CATHERINE PARADIS-BLEAU

GENOMIQUE FONCTIONNELLE DES PROTEINES
DE DIVISION CELLULAIRE ET DU
PEPTIDOGLYCANE: DEVELOPPEMENT DE
NOUVEAUX AGENTS ANTIBACTERIENS

These présentée
a la Faculté des études supérieures de I'Université Laval
dans le cadre du programme de doctorat en microbiologie-immunologie
pour I’obtention du grade de Philosophiae doctor (Ph. D.)

DEPARTEMENT DE BIOLOGIE MEDICALE
FACULTE DE MEDECINE
UNIVERSITE LAVAL
QUEBEC

AVRIL, 2007

© Catherine Paradis-Bleau, 2007



Résumé

Cette theése de doctorat présente la problématique de résistance aux antibiotiques parmi les
pathogenes bactériens en émergence et en réémergence a travers le monde. En effet, le
développement et la propagation des mécanismes de résistance compromet I’efficacité des
traitements antibactériens disponibles et met en danger la vie des patients infectés. Cette
these se concentre sur 1’identification de nouvelles cibles antibactériennes et sur le
développement de nouvelles classes d’agents antibactériens en utilisant le pathogéne
opportuniste Pseudomonas aeruginosa en tan que modele d’étude. Le premier chapitre
aborde I’exploitation des protéines de division cellulaire FtsZ et FtsA en tant que cibles
antibactériennes. Suite a une revue de la littérature détaillée, deux articles scientifiques
décrivent la synthése et la sélection d’inhibiteurs contre FtsZ et FtsA. Ces inhibiteurs
représentent des candidats prometteurs en vue du développement d’une nouvelle classe
d’agents antibactériens. Le deuxiéme chapitre du corps de la thése porte sur I'utilisation des
amides ligases MurC, MurD, MurE et MurF essentielles a la biosynthése de la paroi
bactérienne en tant que cibles antibactériennes. Suite a une revue de la littérature sur la
biologie de ces enzymes, trois articles scientifiques relatent la sélection d’inhibiteurs
peptidiques par présentation phagique contre les enzymes MurD, MurE et MurF. Le mode
d’action innovateur de ces inhibiteurs permet d’envisager le développement de nouveaux
agents antibactériens par peptidomimétisme. Le dernier chapitre expose le pouvoir
antibactérien des endolysines de bactériophages. Une revue de la littérature résume le mode
d’action et la biologie des endolysines en tant qu’agents antibactériens efficaces ciblant
I’intégrité de la paroi bactérienne. Par la suite, un article décrit la capacité de I’endolysine
du phage ¢KZ a hydrolyser la paroi bactérienne des bactéries a Gram-négatif et a
outrepasser les membranes bactériennes. Ainsi, cette enzyme posséde un potentiel
antibactérien fort intéressant. En conclusion, cette thése fournit plusieurs pistes attrayantes
afin de développer de nouvelles stratégies antibactériennes pour contrer la problématique

de résistance aux antibiotiques.
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Abstract

This thesis first presents the critical outcome of antibiotic resistance among emerging and
re-emerging bacterial pathogens worldwide. The incessant increase and spread of antibiotic
resistance mechanisms compromise the efficiency of available antibacterial therapies and
increase the impact of bacterial infections on human mortality and morbidity. This thesis
focuses efforts to identify new antibacterial targets in order to develop novel classes of
antibacterial agents using the opportunistic pathogen Pseudomonas aeruginosa as a
research model. The first chapter of this thesis reports the exploitation of the cell division
proteins FtsZ and FtsA as antibacterial targets. A detailed scientific review is presented
along with two articles reporting the synthesis and selection of inhibitors against FtsZ and
FtsA. These inhibitors represent potent candidates to develop new classes of antibacterial
agents targeting the bacterial cell division process. The second chapter describes the use of
the essential bacterial cell wall biosynthesis enzymes MurC, MurD, MurE and MurF as
antibacterial targets. A scientific review first summarises the biology of these amide ligase
enzymes and three scientific articles report the selection of peptide inhibitors against MurD,
MurE and MurF by phage display. The novel mode of action of these inhibitors against the
unexploited Mur enzymes can be the basis for future development of antibacterial agents
targeting the cell wall biosynthesis pathway by peptidomimetism. The last chapter exposes
the antibacterial potential of the phage-encoded endolysin enzymes. A review describes the
mode of action and the biology of endolysins as efficient antibacterial agents targeting the
integrity of the bacterial cell wall layer. Finally, an article presents the peptidoglycan
hydrolytic activity of the P. aeruginosa phage ¢KZ gpl44 lytic transglycosylase. This
endolysin is able to pass through the bacterial membranes and thus represents a strong
candidate for developing new antibacterial therapies against Gram-negative bacteria. In
conclusion, this thesis provides various attractive ways to develop new antibacterial

strategies and face the problem of antibiotic resistance.
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Avant-Propos

Cette thése de doctorat représente le fruit d’efforts soutenus pendant trois ans et demi.
Ainsi, de longues journées au laboratoire et de maintes heures de rédaction prennent
maintenant toute leur signification a travers les lignes de ce document. Cette thése possede
une signification trés importante a mes yeux et elle conclue mon expérience en tant
qu’étudiante graduée. J espere sincérement que les travaux de recherche effectués au cours
de mon doctorat déboucheront un jour sur de nouvelles approches antibactériennes. Ainsi,
les résultats présentés par cette theése apporteront peut-&tre une lueur d’espoir aux patients
atteints d’infections bactériennes persistantes. Je serais extrémement heureuse de voir
surgir sur le marché pharmaceutique des agents antibactériens inhibant la division cellulaire
bactérienne ou ciblant les amides ligases essentielles a la biosynthése de la paroi
bactérienne. J’espere également que les endolysines de bactériophages et peut-étre méme
les bactériophages eux-mémes seront éventuellement utilisés en médecine humaine et
animale. Les bactériophages détiennent un pouvoir antibactérien extrémement efficace
provenant de milliards d’années d’évolution. Ainsi, il serait vraiment désolant d’oublier
cette ressource naturelle pour se concentrer uniquement sur la recherche et le
développement d’agents antibactériens réalisés par 1’étre humain. La disponibilité naturelle
des bactériophages pourrait permettre 1’accessibilité des traitements antibactériens aux pays
les plus pauvres et les plus touchés par les infections bactériennes. J’entretiens 1’espoir que
le capitalisme et la soif de brevets ne briment pas éternellement le développement de
thérapies antibactériennes a base de bactériophages.

J’aimerais remercier les personnes qui m’ont généreusement accordé leur soutien
scientifique et moral au cours de mes ¢tudes doctorales. Je voudrais tout d’abord souligner
I’aide précieuse du Dr Roger C. Levesque qui m’a fait confiance et qui a cru en moi en me
permettant d’atteindre mes objectifs scientifiques. Le Dr Levesque m’a supportée tout au
long de mes études graduées en me permettant de cheminer vers une autonomie
scientifique. Il m’a également ouvert la voie afin que j’évolue en tant que chercheure
indépendante. Les années passées au sein du laboratoire du Dr Roger Levesque ont été

extrémement intéressantes et enrichissantes tant au point de vue scientifique que personnel.
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Je tiens également a remercier le Dr Frangois Sanschagrin qui m’a fourni un support
constant au laboratoire. Il m’a enseigné les rudiments de nombreuses techniques et
approches scientifiques essentielles a la réalisation de mes études graduées.

Je tiens a remercier sincérement les membres de ma famille qui m’encouragent et
me supportent depuis toujours. Je remercie mes parents Héléne Paradis et Gilles Bleau qui
m’ont guidée et appuyée tout au long de mes études. Je voudrais également remercier mon
frére Simon Paradis-Bleau qui est toujours présent et disponible pour moi. Il s’est beaucoup
intéressé¢ a mon projet de recherche et m’a supportée. Je remercie aussi Céline Bergeon et
Michel-Jaques Trottier pour leur appui et leurs encouragements. Je tiens a remercier
spécialement mes amis Iréna Kukavica-Ibrulj, Sabrina Simard, M¢lanie Plante, Marjorie
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Section I - Mise en situation du projet de recherche



1 Problématique

1.1 La recrudescence des infections bactériennes

La problématique des infections bactériennes a subi un revers sans précédant suite a la
découverte des antibiotiques et la mise au point de vaccins efficaces. De plus, I’évolution
conjointe des especes bactériennes pathogeénes et de I’étre humain a entrainé une
diminution de susceptibilit¢é de I’hdte grace a la sélection naturelle. Enfin, la
conscientisation de la population a réduit la transmission des infections bactériennes via
une amélioration substantielle des conditions d’hygiéne, des habitudes alimentaires et des
soins de santé. L’ensemble de ces facteurs a considérablement diminué¢ 1’impact des
infections bactériennes sur la santé humaine et 1’espérance de vie de I’étre humain a
augmenté de 47 a 76 ans de 1900 a 1997 dans les pays développés (Cohen 2000).

Suite a la diminution importante de I’incidence et de la gravité des maladies
infectieuses, la recherche sur la prévention et le traitement de ces infections a été
dévalorisée. Convaincues de détenir un arsenal suffisant pour éliminer efficacement toutes
les infections, les compagnies pharmaceutiques ont réduit leurs activités de recherche et de
développement d’antibiotiques. Malheureusement, les générations suivantes ont sous-
estimé le pouvoir évolutif des bactéries et ont véhiculé une attitude de négligence et de
confiance aveugle envers les antibiotiques (Fauci 2001). Ainsi, une combinaison de
changements sociaux et technologiques a contribué a la recrudescence des infections
bactériennes. Le vieillissement de la population, la malnutrition ou I’obésité ainsi que
I’augmentation de I’incidence des maladies non infectieuses comme le cancer et les
maladies auto-immunes augmentent de fagon importante la susceptibilité de 1’étre humain
aux infections bactériennes. Les avancées technologiques et médicales déjouent le
processus de sélection naturelle en permettant aux maladies infectieuses et génétiques de se
propager dans une population d’hotes de plus en plus vulnérable (Cohen 2000). Ainsi, les
infections acquises en milieu hospitalier (infections nosocomiales) causées par des
pathogenes bactériens opportunistes sont plus fréquentes que jamais et elles représentent

une problématique trés préoccupante en santé publique (Kaplan, Sepkowitz et al. 2001). De



plus, les changements démographiques tels que [’augmentation de la densité de la
population humaine, les déplacements a grande vitesse et I’immigration favorisent la
transmission des microorganismes pathogénes. Finalement, les changements
environnementaux tel que le réchauffement de la planéte font peser la balance en faveur des
infections bactériennes au détriment de la santé humaine (Cohen 2000).

En conséquence, nous assistons présentement a I’émergence et la réémergence des
infections bactériennes sur 1’ensemble de la plancéte (Fauci 2001; Cohen 2000). De
nouveaux pathogeénes bactériens tel que Escherichia coli H7 ont récemment fait leur
apparition (Brown and Wright 2005). De plus, certains pathogénes bactériens anciennement
controlés tel que Mycobacterium tuberculosis réemergent dangereusement a travers les
populations humaines les plus susceptibles (Bloom and Murray 1992; Levy and Marshall
2004). Ainsi, les maladies infectieuses représentent aujourd’hui la seconde cause de déces
et la premiére cause de perte d’années de vie productives a travers le monde (Fauci 2001).
De plus, les infections bactériennes représentent 70 % des cas de mortalit¢ d’origine
infectieuse (Walsh 2003). Finalement, les conséquences des infections bactériennes sur la
sant¢ humaine et animale, I’économie, la stabilité¢ politique et le bioterrorisme méritent
sérieusement d’attirer D’attention des chercheurs académiques, des compagnies

pharmaceutiques et des gouvernements (Cohen 2000).

1.2 La problématique de résistance aux antibiotiques

L’origine des mécanismes de résistance aux antibiotiques provient des microorganismes
environnementaux dont les especes du genre Streptomyces. Les especes bactériennes
productrices d’antibiotiques ainsi que les populations microbiennes environnantes
combattent I’action de ces agents antibactériens depuis plusieurs millions d’années. Un
important facteur de sélection naturelle a donc favorisé le développement de multiples et
ingénieuses stratégies de résistance. Afin d’échapper a 1’action 1étale des antibiotiques, les
bactéries utilisent principalement des mécanismes de résistance de nature génétique
provenant d’un changement chromosomique ou extra chromosomique (McDermott, Walker
et al. 2003; Hamilton-Miller 2004). Les modifications chromosomiques découlent de

mutations stables qui confeérent rarement un désavantage évolutif. L’ADN polymérase
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bactérienne introduit une mutation sur 10’ paires de base et les foyers infecticux
comprennent environ 10° bactéries alors il n’est pas surprenant de voir surgir des clones
résistants (Walsh 2003). L’acquisition de matériel génétique sous forme de plasmide, de
transposon, d’intégron, d’ADN libre ou de bactériophage compte pour environ 80 % des
cas de résistance. Ainsi, les transferts de matériel génétique verticaux et horizontaux
comme la conjugaison, la transformation et la transduction ont permis la propagation des
mécanismes de résistance aux cellules filles puis aux diverses especes bactériennes. Les cas
de multirésistance se multiplient car les plasmides et les intégrons transportent souvent
plusieurs genes de résistance et peuvent en acquérir davantage par recombinaison
homologue, transposition ou intégration (Normark and Normark 2002; Levy and Marshall
2004).

Les bactéries exploitent trois stratégies distinctes afin de se défendre contre 1’action
des antibiotiques (figure 1). Elles peuvent modifier ou détruire 1’agent antibactérien a 1’aide
d’un geéne de résistance extra chromosomique. Ce mécanisme agit principalement contre les
antibiotiques naturels comme la pénicilline qui se retrouvent dans I’environnement depuis
des millions d’années (Walsh 2003). Un second mécanisme consiste a prévenir
I’accumulation de concentrations thérapeutiques d’antibiotiques dans le cytoplasme
bactérien. Certaines especes bactériennes restreignent I’entrée des agents antibactériens en
modifiant leur perméabilité membranaire alors que d’autres especes utilisent des pompes a
efflux afin d’expulser activement les antibiotiques a I’extérieur de la cellule. Les pompes
transmembranaires peuvent étre acquises via un plasmide ou un transposon mais elles font
souvent partie intégrante de la physiologie bactérienne. Finalement, les bactéries peuvent
modifier ou remplacer la cible thérapeutique affectée par 1’antibiotique. Suite a une
mutation chromosomique, la cible antibactérienne peut étre altérée et devenir insensible a
I’action de I’antibiotique tout en conservant son activité biologique (Walsh 2003; Tenover
2006). Certaines especes bactériennes comme Streptococcus pneumoniae peuvent
¢galement remplacer leur cible thérapeutique sensible par une cible insensible provenant

d’un autre microorganisme (Normark and Normark 2002).
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Figure 1. Schématisation des principaux mécanismes de résistance aux antibiotiques
retrouveés chez les bactéries (figure adaptée de http://www.medscape.com - 2007).

L’utilisation abusive et maladroite des antibiotiques en médecine humaine et en
alimentation animale a surexposé les especes bactériennes pathogénes aux agents
antibactériens pendant les six dernieéres décennies. En conséquence, une forte pression
évolutive a sélectionné de nouvelles mutations spontanées et a favorisé la propagation des
mécanismes de résistance parmi les pathogeénes bactériens. Ce processus a entrainé une
augmentation drastique et une propagation accélérée des mécanismes de résistance aux
antibiotiques en quelques années (Normark and Normark 2002). La dissémination des
grands clones épidémiques tel que les souches de Staphylococcus aureus résistantes a la
méthycilline (SARM) et les entérocoques résistants a la vancomycine (ERV) en sont de
bons exemples. De plus, des cas de S. aureus résistants a la vancomycine (SARV) ont
récemment émergé (Rice 2006). Le cas des pathogenes bactériens opportunistes tel que
Pseudomonas  aeruginosa est également trés inquiétant (Meyer 2005). Ces
microorganismes possedent un niveau de résistance élevé car ils subsistent généralement
dans la flore normale du corps humain et sont fréquemment exposés aux antibiotiques. En
fait, la problématique de résistance aux antibiotiques touche maintenant tous les agents

antibactériens disponibles et toutes les espéces bactériennes pathogenes. La situation
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actuelle compromet 1’efficacité des traitements antibactériens et met en danger la vie des
patients. De plus, le phénoméne de résistance prolonge et aggrave les épisodes d’épidémie
a travers le monde et cela contribue a la propagation des pathogeénes bactériens
multirésistants (Levy and Marshall 2004; Harbarth and Samore 2005; Tenover 2006).
Finalement, la problématique de résistance fait grimper le prix des antibiotiques et cela
diminue I’accés aux médicaments des populations les plus pauvres et souvent les plus
affectées par les infections bactériennes (Prentice 2000). Ainsi, la résistance aux
antibiotiques parmi les pathogénes bactériens en émergence et en réémergence représente
désormais 1’'une des problématiques les plus préoccupantes en santé publique et il s’avere
crucial d’y apporter des solutions concretes (Cohen 2000; Fauci 2001; Normark and

Normark 2002; Levy and Marshall 2004).

2 Objectifs de recherche

Les facteurs favorisant la recrudescence des infections bactériennes et la résistance aux
antibiotiques ne vont que s’amplifier dans les prochaines années. Ainsi, il s’aveére
primordial de mettre en place des programmes internationaux afin de surveiller
I’émergence et la réémergence des maladies infectieuses, de raffiner les différents systémes
de sant¢ publique, de développer des stratégies d’intervention afin de diminuer la
susceptibilité des populations et de proner une utilisation adéquate des antibiotiques afin de
diminuer la sélection des mécanismes de résistance (Cohen 2000). De plus, un effort
soutenu devrait €tre investi pour mettre au point des tests de diagnostique rapides et
efficaces afin d’établir les profils de résistance des pathogénes bactériens. Il est également
important de lutter contre la propagation des souches bactériennes multirésistantes en
détectant de fagcon précoce les personnes porteuses, en les isolant convenablement, en
instaurant des protocoles de vaccination puis en améliorant les conditions d’hygiéne.
Cependant, les meilleurs programmes de surveillance et de prévention ne suffiront pas a
contrebalancer I’évolution de la résistance aux antibiotiques. Ainsi, il s’avére essentiel de

développer de nouvelles stratégies antibactériennes afin de protéger la santé humaine contre
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les pathogénes bactériens résistants (Fauci 2001; McDermott, Walker et al. 2003;
Hamilton-Miller 2004).

2.1 Développement de nouvelles classes d’agents antibactériens

Tel que mentionné, la recrudescence des infections bactériennes et 1’occurrence d’une
résistance accrue contre les antibiotiques disponibles engendrent un besoin urgent de
nouvelles classes structurales et fonctionnelles d’agents antibactériens (Fauci 2001; Projan
2002; Tenover 2006). Ce développement thérapeutique peut étre réalisé en criblant des
microorganismes, en modifiant les agents antibactériens connus, en bloquant les
mécanismes de résistance bactériens, en exploitant la chimie combinatoire puis en étudiant
de nouvelles cibles antibactériennes (Cunha 2001). Par contre, les méthodes traditionnelles
comme le criblage d’antibiotiques naturels vont inévitablement mener a 1’identification de
molécules appartenant aux classes de composés chimiques déja exploitées. Le méme
résultat sera obtenu en synthétisant des analogues d’antibiotiques utilisés en médecine
humaine. Malheureusement, ces «nouveaux» agents antibactériens vont rapidement
sélectionner des mécanismes de résistance bactériens adaptés (Desnottes 1996; Chan,
Macarron et al. 2002). Ainsi, les pathogénes bactériens n’auront qu’a modifier leurs
mécanismes de résistance afin de combattre efficacement 1’action de ces agents
antibactériens ressemblant aux antibiotiques précédents. En ce qui concerne le blocage des
mécanismes de résistance, cette stratégie apparait extrémement difficile a réaliser a 1’aide
de moyens conventionnels (Hamilton-Miller 2004). La communauté scientifique a été
encouragée par la découverte d’inhibiteurs contre les principales enzymes bactériennes
responsables de la résistance aux antibiotiques de type B-lactame. Plusieurs groupes de
recherche tentent a présent de développer des molécules qui déstabilisent la membrane
externe des bactéries a Gram-négatif et qui bloquent les pompes a efflux (Breithaupt 1999).

Heureusement, I’avenue de nouvelles méthodes de chimie combinatoire procure un
grand enthousiasme en recherche thérapeutique. Ainsi, la synthése de banques de molécules
organiques et la synthése d’inhibiteurs sur mesure dominent présentement la recherche
pharmaceutique. La chimie combinatoire a comme avantage de permettre la synthése de
molécules innovatrices au point de vue structural et fonctionnel sans aucun homologue

naturel. Cela réduit considérablement la probabilité de retrouver des génes de résistance



environnementaux contre de telles molécules (Walsh 2003). De plus, la chimie
combinatoire permet de produire rapidement toutes les combinaisons possibles d’un jeu de
molécules. Cette diversité moléculaire révolutionnaire favorise la découverte de nouveaux
agents antibactériens. Finalement, les méthodes classiques de chimie organique peuvent
maximiser les propriétés pharmacologiques des agents antibactériens comme leur efficacité,
leur stabilité et leur biodisponibilité¢ (Hughes 2003).

