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Abstract
Abstract

The spread of antibiotic resistance is one major global problem for healthcare systems. One c
the most releant mechanisms of resistance involves the expression, by bacteria, of enzymes abl
to degrade the antibiotic molecules. This thesis is focused on the study of a particular class o
antibioticdegrading enzymes, the metafidactamases (MBLs). MBLs are a family of Zn¢ll)

dependent enzymes t hat i na-dattamvaatibi@icsn@hagter o f t

a detailed review of the properties of these enzymes is presented.

Novel MBLs are continuously discovered and numerous variants of known MBLs
emerge, largely due to the introduction and frequent misuse of novel antibiotics. It has alsc
become apparent that MBLs are present in microorganisms that are not pathogenic and inhak
environnents that are not likely to be subjected to significant evolutionary pressures (such as the
sharp increase in antibiotics). MBLs from such environmental microorganisms may thus pose &
future risk for health care, but they may also provide clues abouttieddactors that enable
such enzymes to inactivate antibiotics. Ghapter 2the discovery of two novel putative MBLs
from the marine organismdovosphingobium pentaromativoranad Simiduia agarivoranss
described. In adherence with common practloesé two enzymes were namithynooth

IM ipenemasd. (MIM -1) andM aynoothlM ipenemase (MIM -2), respectively.

In Chapter 3the biochemical properties of MWl and MIM2 are discussed and
compared to those of known MBLs. From the pH dependence of thalytaparameters it is
evident that both enzymes differ with respect to their mechanisms, with-Mpveferring
alkaline and MIM2 acidic conditions. Both enzymes require Zn(ll) but activity can also be
reconstituted with other metal ions, including @QpMn(ll), Cu(ll) and Ca(ll). Importantly, the
substrate preference of MHY and MIM2 appears to be influenced by their metal ion

composition, which may be a relevant factor in determining their precise biological function.
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Abstract

However, with respecttother cat al yti ¢ ef f i eactermantipioticsoMiva r d s
1 and MIM-2 are comparable to MBLs from known pathogenic bacteria sudliedsiella
pneumoniaor Pseudomonas aeruginasa hey are also inhibited by the rohinical compound
D-captopril n a manner characteristic for MBLs. Thus, even though Mlishd MIM-2 are
currently not associated with antibiotic resistance these enzymes, should they ever enter th

human population, certainly could pose a future threat to health care.

Since neitheN. pentaromativorangor S. agarivoransare human pathogens, the precise
biological role(s) of MIM1 and MIM-2 remains to be established. @hapter 4the possibility
of an alternative function of MIM. and MIM-2 will be addressed. Although both protein
seqience comparisons and homology modelling indicate that these proteins are related to well
known MBLs such as AIML, the sequence analysis also indicates that{didhd MIM-2 share
similarities with Nacyl homoserine lactonases (AHLases) and glyoxalageUX{ll). Steady
state kinetic assays using a series of lactone substrates confirm thal i MIM-2 are
indeed efficient lactonases, with catalytic efficiencies resembling those eknalin AHLases.
Interestingly, unlike their MBL activity the AHLasactivity of MIM-1 and MIM2 is not
dependent on the metal ion composition with Zn(Il), Co(ll), Cu(ll), Mn(ll) and Ca(ll) all being
able to reconstitute catalytic activity (with Co(ll) being the most efficient). However, these
enzymes do not turn overl&ctoylglutathione, a substrate characteristic for @LXctivity.
Since lactonase activity is linked to the process of quorum sensing the bifunctional activity of
Angmt hogeni co MB4l and MIME hmayapsovid®l indight into one possible

evolutonary pathway for the emergence of antibiotic resistance.

In the preceding chapters MHY and MIM-2 were introduced as novel MBlke
enzymes that may provide essential clues about the functional promiscuity that may be inherer
to the f-lactamtygrolysinff enbymes. It is thus essential to probe the catalytic

mechanism of these enzymes in detail to gain insight into essential factors that control theit
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Abstract

reactivity. InChapter 5a series of physiecohemical experiments are described (includimgda
kinetics and spectroscopic techniques) that provide insight into the active site structure and th
mechanism of substrate turnover. In brief, while MIMaind MIM-2 employ a strategy that is
similar to that of other MBLs by using a metal {aativatedhydroxide moiety to initiate the
hydr ol y-ladtam subdtrate (such as penicillin, cephalothin or imipenem) no reaction
intermediate is observed. Such an intermediate is present in manychBacterised reactions

and indicates that MIM. and MIM-2 may use a different mechanistic strategy, one where the

identity of the ratdimiting step is different from that of many (but not all) MBLs.

The characterisation of two novel members of the continuously growing family of MBLs
has provided detailed insighthto the structure and function of an antibiotic resistance
mechanism that is not limited to pathogenic microorganisms. The similarity of the physico
chemical properties between MBLs from pathogenic andpathogenic sources may provide
clues about evationary relationships that may underlie the rapid emergence and spread of
antibiotic resistance, but it may also assist in the development of urgently needed potent an
clinically useful inhibitors for this group of enzymes. @mapter 6some concludingemarks
allude to future directions in this area of research, including a brief description of the crystal
structures of both MIML and MIM-2, which have been solved by another member of our team
as this thesis was being completed. The hope remainsetearch like the one presented here
will, in time, lead to a powerful strategy to combat the rise of antibiotic resistance and the grave

dangers this brings to global human health.

14



Chapter 1: An Introduction to metallo-b-lactamases and their role in the
bacterial resistance to antibiotics
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Abstract

Antibiotic resistance is one of the most significant challenges fag global healthcare.
Since the 1940s, antibiotics have been used to fight infections, initially with penicillin and
subsequently with various derivatives including cephalosporins, carbapenams and
monobactams. A common characteristic of these antibiotics the fourr-memberedb-lactam
ring. Alarmingly, in recent years an increasing number of bacteria have become resistant
to these antibiotics. A major strategy em ployed by these pathogens is to use Zn(})
dependent enzymes, the metalib-lactamases (MBLs), which hydrolyse thé-lactam ring.
Clinically useful MBL inhibitors are not yet available. Conse quently, MBLs remain a
major threat to human health. In this review biochemical properties of MBLs are
discussed, focusing in particular on the interactions between the enzymesdathe func-
tionally essential metal ions. The precise role(s) of these metal ions is still debated and may
differ between different MBLs. However, since they are required for catalysis, their
binding site may present an alternative target for inhibitor design.

Keywords

Antibiotic Resistancdeh-Lactam Antibiotics, Metalléb-Lactamases, Reaction Mechanism, Metal
lon Binding

15



Chapter 1: An Introduction to metallo-b-lactamases and their role in the
bacterial resistance to antibiotics

Catalytic Mechanisms of Metallohydrolases Containing Two Metal lons
Catalytic Mechanisms of Metallohydrolases Containing Two Metal lons

Nat ag a*’l, Ma'a\nfreidiI'MirauIet’ ,AChristopher SeIIeéAk Kieran S. HadIéAﬁ Elena Uribé,

Marcelo M. Pedros%

Gerhard Scherﬁak’()‘bepartment of Chemistry, National University of Ireland, Maynooth,
Maynooth, Co. Kildare, Ireland

ASchool of Chemistry and Molecular Biosciences, The bhsity of Queensland, Brisbane,
Queensland,AustrahiDepartment of Bi ochemistry and

Concepcio Wn, Co nlcmrrpspdndjng M nauthors: C-reaill e address:
natasa.mitic@nuim.ie; schenk@ugq.edu.au

Abstract

At least onethird of enzymes contain metal ions as cofactors necessary for a diverse range
of catalytic activities. In the case of polymetallic enzymes (i.e., two or more metal ions
involved in catalysis), the presence of two (or more) closely spaced metal ions giaes
additional advantage in terms of (i) charge delocalisation, (ii) smaller activation barriers,

(iii) the ability to bind larger substrates, (iv) enhanced electrostatic activation of substrates,
and (v) decreased transitiorstate energies. Among this grup of proteins, enzymes that
catalyze the hydrolysis of ester and amide bonds form a very prominent family, the
metallohydrolases. These enzymes are involved in a multitude of biological functions, and
an increasing number of them gain attention for tranfational research in medicine and
biotechnology. Their functional versatility and catalytic proficiency are largely due to the
presence of metal ions in their active sites. In this chapter, we thus discuss and compare the
reaction mechanisms of several cgely related enzymes with a view to highlighting the
functional diversity bestowed upon them by their metal ion cofactors.
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1.1. Metallohydrolases and the metalleb-lactamase fold.

The chemistry of life is complex. Many reactions, essential for basicnzoré advanced
physiological functions, would not be possible without the support of enzymes. Enzymes are
able to reduce the activation barrier of a reaction, thus accelerating reaction rates by many ordel
of magnitude. For this fundamental and vital &pjlenzymes are both essential and ubiquitous

in all the kingdoms of lif¢1, 2].

Enzymes are able to catalyze diverse reactions, being involved in a wide range of
chemical pathways. For example, hydrolases amyraes that are able to hydrolyze ester or
amide bonds in specific substrates. Hydrolytic enzymes are involved in many physiological
pathways and are necessary to recycle metabolites needed by th&-8glldmongthem, the
binuclear metallohydrolases are a family of enzymes that use two metal ions in their catalytically
active site in order to catalyze the hydrolysis of ester and amide hbn#s4] (Figure 1.1).

The man ligands involved in metal ion coordination in these enzymes are the imidazols group
of higidine the acidic side chasof aspartatend glutamate, and the alcolgsbuys of tyrosine

and seringl, 2, 4] Structually, the two metal ions are separated by ~%5A. It is common to

find a bridging molecule between the two metal ions, generally an hydraxade {hgdroxide),
the carboxyl side chain of an aspartate or
hydroxide acts as the nucleophile that initiates the chemical redtti@n4] The environment

that is created by a hbnetallic centre presents numerous advantages in terms of its catalytic
potential, including (i) charge delocalisation, (ii) smaller activation barriers, (iii) the ability to

bind larger substrates, (iv) enhanced electrostatic activatisubstrates, and (v) decreased

17



Chapter 1: An Introduction to metallo-b-lactamases and their role in the
bacterial resistance to antibiotics

H197 hf H195
\\
e | H221 n-0H AT
223 ; \ /’ ¢
&9, - @ (Y V4

% o N :
\ N1 3 R
. D80 |
Y55 D52 ,Q
H10 D50 HI15

roin0 | X

H116 ? g \'é__

c221
H196

20

Figure 1.1. Binuclear metal ion centre representativesA) pig PAP (PDB: 1UTE)10], B)

GpdQ from Enterobacter aerogene¢PDB: 3D03) [11], C) OPDA from Agrobacterium
radiobacter(PDB: 2D2J)[12] and D) Bcll fromBacillus cereugPDB: 4C09)[13]. The amino

acids involved in the metal binding are showed as sticks. In A) the Fe(ll/1ll) and Fe(lll) ions are
depicted a orange spheres; in B) and C) the two metal ions are represented as pink spheres ar
| abell ed as U and b because of the promiscu
requirements; in D) the two zinc ions are shown as grey spheres aatbiges are labelled as

Znl and Zn2. The water molecules are represented as red spheres. The coordination involvin
the amino acids and the metal ions is shown with dashed blue lines, the interactions with the
terminal water molecule are shown with dedholack lines. The image was generated using
PyMOL.
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transitionstate energieR, 4, 5]

The binuclear metal centre is associated with a variety of enzymatic structures, serving a:
the catalytic centre for many @mliverse functions. Examples of protein folds possessing such a
binuclear centre are the fobelix bundles €.g, arginase), TIM barrels e(g, the
organophosphate (Ofegrading enzyme fromgrobacterium radiobacter OP DA) , R/
folds (e.g, purple &id phosphatase, PAP, and the-@#rading enzyme frorenterobacter
aerogenesGpdQ) and th&) b / b Ue.d, mdtatlob-factamases, MBLd), 2, 4] The scope of
this chapter is to introduce the main features ahiarstic of MBLs, what is known about their
structure to function relationship and the role(s) of the metal ion(s) in the catalysis. Over the last
twenty years, these enzymes have acquired notoriety for their role in antibiotic resistance, ¢

major challege to current research endeavours in medicine and biotechrjdlogy

The structural fold characteristic for MBLs was first identified in 1987 7]. Enzymes
belonging to the MBL superfaiy share a common thredimensional structure as well as five
conserved regions/motifs in their sequendas,Asp84, His116X-His118X-Asp120His121,
His196, Asp221 and His263 (the standard BBL numbering scheme is used throughout this

chapter and thesj8]) [6, 9].

Despite their conserved fol d, represent e
sequences of different MBLs share only low sequence homology. Consequently, the MBLs
possessin@-lactamase activitare divided into as many as four suhgvs,i.e. B11 B4 [6, 8,

14]. It is also interesting to point out that while all known MBLs can accommodate two metal
ions in their active sites, representatives of the B2 subgroup only need one metal ion for
catdysis; the presence of the second metal ion leads to an inhibitedGtaidese variatins

may explain why MBLs are so effective in (i) inactivating most of the commonly used
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antibiotics, (ii) adapting rapidly to new imposed challenges, and (iii) displaying functional
promiscuity.

Depending on their functions, members of the MBL super familgossessing the
characteristidd b / b U- cdndoé divided into as many as 17 different subgroups or classes
i ncl udi-lagam tartil@otichydrolysing MBLs (group 1), thelutathione dependent
glyoxalases Il (group 2), the rubredoxin oxidoreductases (group 3);RMNABO processig
endaribonuclease tRNAseZ (group 4), members of theASP family (groups 6 and 7), acid
phosphorylcholine esterase Pce (group 9)achl homoserine lactonases (group 12),
alkylsulfatase fromPseudomonas aeruginosadsAl (group 13) and the methyl parath
hydrolase (group 15). There is currently no structural information for the remaining ¢épups
The proteins belonging to group ile. the MBLs, are the subject of this thesis and will be

introduced in detail in the remaining part of this chapter.
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Figure 1.2. MBL structure. The fi gure shows the Ub/ brateinf ol c
family. The structures shown are those of three representatives of the three major MBL classe:
A) NDM-1 fromKlebsiella pneumoni@PDB: 3ZR9)[15]; B) CphA fromA. hydrophylia(PDB:

1X8G); C) AIM-1 from P.aeruginosaPDB: 4AWY). The representation shows the secondary
structure el ememdalsi xasarrd bdowlnaurTehde iln green,
in grey. The zinc ions are shown as grey sphere; for NDMe second ion occupying the active

site is @dmium, shown as a yellow sphere. The black lines indicate the flexible loops, believed
to play an important role in the substrate recognition in theadti B3type MBLs. The image

was produced using UCF Chimera 10.1.

1.2. The spread of antibiotic resistanceand the role of MBLs

The firstc | i ni c al | -jactam ardibidticawas$ ietrodoiced in 1940, when penicillin was
first used to cure bacterial infection6]. Since then, the chemical sttua r e -lacdaim b
antibiotics Figure 1.3) has been extensively modified in order to obtain more powerful drugs,
able to kill a wide range of pathogens. Unfortunately, careless use of antibiotics, combined with
horizontal gene transfer between differenttbaal strains, allowed the genes carrying antibiotic

resistances to spread widely. In our modern era, we are facing a considerable risk to regress to
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time when bacterial infections would cause death at high rates.

b-lactam antibiotics have a commoaore structure, represented by the foue mb e r e d
lactam ring Figure 1.3), and can be divided into four main subgroups: penicillins,
cephal osporins, mo n 0 b a c tlaatanms possess bactericidalaaptieity.e m
They inhibit cell wall formatio and cause the formation of pores. Due to the difference in
osmotic pressure between the external medium and the cytosoinduee ell lysis due to the

lack of a perfectly formed cell wgll7, 18]

Even thogh medicinal chemists have been working on the design of new and more
efficient antibiotics, bacteria have continuously evolved ways to escape these antibiotics.
Amongst the various possible pathways bacteria possess to fight antibiotics, one of the mos
efficient is the expression of hydrolytic enzymes able to hydrolyse most of the commonly used
antibiotics. The e# ayxmasnsa Edctemasedhebeedryndes ares e
able to cleave the cyclic amide bond, characteristic of the sharex structure of these
antibiotics Figure 1.3, thus inactivating the drufl8]. -L&ctamass are grouped into four

subgroupsi.e. A, B, C and D. Subgroup B comprise8Ls [6, 18]
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Fi g ur elactam 8ntibiotfic core structures. The figure shows the core structure of the four

ma j elactanbclasses. The image was generated using ChemDraw Professional 15.0.

As discussed above, MBLs r ecr ulactamsulp contmast, t w
enzymes belaging to subgroups A, C and D do not require metal ions for their activity. They
are called seriné-lactamases (SBLs) and their mechanism employs an active site serine residue
t o i n-a¢tamahideolysig6]. Clinically useful inhibitors €.g. clavulanic acid[19]) for

SBLs are available, lessening iththreat to health carfs, 19]. On the other hand, there are
currently no clinically useful inhibitors for MBLs, compounding the threat these enzymes pose

for global healtH19, 20] The scope of this thesis will focus on these enzymes.
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1.3Metallo-b-lactamases: a diverse group of enzymes

Based on the sequence similarity, substrate specificity and metal ion requirements, the MBL
family is further divided into four subgroups. Classes B1, B2 and B3 are well sfGdied21,

22]. Recently, our group identified a fourth subgroup, termed B4. The first member to be
identified in this subgroup is SPRfrom Serratia proteomaculand4, 23] that appears to be in

a caalytically inactive monenuclear form in the resting state, but acquires a second metal ion
when a substrate is added (subst@tamoted activation)14, 23] Insofar, SPRL resembles an
organophosphatdegrading bimetallic glycerophosphate diesterase frofanterobacter
aerogenesGpdQ[11, 24, 25] Since the discovery of SPRseveral additional putative Bype

MBLs have been identified by sequence comparigbtl however no structural information is
currently available for any of these enzymes. Despite limited overall sequence homology anc
mechanigt differences the active site structures of all MBLs investigated to date reveal a
common geometry that facilitates the accommodation of two closely spaced metal ions, althougtf
B2-type MBLs only require one metal ion for activity and-8fpe MBLs may reqgue a second

metal ion only upon activation by the substrate (see abbig)re 1.4.illustrates active sites of
representative MBLs from the B1, B2 and B3 subgrolipble 1.1.summarises relevant amino

acid ligands of the metal ions in the differentgudups.
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Figure 1.4. Active site structure of MBL representativesThe active site structure of B1, B2 and B3 MBLs is show. A) B1 Bcll fam

cereus B) B2 CphA fromA. hydrophyliaC) B3 AIM-1 from P. aeruginosaThe amino acids involved in threetal binding are shown as sticks.
The zinc ions are shown as grey spheres, while the water molecules as red spheres. The blue dashed lines are usearonghaeidhe

metal cooridinations; the Black dashed lines represent the interactions béteeaptal ions and the amino acids with the water molecules.
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Table 1.1. Geometries and ligands of the two metal ion binding sites in MBLs from different subclasses.

