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Abstract

B-Lactamase, a bacterial enzyme that hydrolyzes p-lactam antibiotics, has been
recently modified and labeled with different fluorophores to act as fluorescence
biosensors for detecting residual PB-lactam antibiotics in food. E166Cf was
constructed by replacing the glutamate residue on the (2-loop of Class A B-
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 -
lactam antibiotics, enabling them to detect antibiotics like penicillin G, cefuroxime
and cefotaxime down to the nanomolar level (10° M). To understand the biosensing
mechanism of the -lactamase-based biosensors, the kinetics and structural basis of
the binding reactions between the biosensors and -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 B-lactam antibiotic) monitored
by ESI-MS. This observation demonstrates unambiguously that the fluorescence
emission enhancement is due to specific substrate binding of a p-lactam type

antibiotic.



Compared to the wild-type B-lactamases, detailed kinetics studies revealed that the
hydrolytic (deacylation) dissociation rate (k; values) of the E166C, E166Cf and
E166Cb mutants are much reduced to the order of 10* s, and are ~ 5 orders of
magnitude smaller than the rate of formation of ES* ( k, values in the order of 10" s™).
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 3-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 k,/K,, is not significantly impaired by the introduction of fluorescein-5-

maleimide at the C166 position of the (2-loop of the B-lactamases, which is located
near the active binding site. This is attributed to that the flexible nature of the (2-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



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 E166Chb, 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.



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 B-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-1 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-1 complex formed from the Staphylococcus aureus PC-1 B-
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 B-lactamase.
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Chapter 1 Introduction

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

in studies of biomolecules

Prior to the 1990s, mass spectrometry (MS) was only strictly applicable to the
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 oft wos ofti onizationt echniques, namely electrospray
ionization (ESI)a nd matrix a ssisted laser de sorption/ionization (MALDI),
dramatically changed this situation and led to a revolution in the application of
MS to the analysis 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, such as the studies of protein-ligand (substrate)
interactions, post-translational modifications, and protein folding.[Daniel et al .,

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

The prevalence of M S is attributed to its several distinct advantages over other
conventional bi ophysical techniques, i ncluding o ptical s pectroscopy (e.g. U V-
absorption, ¢ 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]



Specificity

Specificity is a cr itical advantage of MS in the study o f protein-ligand binding
interactions. The binding s pecificity between a protein and its ligand could be
proved b ya number o fm ass s pectrometric approaches, andt 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 approach is to covalently modify the
active site residues to disrupt or mediate the binding interactions. Examples of
covalent modi fication include conversion ofl ysinet ohom o-arginine,
trimethylamino-ethylation of ¢ 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 the protein will be s ignificantly impaired, or at 1east 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 strategies include varying the experimental conditions of analysis
(e.g. temperature, pH and varyingt he buffer s ystem) inor dert o induce
conformation ¢ hanges o f pr oteins, which will d irectly affect the formation of
specific protein-ligand complexes. Therefore, the effects of external conditions

on the MS signal corresponding to the protein-ligand complexes could provide



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 Sis also favourable s ince t he
signals ar e usually available for m onitoring immediately a fter i ntroduction of
sample. This a dvantage i s pa rticularly obvi ous w hen ¢ ompared with X-ray
crystallography, which involves time-consuminga ndt 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 technique for characterization of protein-ligand (e.g.
drug, substrate, and inhibitor) complexes.[Deterding et al., 2000; Shen et al .,
2000; Domon and Aebersold, 2006] The stiochiometry of the binding reactions
between proteins and their bi nding pa rtners ¢ an be de termined directly by
molecular mass measurement, and the binding specificity can be confirmed.[Loo
etal., 1997; Tullio et al., 2005; Daniel et al., 2002] In addition, the analytical
capability of t he conventional masss 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



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 site 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; Knightetal., 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 ¢ omplex,a ndt husc anbe di rectly monitored by M S.
Furthermore, by protease di gestion followed by 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
enzymest owardst heir ligand targets.  Conventionally, enzyme ki netic
parameters, such as Michealis-Menten cons tant ( K,,) a nd maximum ve locity
(Vimax), are determined by spectroscopic methods in which the product released in

the enzymatic reaction exhibits strong UV absorption or fluorescence emission at



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 tor endert hema 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 be haviors of the substrate may be

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

In recent years, ESI-MS has become an increasing i mportant technique in the
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 ist hat c hromophore s ubstrates a re not

required, since the products and reactants can be detected and observed directly
in the mass s pectrum. With the us e of internal s tandards, t he time-dependent
abundances of these species involved in the enzymatic reaction can be accurately
determined.[Ge e ta 1.,2001 ] Recently, several groups have extended the
application of t he mass s pectrometric approach by demonstrating thatt 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]



1.1.3 Detection of con formational an d dy namic ¢ hanges of p roteins by

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

Background

Hydrogen-deuterium (H/D) exchange w as first introduced in the mid-1950s by
Linderstrom-Lang, who discovered that the 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 1 iquid ¢ 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 | ocal a nd g lobal c hanges in 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 types o f exchangeable proton present in a protein, only amide
protons are used for H/D exchange studies, since the ex change 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



proton is both acid- and base-catalyzed, and thus the overall intrinsic exchange

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

kex = kp[D'] + kop[OD] + kw [1.1]

where kop, kp, and k, correspondtothe ba se-catalyzed, acid-catalyzed, and
water-catalyzed rate constant, respectively (for polyalanine, kop=1.12 x 10'° M"
"min”, kp =41.7M" min, kw =3.16 x 102 M min’, and k& =~10" s™).
[Mandell etal., 1998 ; Kaltashov and E yles, 20 05] AtpH 7, t he physiological
condition for most proteins, the exchange reaction is mainly catalyzed by base
(OD") since base-catalysis is ~10* - 10® times faster than acid-catalysis.[Mandell
etal, 1998] Asshown in Fig. 1.1, the relationship between the rate of H/D
exchange and pH followsa V shape trend.[Konermann and S immons, 2003 ;
Kaltashov and E yles, 20 05] Typically, the H/D ex change r ate is m easured by
incubating the protein with a deuterated buffer (i.e., D>O added to t he buf fer
solution) at physiological pH 7, and then quenching into a buffer at 0 °C with pH
2 - 3 at which the rate of exchange is very slow (Fig. 1.1). Under these quenched
conditions (at 0° 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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Figure 1.1  Plot of chemical H/D exchange rates (k) as a function of pH.

Although the intrinsic rate of H/D exchange at pH 7 is rather fast (10" — 10° s™),
the observed rate of exchange of amide protons on proteins usually occurs much
slower, with halflive s r anging from millis econdsto years. Fora given
exchangeable proton, the rate of exchange depends mainly on two factors: (1)
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 the s olvent e xposure of the amide pr oton de creases
and when a network stable of hydrogen bonds are linked up with surrounding

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

al., 2003]

Ina c ompactly folded pr otein, al arge f action of amide pr otons are highly
shielded from the solvent, hindering the access of the OD" catalyst. These buried
protons ¢ 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 is ex change-competent.

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



3

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 structural fluctuations of the protein allow access of the O D"
catalyst thr ough tr ansiently f ormed channels a nd ¢ 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 etal., 1998 ;
Busenlehner a nd A rmstrong, 2005; H oofnagle etal., 2003 ; Konermann and
Simmons, 2003] Theoretical studies reveal that H/D exchange can be associated
with bot h s cenarios, andt hati tm ay alsoi nvolvet ransient f ormation of

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

Simmons, 2003]

At eaction scheme ¢ 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 etal., 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).

k k. k

o 1 c
NHelosed NHopened 5 NDopened NDclosed
k, k,
Scheme 1.1 Mechanism of amide hydrogen exchange through structural

fluctuations. k,, k., and k; are the rate constants for structural
opening, s tructural ¢ losing, and H/D e xchange in the fully
unfolded f orm (thei ntrinsicr ateof H /D ex change),

respectively.



The apparent rate constant of the ex change reaction (k) is given by Eqn [1.2],
where k; is the intrinsic rate constant for ex change (the rate of exchange in the
fully unfolded form) and &, and k. are the rate constants for the formation of the

“opened” and “closed” states, respectively.

For a native ( 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) (k. >> k,). This situation 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 (k. >> k;). 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 (K., = k,/k.), 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 (k.>> k;), 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 mass peak with increasing H/D exchange time.[Mandell etal., 1998;
Busenlehner a nd A rmstrong, 2005; H oofnagle etal., 2003 ; Konermann and

Simmons, 2003]

kexzkoki/(ko+kc+ki) [12]
EX2 regime: k. >> k;, kex = (ko / k¢) ki [1.3]
EX1 regime: k; >> k., ko =k, [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 (k. << k;). This situation is referred to as the EX1 regime in which the
apparent exchange rate is de pendent only on t he rate of op ening (Eqn [1.4]).
Under EX1 condition (k. << k;), 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 orrespondingt ot he p rotonated s pecies andt he ot her one

corresponding to the highly deuterated species, since the opened state exists long
enough (small %) to allow all amide protons to be exchanged during a single
opening ¢ vent.[Mandell eta 1., 1998; Busenlehner and A rmstrong, 2005;

Hoofnagle et al., 2003; Konermann and Simmons, 2003]
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1.2 pB-lactam an tibiotics, p-lactamasean d B-lactamase-based

fluorescence biosensor

P—-lactam antibiotics

B—-lactam antibiotics are an important class of antibiotic used in the treatment of
infections ¢ aused by G ram-negative and Gram-positive ba cteria.[Poole, 2004;
Sandanayako and P rashad, 2002] [-lactam antibiotics are characterized by a
four-member —-lactam ring, and divided into two major classes: penicillin (e.g.
penicillin G and ampicillin) and cephalosporins (e.g. cefoxitin, c efuroxime 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 cell wall. [—lactam antibiotics bind to
the P BPsand retardt he cellw all synthesis, w hichl eadst oc ell
death.[Sandanayako a nd P rashad, 2002] 1Iti s g enerally accepted thatt he
interaction between PBP (the enzyme protein labeled as E here) and f—lactam
antibiotics (labeled as S here) follows a three-steps mechanism as depicted in
Scheme 1.2 . T he first step is the formation 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 K; (K; = k_;/k;, where k; is
the forward rate c onstant for the formation of non-covalent ES, and £.; is the
backward rate constant for the dissociation of ES). A larger value of K; would

therefore indicate a lower binding affinity between E and S.
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R k, (H 0) R R
E-OH + % E- OH--- H, E-OH +
—NH NH acylatlon O deacylanon HO | H,

(o}

(E) (S) (ES) (ES*) (E) ° (P

Scheme 1.2 Catalytic pathway of PBP / B-lactamase (E is the free enzyme, S
is the p-lactam a ntibiotic s ubstrate, ES is the non -covalent
enzyme-substrate ¢ omplex, E S*1i st he ¢ ovalently bound
enzyme-substrate complex, P 1 st he pr oduct ( hydrolyzed

antibiotic), and K; = k_;/k;.

The s econd step is a cylation in which a c ovalently bound enzyme-substrate
complex (ES*) isf ormed. The f inals 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 &,
and k;, respectively.[Sandanayako and Prashad, 2002; Bonomo and Rice, 1999;
Luet al.,, 1999] As the reported values of k; for P BP-B—lactam reactions are
generally very small (< 10™ s™), and are ~ 100-1000 folds smaller than &, the
B—lactam antibiotics are generally considered as “inhibitors” for PBP.[Lu et al.,

1999]
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Figure 1.2 Chemical structures of B-lactam antibiotics and inhibitors
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p-lactamase

Unfortunately, due to the widespread use of f—lactam antibiotics, bacteria have
developed anum bero fr esistance m echanisms a gainstt hese d rugs. One
significant mechanism is the bacterial production of P—lactamases, which are
hydrolytic enzymes that efficiently destroy the f—lactam antibiotics before they
reach their target, the PBP.[Poole, 2004; Sandanayako and Prashad, 2002] Based
on similarities in the amino acid sequences, f—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 f—lactam
ring is initiated by an active serine residue. Class B B—lactamases are metallo-

enzymes, a nd t he ¢ atalytic r eaction i nvolves t he pa rticipation of a Zn atom.

[Sandanayako and Prashad, 2002]

The h ydrolytic reaction be tween P—lactamases and p—lactam a ntibiotics is
mechanistically s imilar to, but kinetically very di fferent f rom tha to f PBP
(Scheme 1.3). The substrate recognition step (K,), acylation (k;), and particularly
deacylation (k;) 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 [-lactamases, B-
lactamase inhibitors ha ve be en de veloped in last two decades. The three most
commonly us ed P—lactamase i nhibitors ar e cl avulanic aci d, sulbactam, and
tazobactam (Fig. 1.1) . T hese i nhibitors i nhibit t he p—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 ¢ ombination w ith
susceptible antibiotics, from which the activity (effectiveness) of the antibiotics
towards (B—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 oundt o be 1 ess e fficient because oft 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 class A
Tem-1 and SHV-1 B—lactamases have been discovered in E coli.[Bonomo and
Rice, 1999] Therefore, discovery of new [—lactamase inhibitors remains an

important research problem nowadays in drug discovery.

P—-lactamase-based fluorescence biosensor

One effective way to reduce the proliferation of antibiotic resistance in bacteria is
to prevent the improper (and widespread) use o f f—lactam antibiotics. In this
regard, the abuse of f—lactam antibiotics in raising domestic animals (e.g. cows)
for the food industry is recognized to be a s ignificant route c ontributing to the
problem of a ntibiotic r esistance. To tackle this pr oblem, de tection of t race
antibiotic contaminants in foods (e.g. milk) is of great 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 time-consuming sample preparation steps. The fiber optic
and electrochemical P—lactam sensorst hatde tectt he pH ch anges d uring
hydrolysis o ft he B—lactam ringb y B-lactamases ar e hi ghly s usceptible t o

interference from changes in environmental pH. Thus, it is highly desirable to
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develop a simple, quantitative, and s ensitive a nalytical m ethod t hat c an de tect

B—lactam type antibiotics at trace levels.[Chan et al., 2004]

Our research group has recently cons tructed a “switch-on” biosensor (E166CY)
for P-lactam antibiotics f romt he class A P enPC [-lactamase. Since
B—lactamases is a nonallosteric enzyme (no significant conformational change is
induced upon 1 igand b inding), detecting the s ubstrate bi nding r equires t he
placement of an environment-sensitive fluorophore near the active binding site.
The E166Cf is constructed by replacing the Glul66 residue with cysteine (refer

to List of A bbreviations, p. X x, for | etter s ymbol r epresentation of « -amino

acids),t ow 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 Glul66 position is a catalytically important residue, 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 structures show that the
Glul66 s ide c haini s poi ntingt owardst he a ctive s ite. T herefore, ift he
fluorophore is placed at this position, there is a distinct possibility that substrate
binding may induce changes in local environments around the fluorophore and
hence t he f luorescence pr operties of t he f luorophore mayb e cha nged and
monitored. Our previous results s howed t hatt he E 166Cf c ould e xhibit a
fluorescence enhancement uponi ncubation w ith B—lactam antibiotics (e.g.

Penicillin G and cefuroxime) (Fig. 1.4).[Chan et al., 2004]
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Recently, we have developed a new biosensor, the E 166Cb, in which a badan
molecule is i ncorporated i nto t he C ys166 residue (Fig. 1.3). Badanisan
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
etal., 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 uponbi nding to p-—lactam a ntibiotics. The
characteristic change in emission wavelength exhibitedb yE 166Cbi s an
advantageous in that this fluorescence respond is less susceptible to changes /
fluctuations in instrumental conditions such as intensity fluctuations of the light
source. Our pr eliminary results s howedt hat a blue s hift and i ncreasei n
fluorescence i ntensity could be obs erved upon incubation w ith pe nicillin a nd
cephalosporin a ntibiotics (Fig. 1. 4). Ins omec ases, E 166Cb ¢ an detect

antibiotics down to the 10 nM level.

