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Introduction

The indiscriminate prescription of antibiotics by phyaits, along with their incor-
rect use 1] ! has increased the exposition of bacteria to antibioticd, tans has
created a favorable environment for the Darwinian evotutid resistant strains
[2]. Further increase of drug resistance is caused by the essary massive use
of antibiotics (70% of the total market is in the US!) to anlsmmerammed into the
unhygienic crowded quarters of factorie 4].

Diseases like tubercolosis, gonorrhea, malaria, and lobdd ear infections,
are increasingly becoming hard to treat with antibioticgdruposing serious con-
cern in the human public healtb,[6].

The problem is even more serious if one considers that girieeid0’s and 80’s
that modification of the chemical structure of the alreadgvn antibiotics turned
out to be exhausted and, at the same time, pharmacologicgdatues decided not
design of totally new antibiotic<].

As a result, the number of clinically useful antibiotics &ydemains almost the
same of twenty years ag@][and scientists in universities and in public research
institutions are practically the only ones investigatiragierial drug resistance.

The most serious issues are connectefi-actams antibiotics (Figl.9 1.10
1.11), which are the most used class of drugs against patholagiesected to
bacteria ¥]. Since they are indicated for the prophylaxis and treatnoébacterial
infections, they are used also for all surgeon intervesti@h

One of the primaryB-lactam resistance strategy is the bacterial biosynthesis
of the B-lactamases enzymeS8]] which catalyze the hydrolytic cleavage of the
B-lactam ring (Fig.1).

B-lactamases

] >=(_\
Oé —N Water 0 NH

OH

Table 1: General and schematic hydrolysis reactiofi-tdictam ring catalyzed by
B-lactamases.

1j.e. sporadic use of these drugs and/or incomplete tredtoidracterial infections.
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These enzymes are divided into four classes: A, B, C and D.hiclw ac-
cording to the type of active site, one could identify twogps. Enzymes which
belong to class A, C and D perform the hydrolytic reactiomgs serine residue,
while class B are Zn-dependent enzymes (called mefallactamases, IALS).
Although MBLs constitute only the 10% of the overall lactamase famil],[they
represent a major concern in the clinical settingj$].[ In fact: i) they feature a
broad spectrum profile, which encompasses rfelstctam antibiotics; ii) there is
the possibility of horizontal transfer (for details seetggt1.1.1) among bacteria
species of genes which encode the resistance to chemaotHé&@piii) clinically
useful inhibitors are lacking.

MpLs exist in different subclasses (B1, B2 and B3), which diffeZn con-
tent (one or two Zn ions) and substrate diversitg][ B1 and B3 members are
catalytically activen vitro in both the mono- and di-zinc forms, with different co-
ordination polyhedra (Figl). B2 members, on the other way, are mononuclear

B2

@J
4&
FRa:

Figure 1: 'Zn1’ and 'Zn2’ binding sites in MLs, as observed in the B1 BCII
enzyme fronBacillus cereu$l13] (residues are cut at thedG the B2 CphA enzyme
from Aeromonas hydrophil§l4] and the B3 L1 enzyme frortenotrophomonas
maltophilia[15]. In the case of the B1 enzyme, a second solvent moleculesbind
to the metal ion. The backbone units of the residues are rwtrsifor clarity.

enzymes only (Figl), and they show a selective carbapenemase activity.

A large effort is being therefore made to develogBMs inhibitors. Two major
problems are associated with such drug development. Thedithat eventual
MBLs inhibitors which manage to block one of those may not be &blinhibit
the other subclasses, with consequent little beneficiatefSecond, bacteria may
express NBLs variants to counteract drug action, as already happemresefine-
B-lactamases19].

In this thesis, | have used molecular simulations appragcteeenlarge our
understanding of MLs structure and function. This in turn might help to address
these very serious issues.

2Carbapenem are latest generatiorBeifaictam antibiotics, which have shown the broadest spec-
trum of activity within this antibiotic class. They exhiliit vitro bactericidal activity against numer-
ous pathogens, including Gram-positive and Gram-negativebes and anaerobes (Figl11). In
addition carbapenems are stable to almosBdkctamasesis, 17, 18].
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Concerning the first issue, | have formulated the followirgyking hypothesis:
it is possible that NBLs, in spite their differences in active site residues, Ineta
content and activity, share common aspects in the catabdiction? If that would
be the case, one might try to design transition state anafogifithe enzymatic
reaction, which may inhibit some or all Ls subclasses, with increased beneficial
effects.

This hypothesis has been prompted by a large body of workiirseator few
years ago. This work showed that a very large class of enzythesproteases,
share striking functional similarities in spite of the éifént fold and active site
architecture 20, 21].

At the time | had started this thesis, mechanistic studiesbeen carried out
only for B1 subclass, by u®p, 23], and other research group24] 25, 26, 27, 28].

To make comparison across different subclasses, here Iftloeised on the
CphA from Aeromonas hydrophilathe first enzyme belonging to B2 subclass
whose X-ray structure was solved in complex with a partidifydrolyzed sub-
strate [L4]. | have used exactly the same computational setup, whioBists of
DFT calculations, classical MD calculations and hybrid -€arrinello QM/MM
calculations, as that used for B2Z, 23] this was done to make our comparison
meaningful.

Anticipating our results, we find the B1 and B2 subclasseseshtikingly
similar mechanisms of action, suggesting that the ardite@and Zn content may
vary across the enzymes, but mechanistic features may Isers@a. This could be
of help to design transition-state analogue inhibitorsaltblock two of the three
subclasses. The work has been done in collaboration witlobtie crystallogra-
phers (Dr. G. Garau) and with Prof. A. Vila, Rosario, Argeatione of the leading
scientists investigating EILs.

Several discussions with Vila’s lab also prompted us to eskla second issue.
In a very important contribution20), Vila’s lab has challenged the B1 8L, Bcll
from Bacillus cereusto a direct evolution scheme, this has allowed to identify
mutations, which may cause drug resistance, and yet theyri@hbeen isolated in
the clinics.

The isolated Bcll protein of the evolvéghcillus cereudacteria was character-
ized by five point mutations. We investigated the structara functional role of
some of these mutations. Using classical MD simulationt®#tvolved Bcll vari-
ants, we were able to provide a rational (at qualitativel)efee the experimentally
observed change in the catalytic rate.

A first mutation (G262S), close to the cleavage site, afftlotsreaction be-
cause it tunes the metal charge, leading to stabilization adtalytically relevant
intermediate. The second mutation (N70S-G262S), locatefildm the active site,
causes an increase of the shape and flexibility of the acitigecavity, which in
turn may have an impact on the enzyme reactivity.

These findings could be exploited to propose a strategy fgdag a mechanism-
based inhibitor with an evolutionary perspective, nhametlioaic transition state
analogues targeted to bind the "Zn2” site.
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Chapter 1

Bacteria

The phenomenon of bacterial resistance against pharngcaldreatment with
antibiotics has recently gained interest in scientific aesle, because it is becoming
a serious public health issue.

Penicillin was the first chemical compound able to inhibitteaial growth,
and in some cases it is also able to cause lysis (named foariiatoticy. It was
isolated in 1928 by the biologist and pharmacologist Sixateder Fleming, who
immediately noticed the ability of bacteria to quickly dige resistance against
these drugs. The discovery of new similar compounds, andnbéification of
the chemical structures of the already known antibiotitloweed to initially cir-
cumvent the problem of resistance. Today a number of diseéike tuberculosis,
gonorrhea, malaria, and childhood ear infections, havernechard to treat with
antibiotic drugs (http://www.fda.gov/oc/opacom/hofitcgganti resist.html)

During the 2002, the U.S. Centers for Disease Control andepten (CDC)
estimated that at least 90000 deaths a year only in the UK be attributed to
bacterial infections, more than half caused by bugs registaat least one com-
monly used antibiotic30]

Disease-causing microbes that have become resistant gotlievapy are an
increasing public health problem, that should be addressed.

1.1 Bacteria

In order to understand the biochemistry of resistance nmashmit is essential to
give a biological introduction on bacteria.

Not all the bacteria are dangerous organisms for the humalthhen the coun-
trary, pathogenic bacteria are only a small portion of thetdr@a as a whole. The
interest toward these microorganisms is vast and can spandontrol of disease
to biotechnology development.

Bacteria are microorganisms whose dimensions could ramge ¢~ 0.1 um
to 500um), and which could have many different shapes (Eig).

3



4 Bacteria

Bacteria areprokaryotic organisms, which differ froneukaryoticcells of an-
imal and plants in many aspects: the most striking diffeeeiscthat the former
do not posses a nuclear membrane, and the "DNA material’eiefbre in direct
contact with the cytoplasm, while in the latter a doubleelag nuclear membrane
separates the genetic material from the cytosolic enviemtm

Another important difference is that all bacteria posse®ehiemical structure,
called cell wall, that surrounds the external cytoplasmenmrane and provides
structural integrity to the cell, while this is rarely presén eukaryoticcells.

1.1.1 Bacteria growth and reproduction

In contrast to most eukaryotes, prokaryotes reproduceuaigx While sexual
reproduction in eukaryotes results in offspring with génmebaterial which is a
mixture of the parents X Y genome, a prokaryote will repragliis own clones.
During reproduction, eukaryotes generate genetic vanaly sexual recombina-
tion. Genetic variation mechanisms of prokaryotes areiadttb reproduction.

Prokaryotes are generally smaller than eukaryotes. Thérsgsa has, among
other things, consequences for growth rates and genetaties. Diffusion limita-
tion generally restricts the maximal size of prokaryotitiseBecause of the asex-
ual reproduction and short generation time relative todaggganisms, prokaryotes
pass the genome rapidly to subsequent generations. Thegfoetically changed
genomes are also rapidly transferred, and therefore pyokes swiftly adapt and
colonize new niches and a wide range of habitats.

Bacterial cell growth involves ao-ordinatedincrease in the mass of its con-
stituent parts, and usually leads to the division of a cédl tao similar or identical
cells.

e P
O (@]
Diplococci Micrococci
With endospores /
Staphylococci S0
\ QO O O
%%fg g
P
@ With flagella (%% §
Rod bacteria (bacilli) and spiral bacteria Spherical bacteria (cocci)

Figure 1.1: Schematic representation of various possiéges of bacteria (not
drawn in scale).
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Bacteria grow only if their environment is suitable; if iti®t optimal, growth
may occur at a lower rate or not at all, or in the worst case;, thay die. Essential
requirements for growth include a supply of suitable nugins, a source of energy,
water and appropriate temperature, pH value and level ofemxy

In a growing cell there is a co-ordinated increase in the ma#dse component
parts, where co-ordinated means that not all parts are maudtaneously: some
are synthesized more or less continually, but others aresrimea definite sequence
during certain fixed periods. The cycle of events in whichlagrews and divides
into two daughter cells, is called tlvell cycle

Events that belong to this phase are: i) growth of cell’s digien; ii) synthesis
of the cell envelope; iii) chromosome (DNA) replication) 8eptum formation (the
growing cell divides into two cells by the development of ass-wall, which is the
septum).

All these represent the asexual reproduction of bactelsa, lled binary fis-
sion (vertical gene transfer). In one bacterium, the sirgjleular chromosome
duplicates. Then, the two resulting chromosomes attadietinside of the plasma
membrane. The cell elongates and separates into two strdfidally, the cell
membrane grows inward, the cell wall forms separating twogtiéer cells each
with a chromosome.

In binary fission, the genetic information is copied almaintically to cell
daughter. Mutations, and therefore evolution, are intcedurandomly into the
genetic material. Other ways by which bacteria can blend denes exhist, in
which new DNA elements may enter in a bacteriumr{zontal gene transfér

Transformation

In transformation, a bacterium takes up from its environnaepiece of DNA,;
one strand of thislonor DNA is internalized and may genetically transform the
recipient cell by recombining with a homologous region & tthromosome (see
Fig. 1.2. Transformation occurs naturally in various Gram-pesitand Gram-
negative bacteria, aritimay contribute to the spread of antibiotic resistance in
pathogenic bacteria

Conjugation

Certain (conjugative) plasmids, and conjugative trangpsgmobile genetic
elements which can move from one DNA duplex to another) comrfietheir host
cells the ability to transfer DNA to other cells lmpnjugation in this process, a
donor (male) cell transfers DNA to eecipient(female) cell, while the cells are in
physical contact (see Fig.2).

Like transformation, conjugation can result in importahepotypic changes in
the recipient cell, likehe acquisition of plasmid-encoded resistance to antibi-
otics.

Transduction

The transfer of DNA from one bacterial cell to another, viaazteriophages
vector (a virus), is calletransduction(see Fig.1.2).



Bacteria

Bne qoas

diad to ﬂagrnid
bacterium B
chromosom

Figure 1.2: Horizontal gene transfer representation.



1.2 Cell wall: the main target of antibiotics. 7

1.2 Cell wall: the main target of antibiotics.

The typical cell envelope of a bacteria is made by two comptsehe cytoplasmic
membrane and, around it, the cell wall (Fig3).

Cell Wall

—

Plasma Mermbrane

Cytoplasm

Figure 1.3: Schematic organization of a typical bacterl c

If a prokaryoticcell loses its cell wall, the result is a structure calpeadtoplast
and it can survive in a medium with the same salt concentraticthe cytosolic
medium, and even carry out many of the normal processes afmaahdiving cell.
However, when immersed in a medium more diluted than thesojtavater starts
to enter intoprotoplast which starts to swell until it burst. Such phenomena is
called osmotic lysis So, in an intact bacterium, the osmotic lysis is avoided by
mechanical strength of the cell wall.

The cell wall also prevents the protoplast by mechanical atgemlinked to
movement of bacterium in its environment, and it is resgaadior its shape.

It also acts as a permeability barrier, regulating the fpansof ions and molecule
(among which antibiotics) to move across the membrane.

Every species posses a cell wall that differs from the onetloérospecies in
thickness, structure and composition. It is possible, Mawveto divide bacteria
in two major groups, according to the reaction of the cellr&mtment of certain
dyes: one kind of cell wall, after being stained with, for eyae, crystal violet
or iodine, retains the colour even after wash of ethanol etag, the other kind
becomes decolorized. Based on this empirical procedutetia that retain dyes
are calledsram positivein honour of the scientist Christian Gram, who discovered
this procedure in 1880s, while the remaining ones are c&lean negativgTab.

1.4).

The Gram-positive-type wall is made by a thick (from 30 to 18) complex
polymer calledpeptidoglycan(mureir), while the Gram-negative-type (20-30 nm
thick) posseses, in addition, another outer membrane (.
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Gram-negative

Aeromonas

Gram-positive

Bacillus

Bacteroides

Clostridium

Bordetella
Brucella

opionibacterium  Escherichia

Lactobacillus

Listeria
aphylococcus
reptococcus

p
S
S
S
S

Haemophilus

= ) e

Pseudomonas
Salmonella

reptoverticillium  Thiobacillus

Table 1.1: Majomgeneraof Gram-positive and Gram-negative bacteria.

reptomyces

Murein

A

Cytoplasmic membrane

Figure 1.4: In Gram-positive bacterid), the cell wall is composed of a thick layer
of murein, while in Gram-negative bacterig)(the murein layer is thinner but it is

surrounded by a second, outer lipid bilayer membrane.



1.3 Penicillin-binding proteins (PBP) 9

The peptidoglycan sacculus is a unique and essential stali@lement in the
cell of most bacteria, forming a closed, bag-shaped stracurrounding the cyto-
plasmic membrane.

The peptidoglycan scaffold of the bacterial cell wall is paating chain of two
aminosugars: N-acetylglucosamine (NAG) -N-acetylmuragsaccharide (NAM).
A pentapeptide is attached to the D-lactyl moiety of each N&M. 1.5), and there
is a high diversity in the composition and sequence of theigep from different
species, but it is worth to mention that in this biochemid¢alcture one could find
one of the few examples by which nature exploits the D-cityraf aminoacids,
probably to escape the action of proteases degrading eszyme

NAG, NAM, NAG, NAM,
HO HO HO HO
HO o) o HO o} 4
L-Lys 0 o H)f\)-Laco o NH I—LacO NH L-Lys
*HN :< 0% “NH :< :< e ad NHg*
D-Ala L-Ala, 0 L-Ala o D-Ala
] N~ J\/\rNH HN N A
oL N T \ﬂ/\ﬁ D-Glu D-Glu : N \l)LH E0e
i 0 Coy coy o)

D-Ala 2 D-Ala

Figure 1.5: Chemical structure of the two building blockstbé peptidogly-
can chain, namely N-acetylglucosamine (NAG) and N-acatyamic disaccharide
(NAM), and the peptidic stem attached to NAM.

Each peptidoglycan monomer is synthesized in the cytosthebacterium,
and then attached to a membrane carrier molecule, calledgraaol, which brings
the single monomers across the membrane and helps a numittieofprotein to
insert the new monomers into the existing peptidoglycannchihus enabling re-
generation of murein, and the growth of bacterium followbigary fission.

The long sugar chains are then joined to one another by adeeptdss-link in
a net like structure with the required high strength to cedwalance the internal
osmotic pressure of the bacterium.

Murein posseses some striking biophysical propertiesmfome side it is a
powerfull structure able to withstand the internal turgblbacteria up to 25 atm, but
from the other side the sacculi are flexible structureswaiig reversible expansion
under pressure and possesing wide pores that enable diffo§ilarge molecules
such as proteins.

1.3 Penicillin-binding proteins (PBP)

The polymerization of glycan chains (transglycosylatiand cross-linking of the
the glycan chains (transpeptidation) are catalyzed byehéeplin-binding proteins
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(PBPs) B1]

Bacteria posses a variable number of PBPs, which are dividedwo main
categories, the high molecular mass and the low moleculasiRBPs.

PBPs share a common DD-peptidase activity (whether a Dispeptidase,
a DD-carboxypeptidase or a DD-endopeptidase activity)aedocalized on the
outside of the cell membrane where peptidoglycan shyrghiegies place3Z)].
The carboxypeptidation and transpeptidation reactiotedyzzed by PBPs follow a
three steps mechanism: (i) the rapid, reversible formatfcanon covalent Henri-
Michaelis complex between the enzyme and a peptidoglycam gentapeptide
(L-Ala-y-DGlu-Azpm (or L-Lys)-D-Ala-D-Ala), called the donor strand; (iiuks-
sequent nucleophilic attack of the active serine on theargibcarbon atom of
the C-terminal D-Ala-D-Ala peptide bond, leading to then@tion of an acyl-
enzyme intermediate and the concomitant release of thendirtal D-Ala (acy-
lation); (iii) the final step (deacylation) consists of @ithydrolysis, with release
of the shortened peptide (carboxypeptidation), or crogsfbrmation with a sec-
ond peptidoglycan stem peptide called the acceptor stitamaspeptidation). The
DD-endopeptidase activity of PBPs consists of the hydmlgsthe cross bridge
resulting from the DD-transpeptidase activi8B8]. The DD-peptidase activity of
PBPs is catalyzed by a common PB domain which bifdsctam antibiotics.
These drugs are aimed to competitively inhibit the enzymBiD-peptidase ac-
tivity of this domain by playing on the structural similaribetween penicillin and

the D-Ala-D-Ala dipeptide 34]. This ending the natural substrate of PBPs, the

pentapeptide precursor of the peptidoglycan.

Polysaccharide chains .
(the glycan portion) Peptidoglycan

Peptide eross-links
(the peptide portion)

Figure 1.6: The peptidoglycan net.
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1.4 [B-lactam antibiotics

The common chemical structure among all antibiotics belangp the so-called
class ofB-lactams, is a 4 member cyclic amide, resulting from thedisif a
lactone and an amide (Fi@.8).

B-lactam antibiotics comprise six different structural sytes: penams, cephems,
monobactam, clavams, penems and barbapenem.

The penams include benzylpenicillin and ampicillin (F1g9).

The cephems include classical cephalosporins such aslogghree, nitrocefin
and cefotaxime, as well as cephamycins, which acemethoxy-cephalosporins
(Fig. 1.10. The monobactams are monocyglidactams and include aztreonam.