Subclass| Zn1 Geometry Znl Ligands Zn2 Geometry Zn2 Ligands
Bl Tetrahedral | H116, H118, H196 & W1 Trigonal bipyramidal D120, C221, H263 & W1
B2 Not occupied Tetrahedral D120, C221, H263 & W1
B3 Tetrahedral | H116, H118, H196 & W1 Trigonal bipyramidal D120, C221, H263, W1 & W/
B4 Tetrahedral H116, R118, H196 | Trigonal bpyramidal D120, Q121/S221, A262
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Table 1.2. List of MBLs divided by class type.The Table presents a list of the BB2- and B3type MBL identified until now. The
microorganisms from which the MBLs were first isolated are reported.

MBL type Microorganism MBL type | Microorganism MBL type Microorganism

Bl B2 B3

Bcll Bacillus cereus CphA Aeromonas hydrophylij L1 Streptomonas maltophilia

CcrA Bacteroides fragilis [C;%TAII Aquifex aeolicus FEZ-1[27, 28] | Fluoriobacter gormanii
EBR-1[29] Empedobacter brevis ImiS [30] Aeromonas sobria GOB-1[31] Elizabethkingia meningoseptica
BlaB [32] r?grﬁggghsﬁggi; Sth-I [33] Seratia fonticola AIM -1 Pseudomonas aeruginosa
NDM-1 Klebsiella pneumoniae MIM -1 Novosphingobium pentaromativora
Acquired-B1 MIM -2 Simiduia agarivorans

IMP -1 Serratia marcescens SMB-1 [34] Serratia marcesces

IMP -2 [35] Acinetobactessp SPR1 Serratia proteamaculans

VIM -1 [36] Pseudomonas aeruginosa CSA-1 Cronobacter sakazaki

VIM -2 [37] Pseudomonas aeruginosa BJP-1[38, 39] | Bradyrhizobium japonicum
SPM-1 [40] Pseudomonas aeruginosa CAR-1[41] Erwinia carotovora

GIM -1[42, 43] | Pseudomonas aeruginosa THIN -B [44] | Janthinobacterium lividum

DIM -1 [45] Pseudomonas stutzeri
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1.4 MBLs in details: B1 and B3 subgrops

The uncertainties regarding the number of zinc ions requaredvo by MBLs were further
exacerbated by the first crystal structure obtained for theyBd Bcll from Bacillus cereus

[46]. Although containing space for two zinc ions to be bound, the structure of Bcll revealed
an active site with only one zinc ion bound to the Zn1[di&&. Since this structure became
available, numerous studies have tried to establish the physiological metal composition of
Bcll, without succes$47-49]. A factor that contributes to this lack in understanding is the
absence of reliable data about the metal ion affinities to MBLs. It is apparent that metal
binding affinities vary greatly depending on the technique used to analyze the binding
phenomenoifl6] (Table 1.3., Table 1.4., Table 1.5. and Table 1)6The B1 subclass is the
most prevalent and structurally most extensively studied class of NHBL29, 46, 5665]

(Table 1.2). Members include IMPS4, 5663], VIM [64-72] and Bcll[14, 18, 48, 73]More
recently, NDM1 from Klebsiella pneumoniaemerged and made global headlines due to its
highly pathogenic and dangerous nature because of its ability to degrade most commonly used
antibiotics[74-79]. Examples of th&2 and B3 subgroups are CphA frékn hydrophila[80-

86], ImiS fromA. veroniibv. Sobria and Sfhfrom S. fonticola[33, 82, 86] and L1 fromS.
maltophilia [87-90], FEZ1 from F. gormanii[27], BJR1 from B. japonicum[38], MIM-1

from N. pentaromativoran§dl, 92] MIM-2 from S. agarivorang91, 92] SMB-1 from S.
marcescen$93], CAR-1 from E. carotovora[41] and THIN-B from J. lividum [44]. The
recently proposed B4 subgroup is represented by-BRBm S. proteamaculanf23] and

CSA-1 fromC. sakazakjl4] (Table 1.2).

Bl-type MBLs have two peptide loops, L3 and L8, in the vicinity of the metal ion

containing active siteHg. 1.2). These loops are believed to be crucial for the determination
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of the substrate specificity of these enzyri@ds In contrast, MBLs from the B2 subgroup
lack the extended L3 loop. Instead these erygn h a v e -helixkpositidnes dliredily
above the active site cld®, 94] (Fig. 1.2. This feature facilitates the formation of a narrow,
well-defined substrate binding pocket. Consequently, these enzymglsydia tighter
selectivity for antibiotic substrates than other MBLs, hydrolysing only carbapenam substrates
with high efficiency[6]. Of the three known representatives from this subgrbigp (.2 and

Table 1.2, CphA is the most extensively studifgD-85, 95] MBLs from the B3 subgroup

also lack theextended L3 loop. However, they have an extra loop, located above the active
site, which may also influence the substrate specificity of these enzymes. A preference for
cephalosporins has been noted for this subgrf@p 80] Initially, SPR1 from S.
proteamaculansvas also assigned to the B3 subgrf2g]. However, an analysis of its acdi

site structureKig. 1.4), together with a homology sequence analysis has indicated that SPR
may represent the prototype of the B4 subgroup of MBUs 23] Its substrate preference is
similar to that of the B-type MBL L1 fromS. maltophilia]23]; no crystallographic data for

SPR1 is currently available.

Differences at the sequem level are not the only characteristic features that
distinguish the three major subgroups. The metal ion content and the role(s) of the metal ions
in catalysis also vary between the subgro{f® 96, 97] The Bt and B3type MBLs
generally require two zinc ions to work optimally, while the MBLs of the B2 subgroup only
require one zinc (located in the Zn2 site) to be catalytically ad&ig L.4). The presence of
a second zinc ion (in the Znl site) diminishesirdribits enzyme activity{16, 96} For
example, when fluorescence spectroscopy was used to monitor the protein fluorescence, the
binding constants for the Znl and Z[48 si t

However, when the same binding interaction was studied using equilibrium dialysis,
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corresponding val ues 0[88](Dabl81.33 Tablle 134., TabMe wer e |
and Table 1.6). Ignoring the variations of the magnitude of reported binding constants
(which might be explained, at least in parts, by the use of different experimental conditions
and/or different sensitivity of the technique used) the binding studppear to be in
agreement with the initial crystal structure of Bcll: the two binding sites are distinct and
possess different binding affinities. Moreover, it has been shown that the presence of the
substrate can greatly enhance the affinity of the inding site into the picomolar range, but

have a modest effect on the affinity of the Zn2 site for the metal[96h Since the
physiological concentration of zinc in tekanges from the femtdo the nanomolar range,

the available metal ion binding constants suggest that Bcll operates as mononuclear enzymes
in vivo [99, 100] The characterisation of an active memeclear form of Bcll was
complicated by the observation that upon the addition of a single equivalent of zinc to apo
Bcll a mixture of two monometallic species was forné®, 49, 98, 101]Nonetheless, when

the activity was meased under saturating [Zn(ll)] condition, it doubled with respect to the
mononuclear form of the enzyme, indicating that the catalytically optimal form of Bcll is

binuclear.

The differences between MBLs are evident even within the same subgroup. In fact,
other weltstudied Bitype MBLs,e.g.CcrA from Bacteroides fragilistightly binds two zinc
ions [102] (Table 1.3., Table 1.4., Table 1.5and Table 1.6). Kinetic studies have shown
that only the binuclear form dEcrA is catalytically active. Previously reported activity of a
putative mononuclear form was in fact the activity arising from a mixture of theaaqb

binuclear forms of the enzynj£03, 104]

Similarly to theB1 class, proteins belonging to the-B®e MBLs display optimal

activity in the bimetallic formTable 1.3., Table 1.4., Table 1.andTable 1.6). Another
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characteristic shared with the Bl class is their broad substrate specificity. Despite these
functional similarities, B1 and B3type MBLs share only minimal overall sequence
homology (20% or less)105, 106] Well-studied representatives of the B3 class are the
proteins L1 fromStenotrophomonas maltophiliBEZ-1 from Legionella gormaniand BJP1

from Bradyrizobium japonicuni28, 39, 107, 108]The majority of the currently known B3

type MBLs are believed to act as binuclear enzyimes/o. The reported nanomolar affii@s

of their Znl and Zn2 sites support this hypoth¢2& 39, 107] One notable exception is
GOB-18 from Elizabethkingia meningoseptiaghich has maximum activity when only one

zinc ion is bound to the Zn2 sitgl, 109]
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Table 1.3. List of the metal binding constant for the Zn1 and Zn2 sites, obtained using competitive assaisading constants for Blype MBLs.

Kd1 nM Kd1 nM Kd2 pM Kd2 pM
Enzyme Substrate
Zn(ll) cd(1) Zn(ll) cd(ln
No 0.6 (+ 0.1k 1.50 (+ 0.71if8
No 0.7>M110 890 WM
Bell WT No 1.8 (x 0.3%9 8.3 (+ 0.5} 1.8 (NP, 3) 5.9 (+ 1.0¥
No > 80 nM*Y
Imipenem 13.6 (+ 5) pM 0.8 (RNFlp. 2)
H86S No 5.3 (+ 2.3 0.3 (x 0.1¥8
H88S No 0.4 (+ 0.1)8 3.8 (+ 0.3 1.1 (+ 0.2 1.4 (+ 0.1¥8
H149S No 3.1 (x 0.1)8 0.248l
D9ON No 2.0 (+ 0.4 5.0 (+ 2.4¥48
C168S No 0.6 (+ 0.2)8l 2.3 (+ 0.6
C168A No ND ND
H210S No 0.4 (+ 0.1)8 2.5 (+ 0.5
R121C No 3.6 uMti 570 pMdl
Bcll-HS Nitrocefin 18 (+ 12) pM112]
Bcll-HD Nitrocefin <0.2nM112]
No 5.1 (+ 1.5) n\fd 0.007 ( 0.002) uNt®
BlaB _ )
Nitrocefin 1.8 (£ 0.2) pNPdl 0.025 (% 0.004) uNA®!
NDM-1 2 pMiLsl
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Table 1.4. List of the metal binding constant for the Zn1 and Zn2 sites, obtained using competitive assays (continuati@ding constants for
B2- and B3type MBLs.

Kd1 nM Kd1 nM Kd1 nM Kd1 nM Kd2 uM Kdz2 uM Kd2 pM Kd2 uM
Enzyme | Substrate
Zn(ll) Cd(n Co(ll) Cu(ll) Zn(ll) Cd(n Co(ll) Cu(ll)
No 7 (x 2)1%] 60 (£ 10) | 220 (x25) | 620 (x55) | 40 (x 6) uM®™ | 82 (x8) >5 mM©dl <10 um®!
pM pMS] pMS] pMIS] pM sl (pH 6.5) (pH 6.5)
(pH 6.5) (pH 6.5) (pH 6.5) (pH 6.5) (pH 6.5) (pH 6.5)
CphA No 6 (x2) 80 (£72) | 330(x40) | 550 (+58) |10 (+ 3) uM®l 4 (x2) 500 (+48) | <20 puM®
WT pM e pMes! nM e nM e Ml pM 5] (pH 7.5)
(pH 7.5) (pH 7.5) (pH 7.5) (pH 7.5) (pH 7.5) (pH 7.5) (pH 7.5)
Imipenem| 1.2 (£0.2) 1.9 (£ 0.3)
pM[e YR
No 2.6 (+ 1.0) 0.006 (+ 0.002)
nm©9l lJM[Qg]
L1WT _
Imipenem| 5.7 (£ 2.0) 0.12 (= 0.03)
pM[edl LM (%]
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Table 1.5.Dissociationconstants of Co(ll) for the Znl and Zn2 sites of wild type and mutant Bcll, determined using absorption spectroscopy
[48].
Ka1 pM Koz UM
Co(ll) Co(ll)
Bell WT| 0.093 (£ 0.015] 66.7 (+ 10.0
H86S | 10.5 (+1.5)
H88S | 9.1 (+1.1)
H149S| 2.7 (+0.3)
DION | 20.0 (+ 3.5)
C168S| 3.1 (+0.4)
C168A| 1.1 (x0.1)
H210S| 0.35 (+ 0.05)

Enzyme

Table 1.6. Secondorder association rate constants of wild type Bcll for the binding of Zn(ll), Co(ll) and Cd(ll), followed by fluorescence
spectroscopy[48].

Zn(Il) Co(ll) Cd(n
“ont UMIst Sona pMIs?t | Sont pMIst Conp pMIst | Cont pMIst Conp pM-Is?t
14.1 (£ 0.3) ‘ 0.3 (£ 0.01) ‘ 26.0 (£ 1.3) 0.5 (x 0.01)
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1.5 MBLs in details: B2 subgroup

B2-type MBLs require only one zinc ion coordinated to the Zn2 site for full catalytic activity
[114] (Table 1.3., Table 1.4., Table 1.5. and Table 1.6When a seconthetal ion is bound

to the Zn1l site, the activity is inhibited anoncompetitive manndd15]. In contrast to the
broad substrate specificity displayed by the B1 and B3 subclasses, -ypeBRIBLSs are
strictly cabapenemasspecific [115]. Representatives of this group are ImiS from
Aeromonas sobriaSfh-1 from Serratia fonticola and CphA fromA. hydrophila[83, 116,
117]

The reqirement for the BzZype MBLs for a mononuclear catalytically competent
active site was supported by the crystal structure of CphA in complex with the substrate
biapenemFigure 1.5). The crystaktructureshows only one zinc bound to the Zn2 §&8].
Inhibition studies have led to the sugg@stthat when the Zn1 site is occupied by Zn(ll), the
catalytically relevant residues His118 and His196 are immobilized and the GARA(ZB3
loop folds into the active site, thus occluding the entrance to the sul€ya@é]. The
affinities of the Znl and Zn2 sites have been investigated by competition experiments, using

the chromophoric chelator quiy the Zn2 site has a very high affinity for zincyK 10 pM),

whereas the inhibitory Zn1 site has a considerablya k er af finity (~46 ¢

[99, 115]

35



Chapter 1: An Introduction to metallo-b-lactamases and their role in the
bacterial resistance to antibiotics

36



Chapter 1: An Introduction to metallo-b-lactamases and their role in the
bacterial resistance to antibiotics

Figure 1.5 Comparison of the complexes formed with the substrates and BB2- and B3

type MBLs (previous pagé. The figure shows the complex of NDMfrom K. pneumonia

with the substrate meropenem (blue) (PDB: 4EMLT8], CphAfrom A. hydrophyliawith the
substrate biapenem (orange) (PDB®8I) [83] and L1 fromS. maltophiliawith the substrate
moxalactam (yellow) (PDB: 2AIO)119]. The residues involved in the metal binding are
shown coordinating the zincnopresent in the Zn2 site (represented as a grey sphere). The

substrates are bound to the active site and positioned via the metal ion coordination.

1.6 MBLs in details: B4 subgroup

Recently, the discovery of a putative novel MBL frd®erratia proteamadans, SPR1,
further highlighted the functional differences within the MBL family. Preliminary
spectroscopic and kinetic investigation led to the observation thatl3Rd be mononuclear

in its resting state. Only in the presence of the substrate thigtically active binuclear
center is formed, providing the platform for a substrataliated regulatory mechanig28].

A similar behaviour was observed for the organophospihegeading enzyme GpdQ, thus
suggesting an evolutionary link between metalloenzymes with largely different biological

functions[2].

The above discussion illustrates the diversity of various MBL# wespect to their
interactions with their metal ion cofactors. Not surprisingly, the proposed reaction
mechanisms employed by MBLs are equally flexible and have been shown to be influenced
by a variety of factors including the source of the enzyme,dbetity of the metal ion(s)
bound to the active site and the substrate being turned[B2erd47, 56, 83, 108, 120]
However, the proposed models can be generally categorized as amahbinuclear models

and theiroverall features are briefly outlined in the following paragraphs.
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1.7 Mono and binuclear enzymes: two mechanisms, one reaction

The mononuclear reaction model has been proposed using Bcll Boroereusas
representative of the MBL proteinBig. 1.6). The substrate cefotaxim makes contact in the
active site exploiting both the hydrogen bond network involving the second ligand sphere
residues Asn223 and Lys224, and an hydroxide coordinated by the zirfeigori.@) [46,

121]. This hydroxide is believed to initiate the nucleophilic attack orfbtlaetam ring. It is

oriented and stabilized by residugsp120, Cys221 and His263, all Zn2 ligands in the B1
and B3type MBLs, and Argl12148, 73] The role of these residues is to activate the
nucleophile, while the metal ion acts as a Lewis acid, increasing the nucleophilicity of the
hydroxide. The combination of these interactions has been shown, -dgpeEtident kinetic

studies, to reduce the piof the nucleophilic water molecule from 15.7 to §182]. Upon

the nucleophilic attack a pentaordinate transitiosstate may be formed, supported by
computational but no experimental data to §ag3]. The ratdimiting step is proposed to be
the proton dnation, from another Zn(Hpound water molecule to the cyclic amide ring

nitrogen[88] (Fig. 1.6).
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The reaction between cefotaxime and the enzyme CcrA Bofragilis served a a model to

probe the binuclear mechanism employed by MBLs. The major difference between the mono
and binuclear mechanisms resides in the lower activation barrier required by the latter to
perform the reactiorFjgure 1.7).

When the second zinc is inweld, the catalytic mechanism follows a quicker and more
efficient singlestep reactior{123-126]. Both Zn(ll) ions in the active site coordinate the
nucleophilic hydroxide. The presence of the second zinc decrtb@sekectrostatic interaction
between the water molecule and the substrate but, on the other hand, is compensated by the
doubleLewis acid activation Kig. 1.7). Interestingly, it appears that the binuclear
mechanism can occur in two alternative routesge anvolving a tetrahedral reaction
intermediate €.g. NDM-1, L1, CcrA[127, 128), and one involving no intermediate.g.

Bla2). Furthermore, the B8pe MBL AIM-1 can utilize either route, although it is not yet

understood what factors control the selection of the patit28j.
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In conclusion, the higher reaction rates and efficiencies observed for the binuclear systems
can be explained by the lower activation barrier for the nucleophilic attack on the amide ring
carbayl group, and the more efficient protonation mechanism for the leaving prdegct (

1.7) [123]. When looking at the entire MBL family, tinerapid evolution can be partially
explained by the evolutionary pressure to which these enzymes were subjected. Indeed, the
uncontrolled usage of new antibiotics would have greatly accelerated this process, facilitating
the appearance of many varietief MBLs. Novel MBL-like proteins are frequently
discovered that already contain an inherent ability to degrade a broad range of antibiotics via
different mechanisms, using alterations of the same-ttireensional scaffold, with different

metal ion requiremnts and different substrateordinating residuep?1, 47, 98, 109, 117,

123, 130] It is possible that MBLs emerged from a range of progenitor enzymes that may
have rather diverse and unrelated functions. This exmyain why some MBLs are strictly
monometallic, others are mon@nd bimetallic and yet another group could be activated by
converting a monometallic centre into a bimetallic one (see the discussion in the previous
sections). The observed mechanisticsaélity of the various members of the MBL family

may also be a major, if not the major reason why it has been proven so difficult to establish
clinically useful universal MBL inhibitors as drug leads to combat antibiotic resisfa@te
Developing an understanding of the factors that contribute to the mechanistic diversity among
the MBLs is thus an important task in order to design new drugs to stop the spread of

antibiotic resistance.
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1.8 Conclusions

MBLs hawe emerged as a major threat to global health. They inactivate an increasing number
of commonly used antibiotics and spread easily among various pathogens on mobile genetic
elements. Crystal structures for several MBLs have been determined and an exi®osing

of information about their biochemical properties has been accumulated. Somdrpuiiat
inhibitors of MBLs have also been detected. However, to date none of the available MBL
inhibitors are of clinical use. The search for universal and cligicapplicable MBL

antagonists is still very much at the beginning.

