrid1 1, respectively.
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4.3 Transformation of the constructed pSG703 derivatives into B. subtilis 1A304

($105 MU331)

For protein expression, the pSG703 derivatives were transformed into B.

subtilis strain 1A304(¢ 105SMU331). According to previous study (Thornewell ef al.,

1993), transformation of 1A304(¢105MU331) with undigested plasmid pSG704
gave both Cm*Er® and Cm®Er® colonies. While the CmREr® colonies were resulted
from single-crossover between plasmid and prophage, the Cm®Er’® colonies were
resulted from double-crossover between plasmid and prophage (Figure 4.3).
Normally, the latter class of transformants is used for protein expression, and
linearized plasmid favors double-crossover events.

Because there are two crossover sites between plasmid and prophage (Figure
4.3), the CmREr® transformants may be resulted form single crossover between the
truncated /acZ gene of plasmid and the prophage (Figure 4.4) or between the
complete cat gene of plasmid and the incomplete cat gene of the prophage (Figure
4.5). When the single crossover occurred at the truncated /acZ gene, the expressed
gene was inserted into the prophage downstream from the /acZ gene. Similar to the
situation in double crossover (Figure 4.3), the transcription of the expressed gene is
placed under the control of the strong phage promoter. The expression level of the
gene may be expected to be identical to the double crossover case in view that the
location or distance between the expressed gene and the strong phage promoter was
same with that in double crossover. However, for some unknown reasons, the protein
expression level of Cm®Er® transformants was found to be about 10-folder higher
than that of the Cm®Er® transformants when PenPC and some of its mutant B-
lactamases were expressed in this system (data not shown). When the single

crossover event occurred at the cat gene, even though the gene to be expressed was
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also integrated into the prophage, the distance between the gene and the strong phage
promoter was much longer. Thus, the expressed gene is too far away from the
thermo-inducible promoter and probably is not under the control of the strong
promoter. The transcription due to the thermo-inducible promoter may be terminated
at the terminator sequence of the ermC gene. Therefore, thermo-induction may have
no or much less effect on the expression of protein of interest.

In order to locate the crossover site after transformation, primer LHB10 (s'-
ggcttgagtgegggggcea-3') was designed to carry out PCR amplification with LHB7,
LHBS8 or LHB9. The sequence of primer LHB10 was designed based on the DNA
sequence located at the downstream of the prophage promoter. When prophage DNA
prepared from a Cm® transformant was used as the template, PCR reaction would
result in the amplification of a DNA fragment of about 2.0 kb if a crossover even has
occurred at the /acZ gene. For those Cm® transformants that were used to express f3-
lactamases, since the 2.0 kb PCR products were observed after amplification for all
the samples (Figure 4.6), all B-lactamase genes were confirmed to be near to as well
as downstream of the strong promoter. To perform the PCR reactions, chromosomal
DNAs from different transformants were prepared by the freeze-thaw method
(Chapter 2) and were subjected to PCR reaction. For PCR reaction, thirty cycles of
amplification were performed with the following temperatures: 30 s at 94°C, 30 s at

52°C and 2 min at 72°C.
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Figure 4.3 Schematic drawing of the construction of a prophage allowing expression of
PenPC. Linearised pSG704 (or pSGpenPC) was transfromed into strain B. subtilis
1A304($105MU331) with selection for the CmR marker, and the transformants were screened
for ErS phenotype. Such transformants should have arisen from a double crossover event, as
shown, placing transcription of the penPC gene under the control of the strong phage
promoter. Plasmid pSGpenPC was constructed by inserting the penPC gene into pSG703

between Smal and Sall sites.
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M1234567891011

2000 bp

Figure 4.6 Determination of the crossover location of CmR transformants by
PCR reaction. With 1kb DNA Ladder (M) as size marker, the PCR products
from different chromosomal DNAs were analyzed in 0.8% agarose gel.
Lanes 1-11 contain the the PCR products from ¢105MU331, $105SHBI
(penPC), ¢105HB2 (pcl), $105HB3 (hybridF), $105HB4 (hybridl),
¢105HB7 (hybrid4), $10SHBS8 (hybrid5), $105SHB9 (hybrid6), $105HB10
(hybrid7), $105HB12 (hybrid9), and $10SHB14 (hybridll), respectively.
For PCR reaction, thirty cycles of amplification were performed with the
following temperatures: 30 s at 94°C, 30 s at 52°C and 2 min at 72°C.
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4.4 Small scale expression of B-lactamases from B. subtilis

For protein expression, as mentioned in Chapter 2, the transformants from
different pSG703 derivatives were separately picked and grown on a small scale
(5ml) firstly and then 1 ml of it was inoculated into 15 ml. Induction was done at
50°C for 5 min, and growth was continued at 37°C. Strain 1A304($105MU331) was

similarly treated as a control. Samples of the culture were taken hourly after

induction and stored at -20°C for further analysis.

4.5 SDS/PAGE analysis and activity assay of the expressed protein samples

The supernatants of culture samples at the fourth hour after thermo-induction
were analyzed by SDS/PAGE analysis. We found that there was no B-lactamase
expression for the strains containing the pc/ or hybrid genes generated from crossing
penPC and pcl, while the PenPC and HybridF B-lactamase (PenPC x PenP) were
successfully expressed in B. subtilis (Figure 4.7). To detect the time-course of
protein production of PenPC and HybridF B-lactamase, at hourly intervals for 8 h
after thermoinduction, 10 pl samples of the culture were loaded directly onto
SDS/PAGE for electrophoresis (Figure 4.8). The amount of B-lactamase present at

each hour after thermoinduction was also assayed enzymatically with penicillin G as

the substrate (Figure 4.9).
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Figure 4.7 The production of B-lactamases from 1A304(¢105MU331) and its derivatives.
With low range SDS/PAGE standard (M) for the size estimation, protein samples in the
culture supernatants were analyzed by SDS/PAGE. Lanes 1-16 contain the samples from
the cultures of 1A304(¢105MU331) and its derivatives containing the gene hybridF,
penPC, pcl, hybridl, hybrid2, hybrid3, hybrid4, hybrid5, hybrid6, hybrid7, hybrids,
hybrid9, hybridl0, hybridl 1, or penPC, respectively.
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Figure 4.8 SDS/PAGE analysis of the production of B-lactamases. Culture supernatant samples
of 1A304 (¢105MU331) derivatives containing the gene of penPC (A), hybridF (B), pcl (C), as
well as the whole culture of 1A304(¢105MU331) (D) and its derivative containing the pc/ gene
(E), at different time points after thermo-induction were analyzed by SDS/PAGE. M is the
protein marker; 0,1,2,3,4,5,6,7 and 8 indicate the number of h after thermo-induction when the
Samples were taken.
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Figure 4.9 The enzyme activity of PenPC and HybridF (with Penicillin G as
substrate) at different time points after thermo-induction in small-scale
expression (15 ml).

In 1984, Saunders et al. (1984) suggested that the pc/ promoter should be
active in vivo in B. subtilis and the behavior of pc/ in B. subtilis could parallel the
behavior of the penP gene in the same host. It is surprising that PC1 and hybrid p-
lactamases of PenPC and PCI cannot be expressed in the ¢105MU331 expression
system. One possibility was that PC1 and its hybrid B-lactamases might have been
expressed but could not secreted into the extracellular medium. However, when the
samples of the culture including cells were taken and applied to SDS/PAGE, still no
protein bands corresponding to pB-lactamases were observed (Figure 4.8). Whether
there was no [-lactamase expression at all or the expressed P-lactamase was
degraded by proteases is still unclear.

B. subtilis is a promising host for the production of foreign protein, however,
protease released by the host organism can often cause the breakdown of secreted
heterologous proteins (Hemila ef al., 1992). A growth medium rich in succinate (0.5
M) has been suggested as a means of increasing the yield of E. coli B-lactamase in B.

subtilis (Nakamura ef al., 1985). It was also reported that the addition of 6% glucose
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and 100 mM potassium phosphate to the growth medium significantly reduces the
degradation of E. coli TEM B-lactamase secreted form B. subtilis (Hemila et al.,
1992). However, the addition of 6% glucose and 100 mM potassium phosphate to

BHY medium was proved to have no effect on the expression of PC1 and its hybrid

derivatives (data not shown).

4.6 Effect of the transcriptional terminator from the gene penPC on the expression
of PC1 in B. subtilis

The DNA sequence of hybridl1 B-lactamase gene is highly identical to that
of penPC with the exception of about 120 bp-length of 3' coding sequence and
transcriptional terminator sequence, which are from pcl. Codon usage, translation
and secretion of Hybrid11 B-lactamase were expected to be very similar to those of
PenPC. However, while PenPC was highly expressed and secreted, no expression of
the Hybrid11 B-lactamase and the PC1 B-lactamase were observed in the cultured
cells and culture supernatant. The lack of transcription of pc/ and its hybrid
derivatives in the $ 105MU331 expression system may be the cause of the expression
failure. So far, no sequence characteristic of typical Rho-independent transcription
terminators (Terry, 1983) was found in the 170 bp sequence following the translation
stop codon of pc/ (Wang er al., 1987). The important manner in which termination
influences the expression of heterologous genes is in the stabilization of the message
(Hess and Graham, 1990). Stable stem-loop structures associated with termination
structures in E. coli have been shown to prolong message half-life through
discouraging ribonuclease activity (Guarneros et al., 1982). If the transcription were

to blame for, replacement of transcriptional terminator sequences of pc/ with those
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of penPC would improve the protein expression of PC1 B-lactamase and its hybrid
derivatives.

Two single-stranded oligonucleotides (LHB23 5’-TCGATATTTTAGTT
TTCGCATTTTTAACATGAAAGTATTAAAAG-3’ and LHB24 5’-TCGACTTTT
AATACTTTCATGTTAAAAATGCGAAAACTAAAATA-3)  were  designed
according to the 3’ region of the penPC gene with Sall site at 5 end. Same amount
of the two oligonucleotides were added together and heated to 100°C for several
minutes and then gradually cooled to room temperature. After annealing, the double-
stranded DNA fragment was phosphorylated by T4 Polynucleotide Kinase (New
England Biolabs) for 1 h at 37°C. The phosphorylated DNA was than ligated with
Sall-digested pSGpcl. Several plasmids were prepared from transformants and their
sequences were determinated by DNA sequencing. One plasmid was found with
successful addition of the penPC transcriptional terminator downstream of the pc/
gene. The plasmid was then transformed into B. subtilis for testing protein
expression. However, no protein band corresponding to the size of PC1 was noted by

SDS/PAGE analysis (data not shown). In addition, no B -lactamase activity was

found in culture medium. It seems that the addition of the penPC transcriptional

terminator to the 3’ of the pc/ gene did not improve the expression of PC1 in B.

subtilis.

4.7 Large scale expression of PenPC, HybridB, and HybridF B-lactamases

Oxygen supply is critical for the growth of B. subtilis. In order to supply
sufficient oxygen for large scale expression, 1-litre flask is used to culture only 100
ml of cells. However, it was found that too much oxygen supply (with higher ratio of

flask to culture volume and the use of baffled flasks) would decrease the expression
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of proteins, which was also observed when we recently expressed the p-lactamase
inhibitory protein (BLIP) in the same system (see Chapter 7). It suggests that DO
(dissolved oxygen) level may play an important role on cell growth and p-lactamase
(and other enzymes) production, which is consistent with the report on B. subtilis
fermentations (Sargantanis and Karim, 1998). Low DO levels result in limited
growth conditions for the microorganism, but favor both long-term production and
lower degradation rates. DO levels may be an important factor that influences
maximum B-lactamase activity. Therefore, 1-litre flasks without baffles were used
for the large scale expression of B-lactamases.

The expression of PenPC, HybridB and HybridF shown similar expression
pattern but that the expression of PenPC was in a much higher level. Before heat
shock, no P-lactamase was expressed. After heat shock, the P-lactamase
concentration in culture media increased and reached the maximum at the sixth h
(for PenPC) or the seventh h (for HybridB, HybridF). The activity of B-lactamase

was also the highest at the sixth h after thermo-induction for PenPC or at the seventh

h for HybridF (Figure 4.10).
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Figure 4.10 Enzyme activity of PenPC (A) and HybridF (B) at different time points after
thermo-induction when they were expressed in large scale (100 ml). The enzyme assay was
carried out with Penicllin G as substrate.
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4.8 Purification of the B-lactamases expressed from B. subtilis

Celite (diatomaceous earth) was successfully used to purify B-lactamase I
(PenPC) and B-lactamase II from Bacillus cereus 569/H/9 as early as 1974 (Davies
and Abraham, 1974). It has also been proved to be an effective and simple method to
purify HybridB, HybridC, HybridD and HybridE B-lactamases, but Celite cannot be
used to purify PenP and Hybrid A B-lactamase (Cheung, 2000; Leung, 1994).
However, HybridF B-lactamase was purified by Celite successfully, even though the
binding affinity of HybridF B-lactamase to Celite was lower. The purification steps
of PenPC, HybridB and HybridF were summarized in Table 4.1, Table 4.2 and Table
4.3, respectively. The B-lactamase activity of all the samples was measured using
penicillin G as the substrate. HybridC, HybridD and HybridE were purified by the
same method (Cheung, 2000). PenP and HybridA, which cannot be purified by
Celite, were purified by a CM Sepharose column (cation exchange) (Cheung, 2002).
After expression, the culture supernatant was collected and dialyzed against 20 mM
sodium acetate buffer (pH 4.8). The sample was then loaded onto the column and
eluted with a linear sodium chloride gradient (0-0.25 M). The fractions containing -
lactamase were confirmed by SDS/PAGE analysis and enzyme assay. Figure 4.11

shows the purity of all these purified p-lactamases.
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Table 4.1 Purification of PenPC

Sample Total Volume Total protein Total enzyme  Specific Recovery  Purification
activity activity fold
(ml) (mg) {M/min) (M/min/mg) (%)
Culture supernatant 500 196 602 3.1 100 !
Culture supernatant 500 192 599 3.1 99.5 1
(pH7.0)
After elution 310 27.8 409 14.7 67.9 4.8
After 10.5 19.6 279 15 46.2 49
ultrafiltration
Table 4.2 Purification of the HybridB B-lactamase
Sample Total Volume Total protein Total enzyme  Specific Recovery  Purification
activity activity fold
(ml) (mg) (M/min)  (M/min/mg) (%)
Supernatant 600 208 043 100 1
After elution 380 44 40.8 3 453 216
After 18.2 32 332 10.2 36.8 23.7

ultrafiltration
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Table 4.3 Purification of the HybridF B-lactamase

Sample Total Volume Total protein Total enzyme  Specific Recovery Purification
activity activity fold
(ml) (mg) (M/min) (M/min/mg) (%)
Culture supernatant 500 974 3.86 0.0397 100 1
Culture supernatant 500 95.1 4.11 0.433 106 1.1
(pH7.0)
After elution 350 3.96 2.03 0.515 52.5 13
After 7.5 3.86 1.97 0.511 51 12.9
ultrafiltration
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Figure 4.11 Analysis of the purified p-lactamases by SDS/PAGE. With low range
SDS/PAGE standard (Bio-Rad)(M) for the size estimation and 0.5 ug BSA (Lane 9) for
protein amount measurement, the purity of purified PenP (Lane 1), HybridA (Lane 2),
HybridF (Lane 3), HybridB (Lane 4), HybridC (Lane 5), HybridD (Lane 6), HybridE
(Lane 7) and PenPC (Lane 8) were analyzed by 15% SDS/PAGE.
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4.6 Discussion

When linearized pSG703 derivatives containing various B-lactamase genes
were transformed into B. subtilis 1A304(¢105MU331), the Er® transformants with B-
lactamase genes exactly located downstream of the strong phage promoter were
selected for proteins expression.

PenPC, PenP as well as all their hybrid B-lactamases were successfully
expressed in B. subtilis by the use of prophage vector $105MU331. Much higher DO
in culture (with higher ratio of flask to culture volume, higher shaking rate and the
use of baffled flasks) may decrease the protein expression level in the cases of
PenPC and HybridF. The decrease was more severe in HybridF. The growth rate of
B. subtilis depends on the dissolved oxygen concentration, which exerts its aerobic
influence on cellular activity by its effects on cellular energy regeneration through
respiratory processes. At the same time, the DO level also affects the catabolic
pathway used by bacteria. Therefore, low DO is detrimental to the cell growth. On
the other hand, for recombinant protein expression, high DO levels are detrimental.
A low aeration rate was beneficial for B-lactamase synthesis by a plasmid-containing
E. coli. (Ryan et al., 1989). Park (1993) studies the effect of three different dissolved
oxygen ranges (>70%, <20%, and <7% of air saturation) on the production of p-
lactamase using recombinant Bacillus subtilis in 1-liter fermenter. The fermentation
with DO<20% was found to yield the best B-lactamase activity and productivity.
While high DO level favor the growth of B. subtilis, it may also cause more secretion
of protease and the higher degradation of expressed proteins. The foaming in baffled
flasks may also cause the inactivation of secreted proteins, especially the less stable
ones. Therefore, it can be deduced that there exists an optimum DO level for the

production of B-lactamase.
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While PenPC can be purified by Celite and PenP can not be purified by
Celite, Hybrid F was proved to bind Celite with low affinity. The binding affinity of
B-lactamase with Celite varies significantly among different B-lactamases, which
may also be one of the properties determined by structure. For some unknown
reasons, PenPC binds Celite very specifically and it can be purified by Celite binding.
[t was proposed that the binding might be due to ionic bonds (Davies and Abraham,
1974¢; Mezes et al., 1985). The binding of Celite to PenPC and hybrids (HybridB-E)
might be due to the positive charges carried by these proteins at experimental
conditions (Cheung, 2000). The isoelectric points of PenP, HybridA, HybridF,
HybridB, HybridC, HybridD, HybridE and PenPC are calculated to be 5.08, 5.47,
5.47,7.43, 8.57, 8.81, 8.17 and 8.17, respectively. The lower affinity of HybridF to
bind Celite might due to fewer positive charges. However, HybridA and HybridF,
which are expected to possess similar charge characteristics (same pl values), show a
great difference in Celite binding. Other interactions as well as ionic bonds may be
attributed to the binding between B-lactamase and Celite. The exact mechanism
involved in their binding is still unclear.

Large-scale expression and purification were performed to get sufficient
amount of pure B-lactamases for the further study of their enzyme properties. By
comparing the enzyme properties of these B-lactamases (HybridA-F as well as the
two parent B-lactamases, some important information about the structure-function
relationships have been obtained (see Chapter 6).