Les récentes avancées technologiques en biologie moléculaire, en chimie, en
génomique, en protéomique et en bioinformatique permettent maintenant une conception
rationnelle d’antibiotiques. De plus, la modélisation moléculaire et les études structurales
réalisées grace aux techniques de cristallographie et de résonance magnétique nucléaire
permettent d’analyser la conformation des protéines bactériennes. Il est donc possible de
développer des stratégies de synthése organique afin de cibler adéquatement et
spécifiquement les structures moléculaires définies (Hughes 2003). La validité de cette
stratégie repose enticrement sur le choix de la cible thérapeutique. Ce choix revét une
importance capitale car la problématique de résistance aux antibiotiques est engendrée par
le répertoire limité de cibles antibactériennes. En fait, moins de 30 protéines bactériennes
sont présentement ciblées en thérapie et aucune nouvelle classe d’antibiotiques s’attaquant
a une cible bactérienne inédite n’a ét¢ commercialisée depuis 30 ans (Acar 1998; Brown
and Wright 2005). Ainsi, il s’avere crucial d’identifier des cibles thérapeutiques inédites
afin de développer de nouvelles structures antibactériennes et de nouveaux modes d’action
moléculaire échappant aux mécanismes de résistance (Haselbeck, Wall et al. 2002; Brown

and Wright 2005).

2.2 L’identification de nouvelles cibles antibactériennes

Les antibiotiques présentement utilisés en médecine humaine possédent quatre cibles
bactériennes principales tel qu’illustré a la figure 2. La vancomycine et les antibiotiques a
noyau [B-lactame ciblent la biosynthése de la paroi bactérienne. Les aminoglycosides, la
tétracycline, le chloramphénicol et les macrolides bloquent quant a eux la synthése

protéique. La synthése d’acides nucléiques est inhibée par la rifampicine et les quinolones.
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Finalement, la voie métabolique de 1’acide folique est ciblée par les sulfamides et le

triméthoprime (Franklin and Snow 1989; Axelsen 2002; Walsh 2003).
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Figure 2. Représentation schématique des quatre grandes classes de cibles antibactériennes
(figure adaptée de Walsh 2003).

Les protéines bactériennes doivent répondre a plusieurs critéres afin d’étre considérées
comme des cibles thérapeutiques intéressantes. Ainsi, la cible antibactérienne parfaite doit
étre a Dorigine d’une fonction biologique essentielle pour la viabilité bactérienne.
L’inhibition de cette cible entraine donc un phénotype 1étal et cela favorise le
développement d’agents antibactériens bactéricides efficaces contre les infections
bactériennes séveres et chroniques (Miesel, Greene et al. 2003). La cible idéale doit étre
génétiquement et structuralement conservée parmi les pathogénes bactériens.
Malheureusement, le manque de tests de diagnostique rapides et précis force souvent les
médecins a traiter les infections bactériennes sans connaitre la nature de 1’agent bactérien
étiologique. Ainsi, les cibles thérapeutiques doivent étre hautement conservées dans
I’évolution bactérienne afin de combler le besoin d’agents antibactériens a large spectre

(Projan 2002; Miesel, Greene et al. 2003; Brown and Wright 2005). Finalement, la cible
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idéale doit étre exprimée en quantité suffisante lors de 1’infection et elle doit étre absente
des organismes eucaryotes (Haselbeck, Wall et al. 2002).

La cible antibactérienne typique est une enzyme responsable d’une étape
biochimique essentielle et limitante. La structure tridimensionnelle et le mécanisme
enzymatique doivent préférentiellement étre €lucidés afin de permettre la mise au point
d’essais de criblage spécifique et les études d’inhibition de type structure—fonction (Projan
2002; Miesel, Greene et al. 2003; Brown and Wright 2005). Afin de s’assurer de I’absence
de genes de résistance environnementaux, les cibles thérapeutiques ne doivent pas étre déja
exploitées par des approches antibactériennes en santé humaine ou animale. Dans le but de
minimiser le développement de nouveaux mécanismes de résistance, 1’idéal est de cibler un
groupe d’enzymes semblables qui effectuent des étapes biochimiques différentes. Un tel
groupe de cibles thérapeutiques peut étre inhibé de fagon efficace par un seul agent
antibactérien. Les bactéries ne pourront donc pas échapper au mode d’action de cet agent
antibactérien en modifiant une seule protéine cible. En fait, une série extrémement
improbable de mutations spontanées devrait se produire afin d’occasionner une résistance
efficace (Projan 2002; Miesel, Greene et al. 2003). L’avenue de nouveaux mécanismes de
résistance peut également étre diminuée en ciblant des enzymes dont le site actif comprend
des acides aminés invariables. Ainsi, les mutations spontanées risquant de modifier la cible
antibactérienne et de conférer une résistance seront probablement 1étales pour la bactérie ou
causeront un désavantage évolutif majeur (Miesel, Greene et al. 2003).

L’identification des protéines essentielles a la survie et a la virulence bactérienne est
grandement facilitée par le séquengage des génomes bactériens combiné aux récentes
avancées technologiques en génomique, en protéomique et en bioinformatique (Breithaupt
1999). Ainsi, plusieurs nouvelles cibles bactériennes ont été sélectionnées telles que la
signalisation intracellulaire et intercellulaire, les facteurs de virulence, la synthése du
lipolysaccharide (LPS), la division cellulaire, les mécanismes d’acquisition du fer, la
glycosylation puis la biosyntheése des acides gras (Breithaupt 1999; Projan 2002; Salyers
and Whitt 2002).
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3. Hypothéses du projet de recherche

Cette thése de doctorat s’intéresse particulierement a la division cellulaire et a la paroi
bactérienne en tant que sources de nouvelles cibles thérapeutiques. Ainsi, la machinerie de
division cellulaire bactérienne, les enzymes essentielles a la biosynthése de la paroi
bactérienne et I’intégrité de cette paroi sont étudices et exploitées en tant que cibles. Le
projet de recherche a la base de cette thése présume que les protéines de division cellulaire
FtsZ et FtsA, les enzymes MurD, MurE et MurF essentielles a la biosynthése de la paroi et
le peptidoglycane constituant la paroi bactérienne représentent des cibles thérapeutiques
prometteuses. Une des hypothéses de ce projet de recherche soutient que des inhibiteurs de
I’activité enzymatique de FtsZ, FtsA, MurD, MurE et MurF bloqueront spécifiquement la
division cellulaire et la biosynthése de la paroi bactérienne en engendrant un phénotype
1étal. Ainsi, ces inhibiteurs constitueront une base intéressante pour le développement de
nouvelles classes d’agents antibactériens. Ce projet soutient également que les endolysines
de bactériophages représentent des agents antibactériens efficaces ciblant I’intégrité¢ de la
paroi bactérienne. Par conséquent, ces endolysines peuvent étre exploitées afin de
développer une nouvelle approche antibactérienne.

Afin d’assurer la fluidité et la continuité de cette thése de doctorat, la revue de
littérature scientifique portant sur la division cellulaire, la paroi bactérienne et les
endolysines de bactériophages fait partie intégrante du corps de la these. Il en est de méme
pour la validation du choix des cibles antibactériennes a 1’étude. Ainsi, la premiére section
de cette thése fait office d’introduction puis la seconde section décrit le processus de
division cellulaire bactérien et rapporte I’identification d’inhibiteurs contre les protéines de
division cellulaire FtsZ et FtsA. La troisiéme section du corps de cette thése aborde la
biosynthése de la paroi bactérienne et décrit I’identification d’inhibiteurs de 1’activité des
enzymes MurD, MurE et MurF. La quatriéme section expose une revue de littérature sur les
endolysines de bactériophages et relate 1’étude de I’endolysine du bactériophage ¢KZ.
Finalement, la cinquiéme section présente la conclusion de cette thése et aborde les

perspectives futures du projet de recherche.
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4 Résumé des stratégies et méthodologies employées

4.1 Utilisation du pathogéne opportuniste P. aeruginosa en tant que

modeéle d’étude

Tout au long de ce projet de recherche, le pathogéne opportuniste ubiquitaire P. aeruginosa
est utilisé en tant que modele d’étude. Cette espece bactérienne se présente sous la forme
d’un batonnet mobile a Gram-négatif exprimant un pigment vert nommé pyocyanine tel
qu’illustré par la figure 3 (Salyers and Whitt 2002). Ce pathogeéne regorge de mécanismes
de résistance et il engendre de multiples infections intraitables et mortelles. En fait, P.
aeruginosa profite des failles immunitaires des personnes immunodéprimées comme les
grands briilés, les personnes agées, les nouveau-nés ainsi que les patients atteints de fibrose
kystique. Ce pathogeéne cause alors une variété d’infections nosocomiales chroniques
comme des infections urinaires, oculaires, pulmonaires ou des infections de plaies
profondes entrainant un choc septique. P. aeruginosa représente ainsi 1’'une des principales
causes d’infections opportunistes chez 1’étre humain (Stover, Pham et al. 2000). De plus, P.
aeruginosa est la principale cause de décés chez les patients atteints de fibrose kystique
(Davies 2002; Salyers and Whitt 2002). Cette maladie autosomale récessive affecte un
nouveau-né sur 2000 chez les Caucasiens et cela en fait la maladie héréditaire 1étale la plus
prévalente. La fibrose kystique est causée par une mutation du géne CFTR (Cystic Fibrosis
Transmembrane Conductance Regulator) qui abolit sa fonction biologique de canal a chlore
(May, Shinabarger et al. 1991; Goldberg and Pier 2000). Les patients présentent alors un
transport anormal d’électrolytes et une sécrétion aberrante de mucus. La maladie se traduit
principalement par une affliction pulmonaire chronique avec une toux persistante et une
détresse respiratoire (May, Shinabarger et al. 1991). La mutation de la protéine CFTR et les
défauts moléculaires subséquents favorisent la colonisation pulmonaire par P. aeruginosa
(Davies 2002). En plus de résister a la majorité des antibiotiques disponibles, P. aeruginosa
produit des immuno-évasines pour €chapper au systéme immunitaire, il se protége sous une

capsule d’alginate et il produit un biofilm. Ainsi, I’infection pulmonaire chronique causée



13

par P. aeruginosa perdure malheureusement jusqu’au déces du patient (Davies 2002, May,

Shinabarger et al. 1991).

Figure 3. Photographie de P. aeruginosa prise en microscopie confocale (image provenant
du site internet de renommeée internationale http://www.pseudomonas.com).

Depuis les quelques derniéres années, la fréquence et la sévérité des infections
opportunistes causées par P. aeruginosa ont augmenté de fagon inquiétante. De plus,
plusieurs souches multirésistantes de P. aeruginosa ne sont maintenant sensibles qu’aux
antibiotiques de type polymixine qui engendrent des effets secondaires néfastes chez 1’étre
humain (Meyer 2005). Cependant, méme un tel traitement ne réussit pas a enrayer les
infections chroniques causées par P. aeruginosa qui demeure I’un des microorganismes les
plus difficiles a traiter (Pierce, 2005; Salyers and Whitt 2002). En fait, ce pathogéne détient
plusieurs genes de résistance intrinseques, il dispose de quelques 72 pompes a efflux
distinctes et il possede une faible perméabilité membranaire (Hancock and Brinkman 2002;
Walsh 2003). Ainsi, 'importance médicale de ce pathogéne combinée a 1’absence de
traitement efficace en fait un modéle d’étude idéal dans le cadre de ce projet de recherche.
De plus, le génome de P. aeruginosa est entierement séquencé et annoté; ce qui facilite
grandement 1’étude de nouvelles cibles antibactériennes en vue du développement de

nouveaux agents antibactériens (Stover, Pham et al. 2000).
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4.2 Méthodologies

Dans un premier temps, le projet vise a caractériser les protéines de division cellulaire FtsZ
et FtsA et les enzymes MurD, MurE et MurF de P. aeruginosa en tant que nouvelles cibles
antibactériennes. Les génes respectifs ont donc été clonés dans des vecteurs d’expression a
partir d’ADN génomique de P. aeruginosa, les protéines ont été exprimées dans des
cellules recombinantes de E. coli puis les protéines ont été purifiées en quantité
appréciable. L’activité biologique de ces cinq cibles antibactériennes a ensuite été
confirmée et caractérisée. Afin d’évaluer le potentiel inhibiteur de futurs candidats
antibactériens sur I’activité enzymatique essentielle de ces protéines, des essais de criblage
spécifiques ont été¢ mis au point pour FtsZ, FtsA, MurD, MurE et MurF. Par la suite, deux
approches différentes ont été exploitées afin d’identifier des inhibiteurs possédant des
structures et des modes d’action inusités contre ces cing protéines. Dans le cas de FtsZ, une
ingénieuse stratégie de synthése organique en paralléle sur support solide a été employée.
Cette approche est clairement expliquée et détaillée dans un article scientifique récemment
accepté dans la revue «Bioorganic & Medicinal Chemistry» présent dans le premier
chapitre du corps de cette theése. Afin de sélectionner des inhibiteurs spécifiques de FtsA,
MurD, MurE et MurF, une approche de présentation phagique a été utilisée.

La présentation phagique consiste en un criblage moléculaire de banques de
peptides commerciales renfermant 10° combinaisons peptidiques distinctes fusionnées a la
protéine mineure plll du bactériophage M13. Les banques contiennent 1000 copies de
chacune des combinaisons peptidiques qui se présentent sous la forme de 12 mers, de 7
mers ou de C7C (7 acides aminés flanqués de 2 cystéines). Cing copies de la protéine plIl
se retrouvent a la surface de la capside du bactériophage M13 et elles assurent I’adsorption
du phage au pili sexuel de E. coli (Hoess 2001). Les bactériophages M13 présentent ainsi
les fusions peptidiques a leur surface tel qu’illustré par la figure 4. L’avantage majeur de la
présentation phagique réside dans I’étonnante diversité moléculaire qui permet d’identifier
rapidement et efficacement de petits ligands peptidiques spécifiques interagissant avec une
cible d’intérét pharmacologique (Christensen, Gottlin et al. 2001; Peczuh and Hamilton
2000; Sidhu 2000). Le principe de la présentation phagique repose sur les rondes de

biocriblage ou une banque de bactériophages M13 est exposée a la protéine d’intérét fixée
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au fond des puits d’une microplaque (figure 4). Par la suite, les lavages éliminent les
bactériophages codant pour des fusions peptidiques non spécifiques puis 1’¢élution permet
de récolter les phages adsorbés a la protéine cible. Finalement, les bactériophages
sélectionnés subissent une amplification afin de constituer le matériel de départ nécessaire

pour amorcer une seconde ronde de biocriblage (Kay, Kasanov et al. 2001).

Banque de phages — I I I
Lavages Elution

Figure 4. Représentation schématique d’une ronde typique de biocriblage par présentation
phagique.

La spécificité¢ et ’efficacit¢ du criblage moléculaire par présentation phagique sont
maximisées en effectuant trois rondes successives de biocriblage. Afin d’assurer une
sélection de fusions peptidiques spécifiques pour la protéine d’intérét, la rigueur des
lavages est augmentée puis le temps de contact entre les bactériophages et la protéine cible
est diminué au cours de ces rondes (Kay, Kasanov et al. 2001). La figure 5 illustre le
principe des trois rondes de biocriblage ou les bactériophages adhérés spécifiquement a la
protéine d’intérét sont ¢lués avec de la glycine a pH acide qui altére les interactions entre
les bactériophages et la protéine cible. Les bactériophages peuvent également étre élués de
facon compétitive a ’aide des substrats de I’enzyme d’intérét ou a 1’aide d’une autre
protéine avec laquelle la protéine cible interagit. Suite a I’¢élution des phages spécifiques de
la dernie¢re ronde de biocriblage, ’ADN de 10 a 20 bactériophages est séquencé a 1’aide
d’amorces commerciales. Finalement, les analyses bioinformatiques subséquentes

identifient les peptides sélectionnés par I’approche de présentation phagique.
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Figure 5. Schéma expérimental représentant les trois rondes de biocriblage effectuées lors
d’un criblage par présentation phagique.

Suite a la sélection de peptides spécifiques pour les protéines FtsA, MurD, MurE et MurF
et a la synthése organique d’analogues du substrat de I’enzyme FtsZ, le pouvoir inhibiteur
de ces molécules a été évalué. Ainsi, leur activité inhibitrice a été caractérisée sur 1’activité
enzymatique des protéines cibles et leur Clsy (Concentration Inhibitrice de 50 % de
I’activité de ’enzyme) a été déterminée en exploitant les divers essais de criblage mis au
point pour les enzymes a 1’é¢tude. Dans le cas des petites molécules organiques synthétisées
contre FtsZ, leur potentiel antibactérien a été évalué sur des espéces bactériennes a Gram-
négatif et a Gram-positif a ’aide d’un essai biologique sur gélose. Le mode d’action des
peptides inhibiteurs sélectionnés contre les amides ligases MurE et MurF a également été
¢lucidé a I’aide d’analyses biochimiques et enzymologiques. Les figures 6 et 7 résument la
méthodologie employée afin de caractériser les cibles antibactériennes FtsZ, FtsA, MurD,
MurE et MurF et d’identifier de nouveaux inhibiteurs prometteurs en vue du
développement de nouvelles classes d’agents antibactériens ciblant la division cellulaire et

la biosynthése de la paroi bactérienne.
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P. aeruginosa

Syntheése de molécules
par chimie combinatoire
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Figure 6. Schéma expérimental résumant la méthodologie employée afin d’étudier la cible
antibactérienne FtsZ et de synthétiser des molécules inhibitrices par chimie combinatoire en
vue du développement de nouveaux agents antibactériens ciblant la division cellulaire
bactérienne.
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Figure 7. Schéma expérimental résumant la méthodologie employée afin d’étudier les
cibles antibactériennes FtsA, MurD, MurE et MurF et de sélectionner des peptides
inhibiteurs par présentation phagique.

Un dernier volet du projet de recherche exploite le potentiel antibactérien des endolysines
de bactériophages. Ces enzymes dégradent la paroi bactérienne et représentent une source
évoluée d’enzymes lytiques. Ainsi, le troisiéme chapitre du corps de cette thése décrit la
caractérisation de I’endolysine du bactériophage OKZ de P. aeruginosa en tant que nouvel
agent antibactérien. Le géne codant pour I’endolysine a tout d’abord été cloné a partir de
I’ADN génomique du phage ¢KZ. La protéine a ensuite été exprimée et purifiée a partir des
cellules recombinantes de E. coli. L’activit¢ muralytique et le pouvoir antibactérien de
I’endolysine ont ensuite été caractérisés. Afin d’identifier le site de clivage enzymatique du
peptidoglycane par 1’endolysine, des analyses en spectrométrie de masse ont été effectuées.
Cette technologie permet de séparer et de purifier les produits de dégradation du
peptidoglycane par HPLC en phase inverse puis de déterminer de fagcon précise leur masse
moléculaire (Glauner, 1988). Les données sont ensuite analysées afin de reconstituer le

casse-téte en déterminant la structure des produits de dégradation. Plusieurs analyses ont
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été réalisées afin d’étudier le mode de translocation de 1’endolysine ainsi que son
interaction avec les membranes. Ces expériences sont expliquées en détail dans un article
scientifique présent dans le troisieme chapitre du corps de cette thése. Entre autres, des
analyses de dichroisme circulaire ont été effectuées afin d’observer le changement de
structure secondaire de 1’endolysine en présence de vésicules lipidiques synthétiques. Deux
types de lipides ont été employés; le dimyristoylphosphatidylglycérol qui imite les
membranes bactériennes anioniques et le dimyristoylphosphatidylcholine qui imite les
membranes eucaryotes neutres. A 1’aide de ces lipides, des vésicules synthétiques ont été
préparées de fagon a enfermer des molécules de calcéine fluorescente. Ainsi, un essai a été
mis au point afin d’analyser 1’interaction de I’endolysine avec les membranes en mesurant
la relache de calcéine fluorescente. La figure 8 illustre la méthodologie employée afin de
caractériser cette endolysine en tant que nouvel agent antibactérien ciblant 1’intégrité de la

paroi bactérienne constituée de peptidoglycane.
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Figure 8. Schéma expérimental résumant la méthodologie utilisée afin d’étudier
I’endolysine du bactériophage ¢KZ en tant que candidat prometteur pour le développement
d’une nouvelle stratégie antibactérienne ciblant I’intégrité de la paroi bactérienne.
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Section II - Les protéines de division cellulaire FtsZ et
FtsA en tant que cibles antibactériennes et identification
d’inhibiteurs par synthése organique en paralléle et

présentation phagique

Ce premier chapitre amorce le corps de ma thése en regroupant trois articles scientifiques
rédigés en anglais a des fins de publication au sein de revues scientifiques anglophones. Un
premier manuscrit fait office d’introduction en résumant 1’étendue de la littérature
scientifique sur la division cellulaire bactérienne et les nombreuses protéines impliquées.
L’article se concentre sur les protéines FtsZ et FtsA en tant que cibles antibactériennes. Par
la suite, un article scientifique récemment accepté dans la revue «Bioorganic & Medicinal
Chemistry» relate la synthése de petites molécules organiques en tant qu’inhibiteurs de
I’activit¢ GTPase de FtsZ. Ces inhibiteurs démontrent un potentiel antibactérien fort
intéressant en vue du développement d’une nouvelle classe d’agents antibactériens.
Finalement, un article publi¢ dans la revue «Protein Engineering Design and Selection» en
mars 2005 décrit la sélection de peptides inhibiteurs de 1’activit¢ ATPase de FtsA. Ces
peptides identifiés par la technique de présentation phagique représentent les premiers et les

seuls inhibiteurs de FtsA caractérisés a ce jour.