This search is complicated further by the fact that MBLs are able to mutate rapidly and
thus evade inhibition. This large mutational space is illustrated by the small degree of
sequence ah structure conservation in the substrate binding pockets of various MBLS;
accordingly, their substrate preference and response to potential inhibitors can vary
considerably. Thus, new strategies to comprehensively inhibit MBLs are needed. The main
commonaspect of their function is their requirement for metal ions, one (in the Zn2 site) for
B2-type MBLs, and mostly two in the remaining ones (see discussion above). It is thus
surprising that the precise role(s) of metal ions in the catalytic mechanism lcf, MBd in
particular their binding interactions in the active sites are still obscure. It appears unlikely that
the metal ion binding site can afford a large mutational degree of freedoetal ion
affinities are expected to be severely affected by nubstnges in their coordination
environment. Hence, it is possible to propose that universal MBL inhibitors that may retain
their effect longterm should target the metal ion binding site. It is thus essential to investigate
and compare metal binding intet@ans among different MBLs under experimentally well

defined and conserved conditions. A detailed characterisation of comparative metal ion

affinities in various MBLs will provide essential information to design and develop
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compounds that effectively infere with metal ion binding in these enzymes. Such
compounds are not expected to be affected by mutations as significantly as molecules that
compete with substrates, and hence they may prove to be highly useful as clinical

chemotherapeutics in the fighgainst antibiotic resistance.

This thesis and the research project behind it started from the belief that understanding
the role of the metallic centre for MBL function(s) is crucial to design strategies to effectively
inhibit their catalytic action. Inrder to fully comprehend the role(s) of the metal ions in the
mechanisms employed by MBLs two major questions need to be addressed: (i) how many
metal ions bind under resting conditions, (i) how many metal ions are required to achieve
maximal activity andcan this change depending on the substrate or other experimental or

environmentali(e. physiological) conditions, including changes in pH or temperature?

The aim of this thesis is to address these questions, focusing on two recently
discovered MBLIike proteins isoléed from norpathogenic, marinbacteria (see Chapter 2).
In my studies | deliberately focused on two MBke proteins that already have the capability
to degrade antibiotics without having experienced evolutionary pressures to do so. These
enzymes may thus provide clues about intrinsic factors that constitute the minimal
requirements for enzymes to have MBke activities. The two proteins were identified by a
sequence homology search and are from now on referred MawasoothlM ipenemased

and 2,.e. MIM-1 and MIM-2.
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ABSTRACT

Antibiotic resistance has emerged as a major global threat to human health. Among the
strategies em ployed by pathogens to acquire resistance the use of metalidactamases
(MBLs), a family of dinuclear metalloenzymesis among the most ptent. MBLs are
subdivided into three groups {.e. B1, B2 and B3) with most of the virulence factors
belonging to the B1 group. The recent discovery of AIML, a B3type MBL, however,
has illustrated the potential health threat of this group of MBLs. Here we employed a
bioinformatics approach to identify and characterize novel B3ype MBLs from
Novosphingobium pentaromativoransand Simiduia agarivorans These enzymes may not
yet pose a direct risk to human healthbut their structures and function may provide
important insight into the design and synthesis of a still elusive universal MBL inhibitor.

Keywords: Antibiotic Resistancef-Lactam Antibiotics; Metalleb-Lactamases; Sequence
Homology; Novosphingobium Pentaromativorans; Simiduia Agarivorans
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2.1 Introduction

The introduction ofb-lactam antibiotics Kig. 1.2. - Chapter 1) in the 1940s has been
considered as a breakthrough, if not the most significant breakthrough in the history of
medicine. However, after only a few years penicillin resistamees observed in
Staphylococcus aureusnd meanwhile a large and increasing number of pathogens have
acquired resistance to the most commonly used antib[@ds 132] triggering some experts

to link antibiotic esistance to terrorism in terms of its global impact
(http://www.bbc.co.uk/news/healil737844). As outlined in Chapter 1, one of the most
frightening forms of antibiotic resistance occurs through the action of MBLs, enzyhies

are capable of breakindown most widely used-lactam antibiotic§18, 132, 133] The
common features of MBLs were described in Chapté; 18, 132, 134]Most of the known

MBL virulence factorsbelong to subgroup B1 and include Bcll frddn cereug46], CcrA

from B. fragilis [102], as well as IMPL and SPML, both initially identified inP. aeruginosa

[56, 135] (Table 1.2). The recently identified NDM. ( AiNew Del h-L o) mhpaen
acquired particular notoriety as it induces resistance to virtuallykradiwn b-lactam
antibiotics[113]. Subgroup B2 enzymes share only ~11% sequence homology wiljp81
MBLs, hydrolyse exclusively carbapenenesg. meropenem and imipenem) and require only
one metal ion for catalys[48, 95](see Chapter 1, section 1.5, for more detailed information)
[82, 116, 136] Subgroup B3 is more closely related to-3fte MBLs rather than BB/pe
MBLs, requiring two band metal ions for catalysi§ig. 1.4.andFig 1.5in Chapter L The

most studied representative is the tetrameric L1 f&nmaltophilia[107]. Other members
include FEZ1 from L. gormanii[28], GOB-1 from E. meningosepticéof which to date 18
variants have been reported)37] and SMB1 from S. marcesenf34], the most recently

identified MBL, which has a higher hydrolytic activity against a wide randelattams than
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other B3type MBLs[34]. Of clinical relevance in particular is the enzyme AlMrom P.
aeruginosawhich has been identified recently in a muditug resistant pathogen in a hospital

in Adelaide, Ast ral i a (hence, the nomentdAaMlAy e of

[138].

Despite rather modest homology across their full length amino acid sequences MBLs
share considerable similarities in their active sitecstmes[18]. For more details regarding
the metal ion compositions of the different subgroups refer to Chapieéy.11(4.,and Table
1.1). As stated in the introductory chapter, the standard MBL numbering will be applied
throughout the thesi§, 139, 140] In light of the rapid spread of antibiotic resistance and the
increasing emergence of novel virulence factors (exemplified by NDihd AIM-1), it is
essential to identify novel putative MBLs, ideally beforeythecome a threat to health care.
Furthermore, novel MBLs may also provide essential insight into the structure and/or
functional aspects relevant to the design and synthesis of universal inhibitors that may be
clinically useful to combat antibiotic resastce. This chapter is focused on the discovery of
two novel putative MBLsspecifically, a bioinformatics approach was employed to identify
novel B3type MBLs fromNovosphingobium pentaromativoraaad Simiduia agarivorans
two marine microorganisms thatowld have had minimal direct contact with the human
population[141, 142] These enzymes may not yet pose a direct risk to human ,heatith
their structures and function may provide important insight into the mesid synthesis of a

still elusive universal MBL inhibitor.
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2.2 Materials and Methods

2.2.1 Selection of the Query Sequence and Protein Database Search Using BLAST

The B3type AIM-1 from P. aeruginosawas used as a query sequence for the protein
database search. The protein sequence of-AlMas obtained from the Protein Data Bank
(PDB; accession code: 4AWY), and the Basic Local Alignment Search Tool (BLAST;
http://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to identify homologues. The two most
promising candidates, frorNovosphingobium pentaromativoraasd Simiduia agarivorans,

were selected for multiple sequence comparisons including knoviypB3VIBLSs.

2.2.2 Multiple Sequence Alignments

Multiple sequence alignments including the novettid3e MBLs and well known members
of this group of enzymes.€. AIM-1[138], L1[107] and SMB1 [34]) were carried out using

ClustdW2, a multiple sequence alignment program, available via The European

Bioinformatics Institute webst(http://www.ebi.ac.uk /Tools/msa/clustalw2/).

2.3. Results and Discussion

2.3.1. Protein Database SearciNomenclature and Classification of NoveMBLSs

Using the BLAST search engine with AHlas the query two promising candidate sequences
were retrieved,i.e. MBL-like sequences fromN. pentaromativorans(accession code:
ZP_09194167.1) andS. agarivorans (ac cession code: YP_006917856.1). These

microorganisms are both Gramegative.
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N. pentaromativoranss a polycyclic aromatic hydrocarbedegrading bacteriunj141],
while S. agarivorangs a heterotrophic marine bacteriyi42]. None of these organisms

poses a direct current threat to human health, however, the observation thaarthmyr a

potential MBL may not only foreshadow a future problem as they may represent a genetic

Apool o for future modi ficati ons of MBL s
evasiveness towards inhibition. It is thus essential to investigate therfies of these novel
MBL-like proteins and compare them with those of wwelbwn MBLs (e.g. AIM1, L1 or
SMB-1).

As a step towards their characterization, the sequences ®f. thentaromativoransand S.
agarivoransMBL -like proteins were compared withose of weHcharacterized MBLs from
the B3 subgroupi.e. AIM-1 [138], L1 [107] and SMB1 [34]. The results from pairwes
sequence comparisons are summarizetainle 2.1.Not surprisingly, the two sequences are
most closely related to AIM.. The MBL:like protein fromN. pentaromativoranshares 53%
sequence identity and 65% homology (including conserved amino acid didosttuvith
AIM-1. The sequence identity/homology to the other two well characterizégpB3VIBLS,

L1 and SMB1, is smaller (38%/54% and 41%/58%, respectively) but still strongly indicative
that theN. pentaromativorangrotein is indeed a B8pe MBL. In comparison, pairwise
sequence comparisons with the-§pe NDM-1 and B2type CphA indicate only 26%/39%
and 23%/42%, respectively. A similar conclusion can be drawn for the-MBlsequence
from S. agarivoranslts similarity/homology with AIM1 (47%/64% is less than that of the

N. pentaromativorandVBL, but it appears to be more closely related to SMihstead
(Table 2.1). The two MBL:like proteins share 47%/63% identity/homology in a direct
pairwise sequence comparison. In summary, these pairwiggacisons strongly support the
classification of these novel proteins sequences fridm pentaromativoransand S.

agarivorans as MBLs from the B3 subgroup. In accordance with frequently applied
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nomencl atur e procedures -1(0e. gr-1) AB WBL-lke d e
sequences fromN. pentaromativoransand S. agarivoransar e | a b eMagrbothh er e

IMipenemasdo ( MI)M amayahoothlM ipenemase20 (M), Mdspectively.

Table 2.1. Pairwaise sequence comparison between MBlike sequences fromN.
pentaranativorans(MIM -1) and S. agarivorangMIM -2) and selected MBLs from the B1
(NDM-1), B2 (CphA) and B3 (AIM-1, L1, SMB-1) subgroups.

MBL Identity (%) Homology (%)

AIM -1 53 65

L1 38 54

MIM -1 SMB-1 41 58
NDM-1 26 39

CphA 23 42

MIM -1 47 63

AIM-1 47 64

MIM -2 L1 33 51
SMB-1 43 63

NDM-1 37 59

CphA 24 44

2.3.2. Important Amino Acid Residues

The above discussion demonstrated that the MIBL sequences in the genomes Nf
pentaromativoransand S. agarivoransare likely members of the B3 sulogp in the MBL
family. However, in order to substantiate tmterpretationjt is essential to ascertain whether
amino acid residues that are essential for MBL function are conserved in the amino acid
sequences of MIML and MIM-2. The most relevant anoracid residues with respect to MBL
function are those that form the metal binding site. Other residues in the proximity of the

metal ion binding sites may be important for substrate or inhibitor binding or both. In order to
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evaluate the functionality of -1 and MIM-2 a multiple sequence alignment between these
sequences and the structurally wahlaracterized AIML [138], L1 [107] and SMB1 [34] was

carried out Figure 2.1).

Importantly, the six amino acids that form the metal ion binding site are also invariant in both
MIMs (i.e. His116, His118 and His196 in the Zn1 site and Asp120, His121 and His263 in the
Zn2 site; sealsoFig. 2.1). Other amino acid side chains that were identified as important in
MBL function are well conserved, including those in positions 221 (Ser) and 223 (Ser/Thr)
that line the pocket where thelactam substrate may bifd8]. Tyr228, a residue that aids

the polarization of thé&-lactam carbonyl oxygen as a means to increase the susceptibility of
the carbonyl bond for a nucleophilic attac
MBLs compared here except AHY (Fig. 2.1). Conserved is also Trp39, another residue that
hasbeen shown to play an important role in substrate bindiag]. Furthermore, in AIML

and to a large extent SMB (but not L1) the structure of the enzyme is stabilized by the
presence of three disulphide bridgdse.(the pairs Cys3Zys66, Cys20&ys213 and
Cys256Cys290([34, 138). These six cysteine residues are conserved in both-Mind

MIM -2, suggesting that these enzymes possess a similar overall fold ak @&iMSMB1.

Some observed sequence variations may, however, deserve mentioniag tiezg may be
significant for differences in substrate preference, inhibitor binding and/or catalysis (see also
Chapters 3 and 4). The region between residues 152 and 164 forms a flexible loop that may
clamp down on the bound substrate and thus assaysia{18]. In this loop, the degree of
sequence conservation is lofid. 2.1) which may indicate variations in substrate selection,

catalytic efficiency and possibly also interactions with potential enzyme inhibitors.
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39 66
AIM-1 DDA@NDPAMPKVYGNTWYV@G SALLVTSDAGHLVDAATPQAGPQIANIRALGFR
L1 VDAS [LQPMAPLQIADHTWQI@EDLTALLVQTPDGAVLLDGGMPQMASHLLDNMKARGYV
SMB 1 QDRDSSPQQPFTIYGNTHYV@GISAVLLSSPQGHILVDGTTEKGAQVVAANIRAMGFK
MIM-1 GREG iBHPAPPAHIYGNTWYVBGIASILVTSDDGHVLIDSGPADAAPLVLANIRKLGFD
MIM- 2 DWDABIDKPGPPFRVLGNTYYVEBGIAAILITGDAGHVLIDSGTDRGAVIVRDNIARLGFS

* k ok o+ ok ckk seeeke ke kek -k %

116 - 121 152 164
AIM-1 PEDVRANFSHEHFDHAGSLAELQKATGAPVYARAPAIDRRGLPDRTDFEEVAEPVA
L1 PRDLRLILLS HAHADHAGPVAELKRRTGAKVAANAESAYRG- GSDDLEGDGITYP
SMB 1 LSDVKYILST HSHEDHAGGISAMQKLTGATVLAGAANMIRTGVSPKSDFEESLSNFP
MIM- 1 PADVRWILTS HEHHDHAGSIAELQKATGAQIAAVASARQESGKPSADDRSEL [EGFP
MIM- 2 LSDVKILLHS HEH DHVGGMASLQSLSGATLYASPAANMRNGTAGEDDBGALASFP

Kas s sk Kk o kk Kk ss oan k% - % -k * -

196 208 213 221/223
AIM-1 PVANIVTLADDGVVSVGPLALTAVASAGPGGTSWTWEEG DOBRQMWYAMBLJAIS
L1 PANADRIVMDGEVITVGGIVFTAHFMAG HTPGSTAWTWIBN GHEVRIAYADELE-—
SMB 1 GSAKVRAVADGELVKLGPLAVKAHATPEEGGITWTW(BEQ GHEKDVVFABLJAVS
MIM- 1 PVHVARVLVDGDSVTLGRLALTVRETRSPGSASWTWRBEAFBRMIAYABAJTIS
MIM- 2 VARVGGLVNDGDQIALGNLRLTAYATRGPGALSWQWIBEE- DRETTLVYADBLEPVS

. * ko *. % Kk % o oekkk

228 256 263
AIM-1 DD\FRYSDDAAHPGYLAAFRNTLARVABDCILVTPHP
L1 APG NOLQGNPRYPHLIEDYRRSFATVRADVLLTPHP
SMB 1 ADS §RFSD-- HPEVVASLRGSFEAVEKESIAIAA HP
MIM-1 ADD JRFSDB-- HPDRIARIRTGLSRIAQLHBDILVTPHP
MIM- 2 AEG JRFNA-- HPEYLQAYRLGLATLADI@DLLLTPHP

k. * o+ ok kke o k%

Figure 2.1.Multiple sequence alignment betweenknown (AIM -1, L1 and SMB-1) and

putative (MIM -1 and MIM -2) B3-type MBL s. Amino acid side chains involved in Zn2+
binding are shown in yellow. Other relevait residuesare aso indicated in colour and

descibedin the text.
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While there iscurrently no clinically useful MBL inhibitor available, mercaptoacetates
(MCRs) are known to be potent vitro inhibitors of some MBLs[144]. A recent
crystallographic study with SMB has shown that MCR interacts with active site residues
Ser221 and Thr223 and haka = 9. 4 Fig. 20).[34]. MIM+1 énd AIM-1 have a
sequence identical to that of SMBinthissec al | ed A MCR bindingo reg
MIM - 2 have a Ser instead of Thr. Although this represents are@assubstitution, it may
nonetheless be of significance as the different sizes of these side chains may affect the modes
of substrate/inhibitor binding. Of particular interest may also be the residue in position 162,
occupied by the bulky and nonpolar Riesidue in AIM1, L1 and SMBL1, but by the small
and polar Ser in MIML and the small and nonpolar Ala in MiR1 This residue lies within
the flexible loop mentioned in the previous paragraph and may thus play an essential role in

substrate and inhibitdsinding.

It is essential to characterize the properties of these novgl®3MBLSs to determine which

of these variations are functionally relevant and in particular which of those may affect the
mode and magnitude of inhibition by known inhibitors (sash MCR). Ultimately, it is
anticipated that the functional and structural comparison of a multitude of related MBLs will
identify residues that are suitable targets to develop universally applicable inhibitors that may
be resistant to frequent mutationehanges characteristic of this family of enzymes.
Consequently, the following chapters focus on the enzymatic characterization ef Miid

MIM -2.
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Chapter 2: Identification and preliminary characterization of novel B3-type metallo-b-
lactamases.