The failure to express the PC1 B-lactamase and its hybrid derivatives with
PenPC might result from the proteolytic degradation of the expressed proteins by
host proteases. The development of heterologous protein production system based on

B. subtilis has been hampered by the extracellular proteases, which may cause
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degradation and result in a very low yield of foreign proteins (Hemila et al., 1992).
Inactivation of the two major protease genes of B. subtilis increased the yield of the
E. coli B-lactamase (Nakamura et al., 1985; Wong et al., 1986), even though the
degradation was not completely abolished. Several minor proteases have thereafter
been inactivated, which has further increased the stability of the B-lactamase
produced (Wu et al., 1991). The extracellular Staphylococcal aureus B-lactamase is
very sensitive to proteases (Saunders et al., 1984), which was well demonstrated by
Wang and Novick (1987). In their work, the structural gene encoding for B-
lactamase in the Staphylococcus aureus plasmid pI258 was cloned into a
Staphylococcus aureus-Bacillus subtilis-Escherichia coli shuttle vector, pWN101.
pWNI101 was structurally stable and the B-lactamase gene was expressed efficiently
from its native promoter and ribosome-binding site in all three hosts. The results of
Wang and Novick's work were summarized in Figure 4.12. As shown in Figure 4.12,
P-lactamase specific activity peaked in the mid-exponential phase for S. qureus and
B. subtilis and in the early exponential phase for E. coli. Under the condition of these
experiments, in S. aureus about 50 to 60% of the B-lactamase remained bound to the
cells and about 40 to 50% was secreted into the medium. However, in B. subtilis
more than 90% of the B-lactamase was bound to the cells, and only very small
amount of the enzyme was detected in the supernatant fluid. This difference was due
to proteolytic degradation of the secreted enzyme. Therefore, PC1 was most
probably be degraded by a minor protease in B. subtilis. The problem of proteolytic
degradation may be overcome by the development of protease-deficient host strains.
Quite a different approach to the protease problem was taken by Udaka's group,

which has studied the possibility of using extracellular protease deficient Bacillus

brevis as a host (Udaks et al., 1989; Yamagata et al., 1989)
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Figure 4.12 Expression of B-lactamase from pWN101 and pI258 (after Wang and
Novick, 1987). (A) E. coli (pWN101); (B) B. subtilis (pWN101); (C) S. aureus
(PWN101); (D) S. aureus (pI258). Cultures were sampled at various stages of
growth (-----), and both the whole culture () and supernatant (O) were assayed
for B-lactamase activity at pH 5.8 spectrophotometrically.
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To summarize, while PenPC, PenP and all their hybrid B -lactamases were
successfully expressed in B. subtilis, B. subtilis may not be an ideal host for the
protein expression of PC1 and its hybrid derivatives, even though the pc! promoter
is active in vivo in B. subtilis. The failure of the expression of PC1 and its hybrid
derivatives might result from proteolytic degradation of secreted enzymes by host
proteases. In order to get sufficient proteins for our studies, efforts to express PC1

and its hybrid derivatives in other hosts, such as E. coli, have been made (see

Chapter 5).
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Chapter 5 Expression of B-lactamases in E. coli

5.1 Introduction

Among the many systems available for heterologous protein production, the
Gram-negative bacterium Escherichia coli remains most attractive (Baneyx, 1999).
The advantages of using E. coli for heterologous gene expression include the ease of
growth and manipulation of this organism using simple laboratory equipment, the
availability of an increasingly large number of vectors and host strains that have been
developed for maximizing expression, a wealth of well understood knowledge about
the genetics and physiology or biochemistry of E. coli, and the influence of
specifically genetic and environmental factors on expression of heterologous proteins.
Moreover, expression can often be achieved quite rapidly: beginning with a DNA
clone, it is possible to express a protein in E. coli and purify it in milligram quantities
in less than two weeks. Shaken-flask cultures can produce many tens of milligrams of
heterologous protein per liter of culture. In fermenters, where much higher cell density
can be achieved, it is possible to produce more than a gram of heterologous protein
from per liter of culture. Recombinant proteins can be accumulated at levels up to 50%
of total cell protein.

Nevertheless, there are situations where other expression systems, such as
those based on yeast, insect, or mammalian cells, are more likely to be successful. The

most important limitation is the inability of E. coli to carry out complex
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post-translational modifications typical of eukaryotes, such as glycosylation,
myristylation, phosphorylation, specific proteolytic processing, etc., and its limited
ability to carry out extensive disulfide bond formation and assembly of heterologous
proteins into multi-subunit assemblies. Another limitation of E. coli, which still
requires a considerable effort to overcome, is that some proteins are expressed in
insoluble form, a consequence of protein misfolding, aggregation, and sequestration
into "inclusion body". In addition, codon usage in E. coli displays a bias, that is, it
shows a nonrandom usage of synonymous codons. Heterologous genes that contain a
substantial number of codons that are rarely used in £. coli may thus be expressed
inefficiently. Finally, it is sometimes difficult to achieve a sufficiently high level of
expression of full-length protein because of protein degradation, which would often
happen when recombinant proteins were expressed in the cytoplasm.

Although there is no guarantee that a recombinant gene product will
accumulate in E. coli at high levels in a full-length and biologically active form, a
considerable amount of effort has been directed at improving the performance and
versatility of this workhouse microorganism.

The development of sophisticated protein-fusion systems has facilitated
high-level production and purification of recombinant proteins in E. coli (Makrides,

1996). Fusion partners offer several advantages, such as increased production of the
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desired protein, prevention of inclusion-body formation, improved folding
characteristic, lfmited proteolysis and simple detection and purification of proteins by
use of affinity tags. The most probable reason for affinity tags to improve the folding
(and/or reduced degradation) of desired proteins is that the fusion partner may
efficiently and rapidly reaches a native conformation as it emerges from the ribosome
(or soon at its release), and promotes the acquisition of correct structure in
downstream folding units by favoring on-pathway isomerization reactions (Baneyx,
1999).

A variety of different gene fusion systems in order to use affinity
chromatography have been developed since the first example was presented (Uhlen et
al., 1983). Different proteins show very divergent characteristics, regarding stability,
solubility, size and secretability. Therefore, proteins need individual treatment and no
ideal fusion system exists that is applicable on all proteins. Fusion protein purification
systems can be used on several kinds of interactions. Examples of interaction are
protein-protein interaction, enzyme-substrate interactions, protein-carbohydrate
interactions and protein-metal interactions. Some of the most frequently used fusion
protein systems for affinity purification are glutathione-S-transferase (GST) (Smith
and Johnson, 1988), protein A (SPA) (Stahl and Nygren, 1997; Stahl et al., 1997),

maltose binding protein (MBP) (di Guan et al., 1988; Maina et al., 1988) and
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thioredoxin (TR) (LaVallie and McCoy, 1995) (Table 5.1). There are also a number of
short peptides used for selective purification, such as poly-histidine (Hochuli, 1990),
poly-arginine (Smith ef al., 1984), and tryptophan tags (Kohler et al., 1991) (Table
5.1). Specific excision sites are usually added to the junction of a protein with the
fusion partner to allow eventual enzymatic or chemical removal (LaVallie and McCoy,
1995; Makrides, 1996). These enzymes are commercially available and are fairly
specific for their recognition sequences, often allowing specific cleavage without
protein degradation under gentle conditions where protein solubility and activity are

preserved.

131



i

E, col,

Chapter S Expression of B-lactamases in

(1661 I 12 12[y0Y) - waysAs aseyd-g - ueydoifnAjod

(#8361 “Iv 12 ynwig) Ies 93ueyoxauot-apndad uoruy sutm3refjod

(0661 ‘NNY20H) ajozepiui/Hd moj OVII-apidad +T9N oulpnsiAjod

(0661 “19Aeg] pue oyo[im) unolq ulptae-unoiq utpiaeouout aje[Aunorg
(8861 ‘ddopy) aspndad DV 14/Hd mo] urajord-apndad qvu apndad V14

(8861 ‘v 12 ueno) 1p) asojjewt JeipAyoques-uraoxd asojdure| (J€N) utaroxd Suipuiq-asoljey
(8861 ‘uosuyo[ pue yug) suonpen|3 pasnpas ajensqns-uiajord auonpein|3| (1 $O) asesgjsuen-g-suonpen|n
(L661 “Ip 12 [ymaS)| Hd moj urajo1d-urajoxd SVH dav

(L661 v 12 [yEIS) Hd moj urgjord-usajoud 04/931Y (DdS) D waj0ig

(L661 “10 12 [yEIS) Hd moj ugjord-uaroxd 04/931Y /4

(L661 “Iv 12 [y&IS) Hd moj uidi01d-utajoud 24/D31y (vdS) v utaoig
S9OURIYYIY uonIpuod uonnjg uonoeINU] puediy Jouped uosny

(000Z ‘us[yn pue 19qoH Ioyy) uonedryund aandafas 1oy sapndad 1o surdoid ajqejieae uo sojdurexy ' 3jqe]

132



Chapter § Expression of B-lactamases in E. coli

Currently, GST and MBP were widely chosen as fusion partners because of the
combined advantage of high-level expression and affinity purification. There are
many commercially available vectors for the expression of GST (Pharmacial) or MBP
(New England Biolabs) fusion protein. Protein expression from a pGEX plasmid or
PMAL vector is under the control of the fac promoter, which is induced using the
lactose analog isopropyl B-D-thiogalatoside (IPTG). The synthetic (hybrid) tac
promoter, which consists of the -35 region of the #rp promoter and the -10 region of the
lac promoter, is very strong and routinely allow the accumulation of proteins to about
13-30% of the total cell protein. Full induction of tac with IPTG has been reported to
yield fivefold greater expression of cloned genes than the lac promoter. For these
plasmids, which also feature the lacF gene, the leakiness of promoter can be
efficiently repressed by the /acl¥ gene product. This single nucleotide mutation in the
-35 hexamer of the /ac/ promoter leads to an increase in the number of Lacl repressor
molecules from 10-20 to over 100 per cell.

The use of host strains carrying mutations that eliminate production of cellular
proteases can sometimes enhance product accumulation by reducing degradation
(Makrides, 1996). For recombinant proteins expressed in the cytoplasm, mutations in
the lon, cip, and rpoH (htpR) genes have reportedly been helpful. The lon and clp

genes encode cytoplasmic proteases. Lon is the most highly characterized E. coli
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protease, which acts on abnormal proteins but also cleaves normal proteins in the
regulation of capsular synthesis and cellular stress responses. Clp has been shown to
have its highest activity during late exponential and early stationary growth phases.
The rpoh (htpR) gene encodes a sigma factor that stimulates production of heat shock
proteins, some of which are proteases. Both pGEX vectors and pMAL vectors carry
the /lacl’ gene, so there are no specific host requirements for propagation of the
plasmids or for expression of fusion proteins. However, E. coli BL21 [F-, ompT,
hsdS(rg’, mg), gal] is recommended for expression of GST fusion proteins and MBP
fusion proteins. As an E. coli strain, BL21 is deficient in the Lon protease and lacks
the ompT outer membrane protease that can degrade proteins during purification.
Thus, at least some target proteins should be more stable in BL21 than in host strains
that contain these proteases. BL21 does not transform well and an alternate strain is
recommended for maintenance for the plasmids.

Staphylococcus aureus PC1 B-lactamase has been successfully expressed in
two different host systems, S. aureus (Robson and Pain, 1976) and E. coli (Zawadzke
et al., 1995), to high level. Considering the advantages and the availability of E. coli
expression system, efforts have been made to express B. cereus B-lactamase I (PenPC),
S. aureus PC1 B-lactamase (PC1), and their hybrid B-lactamases as fusion proteins in

E. coli in the present studies.

134



Chapter 5§ Expression of B-lactamases in E, coli

5.2 Construction of the pGEX-6P-1 derivatives containing various B-lactamase genes

To facilitate the use of PreScission protease for the cleavage of the purified
fusion proteins, PGEX-6P-1 vector (Figure 5.1) was chosen, on which the recognition
sequence of PreScission protease is located immediately upstream from the multiple
cloning sites.

In order to amplify the B-lactamase genes coding for mature enzymes only, the
signal peptide sequences of various B-lactamases have to be identified. The signal
peptide sequences of many class A B-lactamases have been determined, but unlike the
homology seen in the mature forms of the enzymes, no apparent conservation is
observed for the signal sequences (Wang and Novick, 1987). According to nucleotide
sequence of pc/ gene and deduced amino acid sequence of S. aureus B-lactamase
precursor (Figure 5.2), Primer LHB12 (5'-cggcaGGATCCaaagagtta aatgatttag-3")

was designed to amplify the mature PC1 B-lactamase coding sequence with primer

LHB7 from pHBLI1 plasmid.
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Figure 5.1 Map of pGEX-6 vectors showing reading frames and main features
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Figure 5.2 Nucleotide sequence of the pc/ gene and the deduced amino acid sequence of the S.
aureus [-lactamase precursor (after Wang and Novick., 1985). The -35 and -10 transcriptional
initiation signals and the Shine-Dalgarno (S.D.) sequence are indicated. A prominent inverted repeat,
which may be involved in regulation, is indicated by the horizontal arrows below the sequence. The
transcription initiation site is marked with an arrow above the sequence. The regions of the signal
peptide are underlined as follows: ==, positively charged residues adjacent to the initiator; —,

hydrophobic stretches; -----, hydrophilic region between the N terminus of the membrane-bound
enzyme and the stable secreted form.

137



Chapter S Expression of B-lactamases in E. coli

However, the N-terminal amino acid sequence of PenPC purified form E. coli
was different from those from B. subtilis or B. cereus (Figure 5.3; Mezes et al., 1985).
While the form of PenPC purified from E. coli RR1/pRWY22 has been processed at a
single site after Ala 25 in the signal peptide, the two processed forms of PenPC
purified from B. subtilis carrying penPC were both smaller that the E. coli product.
The amino acid sequence from Phenylalanine 26 to Valine 42 of PenPC signal peptide
may be regarded as a part of the mature enzyme in E. coli. Therefore, primer LHB11
(5'-cggcaGGATCC acaagectagaagcttttac-3') was designed to amplify the penPC
gene encoding mature enzyme with primer LHB8 from pYCL18; Primers LHB11 and
LHB7 were used to amplify the different hybrid genes generated from crossing penPC
and pc/ from the plasmids containing these genes. The PCR conditions for the
amplification were described in Chapter 2. These PCR products were digested with
restriction enzymes BamHI and Sall, and DNA fragments were purified and ligated
with similarly digested pGEX-6P-1 (Figure 5.4). A 1.0 kb DNA fragment was seen
from the agarose gel when the recombinant plasmid was digested by BamHI and XAol
(Figure 5.5). Finally, two primers specific for the pGEX vector (5' pGEX sequencing
primer 5'-gggctggcaagccacgtttggtg-3' and 3' pGEX sequencing  primer

5'-ccgggagctgcatgtgtcagagg-3") were used for DNA sequencing.
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PCR product of beta-lactamase

Digested by BamHI and Sal I, and ligated together, and then
transformed into competent E. coli DHSa cells

l

Figure 5.4 Construction of pGEX-6P-1 derivatives containing various B-lactamase genes
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Figure 5.5 Analysis of recombinant plasmids by digestion with restriction enzymes. With 1kb DNA
Ladder as marker (M), different digestion samples were analyzed in 0.8% agarose gel. Lane 1 is
pGEX-6P-1digested with BamHI, Lanes 2-15 are the BamHI-Xhol-digested samples of pGEX-6P-1,
pGEXpenPC, pGEXpcl, pGEXhybridl, pGEXhybrid2, pGEXhybrid3, pGEXhybrid4,
pGEXhybrid5, pGEXhybrid6, pGEXhybrid7, pGEXhybrid8, pGEXhybrid9, pGEXhybrid10, and
pGEXhybrid1 1, respectively.

141



Chapter 5§ Expression of B-lactamases in E. coli

5.3 Expression of GST-B-lactamases fusion proteins in E. coli

For protein expression, as mentioned in Chapter2, the DH5a cells carrying
different pGEX-6P-1 derivatives were grown in 2 x TY medium at 37°C with vigorous
shaking. When the ODgqo of the cultures was about 0.6-0.8, IPTG was added to a final
concentration of 0.1 mM, and growth was continued at 37°C for 3 h. BL21 cells
transformed with pGEX-6P-1 were similarly treated as a control. As shown in Figure
5.6, GST and GST fusion proteins with various B-lactamases were successfully
expressed at high levels from E. coli. For Hybrid9 and Hybird10, the sizes of their
GST fusion proteins are smaller than the other fusion proteins, due to the fact that a
stop codon was generated downstream of the crossover site by homologous

recombination in these two cases.

5.4 Solubility of expressed GST-f3-lactamase fusion proteins

High-level heterologous protein expression in E. coli often results in the
formation of inclusion body. Before protein purification is carried out, the solubility of
the expressed GST-B-lactamase has to be confirmed. Therefore, after protein
expression, the cells were harvested and resuspended in PBS solution, and subjected
to sonication. For each expressed protein, same volume of total cell lysate and

supernatant after centrifugation were collected and applied to SDS/PAGE to estimate
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the solubility of the proteins. As shown in Figure 5.7, while GST and GST fusion
proteins with PenPC, PC1, Hybridl, Hybrid2, Hybrid3, and Hybrid4 were highly
soluble, the expressed GST-HybridS was partially soluble, the other GST fusion
proteins were found to be expressed as inclusion bodies.

Several parameters have been shown to influence inclusion body formation in
E. coli. They include the transcription rate of the gene of interest, the growth
temperature, the composition and pH of the culture medium, and the cellular
localization of the overexpressed protein (Hockney, 1994). However, even many
efforts were made to alter growth conditions, such as lowering the growth temperature
during induction to 20°C, 25°C or 30°C, decreasing [PTG concentration to 0.05 mM,
expressing fusion protein in different host stains [BL21, BL21(DE3)], no
improvement on the solubility of these insoluble fusion proteins was achieved (data

not shown).
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Figure 5.6 SDS/PAGE analysis of the expression of GST fusion proteins in E. coli DH5a
cells. With low range proteins standard as marker (M), cell samples were analyzed by 12%
SDS/PAGE. Lanes 1-14 are the samples from the cells expressing GST, GST-PenPC, GST-
Hybridl, GST-Hybrid, GST-Hybrid3, GST-Hybrid4, GST-Hybrid5, GST-Hybrid6, GST-
Hybrid7, GST-Hybrid8, GST-Hybrid9, GST-Hybrid10, GST-Hybridll, and GST-PCI,
respectively.
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Figure 5.7 Solubility of the GST-B-lactamase fusion proteins produced in E. coli DHS5a.
Samples of the total (T) and soluble (S) intracellular protein fractions from cells producing each
GST-p-lactamase fusion protein were prepared and analyzed by 12% SDS-PAGE.
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It has become clear that alteration of the intracellular concentration of folding
modulators can have a significant impact on the folding of many recombinant gene
products (Georgiou and Valax, 1996; Thomas et al., 1997; Thomas and Baneyx, 1997;
Wall and Pluckthun, 1995). When E. coli is subjected to a variety of stresses, including
temperature upshift, exposure to organic solvents and the accumulation of misfolded
proteins, the synthesis of 20-30 heat-shock proteins (hsps) is transiently upregulated in
order to repair cellular damage. The increased transcription of hsps results from higher
concentrations of the heat-shock transcription factor 5°2, which directs the RNA
polymerase core enzyme to heat-shock gene promoters (Gorss, 1996). Although the
cellular function of many hsps remains unclear, several are known to be
ATP-dependent proteases and molecular chaperones. The role of the latter proteins is
to help nascent and partially folded polypeptides to reach a proper conformation or
cellularlocation. The two major chaperone systems present in the cytoplasm of E. coli
are the DnaK-Dnal-GrpE and GroEL-GroES folding machines (Hartl, 1996).
Co-overexpression of components of either set of chaperones can significantly
improve the solubility and/or secretion of many structurally and functionally unrelated
recombinant polypeptides. In addition, indirect methods leading to an increase in the
concentration of chromosomal hsps, including growth of the cells at high temperatures,

mutations in negative regulators of the heat-shock response, and co-overexpression of
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plasmid-encoded &°2, have also proven beneficial to the folding and secretion of
certain overexpressed proteins (Thomas and Baneyx, 1997). Ethanol is one of the
most powerful elicitors of the heat-shock response in E. coli. Its addition to the growth
medium has been shown to increase the recovery yield of many overexpressed
proteins (Thomas and Baneyx, 1997). However, the addition of ethanol (3%)to2 x
TY medium or the heat-shock of cells at 42°C for 2 min after the addition of IPTG was
proved to have no impact on the solubility of these GST fusion B-lactamases (data not
shown).

Therefore, it seems that the low solubility or insolubility of these GST fusion
B-lactamases might not be related to the expression conditions but might be due to the
expressed proteins themselves. There is no direct correlation between the propensity
of the inclusion body formation of a certain protein and its intrinsic properties, such as
molecular weight, hydrophobicity and folding pathways (Mitraki, 1991). The
formation of inclusion body might result from the incorrect protein folding when

these hybrid B-lactamases were expressed in the cytosol.