1.4.1 Carbapenem

The main subject of this work is a selective carbapenemaggnes and there-
fore an introduction to this class of antibiotics is reqdireLatest generation of
B-lactam antibiotics are carbapenems, which have shown ribedbst spectrum
of activity within this antibiotic class. They exhibit vitro bactericidal activity

R, G —

£y
g i it i
— . . — .
- . HHR
/nﬂ R Y G
H I}
el wall gegraent ‘@r{h Myl e
EHCH (D-ata-D-ala) ! )

Pentaghyeyl wnit
€ [ el wall s6gment [D-ala-D-ala) hydrolysis by cell viall insarmidass |
My,
Transpaplidase H M
g How B
o 0 <4 "y
[islactam

Figure 1.7: The reaction of transpeptidation catalyzed Bl 5 represented on the
top part of the figure, while competitive inhibition by actiof S-lactam antibiotics

is depicted on the bottom part.
—N

7

o

Figure 1.8: TheB-lactam ring.
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Penicillins
R
P \
o 6 5 .88
3
7
N 0,
1 72
o
P
0/\0H
R_
NH,
Amoxicillin /@/k
HO'
NH,
Ampicillin @A
(N
o
Azlocillin °;\

q_

Carbenicillin

Cyclacillin

x
z

ooty
Meticillin Q
~
Nafcillin 1
]
oxacillin N
Penicillin G O/\

Figure 1.9: Some structures of most used penicillin antitso
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Cephalosporins

>—NH 5
7 e

o 4

8 3

N
1 R,
o] 2
o} OH
R4 Rz

Cefacetril CH3GOOCH,— N

Cefradin CHy — >—@
HaN
Cefroxadin CH;0 — >—©
HaN
Cefaloglycin ¢y .coocH,— >—©
HaN

Cefaclor cl— >—©
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Cefalexin CH; — >_©
HaN
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Cefotaxime >—0 A%N
— \
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Figure 1.10: Some structures of most used cephalosporins.
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against numerous pathogens, including Gram-positive aathéhegative aerobes
and anaerobes (Figl.11). In addition, carbapenems are stable to almospall
lactamasesl, 17, 19].

Carbapenems

Imipenem 4/_/
N
Meropenem Q ...... .»g
o

OH

Ertapenem MH
H
o 0
i \/

N
- .“ S
Doripenem Yoot SN “SNH,

H

S
Tebipenem {>N—<\ ]
N
YNH
Panipenem [N:

H

Biapenem {Ei\/«

Figure 1.11: Carbapenem structures, in cronological cofidiscovery.

The carbapenems differ from penicillins (penams) in thes@nee of a carbon
atom replacing the sulphur at position 1, and an unsatutaded between C2 and
C3in the five membered ring structure.
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The broad spectrum activity of carbapenems is associatédtiegir intrinsic
resistance to nearly aB-lactamases, which is due to the tramst-hydroxyethyl
subtituent at the 6 position of carbapenems. This is unigaencompared with
the side shains of penicillins and cephalosporins, whiske ks configurations.
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Chapter 2

Metallo-3-lactamase (MGL)
enzymes

2.1 MpL: the zinc dependent lactamases

B-lactamases are the major cause of resistance of bacteBidaictam antibiotics.
These enzymes cleave the amide bond off#Hactam ring, thus inactivating the
antibiotic. These enzyme fall in 4 classes: class A, C anceBarneS-lactamases
which employ an active-site serine to catalyze hydrolystsle metallof3-lactamases,
or class B, are enzymes requiring one or two zinc ions for theiivity. Metallo-
B-lactamases can degrade all classef-tdictams, except monobactams and are
special for their constant and efficient carbapenemasetscim his is a most worri-
some characteristic because carbapenems, which are atghiest the vast major-
ity of serinef3-lactamases produced by resistant pathogens, are th@tnslwith
the broadest spectrum of activity. Moreover, metdlidactamases are not suscep-
tible to therapeutig3-lactamase inhibitors. The first of these enzymesBheillus
cereusmetallo3-lactamase, was identified in 1996 when Sabbath and Abraham
showed that cephalosporinase activity produced I8/ aereuswas inhibited by
EDTA [35]. During the two following decades it was the only known exden
of metallof3-lactamase, and was merely considered as a biochemicalsityri
The situation changed after 1980. Indeed, fAkactamases have been discovered
in an increasing number of nosocomial strains suclBastroides fragilis[3€],
Pseudomonas aerugino$a7], Aeromonas hydrophil§38], Serratia marcescens
[39] and Elizabethkinggia meningoseptidd0]. The emergence and dissemina-
tion of acquired metall@@-lactamases, encoded by genes carried on mobile DNA
elements, among major Gram-negative pathogens, madettiadican even more
worrying [11]. Moreover, many metall@-lactamase genes are present in en-
vironmental species with thus constitute reservoirg3dactam resistance genes
[41, 42, 43, 44)].

The class B3-lactamases are classified into three subclasses B1, B2&od B
the basis of sequence alignment$][ The classification task was complicated by

17
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the generally low degree of similarity between subclassisege, but facilitated
by the availability of X-ray structures (Fid.2), this allowed the identification of
corresponding secondary structures elements, even wieesetjuence similarity
was not obvious. The standard numbering of clags-Bctamases (BBL) allows
easy comparison of the sequence of these enzydafsds Fubclass B1 enzymes
share more than 23% sequence identity. These enzymes ascthd prototypi-
cal Bcll from B. cereug46], BlaB from E. meningosepticg40] and EBR-1 from
Empedobacter brevigt7]. The acquired IMP-type MLs found in some clinical
isolates ofP. aeruginosg 48], S. marcesceng39], Klebsiella pneumoniasand
Acinetobacter baumannjiL7], as the VIM-type or SPM-1 enzymes produced by
different species oAeromonagqthe most studied are CphA produced Ay hy-
drophila [38] and Imis produced by. veronii[49] ) as well as the Sth-l enzyme
produced bySerratia fonticola[42].

Subclass B3 metall-lactamases has only nine conserved residues when com-
pared with the other metallB-lactamases. Subclass B3 inlcude the L1 and GOB-
1 metallof-lactamases produced by clinical strainsSofmaltophilia[50] and E.
meningosepticand FEZ-1 isolated fronbegionella gormanii[51]. To date, 18
variants of GOB-1 have been reported, but none outsideEth@enincoseptica
species. In the GOB enzymes, His116 is replaced by a glugariifith the excep-
tion of L1 which is a homo-tetramefd ], all these enzymes are monomeric as the
B1 and B2 enzymes. B1 and B3 members are broad spectrum eszamdehy-
drolyze mosi3-lactam antibiotics including carbapenensg]| only the monobac-
tams are neither hydrolyzed nor recognized by these enzymiesh moreover are
not inhibited by classical inhibitors of serine-actifelactamases such as clavu-
lanic acid and tazobactam. These compounds, in fact, belsapeor substrate.

Aeromanas hydrophilz Pseudomanas maltophiia ULA-511 Bacillus ceraus Bacteraices fragilis

A2 enryme L-1 enzyme fi-lactamase |l Blactamase cord

K Kea/Kn e Reg iy K Koyl Kn (s
Antibiotic (M :F*J M'-5") (M) :‘s"“] (M- (M) r*?-“: M5 (M) ;‘?5; (M1-57)
Ampicillin =000 »500 270x10°% W+y 17F A= 15304115 1105 T.20=10°F 120 190 1eaxiet
Carbenicillin 450430 1600 3.60x 10 194415 2T 14010t 42004300 755 1.80x<10° 40 190 BOx10°
Penicillin G 0+50 521 T40x 10 S0+6 1100 2.20x10 15004200 678 450107 40 19 4Bax10f
Owacitlin B+ 075 3.00x 100 T+3 85 1L10x10 1750 420 25 1801 - - -
Cephaloridin 19048 012 B.30x 10 050 B 930100 1350 + 140 %5 180x10? 6 42 o010t
Cephalexin 230420 065 2.00x 10 00+48 7 3010 300 426 17 570107 4 95 1e0x10t
Cephaloglycin 280+ 30 020 TADx 10 W42 19 5.30x10° 190+5 61 3=t - - -
Nitroefin 10048 03 30x10 T+1 0 2010 T0+5 45 B0x10° ® 00 12510
Cefurowime 043 007 3.50 % 10° 3043 B 270 x10° 4545 ¥ TEO=10° 4w T30kt
Celolaxime 2+3 007 270 % 10° 2643 66 2.60x10° W10 60 BT0x 10} 21 % 3E0x10°
Imipenem B0+8 16800 2.00%10°F 90+8 65 730 10° = 1000 =100 1.20%10% W W0 TH0x10°
6P 530450 064 120 x10° 640430 648 1.00x10° TE0+590 450 6.00:<10¢ - - -
Sulbactam 3744 012 324 x10° k4 270 280x10° 5200 + 325 10 1.90x10! - - -
Cafoxitin Inact, Inact, nact, 240068 110 550x10° 2100 4465 02 95010 110 10 9.00 % 10*
Moalactam Inact. Inact It 14005 029 290x10° Ba4 +80 12 1.90=10° 160 (30 (1.90= 1093
Agtreanam NIt NIt WLt NIt NIt NIt NLt NIt NLE NH.  NH.  NH

* Only the &, /X, rafio was delermined because x, remained proporfional to & up to the highest substrale cancentration which could be used.
+ Up Io 0.5 mM atreanam.
§ Cuchural ef al. (1985). Valees in parentheses were compuled by us from their dala

Table 2.1: Kinetic parameters determined fo Ms [52].
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The subclass B2 enzymes are high selective carbapenerb2sgs, 49]. They
only hydrolyze carbapenems efficiently and show a very wedkity, if any, to-
wards penicillins and cephalosporins. In B2 enzymes, tins@wed His116 of B1
and B3 enzymes, is replaced by an asparagine. The presetiis asparagine in
position 116 is far from being the only reason which explairesnarrow spectrum
of B2 metallof-lactamases, since, although increased, the activityeoFHth16N
CphA mutant towards penicillins and cephalosporins remkiw [54].

A mutant of CphA with a considerably broadened activity $pen, N116H-
N220G was recently obtained by site-directed mutagen&sis [In contrast to
the wild-type enzyme, this mutant is able to efficiently rolgee penicillins and
cephalosporins in addition to carbapenems, although widdaced efficiency to-
wards the latter.

Subclass B1 and B2 are descended from a common ancestoealydorm a
single group within which the sequences exhibit significgintilarities. Subclass
B3 shares structural but not sequence similatrities witiiBR21groups $6]. A
phylogenetic tree with representative members of all theetlsubclasses is given,
to revise the classification of metalf®{actamasesy7].

The three dimensional structure of the mono-zinc form ofl Beads the first
to be solved %8]. Thereafter, the structures of other subclass B1 enzy@es\
[59], the di-zinc form of Bcll pQ], IMP-1 [61], VIM-2, SPM-1 [62] and subclass
B3 enzymes, L115], FEZ-1 [63] and BJP-1 were determined. More recently,
the structure of a subclass B2 enzyme, CphA, was sol¢dl [Despite of the
low level of identity between the amino acid sequences, drel fold of these
enzymes is similar and consists of af83a structure, composed by two central
B-sheets with five solvent exposedhelices. The N-terminal and C-terminal parts
of the molecule, each of them comprisingBastrand and twax helices, can be
superposed by a 180deg rotation around a central axis, stiggéhat the complete
structure might have arisen from the duplication of a ges@.[ In all known
structures, the active site is located at the external efitfeeg@@ 3 sandwich. The
N-terminal domain of B1 metall@@-lactamases incorporates a loop (61-65) that
can interact with substrate or inhibitor molecules whickgess hydrophobic side-
chains. This loop is very flexible in the native form of the ymz. When the
substrate or the inhibitor diffuses into the active site ibop moves to block the
molecule ( the side chain of the W64 residue interacts wighhtypdrophobic side
chain of the substratéfl]). The loop is also stabilized upon binding of inhibitors
[59, 63] and transforms the active site groove into a tunnel-shagaedgty. The
deletion of this loop (hamed flap) seriously affects the ematyc activity, with the
only exception of thje activity towards imipenem. Actualliye kinetic parameters
of this carbapenem compound are barely affected by the abs#rihe active site
loop. The main difference between the carbapenems relighefact that they
usually have bulky aromatic ring substitutions which arseatt in the former.

The 61-65 flap is absent fB-lactamases of subclasses B2 and B3.



20 Metallo-B-lactamase (MBL) enzymes

2.2 CphA: the first crystal structure of a mononuclear B2
MpBL

2.2.1 The free enzyme

Garau and coworkerd fl] solved the first crystallographic structure of the enzyme
CphA, fromAeromonas hydrophilan 2004.

This enzyme consists of 227 amino acid residues with a kediimolecular
mass of 25.2 kDa. The model of the structure includes 224 amaid residues
(41-304, using the standard clasg8Bactamase numbering¥]), the catalytically
essential zinc ion, one carbonate anion located in theeastie, one sulphate ion,
and 178 water molecules.

CphA is a monomeric globular protein having the generiBa fold as de-
scribed in Fig.2.1

Figure 2.1: X-ray secondary structure of CphA fréxaromonas hydrophila

Four B-strands 1, 32, B3 and34), two helix-strand elementsx(85 and
a2(6), one longa-helix (a3, and the37 strand form the N-doman, while foys-
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strands 38, 39, 10 andB11), one 3q helix, thea4 helix, theB12 strand, and the
a5 helix form the C-domain. The N and C-domains face each dkineugh sheets
B1-7 andf8-12. Thea1 anda2 helices of the N-domain are located externally on
opposite faces of th@-strand core. In contrast to all reported B1 and B3 strusture
a longa3 helix, formed by residues Arg140-Leul61, has a kink, wiaithbws the
helix to follow the curvature of the protein. The helix isltsved immediately by
an unusual proline-rich loop (Pro162, Pro165, Pro168 and 12) (Fig.2.2).

B1 (Bcll) B2 (CphA) B3 (FEZ-1)

Figure 2.2: Secondary structure of members of ea@idubclass.

The ¢, @ angles of Tyr 60, Thr86, Alal95, Asn220 and Asp264 are latate
in the disallowed areas of the Ramachandran plot. The lasé thre adjacent to
an amino acid involved in one of the zinc-binding sites ("Zot "Zn2”) and, in
most other sequences, are glycine residues. Tyr60 is onpacimenecting twgs-
strands 32 andf33), which forces it to adopt a strained conformatign=€ 58 deg;
¢@=—123deg). Thr86 is on a loop connectifig to a1, and is adjacent to Trp87.
A group of hydrophobic side-chains (Tyr59, Val67, Trp87rI§4, Prol65 and
Phe236), together with other side-chains located orotBéelix (Ile153, Phel56
and Leul61l), appears to form a "hydrophobic wall”, which de$i the active site.
Alal96 (y = —160deg;p = —160deg ) is located on a loop between strafils
andpB9, which, at its apex bears His196, which is involved in thidvaesite hydro-
gen bond network. Asn220 is the first residue of thghlix and precedes the zinc-
coordinating residue, Cys221, while Asp264 follows anpthi@c-coordinating
residue, His263.

Secondary structure elements bear two of the three residumsed in zinc co-
ordination, Asp120 in ther2 helix and Cys221 in the;g helix. The third residue,
His263, is located on the loop connectifd2 andB313. The distances betwen
the Zn atom and the Asp120 carboxyl oxygen atom, the Cys2@dr suom, and
His263 side-chain nitrogen atom are 149&.208 and 2.0%, respectively. Fi-
nally, a carbonate ion is bonded to the zinc (2/"(»9 and the four coordinating
atoms, from Asp120, Cys221, His263, and O1 of%CQgenerate a tetrahedral
geometry around the metal ion.
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2.2.2 The CphA-biapenem complex

N\

Bia derivative

O(2)

Figure 2.3: Close up of the X-ray structure of CphA frésearomonas hydrophila
in complex with biapenem derivative.

The importance of experimental data of Gaegual. relies not only to have
solved for the first time a B2 )AL structure, but to succeed also in obtaining a
structure of the complex with an antibiotic (Fig.3). The refined CphA-biapenem
complex structure comprises 227 protein residues, oneiaimcsix sulphate an-
ions, and the biapenem molecule located in the groove ofdtieeasite with full
occupancy. In14] the author called this modified biapenem "intermediatethaf
reaction, but it is still not clear if this is in fact an inteediate, or a modification
of the reaction products that back-acts as inhibitors inctitalytic pocket. In this
work | will refer to it as "biapenem derivative” (Fig. and Fig.4).

The biapenem derivative is bonded to the zinc ion locateleaWT position.
The distance from the nitrogen atom of tRdactam ring (N4) to the Z# is 2.22
A. N4 also forms a hydrogen bond with Watl (2&9 which in turn, forms hy-
drogen bonds with Asp120 and His118. The distance betwedh &vel the zinc
atom is 3.3 The B-lactam ring, as emerged from electron density map, has been
cleaved between N4 and C7. The C3 carboxyl group forms stngdgogen bonds
wih the Lys224 side-chain nitrogen atom and the Asn233 baw&imitrogen atom.
The C7 carboxyl group formed after antibiotic hydrolysis kes two hydrogen
bonds with the two hydroxyl groups of Thr119 and Thrl57. C& @3 of the bia-
penem derivative exhibit $ghybridization, showing that the molecule in the active
site has lost the C2=C3 double bond. The side-chain contaitie sulphur atom
and the C3 carboxyl group are ais configuration. The biapenem is hydrolyzed
and has lost the double bond, and it has an internal molemearangement. The
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biapenem derivative in the active site is stabilized by ssv®ydrophobic contacts.
The biapenem sulfur atom interacts with the His263 ringuaidg a small rotation
of its plane; the B-mehyl group is in van der Waals contact with the side-ch&in o
Trp87 and Val67, and the methyl group of the C6 1-hydroxykfityns hydropho-
bic contacts with Phe156 and Phe236 and the Asn233 sidectaibon atoms.

2.2.3 Zinc coordination

Metallo-3-lactamases posses two potentiafZiinding sites (Fig2.5).

l \\\\\\S
Ho/l “n,, (o]
’//I:n'/é @
O ------- NH3
NN \\
7% @@ Lys224
/ " His 263
His118

Cys221
Asp120

Figure 2.4: Schematic representation of the active sitegdfACin complex with
biapenem derivative (PDB 1X8LH]).

B2
o
H 4th

Figure 2.5: "Znl” and "Zn2” binding sites in [@Ls, as observed in the B1
BCIl enzyme fromBacillus cereus[13] (residues are cut at the dJ, the B2
CphA enzyme fromAeromonas hydrophild14] and the B3 L1 enzyme from
Stenotrophomonas maltophil[d5]. In the case of the B1 enzyme, a second sol-
vent molecule binds to the metal ion. The backbone units efréisidues are not
shown for clarity.
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In the case of B1 enzymes, one zinc ion possesses a tetrabedrdination
sphere and is coordinated by His116, His118, His196 and arwablecule or
OH~ ion. The other metal ion has a trigonal-pyramidal coordovasphere which
invioves Aspl120, Cys221, His263 and two water molecules Water/hydroxide
molecule servers as a ligand for both metal ions. The twoibgnsites are named
"Znl” and "Zn2” binding site, or with a letter code which irgdites the ammi-
noacidic composition of the site (so that one is called 3H, sithile the second
DCH site).

In B3 enzymes the 3H site is the same as that found in B1 enzy@ys221
is replaced by a serine and the second zinc ion is coordiratédsp120, His121,
His263 and the nucleophilic water molecule which forms ddpgibetween the two
metal ions. Ser221 does not directly interact with the zome but with a second
water molecule located in the active site and which couldesas proton donor in
the catalytic procesdp]. In contrast to all other related metal®Hactamases, the
subclass B3 GOB-18 enzyme is fully active against a broageanS-lactam sub-
strate as a mono-zinc species. Different spectroscoplmigees, 3D modelling
and mutagenesis experiments, reveal that the zinc ion iscbtmuAsp120, His121,
His263 and a solvent molecule, which means in the canonita2™ site of B3
subclass5).

While the B1 and B3 enzymes exhibit maximum activity as dieapecies, the
B2 B-lactamases are inhibited upon binding of a secontl Zon (for CphA, the
dissociation constant;Hs 46 uM at pH 6.5 p6]).

In agreement with EXAFS spectroscopy studi6g] [and site directed muta-
genesis $4], the crystallographic structure of CphA shows that theczon is in
the "Zn2” site, namely a DCH sitel{f]. Currently, the identification of the second
binding site in subclass B2 enzymes remains unsettled swvee in the presence
of a large excess of zinc (up to 10 mM) and in spite of the loweaif the disso-
ciation constant, Garau and his coworkers did not succeebtaining crystals of
the di-zinc form. On the basis of spectroscopic studies thighcobalt substituted
ImiS enzyme, Crawforet al. postulate that in subclass B2 the second metal bind-
ing site is not the traditional "histidine” sitég]. Costelloet al. propose that in
ImiS the inhibitory zinc ion binds to both His118 and Met14®)][ Indeed, their
EXAFS data show that the inhibitory zinc is bound by a sulpt@uch sulphur in
the inhibitory site should come from a methionine, becahseonly other sulphur-
containing residue is Cys221, yet involved in the bind oflBni the catalytic site.
Moreover, M1461 mutation abolishes inhibition induced fayycz However, muta-
tions of other CphA residues, which have not been implicagetn2” ligands can
have similar effects (lower inhibition or even activatiopdxcess of zinc)44, 55|.

