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Abstract

f3-Lactam antibiotics (e.g. cephalosporins and penicillins) and B-lactamase inhibitors
(e.g. sulbactam and clavulanate) are clinically important antibacterial agents widely
used in the clinical treatment of bacterial infections. Because of their effective
antibacterial activities, a great variety of B-lactam antibiotics and f-lactamase
inhibitors are produced in the pharmaceutical industry and they are used routinely in
the clinical treatment of human beings and livestock. Therefore, a new sensor that can
effectively detect these drugs is highly desired. Such a sensor will be of importance in
drug screening, discovery of new [-lactamase inhibitors and routine measurement of

antibiotic concentration in, for example, contaminated food samples.

In our study, a new biosensor for [3-lactam antibiotics and p-lactamase inhibitors has
been prepared by labeling a mutant of [-lactamase I (E166C) with the
environment-sensitive fluorescent probe fluorescein-5-maleimide. The mutant was
constructed by site-directed mutagenesis in which a particular amino acid (Glu-166)
on the Q-loop of the enzyme was replaced with a thiol-containing cysteine residue.
The cysteine residue was then labeled with the thiol-reactive fluoresein-5-maleimide

via the formation of thioether to give a fluorescein-labeled B-lactamase I (E166CH).



As the wild-type B-lactamase I contains no cysteine residue, this single-point mutation
allows the attachment of the thiol-reactive fluorophore to a specific site on the
enzyme. The Glu-166 residue was chosen as the labeling site not only of its closeness
to the active site, but also of the flexibility of the Q-loop, which allows the

fluorophore to move when the antibiotic enters the active site.

Spectrophotometric assays showed that the activity of the E166Cf enzyme 1s
conserved after the labeling reaction. Fluorescence measurements indicated that the
fluorescence intensity of the E166Cf enzyme increases with the concentration of
penicillins (penicillin G, penicillin V and ampicillin) and cephalosporins (cefuroxime,
cefoxitin and moxalactam). The fluorescence enhancement is attributed to the
conformational change in the active site upon binding of the antibiotic. Such a
conformational change causes the fluorescein label to depart from the active site, thus
enhancing the fluorescence quantum yield of the fluorescein molecule. Time-resolved
fluorescence measurements revealed that the E166Cf enzyme can detect P-lactam
antibiotics at trace level (107 M). Moreover, the E166Cf enzyme is capable of
distinguishing penicillin antibiotics from cephalosporin antibiotics. With penicillin G,
penicillin V and ampicillin as substrates, the fluorescence intensity of the E166Cf

enzyme increases and then declines slowly. In the presence of cefuroxime, cefoxitin
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and moxalactam, the fluorescence signal of the labeled enzyme increases stowly but
does not decline. The E166Ct enzyme also exhibits different fluorescence signals

when incubating with the 3-lactamase inhibitors (sulbactam and clavulanate).

The use of the E166Cf enzyme in screening bacteria for -lactamases against a panel
of B-lactam antibiotics has been investigated. [3-Lactamase II, penPC f-lactamase,
penP f-lactamase and TEM-1 f-lactamase secreted by Bacillus subtilis and
Escherichia coli were screened against penicillin G penicillin 'V, ampicillin,
cefuroxime, cefoxitin and moxalactam using the E166Cf enzyme as a reporting tool.
The fluorescence signals from the E166Cf enzyme allow one to distinguish antibiotics
that are resistant to the hydrolytic activities of the bacterial B-lactamases from those

that are unstable towards the bacterial enzymes.
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Chapter 1

Introduction



1 Background

Penicillins and cephalosporins are the two important classes of f3-lactam antibiotics

widely used in antimicrobial therapies and as health promoting agents in animal

feedstuffs. These two classes of antibiotics share a common structural characteristic of

four-membered P-lactam ring which is a highly reactive moiety. The four-membered

cyclic structure of the B-lactam ring induces a high angle strain which makes the ring

readily to be opened via the cleavage of amide bond. Moreover, unlike a normal

amide group which has a partial double bond character, the amide resonance on the

B-lactam ring is significantly reduced due to the non-planar structure of the bicyclic

moicty (Figure 1.1). As a result, the {3-lactam carbonyl carbon is susceptible to

nucleophilic attacks [1]. The highly reactive B-lactam ring plays an important role in

antibacterial mechanism, and therefore this moiety is strictly conserved in all

penicillin and cephalosporin antibiotics. Figure 1.2 shows the structures of some

penicillin and cephalosporin antibiotics.



Figure 1.1 Structure of a penicillin molecule. The non-planar structure of the

bicyclic moiety reduces the amide resonance on the B-lactam ring [1].
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Figure 1.2 Structure of some penicillin antibiotics: penicillin G (a), ampicillin (b),

penicillin V (c) and cephalosporin antibiotics: moxalactam (d), cefuroxime (e),

cefoxitin (f).



The physiological targets of f3-lactam antibiotics arc bacterial DD-transpeptidases
(also called penicillin-binding proteins). These membrane-bound proteins are
active-site-serine enzymes which are responsible for synthesizing bacterial cell wall
[2]. Therefore, inactivation of these enzymes will lead to cell death. The antibacterial
mechanism of B-lactam antibiotics toward the penicillin-binding proteins involves the
acylation of the serine residue in the active site to form an acyl-enzyme complex. This
complex, however, is very stable and resists the deacylation to regenerate the free
enzyme (Scheme 1.1). As a consequence, the activity of the penicillin-binding protein

to synthesize cell wall is impaired which, in turn, leads to cell death [3].

Scheme 1.1
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Because of their effective antibacterial activities, p-lactam antibiotics are
indispensable tools to antibacterial therapies. The clinical importance of B-lactam
antibiotics, however, has been challenged by the emergence of bacteria which are
capable of producing B-lactamases [4-6]. The secreted B-lactamases can protect their
parent bacteria by catalyzing the hydrolysis of B-lactam rings to inactive carboxylic

acids efficiently (Scheme 1.2) [6-8].

Scheme 1.2
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1.2 Catalytic properties of class A and class B {3-lactamases

To date, more than 200 B-lactamases have been identified [9], and they are divided
into four classes (A, B, C and D) based on their different primary sequences [10, 11].
The members of class B (also called f3-lactamase II) are metalloenzymes which utilize
Zn®" ions as a cofactor [12, 13]. The metal ion plays a dual role in the hydrolysis of
B-lactam antibiotics. The Zn™" jon can polarize the coordinated water molecule to give
a hydroxide 1on which, in turn, nucleophilically attacks the B-lactam carbonyl carbon.
In addition, the Zn®" ion can bind and stabilize the tetrahedral oxyanion formed after
the nucleophilic attack on the B-lactam carbonyl carbon via metal-ligand coordination
[14-16]. A major characteristic of class B B-lactamases is that they can inactivate
many penicillin and cephalosporin antibiotics used for therapeutic purposes [17-21].

Therefore the emergence of these enzymes leads to a worrying clinical problem.



Unlike class B B-lactamases which utilize metal ions to catalyze f3-lactam hydrolysis
(12, 13], the members of class A, C and D are active-site-serine enzymes and can be
distinguished based on their primary sequences [10, 11]. The catalytic mechanism of
these enzymes involves the acylation of the serine residue in the active site by the
f-lactam ring to form a covalent acyl-enzyme complex. This complex is very unstable
and undergoes deacylation in the presence of water to regenerate the free enzyme and
to give an inactive carboxylic acid [7, 8]. The catalytic pathway of the

active-site-serine 3-lactamases follows a three-step model (Scheme 1.3) [22].

Scheme 1.3
ki k . k3

E+S§ ——— ES ——>» ES§ ———> E+P
k.

where E is the free enzyme, S the B-lactam substrate, ES a noncovalent complex, ES"

a covalent acyl-enzyme complex and P the inactive carboxylic acid.



Of all the active-site-serine {3-lactamases, the members of class A (also called
f-lactamase 1) have been intensively studied because they constitute a major
proportion of all known f-lactamases [8]. The structures of some class A [3-lactamases
have been resolved by X-ray crystallography [23-28]. In general, the tertiary structure
of class A B-lactamases consists of two globular domains. One domain is composed of
o-helices while the other consists of a five-stranded antiparallel 3-sheet. The active
site is located at the interface between the two domains. The bottom of the catalytic

pocket is closed by an Q-loop. Figure 1.3 shows the tertiary structure of 3-lactamase I

[29].



Tertiary structure of B-lactamase I [29].

Figure 1.3
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Unlike class B p-lactamases, the members of class A have more specific substratc
profiles. In general, they catalyze the hydrolysis of penicillins very cfficiently (high
keat! K, Where Ky 1s the turnover number which is defined as the number of moles of
substrates converted to products per mole of enzyme per second, and K, is the
Michaelis constant which is defined as the substrate concentration that yields one-half
of the maximum velocity of the enzymatic reaction) whereas they exhibit poor
catalytic efficiency with cephalosporins (low kca/Km) [7, 8]. The catalytic mechanism
of class A B-lactamases involves several strictly conserved amino acid residues at the
active site: Ser-70, Lys-73, Ser-130 and Glu-166 [8]. Figure 1.4 shows the putative
mechanism for the formation of covalent acyl-enzyme complex [7]. The catalytic
process is first initiated by abstracting the hydroxyl proton of Ser-70 via a water
bridge which is hydrogen-bonded with both Ser-70 and Glu-166. The activated Oy of
Ser-70 attacks the B-lactam carbonyl carbon to form an acyl-enzyme complex. The
abstracted proton is then delivered back to the [-lactam nitrogen via a network of
hydrogen bonds involving the amino groups of Lys-73 and Lys-234, a second water
molecule and the hydroxyl group of Ser-130 {30, 31]. Afterwards, the acyl-enzyme
complex is deacylated when a hydroxide ion (formed by deprotonation of a water
molecule by Glu-166) attacks the ester bond to give a carboxylic acid. The free

enzyme is then regenerated by protonation of Ser-70 [30].

11
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Figure 1.4  Putative mechanism for the formation of the tetrahedral intermediate in

the acylation of class A B-lactamases [7].



1.3 Recent developments on assays for B-lactamase activity

The emergence of new or modified f-lactamases with extended substrate profiles due

to the widespread use and sometimes abuse of 3-lactam antibiotics [8] causes the

pharmaceutical industry to produce new B-lactam antibiotics with stronger resistance

toward f-lactamases (low ke/Kq). In addition, P-lactamase inhibitors such as

clavulanate and sulbactam have been produced for antibacterial therapies (Figure 1.5).

These compounds serve as sacrificial agents to block the active sites of bacterial

f-lactamases via covalent modification [32, 33]. Therefore, when they are used in

combination with other pB-lactam antibiotics, the antibiotics can reach their bacteria

targets without being inactivated [34].



(a)

(®)

)
1

Figure 1.5  Structures of clavulanate (a) and sulbactam (b).
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Although a great variety of P-lactam antibiotics are available for antibacterial
therapies, clinical treatment of f-lactamase-producing infections is still problematic
because a wide variety of B-lactamases have been identified and most of them can
inactivate unique subsets of many available -lactam antibiotics [9]. In addition,
B-lactamase encoding genes can be transferred from one strain to another [5].
Therefore, identification of the infecting bacterial species is not a reliable approach to
search for effective B-lactam antibiotics. In order to choose a potent antibiotic for a
patient confidently, the. substrate specificity of the P-lactamase produced by the
infecting bacterial species must be known. Therefore, a sensitive method for detecting
B-lactamase activity toward various f3-lactam antibiotics is required in order to search

for potent antibiotics.



The conventional method of detecting B-lactamase activity is based on the monitoring
of bacterial growth on an agar plate containing a p-lactam antibiotic and a
B-lactamase-producing bacterial strain [35, 36]. When the antibiotic is inactivated by
the bacterial B-lactamase, bacterial growth will be observed. Although this method is

sensitive, it is time-consuming because overnight incubation is usually required.

Apart from the microbiological method, a number of colorimetric assays such as

iodometric [37-39] and acidimetric [40-42] methods have been developed. The

iodometric method utilizes iodine/starch complexes as an indicator of f3-lactamase

activity. When f-lactam hydrolysis occurs, carboxylic acids will be produced and they

will reduce the iodine molecules to iodide ions. This results in a decrease in visible

absorption at 620 nm. For the acidimetric method, the carboxylic acid produced by

the hydrolytic action of B-lactamase causes a decrease in pH of an unbuffered solution,

and this can be detected by pH indicators such as phenol red and bromocresol purple.

Although the iodometric and acidimetric methods are simple and convenient, they

suffer some disadvantages. For example, the sensitivity of the iodometric and

acidimetric methods is relatively low, and therefore a high concentration of B-lactam

antibiotic is required in order to obtain a detectable signal. In addition, the reaction

conditions of the 1odometric and acidimetric assays must be carefully controlled to

16



ensurc that the positive results are due to the (-lactamase activities instead of other
side reactions. Thus, positive and negative controls must be run in parallel in order to

obtain reliable results.

Recently, a new colorimetric assay of f-lactamase activity has been devised [43]. The

principle of this assay is that when a 3-lactamase hydrolyzes a -lactam antibiotic to a

carboxylic acid, the acid produced will reduce phosphomolybdic acid to a blue

reaction product which absorbs visible light at 750 nm. This assay can be applied to

pB-lactamase-producing microbial cultures because the unique visible absorption of the

blue reaction product is well separated from that of the microbial culture. However,

the formation of blue reaction product in the absence of P-lactamase was also

observed. Therefore, false positive results may be obtained when unstable p-lactam

antibiotics are assayed.