21

Chapitre I - The bacterial cell division proteins as novel

targets for antibacterial agents of the future
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Résumé

Les protéines de division cellulaire en tant que nouvelles cibles

thérapeutiques pour les agents antimicrobiens de I’avenir

Les mécanismes de résistance aux antibiotiques ne cessent de se développer et de se
propager parmi les pathogénes bactériens en émergence et en réémergence a travers le
monde. Ainsi, I’identification et la caractérisation de nouvelles cibles antibactériennes
attrayantes constituent une priorité afin de développer de nouvelles classes d’agents
antibactériens possédant des structures et des modes d’action inusités. La division cellulaire
bactérienne représente un processus biologique essentiel et complexe mettant en scéne de
nombreuses protéines. Ces derniéres possédent un potentiel fort intéressant en tant que
nouvelles cibles antibactériennes. Au cours de cet article de revue, un intérét soutenu est
accordé aux récentes avancées scientifiques afin de comprendre le processus de division
cellulaire bactérien. Les principales caractéristiques de toutes les protéines de division
cellulaire reportées a ce jour sont également résumées. Une attention particuliere est
consacrée a la biologie des protéines FtsZ et FtsA en tant que cibles antibactériennes
spécifiques ainsi qu’aux études scientifiques ayant pour objectif d’identifier des inhibiteurs
contre ces protéines de division cellulaire. Finalement, cet article de revue propose
différentes avenues afin de mener a bien le développement et I’optimisation de traitements

antibactériens efficaces ciblant la division cellulaire bactérienne.
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En tant que premiere auteure de cet article de revue scientifique, j’ai réalisé une revue de
littérature approfondie et détaillée sur la division cellulaire bactérienne et les différentes
protéines impliquées. J’ai porté une attention particuliére aux protéines FtsZ et FtsA en tant
que cibles antibactériennes spécifiques. J’ai également relaté toutes les études scientifiques
ayant pour objectif d’identifier et/ou de caractériser des inhibiteurs de la division cellulaire
bactérienne. Suite a la revue de littérature, j’ai rédigé intégralement le manuscrit et j’ai
préparé la figure du divisome ainsi que la tableau regroupant les principales caractéristiques
de toutes les protéines de division cellulaire reportées a ce jour. Finalement, j’ai émis mon
opinion sur les différentes avenues possibles afin de mener a bien le développement de
nouvelles classes d’agents antibactériens ciblant la division cellulaire bactérienne. Le Dr
Roger C. Levesque m’a guidée dans la conception du plan de I’article et m’a donnée de
précieux conseils au sujet de la rédaction d’un article de revue scientifique. Il a également
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article sera soumis sous peu a la revue scientifique «<FEMS Microbiology Reviewsy.
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Abstract

Antibiotic resistance has become one of the most critical global public health problems of
the decade, resistance mechanisms increasing in diversity among emerging and re-
emerging bacterial pathogens and spreading worldwide. Identification and characterization
of new targets thus represent a high priority task to develop structurally and functionally
novel classes of antibacterial agents. The bacterial cell division apparatus involves many
proteins which represent excellent and unexploited antibacterial targets. In this review, we
focus on recent advances in the field of bacterial cell division and we describe the principal
features of all known cell division proteins. We emphasize FtsZ and FtsA as the best
specific targets for antibacterial agents and we review all inhibitors active against them. We
finally propose future directions for development and optimization of potent antibacterial

therapies targeting the bacterial cell division process.

Introduction
The alarming worldwide emergence and re-emergence of bacterial pathogens combined
with the increase and spread of antibiotic resistance has become one of the most serious
public health problems over the past decade (Cohen 2000; Fauci 2001; Normark and
Normark 2002; Levy and Marshall 2004). During the 20" century, the impact of bacterial
infections on human mortality and morbidity was vastly decreased thanks to antibiotics,
vaccines and reductions in host susceptibility and disease transmission due to improved
hygiene, sanitation and nutrition (Cohen 2000). We are now witnessing an emergence of
new bacterial pathogens such as Escherichia coli H7 and the re-emergence of formerly
controlled infections such as tuberculosis (Brown and Wright 2005). This recrudescence is
a consequence of the astonishing evolutionary potential of bacteria, combined with recent
societal and technological changes that have increased the vulnerability of populations and
the transmission of infectious agents while microbiological research has declined (Cohen
2000; Fauci 2001). Infectious diseases represent today the second leading cause of death
and the leading cause of disability-adjusted life years worldwide (Fauci 2001; Walsh 2003).
The occurrence of bacterial resistance to all clinically useful antibiotics has

seriously amplified the problem of the emergence and re-emergence of bacterial pathogens
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(Cohen 2000). Antibiotics have existed for millions of years and microbes have developed
ingenious strategies using chromosomal mutations and mobile genetic elements in
evolutionary response to this selective pressure (McDermott, Walker et al. 2003; Hamilton-
Miller 2004). Transfer by conjugation, transformation and transduction of genetic elements
such as plasmids, transposons, integrons, bacteriophages and naked DNA have propagated
resistance mechanisms among bacteria via homologous recombination, transposition and
integration (Normark and Normark 2002; Levy and Marshall 2004). Mechanisms of
bacterial resistance include modification or replacement of the target of the antibacterial
agent, expulsion of the agent outside the cell via efflux pumps or restriction of the agent via
permeability changes and enzymatic inactivation or structural alteration of the antibacterial
compound (Walsh 2003; Tenover 2006). After six decades of widespread antibiotic misuse,
resistance has become a global public health threat, involving all major bacterial pathogens,
many of which now often express multiple resistance mechanisms. At the beginning of the
21st century, bacterial pathogens are becoming increasingly resistant in an aging,
increasingly dense and sometimes immuno-suppressed host population (Levy and Marshall
2004; Harbarth and Samore 2005; Tenover 2006).

Among Gram-positive pathogens, methicillin-resistant Staphylococcus aureus
(MRSA) and vancomycin-resistant enterococci (VRE) are of particular concern. MRSA
causes 60% of the staphylococcal infections in American intensive care units and
vancomycin-resistant S. aureus (VRSA) have also emerged (Rice 2006). Furthermore, the
human immunodeficiency virus has enhanced re-emergence of multiresistant
Mycobacterium tuberculosis, which remains the leading cause of death from a single
infectious disease (Bloom and Murray 1992; Levy and Marshall 2004). Among Gram-
negative pathogens, infections by Pseudomonas aeruginosa and Acinetobacter spp. have
increased in frequency and severity and the worst-case scenario of infections treatable only
by toxic polymyxins is now a reality (Meyer 2005). P. aeruginosa causes a wide variety of
chronic nosocomial infections and represents the major cause of death in cystic fibrosis
patients (Davies 2002).

To summarize, bacterial diseases in general and antibiotic-resistant bacterial
infections specifically are increasing in both developing and developed countries,

complicating treatment and increasing human morbidity (Fauci 2001; Projan 2002; Tenover
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2006). To some extent, resistance can be contained by better use of antibiotics, surveillance
programs, improved public health systems and research on bacterial pathogenicity and host
predisposition to infection. However, development of novel approaches to treatment of
bacterial infections will be crucial to the protection of human health against emerging
resistant pathogens (Fauci 2001; McDermott, Walker et al. 2003; Hamilton-Miller 2004).
New therapies may be developed by whole-cell screening of compound libraries,
modifying existing antibacterial agents, attempting to block resistance mechanisms or by
identifying new targets for antibacterial agents (Cunha 2001). However, attempting to
select potent antibacterial agents from libraries will invariably yield compounds related to
previously identified chemical classes and will rapidly trigger resistance, as does making
new analogues from existing drugs (Desnottes 1996; Chan, Macarron et al. 2002).
Lowering existing levels of resistance by conventional means appears to be extremely
difficult if not impossible (Hamilton-Miller 2004). As the resistance problem is largely due
to the limited repertoire of targets for antibacterial agents (fewer than 30 proteins) and as
antimicrobial agent discovery is driven by the breadth and quality of potential targets, the
answers lie in unexploited targets (Haselbeck, Wall et al. 2002; Brown and Wright 2005).
The perfect target for antibacterial agents would be functionally essential for
bacterial viability and its inhibition would result in a lethal phenotype. It would also be
highly conserved among bacterial pathogens and have no eukaryotic counterpart, be easily
accessible for genetic manipulations and sufficiently expressed during host infection
(Haselbeck, Wall et al. 2002). Targets required for viability are preferred because the
compounds directed at them would be bactericidal and hence more efficient for treating
serious infections (Miesel, Greene et al. 2003). The requirement for genetic and structural
conservation of the target across all clinically relevant pathogens is based on the medical
need for broad-spectrum antibiotics, since physicians often treat infections without prior
identification of the infectious agents, due to the lack of rapid and precise diagnostic
methods (Projan 2002; Miesel, Greene et al. 2003; Brown and Wright 2005). The ideal
target typically would be an enzyme that performs a rate-limiting biochemical step with a
fully elucidated mechanism amenable to high throughput screening supported by inhibitory
investigations such as structure—activity relationships (Projan 2002; Miesel, Greene et al.

2003; Brown and Wright 2005). To minimize the emergence of resistance, families of
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related but non-identical targets that can be inhibited by a single compound are to be
preferred, (Projan 2002; Miesel, Greene et al. 2003) as are targets with invariant active-site
amino acid residues, in the hope that resistance mutations would cause physiological fitness
defects (Miesel, Greene et al. 2003). In this review, we provide an overview of the potential
of the bacterial cell division process as a source of new targets for the next generation of

antimicrobial agents.

Bacterial cell division proteins as a source of new targets for antibacterial

agents

The bacterial cell division apparatus represents an excellent pool of new targets for
antibacterial agents. The proteins involved in cell division are essential for bacterial growth
and survival and their inhibition is not physiologically sustainable. The vast majority of
these proteins are widely conserved among pathogenic bacterial species and absent in
eukaryotic cells (Margolin 2000; Vicente, Rico et al. 2006). Furthermore, they are
extremely sensitive to inhibition because the division process depends on recruitment of
specific proteins with critical ratios in an absolutely essential cascade that forms the
divisome (Projan 2002; Errington, Daniel et al. 2003; Margolin 2005). No existing
antibacterial agent specifically targets either these proteins or the protein—protein
interactions involved in the bacterial cell division process, suggesting that bacterial
pathogens are not likely to have developed resistance mechanisms against agents that
would do so. Cell division proteins thus represent very promising candidate antibacterial

targets.

The divisome-forming pathway

Recent technological advances in the fields of cytology, genomics, structural biology,
microscopy, biochemistry, bioinformatics and proteomics have led to deeper understanding
of bacterial cell division. However, this physiological event represents one of the most
complex bacterial processes and is subject to strict spatial, temporal and quantitative
regulation that remains poorly understood. Overall, bacteria divide by binary fission, in

which medial constriction of the mother cell yields two identical daughter cells. Bacterial
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cells grow until they reach a critical size (usually 2 x unit mass, or volume) at which point
chromosomal DNA replication is initiated at oriC via the DnaA initiator protein. The newly
replicated chromosomes are then unlinked and segregation of the homologous genomes
through the mother cell poles begins, with the help of the Muk proteins. Fission occurs
when the distance between chromosomal centres exceeds half the cell length (Donachie
1993). The main cell division protein, FtsZ, polymerizes to form a ring around the inner
surface of the cell membrane. Cytokinesis is then coordinated by a group of septation-
specific proteins that localize and assemble at mid-cell at a specific time in the cell cycle to
form the divisome. Recruitment of cell division proteins at mid cell is believed to be driven
primarily by a complex protein—protein interaction network (Goehring and Beckwith 2005).
This mid cell apparatus overlaps the bacterial inner membrane and the cell wall layer of the
nascent daughter cells. Proteins of the divisome act in synergy to form the mid cell septum
and physically separate the progenitor daughter cells (Den Blaauwen, Buddelmeijer et al.
1999). The coordinated biochemical and physical actions of the divisome-containing
proteins, combined with osmotic pressure and surface tension, produce an invagination site
continually driven by the divisome (Nanninga 1998). The constriction of the cytoplasmic
ring tethered to the membrane pulls the inner membrane inward with the help of the
divisome-containing proteins and the cell wall grows inward as a covalently bonded layer
following the contracting ring. A specific and localized enhancement of cell wall
biosynthesis forms a complete double cross-wall across the cell centre, completing the
septum and forming the new cell poles of the daughter cells. Even as the peptidoglycan
layer grows inward, cell wall hydrolases are at work splitting the septal cell wall to separate
the daughter cells. Finally, the peptidoglycan layer is connected to the outer membrane of
Gram-negative cells by a variety of bridging proteins such as Lpp (Braun’s lipoprotein).
Thus, the outer membrane is expected to follow the separating cell wall layers inward
passively as new bridging proteins are incorporated in the wake of the peptidoglycan
synthases (Donachie 1993; Weiss 2004). The cell wall biosynthesis pathway will be
discussed in greater detail later in this article. The known functions of bacterial cell division
proteins are described below. In spite of significant efforts, the functions of some cell

division proteins still remain shrouded in mystery (Goehring and Beckwith 2005).
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In the 1960s, a large collection of thermo-sensitive mutations affecting the growth
and replication of E. coli allowed identification of the fts (filamentation thermo-sensitive)
genes encoding essential cell division proteins. Mutants defective in these genes are
specifically defective in cell division and display a characteristic filamentous phenotype at
a non-permissive temperature, as a result of continuous growth without division (Van De
Putte, Van et al. 1964; Hirota, Ryter et al. 1968; Goehring and Beckwith 2005). The vast
majority of the cell division proteins are thus designated by the prefix Fts, derived from the
unsustainable phenotype observed when the thermo-sensitive proteins are inactivated. This
was extended to other cell division proteins, even if they were identified by methods other
than production of thermo-labile filamentous mutants. Furthermore, Fts proteins such as
FtsH, FtsJ, and FtsY, turned out to be involved in general processes that have pleiotropic
effects on cell division (Vicente, Rico et al. 2006). The conserved dcw cluster located at 2
min on the genetic map of E. coli contains 16 genes essential for the cell division and cell
wall biosynthesis pathways (Dai and Lutkenhaus 1992). Genes of this cluster are widely
conserved and carefully regulated to ensure the proper cell division process (for a review
see Dewar and Dorazi 2000).

As the order of cell division protein recruitment to the division site is thought to
reflect their implication during cell division, let us begin by summarizing the known
functions of these proteins, based on order of assembly in the divisome. In this hierarchy, a
given protein requires the presence of all upstream proteins in order to localize at mid cell
and is in turn required for the localization of all downstream proteins. A dependency of
each cell division protein on most of the other proteins has been reported and no observable
initiation of cell division takes place until all the cell division proteins are localized
(Buddelmeijer and Beckwith 2002). Assembly of the divisome at the nascent division site
is both highly regulated and highly dynamic, while the recruitment hierarchy reflects
dependence relationships and does not necessarily reflect a temporal order (Goehring and
Beckwith 2005). A linear view of the sequence of recruitment is confounded by the
complexity of the cell division protein-protein interaction network. The recruitment cascade
may be derived from a set of strong interactions that dominate under physiological
conditions, while weaker interactions collectively strengthen the divisome but are detected

individually only in experimental set-ups in which the proteins are overproduced (Vicente,
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Rico et al. 2006). It is thus suggested that a cooperative association among the divisome
proteins drives the cell division assembly, forming a dynamic multi-protein structure at the
septum site, as is the case in Bacillus subtilis, in which all division proteins are completely
interdependent for recruitment and assembly at the division site (Errington, Daniel et al.
2003; Karimova, Dautin et al. 2005). Overall, the order of assembly of proteins at mid cell
for forming the divisome is as follows: FtsZ, [FtsA, ZipA, ZapA, YImF], (FtsE, FtsX),
FtsK, FtsQ, (FtsB, FtsL), FtsW, Ftsl, FtsN, AmiC, EnvC, where the proteins within
brackets are independent of each other but dependent on FtsZ and those within parentheses
assemble interdependently and simultaneously at the division site (adapted from Vicente,
Rico et al. 2006). Finally, the cell division process occurs in two steps, in which the Z-ring
assembles with FtsA, ZipA and ZapA over a period of about 20 min until the later-recruited
proteins downstream from FtsK localize in the ring for constriction. The Z-ring complex
may be involved in the switch from cylindrical to polar cell wall biosynthesis, whereas the
much later localizing cell division proteins may be responsible for the modification of the

cylindrical envelope shape into that of two new poles (Aarsman, Piette et al. 2005).

FtsZ and FtsA

The most important protein of the bacterial cell division apparatus is unquestionably the
cytoplasmic GTPase enzyme FtsZ. This protein is at the top of the hierarchical recruitment
into the divisome and its polymerization into the Z-ring just underneath the cytoplasmic
membrane allows the physical separation of the daughter cells (Lutkenhaus and Addinall
1997). Localization of FtsZ at mid-cell initiates the cell division process following bacterial
genome replication and is subject to a strong temporal and spatial regulation. FtsZ
accumulates at the cell division site between the replicated nucleoids during the segregation
process and polymerizes to form an equatorial division ring. After physical septation of the
mother cell, the Z-ring depolymerizes and new rings form at the mid cell of daughter cells
(Margolin 1999). This major protein will be discussed in detail as a prospective specific
target for antibacterial agents later in this review. The second most important component of
the cell division apparatus is the ATPase enzyme FtsA. This protein interacts with FtsZ
localizing at mid cell, stabilizes the Z-ring and is essential for the recruitment of all other

downstream proteins forming the divisome. This key protein will also be discussed in depth
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as a specific target for antibacterial agents in this review. The cell division process would
not be possible without the remaining proteins required to form an efficient divisome
apparatus. Before exploring the advantages of FtsZ and FtsA as specific targets for
antibacterial agents, we will summarize the principal known characteristics and functions of
the other proteins involved in the cell division apparatus, with focus on identifying new

targets in this pathway.

ZipA

Z-interacting protein A (ZipA) is essential for the cell division process in Gram-negative
bacteria. ZipA is recruited to the division site by FtsZ and is important for the subsequent
recruitment of divisome proteins downstream (Hale and de Boer 1999; Hale and de Boer
2002; Pichoff and Lutkenhaus 2002). ZipA shows structural and functional similarity to
microtubule-associated proteins and is able to stabilize the Z-ring by enhancing bundling of
the FtsZ proto-filaments (RayChaudhuri 1999; Hale, Rhee et al. 2000). Furthermore, ZipA
tethers the Z-ring to the inner side of the cytoplasmic membrane via an N-terminal
membrane anchor connected to the C-terminal FtsZ-binding domain by a long flexible
linker (Ohashi, Hale et al. 2002). The ZipA protein has also been found to homodimerize
(D1 Lallo, Fagioli et al. 2003). It has been shown that ZipA is required both for recruitment
of the "MinC/DicB complex to the Z-ring and DicB-induced inhibition of cell division,
which secures proper localization of the Z-ring at mid cell (Johnson, Lackner et al. 2004).

The Min system will be discussed further in this review.

ZapA

The widely conserved ZapA protein (also named YgfE in B. subtilis) interacts with FtsZ to
enhance the polymerization of the Z-ring. This small ZapA protein induces FtsZ proto-
filaments to associate into large bundles, thereby stabilizing and tuning Z-ring
polymerization. ZapA appears to be dispensable for division under normal growth
conditions yet essential at low FtsZ concentrations or in the absence of the modulators
EzrA or DivIVA, whose usual presence inhibits Z-ring assembly (Gueiros-Filho and Losick
2002). Resolution of the crystal structure of ZapA from P. aeruginosa reveals two dimers

associating via an extensive C-terminal coiled-coil protrusion to form an elongated anti-
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parallel tetramer. The ZapA dimer is thought to engage FtsZ molecules on a stoichiometric
basis over the whole Z-ring to form stabilizing molecular bridges between FtsZ proto-
filaments (Low, Moncrieffe et al. 2004). ZapA has been found to interact strongly with
both FtsZ and FtsA in a two-hybrid system (Di Lallo, Fagioli et al. 2003).

YImF

Recently, two independent research groups have identified a new cell division protein. The
YImF protein was first discovered by Hamoen et al and renamed SepF (Hamoen, Meile et
al. 2006). This protein is conserved in Gram-positive bacteria and encoded by the y/m locus
of B. subtilis, located next to the dcw cluster. Localization of SepF at the division site is Z-
ring dependent and plays a non-essential role in septum development. It becomes essential
in the absence of EzrA, a negative regulator of FtsZ. SepF interacts with itself and with
FtsZ and is thought to participate in the constriction process and/or the synthesis of the
septum cell wall. It is thus postulated that SepF acts as a late division protein, even though
it is an early recruit to the Z-ring (Hamoen, Meile et al. 2006). The non-essential YImF
protein identified by Ishikawa et al. has also been found to localize at the division site in an
FtsZ-dependent manner and to interact with both FtsZ and itself, becoming essential in the

absence of FtsA (Ishikawa, Kawai et al. 2006).