2.2.4 Mono vs di nhuclear enzymes

The subclass B2 CphA enzyme exists mainly in the mono-zinuo fas the value
of the dissociation constants are 200 nM andud8, respectively for the binding
of the first and the second zinc iofif]. Subclass B1 metall@-lactamases show



2.2 CphA: the first crystal structure of a mononuclear B2 MBL 25

distinct stereochemical similarities in their active sjtevith identical residues con-
tributing to metal coordination. However, the correspaoigdzinc affinities appear
to be different, so that CcrA and IMP-1 show two high-affinitetal-binding sites,
whereas Bcll binds "Zn1” and "Zn2” with very different affiies. Fluorescence
spectroscopy studies with a chromophoric chelator shonBhbH has very differ-
ent dissociation constant for the two metal-binding sités. the loss of metal-ion
from the mononuclear enzyme, the dissociation constaqdds 6.2 x 1010 M
and that for the loss of one metal-ion from the dinuclegBIMK g; is 1.5 x 106

M [70]. Kmonodecreases significantly, from nanomolar to picomolar \&liuethe
presence of substrate, whereag #ecreases only twofold’[l]. This suggests that
the mono-zinc enzyme is responsible for the catalytic d@gtivnder physiological
conditions, where the concentration of free zinc ions isfbby crystallographic
methods in the 3H site, at pH 5.6, in presence of L®0 zinc [58]. At this pH,
the activity is only three- to fourfold lower than that at pkb{72]. But the ex-
istence of the mononuclear form, where the metal ion wouldtmed between
the two binding sites is supported by several kinetic rest#AC (Cd) and spec-
troscopic (Co) data70]. Conversely, and despite the very close similarity with
Bcll, the B1 enzyme CcrA binds both zinc ions very tightly. ntic studies of
CcrA with nitrocefin have shown that only the di-nuclear segds active and that
a previously observed mono-zinc CcrA enzynig][was a mixture of the di-zinc
and the apo-enzymé&4)]. Bcll is active in the presence of either one or two zinc
ions, although full activity is observed when two zinc iome bound. It has been
proposed that the arginine 121 present in Bcll, Vim-2, Bla®l & subclass B2
enzymes is responsible for the lower affinities. The CcrA &vié-1 enzymes,
showing high affinity for both zinc ions, have cysteine andrss respectively, in
the corresponding position. The replacement of the pesiikg121 side chain in
CphA by a neutral one enhances the affinity fo?Zii55], as was already sug-
gested for Bcll 8, 75]. Rasia and Vila T6] have shown that R121H mutation
increases the affinity for the second%Zn The C121R mutant of CcrA was iso-
lated in the di-zinc form, although the removal of the secaimt appeared to be
facilitated [74]. All these data indicate that the replacementt of Argl2lalmeu-
tral residue (a Cys, Ser or His, respectively) in CcrA, IMPatd the subclass B3
enzymes increases the affinity for the second zinc. Untgmédg, no mono-zinc
form of subclass B3 enzymes was observed. However, theas$Hh83 GOB-18
was shown to be a mononuclear enzy®§ [

As shown by the data described above, the activity and eveexistence of
mono-zinc forms of B1 and B3 enzymes remain controversigeeéms impossibile
to supply a clear answer to these issues and it is possibtentimor sequence
differences might result in different behaviours. For B2ynes, the mono-zinc
form is clearly the active one, but here the location of th@hbitory second zinc
remains unknown.
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2.2.5 Catalytic mechanism of M3Ls

It is supposed that thB-lactam hydrolysis occurs in two steps: the nucleophilic
attack on the carbonyl group and C-N bond cleavage, thisnsestep being gen-
erally triggered upon protonation of the nitrogen. The blcyshape of3-lactams
requires that the two steps take place on the same face oftiéosc [72].

The nature of the attacking nucleophile in the three subelass dependent on
the nature of Zn ligand in the catalytic pocket. This is retato the open issue of
the exact location of the Zn in the mononuclear form, but émss most likely to
be a ”Zn1"-bound hydroxide in mono and dinuclear B1 and B@3LM.

2.2.6 Dinuclear MBLs

The best understood dinuclear@Us are CcrA, IMP-1 and L1. Nitrocefin was
used as substrate in most of the studies. This is a chromigptephalosporin that,
although with no therapeutic utility, undergoes intensecgmscopic changes upon
hydrolysis making it a useful mechanistic probe.

Stopped-flow kinetic studies of nitrocefin hydrolysis by LriideCcrA revealed
the accumulation of ring-opened, anioinc intermedi&tg [8]. This species has
been observed in nitrocefin hydrolysis by a dizn(ll) modemingdex [79] and its
existence is supported by computational stud2g}.[ Taken together these data
indicate that Zn2 stabilizes negative charge on the nitragem after C-N bond
cleavage. Rapid-freeze quench EPR studies on Co(ll)itutest L1 demonstrate
that changes in the geometry of Co2 occur when this interateds formed and
that similar changes come along with the otBelactams 80]. However, the de-
gree of accumulation of this intermediate varies markedlyeen enzymes and
depends upon the protein environment. Nitrocefin diffemsnfrthe majority of
therapeutig3-lactams in possession of an extendedonjugated system that con-
tributes to the stabilization of an anioinc nitrogen. Sasdof a wider range of sub-
strates have led Spencer and coworkers to suggest that,9haases, the amide
bond is still intact in the populated enzyme-bound spe@é&f Nitrogen protona-
tion and C-N bond cleavage may not be distinguishable as&parate steps with
other substrates (Fig.6).

The general reaction mechanism for dizing3\s, emerging from all previ-
ous works (Fig.2.6) could be described with the following events: after a rapid
equilibrium binding of substrate3[l], the bridging hydroxide becomes terminal as
the B-lactam carbonyl interacts with "Zn1'8p, 27].

The B-lactam carbonyl is polarized by the metal and also by othksidues,
and it is therefore susceptible to nucleophilic atta2&][ Deprotonated Aspl120
orients the hydroxide to attack tifielactam carbonyl carbon, generating a tetrahe-
dral speciesZ6, 27, 83, 84] that, in contrast to the serine catalyzBdactamases,
does not seem to accumulate.

This species collapses into a nitrogen-anionic interntedfzat yields to prod-
uct upon protonationgb]. This intermediate was postulated to be the species de-
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Figure 2.6: Cephalosporin hydrolysis catalyzed by (A) biear MBL CcrA from
B. fragilis and (B) Mononuclear Bcll fronB. cereuq23].
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tected in stopped-flow UV-Vis studies of nitrocefin hydra¢y§86]. Breakdown
of either the tetrahedral or the nitrogen-anionic interratdmay be rate-limiting,
depending on the substrate and the identity of the aminasadnithe active site
[74, 81, 87, 88]. The crystal structure of the L1 in complex with hydrolyzexx-
alactam complex supports a role for "Zn2” in stabilizing trensient development
of negative charge on the bridging nitrogeBf]. Asp120 and a water molecule
have been suggested as possible proton donors in the teteateng step, al-
though this issue is still matter of debate. Mutagenesidiessuof Asp120 reveal
that this residue is essential in CcrA, L1, IMP-1 and B&8T,[90, 84, 91]

2.2.7 Mononuclear B1 M3BLs

In the proposed mechanism for mono-Zn(ll) Bcll, the resfioign of the enzyme
is assumed to be the tetrahedral "Znl” site. The Zn(ll)-lwburater/OH- is hy-
drogen bonded to deprotonated Aspl120, His263 and Cy€2 93, 83]. Asp120
is oriented by Arg121 via two hydrogen bonds. Both kinetiedgts of the pH
dependence gB-lactam hydrolysis 72] and crystallographic result®§] support
the hypothesis that the pKof the Zn(ll)-bound water is 5.6. As in dinuclear
MBLs, this hydroxide serves as the reaction nucleophile,geiiented by Asp120
[94, 22]. During breakdown of the tetrahedral intermediate, pnat@nsfer to the
B-lactam nitrogen is required. The source of this proton it ¢lear; however,
His263 8, 24], Asp120 [72], and a water molecule2P] have been implicated as
potential proton donors. As recently predicted with 184]] Asp120 may play a
role in orienting water for proton donation. Mono-Zn(ll) Bés not thought to
stabilize anionic intermediates.

Mononuclear B2 MBLs: CphA

Based on structural information gained by X-ray structdrne complex CphA-
biapenem 14], Garauet al. proposed a specific reaction pathway, outlined in Fig.
2.7

In the structure of the complex, the C3 carboxyl group makiesral with the
zinc ion, and interacts with the NHof Lys224, and the Asn233 nitrogen back-
bone. Thrl19 and Thrl57 form hydrogen bonds with, and PheltitPhe236
form hydrophobic interactions with, the hydroxyethyl gpowvhich helps to stabi-
lize and orient the antibiotic molecule. Substrate bingingmotes the polarization
of the B-lactam ring carbonyl oxygen atom by His196. The Asn116-siu&in ni-
trogen atom and Thr197 hydroxyl group form hydrogen bonds wie His196
sidechain nitrogen atom. This hydrogen bonding networtvedl His196 to par-
tially donate its hydrogen atom to th&lactam ring carbonyl oxygen atom. A
water molecule, activated by His118, attacks the carboagdan and cleaves the
B-lactam bond. As a consequence N4 of carbapenem bonds tmthélrhe Zrf+
also helps in the correct orientation of tBdactam ring during hydrolysis. The car-
boxyl group, generated by the hydrolytic process, is stadll initially by His196,
Aspl120 and His118, but after rotation around the C5-C6 btmeke interactions
are replaced by these observed in the complex between thexsargroup and
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Thrl19, Thrl57. The water molecule Watl is located in a pwsisuitable for
promoting the protonation of the lactam nitrogen atom, \Wwhiagll weaken the in-
teractions with the Zn(ll). At the last step of the catalygaction, the hydrolyzed
carbapenem molecule can leave the active site.

Recent SCC-DFTB calculation®9] on the CphA enzyme were consistent
with the postulated first step of reaction, identifying A2plas general baség,
97]. The calculated free energy barrier for this step would drescstent with exper-
imental data 14], if such step is the rate-limiting one, along the enzymaticle.
This at present is not known, since the second step has noy/keeavestigated. In
the same computational study, it was speculated thgB taetam N(1) would ac-
cept a proton directly from Asp12@éth 1l in Fig. 5.1) with consequent breaking
of the C-N bond.
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Figure 2.7: Reaction pathway proposed based on X-ray stalaata of CphA in
complex with biapenem derivativé 4.

2.3 Enzyme Kinetics Theory

A quick introduction on the theory of enzymatic kinetics igam in order to explain
the two experimental quantitidgy and Ky with which we have compared our
computational results.

We will always assume, in every derivation of kinetic eqoias, that the con-
centration of the substrate [S] is larger than [E], or thatltdter is negligible with
respect to the first. Such assumption is really close totyedlecause of the high
catalytic efficiency of the enzymes.
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2.3.1 Michaelis-Menten mechanism

The Michaelis-Menten is the most simple mechanism that onElassume for an
enzymatic reaction, and proceeds according to the follguhe scheme:

K
E+S=ES9E+P 2.1)

The above equation assumes that the substrate and enzyniéeneommpidly
and reversibly, via non-covalent interactions, to form toenplex ES, also called
Michaelis-complex The chemical reaction occurs in a second step, with a first-
order rate constark4; (theturnovernumber). Fron2.1

[E][S

E =Ksg (2.2)
and

v = keat[ES (2.3)

We define the total enzyme concentratif#]o, which is related to the free
enzyme [E] by:

[E] = [Elo—[ES (2.4)
thus
ES:ET% (2.5)
and finally
_ keat[Elo[S
V= W (2.6)

2.3.2 Experimental basis

It is found experimentally that there is a direct proportitity betweerv and|[E|o,
that is, as we have already seen, the total enzyme congentrat
Usually it is observed that follows asaturation kineticsvith respect to [S],
similar to the one plotted ig.8.
All this is expressed by the experimental equation:
Keat[E]o[

V= m (2.7)

The saturating limit towards which tends as the substrate concentration in-
creases, i¥max = Keat[EJo. We also definéky to be the substrate at which=
%Vmax, and finally we note that at very low [S], or at leas{gt< Ky, we have:

Koat[EJo[S]
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Ky [5]

Figure 2.8:Reaction rate plotted against the substrate concentration

2.3.3 Extension of the Michaelis-Menten mechanism

The Michaelis-Menten mechanism derived before is just dquéar case of the
general mechanism that is valid whien< k_;:

ki ko
E+S=ES®E+P (2.9)
1

We solve this equation applying the steady state approiom#d [ES]

IES _o—k[Ells - KBS - KES. (2.10)

we remember thdE g = [E]o — [E],
which leads to

Elo
[ES= F[kl 5 : (2.11)
S
and, sincev = k[ES
E k
_ F[ﬁlﬁ 2 2.12)
(S
we callKy = kﬁfl, and remembering also thig = kK;ll we have
ko
Km =Ks+ — (2.13)
Ky

Now it is clear that in the case &f 1 > ko, we have the simplificatioKy = Kg
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Chapter 3

Methods

The computational tools, used in this work to address theystii the important
class of MBL enzymes, will be presented in this chapter.

3.1 A protein floating in water: the physical system

From the physical point of view, the system we have faced is study (a pro-
tein immersed in a water medium), can be considered as atiotieof interacting
atoms (i.e. atomic nuclei surrounded by electronic clouli&)vements and recip-
rocal interactions can be described by quantum mechaniogfism: the system
of M nuclei and N electrons is described by a wave-functiéir,r,t), which is
a function of the 3M nuclearR), 3N electronic () coordinates, and of time (for
simplicity we will not consider nuclear and electronic spiegree of freedom, and
spin coupling effects).

In a non-relativistic description, this wave function shbsolve the Schrodinger
Equation:

0 X
W =W, (3.1)

where./#, the Hamiltonian, in the absence of external forces, isrgive the
general form:

= — c ﬁz N ﬁz DZ M ZIZJ
ZLZNH 2 zlgﬂ —Ry|
e2 N N 1 e2 P N

ZZEW FLAR 52

where Z and M are the nuclear charges and masses, m is thegiechass.
Temporal and spatial coordinates could be separated3drabuld be simpli-
fied into a time-independent formulation, which is an eigdme equation:

33
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AW (R,1) = EaWn(R,1). (3.3)

In practice, only few trivial cases, like hydrogenoid atoorsH; molecule,
could be analytically solved within a full quantum mechahitamework. Exact
numerical solution covered for some more cases, but the auofsolvable sys-
tems” remains small. Several features contributes to iffisulty, but the most im-
portant is the two-body nature of the Coulomb interactiohjol introduces high
correlations between the degrees of freedom, maRiBg not-separable equation.

There are many approximations that could be used in ordegrtftoom 3.3 into
a separable form that can be solved. | will present the appation considered to
be the cornerstone of the computational chemistry.

3.1.1 Adiabatic approximation

A straightforward simplification could be introduced, whiarises from the ob-
servation that time scales associated with the motion @treles and nuclei, are
different. Namely nuclei move much slower than electronse tb the small mass
ratio between nuclear and electronic mass. In the hydrogse, avhich represents
the lower limit of this approximation, is less than 1/1836.

Based on this consideration, Born and Oppenheimer (192ppsed a scheme
for separating the nuclear and electronic variables, aodetl that, under appro-
priate condition, no mixing of different electronic statary states occurs due to
interaction with the nuclei. In other words the electronsndb undergo transition
between stationary states (adiabatic approximation)hisxftamework, the elec-
trons could be thought as instantaneously following theionadf the nuclei, while
remaining always in the same stationary state of the eleicttdamiltonian. This
means that as the nuclei follow their dynamics, the elestiostantaneously ad-
just their wave functions according to the nuclear configara(i.e. nuclear wave
function).

In mathematical language, one could take as solutidh f

qJ(Rarvt) = Z@n(R,t)CDn(R,I’), (34)
n
where®,(R,t) are wave functions describing the evolution of the nucleér s

system, in each of thediabaticelectronic eigenstat®,(R,r).
These satisfy the time-independent electronic Schra@tieguation

ﬁeq3n(R>r) = En(R)ch(R,I’), (35)

where the electronic Hamiltonian is:

I:]\e:-i:"‘U’\ee‘FV’(\ae:a%%_-l’-\n_v’r\m (3-6)
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whereT is the electronic kinetic operatdﬂee is electron-electron interaction,
Uee, Vie the electron-nuclear interactiofl,, andV,, the inter-nuclear interaction
potential operator.

By replacing the ansat2.4 into the Schrodinger equation, after some calcula-
tions, one ends up with mixed terms of the typ@;(R,r ) ®n(R,1).

Therefore, the reduction of the full wave function to an egsion like

Y(R,r,t) =0nh(R,1)Ps(R,r), (3.7)

is still not completely correct, because even if a systenmitially preparedin a
pure the off-diagonal terms will excite different electronigenstates along tem-
poral evolution. These terms could be neglected, if th@valhg condition is sat-
isfied:

m

hQy
v R - Em) | < 59
whereQy is the maximum frequency of rotation of the electronic waweck
tion due to the nuclear motion. Under these conditions, tbenEdppenheimer
approximation allows to pass from a N+M many-body problemthe solution of
the N electrons problem at fixed nuclear positions, and tbhehe solution of M
nuclei problem, which move in a field generated by the N ebesti(in absence of
external fields).

Solving the electronic Schrodinger equation in a manyybisdone key issue
in physics, and many theories were developed to this aimhémext section we
will review one of the most important ones, which allows teatr relatively large
systems at a reasonable computational cost.

3.2 Density Functional Theory

DFT is rigorous theory of the ground-state of many-partgjstem has gained in
the last twenty years an important role in the computatisognce. The main idea
beyond that approach exploits the one-to-one mapping leetWeparticle density
(p(r)) and the wave function of the N particle system.

This approach posseses two advantages:

i) the reduction of dimensionality of the problem from 3N ednles into 3 (the
spatial coordinates

i) the use of a quantityd) which is an observable easy to measure and visual-
ize.

The Hohenberg-Kohn theorems

DFT theory is based on two theorems enunciated by Hohenloer¢(ahn in 1964
[98]. The first one provides a justification for the use of densifyone consider
a system with a Hamiltonian, which is characterized by aeres potentiaVqy;,
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and the density(r), this theorem statesthe external potential 8 is determined,
within a trivial additive constant, by the electron dengtyr) .

Since the density determines the Hamiltonian, and alsouhrder of electrons,
it follows that p determines the ground-state wave function, and therefbtbea
observables of the system.

The second theorem provides a variational principle forgiaund-state den-
sity: given any trial density) > 0 for which [ p(r)dr = N, it follows thatE[p] >
E[p]. From this result, one can get a variational equation toinktse ground-
state energy. Applying the Hohenberg-Kohn theorem to @&sysifN electrons in
which the external potential is due to the nuclei, the enémggerms of the elec-
tronic density reads:

Elp] = Telp] + Veelp] + VenlP] + Vin=F ] + [drp(rVex  (39)

whereF [p] = Te[p] + Vedp] = (¢ |Te+Ved ) is a universal functional inde-
pendent from the external potentiél[p] = Ven[p] + Van-
Applying to p the stationary principle

5{E[p]—u[/p(r)dr—N]} =0, (3.10)
we obtain the Euler-Lagrange equation for the multiplier
oF
u :Vext(r)'i‘% (3.11)

The application of the variational principle requires imagtice an explicit for-
mulation of the functional F, which is not known in term of &l®n density.

3.2.1 The Kohn-Sham equations

The two theorems were also re-formulated into a suitable fior be computation-
ally treatable. To this aim, Kohn and Sham propose the ide@apiping the system
of N interacting particles into an equivalent one of non-interacting bodwsich
is characterized by exactly the same ground-state density.

