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Abstract 

 

β-Lactamase, a bacterial enzyme that hydrolyzes β-lactam antibiotics, has been 

recently modified and labeled with different fluorophores to act as fluorescence 

biosensors for detecting residual β-lactam antibiotics in food.  E166Cf was 

constructed by replacing the glutamate residue on the Ω-loop of Class A β-

lactamases at position 166 with cysteine to produce the E166C mutant, to which a 

fluorophore, fluorescein-5-maleimide, is attached.  A second biosensor E166Cb was 

constructed by labeling with the fluorophore badan.  These two biosensors were found 

to be able to emit enhanced and intense fluorescent signals upon specific binding to β-

lactam antibiotics, enabling them to detect antibiotics like penicillin G, cefuroxime 

and cefotaxime down to the nanomolar level (10-9 M).  To understand the biosensing 

mechanism of the β-lactamase-based biosensors, the kinetics and structural basis of 

the binding reactions between the biosensors and β-lactam antibiotics were 

investigated by electrospray ionization mass spectrometry (ESI-MS). 

 

The identities of E166C and its fluorophore-labeled mutants were confirmed by ESI-

MS. Complementary time-dependent mass spectrometric and fluorometric studies 

show that, in general, the time-resolved fluorescence profile correlate well with the 

concentration-time profile of the covalently bound enzyme-substrate complex (ES*, 

where E is E166Cf or E166Cb, and S is the substrate β-lactam antibiotic) monitored 

by ESI-MS. This observation demonstrates unambiguously that the fluorescence 

emission enhancement is due to specific substrate binding of a β-lactam type 

antibiotic. 
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Compared to the wild-type β-lactamases, detailed kinetics studies revealed that the 

hydrolytic (deacylation) dissociation  rate (k3 values) of the E166C, E166Cf and 

E166Cb mutants are much reduced to the order of  10-4 s-1 , and are ~ 5 orders of 

magnitude smaller than the rate of formation of ES* ( k2 values in the order of 101 s-1). 

These kinetic properties ensure that ES* are formed at high concentrations at steady 

state, but dissociate very slowly thereafter.   Consequently, a steady and intense 

fluorescent signal can be easily monitored over a reasonable analysis time period (say 

1,000 seconds) in practical applications.     

 

On the other hand, the specific binding efficiencies towards β-lactam antibiotics were 

found to have maintained and even enhanced for the E166C, E166Cf and E166Cb 

mutants.  The overall binding efficiency, as indicated by the ratio of kinetic 

parameters k2/Kd, is not significantly impaired by the introduction of fluorescein-5-

maleimide at the C166 position of the Ω-loop of the β-lactamases, which is located 

near the active binding site.  This is attributed to that the flexible nature of the Ω-loop 

and fluorophore-induced increase in flexibility of the active site binding pocket,  

thereby relieving the steric crowding effect exerted by the fluorophore.   The effect of 

using a bulky fluorescein-5-maleimide versus a smaller but hydrophobic badan 

fluorophore in the biosensor were investigated.  The fluorescence characteristics of 

E166Cf and E166Cb were found to be different.   Specifically, the incorporation of 

badan was found to enhance the overall binding efficiency more significantly by ~10-

folds.  This surprising result might be due to the highly hydrophobic nature of badan, 

which tends to repel/displace the surrounding dense water clusters which serve to 

stabilize the structural integrity of the active site binding pocket. With the 

loss/lowering of the stabilizing effects offered by these water molecules, the 
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flexibility of the active site would be further enhanced, and therefore the steric 

blocking effect imposed by the fluorophore could be alleviated to a greater extent.  

 

Mass spectrometric hydrogen-deuterium (H/D) exchange studies showed that for 

E166Cf and E166Cb, the H/D exchange levels of two peptide segments near the 

active site are higher than those of free E166C, indicating that the fluorophore may 

have induced local dynamic changes to the active site region.   However, upon 

substrate binding, the H/D exchange levels of these two segments of E166Cf and 

E166Cb decrease and become similar to that of E166C, indicating that the dynamic 

changes mediated by the fluorophore are nullified.  Based on these observations, a 

“spatial displacement” mechanism was proposed. The fluorophore (both fluorescein-

5-maleimide and badan) may initially be oriented towards and close to the active 

binding site, and induce destabilizing effect to this confined region by displacing the 

“structural glue” water molecules and disrupting some noncovalent interactions 

involved in maintaining the structural integrity of the active binding pocket.   Upon 

substrate binding, the fluorophore is displaced away from the active site in order to 

avoid the spatial clash with the incoming substrate, thus the destabilizing effects 

initially exerted by the fluorophore to this region are also withdrawn.  This spatial 

displacement event is the major cause for changes in local environment surrounding 

the fluorophore, i.e. solvent polarity and accessibility, thereby changing the 

fluorescence emission properties of the fluorophore.  This proposed mechanism is 

found to be consistent with the results of molecular modeling and preliminary X-ray 

crystallographic studies.  

 



 v 

Due to discrepancies in reported results obtained by ESI-MS under acidic, 

denaturating conditions and other physical techniques such as X-ray crystallography 

and UV spectroscopy, the inhibition mechanism of tazobactam (MW=300 Da) 

towards β-lactamases was re-investigated by ESI-MS but under near physiological 

( pH 7 ) conditions.  Unlike previous ESI-MS studies, a covalently bound enzyme-

inhibitor complex (E-I complex) with a relative molar mass of [M + 300] Da was 

observed (M is the average molecular mass of the enzyme protein), which is 

consistent with the formation of a trans-enamine species as suggested by X-ray 

crystallography and UV spectroscopic methods.   In addition, our results show that, 

for the first time, the E-I complex formed from the Staphylococcus aureus  PC-1  β-

lactamase and tazobactam dissociates further to form an inactive dehydrated enzyme. 

Based on the results obtained by protease digestion and tandem mass spectrometry, 

this dehydrated enzyme is proposed to be an alkene-like species formed from 

dissociation of the trans-enamine species.  For this inhibition mechanism, the role of 

the inhibitor is initial binding to the active site of the enzyme, followed by triggering 

of a chemical reaction (or reactions) that result in the formation of an inactivated form 

of β-lactamase. 

 

 

http://rds.yahoo.com/_ylt=A0oGkk6IQxBIKSoBBBJXNyoA;_ylu=X3oDMTB2MG0xNjRsBHNlYwNzYwRjb2xvA3NrMQR2dGlkA01BUDAxN18xMTI-/SIG=1466o9tjn/EXP=1209111816/**http%3a/images.search.yahoo.com/search/images%3f_adv_prop=image%26fr=yfp-t-120-s%26va=staphylococcus%2baureus%26sz=�
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Chapter 1   Introduction 
 
 

1.1       Application of electrospray ionization mass spectrometry (ESI-MS) 

in studies of biomolecules 

 

Prior t o t he 1990s , mass spectrometry (MS) was onl y s trictly applicable to t he 

analysis of small and thermally stable compounds because of the lack of effective 

ionization techniques to (i) softly ionize non-volatile analyte molecules without 

significant fragmentation, and (ii) transfer the ionized analytes from the solution 

phase into the gas phase.[Domon and Aebersold, 2006]   Since the early 1990s, 

the development of t wo s oft i onization t echniques, namely electrospray 

ionization (ESI) a nd matrix a ssisted laser de sorption/ionization (MALDI), 

dramatically changed this s ituation and led to a  revolution in the application of  

MS to the ana lysis and  cha racterization of non -volatile, high m olecular mass 

biomolecules, e.g. proteins.   Nowadays, MS has become an essential analytical 

technique in protein r esearch, s uch a s t he s tudies of  pr otein-ligand (substrate) 

interactions, post-translational modifications, a nd pr otein f olding.[Daniel et al ., 

2002; Domon and Aebersold, 2006; Loo., 1997]  

 

The prevalence of  MS is attributed to i ts several distinct advantages over other 

conventional bi ophysical techniques, i ncluding o ptical s pectroscopy (e.g. U V-

absorption, c ircular di chroism ( CD), a nd f luorescence), nu clear m agnetic 

resonance (NMR) and X-ray crystallography. The three major advantages of MS 

have often been described as the three “S” by mass spectrometrists: specificity, 

sensitivity and speed.[Daniel et al., 2002; Loo, 1997] 
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Specificity 

Specificity i s a cr itical a dvantage of  MS in t he s tudy o f protein-ligand binding 

interactions. The bi nding s pecificity be tween a protein a nd i ts l igand could be  

proved b y a  number o f m ass s pectrometric approaches, and t he t wo m ost 

common methodologies are the chemical and experimental strategies.  

 

Chemical s trategies usually involve modifying the amino acid residues t hat 

actively p articipate i n t he bi nding. O ne a pproach i s to covalently modify the 

active site residues to di srupt or mediate the binding interactions. Examples of  

covalent modi fication include conversion of l ysine t o hom o-arginine, 

trimethylamino-ethylation of c ysteine thi ol to thialamine, and some general 

methods of de rivatizing amino a cids such as m ethylation and ac etylation. 

Another commonly used approach is carrying out site-directed mutagensis on the 

active site amino acid residues, from which the binding specificity and efficiency 

of t he pr otein will be s ignificantly impa ired, or at  l east altered.  Upon t hese 

modifications, the signal of peaks corresponding to the protein-ligand complexes 

in the m ass s pectrum would significantly de crease/disappear f or the specific 

binding reactions.[Daniel et al., 2002] 

 

Experimental s trategies include varying the experimental conditions of  analysis 

(e.g. temperature, pH and varying t he buffer s ystem) in or der t o induce 

conformation c hanges o f pr oteins, which will d irectly affect the  f ormation of 

specific protein-ligand complexes.  Therefore, the effects of external conditions 

on the MS signal corresponding to the protein-ligand complexes could provide 
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direct experimental evi dences and insight into the s pecificity o f t he bi nding 

reactions.[Daniel et al., 2002] 

 

Speed and sensitivity 

Speed a nd s ensitivity are the two other distinct advantages of  M S when 

compared with ot her bi ophysical techniques. Unlike NM R and X -ray 

crystallography that are highly sample consuming (milligram level of sample is 

required), MS only consumes very small quantities of samples, often in the low 

picomole to femtomole range. The s peed of  M S i s also favourable s ince t he 

signals ar e usually available f or m onitoring immediately a fter i ntroduction of  

sample. This a dvantage i s pa rticularly obvi ous w hen c ompared with X-ray 

crystallography, which involves time-consuming a nd t edious sample 

crystallization steps.[Ashcroft., 2005; Daniel et al., 2002; Loo., 1997] 

 

1.1.1 Characterization of covalently modified proteins by ESI-MS 

 

ESI-MS has been a  useful t echnique for characterization of  protein-ligand (e.g. 

drug, substrate, and i nhibitor) complexes.[Deterding et a l., 2000;  Shen et  al ., 

2000; Domon and Aebersold, 2006]   The stiochiometry of the binding reactions 

between proteins and their bi nding pa rtners c an be  de termined directly by 

molecular mass measurement, and the binding specificity can be confirmed.[Loo 

et a l., 1997;  Tullio et al., 2005;  Daniel et a l., 2 002] In addition, t he analytical 

capability of  t he conventional mass s pectrometric m ethod can be f urther 

extended by protease digestion followed by tandem mass spectrometry (MS/MS), 

in which the proteolytic peptide segments produced from protease digestion are 
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further subjected to fragmentation (dissociation) through c ollision-induced 

dissociation ( CID) ins ide the  ma ss s pectrometer.  From t he ana lysis of t he 

masses of the resulting MS/MS fragments, the specific s ite of  modification can 

be definitively located.[Domon and Aebersold, 2006]  

  

In recent years, several research groups have demonstrated that ESI-MS can also 

be a dopted t o study the mechanism of i nhibitors, w hich of ten i nhibit the 

biochemical a ctivity o f their protein t argets through t he f ormation of  stable, 

covalently bound p rotein-inhibitor complexes.[Pratt., 1992;  Knight e t a l., 1993; 

Yang et al., 2000; Rodriguez et al., 2004]   In some cases, the inhibitor molecule 

undergoes further dissociation after binding to the protein target, leading to only 

parts ( moieties) of t he i nhibitor m olecule are bonded or  conjugated w ith t he 

protein. These events are often accompanied by changes in molecular mass of the 

protein-inhibitor c omplex, a nd t hus c an be  di rectly monitored by  M S. 

Furthermore, by protease di gestion followed b y MS/MS, the  s ite of  in hibitor 

attachment to the protein, and in some cases, the covalent crosslinking mediated 

by the inhibitor molecule can be determined.[Yang et al., 2000] 

 

1.1.2 Study of enzyme kinetics by ESI-MS 

 

The study of enzyme kinetics is important to the understanding of the behavior of 

enzymes t owards t heir ligand targets.  Conventionally, enzyme ki netic 

parameters, such as Michealis-Menten cons tant ( Km) a nd maximum ve locity 

(Vmax), are determined by spectroscopic methods in which the product released in 

the enzymatic reaction exhibits strong UV absorption or fluorescence emission at 
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a pa rticular w avelength t hat i s di fferent from t he r eactants. However, m any 

natural s ubstrates ar e i ntrinsically not  chromophores, a nd require chemical 

modifications to r ender t hem a  c hromogenic pr operty. These chemical 

modification pr ocesses often i nvolve tedious a nd t ime-consuming m ulti-step 

synthesis, and, more importantly, the kinetic behaviors of  the substrate may be 

altered upon chemical modification.[Ge et al., 2001; Bothner et al., 2000]  

 

In recent years, ESI-MS ha s become an i ncreasing i mportant t echnique in t he 

study of  e nzyme ki netics. The m ost obvi ous a dvantage of  E SI-MS ov er the 

conventional s pectroscopic m ethods is t hat c hromophore s ubstrates a re not  

required, since the products and reactants can be detected and observed directly 

in the m ass s pectrum. With t he us e of  i nternal s tandards, t he time-dependent 

abundances of these species involved in the enzymatic reaction can be accurately 

determined.[Ge e t a l., 2001 ]  Recently, several groups have extended the 

application of  t he mass s pectrometric approach by demonstrating that t he 

microscopic ki netics p arameters of  indi vidual s teps in the e nzymatic r eaction 

could be di rectly m easured by monitoring t he f ormation of  enzyme-substrate 

complex as a function of reaction time.[Lu et al., 2001; Houston et al., 2000] 
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1.1.3 Detection of  con formational an d dy namic c hanges of p roteins by 

mass spectrometric hydrogen – deuterium exchange (H/D MS) 

 

Background  

Hydrogen-deuterium (H/D) exchange w as f irst i ntroduced in the m id-1950s b y 

Linderstrom-Lang, w ho discovered t hat t he kinetics of  H/D ex change reaction 

could reflect the protein structure (3-D conformations) and dynamics.[Hvidt and 

Linderstronm-Lang, 1955]   In the early 1980s , the H/D exchange method was 

further a dvanced b y c ombining w ith t he t echniques of protease di gestion a nd 

high pe rformance l iquid c hromatography ( HPLC), ope ning t he pos sibility to 

study local structure and dynamics of proteins.  In 1993, Zhang and Smith were 

the first to use mass spectrometry to monitor H/D exchange reactions on proteins, 

and since the mid-1990s, a range of significant advancements on H/D exchange 

mass spectrometry (H/D MS) have been made. Nowadays, H/D MS has become 

an i mportant t echnique t o i nvestigate t he l ocal a nd g lobal c hanges i n pr otein 

structure and dynamics resulted from various processes, such as protein-protein 

interactions, m odifications of  pr otein ( e.g. amino acid residue mutation), a nd 

ligand binding.[Busenlehner and Armstrong, 2005] 

  

Kinetics of H/D Exchange 

Among v arious t ypes o f e xchangeable proton present i n a  p rotein, onl y amide 

protons are used for H/D exchange s tudies, since the exchange reactions of the 

protons on the side chain functional groups and the N- and C- terminus are too 

fast to be measured by most physio-chemical techniques. Studies on unstructured 

peptides ( e.g. polyalanine) s howed that t he H /D ex change reaction of am ide 
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proton is both acid- and base-catalyzed, and thus the overall intrinsic exchange 

rate constant (ki) is dependent on solution pH as described in Eqn [1.1],    

 

                               kex =  kD[D+] + kOD[OD-] + kw                                   [1.1]      

 

where kOD, kD, a nd kw correspond t o t he ba se-catalyzed, acid-catalyzed, and 

water-catalyzed rate constant, respectively (for polyalanine, kOD = 1.12  x 1010 M-

1 min-1, kD = 41 .7 M -1 min-1, kw  = 3.16  x 10 -2 M-1 min-1, and ki = ~ 10-1 s-1). 

[Mandell et a l., 1998 ; Kaltashov a nd E yles, 20 05] At pH  7, t he ph ysiological 

condition for most proteins, t he exchange reaction i s mainly catalyzed by base 

(OD-) since base-catalysis is ~104 - 108 times faster than acid-catalysis.[Mandell 

et a l., 1998 ]  As s hown in Fig. 1.1, t he relationship between the rate of  H /D 

exchange and pH f ollows a  V  s hape trend.[Konermann and S immons, 2003 ; 

Kaltashov a nd E yles, 20 05] Typically, the H /D ex change r ate i s m easured by 

incubating t he protein with a deuterated buf fer (i.e., D2O a dded t o t he buf fer 

solution) at physiological pH 7, and then quenching into a buffer at 0 oC with pH 

2 - 3 at which the rate of exchange is very slow (Fig. 1.1). Under these quenched 

conditions (at 0o C and pH = 2 - 3), the rate of  exchange is reduced by ~ three 

orders of magnitude, allowing time for mass spectrometric analysis.[Mandell et 

al., 1998; Busenlehner and Armstrong., 2005; Hoofnagle et al., 2003] 
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Although the intrinsic rate of H/D exchange at pH 7 is rather fast (101 – 103 s-1), 

the observed rate of exchange of amide protons on proteins usually occurs much 

slower, with half live s r anging from millis econds to years. For a  given 

exchangeable proton, the r ate of  exchange depends mainly on  t wo f actors: ( i) 

degree of solvent (i.e., water) protection (or accessibility), and (ii) the hydrogen 

bonding configuration within the protein.  Generally, the rate of H/D exchange is 

significantly s lower w hen t he s olvent e xposure of t he a mide pr oton de creases 

and w hen a n etwork stable of hydrogen bond s are linked up  with s urrounding 

amino acid residues in the secondary and tertiary protein structure.[Hoofnagle et 

al., 2003] 

 

In a  c ompactly folded pr otein, a l arge f action of amide pr otons are highly 

shielded from the solvent, hindering the access of the OD- catalyst.  These buried 

protons c an be  e xchanged t hrough f luctuations of  t he pr otein m olecule t hat 

transiently break the intramolecular interactions, e.g. hydrogen bonds, and result 

in the formation of  a solvent-exposed “open” state that i s exchange-competent. 

So far, two models have been proposed to describe the formation of the “opened 

pH 

Figure 1.1      Plot of chemical H/D exchange rates (kch) as a function of pH. 

Lo
g 

k c
h
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state” f rom w hich exchange r eactions are allowed: the  “ solvent p enetration” 

model a nd t he “local unf olding” m odel. The “solvent pe netration” model 

suggests that the s tructural fluctuations of t he pr otein allow acc ess of  t he O D- 

catalyst thr ough tr ansiently f ormed channels a nd c avities, while the “local 

unfolding” model postulates that small regions of a protein unfold cooperatively, 

thus e xposing t he a mide pr otons to t he bul k s olvent.[Mandell et a l., 1998 ; 

Busenlehner a nd A rmstrong, 2005;  H oofnagle et a l., 2003 ; Konermann and 

Simmons, 2003]   Theoretical studies reveal that H/D exchange can be associated 

with bot h s cenarios, and t hat i t m ay also i nvolve t ransient f ormation of  

conformations that a re very di fferent f rom the  na tive s tate.[Konermann and 

Simmons, 2003]  

 

A r eaction scheme c ommonly us ed t o de scribe t he H /D e xchange t hrough 

structural f luctuations is de picted in Scheme 1.1. [Mandell et al., 1998;  

Busenlehner a nd A rmstrong, 2005;  H oofnagle et a l., 2003 ; Konermann and 

Simmons, 2003 ]  Local unf olding a nd d ynamic m otions a re d escribed by 

equilibria be tween the “ opened” s tate (exchange-competent) a nd t he “ closed” 

state (exchange-incompetent).  

NHopened NDopened NDclosedNHclosed

ko

kc

ki kc

ko  

Scheme 1.1         Mechanism of  a mide h ydrogen exchange through structural 

fluctuations. ko, kc, and ki are the rate constants for structural 

opening, s tructural c losing, a nd H /D e xchange i n the fully 

unfolded f orm (the i ntrinsic r ate of  H /D ex change), 

respectively. 
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The apparent rate constant of the exchange reaction (kex) is given by Eqn [1.2], 

where ki is the  intrinsic rate cons tant for exchange ( the rate of  exchange in the 

fully unfolded form) and ko and kc are the rate constants for the formation of the 

“opened” and “closed” states, respectively.  

 

For a  na tive ( folded) pr otein a t ph ysiological p H ( pH 7) , t he r ate of  cl osing 

(folding) is highly favorable and often proceeds much faster than that of opening 

(unfolding) (kc >> ko). This s ituation is  referred to as the EX2 regime in which 

the refolding of  the locally unfolded regions is highly efficient, and takes place 

much faster than the intrinsic rate of hydrogen exchange (kc >> ki). The apparent 

exchange rate can therefore be simplified as in Eqn [1.3]. In this expression, the 

apparent rate of exchange is dependent on the intrinsic rate of exchange and the 

equilibrium constant between the opened and closed states (Keq = ko/kc), which is 

an reflection on the m olecular d ynamics of  pr otein oc curring i n a  r ange of  

microsecond to millisecond time scale. Under the EX2 condition (kc >> ki), since 

only a small faction of amide protons can be exchanged upon one single opening 

event, the mass spectrum often shows a single mass peak that gradually shifts to 

a higher m ass peak with increasing H/D exchange time.[Mandell et a l., 1998;  

Busenlehner a nd A rmstrong, 2005;  H oofnagle et a l., 2003 ; Konermann and 

Simmons, 2003] 

                                kex = ko ki / (ko + kc + ki)                                 [1.2]  

 

           EX2 regime: kc >> ki,       kex = (ko / kc) ki                                      [1.3]  

 

           EX1 regime: ki >> kc,       kex = ko                                                          [1.4]   
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Another extreme is applicable to unstable proteins, whether native or induced by 

denaturant. For these proteins, the closing (folding) process is hindered and the 

rate of  t his pr ocess becomes significantly s lower tha n the intrinsic rate of  

exchange (kc << ki).  This situation is referred to as the EX1 regime in which the 

apparent exchange rate is de pendent onl y on t he r ate of  op ening (Eqn [1.4]). 