2.4. Conclusion

The main finding of this study is the identification of two novel MBLs frdwn
pentarom#évorans(MIM -1) andS. agarivorangMIM -2) that belong to the B3 stgroup of

this family of enzymes. Both proteins containing the amino acid ligands necessary to bind two
zinc ions in their active sites and various residues in the vicinity of the catedyttre are
invariant or highly conserved, indicating that MiMand MIM-2 should be efficient catalysts

for the hydrolysis ofb-lactam antibiotics. While MIML and MIM-2 are not expected to
represent an immediate threat to human health, they may hantf@umation that is crucial

for 1) our understanding of the reaction mechanism(s) that MBLs may employ; and 2) the
development of universal MBL inhibitors that are resistant to frequent mutational variations
observed among members of this family of enzyniéis study is an initial step towards the
characterization of these novel MBLs. Their recombinant expression and purification, as well

as their catalytic and structural characterization are described in the chapters that follow.
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Abstract Metallo-b-lactamases (MBLs) are a family of Zn(ll}dependent enzymes that
inactivate most of the commo n | y -dastandantibiotics. They have emerged as a
major threat to global healthcare. Recently, we identi ed two novel MBllike proteins,
Maynooth IMipenemasel (MIM -1) and Maynooth IMipenemase2 (MIM -2), in the
marine organisms Novosphingobium pentaromativoransand Simiduia agarivorans
respectively. Here, we demonstrate that MIM -1 and MIM -2 have catalytic activities
comparable to those of known MBLSs, but fom the pH dependence of their catalytic
parameters it is evident that both enzymes differ with respect to their mechanisms, with
MIM -1 preferring alkaline and MIM -2 acidic conditions. Both enzymes require Zn(ll)
but activity can also be recon stituted with other metal ions including Co(ll), Mn(ll),
Cu(ll) and Ca(ll). Importantly, the substrate preference of MIM -1 and MIM -2 appears
to be in uenced by their metal ion composition. Since neithéd. pentaromativoransor
S. agarivoransare human pathogens, therecise biologt cal role(s) of MIM-1 and MIM -

2 remains to be established. However, due to the similarity of at least some of their in
vitro functional properties to those of known MBLs, MIM-1 and MIM -2 may provide
essential structural insight that may gude the design of as of yet elusive clinically use
ful MBL inhibitors.
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3.1 Introduction

As discussed in Chapter, bne of, if not the most poignant problem for current global
healthcare is the rise of antibiotizesistant microorganisms. In briefinee the 1940s
antibiotics have been used-lactambasedgénicillin,and e c t i
subsequently with various of its derivatives, including cephalosporins, cephamycins,
carbapenems and monobactanfisggre 1.2 7 Chapter 1). The® compounds share a
common core structure represented by the-foer mb e rlaetdm ring. A major defence
strategy employed by pathogenslactansring, thusenzy
inactivating the antibiotic§19, 132, 145] Two main enzyme groups have evolved for this
pur pose, -tattaenaseseg3IBLsh and the metdiitactamases (MBLs). Clinically

useful inhibitors are currently only available for SHILS, 20]; MBLs consequently remain a

major threat to human health. In addition, the ability of MBLs to spread easily between
species, mainly through horizontal gene transfer, further exacerbates the risk of generating

multi-drug resistant pathoge[is16-148].

The task to develop universally and clinically useful MBL inhibitors is exacerbated by
the continuous emergence of novel MBLs, exemplified by the bspadtrum enzyme NDM
1[75, 113] and the frequent tolerance of a particular MBL to mutations as illustrated by the
multiple variants of enzymes such as the NDM, IMP or VIM grd&8s 68] Furthermore,
the discovery of genes encoding MHke proteins in microorganisms that are not pathogenic
and/or have not been exposed to the human popul&igntbe MBL-like proteins identified
in microorganisms in the frozen Alaskan tunfltd9]) may harbour clues about functionally
essential elements that contribute to MBL activity. ldentifying such elements may thus
provide an alternative avenue to developing potent MBL inhibitors. In a retgay (see

Chapter 2), we thus attempted to identify novel putative MBLs frompabnogenic hosts
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and identified MIM1 fromN. pentaromativoranand MIM-2 from S. agarivorang91]. Little

is known about these microorganisms, but both are Gregative bacteria found in marine
environments[141, 142] N. pentaromativorands a polycyclic aromatic hydrocarben
degrading bacterium, whil&. agariwrans is a heterotrophic bacterium; neither of these
organisms is pathogen[d@41, 142] This Chapter will demonstrate the propensity of these
enzymes to act as efficient MBLs and also how different metal ion catigpesmay affect

the substrate preference of these enzymes, and thus potentially also their biological

function(s).

3.2 Materials and Methods

3.2.1 Materials

The sequences encoding MiMand MIM-2 were cloned into the commercial vector pJ#11
the gae encoding MIM1 and MIM-2 genes were commercially synthetized and bought as an
expression vector from the company DNA.2Al chemicals were of analytical or equivalent
grade. Escherichia coliBL21 (DE3) pLysS cells (Agilent) were used for recombinant
expression of the proteins. All chemicals were purchased from Siddrach unless stated

otherwise.

3.2.2 Protein expression and purification

Recombinant MIM1 and MIM2 were expressed using LurBertani (LB) medium
supplemented with 0.2 mM Zn(ll) arld% glucose. The cultures were grown at 37 °C until
an optical density (Ofyp of 0.40.5 was reached, and then cooled to 18 °C (M\r 25
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°C (MIM-2) prior to induct i ad-thiegaldctopyr@nositle (IRMG).i s 0 p
The cultures were furthencubated for 48 h (MIML) and 18 h (MIM2), respectively. The
purification protocols for MIM1 and MIM2 are similar. The cells were harvested by
centrifugation at 5009for 20 min at 4 °C. The resulting pellet was resuspendediiaQLBL

of buffer contaning 20 mM Tris (HCI; pH 7.0) and 0.15 mM ZnLlITo improve the lysis

step, lysozyme (1 mg/mL) was added to the resuspended cells, followed by incubation at

room temperature for 30 min. Subsequently, DNAseg2§ / mL ) apn(sdmMy getel

added and the mixture was kept on ice for 20 min. The cells were then disruptedivesin
rounds of sonication (80 of the maximal output power for 30 s in each round). The
procedure was carried out on ice to avoid overheatirige cells. The lysate was centrifuged
at20,00¢f or 30 min and 4 AC, and then filtered
remove remaining debris. The supernatant was loaded onto a HiTrap Q FF 5 mL column (GE

Healthcare), prequilibrated with20 mM Tris (HCI; pH 7.0) and 0.15 mM Zn&llProteins

were eluted using a linear gradient from 0 to 0.5 M NaCl. MiIMluted between 55 and 175
mM of NaCl, while MIM-2 eluted between 35 and 135 mM of NaCl. The fractions possessing
ampicillinase activity wex pooled and loaded onto a HiPrep 16/60 SephacB00SHR
column (GE Healthcare), preequilibrated with 50 mM Hepes (pH 7.5) containing 0.2 M

NaCl and 0.15 mM ZnGl Both proteins eluted as single peaks. SDSGE analysis

indicated that the purity of ghenzymes is >95 %igure 3.1. SDSPAGE). The protein

concentrations were estimated usingogp=heore

36,815 M tm' Lfor MIM-1 and 41,285 W tm Ltor MIM-2), calculated from the

sequence using the ProtParam tweb(http://web.expasy.org/ protparam/
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M la 22 3a M 1b 2b 3b

o — [R—
50 kDa - —
37 kDa
25 kDa

Figure 3.1. SDSPAGE of MIM -1 and MIM -2. Lane la was loaded with the total protein
fraction, 2a and 3a were loaded with the sample eluted after the anion exchange and after the
size exclusion, respectively aftédIM-1 purification. Lane 1b contains the total protein
fraction, 2b and 3b contain the sample collected during MIpurification after the anion

exchange and the size exclusion, respectively. M denotes the molecular weight markers.

Both proteins are gble at 4 °C for at least two months (stored at a concentrationi @010
mg/mL). To assess the molecular weight and the oligomeric state of the proteins in solution,
MIM-1 and MIM2 (2 mg/mL) were loaded onto a gel filtration column, HiPrep 16/60
SephacrylS-200 HR (GE Healthcare), pejuilibrated with 50 mM Hepes (pH 7.5), 0.2 M

NaCl, 0.15 mM ZnG). The calibration curveFgure 3.2) was obtained using the Low

Molecular Weight standards kit (GE Healthcare).

3.2.3 Steadystate kinetics and substrate spsficity of Zn -containing MIM -1 and MIM -2

T h e-lactamase activity of the proteins towards different substrates was measured

spectrophotometrically by monitoring the depletion of these substrates (ampicillin, penicillin
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G, biapenem, meropenem, imipenarafuroxime and cefoxitin) for 60 s at 25 °C and at the
appropriate wavelengths. Relevant extinction coefficients and wavelengths are |iBadadiein

3.1 Reactions were performed as a continuous assay in 50 mM HEPES (pH 7.5), 50 mM
NaCl; rates were determed from the initial linear portion of the reaction progress curves. All
the measurements were carried out using a Varian CaBlG&pectrophotometer connected

to a Peltier Thermostat system. The reactions were carried out without the addition of extra

zinc to the buffer.

Table 3.1. Wavelengths and the corresponding extinction coefficients of the substrates

used in this study.

Antibiotic 0 {cwm?) A (n
Biapenem 7600 293
Meropenem 6500 300
Imipenem 9000 300
Ampicillin 820 235
PenicillinG 936 235
Cephalothin 6500 260
Cefoxitin 7700 260
Cefuroxime -7600 260
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3.2.4 Kinetic data analysis

Kinetic rate data (velocities) were analysed by-hoear regression using GraphPad (Prism)
and t to either the MichaeiiMenten equationEqg. 1) or an equabn accounting for the

observed substrate inhibitiofcq. 2). In these equation¥ 5 and K,,, are the maximum
velocity and Michaelis constant, respectively, &qds the dissociation constant describing

substrate binding to an inhibitory s[tE50]. The inhibitory effect of Bcaptopril on the MIM
1- or MIM-2-catalyzed hydrolysis of ampicillin was assessed with inhibitor concentrations

ranging from0 t o 20 & M. T h e Kj, ésdcribing ta icampetitiveonmodet oé n t

binding) was obtained by analyzing the data wif. 3 [150]. The sameexperimental
conditions were used to evaluate the catalytic parameters of metal ion derivatives of both
MIM -1 and MIM-2, using Chelextreated 50 mM Hepes buffer (pH 7.5), 50 mM NacCl, in the

presence of Co@] MnCl,, CuCh or CaCh at concentrations of 50 M.

v — Vmax [S] 1
Km+[S] )
Km+[5](1+%)
[S]+Km<1 +%)
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3.2.5 pH dependence of catalytic parameters

pHr ate profiles were determined usi-agams ub st
groups. The asga were conducted using a mwtbmponent buffer system containing 50 mM
sodium acetate, 50 mM MES, 50 mM TES, 50 mM CHES and 50 mM CAPS, in addition to

50 mM NacCl a n ¢g. TheQH depkendZnceCdf the catalytic parameters was

evaluated from rate measments that were conducted at various pH values between 4.0 and
10.0. The enzymes were stable over the entire pH range studieehyduobtysis of the
substrates was taken into account at each pH. The data were fitted using Graph Pad (Prism)
and the appnoriate equations derived for monor diprotic systemsi.e., Egs. 4, 5,

respectively)150].

log (vo) = (1+[—H_]) +tc @

Kq

log(Vo) = —prrg T ¢ (5)

Kq1 [HT]

I n these aéqueatpirerseindepgndent maximpni value of the catalytic

parameteri(e., Ko5t0r Keaf Km), While K5 represents relevant acid dissociation constaris;

a fitting parameter.
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3.2.6 Preparation of the metal iorfree apoproteins

A protein sample (MIML or MIM-2) was diluted in Cheleireated metal ioffiree buffer
containing 50 mM Hepes (pH 7.5) and 50 mM NacCl, to a final concentrationidf th§/mL,

and then incubated in the presence of 150 mM EDTA at 4 °C for #Behsolution was then
loaded onto an EcorABac 10DG (BieRad) gel filtration column that was pteeated with a
chelating solution containing 5 mM EDTA, 5 mM 1;pBenanthroline, 5 mM 2;pyridine
dicarboxylic acid, 5 mM &ydroxyquinoline 5-sulfonic acd, and 5 mM 2mercaptoethanol,

and then equilibrated with the Chelarated buffer prior to use. The residual enzyme activity

of the collected apoenzyme was measured using ampicillin as the substrate and was found to
be less than 1% of the maximum acgviof the holeenzyme, and atomic absorption
measurements indicated that the metal ion content was below the detection limits of the

apparatus. The addition of an egs®f zinc restored at least?®@®f the maximum activity.

3.2.7 Estimation of metal ionbinding affinities using reconstitution assays

An estimate for the binding affinities of various metal ions (M = Gp®InCly, CuCb,
CaCb or ZnCh) to MIM-1 and MIM-2 was obtained by recording catalytic activities as a

function of added metal ion conteations. The assay buffer containing 50 mM Hepes (pH

7.5) and 50 mM NaCl was again treated with ChdleQ to avoid any metal ion
contaminations. Assays were carried o-ut b
mercaptoethanol in order to evaluate gassible oxidation of Co(ll) or Mn(ll) may affect the

activity of MIM-1 and MIM2. Over several days the activities for each sample remained

st a b | enereaptakthamol did not lead to any measurable difference in catalytic rates. The

concentration of th apoenzyme was kept constant at 10 nM while the substrate concentration
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(i.e., ampicillin, biapenem and cefuroxime) was kept constant afditicthe Ky, to avoid the

effect of substrate inhibition. The metal ion concentration was gradually increase@ foom
100 ¢ M. The addition of ML dnd MIM2 demonsiraded a p o
saturation type behaviour similar to that described by the Michadimten equation (Ed.).

The data were analysed as previously repddéd

3.3 Results and Discussion

3.3.1 Overexpression and purification of MIM-1 and MIM -2

The genes harbouring the coding sequence of Mlikhd MIM2 were used to transforis.

coli BL21 (DE3) pLysS cells. The expression vector (pJ411) agespromoter, and contains

the kanamycin gene for the selection of transformants. To optimize the yield of pure protein,
the expressions were carried out at low temperatures, 18 or 25 °C forlNihd MIM-2,
respectively. The established purification paal employs two chromatographic steps, anion
exchange followed by size exclusion. Routinely, purifications yielded approximately 15 mg
of MIM-1 and 6.5 mg of MIM2 per liter of cell culture with high purity (>95 %) as
visualized by SDFAGE analysisKig. 3.1.- note that the calculated molecular weights for
MIM -1 and MIM-2 based on their sequence are 30 and 29 kDa, respectively). To assess the
oligomeric state of MIML and MIM-2, sizeexclusion chromatography with appropriate
molecular weight markers wased. For MIM1, a dimeric species is prevalent (~54 kDa),
while MIM-2 appears to be monomeric (~27 kDdjig( 3.2). While the majority of known

MBLs are also monomeric, the L1 enzyme fro&r maltophiliais tetrameric [88].
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Figure 3.2.Equilibration curve (top panel) and elution profiles (bottom panel) of MIM-1

(blue) and MIM -2 (red). The equilibration curve was determined using the commercially
available Low Molecular Weight kit (Sigraldrich) on a size exclusion columHiPrep

16/60 Sephacryl 200 HR column (GE Healthcare). MHY elutes as a major peak with a
corresponding weight consgent with thedimeric form of the protein (5kDa). MIM-2 elutes

as a major peak corresponding to a molecular weight of 27 kDa, consistent with the

monomeric form of the enzyme.
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3.3.2 Kinetic parameters of MIM-1 and MIM -2

The aim of this workwas to detrmine whether MIML and MIM-2 are effectively able to
hy d r o-lagtasnantibiotics. Thus, the catalytic efficiency of the two enzywes studied
towards different substr at e slactane gntibeotceife.t i ng
penicillins, ephalosporins and carbapenems). For all the substrates used, both &H¥
MIM-2 showed considerable reactivity but at sufficiently high concentrations substrate

inhibition was also observe#igure 3.3. A). To obtain relevant kinetic parameteks 4, K,
kcafKm and Kj, the substrate inhibition constant), the catalytic rates were fitted using an

equation that also incorporates an uncompetitive, inhibitory binding mode for the substrate
(Eq. 2) [150]. For comparison, the rates measured at low substrate concentrations were
analysed separately using the Michadenten equation (EdL). The experimental data and
corresponding fits are shown Figure 3.3.A and Figure 3.3.B for MIM-1 and MIM2,
respectively. The relevant kinetic parameters are summaiizehbles 3.2. A and B
Corresponding parameters of wkilown B3type MBLs {.e., L1 [107] andAIM -1[138]), as

well as those of the Bland B2typetype MBLs Bcll [112, 151] and CphA [81],
respectively, are also listed for comparative purposablé 3.2.Q. Both MIM-1 and MIM-2

are potent MBLs with catalytic pareters comparable to those of wiatlown virulent
MBLs; both are in particular efficient penicillinases. Furthermore, similar to MBLs such as
CcrA from B. fragilis, high concentrations of substrate lead to a reduction of the catalytic rate

(deviation fromMichaelig Mententype behaviour)152].
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Figure 3.3. (A). Catalytic activity of MIM -1 towards the antibiotic penicillins (top),
penems (middle) and cephalosporins (bottojn For each antibiotic, the data wereabsed

using the MichaelisMenten model (for low substrate concentrations only; inset) and an
equation that also incorporates an uncompetitive, inhibitory binding site for the substrate

(main figure).
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Figure 3.3. (B). Catalytic activity of MIM-2 towards the antibiotic penicillins (top),
penems (middle) and cephalosporins (bottom}-or each antibiotic, the data were analyzed
using the MichaelisMenten model (for low substrate concentrations only; inset) and an
equation that also incorporates an uncompetitinhibitory binding site for the substrate

(main figure).
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Table 3.2. Steadystate catalytic constants obtained for MIM1 and MIM -2 incorporating (A) or neglecting the effect of substrate inhibition
(B). For comparison, kinetics corresponding parameter$or the well-studied MBLs L1 [39], AIM -1 [40], Bcll [41, 42] and CphA [22] were
included (C).