HO O @)
(L1 .
g Cry
CHso
N
S

CHs
Fluorescein-5-maleimide Badan

Figure 1.3  Chemical structures of fluorophores used in this work
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Figure 1.4

Fluorescence spectra of E166Ct and E166CDb (a) in the absence of

10 M penicillin G, and (b) in the presence of 10*M penicillin G.
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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 B-lactamase based fluorescence biosensors, E166Ct and
E166Cb, a nd B-lactam antibiotics w ere inve stigated. Issuesr 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

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

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

towards B-lactam antibiotics

Understanding the biosensing mechanism and properties of the biosensors is of
paramount i mportance as this can provide an insight into the way to construct

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

1. toinvestigate t he e ffects of t he fluorophore 1abel on t he ove rall bi nding
efficiency of t he P—lactamase-based bi osensor by ma sss 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 origin of't he fluorescence changes of the P—lactamase-
based biosensors upon binding with B-lactam antibiotics by complimentary

time-resolved mass spectrometric and fluorometric studies; and

20



4. to study the structural mechanism le ading to the c hanges in fluorescence
properties of t he bi osensors upon bi ndingt o P-lactam antibiotics by

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

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

Understanding the inhibition mechanism of tazobactam towards -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 hert echniques s uch asx -ray crystallographyand U V
spectroscopy, the identity of the covalently bound enzyme-inhibitor complex (E-
I), andt hei nhibition mechanismi ss till ¢ ontroversial. Ina ddition, t he
dissociation be haviour of the E-I complex, an important factor determining the
inhibition e fficiency of the inhibitor, remains unexplored. In present study, the

specific objectives of investigation are:

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

B-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 B-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 romt he
electrospray i onization ( ESI) source are di rected to passt hrough MSI,t he
collision cell, and e ventually to a deflector el ectrode at which a hi gh electric
potential (980 V) is applied in 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° mbar (before i ntroduction of e xtraa rgon g as f or ¢ 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: EIM18,
North A urora, U SA). Instrumental ope ration i s ¢ omputer ¢ ontrolled v ia t he

Micromass MassLynx software (version 4.1).
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Figure 2.1 Schematic diagram of the Micromass Q-TOF 2 quadrupole time-of-flight
mass spectrometer with Z-spray ESI source (taken from the Micromass Q-

TOF 2 Operation Manual)

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 ita llows large and non-volatile m oleculest o be analyzed
directly from the solution phase. In addition, the E SI source can be coupled to

chromatographic interfaces s uch a s hi gh pe rformance 1 iquid ¢ hromatography

23



(HPLC), a llowing s imultaneous a nalysis of ¢ 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 analyte sample s olution is introduced through a capillary ata flow rate of
(0.1 — 10 uL/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 liquid protrudes from the tip of the capillary, which is known as
the “Taylor c one”. When t he ¢ harges a ccumulatet o a pointatw hichthe
Coulombic repulsion e xceeds the surface tension of the solution, droplets will
detach from t he capillary tip. With t he aid 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 are generated through several
proposed mechanisms. The two most commonly applied models are the charge
residue model and ion evaporation model. For the charge residue model, the
increase i n charge de nsity due t o solvent evaporation, w hich i s a ssisted b y
applying a dry desolvation gas (i.e., N;) and high temperature (100 — 200 °C),
causes large c harged dr oplets t o di vide into s maller and s maller dr oplets, and
eventually into a single gaseous ion. Another mechanism, the ion evaporation

model, s uggests t hatt he i ncrease i n ¢ harge density r esulted f rom solvent

24



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]

Capillary tip
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@@G)@@g@@

Desolvation gas (N,)
Temperature ~100 — 200°C

v

Taylor Cone

Scheme 2.1  Schematic diagram of electrospray interface

Multiply-charged mass spectra of proteins

Proteins have a wide range of ionizable sites, such as the basic amino functional
group (e.g. -NH,) for positive ion production (via protonation) 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

byn folds, allowing the ana lysis of 1 arge bi omolecules. The r aw E SI m ass
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spectra of pr oteins nor mally di splay a di stribution of ¢ onsecutive multiply
charged ion peaks resulted from protonation (M + nH)"" or deprotonation (M —
nH)" (Fig. 2.2). The average molecular mass of the protein can be obtained by
transformation (deconvolution) oft hem ultiplych arged spectra. T he

transformation process is based on the following equations:
M +nmy) /n; =m [2.1]
M+ (0 — 1) myg]/ (0 -1) =my [2.2]
These two equations lead to:
n; = (my—my)/(my—m;) and M =n; (m; —mpy) [2.3]

where M is average molecular mass of the protein, my is the molecular mass of
proton (i.e. myg = 1), and m; and m, are the mass to charge ratio (m/z) of the

multiply charged ions with charged state n; and n; - 1, respectively.

m; (charged state = n)
100+

m, (charged state = n-1)

o

[ - ..;.l..n.L.._.._.....h.._ [ IR S v miT
‘o 750 @b 830 800 850 1000 1080 1100 1150 1200 1250

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 ¢ vol tage (U) and R F voltage

(Vcos(ot), where w =2 7 f, f=R F frequency (Hz), and t = time) are applied

between opposite pairs of four parallel, equi-distant rods of circular cross section
arranged symmetrically in the x-y plane (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 ions, expressed in terms of the
Mathieu parameters a, and q, (u =x or y, and ro = radial distance between the

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

d*u
+(au -2q, cosa)t)u =0 whereu=xory [2.4]
d(et)’
aq = 8zU / mry’e” [2.5]
Qu=4zV / mry’e’ [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 thanr,. By varyingthe U, V, and o, ions of different m/z
values can pass through the quadrupole filter, and thus be detected by MS2 at the

downstream.

- (U +V cos ot)

+ (U + V cos ot)

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 the T OF m ass analyzer, only RF
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 first mass s elected by the first quadrupole (MS1), accelerated to a collision
energy of 0 - 200 eV, and enters the R F-only h exapole collision cell in which
collision-induced dissociation (CID) of the parent ion in the presence of argon
collision gas takes place. T he fragment ions produced from 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) is an extensively us ed mass ana lyzer in 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 to 100,000 — 300,000). The TOF analyzer
differentiates ions of di fferent m ass-to-charge r atios (m/z) basedont he
difference in their ki netic energies, or simply, the time an ion takes to move
through a p articular distance of the flight tube. Foranion with mass m and

charge ¢ (g = ze) traveling at a velocity v and processing kinetic energy (Ex):

sz

2

E, = =qV, = zeV, [2.7]

where V is the accelerating potential. The time # needed for the ion to travel the

flight path with length d is given by # =d/v. Thus, Eqn [2.7] becomes:

28



2 _ (M d’
t —( . j{ZVSeJ [2.8]

Since d and V; are fixed, m/z can be calculated from a measurement of #. 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 leads to poor resolution of mass measurement. T o overcome the kinetic
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 aresult,

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

Decelerating
Voltage

. Reflecting
Ions with the same m/z Voltage
® slowions MCP
detector
Fast ions

Scheme 2.2  Schematic di agram s howing the ion pathways in the reflectron-

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, and C), and each pump
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 wasnotused inthis
study). A characteristic of the solvent pumping system of the CapLC is that it

only delivers solvent at a very small flow rate range of 0.5 — 40 y L/min, which

i1s 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 uLL sample loop. Using a
96 w ells auto-sampler, the s ample injection process is entirely automatic, and

controlled by the MassLynx 4.1 system.

In the present study, HPLC separation of peptides produced by protease digestion
was achieved by theuseof a Zorbax Poroshell C18 reversed pha se ¢ olumn
(Poroshell 300SB-C18, 1 x 75mm, 5 u, Agilent Technology, USA). A distinct
advantage of t he por oshell ¢ olumn i s t hat t he s tationary ph ase i s based on
superficially por ous silica, r endingt he columna c apability of ul tra-fast
separation. This advantage is of particular significance in 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 schematic diagram o f the SFM-400/Q quench-flow system is shown in Fig.
2.4. The SFM-400/Q instrument consists of four syringes (S1, S2, S3, and S4).
In the present study, S 1 was not used; S2and S3 were used for 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 10-Kine s oftware (version4 ). The enzymatic r eaction is ini tiated by
injecting the enzyme and substration solutions via S2 and S3, respectively, into a
mixer (M;)and introduced into t he d elay 1 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 fired from 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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Figure 2.4 Schematic diagram of the SFM-400/Q quench-flow system

(taken from the SFM-400/Q electronic manual)

24 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 two independent s yringes (S1 and S2) are rapidly mixed and introduced
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into a m ixing ¢ 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).

Light
Mixing _ )
chamber Stopped
: ‘\__ syringe
'ir Optical observation cell
Optical
detector

L4

S1 52

Figure 2.5 Schematic diagram of the SX.18 MV-R stopped-flow fluorescence
spectrophotometer
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Chapter 3 M aterials

3.1 Chemicals

The che micals us ed in the present 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)

Horse heart myoglobin (= 90% purity)

Pepsin (frompor cinega  stricm  ucosa,
(3,200-4,500 units / mg protein)

Type XVIII protease (Fungal from Rhizopus species,
0.51 units / mg solid)

Trypsin (from bovi ne p ancreas, >6,000 units / mg
protein)

Deuterium oxide (D,0O) (= 99.9 atom % D purity)

Leucine Enkephalin (=95% purity)

Penicillin G (> 99.5% purity)

Ceufuroxime (> 99.5% purity)

Cefotaxime (> 95% purity)

Cefoxitin (>99% purity)

Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich
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3.2. Proteins

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

mutants:

(a) Class A P enPC p-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 attached to cysteine-166 of E166C,

named E166CD in this project)

(d) Wild type class A PC1 B-lactamase

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

() Wild type class C P99 B-lactamase

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

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

research laboratory (Bacillics. subtilis strain 1A304 ($105MU331) for expression

of E 166C and P 99; BL21 (DE3) for e xpression of P Cl and T EM-1). T he
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experimental pr ocedures for production of these proteins are de scribed below.

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

analysis.

Preparation of Class A PenPC E166C p-lactamase

The E166C mutant was expressed in the B. subtilis strain 1A304 ($105MU331).

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

5 pg/ml ¢ 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 conical flask c ontaining 100 ml of sterile BHY medium (37 g/l Oxoid

brain he art i nfusion br othand 5 g /1 O xoid yeast e xtract) w hich w as t hen

incubated at 37 °C with s hakingat 30 0 rpm overnight (about 11 -12 h) for

inoculation. About 7 m1 of the overnight inoculum was added to each of conical

flasks containing 100 m1 of sterile BHY medium, and the inoculated media were

shaken at 300 rpm at37 °C.  When the O Desoo reached 3.5-4.0, the 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 rpm 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 with dropwise addition of HCl. = The B-lactamase enzymes

36



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 B-lactamase enzymes were eluted by mixing the celite with 300 ml

of protein elution buffer (100 mM Tris-HCI, 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 piece 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) 1 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 PCI and Class A Tem-1 f-lactamases

Histidine tagged TEM-1 and PC1 B-lactamases were prepared and provided by

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

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

with plasmids pR SET K-TEM1 and pR SET K -PCl1, respectively. T he cultures

were induced with 0.4 uM IPTG (USB) at an ODg 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 p-lactamase

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

Leung’s r esearch group. The Bacillus s ubtilis 1A304 ( $105MU331) w as

transformed w ith plasmid pSGI1113/M ( containingt he E. ¢ loacae P99

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

3.0 — 35)at50°Cfor5m in[Tsangand Leung, 2007 ] The ¢ ulture w as

harvested after 5hat37°C. To purify P99 B-lactamase, the cells were allowed

to lyse for 1 h at 30°C in 20 mM sodium phosphate buffer (pH7.4) containing 0.5
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M NaCl and 75 pg/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 centrifugationat 10,000 rpmand 4°C for 1 h. The supernatant w as t hen
loaded to a Ni*" charged 5-mL HiTrap chelating column (Amersham-Pharmacia
Biotech Inc.). T he ( His)s-tagged P99 [-lactamase w as el uted with al inear
gradient of 1 midazole f rom0 — 0.2M . 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 B-lactamases and fluorophore labeled biosensors (E166CHT,
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-1) complexes, the binding reaction was initiated by mixing 60 uL of
enzyme (E166C (1 uM), E166Cf (1 uM), E166Cb (1 uM), PC1 (20 M), Tem-1
(20 uM), and P99 (20 «M)) in 20 mM ammonium acetate buffer at pH 7.0 with
60 uL 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 xL 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 uL/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 M horse heart myoglobin (M, = 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 uL 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 uL of 20 uM 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 (0°C 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 xL/min with a

syringe pump (Harvard Apparatus, model 22).

Digestion with trypsin

10 uL of 20 uM 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 °C 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° mbar as indicated by the reading of the ionization gauge

located near the collision cell.
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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 uL of 1 4M
enzyme (E166C, E166Cb and E166Cb) in 20 mM ammonium acetate buffer (pH
= 7.0) with 72.5 uL of desired concentrations of antibiotic in the same buffer
system, and then quenched at various time intervals by addition of 145 uL 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
uL/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*])/[Ewta]) at different time intervals was determined by
measuring the peak areas of the [E] and [ES*] peaks in the mass spectrum, where

[Etotar] = [E] + [ES*].
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Determination of K, k; and k;

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*V[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*]/[Eioi] Vversus time (t) to

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

favorable.

For the mechanism shown in Scheme 1.2, £, is related to K4 and &, according to

Egn [4.2]:

ka = ka [Sol/(Kq + [So]) [4.2]

where [So] is the initial substrate concentration, and &, and Ky were obtained by

computer fitting the experimental data of &, versus [Se] to Eqn [4.2].

The first order deacylation rate constant k; was obtained by monitoring the

degradation of ES* as a function of time.

[ES*)/[Etotar] = €xp —(k3 1) [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 -lactam antibiotics. [Lu et al., 1999]

Fluorescence spectroscopy

50 uL of 1 uM E166Cf/E166Cb in 20 mM ammonium acetate (pH 7.0) was
mixed with equal volume of 5 u4M 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 uL of the protein solution
(5mg/ml) with 180 uL of deuterium-based buffers (20 mM ammonium acetate in
D,0, pH 7). At desired time points, 20 uL 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 °C until subsequent protease digestion.

Protease digestion

The frozen sample solution was thawed in an ice bath (0°C), 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 °C. The digest was then analyzed by HPLC-MS.
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HPLC-MS Anslysis

30 uL of the digested sample was transferred into a pre-cooled auto-sampler
compatible vial. 10 uL portion of the sample solution was used to rinse the
sample injection needle and sample loop, and a 2 xL 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 (H,0O, 0.05%TFA) to 50% solvent B (90% ACN, 0.05%TFA) gradient
at a flow rate of 40 xL/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 Egn

[4.4]

% of deuteriums incorporation = (M; — Mo / M1go% - M) X 100% [4.4]

where M, M,, and Mg, 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 B-lactamase b ased f luorescence
biosensors and their covalently bound complexes with

B-lactam antibiotics

5.1 Background

Before performing various detailed studies on the biosensing mechanism of the
B-lactamase ba sed fluorescence bi osensors, i tis ne cessary to e nsure that the
proposed biosensors (fluorophore 1 abeled [-lactamase mutants) were

successfully constructed.

In this chapter, the identities of the fluorescein-5-maleimide la beled bi osensor
(E166Cf) a nd ba ndan 1 abeled bi osensors ( E166Cb) w ere ¢ 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 the fluorophore 1abeled
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 B-lactam antibiotics 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 is a ba sic r equirement for
performing the kinetics study. In this study, we first attempted to detect and
quantify by ESI-MS the covalently bound acyl-enzyme complexes (ES*) formed

when the biosensors bind to B-lactam antibiotics.