FtsEX

FtsE and FtsX are widely conserved among bacteria and display homology with the ABC
transporter super-family of proteins. FtsE is the ATP-binding cassette (ABC) component
while FtsX is the membrane component. FtsEX seems to be unrelated to import and both
components are involved in the cell division process. FtsE and FtsX are recruited to the
septal ring by FtsZ, FtsA and ZipA. In turn, FtsEX is involved in the recruitment of
downstream cell division proteins. FtsEX is non-essential for cell division at high salt
concentration. In the absence of salt, cells depleted of FtsEX stop dividing before any
change in growth rate is apparent. It has been proposed that ionic conditions affect the
folding, assembly, and/or function of one or more of the downstream division proteins and
that there is a synergistic effect when combined with the loss of FtsEX. The septal ring

would thus fail to assemble or function properly if both salt and FtsEX were lacking.
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Addition of salt can rescue the ring slightly in the absence of FtsEX. As for many
downstream division proteins, the exact roles of FtsEX remain to be determined (Schmidt,

Peterson et al. 2004).

FtsK

The next protein involved at the division site is the large multifunctional membrane-bound
FtsK, which coordinates the cell division process and has a major role in the segregation of
the replicated chromosomes (Liu, Draper et al. 1998). The ftsK gene represents an
exception among the genes involved in bacterial cell division since it does not belong to the
dew cluster but rather lies at 20 minutes on the E. coli genetic map. Transcription of fisK is
partially controlled by an SOS-inducible promoter and the increase of fisK expression as
part of the SOS system increases the resistance to DNA damage via the RecA-dependent
DNA protection and repair system (Wang and Lutkenhaus 1998; Diez, Gustavsson et al.
2000; Dorazi and Dewar 2000). FtsK is also involved in the XerCD-mediated site-specific
recombination process at the dif site, which is required to resolve chromosome dimers
formed during the replication process into monomers for proper segregation (Recchia,
Aroyo et al. 1999). The ATPase domain of FtsK tightly regulates the Xer recombinases and
mediates a switch in the catalytic state of XerCD such that XerD initiates duplex
recombination (Aussel, Barre et al. 2002). FtsK also interacts with the ParC subunit of
topoisomerase IV, recruits it close to the septum and stimulates its chromosome
decatenation activity (Espeli, Lee et al. 2003). FtsK thus has a major role in resolving
linkages between the newly replicated chromosomes as part of the topoisomerase IV and
XerCD recombinase process to allow an efficient genome partitioning. The N-terminal
transmembrane domain of FtsK is essential for septum formation and for the recruitment of
the downstream proteins FtsQ, FtsL and Ftsl. FtsK has been shown to interact directly with
FtsQ, FtsI and FtsZ and to heterodimerize with FtsL (Chen and Beckwith 2001; Di Lallo,
Fagioli et al. 2003; Karimova, Dautin et al. 2005). The intermediate linker domain of FtsK
also has a role in cell division, while the C-terminal domain is required for ATP-dependent
chromosome dimer resolution by XerCD dif site-specific recombination and DNA
translocation (Bigot, Corre et al. 2004). FtsK is thus an efficient ATP-dependent

translocase that moves towards distant dif sites and applies force to work against a heavy
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load. FtsK is rendered stationary by its insertion into the septum and must move a
considerable section of the chromosome burdened with large transcription and translation
complexes. At the time of cell division, some DNA may remain in the septal region and
FtsK appears to act as a pump to clear this region of DNA across the closing septum in
order to allow correct segregation of the daughter chromosomes. Bacterial cells can divide
with the singular N-terminal portion of FtsK but the resulting chromosomal segregation
defects may cause guillotination of the chromosomes (Liu, Draper et al. 1998; Hendricks,
Szerlong et al. 2000). FtsK displays structural homology with the archeal HerA protein,
similarly mediating DNA pumping into the progeny cells during archeal cell division and
repairing double-stranded breaks (Pease, Levy et al. 2005). These observations indicate that
FtsK plays a central role in chromosome segregation both by activating recombination and
decatenation and by pumping chromosomal DNA across the septum (Iyer, Makarova et al.

2004).

FtsQ

The FtsQ protein, named DivIB in B. subtilis, is thought to be the next protein recruited for
forming the divisome. This bitopic membrane protein is specifically required for septum
formation (Carson, Barondess et al. 1991; Harry, Partridge et al. 1994) and is essential for
the recruitment of downstream cell division proteins such as FtsL and FtsW (Chen, Minev
et al. 2002; Mercer and Weiss 2002). Several clues suggest that FtsQ may be involved in
peptidoglycan synthesis. It is found only in bacteria with a cell wall, shares limited
sequence identity in E. coli with the Mpl enzyme involved in peptidoglycan recycling, and
its concentration is higher in bacteria with thicker cell walls (such as B. subtilis). In
Caulobacter crescentus FtsQ has conserved motifs found in peptidoglycan binding proteins
and it has a topology that would allow its essential periplasmic domain to interact with the
cell wall synthesis apparatus (Carson, Barondess et al. 1991; Chen, Minev et al. 2002;
Martin, Trimble et al. 2004). Moreover, FtsQ has been shown to interact with Ftsl, the cell
wall biosynthesis enzyme specifically involved in the division process (Goehring and
Beckwith 2005). FtsQ also interacts with FtsA, FtsK, FtsL, FtsB, FtsW and FtsN (Di Lallo,
Fagioli et al. 2003; Goehring and Beckwith 2005; Karimova, Dautin et al. 2005; Vicente
and Rico 2006). Indeed, FtsQ is the cell division protein that establishes the highest number
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of interactions with the other proteins of the divisome. It has a polypeptide transport-
associated (POTRA) domain, which is functionally associated with protein interactions or
chaperone function, suggesting that it might be a connector protein that nucleates or
regulates the assembly of the other membrane proteins (Sanchez-Pulido, Devos et al. 2003;

Vicente, Rico et al. 2006).

FtsL

The next essential cell division protein, FtsL, is a small bitopic inner membrane protein
with a poorly conserved primary sequence. Several bacterial genomes contain short open
reading frames at the same position in the dcw cluster and have similar predicted secondary
structures, suggesting that FtsL is indeed conserved (Vicente, Rico et al. 2006). FtsL
localizes at the septum where it forms a ring analogous to the cytoplasmic Z-ring (Guzman,
Barondess et al. 1992). It has an unusual periplasmic repeated heptad motif reminiscent of
leucine zipper structures, which may indicate a structural role (Ghigo, Weiss et al. 1999).
This domain has been shown to be important for localization of FtsL at the division plane,
for proper cell division and for the formation of sodium dodecyl sulfate-resistant multimers.
This is consistent with the predicted propensity of the FtsL periplasmic domain to adopt a
helical coiled-coiled multimerization structure conserved in all Gram-negative and Gram-
positive FtsL homologues (Ghigo and Beckwith 2000). FtsL has been found to
heterodimerize with FtsK, to interact with FtsQ, FtsW and FtsB and to recruit FtsB and
FtsW (Sievers and Errington 2000; Buddelmeijer, Judson et al. 2002; Mercer and Weiss
2002; Di Lallo, Fagioli et al. 2003; Karimova, Dautin et al. 2005). Finally, a recent study
highlights a possible direct or indirect role of FtsL in promoting Z-ring disassembly and

constriction (Kawai and Ogasawara 2006).

FtsB

FtsB (originally called YgbQ and also called DivIC in B. subtilis) is a membrane cell
division protein presenting a periplasmic leucine zipper-like motif similar to FtsL. FtsB is
required for the proper recruitment of FtsL indicating that FtsL and FtsB may form
heterodimers and co-dependently localize at the division site (Buddelmeijer, Judson et al.

2002). FtsL and FtsB are thermodynamically unstable proteins that are likely to be
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unfolded and degraded unless stabilized by interactions with other components of the
divisome, such as FtsQ (Robson, Michie et al. 2002; Sanchez-Pulido, Devos et al. 2003).
Indeed, it has been shown that FtsQ, FtsL and FtsB are interdependent for their stabilities
and localization. These proteins form a well-conserved trimeric complex in which FtsQ
associates with a heterodimer of FtsL and FtsB. It is proposed that assembly of this
essential complex is regulated during the cell cycle through controlled formation of the
FtsB/FtsL heterodimer (Noirclerc-Savoye, Le Gouellec et al. 2005; Buddelmeijer and
Beckwith 2004).

FtsW

The next actor involved in the division site is the large membrane protein FtsW, which
contains up to 10 membrane-spanning segments (Gerard, Vernet et al. 2002). FtsW is
present in virtually all bacteria that have a peptidoglycan cell wall and recruit Ftsl to the
division site. It is also proposed that FtsW facilitates the septal peptidoglycan synthesis of
FtsI (Boyle, Khattar et al. 1997; Mercer and Weiss 2002). It is a member of the SEDS
(shape, elongation, division and sporulation) family of proteins and hence related to cell
wall synthesis class B PBP (penicillin-binding protein) enzymes (Henriques, Glaser et al.
1998). FtsW is similar to the RodA protein of E. coli and to the SpoVE protein of B.
subtilis and is thought to collaborate with the cognate FtsI enzyme (Ikeda, Sato et al. 1989).
In Gram-negative bacteria, fisW is always physically linked to murG, which is responsible
for the synthesis of the lipid-linked peptidoglycan precursor and it has been proposed that
FtsW and RodA might be involved in the translocation of this precursor through the
cytoplasmic membrane (Gerard, Vernet et al. 2002). FtsW has been shown to interact
directly with FtsQ, FtsL Ftsl and FtsN (Di Lallo, Fagioli et al. 2003). Furthermore, FtsW
from M. tuberculosis interacts with FtsZ via a prominent C-terminal extension of FtsW that
is absent in other bacteria. In mycobacteria, the interaction between FtsW and FtsZ allows
the formation of productive FtsZ rings. Since the mycobacterial genome lacks any
identifiable analogues of ZipA and FtsA, the role of FtsW could be to tether FtsZ to the
membrane and link septum formation to peptidoglycan synthesis (Datta, Dasgupta et al.

2002; Rajagopalan, Maloney et al. 2005).
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Ftsl

The bitopic membrane protein Ftsl achieves the synthesis of the septation cell wall. Ftsl is a
penicillin binding protein (PBP) of high molecular mass named PBP3 in E. coli and PBP
2B in B. subtilis. The massive insertion of peptidoglycan triplets at the site of septation by
FtsI forms the cell wall septum and widely contributes to the physical in-growth and
separation of daughter cells. Since Ftsl is integrated into the internal membrane, synthesis
of the cell wall septum follows inward when the membrane invaginates (Weiss 2004). The
constriction of the outer cell membrane is also coupled to the highly localized synthesis of
septal cell wall (Bernhardt and de Boer 2003). The final stages of peptidoglycan synthesis
involve flipping the lipid-linked precursor from the cytoplasm to the periplasm and its
incorporation into the cell wall via transglycosylation and transpeptidation reactions (EIl
Zoeiby, Sanschagrin et al. 2003). The Ftsl enzyme efficiently catalyzes transpeptidation
reactions but lacks glycan polymerization activity (Adam, Fraipont et al. 1997). Indeed,
FtsI is a transpeptidase that catalyzes cross-linking of the cell wall exclusively at the
developing septum and other cell wall biosynthesis enzymes must be present to generate
the newly formed polar cap cell wall (Bernhardt and de Boer 2003). Furthermore, Ftsl
performs a precise transpeptidase reaction specific to the septum and this catalytic activity
depends on division status and on a preference for tripeptide side-chain substrates
(Goehring and Beckwith 2005). It has been hypothesized that the catalytic activity of Ftsl is
stimulated by interactions with other division proteins such as FtsW (Eberhardt,
Kuerschner et al. 2003). Ftsl is required for the proper recruitment of FtsQ and FtsL in B.
subtilis and of FtsN in E. coli (Daniel, Harry et al. 2000; Wissel and Weiss 2004). Finally,
FtsI is thought to homodimerize and to interact directly with FtsA, FtsK, FtsQ, FtsW and
FtsN (Di Lallo, Fagioli et al. 2003; Karimova, Dautin et al. 2005).

FtsN

FtsN is an essential cell division protein recruited to the divisome of Gram-negative
bacteria (Margolin 2000). FtsN has a simple bitopic topology and localizes to the septum in
a ring pattern similar to that observed for FtsZ (Addinall, Cao et al. 1997). The C-terminal
region of FtsN has a weak sequence similarity to the non-catalytic domain of certain cell-

wall-degrading enzymes such as CwlC from B. subtilis. FtsN exhibits an amidase-like fold
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at its C-terminus, which has been shown to bind peptidoglycan, but no cell-wall-degrading
activity has been detected. FtsN may thus either stabilize the septal region or have a
function in peptidoglycan remodelling (Ursinus, van den Ent et al. 2004). Finally, FtsN is
thought to homodimerize, to be required for the proper localization of AmiC and to interact
with FtsA, FtsQ, FtsW and Ftsl (Bernhardt and de Boer 2003; Di Lallo, Fagioli et al. 2003;
Karimova, Dautin et al. 2005).

AmiC

The periplasmic N-acetylmuramoyl-L-alanine amidase AmiC of E. coli localizes at the
division site at the beginning of the constriction process. This non-essential bacterial cell
division enzyme hydrolyzes cell wall cross-links by cleaving the peptide moiety from N-
acetylmuramic acid while helping to split the septal cell wall to complete the cell division
process. AmiC is translocated to the periplasm via the Tat protein export pathway as a
folded protein and is then recruited at mid-cell via FtsN. This may explain why a blockage
of the Tat system has been associated with a disturbed cell septation phenotype and
pleiotropic defects of the outer membrane (Stanley, Findlay et al. 2001). This chain-
forming phenotype is observed when AmiC is defective, since the constriction of the outer
cell membrane is coupled to the septal cell wall. In-growth and separation of the bacterial
cell wall are expected to require extensive synthesis, remodelling and degradation of
peptidoglycan (Goehring and Beckwith 2005). It is thus proposed that other cell wall
degrading enzymes must be present at the septal ring to cleave the septal cell wall and
properly separate the daughter cells (Bernhardt and de Boer 2003). For example, the Atl
autolysin enzyme of S. aureus is analogous to AmiC, localizes at the division site and
seems to be involved in the bacterial cell division process (Baba and Schneewind 1998;

Weiss 2004).

EnvC and EnvA

EnvC (YibP) is part of the septal ring apparatus and is proposed to represent a lysostaphin-
like metallo-endopeptidase with peptide cross-link hydrolytic activity. In contrast to AmiC,
it 1s predicted that EnvC is translocated to the periplasm by the general secretory (Sec)

pathway. EnvC has been shown to possess a cell-wall-degrading activity and is thought to
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play a modest role in septal cell wall cleavage to allow outer membrane constriction and
daughter cell separation (Bernhardt and de Boer 2004). The EnvA protein was originally
thought to be involved in the cell division process through N-acetylmuramyl-L-alanine
amidase activity (Wolf-Watz and Normark 1976). It turns out to be the UDP-3-O-acyl-
GlIcNAc deacetylase involved in the second enzymatic step in lipid A biosynthesis and is
not involved directly in bacterial cell division (Young, Silver et al. 1995). Some years later,
Heidrich ef al showed that the amidases AmiA, AmiB and AmiC are involved in splitting
of the cell wall septum during cell division, confirming that highly stressed cell wall
trimeric and tetrameric cross-bridges are concentrated at the cell division plane and have to
be hydrolyzed for proper cell division. It is suggested that the role of EnvA in cell division
could be associated with other changes in the cell wall and not necessarily directly related
to amidase activity (Heidrich, Templin et al. 2001). EnvA may display multiple functions
or its function in the biosynthesis of lipid A may be involved in the cell division process by

helping to link the other membrane to the in-growing cell wall layer.

Other proteins required for the bacterial cell division process

In addition to the proteins described above, others are also required for cell division but are
not specific for this process. The major membrane phospholipid phosphatidylethanolamine
is essential for proper Z-ring formation and for the constriction process. A lack of
phospholipid phosphatidylethanolamine may affect the interaction of FtsZ with membrane
nucleation sites and alter Z-ring structure to delay or prevent its constriction
(Mileykovskaya, Sun et al. 1998).

The chaperones GroEL and HscA are also involved in proper Z-ring formation
(Uehara, Matsuzawa et al. 2001; Ogino, Wachi et al. 2004). Localization of GroEL is
strictly dependent on FtsZ and GroEL temperature-sensitive mutants form elongated cells
having asymmetrically localized Z-rings or none at all at the restrictive temperature. It thus
seems likely that GroEL is required for recruitment of cell division proteins to the Z-ring or
the maintenance of the assembled divisome. It is also possible that GroEL works simply to
stabilize the Z-ring or to allow the efficient polymerization of FtsZ (Ogino, Wachi et al.
2004).
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The S-adenosylmethionine synthetase protein (SAM) is required for a large number
of reactions in the cell as methyl donor and has been shown to be essential for the cell
division process and for proper recruitment of FtsQ, FtsW, FtsI or FtsN to the divisome.
The requirement for SAM suggests that some methylation reaction may be needed in the
complete assembly of the septal ring (Wang, Arends et al. 2005). The potential bacterial
cell division gene mralV is universally conserved in bacterial genomes and is associated
with other division genes. The essential mralV gene encodes a cytoplasmic S-adenosyl-
methionine-dependent methyltransferase of unknown function. This protein may
collaborate with SAM in the cell division process (Carrion, Gomez et al. 1999; Wang,
Arends et al. 2005).

Many cell division proteins have been identified over the past few years and various
other proteins will certainly be discovered to shed additional light on the cell division
mechanism. Several studies implicate non-division PBPs in the bacterial cell division
process and demonstrate that their activity is essential for both lateral and septal cell wall
biosynthesis. In B. subtilis, all class A PBPs, many class B PBPs and low-molecular-weight
PBPs are localized at the division site and PBP1 has been found to be required for proper
septum formation (Scheffers and Errington 2004; Scheffers, Jones et al. 2004). In E. coli,
the bifunctional transpeptidase-transglycosylases PBP1A, PBP1B and the monofunctional
transpeptidase PBP2 are believed involved in the cell division process (Holtje and Heidrich
2001; Den Blaauwen, Aarsman et al. 2003). It has also been suggested that septal cell wall
synthesis could be performed by the conserved monofunctional glycosyltransferase
encoded by the mgt gene. This enzyme is able to use the lipid-II precursor as substrate,
yielding weakly cross-linked cell wall products available to be cross-linked by the
transpeptidase FtsI (Di Berardino, Dijkstra et al. 1996; Aarsman, Piette et al. 2005).
Furthermore, many cell-wall-degrading enzymes are believed required to complete
daughter cell separation efficiently. The amidases are thought to be predominant and the
endopeptidase and lytic transglycosylase enzymes must also play a role in hydrolyzing the

cell wall septum (Heidrich, Templin et al. 2001; Holtje and Heidrich 2001).
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The need to identify specific antibacterial agents targeting the cell division process

The B-lactam drugs pipericillin, cephalexin and aztreonam preferentially inhibit Ftsl
activity while specifically blocking cell division without significantly inhibiting the activity
of other PBPs that synthesize the lateral cell wall. These drugs are currently the only known
antibacterial agents that directly target the cell division apparatus (Pogliano, Pogliano et al.
1997; Margolin 2000). Inactivation of FtsI by antibiotics induces SOS exposure, altering
the lethal effects of these drugs (Miller, Thomsen et al. 2004). This induction enhances the
survival of bacteria exposed to B-lactams and may affect the transfer of genetic material
while increasing dissemination of antibiotic resistance among microbial populations
(Beaber, Hochhut et al. 2004; Miller, Thomsen et al. 2004). Other specific antibacterial
targets must thus be identified and exploited in order to develop new classes of antibacterial
agents that inactivate the bacterial cell division process and cause cell death. All the
mentioned proteins involved in the bacterial cell division process present interesting
advantages as specific drug targets. All display multiple functions and protein-protein
interactions essential for proper division of daughter cells. We selected FtsZ and FtsA as

the best specific targets among the pool of cell division proteins.