Under EX1 condition (kc << ki), the mass spectrum usually displays two distinct 

mass peaks (or a bimodal distribution of peaks in the case of isotopic cluster of 

peaks), on e c orresponding t o t he p rotonated s pecies and t he ot her one  

corresponding to the highly deuterated species, since the opened state exists long 

enough (small kc) to a llow a ll a mide pr otons t o be  e xchanged during a s ingle 

opening e vent.[Mandell et a l., 1998;  Busenlehner and A rmstrong, 2005;  

Hoofnagle et al., 2003; Konermann and Simmons, 2003] 
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1.2       β−lactam an tibiotics, β-lactamase an d β-lactamase-based 

fluorescence biosensor  

 

β−lactam antibiotics 

β−lactam antibiotics are an important class of antibiotic used in the treatment of 

infections c aused by G ram-negative and Gram-positive ba cteria.[Poole, 2004;  

Sandanayako and P rashad, 2002]   β−lactam a ntibiotics are characterized by a 

four-member β−lactam ring, and divided into two major classes: penicillin (e.g. 

penicillin G and ampicillin) and cephalosporins ( e.g. cefoxitin, cefuroxime and 

cefotaxime) (Fig. 1. 2). These antibiotics target a bacterial enz yme cal led 

penicillin-binding protein (PBP), a component responsible for the peptidoglycan 

synthesis in the production of bacterial cel l wall.   β−lactam antibiotics bind to 

the P BPs and retard t he cell w all synthesis, w hich l eads t o c ell 

death.[Sandanayako a nd P rashad, 2002]  It i s g enerally accepted that t he 

interaction between PBP (the e nzyme pr otein labeled as E h ere) and β−lactam 

antibiotics (labeled as S here) follows a  t hree-steps mechanism as depicted in 

Scheme 1.2 . T he first step is the  f ormation of the non-covalent M ichealis 

complex ( ES), and t he bi nding a ffinity be tween t he t wo bi nding s pecies i s 

represented by the dissociation equilibrium constant Kd (Kd = k-1/k1, where k1 is 

the forward rate c onstant f or t he f ormation of  n on-covalent E S, a nd  k-1 is the  

backward rate constant for the di ssociation of  ES). A l arger va lue of  Kd would 

therefore indicate a lower binding affinity between E and S.  
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Scheme 1.2      Catalytic pathway of PBP / β-lactamase (E is the free enzyme, S 

is the  β-lactam a ntibiotic s ubstrate, ES is  the  non -covalent 

enzyme-substrate c omplex, E S* i s t he c ovalently bound  

enzyme-substrate complex, P  i s t he pr oduct ( hydrolyzed 

antibiotic), and Kd = k-1/k1. 

 

The s econd step is a cylation in which a  c ovalently bound enzyme-substrate 

complex (ES*) is f ormed.  The f inal s tep is de acylation w hich i nvolves 

hydrolysis of the ester bond of the covalently bound complex, and regeneration 

of the active enzyme. The rate of acylation and deacylation are represented by k2 

and k3, respectively.[Sandanayako and Prashad, 2002; Bonomo and Rice, 1999; 

Lu e t al., 1999] As the r eported va lues of  k3 for P BP-β−lactam reactions are 

generally ve ry s mall ( < 10-4 s-1), a nd a re ~ 100-1000 f olds smaller tha n k2, the 

β−lactam antibiotics are generally considered as “inhibitors” for PBP.[Lu et al., 

1999] 
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Figure 1.2    Chemical structures of β-lactam antibiotics and inhibitors 
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β−lactamase 

Unfortunately, due to the widespread use of β−lactam antibiotics, bacteria have 

developed a num ber o f r esistance m echanisms a gainst t hese d rugs. One 

significant mechanism is the bacterial production of  β−lactamases, which are 

hydrolytic enzymes that efficiently destroy the β−lactam antibiotics before they 

reach their target, the PBP.[Poole, 2004; Sandanayako and Prashad, 2002]  Based 

on similarities in the amino acid sequences, β−lactamase enzymes can be divided 

into four major classes, class A, B, C, and D.  Class A, C, and D are serine-based 

enzymes in which the catalytic reaction leading to the disruption of the β−lactam 

ring is  initiated by an active s erine residue. Class B  β−lactamases ar e metallo-

enzymes, a nd t he c atalytic r eaction i nvolves t he pa rticipation of  a Z n atom. 

[Sandanayako and Prashad, 2002] 

 

Τhe h ydrolytic reaction be tween β−lactamases and β−lactam a ntibiotics is 

mechanistically s imilar to, but  kinetically very di fferent f rom tha t o f PBP 

(Scheme 1.3). The substrate recognition step (Kd), acylation (k2), and particularly 

deacylation (k3) are much more efficient than PBP, and therefore the antibiotics 

are mostly hydrolyzed and destroyed before they could gain access to the PBP. 

[Bonomo and Rice, 1999] 

 

To tackle the pr oblem of a ntibiotic r esistance mediated by β−lactamases, β-

lactamase i nhibitors ha ve be en de veloped in last t wo decades. The t hree m ost 

commonly us ed β−lactamase i nhibitors ar e cl avulanic aci d, sulbactam, and 

tazobactam (Fig. 1.1) . T hese i nhibitors i nhibit t he β−lactamases t hrough t he 

formation of covalently bound stable enzyme-inhibitor complexes (E-I complex). 
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[Malcolm, 2000 ] Practically, t hese i nhibitors a re us ed i n c ombination w ith 

susceptible antibiotics, from which the activity (effectiveness) of the antibiotics 

towards (β−lactamases)-producing bacteria can  be  restored.[Malcolm, 2000;  

Sandanayako a nd P rashad, 2002 ]   Unfortunately, i n recent years, these 

inhibitors ha ve be en f ound t o be  l ess e fficient because of t he re sistance 

developed by bacteria mutation.[Bonomo and Rice, 1999] For example, naturally 

occurring, inhibitor r esistant mut ants (e.g. M 69L, R 244C. R275L) of c lass A  

Tem-1 a nd S HV-1 β−lactamases have b een discovered i n E col i.[Bonomo a nd 

Rice, 1999 ]   Therefore, di scovery of n ew β−lactamase inhibitors remains an 

important research problem nowadays in drug discovery.  

 

β−lactamase-based fluorescence biosensor 

One effective way to reduce the proliferation of antibiotic resistance in bacteria is 

to pr event the improper (and w idespread) use o f β−lactam a ntibiotics. In t his 

regard, the abuse of β−lactam antibiotics in raising domestic animals (e.g. cows) 

for t he food industry is r ecognized to be a s ignificant route contributing to t he 

problem of a ntibiotic r esistance. To tackle this pr oblem, de tection of  t race 

antibiotic contaminants i n f oods ( e.g. m ilk) i s of  gr eat importance.   So far, a 

wide range of screening tests have been developed to serve this purpose, and yet 

many have their own limitations.  For example, the Charm test, the Penzym test, 

and the BetaScreen test are largely semi-quantitative. HPLC analysis of antibiotic 

residues usually requires t ime-consuming sample preparation steps. The fiber opt ic 

and electrochemical β−lactam sensors t hat de tect t he pH  ch anges d uring 

hydrolysis o f t he β−lactam ring b y β−lactamases ar e hi ghly s usceptible t o 

interference from ch anges in e nvironmental pH . Thus, i t i s hi ghly de sirable t o 
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develop a  s imple, qua ntitative, a nd s ensitive a nalytical m ethod t hat c an de tect 

β−lactam type antibiotics at trace levels.[Chan et al., 2004] 

 

Our r esearch group has recently cons tructed a “switch-on” biosensor (E166Cf) 

for β−lactam antibiotics f rom t he class A  P enPC β−lactamase. Since 

β−lactamases is a nona llosteric enzyme (no significant conformational change is 

induced upon l igand b inding), detecting the s ubstrate bi nding r equires t he 

placement of  an environment-sensitive fluorophore near the active binding s ite. 

The E166Cf is constructed by replacing the Glu166 residue with cysteine (refer 

to List of  A bbreviations, p. x x, f or l etter s ymbol r epresentation of  α-amino 

acids), t o w hich the fluorescence-5-maleimide, an environment-sensitive 

fluorophore, is attached (Fig. 1.3). The design of this biosensor was based on the 

rationale that the  Glu166 position is a  catalytically impor tant r esidue, and thus 

mutation of thi s s ite will s ignificantly impair the  h ydrolytic activity (further 

dissociation) of the enzyme, and the resulting enzyme-substrate complex is stable 

enough to function as a  biosensor.  In addition, X-ray s tructures show th at the  

Glu166 s ide c hain i s poi nting t owards t he a ctive s ite. T herefore, if t he 

fluorophore is placed at this position, there is a distinct possibility that substrate 

binding may induce ch anges in l ocal environments around the fluorophore and 

hence t he f luorescence pr operties of  t he f luorophore may b e cha nged and 

monitored. Our previous results s howed t hat t he E 166Cf c ould e xhibit a 

fluorescence enhancement upon i ncubation w ith β−lactam antibiotics (e.g. 

Penicillin G and cefuroxime) (Fig. 1.4).[Chan et al., 2004] 
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Recently, w e ha ve de veloped a n ew biosensor, t he E 166Cb, i n w hich a badan 

molecule is i ncorporated i nto t he C ys166 residue (Fig. 1.3).  Badan i s an  

aromatic dye that is known to give a blue shift (to lower wavelength) in emission 

wavelength with a conc omitant i ncrease i n fluorescence i ntensity w hen it 

experiences less polar solvent environment.[Hammarstrom et al., 2001; Owenius 

et al., 1999]   With this photophysical property, the badan label at the active site 

of the E166C mutant is expected to exhibit changes in both emission wavelength 

and f luorescence i ntensity upon bi nding to β–lactam a ntibiotics. The 

characteristic change in emission wavelength exhibited b y E 166Cb i s an 

advantageous in that this fluorescence respond is l ess s usceptible to changes / 

fluctuations in instrumental conditions such as intensity fluctuations of the light 

source. Our pr eliminary results s howed t hat a blue s hift and  i ncrease i n 

fluorescence i ntensity could be obs erved upon incubation w ith pe nicillin a nd 

cephalosporin a ntibiotics (Fig. 1. 4).  In s ome c ases, E 166Cb c an detect 

antibiotics down to the 10 nM level.  

 

O OHO

COOH

N OO
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N
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CH3  

 

Figure 1.3     Chemical structures of fluorophores used in this work 
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Figure 1.4      Fluorescence spectra of E166Cf and E166Cb (a) in the absence of    

10-4 M penicillin G, and (b) in the presence of 10-4 M penicillin G. 

E166Cf E166Cb 
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1.3       Objectives of the present study 

The present project is divided into two major parts.  In the first part, the binding 

interactions between the β-lactamase based fluorescence biosensors, E166Cf and 

E166Cb, a nd β-lactam antibiotics w ere inve stigated.  Issues r elated t o the 

kinetics and structural basis of the biosensing mechanism of the biosensors were 

addressed in this part of study.  In the second part, the inhibition mechanism of a 

β-lactam inhibitor, tazobactam, towards β-lactamases was investigated.  

 

Part A: Studies on the biosensing mechanism of β-lactamase-based biosensor 

towards β-lactam antibiotics 

 

Understanding the biosensing mechanism and properties of  the biosensors is of  

paramount i mportance as this c an pr ovide a n i nsight i nto t he w ay t o c onstruct 

better biosensor analogs. The specific objectives of this part of investigation are: 

 

1. to i nvestigate t he e ffects of  t he f luorophore l abel on t he ove rall bi nding 

efficiency of  t he β–lactamase-based bi osensor by ma ss s pectrometric 

kinetics studies; 

 

2. to evaluate the stability of the covalently bound enzyme-substrate complex 

(ES*) based on the kinetics parameters obtained in (1); 

 

3. to determine t he o rigin of t he f luorescence changes of  the β–lactamase-

based biosensors upon binding with β-lactam antibiotics by complimentary 

time-resolved mass spectrometric and fluorometric studies; and 
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4. to study the  s tructural mechanism le ading to the c hanges in fluorescence 

properties of  t he bi osensors upon bi nding t o β-lactam antibiotics by  

hydrogen deuterium exchange mass spectrometry (H/D MS). 

 

 

Part B: Mechanistic studies of tazobactam inhibition of β-lactamases 

 

Understanding the inhibition mechanism of tazobactam towards β-lactamases is 

important for the further development of new inhibitor analogs. However, due to 

discrepancies i n results obt ained by E SI-MS unde r de -naturating acidic 

conditions a nd ot her t echniques s uch as x -ray crystallography and  U V 

spectroscopy, the identity of the covalently bound enzyme-inhibitor complex (E-

I), and t he i nhibition mechanism i s s till c ontroversial.  In a ddition, t he 

dissociation behaviour of  t he E-I complex, an important f actor de termining the 

inhibition e fficiency of  t he i nhibitor, r emains unexplored. In pr esent s tudy, t he 

specific objectives of investigation are:  

 

1. to reinvestigate the  inhibitor me chanism of  ta zobactam tow ards                  

β-lactamases by ESI-MS under near physiological (pH 7) conditions, and 

 

2. to study the mechanism of dissociation of the E-I complex formed between 

class A PC1 β-lactamase and tazobactam. 
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Chapter 2       Instrumentation 

The mass spectrometer and other major equipments used in the present study are 

described in the following sections. 

2.1       Waters-Micromass q uadrupole – time-of-flight t andem m ass 

spectrometer (Q-TOF 2) equipped with an ESI source  

 

The Q -TOF 2 mass s pectrometer ( Manchester, U K) cons ists of  four m ajor 

components: t he e lectrospray i onization (ESI) source, t he quadrupole m ass 

analyzer (MS1), the hexapole collision cell and the orthogonal reflectron time-of-

flight ( TOF) ma ss analyzer ( MS2) ( Fig. 2.1)   Ions generated f rom t he 

electrospray i onization ( ESI) source are di rected to pass t hrough MS1, t he 

collision c ell, a nd e ventually t o a  deflector el ectrode at w hich a hi gh electric 

potential ( 980 V ) i s a pplied i n pul ses. T his “pushing vol tage” pushes the i on 

beam onto the TOF analyzer, in which the ions are reflected by the reflectron and 

finally detected by multichannel plate (MCP) detector held at 2.2 - 2.4 kV.   The 

vacuum at the ion source, quadrupole analyzer and TOF region are ~2 mbar, 9 x 

10-6 mbar (before i ntroduction of  e xtra a rgon g as f or c ollision i nduced 

dissocation (CID)) and 2 x 10-7 mbar, respectively, and are maintained by three 

turbo-molecular pumps and backed by an Edwards rotary pump (Model: E1M18, 

North A urora, U SA).  Instrumental ope ration i s c omputer c ontrolled v ia t he 

Micromass MassLynx software (version 4.1). 
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2.1.1      Electrospray ionization (ESI)  

 

The ESI process 

Solution samples are introduced into the Q-TOF 2 system via an ESI source (Fig. 

2.1).   Electrospray ionization is an ideal ionization method suited to biochemical 

analysis because it a llows large and non-volatile m olecules t o be analyzed 

directly from the solution phase. In addition, the ESI source can be coup led to 

chromatographic interfaces s uch a s hi gh pe rformance l iquid c hromatography 

Figure 2.1 Schematic d iagram of  th e Micromass Q -TOF 2 quadrupole t ime-of-flight 

mass spectrometer with Z-spray ESI source (taken from the Micromass Q-

TOF 2 Operation Manual) 
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(HPLC), a llowing s imultaneous a nalysis of  c omplex pr otein/peptide m ixtures. 

ESI-MS is  s ignificantly f aster, more sensitive, a nd more accurate t han ot her 

conventional methods for molecular mass measurement of biomolecules, such as 

gel electrophoresis. 

 

 A schematic diagram of  the ESI process is shown in Scheme 2.1 . During ESI, 

the ana lyte s ample s olution is i ntroduced t hrough a  c apillary a t a  f low rate of  

(0.1 – 10 µL/min).   A high voltage, which can be negative or positive depending 

on the type of analytes, is applied to the capillary.  This applied voltage results in 

accumulation of charges in the liquid droplet at capillary tip. Due to Coulombic 

repulsion, the l iquid protrudes f rom the t ip of  the capillary, which is known as 

the “Taylor c one”.  When t he c harges a ccumulate t o a  poi nt a t w hich t he 

Coulombic r epulsion e xceeds t he s urface t ension of  the solution, dr oplets w ill 

detach from t he capillary tip. With t he a id of  a  pot ential di fference applied 

between the capillary tip and the sample cone (i.e. the cone voltage), the charged 

droplets tr avel t owards t he s ample cone ( i.e. the en trance of  t he m ass 

spectrometer) during w hich ions of  the analytes ar e generated through several 

proposed mechanisms.   The two most commonly applied models are the charge 

residue m odel and i on evaporation m odel.  For the charge residue m odel, the 

increase i n charge de nsity due  t o solvent evaporation, w hich i s a ssisted b y 

applying a dry d esolvation gas ( i.e., N2) and hi gh temperature (100 – 200 oC), 

causes l arge c harged dr oplets t o di vide i nto s maller a nd s maller dr oplets, a nd 

eventually into a s ingle gaseous i on. Another mechanism, t he i on evaporation 

model, s uggests t hat t he i ncrease i n c harge density r esulted f rom solvent 
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evaporation causes coulombic repulsion to overcome the surface tension of  the 

droplets, r esulting i n t he r elease of  charged i ons. By ei ther mechanism, t he 

charged ions generated by the ESI process are directed to the mass analyzer for 

detection in terms of t heir mass-to-charge r atios (m/z).[Yamashita and Fenn, 

1984; Kebarle and Tang, 1993] 

 

 

 

 

 

 

 

 

Multiply-charged mass spectra of proteins 

Proteins have a wide range of ionizable sites, such as the basic amino functional 

group ( e.g. –NH2) for  positive ion production (via pr otonation) and the acidic 

group (e.g. –COOH) for negative ion production (via deprotonation).   Thus ESI 

of protein molecules often produces multiply charged ions (n= number of charge 

on the ion is greater than 1, and usually lies in the range of 2 – 30).   It is indeed a 

great advantage since it extends the dynamic mass range of a mass spectrometer 

by n folds, allowing the ana lysis of  l arge bi omolecules. The r aw E SI m ass 

Scheme 2.1 Schematic diagram of electrospray interface 
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(2 – 4 KV) 

Taylor Cone 

Sample solution 

ESI Droplets 
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spectra of  pr oteins nor mally di splay a di stribution of  c onsecutive multiply 

charged ion peaks resulted from protonation (M + nH)n+ or deprotonation (M – 

nH)n- (Fig. 2.2).   The average molecular mass of the protein can be obtained by 

transformation (deconvolution) of t he m ultiply ch arged spectra. T he 

transformation process is based on the following equations: 

(M + n1mH) / n1 = m1                                                              [2.1] 

[M + (n1 – 1) mH] / (n1 -1) = m2                                                             [2.2] 

These two equations lead to: 

n1 = (m2 – mH) / (m2 – m1)   and   M = n1 (m1 – mH)               [2.3] 

 where M is average molecular mass of the protein, mH is the molecular mass of 

proton (i.e. mH = 1) , a nd m 1 and m 2 are the mass t o charge r atio (m/z) of t he 

multiply charged ions with charged state n1 and n1 - 1, respectively.  

 

 

 

 

 

 

 

 

m1 (charged state = n) 

m2 (charged state = n-1) 

Figure 2.2    A typical multiply charged mass spectrum of a protein  
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2.1.2     Quadrupole mass analyzer (MS1)  

In a qua drupole m ass analyzer, a constant d c vol tage (U) and R F voltage 

(Vcos(ωt), where ω = 2πf, f = R F f requency ( Hz), and t =  time ) are a pplied 

between opposite pairs of four parallel, equi-distant rods of circular cross section 

arranged symmetrically in t he x -y pl ane (Fig. 2. 3).  T he second-order M athieu 

differential equation (Eqn [2.4]) is commonly used to describe the ion motions in 

the quadrupole mass analyzer.  T he motions of  i ons, expressed in t erms of  t he 

Mathieu parameters au and qu (u = x  or  y, and r 0 = radial di stance between the 

centre and the rods), are given by Eqn [2.5] and [2.6]. 

 
( )

( ) 0utq2a
td
ud

uu2

2

=−+ ω
ω

cos  where u = x or y [2.4] 

 au = 8zU / mr0
2ω2 [2.5] 

 qu = 4zV / mr0
2ω2  [2.6] 

Ions of a particular m/z value traveling along the z-direction will be stable only 

when its oscillatory trajectory remains within the bounds of the rods, i.e., both x 

and y remain less t han r 0.  B y varying t he U , V , a nd ω, i ons of  di fferent m /z 

values can pass through the quadrupole filter, and thus be detected by MS2 at the 

downstream.  

x

y
z

 

 

 

- (U + V cos ωt)

+ (U + V cos ωt)

- (U + V cos ωt)

+ (U + V cos ωt)
 

Figure 2.3 End view of  a  quadrupole assembly showing the applied potential 

and the planes of zero electric field 
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For s imple m olecular m ass m easurement by t he T OF m ass ana lyzer, on ly R F 

voltage is applied to the quadrupole rods, allowing all ions to pass through MS1 

onto MS2. In the MS/MS scan mode (tandem mass spectrometry), the parent ion 

is f irst m ass s elected b y t he f irst qua drupole ( MS1), accelerated to a collision 

energy of  0 - 200 eV, and enters t he R F-only h exapole c ollision c ell in w hich 

collision-induced di ssociation (CID) of  t he p arent i on in t he presence of  argon 

collision g as t akes pl ace.  T he f ragment i ons produced f rom collision-induced 

dissociation of  the selected parent ion are directed to the second mass analyzer 

(MS2), the time-of-flight (TOF) mass analyzer, for m/z measurement.  

 

2.1.3 Time-of-Flight (TOF) Analyzer  

 

Time-of-flight ( TOF) i s an extensively us ed mass ana lyzer i n the ana lysis of 

large biomolecules, mainly due to its high sensitivity and wide dynamic range of 

mass m easurement (m/z r ange up t o 100,000  – 300,000). The TOF analyzer 

differentiates ions of  di fferent m ass-to-charge r atios (m/z) based on t he 

difference in their ki netic energies, or  s imply, t he t ime an ion t akes t o m ove 

through a p articular di stance of  t he flight t ube.  F or a n i on w ith m ass m and 

charge q (q = ze) traveling at a velocity v and processing kinetic energy (Ek): 

 ss

2

k zeVqV
2

mvE ===  [2.7] 

where Vs is the accelerating potential.  The time t needed for the ion to travel the 

flight path with length d is given by t = d/v.  Thus, Eqn [2.7] becomes: 
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Since d and Vs are fixed, m/z can be calculated from a measurement of t2. That is, 

the lower the m/z of an ion, the faster it reaches the detector, and vice versa. 

 

Even for ions with the same m/z, there is a thermal distribution of kinetic energy, 

which l eads t o poor  r esolution of  m ass m easurement. T o ove rcome t he ki netic 

energy spread, an electrostatic reflector is applied. It creates a retarding field that 

acts as a mirror by deflecting the ions and sending them back through the flight 

tube (Scheme 2.2).  The reflectron makes corrections on the energy dispersion of 

the ions with the same m/z value by allowing ions with more kinetic energy to  

penetrate into the reflectron deeper and thus spend more time in it.  As a r esult, 

they can reach the detector at the same time as the slower ions. 