In that case, the density turns out to be expressed as a sionroaér single-
particle contributions

N
p(r) = 3 191°0P (3.12)

and the kinetic energy functional has a simple analyticatession:

N
Tolp] = 5 (911~ 57161 (313)

The functionalF [p] can be rewritten as:
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Flp] = Tolp] +Vk[p] + Exclp] (3.14)

whereVy = 2fdr | (‘ ) is the classical part of the particle-particle interac-
tion, and the ‘exchange-correlation’ functiorig); is defined as:

Exclp] = T[p] — Tolp] + Vedp] — Vh[p] (3.15)

Formally E4. can be written in terms of an exchange-correlation energy pe
particle &, which is itself functional of the total density:

Exclp] = [ drp(r)eclp] (3.16)

Equation3.11, turns out to be:

9Tolp]
_yKS 0
u=V3(r)+ p (3.17)
with

VES = Ve ) (o] (3.18)
where we have defined the exchange correlation potential

oE
Exc(r) = %M (319)

Eq. 3.17says that we can solve the original problem by finding the gdestate
energy for a system of non-interacting electrons in a affegotential. The single-
particle orbitals describing these electrons solve thiecsgisistent KS equations:

[%Dz+vK5(r)] KS = 591 i=1..,N (3.20)

The total energy of the system is not the sum of KS eigenvalngiscan be
expressed as

E— Zs.——/drdr’p ) 4 Eulp /drvxc (3.21)

With this method, the starting complexity of the problemrantferred to the
problem of finding a suitable formulation of the exchanger@ation functional,
which needs the introduction of other approximations.
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3.3 Exchange-Correlation functionals

3.3.1 Local density approximation (LDA)

In this approximation, already proposed in the seminal pap&ohn and Sham
[99], and already introduced in the Thomas-Fermi-Dirac theting general in-
homogeneous electronic system is assumed to be a locallpdemous electron
gas.

Ap] = eM(p(r)) (3.22)

SXC

In that way, the otherwiseon-localexchange-correlation functional becomes
dependent om, i.e. local. By separating the two contributions to thg.Ethe
exchange energy is exactly given by Dirac’s expression:

_ 3

£toM)p] = -3

Many good approximations for the correlation term are a@d, some of
which solve analytically the problem in the high and low dgnkmit [ 100, 101].
The most accurate results are given by quantum Monte Carlalations [L0Z],
which has been parameterized in the folowing réf0J. Suitable (approximate)
analytical formulas have been derived by Vostal. (VWN correlation functional
[104]) and by Perdew and Wang (PW)Q5].

It is not within the aim of this thesis to outline good and bagexts of LDA
functional, but it is essential to mention that this funotibis applicable to sys-
tems with slowly-varying densities, but cannot be formallgtified for hughly
inhomogeneous systems, such as to and molecules, anfaifeersthibits heavy
deficiencies in describing biologically relevant systeri@qg 107.

3

PEI0)
n) p? (3.23)

3.3.2 Gradient-Corrected approximations (GGA)

The progressive introduction of inhomogeneities in thetetemic density could be
done using an expansion of the density in terms of its gradamd higher order
derivatives. In general:

Exclp] = /p(r)exc[p(r)]Fxc[p(r,Dp(r,sz(r),.--)]dr (3.24)

With the inclusion of these corrections GGAs functionalgéhbeen shown to
give good results for all the main bond types (ionic, covilemetallic and hydro-
gen bonds) 108, but still, as for LDA functionals, vdW interactions are goty
described 109.

One of the most popular GGA functional used in biochemisgtBLLY P, which
is derived from the combination of Becke’s exchange fumald388 [L1(] and the
correlation functional of Lee, Yang and Parr (LY RL[].
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3.3.3 Becke exchange functional

In this exchange functional the parameters were fitted t@@x@ntal molecular
data, and the functional was formulated in a way to reprodioeexact asymptotic
behavior of the exchange energy:

2
g — oA _P X 3.25
=5 21/3AX1+6[3xsinh*1(x)) (3.25)
and

p(r)¥/3’
X gives a measure of the inhomogeneity of the system, andafzretel =
0.0042 was obtained by a fit on known Hartree-Fock (HF) datagier gas.

3.3.4 Lee Yang Parr correlation functional: LYP

The Lee-Yang-Parr (LYP) functional for the correlation eyyewas derived from
the Colle-Salvetti formulal[11], and computes correlation energies from HF sec-
ond order density matrices. Its expression reads:

et ~2/3ic, p5/3 _ L L 2e e
Eclp] = a/ 1+dp*1/3p+bp [Cep™* — 2w + (gtw + g0 p)le dr
(3.27)
2
whereCr = £(32)3, tw = § 8- — L0%p. a=0.04918, b=0.132, c=2533 and
d=0.349 parameters are obtained by fitting the functionahéda into HF results

for the Helium atom.

3.3.5 Plane wave basis set

Following the Bloch’s theorem1[12] for periodic systems, a one-particle wave-
function can be written as Fourier’s series:

1 ; -r igr
ok(r) = Wék %c'j‘(g)e'g (3.28)

whereV is the volume of the celk vectors belong to the first Brillouin zone,
g is a reciprocal lattice vectog is the first Fourier component of the plane-waves
expansion, and the summation is extended to infinite lattém¢ors. In the treat-
ment of isolated clusters with a low symmetry, such as, doyarlecules or the
active sites of enzymes, tHepoint approximation K=0) still guarantees a good
accuracy, leading to a relevant reduction of the computatioost. The simulation
of isolated clusters within periodic boundary conditiosbame needs some care,
as self-interactions among replicas has to be cancelediricadculations, we have
used the procedure developed by Martyna and Tuckerh&g, [which links the
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expression of the electrostatic potential energy of a elust that of a infinitely
periodic system, allowing thus to take advantage of the Bwadthod (se8.7.2
for isolated systems treated with a plane-wave orbital esjgen. The algorithm is
based on the assumption that the electrostatic potehitain be written as the sum
of a short and long-range contributions:

o(r) = ¢(r) + " (r) (3:29)
In a plane-wave expansion, the potential energy due ¢tan be expressed as

- 3 IBPP(-g) sz“’ 2PN g+ F™(—g)]  (3.30)
g

wherep(g) and d_J(—g) are thefinite Fourier series of the density and the po-
tential, respectively, the finite Fourier seriesfdf ) being:

f(r) = /Vdre“g'r f(r) (3.31)

Requiringg®"°"(r) to vanish exponentially quickly at large distances from the
center of the clusterd(~ 2ds, whereds is the typical system size), we can express
this function as a Fourier transform plus an (exponentiedlgishing) error term:

¢*""(g) = Jydre 9T gor(r) (3.32)
= fall spacedre_igir (pshort(r) + g(g) (3-33)
= ¢°""(g) +£(g) (3.34)

where@®"°"(g) is the Fourier transform ap*"°"(r). Thus, neglecting the error
term:

o9 = &j“"" 9) +¢°"%(g) (3.35)
= ¢""(9) + ¢°"%(g) + #°"%(g) - #°"°(g) (3.36)
= 9(g ) qf”ee'tg) (3.37)

The function

(pscreer*(g —long ) (;)Iong(g) (3.38)

screens the interaction of the cluster with an infinite aofperiodic images,
realizing the link between isolated and replicated systétavalue is zero in this
latter case). Thus, the potential energy can be written as:

= o S 1@ P®(~g) + F**T-g) (339)
[¢]
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In this expressionp'®9(g) is supposed to be known, whig°"9(g) can be
evaluated efficiently over a grid using Fast Fourier Tramsf@l14], which scales
asd (NInN).

3.4 Pseudopotentials.

The greatest drawback in using a plane-wave basis-set clstomasthe impossi-
bility, from a practical point of view, of describing coreeetrons within a reason-
able computational expense. Indeed, the sharp spatidlatistis of their wave-
functions near to the nuclei would require an extremely higimber of plane-
waves for an accurate characterization. On the other hdredcadre levels are
well separated in energy from valence electrons and, at aldivel of approx-
imation, do not play any role in the chemical properties ofienolar systems.
Thus, the core electron orbitals can be frozen in the KS @puaiand only the
valence electrons are described explicitly. The corenadeclectron interactions
are implicitly included into the nuclear potential, whickdomes an ’effective-
potential’ or ‘pseudopotential’. Pseudopotentials angallg derived from all elec-
tron (AE) atomic calculations, and several recipes have Ipeeposed to date. In
the work presented in this thesis "norm-conserving” ps@atentials derived from
the Martins-Troullier (MT) method115 have been used. These pseudopotentials
have to satisfy the following conditions:

e The valence pseudo-wave-function should not contain asfiglraodes.

e The valence AE and pseudopotential eigenvalues from thel & equa-
tions must be the same:
efP = ¢/'E (3.40)

where/ is the angular momentum.

e The pseudo and AE atomic radial wave-functions must be dqualgreater
than a chosen cut-off distancg.

These three conditions ensure that the pseudo-atom belilexdle real one
in the region of interaction with other atoms while formingeenical bonds. Other
conditions are the following:

e The integrated electron density within the cut-off radios the two wave-
functions must be the same. This requirement guarantedsatsferability
and the norm conserving rule of the MT pseudopotential.

e At r =rgy, the pseudo wave-function and its first four derivativesudthde
continuous.

e The pseudopotentials should have zero curvature at thimorig
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With these conditions, the general form for a pseudopakentave-function is:

AE(pY -
PP\ _ po(r) 51> Teut
¢£ (I‘) - { rZep(r); r <reu (3.41)

wherep(r) = co+ Zf’:lcirZi, and the coefficients are obtained by imposing the
first three conditions.
The functional form of the pseudopotential is

Vpseudo= Wal(I) + Z Y1)V (1) (Y m (3.42)

where Y m) are spherical harmonics. The "semilocality” of this fuocial
form (local in the radial coordinate, non local in the angubaes), implies an
increase in the computational cost. This difficulty can beroeme by using the
method of Kleinman-Bylanded [L6], which implies addition and subtraction of an
"ad-hoc” radial functionv_(r) to the pseudopotential, leading to a new functional
form, where the local and non-local parts can be completghasated.

3.5 Car-Parrinello MD

Now that we have presented the method used in this work, t@ 806, with the
help of suitable approximations, we face the prolem of hovsdtve the time-
dependent Schroedinger equation, because we are ietiagtimulating the time
evolution of biological systems (namely enzyme in this wavkich undergo bonds
breaking and formation: that requiredimst principle approach.

Recalling3.7, one can write the time-dependent adiabatic Schroediegea-
tion for the nuclear wave-function

iﬁdemT(tR’t) - (— i Z%D.?H(R))em(m), (3.43)
with
(R) = €2R)+ Y (Wl TP (3.44)
22w,

which represents the diagonal correction to the electrenargy levels, due to
the dependence of the electronic wave function on the nucteardinates

Using Ehrenfest’'s theorem, mean values of position and méme operator
could be obtained:

iﬁ@ — (|J7,R]) = iﬁ% (3.45)

1This correction is proportional tm/M, and therefore feasible: when explicitly neglected, it
receives the name ddorn Oppenheimerpproximation, when included one speaksadiabatic
approximation.
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and
iﬁ% = ([ ,P]) = —iR(0n(R)), (3.46)
which combined give rise to the following Newtonian equatal motion:
2
I\/Id (R) = —(0e(R)). (3.47)

dt?

Using Hellmann-Feynman theoreil[7, 118, it could be possible to write the

second term ir3.47, in theclassical nuclei approximatiofwhich means assuming
to have obtained the mean value of the position operatorrirtesway):

2
T = (wn(R)| T wry)) - ™ aag)
whereVy, is the nuclear-nuclear interaction.

A first principle self-consistent MD approach can be obtdibg solving the
electronic structure problem for the ground-state (fornegke within the Khon-
Sham approach to DFT).

In this way one can obtain the electronic ground-state fohedD steps, but
this requires diagonalization of the electronic Hamileonat each step, which takes
a lot of computational time.

M,

3.5.1 the Car-Parrinello Lagrangian

In 1985 Car and Parrinello developed a new scheme, basedeosxtended La-
grangian formalism and avoiding the optimization of thecetenic wave function
of every step by introducing a second ordietitious dynamics on the electrons.
These latter are kept sufficiently close to the adiabatitaser allowing for an in-
crease of the time step by a facterl0 with respect to Ehrenfest dynamics. The
method is based on the observation tfifg|.7#’|Wo) can be viewed not only as a
function of {R, }, but also as &unctionalof the wave functior¥y, and thus of the
set of one-electron orbitalsy;} used to build it. In this case, the force acting on
these orbitals can be obtained from a functional derivaiive suitable Lagrangian
containing(Wy|.77|¥o), like in classical mechanics for the nuclear motion. The
Lagrangian? proposed by Car and Parrinello has the form

.,Z”ZM}MRZ_FN}.'.'._LP%qJ traint 3.49
212 I ;2M<W|‘4M> (Wo|#|Wo) + constraints (3.49)

where the first term is the kinetic energy of nuclei, ane- u are the "fictitious
masses” assigned to orbitals; the second term representgtitious kinetic en-
ergy associated to them (the sum is on the occupied orbitg).orhe (holonomic)
constraints act in general on both the orbitals (e.g. toantae orthonormality)
and on the nuclei (e.g. if one would perform molecular dyre@mwiith geometric
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restraints). The dynamics is described by the Euler-Laggaquations associated
to ¥

doy . 0¥ 7 0 .

dior, ~ MR GR, T R, (Pl el ol g {constraints - (3.50)
do¥ ., 0« 0 0 .
qon = Uy = IR <Wo|%\wo>+dwi* {constrainty (3.51)

Note that if|u ;| — 0 eq. 3.51reduces to a stationary problem, and the elec-
tronic system will stay on the Born-Oppenheimer surfacef@moes acting on or-
bitals), corresponding to the true equilibrium dynamicsighdér is the fictitious
kinetic energyTe = ziN:l %ui <L'pi ‘ t,'Ui>, more the electrons will be far from the min-
imum energy configuration. In particular, a ground-stat@evainction optimized
at timetg will stay close to its ground-state if it is kept at sufficigrbw tempera-
ture. The only quantity one can change to ensure this comdisiu, often called
"adiabaticity parameter’]19. If ¢ andt are chosen consistently the energy flow
between electronic and nuclear subsystems is slow enougiuse no drift ifle 2,
thus conserving the "physical” total energynys

M
1 .
Eprys =Bt~ Te=Ti +Ve= 5 SMIRP+ (Wol.AeltWo) - (3.52)
i=

The choice of a reasonable fictitious massieets two opposite requirements.
In fact, considering a simple harmonic model for the eledtreystem around the
Born Oppenheimer (BO) surface, (discrete) excitationgdesncies are given by

2(e" — &)

u

(5]

wj = (3.53)

wheree* ande are energy levels of unoccupied and occupied orbitals eresp
tively. If wfaxis the maximum vibrational frequency of the nuclear systém,
order to perform adiabatic dynamics it mustdo@m >> Whaye As the only tunable
parameter igt, one could decrease it arbitrarily to increase the frequehthe gap
Whin However, decreasing stretches the entire spectrufw } and in particular
increasesu,,, Which is inversely proportional to the maximum time steppi€al
values ofu are in the range 500 1500au., which allow for a time step of about
5—10au. (0.12— 0.24fs). For calculations discussed here we uged 600au.
and a time step of 5a.

2 T, actually performs two-frequendyoundoscillations around a constant value. The first fre-
quency is associated to the drag exerted by the nuclei, adritanti-phase with/s oscillations,
while the second is a small-amplitude high-frequency @i intrinsic to the fictitious electronic
dynamics. Note that having a non vanishing masses, alsolébrans dampen nuclear motion,
causing a renormalization of the nuclear masses which camf@tant in the case of light atoms.
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3.6 Hybrid Models: QM/MM molecular dynamics

The biological systems like those addressed in this stuadypaty enzyme in action,
require special computational techniques. They are preteisually composed by
a thousands of atoms, and they perform chemical reactiohghwappen in a
limited part of the enzyme, called active site (usually derathan a hundred of
atoms). Treating the whole system quantum mechanicallysioygfirst principle
approaches, is computationally not-affordablei. In @ddithis may not necessarly
cause one is interested only in the catalytic region (a rethdf atoms). The ap-
proximation of the enzyme to only a models of its catalytie s vacuo is rather
drastic, and one looses electrostatic contributions ofathele system and a cor-
rect description of the internal motions of the protein, ethare crucial for a full
description of the catalytic mechanism. For that issueridyimodels which allow
to treat different parts of the system at different level lnédry were developed
[120,121, 122 123. According to these approaches, the Hamiltonian for aillybr
system could be written as:

H= HQ|\/|+H|\/|M +HQM/MM (3.54)

whereHgm andHyw are the Hamiltonian for the quantum and classical sys-
tems respectively, and the remaining tetigy v, Which incorporates the essence
of hybrid methods, describes the interactions betweenibestibsystems.

In this work we have benefit the use of the hybrid method deezloby U.
Roethlisberger and co-workers33, in which the QM part is treated at DFT/BLYP
level of theory (as described i8.2) and dynamics is performed following Car-
Parrinello idea, whereas classical part is described USMBER force-field [L24].

An important issue when using hybrid methods, is the way iicivthe quan-
tum and the classical subsystems are divided: it is possibigoup degrees of
freedom as bonded and non-bonded interactions, depepdertiow the QM/MM
boundary cuts or not chemical bonds of molecule.

3.6.1 Bonded interactions

The first problem that one has to face when a QM atom is cheiyicahded to a
MM one, is the remaining unsaturated valence of the term@Mlatom. Among
the possible proposed solutionk2p, 126, 127, 128 129: here we have simply
added an additional (dummy) hydrogen atom to saturate thglidg bond.

Stretch, angle and dihedral interactions involving MM arid @oms are kept
in account by the classical MM force field used.

3.6.2 Non-bonded interactions

The natural choice for the non bonded interaction Hami#ons:
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Hnombonded: Gi /dr ‘f£r2| + %M % VvdW(rij )a (3-55)
ie I i€ jeQM

The steric non-bonded interactions due to the Pauli repuksind the dispersion
interactions are kept into account by retaining the van deelg/interaction as
described by the MM force field.

The electrostatic interaction between the QM density aagtint MM charges
representing the main environmental effect on the QM sysasents some is-
sues: (i) the electron spill-out phenomenon and (ii) a vég lscomputational cost.

In the QM/MM scheme followed herd 23, these problems are overcome by
treating in a different way short and long range interaction

3.6.3 Short-range electrostatic interactions

The so-callecklectron spill-outproblem is a consequence of the non-physical at-
traction of the electron cloud, caused by positive MM chaydecated near the
QM/MM boundary. These positive charges are not surroundedsbown elec-
tron density, and the Pauli repulsion is therefore absent @onsequence the QM
electron density is over polarized.

This effect is particularly pronounced in a PW basis setaggh, in which the
electrons are fully free to de-localize.

In the solution proposed i3], the Coulomb potential is replaced by

re;—rt
Hel = % Qj/dfp(r)ma (3.56)
jeMM cj

wherer; is the covalent radius of the atom j. In that way, for large luea
the 1/r behavior of the Coulomb potential is still presenhilerit tends to finite
number for small r.

This choice of the smoothing function has been tested toym®adccurate re-
sults for the structural properties of a quantum water mdéem a box of classical
water molecules without angd hocre-parametrization of the force field, and an
accurate description of hydrogen bond distances and drergan be obtained.

3.6.4 Long-range electrostatic interaction

The explicit calculation of the long-range electrostagmt is too expensive in a
plane-wave based approach. In fact, the calculation of taldpiNyy integrals,
where N is the number of real-space grid points {0%) and Nyw is the number
of classical atoms=¢ 10°) would be required. This problem is solved by lowering
the degree of accuracy of the calculation as the MM atomsugtter from the QM
region. The MM region is partitioned into three regions bgyding two cut-off
radii ry andr».
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e Interaction of the QM charge distribution with all MM atomsthin r is
explicitly calculated.

e For MM atoms withr; < r < rp, the Coulomb interaction is approximated to
interaction between the MM atomic point charges and the [3IREharges
[13Q] of the QM system (see below for D-RESP charges derivatidhus,
the electrostatic Hamiltonian reads:

r1<r<rz o] Q'JRESP

HE
w3

(3.57)

e forr >r, The MM charges interact with a multi-polar expansion (uphe t
quadrupolar term) of the QM charge distribution. In thisesabe Hamilto-
nian takes the form:

a 1’)
‘%ﬂQl\/l/M'\/I - CZq'| _R||+ZD Zq' R.|3

m@ﬁ_m

QZQGBZ‘* "|r_R|5 +.. (3.58)
ap

wherer is the origin of the multi-polar expansion (e.g., the geainat cen-
ter of the quantum system) a®ID andQ are the total charge, the dipole
and the quadrupole quantum charge distributions, resdgti

The only free parameters in this approach are the cut-off radandr,. This
approach allows a fully Hamiltonian description of the &lestatic interactions.
Thus, energy conservation during dynamics is achieveceiptitential energy and
the forces are consistently computed. The correctnesseahtplementation can
be directly verified by monitoring the conservation of thery during MD simu-
lations.