5.5 Expression of B-lactamases as fusion with MBP
It is proposed that E. coli maltose-binding protein (MBP) is particularly effective

in promoting the solubility of polypeptides with which it is fused (Kapust and Waugh,
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1999). The solubility of many proteins was enhanced when they were fused with MBP
(Kapust and Waugh, 1999; Nomine et al., 2001; Nomine et al., 2001; Wang et al.,
1999). In order to improve the solubility of B-lactamases, the different B-lactamase
genes were subcloned into the pMAL-c2 vector (Figure 5.8). The different
B-lactamase genes were cut by restriction enzymes from their individual pGEX-6P-1
derivatives and ligated with similarly digested pMAL-c2. The recombinant plasmids
were screened by restriction enzyme digestion and further confirmed by DNA
sequencing. Two primers for the pMAL vectors (malE  primer
5’-GGTCGTCAGACTGTCGATGAAGCC -3’ for sequencing downstream from the
malE gene across the polylinker and M13/pUC sequencing primer 5’-CGCCA
GGGTTTTCCCAGTCACGAC-3’ for sequencing upstream from the lacZa gene
across the polylinker) were used for DNA sequencing. When expressed in DH5q, all
expressed MBP-B-lactamases were found to be highly soluble (Figure 5.9). According
to the crossover site distribution of the hybrid enzymes (Figure 5-10), MBP-Hybrid1,
MBP-Hybrid4, MBP-Hybrid5, MBP-Hybrid6, MBP-Hybrid7, MBP-Hybrids,
MBP-Hybrid1 1, as well as MBP-PenPC, and MBP-PC1, were transformed into BL21

(DE3), expressed in a large scale and used for further studies.
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Figure 5.10 Schematic alignment of the primary structures of various hybrid B-lactamases after
translation from the generated hybrid genes. The black regions represent the N-terminal
sequence derived from B. cereus 569/H B-lactamase [ while the white region represents the C-
terminal sequence derived from S. aureus PC1 B-lactamase .The length of the whole enzyme
and the length of the fragment from PenPC of each hybrid are also shown on the right and
under the fusion point, respectively. HYB is the abbreviation of Hybrid.
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5.6 Expression and purification of MBP-B-lactamase fusion proteins

The detail of the expression and purification was described in Chapter 2. Figure
5.11 shows the purification profile of the MBP-Hybrid6 fusion protein in amylose
affinity column. The samples in different fractions were also analyzed by SDS/PAGE
(Figure 5.12), very pure fusion protein was found in the fraction 60 to fraction 70, the
impurities in other fractions within the elution peak may be due to protein degradation
by host proteases. SDS/PAGE analysis of the purification of other MBP fusion
proteins was also outlined in Figure 5.13. More than 90% pure MBP fusion proteins
were obtained by one-step affinity chromatography (Figure 5.14), the yield for
different fusion proteins varies from 50-100 mg/L.

Many studies in which proteins have been expressed using the pGEX vectors
have failed to find significant differences in antigenicity, enzyme activity, or binding
properties between the GST fusion protein and the cleaved product (Smith, 2000). The
attachment of MBP to the N-terminus does not interfere with the function of some
proteins, and several groups have used fusion proteins without cleavage of the MBP
for structure-function studies (Sachdev and Chirgwin, 2000). Two proteins essential
for nucleotide excision repair in human were expressed solubly in E. coli as fusion to
MBP and complemented excision repair activity in mutant cell-free extracts (Park and

Sancar, 1993). A MBP-DnaJ fusion protein expressed in E. coli and purified to
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homogeneity was able to carry out the functions of DnaJ, such as stimulating ATPase
activity of DnaK and preventing aggregation of denatured protein structure (Ishii et a/.,
1998), indicating that fusion of MBP did not affect the functions of DnaJ. From a
practical point of view, the cleavage of fusion proteins in vitro and their repurification
to remove the bacterial partner are rate-limiting steps in terms of both time and
expense. Because the structure and folding of MBP are well characterized, many
experiments can be carried out with purified but uncleaved MBP fusions (Sachdev and
Chirgwin, 2000). B-Lactamases have never been expressed as MBP fusions. In order
to examine whether fusion to MBP will affect the functions of B-lactamases, the
purified MBP-f-lactamases were cleaved with factor Xa into two parts: MBP and
B-lactamase (Figure 5.15). The specific activities of all MBP-B-lactamases with
penicillin G, penicillin V, ampicillin and nirtrocefin as substrates were found to be
almost identical to those of the cleaved proteins. This indicated that fusion to MBP did

not have any significant effect on the catalytic functions of B-lactamases.
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Figure 5.13 Analysis of purifications of MBP-Hybridl (A), MBP-Hybrid4 (B), MBP-Hybrid5
(C), MBP-Hybrid7 (D), MBP-Hybrid11 (E) fusion protein by SDS/PAGE. Proteins were stained
with Coomasie Blue. Lanes show protein electrophoresis of cell lysate supernatant (S), unbound
proteins in flow-through (F) and eluted pure fusion protein (P). The sizes of purified proteins
were estimated by comparing with the low rang protein standard (M).
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Figure 5.14 Analysis of purified MBP fusion proteins by SDS/PAGE
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Figure 5.15 SDS/PAGE analysis of the cleavage of MBP-B-lactamases by factor Xa.
Lane 1, MBP-Hybrid11; lane 2, MBP-Hybrid11 cleaved by factor Xa; lane 3, MBP-

Hybrid8; lane 4, MBP-Hybrid8 cleaved by factor Xa; lane 5, MBP-Hybrid5; lane 6,
MBP-Hybrid5 cleaved by factor Xa.
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5.7 Signal peptidase contaminants during fusion protein purification

When the purified GST-PenPC and GST-PC1 were stored at 4°C in the elution
buffer for two weeks, we were surprised to find that two protein bands of small sizes
were seen from SDS/PAGE, which corresponded to GST and B-lactamase. The same
phenomenon was also found in the purified MBP-PenPC, two protein bands
corresponding to MBP and B-lactamase were visualized from SDS/PAGE. It seems
that there were some signal peptidase activities in these samples. Signal peptidases
remove targeting peptides from pre-proteins and play central role in the secretary
pathway, as well as in the delivery of proteins to the mitochondrial intermembrane
space and to the luman of thylakoids. The catalytic mechanism of pre-protein cleavage
has long been an enigma, but data from site-directed mutagenesis and sequence
alignment studies suggest that signal peptidases may constitute a new type of serine
protease, mechanistically related to the B-lactamases (Dalbey and Von Heijne, 1992).
B-Lactamases were also found to be able to hydrolyze peptides, esters and S-esters
(Damblon et al., 1995; Rhazi et al., 1999). It would be very interesting to learn
whether B-lactamases themselves or signal peptidases contaminants were contributing
to the signal peptidase activities.

On-column cleavage was carried out to test the signal peptidase activity. After

expression, the cell pellet was resuspended in PBS lysis buffer and subjected to
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sonication. The suspension was centrifuged and supernatant was collected and loaded
to affinity column (see Chapter 2 for detail). Following washing, the column was
closed at both ends, sealed and kept at room temperature (about 20°C). For every
12-16 hours, one fraction was collected and fresh PBS was added to the column. After
a total of 4-5 fractions were collected, the residual proteins were eluted from the
column by the addition of Glutathione Elution Buffer (Chapter 2). All the samples
from different stages of GST-PCI purification were analyzed by SDS/PAGE (Figure
5.16) and enzyme activity assay. The pure PC1 enzyme was found in some fractions.
The same result was observed during purification of GST-PenPC. It suggests that
B-lactamase is cleaved and released during incubation. The band corresponding to
PC1 was then excised and subjected to N-terminal protein sequencing, the first 9
amino acids of the N-terminal region of the protein were determined to be
“KELNDLEKK?”. According to the deduced primary sequence of the GST-PC1 fusion
protein (Figure 5.17), the PC1 was surprisingly cleaved exactly without any other
amino acids from its fusion partner. It is obvious that there is the existence of some
peptidases.

In order to see whether the peptidase activity is from B-lactamase, lithium
clavunate, a 3-lactamase mechanism-based inhibitor, was added to PBS during protein

cleavage (Figure 5.18). Even B-lactamase activity was totally diminished by the
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inhibitor (the specific activity of PC1 in PBS without inhibitor is about .48

mM/min/pg), the cleavage still occurred. It suggests that the cleavage is not due to

B-lactamase itself, but the contaminant of host signal peptidases. The signal peptidases

from E. coli are membrane—bound endopeptidases, less clarified may contain some

membrane components with signal peptidases that result in the cleavage of fusion

protein. To decrease the contaminant of membrane components, the cell lysate was

centrifuged at 39,191g (maximum RCF for JA20 rotor) for 3 h (the normally used

time is 30 min) and further clarified by filtration through a 0.45 uM filter before

applying it to the column. From the result shown in Figure 5.19, the cleavage of the

fusion was drastically alleviated by using more clarified lysate, which further support

the suggestion that the cleavage of fusion proteins may be due to the existence of

signal peptidases in the lysate.
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Figure 5.16 SDS/PAGE analysis of the steps in the purification strategy. Samples were
separated on a 12% polyacrylamide gel. Lane 1, supernatant of total protein extract of
induced culture after centrifugation; lane 2, the first collection of flow-through from
Glutathione 4 B column; lane 3, the third collection of flow-through from Glutathione 4 B
column; lane 4, the collection of wash from the column; lane 5, the first collection of
cleaved protein; lane 6, the third collection of cleaved protein; lane 7, the first collection
of eluted protein by Glutathione Elution Buffer; lane 8, the second collection of eluted
protein; lane 9, the third collection of eluted protein.
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MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHL YERDEGDKWRNKKFE
LGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLE
GAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLN
GDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDK
YLKSSKYIAWPLQGWQATFGGGDHPPKSDLEVLFQGPLGSKELNDLE
KKYNAHIGVYALDTKSGKEVKFNSDKRFAYASTSKAINSAILLEQVPY
NKLNKKVHINKDDIVAYSPILEKYVGKDITLKALIEASMTYSDNTANN
KITKEIGGIKKVKQRLKELGDKVTNPVRYEIELNYYSPKSKKDTSTPAA
FGKTLNKLIANGKLSKENKKFLLDLMLNNKSGDTLIKDGVPKDYKVA
DKSGQAITYASRNDVAFVYPKGQSEPIVLVIFTNKDNKSDKPNDKLISE
TAKSVMKEF

Figure 5.17 The primary structure of the expressed GST-PC1 fusion protein. The green
region is the N-terminal sequence derived from GST; the blue region indicated the
PreScission protease recognition site, Leu-Phe-GIn/Gly-Pro; the red region is encoded by
restriction sites from the vector; and the black region is the mature PC1 protein sequence,
the sequence confirmed by N-terminal sequencing is underlined.
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Figure 5.18. SDS/PAGE analysis of the influence of B-lactamase mechanism-
based inhibitor, lithium clavulanate, on the cleavage of GST-PC1 fusion protein.
Samples were separated on a 12% polyacrylamide gel. Lane 1, first fraction of
cleaved protein in PBS; lane 2, second fraction of cleaved protein in PBS; lane 3,
first fraction of cleaved protein in PBS with 1 mg/ml inhibitor; lane 4, the fourth
fraction of cleaved protein in PBS with | mg/ml inhibitor; lane 5, the fifth
fraction of cleaved protein in PBS with 1 mg/ml inhibitor; lane 6, the sixth
fraction of cleaved protein in PBS with 1 mg/ml inhibitor; lane 7, the first
fraction of eluted protein; lane 8, the second fraction of eluted protein; lane 9, the
third fraction of eluted protein.
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Figure 5.19 SDS/PAGE analysis of the influence of the clarity of lysate on the cleavage of
fusion protein on-column. Samples were separated on a 12% polyacrylamide gel. Lane 1,
first fraction of cleaved protein in PBS; lane 2, second fraction of cleaved protein in PBS;
lane 3, third fraction of cleaved protein in PBS; lane 4, the fourth fraction of cleaved protein
in PBS.
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5.5 Discussion

Various B-lactamases (PenPC, PC1 and their hybrid B-lactamases) were
expressed at high levels in the form of GST fusion proteins in E. coli. However, while
GST fusion proteins with PenPC, PC1, Hybrid1, Hybrid2, Hybrid3 and Hybrid4 were
highly soluble, the expressed GST-Hybrid5 was partially soluble, and other fusion
B-lactamases were proved to be expressed mainly in inclusion bodies. Many efforts
made to improve the solubility of these fusion proteins were demonstrated to be
unsuccessful, including lowering the growth temperature during induction from 37°C
to 20°C, 25°C or 30°C, decreasing IPTG concentration to 0.05 mM, expressing fusion
protein in different host stains [BL21, BL21(DE3)] and the addition of ethanol (to a
final concentration of 3%) to the growth medium. Therefore it seems that the low
solubility or insolubility of these GST fusion P-lactamases is not related to the
expression conditions but their protein sequences.

Point mutations that reduce the solubility of proteins were identified at the
protein level about 30 years ago (Nathan, 1973), and their frequency emphasizes the
fragile relationship between structure and solubility. Mutations that improve solubility
are more interesting, especially if they can serve as a paradigm for how to alter other
proteins to improve solubility. Several papers have described single point mutation

that can completely alter activity and structure, decrease thermal stability without
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affecting activity at lower temperatures or increase thermostability. One may draw on
these examples when attempting to explain increases or decreases in the solubility of
proteins produced in E. coli as a result of single amino acid changes. However, it is
difficult to derive empirical rules from the examples at hand. Luck et al. (1992), for
example, have observed that cysteine to serine mutants of bovine prolactin facilitate
the extraction of protein into the sodium-deoxycholate buffer used to wash the pellet
fraction after cell lysis. In other cases, cysteine to serine mutations have been shown to
actually decrease protein solubility (Rinas ef al., 1992).

The amorphous appearance of most protein aggregates has led biochemists to
consider folding-related aggregation to be a nonspecific process of little fundamental
interest. The conventional model for this aggregation is that it is dominated by
hydrophobic interactions of side chains that are normally buried in the native state, but
that are more exposed in an unfolded, non-native state. Based on such a model, the
existence of dramatic effects of single-residue replacements would not be predicted,
given their small contribution to the net hydrophobicity (or other properties) of the
polypeptide. However, the underlying structural order and dramatic mutational effects
that can be observed in both amyloid and inclusion body formation suggest that
aggregate formation may sometimes involve specific interactions of some kind that

control the folding and stability of globular proteins.
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In our studies, a sequence consisted of 12 amino acids is different between
GST-Hybrid4 and GST-Hybrid5 with the comparison of protein sequences, but the
solubility of the expressed GST-HybridS is lower than that of the expressed
GST-Hybrid4. Since the sequence of GST-Hybrid6 is more different from that of
GST-Hybrid4, the expressed fusion protein was found totally insoluble. It is hard to
delineate the coherence between structure and solubility of hybrid B-lactamases at this
moment, however, it is quite obvious that the aggregation of expressed GST fusion
proteins may be due to the misfolding of these proteins by the loss of specific
interactions of some kind that control the folding and stability of globular proteins.

[t is amazing that all B-lactamases were functionally expressed in E, coli as
MBP fusion proteins with high solubility. Although many investigators have exploited
the solubility-enhancing property of MBP (Fox et al., 2001; Kapust and Waugh, 1999;
Pryor and Leiting, 1997; Smith, 2000), the mechanism by which MBP increases the
solubility of its passenger proteins is not well understood. One possibility, which
seems to be consistent with all the available experimental evidences, is that MBP
possessed chaperone-like qualities. These properties may allow MBP to bind
reversibly to folding intermediates of its fusion partners, termed passenger proteins,
and temporarily sequester them in a conformation that prevents their self-association

and aggregation. According to this mode (Kapust and Waugh, 1999), the tether that
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Joints the two interacting partners facilitates iterative cycles of binding and release. By
preventing the accumulation of a high concentration of unfolded, unsequestered
passenger protein, this process may eventually steer the passenger protein toward its
native conformation. Actually, proper folding of aggregation-prone passenger proteins
fused to MBP has been reported in several cases (Kapust and Waugh, 1999;
Mottershead et al., 1996; Rao and Bodley, 1996; Thomas et al., 1996).

The studies presented here also suggests that the cleavage of purified
GST-PC1 and other GST-B-lactamases during storage is not due to the B-lactamases
themselves, but very likely to the contaminants of the signal peptidases of host cells.
The signal peptidases from E. coli are membrane-bound endopeptidases. Less
clarified lysate may contain some membrane components with signal peptidase, which
result in the cleavage of fusion protein. The work carried out by Tschant et al. (1995)
shown that the detergent Triton-X100 is essential for optimal activity of signal
peptidase. This is consistent with our earlier observations that the MBP-PC1 (or
MBP-PenPC) was less efficiently cleaved in solution and on-column than GST-PCI,
since no Triton-X100 was included during purification of the MBP fusion proteins.
Centrifugation at 47,000 g for 20 min is required to clarify the cell lysate. However,
the maximum RCF of the available JA-20 rotor was less than 40,000 g, which might

cause the incompletely removal of signal peptidases in cell lysate. Based on the study,
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more powerful centrifugation or the addition of a very efficient signal peptidase
inhibitor might be able to diminish the cleavage of fusion protein during protein
purification. On the other hand, the finding in this study may be used to develop a
simple and rapid method for the isolation of soluble “native” proteins without the use

of the expensive Factor Xa.
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Chapter 6 Characterization of hybrid B-lactamases

6.1 Far-UV circular dichroism analysis of B-lactamases

Circular dichroism (CD) is a valuable spectroscopic technique for studying
protein structure in solution because many common conformational motifs, including
a-helixes, B-pleated sheets and turns have characteristic far-UV (178-250 nm) CD
spectra. For example, a-helices display large CD bands with negative ellipticity at 222
and 208 nm, and positive ellipticity at 193 nm, B sheets exhibit a broad negative band
near 218 nm and a large positive band near 195 nm, while disordered extended chains
have a week broad positive CD band near 217 nm and a large negative band near 200
nm. The spectrum of a protein is basically the sum of the spectra of its conformational
elements, and thus CD can be used to estimate secondary structure (Greenfield, 1999).
Furthermore, CD has many more facets than simply being a tool to estimate protein
structure. For example, it is an excellent technique for determining the
thermodynamics and kinetics of protein folding and denaturation and is unsurpassed
for following the effects of mutations on protein folding and stability. In addition, it
can be an excellent tool for following protein-ligand interactions. As sophisticated
mathematical programs for fitting nonlinear equations and deconvoluting sets of
curves using personal computers have become increasingly available, the analysis of

thermodynamic and Kkinetic experiments, which can be performed by following
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changes in CD spectra, have become much simpler, increasing the usefulness of the

technique.

Far-UV (190-250 nm) CD spectra of purified MBP-B-lactamases were measured
and shown to be very similar (Figure 6.1). The concentrations of the enzymes varied

from 77.3 pg/ml to 115.5 pg/ml. The calculated secondary structures of different

MBP-f-lactamases are listed in Table 6.1.

Table 6.1 The secondary structures of different MBP-B-lactamases

a-Helix  B-Sheet Turn Random

(%) (%) (*5) €0)

MBP-PCI1 29.3 18.4 29.9 224
MBP-Hybridl ~ 26.4 26.1 26 21.6
MBP-Hybrid4 234 31.2 23.8 21.5

MBP-HybridS 24.5 25.8 249 24.8

MBP-Hybrid6 20.5 39.6 19.7 20.1
MBP-Hybrid7 259 27.8 24.3 22
MBP-Hybrid8 24.5 29.5 24.1 21.8

MBP-Hybrid11 22.7 29.4 24.8 23.1

MBP-PenPC 304 10.2 33 264

From the calculation, while all fusion proteins share very similar overall folding,
hybrid B-lactamase fusion proteins have slightly less amount of a-helix (23-26 %)

than that of wild type B-lactamase fusion proteins (about 30%), with the exception of
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MBP-Hybrid6, which has a more significantly lower amount of a-helix (20%).