MIM -1 MIM -2

Subsrate Kcat (S1) Ku( € M) Keat (s /1;<M (s™M- Ki( € M) | Keca (S Ku( € M) Keat (s1) /Km (sTMH) Ki( € M)
Ampicillin 1995 +80.5 1011 +495 1.9*1C¢ 3504 +£190.5 701.3+25.4 691.8+31.1 1.06 * 16 402.8 £ 196.5
Penicillin G | 237.4 £ 55.6 167.2 + 65.0 4.4*1C 4945 +201.6| 2449+ 72.8 200.9+10.4 1.2*10 766.7 £ 390.1
Biapenem 143.1 £57.2 193.2 +57.2 7.4*1C 95.3+31.7 53+03 84.1+16.2 6.3* 10 122.8 + 87.6
Imipenem 97.2+74.3 123.6+£10.6 7.8*1C 161.6+148| 69+39 236.6=x164 2.9*10 73.6+ 435
Meropenem | 53.9 +18.8 455.8+ 194 1.1*10¢ 2486 +£17.6f 1.6+0.2 28.2+9.2 6.7 * 10 385.0+ 118
Cefuroxime | 60.4+13.1 55.6+3.6 1.0*1C 108.7+35.7| 98.1+44 186.1+10.5 52* 10 71.7+47.6
Cefoxitin 1.8+x04 36.1x1.4 49*10¢ 100.3+36.4| 39.6+11.9 81.3+33.3 45*10C 77 +33.9
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Table 3.2. (B).
Subsrate MIM -1 MIM -2
Kcat (S1) Ku( € M) Keat () IKm (STM) Kcat (1) Ku( € M) Keat (1) IKm (STM)

Ampicillin 663.6 + 42.7 226 + 35.6 2.9* 10 226.8 £ 6.5 141.6 £ 13.2 1.6 *1¢
Penicillin G 124.3+£ 3.9 50.7x7.5 2.4* 10 121.4+£2.1 36.4 3.3 3.3*1¢
Biapenem 52.6+2.9 53.0x7.1 9.9*1C 53+0.3 84.1+16.2 6.3* 10
Imipenem 21.8+1.7 186.7 £ 37.7 1.1*10 1.8+0.1 34274 5.2*10
Meropenem 20.7+ 1.0 121.6+17.4 1.7 * 10 1.2+0.1 14622 8.2*10
Cefuroxime 27.9%0.8 15.0+1.8 1.8*1C¢ 37.1x£23 53.4+8.1 6.9* 10
Cefoxitin 1.0+0.1 146+£2.2 6.8 * 1¢f 172+1.1 25.3x4.7 6.8* 10
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Table 3.2. (C).
AIM -1 L1 Bcll CphA

Substrate Kcat Km (UM)  KcalKm Kcat Km (UM)  KcalKm Kcat Km (UM)  KcalKm Kcat  Km (UM)  KcalKm

(s9) (st™M9) | (sh (s™M9) | (sh (sM) | (sY (M)
Ampicillin 150+5 24+3 6.2*1C [580+20 300+ 15 1.9*1(C° NA NA 8.2*10f| >0.01 2500 >4
Penicilin G 590+31 110+21 53*1( |410+20 300+ 15 5.5*1C° NA NA NA NA 700 100
Biapenem NA NA NA 64+4 75+11 85*1C NA NA NA 300 166 1.8* 10
Imipenem 2200 £50 410+16 5.3+106 NA NA NA 279 687 1.4*1C | 1200 340 35*10
Meropenem 760+16 41+4 1.8*10 NA NA NA NA NA NA NA NA NA
Cefuroxime 1705 35+4 48*10 | 53+9 130+40 4.0*10 NA NA NA NA NA NA
Cefoxitin 52+1 22+2 24*10|22+0.1 3.3+04 6,6*10|122+22 175+43 6.9* 10| NA NA NA
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Due to the structural sinaitities between MBLs and some binuclear phosphatases such as the
enzyme methyl parathion hydrolafEs3] | tested if MIM1 and MIM-2 may be able to
hydrolyze generic phosphate ester substrates supmiophenyl phosphate (pNPP), bis(4
nitrophenyl) phosphate (bpNPP) or paraoxon, but no quantifiable amount of product was
formed in these reactions.

To further validate the association of MiMand MIM2 with the MBL family, | analyzed the
inhibitory effect of Dcaptqril, a welkknown in vitro MBL inhibitor, but also an angiotensin
converting enzyme (ACE) inhibitor used to treat hypertension and someé¢lasetl diseases

[20, 62, 154, 155] The experimental data were congistevith a competitive mode of

inhibition andfittedto Eq.3 (Figure 3.4). The inhibition constantK{c) for both enzymes

are approximately 6.9 M, comparabl e to thoRee3t3gWprted
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Inhibition by D-captopril Inhibition by D-captopril
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Figure 3.4. Inhibition by D-captopril. Steadystate assays with the inhibitor were measured with the substrate ampicillin foil NIgft) and

MIM-2 (right).

Table 3.3. Inhibition of MBLs by D-captopril. Competitive inhibition constants @@ n € M) -1 and MIN¥2 avk compared to
corresponding values for Bcll, CphA and L1

Inhibition by D -captopril
MIM -1 ‘ MIM -2 Bcll ‘ CphA ‘ L1 ‘
8.8+0.9 ‘ 7.4+0.8 ‘ 45+5 ‘ 7216 ‘ 20 ‘
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3.3.3 Mechanism of action of MIM1 and MIM -2

The study of the effect(s) of pH on the catalytic properties of an ennyedeated reaction
can provide essential clues about the molecular details of this reaction, but it can also
highlight fundional variations between different enzymes. Thus, ststatg assays as
described above were carried out with MIlVand MIM-2 at anumber of pH values, using
representative subst r atlacwsm dntibmtrosKiguter3bg Itimaj or
evident that the effect of the pH varies considerably when the two proteins are compared. As

an example, the turnover numberg.( kgt values) for each substrate tested are enhanced at

high pH values in MIM1-catalyzed reactions, but MH2 prefers a lower pH.€., an increase

of pH leads to a reduction of the catalytic rate). In terms of the catalytic efficiegiKiy).

however,a higher pH appears to be preferred for both enzymes. Differences are also observed
when the catalytic parameters measured with different substrates are compared. For instance,
for MIM -1, the slope of the pH profile for the reaction with ampicillin is abersibly smaller

than 1, whereas for the other substrates it is approximating unity, suggesting that-the rate
limiting steps in the reactions with different substrates may Jay, i the reaction with
ampicillin the relevant protonation equilibria amet fully rate limiting[156]). Nonetheless,

the data presented kig. 3.5.can be fitedto equations derived for monor diprotic systems

(i.e, Egs. 4, 5 respectively) and relevanKg values are summarized Trable 3.4.

The pH dependee of k.5; provides information about catalytically relevant protonation

equilibria for the enzyniesubstrate (ES or Michaelis) compl¢k50]. The assignment of
particular residues to experimentally determined protonation equilibria is generally a difficult
task and fraught with ambiguities. However, from a direct comparison between substrates and
enzymes, some essential insights may be gained (nat only biapenem has Kgvalue that

lies within the pH range relevant to MHW and MIM-2 [157, 158] see alsolable 3.5).
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Figure 3.5. Effect of pH in the hydrolysis of ampicillin (green), biapenem (red) ah
cefuroxime (blue) for MIM -1 (left panel) and MIM-2 (right panel). For each substrate, the

top panel shows the pH dependence of kcat and the bottom panel shows the pH dependence of
Keal Km.

Table 3.4. pKa values for the hydrolysis of ampicillin, biapenen and cefuroxime by
MIM -1 and MIM -2.

MIM -1 MIM -2

Ampicillin  Biapenem Cefuroxime | Ampicillin  Biapenem Cefuroxime

pKes1| 7.7+£0.7 42+05 4.7+0.8 - - -

PKes2 9.5+0.7 96+03 79+06 7.3x0.2
pKe1| 6.4+£05 45+02 46+05 | 56+02 5.1+0.1 85+04
pKe2 10.1+05| 9.6+0.1 - -

75



Ch a pt eliactadn:antibiotic-degrading enzymes from nompathogenic narine
organisms: a potential threat to human health

Table 3.5.pkav a | u e s -fkabams usdd & stbdy the pH dependence of MIM and
MIM -2 [156, 157]

Antibiotic pKa

Ampicillin | 2.53.0
Biapenem | ~4.3

Cefuroxime | 2.0-2.5

For MIM-1 pKgg1 values determined for the reaction with biapenem and cefuroxime (~4.5)

are similar, indicating that the relevant protonation equilibria are likely to be associated with

the enzyme in both reactions, not the substrate. Whil€_pop ~4.5 is consistent witthe

deprotonation of a metal idmr i dgi ng water mol ecul e, -1 ead
hydroxide (the proposed nucleophile in MBhtalysed reactior{d6, 18, 22, 96] currently it
cannot be excluded that a watnolecule terminally coordinated to only one of the metal ions

may be associated witfKgg4, provided it is activated by the presence of negatively charged
residues (e.g, carboxylate groups). In contrdstggrecorded for the reaction with ampicillin
is three orders of magnitude more alkaline, lying in the region anticipated foKghef @

water molecule bound to only one of the metal ions in the active site, independent of the
presence of Afactivatingo n e[@58]t Thuse whitehamr g e s

assignment of i, values may ultimaly need to be substantiated through -ditected

mutagenesis studies it is evident that within the same active site different substrates are turned

over in distinctly different ways. This is further corroborated by the observationKpabs

only obseved for the reaction with cefuroxime.

76



Ch a pt eliactadn:antibiotic-degrading enzymes from nompathogenic narine
organisms: a potential threat to human health

For MIM-2, we will focus our attention solely on the pH dependence okthgvalues as

they demonstrate the most significant variation in comparison to-M(Mg. 3.5); the pH

dependence df.5{K, ratios is diferent for the three substrates but upon formation of the

catalytically relevant Michaelis (ES) complex a similar behaviour is observed for each

substrate. Only igogois observed in MIM2, contrasting sharply the corresponding data of
MIM-1. As discussed abe, (K, values in the range between 7.5 and 9.5 are consistent with

terminally coordinated water molecul§¢$59]. Thus, the pH profiles for MIM2 do not
provide any information about the potential reactive nucleophile (i.e., a bridging or terminally
bound hydroxide), but they do indicate that thieeé substrates may bind in a similar mode in
the catalytically relevant complex. The fact that in MBMhe nucleophile is not apparent in
the pH profile (in contrast to MIM) indicates that the two enzymes have different- rate

limiting steps.

The datan the preceding paragraph demonstrate a functional plasticity that appears to be very
common among MBLs and MBlike enzymeq16, 18, 22, 96] and which may be a major
contributor to t he srapidy tongwvreevsodomeatdl challengepg, t o a
the use of novel antibiotics, or the introduction of inhibitors). MIMind MIM-2, despite
originating from norpathogenic microorganismshus share the same functional diversity

and/or flexibility as known NBLS.

3.3.4 The role of the metal ions in the reactions catalyzed by MINl and MIM -2

The catalytically relevarih vivo metal ion for all known MBLs is Zn(l1)16, 18, 22, 96]but
their contribution to the mechesm varies from one MBL subgroup to another (see Chapter 1,
section 1.7, for detailed information regarding the MBL mechanism). Metal ion replacement
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studies [including Mn(Il), Co(ll), Cd(ll) and Cu(ll)] were employed for several MBLs to
probe the catalytiroles of the metal iond.6]. For MIM-1 and MIM-2, the native metal ion
composition is not known. The enzymes were expressed and purified in medium and buffers
that were supplemented with Zn(ll), and metal ion analyses of these enzymes indicate the
presence of two Zn(ll) ions per active site in their fully active state. In an attempt (1) to probe
the catalytic role(s) of the metal ions, but also (2) to addiesdikely in vivo metal ion
composition of MIM1 and MIM-2, the metal iotffree apo forms of the two enzymes were
generated by incubation with the metal ion chelator EDTA. The removal of the metal ions did
not result in structural damage of the enzymesoatddbe demonstrated by reconstitution of

the catalytic activity upon addition of an excess of Zn(ll). On average, between 90 and 95 %
of the activity of the holoenzyme could be recovered; maximum activity was reached within 2

min after the addition of theetal ion to the apoenzyme.

Using the same batch of apoenzyme, derivatives were generated by adding Co(ll),
Mn(ll), Cu(ll) and Ca(ll) and their catalytic parametefaljle 3.6) were determined at pH
7.5 for representat i v-actasnyltowsifE.,ampicdin, biapenem t hr ¢
and cefuroxime). Although not shown here it should be noted that substrate inhibition similar
to that observed for the Zn(ll) derivative$ MIM-1 and MIM-2 was observedHg. 3.3 A
and B). The metal ion derivatives are far more selective with respect to substrates they can
hydrolyse when compared to the Zn(ll) form of the enzymes. For instance, with respect to
ampicillin, only Zn(ll) can econstitute activity in MIM2, while for MIM-1 Ca(ll) is also
reasonably effective. For cefuroxime, only marginal activities were measurable for the Co(ll)
and Ca(ll) derivatives. In contrast, all metal ion derivatives are active towards biapenem
although,by and large, Zn(ll) appears to be the most effective metal ion. The exception is

Cu(ll), which renders MIM2 significantly more reactive than its Zn(ll) counterpart (Vth;
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values of 75 vs. 573,1respectively). Furthermore, although Zn(ll) is ovetlal most efficient
metal ion in reconstituting activity, in the other derivatives, substrate affinities are mostly

enhancedife. reduced, values).

While the data ifTfable 3.6.i ndi cat e t hat -ladtamase actevisypfeviML t o
and MIM-2, Zn(ll) is the preferred metal ion, they also demonstrate that substrate preference
is affected by the metal ion composition, and thus alternative in vivo functions may be
possible for these enzymes. A similar behaviour was observed previously for -tiypeB3
MBL L1 from S. maltophilia where the substrate specificity for the Ni(ll) and Cu(ll)

derivatives of that enzyme varies distinctly from that of the Zn(Il) derivli&é].

Here, a particularly intriguing obsvation was that Ca(ll) was rather proficient in
reconstituting ampicillinase activity in MIM (Table 3.6). While Ca(ll) is known to bind

tightly to regulatory proteins such as calmodukgf or Ca (1 1) a[86llbo-w Uas
lactoalbumin Ky 316 nM) [162], it is rarely associated with hydrolytic metalloenzymes. A

notable exception is the cyclic nucleotide diesterase Rv0805 fritycobacterium
tuberculosis in this enzyme Ca(ll) does not only regulate catalytic activity but it is also the
most optimal metal i0fl63]. The significane of Ca(ll) in a variety of metabolic functions
(e.g, signal transduction, muscle contraction, fertilization, as well as maintaining the potential
difference of the cellular membraf®64, 165}, together with itsabundance in most cells,
raises the possibility that at least MiMmay play a role itN. pentaromativoranghat is not

related to itsn vitro MBL activity.

79



Ch a pt elractadn:antibiotic-degrading enzymes from norpathogenic rmarine organisms: a potential threat to human health

Table 3.6. Catalytic parameters for the hydrolysis of ampicillin, biapenem and cefuroxime bye Co(ll), Mn(ll), Cu(ll) and Ca(ll) derivatives
of MIM -1 and MIM -2.

MIM -1
Ampicillin Biapenem Cefuroxime

Keat (S Ku (M) KealKm (™M) Keat (S Kwm (UM) KealKm (S™M ) | keat(SY)  Km(UM)  KealKn (M)
Co(Il NA NA NA 28.33+2.2 103.2+16.21 2.6 *10 40+04 9.43+3.6 42*10C
Mn(11) NA NA NA 46+09 268.2+85.9 1.7*10 NA NA NA
Cu(In NA NA NA 103.1+18.3 211.7+73.2 4.6*1C NA NA NA
Ca(ll) [ 53.0+7.8 261.2+91.9 20* 10 8.6+0.3 20.9+3.8 4.1*1C 3.3+0.1 7814 46*10
MIM -2

Kcat (s1) Kv (M)  KealKm (STM) Kcat (%) Kw (UM) KeadKm (STMY) | Keat(S) Km(UM)  KeadKm (STMY)
Co(ll NA NA NA 1.2+0.1 25.8+7.9 4.6* 10 1.1+£0.3 36.3+2.39 3.0*10
Mn(11) NA NA NA 1.7+0.2 434 +15.9 3.7*10¢ NA NA NA
Cu(ll) NA NA NA 754+7.2 164.2+34.2 45*10C NA NA NA
Ca(ll NA NA NA 0.8+0.1 11.4+8.6 7.2*10 1604 62.7+23.2 25*10
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To be physiologically relevant, the binding affinity of a metal ion for a partiquiatein

ought to be within a range that is similar to the concentration of that metal ion within a cell.
The concentrations of metal ions vary greatly from one metal ion to another, and they can
change throughout the life cycle of a cell. Reported conatoris for Zn(Il), Mn(ll), Cu(ll)

and Ca(ll) are covering a range from pi¢o micro- molar, while Co(ll) is a trace element
[166]. We obtained an estimate of the binding affinities of Mivand MIM-2 for the
biologically potentially relevant metal iond.€, Zn(ll), Mn(ll), Cu(ll) and Ca(ll)] by
measuring their catalytic activities towards biapenem degradatian faaction of added
metal ion concentrations. Although unlikely to be physiologically relevant, Co(ll) was
included in the comparison as it may provide a useful spectroscopic probe for future
mechanistic studies. As exemplifiedRigure 3.6, the reactivion of the apo forms of MIM

1 and MIM-2 upon titrating increasing amounts of the metal ions resulted in a sattiggueon
behaviour for the catalytic activity, reminiscent of Michadliententype kinetics (to avoid

substrate inhibition the substrate centation was twdold the respectiv&y).

Since the reconstitution experiments were conducted under pBeiewrder kinetics
and the metal ion concentrations far exceeded those of the enzymes, no accurate estimate of
the stoichiometry of metal ion bimi) can be obtainédinstead atomic absorption
measurements of fully reconstituted enzyme samples, following a gel filtration step to remove
excess metal ions, indicated a stoichiometry of ~2 in each case. An approximation of the
affinities of the catalytially required metal ionsT@ble 3.7 can be estimated from a fit to the

data inFig. 3.6.using a hyperbolic function related to the Michdélenten equation.
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Figure 3.6. Analysis of the titration curve of apeMIM -1 and apeMIM -2 in the presence

of increasing concentrations of zincThe reactivationof the enzyme is followed by the

hydrolysis of ampicillin. In the case of Zn(Il)dks a | u e s

MIM -2, respectively.

are 0.2 -hand 1.

Table 3.7. Binding affinity constants for the metal derivatives of MIM1 and MIM -2.

MIM -1 MIM -2

Kobs (um) Kobs (um)
Zn(11) Co(ll) Mn(11) Cu(ll) | Zn(lN) Co(ll)  Mn(ll)  Cu(l)
204+72 43+ 662+251 103+ 1.7 1214+ NA 108 +
(nM) 0.8 (nM) 2.8 0.4 4.1 93.8

Overall, MIM-1 has a higher affinity for all the metal ions under investigation, and Zn(ll) is

the most tightly bound metal ion in both enzymes. Based on these affinity data and the

catalytic parameters summarizedTiable 3.6, it is thus likely that MIM2 is solely a Zn(IH

dependent enzyme. However, the binding affinities of Mn(ll) and Ca(ll), and potentially

Cu(ll) are within a reasonable range to be biologically relevant, thysosing the above

speculation that at least MH#l may adopt biological roles independent of its MBL activity.
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3.4 Conclusions.