 

 

 

 

 

 

Scheme 2.2 Schematic di agram s howing the  i on pa thways i n t he r eflectron-

TOF analyzer  
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2.3 Waters capillary high performance liquid chromatography (CapLC) 

 

In the present study, a CapLC is coupled to the ESI source of the Q-TOF 2 mass 

spectrometer.  Similar to a typical modern HPLC system, the CapLC contains a 

series of solvent pumps, auto-sampler, and a sample injection valve. The CapLC 

contains t hree i ndividual s olvent pum ps ( pump A, B , a nd C ), a nd e ach pum p 

delivers an eluent (solvent). Pump A, and B are mostly used for binary gradient 

generation, and pump C can be configured for auxiliary flow for use in column 

trapping or  pos t-column de livery a pplications ( pump C  w as no t us ed in t his 

study). A characteristic of the  s olvent pum ping system of  the  C apLC is  tha t it 

only delivers solvent at a very small flow rate range of 0.5 – 40 μL/min, which 

is compatible with the ESI process, enabling direct HPLC/MS analysis without 

splitting of the HPLC eluent.  

 

The sample injection valve is a 8-ports valve with a 10 μL sample loop.   Using a  

96 w ells a uto-sampler, the s ample i njection process is  e ntirely automatic, and 

controlled by the MassLynx 4.1 system. 

 

In the present study, HPLC separation of peptides produced by protease digestion 

was achieved by t he us e of  a Zorbax Poroshell C18 r eversed pha se c olumn 

(Poroshell 300SB-C18, 1 x 75mm, 5 μ, Agilent Technology, USA).  A distinct 

advantage of  t he por oshell c olumn i s t hat t he s tationary ph ase i s based on  

superficially por ous silica, r ending t he column a  c apability of  ul tra-fast 

separation.  This a dvantage i s of  pa rticular s ignificance i n h ydrogen-deuterium 

(H/D) exchange experiment since fast separation can reduce the time and hence 

the extent of back-exchange during the HPLC process.  
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2.3 Biologic SFM-400/Q quench-flow system 

 

A s chematic di agram o f the  S FM-400/Q qu ench-flow s ystem i s s hown i n Fig. 

2.4. The SFM-400/Q instrument consists of  four syringes (S1, S2, S3, and S4).   

In t he present s tudy, S 1 w as not  us ed; S2 a nd S3 w ere us ed f or injection of  

reagents, and S4 was used for injection the quench acid solution. These syringes 

are actuated by four independently programmable stepping motors controlled by 

the B io-Kine s oftware (version 4 ).  The enzymatic r eaction is ini tiated by 

injecting the enzyme and substration solutions via S2 and S3, respectively, into a 

mixer (M1) a nd i ntroduced i nto t he d elay l ine ( DL). T he reaction times ar e 

computer-controlled by varying the flow rates of  the reactants in the delay line, 

which are in turn governed by the firing speed of the step motors.  After passing 

through the delay line, the reaction mixture reaches the second mixer (M2), and 

mixes w ith t he que nch s olution f ired f rom S 4. T he f inal que nched r eaction 

mixture is collected from the exit line (EL), and then analyzed by ESI-MS.  
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2.4        Applied P hotophysics S X.18MV-R St opped-flow f luorescence 

spectrophotometer 

 

Stopped-flow is one of a number of techniques used to study the kinetics of fast 

reactions in solution. In the simplest form of the technique, two reactant solutions 

from t wo i ndependent s yringes (S1 a nd S 2) are r apidly m ixed and introduced 

Figure 2.4         Schematic diagram of the SFM-400/Q quench-flow system 

(taken from the SFM-400/Q electronic manual) 
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into a  m ixing c hamber, a nd t hen into an optical observation c ell w hile the  

previous contents in the cell are flushed out and replaced with the fleshly mixed 

reacting solution. A stopping syringe abruptly stops the liquid flow while at the 

same time  the f luorescence s pectrophotometer is tr iggered to start da ta 

acquisition (Fig. 2.5). 

 

Figure 2.5         Schematic diagram of the SX.18 MV-R stopped-flow fluorescence 
spectrophotometer 

Stopped 
syringe 

Mixing 
chamber 

Optical observation cell 

Light 

Optical 
detector 
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Chapter 3  M aterials 
 
3.1 Chemicals 
 

The che micals us ed in the pr esent s tudy w ere p urchased either from P anreac 

(Barcelona, Spain), Tedia (Fairfield, USA), and Sigma-Aldrich (St. Louis, USA). 

All solvents and chemicals were used as received. 

 
Chemicals Suppliers  

Ammonium acetate (analytical grade, ≥ 99% purity) Panreac  

Acetonitrile (HPLC grade, ≥ 99.9% purity) Tedia  

Sodium iodide (analytical grade, ≥ 99% purity) Panreac 

Formic acid (~98% purity) Sigma-Aldrich 

Horse heart myoglobin (≥ 90% purity) Sigma-Aldrich 

Pepsin (from por cine ga stric m ucosa,  

(3,200-4,500 units / mg protein) 

Sigma-Aldrich 

Type XVIII protease (Fungal from Rhizopus species, 

0.51 units / mg solid) 

Sigma-Aldrich 

Trypsin (from bovi ne p ancreas, ≥6,000 units / mg 

protein) 

Sigma-Aldrich 

Deuterium oxide (D2O) (≥ 99.9 atom % D purity) Sigma-Aldrich 

Leucine Enkephalin (≥95% purity)   Sigma-Aldrich 

Penicillin G (> 99.5% purity) Sigma-Aldrich 

Ceufuroxime (> 99.5% purity) Sigma-Aldrich 

Cefotaxime (> 95% purity) Sigma-Aldrich 

Cefoxitin (>99% purity) Sigma-Aldrich 
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3.2. Proteins 

 

In this project, we have prepared the following β-lactamases / β-lactamases 

mutants: 

 

(a) Class A  P enPC β-lactamase E 166C mut ant (glutamic a cid-166 m utated 

(replaced) with cysteine) 

 

(b) Fluorescein-5-maleimide labeled E166C biosensor (fluorescein-5-maleimide 

attached to cysteine-166 of E166C, named E166Cf in this project) 

 

(c) Badan labeled E166C biosensor (badan at tached to cysteine-166 of  E166C, 

named E166Cb in this project) 

 

(d) Wild type class A  PC1 β-lactamase 

 

(e) Wild type class A  TEM-1 β-lactamase 

 

(f) Wild type class C  P99 β-lactamase 

 

The bacterial strains required for production of the various β-lactamases/ 

β-lactamase m utants w ere pr epared/provided by Dr. T homas C .Y. Leung’s 

research laboratory (Bacillics. subtilis strain 1A304 (φ105MU331) for expression 

of E 166C and P 99; BL21 (DE3) for e xpression of  P C1 a nd T EM-1). T he 



 36 

experimental pr ocedures f or pr oduction of  t hese pr oteins a re de scribed below. 

The purities of the prepared proteins were all confirmed by subsequent ESI-MS 

analysis. 

 

Preparation of Class A PenPC E166C β-lactamase  

The E166C mutant was expressed in the B. subtilis strain 1A304 (φ105MU331). 

[Chan et al., 2008]  The bacterial strain was streaked on an agar plate containing 

5 µg/ml c hloramphenicol, a nd t he pl ate w as i ncubated a t 37  °C f or 24 h. 

Afterwards, a few single bacterial colonies from the agar plate were transferred 

into a c onical f lask c ontaining 100 ml of  s terile B HY me dium (37 g/l O xoid 

brain he art i nfusion br oth a nd 5 g /l O xoid yeast e xtract) w hich w as t hen 

incubated at 37 °C with s haking a t 30 0 r pm overnight ( about 11 -12 h)  for 

inoculation. About 7 ml of the overnight inoculum was added to each of conical 

flasks containing 100 ml of sterile BHY medium, and the inoculated media were 

shaken at 300 rpm at 3 7 °C.   When t he O D600 reached 3.5-4.0, t he b acterial 

cultures were shaken in a water bath at 50 °C for 5 min and then incubated at 37 

°C with shaking at 300 r pm for another 6 h.    The bacterial cultures were then 

centrifuged at 4 °C for 25 min at 9000 rpm.   The supernatant was collected and 

adjusted to pH 7.0 w ith dropwise addition of HCl.   The β-lactamase enzymes 
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were extracted by mixing the supernatant with 40 g of celite 545 for 20 min in an 

ice bath.  After discarding the supernatant, the celite was washed with deionized 

water.  The β-lactamase enzymes were eluted by mixing the celite with 300 ml 

of protein elution buffer (100 mM Tris-HCl, 2 M  NaCl and 100 m M tri-sodium 

citrate, pH 7.0).  The protein solution was then concentrated to 10 ml at 4 °C by 

means of  an A micon concentrator e quipped with a pi ece of  Y M-1 m embrane 

(Millipore MWCO = 1000).  

 

Preparation of E166Cf and E166Cb: Labeling of fluorophore to E166C 

The procedure for attachment (bonding) of the fluorophore to the E166C mutant 

is as follows.   4.5 ml of 5 mg/ml E166C mutant in 20 mM ammonium acetate 

(pH 7) was mixed with 0.5 ml of 50 mg/ml fluorophore (fluorescein-5-maleimide 

and ba dan) i n dimethylformamide, a nd the mixture w as s tirred a t room  

temperature for 1 h in dark, and then dialysed against 1 L of 20 mM ammonium 

acetate buffer (pH 7.0) at 4 °C for 1 day to remove excess dyes.   After dialysis, 

the pr otein s olution w as concentrated and desalted with 20 mM ammonium 

acetate (pH 7.0)  for at least five times using an Amicron® Ultra-15 (NMWL = 

10000) centrifugal filter device. 
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Preparation of Class A PC1 and Class A Tem-1 β-lactamases 

Histidine tagged TEM-1 and PC1 β-lactamases were pr epared and provided by 

members of Dr. Thomas Leung’s research group.  Histidine tagged TEM-1 and 

PC1 β-lactamase were extracellularly expressed in BL21(DE3) cells transformed 

with plasmids pR SET K -TEM1 a nd pR SET K -PC1, respectively. T he cultures 

were induced with 0.4 µM IPTG (USB) at an OD600 of about 0.8 and expressed 

at 25 °C for 20 hours. The medium collected was loaded on a nickel column, and 

then eluted with a linear gradient from 0 - 0.5 M imidazole.  Purified proteins 

were buffer exchanged with 20 mM ammonium acetate (pH 7.0) at 4 °C using an 

Amicron® Ultra-15 (NMWL = 10000) centrifugal filter device. 

 

Preparation of Class C P99 β-lactamase 

Class C P99 β-lactamase was prepared and provided by members of Dr. Thomas 

Leung’s r esearch group. The Bacillus s ubtilis 1A304 ( φ105MU331) w as 

transformed w ith plasmid pSG1113/M ( containing t he E. c loacae P99 

β-lactamase gene) and thermo-induced by incubating the late-log culture (O.D. ~ 

3.0 – 3.5) a t 50 oC f or 5 m in.[Tsang a nd Leung, 2007 ]  The c ulture w as 

harvested after 5 h a t 37oC.  To purify P99 β-lactamase, the cells were allowed 

to lyse for 1 h at 30oC in 20 mM sodium phosphate buffer (pH7.4) containing 0.5 
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M NaCl and 75 µg/ml lysozyme.  The lysed cells were then sonicated with five 

30 s -bursts us ing S oniprep 150 ul trasonic di sintegrator (MSE S cientific 

Instrument, England). Afterwards, the bacterial lysate was cleared of cell debris 

by centrifugation a t 10, 000 r pm a nd 4 oC fo r 1  h.   The s upernatant w as t hen 

loaded to a Ni2+ charged 5-mL HiTrap chelating column (Amersham-Pharmacia 

Biotech Inc.). T he ( His)6-tagged P99 β-lactamase w as el uted with a l inear 

gradient of  i midazole f rom 0 – 0.2 M . T he pur ified enzyme was buf fer 

exchanged with 20 mM ammonium acetate (pH 7.0) at 4 °C using an Amicron® 

Ultra-15 (NMWL = 10000) centrifugal filter device. 
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Chapter 4     Experimental  
 
 

4.1          Determination of average molecular mass of proteins and covalently 

bound protein-substrate complexes by ESI-MS 

 
 
4.1.1          Analysis under typical ESI-MS conditions 
 
 
Prior to mass spectrometric measurements, the proteins (i.e., the PC1, Tem-1, 

P99 and E166C β-lactamases and  fluorophore labeled biosensors (E166Cf, 

E166Cb)) were concentrated, desalted, and buffer-exchanged with 20 mM 

ammonium acetate (pH 7.0) for at least five times by means of Amicron® Ultra-

15 (NMWL = 10000) centrifugal filter devices (Millipore, Billerica, USA).   The 

purified protein was mixed with equal volumes of acetonitrile (ACN) with 2% 

(v/v) formic acid, and the final sample solution was injected into the mass 

spectrometer via the ESI interface.  

 

For detection of the covalently bound enzyme-substrate/enzyme-inhibitor 

(ES*/E-I) complexes, the binding reaction was initiated by mixing 60 µL of 

enzyme (E166C (1 µM), E166Cf (1 µM), E166Cb (1 µM), PC1 (20 µM), Tem-1 

(20 µM), and P99 (20 µM)) in 20 mM ammonium acetate buffer at pH 7.0 with 

60 µL of antibiotic/inhibitor at corresponding concentrations in the same buffer 

system.  The reaction was allowed to take place at room temperature. At desired 

time intervals, the reaction was quenched by adding 120 µL of 2 % (v/v) formic 

acid in ACN to the enzyme solution (to unfold the protein), giving a reaction 

mixture in buffer/ACN (1:1 v/v) containing 1 % (v/v) formic acid (pH ~2).   The 

final reaction mixtures were introduced into the mass spectrometer at a flow rate 
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of 5 µL/min with a syringe pump (Harvard Apparatus, model 22).   For data 

acquisition, the mass spectrometer was scanned over a m/z range of 700–1600, 

within which the multiply-charged protein ion peaks were detected.  The 

capillary voltage and cone voltage were set to 3KV and 30V, respectively. 

Nitrogen was used as the desolvation gas, cone gas and nebulizing gas. The 

nebilizing gas was fully opened.   The desolvation gas and cone gas were 

adjusted to 400 and 50 L/hr, respectively.   The m/z axis was calibrated 

externally with 10 µM horse heart myoglobin (Mα = 16950.5 Da). The raw 

multiply charged spectra were deconvoluted by the MassLynx 4.1 Transform 

Program. 

 

 

4.1.2       Analysis under near physiological conditions 
 

For analysis under near physiological conditions, the ESI source was operated in 

the nanospray injection mode (nano-ESI). 10 µL portion of the crude reaction 

mixtures in 100% aqueous ammonium acetate buffer system was directly loaded 

into a nanospray emitters (Model: Econo 10, New Objectives, Woburn, USA), 

which was then mounted into the nanospray source for analysis.  The capillary 

voltage was tuned in a range of 1-1.5 KV until optimum sensitivity was 

achieved. The cone voltage was set to 30V.   The nitrogen cone gas was adjusted 

to 50 L/hr. The desolvation gas and neubulizing gas were not required, and thus 

turned off in the nano-ESI mode.  The mass spectrometer was scanned over a 

m/z range of 2,000-4,000, and the raw multiply charged spectra were 

deconvoluted by the MassLynx 4.1 Transform Program.  The mass spectrometer 

was calibrated externally using sodium iodide as the mass reference compound. 
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4.2     Determination of specific site of modification of proteins 

 

4.2.1   Protease digestion  

 

Digestion with pepsin – type XVIII protease mixture 

50 µL of 20 µM protein in 20 mM ammonium acetate buffer at pH 7.0 was 

acidified by mixing with equal volume of 20 mM ammonium acetate buffer with 

2% formic acid (pH 2.2).  The acidified protein solution was incubated with 

equal volume of protease solution, which was prepared by mixing 1mg/ml pepsin 

in 20 mM ammonium acetate buffer with 2% (v/v) formic acid with equal 

volume of 1mg/ml type XVIII protease in the same buffer system. The digestion 

was allowed to take place at room temperature (0oC for H/D exchange 

experiments) for 5 minutes.   The digestion product was mixed with equal 

volume of ACN with 2% (v/v) formic acid, and the final solution was introduced 

into the ESI source of the mass spectrometer at a flow rate of 5 µL/min with a 

syringe pump (Harvard Apparatus, model 22). 

 

Digestion with trypsin 

10 µL of 20 µM protein in 20 mM ammonium acetate buffer at pH 7.0 was 

incubated with trypsin in the same buffer at a mass ratio of protein:trypsin = 25:1   

at 37 oC for 12 hours.  The digest was introduced into the mass spectrometer via 

a nano-ESI needle. 
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ESI-MS analysis of protein digests 

The mass spectrometer was scan over a m/z range of 200 – 2000, within which 

the singly to thirdly charged peptide ions were detected.   The mass spectrometer 

was calibrated externally with sodium iodide. Protein fragments were identified 

by accurate mass measurement (<20 ppm) and tandem mass spectrometry 

(MS/MS). For accurate mass measurement, an internal standard, leucine 

enkephalin (MW = 555.2692), was used for internal lock mass calibration to 

achieve a mass accuracy of < 20 ppm.   The mass peaks of the individual peptide 

fragments were assigned using the Findpept Program 

at http://us.expasy.org.tools/findpept.html.  

 

 

4.2.2 Tandem mass spectrometry (MS/MS) 

 

The mass spectrometer was operated in MS/MS acquisition mode. Individual 

peptide segment was first mass selected by the first quadrapole (MS1) and then 

directed into the hexapole collision cell in which collision induced dissociation 

(CID) took place.  During the CID, depending on the size of peptides, the 

collision energy was set in a range of 20-70 eV until maximum number of 

fragment ions could be obtained.  The argon pressure in the collision cell was 

adjusted to 4.0 x10-5 mbar as indicated by the reading of the ionization gauge 

located near the collision cell.   

 

 

 

 

http://us.expasy.org.tools/findpept.html�
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4.3 Study of enzyme kinetics  

 

Determination of concentration-time profiles of ES* by ESI-MS 

The enzyme-substrate binding reaction was initiated by mixing 72.5 µL of 1 µM 

enzyme (E166C, E166Cb and E166Cb) in 20 mM ammonium acetate buffer (pH 

= 7.0) with 72.5 µL of desired concentrations of antibiotic in the same buffer 

system, and then quenched at various time intervals by addition of 145 µL of 8 % 

(v/v) formic acid.  For short reaction times, the reaction was initiated and 

quenched by a quench-flow system (Biologic SFM-400/Q, Claix, France) in 

which the reaction times were computer-controlled by varying the flow rate of 

the reactants.  The final pH of the quenched solution was ~2. The quenched 

reaction mixtures were injected into the ESI source of the Q-TOF 2 mass 

spectrometer (Waters-Micromass, Manchester, UK) with a flow rate of 5 

µL/min.  The mass spectrometer was scanned over a m/z range of 700–1600, and 

the raw multiply charged spectra were deconvoluted by the MassLynx 4.1 

Transform Program (Waters, Manchester, UK).  The resulting ESI spectrum was 

found to show two major peaks attributed to the free enzyme E and the enzyme-

substrate complex ES*, respectively (refer to Figure 5.3).  The ratio of the 

concentration of the covalent enzyme-substrate complex to the total enzyme 

concentration ([ES*]/[Etotal]) at different time intervals was determined by 

measuring the peak areas of the [E] and [ES*] peaks in the mass spectrum, where 

[Etotal] = [E] + [ES*].  
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Determination of Kd, k2 and k3 

 

All kinetic equations were derived according to the reaction mechanism shown in 

Scheme 1.2. The kinetic equation for the formation of ES* is given by Eqn [4.1]: 

 

                          [ES*]/[Etotal] = 1 – exp –(ka t)                                               [4.1] 

 

ka, the apparent first order rate constant for the formation of ES*, was obtained 

by computer fitting the experimental values of [ES*]/[Etotal] versus time (t) to 

Eqn [4.1]. A greater ka would indicate that formation of ES* is kinetically 

favorable. 

 

For the mechanism shown in Scheme 1.2, ka is related to Kd and k2 according to     

Eqn [4.2]: 

 

                              ka = k2 [S0]/(Kd + [S0])                                                          [4.2] 

 

where [S0] is the initial substrate concentration, and k2 and Kd were obtained by 

computer fitting the experimental data of ka versus [S0] to Eqn [4.2].  

 

The first order deacylation rate constant k3 was obtained by monitoring the 

degradation of ES* as a function of time.  

 

                             [ES*]/[Etotal] = exp –(k3 t)                                                      [4.3] 
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The k3 values were obtained by fitting the experimental data of [ES*]/[Etotal] 

versus time to Eqn [4.3].  

 

All curve fittings were performed with Origin 6.1. A similar procedure was 

adopted previously by Lu et al to determine the kinetics parameters of penicillin 

binding proteins with β-lactam antibiotics. [Lu et al., 1999] 

 

 

Fluorescence spectroscopy 

 

50 µL of 1 µM E166Cf/E166Cb in 20 mM ammonium acetate (pH 7.0) was 

mixed with equal volume of 5 µM antibiotic (Penicillin G, Cefuroxime and 

Cefoxitin) in the same buffer system using a stopped-flow instrument equipped 

with a fluorescence readout device (Applied Photophysics SX.18MV-R, 

Leatherhead, UK).  The sample was excited at 494 nm (E166Cf) / 385 nm 

(E166Cb) and the fluorescence signal was monitored at 515 nm (E166Cf) / 494 

nm (E166Cb). Both excitation and emission slit widths were adjusted to 5 nm. 
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4.4 Mass spectrometric hydrogen–deuterium (H/D) exchange  studies 

 

H/D exchange reaction 

 

The apo-enzyme and covalently bound enzyme-substrate complex (ES*) were 

subjected to H/D exchange. The ES* was prepared by incubating the enzyme 

(5mg/ml) with a 10 fold molar excess of substrates for 15 minutes. Separate 

experiments were performed to confirm that most enzymes were in the form of 

substrate-bound state within the time scale of the H-D exchange reaction. The 

H/D exchange reaction was initialed by mixing 20 µL of the protein solution 

(5mg/ml) with 180 µL of deuterium-based buffers (20 mM ammonium acetate in 

D2O, pH 7).  At desired time points, 20 µL portion of the reaction mixture was 

withdrawn and mixed with equal volume of quench buffer, which is composed of 

20 mM ammonium acetate with 2% (v/v) formic acid (pH 2.2), to achieve a final 

pH 2.5.  The quenched solutions were then frozen in liquid nitrogen and stored 

under –80 oC until subsequent protease digestion. 

 

Protease digestion 

 

The frozen sample solution was thawed in an ice bath (0oC), then mixed with 

equal volume of protease solution (pepsin – type XVIII protease mixture) at a 

mass ratio of 1:1 (refer to Section 4.2.1 for details).  To minimize the extra in- 

and out- H/D exchange, the digestion was allowed to take place for 5 minutes at 

0 oC. The digest was then analyzed by HPLC-MS. 

 



 48 

HPLC-MS Anslysis 

 

30 µL of the digested sample was transferred into a pre-cooled auto-sampler 

compatible vial. 10 µL portion of the sample solution was used to rinse the 

sample injection needle and sample loop, and a 2 µL portion was injected into 

the C18 reversed phase HPLC column by an auto-sampler/injector.  To minimize 

the extra in- and back-exchange, first, the HPLC column was immersed in an ice 

bath during HPLC separation, and second, the solvent gradient profile was 

designed to achieve fast elution in the expense of resolution.  In the present 

experiment, all peptides were eluted within 12 minutes by a 25 minutes 8% 

solvent A (H2O, 0.05%TFA) to 50% solvent B (90% ACN, 0.05%TFA) gradient 

at a flow rate of 40 µL/min.  The mass spectrometer was scanned over a m/z 

range of 400 – 2000 m/z. The mass spectrometer was calibrated externally with 

sodium iodide. 