FtsZ as a specific target

FtsZ represents an excellent target for new antibacterial agents for several reasons. It is the
most important protein of the bacterial cell division process and the first known to localize
at the division site, where it performs the process-initiating step. FtsZ polymerizes into a
circumferential ring-like structure (the Z-ring) abutting the inner membrane to allow the
physical separation of the daughter cells (Bi and Lutkenhaus 1991; Addinall, Bi et al. 1996;
Lutkenhaus and Addinall 1997). Indeed, inactivation of FtsZ is lethal for bacteria and leads
to the formation of long filaments with neither constriction nor colony-forming ability
(Begg and Donachie 1985; Dai and Lutkenhaus 1991). FtsZ is also the most conserved
protein of the cell division apparatus and almost all pathogenic bacteria contain a single
copy of the ftsz gene (Margolin 1999; van den Ent, Amos et al. 2001). Furthermore, FtsZ is
at the top of the hierarchic recruitment, acting as a framework for the divisome. FtsZ is thus

exclusively essential for the recruitment of all other cell division proteins, none of which
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are seen at mid cell in its absence (Buddelmeijer and Beckwith 2002). The polymerization
of FtsZ is coupled with its essential GTPase activity and this quantifiable enzymatic
activity can be exploited to screen and analyze inhibitory molecules (de Boer, Crossley et
al. 1992). The FtsZ substrate is commercially available and various enzymatic assays have
already been devised. FtsZ GTPase activity can be quantified via hydrolysis of radioactive
GTP, (de Boer, Crossley et al. 1992; Paradis-Bleau, Sanschagrin et al. 2004) by measuring
the release of inorganic phosphate or by assessing protein polymerization (Bramhill and
Thompson 1994; Mukherjee, Cao et al. 1998; Yan, Sossong et al. 2001; Wang, Galgoci et
al. 2003) and by a spectrophotometric assay following the real time GTPase reaction
(Paradis-Bleau, Beaumont et al. 2007). The 40 kDa cytoplasmic FtsZ protein can be highly
purified in substantial quantity and the crystal structures of FtsZ from many bacterial
species are available as support for driving and optimizing drug development. FtsZ also
displays many protein-protein interactions via its C-terminal region and these essential
interactions are extremely susceptible to inhibition (see Table I). Finally, it has been
confirmed that inhibition of FtsZ leads to cell lysis. Three or four hours of FtsZ depletion
result in cells that are not viable and cannot be rescued. Consequently, antimicrobial
compounds developed against FtsZ should be bactericidal and not merely bacteriostatic
(Pinho and Errington 2003). Since FtsZ has been extensively reviewed, we will focus on

the principal characteristics of FtsZ as an excellent target for antibacterial agents.

FtsZ conservation and evolution

At the heart of the cell division process, FtsZ was the first cell division protein to be
identified and is by far the most highly conserved protein of the divisome (Bi and
Lutkenhaus 1991; Margolin 2000). FtsZ can be divided into two major segments: a large N-
terminal segment of approximately 320 residues that is highly conserved and a C-terminal
segment that is of quite variable length and less well conserved. Indeed, FtsZ proteins vary
from just over 320 amino acids to over 500 amino acids due largely to differences at the C-
terminus (Wang, Huang et al. 1997). FtsZ is conserved in nearly all bacteria and throughout
the euryarchaeal phylum with few exceptions. Species within the Crenarchaeota phylum
lack FtsZ and no other cell division proteins have yet been identified in these organisms.

Groups of bacteria such as the planctomycetes and Chlamydia, also lack FtsZ homologues
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(Margolin and Bernander 2004). The absence of FtsZ among these species can be partially
explained by the facts that the obligate intracellular Chlamydiaceae may use host
mechanisms for division (Vaughan, Wickstead et al. 2004). Prosthecobacter dejongii, a
member of the verrucomicrobial group, lacks FtsZ but contains genes that encode a tubulin-
like structure, although substantially different from eukaryotic tubulin (Margolin 2005).
Many of the wall-less mollicutes contain FtsZ, such as Spiroplasma kunkelii, which has a
FtsZ remarkably similar to FtsZ proteins from other eubacteria (Zhao, Hammond et al.
2004). Somehow, the free-living mycoplasma Ureaplasma urealyticum can divide even
without an FtsZ equivalent. The mechanism by which cell division occurs in the absence of
ftsZ is not known for any species (Margolin 2005).

FtsZ homologues have also been found in a number of eukaryotes and there is good
evidence that these are required for division of either chloroplasts or primitive
mitochondria, (Gilson, Yu et al. 2003; Vaughan, Wickstead et al. 2004) internal organelles
that multiply by division as do bacteria but whose proliferation is regulated by the host
nucleus (Kiefel, Gilson et al. 2004). With respect to their endosymbiotic origins,
phylogenetic analyses show that chloroplast and mitochondrial FtsZ proteins are most
closely related to FtsZ from cyanobacteria and a-proteobacteria, respectively (Vaughan,
Wickstead et al. 2004; Margolin 2005). These FtsZ homologues were likely transferred to
the eukaryotic host nuclear genome as part of the symbiotic process and the nuclear-
encoded FtsZ homologues were imported into chloroplasts and mitochondria of primitive
organisms such as protists to ensure proper division of these organelles (Osteryoung and
Nunnari 2003; Kuroiwa, Nishida et al. 2006). FtsZ eukaryotic homologues have been found
in organelles of green plants, red, green, brown, and golden algae and the non-chloroplast-
containing mycetozoan organism Dictyostellium discoideum. Chloroplasts use proteins
derived from the ancestral prokaryotic cell division apparatus, including the FtsZ protein,
forming a ring that is presumably required for marking the division site and/or constricting
the inner membrane (Amos, van den Ent et al. 2004). However, FtsZ is absent from most
mitochondria, including those of fungi and animals, in which it appears that dynamin-
related proteins have taken over the role of FtsZ (Vaughan, Wickstead et al. 2004;
Margolin 2005). Mitochondria have lost FtsZ and largely evolved a division apparatus that
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lacks bacterial cell division components (Osteryoung and Nunnari 2003; Kiefel, Gilson et
al. 2004; Kuroiwa, Nishida et al. 2006).

Despite low amino acid sequence similarity between FtsZ and tubulin, the
tridimensional structures of both proteins share extensive homology (Lowe and Amos
1998). FtsZ is thought to be the phylogenetic ancestor of tubulin, the building block of the
eukaryotic cytoskeleton microtubules. Tubulin may thus arise from a duplication of the ftsZ
gene followed by a series of diverging mutations (Margolin 1999). However, the weak
sequence homology between FtsZ and tubulin may support the argument that both proteins

are the result of convergence rather than true homology (van den Ent, Amos et al. 2001).

FtsZ GTP binding and GTPase activities

The resemblance between FtsZ and tubulin extends to the enzymatic activity of both
proteins (van den Ent, Amos et al. 2001). Like tubulin, FtsZ specifically binds and
hydrolyzes GTP. FtsZ contains the GTP binding sequence motif GGGTGTG, which is very
similar to the tubulin signature motif GGGTGSG (de Boer, Crossley et al. 1992). A
mutation altering this sequence results in loss of function in vivo and a loss of GTPase
activity in vitro (Wang, Huang et al. 1997). The GTPase reaction of FtsZ can be dissociated
into a GTP-dependent activation stage dependent on FtsZ concentration and a hydrolysis
stage in which GTP is hydrolyzed to GDP. The GTP binding and hydrolysis activities of
FtsZ have been shown to be essential for its role in bacterial cell division (de Boer,
Crossley et al. 1992). FtsZ usually hydrolyzes five to eight molecules of GTP to GDP and
inorganic phosphate (P;) per minute in vitro (Stricker, Maddox et al. 2002; Romberg and
Mitchison 2004). There is a marked difference in the GTP binding of FtsZ and tubulin.
FtsZ binds GTP or GDP with a K in the uM range and does not require Mg>" for binding
but does for hydrolysis (de Boer, Crossley et al. 1992; Mukherjee, Dai et al. 1993). In
contrast, tubulin binds GTP with a K in the nM range with Mg”" required for this high-
affinity binding while GDP is bound with a 100-fold lower affinity that does not require
Mg2+ (Farr and Sternlicht 1992). The GTPase activity of FtsZ from seven organisms has
been measured in vitro and is up to 100-fold higher than that of tubulin (Addinall and
Holland 2002). Although FtsZ and tubulin share the same typical GTP-binding sequence

and are GTPases, neither contains the sequence motifs that characterize the GTPase
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superfamily (Lutkenhaus and Addinall 1997). Indeed, FtsZ and tubulin form a distinct
family of GTPase enzymes (Nogales, Downing et al. 1998). The FtsZ active site is formed
when two FtsZ monomers associate. The GTPase activity of FtsZ is activated by the
catalytic residue present in the cation-coordinating T7 loop of one monomer inserted into
the GTP-binding site of an adjacent monomer (Mukherjee, Saez et al. 2001; Scheffers, de
Wit et al. 2002). GTP thus binds to a pocket at the top of an FtsZ subunit that comes into
contact with the bottom of another subunit, of which the T7 loop is responsible for
triggering hydrolysis. The polymerization of FtsZ, at least the dimerization, is thus essential
for the GTPase activity (Scheffers, de Wit et al. 2002). The eukaryotic tubulin displays the
same T7-dependent mechanism of GTPase activation (Erickson 1998; Lowe, van den Ent et
al. 2004). In the case of tubulin heterodimers, the T7 loop of a-tubulin was thought to
enhance hydrolysis of the GTP substrate bound to B-tubulin in another dimer, but it turns
out that the T7 loop of B-tubulin simply traps the GTP that is bound to its own a-tubulin
partner (Amos, van den Ent et al. 2004).

Polymerization of FtsZ and formation of the Z-ring
FtsZ polymerizes in a GTP-dependent fashion to form the contractile ring at mid cell (Bi
and Lutkenhaus 1991). In vivo, formation of the Z-ring has been observed to be initiated by
a single nucleation event and then to expand bidirectionally around the bacterial cell
(Addinall, Bi et al. 1996). However, the FtsZ polymerization process is still unclear, since
the nature of the Z-ring has limited the vast majority of the studies to in vitro observations.
Efficient formation of the Z-ring requires a series of successive steps in which FtsZ
monomers polymerize into proto-filaments that subsequently assemble into a ring
(Hamoen, Meile et al. 2006). GTP binding first induces the self-assembly of FtsZ into a
head-to-tail linear polymer with potent active sites (Mukherjee and Lutkenhaus 1994;
Scheffers, de Wit et al. 2002; Oliva, Cordell et al. 2004). The lateral associations between
FtsZ polymers then allow the formation of bundles or sheets predicted to be extremely
important in vivo (Marrington, Small et al. 2004). This bundling is induced by the
interaction of FtsZ with the cell division proteins ZipA and ZapA (Hale, Rhee et al. 2000;
Gueiros-Filho and Losick 2002). FtsZ polymer bundling is also enhanced by calcium or

elevated levels of magnesium while increasing polymer length and rigidity and reducing
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GTPase activity (Mukherjee and Lutkenhaus 1999; Lu, Reedy et al. 2000; Marrington,
Small et al. 2004). There is interesting evidence suggesting that calcium flux may
coordinate FtsZ assembly through a calcium-sensitive protein (Ferguson and Shaw 2004).
In any event, it has been shown that divalent calcium ion binds directly to FtsZ and alters
the bound conformation of GTP, displacing the phosphates from the active site and
reducing GTPase activity. Furthermore, the specific conformational change and the flip of
the guanine moiety in FtsZ-bound GTP into the macrochelate conformation move it to a
more surface-exposed position, where it forms a new interface for bundling (Marrington,
Small et al. 2004). The residue R174 seems to be involved in membrane interaction and
bundling of E. coli FtsZ. However, the loop containing R174 is not conserved in the known
sequences of FtsZ (Koppelman, Aarsman et al. 2004). Koppelman et a/ also described a
mutant form of FtsZ that fails to support division and can assemble into proto-filaments but
cannot form Ca”"-induced bundles. This strongly suggests that a higher order FtsZ structure
is involved in cell division. Overall, in vitro biochemical and microscopic studies indicate
that the Z-ring is most likely composed of linear proto-filaments bundled together by lateral
interactions (Carballido-Lopez and Errington 2003; Huecas and Andreu 2003).

The actual mechanism of FtsZ assembly into proto-filaments and bundles remains
the subject of controversy. The vast majority of studies support the claim that the
polymerization of FtsZ into proto-filaments is cooperative and implies a defined critical
concentration for assembly, as for most biological polymers (Mukherjee and Lutkenhaus
1998; Mukherjee and Lutkenhaus 1999; Caplan and Erickson 2003; Huecas and Andreu
2003; Chen, Bjornson et al. 2005; Margolin 2005). This cooperative mechanism may
include a monomer activation step where FtsZ undergoes nucleotide exchange from GDP
to GTP followed by the formation of a weak dimer nucleus and elongation (Chen, Bjornson
et al. 2005). However, the apparent cooperativity observed during FtsZ assembly is not
compatible with the existence of linear single stranded filaments one subunit thick
(Erickson and Stoffler 1996; Romberg, Simon et al. 2001; Chen, Bjornson et al. 2005). The
appearance of single proto-filaments in electron micrographs of assembled FtsZ in the
absence of bundling factors and the presence of only one binding face for a new monomer
to attach into an existing proto-filament suggests an isodesmic assembly mechanism

(Rivas, Lopez et al. 2000; Romberg, Simon et al. 2001; Margolin 2005). Recently, a model
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of isodesmic polymerization followed by a cyclization process has been proposed to
explain the cooperative behaviour earlier attributed only to the formation of double-
stranded filaments (Anderson, Gueiros-Filho et al. 2004; Gonzalez, Velez et al. 2005;
Mingorance, Tadros et al. 2005). In this model, FtsZ initially assembles isodesmically as a
curved proto-filament and the proto-filament ends contact each other after they have
reached a certain length. This cyclization process would induce the formation of additional
lateral bonds while resulting in cooperativity. Indeed, proto-filament rings hundreds of
nanometres in diameter have been observed (Gonzalez, Velez et al. 2005). The Z-ring could
be a single cyclized proto-filament if the cyclization process is partially suppressed in vivo.
This single cyclized proto-filament may extend into a short spiral of cyclizing proto-
filaments following longitudinal pulling. Such spiral FtsZ structures are often observed in
vivo. However, the 125-200 subunit circles would require 30 to 40 sec to assemble at the
diffusion-limited assembly rate of 4.6 per sec and are therefore not compatible with the
kinetics of initial assembly nor with the turnover at steady state in vitro and in vivo
(Anderson, Gueiros-Filho et al. 2004; Chen, Bjornson et al. 2005; Chen and Erickson 2005;
Margolin 2005). As it stands, there is currently no explanation for the cooperative assembly

of a single-stranded proto-filament (Margolin 2005).

Role of the GTP binding and GTPase activities of FtsZ in the polymerization process

It is clear that FtsZ polymerizes in a GTP-dependent manner and that the GTPase activity
of FtsZ regulates the assembly process (Bi and Lutkenhaus 1991; de Boer, Crossley et al.
1992; Mukherjee, Dai et al. 1993; Mukherjee and Lutkenhaus 1994; Mukherjee and
Lutkenhaus 1999; Scheffers, den Blaauwen et al. 2000; Romberg, Simon et al. 2001).
However, the precise role of the GTP binding and GTPase activities of FtsZ in the
polymerization process is still unclear. It has been proposed that GTP hydrolysis occurs
rapidly in FtsZ polymers and that this activity may be required for efficient polymerization
(Mukherjee and Lutkenhaus 1998; Scheffers, den Blaauwen et al. 2000; Lu, Stricker et al.
2001; Scheffers and Driessen 2002). In this case, FtsZ subunits in the Z-ring would contain
mostly GDP (Scheffers, den Blaauwen et al. 2000; Scheffers and Driessen 2002). Although
GTP binding favours FtsZ polymer formation, the hydrolysis of GTP to GDP promotes

polymer shortening and bending. Polymers assembled with GDP are dependent on



49

bundling-promoting agents, display more curvature and are substantially weaker than
polymers assembled with GTP (Lu, Reedy et al. 2000; Rivas, Lopez et al. 2000; Huecas
and Andreu 2003). Moreover, FtsZ polymers are greatly consolidated by addition of a non-
hydrolysable analogue of GTP and destabilized by addition of GDP (Scheffers, den
Blaauwen et al. 2000; Errington, Daniel et al. 2003). Finally, stable FtsZ polymers can be
formed in the absence of the Mg*" cofactor required for GTPase activity (Mukherjee and
Lutkenhaus 1999). These observations clearly indicate that GTPase activity is not required
for FtsZ polymerization. FtsZ from M. tuberculosis seems to behave as an exception as it
requires an Mg”*-dependent GTPase activity for proper assembly (Leung, Lucile White et
al. 2004). Unlike other eubacterial FtsZ proteins, the M. tuberculosis form shows weak
GTP hydrolysis activities associated with very stable polymers (White, Ross et al. 2000). It
has been shown that optimal GTP-dependent polymerization and hydrolysis activities are
essential for mycobacterial cell division in vivo (Rajagopalan, Atkinson et al. 2005).
Recently, it has been shown that curved, highly flexible and circular single-stranded
FtsZ filaments can be formed with GTP or GDP (Mingorance, Tadros et al. 2005). FtsZ
might thus form various GDP-containing polymers that may not be functionally active in
the Z-ring (Huecas and Andreu 2003). The vast majority of the most recent studies indicate
that FtsZ polymerizes with the concomitant binding of GTP and that the hydrolysis to GDP
leads to rapid disassembly (Lutkenhaus and Addinall 1997; Mukherjee and Lutkenhaus
1998; Romberg, Simon et al. 2001; Stricker, Maddox et al. 2002; Errington, Daniel et al.
2003). Evidence thus supports the assertion that FtsZ monomers in the Z-ring are
predominantly bound to GTP (Romberg and Levin 2003; Romberg and Mitchison 2004). A
Z-ring composed of FtsZ-GTP would be stable and the release of energy would presumably
occur in small quanta. This is not well suited for generating large forces, in contrast to a
hypothetical FtsZ-GDP meta-stable polymer (Romberg and Levin 2003; Weiss 2004). The
nucleotide-binding site of FtsZ seems to be accessible to the cytoplasm, which is rich in
GTP and should therefore rapidly restore GTP binding (Oliva, Cordell et al. 2004). GTP
hydrolysis would thus be the rate-limiting step for FtsZ assembly and FtsZ proto-filaments
would probably consist mostly of resistant FtsZ—GTP (Oliva, Cordell et al. 2004; Romberg
and Mitchison 2004). In fact, once the pool of GTP is exhausted, FtsZ proto-filaments
disassemble (Mukherjee and Lutkenhaus 1998; Margolin 2005). Overall, the GTP binding
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activity of FtsZ is required for proper polymerization and GTPase activity enhances
depolymerization. Furthermore, FtsZ GTPase activity constitutes the basis of Z-ring

assembly dynamics.

Z-ring dynamics

Although the Z-ring appears to be a static structure, FtsZ polymers are extremely dynamic
both in vitro and in vivo and undergo exchange with a cytoplasmic pool of FtsZ with rapid
turnover (Stricker, Maddox et al. 2002). Indeed, the Z-ring must allow a rapid and
continuous disassembly and reassembly of proto-filaments at steady state in order to react
to cell division defects and redeploy the Z-ring quickly (Romberg and Levin 2003; Chen
and Erickson 2005). The FtsZ concentration present inside a cell is approximately one
order of magnitude greater than the critical concentration required for assembly. Under
these conditions, about 30% of the FtsZ molecules polymerize into the Z-ring during cell
division and the rest remains in a cytoplasmic pool (Lu, Stricker et al. 1998; Stricker,
Maddox et al. 2002). Interestingly, the polymerization process is rapid, since the Z-ring can
be formed in a few seconds (Stricker, Maddox et al. 2002). Recent studies have calculated a
half-life of about 7-8 sec for the Z-ring (Romberg and Levin 2003; Anderson, Gueiros-
Filho et al. 2004; Chen and Erickson 2005). This turnover rate implies that each FtsZ
molecule cycles in and out of the Z-ring approximately five times per minute. This rate is
strikingly similar to the rate of GTP hydrolysis of about five to eight GTP molecules per
FtsZ per minute (Stricker, Maddox et al. 2002; Romberg and Mitchison 2004; Weiss 2004).
Various studies propose that remodelling of the Z-ring and assembly dynamics are indeed
regulated by GTP hydrolysis (Mukherjee and Lutkenhaus 1999; Stricker, Maddox et al.
2002; Huecas and Andreu 2003; Romberg and Levin 2003; Anderson, Gueiros-Filho et al.
2004; Huecas and Andreu 2004; Romberg and Mitchison 2004; Goehring and Beckwith
2005). Consequently, factors that influence the GTP hydrolysis rate have a direct effect on
the dynamic behaviour of FtsZ polymers (Mukherjee and Lutkenhaus 1998; Mukherjee and
Lutkenhaus 1999). Furthermore, the turnover of FtsZ polymers decreases as GTPase
activity is reduced (Anderson, Gueiros-Filho et al. 2004). The dynamic behaviour is slower
without effective GTP hydrolysis and GTP consumption is accompanied by a continuous

restructuring of the filaments (Mingorance, Tadros et al. 2005). It is thus proposed that
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GTPase activity is the rate-limiting step of Z-ring turnover. When GTP-bound FtsZ
assembles into straight polymers, active sites are formed and FtsZ can hydrolyze GTP at a
rate of 5-8/min. FtsZ polymers exchange nucleotide much more rapidly than they hydrolyze
it. Consequently, 80% of the FtsZ polymer subunits are bound to GTP at steady state. A
step following the rapid release of the P; product is also partially rate-limiting for the Z-ring
turnover and explains that a small fraction of FtsZ subunits are bound to GDP (Romberg
and Mitchison 2004). The bundling of polymers in vivo may explain why turnover of
subunits in the Z-ring occurs at a rate somewhat slower than that seen in vitro without a
bundling-promoting agent (Romberg and Mitchison 2004) such as Ca**, which reduces the
dynamic behaviour of FtsZ assembly (Mukherjee and Lutkenhaus 1999).