In this chapter | presented data that confirm that the putative proteinsIMiMI MIM-2,
associated with nepathogenic microrganisms, are indeed efficiemt vitro MBLs. The
catalytic parameters of MIM and MIM-2 are comparable with those reported for clinically
relevant MBLs, thus confirming the potential of these proteins as novel enzymatic agents,
able to confer efficient e si st a n clactant antibmticad Thé observed mechanistic
plasticity of MIM-1 and MIM-2 is characteristic for MBLs, but the efficient use of Ca(ll) as
catalytically competent metal ion by MH# has not been observed before. This leads to the
hypothesis that at least MIML may have biological functions unrelated to its MBL activity.
The search for alternative substrates,( s u b st r at-ledamaurttilliodics) istthnsaoh b
importance and will be described in the next chapter. Especially seevation that different

metal ion compositions may affect the selection of substrates (and thus the function of the
enzymes), together with a possible association between some MBI with proteins
involved in biofilm production may provide insight into a previously unexplored link between
two major factors that contribute totdmotic resistance. Although the establishment of the
precise biological function(s) of MIM and MIM2 awaits further investigations, it is
anticipated that a characterization of factors that lead to functional variations between closely
related enzymesnay guide future strategies for the development of leads ¢linically

useful MBL inhibitors) to combat the spread of antibiotic resistance.
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Functional promiscuity

Abstract MIM -1 and MIM -2 are two recently identified metalleb-lactamases (MBLS)
from Novosphingobium pentaromativorans and Simiduia agarivorans, respectively.
Sincethese organisms are nopathogenic we speculated that the biological role(s) of
MIM -1 and MIM -2 may not be related to their MBL activity. Although both se quence
comparison and homology modeling indicate that these proteins are homologous to well
known MBLs such as AIM-1, the sequence analysis also indicated that MINI and
MIM -2 share similarities with N-acyl homoserine lactonases (AHLases) and glyoxalase
II (GLX -Il). Steady-state kinetic assays using a series of lactone substrates confirm that
MIM -1 and MIM -2 are efficient lactonases, with catalytic efficiencies resembling those
of well-known AHLases. Interestingly, unlike their MBL activity the AHLase activity of
MIM -1 and MIM-2 is not dependent on the metal ion composition with Zn(ll), Co(ll),
Cu(Il), Mn(ll) and Ca(ll) all being able to reconstitute catalytic activity (with Co(ll)
being the most efficient). However, these enzymes do not turn ovedl&toylglutathione,

a substrate characteristic for GLX-1l activity. Since lactonase activity is linked tothe
process of quorum sensing -padthdodddmuincd i MBlas
MIM -1 and MIM -2 may provide insight into one possible evolutionary pathway for the
emergence of antibiotic resistance.
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4.1 Introduction

Antibiotic resistance is aajor problem for modern health care systems across the globe. A
major strategy employed by pathogensatmuire resistance to commonly used antibiotics
involves the use of enzymes that inactivate these compounds. Of particular concern are the
metallob-lactamases (MBLs), a large group of enzymes that are highly efficient in
inactivating the majority of thea v a i | dattdmbdased antibiotics (e.g. penicillins,
cephalosporins, carbapenems; reféfigpn 1.3.i n Ch a p tlaztam cbre $traature$). Not

only are these enzymes highly efficient catalysts, but there is also currently no clinically
useful inhbitor available[16, 18, 20, 96, 132]Novel MBLs are frequently discovered (e.qg.
NDM-1 or AIM-1[113, 138) and horizontal gene transfer further exacerbates the problem of
arapid spread of MBLs among pathogenic bactgié6-148]. MBLs belong to a large group

of metal iondependent hydrolytic enzymes (i.e. metallohydrolases) that include, among
others, amingeptidases, pesticieegading enzymes and numerous phosphat@ses 96]

The identity of the metal ions used by metallohydrolases varies considerably. For instance,
urease has a specific requirement for two Ni(ll) i8B3], while purple acid phosphatases
(PAPs) contain a heterovalent Fe@dNIl) centre where M = Fe, Zn or M4, 96, 169]
Interestingly, in animal PAPs the diealt metal ion is exclusively Fe, which can easily and
reversibly be oxidized, leading to the speculation that this enzyme may also act as a Fenton
catalyst in vivg170]. Other metallohydrolases such as a glycerophdspghesterase (GpdQ)

from Enterobacter aerogene®r an organophosphate (O#&ggrading enzyme from
Agrobacterium radiobactefOPDA) are highly promiscuous with respect to metal ions they
can utilize for their catalytic functiondll, 24, 25, 174174] (refer to Chapter 1 for more
details regarding metallohydrolases). In contrastjrihgévo metal ion associated with MBLs

is exclusively Zn(ll), butn vitro assays have demonstrated that other divalent metal ions such
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as Co(ll), Mn(Il) or Ca(ll) can reconstitute full or partial catalytic actiyi@, 92, 175] The
crystal structures of several MBLs have been repoiiéd 54, 77, 86, 138[Fig. 4.1);
interestingly, the fold characteristic for MBLs is also used by metalloenzymes with rather
different functions, including the organophosphadsticide degrading enzyme methyl

parathion hydrolagd 53, 176] and enzymes involved in quorum quenching (Q8)L77]

QQ is used by bacteria to regulate quorum sensing (QS) netjt@k481]. QS is defined as

an effect on a popation of unicellular organisms that triggers them to act as a multicellular
organism when their cellular density reaches a characteristic threfh6lel80, 182]
Bacteria use QS to promote processes such as hi@soence, the formation of biofilms and

the expression of virulenaelated gened177-180, 182] There are various signalling
molecules used by bacteria to communicate among each other, -acyl Nlomoserine
lactones (AHLs) are the most studied and prevalent QS medifl@is181, 183, 184]
Common AHLs contain a characteristic fimeembered lactone ring in their core and are
distinguished based on the identity of their &l tyains Fig. 4.2). The length of the aliphatic

chain is a determining factor for the substrate preference of enzymes that are capable of

inactivating AHLs[177-181, 183, 184]
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Two distinct enzymatic mechanisms are known to inactivate AHLs, one involving the
hydrolysis of the lactone ring, catalysed by Ad$les, and the other one using AHL acylases
to hydrolyse the amide bond of the substfa#s, 180, 181, 184]Only AHLases have the
characteristic MBL fold and contain a-hetallic center in their active site; threaction
catalysed by these enzymes resembles that of MBLs and involves ring ogeging.Z B

[177, 180]

In Chapter 3 | focused -bnkeéed ep i MBdLrfronn Nogosphirfgobiiin M
pentaromativorangandMIM -2 from Simiduia agarivoran$§91, 92] Both enzymes are Zi)-
dependent and h alacem subspates ffom the peram gréeip.penidillin

G, ampicillin). Interestingly, while catalytic activity could be reconstituted with other divalent
metal ions the substrate preference was affected by thitydef the metal ion. For example,
while penams are the preferred substrate for the Zn(ll) derivative of both VNI MIM-2

their Cu(ll) derivatives displayed no measurable activity towards these reactants. In contrast,
the reactivity towards biapenem, -ldctam substrate from the carbapenem group, is only
mildly reduced for MIM1 and significantly enhanced for MH#l upon the replacement of
Zn(Il) by Cu(ll) [92]. Furthermore, modest activity could also be reconstituted for most
substrates testaed the presence of Ca(ll), not a metal ion commonly found in the active sites
of metallohydrolases. Neith&. pentaromativorangsor S. agarivoransare known pathogens.
While it cannot be ruled out that these organisms may have evolvedliklBBenzymes de

to antibiotic pollution in their habitats, it is possible that the biologically relevant substrate(s)
and thus the correspondimy vivo functions of MIM1 and MIM-2 are unrelated to thein

vitro MBL activity. In this Chapter the plasticity of the MBtold will be investigated.
Bioinformatics tools as well as kinetic assays were used to highlight the functional
promiscuity of MIM-1 and MIM-2 and their ability to operate asfoinctional enzymes. The
outcomes discussed in this Chapter may be of relevioicmedicinal chemistry as they
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demonstrate that some promiscuous enzymes may have the capability to link the inactivation
of chemotherapeuticsi.€. antibiotics) to processes such as QS (and in particular its
association with biofilm formation), thus cpounding the challenge associated with

antibiotic resistance.

4.2 Materials and methods

4.2.1 Materials

The sequences encoding MiMand MIM-2 were cloned into the commercial vector pJ411
(DNA 2.0). All chemicals were of analytical gradescherichia oli BL21 (DE3) pLysS cells
(Agilent) were used for recombinant expression of the proteins. All chemicals were purchased

from SigmaAldrich unless stated otherwise.

4.2.2 Database search, sequence alignments and phylogenetic analysis

A BLAST search [fttp://blast.ncbi.nim.nih.gov/Blast.cgiusing the amino acid sequences of
MIM -1 and MIM-2 as templates, was used to identify homologs of these enzymes. The search
was conducted within the needundant protein database. Proteins of interest were compared
in a multiple sequence alignment using the free software Jalview2 on the Musclq E&Bver

188]; the alignment was edited using ESPript 3.0
(http://espript.ibcp.fr/ESPript/ESPript/index.phd189]. The phylogenetic analysis was
carried out using the MEGA 6 software packf@0]. The phylogenetic tree wasiliwsing

the Maximum Likelihood model (1000 iterations were used to test the goodness of the
analysis). The tree was then edited using the software FigTree, available online

(http://tree.bio.ed.ac.uk/software/figtrge/
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4.2.3 Structural homology modellirg and docking

The protein sequences of both MiMand MIM-2 were used to build homology structural
models using the comparative structural building tool MODELER in the EasyModeller v4.0

graphical environmerjfi91].

The models were built using the structure of the MBL AlMrom Pseudomonas aeruginosa
as template (PDB: 4AWY[;138]). The structural alignments were conducted using the Swiss
PDB Viewer softwareH(ttp:// spdbv.vitaiit.ch), using the annotated MBL structures of AIM

1 and L1 fromStenotrophomonas maltophil{DB: 2FM6 for the native form; 2FUS8 for the
inhibitor (D-captopril}bound form[192]), the AHLase AiiA from Bacillus thuringensis
(PDB: 2A7M for the native formi193]; 3DHA and 3DHB for the complex with the substrate
C6-HSL [194, 195), and GLXII from both Homo sapiens(PDB: 1QHS3; [196]) and
Arabidopsis thaliana(PDB: 2Q42;[197]). The root mean square (rms) deviations for
structural superimpositions were obtained using the free software SupgiP8%eThe
images were edited using the software PyMOL and USCF Chimera 1.9
(http://www.cgl.ucsf.edu/chimefya[199]. The structure of the inhibitor -Baptopril was
generated using the software Avogadro. This inhibitor was then dockederdotitie sites of

the MIM-1 and MIM-2 models using AUTODOCK 4 [200].

4.2.4 Protein expression and purification

The protocols for the expression and purification of recombinant -Yidhd MIM-2 were
previously optimized92]. In brief, following expression the soluble fraction of the cell lysate
was loaded onto a HiTrap Q FF 5 mL column (GE Healthcare). The enzymes were eluted
with a NaCl gradient and loaded onto a HiPrep 16/60 Sephae2@0SHR column (GE

Healthcare) Fractions containing MBL activity were pooled and stored at 4 °C in 50 mM
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Hepes (pH 7.5) containing 0.2 M NaCl and 0.15 mM ZnChe protein concentrations were
estimated using t heorggt)ziSﬁ,&lBl\/l_exHifﬂrd\/ltMi-loand coef

41,285 M1 em 1 for MIM-2), calculated using the ProtParam tool
(http://web.expasy.org/protparam/Metal ion derivatives of MIML and MIM-2 were

prepared as deribed elsewher®2].

4.2.5 Enzymatic assays and data analysis

The MBL activity of MIM-1 and MIM-2 was reported previous[@2]. Here, the activity of

these enzymes towards various AHLs anth@oylglutathone, a GLXIl substrate, was
assessed. In order to increase the solubility of the AHL substrates solvents such as methanol
need to be added into the assay mixture. Thus, in initial assays the sensitivity <f RtV

MIM -2 towards methanol was tested byidwing the MBL activity of the enzymes as a
function of the solvent concentration. Meropenem was used as the substrate. The assays were
carried out in 50 mM HEPES buffer, pH 7.5, 10 mM NaCl, with an enzyme concentration of

15 nM.

The AHLase activity asgaemployed a protocol previously described for enzymes such as
carbonic anhydrase or haloalkane dehalogef2&k206], and follows AHL hydrolysis by
measuring the protons released during the reaction. The inanghgeproton concentration is
evaluated spectrophotometrically using an appropriate pH indicator. Here, we used Phenol
Red in HEPES buffer to investigate the reaction between pH 7.4 and 7.6. The assay was
recorded at 25 °C and 557 nm using i1TBD nM of eazyme in 1 mM HEPES, pH 7.5, 0.1 M
NaCl2 and 0.2 mM Phenol Red. After incubation of this mixture for 2 min the reaction was
initiated by adding substrate. For each substrate concentration the rate of-#rezyoatic

AHL hydrolysis (i.e. autohydrolysis) as subtracted from that of the enzyoagalysed
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reaction. The net rate (i .e. the absorbance
the substrate concentration fitted to the Michadlisnten equation to obtain relevant

catalytic parameters (Max and Km). The Vmax value was used to calculate the

corresponding &atvalue usingeq. 6.

Kea = Vinax (8Abs ™) + (8 (84bs ™) x[Enzl, )| (6)

InEq. 6[Enz]Ti s t he tot al enzyme concentration ir
experimentally by titrating a Phenol Red smo in HEPES buffer with a standard solution of

HCI 0.1 M. The assay was typically conducted using the same Phenol Red concentration used
in the enzymatic assay. The HCI dependency was studied using a 10 mM stock solution of

HCI. In our measurementsthay ue of d was 0.003 Abs unit s/

Glyoxylase activity was measured usingaStoylglutathione (SLG; 10 mM stock solution) in

a 1 mL cuvette containing 20 mM(8I-morpholino)propanesulfonic acid (MOPS), pH 7.4.

Both a continuous assay (at 240 nm) and leauone were employed to detect activity. In
the coupled assay the hydrol ysi s -dghiobis2L G wa
nitrobenzoate (DTNB), and following the increase in absorbance at 412 nm. When SLG is
hydrolysedby GLX-II activity it releases Dlactic acid and reduced glutathione, which
reduces DTNB to the yellow producithio-2-nitrobenzoic acid (TNBJ)206].

Metal ion derivatives of MIML and MIM-2 were also assayed as described above. The assay
mixt ures were supplemented with 50 &M of t h
Mn (1 1), Cu(ll) or Ca(ll)). Negative contr ol
mixture were carried out to confirm that the substrates aréyublysedin the absence of

enzymes.
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4.3 Results and discussion

4.3.1 Sequence and phylogenetic analysis

MIM-1 and MIM-2 were initially identified in a homology database search using the MBL
AIM-1 as probd91] (see Chapter 2 for more details). This MBL shares approximately 50%
sequence identity with MIM. and MIM-2 and all the amino acid residues that are involved in
binding the two essential Zn(ll) ions in the active site are invariantaah @f the three
proteins Fig. 4.3). It was thus plausible to assume that MIMand MIM-2 may act as
MBLs. l ndeed, cat al y tlactam sabstsaged/i(@ 1.3) dembnstratedr a n g
that both enzymes are potent MBirsvitro [92] (see Gapter 3 for further details). In an
attempt to address possible alternative biological roles the sequence database was searched

using both MIM1 and MIM-2 as probes.

Not surprisingly, the closest homologs retrieved were MBLs (data not shown). These were
followed by glyoxalase Il (GLAI; [206]) from A. thaliana(~45% similarity) and several
AHLases including AttM[214-216] from Azhorizobium caulinodanand AhIK [212] from
Klebsiella pneumonigewith up to ~40% sequence similarity to both MIMand MIM-2

(Table 4.1). As mentioned above AHLases play an intricate role in the QS network while
GLX-II is involved in detoxification pathway¥nown structures of GLMI and AHLase
indicate that they possess the Ub/bBU fold
two metal ions in their active siteBig. 4.1). Although the overall sequence identity between
MIM -1 and MIM-2 and GLXII and various AHLases is, by and large, below 3@4sential

amino acids are well conserved as illustrated in the multiple sequence aligniiigrd i8.
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Figure 4.3. Multiple Sequence Alignment of B3 MBLs with AHL representatives
(previous page).The sequetes of AIM1, MIM-1 and MIM2 are aligned with Macyl
homoserine lactone representatives, AiilA fr@acillus sp. (240B1207] ), AidC from
Chryseobacterium sp. StRB12808], AiiB from A. tumefaciens [205], MomL from
Muricauda olearia[209], AttM-Af from Agrobacterium fabrunstr. C58[210] , AhIK from
Klebsiella pneumonig211], AhID from Arthrobacter sp. IBN110 [212] , QIcA from
uncultured bacteriuni213] . Above the alignment, secondary structure elements are drawn
using AIM-1 as template. Highly conserved residues are highlighted in red; conserved region
are coloured in yellow. The residues involved in the metal binding are indicated by a black
diamond; the residues known to be critical for lactonase activity and which are conserved in
MIM -1 and MIM-2 are indicated by a grey star. Residue D115 is indoimemetal binding

and plays a critical role in lactone hydrolysis. The numbering scheme follows the canonical
MBL numbering of AIM-1 (PDB: 4AWY)[138, 139]

The six residues involved in coordination of the twoahéins in the active site of AIM

(i.e. His116, His118 and His196 for metal site 1 and Asp120, His121 and His263 for metal
site 2,Fig. 4.1) are invariant in MIM1, MIM-2 and AHLases. In contrast to MBLs, but
similar to the majority of binuclear metafigdrolase$2, 96, 138] AHLases and GLXI have

an aspartate ligand that bridges the two metal ions (Asp213 and Aspiigl 4nl. BandC,
respectively). In GLXII this bridging aspartate (i.e. Aspl131) replacewe of the three
histidine ligands but Site 2 is identical to that of AlMand AHLases. Both MIM and

MIM -2, like the majority of known MBL$217], possess a putative signal peptide that may
facilitate their transfer into the periplasmic space. The presence of such a signal peptide is not
common among the currently known AHLases, with MomL frigluricauda oleara being

the only exceptiorj208]. In summary, the sequence comparison revealed that-M#vid

MIM -2 are closer related to MBLs than AHLases or GILA4s illustrated in a phylogenetic

analysis Fig. 4.4).
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Table 4.1. Sequence identities and similarities of AIML, MIM -1 and MIM-2 with
representative AHLases and the GLXII from A. thaliana (GLXII -At). The sequence
similarity percentage was obtained using the PAM250 matrix available in the free web tool
SIAS. The folowing AHLases were used in the comparison: AiiA fr&acillus sp 240B1
[218], AIdC from Chryseobacteriumsp. StRB126[208], AttM from Agrobacterium
tumefacieng219], AiiB from Agrobacterium tumefacien@05], MomL from Muricauda
olearia [209],AttM from Agrobacterium fabrum[219], AhIK from Klebsiella pneumoniae
[211], Attb from Agrobacterium fabrunj210], AhID from Arthrobactersp.IBN110[212],

QIcA from uncultured bacterif213] and GLX Il from Arabidopsis thaliang220].