 

Determination of deuterium incorporation 

 

The percentage of deuteriums incorporation was calculated according to Eqn 

[4.4].  

    % of deuteriums incorporation = (Mt – Mo / M100% - Mo) x 100%              [4.4] 

 

where Mt, Mo, and M100% are the average molecular mass of peptide after 

exchanging for a period of time t, non-deuterated peptide, and maximally 

deuterated peptide, respectively.  
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The deuterium contents of various peptides were determined from the centroid of 

the average molecular mass, which was obtained by smoothing followed by 

centroiding the entire isotopic envelop after the H/D exchange reaction.  The 

back-exchange experiment was not performed since the extent of back-exchange 

experienced by a particular segment of apo- and substrate-bound enzyme (E166C, 

E166Cf, and E166Cb) were expected to be the same, and thus insignificant in the 

comparative analysis of data.  
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Chapter 5     Characterization of β-lactamase b ased f luorescence 

biosensors and their covalently bound complexes with 

β-lactam antibiotics 

 

5.1 Background  

 

Before performing various detailed studies on the biosensing mechanism of the 

β-lactamase ba sed fluorescence bi osensors, i t i s ne cessary t o e nsure that the 

proposed biosensors (fluorophore l abeled β-lactamase mutants) were 

successfully constructed.  

 

In thi s chapter, t he identities of the f luorescein-5-maleimide la beled bi osensor 

(E166Cf) a nd ba ndan l abeled bi osensors ( E166Cb) w ere c onfirmed b y m ass 

spectrometric analysis, including (i) molecular mass measurement, and (ii) 

protease di gestion followed b y tandem m ass spectrometry. M olecular m ass 

measurement could confirm the successful s ynthesis of t he fl uorophore l abeled 

proteins and estimations on t he labeling efficiency (% yield) of the fluorophore 

labeling r eaction. The specific s ite of  f luorophore incorporation could be  

precisely located by tandem mass spectrometry of the peptide segments obtained 

after protease digestion. 

 

An important objective of the present project is to investigate the kinetics of the 

binding r eaction b etween t he biosensors and  β-lactam a ntibiotics by E SI-MS. 

The present mass spectrometric enzyme kinetics study is based on quantification 

of the enzyme–substrate com plexes ( ES a nd ES*) formed at di fferent tim e 
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intervals throughout the course of the enzymatic reaction, and thus the capability 

in detecting the  specific enzyme–substrate com plex i s a ba sic r equirement for 

performing the k inetics study.   In t his s tudy, we first attempted to detect and 

quantify by ESI-MS the covalently bound acyl-enzyme complexes (ES*) formed 

when the biosensors bind to β-lactam antibiotics. 

 

 

5.2 Results and Discussion 

 

5.2.1 Mass s pectrometric c haracterization of  t he fluorophore l abeled 

biosensors 

 

The i dentity of  t he E166C m utant pr oduced b y s ite-directed mutagenesis w as 

confirmed by molecular mass measurements.   As shown in the transformed mass 

spectrum of the E166C m utant (Fig. 5.3 (a)), the m easured molecular mass i s 

28787.2 Daltons (Da), which is in good agreement with the theoretical average 

molecular mass (28787.7) calculated based on the primary amino acid sequence. 

This result indicates that the  glutamic acid at the  166 pos ition of the wild t ype 

Pen-PC β-lactamase was successfully replaced by cysteine through site-directed 

mutagenesis.  

 

After performing the mutation, the E166C mutant was subsequently labeled with 

fluorescein-5-maleimide and badan, producing E166Cf and E166cb, respectively. 

The identity of the resulting fluorophore labeled proteins was first confirmed by 

molecular mass measurement.  The transformed mass spectrum of E166Cf shows 
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a s ingle pe ak with a molecular mass va lue of  29232.5 Da, w hich i s 44 5.3 Da 

higher than E166C.   The mass increment of 445.3 Da is consistent with the sum 

of molecular m asses of a fluorescein-5-maleimide ( 427.1 Da) and a water 

molecule ( 18.0 Da), suggesting tha t a f luorescein-5-maleimide molecule was 

successfully attached to E166C, and furthermore, an additional w ater mo lecule 

was at tached to this fluorophore labeled pr otein.  The a ddition of  a water 

molecule w as likely due t o the formation of  a protein–water addu ct during 

electrospray ioni zation, since formation of  adducts between protein and s mall 

solvent molecules (e.g. H 2O) derived f rom the s olvent or  t he buffer during 

electrospray ionization is a  commonly observed phenomenon.[Sun e t a l., 2006;   

Tolic e t a l., 1998]   For E 166Cb, a  s ingle peak a t 2 8999.3 Da appe ars i n the 

transformed mass spectrum. This observation is consistent with the incorporation 

of a badan molecule (Mα = 212.1 Da) onto the E166C mutant.   The molecular 

masses m easurements also s howed t hat the f luorophore label was incorporated 

into the E166C mutant with a stiochiometry of 1:1.  

 

Furthermore, the pe aks of the f luorophore-labeled proteins for E 166Cf a nd 

E166Cb a ccount for > 95% of  t he t otal i ons i ntensities of t he m ass s pectra 

obtained, indicating that the  la beling reactions w ere carried out  w ith hi gh 

synthetic % yield. 
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a 6APA is 6-aminopenicillanic acid (refer to Figure 1.2)  

 

 
β-Lactamase 
 

 
Calculated molecular mass 

(Da)  

 
Measured molecular mass 

(Da) 
E166C 28787.7 28787.2 

   

E166Cf 29233.1 29232.3 

   

E166Cb 28999.8 28999.3 

   

E166C + PenicillinG 29121.8 29123.0 

   

E166Cb + PenicillinG 29333.9 29334.7 

   

E166Cf + PenicillinG 29567.2 29565.8 

   

E166C + Cefuroxime 29151.7 29150.4 

   

E166Cf + Cefuroxime 29597.1 29595.9 

   

E166Cb + Cefuroxime 29363.8 29363.5 

   

E166C + 6APAa 29003.8 29003.0 

   

E166Cf + 6APAa 29449.2 29450.1 

Table 5.1.     Measured and calculated molecular masses of  E166C, E166Cf and 

E166Cb a nd t heir c ovalently bound e nzyme-substrate com plexes 

formed with β-lactam antibiotics. 
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5.2.2       Determination of the location of the fluorophore label by protease 

digestion and tandem mass spectrometry 

 

Although f luorescein-5-maleimide a nd ba dan a re m ost c ommonly l abeled on 

sulfhydryl g roup of c ysteine, the s pecificity of t he labeling r eactions is highly 

sensitive to the external environment, such as pH.  It has also been reported that 

the ma leimide group in f luorescein-5-maleimide could a lso react w ith the 

primary amino groups.[Chen et al., 1985]    For this reason, it is highly desirable 

to confirm experimentally that the f luorophore i s indeed incorporated into t he 

166-cysteine s ulfhydyl site. The s ite of  f luorophore a ttachment can be 

determined by protease digestion of the fluorophore-labeled mutant, followed by 

MS/MS analysis of the peptide segments, a technique commonly used in locating 

the site of covalent modification of proteins. 

 

Protease digestions 

 

The E166C, E166Cf and E166Cb were first subjected to protease digestion. The 

protease s olution us ed i n the pr esent s tudy w as a m ixture of  p epsin a nd t ype 

XVIII p rotease. T he r easons f or c hoosing t his c ombination of  pr oteases a re 

twofold. First, these proteases are active under acidic conditions (pH 2), and thus 

the information obtained on the peptide segments could be usefully applied to the 

hydrogen-deuterium (H/D) exchange studies i n t he l ater pa rt of  t he present 

project, w hich requires t he pr otein t o be  di gested unde r a cidic c onditions.   

Second, after s everal t rials, w e f ound t hat a maximum num ber of  ide ntifiable 

peptide segments could be obtained with this combination of two proteases. 
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The pe ptide s egments pr oduced b y protease digestions of E 166C, E 166Cf a nd 

E166Cb are summarized in Table 5.2.   Digestion of E166C produced 23 peptide 

segments, covering ~80% of the primary amino acid sequence, and including a 

partial segment of  the Ω-loop, C166 – L169 (464.2 Da).  Comparison between 

the peptide mass fingerprints of E166Cf and E166C shows that 22 out of the 23 

peptide s egments are t he s ame, indicating that most of t he pe ptide segments 

remain unchanged after the fluorophore labeling reaction.  Interestingly, the peak 

of the free C166 – L169 segment (m/z 465.2) is found to vanish completely, and 

a new peak at m/z 910.2 appears in the peptide mass fingerprint of E166Cf (Fig. 

5.1).  The m/z value of 910.2 is consistent with the sum of molecular masses of 

the free C166 – L169 peptide segment, a fluorescein-5-maleimide, and a water 

molecule (465 + 427 + 18 = 910 Da), revealing that the fluorescein-5-maleimide 

is indeed incorporated onto the C166 – L169 peptide segment. 
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C166 – L169 

(C166 – L169) + F 

E166C 

E166Cf 

E166Cb 

(a) 

(b) 

(c) 

Figure 5.1.        Peptide mass fingerprints of (a) E166C, (b) E166Cf, and (c) E166Cb produced 

from protease digestion. (F represents  (fluorescein-5-maleimide + H2O) ) 
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Measured 
molecular 

mass         
[M + H]+ 

Theoretical 
molecular 

mass           
[M + H]+ 

Error 
(ppm) peptides E166C 

 
E166Cf E166Cb 

465.208 465.201 15.0 C 166 – L 169 √ x x 

910.282 910.285 -3.3 [C 166 – L 169] + F  x √ x 

- 677.309 - [C 166 – L 169] + B x x x 

632.353 632.361 12.6 I 279 – K 284 √ √ √ 

643.307 643.309 2.4 F 66 – T 71 √ √ √ 

661.366 661.356 -15.8 I 206 – W 210 √ √ √ 

730.455 730.446 -12.6 I 186 – A 192 √ √ √ 

738.370 738.367 -4.3 N 92 – Y97 √ √ √ 

765.377 765.378 0.9 Y 274 – I 279 √ √ √ 

777.438 777.425 16.7 F40 – V 46 √ √ √ 

842.481 842.473 -9.4 I 221 – D 228 √ √ √ 

905.540 905.545 6 Y 72 – L 80 √ √ √ 

984.530 984.511 -19.4 N 170 – R 178 √ √ √ 

1017.524 1017.521 -2.8 L 81 – L 91 √ √ √ 

1028.557 1028.552 -4.5 I 221 – W 229 √ √ √ 

1098.746 1098.736 -9.3 A 282 – R 291 √ √ √ 

1205.658 1205.637 17 D 179 – L 190 √ √ √ 

1220.608 1220.609 0.9 W 210 – L 220 √ √ √ 

1374.826 1374.826 -0.3 V 249 – I 261 √ √ √ 

1388.714 1388.713 -0.8 A 125 – L 138 √ √ √ 

1445.865 1445.863 -1.6 V 249 – A 262 √ √ √ 

1567.801 1567.798 -2.2 H 24 – L 36 √ √ √ 

1768.826 1768.825 -0.6 W 229 – D 245 √ √ √ 

Table 5.2.       Peptide s egments p roduced b y protease di gestions of  E 166C, 

E166Cf a nd E 166Cb. (F a nd B  c orrespond t o ( fluorescein-5-

maleimide + H2O) and badan, respectively.  √ = present and x =  

absent) 
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To further pin-point the site of  f luorophore attachment down to the amino acid 

residue level, the free a nd fluorescein-5-maleimide a ttached C166 – L169 

peptide segments were subjected to MS/MS analysis.  Typically, interpretation of 

MS/MS s pectrum f or l ocating t he s ite of  c ovalent m odification of  pr otein i s 

mainly based on bi and yi series of fragment ions, the sequence-specific fragment 

ions.[Paizs and Suhai, 2005]   However, since the y i series f ragment ions  were 

found t o be  absent in the M S/MS s pectrum of t he fluorescein-5-maleimide 

labeled peptide segment, and only the bi series fragment ions are predominantly 

present i n t he MS/MS s pectra o f bot h the fluorophore f ree and fluorescein-5-

maleimide labeled segments, our interpretation of the MS/MS spectrum was only 

based on b i series of fragment i ons only.  As shown i n Fig. 5.2, the MS/MS 

spectrum of the fluorophore free peptide segment displays distinct peaks of b2 to 

b4 ions.   Interestingly, these ions were found to vanish completely in the MS/MS 

spectrum of  t he f luorescein-5-maleimide labeled peptide segment, and t he 

corresponding ( (b2 + 4 45 Da) to (b4 + 4 45 Da)) ions a ppear.   The m ass 

increment of  445 D a i s c onsistent w ith the i ncorporation of  a fluorescein-5-

maleimide and a water m olecule. Since t he appearance of the fluoroscein-5-

maleimide at tached bi (i =  2, 3, a nd 4)  fragment i ons begin a t t he T 167 ( b2) 

position, the fluorophore is likely attached to the first two amino acids, the C166 

or T 167.  As fluorescein-5-maleimide is  known t o m ost f avorably bi nd t o the 

sulfhydryl group of cysteine, the fluorescein-5-maleimide is most likely attached 

to the cystiene at the 166 position.  
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b2 

b3 b4 
y1 

y2 

y3 

b2+F 
b3+F 

b4+F 

Nter—C166 – T167 – E168 – L169--Cter 

b1 b2 b3 b4 

y3 y2 y1 

Nter—C166 – T167 – E168 – L169--Cter 

b1 b2 b3 b4 

y3 y2 y1 

Figure 5. 2   MS/MS s pectra o f ( a) f ree and (b) f luorescein-5-maleimide l abeled 

C166 – L169 peptide segments of E166Cf (F represents fluorescein-5-

maleimide + H2O). 

(a) 

(b) 

F 
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For E166Cb, 22 out of 23 peptide segments are the same as E166C, and the peak 

of the free C166 – L169 peptide segment (465.2 Da) disappears completely in the 

peptide m ass f ingerprint.  However, unl ike t he c ase of  E 166Cf, t he 

corresponding badan attached C166 – L169 peptide segment peak (at 667.3 Da) 

could not  be  found, presumably the protease digestion process did not  p roduce 

this pe ptide s egment.  In s pite of  t his, t he sole abs ence of t he C 166 – L169 

peptide segment peak w hile ot her pe ptide s egments do not  bond  t o badan 

strongly su ggests t hat the ba dan is most likely a ttached to the C166 – L169 

segment at the C166 position.  

  

 

5.2.3     Characterization of  t he coval ently bound ac yl en zyme complexes 

(ES*) formed between the biosensors and β-lactam antibiotics 

 

The second part of the present study is to detect and characterize the covalently 

bound enzyme-substrate complexes (ES*) formed between the biosensors and β-

lactam a ntibiotics by E SI-MS.  Here w e adopt ed the ac id unf olding m ethod 

(acidify to pH ~2), a commonly used technique for characterization of covalently 

bound protein-substrate complexes by E SI-MS.[Deterding et a l., 2000;  Shen e t 

al., 2000]    Under very acidic c onditions, t he pr otein i s unf olded, a nd t hus a ll 

non-covalent p rotein-substrate complexes, if p resent, are most like ly to ha ve 

dissociated to the free proteins.  Covalently bound protein complex, however, is 

free from  such pr otein-ligand dissociation s ince a  much more s table chemical 

bond is formed between the protein and the substrate (ligand).   Therefore, only 
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covalently bound pr otein-ligand complex is detected by t his “acid unf olding” 

method.  

 

The transformed mass spectra for the reaction mixtures between the biosensors 

and va rious β-lactam a ntibiotics a re s hown i n F ig. 5.3, and t he m easured a nd 

theoretical average molecular masses of t he p rotein-substrate com plexes are 

summarized in Table. 5.1.  Upon i ncubating w ith β-lactam a ntibiotics and 

followed b y a cid unf olding, a ne w pe ak at a higher molecular m ass value 

corresponding t o t he c ovalent bound e nzyme-substrate complex was g enerally 

found in the transformed mass spectrum.   For penicillin G (Mα = 334.1 Da) and 

6APA ( Mα = 216.0 D a), the m easured molecular m asses of t he observed 

complexes peaks are in good agreement with the theoretical value of  adding of 

one m olecule o f t he corresponding β-lactam a ntibiotic to t he pr otein.  For 

cefuroxime ( Mα = 424. 1 D a), a  ne w p eak at [M +  363.2 ] Da w as d etected, 

indicating that a -OCONH2 moiety of cefuroxime (Mα = 60.5 Da) was lost upon 

binding to the enzyme.   The loss of a moiety of -OCONH2 was also observed in 

a previous ESI-MS st udy of the r eaction between Tem-1 β-lactamase and  

cefotaxime, an analogous cephalosphorin t ype β-lactam antibiotic.[Saves et  al., 

1995]  The ESI-MS results obt ained also indicate tha t the  s tiochiometric 1: 1 

covalently bound enzyme – substrate complex was formed. 

 

Although it appears that the covalently bound enzyme-substrate complexes (ES*) 

could be  successfully d etected, it s hould be pointed out  t hat formation o f non-

specific com plex be tween proteins and small molecules during e lectrospray 

ionization i s also a com monly observed phe nomenon.[Sun e t a l., 20 06]  To 
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ensure that the observed enzyme-substrate complexes were indeed formed from 

specific covalent binding reactions between the protein and substrates, we carried 

out negative control experiments in which the protein was denatured by addition 

of acid prior to incubation with β-lactam antibiotics.   Analysis of the antibiotics 

under s imilar acidic conditions would show intense molecular i on peaks in t he 

ESI-MS spectra, suggesting that the antibiotics were not s ignificantly degraded 

under acidic conditions.   As ex pected, onl y t he apo-enzyme pe ak was present 

and no peak corresponding to the enzyme-substrate complex was observed when 

a de-naturated enzyme was incubated with the β-lactam substrate, indicating that 

non-specific protein-substrate complexes had not been formed to any observable 

or significant e xtent.   These obs ervations indicate tha t formation of t he 

enzyme – substrate c omplex r equires t he pr otein t o be  present in its native 

conformation, and thus was due to specific binding of the substrate to the active 

site of the enzyme (protein).  
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(i) 

(j) 

(k) 

Figure 5.3.       (a) Multiply-charged ESI m ass s pectrum (upper) and t ransformed 

mass spectrum (lower) of E166C. Transformed mass spectrum of the 

reaction mixtures of ( b) E 166C – PenG, ( c) E166C – Cefuroxime, 

(d) E166C – 6APA, (e) E166Cf, ( f) E166Cf – PenG, (g) E166Cf – 

Cefuroxime, (h) E166Cf – 6APA, ( I) E166Cb, ( j) E166Cb – PenG, 

and (k) E166Cb – Cefuroxime. (Peak A and B correspond to the free 

enzyme ( β-lactamase m utant) E  a nd t he c ovalently acyl e nzyme-

substrate complex ES* (Scheme 1.2), respectively.) 
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5.3   Conclusions 

The identities of  the  β-lactamase ba sed fluorescence biosensors, E 166Cf a nd 

E166Cb, were confirmed by ESI-MS analysis.  In general, the measured average 

molecular m asses o f t he t wo bi osensors a re consistent w ith a ddition of one 

corresponding fluorophore molecule onto the E166C mutant, indicating that the 

fluorophores are successfully incorporated with a stiochiometry of 1:1.  Protease 

digestion a nd t andem m ass s pectrometry experiments showed that the  

fluorophore i s m ost l ikely a ttached t o t he C166 position. T hese experimental 

results confirm tha t the biosensors, E 166Cf a nd E 166Cb, w ere s uccessfully 

constructed. 

 

The c ovalently bound e nzyme-substrate c omplexes (ES*) for med between the 

biosensors and β-lactam antibiotics were characterized. In general, the measured 

molecular m ass o f t he observed enzyme – substrate c omplex ma ss pe ak is in 

excellent agreement with the theoretical molecular mass of the stiochiometric 1:1 

complex.    F or t he binding r eaction with cefuroxime, t he measured molecular 

mass suggests that a moiety of -OCONH2 of the substrate was lost upon binding. 

The observed enzyme–substrate complexes were confirmed to be due to specific 

binding between the enzyme and substrate by negative control experiments.  The 

successful detection and quantification of the ES* allowed us to proceed to the 

kinetics study on the binding reactions between the biosensors and β-lactam 

antibiotics as described in Chapter 6 of this thesis. 
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Chapter 6   Kinetics of binding b etween the β-lactamase b ased 

biosensors and β-lactam an tibiotics: a n E SI-MS 

study 

 

6.1 Background 

 

The previous chapter has shown that the biosensors based on E166C mutant of 

class A PenPC β-lactamase, E166Cf and E166Cb, have been successfully 

constructed.   In this study, the kinetics of binding between the biosensors and β-

lactam antibiotics were investigated in detail.  To function as a successful 

fluorescence biosensor for specific molecular recognition, three criteria should be 

fulfilled.  First, the binding affinity (efficiency) of the bionsenor towards its 

binding partner (i.e., β-lactam antibiotics) should be acceptably high to achieve a 

desired biosensing sensitivity.  For this reason, it is of great importance that the 

artificial incorporation of the fluorophore should not significantly impair the 

binding affinity of the protein.  Second, for enzyme-based biosensors like 

E166Cf and E166Cb, the substrate-bound state of the protein-substrate should be 

reasonably stable, so that the fluorescence emitted by this state of the complex, 

which is expected to be different (stronger/weaker) from that of the apo-state, is 

steady and measurable over a relative long period of time. Third, the biosensing 

process should be specific, i.e., the change in fluorescence intensity should result 

from the specific binding between the biosensor and a particular β-lactam 

antibiotic or class of the antibiotics.   In this chapter, the extent of compliance of 

the β-lactamase-based biosensors with these three requirements was evaluated in 

terms of the kinetics parameters obtained from the mass spectrometric studies. 
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The current mass spectrometric method in studying enzyme kinetics is based on 

time dependent quantification of the covalently bound enzyme–substrate 

complex (ES*), which was described in Sections 4.3 and 5.3.  For conventional 

spectroscopic kinetics study, Michaelis constant (Km) and turnover number (kcat) 

are determined to evaluate the overall binding affinity and the catalytic power of 

the enzyme towards its substrate.  However, these two parameters are actually 

composed of groups of microscopic kinetic constants, and thus provide no direct 

information on the individual steps of the binding reaction. A distinct advantage 

of the present mass spectrometric method is that microscopic kinetic parameters 

(Kd, k2 and k3) of the individual steps of the binding reaction can be directly 

measured.[Houston et al., 2000]  

 

In the present study, the dissociation rate constant for the formation of the 

reversible non-covalent ES complex (Kd), acylation rate constant (k2), and 

deacylation rate constant (k3) for the reactions between E166C, E166Cf and 

E166Cb towards cefuroxime, a cephalosphorin type β-lactam antibiotic, were 

determined.  Based on the measured kinetic parameters, two parameters closely 

related to the biosensing properties of the biosensors were evaluated.  First, the 

stabilities of ES* formed from each biosensor were evaluated by the relative 

values of k3 and k2.  Second, the effects of different fluorophore labels on the 

substrate recognition step (Kd), acylation (k2), and the overall binding efficiency 

(k2/Kd) were investigated by comparing the related kinetic parameters of E166C 

with those of the fluorophore labeled proteins (E166Cf and E166Cb). 
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Another objective of this study is to confirm that the increases in fluorescence 

intensities of the biosensors upon incubation with β-lactam antibiotics were due 

to specific substrate bindings. To accomplish this task, complementary time-

resolved mass spectrometric and fluorometric experiments were performed under 

the same reaction (binding) conditions.  