Interestingly, for some unknown reasons, the lower amount of a-helix in hybrid

proteins was compensated by higher amount of B-sheet. It seems that hybrid fusion

proteins show subtle alterations in folding. These differences may underlie their

different biological activities.
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Figure 6.1 Far-UV circular dichroism spectra of MBP-B-lactamases. The
protein samples were dissolved in the MBP column buffer (20 mM Tris-HCI,
0.2 M NaCl, 1 mM EDTA, pH 7.4) and their concentrations were 82.2 pg/ml,
95.4 pg/ml, 104.7 pg/ml, 95.0 pg/ml, 77.4 pg/ml, 111.7 pg/ml, 98.1 pg/ml,
110.2 pg/ml, 115.5 pg/ml for MBP-PC1, MBP-Hybridl, MBP-Hybrid4,
MBP-Hybrid5, MBP-Hybrid6, MBP-Hybrid7, MBP-Hybrid8, MBP-Hybrid11,
MBP-PenPC, respectively.
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6.2 Thermal denaturation of MBP-f-lactamases

Thermal denaturation of MBP-B-lactamases was monitored by measuring the
far-UV molar ellipticity at 222 nm. Data were collected as a function of temperature
with a scan rate of 1°C/min over the range of 20-90 °C in MBP column buffer (20 mM
Tris-HCI, 0.2 M NaCl, 1 mM EDTA, pH 7.4). The protein concentrations for different
samples varied from 178 pg/ml to 240 pg/ml. Melting curves obtained for some
hybrid MBP fusion proteins, as well as MBP-PC1 and MBP-PenPC, are displayed in
Figure 6.2A and 6.2B. Even though the midpoint temperatures of all these
MBP-B-lactamases are very similar (57°C-62°C) (as shown in Figure 6.2C), the
steepness of the unfolding curves is clearly different for all these proteins. The most
cooperative transition on thermal denaturation is observed for MBP-PenPC. The
denaturation curves for MBP-Hybrid4, MBP-Hybrid6 and MBP-Hybrid7 are not

obviously different from those for other hybrid MBP-f-lactamases, therefore, they are

not presented here.
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Figure 6.2 Thermal denaturation curves for MBP--lactamases (A) and (B), and the comparison of Tm

values among different MBP-f-lactamases (C). The deviations of Tm value obtained from curve fitting
are indicated by error bars.
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6.3 Equilibrium unfolding

B-Lactamase activity measurement can be regarded as the most sensitive and
unique conformational probe to study protein unfolding of the different
MBP-f3-lactamases. Using this criterion, guanidine hydrdchloride (GdnHCI)
inactivation experiments were carried out to determine the relative stability of
different MBP-B-lactamases. GdnHCl-induced unfolding of B-lactamases was studied
by measuring enzyme activity with penicillin G as substrate. The protein was
denatured in 0-3 M GdnHCI in 50 mM potassium phosphate buffer (pH 7.0) at 25°C
for 10-12 h to ensure equilibrium denaturation. The amount of GdnHCl carried over to
the assay mixture never exceeded 50 mM and it had no inhibitory effect on the enzyme
activity. As shown in Figure 6.3A, Boltzman sigmoidal fits of the individual curves
yield inactivation concentration of the transitions, Cm, of 2.15 M, 0.80 M, 0.82 M,
and 0.72 M of GdnHCl for MBP-PenPC, MBP-PC1, MBP-Hybridl and
MBP-Hybrid4, respectively. MBP-Hybrid11 is very sensitive to GdnHCI, the enzyme
lost all its activity at the presence of low concentration (<0.5 M) of GdnHCI.
MBP-Hybrid5 is also very sensitive to GdnHClI inactivation, but its residual activities
is hard to be calculated because of its unique behavior of substrate-induced activation.
While the Cm values of MBP-PC1, MBP-Hybrid1 and MBP-Hybrid4 are very similar,

MBP-PenPC shows much higher Cm value than other enzymes. For MBP-Hybrid6,
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MBP-Hybrid7 and MBP-Hybrid8, we did not perform similar experiments due to their
very low enzyme activities. Even if they were kept at 4 °C, obvious activity decreases
were observed for the concentrated samples of these three purified fusion enzymes.
We believe that these three proteins are much less stable than MBP-Hybrid11 if they
were exposed to GdnHCl. GdnHCl-induced unfolding of PenPC and PC1 (without the
MBP tag) was also investigated. It seems that both B-lactamases are slightly more
stable than their MBP fusion counterparts, but the difference is not significant (Figure

6.3B).
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Figure 6.3 Equilibrium unfolding. The GdnHCl-induced unfolding transitions of different MBP-B-
lactamases (A) or B-lactamases without the MBP tag (B) were assessed by measuring the B-
lactamase activity with penicillin G as substrate after the enzymes were incubated in 0-3 M GdnHCI
at 25°C for 10 h. Each single point is obtained from a single measurement.
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6.4 Thermo-inactivation studies

For PenP, PenPC, and their hybrid enzymes, heat inactivation was performed at
55°C in assay buffer containing 0.1 mg/ml bovine serum albumin. Samples were
withdrawn after various periods of time and rapidly cooled down on ice. The residual
activity was determined with penicillin G, nitrocefin or cephaloridine as substrate at
25 °C and the results are shown in Figure 6.4. The time required for inactivating half of
the enzyme activity of each enzyme at 55 °C was also calculated and compared to the
others in Figure 6.5. The result indicates that the changes of enzyme activities as
penicillinase (with penicillin G as substrate) or cephalosporinase (with nitrocefin or
cephaloridine as substrates) show very similar pattern after heat inactivation. Under
the conditions used in the present study, PenP shows much higher thermal stability
than PenPC. For each hybrid enzyme, the more protein sequence is derived from PenP,
the higher is its thermal stability. Schematic alignments of the primary structures of

various hybrid B-lactamases are shown in Figure 6.6.
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Figure 6.4 Relative activities as a function of time. The enzymes were incubated at 55°C in
enzyme assay buffer (0.05 M sodium phosphate, 0.5 M NaCl, 0.1 mM EDTA, pH 7.0)
containing 0.1 mg/ml bovine serum albumin. Samples were withdrawn after various periods
of time and rapidly cooled down on ice, the residual activity was determined with penicillin G
(A), nitrocefin (B), cephaloridine (C) as substrate at 25°C.

75+
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Figure 6.5 The comparison of half-life values of different B-lactamases at 55°C for the
hydrolysis of penicillin G, nitrocefin or cephaloridine. The half-life time (t,,) is the
time required to inactivate half of the enzyme activity at the experimental condition,
which is derived from each of the curves in Figure 6.4.
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Figure 6.6 Schematic alignments of the primary structures of various hybrid p-lactamases by the

translation from generated hybrid genes. The black regions represent the N-terminal sequence derived
from B. cereus 569/H B-lactamase [ (PenPC) while the white regions represent the C-terminal sequence
derived from B. licheniformis PenP B-lactamase. The length of the whole enzyme and the length of the
fragment derived from PenPC of each hybrid are shown on the right and under the fusion point,

respectively.
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6.5 K, measurement as a K; value with nitrocefin as the reporter substrate
As introduced in Chapter one, Class A B-lactamases utilize an active-site serine

residue and function by the three-step mechanism (shown in Scheme 1).

k, k

ks
E + C—EC——EC' —E +P
1

Scheme 1
This mechanism assumes that the reaction passes through a non-covalent
enzyme-substrate complex EC, that undergoes catalytic transformation to a covalent

acyl-enzyme EC*, which then breaks down to form products. The mechanism is

characterized by the following values of the steady-state kinetic parameters (Waley,

1992):
K = kK
k, +k,
- k2k3
K ky +k,

Kea/Km = % where K = kZ_'*'ﬁ.

+1

By the measurement of initial rates of reaction in different concentrations of a
substrate, these kinetic parameters can be conveniently determined using the
Lineweaver-Burk plot (also called double-reciprocal plot) or non-linear regression.

However, the commonly employed method, based on ultraviolet spectroscopy, cannot

be used to measure the kinetic data of enzymes with larger Michaelis-Menten constant
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(Km) or very low turnover number (kca), because high concentration of substrate or
B-lactamases in the reaction mixture may severely interfere the UV-absorbing
detection. In addition, kinetic data of enzymes with very low K, values (below 10 uM)
are hard to be determined because it is very difficult to detect the initial rate at low
concentration of substrate. In these cases, K was measured as a K; value with
nitrocefin as the reporter substrate. After the determination of Ky, value of the studied
enzyme for nitrocefin, the initial rates of the enzymes for nirtrocefin hydrolysis were
measured in the absence or presence of different concentrations of the studied
substrate, which was regarded as a competitive inhibitor. According to the

.. . yepe V. .
Michaelis-Menten equation, in the absence of inhibitor, V, = ﬂ"ﬁ-; and in the

K, +[S]
e et - Vinax [S]
presence of competitive inhibitor, Vi = U] . Therefore,
K,(1+==)+([S]
Ki
Vinax [S] (/] K, U]
s K,1+=)+[S K, +—2—+[S
Vo . K, +IS) _ m( K,) []= "t g +[S]
/]
K,(1+=)+[S
m( K,-) [S]
V, K 1
th t, 0 = 1+ —_—
ey K, +S1K,

Where V) is the initial rate of the enzyme for nitrocefin hydrolysis in the absence of
other B-lactam substrate, Ky, is the Michaelis-Menten constant of the enzyme for
nitrocefin, [S] is the concentration of nitrocefin used for assay; Vi is the initial rate of

the enzyme for nitrocefin hydrolysis in the presence of other B-lactam substrate; [I] is
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the concentration of the other substrate to be studied; K; actually is the
Michaelis-Menten constant of the enzyme towards the studied substrate. Therefore,

the plot of Vo/V; against [I] is expected to generate a straight-line, with a slope of

K L - For example, kinetic parameters of MBP-PenPC for oxacillin are hard
Km + [S ] K i

to be determined by normal method because of very low substrate binding affinity

(high Ky,) and catalytic activity (low Kca). We measured the initial rates of nitrocefin

hydrolysis (100 mM nitrocefin in assay mixture) in the presence of different

concentrations of oxacillin, as shown in Figure 6.7. The slope of the plotted line is
K

1 73.5 1
0.2948. Therefore, K; = —= = = 1.42 (mM).
eretore ™ % +[S](O.2984) 73.5+1oo(0.29s4) (
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Figure 6.7 K,, determination as a K; value with nitrocefin as the reporter substrate. With
100 uM nitrocefin in the assay buffer, initial rates of reactions in the absence and presence
of different concentrations of oxacillin, as shown in the raw graph data (A) or plotted graph
using the raw data (B). The plot of V/V; against [I] (oxacillin concentration) is shown in

(©).
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6.6 Kinetic characterization of PenP, PenPC and their hybrid enzymes

In the previous work in our laboratory (Cheung, 2000), kinetic parameters
of PenP, HybridA, HybridB, HybridC, HybridD, HybridE, and PenPC were
determined with penicillin G, penicllin V and cephaloridine as substrates. However,
we obtained quite different values when we measured the kinetic parameters of PenPC
and Hybrid B towards the same set of substrates, possibly because the conditions used
for activity assay were different. Therefore, we cannot systemically compare the
kinetic data of Hybrid F with those of the other hybrid enzymes that were measured by
Cheung (Cheung, 2000). For better comparison in the future, we will measure the
kinetic data of all these enzymes using the same conditions towards penicillin G,
penicillin V and cephaloridine as substrates. However, as shown in Table 6.2, our
present results indicated that the newly generated HybridF enzyme shows higher
substrate binding affinity (lower Kr,), much lower catalytic activity than PenPC (one
of its parents), consequently, its catalytic efficiency (kcaKn) is lower than that of

PenPC.

Table 6.2 The determined kinetic parameters of PenPC and HybridF

Penicillin G Cephaloridine

Kmn Kear kea'Km Kn Keat kcat/Km

@) s @M'shH @M ¢ eM'sh

PenPC 112+7 2170+74 1942 42+3 6.1+0.6 0.15+0.2
HybridF 37+4 13243 3.6£04 28+2 23+04 0.08+0.009
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In this study, detailed kinetic properties of PenP, PenPC and all their hybrid
enzymes were determined with nitrocefin, 6-aminopenicillanic acid (6-APA),
methicillin, oxacillin and cefuroxime as substrates. For nitrocefin, PenP and PenPC
show great differences in turnover number (kca), while their Ky, values are quite
similar. For using 6-APA as the substrate, PenPC and PenP behave dramatically
different in both apparent substrate binding affinity (K,) and substrate turnover. The
Kn values of all these B-lactamases towards 6-APA, methicillin, oxacillin and
cefuroxime were determined as K; values with nitrocefin as the reporter substrate. The
chemical structures of the antibiotics in the current study are shown in Figure 6.8. All

the kinetic data obtained are summarized in Table 6.3.

187



Chapter 6 Characterization of hybrid B-lactamases

COOH

6-aminopenicillanic acid (6-APA) Penicillin V

COOH \>/
coo
Benzylpenicillin (Penicillin G) Ampicillin

OCH;

N
N= H |\q>{'
o 4 NG S OCH; O _Z—N

Oxacillin Methicillin

Figure 6.8A Structures of penicillin antibiotics used in this study
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Figure 6.8B Structures of cephalosporin antibiotics used in this study
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6.7 Kinetic characterization of MBP fusion enzymes of PC1, PenPC and their hybrids

In this study, detailed kinetic properties of MBP fusion enzymes of PC1, PenPC
and their hybrids were determined with two S-type penicillins (penicillin G and
ampicillin), two A-type penicillins (oxacillin and methicillin), two first-generation
cephalosporins (nitrocefin and cephaloridine) and one oxyimino cephalosporin
(cefuroxime) as substrates. The structures of these B-lactams are shown in F igure 6.8.

Penicillin G is a natural penicillin, which was the first B-lactam antibiotic that
received widespread clinical application since 1940. Ampicillin, a D-a-aminobenzyl
penicillin available since 1960, has the antibacterial activity of penicillin G against
gram-positive species. Methicillin and oxacillin have been available since 1960 as
anti-staphylococcal, penicillinase-resistant penicillins. The basis of the activity of
these two penicillins against B-lactamase-producing isolates is the steric hindrance
around the carbon atom attached to the C-6 side chain amide carbonyl group.
Methicillin is a phenyl penicillin in which both of the ortho positions of the phenyl
group are occupied by a methoxy group. The use of larger moieties in this position
results in penicillinase resistance, but markedly lowers antimicrobial activity due to
poor binding to penicillin-binding proteins. Combination of an isoxazole ring with a
phenyl group on the acyl side chain produces B-lactamases stability for oxacillin. The

first generation cephalosporins such as cephaloridine contained no substitutions on the
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a-carbon of the C-7-acyl side chain and possessed a thienyl ring. A major
improvement in antibacterial activity was produced by the introduction of a
2-aminothiazolyl side chain. Since the aminothiazolyl group did not provide any
B-lactamase stability, other modifications of the 7-B-acyl side chain were made.
[ntroduction of an a-iminomethoxy group provided B-lactamase stability without
significant loss of in vitro activity. Cefuroxime was the first widely used agent to
possess an a-oxyimino grouping. It has B-lactamase stability against many plasmid
and chromosomal B-lactamases and the cephalosporinases found in Pseudomonas and
Enterobacter. Cefuroxime demonstrates another aspect of changes in the 7-B-acyl side
chain. A furyl ring replaces the phenyl and thienyl groups found in most of the first-
and second-generation cephalosporins. The aminothiazol group and iminomethoxy
groups have been utilized in what have been referred as third-generation
cephalosporins — cefotaxime, ceftizoxime, cefmenoxime, ceftriaxone and cefodizime
(Neu, 1992). The designation of B-lactam compounds into generations is historical.
Values of kinetic parameters obtained with the various MBP-B-lactamases for all
these penicillins and cephalosporins are presented in Table 6.4 and Table 6.5,

respectively.
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When we measured the initial rate of PenPC and PC1 for penicillin G, the
patterns of the progress curves of these two enzymes are found to be significantly
different. As shown in Figure 6.9A and Figure 6.9B, while the slope of the PenPC
curves (the slope indicates the activity of enzyme) decreased slowly, the slope of the
PC1 curves almost kept constant for a period of time and then suddenly droped to zero,
no matter how much the enzyme was used. As presented in Figure 6.9C and Figure
6.9D, when the slope becomes zero, very similar progress curve may be restored by
the addition of the same amount of penicillin to the reaction mixtures, but not by the
addition of enzymes. These results suggest that there is no enzyme inactivation and
product inhibition occurred in both cases. The decrease of the curve slope to zero is
due to the complete exhaustion of the substrate. By measurement, there is about
20-fold difference between the K, values of these two enzymes (112 pM for PenPC
and 5.7 uM for PC1). The low Ky, value of PC1 may be the reason of its unique pattern

of progress curve. For any enzyme reaction,

= é: Vma"s
d K,+s

Where v is the rate, and s the substrate concentration. As the substrate is used up, and

the reaction approaches completion, s<< K, so that

B VoS
at K

m

Integration gives us the total time for given change in s
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A v '
-J'fi_{ =-_"£Idt or [ns_°=lfm_axt
s K, s K

N ns m
Suppose time T is needed for a decrease in s from 10% to 1%, the following

expression must hold:

2.3 Iog? = %-T or T= 2.3K,,

m max

This tells us that the time for substrate decrease is proportional to K., and inversely
proportional to Vpa. [t completely supports our notion that the sudden drop of the
progress curve slope to zero is the indicator of a low K,. Throughout our studies, the
progress curve pattern always happens in the case of Ky below 10 uM, even for
hysteretic enzymes, such as MBP-Hybrid 5 (Figure 6.9E). We observe the phenomena
without exception when we measured the Ky, values of various B-lactamases with
penicillin G, penicillin V, nitrocefin and 6-APA as substrates (Figure 6.10). The
sudden drop of the progress curve slope to zero may be used as a rough estimation of

the Ky, value that should be below 10 uM.
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Figure 6.9 Progress curves of penicillin G hydrolysis by PenPC and PC1 (A and B), PenPC
(C), PC1 (D), and MBP-Hybrid 5(E). The 1 assay means normal detection after mixing
enzyme and substrate in assay buffer; the 2" assay means the addition of the same amount of
substrate as that used in the Ist assay when the slope of the 1%tassay had dropped to zero. The
3t assay means the addition of the same amount of enzyme as that used in the 1% assay when

the slope of the 2" assay had dropped to zero. The amount of enzymes used in (A) is more
than in (B).
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Figure 6.10 Progress curves of some samples with low Km values (below 10 uM). For assay, the
concentration of nitrocefin was 100 uM, and the concentration of other substrates was 1 mM.
The enzyme concentrations of MBP-PC1, MBP-Hybridl, MBP-Hybrid4 and MBP-Hybrid5
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198



Chapter 6 Characterization of hybrid B-lactamases

Unlike the native enzymes, for penicillin G, penicillin V, ampicillin and
nitrocefin, MBP-HybridS exhibits ‘lag’-type kinetics (Matagne et al., 1990), also
termed substrate-induced activation (Pain and Virden, 1979) or hysteresis (Neet and
Ainslie, 1980), and its activity changes during the assay progress. As shown in Figure
6.11, the activity of MBP-hybrid5 for the hydrolysis of penicillin G or nitrocefin
linearly increased with the time. This is very surprising. For hysteretic enzymes, the
velocity v at time t normally changes exponentially from an initial value v; to a

steady-state value vs and the following expression must hold (Frieden, 1970; Waley,
1991):
v=v(l-e*) +y, . e

where k is the rate constant characterizing the change. However, for MBP-Hybrid5,
linear but not exponential substrate-induced activation was observed during activity
assay, and this unique kinetic property of MBP-Hybrid5 is worth further investigation.

The A238S:1239del PC1 mutant was also reported to exhibit substrate-induced
activation (Zawadzke et al., 1995). Its hydrolytic activity towards nitrocefin for the
latter “faster” part of the reaction is similar to the native enzyme and the rate of
hydrolysis of penicillin G is reduced by 23-fold. More interestingly, the

A238S:1239del B-lactamase hydrolyzes third-generation cephalosporins much better

than the native enzyme. When the native and the mutant PC1 B-lactamase structures
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are superimposed together with the E. coli TEM-1 structure, the most notable
structural difference in the active site is an opening of the active site gully in the
double mutant structure association with residue 238-240. The mutant molecule
exhibits the largest shift because of the larger side-chain of Ser 238, which in addition
to its size is also positioned to form an electrostatic interaction between its O atom
and the O° atom of Asn 170. The ability of the mutant enzyme to hydrolyze
third-generation cephalosporin is attributed to this structural feature, which enables
the enzyme to accommodate the larger side-chain substituents.