5.2 Results and Discussion

5.2.1 Masss pectrometric ¢ haracterization of t he fluorophorel abeled

biosensors

The identity of the E166C m utant pr oduced by s ite-directed mutagenesis w as
confirmed by molecular mass measurements. As shown in the transformed mass
spectrum of the E166C mutant (Fig. 5.3 (a)), the measured molecular mass is
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 position of the wild type
Pen-PC B-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 E166c¢b, 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 single peak with a molecular mass value of 29232.5 Da, whichis 445.3 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 that a fluorescein-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 dueto 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,0) derived f rom the s olvent or t he buffer during
electrospray ionization is a commonly observed phenomenon.[Sun et al., 2006;
Tolicetal., 1998] For E166Cb, a single peak at28999.3 Da appears in the
transformed mass spectrum. This observation is consistent with the incorporation
of a badan molecule (M, = 212.1 Da) onto the E166C mutant. The molecular
masses measurements also showed that the fluorophore 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 the 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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Table 5.1.  Measured and calculated molecular masses of E166C, E 166Cf and
E166Cb and t heir ¢ ovalently bound e nzyme-substrate com plexes

formed with B-lactam antibiotics.

B-Lactamase Calculated molecular mass Measured molecular mass
(Da) (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 + 6APA® 29003.8 29003.0
E166Cf+ 6APA* 29449.2 29450.1

* 6APA is 6-aminopenicillanic acid (refer to Figure 1.2)
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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 | abeled on
sulthydryl group of cysteine, the specificity of the labeling reactions 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 Iso react w ith the
primary amino groups.[Chen et al., 1985] For this reason, it is highly desirable
to confirm experimentally that the fluorophore is indeed incorporated into the
166-cysteine s ulthydyl site. Thes 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 used in the present s tudy w as a m ixture of p epsin and type
XVIII p rotease. T he r easons f or ¢ 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 studiesint hel ater pa rt of t he present
project, w hich requires t he pr oteint o be di gested unde r a cidic ¢ onditions.
Second, after several trials, we found that 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 produced by protease digestions of E 166C, E 166Cf and
E166CDb 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 (2-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 E166Cft (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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Figure 5.1. Peptide mass fingerprints of (a) E166C, (b) E166Cf, and (c) E166Cb produced

from protease digestion. (F represents (fluorescein-5-maleimide + H,O) )
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Table 5.2. Peptide s egments p roduced by protease di gestions of E 166C,

E166Cfand E 166Cb. (FandB c orrespond t o ( fluorescein-5-

maleimide + H,0) and badan, respectively. \ = present and x =

absent)

Measured  Theoretical

molecular  molecular  Error peptides E166C E166Cf E166Ch
mass mass (ppm)
[M+H]" M +H]|"
465.208 465.201 15.0 C166-L 169 \ X X
910.282 910.285 -33 [C166-L169]+F X V X
- 677.309 - [C166-L169] +B
632.353 632.361 12.6 1279 -K 284
643.307 643.309 24 F66-T71

661.366 661.356 -15.8 1206 -W 210
730.455 730.446 -12.6 1186 —-A 192

738.370 738.367 -4.3 N92-Y97
765.377 765.378 0.9 Y 274 -1279
777.438 777.425 16.7 F40 -V 46
842.481 842.473 -9.4 1221 -D 228
905.540 905.545 6 Y 72-L 80
984.530 984.511 -19.4 N170-R 178
1017.524 1017.521 -2.8 L81-L09l

1028.557 1028.552 -4.5 1221 -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 V249 -1261

1388.714 1388.713 -0.8 A125-L 138
1445.865 1445.863 -1.6 V249 - A 262
1567.801 1567.798 -2.2 H24-136

1768.826 1768.825 -0.6 W 229 - D 245

2 2 2 2 2 =2 2 2 2 2 2 2 2 2 =2 2 2 2 =2 2 X
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 =2 X
2 2 2 2 2 =2 2 2 2 2 2 2 2 2 =2 2 2 2 =2 2 X
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To further pin-point the site of fluorophore attachment down to the amino acid
residue level, the freea 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 I ocating t he s ite of ¢ ovalent m odification of proteinis
mainly based on b; and y; series of fragment ions, the sequence-specific fragment
ions.[Paizs and Suhai, 2005] However, since the y; series fragment 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 b; series fragment ions are predominantly
present in the MS/MS spectra o fboth the fluorophore free and fluorescein-5-
maleimide labeled segments, our interpretation of the MS/MS spectrum was only
based on b ; series of fragmentions only. As shownin Fig. 5.2, the MS/MS
spectrum of the fluorophore free peptide segment displays distinct peaks of b, to
b, ions. Interestingly, these ions were found to vanish completely in the MS/MS
spectrum of t he f luorescein-5-maleimide labeled peptide segment, andt he
corresponding ( (b, +4 45 Da) to (bs +4 45 Da)) ions a ppear.  The m ass
increment of 445 D ais 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 b; (1= 2, 3,a nd 4) fragmentions beginatthe T 167 (b,)
position, the fluorophore is likely attached to the first two amino acids, the C166
or T167. As fluorescein-5-maleimide is known to most favorably bind to the
sulthydryl group of cysteine, the fluorescein-5-maleimide is most likely attached

to the cystiene at the 166 position.
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Figure 5.2  MS/MS s pectrao f(a) free and (b) f luorescein-5-maleimide 1 abeled

C166 — L169 peptide segments of E166Cf (F represents fluorescein-5-

maleimide + H,0).
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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 iket hec 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 produce
this pe ptide s egment. In s pite of this, the sole abs ence of the 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 badan is most likely a ttached to the C166 — L169

segment at the C166 position.

5.2.3 Characterization of the coval ently bound acyl en zyme complexes

(ES*) formed between the biosensors and B-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 3-
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 al., 2000; Shen et
al.,, 2000] Under very acidic c onditions, the protein is unfolded, and thus all
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 protein-ligand dissociation since 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 this “acid unfolding”

method.

The transformed mass spectra for the reaction mixtures between the biosensors
and various B-lactam antibiotics are shown in Fig. 5.3, and the measured and
theoretical average molecular masses of't he p rotein-substrate com plexes are
summarized in Table. 5.1. Upon i ncubating w ith [-lactam a ntibiotics and
followed b y a cid unf olding, ane w pe ak at a higher molecular m ass value
corresponding t o the c ovalent bound e nzyme-substrate complex was g enerally
found in the transformed mass spectrum. For penicillin G (M, = 334.1 Da) and
6APA ( M, =216.0D a), the m easured molecular m asses oft he observed
complexes peaks are in good agreement with the theoretical value of adding of
one m olecule o f't he corresponding [-lactam a ntibiotic to t he pr otein. For
cefuroxime (M, =424.1Da),a newpeak at [M+ 363.2 ] Daw as d etected,
indicating that a -OCONH; moiety of cefuroxime (M, = 60.5 Da) was lost upon
binding to the enzyme. The loss of a moiety of -OCONH; was also observed in
a previous ESI-MS st udy of ther eaction between Tem-1 [-lactamase and

cefotaxime, an analogous cephalosphorin type (-lactam antibiotic.[Saves et al.,
1995] The ESI-MS results obt ained also indicate that 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 detected, it should be pointed out that formation of non-
specific com plex be tween proteins and small molecules during e lectrospray

ionization is also a com monly observed phe nomenon.[Sunetal., 2006] 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 B-lactam antibiotics. Analysis of the antibiotics
under similar acidic conditions would show intense molecular ion peaks in the
ESI-MS spectra, suggesting that the antibiotics were not significantly d egraded
under acidic conditions. As ex pected, only the apo-enzyme peak was present
and no peak corresponding to the enzyme-substrate complex was observed when
a de-naturated enzyme was incubated with the -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 oft 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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Figure 5.3. (a) Multiply-charged ESI mass s pectrum (upper) and t ransformed

mass spectrum (lower) of E166C. Transformed mass spectrum of the
reaction mixtures of (b) E166C — PenG, (c) E166C — Cefuroxime,
(d) E166C — 6APA, (e) E166Cf, (f) E166Cf — PenG, (g) E 166Cf —
Cefuroxime, (h) E166Cf — 6APA, (1) E166Cb, (j) E166Cb — PenG,
and (k) E166Cb — Cefuroxime. (Peak A and B correspond to the free
enzyme ( B-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 [B-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 ft 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
digestiona ndt andem m asss pectrometry experiments showed that the
fluorophore i s m ost 1 ikely a ttached to the C166 position. T hese experimental
results confirm that the biosensors, E 166Cfa nd E 166Cb, w ere s uccessfully

constructed.

The c ovalently bound e nzyme-substrate c omplexes (ES*) formed between the
biosensors and B-lactam antibiotics were characterized. In general, the measured
molecular mass o fthe observed enzyme — substrate c omplex mass pe ak is in
excellent agreement with the theoretical molecular mass of the stiochiometric 1:1
complex. F or the binding reaction with cefuroxime, the measured molecular
mass suggests that a moiety of -OCONH; 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 B-lactam

antibiotics as described in Chapter 6 of this thesis.
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Chapter 6 Kinetics of binding b etween the B-lactamase b ased
biosensors and [-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 p-lactamase, E166Cf and E166Cbh, have been successfully
constructed. In this study, the kinetics of binding between the biosensors and f3-
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., B-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 B-lactam
antibiotic or class of the antibiotics. In this chapter, the extent of compliance of
the B-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 (K,,) and turnover number (k..,)
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
(K4 k> and k;) 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 (K_;), acylation rate constant (k;), and
deacylation rate constant (k;) for the reactions between E166C, E166Cf and
E166Cb towards cefuroxime, a cephalosphorin type B-lactam antibiotic, were
determined. Based on the measured Kkinetic 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 k; and k,. Second, the effects of different fluorophore labels on the
substrate recognition step (K,), acylation (), and the overall binding efficiency
(k2/K ;) 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 p-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 -

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 B-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 (K, k, and k;) 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 (k,) (refer to Eqn. [4.1], Section 4.3) for the
formation of ES* were obtained. The £, values were found to increase with the
initial substrate concentration [Se], and the plots of &, vs [So] show that the
increases in k, values with [Sg] fit well with the hyperbolic relationship as
described by Eqgn [4.2] (Fig. 6.2). These evidences strongly suggest that the
binding reactions between our B-lactamase mutants and B-lactam antibiotics

could be best explained by the binding mechanisms depicted in Scheme 1.2.

The kinetic parameters, K, k> 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.

Ka(mM)  ka(s)  k/Ka(M's™) ks (s™)
E166C 2.9+0.3 25402 (0.9+0.1) x 10° (7.0+0.3) x 10°
E166Cf 091+0.09 19+01 (2.0+0.2)x10° (2.0+0.1) x 10

E166Cb  0.20+0.03 21.0+27 (105.2+21.0)x10° (7.6+0.6)x10™

Similar to the Kkinetics studies by Lu et al. on penicillin binding protein (PBP),

the present mass spectrometric kinetics studies were based on the ‘rapid
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Figure. 6.1 Transformed mass spectra acquired after incubation of E166Cf (0.5 uM) with

substrate complex ES*, respectively.)
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equilibrium assumption’ (i.e., k> << k_;), so that K, could be regarded as an
equilibrium constant for the dissociation of the non-covalent enzyme-substrate
complex, ES (K, = k_;/k;, refer to Section 1.2). In our case, with the relatively
large K, (millimolar range) and small &, values (2-21 s), and the fact that
reported &; values for protein-ligand interactions in the literature are in the range
of 10° — 10° M*s™,[Lu et al.,1999] the estimated k_; value is 100 — 100,000 folds
larger than the 4, 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 B-lactamase mutants (biosensors).[Lu

etal.,1999; Lu et al.,2000]

The K, 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 xM).[Gibson et al.,1990] A
larger K, 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 B-
lactamases bind rather poorer to cephalosphorin (e.g. cefuroxime used in the

present study) than penicillin type B-lactam antibiotics.[Fisher et al., 2005]

The k, (10" s™) and k3 (10™ s™) obtained for our E166C mutants are in the same
orders of magnitude with those predicted for E166 mutants of other class A (-
lactamases.[Guillaume et al.,1997; Gibson et al.,1990] Moreover, the k, and k;

values are about ~3 and ~9 orders of magnitude, respectively, smaller than those
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of the wild-type B-lactamase—p-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 Glul66 in the acylation and, in particular, the deacylation steps during the

hydrolytic reaction of B-lactam antibiotics.[Meroueh et al., 2005; ]

Comparison of the kinetics parameters between E166C and E166Cf shows that
the Ky, k;, and k,/K; 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 K;and &, 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 [Sg]. The red lines represent the best fit of the
experimental data to Eqn 4.1, from which the k, values were obtained. (g) Plot of
the k, values as a function of cefuroxime concentrations. The red line represents
the fit of the experimental data to Eqn 4.2, from which the Ky and 4, values were

obtained.
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Figure 6.2 (¢). Kinetic studies of E166Cb binding with cefuroxime monitored by ESI-MS.
(@)—(f) Concentration-time profiles of the reaction of E166Cb with
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the best fit of the experimental data to Eqn 4.1, from which the &, values
were obtained. (g) Plot of the k; values as a function of cefuroxime
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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 k; and ;. The k;

! and are ~ 5 orders of

values determined are generally as small as 10 s
magnitude smaller than the &, values (10* s?), reflecting that ES* is formed
efficiently (relatively large k), and subsequently dissociates to regenerate the
free enzyme with a much slower rate (small k;). As the rate of formation is
much greater than the rate of dissociation (k, >> k;), 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 B-lactamases are known to display fast k; deacylation
rates (~10% s™') with cephalosphorins and penicillin type antibiotics.[Gibson et al.,

1990] Thus, this Kkinetics 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

79



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 [3-lactam antibiotics.

As shown in Table 6.1, the kinetic parameters related to the initial substrate
binding step (K;) and the acylation step (k;), and therefore the overall binding
efficiencies (as indicated by the /K, values, M™*S™), show an increasing trend of
9 x 10% 2 x 10* and 1 x 10° 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 -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 (2-loop of class A B-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 2-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 B-lactamases, the residue

Glul66 on the (2-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, Glul66 forms strong
hydrogen bonds with the Asn170, Lys73, and Asn136 residues.[Strynadka et al.,
1992; Banerjee et al., 1997] Therefore, replacement of Glul66 by cysteine in
the E166C mutant might weaken these hydrogen binding interactions, and further

enhance the flexibility of the (2-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 (7,) 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 (-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 ()-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 K,;) 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 K, value), the substrate is better positioned to proceed with the
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follow-up binding step. A similar scenario may also be applied to E166Cf.
However, as fluorescein-5-maleimide (log Dyn7 = 1.95) is less hydrophobic than
badan (log Dyn7 = 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 E166Cbh. 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 p-lactamases towards p-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 (2-loop on the kinetics of the

catalytic reaction with third generation cephalosphorin using the R164 and D179
mutants of class A TEMpucie B-lactamase.[Vakulenko et al., 1999] Class A B-
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 (2-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 Q-

loop. These point mutations were found to enhance the rate of acylation,
deacylation, and the overall activity (reflected by #k../K,) towards third

generation cephalosphorin, most likely due to the fact that the increase in
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flexibility of the ()-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 B-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 B-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 B-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 B-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,
K4 k; and k; for the binding reactions between the biosensors and p-lactam
antibiotics were unambiguously determined. Unlike the wild type class A f-
lactamase, the E166C, E166Cf and E166Cb mutants show significantly reduced
k; (deacylation dissociation rate) values in the order of 10* s™, and are ~5 orders
of magnitudes smaller than &, (10* s™), 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 f-lactam antibiotics.