Identity (%) Similarity (%)
AM-1| MIM-1 | MIM -2 | AIM-1 | MIM -1 | MIM -2
AiiA 29% 29% 31% 39% 41% 39%
AidC 30% 29% 31% 35% 37% 39%

At;'\t”' 29% | 30% | 30% | 40% | 41% | 40%

AiiB-At | 15% 16% 17% 38% 41% 40%
MomL | 25% 24% 29% 36% 36% 39%
AttM 23% 23% 27% 32% 33% 34%
AhIK 15% 16% 17% 39% 41% 41%

Ai'f?" 29% | 30% | 32% | 37% | 38% | 38%

AhID 26% 29% 31% 35% 39% 40%
QIcA 16% 18% 19% 25% 27% 28%

O 200 | 28% | 319 | 39% | 37% | 39%
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Figure 4.4. Phylogenetic analysis of MIML1, MIM -2 and AHLs. The phylogenetic tree
relates the B3 AIML, MIM-1 and MIM-2 with welFknown AHLs. The analysis was
conducted using the Neighbpining tree model, based on the amino acid sequences, using
the software MUSCLE (2000 bootstrap replicates). Bootstrap coefficient below 50% are not

shown. Scale bar, 0.9 amino acid substitution per amino acid position.

4.3.2 Structural models of MIM-1 and MIM -2

Crystals suitable for Xay diffraction studies of MIML and MIM-2 are currently not yet
available. Hence, in the absence of experimental structural information homology models of
the two proteins were generated using the crystal structure of thesstclusmolog, AIM1

(PDB: 4AWY), as templateHig. 4.1) . The entire U car-damd bac!
MIM -2 models superimposed with rms values of 0.43 A and 0.36 A with thelAducture,
respectively. The models are showrFig. 4.5.A similar appoach using either a AHLase or

GLX-II structure did not result in plausible models (data not shown). The most significant
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deviations occur at the-drminus, where only MIML possesses an elongated tail which may
be a reflection of its homdimeric nature,in contrast to MIM2 and AIM-1, which are
monomeric protein§92]. In Fig. 4.1.the active sites of MIML and MIM-2 are shown, each
with two Zn(ll) ions. Themodelledwater molecule (W) bridges the two metal ions and is

believed to be the hydrolysimitiating nucleophile in most MBLEL6, 18, 96]

The main reason for generating homology models of Midnd MIM-2 was to probe the
possibility if their active sites are able to accommodate diverse substraterai account

for different biological functions. For calibration-&ptopril was docked into the active sites

of the two enzymes since a crystal structure of this molecule bound to the active site of the
MBL L1 from S. maltophiliais known [192]. D-Captopril is a potent nedlinical,
competitive inhibitor of MBLs with inhibition constants in the low micromolar raige 23,

92, 96, 221]

We have shown previously that tiempound binds to MIML and MIM-2 in a mode and

with an affinity similar to that observed for MBLs; the recorded competitive inhibition
constants (ic val ues) are ~6 ¢[82] (feferrto Ghapteh3 fa meataylsme s
regarding the inhibitiontadies). In the models of MIM. and MIM-2 the best docking scores
were obtained when ¥aptopril bound to the metal centers in a bidentate mode as shown in
Fig. 4.6. A and Fig. 4.7. A. Although this best fit disagrees with the mode of binding
observed inhe crystal structure of the MBL L1 (where the thiol group eddptopril bridges

the two metal ion§192)) it is in good agreement with the computational data reported for the
MBL Bcll from Bacillus subtilis In thenext phase of modeling, since kinetic measurements
indicated that penicillin G is the most efficient substrate for both MI&hd MIM-2 [92], this
substrate was also docked into the active sites of these enZyimes.6. B and Fig. 4.7. B

While no comparison to experimental structures can be made for these stiisirade

complexesta posi ti oni n glacarh bondhire thesvicinitg of ithle enetab ion
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bridging water molecule (see arrowhig. 4.6. B and Fig. 4.7. Bis in good agreement with
currently accepted models for the reaction mechanism whereby the bridging wateiittgydrox
attacks the car boHacthm rinqto initiate ring openmd & 18] Thé e b
docked mode of binding also resembles that observed for the complex of the MBLINDM

with hydrolyzed ampicillif77].

The docking studies provide some confidence that reasonable insight may be gained
for enzymésubstrate interactions relevant to MiMand MIM-2. Thus, the AHL substrate
C6-L-HSL (Fig. 4.2. A and S(2-hydroxyacyl)lglutathioneKig. 4.2. Q were also docked
into the active sites of MIM. and MIM-2. Both enzymes bind the lactone in a similar
fashion, with the two oxygen atoms of the lactone ring coordinating each to one of the metal
ions in the active siteFHgs 4.6. C and 4.7. £ This mode obinding is consistent with the
structural complex of AiiA fronB. thuringensiswith hydrolyzed NhexanoyiL-homoserine
lactone[194, 195] No consistent binding modes were obtained whédac®ylglutathione
was docled into the active sites of these enzymes, irrespective of the protonation state of the
substrates carboxyl group. Docking thus suggests that-Midhd MIM2 may act as

AHLases but not as glyoxylases.
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Figure 4.5. MIM -1 and MIM -2 structural models. The homology model was built using
AIM-1 (PDB: 4AWY) as template. Both MIM (A) ard MIM-2 (B) show the characteristic
Ub/bU fold, common to the MBL superfamily.
contact with the substrates are coloured in red; the zinc in the active sites are coloured in light

GIn127
\_(GIn157)

grey (A) and grey (B). In Cral D are shown the amino acids involved in the metal binding
and the active site cleft formation. The amino acids are drawn as ball and sticks, the zinc ions
are depicted as grey spheres and the putative bridging water molecule present in the active site

is shown asred sphere.
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Figure 4.6. MIM-1 structural model dockings. The figure shows the model of MH#
docked with the Ecaptopril (A), with the penicillin G (B) and with dRexanoyl homoserine
lactone (CéL-HSL) (C), using the software AUTODOCK 4.R.is showingthe detail of the
active site, with the two zinc ions (grey spheres), the amino acids involved in the metal
binding (represented as green ball and sticks) and toapipril (orange), penicillinG
(cyano) and C&.-HSL (magenta) interacting i the active site. The image was made using
USCF Chimera 1.9.
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Figure 4.7. MIM-2 structural model dockings. The figure shows the model of MHZ
docked with the Ecaptopril (A), with the penicillin G (B) and with dRexanoyl homoserine
lactone (CeL-HSL) (C), using the software AUTODOCK 4.2. It is shogthe detail of the
active site, with the two zinc ions (grey spheres), the amino acids involved in the metal
binding (represented as green ball and sticks) and toapipril (orange), penicillinG
(cyano)and C6L-HSL (magenta) interacting with the active site. The image was made using
USCF Chimera 1.9.
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4.3.3 Nacyl homoserine lactonase activities of MIML and MIM -2.

Both the sequence and homology model analysis have indicated thal lild MIM-2 may

act primarily as MBLs, but the possibility of alternative functions, especially as AHLases,
could not be ruled out conclusively. Thus, both GlLXand AHLase activity were tested by
using either $D-lactoylglutathione or a range of adybmoserine lactorse respectively, as
substrates. Consistent with the docking studies no-Glativity was measurable for either
enzyme but both are efficient AHLases. Since the alkyl chains of the lactone substrates lower
their solubility in an aqueous environment théef of methanol on enzyme stability was
initially tested by recording the MBL activity of MIM and MIM-2 as a function of added
methanol. MIM1 activity was not significantly altered using methanol concentrations up to
20% in the assay mixtureBif. 4.8). In contrast, MIM2 is less stable ithe presence of this
solvent losing almost half its activity at a methanol concentration of 1Bk @.8). Thus,

the AHLase assays were conducted in the presence of 20% or 5% methanol in the reaction

mixture forMIM -1 and MIM-2, respectively.

MIM-1 MIM-2
2001 601
- 0 -0
S 1501 - 5% Lo . - 5%
IU') -+ 10% IU) 404 - 10%
~ 1004 ~ 20% ~—r A
4 +—
] ]
o 5o o 204
N N
0 T T 1 0 T T T 1
0 100 200 300 0 100 200 300 400
Meropenem (M) Meropenem (M)

Figure 4.8. Methanol Inhibition of MIM -1 (left panel) and MIM-2 (right panel). The

inhibition by methanol was tested following the hydrolysis of meropenem.

The alkyl chain lengths for the variousadyl homoserine lactensubstrates tested ranged
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from C4 to C12 Fig. 4.2 A). Data were measured using the native Zd#gdyind forms of
MIM -1 and MIM-2, as well as several metal ion derivatives including Co(ll), Cu(ll), Mn(ll)
and Ca(ll). InFig. 4.9.andFig. 4.10experimentabata for the various derivatives of MH

and MIM-2 are shown for the reaction with the HSL substrate.
Relevant kinetic parameterse( kcat Km and ka{Km) are listed inTables 4.2 and
4.3. For the Zn(ll}derivatives of MIM1 and MIM-2 kcatvalues rage between ~0.5' sko

~35 4 ,1and ~05% o ~g 4 ,1respectively, without an apparent trend connected to the
length of the alkyl chainTable 4.2). Similarly, the corresponding values do not appear
to be directly linked to the alkyl side chain, and valuesrargenr ~ 1 e M t o ~ 20C

both MIM-1 and MIM-2 the most efficiently hydrolysed AHL substrate is €dXo-DL-

HSL, with kcafKm values of 2.5 x 1%d M and 80 x 18 ¢ N, respectively. By and
large, the catalytic efficiency of MIM. and MIM-2 towards tlk various AHL substrates is
favourable to that of wekstablished AHLases such as AiiA frdacillus sp. 240B1, AiiB

from A. tumefacien®r AidC from Chryseobacteriunsp. StRB126 Table 4.3). The more
recently discovered AHLase MomL froM. olearia[219] has higher kat values than the
remaining enzymes, but its affinity for the tested substrates is generally weaker than-in MIM

1 or MIM-2.
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Figure 4.9.Kinetic parameters analysis of the Nacyl homoserine lactoase activities of
MIM -1. MichaelisMenten kinetic data for the Zn(H)(circle), Co(ll} (square), Cu(lB
(triangle), Mn(ll} (inverted triangle) and Ca(H)(diamond) substituted MIM for the
hydrolysis of various HSL substrates are shown.
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Figure 4.1Q Kinetic parameters analysis of the Nacyl homoserine lactonase activities of
MIM -2. MichaelisMenten data for the Zn(H)(circle), Co(ll} (square), Cu(IB (triangle),
Mn(ll)- (inverted triangle) and Ca(H)diamond) substituted MIM2 for the hydrolys of

various HSL substrates are shown.
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The catalytic data strongly suggest that MiVand MIM-2 are bifunctional enzymes, with
both being very efficient AHLases and MBLs. However, they are not the first AHLases that
may display functional promiscuity. €henzymes SsoPox froBulfolobus solfataricuR222]

and OPH fromRhodococcus erythropoliand R. ruber[223] were initially identified as
organophosphate (Ofegradig hydrolases, but both possess AHLase activity as well

(Table 4.3).
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Table 4.2 A. Comparison of the lactonase activities of metal iesterivatives of MIM -1. The kinetic parameters of Zn{))Co(ll)-, Cu(ll)-, Mn(ll)- or
Ca(ll)-substituted MIM1 are compred. The activity assays were conducted in the presence of excess of M(Il) and in the presence of difégtent N

homoserine lactones (Fig. 1B).

MIM-1
Zn(IT) Co(IT) Cu(Il) Mn(IT) Ca(Il)

Substrate kea (1) Ko (UM)  kea/Km(s'/M) | ket (51 Ko (uM) kea/Ka(s'M) | kear (57 Ko (uM) Kea/Kan(s'/M) | kear (1) Ko (uM) kea/Ku(s'/M) | ket (s7) K (UM) kea/Ku(s'/M
C12-DL-HSL 0:6=01  40%11 154107 19+09 36+12 5.2*%106 1.0£0.1 3912 2.5%10° 12+04 72+18 1.6%105 [1.7+06 14+04 1.2%10¢
C10-3oxo-DL-HSL 12509 1.1+04 25410° 881 29407 3.0%10° 5341 18407 20%106 | 46+03 14+04 32%106  [07+0.1 12+04 5.8*%10°
C10-DL-HSL 1.940.7 4844122 3.9410° 58+08 395+69 1.4%10 2703 314x92 8.7%10* | 34x1.1 3542+172 6.2%100  [05=0.1 368=14 1.4%104
C8-DL-HSL 22+10 1708289 1.2*10' 74+05 1883+342  3.9%10 3508 1364+2.6 25%100 | 3.7+06 1701374  2.1%105 |07+03 1874+58 3.7%103
C7-DL-HSL 36+02 2147308 16%10° 11.5+£1.0 2145+33 53%10'  [588+02 183.4+2.] 32%10' | 59+1.2 211.8+39 2.7%10°  [09+02 120053 8.2%103
C6-3oxo-DL-HSL 270750297 54r10° 85+0.1 462+7.8 1.8%10° | 43+04 263=34 165105 | 43+04 402+34 1.0¥105  [23+05 491.0+81.6  4.7%103
C6-DL-HSL 24£09 679489 351100 87+05 1057+202  82%10¢ | 44+0.1 1227+13 3.6%10* | 40+09 69.1+13.4 57%104  [05+0.1 53.0+10.0 9.4%103
C4-DL-HSL 32£05 1708234 1.8%10' 10.5+04 194.1+26.5  5.4*10¢ 63+02 181.8+29 34%10° | 54402 165.6=36.7  32%10° |04=0.1 446=76 9.2%103
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Table 4.2. Comparison of the lactonase activities of metal iesterivatives of MIM-2. The kinetic paranters of Zn(ll}, Co(ll)-, Cu(ll)-, Mn(ll)- or

Ca(ll)-substituted MIM2 are compared. The activity assays were conducted in the presence of excess of M(ll) and in the presence of-adyerent

homoserine lactones (Fig. 1B).

MIM.-2
Zn(IT) Co(IT) Cu(Il) Mn(IT) Ca(Il)

Substrate kear (s Ko (WM)  kea/Km(s'/M) | ket (51 Ko (UM) kea/Ka(s'M) | kear (57 Ko (WM) Kea/Kin(s'/M) | kear (1) Ko (uM) kea/Ku(s'M) | ket (s7) K (UM) kea/Ku(s/M
C12-DL-HSL 07+04 6414 1L1*¥10° [ 2.0+02 42+1.1 4.8%10° 03+0.1 41+09 73%10° | 010,01  25+09 6.3*10° (0401 37+1.0 1.0%10°
C10-30x0-DL-HSL  |8.0£0.9 10.8+36 8.0%10° | 3.8+0.5 5406 7.0%10° 10£03  26=06 3.7410° | 0701 2904 23*10°  [02£0.1 2.7+08 7.4*%10°
C10-DL-HSL 32+02 60.9+105 52%10° | 3.0+01 503+7.8 6.0%10" 06+0.1 467=88 1.4%10" | 02+03 355+85 57%10°  |04=0.1 77.8+18.9 5.1%10°
C8-DL-HSL 26+07 1869+398  1.4*10° 79+1.1 1723+335  4.6%10 08+02 193.9+272  42%10° 1.4+05 2845+499  48*%10° |04=0.1 2923+563  1.5*%10°
C7-DL-HSL 6602 1182186  55%10° [6.0+08 94.0=104 6.4%10° 13202 1235+232  L0*10° 19+07 93.8+10.1 2.1%10°  [08+02 1033=122  2.9*10°
C6-30x0-DL-HSL 51+09 509+14.1 1.0*10° 97+1.1 929+108 1.0¥10° 81+03 37157 2.2%10° 89+05 429+72 2.1%10°  [25+02 585+9.0 4.3%10°
C6-DL-HSL 39407 93.0+3.0 4.1%10* 77+05 2234+348  34%10° [118+08 1368+246  86%10° [152+1.0 136.0+226  1.1*¥10° |58+08 1359+235  42%0°
C4-DL-HSL 24+09 1758+27.1 13*10° | 11.9+24 2154+420  5.5%0 9.0+1.0 196.1+265  45%10" |96+1.1 1909+21.0  5.0*10' [3.0£03 1940+285  1.5%10°

Table 4.3. Comparison of &ctonase activities (next page)lhe kinetic parameters for the-atyl homoserine lactonase activities found for MiMand

MIM -2, in the presence of different substrates, are compared with those reported for AiiBgi@ipacteriumtumefacieng205], AiiA from Bacillus sp
240B1[218], MomL from Muricauda olearia[209], AidC from Chryseobacteriungp. StRB12g208], SsoPox fronBulfolobus solfataricuR22] and OPH

from Brevundimonas diminuf@23].
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AiiA [218] AiiB [209] AidCl208]

Substrate Keat (SY) Km (UM) Keal K m(SYM) Keat (S1) Km (UM) Keal K m(SYM) Keat (SY) Km (UM)  KealKm(SYM)
C12-30x0-DL-HSL NA NA NA NA NA NA NA NA NA
C12-DL-HSL NA NA NA NA NA NA NA NA NA
C10-30x0-DL-HSL NA NA NA NA NA NA 1.97+0.11 72+53 2.7*10
C10-DL-HSL NA NA NA 0.28 + 0.08 110 +50 1.5%10° NA NA NA
C8-30x0-DL-HSL NA NA NA 3701 25%0.3(mM) 1.5*10° 212+0.24 64+37 3,3*10¢*
C8-DL-HSL NA NA NA 10.3+0.2 1.0%0.1 (mM) 1.0*10¢ 2.01+031 64+49 3,1*10¢*
C7-DL-HSL NA NA NA NA NA NA NA NA NA
C6-3oxo-DL-HSL NA NA NA 11.0+0.4 4.6 +0.5 (mM) 2.4%10° 235+0.29 46+2.1 5.1*10%
C6-DL-HSL 91+3 5.6+0.6 (mM) 1.6*10* 248+0.9 1.6+0.2(mM) 1.6*10 2.31+0.16 55.0+4.3 4.2%10
C4-DL-HSL NA NA NA 5.8+0.3 15 + 1 (mM) 3.9*1(7 NA NA NA

MomL[209] SsoPok??] OPH?223]

Substrate Keat (SY) Km (UM) Keal Km(SY/M) Keat (S9) Km (UM) Keal Km(SY/M) Keat (SY) Km (UM) Keal Km(S/M)
C12-30x0-DL-HSL NA NA NA 0.95 +0.03 170 £ 2 5.5*10% 1.83+0.05 1017 1.8*10¢
C12-DL-HSL NA NA NA NA NA NA NA NA NA
C1030x0-DL-HSL | 224 +12 440+ 100 5.1*10P 1.5+0.2 50+ 0.1 3.0*10P 2.67+0.03 184+4 1.4*10
C10-DL-HSL NA NA NA NA NA NA NA NA NA
C830xoDL-HSL | 218+14 490+ 110 4.5*10P 4.66+0.03 608+8 7.6*10°
C8-DL-HSL 158 +17 440 + 160 3.6*10P 2.0+0.3 93 + 27 2.1*10 NA NA NA
C7-DL-HSL NA NA NA NA NA NA NA NA NA
C6-30xoDL-HSL | 293+17 950 + 160 3.1*10P 0.52 +0.05 5.6 + 0.9 (mMM) 18+ 7 NA NA NA
C6-DL-HSL 226 +8 790 + 80 2.9*10P NA NA NA 3.17+0.02 526+9 6.3*1C°
C4-DL-HSL 135+ 5 850 + 90 1.6*10° NA NA 5.5*10° 2.62+0.02 412+6 6.3*10°
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Furthermore, ORlegrading activity has previously also been associated with the MBL
structural fold; the enzyme methyl ptrimn hydrolase (MPH) frorRseudomonasp. WBG3

has the overall fold characteristic of MBLs but it is a highly efficient OP hydrolase without
any measurable MBL activitjl53, 176] Functional promiscuity is thusohunprecedented
among metallohydrolases, further exemplified by the enzyme purple acid phosphatase, which
may act as a phosphatase in some tissue types or organisms, but as a peroxidase elsewhere
[169]. Changes in the metal ion composition in the active site may contribute to observed
functional changes in that enzyrf24, 225] Since we previously demonstrated that metal

ion replacements lead to changes in the substrate preference of both &H¥MMIM2 [92]

we probed the effect of such replacements on the catalytic parameters of the AHLase activity
of these twoenzymes Table 4.2). The effects of these substitutions are more subtle than
observed for the MBL activity of these enzymes. Each of the metal ions tested is capable of
reconstituting AHLase activity, with Co(ll) being the most effective metal ion fort mos
substrates and Ca(ll) the worst. Co(ll) was also found to be the most effective metal ion for
other AHLases, including AiiB fromA. tumefaciensAiiA from B. thuringensisand MomL

from M. olearia[204, 208, 209, 2].
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4.4 Conclusion.