For MBP-hybridS, as shown in Table 6.4 and Table 6.5, while its apparent
binding affinity (K, value) to penicillin G, ampicillin, nitrocefin or cephaloridine is
very similar to that of MBP-PCI1, one of its parents, its hydrolysis activities towards
these B-lactams are reduced to different extents. More importantly, it shows very high
apparent binding affinity (Km =29.3 uM) to oxyimino B-lactam cefuroxime, which is
stable to most class A B-lactamases (the Km values for MBP-PenPC and MBP-PC1
are 433 uM and >10 mM, respectively). Surprisingly, the hybrid enzyme had no
significant effect on K, values for oxacillin and methicillin, which are also
characteristic of larger side chain. This suggests that structural changes in

MBP-Hybrid5 may not be the same as in the A238S:1239del PC1 mutant.
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Structure of a chromosomal extended-spectrum B-lactamase (ESBL) having the
ability to hydrolyze cephalosporins including cefuroxime and ceftazidime has recently
been determined by X-ray crystallography to 1.75 A resolution (Nukaga et al., 2002).
The folding of the Class A B-lactamase from Proteus vulgaris K1 (K1 enzyme) is
broadly similar to that of non-ESBL TEM-type B-lactamases (2 A rmsd for C%) and
differs by only 0.35 A for all atoms of six conserved residues in the catalytic site. Other
residues promoting extended-spectrum activity in K1 include the side-chains of
atypical residues Ser 237 and Lys 276 (Figure 6.12). While the non-ESBL TEM-1
B-lactamase has two opposing glutamic acid side-chains (Glu 104 and Glu 240) at the
two lower corners of the binding site, the ESBL K1 enzyme is less electronegative in
this region, having instead Ala 104 and a shorter Asp 240. These changes at positions
104 and 240 also widen the binding site at its base where large R1 substitutents of
oxyimino-cephalosporins would lie. All class A B-lactamases contain an absolutely
conserved Glu 166, which is required for deacylation of the Ser70-bound acyl
intermediate. The glutamic acid residue activates a water molecule for attack on the
acyl ester bond. InKl1, a second water molecule hydrogen bonded (2.7 A) to the same
oxygen atom of the carboxylic acid group was found. This second water molecule also
hydrogen bonds to the conserved Lys 73, producing in K1 a movement of the

side-chain N* atom away from the conserved Ser130, relative to PC1 or TEM-1. The
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distance between 73 N° and 130 O varies significantly, being 3.6-3.7 A in PC1 and
TEM-1, but4.1 A in K1. The larger separation between Lys73 and Ser130in K1 could
change the character or orientation of Ser 130. The importance of Ser 130 in catalysis
has been examined in many studies (Jacob et al., 1990; Juteau et al., 1992;
Lamotte-Brasseur er al, 1991), one of which indicated that hydrolysis of
cephalosporins is more dependent on Ser 130 than is the hydrolysis of penicillins
(Juteau er al., 1992). Perhaps the subtle changes near Ser 130 promote the K1
enzyme's cephalosporinase activity. We speculate that the unique kinetic property may
also result from the subtle changes near Ser 130. However, we still need the helps

from the study of protein crystal structure to clarify the speculation.

202



Chapter 6 Characterization of hybrid B-lactamases

2 B
0.10
00 ‘"““‘x\
02 [

0.4 \
-06 \

P \\ Time (min)
-1.00
0.0 2 4 6 8 10 12 14 15.0
min
C D
1.00
L

0.6

2] Time (ait)

0.0 1 2 3 4 5 6 7.0

Figure 6.11 Hysteretic kinetics of MBP-Hybrid5. (A) Progress curve of penicillin G hydrolysis.
(B) Linear increase of enzyme activity with time during reaction. (C) Progress curve of
nitrocefin hydrolysis. (D) Linear increase of enzyme activity with time during reaction.
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Figure 6.12 Folding of the P. vulgaris K1 p -lactamase. Cefuroxime is positioned to show the location of the -lactam binding

site at the edge of the B-sheet (after Nukaga et al., 2002).
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The cephaloridine hydrolysis by B-lactamases exhibits two distinctive kinetic
schemes. The first (Scheme 1) follows the simple acylation and deacylation steps as
mentioned before. As shown in Figure 6.13 A, the progress curve of cephaloridine
hydrolysis by MBP-PenPC is very similar to that of penicillin G hydrolysis. When the
absorbance stopped to change, the curve can be restored by the addition of the same
amount of cephaloridine (the 2™ assay) but not the same amount of enzyme (the 3"
assay), which indicates that there is no product inhibition and enzyme inactivation
during reaction. The second mechanism (Scheme 2) is termed the branched pathway
(Chen and Herzberg, 1999) and is consistent with substrate-induced progress
ingctivation or burst kinetics (Waley, 1991). Progress inactivation is well documented

in B-lactamases (Carrey et al., 1984; Citri et al., 1976; Faraci and Pratt, 1985)

Ks ky ks
E+S= ES -5 EC — E+P
ko | ks
EC*
Scheme 2

where, the initial acyl enzyme, EC, is converted to a second from of an acyl enzyme,
EC*, which does not turn over (or turns over more slowly). For this mechanism, the
progress curve exhibits an initial exponential phase followed by a slower steady-state
phase, since a less active form of the enzyme accumulates. Branching at ES may also

result in the accumulation of the less active enzyme. Usually, the initial bust of product
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is much greater than the concentration of the enzyme. The product formation can be
described by the equation (Zawadzke et al., 1996)
P = vit-(ve-vi)(1-e ™)k

where P is the concentration of the product at time t, v; is the initial velocity, vsis the
steady-state velocity, and k is the rate constant characterizing the change. The
branched pathway may be contrasted with a progress curve that follows Scheme 1, in
the case where k; >k;. A fast burst with the amplitude that equals to 1 mol of
product/mol of enzyme is characteristic of this mechanism, if the acyl enzyme and the
product absorb light similarly. The apparent steady-state rate, kcy, is then equivalent to
ks, the rate of deacylation. In addition, Escobar et al. (1994) discussed the case in

which &; < &4 in a branched pathway, a condition that may also lead to a burst with

amplitude of 1.

To attempt to distinguish between a simple linear mechanism (Scheme 1) and the
branched pathway (Scheme 2), the reaction may be monitored in the presence of 0.5 M
ammonium sulfate. Mitchinson and Pain (1985) have shown that sulfate stabilizes the
native form of B-lactamase from S. qureus; hence it was expected that for a branched
pathway the burst stoichiometry would increase. A similar experiment has been done

with the E166C B-lactamase from B. licheniformis, for which a doubling of the burst
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stoichiometry was observed in the presence of 0.5 M ammonium sulfate (Escobar et

al., 1994). This was interpreted as indicative of a branched pathway.

The progress curve of cephaloridine hydrolysis by MBP-Hybrid4 (Figure 6.13B
and Figure 6.13C) or MBP-PC1 (Figure 6.13F) was found to exhibit an initial
exponential phase followed by a slower steady-state phase, the inset of Figure 6.13F
clearly indicates that the reaction exhibits exponential decay of enzymes activity
during assay. When the reaction reached the slow linear phase, the exponential phase
may be restored by the addition of the same amount of enzyme (Figure 6.13D) but not
the same amount of cephaloridine (Figure 6.13E), which suggests that exponential

decay of enzyme activity is due to the enzyme inactivation but not substrate

exhaustion.
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Figure 6.13 Progress curves of cephaloridine hydrolysis by B-lactamases. The 1% assay in (A) was
performed by the addition of 5 ul of 15.5 uM MBP-PenPC into 995 ul assay buffer with 50 M
cephaloridine; the 2" assay was performed by the addition of 50 pul of 1 mM cephaloridine to the
mixture when the reaction in the 1 assay reached the end; When the reaction in the 2 assay
finished, 5 ul of 15.5 uM MBP-PenPC was added to the mixture and the 3 assay was started. The
curve (B) or (C) indicates the reaction by the mixture of 100 pl or 200 ul of 10.6 puM MBP-Hybrid
4 with 50 uM cephaloridine. When curve (C) reached the slower steady-state linear phase, another
100 pl of 10.6 uM MBP-hybrid 4 was added into the mixture, the reaction was recorded in curve
(D), which is very similar to curve (C). However, when curve (D) went to linear phase, the
addition of 50 pul of 1 mM cephaloridine did not restore the exponential phase (E). Curve (F) is the
hydrolysis process of cephaloridine by MBP-PC1; the inset clearly indicates that the reaction
exhibits exponential decay of enzyme activity during assay.
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6.8 Discussion

From the thermal inactivation study, PenP shows much higher thermal stability
than PenPC, which is consistent with the published data (Matagne er al., 1990). Most
interestingly, for the hybrid enzymes of PenP and PenPC, the more protein sequence is
derived from PenP, the higher is the thermal stability of the protein. It seems that
thermostability in different enzymes is achieved by a combination of various
interactions and there are more interactions inside the PenP enzyme to stabilize the
protein conformation. To date, no general rules as to which factors lead to increased
protein stability has emerged, except that cumulative effects of hydrogen bonding,
electrostatic interactions, better hydrophobic internal packing, helix-dipole
stabilization, enhanced stability of secondary structure elements, etc., all come into
play (Dangi et al., 2002). The very high thermal stability of PenP may be due to its
larger cumulative effects of all these kinds of interactions. For some unknown reasons,
many enzymes produced by mesophilic Bacillus licheniformis, such as a-amylase,
xylose isomerase, and phytase, are thermostable (Machius et al., 1995; Vieille ef al.,
2001; Tye et al., 2002)

Thermal denaturation of MBP fusion enzymes of PC1, PenPC and their hybrids,
which was monitored by measuring the far-UV protein ellipticity at 222 nm, suggests

that the overall conformational changes of all the MBP-B-lactamases to elevated
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temperatures are slightly different, as well as the steepness of the unfolding curves.
However, for thermal inactivation, the difference is very significant. From our
preliminary study, all MBP-B-lactamases, except for MBP-PenPC, lost almost all the
activity after incubated in the MBP column buffer (0.05 M sodium phosphate, 0.5 M
NaCl, 0.1 mM EDTA, pH 7.0) for 5 min at 65°C (data not shown). It seems that the
change in activity is much more sensitive than the change in overall conformation.
This indicates that the structure in the actives site is more flexible than other structures
since the change in activity is the consequence of the change of the active site structure.
PenPC shows much higher stability than the other enzymes for its performance in
B-lactam hydrolysis. We obtained similar result from the GdnHCI inactivation
experiments. As shown in Figure 6.3, MBP-PenPC shows much higher Cm value than
the other enzymes. Moreover, while the Cm values of MBP-Hybrid 1 and
MBP-Hybrid 4 are similar to that of MBP-PC1, MBP-Hybrid11 is very sensitive to
GdnHCI, which reveals a reduced stability of the hybrid enzyme. For MBP-Hybrid6,
MBP-Hybrid7 and MBP-Hybrid8, obvious activity decrease was observed when these
purified samples were stored at 4 °C, which indicates the more reduced stability of
these fusion enzymes. Therefore, for MBP fusion enzymes of PC1, PenPC and their
hybrids, compared with their parents, hybrid enzymes lose their stability to different

extents, especially those with crossover events occurred near the middle of the two
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parental B-lactamases, such as Hybrid6, Hybrid7 and Hybrid8. These hybrid enzymes
are more sensitive to the environmental conditions (such as elevated temperatures and
GdnHCI) than their parents, which may be due to the structural perturbations in the
active sites of these hybrid enzymes, especially the Q-loop, which forms part of the
active site depression. The conformational integrity of the Q-loop in class A
P-lactamases is crucial for hydrolysis and determining substrate binding affinity
(Banerjee et al., 1998). By comparison and alignment of amino acid sequences (Figure
6.14), the Q-loop of MBP-Hybrid8 is found to be a “hybrid Q-loop” (half from
PenPC, and half from PC1). This new Q-loop may cause the dramatic loss of activity.
The packing of the Q-loop against the rest of the molecule is imperfect in PC1 and the
peptide bond between the catalytic residue, Glu 166, and the following residue, Ile 167,
is a cis bond, an energetically unfavorable conformation. Non-proline cis peptide
bonds are rare in proteins of known structure. A scrutiny of the amino acid sequences
of various class A B-lactamases documented in the literature (Ambler et al., 1991)
revealed that position 167 is often (14 out of 20 instances) occupied by a proline
residue, a feature in conformity with the expected preference for this residue in
peptide bonds of cis conformation. Threonine appears to be the next preferred residue
in this location since it has been found in four class A B-lactamases, one of which is

PenPC. The hybrid Q-loop of MBP-hybrid8 may not be able to form the correct
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conformation, and therefore causes the dramatic lost of catalytic activity of the

enzyme. Again, we still need the data from the study of protein crystal structures to

prove this speculation.

The data presented above unequivocally indicate that the stabilities of the
enzymes studied here decrease as follow: PenP > PenPC > PC1, which is consistent to
the study of Vanhove et al. (1995). The structural feature of Q-loop could, at least in
part, explains the different stability of B-lactamases. In PenP, residue 167 is a proline
but it is a threonine and an isoleucine in PnePC and PC1 respectively. Since the cis
conformation is strongly unfovourable for a peptide bonds that do not involve proline
residues. One can assume that the lowest stability of PCI is, in part, due to the

presence of this cis peptide bond in the structure.
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PenPC I3 NRFETELNEAIPGDIRI7S
Hybrid 8 163 NRFETELNYYSPKSKKI178
PCl1 163 VRYEIELN YYS PKSKKI178

Figure 6.14 Comparison of the Q-loop sequences of PenPC, PC1 and Hybrid8. The junction region of the
hybrid Q-loop of Hybrid8 is underlined.

250 260 270 280 290

Figure 6.15 Alignment of the primary structures of the C-terminal 42 amino acids of PenPC and PC]1.

Figure 6.16 Alignment of the 43 amino acids region in between the crossover points of Hybrid5 and
Hybrid6.
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By the comparison of primary protein structures and enzymatic properties
between PenPC and Hybridl 1, we were surprised to find that the C-terminus of PenPC
is essential to its stability and effective catalysis. The replacement of it (42 amino
acids, from V 249 to R 291) with the corresponding sequence from PCl is of
disastrous consequence. The identity and similarity of this C-terminal region between
PenPC and PC1 are 30% and 62%, respectively, which are quite similar to the identity
(34%) and similarity (57%) between the two entire polypeptides. As shown in Figure
6.15, some residues of PenPC in this region, especially those different from PC1, may
be very critical for its stability and effective catalysis. One of such residues may be
Ala272. According to the studies from the TEM-1 B-lactamase, Met 272 was found to
be one of the essential residues that are not directly located in the active pocket and yet
may influence substrate binding and catalysis (Huang et al., 1996). The Met 272
side-chain is 47% solvent exposed and within van der Waals distance of the Arg 244
side chain which has been shown to participate in substrate binding (Delaire er al.,
1992; Zafaralla et al., 1992). Thus, Met 272 may not tolerant of amino acid residue
substitutions because such substitutions would alter the position of Arg 244 and
thereby reduce the catalytic activity of the enzyme. In the B. cereus (and B.
licheniformis) or S. aureus enzymes, an alanine or aspartic acid residue, respectively,

occurs at this position. Therefore, residue 272 makes different interactions in the
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different enzymes and the replacement of Ala 272 by Asp in PenPC may be one of the
reasons why Hybrid1 | dramatically loses its stability and catalytic activity.

As shown in Table 6.4 and Table 6.5, the K, values of MBP-PC]1, MBP-Hybridl,
MBP-Hybrid4, and MBP-Hybrid5 towards penicillin G, ampicillin, nitrocefin and
cephaloridine are similarly very low, indicates that they show high affinity to these
B-lactams. On the contrary, MBP-PenPC, MBP-Hybrid6, MBP-Hybrid7,
MBP-Hybrid8 and MBP-Hybrid11 similarly show relatively low affinity (higher K,)
towards these B-lactams. Therefore, the region in between the crossover points in
Hybrid5 and Hybrid6é may be very important for the determination of substrate
specificity of Class A P-lactamases to these substrates, since the K,, values of
MBP-Hybrid5 (similar to PC1) for many B-lactams are significantly different from
those of MBP-Hybrid6 (similar to PenPC). By alignment of protein sequences
alignment, the two hybrids differ at a 43-amino-acid region (for PenPC, from Phe 68
to His 112; for PC1, from Tyr 68 to Tyr 112), covering Ser 70 and Lys 73, which are
crucial active site residues for Class A B -lactamases. The identity and similarity of
this region between PenPC and PC1 are 41% and 69%, respectively, which are much
higher than those of the two entire polypeptides (Figure 6.16). Some residues in this

region may be very critical for determining substrate specificity of B-lactamases.
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The Q-Loop was considered to be implicated in substrate specificity both in class
A B-lactamases and class C B-lactamases (Banerjee ef al., 1998; Nukaga et al., 1998;
Palzkill et al., 1994). However, there are some exceptions. The class A PSE-4
B-lactamase from Pseudomonas aeruginosa strain Dalgleish is capable of hydrolyzing
carbenicillin at a high rate (Boissinot and Levesque, 1990). The roles of amino acids
161-179 in modulating ceftazidime resistance and hydrolysis in the PSE-4 Q-loop are
different from those in TEM-1 (Therrien et al., 1998). By cassette mutagenesis, amino
acids 163-179 (Q-loop) was replaced with TEM-1, SHV-1 and Streptomyces albus G
p-lactamase Q-loops. Phenotypic analysis of E. coli recombinants expressing the
Q-loop PSE-4 mutant enzymes gave MICs and kinetic data similar to those of the
wild-type PSE-4 (Sanschagrin et al., 2000). Our results also suggest that the protein
sequence located at 68-112 in class A fB-lactamases (according to ABL scheme)
(Ambler er al., 1991) may play a more important role in substrate binding than the
Q-loop does, since the Ky, values of MBP-Hybrid6 and MBP-Hybrid7, whose Q-loops
are from PC1, are similar to those of MBP-PenPC. It is quite reasonable because this

region includes two important residues Ser 70, Lys 73 and is very close to the Glu-166

and the Q-loop (Figure 6.17).
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Figure 6.17 Overall fold of B-lactamase, highlighting the Q-loop (gold) and key active site
residues, Ser 70, Lys 73, Glu 166, and Asn 170 (red), and the hydrolytic water molecule
(blue) (after Chen & Herzberg, 2001).
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From the crystal structure studies of the PC1 enzyme (Herzberg and Moult, 1987;
Herzberg, 1991), the region from Tyr 68 to Tyr 112 covers helix a2 (71-82), helix o3
(107-113) and the loops connecting them (Figure 1.7B). The internal cavities in the
enzyme are larger in volume than a water molecular. This shows that the packing of
this enzyme is strikingly imperfect. Two cavities are adjacent to the central helix o2,
and are very large. One cavity is rather long and narrow. The second is an irregularly
shaped cave and its limits are defined by helix a2, by Q-loop and by residues on
helices a5 and a6. Such a loose packing suggests a possible conformational flexibility
of the molecule between the Q-loop and helix a2, which would affect the shape of the
substrate binding site. Ser 70 is situated at the amino terminus of the buried central
helix a2 of the helical domain, suggesting a role for the dipole of this helix in the
catalytic mechanism (Hol, 1985). In addition, analysis of the high-resolution
three-dimensional structure of the TEM-1 enzyme (Jelsch et al., 1993) shows that
residue 104 is within a large loop encompassing residues 101 to 111. The 101-111 loop
is strongly conserved among all B-lactamases except the residue 104, which is highly
variable (Figure 6.18). This loop is also facing the Q-loop. Even no evidence indicates
a direct role for residue 104 in the substrate specificity of the class A B-lactamases,
this residue may contribute to the precise positioning of residues 130-132 which are

involved in substrate binding and catalysis (Petit ez al., 1995; Sowek et al., 1991).
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Changing residue 104 could also modify slightly the local electrostatic potential in this
part of the active site (Petit er al., 1995). Although position 104 alone seems
insufficient to confer substrate binding, the K., values of the E104K/R164S mutant of
TEM-1 toward cephaloridine, cefotaxime, aztreonam, and penicillin G are
significantly lower than those of TEM-1 (Table 6.6) (Sowek et al., 1991). For class A
B-lactamases, another non-conserved residue within this region (from 68-112) is
position 76. The TEM-1 Leu 76 is completely buried on helix a2 of the enzyme
(Jelsch er al, 1993). Leu 76 is part of a buried, hydrophobic cluster of residues
including Phe 72, Ala 126, Ala 135, Leu 139, Pro 145, Leu 148 and Leu 162. The B.
cereus and S .aureus enzymes have a threonine and a glutamine residue, respectively,
at position 76. In the B. cereus and S. aureus enzymes, the residues surrounding
residue 76 are thus predominantly hydrophilic; residue 76 interacts with its neighbors
by means of hydrogen bonds rather than hydrophobic interactions, as in TEM-1. It
seems that this structural region is stabilized by different residue-residue interactions
among class A B-lactamases. The changes of some residues may cause the structural
perturbations and have effect on substrate binding. However, the exact reason why the
residues in this region (68-112) are so critical for determining substrate specificity is

still unclear. Further studies to dissect and understand the exact structural property and
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functions of this region may provide new insights into the mechanism of p-lactamase

action.