Z-ring dynamics cannot be explained by mechanisms such as tubulin-like dynamic
instability or tread-milling, since FtsZ polymers are composed mostly of GTP-bound
monomers (Romberg and Levin 2003; Romberg and Mitchison 2004). It has been proposed
that fragmentation and re-annealing may contribute significantly to the dynamics of FtsZ
filament assembly (Anderson, Gueiros-Filho et al. 2004; Mingorance, Tadros et al. 2005).
Since FtsZ filaments are single-stranded and consist largely of GTP-bound subunits, FtsZ
proto-filaments must represent linear polymers of interacting monomers all having the
potential to dissociate from neighbouring monomers. For single-stranded filaments, the
balance between GTP hydrolysis and rapid nucleotide exchange along the filament could
produce transient and labile monomer interactions that could make inner monomer
dissociation as energetically feasible as dissociation of end monomers (Huecas and Andreu
2003; Mingorance, Tadros et al. 2005). It has been stated that since excess GDP causes
proto-filament disassembly with a half time of 5 sec, GDP cannot exchange with intact
proto-filaments. Chen et al propose instead that subunits are released following GTP
hydrolysis. The subunits then exchange GDP for GTP and reassemble into new proto-
filaments, all on a time scale of 7 sec. This statement contradicts the conclusion of Oliva et
al to the effect that a gap in the FtsZ filament interface might allow nucleotide exchange
(Oliva, Cordell et al. 2004). However, the model of Chen et al suggesting that FtsZ
subunits need to disassemble to exchange the GDP product for the GTP substrate and

initiate a new round of assembly seems plausible (Chen and Erickson 2005).
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Comparison between the Z-ring and the microtubules

FtsZ filaments show contact points very similar to those in tubulin microtubules (Oliva,
Cordell et al. 2004). However, whereas tubulin assembles into microtubules comprising 13
proto-filaments arranged around a hollow core, FtsZ proto-filaments do not assemble into
microtubule-like cylindrical polymers (Lowe, van den Ent et al. 2004) but instead associate
laterally to form bundles or sheets (Margolin 2005; Nogales and Wang 2006). FtsZ and
tubulin form equivalent longitudinal contacts in their proto-filaments (Oliva, Cordell et al.
2004). The lateral contacts between tubulin proto-filaments are made by polypeptide loops
that are missing from FtsZ (Nogales, Downing et al. 1998). GTP hydrolysis and subsequent
nucleotide exchange from FtsZ filaments also differ from that of microtubules (Scheffers,
de Wit et al. 2002; Oliva, Cordell et al. 2004). FtsZ proto-filaments consist of mostly
resistant subunits (FtsZ—GTP) whereas microtubule proto-filaments consist mostly of
GDP—tubulin subunits with a GTP cap. Microtubules are thus susceptible to rapid de-
polymerization and energy release once the cap is hydrolyzed (Oliva, Cordell et al. 2004;
Romberg and Mitchison 2004; Margolin 2005). The de-polymerization rate-limiting steps
are GTP hydrolysis activity for FstZ and nucleotide exchange for tubulin (Oliva, Cordell et
al. 2004). Moreover, FtsZ polymers are formed of identical subunits while tubulin contains
two different subunits and only the B-tubulin can undergo GTP hydrolysis due to the lack of
the catalytic residue on the T7 loop of the a-tubulin neighbouring subunit. The o/p-tubulin
pair constitutes the “asymmetric unit” of the microtubules whereas FtsZ polymers do not
present such an asymmetry and each subunit can perform GTPase activity (Leung, Lucile
White et al. 2004). Both tubulin and FtsZ polymers show similar subunit spacing, become
unstable after GTP hydrolysis and exhibit dynamic behaviour. /n vivo, the Z-ring is even
more dynamic than microtubules (Erickson and Stoffler 1996; Mukherjee and Lutkenhaus
1998; Stricker, Maddox et al. 2002). GTP hydrolysis kinetics differ significantly between
FtsZ and tubulin, estimated at more than two orders of magnitude faster in rapidly growing
microtubules than observed for FtsZ (Vandecandelaere, Brune et al. 1999; Romberg and
Mitchison 2004). GTP hydrolysis arises on the order of a minute after incorporation of FtsZ
into proto-filaments whereas hydrolysis by tubulin occurs in seconds or less (Romberg,

Simon et al. 2001).



53

Z-ring constriction

Unfortunately, in vivo Z-ring ultra-structure is not known, nor is any mechanism of
membrane constriction (Carballido-Lopez and Errington 2003). The exact nature of the
constriction force also remains uncertain. Such a force could arise from a rearrangement of
the Z-ring, or the division ring may contract passively and the force could come from a
divisome protein such as FtsA or from septal cell wall biosynthesis (Errington, Daniel et al.
2003). However, invagination of the cytoplasmic membrane has been observed to continue
in E. coli and B. subtilis even after septal cell wall synthesis has been blocked (Daniel,
Harry et al. 2000; Heidrich, Ursinus et al. 2002; Weiss 2004). Moreover, FtsZ is the only
conserved protein of the cell division apparatus in organisms lacking a cell wall, suggesting
that it may provide the major force for the constriction (Donachie 2001). The force may be
derived either from a shift in polymer curvature due to GTP hydrolysis or via a purse string
model driven by de-polymerization of the Z-ring (Lu, Reedy et al. 2000; Romberg and
Levin 2003). Non-equilibrium polymerization and de-polymerization reactions of actin
filaments and tubulin microtubules are thought to generate force for movement in various
kinds of cell motility (Theriot 2000). The precise role of the energy released by the GTPase
activity of FtsZ is not clear and it might provide the contractile force to enhance the
disassembly of FtsZ polymers (Huecas and Andreu 2004). The Z-ring consists primarily of
FtsZ-GTP subunits and has a limited capacity to generate force, while turnover does not
appear to be coupled to the constriction process (Weiss 2004). Turnover must thus be
altered to enhance the release of monomer units and limit the reassembly of FtsZ
monomers from the cytoplasmic pool. An unknown signal must therefore trigger ring
contraction and probably disassembly as well. This might involve stimulation of GTP
hydrolysis, which would increase the number of GDP-bound subunits and consequently
cause the formation of curved proto-filaments (Margolin 2005). The coupling of GTP
hydrolysis and polymer turnover in FtsZ bundles could be used to regulate the constriction
force in several ways. The energy from hydrolysis can be used to destabilize a previously
stable structure to produce mechanical work. Inhibition of GDP release by such bundling
may allow polymers to use the energy from hydrolysis to curve and produce force during
ring constriction. Alternatively, lateral interactions may stiffen FtsZ filaments, limiting both

curvature and disassembly; the coordinated dissolution of such bundles might then allow
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concerted de-polymerization during septation (Romberg and Mitchison 2004). The rapid
net loss of FtsZ monomers from the tethered Z-ring could then exert a pinching force on the
membrane (Margolin 2005). FtsZ polymers could also slide over each other with the help
of a motor protein to reduce the circumference of the ring and provide constriction

(Errington, Daniel et al. 2003).

Tridimensional structure of FtsZ

The crystal structure of Methanococcus jannaschii FtsZ is compact and globular (Lowe
1998). FtsZ contains four domains: a short N-terminal segment, a highly conserved core
region, a variable spacer and a C-terminal conserved peptide. This domain structure applies
to most FtsZ proteins but the N-terminus and variable spacer domains are highly variable in
length, weakly conserved and their precise functions are unknown (Weiss 2004; Margolin
2005). Residues 38 to 227 of the core region form the Rossmann fold-like GTP-binding
domain conserved in FtsZ and tubulin proteins with the characteristic six-stranded parallel
B-sheet managing the GTP substrate with the core helix H7 (Erickson 1998; Lowe and
Amos 1998; Nogales, Downing et al. 1998). FtsZ and tubulin share a similar GTP-binding
sequence located in the T4 loop between B-sheet S4 and helix H4 (Nogales, Downing et al.
1998). Furthermore, FtsZ and tubulin display the same enzymatic mechanism requiring an
interaction of a key residue for catalysis in the conserved T7 loop on the opposite side of
the GTP-binding site (located between helix H7 and H8) and the GTP substrate bound in
the neighbouring monomer subunit (Scheffers, de Wit et al. 2002). The substrate binds on
one side of the sheet of FtsZ and makes contact with six loops: loop T1 is part of a strand-
turn-helix motif and binds one side of the GDP phosphates; loop T2 interacts with the 3
(and probably y) phosphate; loop T3 is farther away from the phosphates but may contact
the y-phosphate; loop T4 contains the tubulin signature motif and is the second half of the
glycine-rich pocket formed by T1 and T4, which binds the phosphates on two sides; loop
T5 has been called the sugar-binding loop because it contains Glul65, which binds to the
hydroxyls of the ribose moiety and loop T6 contains a conserved Asn 192 residue that
forms part of the guanine-binding pocket. Most of the guanine contacts are in H7, including
Asp212 and Phe208, which stacks to the aromatic system of the base (Lowe 1998; Lowe
and Amos 1998). The conserved core region of FtsZ is thus responsible for the GTP
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binding and hydrolysis activities and is specifically required for FtsZ self-interactions
(Wang, Huang et al. 1997; Margolin 2005). Recently, this core region has been shown to
consist of two independently folding N-terminal and C-terminal segments: the Nt core and
Ct core, respectively. The Nt core contains the GTP-binding site and binds the bottom
portion of the adjacent monomer in the proto-filament, whereas the Ct core binds the top
portion of the adjacent monomer in the proto-filament (Oliva, Cordell et al. 2004; Margolin
2005). Finally, the conserved C-terminal peptide is exposed on the surface of the FtsZ
filaments and is available to interact with other cell division proteins recruited by FtsZ and
might function mainly to anchor the Z-ring to the membrane using these proteins (Wang,
Huang et al. 1997; Ma and Margolin 1999; Margolin 2005).

It has been shown that the GTP-bound form of FtsZ has a more compact
conformation than the GDP-bound form. This conformational change is though to be due to
the interaction between the y-phosphate of GTP and the loop T3. In the stimulated GTP-
bound state, loop T3 is pulled by the y-phosphate into a more compact conformation than
with GDP. Such a structural change may bend the GDP filament upon hydrolysis by
pushing against helix H8 of the next monomer, providing a mechanism by which FtsZ
could generate the constriction force (Diaz, Kralicek et al. 2001). This finding has been
corroborated by Leung er al, who showed that the presence of a y-phosphate in the FtsZ
active site modulates the conformation of loop T3 and is directly coupled to an a-to-f3
secondary structure conformational switch by steric overlap. This study links the GTP
binding and hydrolysis activity of FtsZ to the lateral assembly and Z-ring constriction
(Leung, Lucile White et al. 2004). However, the X-ray crystal structure of FtsZ in a variety
of nucleotide and polymerization states has been obtained and the conformation of FtsZ
does not appear to be affected (Oliva, Cordell et al. 2004). In fact, these structures cannot
even account for the conformational changes in the T3 loop (Nogales and Wang 2006). As
it stands, there is presently no convincing structural explanation to link FtsZ GTP binding

and hydrolysis activity to Z-ring assembly and constriction.

Comparison of FtsZ and tubulin tridimensional structures
Comparison of the atomic structures of FtsZ and tubulin reveals a very close mechanistic

relationship that distinguishes them from GTPase proteins of known families (Nogales,



56

Downing et al. 1998). FtsZ and tubulin in fact appear to form a structurally distinct family
of GTPase enzymes and their determinants for the specificity of GTP binding are quite
different from those of the GTPase super-family (Bourne, Sanders et al. 1991; Nogales,
Downing et al. 1998). Even though the tridimensional structures of FtsZ and tubulin are
quite similar, the proteins display many dissimilarities. Tubulin has two additional large C-
terminal helices that lie on the outer microtubule surface and are thought to be the main
interaction site for motor proteins and other proteins able to bind microtubules. FtsZ lacks
these long C-terminal a-helices, displays shorter loops between secondary structures and
possesses an N-terminal extension absent in tubulin (Lowe and Amos 1998). Furthermore,
the corresponding loop TS5 in tubulin shows very limited homology with FtsZ and has a
different conformation (Nogales, Downing et al. 1998). Finally, the nucleotide-binding
pocket of FtsZ is significantly more open than that of tubulin (Nogales and Wang 2006).

Extended functions of FtsZ
In addition to its key role at the heart of the mid cell division, FtsZ has various other
functions. It has been shown that this protein is required for proper sporulation of B.
subtilis. Sporulation occurs following an asymmetric division allowing the formation of a
polar septum and yielding a small resistant forespore and a mother cell. The forespore is
then engulfed by the mother cell in a phagocyte-like process that results in the forespore
becoming pinched off as a free protoplast within the mother cell (Kemp, Driks et al. 2002).
FtsZ is important in this process, not only as a main cell division protein but also as a
regulator. FtsZ is required for formation of the sporulation septum and for N-terminal
proteolytic processing of the inactive pro-o° to the active transcription factor ¢~ that
initiates the sporulation process (Beall and Lutkenhaus 1991). During sporulation, the Z-
ring switches from a medial to a bipolar pattern of localization via a spiral-like intermediate
and forms a ring near each pole of the cell (Ben-Yehuda and Losick 2002).

FtsZ also plays a role in mechanisms of bacterial resistance to B-lactam antibiotics.
In response to B-lactam antibiotics targeting essential PBP enzymes, bacteria often produce
B-lactamases. These enzymes specifically hydrolyze the p-lactam nucleus of such
antibiotics. It is generally agreed that B-lactam antibiotics do not enter the bacterial

cytoplasm and are thus unlikely to be direct inducers of B-lactamases. It has been shown
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that FtsZ is involved in the process of B-lactamase induction in response to the antibiotic
cefoxitin. This induction requires normal FtsZ enzyme activity (Ottolenghi and Ayala
1991), an observation confirmed over the past decade and now fully explained. An FtsZ
defect blocks the initiation of cell division, inhibiting septal cell wall synthesis and causing
an accumulation of the cytoplasmic cell wall precursor UDP-MurNAc-pentapeptide. This
precursor in turn acts as a co-repressor of P-lactamase expression and prevents the
induction (Uehara and Park 2002). It has also been shown that the expression of the fisA4-
ftsZ promoter ftsAlp by the RcsB effector is greatly increased in mucoid mutants of
Salmonella typhimurium resistant to mecillinam, a B-lactam antibiotic that specifically
inhibits PBP 2, which is the PBP involved in maintenance of bacillar cell shape in
enterobacteria (Spratt 1975). Costa et al demonstrated that the mecillinam resistance of
these mucoid mutants is due to over-expression of the fisZ and/or ftsA gene(s) (Costa and
Anton 2001).

In C. crescentus, the extended coil of the actin homologue MreB, which contributes
to the rod shape, contracts towards the mid cell in an FtsZ-dependent manner upon
initiation of division (Figge, Divakaruni et al. 2004; Margolin 2005). In contrast to the
static levels of FtsZ normally observed throughout the cell division cycle, the protein is not
present in swarmer cells of C. crescentus. In fact, it accumulates only in stalked cells,
where it is thought to facilitate proper morphogenesis (Rueda, Vicente et al. 2003; Martin,
Trimble et al. 2004).

The association of FtsZ with the cell wall biosynthesis pathway seems to be
important for cell division and maintenance of bacterial shape. The switch from the
elongating mode to the septal mode of cell wall biosynthesis relies on FtsZ (de Pedro,
Quintela et al. 1997). In FtsZ-depleted cells, the cell wall synthetic apparatus becomes
dispersed and new cell wall material is made in patches dispersed over the entire cell
surface, which may increase in volume by up to eightfold before lysing (Pinho and
Errington 2003). FtsZ significantly influences gross cell shape in addition to its classic
function of determining the site and progression of septation, with morphological variation
stemming from interaction between the FtsZ-dependent division pathway and the
peptidoglycan modification pathway. It has been shown that FtsZ works in conjunction

with PBP, specifically PBP 5, to generate bacterial cell shape in E. coli (Varma and Young
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2004). Under certain circumstances, improper FtsZ function can destroy the structural
integrity of the cell. Finally, FtsZ has been observed to move rapidly in helical patterns
around the cytoplasm (Thanedar and Margolin 2004) and may also function as part of a
bacterial cytoskeleton-like apparatus.

A recently identified novel group of FtsZ-related plasmid-encoded proteins has been
found to be required for the replication of virulence plasmids in B. anthracis and possibly
in related organisms. The replication initiator protein of plasmid pXO1 has been identified
as RepX and shares limited homology with FtsZ. The pXO1 plasmid encodes the major
virulence factor of B. anthracis known as the anthrax toxin. Plasmid pXO1 also codes for
genes involved in spore germination and in regulation of the expression of anthrax toxin
and other virulence factors as well as genes resembling those involved in the horizontal
transfer of plasmids. The GTP binding motif of FtsZ is totally conserved in the RepX
protein and the GTP binding and/or GTPase activity of RepX is critical for its function as a
replication protein (Tinsley and Khan 2006).

The extended functions of FtsZ indicate that an antibacterial therapy targeted
against FtsZ may not only inhibit the essential bacterial cell division process. In addition,
such a therapy will probably block sporulation, reduce bacterial resistance to B-lactam
antibiotics, impair bacterial morphogenesis and cell wall biosynthesis and may affect the

replication of virulence plasmids.

Spatial and temporal regulation of FtsZ: the min system and the nucleoid occlusion
process

Proper function of the cell division process depends on accurately balanced FtsZ
polymerization at mid cell. In response to a yet unidentified cell cycle signal, the Z-ring
assembles at the exact centre of the bacterial cell after chromosome replication and during
the segregation process when the replication origins are near the poles. The strong spatial
and temporal regulation of FtsZ allows the division of the mother cell into two identical
daughter cells with an intact and integral genome. This regulation is achieved mainly by
control of FtsZ assembly dynamics via specific inhibitors. Since FtsZ has the potential to
assemble at any point along the cell and its concentration is much higher than the critical

concentration for polymerization, FtsZ regulators are essential for maintaining the pool of
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unassembled FtsZ and preventing aberrant Z-ring formation (Yu and Margolin 1999;
Stricker, Maddox et al. 2002; Haeusser, Schwartz et al. 2004). Furthermore, polymerization
is very sensitive to variations in FtsZ concentrations and a complex network of negative
and positive regulatory proteins is needed to ensure the spatial and quantitative regulation
of the dynamic Z-ring (Kawai and Ogasawara 2006).

Correct localization of the Z-ring at mid cell depends on the MinCDE system and
on nucleoid occlusion, overlapping regulation systems that allow Z-ring assembly at mid
cell only when nucleoids are segregated (Vicente, Rico et al. 2006). The min system was
identified 15 years ago from a series of mutations causing the formation of E. coli mini-
cells (de Boer, Crossley et al. 1989). It allows spatial regulation of Z-ring assembly while
restricting Z-ring polymerization exclusively to mid cell.

The MinC protein acts as a specific inhibitor of FtsZ and works in conjunction with
MinD to block FtsZ polymerization and to destabilize improper Z-rings without altering the
GTPase activity of FtsZ (Hu, Mukherjee et al. 1999). MinC is not likely to change the
stability of proto-filaments or their nucleotide exchange rates, although it is thought to
reduce the length or bundling of FtsZ polymers without completely inhibiting FtsZ self-
association (Romberg and Levin 2003). Some observations suggest that MinCD acts after
Z-ring formation and prevents the recruitment of FtsA to the Z-ring while inhibiting the
constriction process (Justice, Garcia-Lara et al. 2000). However, this conclusion is not
supported under alternative fixation conditions and Pichorff et al have found that the
MinCD complex prevents Z-ring assembly via direct interaction with FtsZ (Pichoff and
Lutkenhaus 2001). The inhibitory activity of MinC requires interaction with the MinD
ATPase, the ATP-bound form of which specifically activates MinC by concentrating it at
the inner membrane and enhancing its affinity for an unidentified septal component (Hu,
Mukherjee et al. 1999; Suefuji, Valluzzi et al. 2002; Johnson, Lackner et al. 2002). The
MinCD inhibitory complex occupies a zone extending from one pole to another in an
oscillatory cycle dependent on MinE and involving oligomerization of MinD to restrict Z-
ring formation to the division site (Zhou, Schulze et al. 2005; Suefuji, Valluzzi et al. 2002;
Rothfield, Taghbalout et al. 2005). The polar inhibitory complex is thus prevented from
reaching mid cell by an annular MinE structure that caps the medial edge of the inhibitory

zone (Pichoff and Lutkenhaus 2001; Rothfield, Taghbalout et al. 2005). The time-averaged
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concentration of the division inhibitor is therefore maintained at a high level near the poles
and at a low level near mid cell (Rothfield, Taghbalout et al. 2005). MinE interacts with
MinD at the division site to displace MinC, thus nullifying the inhibitory character of the
complex. MinE also stimulates the ATPase activity of MinD and ADP-bound MinD
detaches from the membrane (Hu, Saez et al. 2003; Lackner, Raskin et al. 2003). The MinE
ring itself is not released and remains associated with the medial edge of the shrinking polar
zone until disassembly is completed (Rothfield, Taghbalout et al. 2005). Cytoplasmic
MinD-ADP is converted to MinD—ATP via nucleotide exchange and MinD-ATP moves to
the other cell pole (because of the transient presence of MinE at the original site) and
tethers itself to the inner membrane to form a new inhibitory complex with MurC (Suefuji,
Valluzzi et al. 2002; Huang, Meir et al. 2003). The oscillation cycle is thus repeated and
leaves mid cell as the only available location for formation of the Z-ring (Rothfield,
Taghbalout et al. 2005).