 

Since the formation of the ES* throughout the time course of the binding 

reaction could be unambiguously monitored by the mass spectrometric method, 

the correlation (or non-correlation) between the fluorescence time profile and 

concentration-time profile of the ES* monitored by ESI-MS could provide an 

insight into whether the observed fluorescence enhancement is indeed due to 

formation of ES* arising from specific binding between the biosensors and β-

lactam antibiotics.  

 

6.2 Results and Discussion 

 

6.2.1 Determination of kinetic parameters of the binding reaction between 

the E166Cf and E166Cb biosensors and β-lactam antibiotics: 

 

The concentration of the covalently bound protien-substrate complex, ES*, was 

monitored by ESI-MS throughout the time course of the binding reaction, and the 

kinetics parameters (Kd, k2 and k3) were obtained by curve-fitting the 

experimental data into the kinetic equations [4.1], [4.2] and [4.3] (refer to Section 

4.3) derived according to the reaction mechanism shown in Scheme 1.2.   As 

shown in the time-dependent mass spectra depicted in Fig. 6.1 for cefuroxime 
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binding to E166Cf, the relative concentration of ES* increased as the binding 

reaction progressed.   Plots of the relative concentrations of ES* against time 

(Fig. 6.2) show that the increase in concentration of the ES* with time follows an 

exponential rise trend as described by Eqn [4.1], and from these plots the 

apparent first order rate constants (ka) (refer to Eqn. [4.1], Section 4.3) for the 

formation of ES* were obtained.   The ka values were found to increase with the 

initial substrate concentration [S0], and the plots of ka vs [S0] show that the 

increases in ka values with [S0] fit well with the hyperbolic relationship as 

described by Eqn [4.2] (Fig. 6.2).   These evidences strongly suggest that the 

binding reactions between our β-lactamase mutants and β-lactam antibiotics 

could be best explained by the binding mechanisms depicted in Scheme 1.2. 

 

The kinetic parameters, Kd, k2 and k3, for the binding reactions of E166C, 

E166Cf and E166Cb with cefuroxime are summarized in Table 6.1.  

 

Table 6.1  Kinetic parameters of E166C, E166Cf, and E166Cb binding with 

cefuroxime as determined by ESI-MS. 

 

 

 

Similar to the kinetics studies by Lu et al. on penicillin binding protein (PBP), 

the present mass spectrometric kinetics studies were based on the ‘rapid  

 Kd (mM) k2 (s–1) k2/Kd (M–1s–1) k3 (s–1) 

E166C 2.9 ± 0.3 2.5 ± 0.2 (0.9 ± 0.1) × 103 (7.0 ± 0.3) × 10-5 

E166Cf 0.91 ± 0.09 1.9 ± 0.1 (2.0 ± 0.2) × 103 (2.0 ± 0.1) × 10-4 

E166Cb 0.20 ± 0.03 21.0 ± 2.7 (105.2 ± 21.0) × 103 (7.6 ± 0.6) × 10-4 
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Figure. 6.1  Transformed mass spectra acquired after incubation of E166Cf (0.5 µM) with 

cefuroxime (25 µM) in 20 mM ammonium acetate (pH 7.0) at different time intervals. 

(Peaks A and B correspond to the free enzyme E and the covalent acyl enzyme-

substrate complex ES*, respectively.) 
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equilibrium assumption’ (i.e., k2 << k–1), so that  Kd could be regarded as an 

equilibrium constant for the dissociation of the non-covalent enzyme-substrate 

complex, ES (Kd = k-1/k1, refer to Section 1.2).  In our case, with the relatively 

large Kd (millimolar range) and small k2 values (2-21 s-1), and the fact that 

reported k1 values for protein-ligand interactions in the literature are in the range 

of 105 – 108 M-1s-1,[Lu et al.,1999] the estimated k-1 value is 100 – 100,000 folds 

larger than the k2 value.  This argues that the kinetic properties of our E166C 

mutant are consistent with the rapid equilibrium assumption, and the assumption 

could be equally applicable to the case of β-lactamase mutants (biosensors).[Lu 

et al.,1999;  Lu et al.,2000] 

 

 The Kd values determined in our studies are generally in the millimolar range 

(0.2 – 3 mM), which are ~ three order of magnitudes larger than that previously 

determined for the reaction between the PenPC E166D mutant (glutamic acid-

166 replaced by aspartic acid) and penicillin G (~ 10 μM).[Gibson et al.,1990]  A 

larger Kd value would indicate that the first step of the binding reaction, i.e., 

formation of the non-covalent ES complex, is less favorable for cefuroxime than 

penicillin G.  The kinetic results are consistent with the fact that class A β-

lactamases bind rather poorer to cephalosphorin (e.g. cefuroxime used in the 

present study) than penicillin type β-lactam antibiotics.[Fisher et al., 2005]  

 

The k2 (101 s-1) and k3 (10-5 s-1) obtained for our E166C mutants are in the same 

orders of magnitude with those predicted for E166 mutants of other class A β-

lactamases.[Guillaume et al.,1997; Gibson et al.,1990]   Moreover, the k2 and k3 

values are about ~3 and ~9 orders of magnitude, respectively, smaller than those 
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of the wild-type β-lactamase–β-lactam antibiotics reaction systems.[Gibson et 

al.,1990]   Thus, substituting Glu166 with cysteine dramatically lowers the rate 

of acylation (formation of ES*) and deacylation (hydrolytic dissociation of ES*) 

as depicted in Scheme 1.2. This observation is consistent with the crucial role of 

the Glu166 in the acylation and, in particular, the deacylation steps during the 

hydrolytic reaction of β-lactam antibiotics.[Meroueh et al., 2005; ] 

 

Comparison of the kinetics parameters between E166C and E166Cf shows that 

the Kd, k2, and k2/Kd of E166Cf are indeed comparable to those of E166C, 

suggesting that the efficiency of the initial substrate recognition step, acylation, 

as well as the overall binding efficiency were not impaired by the incorporation 

of the fluorescein-5-maleimide onto the Cys166.  On the other hand, it is 

particularly surprising to find that the Kd and k2 of E166Cb are ~ 10-folds smaller 

and larger, respectively, than that of E166C, respectively, resulting in a ~ 120-

fold increase in the overall binding efficiency.  
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Figure 6.2 (a)     Kinetic studies of E166Cf binding with cefuroxime monitored by ESI-MS. (a)–(f) 

Concentration-time profiles of the reaction of E166Cf with different initial 

concentrations of cefuroxime [S0]. The red lines represent the best fit of the 

experimental data to Eqn 4.1, from which the ka values were obtained. (g) Plot of 

the ka values as a function of cefuroxime concentrations. The red line represents 

the fit of the experimental data to Eqn 4.2, from which the Kd and k2 values were 

obtained. 

 



 75 

 

(b) 

ka = 0.091 ± 0.005 s-1 

[S0] = 0.1 mM 
[S0] = 0.05 mM 
ka = 0.046 ± 0.002 s-1 

[S0] = 0.4 mM 
ka = 0.30 ± 0.01 s-1 

[S0] = 0.25 mM 
ka = 0.191 ± 0.006 s-1 

[S0] = 0.6 mM 
ka = 0.44 ± 0.01 s-1 k2 = 2.5 ± 0.3 s-1 

Kd = 2.9 ± 0.3 mM 
 

0 5 10 15 20 25 30

0.0

0.2

0.4

0.6

0.8

1.0

[E
S* ]/[

E to
ta

l]

Time (s)
0 5 10 15 20 25 30 35 40

0.0

0.2

0.4

0.6

0.8

1.0

[E
S* ]/[

E to
ta

l]

Time (s)

0 5 10 15 20

0.0

0.2

0.4

0.6

0.8

1.0

[E
S*

]/[
E to

ta
l]

Time (s)
0 2 4 6 8 10 12

0.0

0.2

0.4

0.6

0.8

1.0

[E
S* ]/[

E to
ta

l]

Time (s)

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.0

0.2

0.4

0.6

0.8

1.0

[E
S*

]/[
E to

ta
l]

Time (s)
0.0 0.1 0.2 0.3 0.4 0.5 0.6

0.0

0.1

0.2

0.3

0.4

0.5

k a (
s-1

)

[Cefuroxime](mM)

(a) 

(c) (d) 

(e) (f) 

Figure 6.2  (b). Kinetic studies of E166C binding with cefuroxime monitored by ESI-MS. 

(a)–(e) Concentration-time profiles of the reaction of E166C with different 

initial concentrations of cefuroxime [S0]. The red lines represent the best fit 

of the experimental data to Eqn 4.1, from which the ka values were 

obtained. (f) Plot of the ka values as a function of cefuroxime 

concentrations. The red line represents the fit of the experimental data to 

Eqn 4.2, from which the Kd and k2 values were obtained.   
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Figure 6.2 (c).   Kinetic studies of E166Cb binding with cefuroxime monitored by ESI-MS. 

(a)–(f) Concentration-time profiles of the reaction of E166Cb with 

different initial concentrations of cefuroxime [S0]. The red lines represent 

the best fit of the experimental data to Eqn 4.1, from which the ka values 

were obtained. (g) Plot of the ka values as a function of cefuroxime 

concentrations. The red line represents the fit of the experimental data to 

Eqn 4.2, from which the Kd and k2 values were obtained.   
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Figure 6.2 ( d).   Kinetic studies of the deacylation of the covalent E166C-, E166Cf-, 

and E166Cb-cefuroxime complexes monitored by ESI-MS. The 

experimental data for the deacylation of the E166C-cefuroxime, 

E166Cf-cefuroxime, and E166Cb-cefuroxime complexes are shown in 

(a), (b), and (c), respectively. The red lines represent the fit of the 

experimental data to Eqn 4.3, from which the k3 values were obtained. 
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6.2.2 Evaluation of the stability of the covalently bound enzyme substrate 

complex (ES*) 

 

The relative ease of dissociation of the covalently bound enzyme-substrate 

complex (ES*) is an important parameter determining the stability of the 

enhanced fluorescence signal produced upon substrate binding.  Herein, the 

stability of the ES* was evaluated by comparing the values of k3 and k2. The k3 

values determined are generally as small as 10-4 s-1, and are ~ 5 orders of 

magnitude smaller than the k2 values (101 s-1), reflecting that ES* is formed 

efficiently (relatively large k2), and subsequently dissociates to regenerate the 

free enzyme with a much slower rate (small k3).   As the rate of formation is 

much greater than the rate of dissociation (k2 >> k3), ES* could accumulate to a 

relatively high concentration at steady state, allowing its fluorescence signal to 

remain stable over a sufficiently long period of time to be recorded.  On the other 

hand, wild type class A β-lactamases are known to display fast k3 deacylation 

rates (~103 s-1) with cephalosphorins and penicillin type antibiotics.[Gibson et al., 

1990]   Thus, this kinetics property of our fluorophore-labeled mutants, E166Cf 

and E166Cb, is highly desirable and essential for them to function as biosensors. 

 

6.2.3 Effects of fluorophore labeling on binding efficiency 

 

To be a sensitive biosensor, the binding efficiency of the biosensor towards its 

binding target should be acceptably high. Unfortunately, in some cases, artificial 

incorporation of a fluorophore onto proteins has been shown to significantly 
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impair the binding affinities towards their binding partners, and probably due to 

steric hindrance mediated by the bulky fluorophore.[De Lorimier et al., 2002]    

In view of this, it is of paramount importance that the attachment of the 

fluorophore onto the residue Cys166 of our mutants, which is located near the 

active binding sites, should not significantly affect its binding efficiencies 

towards β-lactam antibiotics.   

 

As shown in Table 6.1, the kinetic parameters related to the initial substrate 

binding step (Kd) and the acylation step (k2), and therefore the overall binding 

efficiencies (as indicated by the k2/Kd values, M-1S-1), show an increasing trend of 

9 x 102, 2 x 103 and 1 x 105 for E166C, E166Cf and E166Cb, respectively.      

Clearly, the binding efficiencies were not impaired by the incorporation of the 

bulky fluorophores to the E166C.  This could be attributed to the flexible nature 

of the Ω-loop and fluorophore-induced increase in flexibility of the active 

binding pocket, which might relieve the additional steric crowding effect exerted 

by the fluorophore, and thus E166Cf and E166Cb could still bind to cefuroxime 

efficiently. 

 

The property of the Ω-loop of class A β-lactamases has been extensively 

studied. [Banerjee et al., 1998; Taibi-Tronche et al., 1996; Arpin et al., 2001; Bos 

et al., 2008]    It is generally accepted that the Ω-loop is highly flexible, mainly 

because of the fact that the loop is not compactly packed with the rest of the 

protein molecule.[Banerjee et al., 1998; Taibi-Tronche et al., 1996;  ; Bos et al., 

2008; Guillaume et al., 1997]   In wild-type class A β-lactamases, the residue 

Glu166 on the Ω-loop plays an important role in maintaining the loop’s 
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structural integrity since it directly participates in several interactions in 

stabilizing the conformation of the loop.  Specifically, Glu166 forms strong 

hydrogen bonds with the Asn170, Lys73, and Asn136 residues.[Strynadka et al., 

1992; Banerjee et al., 1997]   Therefore, replacement of Glu166 by cysteine in 

the E166C mutant might weaken these hydrogen binding interactions, and further 

enhance the flexibility of the Ω-loop.   This argument is supported by results of 

an independent thermal denaturation experiment (The thermal denaturation 

experiments were performed by Dr. P.H. Chan of our research group), which 

showed that the mid-point of thermal denaturation (Tm) for the E166C mutant (50 

°C) was lower than that of the wild-type enzyme (56 °C), indicating that the 

Glu166Cys mutation has destabilizing effects on the protein structure and 

increases the flexibility of the Ω-loop.[Chan et al., 2008]   Because the 

fluorophore is located on this loop, it is very likely that the highly flexible nature 

of the loop prevents the active sites from being “blocked” by the presence of a  

fluorophore, and therefore the overall binding efficiency of the E166Cf and 

E166Cb are not significantly impaired. 

 

In addition, as indicated by results of hydrogen-deuterium exchange (H/D 

exchange) studies (Chapter 7), the flexibility of the active binding site region 

might also be enhanced by the incorporation of the fluorophore. Our H/D 

exchange data show that the extent of deuterium incorporations to several 

proteolytic segments of E166Cf and E166Cb containing the active sites were 

found to be higher than those of E166C, suggesting that the incorporation of the 

fluorophore has apparently destabilized and increased the flexibility of the 

binding pocket. This fluorophore-induced enhancement in the flexibility of the 
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active site binding pocket may also contribute to alleviating the crowded space at 

the active sites (Details on the effects of the fluorophore on the local dynamics at 

the active site region are discussed in Chapter 7).  

 

A particularly surprising finding is that the overall binding efficiency of E166Cb 

towards cefuroxime is significantly higher by ~120 folds than that of E166C 

(Table 6.1).   We hypothesize that this could be related to the significantly 

greater hydrophobicity of the badan molecule, and its tendency to displace/expel 

water molecules associated with the protein.   Recently, it has been reported that 

a dense cluster of water molecules is packed between the Ω-loop and other 

regions of the binding pocket, acting as a “structural glue” to maintain the 

structural integrity of the binding pocket.[Bos et al., 2008]   In E166Cb, the 

highly hydrophobic badan molecule, which is expected to be located near the 

binding pocket (the initial orientation of the badan molecule is discussed in 

Chapter 7), may compete for some of the common space with these water 

molecules, and displace or expel them away from the protein core.  Consequently, 

the structural stabilization effects exerted by these water molecules are 

reduced/disrupted, and the flexibility of the binding pocket would be further 

enhanced. We propose that the ~ 10-fold increase in the efficiency of the initial 

substrate recognition step (as reflected by a 10-folds decrease in Kd) could be due 

to the further increase in flexibility of the active site binding pocket, which 

further relieves the steric blocking effect of the fluorophore.  The increase in the 

rate of acylation could be attributed to the fact that as the active site becomes 

more accommodative and compatible with the substrate (as reflected by the 

decrease in Kd value), the substrate is better positioned to proceed with the 



 83 

follow-up binding step.  A similar scenario may also be applied to E166Cf. 

However, as fluorescein-5-maleimide (log DpH7 = 1.95) is less hydrophobic than 

badan (log DpH7 = 3.53), the effect exerted by fluorescein-5-maleimide on the 

cluster of water molecules may be less significant than that of the badan, and 

therefore the binding efficiency of E166Cf (increase by ~ 2 folds only) is not 

significantly increased as in the case of E166Cb.  This argument is again 

supported by our H/D exchange results, which show that an active site segment 

(segment A) of E166Cf is indeed less flexible than that of E166Cb (Details are 

discussed in Chapter 7). 

 

The enhancement in catalytic efficiency of β-lactamases towards β-lactam 

antibiotics arising from the increase in flexibility of the active site region has 

been previously noted by several groups.[ Vakulenko et al., 1999; Taibi-Tronche 

et al., 1996; Banerjee et al., 1997] For example, Vakulenko’s group has 

discussed the effects of increase in flexibility of the Ω-loop on the kinetics of the 

catalytic reaction with third generation cephalosphorin using the R164 and D179 

mutants of class A TEMpUC19 β-lactamase.[Vakulenko et al., 1999] Class A β-

lactamase was found to bind poorly to third generation cephalosphorin, mainly 

because of the severe steric hindrance between the bulky side chain of the 

substrate and the Ω-loop.  In light of this, Vakulenko’s group attempted to 

replace the R164 and D179 by other amino acids in order to disrupt the salt-

bridge between these two residues to maintain the structural integrity of the Ω-

loop.  These point mutations were found to enhance the rate of acylation, 

deacylation, and the overall activity (reflected by kcat/Km) towards third 

generation cephalosphorin, most likely due to the fact that the increase in 
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flexibility of the Ω-loop alleviates the steric clash with the bulky side chain of 

the substrate.  We believe that a similar scenario in relieving the steric hindrance 

between the enzyme and substrate may also be applicable to our biosensors. 

 

6.2.4 Mechanism of  en hanced f luorescence e mission b y the biosensors 

upon binding with β-lactam antibiotics 

 

Complementary time-resolved mass spectrometric and fluorometric studies 

 

It is well known that the fluorescence properties of the fluorescein-5-maleimide 

and badan used in this study are highly sensitive to external chemical 

environments, such as pH, temperature, ionic components and polarity of solvent.  

[Hammarstrom et al., 2001; Chen and Scott., 1985 ]   To ensure the specificity of 

the biosensing process of the biosensors, it is imperative to confirm that the 

change in fluorescence signal is resulted from specific binding reaction upon 

addition of a β-lactam antibiotic, but not subtle changes in external chemical 

conditions.  In this study, the biosensing specificity of the biosensors was 

confirmed by complementary time-dependent mass spectrometric and 

fluorometric studies. Time-dependent fluorescence spectra and concentration – 

time profiles of ES* monitored by ESI-MS are shown in Fig. 6.3.   In general, the 

fluorescence signals of the biosensors increase as a function of time upon 

addition of β-lactam antibiotics.  Interestingly, the fluorescence time profiles 

correlate remarkably well with the [ES*]-time profile monitored by ESI-MS, 

indicating unambiguously that the increases in fluorescence signals of the 

biosensors upon incubations with β-lactam antibiotics are most likely resulted 
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from specific substrate binding, i.e., mainly the formation of the covalent ES* 

complex (the non-covalent ES is expected to fluoresce stronger than E).   In 

addition, these observations also reveal that the rate of change in fluorescence 

signal is mainly limited by the acylation binding reaction (i.e., the formation of 

ES*), and not other factors such as the motions of the fluorophore.  

 

Mathematical simulation of concentration-time profiles 

 

To validate that the increase in fluorescence signal of the biosensor is mainly due 

to the formation of ES*, we performed mathematical simulations of the 

concentration-time profiles of different species in the reaction between E166Cf 

and cefuroxime to estimate the relative contribution of the ES and ES* in the 

binding reaction (the simulations were carried out by Dr. Cedric Yiu and Miss. 

Kimmy Chan of our research group). More details of the mathematical 

simulation are described in Supporting information I.   As shown in Fig. 6.4, the 

concentration of ES* increases with concomitant decreases in the concentrations 

of E and ES, and the concentration of ES* is 2 – 1,700 times higher than that of 

ES over the time course of the binding reaction (1 – 300 s), suggesting that the 

ES* is the major accumulated species in the binding reaction.  This observation 

is consistent with the argument that the increase in fluorescence of the biosensor 

is mainly due to the formation of ES*. 

. 
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Figure 6.3.  Concentration-time profiles of ES* monitored by ESI-MS (upper) and fluorescence time 

profiles (lower) for the binding reactions between   (a) E166Cf - cefuroxime, (b) E166Cf - 

6APA, (c) E166Cf - penicillin G, (d) E166Cb – cefoxitin, and (e) E166Cb – penicillin G. 
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Figure 6.4.  Concentration-time profiles of various states of E166Cf with cefuroxime 

obtained by mathematical simulation. E, ES, ES*, S and P represent free 

E166Cf, the non-covalent E166Cf-cefuroxime complex, the covalent E166Cf-

cefuroxime complex, unhydrolyzed cefuroxime and hydrolyzed cefuroxime, 

respectively. To show the concentration profiles of ES and S on the same 

concentration scale, the concentration values for ES and S were multiplied by a 

factor of 50 and 1/10, respectively. 
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6.3 Conclusions 

 

The kinetic properties of E166Cf and E166Cb were investigated in detail by 

mass spectrometric methods in this study.  The microscopic kinetics parameters, 

Kd, k2 and k3 for the binding reactions between the biosensors and β-lactam 

antibiotics were unambiguously determined.  Unlike the wild type class A β-

lactamase, the E166C, E166Cf and E166Cb mutants show significantly reduced  

k3 (deacylation dissociation rate) values in the order of 10-4 s-1, and are ~5 orders 

of magnitudes smaller than k2 (101 s-1), so that the ES* could accumulate to a 

high concentration for its fluorescence signal to be easily monitored.  This 

special kinetic property of the E166Cf and E166Cb enables them to function as 

specific and sensitive biosensors for β-lactam antibiotics. 

 

Interestingly, our results show that the Kd, k2 and k2/Kd values of E166Cf are 

comparable to that of E166C, indicating that the substrate recognition (Kd), 

acylation (k2), and therefore the overall binding efficiency (k2/Kd) were not 

impaired by the incorporation of the bulky fluorescein-5-maleimide.  We believe 

that these results are probably due to the flexible nature of the Ω-loop and the 

fluorophore-induced enhancement in the flexibility of the active binding pocket, 

relieving the steric blocking effects produced by the introduction of the 

fluorophore.  

 

To our surprise, the overall binding efficiency was increased by ~120 folds by 

incorporation of the badan fluorophore.  The extraordinary increase in overall 

binding efficiency in the case of E166Cb might be attributed to the highly 
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hydrophobic nature of the badan molecule, which tends to expel/displace the 

dense water cluster responsible for stabilizing the structural integrity of the active 

site binding pocket.  Consequently, the flexibility of the active site binding 

pocket would be enhanced to an even greater extent, and therefore the steric 

hindrance imposed by the fluorophore could be further relieved.  