Spectrophotometric assays of p-lactamase activity based on measuring the UV
spectral changes due to B-lactam hydrolysis have also been developed [44]. Although
this method is simple and convenient, it cannot be applied to complex samples such as

bacterial culture and crude biological fluid because of their strong interference on the

UV spectral measurement.

17



Detection of -lactamasc activity based on electrochemiluminescence (ECL) method
has been developed recently {45, 46]. The principle of this method is that when both
ruthenium(Il)  (tris)bipyridine complex [Ru(bpy);]z*' and P-lactam antibiotic
(coreactant) are oxidized electrochemically, the unstable antibiotic radical will donate
one of its electrons to Ru(bpy);’" to give excited Ru(bpy);*"*. This species then
returns to its ground state by emitting visible light at 620 nm. When chemically or
enzymatically hydrolyzed {3-lactam antibiotics were used as coreactants, dramatic
changes in ECL signal were observed. In general, hydrolyzed penicillins cause the
ECL signal to increase whereas hydrolyzed cephalosporins suppress the ECL signal
[45]. However, some exceptional cases were reported. For example, when cefaclor
and moxalactam (both are cephalosporins) were tested, the ECL signals were

increased [45].

Recently, fluorescence spot tests have been developed for detecting P-lactamase
activity [47-49]. The principle of this assay is that when a (-lactam antibiotic ts
hydrolyzed to carboxylic acid by B-lactamase, the acid formed will react to form a
fluorogenic product after heating. The sensitivity of this method was further improved
by using fluorescence developers to enhance the fluorescence intensity of the

hydrolyzed f3-lactam antibiotics [47, 49]. This method is sensitive, convenient and

18



specific to P-lactamases. However, it 1s only applicable to the B-lactam antibiotics
having an a-amino group and an a-phenyl group on their acyl side chains [47]. Some
clinically important 3-lactam antibiotics such as penicillin G and cefoxitin, which do
not meet the structural requirements, are unable to form fluorogenic products [47].

Therefore, their clinical effectiveness cannot be investigated by this method.

Detection of B-lactamase activity based on calorimetric method has been developed
[50]. This method involves the use of an enzyme thermistor and a Chelating
Sepharose Fast Flow column immobilized with p-lactamases. When f-lactam
antibiotics are hydrolyzed by the immobilized B-lactamases, temperature changes are
resulted and these can be detected by the enzyme thermistor. This method, however, is
difficult to be developed as a high-throughput assay for detecting -lactamase activity
because the P-lactamase-immobilized column cannot be fed with different f-lactam

antibiotics simultaneously.

Recently, Chambers and coworkers [51] have reported an antibody-based assay for
detecting (-lactamase activity. In this assay, IFRN 2104, a monoclonal antibody
capable of binding to the 3-lactamase’s active site, is used to probe the resistance of

B-lactam antibiotics towards the hydrolytic activity of f-lactamases. When a

19



f-lactamase is incubated with a poor 3-lactam antibiotic (slow f-lactam hydrolysis), a
stable ES complex will be formed and therefore the antibody can no longer bind to the
B-lactamase. Thus, the inhibition of binding between the P-lactamase and antibody
indicates that the antibiotic candidate is resistant to the f3-lactamase activity. Although
this method can be developed as a high-throughput assay for detecting {3-lactamase
activity, it is time-consuming because a lengthy incubation of -lactamases with

antibodies is required.

20



1.4 Detection of [3-lactam antibiotics in food samples

As B-lactam antibiotics are effective antibacterial agents, they have been widely used
as health promoting agents for livestock (e.g. diary cows). The widespread use and
sometimes abuse of -lactam antibiotics lead to antibiotic contamination of food (e.g.
milk), which in turmn results in serious health consequences on mankind (e.g. the
evolution of antibiotic-resistant bacteria and allergic reactions). For these reasons, the
European Union has established the maximum residue levels for a number of
B-lactam antibiotics in food (e.g. 4 pg/L for penicillin G in milk) [52]. Therefore, a
rapid and convenient method that can detect B-lactam antibiotics at trace levels is

highly desired.

Walt and coworkers [53] have reported the preparation of optical biosensors for
penicillins. These sensors are prepared by immobilizing both the pH-sensitive
fluorophores (e.g. fluorescein and hydroxypyrenetrisulfonate) and p-lactamases on a
polymer film which is subsequently attached to the tip of an optical fiber. When the
immobilized p-lactamases hydrolyze f-lactam antibiotics to carboxylic acids, a
decrease in pH is resulted and hence the fluorescence intensity of the immobilized

fluorophore 1s suppressed. These sensors, however, can only detect B-lactam



antibiotics at 107 M, which is above the allowed maximum hmit of 10 M B-lactam
antibiotics in milk as regulated by the European Union [52]. A number of methods for
detecting B-lactam antibiotics have been also developed in recent years, including
liquid chromatography-electrospray  ionization tandem mass spectrometry
(LC-ESI-MS/MS) [54], chemiluminescence (CL) 55, 56}, electrochemiluminescence
(ECL) [45], fluorescence immunoassay [57] and microbial test [58]. These methods
usually involve the use of sophisticated and expensive instruments, and require
well-trained crews to perform the tests. Moreover, tedious extraction steps are
required in some methods (e.g. LC-ESI-MS/MS [54]). Thus, a sensor that can detect
B-lactam antibiotics in liquid samples (e.g. milk) at regulated levels before subjecting
to a test for confirmation and quantification is highly desired. Such a sensor should be

simple, inexpensive and easy to use.



1.5 Aims and objectives of this project

As noted from the previous section, intensive efforts have been made to develop new
assays for detecting p-lactamase activity. Despite this, the assays mentioned
previously suffer some disadvantages such as long detection time (e.g.
microbiological method [35, 36]) and poor sensitivity (e.g. 1odometric [37-39] and
acidimetric methods [40-42]). These disadvantages may limit their applications in
drug screening. Moreover, a sensor that can detect 3-lactam antibiotics at trace levels
is highly desired for the routine measurement of antibiotics in liquid samples (e.g.

milk).

Because there are great de_mands for a rapid and high-throughput drug screening
method and a sensor for detecting P-lactam antibiotics, we are interested in
developing a novel fluorescent biosensor that can sensitively detect P-lactam
antibiotics and [}-lactamase inhibitors, and can conveniently screen bacteria for
f-lactamases against a panel of antibiotics. As a variety of fluorophore-labeled
biosensors for small ligands and biomolecules have been successfully developed
[59-68], we reasoned that a fluorescent biosensor for P-lactam antibiotics and

-lactamasc inhibitors could be developed by labeling a f-lactamase with an

[\)
(o8]



environment-sensitive fluorophore. In this project, we have constructed a mutant of
B-lactamase [ (E166C) with its Glu-166 on the €Q-loop replaced with a
thiol-containing cysteine residue by site-directed mutagenesis. This mutant was then
labeled with the thiol-reactive fluorescein-5-maleimide via the formation of thioether
(E166Cf). The E166Cf enzyme can serve as a reagentless tool to detect (-lactam
antibiotics and f-lactamase inhibitors. In addition, the E166Cf can specifically detect
B-lactam antibiotics and P-lactamase inhibitors because the mutant serves as a
recognizing element. The preparations of the E166C and E166Cf mutants will be

discussed in Chapter 2 of this thesis.

As the fluorescein molecule is attached to the active site of the E166C mutant, the
fluorescein label is able to detect the .conformational change in the active site upon
binding of f-lactam antibiotics. Therefore, we have investigated the fluorescence
behavior of the E166Cf enzyme with some penicillins, cephalosporins and
f-lactamase inhibitors as substrates. In addition, we have investigated the use of the
E166Cf enzyme in screening bacteria for PB-lactamases against a panel of antibiotic

candidates. The results will be discussed in Chapter 3 and 4 respectively.



Chapter 2
Préparation and characterization of fluorescein-labeled

B-lactamase I



2.1 Introduction

Among the 20 amino acids, cysteine is a relatively reactive amino acid because it
contains a thiol group (-SH). The thiol group is highly reactive to some organic
linkers such as maleimidyl [61, 64] and iodoacetyl [59, 62, 63, 66] groups, and
therefore it can be specifically labeled with a fluorophore containing a thiol-reactive
linker. As most proteins contain only a few or no cysteines, incorporation of a cysteine
residue into a protein by site-directed mutagenesis would allow site-specific
ﬂuorophore. labeling. This approach has been widely used to label proteins with

fluorophores [59-66].

In this project, we have constructed a fluorescein-labeled Bflactamase [ (E166Cf) as a
biosensor for B-lactam antibiotics and (3-lactamase inhibitors using the same approach.
A mutant of B-lactamase I (E166C) was first constructed in which a particular amino
acid residue (Glu-166) on the Q-loop was replaced with a cysteine residue by
site-directed mutagenesis. The mutant was then labeled with thiol-reactive

fluorescein-5-maleimide via the formation of thioether (Scheme 2.1).

26



Scheme 2.1

As the wild-type f-lactamase I contains no cysteine [69], single-point mutation of this
enzyme with a cysteine residue allows the attachment of the fluorescein molecule to
the specific site of the enzyme. The Glu-166 was chosen as the labeling site not only
of its closeness to the active site, but also of the flexibility of the Q-loop {70, 71]
which allows the fluorescein label to move when a [3-lactam substrate enters the

active site.

The use of the fluorescein-labeled enzyme as a biosensor for -lactam antibiotics and
[-lactamase inhibitors offers a number of advantages. First, the labeled enzyme is a
reagentless tool and therefore no additional reagent is required to give a fluorescence
signal. Second, as the labeled enzyme is used as a recognizing element, specific

detection of B-lactam antibiotics and B-lactamase inhibitors can be achieved. This is



particularly important when complex samples such as crude biological fluids and
bacterial cultures are tested. Third, as the environment-sensitive fluorescein molecule
is attached closely to the active site, the labeled enzyme can detect P-lactam
antibiotics and f3-lactamase inhibitors sensitively by sensing the conformational

change in the active site upon binding of antibiotics.

Apart from the E166Cf enzyme, we have also constructed a S130C mutant in which
the Ser-130 residue was replaced with a cysteine. This mutant was then labeled with
fluorescein-S-maleimide (Sl36Ct) for comparison with the E166Cf enzyme. The
Ser-130 residue is an amino acid located opposite to the Glu-166 residue at the
enzyme’s active site [29]. When fluorescein-5-maleimide is placed at this position, it
may detect a different environmental change when the antibiotic binds to th¢ active

site and hence exhibits a different fluorescence signal.

In this chapter, we report the preparation and characterization of wild-type

[-lactamase I as well as the E166C, S130C, E166Cf and S130Cf mutants.
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2.2 Experimental section

2.2.1 Materials

All chemicals used were of analytical grade. Penicillin G, penicillin V, ampicillin,
guanidine hydrochloride (GuHCIl), maleic anhydride, chloramphenicol, sodium citrate
and 1,1,1,3,3,3-hexamethyldisilazane (HMDS) were purchased from Sigma Chemical
Co. Potassium dihydrogenphosphate (KH,POy), potassium bromide (KBr) and zinc
chloride (ZnCl,) were obtained from Aldﬁch Chemical Co. and were used as received.
5-Aminofluorescein was purchased from Fluka Chemical Co. Brain heart infusion,
nutrient agar and yeast extract were obtained from OXOID Ltd. Celite 545 was
purchased from BDH Laboratory Supplies. Deionized water was purified by a Milli-Q

water purification system (Millipore).

2.2.2 Physical measurements

'H NMR measurements were performed using a Bruker DPX-400 (400MHz)

spectrometer with tetramethylsilane (TMS) as the internal standard. Infrared spectra

were obtained as KBr pellets using a Bruker Vector 22 FT-IR spectrometer. UV/VIS



spectral measurements were pertormed on a Hewlett Packard 8452A diode array

spectrophotometer.

Fluorescence measurements were carried out using a Perkin Elmer LSS50B
spectrofluorimeter. Excitation wavelength was set at 494 nm. Both excitation and
emission slit widths were set at 5 nm. All fluorescence measurements were taken at

room temperature.

Circular dichroism (CD) measurements were performed using a Jasco J810
Spectropolarimeter (Jasco Co.). The spectropolarimeter was flushed thoroughly with
N, gas before each measurement. A quartz cuvette with path length of 1 mm was used

in all measurements. All CD measurements were performed at room temperature.

Spectrophotometric assays of the f-lactamase activities were performed using a
Perkin Elmer Lambda Bio20 UV/Vis spectrometer. Substrate hydrolysis was
monitored at fixed wavelength: 235 nm for ampicillin, 232 nm for penicillin G and
penicillin V. A quartz cuvette with path length of 1 cm was used in all measurements.

All spectrophotometric assays were taken at 20 °C.
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Electrospray 1onization mass spectra were obtamned with a VG Platform mass
spcetrometer (Micromass) equipped with an electrospray interface. Protein samplcs

(20 pl) were mjected into the electrospray source via a loop injector as solution in

H,O/CH;CN (1:1) containing formic acid (0.2 %, v/v).



2.23 Synthesis of fluorescein-3-maleimide

Fluorescein-3-maleimide was synthesized as described in the literature [72].

Synthesis of fluorescein-5-maleamic acid

5-Aminofluorescein (174 mg, 0.5 mmol) was dissolved in 50 ml of acetic acid. The
solution was filtered by suction to remove any undissolved 5-aminofluorescein.
Maleic anhydride (49 mg, 0.5 mmol) was added to the filtrate, and the mixture was
stirred at room temperature for 4 h. The yellow solid precipitated was filtered by
suction, washed with ethyl acetate (100 ml) and then dried in a vacuum oven. Yield:
80 %. '"H NMR (DMSO-dg): & = 12.92 (br, 1H), 10.76 (s, 1H), 10.11 (s, 2H), 8.31 (s,
1H), 7.83 (dd, J = 8.4, 1.6 Hz, 1H), 7.23 (d, J = 8.3 Hz, 1H), 6.50-6.65 (m, 7H), 6.34

(d,J=12.0, TH).