3.7 Classical molecular dynamics

All the techniques described above, albeit accurate, argatationally expensive
and allow to treat relatively small problems. More than timst all the questions
addressed in computational biophysics involve bond bregkir formation (for
example one could be interested in study the large scaleomofi a protein, or
movement of some particular domain). For all these casesceurate description

as obtained byb-initio calculations is out of scope, and sometime even a waste
of computational resources. In the so calfedce field methods, the electronic
energy for a given nuclear configuration is not calculatddisg the Schroedinger
eguation, using some approximate methods, but it is givenpasametric function

of nuclear coordinates, which are fitted to experimentati@s] or higher level
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computational data. In this framework electrons are nofieikgly considered,
and the problem becomes a classical one: the equation obmate therefore
obtained using a standard Hamiltonian (or Lagrangian) &ism, and trajectories
are obtained solving these equations of motion using smhecalgorithm [L31].

In this work we have used not only in the classical MD calcatad, but in
mixed QM/MM as well, the AMBER force fieldl[32, whose functional analytical
form is:

U= XbondsKr(r - reO[)2 + Zanglesti (19 - ‘9eq)2 + (3-59)
+ ¥ dinedrais 3 [1+ coSN@ — )] + Ti (48 (?i—ijj)lz— (?i—ijj)s + ?T?jj]

Atom bond stretching and angle bending are representedra®hi terms,
while dihedrals or torsionals are described by a sinusaetai. Non-bonded inter-
actions comprise two terms, the first is a Lennard-Jones@ilB which describes
atom-atom repulsion and dispersion interactions, thersewthe Coulomb elec-
trostatic term. In eq3.59 r andd are respectively the bond length and valence
angle;@ is the dihedral or torsion angle angl is the distance between atoimsnd
j. Parameters include the bond force constant and equitibdistanceK, andreg,
respectively; the valence angle force constant and equititbangle Ky, anddeg,
respectively; the dihedral force constant, multiplicitydephase anglé/,, n, and
y, respectively. Non-bonded parameters between atand j include the partial
atomic chargesy;, along with the LJ well-depthg;;, and g, the (finite) distance
at which the inter—particle potential is zero. These termesadso referred to as
the interaction or external parameters. Typicadlyandag; are obtained for indi-
vidual atom types and then combined to yieldandg;; for the interacting atoms
via combining rules. The dielectric constanis typically set to 1 (correspond-
ing to the permittivity of vacuum) in calculations that imporate explicit solvent
representations1B3. Van der Waals and electrostatic interactions are caledla
between atoms belonging to different molecules or for atiortise same molecules
separated by at least three bonds.

3.7.1 Long-range interactions in classical MD

In simulations of biological systems it is highly desirabdeavoid the calculation
of all non-bonded pair interactions, since the computatli@ost would be propor-
tional to the square of the number of atoms. These interactwimarily dictates
the dynamics of biomolecules, and cannot be merely truddaggond a given cut-
off [131] when long-ranged. An interaction can be roughly definedjicange if
the associated energy falls off slower thaf, whered is the dimensionality of the
system. Thus, Coulomby(¢~1) and dipole-dipole £ ¢~2) should be considered
long-range when dealing with three dimensional systemdedd, cutting the in-
teraction on a sphere of radinsmakes it is easy to see that the tail correction, pro-
portional tofr": o(r) 4mr? diverges if the potential function goes to zero withs oo



3.7 Classical molecular dynamics 49

faster tharr —3. 2 Fortunately efficient methods to handle the evaluation pio
range interactions were developed. Among these, the medtare reaction field
methods and lattice methods34]. The first class assumes that beyond a given dis-
tance the interaction can be treated using an “average fglofoach, derived from
macroscopic electrostatic. The second class of methodsh mere widely used,

is represented by the Ewald summation algoritti89, which efficiently handles
long-range interactions in periodic systems (and thusiregiPeriodic Boundary
Conditions - PBC - to be used for the system being simulated).

3.7.2 Ewald sum

Within PBC each particle interacts with all the other N-1tdes into the simula-
tion box and with all the N particle images in an infinite 3Degrof periodic cells.
The electrostatic potential enerf-°" of the infinite system, therefore, takes the
form:

N
UCOUI - Z qlql (3.60)
n 0 1 |r|J +nL|
where L is the length of the periodic box (assumed cubic forpéicity), N
is the total number of atoms, amdare the direct lattice vectors. The prime on
the summation indicates that the sum is over all the imagesdi # j if n = 0.
The convergence of this series is extremely slow, and thusra large number
of images is required to achieve a reliable estimate) 8. A simple recipe to
cope with this problem consists in splitting the electrostanergy in two parts, a
short-range and a long-range term. This means to find sonotidar3 such that
the Coulomb potential can be rewrittex= |rjj +nL|):
1 B 1-BKX

= 3.61
X X * X ( )

If B is properly chosen, the first term will be negligible beyongivzen cutoff
X, and the latter will be a slowly varying function &f that can be expressed as
Fourier Series with a low number &fpoints. Ewald 135 made for3(x) the natu-
ral choice of the complementary error function éxic= (2/+/(m)) [, exp(—u?)du,
such that - 3(x) = 1—erfc(x) = erf(x). Thus, in eq3.61the term erf¢x) is evalu-
ated cutting the interactions at a given cut-off, while thieg-range term is Fourier
transformed in the reciprocal space, where it becomes saoged and can be
thus accurately estimated by summing over a limited numbeaiprocal vectors
(both the sums in real and reciprocal space becomes in facnextially con-
verging). The parameter tunes the relative weights of real and reciprocal sums,
although the final result is independent of it. An optimalickanakes the Ewald

3 The LJ interactions, instead, can be cut at a given cutofii¢ally 10-12A), since they decay
very rapidly. Methods have been developed that treat themdgeyond the cutoff radiug, as being
homogeneous (i.e. with LJ parameters averaged over allifedm types)I31]. These interactions
are thus effectively treated as short-range interactioth thie addition of a constant correction term.
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sum to converge as¥®2, which can be further improved tdInN with the use of
Particle-Mesh methods (as the Particle-Mesh Ewald, PVa5|[or the Particle-
Particle Particle-Mesh, PPPM37]), making advantage of the Fast Fourier Trans-
form (FFT) [L14] algorithm.

3.8 Performing MD in a statistical ensemble

Solving the equation of motion presented above, indepdhyden the level of
theory used (classical MD ab initio), will generate trajectories which map a
micro-canonical ensembfigas the total energy is strictly conserved during time
evolution. Experiments on the systems | have addressed tegadytic enzymes),
but generally for every biophysical experiments, are penfed at constant pres-
sure and temperature (NPT ensemble), or constant voluméamukrature (NVT
ensemble). This means that, from the statistical mechgroos of view, it is
necessary to use special techniques which allow one to sastatistical relevant
canonical ensembles.

3.8.1 Nog thermostat

A way to achieve constant temperature simulations, withinftamework of MD,
was introduced about twenty years ago by Nds&g] and reformulated by Hoover
[139, who modify Newton equation of motion by adding two non phgsé vari-
ables, thus introducing the following non-Hamiltonian dymcal system:

o= %, (3.62)

b = Fi—p—(gpi, (3.63)

ho= p—(g, (3.64)
N pi2

b = SPC kT (3.65)

1 i;m

where{r;},{pi} are coordinates and momenta of tearticles with massesy,
the forcesF; are derived from théN-particle potential and. is a parameter to be
determined. The two nonphysical variablgsand p, in eq. 3.62regulate the
fluctuations in the total kinetic energy of the physical shtes, and can be thus
regarded as an effective "thermostat” for the physicaleyst The paramete®
controls the strength of the coupling to the thermostathhiglues result into a
low coupling and vice versa. These equations of motion awasthe following

quantity:
2
c— H(p,r)+%+Lan (3.66)

4assuming that ergodic hypotheses are verified
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whereH (p,r) is the physical Hamiltonian. Assuming th@is the only constant of
motion, the microcanonical partition function at temperafl can be written as:

Qr(N,V,C) = [dNpdrdp, dn €N15(H (p,r) + 2 +LKTn —C) (3.67)

_ esﬁ/TLkT fdpnef’sz?,/ZQLkadedNr e SNH(P)/LKT (3 68)

that, withL = 3N, is proportional to the canonical partition function foethhysical
system. Thus, the Nosé “extended” scheme gives confasmsabf the physical
systems that belong to the canonical ensemble. I18&, the metrice®™" has
been used agNpdNrdp, dn eN1 is the phase-space conserved measure for this
set of equation of motion.

Nose-Hoover chains

When there is more than one constant of motion a single Musdrer thermostat
is unable to get the correct canonical sampling for the maysystem131]. To al-
low the simulation of more general systems Martghal. [140] devised a scheme
in which additional dynamical variables are inserted inlthgrangian. This cor-
responds to couple the first thermostat to another one, armhsgenerating a
whole chain of thermostats (here the name Nosé-Hoovenshain fact, as the
momentum of the extended variable entering in the first Néséver thermostat
is distributed canonically, it can also be thermostatede dhreins take into account
for additional conservation laws, and generates the coocawonical distribution.
The equations of motion for a system coupledNtdhermostats are:

o= % (3.69)

p = F —%pi, (3.70)

M = %, k=1, N, (3.71)
Y p? Py

5, = L7 o WL 3.72

p’h (I; m ) Q2 pfh ( )
- p’27k—1 pf]k 1

- _KT) = ey 3.73

pnk ( Qkfl ) Qk+1 pf]k ( )

p2
P = <$ —KkT). (3.74)
Ne—1

The dynamics generated by these equations conserves ltheifg "energy”:

Ne 2 N
C pnk C

Hyue=H(p,r)+ Y ==~ +LkTni+ S kTnk (3.75)
2,20 2,
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3.8.2 Isobaric simulations: Langevin piston

As for the thermostat many methodk3f] have been developed for the aim of
performing simulations at constant pressure. Here will l@s@nted only the one
used in this work (in classical MD performed using the NAMDded141]). The
equation of motion of each atom are modified by the introdunctf an additional
degree of freedom, the pistam, which undergoes a Langevin-like dynamics, in
analogy with the motion of each patrticle

fi =B iV, (3.76)
bi —f—1Vp, (3.77)
V =& [P(t)—Ped — W +R(1), (3.78)

(3.79)

wherey is the collision frequency anB(t) is a random force taken from a
Gaussian distribution with zero mean and variance

ROR() = 2610 (3.80)

whereky, is Boltzmann’s constant.

3.9 Free energy calculations

The biochemical events addressed with computational appes usually involve
the crossing of relatively high energy barriers: in parécuone aim of this work
is the characterization of enzymatic reaction, for which weee experimentally
measured quantitie&dy;) of the order of tenths of kcal/mol.

The time required for crossing such high energy barriersisncessible with a
normal, canonical, molecular dynamics simulations, anthouds for enhanincing
the sampling of the free energy surface (or the phase-spae@ecessary. For that,
a number of powerful methods have been developed, in reeans yto characterize
the thermodynamics of many rare everitd?, 143 144, 145 146, 147, 148 149,
150, 1517].

Forcing the system to undergo the requested transformadiodh then recon-
stracting the free energy profile, implies two major prokderfi) the simplification
of the phase space into few (or even only one) relevant parearss calledeac-
tion coordinatesalong which to enforce the transformation, and (ii) to aghithe
definition of efficient schemes for sampling the reduced plspsce.

In principle reduction of the complexity and intrinsic mdltmensionalty of a
system to the few reaction coordinates could seem a ratlstidisimplification,
but for some case (in particular for some enzymatic reasjidhe low-dimensional
approximations are reasonable. In particular in this wirk, hydrolysis reaction
performed by the enzyme are approximated using a monodioreiseaction co-
ordinate, and profile of (Helmotz) free energy are here lyrigfesented.
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3.9.1 Constraint MD

The Constraint MDmethod has been developed by Ciccettal. [152, 153 and
has been used to a variety of molecular systems up to date.

In this scheme, the reaction free energy is calculated liglyigonstraining the
chosen reaction coordinate. The force on the constrgims (ime-averaged upon
successive variations of the reaction coordinate vafand then integrated along
Z. The free energy, then, reads:

B _
AG(%) — / %) AR (3.81)
Ro

For the simple case of an interatomic constraint, like in¢hse of the sim-
ulations of this work, the force on the constraint is equathe corresponding
Lagrange multiplier:

)= ) = - (s~ ) @82)
B AB / Rap=%

where the brackets stand for an ensemble average over jeettrg, and the
reaction coordinate? is defined by the distance between atohendB.

The validity of this thermodynamic integration scheme @ependent on the
nature of the interatomic forces, and it has been succéssixtiended to a variety
of chemical systems. Practically, the value4sfis increased or shortened in a
small amount starting from the final configuration of the diion at the former
% value. The amount of these increments determines the axgcofathe free
energy estimation for e.g. a chemical transformation: ttogless, the shorter they
are, the more time-consuming the simulation will be.
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Chapter 4

Protonation state and substrate
binding of CphA

4.1 Summary

The zinc enzymes metalf®-lactamase counteract the beneficial actiofi-ddéictam
antibiotics against bacterial infections. These enzymgldtyze thef-lactam
ring. To understand structure/function relationships am@resentative member
of this class, the B2 ML CphA, we have investigated the H-bond pattern at the
Zn site and substrate binding mode by molecular simulatiethods. Extensive
QM calculations at the DFT-BLYP level on 11 models of the piotactive site,
along with MD simulations of the protein in aqueous solutialiow us to propose
two plausible protonation states for the unbound enzymeciware probably in
equilibrium. Docking procedures along with MD simulaticarsd QM calculations
suggest that in the complex between the enzyme and its atdoghiapenem), the
latter is stable in only one of the two protonation statesaddlition it exhibits
two different binding modes, of which one agrees with prasigroposals. In
both cases, the substrate is polarized as in agueous solWie conclude that
addressing mechanistic issues on this class of enzymeisagaqicareful procedure
to assign protonation states and substrate docking modes.

4.2 CphA inthe free state.

We attempted to identify the most plausible protomers of B2LMuctive site by
evaluating the relative stability of different protomeepresenting th€phA active
site, optimized at the DFT-BLYP level of theory (T4ld).

57
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Model | His118 | His196 | 4Mligand | RMSD (A) | AE (kcal/mol)
A € £ WAT 0.15 0
A2 o o WAT 0.29 15.15
A3 € o WAT 0.20 7.10
A4 € o WAT 0.37 1.70
B | eandd £ OH 0.14 0.67
B2 o o) OH 0.37 39.99
B3 € £ OH 0.16 36.13
B4 € o) OH 0.39 50.97
B5 € o) OH 0.21 52.77
B6 € £ OH 0.39 27.80
B7 | eandd £ OH 0.25 2.38

Table 4.1: Different protomers used in the QM calculationBhe first three
columns report the protonation of His118, His196 and tharldthat replaces
crystallographic carbonate aniofd4]. Structure (RMSD) and relative energies
(AE) of different protomers representing tlhA active site are reported in the
last two columns.
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The Zn(l1) ion was assumed to be tetrahedral, based on tlugrepeopic evi-
dence 155. These models included: i) The metal and its protein ligaAdp120
(assumed to be ionized), Cys221 and His263; the latter bimgd) on Ne and
reasonably H-bonds with GIn68, This residue was not inaudemodels, since
its inclusion was expected not to significantly alter theulssof calculations: H-
bond GIn68@CO... HEl@His263 would be present in all models considered, and
would stabilize them in the same extent. ii) Either a watetenge (Waz) or a
hydroxide ion (Oz) acting as fourth ligand; this ligand @eg#s the carbonate (or
bicarbonate) of the X-ray structure.
iif) The three residues of the "Zn1” binding site: Asn116sH18 (protonated ei-
ther in N, H-bonding to water Wat2, or in & H-bonding to OH-Tyrl17. This
residue was not included in calculation. According to thestal structure 154,
Tyrl17@HO...HN@His118 is most likely to be present, compared to Tyrl17@Old@His118
(putative HO...N angle of about 220Fig. SlI): for that reason most of our models
were built with His118 protonated oneN Explicit inclusion of Tyrl117 would be
more effective on stabilization of models with His prot@tbn Ne than on those
protonated on N. Furthermore, A2 and B2, the only two models with His118
protonated on M, turned out to be less stable compared to all other model$. an
His196. The latter faces water in the crystal, and it was equently assumed to
be protonated either in &(thus forming and H-bond with Waz or Oz,) or oroN
forming a H-bond with a third water molecule (Wat3); iv) A@fllwas included for
its positive charge, which is expected to play an importatg in electrostatics of
the active site cavityd3, 94]. v) Two additional water molecules (Wat2 and Wat3),
which H-bond to His118 and Asp120, and to Asn116 and Hisl&pactively.

The most stable models in terms of energetic and structuoglgpties (RMSD
relative to the X-ray structure) turned out to Beand B in which the fourth Zn
ligand is a water or a hydroxide group, respectively (Tahh.and in Fig.4.1).

The energies of the two models differed by less than 1 kcalé&ma their struc-
tural parameters were fairly similar to those of the X-raysture (RMSD= 0.14
Afor A and 0.13A for B); in particular, the Zn(ll) ion exhibits a tetrahedral ceor
dination sphere. Two other models turned out to have lowgnex4 and B7 (Tab.
4.1).

Model A4 differs from model A only in the protonation of HisA9We performed
short test MD simulation of this protomer observing that #fieandy 2 of His196
adjust, exposing the &H group to the solvent, in a similar geometry as those of
His196 in model A. Therefore we decided to use the protonatiate of A. Model

B7 features the same protonation state of B, differing omlgin additional crystal-
lographic water molecule. (Tal.1) We exclude all the other models considered
by using an energetic criterion and/or a structural one.(%ab). In A, His118 and
His196 are protonated ind\(Fig. 4.1): Wat2 is involved in a network of H-bonds
with Od2@Asp120, M@His118 as acceptors, and one hydrogen of Waz as donor.
In B His118 is diprotonated, and Wat2 forms a H-bond network vat® Oz and
0302@Aspl20 as acceptors, andN@His118 as donor (Figt.1). In both models
Wat3 is H-bonded to the &lof His196 and the amide group of Asn116. Overall,
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a comparison between these two models indicates that tfezatite is a relayed
proton transfer between the metal bound Waz and His118. ,Thoik protomers
could coexist, being almost isoenergetic and they coulddzeia equilibrium with
each other.

The stability of the protein in the protonation stafesindB was then investi-
gated by MD simulations of the entire proteins in aqueoustsnis. The overall
folds were well conserved for 10 ns, as shown by RMSD valuéefltackbone
(MD-averaged value 1.4, Fig. 4.2).

The RMSF calculated overdCatoms
(Fig. 4.3a) pointed to a mobility of regions L1, he3/L5 and L9, located near
the edge of active site: these values are in good agreem#énthvei experimental
B-factors [L54], except for L1, which has low experimental values.

The geometrical parameters of the Zn(ll) site were preseduing the dy-
namics in both models. In théphA-A model a second water molecule was ap-
proaching the metal site with an exchange time of about 0.3'he H-bonds be-
tween NH@His118 and O@Tyr117, NH@His118 and@Asn116, and His263
Nd and GIn68 as well as the Cys221-Arg121 salt bridge, were eggiserved in
both models.

Novel information is obtained on the structural role of L¥42 which in the
X-ray structure was involved in a salt bridge with the exagencarbonate anion.
During the dynamics, it is H-bonded to Tyr297, Tyr242, LeR2d His196 N
(Fig. 4.2). The structure of this H-bond network prevents the terinpasitive
charge of the Lys residue to be solvent exposed. In summarycalculations
pointed out that botiEphA-A andCphA-B protomers may be present in resting-
state ofCphA.

Wat3 Wat3

" N116 A " N116 B

3 CHs s CHs
H196 y—C .. H196  y—C ~..
/ N~ HaN / N~ HaN
° |
H
N
war M ( HI18 ( HI1S
az
Y wa \ / 0z /
O~y =N o _HN
; ~. _H OH_ . wag.-
! ‘0 / Ao
! i 0
; | CHy J
; H i
1

Figure 4.1: Active site protomers @phA emerging from our DFT-BLYP calcu-
lations. The ¥ Zn ligand is a water molecule (Waz) &, and an OH group (Oz)
in B.
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Figure 4.2: MD simulations o€phA in the free state. Top: the RMSD?\I of
CphA-A (red) andCphA-B (black).