Table 6.6 Binding parameters (Kn,, pM) for mutant B-lactamases (after Sowek et al.,

1991)
Enzymes Cephaloridine Cefotaxime Ceftazidime Aztreonam Penicllin G

TEM-1 660 450 80 1500 26
E104K 660 470 150 1400 19
R164S 100 230 260 1400 16
E104K/R164S 90 84 150 64 5.8
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Figure 6.18 Amino acid sequence alignment of class A B-lactamases in the
region of the highly conserved region around position 104. Hatched residues
denote complete identity among the 18 aligned sequences, while residue 104
is in bold type and denoted by the asterisk. The figure is after Guo et al.
(1999).
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The kinetic studies of MBP-fusion enzymes of PC1, PenPC and their hybrids
(Table 6.4 and Table 6.5) also suggest that some hybrids, especially those with
crossover events occurred near the middle of the two B-lactamases, such as Hybrid6,
Hybrid7 and Hybrid8, dramatically lost their catalytic efficiency in hydrolyzing
penicillin G, ampicillin, nitrocefin and cephaloridine. In contrary, they have high
apparent substrate affinity (much lower Kn) to other B-lactams with bulky side-chains
such as methicillin and oxacillin. This suggests that the generation of hybrid enzymes
is similar to the evolution process. In carving out a larger active site to accommodate
the B-lactams with bulky side-chains, these new enzymes lost their power to hydrolyze
B-lactams with simple side-chains. Also, they lost their internal actions that formerly
contributed to their internal integrity, lowering their stability.

From the kinetic studies of PenP, PenPC and their hybrid B-lactamases, the
overall kinetic property of Hybrid A is very similar to that of PenP, whereas the overall
kinetic property of HybridB, HybridC, HybridD or HybridE is very close to that of
PenPC. That is reasonable because most of the protein sequence of HybridA is derived
form PenP (Figure 6.6) and most of the protein sequence of HybridB, HybridC,
HybridD or HybridE is derived from PenPC (Figure 6.6). For HybridA, the K, and Kca
values towards 6-APA and the Ky, value towards methicillin are in the middle of those

of the two parents. It is also reasonable considering that the protein sequence of
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HybridF is half from PenP and half from PenPC (Figure 6.6). More interestingly,
HybridF and HybridB show a much higher apparent binding affinity (lower Kp)
towards cefuroxime (oxyimino B-lactam) than their parents. We also obtained a
similar result for MBP-HybridS, which show a higher apparent binding affinity (lower
Km) towards cefuroxime than their parents.

Structural perturbations leading to extended activity in the class A B-lactamases
have been discussed (Banerjee et al., 1998; Huletsky et al., 1993; Knox, 1995; Nukaga
et al., 2002; Raquet et al., 1994). Most third-generation B-lactams which are resistant
to class A and class C B-lactamases have a bulky and plane group such as an
aminothiazolemethoxyimino or aminothiazolecarboxypropylozyimino side chain at
position 7 of their cephalosporin nucleus or at position 2 of their monobactam nucleus,
and they are named oxyimino B-lactams. The structural factors that result in the
extended-spectrum phenotypes are quite diverse. For example, the three-dimensional
structure of the SHV-1 B-lactamase, which possesses a somehow broader substrate
profile than the TEM-1 enzyme. However, there are a few of subtle differences that
differentiate the active sites of the two enzymes. The Ser 130 to Asn 132 loop and the
neighboring Asp 104/ Tyr 105 loop in the SHV-1 enzyme have shifted away from the
active site by about 0.7-1.2 A, in comparison to the TEM-1 enzyme, thus widening the

active site. A similar shift of Asn 132, seen in the NMC-A $-lactamase (Swaren er al.,
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1998), was observed for the SHV-1 enzyme as well. As shown by the x-ray structure
of another ESBL, Toho-1 (Ibuka et al., 1999), and the role for Arg 244 in other class A
B-lactamases is fulfilled by residue Arg 276 in the Toho-1 B-lactamase. The structure
of the Per-1 B-lactamase shows significant differences in the Q-loop, p3-strand and
a2-helix regions compared to the corresponding regions in the TEM-1 B-lactamase.
The collective effect of these differences is an enlargement of the active site pocket in
the Per-1 enzyme. Therefore, it would appear that a theme for evolution of the
extended —-spectrum B-lactamases is enlargement of the active site in order to alleviate
the unfavorable steric interaction with certain substrates that have been relatively
immune to the deleterious action of B-lactamase (Kotra et al., 2002). We believe that
the active sites of MBP-HybridS, HybridF and HybridB are also enlarged due to the
lack of some interactions and consequently, their binding affinity to oxyimino
B-lactams is improved. It seems that homologous recombination among B-lactamases
may be one of the approaches for the generation of extended-spectrum B-lactamases
during evolution. However, the structural rationale for the kinetic properties of these

hybrid enzymes still remains speculative in the absence of a crystal structure.
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7.1 Introduction

As introduced in Chapter 1, B-lactam antibiotics such as penicillins and
cephalosporins are among the most often used antimicrobial agents. Due to the
widespread use of B-lactam antibiotics, bacterial resistance has been increasing at an
alarming rate and represents a serious threat to the continued use of antibiotic therapy.
The most common mechanism of bacterial resistance to B-lactam antibiotics is the
synthesis of B-lactamases that cleave the amide bond in the B-lactam ring to generate
ineffective products. TEM-1 B-lactamase is a class A enzyme encoded by the blargpm.;
gene. Epidemiological studies have shown that TEM-1 is the most common
plasmid-encoded B-lactamase in gram-negative bacteria (Wiedemann et al., 1989). It
is able to efficiently hydrolyze penicillins and many cephalosporins; therefore, it is an
important source of bacterial resistance to P-lactam antibiotics. The SHV-1
B-lactamase is 68% identical to the TEM-1 B-lactamase and also occurs frequently in
gram-negative bacteria (Barthelemy et al., 1988; Bush, 1998). The SHV-1
B-lactamase exhibits a substrate hydrolysis profile similar to that of TEM-1. To
overcome the drug resistance mediated by TEM-1 and SHV-1 B-lactamases,
extended-spectrum cephalosporins such as aztreonam, cefotaxime, and ceftazidime
were developed, in part, because the TEM-1 and SHV-1 B-lactamases are not able to

hydrolyze these antibiotics. An additional strategy that has been employed to combat
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antimicrobial resistance is the use of B-lactamase inhibitors such as the clavulanic acid,
sulbactam, and tazobactam. Although not capable of antimicrobial activity themselves,
these suicide inhibitors are used in conjunction with various B-lactam antibiotics to
bind B-lactamase and prevent the hydrolysis of the antibiotics, thereby restoring the
therapeutic value to the antimicrobial agent. However, both of these approaches apply
selective pressure for mutations that result in a B-lactamase that either cleaves
extended-spectrum cephalosporins or is no longer sensitive to B-lactamase inhibitors.
Both types of mutations have been found in the genes encoding for TEM-1 and SHV-1

B-lactamases from clinical isolates which are resistant to these therapies. This has led
to an increasing problem of resistance to antibiotics and a corresponding decrease of
effective therapies for some bacterial infections. The emergence of resistance to

B-lactamase inhibitors and the relatively rapid emergence of resistance to new

antibiotics imply that the design of new antibiotics must keep pace with the evolution

of bacterial resistance.

Clavulanic acid was initially purified from the soil bacterium Streptomyces
clavuligerus, which also produces a protein inhibitor of B-lactamases called
B-lactamase inhibitory protein (BLIP) (Doran et al., 1990). BLIP is a 165 amino acid
protein composed of two-domains of ~78 residues each and has been shown to bind to

and inhibit the TEM-1 B-lactamase with a X; of 0.1 to 0.6 nM (Petrosino et al., 1999;
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Rudgers and Palzkill, 1999; Strynadka et al., 1994). In addition, BLIP inhibits
B-lactamases from both Gram-positive and Gram-negative bacteria to varying degrees
and also inhibits the cell-wall transpeptidase PBP5 from Enterococcus Jaecalis.

However, BLIP does not efficiently bind to class B, C, or D B-lactamases (Strynadka

etal., 1994).

In terms of known protein-inhibitor complexes, TEM-1-BLIP is unique in that
the inhibitor provides the concave surface and the enzyme presents a convex face for
the interaction. The co-crystal structure of TEM-1 B-lactamase and BLIP reveals that
BLIP binds just outside the active site pocket of B-lactamase and inserts two loops, one
from each domain, into the active site of the enzyme (Figure 7.1) (Strynadka et al.,
1996). The structure of the complex also indicates that a B-hairpin including residues
46-51 of BLIP inserts into the active site of B-lactamase. An aspartic acid residue at
position 49 of the hairpin is positioned in the active site to form hydrogen bonds with
four catalytic residues of B-lactamase: Ser 130, Lys 234, Ser 235, and Arg 244 (ABL
numbering). In addition, a phenylalanine at position 142 on the other loop occupies a
position in the active site similar to the position that the benzyl group of B-lactam
antibiotic penicillin G occupies during substrate binding and catalysis (Strynadka et
al., 1996). Replacement of Asp 49 with Ala lowers the binding affinity approximately

80-fold, whereas substitution of Phe 142 with Ala results in a 300-fold decrease in

227



Chapter 7 Expression of BLIP in B. subtilis

binding affinity. Thus, Asp 49 and Phel 42 make important contributions to the
stability of the inhibitory complex. However, since the D49A and F142A variants still
bind TEM-1 B-lactamase with nanomolar affinity, other interactions must also
contribute to the strong levels of inhibition observed. The identification of the epitopes
responsible for the remaining binding energy will facilitate the engineering of tighter,
smaller inhibitors for these B-lactamases (Petrosino et al., 1999). Moreover, wild-type
BLIP has a higher K; for the E104K B-lactamase mutant, suggesting that interactions

between BLIP and B-lactamase residue Glu 104 are important for wild-type levels of

BLIP inhibition.
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Figure 7.1 Structure of the complex between BLIP and TEM-1 B-lactamase (after
Rudgers and Palzkill, 2001). TEM-1 B-lactamase is shown in space-fill and is
colored gray. The BLIP structure is presented in ribbon format and colored red. The
K8-D49 peptide region of BLIP is indicated in blue. The position of the BLIP Asp
49 and Phe 142 turn regions that insert into the active site of TEM-1 B-lactamase
are labeled.
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Very interestingly, even though TEM-1 and SHV-1 enzymes hydrolyze a similar
profile of penicillins and cephalosporins and their amino acid sequences show 68 %
identity, the K; of BLIP for SHV-1 was found to be 1.0 uM, which is 9,000-fold higher
than what was found for TEM-1 (Petrosino er al, 1999). It suggests that the
interactions that make BLIP a tight inhibitor of TEM-1 are not conserved with SHV-1
and that small structural differences between the B-lactamases are significant with
respect to BLIP binding. It is of great interest to delineate the important amino acids in
B-lactamases, which are critical for interaction with BLIP. A better understanding of
the interactions between BLIP and B-lactamases could serve as a stating point for the
design of novel proteins that can much more effectively inhibit B-lactamases.
Considering the extensive amino acid sequence homology among class A
B-lactamases, the creation of B-lactamase hybrids may be an ideal approach in this
aspect. BLIP inhibits a large variety of B-lactamases from different bacterial species to
varying degrees (Strynadka et al., 1994). Whereas BLIP has been shown to be able to
effectively inhibit the B. licheniformis 749/C B-lactamase with a Ki of lower than 3
puM, commercially available (Sigma) B-lactamases derived from B. cereus (including
PenPC) and S. aureus PC1 B-lactamase were not inhibited by BLIP (Doran et al., 1990;
Strynadka et al., 1996; Strynadka et al., 1994). Therefore, we have good grounds for

believing that the available hybrid B-lactamases are very useful for the identification
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of amino acids involved in BLIP binding. However, the prerequisite to this analysis is

to get sufficient amount of soluble BLIP.

BLIP expressed in its native S. clavuligereus produces large quantities of protein,
whereas expression in another Streptomyces species, Streptomyces lividans, produces
limited quantities of BLIP (in amounts approximate 12-fold lower than that produced
by S. clavuligerus) (Doran et al., 1990; Paradkar et al., 1994). In order to facilitate the
study of BLIP mutants and to allow protein-engineering techniques to be performed,
functional BLIP had been expressed in E. coli (Albeck and Schreiber, 1999; Petrosino
et al., 1999; Rudgers and Palzkill, 1999). When expressed as a His-tagged protein,
about 0.25 mg of >90% pure BLIP was isolated for every one liter of culture. The
His-tagged BLIP interacts with 1 nM TEM-1 B-lactamase and resulted in a K; of 0.11
nM, which is slightly lower than the previously reported value of 0.6 nM for BLIP
purified from S. clavuligereus (Petrosino et al., 1999). BLIP was also reported to have
been expressed and purified as a fusion to the C-terminus of maltose binding protein
(MBP). Binding experiments demonstrated the MBP-BLIP fusion protein has the
same K for B-lactamase inhibition as the wild-type BLIP. However, the yield and the
purity of the MBP-BLIP was not mentioned in the paper (Rudgers and Palzkill, 1999).
When the blip gene (498 bp) was subcloned into a pET-9a vector (Promega), high

BLIP expression was achieved by growing cells in a fermentor. Even though about 2
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mg pure protein was isolated from a 1-liter culture, the protein has to be refolded from
inclusion body which is time-consuming and of very low recovery (Albeck and
Schreiber, 1999). Therefore, all these heterologous intracellular expressions of protein
in E. coli are not good enough for the production of BLIP. As mentioned in Chapter 3,
B. subtilis 1A304(¢105MU331) has been successfully used to facilitate the expression
and purification of a number of heterologous proteins including PenPC, PenP
B-lactamase and their hybrid derivatives in our laboratory. Since both B. subtilis and S,
clavuligerus are gram-positive, it is very likely that BLIP may be properly processed

and secreted into culture medium when expressed in B. subtilis.

7.2 Subcloning the blip gene into the plasmids pSG1112 and pSG1113

To facilitate the introduction of heterologous gene for expression in B. subtilis
strain 1A304(¢105MU331), vectors pSG1112 and pSG1113 were employed. These
vectors are derivatives of pSG703 (Thornewell et al., 1993) and their maps are shown
in Figure 7.2. These vectors carried a pBR322 replication origin for E. coli, a cat gene
for chloramphenicol resistance, a bla gene for ampicillin resistance, and a fragment
containing the promoter and the Shine-Dalgarno-type ribosome-binding site (SD)
from prophage $105MU331, followed by a MCS containing several unique restriction
sites. The two integration vectors are identical except that pSG1113 includes the

sequence encoding for six-histidine amino acids and the distance between SD and start
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codon ATG in pSG1113 is two bases longer than that in pSG1112. Chromosomal DNA
of Stretomyces clavuligerus (ATCC 27064) was purified by Wizard® Genomic DNA
Purification Kit (Promega) and used as template of PCR reaction. Primers LHB31
(5’-gtatatCATATGaggacagtggggatcggegeg-3°) and LHB33 (5’-gatataTC
TAGAggtcgactectteggegacg-3°) were designed to amplify the blip gene, covering the
sequence encoding the signal peptide and the sequence of transcriptional terminator
(designated blip F). Primers LHB32 (5 ’-gatataCATATGgcgggggtgatgaccggggcg —3°)
and LHB33 were used to amplify blip without the sequence encoding signal peptide
(designated blip M). Considering the high GC content of the blip gene (66%), which
was within the range of 62 to 74 % G+C characteristic of Streptomyces genes (Doran
et al., 1990), 5% DMSO was included in the PCR reaction to prevent the formation of
secondary structures. For PCR reaction, thirty-five cycles of amplification were
performed with the following temperatures: 30 s at 94°C, 30 s at 50°C, 30 s at 72°C.
The two PCR products were digested by Ndel and Xbal, and DNA fragments were
recovered from argarose gel and ligated with similarly digested pSG1112 and
pSG1113. The correct recombinant plasmids were screened by Ndel and Xbal
digestion. All recombinant plasmids (pSG1112blipF, pSG1113blipF, pSG1112blipM,

pSG1113blipM) were confirmed by DNA sequencing.
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Figure 7.2 Plasmid maps of pSG1112 and pSG1113. Heterologous genes were inserted into the multicloning
sites (MCS) of the vectors. The vectors carried a pBR322 replication origin for E. coli, the promoter and the
Shine-Dalgarno-type ribosome binding site (SD) of prophage $105MU331, a cat gene for chloramphenicol
resistance, and a bla gene for ampicillin resistance. The two integration vectors are identical except that
pSGI1113 includes the sequence encoding for six-histidine amino acids the distance between SD and start
codon ATG in pSG1113 is two bases longer than that in pSG1112 .
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7.3 Transformation of the recombinant plasmids into B. subtilis strain
1A304(¢105MU331)

For protein expression, the constructed integration recombinant plasmids
were transformed into B. subtilis 1A304 (¢ 105 MU331). Similar to the transformation
with undigested pSG703 derivatives, the transformation of 1A304(¢105MU331) with
undigested pSG1112 or pSG1113 derivatives gave both CmREr® and Cm®Er® colonies
(Thornewell et al., 1993). There are two crossover sites between plasmid and
prophage, one is at the ¢ 105 sequences of plasmid and prophage, and the other is at the
complete car gene of the plasmid and the truncated car gene of the prophage. Whereas
the CmREr® colonies were resulted from Campbell-type single crossover between
plasmid and prophage, the Cm®Er® colonies were resulted from double crossover
homologous recombination between plasmid and prophage. As mentioned in Chapter
4, the protein expression level of the Cm*Er® transformants was about 10-fold higher
than that of the Cm®Er® transformants when PenPC and some of its mutants were
expressed in the system, therefore, CmREr’® transformants were chosen for the
expression of BLIP.