Synthesis of fluorescein-5-maleimide

ZnCl, (37 mg, 0.27 mmol), HMDS (100 pl, 0.54 mmol) and fluorescein-5-maleamic

acid (60 mg, 0.13 mmol) were added to a solvent mixture of benzene (9 ml) and
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dimethylformamide (1 ml). The mixture was refluxed for 2.5 h and then cooled to
room temperature. The solution was concentrated using a rotatory evaporator. About
13 ml of ice-cold water was added to the residual DMF fraction. The pH of the
solution was adjusted to 6.0 with 0.IM HCI. Upon cooling in an ice bath, an orange
solid precipitated. The solid was filtered by suction and then dried in a vacuum oven.
Yield: 86 %. IR (KBr): v = 1720, 1600, 1460, 1390, 1310 and 1210 cm™. 'H NMR
(DMSO-dg): 6 =10.27 (s, 2H), 8.08 (d, /= 1.1 Hz, 1H), 7.89 (dd, /= 8.2, 1.6 Hz, 1H),

7.52 (d, J= 8.2 Hz, 1H), 7.37 (s, 2H), 6.59-6.78 (m, 6H).
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2.2.4 Expression and purification of wild-type B-lactamase I, E166C and S130C

mutants

Expression and purification of wild-type B-lactamase I, E166C and S130C mutants

were performed as described previously [73] with slight modifications. Both

wild-type B-lactamase I, E166C and S130C mutants were expressed in B. subtilis

$105MU331. A bacterial strain was streaked on an agar plate containing 5 pg/ml

chloramphenicol, and the plate was incubated at 37 °C for 24 h. A single bacterial

colony from the agar plate was inoculated into 100 ml of sterilized BHY medium (37

g/l brain heart infusion and 5 g/l yeast extract) containing 5 pg/ml chloramphenicol,

which was then incubated at 37 °C with shaking at 300 rpm overnight. About 2 ml of

overnight inoculum was added to each of four conical flasks containing 100 ml of

sterilized BHY medium. The inoculated media were then incubated at 37 °C with

shaking at 300 rpm. When the ODgoo reached 3.5-4.0, the bacterial cultures were

heated in a water bath at 51 °C for 5 min and then incubated at 37 °C with shaking at

300 rpm for a further 6 h. The supernatant of the bacterial cultures was collected by

centrifugation (9000 rpm) at 4 °C for 25 min, and adjusted to pH 7.0 with conc. HCL

The B-lactamases were extracted by mixing the supernatant with 40 g of celite 545 for

30 min in an ice bath. After discarding the supernatant, the celite was washed three to
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four times with 300 ml of deionized water. The f3-lactamases were collected by

mixing the celite three times with 100 ml of protein elution buffer (100 mM Tris-HCl,

2 M NaCl and 100 mM tri-sodium citrate, pH 7.0). The protein solution was filtered

by suction and then concentrated to 10 ml at 4 °C using a Amicron concentrator

equipped with a piece of YM-1 membrane (MWCO = 1,000). The concentrated

protein solution was exchanged with 20 mM NH4HCO; and then freeze-dried. The

enzyme powder was stored at —80 °C. About 15 mg of wild-type B-lactamase I, 20 mg

of E166C mutant and 12 mg of S130C mutant were obtained by the above procedures.

The expression and purification of the wild-type B-lactamase I, E166C and S130C

mutants were monitored by SDS/PAGE (Figures 2.1 to 2.6).
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Figure 2.1  SDS/PAGE showing the expressions of the wild-type f-lactamase I

after heat shock. Lane 1: markers: rabbit muscle phosphorylase b (97,400), bovine

serum albumin (66,200), hen egg white ovalbumin (45,000), bovine carbonic

anhydrase (31,000), soybean trypsin inhibitor (21,500), hen egg white lysozyme

(14,400); lane 2: t = 0; lane 3: t =1 h; lane 4: t = 2 h; lane 5: t =3 h; lane 6: t = 4 h;

lane 7:t =5 h; lane 8: t =6 h.
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Figure 2.2  SDS/PAGE showing the purification of the wild-type 3-lactamase I.

Lane 1: markers: rabbit muscle phosphorylase b (97,400), bovine serum albumin
(66,200), hen egg white ovalbumin (45,000), bovine carbonic anhydrase (31,000),
soybean trypsin inhibitor (21,500), hen egg white lysozyme (14,400); lane 2: culture
supernatant before mixing with the celite; lane 3: culture supernatant after mixing
with the celite; lane 4-6: deionized water after rinsing the celite; lane 7-9: protein

elution buffer.



Figure 2.3  SDS/PAGE showing the expressions of the E166C mutant after heat

shock. Lane 1: markers: rabbit muscle phosphorylase b (97,400), bovine serum

albumin (66,200), hen egg white ovalbumin (45,000), bovine carbonic anhydrase

(31,000), soybean trypsin inhibitor (21,500), hen egg white lysozyme (14,400); lane 2:

t=0;lane 3:t=1h;lane4:t=2h; lane 5: t =3 h; lane 6: t =4 h; lane 7: t = 5 h; lane

8:t=6h.



Figure 2.4  SDS/PAGE showing the purification of the E166C mutant. Lane I:

markers: rabbit muscle phosphorylase b (97,400), bovine serum albumin (66,200),

hen egg white ovalbumin (45,000), bovine carbonic anhydrase (31,000), soybean

trypsin inhibitor (21,500), hen egg white lysozyme (14,400); lane 2: culture

supernatant before mixing with the celite; lane 3: culture supernatant after mixing

with the celite; lane 4-7: deionized water after rinsing the celite; lane 8-10: protein

elution buffer.
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Figure 2.5  SDS/PAGE showing the expressions of the S130C mutant after heat
shock. Lane 1: markers: rabbit muscle phosphorylase b (97,400), bovine serum
albumin (66,200), hen egg white ovalbumin (45,000), bovine carbonic anhydrase
(31,000), soybean trypsin inhibitor (21,500), hen egg white lysozyme (14,400); lane 2:
t=0;lane 3:t=1h;lane 4: t =2 h; lane 5: t =3 h; lane 6: t =4 h; lane 7: t = 5 h; lane

8:t=6h.
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Figure 2.6 SDS/PAGE showing the purification of the S130C mutant. Lane 1:
markers: rabbit muscle phosphorylase b (97,400), bovine serum albumin (66,200),
hen egg white ovalbumin (45,000), bovine carbonic anhydrase (31,000), soybean
trypsin inhibitor (21,500), hen egg white lysozyme (14,400); lane 2: culture
supernatant before mixing with the celite; lane 3: culture supernatant after mixing
with the celite; lane 4-6: deionized water after rinsing the celite; lane 7-9: protein

elution buffer.

41



2.2.5 Protein labeling

About 2.5 mg of E166C mutant was dissolved in 4 ml of 6 M guanidine

hydrochloride. The protein solution was incubated at room temperature for 30 min to

unfold the mutant. A ten-fold molar excess of fluorescein-5-maleimide (dissolved in

dimethylsulfoxide) was added to the protein solution, and the pH of the mixture was

adjusted to 7.5 with 0.2 M NaOH. The mixture was stirred at room temperature for 2

h in dark and then dialyzed with a dialysis tubing (MWCO = 12,000) against 1 L of

20 mM NH4HCO; (pH 7.0) at 4 °C for about 3 days to remove the free dyes. Buffer

exchanges were carried out regularly during dialysis. After dialysis, the labeled

mutant (E166Cf) was freeze-dried and stored at —80 °C.

The labeling of the S130C mutant with fluorescein-5-maleimide was performed by

the same procedures.



23 Results and discussion

2.3.1 Labeling of the E166C and S130C mutants with fluorescein-5-maleimide

The labeling reaction with fluorescein-5-maleimide is pH-dependent. Maleimide will
only react specifically with the thiol group of the cysteine residue when the amino
groups of all other amino acids are protonated [74]. In this study, we tried to label the
E166C and S130C mutant with fluorescein-5-maleimide at pH 7.5 because all the
amino groups on the protein are protonated while the cysteine residue remains
unprotonated at this pH. A negative control was set up in which the wild-type
[-lactamase I (which contains no cysteine) [69] was subjected to the same labeling
reaction. After dialysis, both samples were analyzed by SDS/PAGE. Figure 2.7a
shows the polyacrylamide gel stained with Coomassie blue. The protein bands in lane
2 and 3 correspond to the E166Cf enzyme and the wild-type [-lactamase I
respectively. Before staining with Coomassie blue, the same gel was illuminated with
long-wavelength UV radiation for a fluorescence image. As shown in Figure 2.7b,
only one fluorescent band corresponding to the E166Cf enzyme was observed (lane 2).
Since the wild-type PB-lactamase I contains no cysteine [69] whereas the E166C

mutant contains a cysteine residue on its Q-loop, the fluorescein molecule is



specttically attached to the cysteine residue of the E166C mutant at pH 7.5.

We failed to refold the S130Cf mutant to its native tertiary structure after labeling the

unfolded S130C mutant with fluorescein-5-maleimide. This was confirmed by the

spectrophotometric assay which showed that the hydrolytic activity of the S130Cf

enzyme towards penicillin G is lost. Unlike the E166Cf mutant in which fluorescein is

attached to its flexible Q-loop, the cysteine residue of the S130C mutant lies in a

relatively rigid region such that the attached fluorescein molecule may hinder the

unfolded polypeptide chain from refolding to its native tertiary structure.
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(a)

(b)

Figure 2.7  SDS/PAGE of the wild-type pB-lactamase I, E166C and E166C{ mutants.

M: markers: rabbit muscle phosphorylase b (97,400), bovine serum albumin (66,200),

hen egg white ovalbumin (45,000), bovine carbonic anhydrase (31,000), soybean

trypsin inhibitor (21,500), hen egg white lysozyme (14,400); lane 1: E166C; lane 2:

E166Cf; lane 3: wild-type B-lactamase I subjected to the same labeling reaction (a).

Fluorescence image of the same polyacrylamide gel (b).
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The labeling reaction was performed with the protein untolded such that the cysteine
residue is exposcd to the outside environment. Under this condition, the E166C
mutants can be completely labeled with fluorescein-5-maleimide. After removal of
any free dyes, the extent of the protein labeling was determined by the Bradford
method (which indicates protein concentration) [75] and UV/Vis measurement (which
indicates fluorescein concentration). The UV/Vis spectrum of the E166Cf enzyme is
shown in Figure 2.8. The peak at 494 nm corresponds to the visible absorption of the
fluorescein label. The concentration of the fluorescein molecule was determined to be
1.16 x 10 M according to a calibration curve constructed with various concentrations
of fluorescein. The protein concentration of the E166Cf enzyme was determined to be
1.18 x 10 M by the Bradford method [75]. The results from the Bradford assay and
UV/Vis measurement indicate that the concentration of the fluorescein label to that of
the E166C mutant is about 1:1. Therefore, the E166C mutants were completely

labeled with fluorescein-S-maleimide under unfolding condition.

The excitation and emission spectra of the E166Cf enzyme are shown in Figure 2.9.
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Figure 2.8  UV/Vis spectrum of the E166Cf enzyme in 50 mM phosphate buffer

(pH 7.0)
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Figure 2.9  Excitation and emission spectra of the E166Cf enzyme in 50 mM

phosphate bufter (pH 7.0)
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3.2 Characterization of the wild-type f-lactamase I, E166C and E166Ct mutants by

electrospray tonization mass spectrometry (ESUMS)

Electrospray ionization mass spectroscopy is a powerful tool to identify an unknown
protein by measuring its molecular mass accurately [76]. In addition, this technique
can be used to determine the purity of a protein sample. The molecular mass of the
wild-type B-lactamase I, E166C and E166Cf mutants were measured by ESI/MS.
Figures 2.10 to 2.12 show the ESI mass spectra of the wild-type 3-lactamase I, E166C
and E166Cf mutants respectively. The molecular mass of the wild-type -lactamase I,
E166C and E166Cf mutants determined by ESI/MS together with the calculated value
based on their primary sequences are summarized in Table 2.1. As shown in the table,
~ the molecular mass of the wild-type p-lactamase I and E166C mutant determined by
ESI/MS are consistent with the calculated value. The molecular mass of the E166Cf
enzyme measured by ESI/MS is higher than that obtained from calculation by 23.
This mass difference is likely due to the association of a sodium ion with the E166Cf
enzyme. The sodium ion may be associated with the negatively charged fluorescein or
with the negatively charged side groups on the protein. It is interesting to note from
Figure 2.12 that almost all the EI66C mutants were labeled with

fluorescein-5-maleimide. This is consistent with the result obtained from the Bradford
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method [75] and UV/Vis measurement.
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Figure 2.10  ESI mass spectum of the wild-type B-lactamase 1
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Table 2.1 Comparison of the calculated and measured mass of the wild-type

f3-lactamase I, E166C and E166C{ mutants

Calculated mass

Measured mass

Wild-type p-lactamase [ 28815
E166C 28789
E166Cf 29216

28818 +3

28789 + 1

29240 £+ 2
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2.3.3  Characterization of the wild-type B-lactamase [, E166C and E166Cf mutants by

circular dichroism (CD)

Circular dichroism spectropolarimetry is a valuable tool that can provide information
on the secondary structure of a protein by measuring the CD signal in the far UV
region (180-250 nm). The basic chromophore of a polypeptide chain is the amide
group which exhibits two electronic absorptions: m-m and n-n transitions. These
transitions become CD active (optically active) under the influence of the different
substituents on the asymmetric o-carbon in a free amino acid amide (Figure 2.13). In
the polypeptide chain, the amide groups interact with each other to give a CD
spectrum which is characteristic of the amide-amide orientation. Thus, different

secondary structures (e.g. a-helix and f-sheet) exhibit different CD spectra [77].