Bottom: initial (red) and final (blue) representative stures from MD simulations
of CphA-A: in the absence of the carbonate anion, Lys224 forms salgési with
two tyrosines (Tyr242 and Tyr 297) and it is buried in the \&tsite cavity. The
MD structure ofCphA-B turned out to be very similar tGphA-A.
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Figure 4.3: Panel (a): calculated and experimental B-faciolue) forCphA-A
(red) andCphA-B (black). Panel (b): the B-factors of CphA in complex wigia
derivative [L54] are compared with those of our stable MD complexes, namely

those ofES-1A(red) andES-2A (black).
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Asp120 His263

Cys221

Figure 4.4.ES-1A (a) andES-2A (b) MD average structures. The putative water
molecules (Wat2) acting as nucleophile in the enzymatictiea are highlighted
with circles; the second zinc coordinated water (Waz) igcated with dashed
circle in (b).

4.3 CphA-Bia Michaelis complex.

In this section we investigate the stability of the completvieenCphA and its
substrate Bia) in both protonation states by performing MD simulationstlod
adducts. Two docking models were considered for each patitom state of the
protein residues of the zinc environment. These modelsrditfso for the Zn coor-
dination: in model€ES-1the Zn is bound to the substrate, whilst in modes-2
a water molecule or an hydroxide are directly coordinatetth wie metal ion (Fig.
4.5). The latter is based on the hypothesis that B@LVuse this moiety to per-
form the catalytic reaction, as found in all B13¥s (COOREGGI REFS). Specif-
ically: in modelsES-1AandES-1Bthe carboxylic moiety oBia was coordinated
to the metal ion, as in the crystallographic structureCphA in complex with a
Bia derivative [L54], and with a salt bridge between Lys224 and O(1Bi@ The
possible nucleophile was a water molecule or an hydroxidat?\Wwr OH-2) respec-
tively, placed in the pocket between His118 and Aspl120.ehAtstmodelE€£S-2A
andES-2Bwere based on the protomeksandB in which Bia was docked into the
active site without assuming direct binding of the carbatgyImoiety to the zinc
ion (Fig. 4.4, 4.5). In that model, Lys224 forms a salt bridge with O(13B@.

After 10 ns of classical MD simulation &S-1AandES-2Athe RMSD of the
final MD structures were close to those of the free stategimgrfrom 0.9Ato 1.1
A (£ 0.1A). The enzyme folds were fully maintained along the dynanzind the
structure ofBia was well conserved (RMSD 0.¥%5+ 0.01A). Wat2 formed stable
hydrogen bonds with B@His118 and with @1@Asp120. In moddES-2A Waz
acted always as fourth ligand to the metal ion, H-bondindnwérboxylate group
of Bia.
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The H-bond pattern in the enzyme was similar to that of the §tate, except
for Lys224, that was interacting with O13ia and O12@ia, otherBia-CphA
interactions include O(14)@ia-Ne @His196, and NH@Asn233-O(14 ) (Fig.
4.5), while O(12)@Bia interacts with Asn233 backbone amidekS-1A, but not
in ES-2A; His196 is mobile in both adducts. The OH grouBah was trapped be-
tween Thr119 and Thr157 sidechains, as in the X-ray straaifithe adduct with
the Bia derivative.

CphA-Bia hydrophobic contacts involved Val67, that together with7lyforms
the loop L1, and C(10) methyl@a and also with the C(17) and C(18) of the 3,5-
diaza-1-azoniobicyclo group.

Therefore,Bia was well anchored to the enzyme cavity and the distance be-
tween Wat2 and the C(7) (the carbon that undergoes the mitleoattack) of the
B-lactam ring is 3.3t 0.1A and 3.5+ 0.1A for ES-1AandES-2A Consistently,
the RMSF of the @ (Fig. 4.3) was similar to that of the free state, except for
L1 and L9, which were smaller, possibly because of the foilonatf interactions
involving Asn233, Val67 an@ia.

Thus, both MD structures could be considered as productidhdélis com-
plexes.

In contrast, the MD simulations &S-1B and ES-2B showed thaBia rear-
ranged dramatically or moved almost completely out of thevacite. This may
be caused, at least in part, by the electrostatic repulsbtmden negatively charged
OH (Oz or OH-2) and carboxylate group Bfa. The latter pushe8ia outside the
active pocket and caused the breaking of the hydrogen batdsebn Lys224 and
the O(12) of the carboxylic group &ia, and the one between the His196 and the
other oxygen atom of the same group. Bis. moved outside of the active site, we
discarded both docking models in tBeprotonation state.

4.4 Discussion of results

The study of the structural and dynamic features @l can provide useful infor-
mation for the design of new effective antibiotics or lactam®m inhibitors, which are
likely to escape the selection of pathogens resistant ®epteagents. A key issue
in this respect is the knowledge of the protonation statenaymatic active sites,
which is a prerequisite for investigating the reaction nstsm and for computer-
aided design of inhibitors. Here, we have addressed thig igs the context of
CphA, the only B2 MBLs for which the X-ray structure is presently available. The
stability in terms of structure and energetics of 11 plalesgvotomers of the active
site in the free state (Ta#.1) was evaluated by QM and MD simulations. Two
protomers were the most likely ones. They were practicabenergetic, repro-
duced the structural features of the active site in QM caliahs and conserved
the protein fold during 10 ns of dynamics. The protomewas characterized by
the presence of a Zn-coordinated water molecule and Hisfat8rgated in ¢, and
the protomeB was characterized by an hydroxide Zn-coordinated and aidipr
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TI9 i

Figure 4.5: (a) Main differences in docking pose of the aatib in ES-1A, ES-
2A, ES-1BandES-2B. Red the orientation dBia in modelsES-1, in which the
carboxylic group binds directly to the Zn. Blue the oriergatof the antibiotics for
modelsES-2 The oxygen of the fourth metal ligand (either a water mdie¢waz)

in ES-2Aor a hydroxide (Oz) irES-2B), which binds the carboxylic group &ia

in models 2, and those of the possibles nucleophiles (Wat2odelsES-1A, ES-
2A andES-2B, OH-2 forES-1B) are also shown. (b) The substrate/enzyme stable
interactions, emerging from MD simulations, are shown: ¢iids and salt bridges
are represented by arrows, while the wavy lines indicatéjftgophobic contacts.
During the dynamics botES-1A, ES-2A maintained all these interactions, while
ES-1BandES-2Bturned out to be unstable. Lys224 interacts with O(12) in ehod
ES-1A, while with O(13) inES-2A.
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nated His118 (Fig4.1). Asp120 turns out to be deprotonated in both cases. Both
models contained a water molecule within4 A from the zinc and not bound

to this ion. The MD simulations of the protein in both protboa states further
confirmed thatCphA possesses a compact fold, revealing, however, some degrees
of mobility of the L1 loop, helixx3/L5 and L9 regions, structures located at the
entrance of the active site.

In B1 enzymes, L3 loop is the analogous of L1 in B2, but it igjen being formed

by 7-8 residues compared to only two residues, Tyr60 andA/at6the latter sub-
class. NMR measurementsg6] and classical MD calculations on B1§7, 158,
showed that this loop, located at the entrance of the acitieeis highly mobile,

and became stabilized by the binding of a substrate or ahitohi

In CphA, L1 edges the active site from the N-terminal domain, andcasdese
in mobility emerges from calculations, as a consequenaetefaction with the car-
bapenem -SR groups upon substrate binding. These effectsnetevidenced by
X-ray experiments and are unexpected findings of MD calmnrat which suggest
a possible role of L1 for the mechanism of binding carbapenestecules.

We conclude that an equilibrium between the two protonasiates should be
considered for a detailed description of the structurapprties of the enzymes in
resting state.

The binding of the substrat®ia was investigated by dockinBia in CphA'’s
active site. Two different poses were considered. The fitstwas obtained start-
ing from the X-ray structure of the adduct @phA with aBia derivative [L54], in
which the nucleophile (water molecule or an hydroxide) wasted in a pocket
between His118 and Aspl120 (modé&s-1A andES-1B). In particular, we have
used the experimental information, showing that in thecstmes of CphA in com-
plex with Bia derivative the substrate carboxylate group interactsctirevith the
zinc and with Lys224. Docking was then performed assumiagttiis interaction
characterizes also the binding of the substrate beforeubkeophilic attack.

The second pose was obtained by dockingBtaain the active site, in the struc-
tures obtained fronCphA-A andCphA-B, preserving the main protein ligand in-
teractions as in previous pose, but assuming here that thexgdic O13@Bia-Zn
bound is not present before the nucleophilic attack (models
ES-2AandES-2B). This mode is built under the proposal that two solvent rmalies
should be present in Zn environment to complete the catalgéction, as found in
all B1 MBLs [159, 24, 160, 161, 162 163 164, 165 166, 157, 167, 168|.

The dynamics oES-1BandES-2Bcaused either a dramatic rearrangement of
Bia or a departure oBia from the active site, pointing to the instability of these
complexes. This instability may be caused, at least in fyrtthe electrostatic
repulsion between the Zn-bound hydroxide &id carboxylate.

In contrastES-1AandES-2Aturned out to be very stable during the dynamics.
Residues His196, Lys224 and Asn233 were crucialBiar binding by means of
salt bridges or H-bonds with carboxylate and carbonyl gsoup

Thus, our calculations suggest thigia may bind in two ways to the protein,
and that the reaction mechanism of the CphA could be differem the one re-
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cently proposed by QM/MM calculation®T], in which the ligand binds directly
to the Zn.

In addition, our findings establish that the hydrolysis nasdbtm of members of
subclass B2 is different with respect to B18Us, where a Zn(ll) bound hydroxide
is believed to promote the cleavage of fBwdactam ring [25,27-33].
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Chapter 5

Insights from the reaction
mechanism of CphA enzyme

5.1 Summary

The bacterial metall@-lactamases (IdLs) are rapidly evolving, because the evo-
lutionary pressure oB-lactam antibiotics. These enzymes accommodate one or
two zinc ions, in its 'Znl’ and 'Zn2’ sites, responsible fanlstrate hydrolysis.
Recent X-ray studies on a member of the BBM, CphA fromAeromonas hy-
drophila, have prompted a variety of mechanistic studies of this it@mb subclass,
specific for carbapenems.

Hybrid QM/MM simulations reported here, support a novel traastic view,
consistent with experimental data and pointing to a commtional role of the
zinc ion in the "Zn2’ binding site in B1 and B2 BLs. This single metal is able to
promote the activation of the nucleophile and the engageofea catalytic water
for the completion of the hydrolytic cycle. Based on a variet computational
studies along with recent experimental evidences, we adedhat the conserved
functional motif can be specifically targeted for the desiiimproved antibiotics
as well common inhibitors.

5.2 The Michaelis complexes

Based on classical molecular dynamics (MD) simulationgiilesd on4, we sug-
gested thaES-1[14, 169 97] and ES-2(Chart5.1) are plausible Michaelis com-
plexes [169.

They differ essentially by one non-proteic ligand coortiabto the metal ion,
which is either the substrat&$-1), as proposed specifically for this enzyniel|
97], or a water moleculeES-2), as already proposed across the B1 memi#8s [
27,22, 23, 26).

The nucleophilic water would be activated, in both casesrbii-bond accep-
tor, suggested to be either His118Y or Asp120 P7].

69



70 Insights from the reaction mechanism of CphA enzyme
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Figure 5.1: Schematic representation of the postulatedticamechanism of
CphA, a B2 MBL. Top panel: proposals reported so fat4]. In the Michaelis
complexES-1, Watl would be activated by being deprotonated by a general base,
either His118 or Asp120. Subsequently, the negativelyggthiN(1) atom of the
substrate would be protonated. path | an internal geometry rearrangement of
Int around the C(5)-C(6) bond, or the coming of a second wakt?) from the
bulk solvent (the two possibilities are depicted in blue esdirespectively), could
bring a proton donor in a suitable position for its transteN{(1)@Bia. In path II
such proton would come from the general ba&4:[in the figure we show Asp120
as general base and proton donBottom panel possible catalytic mechanism
emerging from this work. In the Michaelis compl&S-2 two water molecules
are simultaneously present in the Zn catalytic pocket. AE#1, Watl would

be activated by a generalized base (His118 has been showisipitture) and
performs the nucleophilic attack. However, the second m@té&at2), which is
bound to the Zn(ll) ion and H-bonds Bia carboxylate, could simultaneously act
as proton donor in the protonation of the negatively chaigiactam nitrogen.
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Here, we used Car-Parrinelld 70 DFT-BLYP [171, 172 based QM/MM
[173 174 simulations to investigate the reaction mechanism of Cplith ES-1
and ES-2 conformations as initial reactant state. The free energyldeen cal-
culated as function of a selected reaction coordinate,gutsia thermodynamics
integration method152].

5.3 Reaction mechanism based on ES-1

The Michaelis complex. Substrate and Zn-protein interactions were maintained
during the QM/MM simulations. In particular, the substritens interactions with
Val67 and Lys224 (Fig. Sl 3), consistently with mutagenesiglies 14, 175,
which point to an important role of these two residues.

However, substrate binding to the Zn(ll) ion, which is a kaget of this mech-
anism [Ll4, 97] was readily disrupted (see O(2H®@-Zn distance Tab. Sl 1). This
might be a consequence of the salt bridge formed betweenbisrate and Lys224
(Fig. SI 3). As a resultyatl could enter the coordination shell of Zn(Il), produc-
ing a slightly distorted tetrahedral geometry of the metalimnment (Tab. Sl
2).

Key factors for the alterations of Zn(ll) polyhedron, asrseeiring QM/MM
simulations, may include temperature effects and/or byetketrostatic and me-
chanical contribution of the enzyme frame. In fact the sergshiergy minimization
of the QM part only (i.e. in the gas phase), using exactly times exchange-
correlation functional (BLYP 171, 177]) and plane wave basis set, turned out to
give similar results to those reported by Xtial. [97], which energy-minimized a
similar model using B3LYP171, 172 176 and 6-31++G** basis set: in particu-
lar, Bia’s carboxylate remained bound to the metal ion. These esufilain why
in the previous report this Michaelis complex appeared tsthble, whereas it is
actually unstable. Thus, several effects, including théifitp of the Lys224, the
presence of the protein frame and the accurate descriptithe chemical bonding
between Zn and donor atoms (as obtained in a QM framewor&)needed for a
proper modeling of the Michaelis complex.

5.3.1 Simulation of the enzymatic reaction.

The distance between the nucleophilic water oxygen\s@ and the C(7)3-

lactam carbondp_c (7)) was selected as reaction coordinate (RC, see also Methods

section). This choice is similar to those used in othersistu2, 23, 97] and, to

a first approximation, is the natural one to describe thectimacleophilic attack.
do_c(7) Was progressively decreased in steps of®1mtil the transition state

(TS1) was identified at 1.2 (namely, where the force on the constraint changed

sign). The coordination polyhedron BS-1was maintained untifS1was reached;

then the polyhedron was subsequently modified due to thdtsineous occurrence

of several events (Figh.2): (i) Bia’'s carboxylate oxygen and th&-lactam nitro-
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gen N(1) entered in the ligand shell of Zn; (ii) Asp120 anatl detached from
the metal ion; (iii) the catalyti®Vatl was deprotonated by Aspl120, becoming an
activated hydroxide; (iv) thg-lactam C-N bond weakened, as shown by the in-
creased distance and fluctuation of the C-N bond (the distamaceased from 1.5
+ 0.05At0 1.7+ 0.1A).
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Figure 5.2: Investigation oES-1 Top: representative structures of the adduct
(called E+Sin the picture), intermediatdr{t) and products E+P) along the re-
action path starting fronES-1 QM atoms along with the key residue Lys224
are shown in bold and thin licorice respectiveMiddle: evolution of some key
distances as function of RC, during the nucleophilic attalk particular: d1 =
d(H@Watl, d2 = d(N(1)@Bia, d3 = d(N(1)@ia-C(7)@Bia), d4 = d(O(2)@Bia-
Zn). Bottom: evolution of key distances during the protonation nuclelip at-
tack, at various RC values (d1 = d(N(1B@&-Zn), d2 = d(O(2)@ia-Zn) and d3 =
d(N(1)@Bia-Zn)).

The calculated activation free energy for this stepis ~ 15 + 3 kcal/mol,
and this value is not dissimilar from the experimentally swad dataAG*14
kcal/mol) [14] and the computational estimation by Xtal. (AF* ~ 14 +) [97].

By further decreasing RC, we identified a stable intermedddtthe reaction
(Int), and calculated thatF (") ~ 9 + 2 kcal/mol. FromTS1to Int, the C-N dis-
tance further increased (Tab. Sl 1) until the bond was clkbakrethe intermediate
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the substrate directly coordinated with the metal ion: Ig§Bja and O(2)@Bia
formed a direct coordination bond with Zn(ll) (Tab. Sl 1). ellemaining lig-
ands were Cys221 and His263, and the coordination spherehsaacterized by a
highly distorted tetrahedral geometry (see B, structure oint, and Tab. Sl 1).
For the rest of the active site, the same H-bond networlk®fl was maintained,
apart from the interactions formed by atoms involved in tbel@ophilic attack.

N(1)@Bia and O(2)@Bia were located in a similar position as that occupied
by the same atoms in the crystal structure of the complexderivative/CphA 14].
From thelnt state, two different scenarios have been proposed for tundestep
of the reaction speculated: (i) a rotation of C(5)-C(6) b®atbng with the entry
of a water moleculeWat?) in the catalytic pocketpath I, Fig. 5.2) [14], or (i) a
proton transfer from Asp120@H to N(1)&a (path Il , Fig. 5.1) [97].

We explored both these proposals by molecular simulatiothous starting
from thelnt structure.

As for (i), we noticed that the large internal structuralrraagement oint,
and/or possible re-solvation of the active site, requiretkiscales well beyond
first principle QM/MM calculations. Therefore some hintsyrae obtained by
classical MD In the time-scale investigated (5 ns) our datcans showed no rel-
evant rearrangements or re-solvation within the active pitcket. Although these
events may occur in longer time-scales, our calculationsiged no support for
the mechanism of Garaat al. [14].

As for (ii), we performed constrained QM/MM, in which the tiace between
H@Asp120 and N(1)®ia, selected as our reaction coordinate for this step, was
progressively decreased (Fig.2and Tab. Sl 2). The resulting free energy barrier
is AF(INU* 15 + 2 keal, giving a barrier ok~ 24 + 3 kcal/mol for the overall
reaction. This value highly overestimates the experimdinding, even more if
one considers the well-known deficiencies of DFT-BLYP scaémcalculating the
energy of transition states and intermediates/] 178. Thus, our calculations do
not seem to support the hypothesis proposed in 844 |

We conclude that the Michaelis compl&&-1 may not be the correct one to
describe the complete hydrolysis in CphA. Furthermore ttfge steps mechanism
proposed by Xwet al. [97] is ruled out due to the high free energy barrier of the
reaction. The mechanism which undergoes internal reagraegts, as proposed
by Garauwet al. [14], is not supported (but not ruled out) by the present catauta.

5.4 Reaction mechanism based on ES-2

The Michaelis complex. In contrast toES-1, during the QM/MM simulations,
the Zn(ll) coordination polyhedron was fully maintaineddasonserved a regular
tetrahedral geometry (Tab. S| 3). Remarkably, the liganddistances agree with
the characteristic values obtained for a variety of Zn pnst¢l79. In particular,
Wat2 remained within a distance of 2&from the Zn ion, keeping also its H-bond
to Bia’s carboxylate. The ligand/protein interactions were asontained (Tab. Sl
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3) and were similar t&S-1, except that His196 H-bonded not only to O(1B@

but, at times also to O(2)@&a. Thus, the existence of Val67 and Lys224-substrate

interactions are consistent, also in this case, with mddedviology data 175,

which show the role of these two residues for the functiorhefénzyme.
Importantly, thef-lactam was kept in an suitable orientation for the nucle-

ophilic attack by a H-bond between O(2B@ andWat2.