Interestingly, our results show that the K, k, and k,/K, values of E166Cf are
comparable to that of E166C, indicating that the substrate recognition (K,),
acylation (k»), and therefore the overall binding efficiency (k./K;) 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 (2-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 B-lactam antibiotics.
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Chapter 7 Biosensing mechanism of f-lactamase based
fluorescence b iosensors: st udiesb ym ass

spectrometric hydrogen-deuterium exchange

7.1. Background

In the pr evious c hapter, it has been shown t hat the changesin fluorescence
properties of the biosensors upon addition of B-lactam antibiotics were mainly
due to specific substrate binding and formation of the covalent substrate-bound
complex (ES*). Here wecom e toa nother que stion: “Why does the
substrate-bound s tate of the biosensor fluoresce stronger than the apo -state (in
the abs ence o ft he s ubstrate)?”. According t o the intrinsic properties of the
fluorophores, the changes in fluorescence properties are likely to have resulted
from c hanges i n solvent pol arity o f the local environment surrounding the
fluorophores. For E 166Cf, the increase in fluorescence signal upon s ubstrate
binding suggests that th e fluorescein-5-maleimide fluorophore is e xposed to a
more pol ar e nvironment ( gaininga hi gher solventa ccessibility) int 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 to exposure to a less polar solvent e nvironment (and reduction in s olvent

accessibility) around the badan molecule.[Hammarstrom et al., 2001; Owenius et
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al.,, 1999] In this part of our study, the mechanisms leading to the changes in

local ¢ nvironments around thef luorophores were investigatedb vy

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 atwo step appr oach to this research problem. First, the ini tial

orientation of t he f luorophore w as pr edicted basedont hee ffect oft he

fluorophore on H/D exchange behavior, which may reflect the s tructure a nd

dynamics of various r egions (peptide s egments) of t he pr otein. Second, the

“movement” (change i n or ientation) oft he f luorophore thatm ay lead to

enhancement i n fluorescence upon bi nding t o B-lactam a ntibiotic w as pr obed

according to the differences in H/D ex change properties between the apo- and

substrate-bound s tates o f the biosensor. Taking these information together, a

biosensing mechanism by which the biosensors change their fluorescence signals

upon binding to a -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 D0, and then quenched at di fferent time

intervals byl oweringthe pH to~ 2.2. To o btain I ocal ¢ onformational a nd

dynamic information o f the protein, the quenched s amples w ere di gested with

protease (sequence coverageis ~ 80 % as described in Section 5.2), and 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 B-lactamase mutant biosensor most likely follow the EX2 regime (details
of EX1 and E X2 kinetics are discussed in Section 1.1.3). The % of deuterium
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)
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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 ¢ 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 166Cfa 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 shown in 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 166Cfa nd E 166Cb, i ndicating tha t the

incorporation of fl uorescein-5-maleimide or badan does not induce s ignificant

global conformational a nd dynamic changes ont he pr otein (Fig. 7.2). This

observation is consistent with results of complementary circular dichroism (CD)

and pr eliminary X-ray crystallographics tudies (The CD and X -ray

crystallographic studies 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 exhibitnos 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)).
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On the other hand, the extent 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 ), Alal25 — Leul38 (segment

B), and I[le221 — Trp229 ( segment C), exhibit hi gher % of de uterium

incorporation than those of E 166C. For segment A, theincreasein % of

deuterium incorporation for E 166Cb (~30 %) is more significant than that of

E166Cf (~13 % ). These cha nges are not overtlyl 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 time profiles shown in Fig. 7.2) obtained were found to be < 3% for

these three peptide segments.

To examine t he cha nges in 1 ocal ¢ 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 used in this

study because this antibiotic is highly resistant to the hydrolytic reaction of the
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enzyme, andt hust 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 ndingt o cefotaxime,

making this antibiotic a good candidate for studying 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 ¢ efotaxime. This r esult is

consistent with literature reports that no significant global conformational change

was 1 nduced when class A  Glu-166 m utants were boundt o [-lactam

antibiotics.[Strynadka et al., 1992; Maveyraud et al., 1998]  Interestingly, for

E166Cf and E166Cb, the H/D exchange levels of segments A and B appeared to

decrease and returned to the levels similarto that of E 166C upon substrate

binding, suggesting that the local c onformation / d ynamics of these 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 (Ill) and

opened s quare ([_]) correspond to the apo-state and subs trate-bound s tate of the pro teins, r espectively. The error bars represent t he

standard deviation obtained in three independent runs.
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Evidence f ora ¢ 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 attempted 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 predict the initial orientation of the fluorophore based ont he e ffect of the

fluorophore on t he local H/D exchange behavior of t he protein. 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 center of the active binding cavity is oc cupied by

segment A, which is positioned just a fter the catalytic site Ser70 and includes

Lys73, a crucial residue for both acylation and deacylation.[Meroueh et al., 2005;

Golemi-Kotra et al., 2004; Lietzetal., 2000] Segment B is also known to be

located at one ed ge of the active binding 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 from the 166 position and the core of the

active binding pocket, and is extensively shielded from position 166 by a long

chain of peptide s egments (Fig. 7.3) . Inl ightof t his, the effect of the

fluorophore on the structural/dynamics on segment C is probably indirect, and

thus unlikely to provide useful information on the biosensing mechanism of the

biosensors.

Based on the H/D exchange results obtained for peptide segments A and B, and

the fact that the site of fluorophore attachment, the 166 position on the 2-loop,

is very close to the active site cavity, we propose that the fluorophore may be

oriented directly towards and close t o the core of the active binding poc ket.

Because of i ts pr oximity and or ientation, t he f luorophor could induce 1 ocal

structural changes/ movementsor ‘sense’ small cha ngesi n thel ocal

environment around this confined region.
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(@)

Tyr72 — Leu80 (segment A)

(b) Alal25 — Leul38 (segment B)

Ser70

Ne221 — Trp229 (segment C)

Asn163 — Asp179 ({2 -loop)

Figure 7.3 Superposition of (a) overall structures and (b) active site region of

E166C (  blue), E 166Cf( green) andE 166Cb( red)

(Fluorophore molecules are not shown).
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The r ate and extent of H /D ex change ar e affected by both protein structure

(conformations) and d ynamics.[Maity etal., 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 E 166Cb could possibly be due to either

changes in conformation or dynamics, o rboth.  However, our p reliminary

X-ray crystallographic data show that the conformation of the active site region

is indeed very similar among E 166C, E 166Cfand E 166Cb [Fig7.3 (b)]. In

addition, a s suggested by our ki netics studies (Section 6.2.3),t he b inding

efficiencies of the E 166Cfand E 166Cb are not impaired w hen compared with

E166C, indicating tha tthe a ctive binding poc ket oft he mutants is not

significantly perturbed upon incorporation of the fluorophore onto the pr otein.

For these reasons, the changes in the extent of deuterium incorporation of the

active site peptide segments observed herein (segments A and B) are likely to be

related to the local dynamics (movements) oft heses 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 ta 1., 2001;

Ghaemmaghamie ta 1., 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 etal., 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 etal., 2003] Under the E X2 regime, the observed rate and

extent of H/D ex change at e quilibrium are markedly d ependent on the relative

rates of formation of the “opened” state (ko,) and “closed” state (k.), which are

in turn governed by the structural s tability of the protein.[Powell etal., 2001;

Ghaemmaghami et al., 2000] Typically, increases in rate and extent of H/D
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exchange, | ike t hat obs erved for s egments A and B of E166Cb and E 166Cf,

could be an indication of structural destabilization (increase in flexibility) due to

the “ opening s tep”, whichi nvolvest ransient br eaking ofi 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 site region was

postulated to proceed through two possible mechanisms. First, as described in

Section 6.2.3, the fluorophore may affect the cluster of ‘gluing’ water molecules

located between the ()-loop and the rest of the active site.[Bos et al., 2008] If

the fluorophore is oriented towards and close to the active site, it may share some

common space with these water molecules and tend to expel/displace some of

them away from t he core of the 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 results between E166Cf and E 166Cb s hows
that the increase in the extent of H/D ex change in the pe ptide segment A of
E166Cb (~ 30 %) is more significant than t hat of E166Cf (~ 13 %). This
observation mayb edu et 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 fluorescein-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 E166C{.

Another pl ausible mechanism fort hef luorophore-induced s tructural
destabilizing ef fects could be that the fluorophore may s hield and weaken the
stabilizing noncovalent i nteractions of the a ctive s ite region. For cl ass A

B-lactamase, the structural integrity of the active site 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 Lys73¢, A -
Ser130 o and Lys73 ¢o A - Asnl32 8, and electrostatic interactions mediated

by Lys73 sea.[ 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 partners by an

adenine moiety was observed in Lim’s study on condon:anticodon interactions

within ribosome.[Lim et al., 2001]

It is noted that based on the two scenarios described above, the structural stability

ofthe ()-loop may also be reduced sinceitis 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, E166Ct and E166Cb. This negative result could be due

to the fact that to start with, the (2-loop in class A p-lactamase is highly flexible,

and the additional destabilizing effects induced by the fluorophore may not be

significantly enough to produce an obs ervable change in H/D ex change 1 evel.

Another possibility may be that the H/D exchange reaction at the (2-loop region

is already saturated (accessibility of amide protons) in the fluorophore-free state
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(E166C), and therefore no further increase in the extent 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

(ko/K4) was not significantly impaired by the inc orporation of the fluorophore

located near the active site. We be lieve that apart from the intrinsic flexible

nature of the ()-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 relievingt he

fluorophore mediated steric blocking, and hence retaining or even enhancing the

overall binding e fficiency. In addition, our H/D e xchange results suggest that

the s tructural de stabilizing effecti nduced b y the ba dani s probably more

significant tha n fluorescein-5-imide. T his obs ervation i s ¢ onsistent w ith the

kinetic data which show E166Cb binds much more efficiently than E166Cft, 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 ot his poi nt, the experimental observations ( kinetics and H /D ex change

studies) are supportive of our hypothesis that in the apo-state of the 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, sot hat its local e nvironment a nd hence its fluorescence

properties are changed?

As shown in Fig. 7.2, no significant change in the H/D ex change time profiles

could be observed for proteolytic segments of E166C upon s ubstrate bi nding.

Interestingly, for both E 166Cfand 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 together, a “spatial di splacement” mechanism was

proposed to describe the ch anges in fluorescence p roperties of t he bi osensors

upon bi nding to B-lactam a ntibiotics. F irst, based ont he e ffects oft he
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fluorophore on t he d ynamics of the active site region, the fluorophore is likely

oriented towards and close to the active site. In addition, since the fluorophore

(badan and fluorescein-5-maleimide) is of considerable size, it may share some

common space with the binding substrate in the active site. Therefore, during

substrate binding, the fluorophore has to move away/displace from the active site

inorderto avoid the s patial c rash with the in coming s ubstrate. This s patial

displacement ev ent may causech anges in locale nvironments,i .e.

increase/decrease in solvent polarity and accessibility around t he fluorophore,

which may account for the change (increase) in fluorescence intensity exhibited

by E 166Cfand E 166Cb. Inthe case o fE 166Cb, t he f luorescence e mission

wavelength is also s hifted to a 1 ower w avelength ( the bl ue s hift)asbadanis

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 Dr. Y. X.

Zhao of our research group to investigate t he bi osensing m echanism of't he

biosensors. X-ray structures of apo- and substrate ( cefotaxime)-bound E 166Cb
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are shownin Fig. 7.4 (refer to 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 B-lactamases reported in the literature. In the structure

of apo-E166Cb, the region around the active site, including peptide segment A,

segment B, the ()-loop and more importantly the ba dan m olecule, a re w ell

defined. Interestingly, the badan molecule appears to be oriented rather close to

the segment A and B, the two major elements constituting the active b inding

cavity (Fig. 7.4). This observation is c onsistent with our H/D e xchange results

that the fluorophore is oriented towards and close to the active site.

The X-ray structure of cefotaxime-bound E166Cb is 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 ()-loop region, including the badan

molecule, is not well resolved in the X -ray s tructure, presumably because this

regionis too flexible upon bi ndingt 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 angeifitis overlapped w ith the s tructure of

apo-E166Cb. Superposition of the s tructures of apo - and ¢ 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 (Fig7.4 (c)). Therefore, upon

substrate bi nding, there is a di stinct pos sibility t hat the fluorophore has to be

displaced from its original position in order to avoid the spatial crash with the

incoming substrate. Hence t he X -ray d ata ar ¢ consistent w ith the “spatial

displacement” mechanism proposed according to our H/D exchange studies.

Figure 7.4 X-ray s tructures of (a) apo- 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 ()-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.
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Molecular modeling

Similar t o the cas e of cef otaxime-bound E 166Cb, t he (2-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 1 nformation a bout t he m echanism by 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

).

The protein model of E 166Ct shows that both the side chain of Cys166 in the
Q-loop and the attached fluorophore are oriented towards the active site. The
fluorescein-5-maleimide is buried in the active site with a solvent accessible area
(SAA) of 208 A% Inorderto e xamine w hether t he fluorescein-5-maleimide
molecule shares a com mon space with the B-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

117



the same 3-D space in the active site. =~ However, in the substrate-bound state,
the fluorophore label s tays out of the active site. This s ubtle ¢ onformational
changer esultsi na s ignificanti ncreasei n water exposure of the
fluorescein-5-maleimide int he s ubstrate-bound s tate (SAA= 280 A?) as
compared t o t hat of t he a po-state (SAA = 208 A?). 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 resulti n changes in the local
environments, i.e. solvent polarity and accessibility, around the fluorophore. In
addition, t he increase in the ¢ alculated solventa ccessibility area of the
fluorescein-5-maleimide upon substrate binding is consistent with the observed

fluorescence enhancement exhibited by E166Cf.
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(2)

(b)

Figure 7.5

Molecular models of (a) apo-E166Cf, (b) E166Cf (with the fluorescein

label staying inside the active site) docked 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 study, we adopted mass spectrometric H/D exchange technique to study

the local dynamics of the B-lactamase mutant (E166C) and biosensors (E166Cb

and E166Cf), from which the mechanism of fluorescence changes exhibited by

the biosensors upon substrate binding was investigated.

Two active site segments of E 166Cf and E 166Cb were found to exhibit higher

H/D exchange levelst han those of E 166C. Based on this obs ervation, w e

proposed that the fluorophore may be oriented towards and close to the active

binding site pocket, and exert a destabilizing effect to this ¢ onfined region

through displacing the “structural glue” cluster o f water mol ecules present and

shielding s ome nonc ovalent interactions for maintaining the structural integrity

of the poc ket. Upon substrate bi nding, the H/D e xchange levels of these two

segments appeared to decrease and become resembling to that of E166C (without

fluorophore a ttachment), suggesting thatt 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.
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Consolidating a 1l 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 active site, and therefore it 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 site in order to avoid the spatial

clash with the incoming s ubstrate. ~ As a result, the fluorophore e xperiences

different 1 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 pB-lactamases by
electrospray ionization m ass sp ectrometry ( ESI-

MS) under near physiological conditions

8.1 Background

Resistance to B-lactam antibiotics arising from mutation of p-lactamases has
become a recognized global problem to human health.[Poole et al., 2004] B-
lactamases are effective enzymes, which hydrolyze and destruct B-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 B-lactamases, B-
lactamase inhibitors have been discovered to retard the hydrolytic action of the
enzymes, protecting the B-lactam antibiotics from hydrolysis before they reach
the PBPs. Three mechanism-based p-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 p-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-1 complex) and inhibition of the enzyme activity.[Malcolm

et al., 2000]

Unfortunately, owing to the evolution of bacteria, these p-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 B-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 [3-lactamases.