The CD spectra of the wild-type B-lactamase I, E166C and E166Cf mutants at the
same concentration (6.0 x 10® M) in 50 mM phosphate buffer (pH 7.0) were recorded
and compared. As shown in Figure 2.14, the CD signals exhibit no significant
difference. This indicates that the secondary structure of the E166Cf enzyme is
conserved after labeling with fluorescein. The fractions of various secondary

structures of the wild-type B-lactamase I, E166C and E166Cf mutants as determined
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by Jasco Secondary Structure Estimation (a software provided by Jasco Co.) are

summarized in Table 2.2.
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Figure 2.13  Structure of a free amino acid amide. The optical activity is induced by

the different groups attached to the asymmetric a-carbon [77].
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Figure 2.14 CD spectra of the wild-type B-lactamase I, E166C and E166Cf mutants

at the same concentration (6.0 x 10 M) in 50 mM phosphate buffer (pH 7.0)



Table 2.2 Comparison of the secondary structures of the wild-type $-lactamase I,

E166C and E166CT mutants

Wild-type E166C E166Ct
o-Helix 50.1 % 54.4% 41.4 %
[B-Sheet 356 % 353 % 41.2%
Turn 0 % 0% 0%
Random coil 14.3 % 10.3 % 17.4 %
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234 Spectrophotometric assays of the activities of wild-type [}-lactamase I,

E166C and E166Cf mutants

The hydrolytic activities of the wild-type B-lactamase I, E166C and E166Cf mutants
towards penicillin G penicillin V and ampicillin  were monitored by the
spectrophotometric method [44]. Substrate hydrolysis was monitored at a fixed
wavelength: 235 m for ampicillin, 232 nm for penicillin G and penicillin V. The initial
rate of substrate hydrolysis occurring within 5 min was determined in duplicate at
each of 6 different substrate concentrations in 50 mM potassium phosphate buffer (pH
7.0) at 20 °C. The initial rates determined were then fitted to the program of
Stanislawski [78] to calculate the Michaelis constants (Ky,) and turnover numbers (Kc,()

using non-linear regression analysis (equation 2.1):

Equation 2.1

Vmax ¢ [S]
Km + [S]

where v is the initial rate of substrate hydrolysis, V.« the maximum rate of reaction,
[S] the initial substrate concentration, K., the Michaelis constant and

Keat = Vi [Enzyme].

60



Frgure 2.15 shows some of the plots obtained with the wild-type f-lactamase I,
E166C and E166Cf mutants. The plots indicate that the wild-type B-lactamase I,
E166C and E166Cf mutants follow the Michaelis-Menten kinctics. The measured
steady-state kinetic parameters for hydrolysis of penicillin G, penicillin V and
ampicillin by the wild-type p-lactamase I, E166C and E166Cf mutants are
summarized in Table 2.3. In general, the catalytic efficiencies (k../Kn) of the
wild-type B-lactamase I with penicillin G penicillin V and ampicillin as substrates are
about 2000 times higher than those of the E166C and E166Cf mutants. This can be
attributéd to the absence of the catalytically important Glu-166 residue [7, 8, 30, 31]
in the E166C and E166Cf mutants. The catalytic efficiencies (k¢./K.,) of the E166Cf
enzyme are comparable to those of the E166C mutant, indicating that the hydrolytic
activity of the labeled enzyme is conserved after the labeling reaction. The K, values
of the E166Cf enzyme are generally greater than those of the E166C mutant, and this

may be ascribed to the steric hindrance induced by the fluorescein label.
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and E166Cf (c) with penicillin G as substrate. Substrate hydrolysis was monitored in
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Tablc 2.3

Steady-state kinetic parameters for hydrolysis of penicillin G, penicillin

V and ampictllin by the wild-type p-lactamase [, E166C and E166Cf mutants

Km (LM)
Wild-type E166C E166Cf
Penicillin G 48 +3 7243 213 + 11
Penicillin V 52+4 71 +£6 117+ 10
Ampicillin 142 +8 306 + 30 262 +31
Keat (s™)
Wild-type E166C E166Cf
Penicillin G 2612 + 320 2.07 £0.02 5.28 £0.09
Penicillin V 2109 + 4 1.53 +0.03 2.97 +0.06
Ampicillin 5213 +275 41+0.1 62+0.2
kea/Ke (M 's™)
Wild-type E166C E166Cf
Penicillin G 54+ 10 0.029 +0.002 0.025 + 0.002
Penicillin V 41 + 4 0.021 £ 0.002 0.025 + 0.003
Ampicillin 37+4 0.013 +0.002 0.023 + 0.004




2.4 Concluding remarks

The EI66C mutant has been successfully prepared and labeled with

fluorescein-5-maleimide at the cysteine residue on the Q-loop. The Bradford assay

[75], UV/Vis measurement and ESI mass measurements indicated that almost all the

E166C mutants were labeled with fluorescein. In contrast, the S130C mutant was

unable to refold to its native tertiary structure after the labelling reaction. This may be

attributed to the presence of the bulky fluorescein molecule at a location which

hinders the unfolded S130C mutant from refolding to its native structure. Circular

dichroism spectropolarimetry showed that the secondary structure of the E166Cf

enzyme is conserved after the labeling reaction. As demonstrated by the

spectrophotometric assays, the catalytic efficiencies of the E166Cf enzyme with

penicillin G, penicillin V and ampicillin as substrates are comparable to those of the

E166C mutant, indicating that the hydrolytic activity of the E166Cf enzyme is

conserved even in the presence of the fluorescein label. The K, values of the E166Cf

enzyme arc generally higher than those of the E166C mutant, which may be attributed

to the steric hindrance induced by the fluorescein label.

64



Chapter 3
Studies on the fluorescence behavior of the
fluorescein-labeled pB-lactamase I (E166Cf) in the presence of

some penicillins, cephalosporins and pB-lactamase inhibitors
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3.1 Introduction

[n recent years, a number of optical biosensors for small ligands and biomolecules
have been developed by labeling an allosteric protein molecule with an
environment-sensitive luminescent probe [61, 63, 66]. Upon substrate binding, the
protein molecule undergoes conformational changes which can be detected by the
luminescent probe. Thus, these biosensors can sensitively detect their substrates at
low concentration. For example, a biosensor that can detect Ca** ion at nanomolar
concentration has been reported [61]. This sensor was constructed by labeling a
calcium-binding protein, calmodulin, with the environment-sensitive probe
N-[2-(1-maleimidyl)ethyl]-7-(diethylamino)coumarin-3-carboxamide which is
responsible for detecting the conformational change upon binding to a calcium ion.
Interestingly, a generic biosensor for beta-lactamase inhibitory protein (BLIP) has
been reported recently [79]. This sensor consists of a f-lactamase enzyme and a green
fluorescent protein which are linked together by genetic engineering. The green
fluorescent protein is responsible for detecting the conformational change when the

BLIP binds to the 3-lactamase enzyme.
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The above approach to construct fluorescent biosensors, however, only works for

allosteric proteins which undergo a relatively large change in structure upon substrate

binding. We reasoned that placing an environment-sensitive label close to the active

site of an enzyme might also serve the same purpose as the active site will usually

undergo a conformational change upon substrate binding. However, care must be

taken as the fluorescent label might block the approach of the substrate molecule. The

fluorescein-labeled B-lactamase I (E166Cf) is a good test of this concept as the

fluorescent label is located on a flexible Q-loop close to the active site of the enzyme

[70, 71]. Such a fluorescent enzyme would serve as a sensitive reagentless biosensor

for the detection of fB-lactam antibiotics. In this chapter, we report the results of

fluorometric studies on the E166Cf enzyme in the presence of penicillin G penicillin

V and ampicillin. In addition, the fluorescence changes of the labeled enzyme with

cefuroxime, cefoxitin and moxalactam which are resistant to the hydrolytic activity of

B-lactamase I were also investigated. Furthermore, the fluorescence behavior of the

E166Cf enzyme in the presence of two [-lactamase inhibitors (sulbactam and

clavulanate) was monitored.
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3.2 Experimental scction

3.2.1 Materials

All chemicals used were analytical grade reagents. Penicillin G, penicillin V,

ampicillin, cefuroxime, cefoxitin and moxalactam were obtained from Sigma

Chemical Co. Potassium dihydrogenphosphate (KH,PO4) was purchased from Aldrich

Chemical Co. Deionized water was purified by a Milli-Q water purification system

(Millipore).

3.2.2  Molecular modeling

Based on molecule A of the structure of P-lactamase from B. licheniformis

749/C as the starting model (Protein Data Bank code 4blm) [80], two models

were generated: that of E166C mutant labeled with fluorescein-5-maleimide

(E166Cf) and that of E166Cf covalently linked with penicillin G via the

active-site Ser-70 (E166Cf-penicillin G). The E166C mutation was engineered

using the program O [81] with the y 1 angle preserved. The coordinate model of

fluorescein-5-maleimide was generated with the Dundee PRODRG server [82].
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The penicillin-bound structure was modeled based on the structure of the

acyl-enzyme intermediate of . coli RTEM-1 B-lactamase (Protein Data Bank

code 1fqg) [80]. The manually built models were subjected to two cycles of

refinement in order to relax the poor geometry. Each cycle contains a simulated

annealing step employing torsional molecular dynamics [83] followed by

conjugate gradient minimization. These computational refinements were

performed with the program CNS [84]. The topology and parameter files for

fluorescein-5-maleimide.and penicillin G used in the refinement were generated

with the PRODRG server (see above). During refinement, all hydrogen atoms

were included but all solvent molecules were excluded. The final models of the

E166Cf and E166Cf-penicillin G enzymes have good stereochemistry which 1s

comparable in quality to the starting model (data not shown). Solvent

accessibility was calculated with the program NACCESS [85] with hydrogen

atoms and solvent molecules excluded. The two pictures of the models were

created with BOBSCRIPT [86] and rendered with Raster3D [87]. The molecular

surface was generated with GRASP [88].
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3.2.3 Physical measurements

Fluorometric studies were performed on a Perkin Elmer LSS0B spectrofluorimeter.
For time-resolved fluorescence measurement, excitation and emission wavelengths
were set at 494 and 515 nm respectively. Both excitation and emission slit widths
were set at 5 nm. All fluorescence measurements were performed at room

temperature.

For fluorescence measurements in which automatic injection of antibiotic solution
was required, a FLUOstar microplate reader (BMG Labtechnologies) equipped with
two sample injectors was used. The injection speed of the sample injector was set at
310 pl/s. Excitation and emission filters of 485 and 520 nm respectively were used.
The samples were placed in a 96-well microtiter plate (Coming Costar) in all

measurements.

Circular dichroism (CD) measurements were performed on a Jasco J810
Spectropolarimeter (Jasco Co.). The spectropolarimeter was flushed thoroughly with
N, gas before measurement. A quartz cuvette with path length of 1 mm was used. All

CD measurements were performed at room temperature.
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Spectrophotometric assays of the activity of E166Cf enzyme were performed on a
Perkin Elmer Lambda Bio 20 UV/Vis spectrometer. Substrate hydrolysis was
monitored at a fixed wavelength: 235 nm for ampicillin, 232 nm for penicillin G and

penicillin V. A quartz cuvette with path length of 1 cm was used in all measurements.
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3 Results and discussion

3.3.1  Fluorometric studies of the E166Cf enzyme towards penicillin G, penicillin V,

ampicillin, cefuroxime, cefoxitin and moxalactam

The effects of penicillin and cephalosporin antibiotics on the fluorescence behavior of
the E166Cf enzyme were investigated by measuring the fluorescence signals of the
labeled enzyme in the presence of various concentrations of B-lactam antibiotics. With
penicillin G as substrate, the fluorescence signal of the E166Cf enzyme (1.2 x 107 M)
at 515 nm in 50 mM phosphate buffer (pH 7.0) increases as a function of the
antibiotic concentration (Figure 3.1). As shown in the figure, the E166Cf enzyme is
capable of detecting [B-lactam antibiotic down to 107 M. The time-resolved
fluorescence signals of the E166Cf enzyme at 515 nm were also measured with
various concentrations of penicillin G (Figure 3.2). At low antibiotic concentration
(1.0 x 107 and 1.0 x 10° M), the fluorescence intensity of the E166Cf enzyme
increases gradually and then declines. At high antibiotic concentration (1.0 x 10 and
1.0 x 10™* M), the fluorescence signal increases instantaneously and levels off to a
plateau. The fluorescence signal stays at the plateau for a certain length of time and

then declines afterwards. Similar results were obtained with penicillin V and
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ampicillin (Figures 3.3 and 3.4).
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Figure 3.1  Fluorescence spectra of the E166Cf enzyme (1.2 x 107 M) in 50 mM
phosphate buffer (pH 7.0) in the presence of 1.0 x 10™* M penicillin G (a),