5.4.1 Simulation of the enzymatic reaction.

The mechanism was investigated using as reaction cooedinatistance between
O@Watl and C(7)@Bia (starting valuedpg_c(7)=3.1 ,&). All the bonds which
characterized the Michaelis complex were maintained duitie simulations per-
formed at different values of RC, before reaching the TS. @&gje of the constraint
force sign was observed, db_c(7)=1.7 A, as inES-1, leading to TS formation.
Conversely to the reaction starting froES-1, the complete cleavage of tif®
lactam moiety occurred in a single step, characterized byfdlowing events in
the sub-ps timescale (see F&§3): (i) deprotonation of the nucleophile by His118,
which became di-protonated (this event was simultaneotisetmucleophilic at-
tack); (ii) protonation of the nitrogen N(1) byat2, which became transiently a
metal-bound hydroxide group, (iii) proton transfer frafatl to the metal bound
hydroxide, restoring the water molecildéat2 (Fig. 5.3); replacement oWat2 in
Watl'’s position inES-2, (iv) finally, a proton transfer from His118 in its charged
state to the transient form &ia. This led to the product of the enzymatic reaction
(Fig. 5.3

The calculated activation free energy for the entire caecgprocess wask (") ~
15+ 3 kcal/mol, in good agreement with experimental findintd.[

The agreement with the experimental data allows us to disthes available
information on the functional role of key residues in the\aesite [L75), in light
of this novel mechanism. His118 has been shown to be an iamgodsidue for the
reaction, as thé.y of H118A decreases by three orders of magnitude relative to
wild-type (wt) [175. Consistently in our mechanism His118 acts as general base
and it is therefore crucial for the function.

His196 is also believed to be a key residue, because it mayecen oxyan-
ion hole [L4]. Somehow consistently with this hypothesis, our averdDeRESP
charges of O(1)@ia, in both Michaelis complexes and the transition stat@.3+
0.04) are more negative than in simulation of the substrate atew(—0.36 +
0.04). The negative potential is created by a specific H-borddren His196 and
O(1)@Bia.

A role of His196 has been more recently established by theedse ok 4 by
two order of magnitudes in the H196A mutadZp. However, we have to point
out that our calculations were not able to distinguish tliecgfof the residue on
the transition state relative to the Michaelis complex,siadg because of the well
known approximations in the calculations of the atomic ghar

The role of these two His residues for the catalysis has beeently further
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Figure 5.3: Investigation 0ES-2 Here we show the time evolution &S-2 at
do_c(7)=1.7,& (TS2): in the top part of the figure, the movement of QM atoms
(in bold licorice) along with Lys224 (thin licorice) is show{snapshots were taken
from the QM/MM constrained run at value d@_c(7)=1.7,&). In the bottom part,
key distances vs time evolution 862 are plotted.
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confirmed by another experimental study: a B1 enzyme (theatied BCII from
Bacillus cereud180) has been engineered so as to be similar to a mononuclear
ML, in which only one metal ion binds to the 'Zn2’ site ('Zn2’ 8Ls), as found

in the B2 subclass (Fig. Sl 1). This was achieved by two mutatiH118S and
H196S, and in the presence of only one equivalent 8f ZiThe resulting impaired
catalytic activities of these mutants suggests that resitHis118 and His196, from
the 'Znl’ site, play a key role for catalysis in 'Zn2’ BLs.

Two residues playing an important role for taéinity of the substrate have
been identified by molecular biology data. The first is Lys224 the K224Q
mutant, theKy measured for the carbapenem, was 10 times greater than in the
wild type enzyme 175. A structural basis for a role of the residue for binding is
obviously provided by our model of the Michaelis complexdéed Lys224 forms
a strong salt bridge with the protein (Fig. SI 3), as foundii@B1 subclass 1B1].

In addition, Val67 form hydrophobic interactions with thetinyl group at position
4 of the substrate. At the speculative level, we may suggestin the case of lle,
these might be affected, whilst with Asp they will be reduced

We conclude that our mechanism provides a molecular bastadaole of all
the residues which have shown to affkgd or Ky.
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Chapter 6

Directed evolution studies of B1
MGBL Bcll

6.1 Summary

Protein evolution is crucial for organismal adaptation ditiess. This process
takes place by shaping a given three dimensional fold fquatsicular biochemi-
cal function within the metabolic requirements and coristszof the environment.
The complex interplay between sequence, structure, fumality and stability that
gives rise to a particular phenotype has hampered the faniton of traits ac-
quired through evolution. This is further complicated bg thct that mutations are
pleiotropic, and interactions between mutations are neayd understood. Antibi-
otic resistance mediated IBrlactamases represents an evolutionary paradigm in
which organismal fitness depends on the catalytic efficiafieysingle enzyme.
Here we have dissected the structural and mechanisticrésaacquired by
an optimized metallg@@-lactamase obtained by directed evolution. We have solved
the crystal structure of the evolved lactamase, and peddrakinetic, biophysical,
mechanistic and in vivo study of this enzyme and related mstavhich allowed us
to trace a general picture of molecular evolution of met@iactamases directly
linked to organismal fithess, measured in terms of bactsurlival. We show that
antibiotic resistance mediated by this enzyme is drivennayrhutations with sign
epistasis, which correlates to an in vitro synergistic @ffef these mutations on
the enzyme activity. One mutation stabilizes a catalylijcadlevant intermediate
by fine tuning the position of one metal ion in the active sithjle the other acts
by augmenting the enzyme'’s flexibility. We found that enzyewelution (and the
associated antibiotic resistance) occurred at the expgnmetein stability, reveal-
ing that metalloB-lactamase have not exhausted their robustness thres@uoid.
results demonstrate that flexibility is an essential triadttcan be acquired dur-
ing evolution on stable protein scaffolds. The fact thatatie{3-lactamases can
evolve by optimizing the reaction mechanism suggests lieset enzymes possess
a large evolutionary potential, in contrast with serffidactamases. These results
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suggest that these metalloenzymes have been recruited rewaetly by bacte-
ria to supplement the catalytic profile of serifdactamases. Directed evolution
aided by a thorough characterization of the selected m®tean be successfully
employed to predict future evolutionary events and to desndpibitors with an
evolutionary perspective.

6.2 Introduction

Protein evolution is crucial for organismal adaptation ditgess. This process
takes place by shaping a given three dimensional fold fguatsicular biochemi-
cal function within the metabolic requirements and coristsaof the environment.
The evolution of a protein relies on a subtle interplay betwsequence, struc-
ture, functionality and stability, that is manifested inatrular phenotype. many
studies rely on statistical description of adaptive madl@cahanges, but recent ef-
forts have aimed at identifying changes in sequence andtstauthat affect fitness
within a defined protein fold. The identification of such stural traits acquired
through evolution allows both the reconstruction of anegsjenes and the pre-
diction of future evolutionary events. The latter perspectould be immensely
valuable for anticipating the molecular features that eckabacterial resistance
to antibiotics, and therefore designing strategies agdims clinical threat. The
main mechanism of bacterial resistanceBttactam antibiotics is the expression
of B-lactamases, a family of enzymes whose evolution is coatisly challenged
by the indiscriminate clinical use of antibiotics. fMs and sering3-lactamases
(sBLs) are not evolutionary related, their mechanisms of actice entirely dif-
ferent, and MBLs display a broader substrate spectrum, with catalyticieficies
that are in general far from being diffusion limited. SincggMs may have not yet
achieved optimal fitness, the investigation of their futewelutionary potential is
both appealing and extremely important clinically.

Directed evolution on th&acillus cereusM L, Bcll, by DNA shuffling and
selection by cephalexin (Figl.10) resistance (a poor substrate of Bcll) elicited
an evolved variant, M5, displaying an enhanced cephalsgimetivity. Surpris-
ingly, this enhancement did not take place at the expensepdired hydrolytic
activity toward other substrate, thus generating an enzyittrebroader substrate
spectrum. The evolved enzyme M5 contains four mutation®@\¥112A, L205S
and G262S), all of them located outside the active site. We=ddhe X-ray struc-
ture of M5 (Table6.1), which shows that none of these mutations entails changes
in the global fold (0.45\ RMSD on all non-hydrogen atomsWT Bcll).

The active site of Bcll can be described as a shallow groovikdic by loops
L3 and L10, hosting two Zn(ll) ions located at its floor (F&y1).

Znl is bound to 3 His residues (His116, His118 and His196)lentn?2 is
coordinates to Asp120, Cys221 and His263. Despite all nomsire remote, Zn2
has moved closer to Zn1 by 0.7-140n the mutant.2, while preserving the same
ligand set. In the evolved variant M5, the two closest mategito the active site are
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G262S N70S N70S/G262S M5 Bell WT
Substrates keat | Kv | kea/Km | keat | Km Keat/Km | keat | Km | keat!Km | Keat | Km | Keat/Km Keat | Km | keat!/Km

Benzylpenicillin | 320 | 150 | 2.13x 16 | 543 | ¢3200| 1.69x 16 | 636 | 172 | 3.69x 16 | 570 | 574 | 9.93x 16 | 1020 | 662 | 1.54x16
Imipenem | 40.1| 227 | 1.76 x 16 | ND | ¢3000| 1x 10 |93.2| 63.1|1.47x16 | 129 | 721 | 1.79x 10 | 279 | 687 | 4.06 x10
Nitrocefin 680 | 50.2| 1.36x 10 | 1.73| 14.5 | 1.19x 16 | 460 | 30.2| 1.52x 10 | 81.3 | 27.8| 2.92x 16 | 30.1 | 9.82| 3.07 x16
Cefotaxime | 87.3| 60.2| 1.45x 16 | 115 | 113 | 1.01x 16 | 182 | 32.6 | 558 x 10 | 44.9| 30.3| 1.49x 16 | 80.5 | 43.3| 1.86 x16
Cephalexin | 70.4| 217 | 3.24x16 | 2.05| 331 | 6.19x16 | 221 | 146 | 1.51x 16 | 41.2| 209 | 1.97 x 10 | 3.32 | 125 | 2.65 x1d

Table 6.1: Kinetic parameters for the hydrolysis of differ-lactam substrate
by Bcll wild type and Bcll mutants: M5, G262S, N70S and N7038&S. units
keat(seC™), Ky (UM) and kegt/Ky (sect M—1).

L3

L12

Figure 6.1: Bcll secondary structure, and close up of thieastite and of the loops
which surrounded it.
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N70S and G262S, both located below the active site floor. Haedxyl oxygen
of Ser262 is 3.1 from the Cys221 sulfur, and 3.48 from the Cys221 backbone
nitrogen atom, resembling two interactions present in fasmidic MGL IMP-1,
in which a Ser residue is naturally found in this position.

Figure 6.2: Comparison of the active sites of Bcll WT (grapdavi5 mutant
(green). The Zn2 ion (green) of the M5 mutant is more expokatithe WT one.

Ser262 thus behaves as a second shell ligand of "Zn2” anceaaime time
connects L10 and L12. Ser70 is located if-atrand two residues upstream from
Pro68, which defines the N-terminus of a conserved mobile (£8). The absence
of the Asn70 sidechain results in the removal of two H-bond# Wro261 and
Gly264, which flank the "Zn2” ligand His263 and the mutatesidee 262 (located
in loop L12). These are the only H-bonds connecting loopsidlal2. Another
notable change in the interloop connections is that Argfah(loop L7) adopts a
different conformation in M5, resulting in the loss of a Hrabof its guanidinium
group with the backbone oxygen of residue 262 (loop L12).
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6.3 Experimental characterization of mutants

1

In order to examine the influence of each of these mutatiotiseiractive site
structure, mutants N70S, G262S and N70S/G262S were athtaind the metal
site was probed by substitution of the native Zn(ll) ion by{lJoThe electronic
spectra of the Co(ll) derivatives (Fig.3) show that the ligand field bands between
450 and 660 nm corresponding to the "Znl” site are identicalall variants,
revealing that this metal site is unaltered by either of thezutations. However,
a Cys221-Co(ll) charge transfer band at 343 nm (a reportethef’Zn2” site) is
perturbed only when Ser262 is present, pointing to the kieyabthe S262-C221
H-bond.

500 — WT

— mb5

— G262S
N70S

—— N70S/G2625

400 -

100 ~

04
300 350 400 450 500 550 600 650 700

nm

Figure 6.3: Electronic spectra of Co(ll)-substituted B&5, G262S, N70S and
N70S/G262S in 10 mM Hepes (pH 7.5) 0.2 M NaCl. The enzyme cureaions
were 250, 220, 180, 120 and 250 respectively.

These experiments reveal that (1) G262S is the only mut#tainhas direct
effect on the metal site structure (via the latter H-bond)d §2) the Zn2 site is
perturbed, while the "Znl” site does now show any change uibds mutation.
The catalytic performances of the single mutants N70S ar@26&2nd the dou-
ble mutant N70S/G262S were assayed with five diff@@dattam substrates (Fig.
6.4).

The G262S mutation selectively enhances the catalytigeeific toward ni-

IMost of the work on this research project was carried out erpentally. Therefore, itis reported
in this thesis (in italics).
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Figure 6.4: Relative enzyme activities of the G262S, N708 Hi70S/G262S
mutants compared to Bcll WT against benzylpenicillin (PEMN)rocefin (NTR),
imipenem (IMI), cefotaxime (CTX) and cephalexin (CLX). B&Ve activity is the
ratio of the mutant’s /Ky value to that of WT. Y axis is in log scale.
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trocefin and cephalexin (the substrate used in the direcietlgon experiment),
while the catalytic efficiency of the single mutant N70S mm@mised for all sub-
strates tested. However, the catalytic efficiency of thédomutant was enhanced
for all substrates, with a notable 56-fold increase in aityitowards cephalexin.
This observation reveals a synergistic effect betweerettves mutations, suggest-
ing that these two site are coupled. G262S, the only mutdtiahhas a direct
impact on the structure of the metal site, induces the gstaetivity enhancement
on cephalexin hydrolysis, driven by a 20-fold increase gp @ab. 6.1). This
suggests that evolution may have acted by stabilizing tagree-transition state
complex. This hypothesis was tested by studying the hgdyady nitrocefin, a
chromophoric cephalosporin that is a useful probe of thalydic mechanism of
MpBLs. Whereas nitrocefin hydrolysis by wt Bcll under single@wer conditions
proceeds through a direct conversion of substrate to prodilne same reaction
catalyzed by G262S Bcll reveals the accumulation of annmégliate, as indicated
by the rise of an absorption band with a maximum at 665 nm teedys within 10
msec (Fig.6.5).
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Figure 6.5: Relative enzyme activities of the G262S, N708 Hi70S/G262S
mutants compared to Bcll WT against benzylpenicillin (PEN)ocefin (NTR),
imipenem (IMI), cefotaxime (CTX) and cephalexin (CLX). R&Ve activity is the
ratio of the mutant’s /Ky value to that of WT. Y axis is in log scale.

This spectral feature is identical to that reported for oitefin hydrolysis by
the MBL CcrA from B. fragilis, and attributed to an anionic interdiate in which
a negatively charged nitrogen is bound to the metal ion at#m2” site. In terms
of steady-state parameters, the G262S mutation has ineteag from 30 to 680
s, that is even larger than the one displayed by CcrA (25%).sThis confirms
that the directed evolution has led to stabilization of aatgtically relevant inter-
mediate, thus acting on the rate-limiting step of the reactiThe G262S mutation,
resulting from a single base mutation, has already beenrgbsen enzymes coded
by transferable genetic elements in opportunistic and @genic bacteria: IMP-1
and its putative ancestor, IMP-6, differ only by this muati which expands the
enzyme’s substrate spectrum. This relatively recent amdght natural evolution
in MBLs may have also acted by accelerating the rate-limiting stethe reac-
tion, confirming the hypothesis that®ls may not yet have reached their optimal
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performance. Recent mutagenesis studies on Bcll have shaitvshifting the po-
sition of the "Zn2” site into a more buried location (and tleay also increasing
the "Zn1"-"Zn2” distance) results in a severe impairment thfe lactamase activ-
ity. "Zn2” is much more exposed in M5 than in WT Bcll (Fi§.2), and its active
site display the shortest metal-metal distance among éiv@and mutant enzymes
from this family (3.16-3.3%). Thus, M3L-mediated resistance can still evolve fur-
ther by improving the rate-limiting step through changeghie active site, and
specifically the location of "Zn2”. The data discussed abpvevide a structural
explanation for the effect of the G262S mutation on catsly®iit do not account
for the selection of the N70S mutation, nor explain the beoatdibstrate spectrum
displayed by the double N70S/G262S mutant. The N70S muiataeleterious
for the activity of WT Bcll, but beneficial when acting on G3@&cll (Fig. 6.4),
suggesting that it acts as a compensatory mutation. Theatrggucture of M5
shows that the principal effect of removing the Asn70 si@déncis the elimination
of the two H-bonds connecting loops L3 and L12 (FEdl).

The spectroscopic data reveal that N70S does not alter ttel rsige struc-
ture, and therefore support the idea that this mutation asidusively on the loop
structure and dynamics. Thus, the restoring effect of théS\#utation is to act by
enhancing loop flexibility. Compensatory mutations in etroh frequently act to
restore protein stability. Guanidine hydrochloride-irmhd protein unfolding was
therefore analyzed for the different enzymes. Bcll is aremly stable protein
(AG, = 18.4 kcal/mol, see Fig6.6), and the G262S substitution has a large impact
on its stability, reducing it by 13.9 kcal/mol. The N70S rtiatacauses a reduction
of 5.6 kcal/mol, and the double mutant N70S/G262S is eversiakle than either
of the single mutants\G,, = 3.3 kcal/mol). It is clear that although N70S serves
to restore a broad substrate profile and enhance activityafbsubstrate tested, it
does not compensate for the loss of protein stability.

In SBLs, mutations that enhance enzyme activity and destaliiizegrotein
are compensated by stabilizing mutations (e.g. M182T in TN hus, the fitness
landscape of these enzymes is determined by a trade-ofééetie activity and
stability features introduced by the mutations SMs present a different picture:
the compensatory mutation (N70S) does not stabilize, intfaather destabilize,
the protein and instead facilitates greater flexibility etloops flanking the sub-
strate binding cavity. The exceptionally high stabilitytieé MBL fold compared
with SLs (AG, for the TEM-1 is 10 kcal/mol) is such that there may be no need
yet to compensate the destabilizing effects brought upmimttoduced mutations.
This suggests that robustness does not play a central rdleeifiitness landscape
of MBL evolution. Instead, the impact of the restoring mutationaop flexibility
suggests that a coupled network of motions would be operativBLs-mediated
catalysis, that could be of importance for the evolution tedse enzymes given
their broad substrate spectrum. Recently, Park and cowsrkacceeded in elic-
iting MBL activity in the scaffold of glyoxalase Il. This variant ills4000-fold
less active that a native BL. At the light of the present results, loop engineering
aimed to increase the flexibility may be exploited to furéagnance the lactamase
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Figure 6.6: Equilibrium denaturation curves of wild typelBen5, G262, N70S
and N70S/G262S in 50 mM Hepes (pH 7.5) 0.2 M NaCl at differeint@ concen-
trations monitored by fluorescence spectroscopy. The dhieal curves are drawn

by usgin a three state model (WT and N70S) and two-state nibtelG262S and
N70S-G262S).
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activity in that case. Protein stability is not necessamlysociated with evolu-
tionary fitness: indeed, optimum protein stability may feilhin a narrow range
with highly stable protein lacking the required flexibility meet their functional
needs. The IAL studied here, Bcll, is a remarkably stable protein withsedor
enhancing its activity at the expense of thermodynamidlgyald hus, in this case,
fitness takes place at the expenses of loosing thermodystaidity, with a clear
epistatic effect caused by the N70S mutation by augmertiedexibility of the
active site loops. MLs thus follow a different evolutionary paradigm compared t
SBLs, and clearly represent an alarming clinical threat.

MpBLs are a relatively recent response to antibiotic usage, tede is limited
information on mutations that increase resistance. Néetess, one of the muta-
tions generated in this study has already been found in Ba{@G262S in IMP-1),
demonstrating that studies such as this are capable of gtiedi the future course
of bacterial evolution of resistance. In the present case gffect of this mutation
on the rate-limiting step of the reaction allows us to prap@sstrategy for de-
signing a mechanism-based inhibitors with an evolutionaeyspective. Anionic
transition state analogues targeted to bind the "Zn2” site axpected to be good
inhibitors, instead of ligands aimed to fit into an oxyaniaieh(a common strategy
for designing hydrolase inhibitors, that has failed fo|3\s).