An approach usually adopted in the design of novel mechanism-based inhibitor is
to stabilize the E-1 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 (M. = 300 Da), a triazoly-substituted penicillanic sulfone (refer to

Figure 1.2). In addition to the excellent inhibition efficiency towards class A B-
lactamases (ICso = 0.01 — 1 uM),[Malcolm et al., 2000] tazobactam also exhibits
potent inhibitory activity towards class C p-lactamases (ICsp = 1 — 10
uM),[Malcolm et al., 2000] a class of B-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 p-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-1 complex

leading to inhibition remains controversial. X-ray crystallographic and
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spectroscopic data suggested that the final E-1 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] B-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 B-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-1 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-1 complex between tazobactam and (-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 B-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 p-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
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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 (M, = 300 Da) towards
B-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 B-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 pB-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 p-lactamase available in our laboratory.

ESI-MS analysis of apo-enzymes

The identities of the three p-lactamases, PC1, TEM-1 and P99, were checked by
ESI-MS. In general, the measured molecular masses (M) of three p-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)s-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)s-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 B-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 p-lactamases CMY-2 in the previous ESI-
MS study.[Bonomo et al., 2001] These results indicate that the properties our

(His)s-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 B-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 Serl30 (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 B-lactamases.

Table 8.1 Calculated and measured average molecular masses of PC1, TEM-1

and P99 B-lactamases

Calculated average molecular mass Measured average molecular mass

(Da) (Da)
PC-1 29748.2 29749.0
TEM-1 29903.2 29903.1
P99 40320.2 40322.9
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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-1 complexes between tazobactam and
various species of B-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
etal., 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]
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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 B-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-1 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-1 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 H,O and two potassium cations.
More importantly, for all three p-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

133



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-1 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 B-lactamase (including both class A and class

C) and tazobactam.

134



z=11 m/z = 2705
(a) 2708 (€)oo, A

1004

A: 29903.8 (M)

2289

VE
(b) 2200 2400 2600 2800 3000 SZDD”Ef) ZDBEIEIEI ' ZBEIEIEI T SDEIDD ' SDéDD

109 71 z=11 007 A
m/z = 2733

mass

A: [M+300] Da

O e ey e e 12 o : - ? : T T
(C) 2200 2400 2600 2800 3000 3200 25000 29500 30000 30300

2312

mass

100 A (g 100 A
A: 29746.8 (M) A: 40374.9 ([M + 57] Da)
%o %
. i prean ] ey i foo " o oy dobne T woaae " atso " aitmo Tanar
(d) 2o 28500 30000 30500 00 ()
1001 A 100+ B
A: [M+300] Da A: [M+57+300] Da

B: [[(M + 57) x 2]+300] Da

N

a mass
9000 | 29gon | aoboo | s0500 | 31000 40200 | 40400 | 40600 | 4GB0 | 41000 | 41200 | 41400

Figure 8.3 Multiply charged ESI-MS spectra of (a) apo-PC1 and (b) PC1l-tazobactam E-I complex
(z = charge state), and transformed mass spectra of (c) apo-PC1, (d) PC1-tazobactam
E-I1 complex, (e) apo-TEM-1, (f) TEM-1-tazobactam E-I complex, (g) apo-P99, and

(h) P99 - tazobactam E-1 complex obtained under near physiological conditions.

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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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 p-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 pB-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-1 complexes, which are important factors determining the
overall inhibition efficiency of tazobactam. Our results show that the
dissociation behavours of E-1 complexes vary significantly among different

species of P-lactamases. The E-I complex formed from class A TEM-1
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B-lactamase was found to completely dissociate to regenerate the free enzyme in
12 min (Fig. (8.4 (c)). In contrast, for class C P99 B-lactamase, the E-1 complex
did not dissociate for as long as 6 hours of incubation. It is particularly
interesting to note that the E-1 complex formed from class A PC1 B-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 (ICso = 27 nM) and P99
(ICso = 8.5 nM) B-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 (ICso = 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.
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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 f—lactamase
fromi ts E -1 ¢ 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.
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As described in previous reports, Serl30 is a candidate which actively
participates in the reaction between tazobactam and class A p-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)
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Figure 8.5 ESI-MS spectra of tryptic digests of (a) apo-PC1l 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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Table 8.2. List of identifiable peptide fragments produced by tryptic digestion of

PC1

Peptide Calculated monoisotopic Measured monoisotopic molecular
fragment molecular mass [M + H]" 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)

AT74-K92 1672.927 1672.902 (14.9)
AI121-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)
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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 b; and y; 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 y; ions and
approximately half number of b; ions. Under the same collision energy, yi - 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 y, to y; ions disappear completely and the
corresponding series of -18 Da mass peaks ((ys- 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 -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 B-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 -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 B-lactamase. However, our study strikingly

brings out a new idea to drug discoverers that B-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 B-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.

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 p-lactamase. (V = present, X = absent and * =

corresponding dehydrated ion present.)

Apo-PC1 Dehydrated PC1
b, X yi v b, X Yi v
b, \ y: \ b. \ y: \
b, v s v b, \ Ys \
b, v Y \ b, N v, *
b, X ys \ b. X ys *
b, X Y \ b, X Ve %
b, X y: v b, X ¥ *
b, X Vi X b, X Ve X
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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. S7’ represents
the dehydrated form of Ser70, and y,’ stands for the dehydrated y, ion

at [y, — 18] Da.

145



(0]
HO_ 7 N
H
\
\

O
\“@Zr
\
x\/
\

H
0
/
o
/
S
o _s 1

NH

v
I

o

j

—

-

-

v

g
I
\ '\ ser70 1
\

-

\
\\enzyme 7 \ enzyme //
S--7 a2

N\

Scheme 8.1 Proposed reaction pathway for the formation of the dehydrated PC1
B-lactamase. I, II and III are the trans-enamine species, alkene-like
species (dehydrated PC1) and hydrated form of the rearranged

tazobactam molecule, respectively.

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 B-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-1 complexes
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is resolved. In addition, our results show that the E-1 complex formed from PC1
B-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.

147



Chapter 9 S uggestions for Further Works

Design of f-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 B-lactamase. The TEM-52 B-lactamase is produced by
performing three point mutations (E104K / M182T / G238S) on the TEM-1

B-lactamase from E.coli. Structural analysis showed that the G238S mutation
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widens the active site by 2.8 A, 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 B-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 f-lactamases

Our results have confirmed that the E-1 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 /-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:

Ky K, k

ES —> ES"——> E+P

E+S

K

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:

— = h(E)(S)+ kL (ES), 4
d(db;s) — ke (E)(S)~k , (ES)—k, (ES), [2]
d(]jf ") — k, (ES) -k, (ES™), [3]
i—f:ks(ES*), [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

K4 (M) 0.91 mM
kao(s™) 1.9s*
ks (s) 2.0x 10" s?
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and noting that K, =k, /k, , the k; and k_; values can be obtained by iteration and

curve-fitting the theoretical calculated [ES*]/[Ewtal] 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*]/[Eta] values to the
experimental value as a function of time using the Matlab optimization toolbox. With
the complete set of rate constants, k;, k_; k, 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 K, k> and &3, the k; and k., values are found in the range of 10° -
10® M?s'1 and 10°- 10° s, respectively. This conforms with literature ; values of
protein — ligand interactions reported in the range of 10°— 10° M™s™” 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 k; and £

whenever the K, 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 3-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 B-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. coli RTEM-1 B-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 €)-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.
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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 Screen™ (CS) and Crystal Screen 2™ (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 VDX™
plate and to which 1pl of protein solution was added. The mixtures were allowed to

incubate at 18°C, 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 MicroMax ™-
007HF X-ray spectrometer (Tokyo, Japan) processed by the CrystalClear 1.3.5 SP2
(Tokyo, Japan). Refinement of the X-ray crystal structures of E166Cbh was performed
by the CCP4 package (Edinburgh, UK) using the X-ray structure of PenP (-lactamase

as the initial model.[Knox et al., 1991]
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Abstract: The fluorescein-labeled E166C mutant of the PenPC f-actamase (E166C) represents a
successtul modal in the construction of "swilch-on® fluorescent blosensors from nonallosteric proteing {Chan
P.-H. ot al.; J. Am Chem, Soc., 2004, 126, 4074). This paper focusea on the study of the blogansing
macharism by which the E166C! biosansor changes i fluoreacence upon -lactam binding and hydrolysis.
Mazs spactrometric and stopped-flow flucrescence studies of E16886CH with cafuroxima, penicilin G, and
&-aminopenicillanic acid reveal that the lormation of gnzymea—aubsirate complex snhances the fluorescence
of E166C1, and tha subsaquent regenemtion of the free enzyme restoras the weak flucreacence of E166CH.
Molecular modeling studies of E166Ct with panicillin G show that the fluorsscein label is likely io share a
common space with the f-lactam and thiazolidine rings of the antibiatic in the active site. This spatial clash
appears o cause the fluorescein labal to move from the active site to the extamal aqueous environmeant
upon substrate binding and hence experienca highar water exposure. Staady-stats fflucrescence maasurs-
ments indicate that the fluarascence of E166Ct can be snhanced by S-aminopanicillanic acid, which consists
of the gHactam and thiazolidine rings only. Thermal denaturation axperiments of the wild-type enzyme,
E186C, and E166CI reveal that the E1B86C mutation is likely to increase the flaxibility of the Q-loop. This
“modified” structural proparty might compensalte lor the possible steric effect of the thuorescein label on

subsirate binging.
1. Pathway of Serine : where E Is

1. Introduction mmﬁ" actamase, syu an Amﬂ.l-m Substrate, ES Is a

B-Lactam antibiotics such as penicillins and cephalosporins Nor-Covalsnt Enzyme-—Substrate Compiex, £S° Is a Covalent
have been routinely used in the treatment of bacterial infections Acyl Enzyme—Subsirates Compiax, and P is tha Product.
over the past several decades. These antibacterial agents can K, k k
inactivate pepicillin-binding proteins (PBP), which are respon- E+§ = g3 S — B+
sible for synthesizing bacterial cell walls through the formation k| Acyluion Deacylaicn

of stable covalent acyl complexes.'™ As a consequence of this
*irmeversible’ substrate binding, the cell-wall-synthesizing activ-
ity of PBP is swwongly inhibited, thus leading to cel) death.'™

The overuse of these drugs, however, has led 10 the increasing
emergence of antibiotic-registant bacteria, which are able to
produce S-lactamase enzymes to destroy A-lactam antibiotics.'™
In this enzyme family, serine A-lactamases from classes A, C,
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and D can efficiently colalyze f-lactam hydrolysis according
o a three-step model, which involves the acylation of the
enzymes with f-lactam antibiotics (Scheme 1).'* The subse-
quent deacylation of the covalent acyl enzyme--substrate
complexes leads to the generstion of carboxylic acids as
Pmucu.l.l

One of the cffective ways to reduce the cmergence of
antibjotic-resistant bacteria is to prevent the improper use of
B-lactam antibiotics. In this regard, the abuse of f-lactam
antibiotics in the food industry (c.g. dairy products) is
recognized as a major route of spreading antibiotic resistance
in bacteria. To combat this problem, we have recently con-
structed a “switch-on™ fAuorescent biosensor (E166CH for
Blactam antibigtics from the class A PenPC f-lactamase.’
Unlike allosteric ligand-binding proteins which usually undergo

(5) Chan, P. H.; Liu, H. B.; Chen, Y. W.; Chan. K. C.; Taang, C. W.:
Leung, Y. C.; Wong, K. Y. J. Am. Chem. Soc. 2004, 126, 40744075,
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Figure 1. Molecular models of E186CI with and without penicillin G. (a) Stercoview of the active site of E166CT without binding Lo an antibiotic substrate.”
The fluorescein label (green) is buried inmde the active site in the subsiraie-free E state, (b) Stereoview of the active site of E1660T in the covalent BN
state.” Notc that the Auorescem label (green) siays nui of the active siie 1o avoid the spatial clash with the pemiaillin G molecule (red) in this state. The Ser 70

and Cysl6b residues are shown in blue and magenia, respectively.

large conformational changes upon ligand binding."* this
bacterial enzyme is nonallosteric, and therefore, detecting the
substrate binding in the enzyme's active site requires the
placement of s fluorophore close to this local environment, The
catalyucally imporiant residue Glul66 in the Mlexible Q-loop
(close to the active site)' ™ of the wild-type enzyme was firs|
repluced with a cysteine, which was subsequently labeled with
the environment-sensitive fluorophore Nuorescem-S=maleimide.?
The removal aof the catalyue residue significantly reduces the
hydrolytic activity of E166Cf. thus allowing E166Cf 10 serve
as a “ligand-hinding” protein (with very low k) * The E166CF
mutant fluoresces more strongly upon binding to penicilling (e.p..
penicillin G and ampicillin) and cephalosporins (e.p.. cefuroxime
and cefoxitin). For the penicilhin antibiotics, the E166C mutant
can still hydrolyze these substrates, albeit slowly, and gives
declining fluorescence signals * In contrast, the E166CF mutant
gives stronger Nuorescence with the cephalosporin untibiotics
over a sustained period of time due to their strong resistance (o
the hydralytic activity of the enzyme. Molecular modeling
studies of E166CT have shown that the fluorescein label maves
out of the active site upon binding to an antibiotic (Figure 1),
This subtle motion causes the Nuorescein label o gan higher
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water exposure and hence give stronger fluorescence,” Surpris
ingly, the attached fluorophore does not significantly impair the
El66Cf—antibiotic hinding, presumahly due to the flexible
nature of the Q-loop."” ™"

The E166CI mutant represents a soccesslul case i the
construction of fluorescent hiosensors fram nonallosieric pro-
teins, Understanding the biosensing mechanism of E166CT is
of particular importance because this can provide an insight into
the way of constructing “switch-on” fluorcscent biosensors for
biologically significant subsirates/ligands from nonallosteric
proteins in general. This biosensor development will advance
the analyntical science in a variety of important fields, ranging
from clinical diugnosis to environmental monitoring.

In this study, we further investigated the biosensing
mechanism of the E166Cf mutant, using a varicty of
biophysical technigues including electrospray ionization mass
spectrometry (ESI-MS). stopped-flow fluorescence spectros-
copy, and circular dichroism (CD) spectropolarimetry. Paral-
lel mass spectrometric and stopped-Now Muorescence mea-
surements show that the formation of enzyme=subsirate
complex causes E166CT w enhance its fluorescence. The
subscquent hydrolysis of the hound substrate causes E166Ct
1o restore its weak fluorescence signal. In addition, molecular
modeling studies reveal that the Auorescein label is likely 1o
sharc a common spacc within the active site with the bicyclic
structure of S-lactam antibiotics, This spatial clush appears
to cause the fluprescein lubel lo depart [rom the active sile
upon substrate binding and guin higher exposure to the
external agueous environment. This observation is Turther
supparied by the Andings of the proteolytic studies of E166CT.
In addition, thermal unfolding experiments monitored by CD
spectropolanimetry reveal that the Q-loop of E166CT, where
the fluorescein label resides, gains higher flexibility compared
to that of the wild-type enzyme.

2. Experimental Section

2.1. Chemicals, Penicillin G. cefuroxime, 6-aminopenicillanic
acid (6-APA). chloramphemcol, potassium dihydrogenphosphate.
guanidine hydrochlonde (GdnHCI), sodium chloride. TrsHCL
ammonium bicarbonate, ammonium acetate, rypsin from bovine
pancreas, and myoglobin from horse heart were obtained from
Sigma Co. Fluorescein was purchased from Fluka. Fluorescein-3-
maleimide was oblained from Molecular Probes, Inc. The strictures
ol the antibiotics and the Nuorophore used in this study are shown
in Figure 2.
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Figure 2 Structures of ihe f-lactam antbiotics and Auocescein-S-maleimide
used in this sudy.