1.0 x 10”° M penicillin G (b), 1.0 x 10 M penicillin G (c), 1.0 x 107 M penicillin G
(d), 1.0 x 10° M penicillin G (e) and 0 M penicillin G (f). The E166Cf enzymes were
incubated with various concentrations of penicillin G for 130 s at room temperature

before measurement. Excitation wavelength: 494 nm.
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Figure 3.2  Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) at 515 nm in 50 mM phosphate buffer (pH 7.0) in the presence of 1.0 x o
M penicillin G (a), 1.0 x 10 M penicillin G (b), 1.0 x 10® M penicillin G (c), 1.0 x
107 M penicillin G (d) and 1.0 x 10® M penicillin G (e). Excitation wavelength: 494
nm. The inset shows the plot of the change in fluorescence intensity (at the maxima)

as a function of log (penicillin G, M).
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Figure 3.3  Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) at 515 nm in 50 mM phosphate buffer (pH 7.0) in the presence of 1.0 x 10*
M penicillin V (a), 1.0 x 10 M penicillin V (b), 1.0 x 10° M penicillin V (c), 1.0 x
10”7 M penicillin V (d) and 1.0 x 10® M penicillin V (e). Excitation wavelength: 494
nm. The inset shows the plot of the change in fluorescence intensity (at the maxima)

as a function of log (penicillin V, M).
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Figure 3.4  Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) at 515 nm in 50 mM phosphate buffer (pH 7.0) in the presence of 1.0 x 10
M ampicillin (a), 1.0 x 10 M ampicillin (b), 1.0 x 10"® M ampicillin (c), 1.0 x 107 M
ampicillin (d) and 1.0 x 10® M ampicillin (¢). Excitation wavelength: 494 nm. The
inset shows the plot of the change in fluorescence intensity (at the maxima) as a

function of log (ampicillin, M).
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With cefuroxime, cefoxitin and moxalactam as substrates, the {luorescence intensitics
of the E166Cf enzyme (1.2 x 107 M) at 515 nm in 50 mM phosphate buffer (pH 7.0)
also increasc as a function of antibiotic concentration (Figures 3.5 to 3.7). The
E166Cf enzyme exhibited increasing fluorescence signals with antibiotic
concentration, but no subsequent decline in intensity was observed even after one
hour. Moreover, the rate of increase in fluorescence intensity increases with the

antibiotic concentration.
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Figure 3.5  Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) at 515 nm in 50 mM phosphate buffer (pH 7.0) in the presence of 1.0 x 107
M cefuroxime (a), 1.0 x 10° M cefuroxime (b), 1.0 x 10°® M cefuroxime (c), 1.0 x
107 M cefuroxime (d) and 1.0 x 10® M cefuroxime (e). Excitation wavelength: 494

nm. The inset shows the plot of the change in fluorescence intensity (at the maxima)

as a function of log (cefuroxime, M).
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Figure 3.6  Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
10”7 M) at 515 nm in 50 mM phosphate buffer (pH 7.0) in the presence of 1.0 x 10™
M cefoxitin (), 1.0 x 10° M cefoxitin (b), 1.0 x 10 M cefoxitin (c)and 1.0 x 107" M
cefoxitin (d). Excitation wavelength: 494 nm. The inset shows the plot of the change

in fluorescence intensity (at the maxima) as a function of log (cefoxitin, M).
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Figure 3.7  Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) at 515 nm in 50 mM phosphate buffer (pH 7.0) in the presence of 1.0 x 10
M moxalactam (a), 1.0 x 10° M moxalactam (b), 1.0 x 10° M moxalactam (c), 1.0 x
107 M moxalactam (d) and 1.0 x 10® M moxalactam (e). Excitation wavelength: 494

nm. The inset shows the plot of the change 1n fluorescence intensity (at the maxima)

as a function of log (moxalactam, M).
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3.3.2 Effect of the binding of substrate on the fluorescence of the E166Ct enzyme

As indicated in the time-resolved fluorescence spectra, both penicillin and
cephalosporin antibiotics are capable of enhancing the fluorescence intensity of the
E166Cf enzyme. To investigate whether such fluorescence enhancement is due to the
interaction between the fluorescein label and antibiotic, the fluorescence intensities of
free fluorescein (1.2 x 107 M) at 512 nm in 50 mM phosphate buffer (pH7.0) in the
presence of various concentrations of penicillin G, penicillin V, ampicillin, cefuroxime,
cefoxitin and moxalactam (1.0 x 10> M) were monitored. As shown in Figures 3.8 to
3.13, the fluorescence intensities of the fluorescein molecule remain unchanged with
increasing antibiotic concentration from 0 to 1.0 x 10* M. This indicates that the
B-lactam antibiotics have neither enhancing nor quenching effect on the fluorescence

intensity of the fluorescein molecule.

As the fluorescence intensity of fluorescein is known to change with pH [89, 90],
investigations were also made to see if the observed fluorescence changes were a
result of the change in pH upon hydrolysis of the antibiotics by the labeled enzyme.
First of all, the fluorescence intensity of fluorescein is known to decrease when the

pH is lowered {89, 90]. So the observed increase in fluorescence intensity in the
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presence of antibiotics is not consistent with the generation of carboxylic acids upon
hydrolysis by the enzyme. After the completion of hydrolysis, the overall change in
pH of the bulk phosphate buffer solution as monitored by a pH electrode was less than
0.5 pH unit for penicillin G (1.0 x 10° M). When the fluorescence intensity of free
fluorescein (1.2 x 107 M) in 50 mM phosphate buffer (pH 7.0) was measured with
penicillin G, penicillin V, ampicillin, cefuroxime, cefoxitin and moxalactam (1.0 x
10 M) in the presence of unlabeled E166C enzyme (1.2 x 107 M), it remains almost
unchanged throughout the whole experiment (Figures 3.14 to 3.16) while the E166C
enzyme was hydrolyzing the penicillin antibiotics (Figure 3.17). Moreover,
cephalosporins, which are known to be poor substrates for the E166C enzyme [6-8],
also enhance the fluorescence signals. So the possibility that the increase in
fluorescence signal of the E166Cf enzyme is due to the change in pH of the bulk
solution can be eliminated. Furthermore, the possibility that the observed change in
fluorescence signal is due to a change in local pH at the enzyme’s active site can also
be eliminated because it is unlikely that such a change in pH at the active site takes
hundreds to thousands of seconds as shown in the time-resolved fluorescence

measurements.
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Figure 3.8 Fluorescence intensities of free fluorescein in 50 mM phosphate buffer

(pH 7.0) in the presence of various concentrations of penicillin G
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Figure 3.9  Fluorescence intensities of free fluorescein in 50 mM phosphate buffer

(pH 7.0) in the presence of various concentrations of penicillin V
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Figure 3.10 Fluorescence intensities of free fluorescein in 50 mM phosphate buffer

(pH 7.0) in the presence of various concentrations of ampicillin
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Figure 3.11  Fluorescence intensities of free fluorescein in 50 mM phosphate buffer

(pH 7.0) in the presence of various concentrations of cefuroxime
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Figure 3.12  Fluorescence intensities of free fluorescein in 50 mM phosphate buffer

(pH 7.0) in the presence of various concentrations of cefoxitin
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Figure 3.13  Fluorescence intensities of free fluorescein in 50 mM phosphate buffer

(pH 7.0) in the presence of various concentrations of moxalactam
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Figure 3.14 Time-resolved fluorescence measurements of free fluorescein (1.2 x

107 M) at 512 nm in 50 mM phosphate buffer (pH 7.0) in the presence of unlabeled

E166C enzyme (1.2 x 107 M) with 1.0 x 10° M penicillin G (a) and 1.0 x 10° M

penicillin V (b) as substrates. Excitation wavelength: 494 nm.
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Figure 3.15 Time-resolved fluorescence measurements of free fluorescein (1.2 x

107 M) at 512 nm in 50 mM phosphate buffer (pH 7.0) in the presence of unlabeled

E166C enzyme (1.2 x 107 M) with 1.0 x 10° M ampicillin (a) and 1.0 x 10° M

cefuroxime (b) as substrates. Excitation wavelength: 494 nm.
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Figure 3.16 Time-resolved fluorescence measurements of free fluorescein (1.2 x
107 M) at 512 nm in 50 mM phosphate buffer (pH 7.0) in the presence of unlabeled
E166C enzyme (1.2 x 107 M) with 1.0 x 10° M cefoxitin (a) and 1.0 x 10° M

moxalactam (b) as substrates. Excitation wavelength: 494 nm.
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Figure 3.17 Spectrophotometric assays of the unlabeled E166C enzyme (1.2 x 107
M) in the presence of free fluorescein (1.2 x 10" M) and 1.0x 10° M penicillin G (a),

1.0 x 10™ M penicillin V (b) and 1.0 x 10 M ampicillin (c).



We speculate that the observed fluorescence signals are due to a change in the

conformation of the active site upon substrate binding. The conformation of the active

site of the E166Cf enzyme before and after binding a penicillin G substrate were

simulated by molecular modeling (Figure 3.18). In the absence of penicillin G, the

fluorescein label (the green molecule) is buried in the active site. When the labeled

enzyme accommodates a penicillin G substrate (the red molecule) into its active site,

the fluorescein label attached to the Q2-loop moves away from the catalytic pocket and

becomes more exposed to the.bulk water. This motion is possible because of the

flexibility of the Q-loop [70, 71]. The departure of the fluorescein label from the

active site might separate the fluorescein molecule from the quenchers (amino acids)

in the active site, thus restoring the fluorescence of the fluorescein label.
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(a)

(b)

Figure 3.18 Stereoview of the active site of the E166Cf enzyme showing the
positions of the fluorescein label (the green molecule) before (a) and after binding a

penicillin G substrate (the red molecule) (b).
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333 Effects of structure and concentration of f-lactam antibiotic on the

fluorescence signal of the E166Cf enzyme

The time-resolved fluorescence signals of the E166Cf enzyme obtained in the

presence of penicillin and cephalosporin antibiotics at various concentrations can be

rationalized by the following three-step model {22]:

k; ks . ks
E+§ m———= ES —>» ES —> E+P
k|

where E is the free f-lactamase enzyme, S is the P-lactam substrate, ES is a
noncovalent enzyme-substrate complex, ES” is an acyl-enzyme complex and P is the

carboxylic acid.

At low substrate concentration (1.0 x 107 and 1.0 x 10 M), the binding between the
E166Cf enzyme (E) and penicillin substrate (S) would lead to the formation of the ES
complex and hence the enhancement in the fluorescence signal. As hydrolysis of
antibiotic proceeds, the majority of the penicillin substrates are converted to free
carboxylic acids (P). As a result, most of the E166Cf enzymes return to their

substrate-free conformation (E) and hence their original weak fluorescence signals
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were restored (Figure 3.19). This can explain the slow decline in fluorescence signal
with time after the peak. At this stage, addition of more penicillin G to the buffer
solution containing the labeled enzyme would cause the fluorescence signal to

increase again due to the formation of the ES complexes (Figure 3.20).
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Figure 3.19 Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x

107 M) at 515 nm in 50 mM phosphate buffer (pH 7.0) in the presence of 1.0 x 10°

M penicillin G (a) and 1.0 x 10”7 M penicillin G (b). Excitation wavelength: 494 nm.
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Figure 3.20 Time-resolved fluorescence measurement of the E166Cf enzyme (1.2 x
107 M) at 520 nm in 50 mM phosphate buffer (pH 7.0) injected with penicillin G at

different time points. Excitation wavelength: 494 nm.
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At high substrate concentration (1.0 x 107 and 1.0 x 10™ M), the penicillin substrates
rapidly occupy the active sites to form the ES complexes, thus switching on the
fluorescence of the fluorescein labels instantaneously. Because of the antibiotic
concentration is high, the continuous hydrolysis of antibiotics would maintain the
E166Cf enzymes in the ES’ state for a while, and hence the fluorescence signal is
leveled off to a plateau (Figure 3.21). This can be verified by the fact that the ‘plateau
time’ (8 and 22 min for 1.0 x 10” and 1.0 x 10* M penicillin G respectively) is
consistent with the ‘substrate hydrolysis time’ determined by spectrophotometric
assay (7 and 20 min for 1.0 x 10 and 1.0 x 10™* M penicillin G respectively) (Figure
3.22). When most of the penicillin substrates have been hydrolyzed to carboxylic

acids, the fluorescence signal of the labeled enzyme will decline subsequently.
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Figure 3.21 Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) at 515 nm in 50 mM phosphate buffer (pH 7.0) in the presence of 1.0 x 10™

M penicillin G (a) and 1.0 x 10” M penicillin G (b). Excitation wavelength: 494 nm.
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Figure 3.22  Spectrophotometric assays of the E166Cf enzyme in 50 mM phosphate
buffer (pH 7.0) with 1.0 x 10° M penicillin G (a) and 1.0 x 10* M penicillin G (b) as

substrates.
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The absence of a declining fluorescence signal for cefuroxime, cefoxitin and
moxalactam can be ascribed to the poor hydrolytic activities of the E166Cf enzyme
towards these antibiotics (very low k; and/or ki) (Figure 3.23). As a result, the
cephalosporin substrates stay in the active sites. To verify this, the activities of the
labeled enzyme with cefuroxime, cefoxitin and moxalactam as substrates were
monitored by circular dichroism (CD) spectropolarimetry. The principle of this assay
1s that $-lactam antibiotics, due to the asymmetric property of their fused ring systems,
exhibit strong CD signals, but will become CD inactive when they are hydrolyzed by
[-lactamase (Figure 3.24) [91]. Therefore, by measuring the CD signals of
cefuroxime, cefoxitin and moxalactam (1.0 x 107 M) at 258, 264 and 265 nm
respectively as a function of time in the presence of E166Cf enzyme (1.2 x 107 M),
the hydrolytic activities of the labeled enzyme towards thgse antibiotics can be
monitored. To ensure that any changes in the CD signals are due to the enzymatic
activity instead of spontaneous B-lactam hydrolysis, negative controls were set up in
which no E166Cf enzymes were added to the antibiotic solutions. As shown in
Figures 3.25 to 3.27, no significant changes in the CD signals appear after incubating
the E166Cf enzymes with the cephalosporin antibiotics for one hour. This indicates
that cefuroxime, cefoxitin and moxalactam are resistant to the hydrolytic activity of

the labeled enzyme. This is consistent with previous reports that the accommodation



of the 7u-methoxy group on the cephalosporin B-lactam ring into the active site of

B-lactamase I causes impairment on both acylation and deacylation steps [92, 93].