 

Complementary time-dependent mass spectrometric and fluorometric studies 

show that, in general, the time-resolved fluorescence profiles correlated well with 

the concentration-time profiles of the covalently bound acyl enzyme-substrate 

complex (ES*) monitored by ESI-MS. This observation implies that the 

fluorescence emission enhancement observed for the biosensors is due to specific 

substrate binding, i.e., mainly the formation of ES*.  This argument was further 

validated by mathematical simulations of concentration-time profiles of different 

reacting species in the binding and dissociative hydrolysis of cefuroxime, which 

show that the ES* is indeed the major accumulated species throughout the course 

of the binding reaction.  

 

To conclude, our present kinetics data suggested that the biosensors are capable 

of forming a stable substrate-bound state (ES*) with reasonable binding 

efficiency and specificity.  Hence, our biosensors are desirable candidates 

applicable to the specific detection of β-lactam antibiotics.   
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Chapter 7  Biosensing mechanism of β-lactamase based 

fluorescence b iosensors: st udies b y m ass 

spectrometric hydrogen-deuterium exchange 

 
7.1. Background 
 

In the pr evious c hapter, it  has been shown t hat the changes i n fluorescence 

properties of t he bi osensors upon addition of  β-lactam a ntibiotics were mainly 

due to specific substrate binding and formation of  the covalent substrate-bound 

complex (ES*). Here we com e to a nother que stion: “Why does the 

substrate-bound s tate of  t he bi osensor fluoresce s tronger t han the apo -state (in 

the abs ence o f t he s ubstrate)?”. According t o the intrinsic properties of the 

fluorophores, the changes i n fluorescence p roperties ar e likely to have resulted 

from c hanges i n solvent pol arity o f the local environment surrounding the 

fluorophores.  For E 166Cf, the i ncrease i n fluorescence s ignal upon s ubstrate 

binding suggests that th e f luorescein-5-maleimide fluorophore i s e xposed t o a  

more pol ar e nvironment ( gaining a  hi gher solvent a ccessibility) in t he 

substrate-bound state.[Chan et al., 2004]  In contrast, the observed fluorescence 

enhancement at lower wavelength upon substrate binding for E166Cb is probably 

due t o exposure t o a  l ess pol ar s olvent e nvironment (and reduction i n s olvent 

accessibility) around the badan molecule.[Hammarstrom et al., 2001; Owenius et 
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al., 1999]   In this part of our  s tudy, the mechanisms leading to  the changes in 

local e nvironments around the f luorophores were investigated b y 

hydrogen-deuterium (H/D) exchange mass spectrometry, a technique extensively 

used to study changes in protein structure and dynamics (refers to Section 1.1.3 

on the basic theory of H/D exchange reaction of amide protons in proteins). 

 

We adopt ed a t wo step appr oach to this research problem.  First, the ini tial 

orientation of  t he f luorophore w as pr edicted based on t he e ffect of t he 

fluorophore on  H/D exchange behavior, which ma y reflect the  s tructure a nd 

dynamics of va rious r egions (peptide s egments) of t he pr otein.  Second, the 

“movement” (change i n or ientation) of t he f luorophore that m ay lead to 

enhancement i n fluorescence upon bi nding t o β-lactam a ntibiotic w as pr obed 

according t o the differences in H/D ex change pr operties between the apo - and 

substrate-bound s tates o f t he bi osensor.  Taking these information together, a 

biosensing mechanism by which the biosensors change their fluorescence signals 

upon binding to a β-lactam antibiotic was proposed.  This proposed mechanism 

was further validated by results from complementary X-ray crystallographic and 

molecular modeling studies. 
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7.2 Results and Discussion 

 

7.2.1 Interpretation of  H /D exc hange results: evidence f or a ‘spatial 

displacement’ mechanism be tween t he bi nding substrate an d t he 

fluorophore  

 

Interpretation of H/D exchange results 

 

The H /D ex change reactions w ere ini tiated by incubating t he pr oteins with 

10-fold volume ex cess of  buffer in D 2O, a nd then quenched at di fferent time  

intervals by l owering t he pH  t o ~  2.2.  To o btain l ocal c onformational a nd 

dynamic information o f the pr otein, the que nched s amples w ere di gested w ith 

protease (sequence coverage i s ~ 80 % as de scribed i n Section 5.2), a nd the 

proteolytic s egments w ere subjected t o H PLC-ESI-MS a nalysis. Examples of  

ESI-MS spectra for the proteolytic segment Tyr72 – Leu80 obtained at different 

time intervals are shown in Fig. 7.1.  In general, the H/D isotopic distributions 

were shown to gradually shift to higher m/z values as the H/D exchange reaction 

proceeded, and no e vidence for a bimodal distribution of isotopic masses could 

be found.  These observations strongly suggest that the H/D exchange reactions 
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of our β-lactamase mutant biosensor most likely follow the EX2 regime (details 

of E X1 a nd E X2 ki netics a re di scussed i n Section 1.1.3). The %  of  de uterium 

incorporation at different time intervals were quantified according to Eqn [4.4], 

from which plots of % deuterium incorporation versus time (H/D exchange time 

profile) were constructed (Fig. 7.2). 

 

. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) 

5 min 

2 min 

0 min 

60 min 

30 min 

15 min 

Figure 7.1    ESI-MS s pectra of  t he pr oteolytic T yr72 – Leu80 pe ptide 

segment (segment A) of  (a) apo-state, and (b) substrate-bound 

state of  E 166Cb w ith c efotaxime a cquired a t di fferent H /D 

exchange time intervals.  
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To investigate the effects of the fluorophore on the structure and dynamics of the 

protein, t he H /D e xchange results of E166C, E 166Cf a nd E 166Cb in the 

apo-form are compared.  H/D exchange time  profiles for proteolytic segments 

of the t hree p rotein species are s hown i n Fig. 7.2.  Comparative an alysis of 

these profiles shows that the extent of H/D exchange for 16 of the 19 proteolytic 

segments are similar for E166C, E 166Cf a nd E 166Cb, i ndicating tha t the  

incorporation of fl uorescein-5-maleimide or  b adan does not  induce s ignificant 

global conformational a nd dynamic changes on t he pr otein (Fig. 7.2) .  This 

observation is consistent with results of complementary circular dichroism (CD) 

and pr eliminary X-ray crystallographic s tudies (The CD and X -ray 

crystallographic s tudies were performed by Dr. P.H. Chan and Dr. Y. X. Zhao, 

respectively, of our research group, refer to Supporting information III). The CD 

spectra obtained f or E166C, E 166Cb a nd E 166Cf exhibit no s ignificant 

differences (data not shown), and the X-ray structures of these three proteins can 

be superimposed with each other.  These results indicate that the incorporation 

of the fluorophore does not significantly perturb the overall protein structure (Fig. 

7.3 (a)).   

 

(b) 

60 min 

30 min 

15 min 
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On the other hand, the e xtent of  deuterium incorporation of  several proteolytic 

segments of the fluorophore-labeled proteins (E166Cf and E166Cb) are different 

from that of E166C, revealing that the incorporation of fluorescein-5-maleimide 

or badan might induce local conformational and/or dynamic changes on specific 

peptide s egments of  the pr otein.  For both E166Cf and E 166Cb, three 

proteolytic segments, Tyr72 – Leu80 ( segment A ), Ala125 – Leu138 ( segment 

B), and Ile221 – Trp229 ( segment C), exhibit hi gher %  of  de uterium 

incorporation than those of E 166C.  For segment A , the i ncrease i n % of  

deuterium i ncorporation f or E 166Cb (~30 %)  is m ore significant t han that of  

E166Cf (~13 % ). These cha nges are not overtly l arge (13 - 30 % ), but  

reproducibly observed as indicated by results from independent multiple runs (n 

= 3). The standard derviaiton (represented by the displayed error bars in the H/D 

exchange t ime profiles shown in Fig. 7.2) obtained were found to be  ≤ 3% for 

these three peptide segments.  

 

To examine t he cha nges in l ocal c onformation a nd d ynamics i nduced upon 

substrate bi nding, t he p roteins w ere i ncubated with the substrate, cefotaxime, 

prior to initiating the  H /D e xchange reactions.  Cefotaxime w as us ed in this 

study because this antibiotic is  highly resistant to the hydrolytic reaction of the 
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enzyme, and t hus t he resulting ES* formed is expected to be stable f or 

observation of  the H /D ex change r eactions. In a ddition, bot h E 166Cf a nd 

E166Cb exhibit distinct fluorescence ch anges upon bi nding t o cefotaxime, 

making this antibiotic a good c andidate for s tudying the mechanism leading to  

the observed changes in fluorescence behavior of the two biosensors.  As shown 

in Fig. 7.2, no remarkable change in H/D exchange level could be observed for 

proteolytic segments of E 166C upon bi nding t o c efotaxime.  This r esult is  

consistent with literature reports that no significant global conformational change 

was i nduced when class A  Glu-166 m utants were bound t o β-lactam 

antibiotics.[Strynadka e t a l., 1992;  Maveyraud e t a l., 1998]   Interestingly, for 

E166Cf and E166Cb, the H/D exchange levels of segments A and B appeared to 

decrease and returned to the levels similar to that of E 166C upon substrate 

binding, suggesting that the local c onformation / d ynamics of t hese regions of 

substrate-bound E166Cf and E166Cb are similar to that of E166C.  
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Figure 7.2 .      H/D exchange-time profiles of various proteolytic segments of E166Cb, E166Cf, and E166C. The curves with solid (▓) and 

opened s quare (□) c orrespond t o t he apo-state and subs trate-bound s tate of the pro teins, r espectively. The e rror ba rs r epresent t he 

standard deviation obtained in three independent runs.  
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Evidence f or a ‘ spatial displacement’ mechanism be tween t he bin ding 

substrate and the fluorophore 

 

To understand the mechanism by which the biosensors change their fluorescence 

properties upon substrate binding, we at tempted to investigate the likely events 

that may lead to changes in local environments, i.e., solvent accessibility around 

the fluorophore after the binding event.  The first step of our current approach is 

to pr edict the ini tial orientation of t he fluorophore based on t he e ffect of t he 

fluorophore on t he local H/D exchange behavior of t he pr otein.  Among 19 

identified proteolytic segments, three peptide segments (A, B, and C) were found 

to exhibit different extents of deuterium incorporation between the apo-form of  

the fluorophore-labeled proteins (E166Cf and E166Cb) and E166C.  According 

to the X-ray structures obtained for the E166C mutant and biosensors, segment A 

and segment B indeed are the two major constituent helices of the active binding 

pocket (Fig. 7.3 ( b)).  The c enter of  t he a ctive bi nding c avity i s oc cupied b y 

segment A, w hich i s positioned just a fter the  catalytic s ite S er70 and includes 

Lys73, a crucial residue for both acylation and deacylation.[Meroueh et al., 2005; 

Golemi-Kotra e t a l., 2004;  Lietz e t a l., 2000]  Segment B is a lso known to be 

located at one ed ge of  t he a ctive bi nding po cket which bears the catalytically 
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important SDN loop composed of the Ser130-Asp131-Asn132 segment (Fig. 7.3 

(b)).[Jacob et al., 1990]  

 

Segment C  is located quiet far away f rom the 166 pos ition and the core of the 

active binding po cket, a nd is extensively shielded f rom pos ition 166 b y a long 

chain of  peptide s egments (Fig. 7.3) .  In l ight of  t his, the effect of  the 

fluorophore on t he structural/dynamics on segment C  is pr obably i ndirect, and 

thus unlikely to provide useful information on the biosensing mechanism of the 

biosensors.  

 

Based on t he H/D exchange results obtained for peptide segments A and B, and 

the fact that the site of fluorophore attachment, the 166 pos ition on the Ω-loop, 

is very close t o the active s ite cavity, we propose that the f luorophore may be 

oriented directly towards and close t o the core of  t he active binding poc ket.  

Because of  i ts pr oximity and or ientation, t he f luorophor could induce l ocal 

structural changes /  movements or  ‘sense’ small cha nges i n the l ocal 

environment around this confined region.  
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Figure 7.3     Superposition of  ( a) ove rall s tructures a nd ( b) a ctive s ite r egion of  

E166C ( blue), E 166Cf ( green) and E 166Cb ( red)               

(Fluorophore molecules are not shown). 

(a) 

(b) 

Ile221 – Trp229 (segment C) 

Tyr72 – Leu80 (segment A) 
Ala125 – Leu138 (segment B) 

Ser70 

Asn163 – Asp179 (Ω-loop) 



 107 

The r ate and extent of  H /D ex change ar e affected by both protein structure 

(conformations) and d ynamics.[Maity e t a l., 2 003; B usenlehner e t al., 2005;  

Hoofnagle et al., 2003]  Therefore, in our case, the increases in % of deuterium 

incorporation observed for E166Cf and E166Cb could possibly be due to either 

changes in conformation or dynamics, o r bot h.   However, our  p reliminary 

X-ray crystallographic data show that the conformation of the active site region 

is indeed very s imilar among E 166C, E 166Cf a nd E 166Cb [Fig 7. 3 ( b)].  In 

addition, a s suggested by our  ki netics studies (Section 6.2.3), t he b inding 

efficiencies of t he E 166Cf a nd E 166Cb are not impaired w hen c ompared with 

E166C, indicating tha t the  a ctive binding poc ket of t he mutants is not 

significantly perturbed upon i ncorporation of the f luorophore ont o t he pr otein. 

For t hese r easons, the c hanges i n the extent of  deuterium i ncorporation of t he 

active site peptide segments observed herein (segments A and B) are likely to be 

related to the local dynamics (movements) of t hese s egments instead of 

conformational changes of the whole protein.  

 

We propose that the increases in extents of deuterium incorporation might be due 

to fluorophore-induced structural destabilization, which results in an increase in 

flexibility of the active site region.  H/D exchange has been extensively used in 
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studying st ructural s tability ( flexibility) of pr oteins.[Powell e t a l., 2001;  

Ghaemmaghami e t a l., 2000 ] In a compactly f olded protein, particularly 

involving helical structures like segments A and B, the amide protons are highly 

shielded from the solvent molecules, and thus most likely to undergo exchange 

with solvent de uteriums only through momentary s tructural f luctuations or 

movements of the protein molecule.[Busenlehner et al., 2005;  Hoofnagle et al., 

2003]  These f luctuations can transiently break the intra-molecular binding 

interactions involved i n maintaining the  s tructural s tability of  the  pr otein, 

resulting in the formation of the transient solvent-exposed states (“opened” state) 

with non -native s tructures, which are exchange-competent.[Maity e t a l., 2003 ; 

Hoofnagle et al., 2003]  A reaction scheme commonly used to describe the H/D 

exchange reaction on pr otected amide protons through structural fluctuations is 

shown in Scheme 1.1. The “opened” state is in equilibrium with the native state 

(“closed” state), and H/D exchange is supposed to occur only under the “opened” 

state.[Hoofnagle e t a l., 2003]  Under t he E X2 regime, t he observed rate and  

extent of  H /D ex change at equilibrium are m arkedly d ependent on the relative 

rates of formation of the “opened” state (kop) and “closed” state (kcl), which are 

in t urn governed by th e s tructural s tability of  the  pr otein.[Powell e t a l., 2001; 

Ghaemmaghami e t al., 2000 ]  Typically, increases i n rate and extent of  H /D 
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exchange, l ike t hat obs erved f or s egments A a nd B of E166Cb and E 166Cf, 

could be an indication of structural destabilization (increase in flexibility) due to 

the “ opening s tep”, which i nvolves t ransient br eaking of i ntra-molecular 

interactions during s tructural fluctuations.  T he ex change-competent ope ned 

state becomes relatively more stable, leading to a greater extent of H/D exchange 

observed for peptide segment A and B. [Powell et al., 2001; Ghaemmaghami et 

al., 2000; Codeanu et al., 2002]  

 

The proposed fluorophore-induced destabilization of the active s ite region was 

postulated t o pr oceed through t wo possible mechanisms. First, as de scribed i n 

Section 6.2.3, the fluorophore may affect the cluster of ‘gluing’ water molecules 

located between the Ω-loop and the rest of the active site.[Bös et al., 2008]  If 

the fluorophore is oriented towards and close to the active site, it may share some 

common space w ith these w ater m olecules and tend to expel/displace s ome of  

them away from t he core of  t he active bi nding po cket.  Consequently, t he 

overall structural stability of the active site would be reduced since the stabilizing 

effect offered by the “structural glue” is reduced. 
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Comparison of the H /D ex change r esults between E166Cf a nd E 166Cb s hows 

that the increase i n the extent of  H /D ex change i n the pe ptide segment A  of 

E166Cb (~ 30 %) is more significant than t hat of E166Cf (~ 13 %).  This 

observation may b e du e t o more significant structural de stabilizing e ffects 

mediated by badan than fluorescein-5-maleimide.  As discussed in Section 6.2.3, 

badan i s m ore h ydrophobic t han f luorescein-5-maleimide, and its te ndency to  

repel w ater mol ecules is  mos t like ly greater.  Hence, the w ater cluster f or 

stabilizing the structural integrity of the active site pocket may be perturbed to a 

greater extent. For this reason, the structural stability of the active site of E166Cb 

is likely to be lower than that of E166Cf.  

 

Another pl ausible mechanism for t he f luorophore-induced s tructural 

destabilizing ef fects could be t hat the f luorophore m ay s hield a nd w eaken the 

stabilizing noncovalent i nteractions of the a ctive s ite region.  For cl ass A  

β-lactamase, the structural integrity of the  active s ite region is maintained by a 

network of nonc ovalent i nteractions, including s ome i mportant i nteractions 

between segment A and segment B, such as hydrogen bonds between Lys73seg A - 

Ser130 seg B and Lys73 seg A - Asn132 seg B, and electrostatic interactions mediated 

by Lys73 seg A.[ Strynadka et al., 1992; Chen et al., 1993; Atanasov et al., 2000] 
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We reason that if the fluorophore is oriented towards and very close to the active 

site, it may create shielding effects between some of these interacting structural 

moieties, thereby weakening/interrupting the int eractions between them. 

Weakening of  noncovalent interactions through “molecular shielding” has been 

reported in the literature previously.   For example, the disruption of interribose 

hydrogen bond s resulted from  the shielding of two interacting pa rtners by an 

adenine moiety w as observed i n Lim’s s tudy on  c ondon:anticodon interactions 

within ribosome.[Lim et al., 2001] 

 

It is noted that based on the two scenarios described above, the structural stability 

of t he Ω-loop may also be reduced since it is  closely associated with the 

“structural glue” water cluster and the rest of the active site pocket.  However, 

no significant difference in the H/D exchange time profiles was observed for this 

region between E166C, E166Cf and E166Cb.  This negative result could be due 

to the fact that to start with, the Ω-loop in class A β-lactamase is highly flexible, 

and the additional de stabilizing effects induced by t he fluorophore m ay not be 

significantly enough t o pr oduce a n obs ervable change i n H/D ex change l evel. 

Another possibility may be that the H/D exchange reaction at the Ω-loop region 

is already saturated (accessibility of amide protons) in the fluorophore-free state 
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(E166C), a nd therefore no further increase in the  e xtent of exchange could be  

detected even if the flexibility of the loop is increased by the incorporation of the 

fluorophore. 

 

As suggested in our kinetics study (Section 6.2.3), the overall binding efficiency 

(k2/Kd) w as not  s ignificantly impa ired by th e inc orporation of  t he f luorophore 

located near t he a ctive site.  We be lieve t hat apart f rom the  int rinsic f lexible 

nature of the Ω-loop as described in Section 6.2.3, the increase in flexibility of 

the a ctive bi nding poc ket s uggested he rein may also aid in relieving t he 

fluorophore mediated steric blocking, and hence retaining or even enhancing the 

overall binding e fficiency.  In addition, our  H/D exchange r esults suggest t hat 

the s tructural de stabilizing effect i nduced b y the ba dan i s probably more 

significant tha n fluorescein-5-imide. T his obs ervation i s c onsistent w ith the 

kinetic data which show E166Cb binds much more efficiently than E166Cf, most 

likely due to that the extra flexibility gained by the active site pocket of E166Cb, 

thereby alleviating further the crowded environment for better substrate binding 

at the active site region. 

Up t o t his poi nt, the experimental observations ( kinetics and  H /D ex change 

studies) are supportive of our  h ypothesis t hat in the apo-state of  t he biosensor, 
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the fluorophore is likely oriented towards and close to the active site.  Here we 

try to answer another important question: how does the fluorophore “move” upon 

substrate bi nding, so t hat its local e nvironment a nd hence its fluorescence 

properties are changed? 

 

As shown in Fig. 7.2, no s ignificant change in t he H/D exchange time p rofiles 

could be  obs erved for p roteolytic segments of E166C upon s ubstrate bi nding. 

Interestingly, for both E 166Cf a nd E 166Cb, t he e xtents of H /D ex change of  

segments A and B, which are higher than those of E166C in the apo-state, appear 

to decrease and approach the levels similar to those of E166C after binding to a 

substrate. These observations indicate that the dynamics of the active site region 

of the substrate-bound E166Cf and E166Cb is similar to that of E166C.  That is, 

the fluorophore may no longer stay close to the active site in the substrate-bound 

state, such that the dynamic changes induced by the fluorophore to this region are 

nullified by the substrate binding. 

  

Taking all the information t ogether, a  “spatial di splacement” mechanism was 

proposed to describe t he ch anges in f luorescence p roperties of  t he bi osensors 

upon bi nding to  β-lactam a ntibiotics. F irst, based on t he e ffects of t he 
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fluorophore on t he d ynamics of  the active s ite region, the fluorophore i s l ikely 

oriented towards and close to the active site.  In addition, since the fluorophore 

(badan and fluorescein-5-maleimide) is of  considerable s ize, it may share some 

common space with the binding substrate in the active s ite.  Therefore, dur ing 

substrate binding, the fluorophore has to move away/displace from the active site 

in or der t o avoid the s patial c rash with the in coming s ubstrate. This s patial 

displacement ev ent may cause ch anges in local e nvironments, i .e. 

increase/decrease i n solvent polarity a nd accessibility around t he f luorophore, 

which may account for the change (increase) in fluorescence intensity exhibited 

by E 166Cf a nd E 166Cb.  In t he c ase o f E 166Cb, t he f luorescence e mission 

wavelength i s a lso s hifted t o a  l ower w avelength ( the bl ue s hift) a s ba dan i s 

displaced to a lesser polar environment. 

  

7.2.2 X-ray crystallographic and molecular modeling studies 

 

X-ray crystallography 
 

Complementary X -ray c rystallographic studies were p erformed by D r. Y. X. 

Zhao of  our  research group to investigate t he bi osensing m echanism of t he 

biosensors. X-ray s tructures of  apo - and s ubstrate ( cefotaxime)-bound E 166Cb 
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are s hown i n Fig. 7.4 (refer t o S upporting information I II).  In general, t he 

crystal structures acquired for the E166C mutant and biosensors are very similar 

to those of other class A β-lactamases reported in the literature.  In the structure 

of apo-E166Cb, the region around the active site, including peptide segment A, 

segment B, t he Ω-loop a nd more importantly the ba dan m olecule, a re w ell 

defined.  Interestingly, the badan molecule appears to be oriented rather close to 

the s egment A  a nd B, the two major e lements constituting the a ctive b inding 

cavity (Fig. 7.4) . T his obs ervation i s c onsistent with our  H /D e xchange results 

that the fluorophore is oriented towards and close to the active site.  