6.4 Discussion and conclusions

G262S mutant simulation resutsA were fully consistent with experimental ev-
idence of the S262-C221 H-bond in the mutants; in additidmey fpointed to a
larger flexibility of loop L3 in the mutants relative to WT @i 6.7). Loop L10
instead, is less flexible in G262S Bcll that in WT, and it shales largest mobil-
ity in the double mutant. The double mutant’s active site idawthan the other
two. The simulations of WT and mutant Michaelis complexeswsdd that both
loop are overall less flexible that the corresponding fre¢est They close over
the substrate, getting close to each other. Such confarnatthange involves the
formation of an electrostatic interaction (weaker in WTatsle to the mutants) be-
tween the carboxylate moiety of the substrate and the coeddys224. loop L10
and I3 are more flexible in the double mutants than in the dther6.7). These
simulations together with the structural, functional anethmanistic data previously
discussed, allow us to postulate the folowing scenario f@LMvolution. The
(G262S mutation is responsible for the enhanced cephakxiaetivity through a
two-fold effect: the H-bond between Ser262 and Cys221 niytaiows loop L10
to adopt a less open conformation upon cephalexin bindingitlalso leads to a
better positioning of the "Zn2” ion. "Zn2” has been suggesie play an essential
role in substrate binding and orientation (in concert wiits224), and in favoring
C-N bond cleavage through the stabilization of a negatiggshon the3-lactam
nitrogen. While enhancing cephalexin hydrolysis, thistige tightening of L10

2Detailed results of the MD simulations performed on thisjscbare reportred in Appendi&
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with respect to L12, does not favor penicillin, cefotaxinmeldmipenem hydrolysis
(Fig. 6.1).
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Figure 6.7: Root Mean Square fuctuation of the €om MD simulations of the
free enzymes and adducts.

Instead, the N70S mutation eliminates two H-bonds conmgdiB and L12,
giving rise to a larger active site groove and thus compamgdor the effect of
G262S and rendering an enzyme with a broader substraterspe(nd even fur-
ther enhanced activity towards cephalexin).
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Chapter 7

Conclusions

MpBLs counteract the beneficial action @flactam antibiotics against bacterial in-
fections by enzymatically hydrolyzing theB-lactam rings.

In this thesis | have addressed important issues regartimgnechanism of
resistance, by computational methods.

Most efforts have been devoted to dissecting analogies défiedethces among
the reaction mechanisms in two different subclasses oéteagymes. This infor-
mation may be of relevance to design ligands able to inhiloitenthan one N3L.
| have focused on one subclass, the BgIMand compared my results with those
obtained for the B1 subclass, for which some mechanistighits had already
been obtained in our lab. My calculations were based on theA@2 MBL from
Aeromonas hydrophildor which an X-ray structure has been solvéd][

A key issue and prerequisite to investigate the reactionaskact knowledge
of the active site residues protonation st&g]|

We have used a two-steps strategy to address this issuavditsive evaluated
structural determinants and energetics of active site lsdaleDFT calculations,
and then we have constructed the Michaelis complex.

The stability of eleven protomers was analyzed considehieg energetics and
RMSD values relative to the X-ray. Our calculations sugggshat two protomers
(A andB Fig. 7.1) may be present for the unbound enzyme, which could be reason
ably assumed to be in equilibrium. Protonfemvas characterized by the presence
of a Zn-coordinated water molecule. One of the second shalhdls, His118, was
protonated in Md. ProtomerB was characterized by a hydroxide bound to Zn.
His118 was diprotonated.

Docking procedures along with MD simulations were perfodnie provide a
structural model of the Michaelis complex with Biapenemsdtdie. Two binding
modes were obtainedES-1andES-2). The nucleophile molecule was located in
a pocket between His118 and Asp120. The carboxylate groupeoantibiotic
interacts directly with the zinc in one binding mode, andwéatmetal-bound water
in the other one. The Michaelis complex featured only pratam stateA). Thus,
the presence of the substrate affected the protonatioasstdtthe enzyme. Of

93
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these ES-1is that proposed experimentally based on the X-ray stradi# (see
Fig. 7.2).

Hybrid QM/MM simulations, based on the two binding modepomted in this
work, support a novel mechanistic view, different from tmeqgroposed by Garau
and partially addressed in the other computational work phAC[97]. Based
on our calculations, we suggest that the reaction procdadsigh a previously
unrecognized single-step concerted mechanism. In ouogezppathway a water
molecule performs the nucleophilic attack to {Bi¢actam carbonyl and a second
Zn-bound water protonates tifielactam nitrogen. The reaction was characterized
by a free energy barrier of about 15 kcal/mol, in agreemeitt experimental data
[14]. Our mechanism provides a structural role for all of thadess which have
been shown to be important for the function of BMs. These include i) His118,
which orients the catalytic water and acts as generalizegé;hg His196 which
creates an oxyanion hole, as proposed by Gatal. [14]; iii) Val67 and Lys224,
which affect substrate binding. Furthermore the calcatetipoint to the key roles
of the metal ion in the "Zn2” site and of two water moleculestfee hydrolysis, in
agreements with recent experimenti8®, 183 184] and theoretical 23] findings.

We now come to our comparison with hydrolysis mechanism ef dthers
subclasses. We suggest that the "Zn2” site, conserved mBbtand B2 M3Ls,
is able to indirectly contribute to substrate binding by d@ewanolecule which H-
bonds the antibiotic’s carboxylate group (Fig.3). Moreover, the metal in the
"Zn2" site is able to activate a water molecule as a protoroddéor the completion
of the antibiotics hydrolysis. In addition, both B1 and BB\ are suggested to
proceeds through a single step mechaism. At a speculatieg ige suggest that
some aspects of this mechanism might be shared also by the@3nvembers

a CHs CHy | CHs
HI196 w—C ~.. HI19%6 w—C ~..
/ N~ HaN / N~ HaN
| °
H
N
war M ( HI18 ( HI1S
az
\ Wat2 \ / 0z /
JTSH. .- N OH- . HN
; ~. _H OH_. . wag.-
! ‘0 / Ao
J h 0
; | CHy J
; H i
1
N : N 2

Figure 7.1: Active site protomers @phA emerging from our DFT-BLYP calcu-
lations. The ¥ Zn ligand is a water molecule (Waz) &, and an OH group (Oz)
in B.
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His263
Aspll Cys221

Figure 7.2:ES-1A (a) andES-2A (b) MD average structures. The putative water
molecules (Wat2) acting as nucleophile in the enzymatictiea are highlighted
with circles; the second zinc coordinated water (Waz) igcated with dashed
circle in (b).

[10], for the high similarity in the Zn content in the active si@ong with the
composition of Zn ligands. We hope that our results may helgetsign of novel
inhibitors capable to counteract the action of more thanMpé¢.s subclass.

In the second part of the thesis, | have focused on the exjaoraf possible
pathway of evolution of a B1 IAL, the Bcll from Bacillus cereus Directed evo-
lution on these bacteria yielded optimized variants abledafer more resistance
than native enzyme. These variants harbor four mutatiom®te from the active
site that contribute to broaden its substrate repertoire.

Our MD calculations on these mutants showed that G262S reedifie Zn.
This of course may affect the geometry of the second shadhtlig. QM/MM
calculations could better address this issue. N70S-G262Secan increase of
size and flexibility of the active sive cavity. This providesationale for the larger
spectrum of substrate hydrolized by the enzyme. Itis alsdope that new ligand
inhibitors for B1 Bcll, may take into account the structurale of these mutants

[185.
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Figure 7.3: Comparison between the reaction mechanisnopeapfor B1 (on the
top panel) and that proposed for B23Y (on the bottom part), in which the key
role of the 'Zn2’ binding site in both subclasses emergeartble The metal loaded
in this site is involved, almost simultaneously, either ircleophilic attack of the
B-lactam ring and in the protonation of tilelactam nitrogen.
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Appendix A

Detalls of MD simulation of WT,
G262, N70S-G262S Bcell mutants.

A.1 Methods and general comments

The structure of di-Zn(Il) Bcll from Bacillus cereus (PDBtsncode 1BC2, ) was
selected as the reference starting structure for all owutéations. Loop L3, which
is not present in the corresponding coordinates file, wasnstcucted and modeled
as already reported . The starting structures for G262S@8uIN70S-G262S Bcll
were obtained by superimposing the backbone atoms of thmeesersidues over
those of the corresponding wild type residues. The resulih and x2 angles
were verified to fall in the most favorable regions. Eacheystvas immersed in a
box (85.6A x 80.3 A x 85.9A) of water molecules (approximately 17,000), with
4 chloride anions for neutralizing the excess charge. Theefbeld parameters for
the protein frame, the counterions and for water are thosesoAMBER PARM98
citeAMBERY7 and TIP3P , respectively. For the coordinatiphese of the Zn(ll)
ions, we followed the same scheme as for CphA. For the atitibjghe gaff force
field was used , as for the charges. Electrostatic interastiwere computed us-
ing the Particle Mesh Ewald (PME) algorithm . A cutoff of £2was used for
van der Waals and for short range component of electrostagcactions. Bonds
involving hydrogen atoms were constrained using the SHAKJBraghm . An in-
tegration time step of 1.5 fs was used. Loop L3 and the sidesha mutations
were first energy minimized using a steepest descent aigorit he systems were
initially relaxed with 5,000 steps of optimization of thelant, while the protein
was held fixed, followed by 5000 steps of optimization of theole system. The
systems were slowly heated to 300 K performing runs at cahstdume and con-
stant temperature using Langevin Dynamics . Constant teahpe and pressure (1
atm, 300 K) MD runs were finally performed . The pressure cogplvas accom-
plished with Langevin piston and the temperature with ths@&NBoover method
. 10 ns of trajectory were produced for every systems, withdahm of NAMD
programs .Subsequently, Cephalexin (Cfa) was dockederisiel last MD snap-
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102 Details of MD simulation of WT, G262, N70S-G262S Bcll muwnts.

Asn70 environment

Figure A.1: Close up of the Asn70 environment: all its Hbonel @utlined

shots of the three structures. The three Michaelis complexelerwent the same
computational protocol as the free states.

It turned out that the geometries of active site residuedlitha simulations,
were stable and well conserved (T#b1 andA.2), as well as the fold.

A.2 Free enzymes

A.2.1 Wild type Bcll

N70 keE)t the two H-bonds (Nfroup of sidechain) with CO@PZBJ%{’QH =1.92
+ 0.17A, ©p_p_a 162+ 8 deg), and CO@G264%4,, =1.82+ 0.08A, Op_H-_a

163 + 8 deg), during all the simulation, while H-bond with Thr56smMast and it
was replaced by another between OH@Th56 with CO@Se@9,(¢ 2.12+ 0.3

A, ©p_n_a 153+ 10 deg) (FigA.1).

A2.2 G262S

The starting structure of the OH@S262 (Fig.3), was characterized by the H-
bond with @,@D120 (H...O distance ot 2A, angle between acceptor-H-donor
~ 156 degree).

This contact broke at 4.9 ns, and was replaced by the OH@SzZB2221
interaction, that remained until end of this simulatiorb(is) (d4-s 2.3+ 0.14,
angles©py_s 143.9 + 8.6).
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Figure A.2: Comparison between initial (red) and final (bl@x trace in WT
simulation.

D120 Zn2

Figure A.3: Starting structure of BC2 G262S, with the cont@H@S262
062@D120
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Figure A.4: Starting structure (only backbone trace, irepland final (red) one.

Loop L12 is located near the base of loop 1831). The two loops interacted
through an H-bond between O@Pro68 ardH®@His263, and this interaction was
maintained until 6 ns, when it was broken in favor of formataf a new interaction
with NH@Gly264.

Asn70, in the WT Bcll was connected to Loop L12 with two interloop H-
bonds of the NH group, one with Pro202 and a second with Gly205. Moreover,
the CO group of Asn70 was involved in a intragroup interactwmith Thr56, a
residue located i 3-strand, placed in close proximity of loop L3. The interawct
between Pro202 and Thr56 was lost, while the one with Gly285 maintained:
Asn70 mediated interaction between the two loops, L3 and L12

All these events led to a movement of L3 (roto-translatiohjol put it toward
L10 (Fig.A.5).

A.2.3 N70S-G262S

The starting structure, showed in Fig..6, was characterized by the presence of
interaction between L3-L12, achieved through H-bond betw®H@Ser70 and
Pro261 (Fig.A.6)

The contact between OH@S262 and S@C221 was present for &@Rzuof
the total simulated time (average @y 2.19A +0.19A, average angl®on_s
154deg+ 2deg), and in the remaining time it was replaced by a secoibridt,
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Figure A.5: Initial and final structure (only backbone is wieol) of G262S: as
could be seen only the three loops L3, L10 and to a less dedr2evere signifi-
cantly different.

Figure A.6: Starting structure of G262S G70S: the OH grougearfne Hbonds
with CO backbone of Pro261.
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Figure A.7: Intra-structure interaction between Ser70 &htb6, both located at
the base of loop L3

namely between OH@C221 withd2@D120.

Asn70-Pro261 interaction was observed only in the first bathe total sim-
ulation, and was lost in the second half, while another adgon between Ser70
and Thr56 (Fig.A.7) was formed: a crucial interaction connecting L3/L12 was
lost, while a second new interactiamtrastructure was formed.

This compensate the conformational changes induced by2b@ ,@&nd on the
contrary resulted in an increased degree of mobility of In8pwhich in fact is the
opposite effects of what observed in the case of G262S singtant).

A.3 Simulation of Cfa complexes

A3.1 WT

In order to evaluate the stability of the antibiotics in treadytic pocket of the
enzyme, the distance between the N1@Cfa from Zn2 was useddi$tance was
stale during all the MD simulation (d_z 3.4+ 0.1,&).

Eventual changes in the orientation of the plang-¢éctam ring in the catalytic
pocket were evaluated monitoring the an@ebetween Zn2-N1@Cfa-C6@Cfa
(©z2-n1-cs 111+ 6 deg) and another one defined @Zn2-N1@Cfa-C8@Cfa
(©zr2-N1-cs 91 + 6 deg), and both turned out to be stable during the simulated
time.

The rotation of thef-lactam plane respect the line Zn1-Zn2 was followed
ddmeasuring the dihedral evolution angle defined by the sitomi-Zn2-N1@ Cfa-
C6@Cfa ff =-94+ 5).

Zn2-02@Cfa was stable {,=1.95A + 0.084), the salt bridge NH@Ala119
and CO@Cfa present for 91 % of the simulationyh_0=1.99A + 0.15A,
Op,=157.3+ 11.7): the breaking of this bond was connected to the deerebs
X mentioned before (the plane Bflactam rotates for a moment respect to Znl-
Zn2 line). Hydrophobic interactions with C2@Cfa and Met@fa (R1 substitute
group): at first Methyl@Cfa interacts only with the backbaif&/al67, and Phe62
was far from C2@cCfa.
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Hydrophobic packing

Valé

Zn2 site

Figure A.8: Close up of the ending structure of simulatiorydkbphobic interac-
tion were outlined in the circle.

There were little differences in the hydrophobic interactpattern from N70S-
G262S mutant, mainly contacts involved with Val67 (FAg8).

Different tridimensional position of the loop L3, could bermected to the
Hbond between B1IH@H263 and CO@Val67 (this helped to keep Val67 close
to Cfa) (present 76 % of time, and when preseqfe_0=2.08 A + 0.18 A,
©p,=150.2+ 10.5).

A3.2 G262S

Also in this simulation it turned out that the Cfa was wellpppad in the active
site, and any significant fluctuation in the four parameteyseim above were ob-
served during all the dynamicyg zpp = 3.524+ 0.15,0zp n1-c6 =111+ 6 deg,
Ozro—N1—cg =90+ 6 deg,x =-93+ 5)

Zn2-02@Cfa was stable {2,=1.94A + 0.083), as well as the salt bridge
between NH@Lys224-O3@Cfa (gern-0=2.85A + 0.15A).

H-bond between NH@AIa119 C8@Cfa was always present dunmgitnula-
tion (Ghvern-0=2.07A + 0.22A, ©p,=154.2+ 12.5).

Hydrophobic interactions of Methyl@Cfa (R1 substitute)l ahC2@Cfa: they
were quite similar of those of N70s-G262S mutant, but here6RHost its hy-
drophobic contact with Cfa at the end of simulation ( FAg9 and FigA.10).

Other key interprotein interactions were:

S@C68-OH@Ser262 contact, present always in this simualatiile Asn70
interact with the Thr56 and Pro261 (Hbond present 100%erd_0=2.02+ 0.28,
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HF contact present only in
Double mutant and WT

HF Val67CH3@Cfa always
present, but
different orientation

Hbond present in all simulation
ZN2

Figure A.9: Docking pattern compared between three sinauat in blue the

structure of single mutant, in red the one of the N70S-G262&nmi and in yellow

those of WT (only sidechains of protein residues), the diffié position of residues
involved in the hydrophobic packing could be seen.

20

LS

L L
0 2000 4000 6000 8000
Time (ps)

Angstrom

w

Figure A.10: Distance between one of the C of the phenyl rih@lee62, and
C8@Cfa. the distance decreased with time, and at the end &heatinvolved in

hydrophobic packing of the Cfa.
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Figure A.11: The three distances of loops, compared in theetBimulation of
Cfa adducts: as could be seen in that case the effect is tlesioppf what seen
in free enzymes simulations, where the maximum opening @fdd.3 and L10
was observed for Double mutant (as a consequence of itsasedemobility due
to mutation in position 70). In that case the increased ritplllow the loops (in
particular L3) to fit better and docking in a more efficent whag Cfa.

Op,=152.57+ 13.3 for the one with Pro, andy@rH-0=2.05+ 0.28,0p,=161.64
+ 11.2 for the one with Thr).

In that simulation O@Pro68 H-bonds always witAN@H263 (dyvern—0=1.90
+0.16,0p,=151.72+ 12.6).

All these effects are connected, and caused a differenttatien of loop L3 (
see Fig.A.11).

A.3.3 N70S-G262S

dn1_zre Was stale during all the MD simulationy@.zp = 3.5+ 0.15,&), as well
as the other selected parame®g n1-cs 111+ 6 deg,0z2_n1-cs 88+ 6 deg,
X =-91+5)

Other interactions were the following:

i) Zn2-02@Cfa (dy = 1.94+ 0.01A),

ii) the salt bridge between N§@Lys224...03@Cfa @n-o = 2.8+ 0.2),

iif) H-bonds between NH@AIla119 and C8@CfaygdH-0=2.1+0.3,0p,=148
+ 14).

iv) Hydrophobic interaction of Methyl@Cfa (R1 substituteGfa) with Gly232
(average distance between C2@Cfa amddBsly232 4.16A + 0.45) and Val67
(average distance between C@Cfa arffidval=4.69+0.045 ). Another interac-
tion was the one between phenyl group @Phe62 and C2@ Cfa i@yv. 4005+
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Figure A.12: Initial (blue) and final (red) backbone trace.

0.67) and with Trp87. All interactions formed at the begimnbof simulation, and
were stable during the dynamic.

The HO@Ser262-S@Ser221 contact, present from the begimfithe sim-
ulation, was lost in the last 2 ns, in favor of a H-bond witdZi Asp84, while
Ser70 didn’t form any stable interaction, but many at défertimes, with the three
residues, and also with Ser69 and with its own C=0 backbaora.at
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force field Bc2 WT Bc2 G262S | BC2 G262S N70S

ZN1 ZN2 .3.85 3.22+0.02 3.18+£0.02 | 3.154+-0.02
ND@H88-Z1-NE@H49 101.22 9554+ 1.8 97.31+2.8 | 849+ 1
NE@H86-Z1-ND@H88 101.22 98.12+ 1.8 | 101.09+ 1.6 | 97.02+ 0.8
NE@H86-Z1-NE@H49| 107.95 96.22+ 3.7 94.60+ 1.1 | 96.22+ 0.7
02@D90-72-S@C68 107.23 | 102.4084+ 1.0 | 100.04+1.8* | 103.34+ 0.8
02@D90-Z2-NE@H21| 73.96 67.88+ 0.4 68.78+ 0.6 | 68.65+ 0.74
S@C68Z2-NE@H21 107.23 11454+40.8 | 117.194+0.7 | 117.21+ 2.1

Table A.1: Structural parameter for the active sites, satioh of free enzyme

force field | Bc2 WT-Cfa | Bc2 G262S-Cfa BC2 G262S N70S-Cfé
ZN1 ZN2 .3.85 3.14+ 0.09 3.15+£0.10 | 3.22+0.10
ND@H88-Z1-NE@H49 101.22 | 88.14+ 4.8 88.93+£5.3 | 97.82+55
NE@H86-Z1-ND@H88 101.22 97.3+4.3 95.84+ 4.3 | 98,52+ 5.0
NE@H86-Z1-NE@H49 107.95 | 96.63+ 4.3 97.18+£4.5 | 97.03+4.4
02@D90-Z22-S@C68 107.23 | 103.93+ 3.1 | 104.24+3.2* | 105.54+ 3.4
02@D90-Z2-NE@H21| 73.96 67.18+ 2.7 68.00+ 2.8 | 67.06+ 3.6
S@C68Z2-NE@H21 107.23 | 103.93+3.1| 104.24+3.2 | 114.7+£ 3.3

Table A.2: Structural parameter for the active sites, satioh of adducts
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