Compared with the penicillin antibiotics, the rates of increase in fluorescence signal
for the cephalosporin antibiotics are much lower. For example, the fluorescence
intensity of the E166Cf enzyme (1.2 x 10”7 M) takes 130 s to reach the peak signal in
the presence of 10° M penicillin G, but under the same conditions 3000 s was
required for 10° M cefuroxime. The considerable drop in the rate of increase in
fluorescence signal for the cephaloéporin antibiotics may be attributed to their bulkier

structures which impede their binding to the labeled enzymes.
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Figure 3.23  Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) at 515 nm in 50 mM phosphate buffer (pH 7.0) in the presence of 1.0 x 10

M cefoxitin (a) and 1.0 x 10° M cefoxitin (b). Excitation wavelength: 494 nm.
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Figure 3.24 Hydrolysis of penicillin G by B-lactamase. The asymmetry of the fused

ring system of B-lactam antibiotics is shown schematically [91].
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Figure 3.25 Circular dichroism signals (258 nm) of cefuroxime in 50 mM phosphate
buffer (pH 7.0) as a function of time in the absence of E166Cf enzyme (a) and in the

presence of E166Cf enzyme (1.2 x 107 M) (b)
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Figure 3.26  Circular dichroism signals (264 nm) of cefoxitin in 50 mM phosphate

buffer (pH 7.0) as a function of time in the absence of E166Cf enzyme (a) and in the

6

CD264 (mdeg)

0 10 min 20 min 30 mm 40 mmn 50 mm 60 mmn
Time
0 10 min 20 min 30 min 40 min 50 min 60 min
Time

presence of E166Cf enzyme (1.2 x 10”7 M) (b)

108



(a)

3
P2t
-
E
o LF
O _§ [ 1 | | '] | 1 | | 2
0 I0min 20min 30min 40min  50min 60 min
Time
(b)
3 —
w 2 r
[
e}
E
DN
SEE
O } 1 J | ] ) | 1 | 1
0 10 min 20 min 30 min 40 min 50 mitn 60 min
Time

Figure 3.27 Circular dichroism signals (265 nm) of moxalactam in 50 mM
phosphate buffer (pH 7.0) as a function of time in the absence of E166Cf enzyme (a)

and in the presence of E166Cf enzyme (1.2 x 10”7 M) (b)
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34 Fluorometric studies of the E106Cf enzyme towards sulbactam and

clavulanate

Sulbactam and clavulanate are [-lactamase inhibitors which can inactivate
f-lactamases by blocking their active sites via the formation of covalent bond [32, 33].
These B-lactamase inhibitors are usually used in combination with other f-lactam
antibiotics in antibacterial therapies. The B-lactamase inhibitors serve as sacrificial
agents to inactivate bacterial B-lactamases, thus allowing théir partners to reach their

bacteria targets without being inactivated [34].

The reaction mechanism of sulbactam towards Escherichia coli TEM-2 B-lactamase is
shown in Figure 3.28 [32]. The initial step involves the formation of acyl-enzyme
complex via the acylation of Ser-70 in the active site. This covalently modified
complex then dissociates directly to regenerate the enzyme, or undergoes
rearrangements to give an enamine ester which eventually leaves the active site via
deacylation. In addition to these pathways, the acyl-enzyme complex also reacts to
give a cross-linking ester bond in the active site, thus blocking the active site

irreversibly.
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The reaction mechanism of clavulanate towards class A [-lactamases is quite
complicated. Figure 3.29 shows thc inhibition mechanism of clavulanate towards
Staphylococcus aureus PC1 and Escherichia coli TEM-2 B-lactamases [32]. The
initial step involves the formation of acyl-enzyme complex accompanied by the
opening of the oxazole ring. This complex then deacylates directly to regenerate the
enzyme or undergoes a series of rearrangements leading to the formation of inert
enamine ester. For the latter, the complex undergoes deacylation to give the free
-enzyme again or reacts to give an ester bond linking Ser-70 and Ser-130 in the active
site together. This ‘cross-linked’ enzyme reacts further to give other covalently

modified enzymes.
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Figure 3.28 Proposed reaction mechanism of sulbactam with E. coli TEM-2

B-lactamase. The identity of the nucleophile X is yet unknown but has been postulated

to be Lys-273 or Ser-130 [32].
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Figure 3.29 Proposed reaction mechanism of clavulanate with S. aureus PC1 and E.

coli TEM-2 B-lactamases [32].
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As most class A B-lactamases arc susceptible to the inhibitions by sulbactam and
clavulanate [33], we reasoned that the E166Cf enzyme could detect these [3-lactamase
inhibitors. The fluorescence behaviors of the E166Cf enzyme (1.2 x 107 M) in 50
mM phosphate buffer (pH 7.0) with sulbactam (1.0 x 10*M) and clavulanate (1.0 x
10~ M) as substrates were investigated by measuring the fluorescence intensities at
515 nm as a function of time. As shown in Figure 3.30, the fluorescence signals
obtained with sulbactam and clavulanate are entirely different. For sulbactam, the
fluorescence intensity increases rapidly at the initial stage and then declines slowly.
For clavulanate, the addition of substrate causes an instantaneous increase in
fluorescence signal which declines rapidly within 200 s and then levels off to a

plateau.
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Figure 3.30 Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
10”7 M) at 515 nm in 50 mM phosphate buffer (pH 7.0) with 1.0 x 10 M sulbactam

(a) and 1.0 x 10™ M clavulanate (b) as substrates. Excitation wavelength: 494 nm.
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The reason for the difference in fluorescence behavior for the E160Ct enzyme in the
presence of sulbactam and clavulanate have yet to be confirmed. The fluorescence
signals recorded may be rationalized by the inhibition mechanisms shown in Figures
3.28 and 3.29. For sulbactam, the increase in fluorescence signal may be attributed to
the formation of covalent ES™ complex. The subsequent decline in fluorescence
intensity implies that the covalent ES’ complex may deacylate directly to regenerate
the labeled enzyme or undergo rearrangement reactions to give an enamine ester
- which eventually leaves the active site via deacylation (Figure 3.28). The rapid
decline in fluorescence signal for clavulanate may be ascribed to the regeneration of

free E166Cf enzyme via the pathways shown in Figure 3.29.
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34 Concluding remarks

The time-resolved fluorescence measurements demonstrated that the E166Cf enzyme
fluoresces more strongly in the presence of penictllin G, penicillin V, ampicillin,
cefuroxime, cefoxitin and moxalactam. The increase in fluorescence signal might be
due to the conformational change in the active site upon binding of a f-lactam
substrate. Such a conformational change might cause the fluorescein label to depart
from the active site, thus switching on the fluorescence of the fluorescein molecule.
As indicated in the time-resolved fluorescence spectra, the E166Cf enzyme is capable
of distinguishing ‘B-lactamase-unstable’ antibiotics (penicillin G, penicillin V and
ampicillin) from ‘B-lactamase-resistant’ antibiotics (cefuroxime, cefoxitin and
moxalactam). In the presence of penicillin antibiotics, the fluorescence signal of the
labeled enzyme increases and then declines. In contrast, in the presence of
cephalosporin antibiotics, the fluorescence intensity increases gradually to give a
plateau signal. It should be noted that the E166Cf enzyme can detect B-lactam
antibiotics at trace level (10”7 M), and would potentially serve as a reagentless tool for
the convenient measurement of antibiotics in liquid samples such as milk.
Furthermore, the E166Cf can detect sulbactam and clavulanate, and may find its

application in the discovery of new [3-lactamase inhibitors.
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Chapter 4
Application of the fluorescein-labeled -lactamase I (E166Cf)
in screening bacteria for B-lactamases against a panel of

B-lactam antibiotics
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4.1 Introduction

The effectiveness of fB-lactam antibiotics in antibacterial therapies has led to their
widespread use in clinical treatments of bacterial infection. However, the clinical
importance of f-lactam antibiotics has been challenged by the emergence of bacterial
strains that can produce f3-lactamases to inactivate [(j-lactam antibiotics [4-6]. This
clinical problem is further worsened by the emergence of new or modified
-lactamases with extended substrate profiles [8] and the widespread ability of
pathogenic bacteria to produce f-lactamases [S]. To respond to this clinical problem,
the pharmaceutical industry has produced a wide variety of new B-lactam drugs which
are more resistant to B-lactamase activities. As a consequence of increasing f3-lactam
drugs available for clinical treatment, a rapid, sensitive and high-throughput method

that can screen bacteria for J-lactamases against a panel of drug candidates is highly

desired.

In order to choose an effective antibiotic for a patient confidently, the substrate
specificity of the B-lactamase produced by the infecting bacterial species must be
known because 3-lactamase encoding genes can be transferred among bacterial strains

[5]. Thus, a sensitive method for detecting f-lactamase activity against various
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antibiotics 1s highly desired in drug screening. As mentioned in Chapter 1, although a
number of novel assays for detection of B-lactamase activity have been developed in
recent years (e.g. ECL [45, 46] and fluorescent spot test methods [47-49]), they suffer
from disadvantages which limit their applications in drug screening. For example, the
fluorescent spot test method can be only applied to the B-lactam antibiotics with an
acyl side chain having an o-amino group and an o-phenyl group [47]. Therefore, we
are interested in developing the E166Cf enzyme into a novel and easy-to-use

biosensor for drug screening.

As indicated in Chapter 3, the E166Cf enzyme can detect both penicillins and
cephalosporins at low concentrations. We reasoned that the E166Cf enzyme could
also serve as a reagentless tool to screen B-lactamase-producing bacteria against
-lactam antibiotics by monitoring the competition for f3-lactam antibiotics between
the labeled enzyme and bacterial B-lactamase. When both E166Cf and bacterial
B-lactamase enzymes are incubated with f3-lactamase-unstable antibiotics, the
fluorescence of the E166Cf enzyme will be suppressed because of the greater catalytic
efficiency of the bacterial enzyme. In contrast, when bacterial B-lactamases are
screened against P-lactamase-resistant antibiotics, the fluorescence of the E166Cf

enzyme will be enhanced because of the poor hydrolytic activity of the bacterial
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enzyme. In this chapter, we demonstrate that the E166Cf enzyme can be used as a
reagentless tool in screening various bacterial B-lactamases (Bacillus cereus penPC
p-lactamase, Escherichia coli TEM-1 B-lactamase, Bacillus licheniformis penP
B-lactamase and Bacillus cereus B-lactamase II) against different f-lactam antibiotics
(penicillin G penicillin V, ampicillin, cefuroxime, cefoxitin and moxalactam). These
bacterial enzymes are chosen because we are interested in investigating the ability of
the E166Cf enzyme to screen f-lactamases from different sources (B. cereus penPC,
B. licheniformis penP and E. coli TEM-1 are classified as class A B-lactamase whereas
B. cereus B-lactamase II belongs to class B B-lactamase [7]) against various f-lactam
antibiotics. Moreover, Bacillus is a Gram-positive bacterium which secretes
B-lactamases into the medium while E. coli is a Gram-negative strain which produces
-lactamases intracellularly [4]. The detection of B-lactamases from E. coli is more
difficult than from Bacillus, and therefore we are also interested in investigating the

ability of the E166Cf enzyme to detect the -lactamases produced by E. coli.
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4.2 Experimental section

42.1 Materials

All chemicals were of analytical grade. Penicillin G penicillin V, ampicillin,
cefuroxime, cefoxitin, moxalactam and chloramphenico! were purchased from Sigma
Chemical Co. Potassium dihydrogenphosphate (KH,PO4) and sodium chloride (NaCl)
were obtained from Aldrich Chemical Co. Brain heart infusion, nutrient agar, LD
broth and yeast extract were purchased from OXOID Ltd. Deionized water was

purified by a Milli-Q water purification system (Millipore).

422 Preparation of B. cereus penPC p-lactamase, B. licheniformis penP [-

lactamase, E. coli. TEM-1 f-lactamase and B. cereus -lactamase II

The B-lactamase II, penPC B-lactamase and penP B-lactamase were expressed in B.
subtilis $105MU331. These enzymes were prepared according to the procedures

described previously [73] with slight modifications.

A bacterial strain was streaked on an agar plate containing 5 pg/ml chloramphenicol,
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and the plate was incubated at 37 °C for 24 h. A single bactenal colony from the agar
plate was moculated into 100 ml of sterilized BHY medium (37 g/l brain heart
infusion and 5 g/l yeast extract) which was then incubated at 37 °C with shaking at
300 rpm overnight. About 7 ml of overnight inoculum was added to a baffled conical
flask containing 100 ml of sterilized BHY medium. The inoculated medium was
incubated at 37 °C with shaking at 300 rpm. When the optical density of the bacterial
culture at 600 nm reached 3.5 to 4.0, the bacterial culture was heated in a water bath
at .51 °C for 5 min. Afterwards, the bacterial culture was incubated at 37 °C with
shaking at 300 rpm for further 6 h. The bacterial culture was then harvested and stored
at =20 °C. The expressions of penPC p-lactamase, penP P-lactamase and B-lactamase
IT at each hour after heat shock were monitored by SDS/PAGE assays (Figures 4.1 to

4.3).
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Figure 4.1  SDS/PAGE of the penPC B-lactamase cultures after heat shock. Lane 1:
markers: rabbit muscle phosphorylase b (97,400), bovine serum albumin (66,200),
hen egg white ovalbumin (45,000), bovine carbonic anhydrase (31,000), soybean
trypsin inhibitor (21,500), hen egg white lysozyme (14,400); lane 2: t = 0; lane 3: t =

1 h;lane 4:t=2h;lane 5:t=3 h; lane 6: t =4 h; lane 7: t=5 h; lane 8: t = 6 h.