 

The X-ray s tructure o f cefotaxime-bound E166Cb i s very similar to that of the  

apo-state of  the protein, and the cefotaxime molecule clearly app ears to link to 

the catalytic Ser70 site.  Unfortunately, the Ω-loop region, including the badan 

molecule, is not w ell r esolved in t he X -ray s tructure, presumably because this 

region i s too flexible upon bi nding t o the substrate.  In s pite of  t his, this 

partially resolved structure could still provide certain insights into the mechanism 

leading t o the fluorescence ch ange i f i t i s overlapped w ith the s tructure of  

apo-E166Cb.  Superposition of  the s tructures of apo - and c efotaxime-bound 

E166Cb shows that apparently the badan molecule shares a common space, if not 
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interlocking with the cefotaxime mol ecule (Fig 7.4 (c)). Therefore, upon 

substrate bi nding, t here is a  di stinct pos sibility t hat t he fluorophore ha s to be 

displaced from its  or iginal pos ition in order to avoid the spatial c rash with the 

incoming substrate.  Hence t he X -ray d ata ar e consistent w ith the “spatial 

displacement” mechanism proposed according to our H/D exchange studies.  

 

  

 

 

 
 

 

 

 

 

 

Figure 7.4     X-ray s tructures of  (a ) a po- and (b) cef otaxime-bound E 166Cb.  

(c) S uperposition of  structures of  apo- and cefotaxime-bound 

E166Cb. T he c atalytic s ite S er70, p eptide s egment A, peptide 

segment B, and the Ω-loop of the protein are highlighted in orange, 

green, bl ue, a nd r ed, r espectively. T he ba dan is hi ghlighted in 

yellow, and the cefotaxime (substrate) is highlighted in purple.  

(a) 

(c) 

(b) 

Cys166 
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Molecular modeling 

 

Similar t o the cas e of  cef otaxime-bound E 166Cb, t he Ω-loop region (with 

fluorescein-5-maleimide attached) was found to be significantly disordered in the 

X-ray structures obtained for both apo- and substrate-bound E166Cf.  Thus only 

limited i nformation a bout t he m echanism b y which t he bi nding of  antibiotics 

trigger the enhancement in fluorescence emissions could be obtained. In light of 

this, molecular ‘docking’ modeling s tudies w ere pe rformed on the E 166Cf 

system by Dr. D. L. Ma of our research group (refer to Supporting information 

II).  

 

The protein model of E 166Cf shows that both t he s ide chain of  C ys166 in t he 

Ω-loop a nd t he a ttached fluorophore are oriented towards t he act ive s ite. The 

fluorescein-5-maleimide is buried in the active site with a solvent accessible area 

(SAA) of  208 Å2. In o rder t o e xamine w hether t he fluorescein-5-maleimide 

molecule shares a com mon space w ith the β-lactam substrate within the active 

site, the structure of E166Cf (with the fluorophore label staying inside the active 

site) was docked with an intact cefotaxime molecule (Fig. 7.5). Detailed analysis 

of this structure showed that both the fluorophore label and the substrate share 
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the same 3-D space in the active site.   However, in the substrate-bound state, 

the fluorophore label s tays out  of  the  a ctive s ite. This s ubtle c onformational 

change r esults i n a  s ignificant i ncrease i n water exposure of the 

fluorescein-5-maleimide in t he s ubstrate-bound s tate (SAA =  280 Å2) as 

compared t o t hat of  t he a po-state (SAA =  208 Å2). These obs ervations a re 

consistent w ith the proposed mechanism that the  s patial di splacement of t he 

fluorophore during s ubstrate bi nding may result i n changes in the local 

environments, i .e. solvent polarity and accessibility, around the f luorophore. In 

addition, t he increase in the c alculated solvent a ccessibility area of the 

fluorescein-5-maleimide upon substrate binding i s consistent with t he observed 

fluorescence enhancement exhibited by E166Cf.  
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(a) (b) 

(c) 

Figure 7.5    Molecular models of (a) apo-E166Cf, (b) E166Cf (with the fluorescein 

label s taying ins ide the  a ctive s ite) doc ked with an intact cef otaxime 

molecule, and (c) ce fotaxime-bound E 166Cf. T he a ctive s ite S er70, 

fluorescein-5-maleimide, and cefotaxime ar e r epresented by yellow, 

green, and purple, respectively. 
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7.3. Conclusions 
 

In this s tudy, we adopted mass spectrometric H/D exchange technique to s tudy 

the local dynamics of the β-lactamase mutant (E166C) and biosensors (E166Cb 

and E166Cf), f rom which the mechanism of f luorescence changes exhibited by 

the biosensors upon substrate binding was investigated. 

 

Two active s ite segments of E166Cf and E166Cb were found to exhibit higher 

H/D exchange levels t han those of E 166C. Based on  this obs ervation, w e 

proposed t hat t he f luorophore m ay be  or iented towards a nd close t o t he a ctive 

binding site pocket, and exert a destabilizing effect to this c onfined region 

through di splacing the “structural g lue” cluster o f water molecules present and 

shielding s ome nonc ovalent i nteractions for ma intaining the  s tructural int egrity 

of t he poc ket. Upon substrate bi nding, t he H /D e xchange levels of t hese two 

segments appeared to decrease and become resembling to that of E166C (without 

fluorophore a ttachment), suggesting that t he f luorophore m ay h ave moved  

away from the active site, and therefore the dynamic changes initially induced to 

this region are withdrawn.  

 



 121 

Consolidating a ll inf ormation gathered (H/D e xchange, X-ray c rystallography 

and m olecular doc king s tudies), a “spatial d isplacement” mechanism w as 

proposed. First, the fluorophore may be oriented towards, if not partly buried in, 

the act ive s ite, and therefore i t may indeed share some common space with the 

incoming binding s ubstrate. During the p rocess of  substrate binding, t he 

fluorophore is displaced away from the active s ite in order to avoid the spatial 

clash w ith t he i ncoming s ubstrate.   As a  r esult, t he f luorophore e xperiences 

different l ocal e nvironments a nd s olvent pol arities be fore and a fter substrate 

binding, leading to the changes in fluorescence emission observed. 
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Chapter 8       Study of tazobactam inhibition of β-lactamases by 

electrospray ionization m ass sp ectrometry ( ESI-

MS) under near physiological conditions 

 

8.1 Background 

 

Resistance to β-lactam antibiotics arising from mutation of β-lactamases has 

become a recognized global problem to human health.[Poole et al., 2004]  β-

lactamases are effective enzymes, which hydrolyze and destruct β-lactam 

antibiotics before they approach their target, the penicillin binding protein (PBP). 

[Sandanayaka et al., 2002]  

 

To tackle the problem of antibiotic resistance mediated by β-lactamases, β-

lactamase inhibitors have been discovered to retard the hydrolytic action of the 

enzymes, protecting the β-lactam antibiotics from hydrolysis before they reach 

the PBPs.  Three mechanism-based β-lactamase inhibitors widely used in clinics 

nowadays are clavulanic acid, sulbactam and tazobactam (Fig. 1.2).[Malcolm et 

al., 2000]   These inhibitors inactivate two major classes of β-lactamases, class A 

and class C, through covalent binding to the active site serine (Ser70 for class A 

and Ser64 for class C), resulting in the formation of a covalently bound enzyme-

inhibitor complex (E-I complex) and inhibition of the enzyme activity.[Malcolm 

et al., 2000]  

 

Unfortunately, owing to the evolution of bacteria, these β-lactamase inhibitors 

have been found to be less effective in recent years.[Bonomo et al., 1999; 
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Helfand et al., 2003]    For instance, a single amino acid substitution at Ser130 in 

class A SHV β-lactamase was found to render the enzyme a lower susceptibility 

to inhibition by tazobactam and clavulanic acid.[Helfand et al., 2003]   The 

phenomenon of “inhibitor resistance” highlights the urgent need for development 

of novel inhibitor analogs against β-lactamases.  

 

An approach usually adopted in the design of novel mechanism-based inhibitor is 

to stabilize the E-I complex leading to inactivation of the protein target.[Sauve 

and Schramm, 2002; Borthwick et al., 2003; Padayatti et al., 2006]  To 

accomplish this, prior knowledge on the structural identity of the E-I complex 

contributing to inhibition is required.  The present study is focused on 

tazobactam (Mα = 300 Da), a triazoly-substituted penicillanic sulfone (refer to 

Figure 1.2). In addition to the excellent inhibition efficiency towards class A β-

lactamases (IC50 = 0.01 – 1 uM),[Malcolm et al., 2000] tazobactam also exhibits 

potent inhibitory activity towards class C β-lactamases (IC50 = 1 – 10 

uM),[Malcolm et al., 2000] a class of β-lactamase which is less effectively 

inhibited by clavulanic acid and sulbactam. [Malcolm et al., 2000; Bonomo et al., 

2001]    With this distinct advantage, tazobactam has become a desirable building 

block for the development of a new board spectrum β-lactamase inhibitor 

analogs.  

 

The inhibition mechanism of tazobactam has been studied by various techniques, 

including electrospray ionization mass spectrometry (ESI-MS), X-ray 

crystallography and spectroscopic methods, yet the identity of the E-I complex 

leading to inhibition remains controversial. X-ray crystallographic and 
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spectroscopic data suggested that the final E-I complex is a trans-enamine-like 

species (Fig. (8.1 (a)) containing the entire inhibitor molecule attached to the 

active site of enzyme. [Padayatti et al., 2004; Kuzin et al., 2001; Bush et al., 1993] 

In contrast, ESI-MS studies for class A SHV-1, [Rodriguez et al., 2004] class A   

PC1, [Yang et al., 2000] class A TEM-1,   [Yang et al., 2000] and class C CMY-

2 [Bonomo et al., 2001] β-lactamases under protein denaturing conditions 

generally indicated that the products of the inhibition reaction were a series of 

enzyme–inhibitor moiety adducts, as revealed by the appearances of mass peaks 

at [M + 52] Da, [M + 70] Da and [M + 88] Da  in the mass spectra of the E-I 

complexes (‘M‘ is the measured molecular mass of apo-enzymes) (Fig. 8.1).  

Due to distinct discrepancies between the results obtained by ESI-MS and the 

other two physical techniques, we undertook a re-examination of the mass 

spectrometric method used in the study of inhibition mechanism of tazobactam. 

 

The previous ESI-MS studies on tazobactam inhibition of β-lactamases were 

performed under typical conditions adopted for ESI-MS analysis. [Rodriguez et 

al., 2004; Yang et al., 2000; Bonomo et al., 2001]    Briefly, the analyte solution 

contains the protein/protein complex in 50 % organic solvent (e.g. methanol and 

acetonitrile) containing ~0.5 – 2% (v/v) organic acid (e.g. formic acid and 

trifluoroacetic acid) (final pH ~2), for which the sensitivity and the stability of 

the ESI spray are optimized.[Cech et al., 2001; Tullia et al., 2005]    However, 

these conditions, involving a high organic solvent content and very acidic pH, are 

highly denaturing to and significantly different from the real-life physiological 

conditions of most proteins.  There is a distinct possibility that the “harsh” 

condition adopted in ESI-MS analysis may deleteriously disrupt the E-I complex 
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and result in the formation of reaction products that may indeed not be existing 

under real-physiological conditions.  For this reason, we attempted to re-examine 

the ESI-MS analysis but under near physiological conditions, in which the 

enzyme/enzyme-inhibitor complexes were incubated and analysed in aqueous 

ammonium acetate buffer at pH 7.  As expected, our results obtained under near 

physiological conditions are completely different from previous ESI-MS studies.  

 

Another objective of this study is to investigate the occurrence and mechanism of 

dissociation of the E-I complex between tazobactam and β-lactamase, which are 

closely related to the inhibition efficiency of the inhibitor.  Our results show that 

the E-I complex formed from class A PC1 β-lactamase dissociates to form an 

inactive dehydrated ([M - 18] Da) enzyme.  Based on the experimental results 

obtained by the technique of protease digestion followed by tandem mass 

spectrometry (MS/MS), a reaction mechanism for the formation of the 

dehydrated enzyme was proposed.  
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Figure 8.1 Molecular structures of β-lactamase-tazobactam inhibitor (E-I) 

complex: (a) trans-enamine species, (b) vinyl ether crosslink species 

between Ser70 and Ser130, (c) propiolylated enzyme, (d) aldehyde-

like species, and (e) hydrated form of aldehyde-like species 

c ([M + 52] Da) 

e ([M + 88] Da) 
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8.2      Results and Discussion 

 

8.2.1      ESI-MS analysis of the enzyme-inhibitor (E-I) complex under near 

physiological conditions 

 

In this study, the inhibition mechanism of tazobactam (Mα = 300 Da) towards            

β-lactamases was re-investigated by ESI-MS but under near physiological 

conditions.  By comparing our results with those obtained under denaturing 

conditions previously reported, the inhibition mechanisms previously proposed 

are re-evaluated.  Three β-lactamases, class A PC1, TEM-1 and class C P99, 

were explored in the current study.  PC1 and TEM-1 were used because ESI-MS 

data of these two class A β-lactamases are available in the literature, and 

therefore direct comparison of the experimental results could be made.  P99 was 

also investigated for possible difference in inhibition behavior from its class A 

analogs, and it was the only class C β-lactamase available in our laboratory. 

 

ESI-MS analysis of apo-enzymes 

The identities of the three β-lactamases, PC1, TEM-1 and P99, were checked by 

ESI-MS.  In general, the measured molecular masses (M) of three β-lactamases 

are in good agreement with the theoretical average molecular masses calculated 

based on their primary amino acid sequences (Table 8.1).  Analysis of the apo-

enzymes (in the absence of tazobactam) under denaturing and near physiological 

conditions gave similar results, except that in the case of P99,  a peak at [M + 57] 

Da instead of M was found to be  the major peak in the mass spectrum obtained 

under near physiological conditions (Fig. (8.2).  The mass increment of 57 Da is 
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likely due to formation of an adduct between the protein and a small molecule 

present in the sample solution.  The formation of adducts between protein and 

small molecules derived from the buffer or impurities such as Na+ and K+ during 

electrospray ionization is a commonly observed phenomenon; [Sun et al., 2006; 

Tolic et al., 1998] however, the identity of the adducts produced is often 

unknown.[Tolic et al., 1998]  In our case, the mass increment of 57 Da could be 

attributed to the addition of a potassium cation (39 Da) and a water molecule (18 

Da) to the protein. 

 

Analysis of E-I complexes under denaturing acidic conditions 

The protein samples used in this study are different from those explored in the 

previous reports in that a (His)6-tag is conjugated to the N-terminus for 

convenient purification in the protein preparation procedure.  To ensure the 

differences between the results obtained in the current and previous ESI-MS 

studies were solely due to the differences in conditions of analysis, but not 

variation of samples (effect of the (His)6-tag), analysis under denaturing 

condition were re-examined with our protein samples. 

 

Raw mass spectra of apo-enzymes obtained under the denaturing acidic 

conditions display a wide distribution of multiply charged peaks (n = 19 - 45, 

where n is the charge state of a particular mass peak) (Fig. (8.2 (a)).   Upon 

incubation with tazobactam followed by addition of acidified acetonitrile, new 

series of multiply charged ion peaks corresponding to the E-I complexes 

appeared (Fig. (8.2 (b)).  The average molecular masses of various E/E-I 
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complexes were obtained by transformation of the different series of multiply 

charged ion peaks.  

 

As expected, and in agreement with previous ESI-MS reports, a series of peaks at 

[M + 52] Da, [M + 70] Da and [M + 88] Da were observed in the transformed 

mass spectra obtained for the reaction mixtures between tazobactam and the two 

class A β-lactamases, PC1 and TEM-1, under denaturing acidic conditions (Fig. 

8.2).    For P99, the ESI-MS spectrum displays only the [M + 70] Da and [M + 

88] Da peaks upon incubation with tazobactam (Fig. (8.2 (h)), and is consistent 

with the results obtained for class C β-lactamases CMY-2 in the previous ESI-

MS study.[Bonomo et al., 2001]   These results indicate that the properties our 

(His)6-tag proteins are similar to those previously reported in the literature. 

 

The observed [M + 70] Da species was previously proposed to be an aldehyde-

like molecular structure formed from dissociation of the trans-enamine species 

(Fig. 8.1 (d)).   This aldehyde-like species is in equilibrium with its hydrated 

form, forming the observed [M +88] Da species (Fig. 8.1 (e)).[Rodriguez et al., 

2004; Yang et al., 2000; Bonomo et al., 2001]    The [M + 52] Da component 

was only observed in class A β-lactamase and was postulated to be of two 

possible structures.  First, it could be a cross-link vinyl ether (Fig. (8.1 (b)), in 

which a moiety of the inhibitor molecule acts as a bridge to connect the active 

Ser70 and Ser130 sites, an important residue for the acylation inhibitor binding 

process.[Yang et al., 2000]    Second, it could be a propiolyated enzyme (Fig. 

(8.1 (c)) formed from rearrangement of the cross-link vinyl ether between Ser70 

and Ser130 (Fig. (8.1 (b)), and/or decomposition of the trans-enamine 
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species.[Yang et al., 2000]   These enzyme-inhibitor complexes were previously 

postulated to be the possible intermediates/products leading to the inhibition of 

the class A β-lactamases.  

 

 

 
 
 
 
 

  Calculated average molecular mass 
(Da) 

Measured average molecular mass 
(Da) 

PC-1 29748.2  29749.0 

TEM-1 29903.2  29903.1 

P99 40320.2 40322.9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 8.1         Calculated and measured average molecular masses of PC1, TEM-1 

and P99 β-lactamases 



 131 

 

 
 
 
 

 
 
 
 
 
 
 
 
 
 

A 

A: 29903.1 (M) 

A: 29749.0 (M) 

A 

A 

B 

C 

A: [M+52] Da 
B: [M+70] Da 
C: [M+88] Da 
 

A 

B 

A 

C 

B A 

B 

A: [M+70] Da  
B: [M+88] Da 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 

z = 35  
m/z = 805 

z = 35  
m/z = 807 

Figure 8.2     Multiply charged ESI-MS spectra of (a) apo-PC1 and (b) PC1–

tazobactam  E-I complex (n = charge state), and transformed mass 

spectra of (c) apo-PC1, (d) PC1-tazobactam E-I complex, (e) apo-

TEM-1, (f) TEM-1-tazobactam E-I complex, (g) apo-P99, and (h)  

P99- tazobactam E-I complex obtained under denaturing acidic 

conditions. 
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Analysis of E-I complexes under near physiological conditions 

 

Under near physiological conditions, the E-I complexes between tazobactam and 

various species of β-lactamases were formed in aqueous 20mM ammonium 

acetate buffer at pH 7.   This is the most commonly used buffer system for ESI-

MS studies when the protein is required to be maintained in its native state, e.g. 

analysis of non-covalent protein-ligand complexes.[Jorgensen et al., 1998; Zhang 

et al., 2003]    The preferred use of the ammonium acetate buffer system is due to 

its compatibility with ESI ionization,[Hardouin et al. 2005] and the fact that, as 

revealed by ESI-MS based information in the literature, many proteins could 

maintain their native functions and functional oligomeric states under this buffer 

system.[Sanglier et al., 2002; Loo et al., 199; Benesch et la., 2007]    Thus, using 

the ammonium acetate buffer at pH 7 can be regarded as the suitable ESI-MS 

compatible condition which could reasonably reflect the circumstances occurring 

under real-life physiological conditions.   However, it should be noted that 100% 

aqueous buffer at neutral pH is apparently not the optimum conditions for ESI 

sensitivity.  By our experience, the sensitivity of analysis was at least 5-fold 

poorer than adopting the typical ESI-MS (denaturing) conditions. 

 

In general, the multiply charged mass spectra of E/E-I complexes obtained under 

near physiological conditions display narrower charge state distributions with 

preference for lower charged states (n = 9 - 13) when compared with those 

obtained under acidic denaturing conditions (n = 19 - 45) (Fig. (8.3 (a), (8.3 (b)). 

This observation indicates that the proteins are likely to have existed in their 

native (folded) states during the ESI-MS analysis.[Ashcroft et al., 2005]             



 133 

In addition, there is no significant difference in the charge state distribution 

(CSD) between the multiply charged mass spectra of apo-enzymes and E-I 

complexes, indicating that no significant change in tertiary protein structure was 

induced upon binding to tazobactam.[Yan et al., 2004]  This observation is 

consistent with previous structural information provided by X-ray 

crystallography, an authoritative technique in the study of protein structures, 

which showed that no remarkable change in overall structure was triggered when 

tazobactam was bound to class A SHV-1 β-lactamase.[Padayatti et al., 2004] 

Based on these findings, the structural information of E-I complexes obtained 

under near physiological conditions in the current study is likely to resemble 

closely that are found in real-life conditions. 

 

Interestingly, the molecular masses of the E-I complexes measured under near 

physiological conditions are totally different from those obtained under acidic 

denaturing conditions.  With reference to Fig. 8.3 for PC1 and TEM-1, only a 

single E-I peak at [M + 300] Da was observed upon tazobactam inhibition.       

As for P99, peaks at [M + 300 + 57] Da and [M + 300 + (57 x 2)] Da  ([M + 57] 

Da was observed for apo-99 (Fig. (8.3 (h)). The addition of 57 x 2 mass unit was 

most likely due the additions of two molecules of H2O and two potassium cations.   

More importantly, for all three β-lactamase species, no peaks corresponding to 

the previously reported enzyme – inhibitor adducts at [M + 52] Da, [M + 70] Da 

and [M + 88] Da could be observed under near physiological conditions.  

 

It should be noted that the differences between our results obtained under the 

near physiological conditions and those in the previous reports were not due to 
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the use of nano-ESI injection, as we found that the results obtained by normal-

ESI and nano-ESI injection are exactly the same.   The reason for adopting nano-

ESI instead of normal ESI in the analysis under the near physiological conditions 

is that the sensitivity was found to be rather poor when the aqueous sample 

solutions was introduced into the mass spectrometer by normal-ESI, most likely 

due to poor desolvation efficiency.   The sensitivity was improved dramatically 

when using nano-ESI injection since the droplets emitted from the nanospray 

emitter are known to be significantly smaller, and therefore easier to be 

desolvated.[Morelle and Michalski, 2005] 

 

The observation of the [M + 300] Da peak indicates that the E-I complex 

contains the entire inhibitor molecule, which is consistent with the formation of 

the trans-enamine species suggested by previous X-ray crystallographic and 

spectroscopic studies.[Padayatti et al., 2004; Kuzin et al., 2001]  With the 

consistent information obtained by the three techniques,  it could be concluded 

that the formation of the trans-enamine is likely the major pathway and product 

in the inhibition reaction between β-lactamase (including both class A and class 

C) and tazobactam.  
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The formations of the aldehyde-like species ([M + 70] Da and [M + 88] Da), 

propiolyated enzyme ([M + 52] Da), and cross-link ether species ([M + 52] Da) 

proposed in previous ESI-MS studies were probably due to 

degradation/decomposition of the trans-enamine species under acidic denaturing 

conditions of typical ESI-MS analysis.  The trans-enamine species may be acid-
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Figure 8.3   Multiply charged ESI-MS spectra of (a) apo-PC1 and (b) PC1–tazobactam E-I complex 

(z = charge state),  and transformed mass spectra of (c) apo-PC1, (d) PC1-tazobactam 

E-I complex, (e) apo-TEM-1, (f) TEM-1-tazobactam E-I complex, (g) apo-P99, and 

(h)  P99 - tazobactam E-I complex obtained under near physiological conditions. 