MIM -1 and MIM2 are two enzymes that demonstrate the plasticity of the MBL fold, a fold
that promotes a range of seemingly unrelated functions. For instance, the organophosphate
pesticidedegrading MPH uses this fold but has no MBttidty [176]. Our study into
possible biological functions of MIM. and MIM2 was triggered by the observation that both
enzymes are very efficient lactamases in vitro despite residing in organisms that arelyot lik

to have been subjected to evolutionary pressures associated with tleesncre g 4 se o
lactambased anhkiiotics since World War 1[92]. Indeed, at the primary sequence level the
closest homologs of MIM. and MIM-2 are known MBLs associated tivithe pathogenic

effect of antibiotic resistanceFig. 4.1., 4.3., 4.4, but considerable similarity was also
apparent to other enzymes of the family of dinuclear metallohydrolases, in particular
glyoxalases and AHLase3dble 4.1). Structural models oMIM-1 and MIM-2 indicated

that their active sites can accommodate two metal ions using ligands identical to those used
by some MBLs such as AIML, FEZ1 or L1[27, 138, 192] but these models did not provide
conclusive information about preferred substrates, an outcome that was not surprising
considering the structural plasticity of the MBL fold. However, kinetic measurements ruled
out that MIM1 and MIM2 may act as glyoxalases. In contrast, both enzymes are very
efficient AHLases with catalytic parametervalling or even exceeding those of well
characterized lactonaseBaple 4.3). This bifunctionalbehaviourof MIM- 1 and MIM-2 is

thus another illustration of the versatility of the MBL fold, but it also p@sesnteresting
conundrum with respect to the biological function(s) of these enzyniesed on their in

vitro catalytic efficiencies it is not evident if they act preferably as MBLs or AHLases.
Insofar, MIM-1 and MIM-2 are different from known MBLs, for lich generally only one
preferred function is reported. Similarly, we are not aware of any studies linking AHLases to
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MBL activity, nor their inhibition by established MBL inhibitors such asdptopril [177,

180]. Of interest was also the observation that the metal ion composition ofIMdivl MIM

2 affects only their substrate preference for their MBL but not their AHLase acilatylg

4.2). While the in vivo metal ion composition of these enzymes remains aimcéttis
possible that they may alter their function as a consequence of the identity of the metal ions
bound in their active sites. In this context, it is interesting that Mlikhd MIM-2 are active

in presence of Ca(ll), the concentration of which mateptially be regulated by their host
organisms. This question may only be addressed when more information about the cellular
metabolism of N. pentaromativoransor S. agarivoransbecomes available. However,
irrespective of the role(s) of MIM or MIM-2 in their host organisms these enzymes are
attractive targets to investigate structural factors that dictate substrate preference and
concomitant functions of enzymes that possess the versatile MBL fold. As an essential step
towards gaining functional insighaur group is currently optimizing protocols to obtain
crystals of a quality sufficient for Xray diffraction studies. Ultimately, MIM. and MIM-2

may hold important clues about structural factors that may be exploited to develop potent
inhibitors as leadgor novel chemotherapeutics to combat antibiotic resistance. The link
between antibiotic resistance and QS may also be of relevance in future drug development
strategie§ enzymes such as Ml and MIM-2 may, in principle, be a threat to health care
due b their strong potential to degrade commonly used antibiotics, but they are also capable
of preventing biofilm formation due to their ability teave AHLs. Since biofilms are
frequently associated with antibiotic resistaftg2, 180]MIM -1 and MIM-2 are bifunctional
enzymes that possess activities with opposing effects with respect to antibiotic resistance. The
guestion to address in future studies is if these two activities may be controlled and/or

modulated sepately.
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Chapter 5: Active site geometry and reaction
mechanism of MIM-1 and MIM -2

5.1 Introduction

In the previous chapters the enzymatic properties of two novel -NMkBL enzymes from
environmental microorganisms,e. MIM-1 from N. pentaromativoransand MIM-2 from S.
agarivorans were discussed in detapecifically, the two enzymes were identified due to their
sequence homology to MBLs from subgroup B3 (see Chapter 2) and their proficiency in
hydrolysing a +laatangantbioti€s (s €hapey 3).nTthe réaction mechanism
employed by MBLs has been studied extensively using a range of techniques from chemical
kinetics and spectroscopy. Variations are observed when different substrates were employed, as
illustrated by the effects of pH @mzyme catalysise(g.Fig. 3.5in Chapter 3). Furthermore, it has
emerged that in some MBLs.(.the B1 representative NDM¥I and the B3epresentative L1) the
ratelimiting step in the reaction with the model substrate nitrocdfig. (5.1 is the decayf an
anionic tetrahedral reaction intermediate formed upon the nucleophilic attack, while in other MBLs
(e.g.the B1 representative Bla2) no reaction intermediate is obsgi®@d226, 227]

Interestingly, the B-representative AIML appears to be capable of adopting two alternative
mechanistic strategies, one where a reaction intermediate is observed and one where no
intermediate is apparefit29]. In this chapter the reaction mechanism of MIvand MIM-2 is
probed using an approach similar to that described in the studies of NNDI Bla2 and AIML1.
Specifically, the substrate nitrocefin was used to facilitate a direct comparison of catalytic

paramegrs.
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Figure 5.1. Nitrocefin core structure.Due tothe presence of the dinitro phenol functional group
this cephalosporin derivative has a characteristic yellow colour, facilitating a simple colourimetric
assay to monitor catalysis.

5.2 Materials and Methods

5.2.1. Materials

All chemicals were of analytical gradee. coli BL21 (DE3) pLysS cells (Agilent) were
used for recombinant expression of the proteins. All chemicals were purchased from Sigma

Aldrich unless stated otherwise.

5.2.2. Protein expession and purification

The protocols for the expression and purification of recombinantidmd MIM-2 were
previously described (see Chapter 3 brief, the expression of the recombinant enzymes was
i nduced with 0-DA-thiogslactopranwside (iIRTG). Dhe cells were harvested
by centrifugation and pellets were resuspended in ~20 mL of buffer containing 20 mM Tris (HCI;
pH 7.0) an 0.15 mM ZnCJ. The cells were then disrupted using five rounds of sonication (60%
of the maximal output power for 30 seconds in each round). The supernatant was loaded onto a

HiTrap Q FF 5 mL column (GE Healthcare), faguilibrated with 20 mM Tris (HICpH 7.0) and
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0.15 mM ZnC}. Proteins were eluted using a linear gradient from 0 to 0.5 M NaCl. -MIM
eluted between 55 mM and 175 mM of NaCl, while MBveluted between 35 mM and 135 mM
of NaCl. Relevant fractions with MBL activity were pooled anddkd onto a HiPrep 16/60
Sephacryl 00 HR column (GE Healthcare), pequilibrated with 50 mM Hepes (pH 7.5),
containing 0.2 M NaCl and 0.15 mM ZnClIThe purity of the protein samples was confirmed by
SDSPAGE analysis. The protein concentrations weséimated using theoretical extinction
coef fi ®i-36815Mcriior MIM-1 and 41,285 Mcm for MIM-2), calculated using

the ProtParam toohttp://web.expasy.org/protparam/

Metal ion derivaves of MIM-1 and MIM-2 were prepared as described in Chapters 3 and 4.

5.2.3. Enzymatic assays and data analysis

Steadystate kinetic assays were conducted with the Zn@p(Il)- and Ca(ll}derivatives
of MIM -1 and MIM-2, following the hydrolysis bthe cephalosporin derivative nitrocefifig. 5.1)
at 390 nm. The substrate conversion rate was calculated usiegxani nct i onsgpgzs oef f |
11 50ca'l MIthe measurements were conducted in 20 mM TRIS, pH 7.0, in the presence of
[M(I)] = 200 e M (wher e M = Zn, Co or Ca) , -25%0t 25
spectrophotometer, using a 1 cm path length quartztteuvihe final protein concentration in the
assays was 20 nM.

Stoppedflow measurementsvere carried out using an Applied Photophysics SXPRO
spectrophotometer equipped with a photodiode array and fluorometer detector. Absorbance and
fluorescence measements were performed with a final concentration of enzyme and subistrate (
nitrocefin) 30e M and 20 ¢ M, respectivel y. The excita

fluorescence experiments were 295 nm and 330 nm, respectively. The wavelength range for the
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absorbance measurements was from 300 nm to 700 nm. The path lengths usedwar€.2 cm

for absorbance or fluorescence experiments, respectively, while the respective sBtweicth4

mm and 2 mmReaction progress curves at 390 nra.Substrate decay) and 485 nne(product
formation) were generated from the diode arrayogtion measurements by converting the
experimental data to concentration values using the following respective extinction coefficients:
11 50@cmMa nd 1 7''cmdJ228, 229] Rate constantsols for substrate decay and product
formation were obtained by fitting the data to fiostler exponentials of the following form

(Equation 5.1}

[M], = ([M],-b)*exp(-kobs*t) + b Eg. 5.1

where [M} and [M)o represent the concentration of the substrate or the product at time t or at the
beginning of the reaction, respectively; b is a fitting parametet &rttie time in seconds.

The data were also modelled usiRJ SIM software in order to obtain an estimate of individual
microscopic rate constants20, 230, 231] The model used to fit the experimental data is shown in
Fig. 5.2 and assumes reversibility (characterisedfdityvard and reverse rate constants) at every
step of the reaction. A similar model was previously employed to characterise the catalytic turnover

of Bla2 and AIM1[120, 129]

k k k
E+S1—> ES—2> EP—3~. E+P
<k— «— <k—

-1 -3

Figure 5.2 Schematic representationof the catalytic mechanism for the reaction of MIM1
and MIM -2 with the b-lactam substrate nitrocefin The model assumes three fully reversible
steps for the mechanism.
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5.2.5. Magnetic circular dichroism

The Co(ll}derivatives of MIM1 and MIM-2 were dssolved in a 60%/40% (v/v) mixture of
glycerol/buffer (20 mM TRIS, pH 7.0) and filled in a 0.62 cm path length nigketd copper
sample cell with quaz windows. The MCD system usedJASCO J815 spectropolarimeter and an
Oxford Instruments SM4000 crytas/magnet. Data were collected at increments of 0.5 Tesla (T)
from 0 to 7.0 T and at a temperature of 1.4 K. Each spectrum was corrected for any natural CD by
subtracting the zerfield spectrum of the sample. Even when there is no sample present the
instument baseline exhibits a small deviation from zero that is both- fesldd wavelength
dependeni{232]. Therefore, each spectrum was also corrected by subtraction of a spectrum
recorded at the same magnetic field but with no samplenirédee resultant spectra were fitted to

the minimum number of Gaussian peaks to achieve a satisfactory composite spectrum using the

GRAMS Al software and analysed as described elsewWRa&}.

5.2.6. Electron paramagnetic resonance

Low-temperature EPR spectra were obtained on a Bruker Elexsys EMX EPR spectrometer
equipped with an Oxford Instruments ESR900 liquid helium flow cryostat. The spectra were
recorded at 9.64 GHB{UB:1) or 9.38 GHz By Bs1) using a Bruker DM4116 duahode cawy, with
10 G (1 mT) magnetic field modulation (100 kHz), with a constant/conversion time of 42 ms and a
receiver gain at 1 x 0 Spin Hamiltonian parameters were estimdtech computer simulations
carried out using XSophe (Bruker Biospin), assumingHBfga/k+ Da , w®=e3/2ePe>>
& g B &and wher® > 0 implies theMls = +1/2 Kramers doublet lies lowest and all observed EPR
transitions are from this doublet, abd< O implies theMs = £3/2 Kramers doublet lie lowest and

all observed EPR trarigins are from this doublet.
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5.2.7.'"H Paramagnetic NMR

'H NMR spectra were collected on a Bruker Avance 500 spectrometer operating at 500.13 MHz,
298 K, magnetic field of 11.7 T, recycle delay (AQ) of 41 ms, and sweep width of 400 ppm. Proton
chemicalshifts were calibrated by assigning thgd-signal the value of 4.70 ppm. A modified pre
saturation pulse sequence was used to suppress the proton signals originating from solvent. The
presaturation pulse was as short as possible (500 ms) to avoid eatofagblverntexchangeable

proton signals. The concentration of NMR samples was generally in the range-lo? TriM.
Samples in BO were prepared by performing three or more dilution/concentration cycles in a

Centricor10 column.

5.3. Results and Discus$sn

5.3.2 Characterisation of the steadytate catalytic parameters for the hydrolysis of nitrocefin

In order to compare catalytic parameters of MiIMand MIM-2 with corresponding parameters

from well-known MBLs €.g.AIM-1, NDM-1 [128] and Bla2[120]) the steadystate parameters

for the turnover of the substrate nitrocefin needed to be established. Relevant experimental data
and catalytic parametefsr the Zn(ll), Co(ll)- and Ca(ll}derivatives of both enzymes are shown

in Fig. 5.3andTable 5.1

For both enzymes and every metal ion derivative tested the data reveal Mibhemdksitype
saturation behaviour; no substrate inhibition as observddatlter substrates (see Chapter 3) was
evident. This indicates that nitrocefin only has one binding site in the vicinity of the active centre,
possibly preventing binding of a second substrate molecule to an inhibitory site due to its large size

(compareFigs 5.1andFig. 1.3. Interestingly, nitrocefin appears to bind with similar affinity to

12C



Chapter 5: Active site geometryand reaction mechanism of MIM-1 and MIM -2

both enzymes, irrespective of the metal ion composition, based on the relatively conserved K

values(rangig from ~40 to ~70 ¢€eM).

Table 52. Kinetic parameter obtained for MIM -1 and MIM -2 for the hydrolysis of nitrocefin
in the presence of Zn(ll), Co(ll) and Ca(ll).

MIM -1 MIM -2

kcat (Sl) Km (HM) kca{Km (SllM) kcat (Sl) Km (HM) kca{K m(SllM)

Zn(ll) | 899 £53 73 +10 1.2*10 1073 +48 49+6 2.1*10
Co(ll) | 57+2 64+6 8.9*1(P 12+05 475 2.5*1°

Ca(ll)| 3£0.1 44+6 6.8*10* 17+0.7 486 3.4*10°

However, great variations are observed with respect tocthehen dfferent metal ion derivatives

are comparedT@ble 5.1). With a katin the range of ~1000sfor both native, Zn(IBcontaining
enzymes nitrocefin is turned over considerably faster than other cephalosporin subis&rates (
cefuroxime and cefoxitin; séeable 3.2in Chapter 3). However, the Codilnd Ca(ll}derivatives

are far less reactive than their Zn{tpunterpartsindeed,nitrocefin is turned over at a rate similar

to that recorded for other cephalosporin substrates. Thus, while metal ianeraphts do not
appear to affect substrate binding significantly, they have a profound influence on the catalytic steps
that follow initial substrate binding. In order to shed light into those steps the reactions were

probed under single turnover conditgousing stoppetlow techniques.
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Figure 5.3. Rate vs [nitrocefin] profiles of metal ion derivatives of MIM -1 and MIM -2. The

data were analysed by fits to the Michadlienten equation as described in Chapter 3.
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5.3.3 Rapid singleturnover kineti cs experiments

The hydrolysis of nitrocefin by metal ion derivatives of MIMand MIM-2 was recorded
with a photodiode array detector in the range between 300 and 7deigure(5.4) and shows the
disappearance of the substrate at 390 nm and the emejaheeringopened product at8% nm.
For each derivative the reaction is completed after ~0.6 nfSigre 5.5 the time courses of the
concentration change for the substrate and product are shown. It should be pointed out that only in
the case of the @B)- and Ca(ll}derivatives of MIM1 and MIM2 an intermediate was
observable, however at insignificant concentratiand with an halife not consistent with the
substrate depletionThis could indicate that, in the presence of different metal ionpribteins
hydrolyse the substrate through a different mechanism, exploiting thesrmoyine intermediate
observed in the case other weltknown MBLs [120]. However, further investigation is needed to
support this hypothesisThis observation indicate®dat MIM-1 and MIM-2 are likely to operate
like the MBLs Bla2 and AIM1, but different to NDML1 or L1 (where a reaction intermediate was

observable; see Section 5.1).
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Figure 5.4. Stoppedflow spectroscopy of the Zn(ll}, Co(ll)- and Ca(ll)-derivatives of MIM -1
and MIM -2. The hydrolysis of 30 uM nitrocefin by 20 pM MIM and MIM-2 was followed in 20
mM TRIS, pH 7.0, at 25 °C. Absorbance spectra from 300 to 775 nm were recorded ~1.28 ms after

mixing (deadtime of the instrument). The reaction was comg@ésr ~0.6 s. The absorbance

decreased at 390 nm (substrate), and increased at 485 nm (product).
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Figure 5.5 Time course of concentration changes in single turnover experiments with

MIM -1 and MIM -2. Concentrations for substrate (circle void dots) armtlpct (square void

dots). The absorbances were converted to concentration units as described in Materials and
Methods. The experimental data were fitted to a-brsier exponential. The fitted lines are

shown as blue (substrate) and red (product) lines.
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