22, Protein Preparation and Charecterization. The wild-type
PenPC f-lactamase was expressed and purified as described.* The
E166C mutunt of the PenPC fA-lactamase was cxpressed by
fermentation and purified with Celite 545 (see Supparting Informa-
tion). The flucrophore labeling of E166C was performed according
to the method described in our previous studics.’ The mass values
of the wild-type and mutant enzymes {E166C and E166CT) were
analyzed by ESI-MS.* The kinetic paramelers of the wild-type and
mutant enzymes were determined by the spectrophotometric
method® in which the hydrolysis of penicillin G, 6-APA and
cefuroxime were monitored at 232, 240 and 260 nm, respectively.
Steady-state fluorescence measurements of the E| 66Tt mutant with
penicillin G, 6-APA and cefuroxime were performed as described.®
The experimental details for molecular modeling and mathematical
simylation are described in Supposting Information.

13, Enzyme Kinetics Studies by Maas Speciromeiry.
13.1, Sample Preparation. The E166C and E166CT samples were
further purificd prior (0 Mass speciromeiric Moasurcments a3
follows. The protein samples in phosphaie buffer (pH 7.2) were
loaded oo a CM column (HiTrap CM Sepharese FF, | mL. GE

Healthcare), which was pre-equilibrated with 50 mM sodium
phasphate buffer {pH 7.2). The prowcing were eluted by a linear
gradient of NaCl (0—0.5 M). The desired fractions were collected,
concentrated, and buffer-exchnnged with 20 mM ammonium acetate
(pH 71.0) for at least five cycles by means of Amicon Ultra-15
(NMWL = 10,000) cenirifugal filier devices (Millipore),

2.4. Detection of Covalent Acy) Enzyme—Sobatrate Complees.
Covalent acyl enzyme—subsiraie complexes formed by f-lactamases
and PBP can be detected by ESI-MS*'-** and flucrescence
spectroscopy.?5#* In this study, we studied the catalytic processes
of the mutant enzymes with cefuroxime and 6-APA by the mass
spectrometric method.*'~ The enzyme—substrate binding reaction
was initinied by mixing 60 uL of 1 uM EI66CT (in 20 mM
ammonium acetate buffer, pH 7.0) with 60 gL of 10 M antibiotic
{cefuroxime and 6-APA, in 20 mM ammonium acewate buifer, pH
7.0}. The reaction was allowed to take place st room emperature.
Al desired time intervals, the reaction was quenched by adding 120
4L of §% formic acid in CH;CN 1o the enzyme solwion (to unfold
the protein), giving a reaction mixture in buffedCH;CN (l:1 viv)
containing 4% formic acid (pH » 2). For short resction limes, the
resction was initiated and quenched by s quench-flow sysiem
(Biologic SFM-40047, Claix, France). All quenched samples were
stored on ice prior (o mass spectrometric analysis, The resulting
ESI spectrum was found to show two major peaks (A and B)
attributed 1o the free enzyme E and the enzyme—substrate complex
ES*, respectively (refer to Figure 51 and Figure 4). The relative
amaunt of ES* can be expressed as the ratio of the amoumt of ES*
1o the total amount of the enzyme, [ES*M[Egl, where [ES*] is
the pesk area of peak B and [Egw] {*= [E] + [ES*]) is the sum of
peak arcas of peak A and B in the ansformed ESI mass spectrum,
Similar ex periments were also performed with the unlabeled E166C
mutant. For comparison, parallel stopped-low flvorescence mea-
surements were also perforned with E1I66CTE (0.5 uM) with 5 M
cefuroxime, 6-APA and penicillin G in 20 mM ammonium acetate
{pH 7.0), using a sztopped-fow instrument equipped with &
fluorescence readout device (Applied Phowphysics SX.13MV-R,
Leatherhead, UK). The sample wes excited st 494 nm and the
flucrescence signal monitored at 515 nm. Both excilation and
emission slit widths were 5 nm.

2.5, Determination of Kinetic Parameters. The methadology
described by Lu et al. for studying PBP, which shows mechsnistic
and kinetic properties similar 10 those of class A S-lactamases in
the binding of f-lactam antibiotics,”*** was adopted in this snudy.
According to Scheme 1, K (= k- /k,) is the equilibrium dissociation
constant for the formation of the reversible noncovakent ES
complex, ki is the rate constant for the formation of the covalent
acyl ES* complex, and k; is the rale constant for the hydrolysis of
ES* 10 the free enzyme {deacylation). Taking into consideration
that (i) the ky values fer the Glu | 56-substituted mutents of the class
A TEM-1 end 5. albus G g-lactamases with f-lactam antibiotics
are much jower than those of the wild-type enzymes (~5—9 orders
of magnitude lower),?” (ii) the acylation step remains to be active
in the Glul66-substituted f-laciamase mutants with f-lacism
antibiotics, as reflected by their relatively high acylation efficiency
(kKT and (jii) the predicted &z value for the E166D mutant of
the PenPC f-lactamase is ~2 5™',”® which is much larger than the

(21) Aplin, R. T.; Batdwin, I. E.; Schotield, C. I.; Waley. 5. G. FEBS Leu.
1999, 277, 212-214.

(22) Seves, L Buriet-Schiltz, O.; Maveyraud, L.; Samama_ J. P.; Prome,
1. C.; Masson, . M. Biochemistry 1995, 34, 11660-11667,

(23) Lu, W, P.; Kincaid, B.; Sun, Y.. Bauer, M. D. J. Biol, Chem. 2001,
276, 3149431501,

(24) Ly, W, B.; Sun, Y; Bauer, M. D.: Paule, S.; Koenigs, P. M.; Krafi,
W. G. Biochemisiry 1999, 18, 6337-6545,

{25) Frere, |. M.; Ghuysen, 3. M.; lwmsubo, M. Ewr. J. Siachem. 1975,
57, 343-351.

{26) Frere, 1. M Ghuysen, 1. M.; Perkins, H. R. Eur. /. Biochem. 1975,
57, 353359,

(¥ Cuililsume, G.; Vanhave, M. Lamotte-Brasseur, 1.; Ladent, P.; Jamin,
M.; lods, B.; Frere, J. M, J. 8iol. Chert 1997, 272, 54185444,
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Fipure 3. Time course of the hydmtyair of penicillin G, A-APA, and cefuroxime by Ei66CT monitored by UV wbsorption and fuorcscence measgrenients.
The reaction was initisved by mixing EH66CE with each of the antibiotics in 50 mM potmssium phosphate (pH 7.0) in both experiments. The UV absorbances
of penicillin G, 6-APA, and cefuronime (0.1 mM} ia the presence of EIS6CT (0.12 M} are shown in (), (¢), and (2). respectively. The decreases in
absorbance s 232, 240, and 260 mm arise from the cleavage of the S-lactam amide bood of peniciilia G, 6-APA, and celuwronime, respectively. The experimental
data for penicillin G are from ref 5. The Auorescence signals of E166CT (0.12 4M) with and without penicillin G, 6-APA and cefuroxime are shown in (b),
{d). and (), respectively. Excilation wavelength: 494 nm; excitaion and emission siit widths: 5 nm.

ky value of the TEM-1 EIG6N mwtent (~107° 57")% I is
reasonable to assume that the deacylation step is significantly slower
than the acylation step. That is, the coniribution of deacylation o
the formation of ES* is negligible. Thus, the formation of ES* for
EI66CT (or E166C) can be regerded as 2 pseudo-single-tumnover
process. 45 in the case of PBP.**3 In addition, the deacylation
rate ks for the TEM-1 EI&6N muiant®” is in the same order of
magnitude as those of several PBPs2"* further indicating the
similarity in the kinetic properties of Glu!b6-subsiituted ctass A

$354 J, AM. CHEM. 50C. » VOL. 130, NO. 20, 2008

B-laciamase and PBP. Thus, the kinetic equation for the formation
of ES* is given hy eq 1:

[ES* /B )=t — exp— (k1) (n

{28) Gibson, R, M.; Chriatensen, H.. Waley, 5. G. Biochem. 1. 1990, 272,

613619,
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k,. the apparen: first-order rate constant for the formation of ES*,
was obtained by computer-fitling the experimental value of [ES*Y
{Eyuat] versus time (#) tc equation (1],

For the mechanisim shown in Scheme |, k, is related 1o Xy and
k; according 10 equation {2}

[Sql
h= by s

where {So} iy the initial substraie concentration and i und K,y were
obtained by computer fitting the experimental data of k, versus [5¢]
to equation {2].

The first-order deacylation rate constant k; was oblained by
monitoring the degradation of ES* as a function of time.

{ES*)/[Eu]™ | =~ cxp—(ky) 3

The kyvalues were oblained by fitting the experimental data of
[ES*|/|Ep] versus time to eq 3. All curve fittings were performed
with Origin 6.1,

2.6. Determination of K, and k;. The kinetics studies of E166CT
with cefuroxime and 6-APA were performed using a quench-flow
device (Biologic SFM-400/Q, Claix, France). The hydrolylic
reaction was initisled by mixing 72.5 uL of ) uM EL66CF (or
E166C) in 20 mM ammonium acetate buffer (pH = 7.0) with 72.3
HL of desired concentrations of amtibiotic (cefizonime and 6-APA)
in 20 mM ammonium acetate buffer (PH = 7.0), and then quenched
a various time imervals by addition of 145 uL. of 8% (viv) formic
acid. The final pH of the quenched solution was ~2. The reaction
times were computer-controlled by varying the fiow rate of the
reactants. The quenched reaction mixtures were injecied inlo the
ESI source of the Q-TOF 2 mass specrometer (Walers-Micromass,
Manchesier, UK). The mass specrometer was scanned over a miz
range of 7001600, and the raw spectra were deconvolured by the
MassLynx 3.5 Transform Program (Walers, Manchesier, UK). The
ratio of the concentration of the covalent enzyme—subsirace
complex W the total enzyme concentration ({ES*W{E ul) a1 different
time intervuls was determined by measuring the peak areas of the
[E] and (ES*) peaks in the mass specoum, where [Eng] = (E] +
[ES*). The experimental profile of [ES*IAEou] versus time was
timed into eq 1, from which the first order apparent rate constant &,
was obtained. The &, values al several diffcrent substrate concenira-
tions, [Se), were then determined. The &, and k; values were
obtained by fiting the data of &, versus [Se] into &g 2.

Similar w the kinetics study by Lu et al. on PBP, the present
mass specurometric stady on the kinetics of the f-lactamuse mutants
was aiso based on the “rapid-equilibrium assumption™ {i.e., ky
-], such that X, could be regarded ax an equilibrium dissociation
consian) for the noncovalent ES compiex. [n our case, with the
relstively large K (~1 mM) and small & (~2 5 values, and the
fact that the reported &, values for protein—ligand interactions in
the literature are in the range of 10°— 10" M™' 5™, the estimated
&y vatue is |0%=10°-fold larger than (he &7 value. This argues that
the kinetic properties of our EV66C mutant are in agreement with
he “rapid-equilibrium™ assumption,™** which is equally applicable
to the case of the E166CT biosensor.

1.7. Determination of k. A 300 uL. portion of | gM E166CF
(or E166C) was allowed 1o react with 500 x4L of | uM antibiotic
{cefuroxime and 6-APA) long -enough until most of the mutant
enzyme was converted o the covalent acyl enzyme—substrate
complex, and the deacylation rate constnt ky was dewermined by
monitoring the dissociation of ES* wilth time by ESI-MS. AL
different sampling points, 3 70 u4L portion of the reaction mixture
was taken out and quenched with formic acid (Anal concentration;
4% (viv),, The ratios of the concentralion of the covalent
enzyme—subsirate complex o the [otal enzyme concentration,
[ES*MiEwa], 8t differenl time intervals were determined as
duscribed, and the experimental data were fitied into eq 3, from
which the k; value was determined.

The kinetic data for E166C and E!66CK 50 obtained are presented
in Figures 51 —57 (Supporting [nformation} and Figure 4.

#3]

18, Proteglytic Shufles 2181 Fluorescence Messurements,
E166CY (0.2 mg/mL) was mixed with aypsin (0.01 mgfmL) in 50
mM potassium phasphate buffer (pH 7.0) in a quartz cuvetic of |
cm path iength. The Auorescence specira of this sample were then
recorded at various time intervals using a Perkin-Elmer L3505
spectrofluorimeter, The excitation wavelength was 460 nm, ard the
excitation and emission slit widths were 2.5 nm.

232, Maw Spectremetric Messurements., Proteolysis of
EI66CF (ar E166C, ~0.3 mg/mL) was performed by incubation
with trypsin (~0.01 mg/mL) in 20 mM ammonium acelate (pH
7.0) at 37 °C ovemnight. The digested sample was mixed with the
MALDI matrix composed of 10 mg/mL CHCA in acetonitrile/
ethanol/0.1% wifluoroacetic acil (49.5: 49.5: { (viv)). A LS ulo
portion of the sample/matrix mixture was spoited onto a 96-well
Mainfess stee! target plate, nir-dried, and then anaiyzed by 1 Waters
MicroMX MALDI-TOF mass spectrometer (Waters, Manchester,
UK) controlled by MassLynx 4.1 (Waters, Manchester, UK).
Peptide ions were generated by a2 337 nm pulse Jaser and accelersied
by a voltage of 1.9 kV with a puise delay of 500 ns. The sesulting
mass spectra were obtained by accumulation of at least 50 single
scans. The peptide fragments of uypsin were identified by accuraie
mass measurements as follows. A m/z range of 7003000 Da wes
calibrated extemally with & polyethylene glyce! (PEG) mixture
(PEGSOIVPEG | 00/PEG2000/Nal = 1:1:3:1 {(w/w)). The accurate
mass values of the peptide fragmentz of trypsin were then
determined, using a phosphorylase B iryptic digest siandard as the
internal standlard for insernal lock mass calibmion to achieve a
mass accuracy of <30 ppm. The mass peaks of the individual
protein fragmenis were assigned, using the Findpept Program at
hup:/fus. expasy osgfteolsfindpept.him).

1.8.3. Circular Dichroism Messurements. Digested E166CT
was prepared as described above (section 2.8.2.). The fu-UV CD
spectrumn of this sample was recorded on a JASCO-J810 CD
speciropolarimeter at 2 scan rate of 50 nm/min and a bandwidth of
2 nm, using 2 quanz cuveite of | mm path length. For comparison,
similar CD measurements were ajso performed with £166C1 (~0.3
mp/mL) withoul subjection 1o irypsin digestion.

2.9, Thermal Unfolding Studies. The thermat unfolding siudies
of the wild-type PenPC f-lactamase, E166C, and EI66CT in 50
mM potassium phosphate buffer (pH 7.0) were performed on &
JASCO J-810 CD specwropelwimeter. The far-UV CD signal at
222 nm was recorded every ) °C from 20 10 80 °C for the wild-
type enzyme and from 20 to 70 *C for E166C and EI66CT, using
a quartz cuvette of | mm path kengih. The heating rate and the slit
width were 30 °C/ and 2 nm (respectively), and the response time
was 2 3. The enzymes unfolded reversibly upon thermat denar-
ation. The CD signals of the enzymes were subiracted from those
contributed by the buffer.

The thermtal unfolding curves of the enzyines were then fitted
10 the following equation o determine the midpoints of transitions
hased on 3 two-state model for the transilion berween the native
and unfolded siates of a protein;™

_ {petpT}+ {yy+ qT}expibl]
s | +exp(bl

where b = [AHp{] ~ TITL)VRT, Yo is the measured vasiable
parameter at a given temperslure, yy and yy are the varisble
parameters for the native and denatured states {respectively), T is
the midpoint of the heal-induced Wransition, Afy is the enthalpy
change for unfolding at T, p and g sre the slopes of the pee- and
post-unfolding baselines (respectively), R is the gas constant, and
T is the absolute wmperature,

3. Rasuits

1. Sieady-State Fluorescence and Spectrophotometric Studies.
The origin of the fluorescence changes of EISSCE in the
presence of penicillin G, 6-APA, and cefuroxime was investi-
gated by both UV absorption and Auorescence measurcments.