A: [M+57+300] Da 
B: [[(M + 57) x 2]+300] Da 
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labile and thus susceptible to decomposition under the highly acidic conditions 

(pH ~2).  Another possible reason is that the existence of the trans-enamine 

species might require stabilization by various intermolecular interactions 

mediated by the specific three dimensional structure of the protein. Under highly 

acidic conditions, the three dimensional structure of the protein is most likely to 

have disrupted.  With the loss of conformational constraint offered by the native 

protein, the trans-enamine structure is no longer stabilized and would decompose.  

 

As the inhibition behavior of various species of β-lactamases were found to be 

closely similar, it is reasonable to believe that the effects of conditions of 

analysis on ESI-MS results could be equally applicable to the case of SHV-1 and 

CMY-2 β-lactamases, which were not available in our laboratory and not 

included in this study.  By analogy, the phenomenon observed in this study may 

also be applicable to the two other inhibitors, clavulanic acid and sulbactam, 

since early ESI-MS results and previously proposed inhibition mechanisms for 

these two inhibitors are very similar to that of tazobactam.[Sulton et al., 2005; 

Brown et al., 1996; Thomson et al., 2007] 

 

 

8.2.2 Dissociation mechanism of the E-I complexes 

 

The second aim of this study is to investigate the occurrence and mechanism of 

dissociation of the E-I complexes, which are important factors determining the 

overall inhibition efficiency of tazobactam.  Our results show that the 

dissociation behavours of E-I complexes vary significantly among different 

species of β-lactamases.  The E-I complex formed from class A TEM-1             
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β-lactamase was found to completely dissociate to regenerate the free enzyme in 

12 min (Fig. (8.4 (c)).  In contrast, for class C P99 β-lactamase, the E-I complex 

did not dissociate for as long as 6 hours of incubation. It is particularly 

interesting to note that the E-I complex formed from class A PC1 β-lactamase 

appeared to dissociate slowly to form a [M – 18] Da species (Fig 8.4 (a)), most 

likely the dehydrated enzyme, which was found to be more or less inactive by the 

nitrocefin assay (Fig. 8.4 (b)).  The inability of PC1 (IC50 = 27 nM) and P99 

(IC50 = 8.5 nM) β-lactamases to regenerate the active enzymes may be attributed 

partly to the fact that these two enzymes are more susceptible to tazobactam 

inhibition than TEM-1 (IC50 = 97 nM).[Bush et al., 1993]   In addition, the 

formation of the inactive dehydrated protein in PC1 is consistent with kinetic 

data obtained by Bush et al. that PC1 is more or less turnover-deficient when 

reacting with tazobactam. 

 
 
 
 
 
 
 

 



 138 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C 

0.2

0.25

0.3

0.35

0.4

0.45

0 1 2 3 4 5

C 

B A 

 

Time (min) 

(5a) (5c) 

(5b
 

A 

A 

B 

B 

A 
B 

5 min 

30 min 

115 min 

180 min 

A 

A 

B 

A B 

B 

3 min 

5 min 

6 min 

12 min 

A
bs

or
ba

nc
e

Figure 8.4  (a) Time dependent mass spectra for inhibition reaction between PC1 

and tazobactam. Components A and B correspond to the E-I 

complex  [M + 300] Da and dehydrated enzyme [M – 18] Da, 

respectively. (b) Nitrocefin activity assay for apo-PC1 (curve C) and 

dehydrated PC1 (curve B). Curve A was obtained from a control 

experiment in which nitrocefin was incubated in enzyme – free 

buffer. All time-dependent curves were obtained at 386nm. (c) Time 

dependent mass spectra for reaction between TEM-1 and 

tazobactam. Component A and B correspond to the E-I complex [M 

+ 300] Da and apo-enzyme, respectively.  
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8.2.3       Mechanistic study on the formation of dehydrated PC1 β−lactamase 

from i ts E -I c omplex by protease di gestion an d t andem mass 

spectrometry 

 

Although the dehydrated enzyme was first detected in Yang’s study,[Yang et al., 

2000] its structural identity and mechanism of formation remain poorly 

understood.  Hence, we attempted to perform the first detailed study to determine 

the identity of the dehydrated protein by protease digestion followed by tandem 

mass spectrometry, a combination of technique widely used for locating the site 

of covalent modification in proteins.[Deterding et al., 2000; Shen et al., 2000] 

 

 

Protease digestion 

 

Tryptic digestion of apo-PC1 species produced 18 identifiable peptide segments, 

covering ~80% of the primary amino acid sequence (Table 8.2). Comparison of 

the peptide mass fingerprints between apo-PC1 and dehydrated PC1 shows that 

17 out of 18 peptides remain unmodified in the dehydrated protein.   Interestingly, 

the intensity of the peak corresponding to the peptide segment F66–K73 (874 

m/z) which contains the active site Ser70, is much reduced and a corresponding -

18 Da peak (at m/z 856) appears in the peptide mass fingerprint of the 

dehydrated protein (Fig. 8.5). This observation suggests that the dehydration 

reaction probably takes place within the peptide segment F66–K73.  

 



 140 

As described in previous reports, Ser130 is a candidate which actively 

participates in the reaction between tazobactam and class A β-lactamases. [Yang 

et al., 2000; Kuzin et al., 2001] On the basis of this finding, we first suspected 

that the formation of the dehydrated enzyme was due to condensation reaction 

between the side chain hydroxyl groups of Ser70 and Ser130, forming an ether 

cross link between these two residues.  However, based on the observation that 

the A121–K137 (m/z 1842) peptide segment containing Ser130 is predominately 

present in the peptide mass fingerprint of the dehydrated enzyme, this scenario is 

less likely to happen. 

 

 
 
 
 
 
 
 
 
 
 
 

 

 

(a) 

(b) 

A 

B 

Figure 8.5   ESI-MS spectra of tryptic digests of (a) apo-PC1 and (b) 

dehydrated PC1. Peaks A (874.4 m/z) and B (856.4 m/z) 

correspond to the F66-K73 segment and its dehydrated form, 

respectively.   
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Peptide 
fragment 

Calculated monoisotopic 
molecular mass [M + H]+ 

Measured monoisotopic molecular 
mass [M + H]+ (error in ppm) 

   
L193–K198 615.392 615.382 (16.2) 

S216-K222 733.409 733.406 (4.1) 

L278-K284 761.44 761.438 (2.6) 

F58-R65 766.384 766.384 (0) 

L152-K158 802.467 802.464 (3.7) 

E32–K39 860.43 860.436 (7.0) 

N65–K73 874.431 874.43 (1.1) 

Y112-K120 1036.604 1036.607 (2.9) 

N245-K253 1052.541 1052.541(0) 

K205-K215 1348.766 1348.746 (14.8) 

Y165-K175 1418.684 1418.668 (11.3) 

G254-K267 1544.868 1544.848 (12.9) 

A74-K92 1672.927 1672.902 (14.9) 

A121-K137 1842.854 1842.814 (21.7) 

V95-K111 1954.064 1954.037 (13.8) 

E154-K175 2627.335 2627.283 (19.8) 

G254-K277 2686.405 2686.359 (17.1) 

L151-K175 2868.514 2868.47 (15.3) 

 
 

 

Table 8.2.          List of identifiable peptide fragments produced by tryptic digestion of 

PC1  
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Tandem mass spectrometry (MS/MS) 

 

To further narrow down the scope of investigation at the amino acid residue level, 

the peptide segment F66-K73 (designated as segment A) and its dehydrated 

segment (designated as segment B) were analyzed by tandem mass spectrometry 

(MS/MS), and the observed sequence-specific bi and yi ions were compared. 

[Paizs et al., 2005]   MS/MS spectra of segment A and B are shown in Fig. 8.6, 

and the presence and absence of fragment ions are summarized in Table 8.3. 

MS/MS spectrum of the segment A contains a complete series of yi ions and 

approximately half number of bi ions.  Under the same collision energy, y1 - y3 

ions also appears in the MS/MS spectrum of segment B, indicating that the last 

three amino acids, T71-S72-K73, are likely to remain unmodified in the 

dehydrated enzyme.  Interestingly, the y4 to y7 ions disappear completely and the 

corresponding series of -18 Da mass peaks ((y4 - 18 Da) to (y7 - 18 Da)) appear in 

the MS/MS spectrum of peptide segment B.  Based on this clue, the region in 

which the dehydration reaction takes place is likely to be confined to the first five 

amino acids, F66-S70.  Furthermore, based on the observation that the successive 

occurrences of the -18 Da fragment ions begin at the fifth amino acid at Ser70, 

the dehydration reaction probably involves the participation of the hydroxyl 

group in the side chain of the Ser70 residue.  This prediction is consistent with 

the fact that the dehydrated enzyme is more or less inactive, probably because the 

catalytically active hydroxyl group in Ser70 is now removed. 

 

Based on the experimental evidences obtained, a plausible mechanism for the 

formation of the dehydrated enzyme in tazobactam inhibition is proposed.  We 
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postulate that the dehydrated enzyme may be an alkene-like species (II in 

Scheme 8.1) formed from dissociation of the ester linkage between the inhibitor 

molecule and the enzyme in the trans-enamine species (Scheme 8.1) .  This 

reaction mechanism is proposed according to an established organic chemical 

reaction, the formation of alkene and carboxylic acid from dissociation of ester, 

which is particularly favorable for an ester containing a β-hydrogen.[Arnold et al., 

1950; Bailey and Barclay, 1955] Since the trans-enamine speices formed from 

tazobactam contains the elements of an ester with a β-hydrogen (as circled 

structure I of Scheme 8.1), there is a distinct possibility of the occurrence of this 

dissociation reaction.  This dissociation reaction of an ester is intrinsically a 

kinetically unfavorable process, and hence takes place only at significantly 

elevated temperatures.[Arnold et al., 1950; Bailey and Barclay, 1955]   In spite 

of this, since the ester moiety in the trans-enamine species is buried in the active 

site of the enzyme, an environment full of active functional groups, some 

kinetically unfavorable reactions are suceptible to be catalyzed through 

interacting with various functional groups nearby.   In the current case, we 

believe that the dissociation reaction may be catalyzed by the specific amino acid 

configuration in the active site of PC1 β-lactamase.  

 

Although a plausible mechanism was proposed herein, it should be pointed out 

that more extensive studies are required to find out the detailed mechanistic and 

structural requirements on the formation of the dehydrated enzyme, i.e., what 

other amino acid residue participates in the dissociation reaction and why does 

this reaction occur only in PC1 β-lactamase.  However, our study strikingly 

brings out a new idea to drug discoverers that β-lactamases could possibly exist 
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in an inactivated state without binding directly to an external inhibitor molecule.  

For this inhibition mechanism, the role of the inhibitor molecule is binding 

temporarily to the active site of the enzyme, followed by triggering of a 

dehydration reaction that would result in the formation of a dehydrated and 

inactivated β-lactamase. This manner of inhibition has the advantage that the 

enzyme could be “permanently” inhibited without involving the regeneration 

(turnover) of the active enzyme, which is often a factor limiting the overall 

inhibition efficiency of the inhibitor. 

 
 
 
 
 
 
 
 
 
 
 

Apo-PC1 Dehydrated PC1 
    

        
b1   X y1 √ b1 X y1 √ 

b2 √ y2 √ b2 √ y2 √ 

b3 √ y3 √ b3 √ y3 √ 

b4 √ y4 √ b4 √ y4 * 

b5 X y5 √ b5 X y5 * 

b6 X y6 √ b6 X y6 * 

b7 X y7 √ b7 X y7 * 

b8 X y8 X b8 X y8 X 

 
 

Table 8.3     Summary of the presence and absence of fragment ions produced by 

MSMS analysis of the F66-K73 segment and the corresponding 

dehydrated form of PC1 β-lactamase.  (√ = present, X = absent and * = 

corresponding dehydrated ion present.)  
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Figure 8.6   MS/MS spectra for (a) F66–K73 segment (m/z 874) and (b) the 

corresponding dehydrated species (m/z 856). The “dash” symbol 

represents the dehydrated form of individual species, i.e. S70’ represents 

the dehydrated form of Ser70, and y4’ stands for the dehydrated y4 ion 

at [y4 – 18] Da. 
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8.3 Conclusions 

 

Taking tazobactam as an example, the present study highlights the importance of 

adopting near physiological conditions in ESI-MS studies of protein-inhibitor 

complexes.  The observed peak at [M + 300] Da is consistent with the formation 

of a trans-enamine E-I complex between β-lactamases and tazobactam, and in 

agreement with previous results obtained by x-ray crystallography and 

spectroscopic techniques.  The controversy on the identity of the E-I complexes 
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Scheme 8.1  Proposed reaction pathway for the formation of the dehydrated PC1 

β-lactamase. I, II and III are the trans-enamine species, alkene-like 

species (dehydrated PC1) and hydrated form of the rearranged 

tazobactam molecule, respectively. 
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is resolved.   In addition, our results show that the E-I complex formed from PC1 

β-lactamase and tazobactam dissociates further to form an inactive, dehydrated 

form of the enzyme.  This particular inhibition mechanism has the distinct 

advantage that the enzyme is ‘permanently’ deactivated, without the need to deal 

with the regeneration (turnover) of the active enzyme. 
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Chapter 9   S uggestions for Further Works 
 
 
Design of β-lactamase biosensors with enhanced bisensing sensitivity 
 

The “spatial displacement” mechanism proposed in the present H/D exchange study 

suggests that the fluorophore is initially oriented towards and close to the active 

binding site.   During substrate binding, the fluorophore moves away from the active 

site in order to make room for the incoming substrate, thereby the local environment 

surrounding the fluorophore and its fluorescence properties are changed.  This 

mechanism has provided valuable insight into the way to rationally design more 

sensitive and specific biosensors.  For development of fluorescein-based biosensors, 

we reason that the biosensing sensitivity could be enhanced if the protein is 

engineered in such a way that the fluorophore can be initially buried deeper in the 

active site pocket, and therefore the increase in solvent polarity experienced by the 

fluorophore upon spatial displacement upon substrate binding may become more 

significant. 

 

Based on this rationale, we have been attempting to construct a new fluorescein-based 

biosensor from the TEM-52 β-lactamase.  The TEM-52 β-lactamase is produced by 

performing three point mutations (E104K / M182T / G238S) on the TEM-1 

β-lactamase from E.coli.  Structural analysis showed that the G238S mutation 
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widens the active site by 2.8 Å, and the E104K and M182T mutations are responsible 

for stabilizing the reorganized protein structure.[Orencia et al., 2001]   We postulate 

that if a fluorescein-5-maleimide is placed near the active site of the TEM-52, a 

biosensor with enhanced biosensing sensitivity could be achieved, since the widened 

active site of the mutant may be more compatible with the bulky 

fluorescein-5-maleimide.  

 

To construct the TEM-52 biosensor, four additional point mutations were performed 

on the TEM-52 β-lactamase.  First, the disulphide bond near the active site was 

disrupted by replacing the two cysteine residues, C123 and C77, associated with the 

bond by alanine. The disruption of this disulphile bond may enhance the flexibility of 

the active site region, and relieve the steric crowding introduced by the fluorophore. 

In addition, the catalytically important Glu166 position was replaced by asparagine in 

order to impair the catalytic efficiency of the enzyme. To this disulphide bond-free 

and catalytic-deficient TEM-52 mutant, the Val216 position near the active site is 

mutated to cysteine, and onto which a fluorescein-5-maleimide is attached.  The 

reasons for choosing this position for fluorophore attachment are that first, this 

position is located on a relatively flexible loop, and thus the incorporation of the 

fluorophore on this region will not significantly impair the binding efficiency of the 
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protein.  Second, molecular modeling studies show that the fluorescein-5-maleimide 

fits well with the active site if it is oriented towards the active site from this position 

(data hot shown).  Our preliminary results show that the increase in fluorescence 

intensity of this biosensor upon substrate binding is ~ 2-folds more than the E166Cf.  

Further studies, such as H/D exchange and X-ray crystallographic studies, will be 

preformed to investigate and confirm the detailed biosensing mechanism of this 

TEM-52 based biosensor.  

 

For badan-based biosensors, the current study suggests that the blue shift and increase 

in fluorescence intensity observed upon substrate binding are due to the movement of 

the badan away from the active site binding pocket to an even more hydrophobic 

environment.  On the basis of this scenario, we propose that the extent of the blue 

shift and fluorescence intensity enhancement may be increased by incorporating 

hydrophilic amino acid residues into the active site region, such that the solvent 

polarity initially experienced by badan will become even greater.  Consequently, the 

change in solvent polarity (from polar to less polar) around the badan fluorophore 

may be more significant upon spatial displacement during substrate binding.  
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Discovery of new mechanism-based inhibitors for β-lactamases 

 

Our results have confirmed that the E-I complex formed from tazobactam inhibition is 

most likely a trans-enamine species. By molecular modeling followed by organic 

synthesis, we shall attempt to design and construct new inhibitors by stabilizing the 

trans-enamine structure that lead to irreversible inhibition of the enzyme. In addition, 

further studies will be performed to understand the mechanism of formation of the 

inactive dehydrated protein from dissociation of the trans-enamine species. For 

example, X-ray crystallographic studies will be performed to identify the major amino 

acid residues that participate in the dehydration dissociation reaction.  

Understanding the mechanism and the preferred structural factors leading to the 

formation of inactive dehydrated β-lactamase could initial new routes to the 

development of mechanism-based inhibitor. 
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Supporting in formation I:      Mathematical studies of the e nzyme 

kinetics of E166Cf  

The Dynamic System Method.  

The enzymatic reaction scheme for E166Cf can be represented by: 

E + S ES ES* E + P
k1

k-1

k2 k3

 

where E is the enzyme, S is an antibiotic substrate, ES is the non-covalent enzyme-

substrate complex, ES* is the covalently bound acyl enzyme-substrate complex and P 

is the hydrolyzed product. The set of kinetic equations describing the concentration-

time profiles of various reacting species are: 

( )( ) ( )1 1 ,dS k E S k ES
dt −= − +   [1] 

( ) ( )( ) ( ) ( )1 1 2 ,
d ES

k E S k ES k ES
dt −= − −  [2] 

( ) ( ) ( )2 3

*
* ,

d ES
k ES k ES

dt
= −  [3] 

( )3 * ,dP k ES
dt

=  [4] 

which is a system of first order ordinary differential equations. Using the 

experimental conditions and the rate parameters determined for the binding of E166Cf 

to cefuroxime listed in Table 3:  

 Experimental data 

Kd (M)  0.91 mM 

k2(s-1) 1.9 s-1 

k3 (s-1)             2.0 x 10-4 s-1 
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and noting that 11 kkKd −= , the k1 and k -1 values can be obtained by iteration and  

curve-fitting the theoretical calculated [ES*]/[Etotal] profile to the experimental curve 

obtained by ESI-MS shown in Figure 7(e). The curve-fitting calculations were carried 

out by minimizing the difference between the calculated [ES*]/[Etotal] values to the 

experimental value as a function of time using the Matlab optimization toolbox. With 

the complete set of rate constants, k1, k-1, k2 and k3, and the initial concentrations of E 

and S known, the concentrations of S, E, ES, ES* and P as a function of time can be 

calculated by solving the set of differential equations [1] to [4] shown above. 

  

For fixed values of Kd, k2 and k3, the k1  and k-1 values are found in the range of 103 - 

108 M-1s-1 and 100 - 105 s-1, respectively.   This conforms with literature k1 values of 

protein – ligand interactions reported in the range of 105 – 108 M-1s-1,7 the physically 

meaningful range for concentration – time profiles of various species, including S, E, 

ES, E S* and P,  in the hydrolytic reaction. However, we found the generated 

concentration – time profiles are insensitive to the individual values of k1 and k-1 

whenever the Kd value (0.91 mM ) is fixed.. 
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Supporting information II: Molecular modeling 

 
Molecular models of the fluorescein-labeled E166C mutant of the PenPC β-lactamase 

were constructed by homology modeling using the sequence builder of the CACHE 

software program (CACHE WorkSystem Pro 7.5.0.85), including the substrate-free 

E166Cf structure, the ES state of E166Cf with cefotaxime non-covalently bound to 

the active site, and the ES* state of E166Cf with cefotaxime covalently bound to the 

hydroxyl group of the side chain of Ser70.  The crystal structure of the B. 

licheniformis 749/C β-lactamase (PDB code: 4BLM) was used as the template for the 

substrate-free enzyme structure, and the crystal structure of the acyl enzyme-substrate 

intermediate of the E. c oli RTEM-1 β-lactamase complexed with cefotaxime (PDB 

code: 1FQG) used as the template for the ES* state. The non-covalent ES state was 

built by superimposing unhydrolyzed penicillin G (extracted from PDB: 1UOF) onto 

the ES* state. The E166C mutation and the conjugation of fluorescein-5-maleimide 

with the thiol group of the side chain of Cys166 in E166C were built by the CACHE 

program. The Ω-loop (including the manually built fluorophore) was treated with the 

default refinement procedure in the CACHE program to relax poor geometry. The 

refined models were then subjected to one round of simulated annealing using 

torsional molecular dynamics, followed by conjugate gradient minimization, using the 

CNS program. The topology and parameter files for fluoresceine-5-maleimide and 

cefotaxime used in the refinement were generated using the PRODRG server. The 

solvent accessible areas (SAA) for the fluorescein label of E166Cf in the non-covalent 

ES and covalent ES* states were calculated on the basis of the final refined models 

using the NACCESS program. 



 155 

 

Supporting information III: X-ray crystallography 

 

Crystallization of E166Cb 

The E166Cb protein solution was concentrated by ultra-amicon to 20 mg/ml. 

Crystallization of the protein was performed by “hanging drop vapour diffusion 

method”.  Crystal ScreenTM (CS) and Crystal Screen 2TM (CS2) (Hampton Research) 

were used for screening of desired crystallization conditions. Briefly, crystal screen 

reagent (CS 1-50, CS2 1-48) were added to 98 different reservoirs of the VDXTM 

plate and to which 1µl of protein solution was added.  The mixtures were allowed to 

incubate at 18℃, and the progresses of crystals formations were monitored by a stereo 

microscope (10 to 100 x magnification).  To obtain protein crystal of covalently 

bound enzyme-substrate complex, crystal of free E166Cb was soaked into a solution 

of 10 mM substrate (cefotaxime) and incubated for 20 minutes.  

 

X-ray data collection and refinement of protein structures 

The protein crystals obtained were transferred into a cryoprotected mother liquor 

(containing 20% v/v ethylene glycol that prevents from ice formation), picked up by 

the cryoloop, and mounted onto the  goniometer head of the Rigaku MicroMaxTM-

007HF X-ray spectrometer (Tokyo, Japan) processed by the CrystalClear 1.3.5 SP2 

(Tokyo, Japan).  Refinement of the X-ray crystal structures of E166Cb was performed 

by the CCP4 package (Edinburgh, UK) using the X-ray structure of PenP β-lactamase 

as the initial model.[Knox et al., 1991] 
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