MinE is absent from many bacteria, such as B. subtilis (Addinall and Holland 2002),
in which the protein DivIVA attracts the bipartite cell MinCD inhibitory complex away
from the cell centre and towards the cell pole (Edwards and Errington 1997; Perry and
Edwards 2004). MinC and MinD are present in many Gram-positive and Gram-negative
species, with MinD showing the highest degree of sequence conservation. MinE and its
apparent functional homologue DivIVA, respectively in Gram-negative and Gram-positive
bacteria, are also widely distributed (Rothfield, Taghbalout et al. 2005). Finally, the DicB
protein, encoded by the cryptic prophage Kim (Qin) on the E. coli chromosome, can target
the MinC inhibitor directly at the Z-ring in a ZipA-dependent and MinE-independent
fashion without directing MinC to the membrane (Johnson, Lackner et al. 2004).

The nucleoid occlusion process prevents FtsZ assembly at nucleoid-containing
areas. This process allows spatial and temporal regulation of bacterial cell division and
prevents guillotination of the daughter cell genomes. The nucleoid occlusion model was
proposed about 15 years ago but the molecular basis for this regulation process remained
elusive until the past two years (Woldringh, Mulder et al. 1991). The B. subtilis YyaA
protein was the first molecular effector of nucleoid occlusion to be identified and has
consequently been renamed Noc (Wu and Errington 2004). This non-specific DNA-binding

protein localizes almost uniformly over the nucleoid and prevents the division apparatus
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from assembling in the vicinity of the nucleoid. Noc is thought to inhibit FtsZ accumulation
or polymerization near the nucleoid. It is less abundant in the medial part of the longer
nucleoids corresponding to the unreplicated terminus region. This might allow assembly of
the Z-ring ahead of the complete termination of replication. Noc may also affect the spatial
organization and allow topological restriction of the Z-ring rather than conferring general
inhibition of polymerization. Many bacteria do not contain a recognizable homologue of
Noc, and Wu et al conclude that there is some evidence for a weak noc-independent system
that biases division to internucleoid spaces (Wu and Errington 2004). The SImA protein
was later identified as the first nucleoid occlusion factor in E. coli (Bernhardt and de Boer
2005). This DNA-associated protein directly prevents Z-ring assembly on portions of the
membrane surrounding the nucleoid. Indeed, SImA mediates nucleoid occlusion through
direct interaction with FtsZ. It is intriguing that SImA promotes the bundling of FtsZ
filaments in vitro. Since FtsZ has not been observed on nucleoids, it is suggested that SImA
may actively cause the de-polymerization of FtsZ in vivo. SImA may require partner
molecules to inhibit FtsZ in vivo, such as specific DNA sequences. It is also proposed that
SImA may compete with membrane-associated FtsZ-binding proteins such as FtsA and
ZipA to prevent them from developing a Z-ring (Bernhardt and de Boer 2005). SImA and
Noc belong to completely different families of DNA-binding proteins and lack obvious
primary sequence similarity. However, SImA  and Noc mutants share similar genetic and
cytological properties. The higher concentration of both proteins at the pole-proximal
regions may allow initiation of Z-ring assembly prior to completion of nucleoid
segregation. It is therefore likely that the apparent preference of the septal ring for
nucleoid-free regions not only results from interference with Z-ring assembly by nucleoid-
associated factors but also from the ability of the septal ring to clear away underlying DNA
(Bernhardt and de Boer 2005). Since FtsZ structures do not form over nucleoids in cells
that contain the Min proteins but lack Noc or SImA, this formation would appear to be
prevented by MinC, which normally blocks Z-ring formation along the entire length of the
cell, except for the region near mid cell. The nucleoid occlusion system therefore seems to
be a fail-safe mechanism, especially important in cells lacking the Min system or when the

nucleoid replication or segregation is defective. Finally, the state of the nucleoid is thought
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to have a role in allowing nucleoid occlusion to function and additional system components
undoubtedly remain to be discovered (Rothfield, Taghbalout et al. 2005).

In rod-shaped cells, the generation of identical daughter cells requires that the
septum be orientated parallel to the plane of the preceding division event. Although the
number of division planes that could generate two identical daughter cells from spherical
cells is infinite, division-plane selection is clearly not random. The selection of the correct
orientation of the division plane depends on knowledge of the division plane used in the
previous division cycle and the basis of such topological memory is unknown (Rothfield,
Taghbalout et al. 2005). It is likely that the complex problem of identifying the plane of
division is determined in part by Min oscillation, which tends to follow the cell long axis
(Margolin 2005). Finally, study of the localization of the IcsA protein involved in the
assembly of the actin tail has revealed that polar positional information is present at mid
cell independent of known cell division factors. The structure recognized at the cell pole by
IcsA, and perhaps by other polar localized proteins, is present in some form in the
cytoplasm or at the cytoplasmic side of the inner membrane and at or near the cell division
site. Furthermore, recognition of this polar positional information by IcsA inhibits cell
division. This effect may arise from a blockage of the proper localization or function of
FtsZ (Janakiraman and Goldberg 2004). Overall, the above observations highlight the fact

that the FtsZ regulation picture is still incomplete.

The SOS system

In response to DNA damage or DNA replication defects, bacterial cells induce the SOS
system to repair DNA and delay cell division. Numerous damage-inducible genes are
activated by the lexA promoter (via the protein RecA) to repair DNA (Little and Mount
1982). As part of the SOS response in E. coli, the protein SulA (previously named SfiA) is
expressed. This protein induces a transient delay in the cell division process until the
damage is resolved. It interacts directly with FtsZ, inhibiting Z-ring formation to prevent
guillotination of the genome and propagation of damaged DNA (Bi and Lutkenhaus 1993),
specifically inhibiting the formation of the GTPase active site and the polymerizing activity
of FtsZ (Cordell, Robinson et al. 2003). The crystal structure of SulA has been resolved in
complex with FtsZ from P. aeruginosa and has revealed that SulA binds the T7 loop
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surface of the FtsZ monomer (Cordell, Robinson et al. 2003). The crystallization clues thus
explain why FtsZ GTPase activity and polymer turnover are required for SulA inhibition
(Higashitani, Higashitani et al. 1995). The efficient inhibition of FtsZ by SulA works
because the Z-ring is remarkably dynamic (Stricker, Maddox et al. 2002). FtsZ monomers
constantly come in and out of the polymer and SulA binds to them with high affinity
(Lowe, van den Ent et al. 2004). The SulA inhibitor is found only in proteobacteria closely
related to E. coli and no SulA homologue has been identified in B. subtilis. In contrast, the
protein YneA acts as a functional homologue of SulA and delays the cell division process
during the SOS response in B. subtilis. YneA affects Z-ring formation but no direct
interaction between YneA and FtsZ has been detected. YneA might thus suppress Z-ring
assembly indirectly by acting on downstream divisome proteins that stabilize the Z-ring,
such as FtsA, or on FtsZ regulators such as EzrA and ZapA. YneA might also affect the
location of Z-ring formation. Aside from B. subtilis, only the genomes of Listeria innocua
and Listeria monocytogenes have conserved YneA (Kawai, Moriya et al. 2003). A recent
report suggests that YneA interferes with assembly of the late division complex by
suppressing the recruitment of FtsL and/or FtsB to the divisome (Kawai and Ogasawara

2006).

EzrA

The membrane protein EzrA is a non-essential division protein modulating the frequency
and position of Z-ring assembly in Gram-positive bacteria with low GC content. EzrA has
been found to prevent Z-ring formation at inappropriate sites and to increase the critical
concentration of FtsZ required for ring formation (Levin, Kurtser et al. 1999). It is widely
distributed throughout the cell membrane to prevent Z-ring formation at aberrant locations
on the cell membrane. EzrA interacts directly with FtsZ and accumulates at mid cell in an
FtsZ-dependent mode (Levin, Kurtser et al. 1999; Haeusser, Schwartz et al. 2004).
However, EzrA is unable to disassemble preformed polymers and does not significantly
alter GTPase activity (Haeusser, Schwartz et al. 2004). At mid cell, EzrA competes with
the effects of positive regulators of FtsZ assembly such as ZapA and FtsA and the balance
shifts in favour of FtsZ assembly, leading to medial Z-ring formation. EzrA may inhibit the

formation of stabilizing lateral interactions between FtsZ proto-filaments or prevent the
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addition of new FtsZ subunits to the ring. Overall, EzrA ensures that the Z-ring is dynamic
enough to respond to the signals governing the cell division process (Haeusser, Schwartz et
al. 2004; Kawai and Ogasawara 2006). EzrA inactivation stabilizes the Z-ring while
lengthening the time between Z-ring formation and constriction, which results in cell
elongation. Reduction of the FtsZ monomer pool due to aberrant Z-ring formation at cell
poles is a possible cause of delays in Z-ring formation and maturation in an ezr4 mutant.
EzrA not only inhibits aberrant Z-ring formation on the cell membrane but incorporated
into the Z-ring also participates in mid cell division, possibly by maintaining ring dynamics

and ensuring proper timing of Z-ring constriction (Kawai and Ogasawara 2006).

Other endogenous inhibitors of FtsZ
A plasmid-encoded protein that arrests cell division in E. coli has been identified as the
product of a short open reading frame of the prophage Rac expressed only under conditions
of prophage induction. This orfE encodes a killing function and has thus been renamed £il.
The division inhibition by Kil can be specifically relieved by over-expression of FtsZ and
inhibition increases in conditions of high levels of the cyclic AMP receptor protein-cAMP
complex. Kil also distorts the rod shape of the cells at high levels of expression (Conter,
Bouche et al. 1996).

The protein ClpX has been identified as an inhibitor of FtsZ assembly in B. subtilis.
ClpX is an ATP-binding protein and its proteolysis and chaperone-like activities require
ATP hydrolysis. ClpX is the substrate recognition subunit of the protease ClpXP and it has
been shown that ClpX but not ClpP inhibits Z-ring formation in vivo. In vitro, ClpX inhibits
FtsZ polymerization in a ClpP-independent manner through a mechanism that does not
require ATP hydrolysis. Since ClpX does not affect the GTPase activity of FtsZ, it may
help to maintain the cytoplasmic pool of unassembled FtsZ required for the dynamic nature
of the Z-ring. Since ClpX is conserved throughout bacteria and has been shown to interact
directly with FtsZ (in E. coli), it may represent a general regulator of cell division in a wide
variety of bacteria (Weart, Nakano et al. 2005).

The integral membrane protein CrgA from Streptomyces coelicolor localizes to
apical syncytial cells of aerial hyphae and inhibits the formation of a productive Z-ring as

well as promoting proteolytic turnover of FtsZ. CrgA is important for coordinating growth
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and cell division in sporogenic hyphae of S. coelicolor and is extensively conserved among
actinomycete genomes. Given the absence of known prokaryotic cell division inhibitors in
these bacteria CrgA may have an important conserved function influencing Z-ring
formation (Del Sol, Mullins et al. 2006).

Numerous studies report the filamentation of intracellular Gram-negative pathogens
including S. #yphimurium growing in murine fibroblast cells (Martinez-Moya, de Pedro et
al. 1998), MelJuSo cells (a human melanoma cell line), other skin-related cells (Martinez-
Lorenzo, Meresse et al. 2001), y-IFN-treated macrophages (Rosenberger and Finlay 2002),
bone marrow-derived macrophages (Rosenberger, Gallo et al. 2004) and contractile
vacuoles of amoebae (Gaze, Burroughs et al. 2003) as well as filamentation of Salmonella
enterica in macrophages (Vazquez-Torres, Xu et al. 2000) and uropathogenic E. coli in
superficial bladder epithelial cells (Mulvey, Schilling et al. 2001). These observations may
imply that eukaryotic cells have developed specific inhibitor(s) of the bacterial cell division
process. However, a filamentation phenotype is not always indicative of a cell division
defect. Filamentous cells of S. typhimurium have been shown to have distinct FtsZ bands at
presumptive mid cell locations and a defect in the histidine biosynthetic pathway has been
correlated with the observed filamentation phenotype (Henry, Garcia-Del Portillo et al.
2005). A recent study suggests that the filamentation phenotype of M. tuberculosis during
intracellular growth in macrophages arises from a cell division delay attributable to
compromised function of FtsZ. Only a small fraction of filamentous M. tuberculosis cells
had mid-cell Z-rings and the majority of these contained non-ring, spiral-like FtsZ
structures along their entire length. The intraphagosomal milieu must thus alter the
expression of M. tuberculosis genes affecting Z-ring formation and hence cell division

(Chauhan, Madiraju et al. 2006).

Non-endogenous inhibitors

Until recently, the bacterial cell division protein FtsZ has not been a specific target of
therapeutic inhibitors and no pharmacologically active inhibitors of division proteins are
currently available. However, interest in identifying new FtsZ inhibitors has grown in
recent years. Since FtsZ inhibitors have not been reviewed recently, we shall describe all

new compounds identified as able to interfere with FtsZ. Such a description provides
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valuable clues about the validity of FtsZ, GTPase activity, polymerization activity and FtsZ
dynamics as specific targets for antibacterial agents.

The compound 3-Methoxybenzamide, known to inhibit ADP-ribosyltransferase, has
also been found to inhibit cell division in B. subtilis. The primary target of this drug is the
process involving FtsZ function during both vegetative growth and sporulation (Ohashi,
Chijiiwa et al. 1999).

To investigate the structural relatedness of tubulin and FtsZ, various inhibitors of
tubulin assembly have been analyzed for activity on FtsZ. The usual tubulin inhibitors, such
as colchicine, colcemid, benomyl, and vinblastine, have no effect on Ca2+-pr0moted GTP-
dependent assembly of FtsZ. However, the hydrophobic probe 5,5’bis-8-anilino-1-
naphthalenesulfonate (bis-ANS) inhibits FtsZ polymerization with an ICsy value in the low
micromolar range. ANS (8-anilino-1-naphthalenesulfonate), a hydrophobic probe similar to
bis-ANS, has no inhibitory effect on tubulin or FtsZ assembly. Divalent calcium ion, which
promotes GTP-dependent FtsZ assembly, were found to stimulate binding of bis-ANS or
ANS to FtsZ (Yu and Margolin 1998). This study showed that some tubulin inhibitors
display strong specificity for tubulin while others may be modified to obtain new FtsZ
inhibitors. Four years later, compounds originally designed as putative tubulin inhibitors
were tested as anti-tubercular agents for inhibition of M. tuberculosis FtsZ. Initial screening
of 2-alkoxycarbonylpyridines revealed several compounds inhibiting M. tuberculosis
growth. Two of these, SRI-3072 and SRI-7614, inhibit FtsZ polymerization and GTPase
activity. They are equipotent against susceptible and single-drug-resistant strains of M.
tuberculosis. SRI-3072 also reduces M. tuberculosis growth in mouse bone marrow
macrophages and the concentration effecting 90% and 99% reduction in mycobacterial
growth after 7 days is 0.23 uM and 2.7 pM. SRI-3072 is specific for FtsZ and does not
inhibit tubulin, whereas SRI-7614 inhibits polymerization of both FtsZ and tubulin. These
types of compound could be developed into specific anti-tubercular drugs effective against
the current multi-resistant strains of M. tuberculosis (White, Suling et al. 2002). An
analogue of the most promising compound identified by White ef al has been synthesized.
This analogue, 2-carbamoylpteridine, is a potent inhibitor of FtsZ polymerization,
suggesting that the full pteridine nucleus represents an acceptable substitution. However, it

appears to be less effective than the original SRI-3072 compound against whole M.
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tuberculosis. It also efficiently inhibits FtsZ polymerization and GTPase activity but
unfortunately also inhibits tubulin polymerization (Reynolds, Srivastava et al. 2004). It has
recently been shown that the SRI-3072 compound disrupts Z-ring assembly and inhibits
cell division and growth of M. tuberculosis (Chauhan, Madiraju et al. 2006). Screening a
library of taxane compounds known to affect tubulin assembly has identified a number of
anti-tuberculosis compounds. Rational optimization of selected compounds has led to the
discovery that C-seco-taxane-multi-drug-resistance reversal agents (C-seco-TRAs) are non-
cytotoxic at the upper limit of solubility and detection (> 80uM), while maintaining MICyg
values of 1.25-2.5 uM against drug-resistant and drug-sensitive strains of M. tuberculosis.
The specificity of these novel taxanes to microtubules compared to FtsZ appears to have
been completely reversed through systematic rational drug design. Treatment of M.
tuberculosis cells with the TRA 3aa and 10a compounds at the MIC cause cell elongation
and filamentation, in phenotypic response to FtsZ inactivation. Preliminary results on TRA
10a indicate a dose-dependent stabilization of FtsZ against de-polymerization (Huang,
Kirikae et al. 2006).

A large screening of microbial fermentation broths and plants has led to the
identification of viriditoxin, a product from Aspergillus sp. MF6890. Viriditoxin blocks
FtsZ polymerization with an ICsy of 8.2 pg/ml and a concomitant GTPase inhibition with
an ICsp of 7.0 pg/ml. Viriditoxin exhibits broad-spectrum antibacterial activity via
inhibition of FtsZ against clinically relevant Gram-positive pathogens, including
methicillin-resistant S. aureus and vancomycin-resistant enterococci, without affecting the
viability of eukaryotic cells (Wang, Galgoci et al. 2003).

Using a high throughput protein-based chemical screen to identify small molecules
that target assembly-dependent GTPase activity of FtsZ, the Zantrin compounds have been
identified. These compounds inhibit FtsZ GTPase with ICsy values ranged between 4 and
25 uM either by destabilizing FtsZ proto-filaments or by inducing filament hyperstability
through increased lateral association. The two classes of Zantrins perturb Z-ring assembly
in E. coli cells and cause lethality in a variety of bacteria in broth culture, indicating that
FtsZ antagonists may serve as chemical leads for the development of new broad-spectrum

antibacterial agents (Margalit, Romberg et al. 2004).
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Using a well-focused phage display screening approach against the P. aeruginosa
FtsZ enzyme, the C-7-C peptides FtsZpl and FtsZp2 have been selected as specific
inhibitors of FtsZ GTPase activity with ICs values of 0.45 mM and 1.5 mM. The reducing
agent dithiothreithol significantly reduces the inhibitory potential of the two C-7-C
peptides, indicating that the disulphide bond formed by the two cysteine residues and the
subsequent loop conformation are important for inhibition. Inhibitory peptides such as
these may constitute the core of new peptidomimetic antibacterial agents (Paradis-Bleau,
Sanschagrin et al. 2004).

Using a cell-based assay to isolate new inhibitors, Stokes et a/ have identified a
compound targeting FtsZ. Compound PC58538 specifically inhibits FtsZ polymerization
and GTPase activity, with an ICsy value of 362 uM and a K; of 82 uM. Several analogues
of this compound have been prepared, of which the most promising, PC170942,
competitively inhibits FtsZ of B. subtilis and E. coli with ICsy values of 44 uM (K; of 10
uM) and 1100 uM, respectively. These compounds are active against Gram-positive and
Gram-negative bacteria and have the potential to provide novel antibiotics (Stokes, Sievers
et al. 2005).

Using the first efficient route to hydroxybenzylated natural flavanone products,
Urgaonkar et al have synthesized dichamanetin and 2"'-hydroxy-5"-benzylisouvarinol-B.
These compounds are potent inhibitors of FtsZ GTPase activity, with ICsy values of about
10 uM and exhibit a high level of antibacterial activity against Gram-positive bacteria,
showing MIC values comparable to those of clinically relevant antibiotics (Urgaonkar, La
Pierre et al. 2005).

It has been found that sanguinarine, a benzophenanthridine alkaloid, strongly
induces filamentation in both Gram-positive and Gram-negative bacteria and prevents
bacterial cell division by disrupting Z-ring formation. In addition, sanguinarine strongly
reduces the frequency of the occurrence of Z-ring in B. subtilis without affecting nucleoid
segregation. It binds to FtsZ with a dissociation constant of 18-30 uM, inhibiting assembly,
reducing proto-filament bundling in vitro and providing additional direct evidence of the
critical role of FtsZ assembly and bundling in the bacterial cell division process (Beuria,

Santra et al. 2005).
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The GTP analogue 8-bromoguanosine-5'-triphosphate has been synthesized and acts
as a competitive inhibitor of both FtsZ polymerization and GTPase activity, with a K; of
31.8 uM for GTPase activity. This GTP analogue does not inhibit tubulin assembly, thus
suggesting an exploitable structural difference between the GTP-binding pockets of FtsZ
and tubulin (Lappchen, Hartog et al. 2005).

A library of GTP analogues with a guanine-like moiety linked to an alanine side
chain has been synthesized using a parallel solid-state synthesis strategy. These analogues
inhibit the GTPase activity of FtsZ with ICsy values between 450 uM and 2.6 mM and five
of them inhibit S. aureus growth. Synthesis of new derivatives of the most active
compound offers a promising avenue for the design of efficient and specific inhibitors of
bacterial cell division (Paradis-Bleau, Beaumont et al. 2007).