J. AM, CHEM. SOC. » VOL. 130, NO. 20, 2000 8335
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Cefuraxime is resistant to the hydrolytic action of EI66CT,
whercas penicillin G is not’ These amtibiotics are good
candidates for studying the fluorescence behavior of E166CT.
For 6-APA. this antibiotic is structurally similar to penicillin G
except that it has no R, chain (Figure 2). Thus, the effect of the
bicyclic structure of the S-lactam and thiazolidine rings on the
fuorescence response of E166CF can be examined,

Figure 3a shows the real-time UV absorbance of EI66CT
{0.12 uM) with peniciliin G {0.1 mM) in 50 mM phosphate
buffer (pH 7.0).> The UV ubsorption signal at 232 nm, which
erises from the UV absorption by the B-lactarn amide bond of
penicillin G,2® decreases rapidly within 20 min as a resuit of
the hydrolytic action of EV66CT toward the fl-lactam ring. After
20 min of S-lactam hydrolysis, the UV absorption signal
becomes steady. Interestingly, under similar conditions, E}66Cf
exhibils a sustained fluorescence plateau for about 20 min in
the gmscme of the same concentration of penicillin G (Figure
3b).” This fluorescence change, however, was no( observed when
the unlabeled E166C mutant was incubated with free fluorescein
under similar conditions (Figure 58), indicating that the
fluorescence change observed with EI66CT is likely to arize
from the local environmental chanpe around the furocsccin tabel
induced by antibiotic binding. Taking these ohservations
1ogether, the fluorescence enhancement of E}G66CT is likely to
be triggered by the binding of penicillin G to the active site. Il
is intgresting to note thay the fluorescence of E)66Cf declines
slowly afier the hydrolysis of penicillin G (¢ > 20 min). This
observation is presumably duc to the slow mtum of the
fluorescein label (o the vacant aclive site afier S-lactam
hydrolysis because of its bulky nature,

Unlike penicillin G, 5-APA shows only a slight decrease in
UV absorbance over the time course, indicating that the
hydrolysis of 6-APA by E166CY is very slow (Figure 3c). In
addition, flurescence measurements showed thal 1he fluores-
cence of EV66CT with 6APA increases as a function of time
{Figure 3d). This increasing fuorescence profile is similar to
the fluorescencellime profiles cosresponding 10 the initial phase
of hydrolysis of peniciltin and cephalosperin antibiotics.® Unlike
the case of penicillin G, the Muorescence enhancement for
6-APA is much less significant, and no detectable Suorescence
decline mppears over the time course. These observations are
presumably due to the weaker binding and activity of E166CF
toward 6-APA compared to that toward penicillin G.

For cefurnxime, this antibiotic shows no significant decrease
in UV absorbance, indicating its high resistance to the hydrolytic
action of EI166Cf (Figure 3e). Moreover, E166Cf shows a
sustained fluorescence plateae over Ihe time course, similar to
the case of 6-APA (Figure 3f). These results, together with those
oteained with penicillin G, highlight the significant rolc af
B-lactam binding in enhancing the Auorescence of E166CT.

31 Mms Spectrometric and Swpped-Flow Floorescence
Studles, In order to further investigate the effects of antibiotic
binding and hydrolysis on the fluorescence of E166CH, the
hydrolylic processes of cefuroxime, §-APA, and penicillin G
by EI66CT a1 different time intervals were anelyzed by ESI-
MS. This technigue can distinguish ES* from E according to
their different mass values and determine the population of ES*
over Lhe time course. Briefly, E166CI was mixed with each of
the antibiotics, and the hydrolytic process was quenched by acid-
unfolding of the lubeled enzyme at different time intervals. The

(29} Waley, S. G. Biockem. J. 1974, 139, 739-790.
G358 J. AM. CHEM. SOC. » VOL. 130, NO. 20, 2008

population of the covalent acyl enzyme—substrate complex ES*
at each time interval was then determined (see Experimental
Section).

As shown in Figure 4e. the population of the ES* state for
cefuroxime increases slowly as a function of time {up to 15
min), indicating that this antibiotic is resistant 1o the acylating
action of E166CF. For 6-APA, the population of ES* also
increases over the time course (Figure 4f). In both cases, no
significant decline in the ES* population was observed over
the time coursc, indicating thel cefuroxime and §-APA are
resistant to the deacylating action of E166CT, In the case of
penicillin G, the population of ES* increases rapidly in the first
60 s and then declines gradually (Figure 4g). The decrease in
the ES* population indicates that pesicillin G is less resistant
to the deacylating ection of E166CT compared to cefuroxime
and 6-APA.

Similar mass spectrometric experiments were also performed
with the unlabeled E166C mutant, and the kinetic parameaters
for E166C and E166CF were then analyzed (sec Experimental
Section). As similar to the case of E166Cf, the ES* state of
EI166C with cefuroxime accumulales over the time course,
indicating that this antibiotic is also resistant to the acylating
action of E166C (Figure 53). Detailed analysis of the mass
spectral data for E166C and E166Cf showed that the &4 values
of both muant enzymes with cefuroxime are similar. implying
that the flnorescein label does nou significamtly impair the
enzymatic activity (Table 1). The ke, values for E166C and
E166Cf with cefuroxime are lower than tha of the wild-1ype
enzyme (~100-fold lower, Table 1). an observation consisten
with the fact that Glul66 is important for S-lactam hydrolysis
in class A B-lactamases.***® Moreover, the X, value of E166C
is similar to that of E166CY, indicating that the fluorescein label
does not significantly impair the substrate binding ability of the
mutent enzyme.

For 6-APA, the ES* populations of E166Cf and E166C aiso
increase over the time course (Figures 55 and 56). The kqy value
of E166CT is similar to that of EF66C but much lower than
that of the wild-type enzyme, as similar to the case of
cefuroxime (Table 1). Moreover, the k., valve for 5-APA is
similar to that for cefuroxime but significantly lower than that
for penicillin G (~4 orders of magnitude lower), indicating that
6-APA and cefuroxime are more resistamt to the hydrolytic
action of E166CT compared to penicillin G. This observation is
consistent with the findings of the spectrophotometric experi-
ments that the decrease in UV absorbance of penicillin G with
E166C( is much more signilicant than thosc of cefuroxime and
5-APA {Figure 3).

We then petformed stopped-flow fluorescence measurements
on E166CT with each of the antibiotics under similar condilions.
As shown in Figure 4e, the fluorescence signal of EJ66CT
incresses as & function of time upon addition of cefuroxime.
Tmterestingly, this lime-dependent fluorescence profile maiches
closely with the mass spectral [ES*J/ime profile (Figure 4e),
implying that the fuorescence enhancement is likely to arisc
from substrate binding. Similar observalions were also obtained
with 6-APA (Figure 4f). For penicillin G, the fluorescence of
E166Cf increasey rupidly in the easly stage of the time course
and then declines slowly (Figure 4g). This Puorescence profile
also marches closely with the mass spectral [ES*]-time profile.
All these observations indicate that the fluorescence enhance-

({30) Leung, Y. C.: Robinson. C. V.; Aplin, R. T.. Waley, S. G. Diachem.
J. 1984, 290, 671-678.
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Figure 4. Mass spectrametric and stopped-flow fluarescence siudies of E166CT binding with cefuroxime, 6-APA, and penicillin G. {a) Transformed
mass specira acquiced after ingubaling E166Cf with 0.1 mM cefuroxime ot different time intervals. (b} Time course for the scylation of EIS66CF with
differeni concentrations of cefurnxime. The solid fines represent the fit of experimental data 10 eq 1. from which the &, valves wers oblained. (c) Plot
of the k, values a8 a function of cefuroXime concentrations. The solid line cepeesenis the bt of sxperimential daw 1o ¢q 2, from which the g and &3
values were found (o be 0.9 * 0.09 mM and 1.9 & 0.1 o™, respeciively. (d) Time coure for the deacylation of the Bi66CI—cefurexime comples,
The aokid line represents the fit of expenimental data to &g 3, from which the &y value was determined, (e—3) Time course for the binding of EI66CT
(0,5 M) with 5 uM cefuroxime, 6-AFA, and penicillin O {respectively) moniwred by ESI-MS and siopped-flow Nuureacence speciroscopy. The salid
lincs represent the Buorescence signals, snd the red circles represent the [ES® M[Ewe) values of the ELS6CI—antibiotic complexes determined by
ESI-MS. Buffer; 20 mM ammonivm acetate {pH 1.0).
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Table 1. Kinetic Paramaters of the Wild-Type PenPC f-Laclamase, E166C and E166CH for the Hydrolysie of Cefuroxime, Penicillin G, and

& APA Determined by ESI-MS and UV—Visible Spactrophotomatry®

Ko (M) Ay (mb) k5" kol Ky Wl Bi) (M7 571} K (57") kg (57"

wild-type + cefuroxime” B5+4 - - 0201 = 10° - 0.02 £ 0.01

E166C + cefuroxime’ - 20+03 254102 092 0.0) = 10° (1003 > 107* (7.24+08) = 10~°
EN66CT + celuroxime* - .91 £ 0.09 1940, (2.0 £02) = 107 (20=00) = 107 {(20£02) % 10~
wild-type + penicillin G." 453 - - (54 +£0.0) = 107 - 2612 + 320

E166C + penicillin G.” 7243 - - (29 +£0.2) = 10° - 207 + 0.02
C166CT + pemeillin G 2134+ 11 - - (25402) = 10° - 528 + 0.00
wild-type + 6-APA® 1374 + 42 - - (5.5 £02) = 10° - 760 + 10

E166C + 6-APA’ - 0.23 £ 0.02 187=07 (1.3 £0.7) = 10° (2.4 £ 04) % 107" (2.4 + 04) % 107"
E166CT + 6-APA’ - 0T £ 0.28 =002 (4.0 £ 0.6) » 10° (RO % 1.0) » 107" (8.0 £ 1.0) % 10°*

“ESI-MS was used lo study the enzyme kinetics in which the catalytic process could not be monitored by the specurophoometric method te.g.,
El66C/celuronime, EI66CH-APA, EI166CHceluroxime, and EI66CTH6-APA). For the wild-type enzyme, the kinetics was so fast that the MS method
could nol delermine the catalytic parameters for the amiibiotics. Thie is also the case for the reaction of the wild-type and mutant enzymes with
penicillin G. * Monitared by UV —visible spectropholometry, © Monilored by ESI-MS, # kew = kakalky + ks, ~ Reference 5; - not derermined.

Figure 5. Mulecular models of FE1GGCT with penicillin (. (a) Stereoview of the active sitc of E166CT (with the Auorescein label stayving inside the
active site) docked with an intact penicillin G molecule. Note that the xanthene ring and the benzoic group of the fuorcseein lobel (green) clush
spatially with the thiazolidine ring and the caocyclic Ry amide group of the penicillin G molecule (red). respectively. (b) Stereoview of the active site
of EI66CT in the noncovalent ES state. The Auorescein label (green) stays ont of the active sile to avoid the spanal clash with the penicillin G
milecule (red) in this state. The Ser70 and Cys166 residues are shown in blue and magentn, respectively.

ment of E166CT arises from the formation of enzyme—substrite
complex. whereas the subsequent regeneration of the free
enzyme restores the weak (luoreseence ol E166CH

3.3. Molecular Modeling. In order 10 investigate the mech-
anism by which E166CI enhances its fluorescence upon binding
1o fi-lactam antibiotics. molecular modeling was performed with
this mutant enzyme in the presence and absence of penicillin
(. This antihintic was chosen hecause it can bind 1o E166CT
and the crystal siructures of various class A S-luctamases
complexed with this drug have been extensively studied *'™*
Figure la shows the stercoview of the active site of E166CT in
the free enzyme state.” The protein model shows that both the
side chain of Cys166.1n the L-loop and the attached Auorescein
label are oriented toward the active site. The fluorescein label
15 buried in the active site with a solvent sccessible arca (SAA)
of 191 A% In arder to examine whether the (luorescen label
shares a common space with the /3-lactam substrate within the
active site, the stucture of E166CT (with the fluorescein label
staying inside the aclive site) was docked with an intact
penicillin G molecule (Figure 3a). Detailed analysis of this
structure shovwed that both the fluorescein label and the substrate
share the same space within the active site; the xanthene ring
and the benzoic group (above the maleimide linker) of the

{31) Strynadka, N. C.: Adachi. 1L: Jensen, 5. E.: Johns, K. Siclecki, A.:
Betzel, T Sutoh, K.; James, M. N. Naiare 1992, 359, T00-705,
(32) Shimamury, T.: Thuka, A, Fushinobu, 5.. Wakag, T.: Ishiguro, M.,
Ishii, ¥.: Masuzawn, H. ). Riol Chem. 2002, 277, d660] 46608,
{33) Chen, C. C ;. Herrherg, O Riochemisire 2000 d6), 2351-2154.
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Muorescein label clash spatially with the thiazohdine ring and
the exocyclic Ry amide gronp of the antibiotic. respectively (sec
Figures 2 and Su). In the ES state, the fluorescein label stays
out of the active site (Figure 5b). This subtle conformational
change results in a significant increase in waler exposure for
the Muorescein label in the ES state (SAA = 350 A”) compared
t that of the E state (SAA = 191 A%). Similar obscrvations
were also obtuined with the covalent ES* swie in which the
hydroxyl group of the side chain of Ser70 is acylated with the
B-lactam carbonyl group of the substrate: '™ the fluorescein label
resides in the external aqueous environment with a SAA of 350
A% ufter the covalent binding of the substrate 1o the active site
{Figure 1h).*

The stene effect of the bicyclic structure of fi-lactam
antibiotics on the positioning of the fluorescein label is further
supported by the fluorescence cxperiments on 6-APA (consisting
of the fA-luctum and thigzolidine rings only (i.e.. no R, chain,
Figure 2)); the fluorescence signal ol E166CT with 6-APA
increases aver the time course (Figure 3(d})). This obscrvation
also appears in the fluorescence-lime profiles corresponding to
the mitial phase of hydrolysis of penicillin and cephalosporin
antibioties.”

3.4. Proteolytlc Studies. The waler exposure change induced
by antibiotic binding can be probed by investigating the
fluorescence response of the Mluorescein label (whose emission

{34) Rlons, N Sawyer, W. H. Phoiochem Pluitohiol. 2000, 72, 179-
185.
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Figire 8. Protsolytic smdies of E166CT analyzed by CD spectropolasimenry
and fluorescctice speciroscopy. 1a) Far-UV CD spectra of E166CT (~0.2
mg/mL} before (solid line) and alier (dash ling} rypsin digestion in 20
mM ammonium acctaie (pH 7.01. The CD signals were recorded a1 a scan
rate of SO nm/min and & bandwideh of 2 nm, using & quarty cel) of | mm
path length. The concentrasion of rypein was 0.01 mg/mi. (b) Fluorescence
specirw of EF6GCT in the presence of wrypsin recorded at differaou time
ineervals, The concentrations of EI6GCT and trypsin were 0.2 mg/ml, and
0.01 mg/ml., respectively. Excitation wavelength: 460 am,; excitation and
emission slit widtha: 2.5 am.

500 520

is salvent-senzitive)™>* before and after proteclytic digestion,
since this fluornphore is expected 1o he buried in the active site
of native E166CT but largely exposed to the aqueous environ-
ment when attached to a peptide fragment resuiting from
proteolytic digestion. This method was used instead of chemical
denawration because chemical denaturants (e.g. guanidine
hydrochloride) can quench the Huorescence of fluorescein (data
not shown}.