Figure 42  SDS/PAGE of the penP B-lactamase cultures after heat shock. Lane 1:

markers: rabbit muscle phosphorylase b (97,400), bovine serum albumin (66,200),

hen egg white ovalbumin (45,000), bovine carbonic anhydrase (31,000), soybean

trypsin inhibitor (21,500), hen egg white lysozyme (14,400); lane 2: t = 0; lane 3: t =

| h;lane 4:t=2h;lane 5:t=3 h;lane 6: t=4 h; lane 7: t =5 h; lane 8: t = 6 h.



Figure 43  SDS/PAGE of the B-lactamase II cultures after heat shock. Lane 1:

markers: rabbit muscle phosphorylase b (97,400), bovine serum albumin (66,200),

hen egg white ovalbumin (45,000), bovine carbonic anhydrase (31,000), soybean

trypsin inhibitor (21,500), hen egg white lysozyme (14,400); lane 2: t = 0; lane 3: t =

1 h;lane 4:t=2h; lane 5: t=3 h; lane 6: t=4 h; lane 7: t =5 h; lane 8: t =6 h.
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The TEM-1 p-lactamase was expressed in £. coli. BL2I(DE3). Preparation of the

TEM-1 B-lactamase was performed as follows.

A bacterial strain was streaked on an agar plate containing 100 pg/ml ampicillin, and

the plate was incubated at 37 °C for 24 h. A single bacterial colony from the plate was

inoculated into 100 ml of sterilized LB broth (28 g/l) which was then incubated at 37

°C with shaking at 280 rpm overnight. After overnight incubation, the bacterial

culture was harvested and stored at —20 °C. The expression of TEM-1 f-lactamase

after overnight incubation was monitored by SDS/PAGE assay (Figure 4.4).

127



PEEPPRE BL AR

e s

e

Figure 44  SDS/PAGE of the TEM-1 p-lactamase culture after overnight

incubation. Lane 1: markers: rabbit muscle phosphorylase b (97,400), bovine serum

albumin (66,200), hen egg white ovalbumin (45,000), bovine carbonic anhydrase

(31,000), soybean trypsin inhibitor (21,500), hen egg white lysozyme (14,400); lane 2:

after overnight incubation.
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423 Preparation of B. subtilis $105MU331 and £. coli. BL21(DE3) cultures

Both B. subtilis $105MU331 and E. coli. BL21(DE3) cultures (which produce no
B-lactamase) were prepared as negative controls for drug screening experiments.
Preparation of B. subtilis $105MU331 and E. coli. BL21(DE3) cultures was

performed as follows.

For B. subtilis $105MU331, a bacterial strain was streaked on an agar plate containing
5 pg/ml chloramphenicol, and the plate was incubated at 37 °C for 24 h. A single
bacterial colony was inoculated into 100 ml of sterilized BHY medium (37 g/l brain
heart infusion and 5 g/l yeast extract) which was then incubated at 37 °C with shaking
at 300 rpm overnight. After overnight incubation, the bacterial culture was harvested

and stored at 20 °C.

For E. coli. BL21(DE3) , a bacterial strain was streaked on an agar plate containing
100 pg/ml ampicillin, and the plate was incubated at 37 °C for 24 h. A single bactenal
colony was inoculated into 100 ml of sterilized LB broth (28 g/l) which was then

incubated at 37 °C with shaking at 280 rpm overnight. After overnight incubation, the

bacterial culture was harvested and stored at —20 °C.
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424 Physical measurement

Drug screening experiments were performed on a FLUOstar microplate reader (BMG

Labtechnologies) equipped with two sample injectors. Excitation and emission filters

of 485 and 520 nm respectively were used. Samples including bacterial B-lactamase

cultures, bacterial cultures and E166Cf enzymes were placed in a 96-well microtiter

plate (Corning Costar) in all measurements. The antibiotic solutions were injected to

the samples by the injectors. The injection speed was set at 310 ul/s. All

measurements were performed at room temperature.



4.3 Results and discussion

431 Screening of PB-lactamase I against penicillin G, penicitlin V, ampicillin,

cefuroxime, cefoxitin and moxalactam in the presence of the E166Cf enzyme

The fluorescence behaviors of the E166Cf enzyme (1.2 x 107 M) in 50 mM
phosphate buffer (pH 7.0) with penicillin G, penicillin V, ampicillin, cefuroxime,
cefoxitin and moxalactam (1.0 x 10" M) as substrates in the presence of B-lactamase
Il culture (10 pl) were investigated by measuring the fluorescence intensities at 520
nm as a function of time. Negative controls were also set up in which B. subtilis
cultures (which produce no (-lactamase II) were added instead of P-lactamase Il
cultures (Figures 4.5 to 4.10). As shown in the time-resolved fluorescence
measurements, the fluorescence intensities of the E166Cf enzyme with penicillin G,
penicillin V, ampicillin, cefuroxime, cefoxitin and moxalactam as substrates increase
rapidly in the absence of B-lactamase II. In the presence of {-lactamase II, the
fluorescence signal of the labeled enzyme with penicillin G, penicillin V, ampicillin
and cefuroxime as substrates declines rapidly. In contrast, no decline in fluorescence

signal was observed with cefoxitin and moxalactam.
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Figure 4.5  Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) in 50 mM phosphate buffer (pH 7.0) with penicillin G (1.0 x 10" M) as

substrate in the absence of B-lactamase II (a) and in the presence of B-lactamase II (b).

Excitation wavelength: 485 nm.
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Figure 4.6  Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) in 50 mM phosphate buffer (pH 7.0) with penicillin V (1.0 x 10" M) as
substrate in the absence of 3-lactamase II (a) and in the presence of f-lactamase II (b).

Excitation wavelength: 485 nm.
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Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x

107 M) in 50 mM phosphate buffer (pH 7.0) with ampicillin (1.0 x 10" M) as

substrate in the absence of B-lactamase II (a) and in the presence of B-lactamase I (b).

Excitation wavelength: 485 nm.
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Figure 4.8  Time-resolved fluorescence measurements of the E166Ct enzyme (1.2x
107 M) in 50 mM phosphate buffer (pH 7.0) with cefuroxime (1.0 x 10" M) as
substrate in the absence of B-lactamase II (a) and in the presence of B-lactamase II (b).

Excitation wavelength: 485 nm.
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Figure 49  Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) in 50 mM phosphate buffer (pH 7.0) with cefoxitin (1.0 x 10 M) as substrate

in the absence of f-lactamase II (a) and in the presence of B-lactamase II (b).

Excitation wavelength: 485 nm.
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Figure 4.10 Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) in 50 mM phosphate buffer (pH 7.0) with moxalactam (1.0 x 107" M) as
substrate in the absence of B-lactamase II (a) and in the presence of B-lactamase 11 (b).

Excitation wavelength: 485 nm.
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The decline in fluorescence intensity observed with penicillin G penteillin |V,
ampicillin and cefuroxime can be attributed to the hydrolytic activities of B-lactamase
II towards these antibiotics. As a consequence of substrate competition, the
fluorescence of the E166Cf enzyme was suppressed. In contrast, both cefoxitin and
moxalactam are resistant to the hydrolytic activities of B-lactamase II, and therefore
the labeled enzymes exhibited stronger fluorescence signals with these antibiotics.
The results are consistent with previous report that the f-lactamase II from Bacillus
cereus hydrolyzes penicillin G, ampicillin and cefuroxime more efficiently (larger
kea/Km) than cefoxitin and moxalactam [18]. Table 4.1 summarizes the kinetic
parameters of B. cereus [-lactamase II with penicillin G ampicillin, cefuroxime,

cefoxitin and moxalactam as substrates [18].
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ampicillin, cefuroxime, cefoxitin and moxalactam as substrates [ 18]

Table 4.1 Kinetic parameters of Bacillus cereus f-lactamase 1l with penicillin G

K o (M) Kear (57) Kea/ K (M)
Ampicillin 1530 + 115 1105 7.20x 10°
Penicillin G 1500 + 200 678 4.50 x 10°
Cefuroxime 45+5 35 7.80 x 10°
Cefoxitin 2100 + 465 0.2 9.50 x 10"
Moxalactam 644 + 90 1.2 1.90 x 10°




43.2  Screening of penPC fB-lactamase against peniciltlin G, penicillin V, ampicillin,

cefuroxime, cefoxitin and moxalactam in the presence of the E166CT enzyme

Time-resolved fluorescence measurements of the E166CT enzyme (1.2 x 107 M) in 50
mM phosphate buffer (pH 7.0) with penicillin G, penicillin V, ampicillin, cefuroxime,
cefoxitin and moxalactam (1.0 x 10* M) as substrates in the presence of penPC
B-lactamase culture (3 pl) were performed. B. subtilis cultures (which produce no
-lactamase) were used as negative controls. As shown in Figures 4.11 to 4.106, the
fluorescence intensities of the E166Cf enzyme incubated with penicillin G, penicillin
V, ampicillin, cefuroxime, cefoxitin and moxalactam increase significantly in the
absence of penPC p-lactamase. In the presence of penPC [-lactamase, the
fluorescence intensities of the labeled enzyme with penicillin G penicillin V and
ampicillin as substrates decline. In contrast, no decline in fluorescence signal was

observed with cefuroxime, cefoxitin and moxalactam.
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Figure 4.11  Time-resolved fluorescence measurements of the E166Cfenzyme (1.2 x

107 M) in 50 mM phosphate buffer (pH 7.0) with penicillin G (1.0 x 10* M) as

substrate in the absence of penPC B-lactamase (a) and in the presence of penPC

B-lactamase (b). Excitation wavelength: 485 nm.
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Figure 4.12 Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) in 50 mM phosphate buffer (pH 7.0) with penicillin V (1.0 x 10" M) as
substrate in the absence of penPC f-lactamase (a) and in the presence of penPC

B-lactamase (b). Excitation wavelength: 485 nm.
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Figure 4.13 Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x

107 M) in 50 mM phosphate buffer (pH 7.0) with ampicillin (1.0 x 10 M) as

substrate in the absence of penPC f-lactamase (a) and in the presence of penPC

-lactamase (b). Excitation wavelength: 485 nm.
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Figure 4.14 Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) in 50 mM phosphate buffer (pH 7.0) with cefuroxime (1.0 x 10™* M) as
substrate in the absence of penPC f-lactamase (a) and in the presence of penPC

B-lactamase (b). Excitation wavelength: 485 nm.
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Figure 4.15 Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x

107 M) in 50 mM phosphate buffer (pH 7.0) with cefoxitin (1.0 x 10 M) as substrate

in the absence of penPC B-lactamase (a) and in the presence of penPC f-lactamase (b).

Excitation wavelength: 485 nm.
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Figure 4.16 Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) in 50 mM phosphate buffer (pH 7.0) with moxalactam (1.0 x 10" M) as
substrate in the absence of penPC pB-lactamase (a) and in the presence of penPC

[3-lactamase (b). Excitation wavelength: 485 nm.
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As indicated in Chapter 2, penPC f-lactamase can effectively hydrolyze penicillin G,
penicillin V and ampicillin (large kea/Km). Thercfore, it is reasonable that the presence
of penPC pB-lactamase suppressed the fluorescence of the E166Cf enzyme when
penicillin G, penicillin V and ampicillin were added. The absence of decline in
fluorescence intensity for cefuroxime, cefoxitin and moxalactam can be attributed to
the poor hydrolytic activities of penPC f-lactamase towards these antibiotics, as

cephalosporin antibiotics are, in general, poor substrates for class A f-lactamases

[6-8].
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433  Screcning of penP B-lactamase against penicillin G, penicillin V, ampicillin,

cefuroxime, cefoxitin and moxalactam in the presence of the E166Cf enzyme

The fluorescence behavior of the E166Cf enzyme (1.2 x 10”7 M) in 50 mM phosphate
buffer (pH7.0) with penicillin G penicillin V, ampicillin, cefuroxime, cefoxitin and
moxalactam as (1.0 x 10" M) substrates in the presence of penP B-lactamase cultures
(6 ul) were monitored by measuring the fluorescence intensities at 520 nm as a
function .of time. Negative controls were set up in which B. subtilis cultures (which
produce no B-lactamase) were added instead of penP B-lactamase cultures. As shown
in Figures 4.17 to 4.22, the fluorescence intensities of the E166Cf enzyme with
penicillin G, penicillin V, ampicillin, cefuroxime, cefoxitin and moxalactam as
substrates in the absence of penP B-lactamase increase remarkably. In the presence of
penP B-lactamase, the fluorescence signals of the labeled enzyme with penicillin G,
penicillin V, ampicillin and cefuroxime as substrates decline. In contrast, the
fluorescence intensities of the labeled enzyme increase with cefoxitin and moxalactam

as substrates.
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Figure 4.17 Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) in 50 mM phosphate buffer (pH 7.0) with penicillin G (1.0 x 10™ M) as
substrate in the absence of penP [-lactamase (a) and in the presence of penP

[-tactamase (b). Excitation wavelength: 485 nm.
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Figure 4.18 Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) in 50 mM phosphate buffer (pH 7.0) with penicillin V (1.0 x 10* M) as
substrate in the absence of penP [-lactamase (a) and in the presence of penP

B-lactamase (b). Excitation wavelength: 485 nm.
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Figure 4.19 Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) in 50 mM phosphate buffer (pH 7.0) with ampicillin (1.0 x 10* M) as
substrate in the absence of penP f-lactamase (a) and in the presence of penP

f3-lactamase (b). Excitation wavelength: 485 nm.