7.4 Small scale expression of BLIP from B. subtilis
For protein expression, as mentioned in Chapter 2, the transformants obtained
from different pSG1112 or pSG1113 derivatives were separately picked and grown to

generate a seed culture (5 ml) first and 1 ml of it was inoculated into 15 ml culture.
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Prophage induction was done at 50°C for 4 min, and then growth was continued at
37°C. Strain 1A304($105MU331) was similarly treated as a control. Samples of the
culture were taken hourly after induction and stored in a -20°C freezer for further
analysis. Both the supernatants and cell pellets of culture samples collected at different
time points after thermo-induction were studied by SDS/PAGE analysis (data not
shown), but no obvious protein band corresponding to the size of BLIP (17 kDa) was
observed. A high sensitivity B-lactamase inhibition assay was then performed for the
detection of the expression of BLIP. The inhibition assays suggested that only the
culture supernatant from the strain transformed with the construct pSG11 12blipF was
found to inhibit the Penase activity. It is very surprising, because the construct
pSG1113blipF is very similar to pSG1112b/ipF, except that pSG1113 includes the
sequence encoding for six-histidine amino acids exactly before the start codon of the
blip gene. One possibility is that the additional six-histidine amino acids may disable
the function of the signal peptide. Further study is worth to clarify this issue. The
expression of intracellular BLIP with or without the His-tag is found to be
unsuccessful, perhaps due to the rapid degradation of the expressed BLIP by the
proteases in the cytosol.

7.5 Optimizing conditions for BLIP expression

Since the expression of BLIP in the B. subtilis system was not as high as that of
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PenPC, several parameters were optimized for the expression.

The effect of oxygen supply on the bacterial cell growth and BLIP expression
was studied using three different types of 1-liter flasks: (i) without baffles, (ii) with
baffles, (iii) with baffles and the addition of antifoam in the culture. All these 1-liter
flasks were used to culture only 100 ml of cells to make sure that there was sufficient
oxygen supply for cell growth. While the cells grew faster in the flasks with baffles
than those in the flasks without baffles (data not shown), the BLIP expression in the
flasks without baffles was slightly higher that that in the flasks with baffles (Figure
7.3). It seems that the relatively lower oxygen supply was beneficial for BLIP
production, even though oxygen is essential for aerobic growth. Similar resuits were
reported in the production of B-lactamase both in E. coli and B. subtilis as well as the
production of other recombinant proteins in E. coli. (Li et al., 1992; Sargantanis and
Karim, 1998).

The density of cells during heat shock is also very critical for heterologous
protein expression. From our study, as shown in Figure 7.4, an ODgg value close to

3.4 is an ideal point for heat shock.
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Figure 7.3 Comparison of BLIP expression in different types of culture flasks. Cells in
flasks without baffles (NB), with baffles (B), or with baffles and addition of antifoam in
the medium (BA) grew at 37°C at 300 rpm. Thermo-induction was carried out at 50°C for 4
min when the ODgg, of culture reached about 3.4, and then cells were allowed to grow at
37°C for protein expression. Samples were harvested 5 h after thermo-induction and their
supernatants were used for the Penase inhibition assay. The error bars were calculated from
the deviation of two measurements. No BLIP expression was detected from the cells
without heat shock.
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Figure 7.4 Effect of ODg, values for heat shock on BLIP production

Different flasks of bacterial cells were cultured at 37°C and subjected to heat shock 50°C for
4 min) at different cell densities (indicated by ODyyq, from 2.0 to 5.1). Samples were taken
at 5.5 h after thermo-induction and their supernatants were used for the Penase inhibition
assay. Each single point represents result from a single measurement.
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The duration of heat shock may greatly affect expression. Whereas heat shock at
50°C for too long time may severely cause cell death, too little heat shock may not
effectively turn on the strong phage promoter to induce the protein expression.
Compromised by cell death and induction of protein expression, it seems that there is
an optimal duration for thermo-induction. Compared with the cells which were
heat-shocked for 2 min at 50 °(£, the cells which were heat-shocked for 4 or 6 min grew
slightly slower but protein expression was increased by about 2-fold (F igure 7.5 and
Figure 7.6). It is also found that there is no significant difference between the cells
heat-shocked for 4 min and the cells heat-shocked for 6 min. Therefore, heat shock for
4 min at 50°C is used for the induction of BLIP expression.

In order to determine the time to harvest the cells after thermo-induction, cells
were cultured at 37°C and heat shock was performed at 50°C for 4 min when the ODgqq
of culture was 3.4. Samples at different time points after heat shock were taken and
their supernatants were subjected to Penase inhibition assay and SDS/PAGE analysis.
As shown in Figure 7.7, it seems that the expression of BLIP was maximum around
5-6 h after thermo-induction and protein degradation became serious at 6 h after
thermo-induction. Therefore, cells were harvested at the fifth hour after

thermo-induction.
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Figure 7.5 Effect of heat shock duration on cell growth. Cells were cultured at 37 °C at 300
rpm and heat shock was performed at 50 °C for O (m), 2 («) , 4 () or 6 (4) min when
ODy, of culture reached 3.3. The cell growth was continually monitored after heat shock.
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Figure 7.6 Effect of heat shock duration on BLIP production. Cells were cultured at 37 °C at
300 rpm and heat shock was performed at 50 °C for 0 (@), 2 (W), 4(A) or 6 (x) min when
ODy, of culture reached 3.3. Samples were taken at different time points after heat shock and
their supernatants were used for Penase inhibition assay (A).By the comparison of samples at
6 h after heat shock, the effect of heat shock duration on BLIP production is clearly indicated
(B).
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Figure 7.7 Analysis of BLIP expression at different time points after thermo-induction by (A)
Penase inhibition assay and (B) SDS/PAGE. Lane 1 is the MW marker; lanes 2-9 contain 100 pl

(concentrated down to 10 pl) of culture supernatant collected at 0, 1.5, 3, 4, 5,6,7 and 22 h after
thermo-induction.
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7.5 Large-scale expression and purification of BLIP

According to the above pilot experiments, for a larger scale protein expression,
cells were cultured in 1-liter flasks without baffles. Heat shock was performed at 50°C
for 4 min when ODgg of culture was around 3.4 and the supernatants of the culture 5 h
after thermo-induction were harvested for BLIP purification.

For protein purification, the harvested supernatants of the culture were subjected
to ammonium sulfate precipitation. Ammonium sulfate (51.6 g) was gradually added
with stirring to 100 ml of culture supernatant at 4°C to give 80 % saturation (Doran ef
al., 1990). The precipitated protein was collected by centrifugation for 20 min at
18,000 g and dissolved in 25 mM Tris-HCI buffer (pH 8.4) and then desalted by 3
times of dialysis against the same buffer (Albeck and Schreiber, 1999) or by passing
throught a desalting column (Hi Prep 26/10 Desalting, Pharmacia).

Desalted protein solution was applied to a Q Sepharose column (Hi Prep 16/10
XL, Pharmacia), which was pre-equilibrated with 25 mM Tris-HCI buffer (pH 8.4). A
gradient of two segments (1 - 0.2 M NaCl and 0.2 — 1 M NaCL) was established for the
protein elution and BLIP was eluted out from the column in the first segment (Figure
7.8). The fractions were analyzed by Penase inhibition assay, Bradford test and
SDS/PAGE analysis to find the fractions containing BLIP and to estimate the yield

and purity of BLIP in these fractions.
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To get further purification, the selected fractions containing BLIP were pooled
together and concentrated by ultrafiltration using a YM1 filter (MW cut-off: 1,000 Da).
The buffer of the protein solution was also changed to 0.1 M sodium phosphate buffer
(pH 7.0) (Doran et al., 1990) by ultrafiltration. Then the protein solution was loaded
onto a DEAE column (HiTrap DEAE Sepharose FF, 1 ml, Phamacia), which was
pre-equilibrated with 0.1 M sodium phosphate buffer (pH 7.0). Proteins were eluted
by a linear gradient (0 — 1 M NaCl). Similarly, the fractions were analyzed by Penase
inhibition assay, Bradford test and SDS/PAGE analysis to find the fractions containing
BLIP and to estimate the yield and purity of BLIP in these fractions.

The purification of BLIP was summarized in Table 7.1 and the samples of
different purification steps were analyzed by SDS/PAGE (Figure 7.9). The sample
after DEAE ion exchange chromatography was not included in Figure 7.9, which was
much more pure than the BLIP sample eluted from Q Sepharose.

Table 7.1 Purification of BLIP

Total BLIP Total protein ~ Specific activity Recovery  Fold of

(9)] (mg) (U/mg of protein) %) purification
Cuiture supernatant 937872 581 1614 100 1
Ammonium sulfate 1396358 4234 3298 149* 2
concentrate
Desalted sample 1678018 279.6 6001 179* 3.7
After Q Sepharose 813660 13.7 59304 86 36.7
After DEAE column 485270 5.8 84102 52 52

* The recovery of more than 100% may be due to the existence of some components

in the crude culture supernatant, which may interfere the interaction between Panase
and BLIP.
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Figure 7.9 SDS/PAGE analysis of protein samples at different stages during BLIP purification. 0.5 ul
of protein MW marker (Lane 1), 10 pl of culture supernatant (Lane 2), 5 ul of ammonium sulfate
concentrate (Lane 3), 10 ul of desalted protein sample (Lane 4), 100 ul of one of the fractions eluted
from Q Sepharose column (Lane 5), 5 ul of concentrated sample of pooled fractions (from Q

Sepharose) containing BLIP (Lane 6), and 100 pl of flow-through from Q Sepharose column (Lane 7)
were loaded onto a 12% polyacrylamide gel for analysis .
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7.6 Discussion

To our knowledge, this is the first time that BLIP was heterologously expressed
as a secreted form in B. subtilis. The secreted BLIP is believed to be more identical to
its native form in terms of its structure and function. After optimization, about 3.8 mg
of pure (>95%) BLIP was expressed and purified in B. subtilis using strong promoter
of the prophage $105SMU331. As far as we know, this system is much better than all
the reported methods so far. To further improve the yield, we are now constructing
another vector to facilitate the higher expression and secretion of BLIP in B. subtilis
strain 1A304(¢105MU331), by the use of the powerful promoter and signal sequence
from the B. amyloliquefaciens o-amylase, as well as the strong promoter of the
prophage ¢105MU331. We are now also trying to produce BLIP in a fermenter and
hopefully, much higher expression level will be achieved. Moreover, B. subtilis strain
1A304(¢105MU331) and its derivatives are found to be able to grow well in defined
Spizizen minimal medium (SMM) (Anagnostopoulos and Spizizen, 1961) with the
supplements of glucose, amino acids and other nutrients. Some proteins had also been
successfully expressed in the defined pre-transfromation medium (PTM) (for detail,
see Chapter 2) from B. subtilis 1A304(¢105MU331) derivatives. It is likely that large
amount of BLIP with *C and M15 labeling could be obtained by our method, which

may be very useful for the NMR studies of BLIP structure and function in solution.
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Without doubt, the production of high levels of BLIP with high purity by our
method will certainly facilitate the many important studies of BLIP, especially the
interaction between various B-lactamases and BLIP. The better understanding of the
interaction between (3-lactamases and BLIP could serve as a starting point for the
design of novel inhibitory proteins to effectively counter the deleterious effects of

B-lactamases.
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Conclusions

(1) Eighteen chimeric B-lactamase genes (six from penPC and penP, 12 from
penPC and pcl) were successfully generated in E. coli RR1 by in vivo
intramolecular recombination within the homologous regions between two
class A B-lactamase genes [the B-lactamase I gene from Bacillus cereus
(penPC) and the B-lactamase gene from Bacillus licheniformis (penP); or
penPC and the B-lactamase gene from Staphylococcus aureus (pcl)]. These
hybrid genes encode novel B-lactamases with their N-terminal moiety
derived from PenPC and C-terminal moiety derived from either PenP or PC1.
[t is concluded from our studies that the frequency of homologous
recombination is a function of the sequence identity between the genes
concerned and 53% identity may be marginal for performing intramolecular
homologous recombination between the genes interested. The double-strand
breaks inside a homologous region was also found to stimulate recombination
in our study, but the gradient of recombination frequencies related to the
location of the break was not observed. For unknown reasons, the crossover
site (5° ~AACTTGAG- 3°) for the generation of hybrid A was found to be a
particular hot spot of recombination, which is different for the octameric Chi
() sequence. Even though the molecular details of the recombination

processes are still far from being completely deciphered, homologous
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recombination is proved to be a very powerful approach to generate hybrid
genes between partially homologous genes.

(2) While PenPC, PenP and all their hybrid B-lactamases were successfully
expressed in B. subtilis, B. subtilis may not be an ideal host for the protein
expression of PCI and its hybrid derivatives, even though the S. aureus pcl
promoter is active in vivo in B. subtilis. The failure of the expression of PC1
and its hybrid derivatives might result from proteolytic degradation of
secreted enzymes by host proteases. It was found that too much oxygen
supply (with higher ratio of flask volume to culture volume and the use of
baffled flasks) would decrease the yield of expressed proteins, possibly,
because the phage DNA content is expected to increase with a decrease in
cell growth rate under low DO supply. Compared with PenPC and HybridB-E,
HybridF B-lactamase was found to bind to Celite with lower affinity, possibly,
because half of its protein sequence is derived from PenP and effective
binding to Celite is one of the properties of PenPC structure. The expressed
PenPC, HybridB, HybridC, HybridD, HybridE and HybridF were purified to
high purity by affinity binding to Celite, but PenP and Hybrid A were
purified by cation-exchange chromatography. The powerful B. subtilis

expression system was also used for the successful expression of the
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B-lactamase inhibitory protein (BLIP) from Streptomyces clavuligerus. After
optimization, about 3.8 mg of pure (>95%) BLIP was expressed and purified
from 1-liter culture.

(3) PC1 and its hybrid B-lactamases were successfully expressed in E. coli as
GST fusion proteins. The expressed GST fusion proteins with PC1, PenPC,
Hybridl, Hybrid2, Hybrid3, and Hybrid4 were highly soluble. However, the
expressed GST-Hybrid5 was only partially soluble, and the other GST fusion
proteins were found to be expressed as inclusion bodies. All efforts made
failed to improve the solubility of these miss-folded fusion proteins. The
formation of inclusion body might result from the incorrect protein folding
when these hybrid B-lactamases were expressed in the cytosol. Nevertheless,
when all these hybrids were expressed as maltose binding protein (MBP)
fusions in E. coli, all the expressed fusion proteins were found to be highly
soluble. One possibility, which seems to be consistent with all the available
experimental evidences, is that MBP may function as an internal chaperone.
Ali MBP-B-lactamses were successfully purified by a one-step amylose
affinity column. We also found that the small amount of contaminants of the
specific signal peptidases from the host cells may cause the cleavage of

purified GST-PC1 and other GST-B-lactamases during storage. More
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powerful centrifugation or the addition of efficient signal peptidase inhibitor
might be helpful to diminish the cleavage of fusion proteins during protein
purification. Moreover, the addition of [PTG was found to cause higher
expression of TEM-1 in the cells transformed with the pGEX-6P-1 vector
than in the cells transformed with the pMAL-c2 vector, as a result of
transcriptional read-through from the inducible GST or MBP gene into the
downstream TEM-1 B-lactamase coding region. The expressed TEM-1 is not
a problem for futher studies since it can be successfully separated from
MBP-B-lactamases by chromatography.

(4) From our thermal inactivation study, PenP shows much higher thermal
stability than PenPC. Most interestingly, for the hybrid enzymes of PenP
and PenPC, the more protein sequence is derived from PenP, the higher is
the thermal stability of the hybrid protein. It seems that thermostability in
different enzymes is achieved by a combination of various interactions.
Thermal denaturation of MBP fusion enzymes of PC1, PenPC and their
hybrids suggests that the overall conformational changes of all
MBP-B-lactamases to elevated temperatures are very similar. However, for
thermal inactivation, all MBP-B-lactamases except for MBP-PenPC lost

almost all the activity after incubated at 65°C for 5 min. It seems that the

252



Conclusions
change in activity is much more sensitive than the change in overall
conformation. For MBP fusion enzymes of PC1, PenPC and their hybrids,
compared with their parents, hybrid enzymes lost their stability to different
extents, especially those formed by crossover events occurred near the
middle of the two B-lactamases, which may be due to the structural
perturbation near the active site of these hybrid enzymes, especially the
Q-loop, which forms part of the active site depression.

(5) The C-terminus of PenPC (from V 249 to R291) was found to be essential to
its stability and effective catalysis. The replacement of these 42 amino acids
with the corresponding sequence from PC1 is of disastrous consequence.
The identity and similarity of this C-terminal region between PenPC and
PC1 are 30 % and 62%, respectively, which are quite similar to the identity
(34%) and similarity (57%) between the two entire polypeptides. Some
residues of PenPC in this region, especially those different from PC1, may
be very critical for their stability and effective catalysis. One of the residues
may be Ala 272. This is the first time that the C-terminal of PenPC is
reported to play such an important role in protein structure and function.

(6) The region in between the crossover points (68-112, ABL Scheme) in

Hybrid5 and Hybrid6 may be very important for the determination of
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substrate specificity of Class A g -lactamases, since the K, values of
MBP-Hybrid5 (similar to PC1) for many B-lactams are significantly different
from those of MBP-Hybrid6é (similar to PenPC). By protein sequences
alignment, the two hybrids differ at a 43-amino-acid region, covering Ser 70
and Lys 73, which are crucial active site residues for Class A S -lactamases.
The identity and similarity of this region between PenPC and PC1 are 41%
and 69%, respectively, which are much higher than those of the two entire
polypeptides. Some residues in this region may play an important role in
determining substrate specificity. Residues at position 76 and 104 may be two
of them. It is quite reasonable because this region includes two important
residues Ser 70, Lys 73 and is very close to Glu 166 and the Q-loop. Further
studies to dissect and understand the exact structural property and functions
of this region may provide new insights into the mechanism of B-lactamase
action.

(7) The kinetic studies of MBP-fusion enzymes of PC1, PenPC and their hybrids
(Table 6.4 and Table 6.5) also suggest that some hybrids, especially those
with crossover events occurred near the middle of the two B-lactamases, such
as Hybrid6, Hybrid7 and Hybrid8, dramatically lost their catalytic efficiency

in hydrolyzing penicillin G, ampicillin, nitrocefin and cephaloridine. In
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contrary, they have high apparent substrate affinity (much lower Km) to other
B-lactams with bulky side-chains such as methicillin and oxacillin. This
suggests that the generation of hybrid enzymes is similar to the evolution
process. In carving out a larger active site to accommodate the B-lactams with
bulky side-chains, these new enzymes lost their power to hydrolyze
B-lactams with simple side-chains. Also, they lost their internal actions that
formerly contributed to their internal integrity, lowering their stability.

(8) MBP-Hybrid5, HybridF and HybridB B-lactamases were found to show
higher binding affinity to oxyimino B-lactams (such as cefuroxime) than their
parents, possibly due to the enlargement of the active site pocket. It seems
that homologous recombination among f-lactamases may be one of the
approaches for the generation of extended-spectrum B-lactamases during
evolution. However, the structural rationale for the kinetic properties of these
hybrid enzymes still remains speculative in the absence of crystal structures.