The ability of the proteclytic enzyme trypsin to digest E | 66CF
was first investigated by CD spectropolarimetry. Figure fa
shows the far-UV CD spectra of E166Cf before and after trypsin
digestion. In the absence of trypsin, E166Cf shows negative
peaks at 210 and 222 nm, which are characteristic of the a-helix.
After trypsin digestion, these peaks vanish, and a new negative
peak in the wavelength range of 190—200 nm uppears, indicat-
ing that the naiive structure of E166CT is lost. The proteolytic
digestion of EL&6CT by trypsin was then analyzed by matrix-
assisted laser desorptiontionization time-of-flight mass spec-
trometry (MALDI-TOF-MS). MALDI-TOF-MS is, in general,

(35) Klonis, N.; Sawyer, W. H. J. Fluoprese. 1996, 6, 147-137.

more preferable than ESI-MS in the aralysis of proteolytic
peptide frugments becuuse time-consuming HPLC separation
is not required prior to mass spectromztric measurements., Nine
detectable peptide fragments of E166CT resulting from trypsin
digestion were observed (Table S1). A similar profile of peptide
fragments was aiso obtained with the unlabeled E)66C mutant
urder similar experimental conditions (Table S!). The F165-
R178 fragment, comresponding to part of the Q-loop, was
obtained after proteolytic digestion of E166C and E 66CF. The
mass difference between the F165-R 178 fragment derived from
EI166C and that from E|I66CF is 445.1 Da, which is consistent
wilh the molecular mass of the fluorescein label plus a water
malecule (427 + |8 = 445 Da), as also observed in the previous
ESI-MS measurements of EL66C and EL66CT, [n this context,
we noled that formation of protein—water adduct complexes
under MALDJ-TOF-MS conditions is also 8 commonly cbaerved
phenomenon.* The MALDI mass spectral data reveal that the
flucrescein labet is auached tw the partial fragmen of the
Q-loop, most likely at the Cys166 position, as revealed by the
SDS-PAGE assuy performed in our previous study.! Taking the
mass spectral and CD data together, the luonescein-labeled
Q-loop is likely to exist us an unfolded peptide fragment in
soluticn after native E166CT is digested with arypsin.

The fluorescence response of the fiuorescein labei of E166CT
in the presence of trypsin was then studied. As shown in Figure
6b, the fuorescence signal of E166CK increases upon trypsin
digestion, a proteciytic process that can reicase the Auorescein
iabel from the confined active site of E166CT o the exiernal
aqueous environment. This observation indicates that the
fluorescein label is likely W gain lower water exposure in the
active site with respect to the external aqueous environment.

3.5. Mathematical Simulation. In order to estimate the
relative contributions of the ES and ES* states ta the enhanced
fluorescence of ENG6CS, mathematical simulations of the
concentralionftime profiles of different specics in the hydrolysis
of cefuroxime were performed, using the kinetic parometers
determined in the mass spectromeiric studics. As shown in
Figure §9, the concentration of ES* increases with concornitant
decreases in the concentrations of E and ES over the time course.
The concentration-time profiles of ES and ES* indicate that the
concentration of ES® is, in general, larger than thar of ES over
the time course; the ratio of [ES*[ES] increases from 2 to 1700
over the time interval of 1-300 s,

36, Thermal Denaturstion. It has been shown that the
replacement of Glul66 in the class A TEM-1 E166N mutant
destabilizes the proiein structure, rendering the Q-loop more
flexible.?” To investigate whether this phenomenon is also
nssociated with E166CT, the stabilities of the wild-type enzyme,
E166C and E{66CF against thermal denaturation were studied
by far-UV CD spectropolarimetry, The midpoims of thermal
denaturation (T} for the wild-type enzyme, E166C and E166CT
were found to be 56( 1}, 50{x1), and 49(%1) °C, respectively.
These resuits indicate that the E166C mutation causes a
destabilizing effect on the protein structure and increases the
fexibility of the Q-loop.

4, Discussion

Cysieine is a reactive amino scid that is ofien stratcgically
incorporated into the structures of proteins for Auomphore

¢36) De Hoffman. E.; Swoobat, V., Mats Speciromerry; Principles and
Applicarions, 3nd ed.; Wiley: New York, 2002
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labeling in the siudies of protein—protein® and protein—
ligand®43-12-14.16 spieractions. The class A PenPC f-lactamase
contgins no cysieine**#? and therefore introducing this residue
into the structure of this enzyme allows site-specific Aucrophare
Isbeling. In this study, the catalytically important Glu) 66 residue
of this wild-type enzyme™-*° was replaced with a cysieine and
subsequently labeled with the environment-sensitive Auorophore
fluorescein-5-maleimide. Recent sudies have shown that Glu 166
is likely to play critical roles in both the acylation?”***¢ and
deacylation™ 314748 yeng in B-luctam hydrolysis; in the former
step, Glul66 is likely to deprotonate the hydroxy] group of SerT}
via the bridging waler molecule for S-lactam acylation, 7434
whereas in the 1atter step Glul66 appears 1o act as the general
base for hydmi;zing the covalent scyl enzyme-—substrate
compley. 2730314748 Raplacement of this catalytically important
residue should, therefore, significantly reduce Lhe activity of the
enzyme. thus allowing the fluarophore-labeled E166CF mutant
10 serve as a ligand-binding protein (with very low ko) for
binsensing parposes. Moreover, Glul66 is located in the ficxible
Q-loop (close 10 the active site) with its side chain pointing
toward the active site.'” These structural properties allow the
fluorophore atiached to this residua) position (o probe local
cnvironmental changes within the aclive site and can reduce
the passible steric effect of the Auorophore an the enzyme—
substrate binding.

The comparative fluorescence studies of E166CT and E166C
showed 1hat the Auorescein label can sense the local environ-
mental change in the active site induced by antibiotic binding
(Figure SB). Morcover. the mass spectrometric and stopped-
flow fluorescence experimenis revealed that the Muorescence
enhancement of E166CT is very likely to arise from the
formation of enzyme—substrate complex (Figure 4e—g). This
observation is common 10 both penicilling (e.g., penicillin G
and 6-APA) and cephalosporins (.g., cefuroxime). With §-lac-
tamnase-sensitive antibiotics such as penicillin G, the ES* state
of EJ66CH is reactive and retumns to Lhe E state readily with the
generation of acid product, thus leading 1o the reduction in the
ES* population during the course of §-tactam hydrolysis. This
phenomenon appears to lead to the restoration of the weak
Auorescence of E166CT, as revealed by the observation that both
the mass specrometric and fiuorescence signals decline con-
sistently in the later stage of f-lactam hydrolysis (Figure 4g).
Tn the case of 6-APA and cefuroxime, E166Cf does not show

(37} Hamnman, B. D.; Oleinikov, A. V.; Jokhaize, G. G.; Tramr, R. R.;
Jameson, D. M. Biocheminry 1996, 35, 16672-16679.

(38} Hamman, B. D.; Oleinikov, A. V.. Jokhadze, G. G.; Traw, R, R.;
Jameson, D. M. Biochemisiry 1996, 35, 1668016685,

{39) Miller, R. A.; Presiey, A. D.; Fmancis, M. B. J Am. Chem. Soc. 2007,
129, 3104-3109,

{(40) Caner, D. M.; Miousse, L. R.; Gaguon, J. N.; Martinez, E.; Clemenu,
A.: Lee, ).; Hancock, M. A.: Gagnon, H.; Pawelek, P, D.; Coulton,
J. W, J. Biol Chem. 2006, 28], 3541335424,

141} Ambler, R. P.; Coulson, A. F.; Frere, 1. M.; Ghuysen, J. M. Joris, 8.
Forzman, M., Levesque, R. C.; Tiraby, G.; Waiey. 5. G. Biochem. J,
199), 276, 159-270,

{42) Madgwick, P. J.; Waley, 5. G. Biochem. J. 1987, 248, 657-662.

{4)) Minssov, G.; Wang, X.; Shoichet, B. K. J. Am. Chem. Soc. 2001,
124, 5333-5340.

(44) Hermann, 1. C.; Ridder, L.; Mulholland, A. J.: Holtje, H. D. J. Am.
Chem, Soc. 2003, 125, 9550-9591.

{45) Nuksgs, M.; Maysma, K.; Hujer, A. M.; Boromo, R. A.. Knox, J. R.
J. Mol. Biol. 2003, 328, 289-30).

(46) Lamotie-Braaseur, J.; Dive, G.; Didebery, O.; Charlier, P.: Frere, ). M.;
Ghuysen, 1. M. Biochem. J. 1991, 279, 213-221.

(47 E:Tc;u W. A Tan, A. K. Fink, A. L. Biochemisiry 1991, 30, 10783-

i .
(48) Adachi, H.; Otus, T.: Matsuzawa, H. J. Biol. Chem. 1991, 266, 3136
9.
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this phenomenon. an observation consistent with the fact that
these antibiotics are resistant to the hydrolytic action of the
mutant enzyme (low k).

‘The mechanism by which the binding of antibiotics triggers
the fluorescence of E166CT was unraveled by the molecular
modeling studies of the E, ES, and ES* states. An important
finding is that the fluorescein label is likely to share a
commoh kpace with the bicyclic structure of A-laclam
antibiotics within the active site {Figure 5a). This observation
implies that the fluorescein label has to depan from the active
sile in order to make room for an incoming antibictic. indeed,
the protein models of the ES and ES* staies reveal that the
fluorescein label stays out of the aclive site in order 1o avoid
the spatial clash with the bound substrate (Figures 1b and 5b),
This steric effect is further supporied by the finding of the
fuorescence study of EIG6CH with 6-APA; the binding of
6-APA, which consists of the bicyclic structure only, can also
enhance the fuorescence of EV66CT, as similar to the case of
penicillin G and cefuroxime (Figare 3d). Taken together, the
flzorescein label in the E state appears to occupy, at least in
part, the space within the active site where the bicyclic structure
of fi-lactam antibiotic resides, and this spatisl clash is likely 1o
be the major factor inducing the departure of the Ruorescein
label from the ective site upon antibictic binding.

The substraic-induced movement of the fluorescein label from
the active site 1o the external aqueous environment appears to
increase its water exposure, as revealed by the larger solvent-
sccessible areas of the ES and ES* states compared to that of
the E state {Figures | and 5). This observation is consistent
with the findings of the proteolytic siudics of E166CT analyzed
by fluorescence spectroscopy, CD spectropolarimetry, and
MALDI-MS; thc fuorescein label, which fluoresces morc
strongly in & more polar environment.™* shows stronger
fluorescence upon digesting native E166CT into unfolded pepuide
fragments by trypsin (Figure 6 and Table S1).

The facts that E166CT gives sironger Ruorescence in the ES*
state and the fluorescein label gains a similar increase in solvent
accessibility in the ES and ES* states imply that, in addition
1o the covalent ES* state, the noncovalent ES state is also
likely 1o enhance the Auorcscence of E166CT, When E| 66Cf
binds to a S-lactam antibiotic (o form the ES complex. the
fluorescein lahel will move away from the active site to avoid
the spatial clash with the bound substrate (Figures la and
5b). This noncovalent state will then undergo acylation and
proceed to the ES* siate, where the fluorescein label remains
out of the active site (Figure 1b). As a resull of gaining higher
waler exposure, the ES and ES* states give stronger fluorescence
with respect 1o the E state. Upon returning to the E state, the
fluarescein labei on the Q-loop enter the vacant active site
again. This motion might be hindered due to the bulky nature
of the fluorescein 1abel, thus leading to the slow retum of the
flucrophore. In the E statc, the Auorescein label expericnces
lower water exposure in the aclive site, thereby resioring ils
weak fluorescence.

Dexzpite the bulky nature of the Auorescein label, the ability
of EI66CT 10 bind to B-lactam aniibiotics is not significantly
impuired, as revealed by the similar Xy values of E166C and
E166CT with 6-APA and cefuroxime (Table 1), This surprising
nbservetion is presumably due to the flexible nature of the
Ooop.'™*® In this regard, it is intcresting to note that
replacement of Glu)66 in 1he Li-loop of the class A TEM-1
B-laclamasec with an aspsragine can increase the mobility of
the Q-loop and hence destabilize the protein structure.”’
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Previous structural studies of the cluss A RTEM-1 and TEM-1
B-lactamases have shown that the side-chain carboxylic group
of Giui66 forms hydrogen bonds with the side-chain nitragen
atoms of Lys73 and Asni70.2'*24% which are highly conserved
residucs in many class A S-lactumases, including the PenPC
B-lactamase used in the present study.*'** Moreover, in the
E|66N mutant of the TEM-1 f-lactamase, the replacement of
Glulé6 in the Q-loop is likely to weaken the hydrogen-bonding
interactions, thus increasing the flexibility of the Q-loop and
destabilizing the structure of the enzyme; the T, values of the
wild-type form and B166N mutant of TEM-| were found to be
51.1(20.2) and 43(.4) °C, respectively.?” These perturbing
structural effects might also occur in the E166C mutant of the
PenPC f-lactamase because the thermal stabilities of the
Glu166-substituted mutants of the PenPC and TEM- 1% f-lac-
tamases are both reduced (compared to their respective wild-
type structure) as a result of the replacement of Glul66. In the
case of EIG6CSH, the E{66C mutation and the Auorophore
conjugation appear to cause a similar destabilizing cffect on
the protein structure, us revedled by the similar decrease in
thermal stability of E)66Cf compared to that of the wild-type
enzyme. This structural perturbation is likely to increase the
flexibility of the Q-foop and hence compensate for the possible
steric effect of the bulky fuorescein label on the enzyme—
substrale binding. Analogous to this case, some S-lactamase
variants in the class A TEM family have been found to be able
to improve the binding interactions with bulky cephalosporins
by relaxing the conformation of their Q-loop through the
replacement of the O-loop residue (e.g.. Argl64) responsible
for forming salt bridges with the rest of the protein strucmure, 3252
With the increased flexibility of the Q-loop, E166CT appears
to be able to largely restore its substratz-binding ability even

{49) Maveyraud, L.; Prat. R, F.; Samama, ], P. Biochemintry 1998, 17,
26222628,

(50 Raquet, X.; Lamone-Brasseur, J.; Fonze, E.; Goussard. S.; Courvalin,
P.; Frere, ). M. J. Mol. Biol. 1994, 244, 625639,

(517 Vakuienkn, S. B.; Taibi-Tronche, P.; Toth, M.; Massova, L. Lerner,
5. A.: Mcbazhery, S, J Bivl Chem. 1999, 274, 105213060,

(5 :i’mg. X.; Minasov, G.; Shoicher, B. K. £ Mal Blol 1082, 320, 85—

though its active site is considerably shiclded by the fluorophore
in the free enzyme state,

5. Conclusions

In this study, we have studied the biosensing mechanism
of the nonallosteric E166CT mutant ioward 8-lsctam antibiot-
ics. The catalytic Glul66 residuc was replaced with a
cysteine, which was subsequently labeled with environment-
sensitive fluorescein. This residue is located in the fiexible
Q-loop with its side chain pointing toward the active site.'’™®
The replacement of Glul66 further increases the Aexibility
of the Q-loop. With these advantageous structural properties,
the attached Auorescein label can stay close Lo the active sile
(o sense antibiotic binding without significantly impairing
the substrate binding ability of the mutant enzyme. In the E
state, the flucrescein tabel is likely to occupy, at least in pas,
the active-sile space where the bicyclic structure of 8-lactam
sntibiotics resides. This spatial clash appears to cause the
fluorescein label 1o depart from the active site when an
antibiotic enters this local region. As a result of this subtle
motion, the Auorescein lahel in the ES and ES"* stales
experiences higher water exposure and hence gives stronger
fluorescence with respect 1o the E state. After hydmolyzing
the bound substrate, the fluorescein label returns o the vacant
active site and restores its weak floorescence.
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