151



16000
i (a)
15000 W/\/ '\/\"\4'\/\/\/ /\/\ A M’\_/v\
g
3 14000 M
< 1
2 13000
= . AN
8 12000 MW
51
7 i
S 11000
E -
10000 ~
9000 Addition of cefuroxime
8000 T ‘ Li l Li l L) l Ll l T ‘ T l
0 500 1000 1500 2000 2500 3000 3500

Time (s)

Figure 420 Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) in 50 mM phosphate buffer (pH 7.0) with cefuroxime (1.0 x 10™* M) as
substrate in the absence of penP f-lactamase (a) and in the presence of penP

B-lactamase (b). Excitation wavelength: 485 nm.



.1

18000
. 17000 ~ ©
: . e
o 16000 |
; ] o b
£ 15000 (b)
S 14000
9]
2 -
4
S 13000 5
=
& ]

12000

11000

10000 < Addition of cefoxitin

T 1 T 1 T T T 1 T I . . . l
0 500 1000 1500 2000 2500 3000 1500
Time (s)

Figure 421 Time-resolved fluorescence measurements of the E166Ct enzyme (1.2 x
107 M) in 50 mM phosphate buffer (pH 7.0) with cefoxitin (1.0 x 10™* M) as substrate

in the absence of penP B-lactamase (a) and in the presence of penP B-lactamase (b).

Excitation wavelength: 485 nm.
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Figure 4.22 Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) in 50 mM phosphate buffer (pH 7.0) with moxalactam (1.0 x 10 M) as
substrate in the absence of penP p-lactamase (a) and in the presence of penP

-lactamase (b). Excitation wavelength: 485 nm.



That a decline in fluorescence intensity of the E166CT enzyme was not observed with
cefoxitin and moxalactam as substrates implics that these antibiotics are resistant to
the hydrolytic activity of penP [-lactamase. As a result, the labeled enzymes face less
competition with the bacterial enzymes for the antibiotic substrates. The decline in
fluorescence intensity observed with penicillin G penicillin 'V, ampicillin and
cefuroxime can be attributed to the hydrolytic activities of penP f3-lactamase towards
these antibiotics. Table 4.2 summarizes the kinetic parameters of B. licheniformis

penP f-lactamase with penicillin G ampicillin, cefoxitin and moxalactam as

substrates [7, 94].



Table 4.2 Kinetic parameters of B. licheniformis penP [-lactamase with penicillin G,

ampicillin, cefoxitin and moxalactam as substrates [ 7, 94]

Kea (s7) Kea/Kim (Ms™)
Penicillin G 2200 29x 10"
Ampicillin 1500 1.1x 10*
Cefoxitin (0.13 £0.01)x 107 20+ 5
Moxalactam (0.9 +0.1)x 107 3+04




434  Screenine of TEM-1 B-lactamase against penicillin G, penicillin V, ampictllin,
o O

cefuroxime, cefoxitin and moxalactam in the presence of the E166Ct enzyme

It should be noticed that the screening of bacteria against antibiotics in real samples
are performed in complex media such as bacterial cultures and crude biological fluids.
To demonstrate the ability of the E166Cf enzyme to screen bacterial {3-lactamases
against various antibiotics in a complex medium, time-resolved fluorescence
measurements were performed by adding the E166Cf enzymes and antibiotics directly
to TEM-1 B-lactamase cultures. Figures 4.23 to 4.28 show the time-resolved
fluorescence measurements of the E166Cf enzyme (1.2 x 107 M) with penicillin G
penicillin V, ampicillin, cefuroxime, cefoxitin and moxalactam (1.0 x 107 M) as
substrates in the presence of TEM-1 f-lactamase cultures (294 pl) and E. coli.
cultures (which produce no f-lactamase). As indicated in Figures 4.23 to 4.28, an
increase in fluorescence intensity of the E166Cf enzyme with penicillin G penicillin V,
ampicillin, cefuroxime, cefoxitin and moxalactam as substrates in the absence of
TEM-1 B-lactamase was observed. In the presence of TEM-1 f3-lactamase, the
fluorescence intensity of the labeled enzyme with penicillin G penicillin V and
ampicillin as substrates declines, whereas an increase fluorescence signal was

observed for cefuroxime, cefoxitin and moxalactam.
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Figure 4.23 Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) with penicillin G (1.0 x 10* M) as substrate in the absence of TEM-1

B-lactamase (a) and in the presence of TEM-1 f-lactamase (b). Excitation wavelength:

485 nm.
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Figure 4.24 Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x

107 M) with penicillin V (1.0 x 10* M) as substrate in the absence of TEM-I

-lactamase (a) and in the presence of TEM-1 B-lactamase (b). Excitation wavelength:

485 nm.
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Figure 4.25 Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x

107 M) with ampicillin (1.0 x 10* M) as substrate in the absence of TEM-1

B-lactamase (a) and in the presence of TEM-1 B-lactamase (b). Excitation wavelength:

485 nm.
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Figure 4.26 Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) with cefuroxime (1.0 x 10" M) as substrate in the absence of TEM-1

pB-lactamase (a) and in the presence of TEM-1 B-lactamase (b). Excitation wavelength:

485 nm.
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Figure 4.27 Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) with cefoxitin (1.0 x 10" M) as substrate in the absence of TEM-I1

B-lactamase (a) and in the presence of TEM-1 B-lactamase (b). Excitation wavelength:

485 nm.
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Figure 4.28 Time-resolved fluorescence measurements of the E166Cf enzyme (1.2 x
107 M) with moxalactam (1.0 x 10* M) as substrate in the absence of TEM-1

[3-lactamase (a) and in the presence of TEM-1 B-lactamase (b). Excitation wavelength:

485 nm.
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These results indicate that the E166Cf enzyme is capable of screening bacterial
-lactamase against (-lactam antibiotics in a complex medium. The tume-resolved
fluorescence measurements revealed that cefuroxime, cefoxitin and moxalactam arc
resistant to the hydrolytic activities of TEM-1 P-lactamase because no decline in
fluorescence signal was observed. In contrast, penicillin G, penicillin V and ampicillin
are readily hydrolyzed by TEM-1 [B-lactamase. The kinetic parameters of E. coli
TEM-1 B-lactamase with penicillin, ampicillin and cefoxitin as substrates have been
reported [8, 95]. Table 4.3 summarizes the kinetic parameters of E. coli TEM-1
B-lactamase with penicillin G, ampicillin, cefoxitin and cefuroxime as substrates [8,

95].
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Table 4.3 Kinetic parameters of £. coli TEM-1 p-lactamase with penicillin G

ampicillin and cefoxitin as substrates [8, 95]

Kear/ K (mM 57

Penicillin G 8.4 x 10
Anpicillin 3.3x 10"
Cefoxitin 0.006
Cefuroxime 6
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4.4 Concluding remarks

The time-resolved fluorescence measurements of the E166Ct enzyme in the presence
of bacterial B-lactamases against various [3-lactam drugs demonstrated the ability of
the E166Cf enzyme to serve as a reagentless tool in screening bacterial -lactamases
against f3-lactam antibiotics. For example, cefoxitin and moxalactam were found to be
resistant to the hydrolytic activities of P-lactamase II, penPC [-lactamase, penP
B-lactamase and TEM-1 p-lactamase, whereas penicillin G, penicillin V and
ampicillin were found to be ineffective in inactivating these bacterial enzymes. It
should be noted that the use of E166Cf enzyme in drug screening offers a number of
advantages. Firstly, as indicated in the time-resolved fluorescence measurements, the
E166Cf enzyme can search for potent -lactam antibiotics for bacterial B-lactamases
in less than 15 min. Thus, it is time saving to use the E166Cf enzyme in drug
screening. Secondly, by using the E166Cf enzyme as a screening tool, it is convenient
to screen bacterial [-lactamases against various [-lactam antibiotics because no
sample pre-treatment is required. Thirdly, the E166Cf enzyme is capable of screening
bacterial -lactamases against antibiotics even in a complex medium such as bacterial
culture. Furthermore, the E166Cf enzyme can be used in high-throughput drug

screenings. For example, both the E166Cf enzymes and infecting bacterial samples
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(which produce B-lactamases) can be placed into different wells of a microtiter plate
(e.g. the standard 96-well microtiter plate) and then incubated with various f3-lactam
antibiotics. The fluorescence signals from different wells can be monitored
simultaneously by a microplate reader. Thus, this method allows the physicians to
search for potent antibiotics for the patients quickly. All these advantages should

allow the E166Cf enzyme to be used routinely in drug screening in the future.
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Chapter 5

Conclusions
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In this project, we have prepared and characterized a fluorescein-labeled 3-lactamase
1 (E166CK) that can detect B-lactam antibiotics and -lactamase inhibitors, and can
screen bacteria for B-lactamases against a panel of antibiotics. The E166Ct enzyme
was constructed by labeling the thiol-reactive fluorescein-5-maleimide with the
E166C mutant whose Glu-166 on the Q-loop was replaced with a cysteine residue by
site-directed mutagenesis. As the wild-type f3-lactamase I contains no cysteine residue
[69], this single-point mutation allows the attachment of the thiol-reactive fluorophore
to a specific site on the enzyme. Circular dichroism spectropolarimetry showed that
the secondary structure of the E166Cf enzyme is conserved after the labeling reaction.
Spectrophotometric assays revealed that the catalytic efficiencies of the E166Cf
enzyme towards penicillin G, penicillin V and ampicillin are comparable to those of
the E166C mutant. Hence the hydrolytic activity of the E166Cf enzyme is conserved
even in the presence of the fluorescein label. The Glu-166 residue is close to the
active site, and its location on the flexible Q-loop [70, 71] allows the fluorophore to

move when the antibiotic binds to the enzyme’s active site.

Time-resolved fluorescence measurements on the E166Cf enzyme indicated that it
fluoresces more strongly in the presence of penicillin G, penicillin V, ampicillin,

cefuroxime, cefoxitin and moxalactam. The increase in fluorescence intensity is
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attributed to the conformational change in the active site upon binding of a -lactam
antibiotic. Such a conformational change causes the fluorescein label to depart from
the active site, thus switching on the fluorescence of the fluorescein molecule. The
E166Cf enzyme is capable of distinguishing ‘B-lactamase-unstable’ antibiotics
(penicillin G, penicillin V and ampicillin) from ‘B-lactamase-resistant’ antibiotics
(cefuroxime, cefoxitin and moxalactam). In the presence of penicillin antibiotics, the
fluorescence intensity of the E166Cf enzyme increases and then declines. In contrast,
in the presence of cephalosporin antibiotics, the fluorescence intensity increases
gradually to give a plateau signal. The E166Cf enzyme can detect B-lactam antibiotics
down to 10”7 M, and therefore has the potential to be developed into a reagentless tool
for the convenient measurement of antibiotics in liquid samples such as milk.
Furthermore, the E166Cf enzyme can detect $-lactamase inhibitors such as sulbactam
and clavulanate, and therefore may find its future applications in the discovery of new

[-lactamase inhibitors.

We have demonstrated the ability of the E166Cf enzyme to serve as a high-throughput

tool in screening bacterial B-lactamases against various B-lactam antibiotics by
monitoring the fluorescence change of the labeled enzyme in the presence of bacterial

culture and antibiotics. For example, cefoxitin and moxalactam were found to be
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resistant to the hydrolytic activities of P-lactamase I, penPC [-lactamase, penP
B-lactamase and TEM-1 f-lactamase, whereas penicillin G, penicillin V and

ampicillin were found to be ineffective in inactivating these bacterial enzymes.

Although the E166Cf enzyme can function effectively in screening bacteria for
B-lactamases against a panel of antibiotics, there is room for further improvement if it
is going to be used as a biosensor for detecting antibiotics in food samples and as a
tool in the discovery of new B-lactamase inhibitors. Firstly, the fluorescence signal of
the E166Cf enzyme towards ‘B-lactamase-unstable’ antibiotics (e.g. penicillin G
penicillin V and ampicillin® varies with time. Thus, it is difficult to determine the
antibiotic concentration in an unknown sample accurately just based on the increase in
fluorescence signal. Secondly, the fluorescence intensity of the E166Cf enzyme
towards cephalosporin antibiotics increases too slowly due to poor binding, and this
results in an exceedingly long detection time for these antibiotics. Thirdly, the
detection limit of the E166Cf enzyme for most B-lactam antibiotics in liquid samples
is ~10”7 M, which is above the allowed maximum limit of 10® M B-lactam antibiotics

in milk as regulated by the European Union [52].

171



We propose that the following approaches to overcome the above disadvantages of the
E166Cf enzyme. Firstly, the E166Cf enzyme can be further modified in such a way
that only substrate binding takes place in the enzyme’s active site but no hydrolytic
action occurs (k» and k3 = 0). This can be done by site-directed mutagenesis so that the
essential amino acids (e.g. Ser-70) required for the hydrolytic action are removed. The
resulting labeled enzyme will become a ‘pure binding protein’ (E + S & ES) and
therefore the fluorescence intensity should remain constant after the binding of
antibiotics. Secondly, a new fluorescein-labeled f-lactamase can be constructed in
which the class C B-lactamase is used as a recognizing element. Unlike class A
B-lactamases, class C p-lactamases can bind to cephalosporin antibiotics and
hydrolyze them to inactive carboxylic acids effectively [7]. Thus, the detection time
for cephalosporin antibiotics can be greatly shortened when this labeled enzyme is
used as a sensor. Thirdly, improvement in instrumentation might also improve the
detection limit of the labeled enzyme. For example, by immobilizing the labeled
enzyme on a suitable surface, light scattering by colloid particles in the sample can be

reduced and the detection limit can be raised.
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