(9) Based on our studies of the properties of generated hybrid enzymes, we
observd two kinds of correlation among hybrids and their parents: (i) linear
correlation and (ii) non-linear correlation. For linear correlation, the
properties of the hybrids are similar to one of their parents or intermediate

between those of the two parent enzymes. In this case, if any two enzymes
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(two hybrids, or hybrid and one of its parent) behave differently, it is likely
that the consequence is resulted from the residues located in the non-identical
region between the two partially homologous enzymes. For non-linear
correlation, the hybrids have some novel properties that their parents do not
have. We attribute these novel properties to the structural perturbations of the

hybrid enzymes.
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Appendices



Appendix 1: Reagents

BHY (growth medium for B. subtilis for protein expression)
3.7% Brain Heat Infusion Broth (Oxoid), 0.5% Yeast extract (Oxoid)

Celite elution buffer
0.1 M Tris-HCl, 2 M NaCl, 0.1 M tri-sodium citrate, pH 7.0

B-Lactamase assay buffer
50 mM sodium phosphate, 0.5 M NaCl, 0.1 mM EDTA, pH 7.0

LB broth (general growth medium for E. coli)
0.1% Bacto-tryptone, 0.05% Bacto-yeast extract, 0.05% NaCl

MBP column buffer (MBP binding buffer)
20 mM Tris-HCI, 0.2 M NaCl, | mM EDTA, pH 7.4

SMM (Spizizen minimal medium)

0.2% ammonium sulphate, 1.4% dipotassium phosphate, 0.6 % potassium
dihydrogen phosphate, 0.1% sodium citrate dihydrate, 0.02% magnesium
sulphate

PBS (Phosphate-buffered saline, served as GST binding buffer)
140 mM NaCl, 2.7 mM KCl, 10.1 mM Na,HPO,, 1.8 mM KH,PO,, pH 7.3

PTM (Pre-transformation medium, for the preparation of competent B. subtilis)

10 ml SMM, 0.2 ml 40% glucose, 0.1 ml PTM salts (25 mM CaCl,, 50 mM
MgSO4, 0.05 mM MnSOy), 0.2 ml 20% casamino acids, 0.1 ml 2 mg/ml
tryptophan and 0.1 ml of other supplements (20 mg/ml isoleucine, 20 mg/ml
valine, 20 mg/ml leucine, 5 mg/ml methionine)

TBE (running buffer for agarose gel electrophoresis)
90 mM Tris base, 90 mM boric acid, 2.5 mM EDTA

TM (Transformation medium, for the preparation of competent B. subtilis)

10 ml SMM, 0.15 ml 40% glucose, 0.2 ml 250 mM MgSO,, 5 ul 20%
casamino acids, 0.1 ml 2 mg/ml tryptophan and 0.1 ml of other supplements (20
mg/ml isoleucine, 20 mg/ml valine, 20 mg/ml leucine, 5 mg/ml methionine)
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2 X TY (rich growth medium for E. coli)
0.16% Bacteriotryptone, 0.1% Yeast extract, 0.05% NaCl
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Appendix 2: Alignment of 20 class A B-lactamases numbered according to the ABL scheme
after Ambler et al., 1991)

. 1 - N m ) . i . .o
Klebsiella pneumoniae MRYVRL CVISLLATLP LVVYAGPQPL EQINQSESGL SGRVGMVEND LANGRTLAAW RADERFMHVS. TFVLLCGAV LARVDAGLEQ mum:g
PIT-2 oo SPOPL EQIKLSESQL SGAVGMIEND LASGRTLTAV RADERFPANS TFKVWLCGAY LARVDAGOEQ LERKINYROO
R-TEM MSIQHFRY ALIPFFAAFC LPVFANPETL VICVKDAEDQL: GARVGYIELD LNSGKILESF RPEERFPNS TEKVLLCGAV LSRVDAGQEQ LGRRINYSOM ™Y
Pseudomonas aeruginosa CHFLSVPVAL LGCVGLICTS AYANDTGILD LAVTOEETIL QARVGVAVID TOSGLIV.QM RGOEREPLNS THKAFSCAAY. qwum,mmm
PSE-4 GYTYMKFLLA FSLLIPSVVF ASSSKFOQVE QOVKAIEVSL SARIGVSVLD TONGEYV.OY NGNQRFPLTS TFKTIACAKL LYDAEQGKYN PNSTVEINOA
nhod_opseudoms capsulata TVLSRVATGL ALGLSMATAS LAGTPVEALS ETVARIEEQL GARVGLSLME TGTGUSW.SH REDELFLINS TVKVPVCGAT LARUDAGALS LSDALPYRRK -}
Actinosadura R39 AEPA SAEVTAEOLS GEFERLESEF DARLGVYAVD TGTGEEV,FH RADERFGYAS THKAFTAALY L6Q. .NTPEE LEEWVTYTEE -
Bac;llus cereus 5694 TSLEAFTGES LQVEAKEKTS QVKHKNQATH KEFSQLEXKF DARLGVYALD TGTNQTI.SY RPNERFAFAS TYKALAAGVL 1QQ. .NSI0S LNEVITYTKE
Bacyllus cereus 5/8 TSLVTFIGGA LQVEAKEKTG QVICHICNGATH KEFSQLEKKF DARLGVYAID TGTMQTI,AY RPNERFAFAS TYKALAAGVL. LOQ, .NSTXK LOEVITYTKE ?
Bacillus cereus III LIGCSNSNTQ SESNKQTNQT NQVXQENKRN HAFAKLEKEY MAKLGIYALD TSTMGTV.AY HADORFAFAS TSKSLAVGAL LRQ..NSIEA LOERITYTRX 3
Bacillus Licheniformis LFSCVALAGC ANNQTNASGP AEKNEKTEMK ODFAXLEEQF DAKLGIFALD TGTNRTV.AY RPOERFAFAS TIKALTVGVL L0Q..KSIED LNORITYTRD
Streptomyces badius --SOSTAPPS SAKPATSASA SLP.RPKPYT GOFKKLEREF DARLGVYAID TGTGREV.TH NORARFAYHS TEKALGAAWY LS SLOG LOKRVTYTRE .
Streptomyces cacaof blal  ESSADAAEPA GSAPSSSAAA HKPGEVEPYA AELKALEDEF DVRLGVYAVD TGSGREV.AY RDGERFPYNS TEKALECGAY L " DRVVKYSED J
Streptomyces cacaoi Ulg  ACGRASGSES GOQPGLBGAD EAHVSADAHE KEFPALEKKF OAHPGYYALD TRDGREL.TH RADERFAYSS TFKALOAGAI LAQY ) DKVVHYGQO
Kiebsiella oxytoca MAL AAVPLLLASG SLMASADAIQ QKLADLEKRS GGALGVALIN TA QTL Y RGOERFANCS -TGKVIAAMAY LKQ . VNKRLELKKS '3
Staphylococcus aureus MKKL IFLIVIALVL SACNSNSSHA KELNDLEXKY NAMIGVYALD TKSGKEV.KF NSOKRFAYAS TSKAINSAIL LEQV..PYNK LNKKYHINKD <
Streptomyces aureofaciens  TMAALLPAGS AAYASTSTAK APMEGISG. .RLRALEXQY AARLGVFALD TGTGAGR.SY RAGERFPHCS VAALAAMY LROVDA LTKRIHY J
Streptomyces albus ALAAATLVPG TAHASSGGRG MGSGSVSDAE RRLAGLERAS GARLGVYAYD TGSGRTV.AY RADELEPNCS VFKTLSSAAV LAD LOR [ I
Streptomyces laveqdulle AVAGIPLGGS TAFA...... .APRGNEOVL RQLRALEQEH SARLGVYARD TATGRTV.LH RAEERFPHCS VFKTLAVAAV LR LR :
Streptoayces fradise ALMTAARAG PAHA. ..... .APGRGARVE GRLRALERTH DARLGAFAYD TGTGRTV.AY RADERFPIAS MEKTIAVAAV LR ° LOR P
(onsensus -533.3.9. savpslesag .apgsnpa.. ke.kalEkqf darlGvya.d tgtortv.ay raderfpmas tfkata..av L.qg.....e. L.pitytk.

m 150 200 -
Klebsiells pneumoniae OLVOYSPVSE KHLVOGMTIG ELCAAAITLS ONSAGNLLLA TVGGPAGLTA SLRQIGONVT RLORVETALN EALPGOARDT TTPASMAATL RKLL'I’AGILS‘
PIT-2 OLVOYSPVSE KHLADGMTYG ELCAAAITNS ONSAANLLLT AVGGPAGLTA FLRQIGONVT RLORWETELN EALPGDARDT TTPASHAATL RKLLTSQRLS 3
R-TEM OLVEYSPVTE KHLTOGHTVR ELCSAALTMS ONTAANLLLT TIGGPKELTA FLHNWGOHVT RLORVEPELM EAIPNDERDT TMPAAMATIL RKLLTGELLT
Pseudosonas aeruginosa ALVTYSPVTE LTLR ELCRAAVSIS DNTAANLALD AIGGARTFTA FNRSIGOOKT RLOAREPELN EATPGDARDT TTPIAAARSL QTLLLDGVLS 3
PSE-4 OLVTYSPYIE KQVGRALTLD OACFATHTTS ONTAANIILS AVGGPKGVID FLRQIGOKET RLORIEPDLN EGKLGDLROT TTPKAIASTL NXFLFGSALS 3
Rhodopseudoaonas capsulata OLVPYAPVTE HTLO ELCLAAIONS ONVAANILIG HLGGPEAVTQ FFRSVGDPTS RLORIEPKLN DFASGDERDT TSPAANSETL RALLLGOVLS
Actinomadura R39 OLYDYSPITE QHVOTGMTLL EVADAAVRHS DNTAANLLFE ELGGPEGFEE OMRELGODYVL SADRIETELN EVPPGETROT STPRANAGSL EAFVLGDVLE
Bacillus cereus S69H OLYDYSPYTE KHVOTGMKLG EIAEAAVRSS ONTAGNILFN KIGGPKGYEK ALRHNGORIT NSNAFETELN EAIPGDIRDT STAXAIATNL KAFTVGNALP
Bacillus cereus 5/8 OLVDYSPVTE KHVDTGNTLG EIAEAAVRYS DNTAGNILFH KIGGPKGYEX ALRKMGORVT NSORFETELN EAIPGDIRDT STAKAIARNL KDFTVGNALP. E:
Bacillus cereus IIf DLSNYNPITE KHVOTGNTLK ELADASVRYS DSTAMNLILK KLGGPSAFEX ILRENGOTVT NSERFEPELN EVNPGETHOT STPXAIAKTL QsFTLGTVLP 3§
gacitlus licheniformis OLVNYNPITE KHVOTGATLK ELADASLRYS OMAAQNLILK QIGGPESLKX ELRKIGOEVT NPERFEPELN EVNPGETQDT STARALVTSL RAFALEDKLP §
Streptosyces badius DLVAHSPVTE KHVOTGNTLK ELCOASVRYS ONTAANLLFD  GPKGLOA SLEKLGODIT RNOREEPELS RVVPGEXRDT STRRALAEDL MAFVLGKALR 3
Streptomyces cacaoi blall  OLVONSPVTE KHVEDGNTLT ALCOAAVRYS ONTAANLLEE TVGGPKGLOK TLEGLGOHVT RMERVEPFLS RVEPGSXROT STPRAFAKDL RAYVLGOVLA -3
Streptosyces cacaoi Ulg AILPNSPYTE KHVADGHSLR ELCOAIVAYS ONTAANLLFD QLGGARSSTR VLKQLGONTT SMORYEQELG SAVPGOPADT STPRAFA 3
Klebsietla exytoca OLVWVSPITE KHLQSGNTLA ESLAAALAYS ONTAMMKMIS YLGGPEKVTA F GOVTF RLORTEPALN SAIPGOKRDT TTPLAMAESL RKLTLGNALG E
Staphylococcus aureus DIVAYSPILE KYVGKDITLK ALIEASNTYS ONTANNKIIK EIGGINKVIQ RLKELGDKVT NPVAYEIELN YYSPKSXKDT STPAAFGKTL NKLIANGKLS
Streptomyces aureofaciens 1) GNTGA ELCAAAVSES DNGAGNLLLR ELOGPTGITR FCRSLGOTTT RLORVEPALN SAEPORYTDT TSPGAIGRTF GRLIVGSALR.
Streptoayces albus OV APETG K GATVE ELCEVSITAS DNCAANLNLR ELGGPAAVTR FVRSLGORVT RLORVEPELN SAEPGRVIDT TSPRALTRTY GRLVLGOALN 3
Streptomyces lavendulae FGPVT GNTVE RLCAAAICQS DNAAANLLLR ELGGPEAVTR FCRSVGORTT RLORVEPELN SAEPGRLTOT TTPRAIGATY GELVLGOALA A:
Streptoayces fradiae YSPY GNTVA ELCEATLTRS ONTAANLLLR OLGGPTAVTR FCRSVGOHVT RLORVEPELN SAEPGAVTDT TSPRAIGRTY GRLILGOLLA 3
Consensus dlvdyspute khvdtgatl. elcdaav.ys OntAsNLLLr elghpkguta flralGD.vt rldivEpetn caepodkr0T ttprafartt r.Lilgdats
201 250 95
Kiebsiella pneumeniae ARSQQULLQY MVODRVAGPL IRAVLPPGUF IADKTGAS.E RGARGIVALL GP.DGKPERT VVIYLRDTPA SNAERNGHIA GIGQR
PIT-2 ARSQRQLLOV MVDDRVAGPL IRSVLPAGUF IADKTGAG.E RGARGIVALL GP.NWCAERL VVIYLADTPA SMAERNGRIA GIGAALIEWW QR
R-TEM LASRQQLION MEADKVAGPL LRSALPAGUF [ADKSGAG.E RGSRGIIAAL GP.DGKPSRI WWIYTTGSGA TMDERNRQIA EIGASLIKGN
Pseudomonas aeruginosa APARNELTOW MLGDQVADAL LRAGLPROVQ IADKSGAG.G HGSRSIIAVY WP.PKRSAVI VAIYITQTAA SHSASNGAVS RIGSALAKAL Q
PSE-4 EMNQKKLESW MVNNQVTGNL LASYLPAGWN [ADRSGAG.G FGARSITAVY WS.EHQAPLI VSIYLAGTGA SMEERNDALV KIGHSIFOVY TSQSR
Rhodopseudomonas capsulata PEARGKLAEW NRHGGVTGAL LRAEAEDAWL ILDKSGSG.S H.TANLVAVI QP .EGGAPVL ATHFISDTOA EFEVRNEALK OLGRAVVAVV RE
Actinomadura R39 EGPROVLTEM LLNNTIGOEL IRAGVPEDWR VGDKTGGG.S HGSRNDIAVY UP.PEDOPIV IAVWSTREQE DAEFOMALVS GATEVWEAL AP
Bacillus cereus 569 AEKRKILTEY MXGNATGOKL IRAGIPTONV VGOKSGAG.S YGTANDIAVY WP.PNRAPII IAILSSKDEK EALYOMOLIA EATKVIVKAL R
Bacitlus cereus 5/8 HOKRNILTEW MXGNATGDKL IRAGVPTOMV DADKSGAG.S YGTANDIAIV WP.PNRSPIL IAILSSKDEK EATYONQLIK EAAEVVIDAL X
Bacillus cereus III SEKRELLVOW MXRNTTGOKL IRAGVPKGNE VADKTGAG.S YGTRNDIALL UP.PNKKPIV LSILSNHDKE DAEYODTLIA DATKIVLETL KVINK
Bacillus Licheniformis SEXRELLIOV MKANTTGOAL IRAGVPOGUE VADKTGAA.S YGTRNDIALL WP.PKGDPYV LAVLSSRDKK DAKYDOKLIA EATKVYNKAL NMNGK
Streptoayces badius APERAQUYTV LRINTTGDAV IRAGVPENWV VGOKTGTG.S YGARNDIAVV WP.POSAPIV IAILSHRGTK DAEPOOELIA EAASVWVDSL SS
Streptosyces cacaoi blaU  EGORKQLTTY LANNTTGOGL IRAGVRQGWV VGOKTGTG.S YGARNDMAVY UR.POGRPLY LNVIVHGHTK OAELDSELIA RATEVVADAL G
Streptomyces cacaoi Ulg RLGLNOW MSGKPTGDAL IRAGVPKOWK VEDKSGAV.K YGTRNOIAVY RP.PGRAPLY YSYNSHGDTQ OAEPHDELVA EAGLYVADGL K
Klebsiella oxytoca EQURAGLVTV LKGNTTGGQS IRAGLPASVA GDTKGAG.D YGTTNDIAVI WP.ENHAPLY LVTYFTQPOQ DAKSRKEVLA AMKIVTEGL

Staphylococcus aureus KEHKKFLLDL MLNNKSGOTL IKDGVPKOYK VAOKSGQGALT YASRNDVAFY YPKEQSEPIV LVIFTMKDNK SOKPNOKLIS ETAKSYRXEF
Streptomyces aureofaciens  AGORKRLIGN LVANTINRPT FRAGLPODVY LADKTGGGEQ YGVANDVGYV QP .PGRAPLV LSVLSTKEDP KGPTONPLVA KAAALVAGEL T

Streptomyces albus PRORRILTSW LLANTTSGOR FRAGLPOOVT LGOXTGAG.R YGTMNDAGVT UP.PGRAPIV LIVLTAKTEQ DAARDOGLVA DAARVLAETL &
Streptosyces lavendulae  PRORERLTG LLANTTSTER FRKGLPAINT LGOXTGGG.A YGTNNDAGVT WP.PHRPPVV NVVLTTHORP OAVADNPLVA KTAALLASAL G
Streptomyces fradiae AHDREALTRV MLONRTSOER FRKGLPAOWL LADKTGGG.O YGTNNDAGVA WP.PGRPPYY LAVQTTRFTP DAEADNVLVA EAARLLAEAN TD
Consensus ae.rkqltdw mlgntegdal iraglpadwe vabkeGag.s ygtendiavw wp.pgrapiv lailstkd.. dee.dn.lia esskwaeal .s..k
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The sequences are referred to by their most familiar names. .’ indicates a postulated deletion;
blank spaces indicate one or more residues omitted from the alignment. Leader sequences before
position 1 are omitted. Note that single tyrosine residues have been omitted from the Streptomyces

badius and Streptomyces cacaoi sequences at position 241. Publication references are as follows:
Klebsiella pneumoniile: Arakawa, Y., Ohta, M.IKido, N., Fujii, Y., Komatsu, T. & Kato, N. (1986)
FEBS Lett. 207, 69-74; PIT-2: Barthelemy, M., Peduzzi, J. & Labia, R. (1988) Biochem. J; 251,
73-79; R- TEM: Sutcliffe, J. G. (1978) Proc. Natl. Acad. Sci. U.S.A. 75, 3737-3741; Pseudomonas
aeruginosa and Rhodopseudomonai capsulata: Campbell, J. I. A., Scahill, S. A, Gibson, T. &
Ambler, R. P. (1989) Biochem. J. 200, 803-812; PSE-4: Boissinot, M. & Levesque, R. C. (1990) J.
Bioi. Chem. 265, 1225-1230; Actinomadura R39: Houba, S., Molitor, C., Willem, S., Ghuysen,
J.-M., Frére, J.-M., Duez, C. & Du, J. (1989) FEMS Microbiol. Lett. 65, 241-246; Bacillus cereus
S69H and 5/B; Madgwick, P. J. & Waley, S. G. (1987) Biochem. J. 248, 657, and Madonna, M. J.,
Zhu, Y. F. & Lampen, J. O. (1987) Nucleic Acids Res. 15,1877; Bacillus cereus III: Husain, M.,
Pastor, F. [. J. & Lam, J. O. (1987) J. Bactenol. 169, 579-586; Bacillus licheniformis: Neugebauer,
K., Sprengel, R. & Schaller, H. (1981) Nucleic Acids Res. 9, 2577-2588, Streptomyces badius,
cacaoi blaU, lavendulae and fradiae: Forsman, M., Haggstrom, B., Lindgren, L. & Jaurin, B.
(1990) J. Gen. Microbiol. I. 589-598; Streptomyces cacaoi ULg: Lenzini, M. V., Ishihara, H.,
Dusart, J., Ogawara, H., Jons, B., Van Beeumen, J., Frére, J.-M. & Ghuy, J.-M. (1988) FEMS
Microbiol. Lett. 49, 371-376; Klebsiella oxytoca: Arakawa, Y., Ohta, M., Kido, N., Mon, M., Ito,
H., Komatsu, T., Fujii, Y. & Kato, N. (1989) Antimicrob. Agents Chemother. 33, 63-70;
Staphylococcus aureus: Ambler, R. P. (1975) Biochem. J. 151, 197-218 and McLaughlin, J. R.,
Murray, C. J. & Rabinowitz, J. C. (1981) J. Bioi. Chem. 256, 11273-11282; Streptomyces
aureofaciens: Tiraby, G. unpublished work; Streptomyces albus G: Dehottay, P., Dusart, J., De
Meester, F.. Jons, B., Van Beeumen, J., Erpicum, T., Frére, J.-M. & Ghuysen, J.-M. (1987) Eur. J.

Biochem. 166, 345.
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