Finally, the FtsZ-ZipA protein—protein interaction has been studied as a specific
target for antibacterial agents. Phage display screening has been employed to identify a
unique peptide related to the specific C-terminal sequence of FtsZ that interacts with ZipA.
One peptide thus selected and modified displays a higher affinity for ZipA than the actual
FtsZ interacting sequence. Assay parameters using the phage display peptide have been
optimized and adapted for the high throughput screen. A screening of 250,000 compounds
has identified 29 hits with inhibition of the FtsZ-ZipA protein-protein interaction equal to
or greater than 30% at 50 pg/ml. The most potent inhibitor, pyridylpyrimidine, has a
competitive K; value of 12 uM. X-ray analysis of the pyridylpyrimidine/ZipA C-terminal
FtsZ-binding domain co-structure has revealed that the inhibitor binds to the same
hydrophobic pocket as the FtsZ interacting sequence (Kenny, Ding et al. 2003). In a recent
study, previously identified indoles 1 and 2 and oxazole 3 (see Rosenmund 1979, Freed,
Hertz et al. 1964 and Brown, Cavalla et al. 1968) have been shown to be weak inhibitors of
FtsZ—ZipA protein—protein interaction, with ICsq values between 1170 and 2750 uM. These
compounds have been optimized and new chimeric molecules incorporating structural
features of both the indoles and the oxazole display enhanced activity. The improved
compounds inhibit the ZipA—FtsZ interaction with ICsy between 192 and 1060 uM and
interact with the FtsZ-binding site of ZipA. The activity of the new compounds against
Gram-negative and Gram-positive bacteria is also improved (Sutherland, Alvarez et al.

2003). Jennings et al have identified a small molecule inhibitor of the ZipA-—FtsZ
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interaction among a set of structurally diverse lead-like compounds. The compound
1,2,3,4,12,12b-Hexahydro-indolo[2,3-a]quinolizin-7-one (1) occupies the hydrophobic
cavity on the surface of ZipA, necessary for the binding of FtsZ. Small molecules based on
this compound have been prepared by parallel synthesis, one of which (10b) displays (by
X-ray analysis) an unexpected binding mode in complex with ZipA, facilitated by
desolvation of loosely bound surface water. However, this compound does not show
significantly improved activity: 46% inhibition at 1 mM compared to 39% for compound 1
(Jennings, Foreman et al. 2004). Following this study, the design and parallel synthesis of a
combinatorial library of small molecules targeting the FtsZ binding area on ZipA and
causing cell elongation was described. The most promising compound, 16.a.4, shows an
ICsp value of 296 uM and a Kp value of 105 uM with promising activity against Gram-
negative and Gram-positive bacteria (Jennings, Foreman et al. 2004). As a first prospective
application of the shape-comparison Rapid Overlay of Chemical Structures (ROCS)
program, a high throughput screening has identified a set of novel weak inhibitors of the
ZipA-FtsZ protein-protein interaction. These platform compounds present opportunities for
further optimization of biological affinity and drug development via synthesis and high
throughput screening (Rush, Grant et al. 2005).

In order to design antibacterial agents that target FtsZ specifically, particular
consideration must be given to the eukaryotic GTPase enzymes. 4 priori, it is improbable
that FtsZ inhibitors affect eukaryotic GTPases other than tubulin, as FtsZ and tubulin form
a distinct family of GTPase enzymes (Nogales, Downing et al. 1998). Furthermore, many
of the described FtsZ inhibitors specifically target FtsZ without affecting tubulin. Finally, it
would be a bonus for FtsZ inhibitors to target other bacterial GTPases, since these enzymes
play major roles in the regulation of ribosome function and DNA segregation (Caldon and
March 2003). This however, is unlikely and it is expected that FtsZ inhibitors will be very
specific, given the characteristic structural features of FtsZ. We will now focus our

attention on FtsA as a target for antibacterial agents within the cell division apparatus.
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FtsA as a specific target

Among the bacterial division proteins, the 43 kDa cytoplasmic FtsA protein represents a
promising target for specific antibacterial agents. It is the second most highly conserved
protein of the divisome after FtsZ and almost all pathogenic bacteria contain a single copy
of the fis4 gene (Margolin 1999; van den Ent, Amos et al. 2001). Although FtsA shares
some structural homology with the eukaryotic protein actin, its overall structure is quite
distinct and MreB, a protein required for maintaining cell shape, is a better candidate for a
functional prokaryotic homologue of actin (van den Ent and Lowe 2000; Jones, Carballido-
Lopez et al. 2001; van den Ent, Amos et al. 2001; Romberg and Levin 2003). Furthermore,
FtsA is essential and constitutes a key component of the cell division apparatus. When FtsA
is non-functional, bacteria still grow but cell division is blocked, leading to a lethal
phenotype (Rothfield, Justice et al. 1999). FtsA localizes at mid cell in a solely FtsZ-
dependent manner and its presence in the divisome is needed for recruitment of
downstream proteins and Z-ring constriction (Begg, Nikolaichik et al. 1998; Pichoff and
Lutkenhaus 2002; Vicente, Rico et al. 2006). It displays an essential and highly conserved
interaction with FtsZ that relies on a precise ratio and represents a rate-limiting protein
extremely sensible to alteration (Begg, Nikolaichik et al. 1998; Yu and Margolin 1999;
Errington, Daniel et al. 2003). Its ATPase activity is essential and can be quantified and
exploited to screen and characterize inhibitory molecules (Feucht, Lucet et al. 2001;
Paradis-Bleau, Sanschagrin et al. 2005). As is the case for FtsZ, the substrate of FtsA is
commercially available and an enzymatic assay has already been devised. The ATPase
activity has been quantified by hydrolysis of radioactive ATP (Feucht, Lucet et al. 2001;
Paradis-Bleau, Sanschagrin et al. 2005). Numerous reliable high-throughput ATPase assays
can be set up rapidly under specific hydrolytic conditions. Such assays may measure the
release of inorganic phosphate or involve secondary enzymes with spectrophotometric
measurement. Finally, many studies describe the purification of FtsA in acceptable yields,
although this has proven more difficult than for FtsZ since FtsA has an affinity for the
bacterial inner membrane (Pichoff and Lutkenhaus 2005). FtsA often accumulates in
inclusion bodies but efficient purification of biologically active protein can be achieved by

a multi-step solubilization and renaturation process. The renaturation protocol must take
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into account the presence of disulfide bonds and the Mg®" cofactor and is coupled to a gel
filtration step (Paradis-Bleau, Sanschagrin et al. 2005). For purposes of lead compound
development, the crystal structure of FtsA will be of precious help (van den Ent and Lowe
2000). FtsA also displays many protein-protein interactions that could eventually become
specific targets for antibacterial agents. Finally, no known antibacterial agent nor
endogenous inhibitor targets FtsA and therefore no resistance mechanism has likely ever
developed in bacteria. The role of FtsA enzyme during the cell division process remains to
be fully characterized but should represent opportunities for developing antibacterial agents
with novel modes of action. Much less is known about FtsA than about FtsZ and we will

now describe its principal features in terms of targeting with inhibitors.

Conservation of FtsA

FtsA is the second most highly conserved protein of the divisome and consists of well-
conserved ATP-binding site and secondary structural elements surrounded by regions that
may include insertions of variable size (Rothfield, Justice et al. 1999; Lowe and van den
Ent 2001; Fiskus, Padmalayam et al. 2003). FtsA is well conserved in almost all bacteria
and is lacking only in mycobacteria, cyanobacteria, mycoplasmas, actinobacteria,
chloroflexus and archaea (Margolin 2000), in which another protein must perform its
essential function, and is also absent in eukaryotic organelles (Vaughan, Wickstead et al.
2004; Pichoff and Lutkenhaus 2005). FtsA was thought to be absent in the mollicutes, but
the presence of an fts4A gene in the cell division cluster of a mollicute species has been
characterized recently (Margolin 2000; Zhao, Hammond et al. 2004). FtsA is part of the
compact genome of Spiroplasma kunkelii, a parasitic wall-less bacterium harbouring a gene
set approaching the minimal complement necessary for multiplication and pathogenesis
(Zhao, Hammond et al. 2004). As discussed below, FtsA directly and specifically interacts
with FtsZ and this interaction has coevolved between bacterial species. In fact, interspecies
FtsA-FtsZ interactions can occur as long as the sequence divergence between the
homologues is not too large (Ma, Sun et al. 1997). The fis4 gene is usually present
immediately upstream from ftsZ within the dew gene cluster and the fisA-ftsZ pair forms
one of the more highly conserved gene tandems in bacteria (Margolin 2000; Pichoff and

Lutkenhaus 2005).
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ATP binding and ATP hydrolysis activities of FtsA

Analysis of the structural features of FtsA has identified a strong ATP-binding site and
probable ATPase activity (Bork, Sander et al. 1992; van den Ent and Lowe 2000). The
FtsA protein from E. coli, Thermotoga maritima, B. subtilis P. aeruginosa and
Streptococcus pneumoniae has been reported to bind ATP (Sanchez, Valencia et al. 1994;
van den Ent and Lowe 2000; Yim, Vandenbussche et al. 2000; Feucht, Lucet et al. 2001;
Lara, Rico et al. 2005; Paradis-Bleau, Sanschagrin et al. 2005). The affinity for ATP is
strong and preferential (Feucht, Lucet et al. 2001; Lara, Rico et al. 2005; Paradis-Bleau,
Sanschagrin et al. 2005). Feucht et al demonstrated the ATPase activity of highly purified
FtsA from B. subtilis and its requirement for Mg®" as cofactor (Feucht, Lucet et al. 2001).
This activity is believed to be required for cell division and may enhance Z-ring dynamics
or provide additional energy to bring about membrane constriction (Feucht, Lucet et al.
2001). The essentiality of FtsA enzymatic activity is supported by two temperature-
sensitive mutations which irreversibly inactivate E. coli FtsA at 42°C and cause extensive
damage to the division machinery (Robinson, Begg et al. 1988). Structural studies indicate
that both of these are probably structural mutants that indirectly affect nucleotide binding of
FtsA (van den Ent and Lowe 2000). Highly purified FtsA from P. aeruginosa has been
shown more recently to hydrolyze ATP to ADP, AMP and inorganic phosphate (Paradis-
Bleau, Sanschagrin et al. 2005). There is also evidence that E. coli FtsA can be
phosphorylated at a position corresponding to the autophosphorylation site of DnaK, but
the conservation, essentiality and molecular consequences of such a phosphorylation
remain unclear (Sanchez, Valencia et al. 1994; Errington, Daniel et al. 2003). The purified
FtsA from S. pneumoniae is able to polymerize in an ATP-dependent and Mg**-dependent
manner, but no detectable ATPase activity has been found (Lara, Rico et al. 2005).
According to unpublished results from a study by J. Mingorance and M. Vicente, E. coli
and 7. maritima FtsA do not exhibit ATPase activity (Rico, Garcia-Ovalle et al. 2004; Lara,
Rico et al. 2005). This may be due to unfolding of the extremely sensitive FtsA protein.
Our team has observed that many conditions, including exposure to temperatures of -20°C
or less, improper buffer or concentrations of DTT and Mg*" during renaturation, lead to
incorrect folding and total loss of ATPase activity. Extreme vigilance and patience are thus

required to observe the ATPase activity of the highly fastidious FtsA protein (Paradis-



74

Bleau et al; unpublished observations). We hypothesize that all FtsA proteins have ATPase

activity under proper in vitro conditions and probably in vivo.

The FtsA-FtsZ interaction

FtsA localizes to the division site at mid cell and this localization is strictly and solely
dependent on FtsZ (Addinall and Lutkenhaus 1996; Ma, Ehrhardt et al. 1996; Ma, Sun et al.
1997; Wang, Huang et al. 1997; Begg, Nikolaichik et al. 1998; Hale and de Boer 1999;
Yan, Pearce et al. 2000; Pichoff and Lutkenhaus 2002). Localization of FtsA seems to be
independent from its ATP binding and hydrolysis activities (Ma, Ehrhardt et al. 1996). The
C-terminus and the particularly conserved residue Trp 415 are essential for the presence of
FtsA at mid cell (Yim, Vandenbussche et al. 2000). The pattern and timing of FtsA mid cell
localization is quite similar to that for FtsZ, suggesting that both proteins localize at the
division site simultaneously or that FtsA is recruited immediately after FtsZ (Ma, Ehrhardt
et al. 1996; Den Blaauwen, Buddelmeijer et al. 1999; Rueda, Vicente et al. 2003; Jensen,
Thompson et al. 2005). There is strong evidence that FtsA interacts directly with the C-
terminus of FtsZ and that this interaction is essential for the cell division process (Sanchez,
Valencia et al. 1994; Addinall and Lutkenhaus 1996; Ma, Ehrhardt et al. 1996; Ma, Sun et
al. 1997; Wang, Huang et al. 1997; Din, Quardokus et al. 1998; Ma and Margolin 1999;
Hale, Rhee et al. 2000; Yan, Pearce et al. 2000; Haney, Glasfeld et al. 2001; Di Lallo,
Fagioli et al. 2003). FtsA interacts with the final 70 residues of FtsZ and binds specifically
to the consensus sequence LDXPXFOR/K (O = hydrophobic residue; X = any residue) at
the C-terminus. The FtsA-FtsZ protein-protein interaction is believed extremely conserved
and the FtsZ consensus sequence is highly conserved. FtsZ of archeobacteria, which lack an
FtsA homologue, are exceptions to this rule (Ma, Sun et al. 1997; Yan, Pearce et al. 2000;
Haney, Glasfeld et al. 2001). The precise sequence required for FtsA-FtsZ interaction
seems to be more dispersed on the FtsA protein. The residue Phe 376 has been identified
but no clear sequence has been pointed out (Ma, Ehrhardt et al. 1996; Yan, Pearce et al.
2000). It has recently been shown that FtsA interacts with FtsZ prior to Z-ring assembly at
mid cell in B. subtilis. This suggests that these proteins are always together in a complex,
possibly as a subunit of an assembled ring structure, and localize as such at the division site

(Jensen, Thompson et al. 2005).
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The requirement for a precise ratio of FtsA and FtsZ was the first indication of
potential FtsA-FtsZ interaction. Cell division is blocked by over-expression of either FtsA
or FtsZ and this effect can be reversed by the coordinated over-expression of the other
protein (Dai and Lutkenhaus 1992; Dewar, Begg et al. 1992; Begg, Nikolaichik et al. 1998;
Yan, Pearce et al. 2000). Elevated FtsA level is lethal to bacteria and blocks cell division at
a very early stage, similar to the blockage caused by inhibition of FtsZ (Wang and Gayda
1990; Dewar, Begg et al. 1992). Increases in FtsA are thus equivalent to FtsZ deficiency,
although the same effect results from excess FtsZ (Dai and Lutkenhaus 1992). In E. coli,
the proper FtsA:FtsZ ratio was thought to be 1:100 (Dai and Lutkenhaus 1992; Dewar,
Begg et al. 1992; Wang and Gayda 1992). In B. subtilis, this ratio is 1:5 and it has been
speculated that the higher amount of FtsA in the Gram-positive species may compensate for
the absence of a ZipA homologue or that more ATP hydrolysis is required for cell division
because of the much thicker cell wall or the higher internal osmotic pressure (Feucht, Lucet
et al. 2001). However, the ratio has recently been reported to be 1:5 in E. coli as well
(Rueda, Vicente et al. 2003). Since FtsA and FtsZ concentrations must stay the same
throughout the cell cycle, strict transcriptional and translational regulation is required
(Rueda, Vicente et al. 2003). In contrast to fis4, the distal fisZ gene is expressed from an
additional promoter, which means that it is likely transcribed more frequently. In addition,
the ribosome-binding sites of fisZ and fisA display different efficiencies and the translation
of ftsA mRNA is very inefficient compared to fisZ mRNA (Yi, Rockenbach et al. 1985;
Mukherjee and Donachie 1990; Dai and Lutkenhaus 1992). More recently, it has been
shown that RNase E is associated with the proper processing of the polycistronic fisQAZ
transcripts and that RNase E regulates the relative abundances of FtsZ and FtsA, cleaving
the fisQAZ transcripts at two sites between the contiguous fis4 and fisZ genes (Cam, Rome
et al. 1996). RNase E is required for efficient translation of the fisZ mRNA and depletion of
RNase E results in decreased FtsZ and increased FtsA. It has been shown that RNase E
activity is required for maintenance of the proper FtsA:FtsZ ratio in E. coli (Tamura, Lee et
al. 20006).

FtsA does not contain a membrane-spanning domain but is found in both the
cytoplasm and membranes of bacterial cells (Chon and Gayda 1988; Pla, Dopazo et al.

1990; Sanchez, Valencia et al. 1994; Ma, Ehrhardt et al. 1996; Hale and de Boer 1997). It
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has also been observed that the cytoplasmic form of FtsA is phosphorylated and can bind
ATP while the membrane form is unphosphorylated and does not bind ATP (Sanchez,
Valencia et al. 1994). Dai et al suggested that FtsA links the Z-ring to the membrane (Dai
and Lutkenhaus 1992), a hypothesis later confirmed. FtsA indeed has an essential and
conserved C-terminal amphipathic helix that directs FtsA to the inner membrane, allowing
it to tether the Z-ring to the membrane via direct interaction. The interaction of FtsA with
the membrane is essential for the bacterial cell division process and seems to regulate the
FtsA-FtsZ interaction. It has been shown that FtsA must be directed to the membrane
before it interacts with FtsZ and localizes with the Z-ring. Since the FtsZ—FtsA pair is so
well conserved, it is believed that FtsA must tether the Z-ring to the membrane in most
bacteria (Pichoff and Lutkenhaus 2005).

Overall, FtsA and FtsZ collaborate closely and specifically to make bacterial cell
division an efficient process. It has been shown that the Z-ring can assemble at mid cell
without FtsA but cannot constrict. FtsA seems to provide an essential stabilization of the Z-
ring and it has been suggested that it restricts the GTPase activity of FtsZ while decreasing
turnover dynamics and consolidating the ring (Romberg, Simon et al. 2001). FtsA levels
affect ring stability and function, but the ability of FtsA to modulate FtsZ polymer stability
in vitro has not yet been directly examined (Romberg and Levin 2003). Jensen et al have
confirmed that FtsA is required for proper Z-ring formation in B. subtilis and suggest that it
may be involved in the bundling of FtsZ proto-filaments (Jensen, Thompson et al. 2005).
Since FtsA interacts with the C-terminus of FtsZ and this domain has been shown to
interfere with FtsZ polymerization through an anti-bundling effect, the FtsA interaction
may enhance Z-ring assembly (Dai and Lutkenhaus 1992; Wang, Huang et al. 1997; Yan,
Pearce et al. 2000; Lowe, van den Ent et al. 2004). Being required for Z-ring stabilization,
the ability of FtsA to dimerize (see below) suggests a possible secondary role in FtsZ proto-
filament cross-linking (Feucht, Lucet et al. 2001; Pichoff and Lutkenhaus 2002). The FtsA-
FtsA protein-protein interaction at the inner membrane may also enhance FtsZ bundling
and stabilize the Z-ring (Pichoff and Lutkenhaus 2005). Further evidence that FtsA may
promote FtsZ proto-filament bundling came from an FtsA mutation that bypasses the
requirement for ZipA. This mutation enhances the Z-ring-stabilizing capacity of FtsA and

confers resistance to excess MinC (Geissler, Elraheb et al. 2003). Over-expression of wild-
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type FtsA has previously been shown to suppress MinC-mediated cell filamentation
(Justice, Garcia-Lara et al. 2000). Nevertheless, FtsA is clearly required for Z-ring
stabilization, perhaps through membrane association (Pichoff and Lutkenhaus 2005). This
membrane association is needed in turn for proper Z-ring constriction and it is proposed
that FtsA may also have a structural/mechanical role in Z-ring function (Vicente, Rico et al.

2006).

FtsA and divisome formation

FtsA is a key component in the sequential recruitment of all known essential cell division
proteins to the Z-ring, with the exceptions of FtsZ and ZipA. It is thus required for directing
FtsK and all downstream components to the Z-ring (Addinall, Cao et al. 1997; Wang,
Huang et al. 1997; Wang and Lutkenhaus 1998; Chen, Weiss et al. 1999; Ghigo, Weiss et
al. 1999; Rothfield, Justice et al. 1999; Weiss, Chen et al. 1999; Margolin 2000; Yim,
Vandenbussche et al. 2000; Buddelmeijer and Beckwith 2002; Hale and de Boer 2002;
Anderson, Gueiros-Filho et al. 2004; Vicente, Rico et al. 2006). The majority of the cell
division proteins do not interact directly with FtsZ but rather depend upon FtsA (see Table
I), without which cell division proteins are not recruited (Margolin 2000). Recruitment may
be achieved through early interaction of FtsA with the Z-ring, ensuring the formation of a
Z-ring capable of recruiting downstream proteins, and/or through direct FtsA protein-
protein interactions (Jensen, Thompson et al. 2005). In addition to direct interaction of FtsA
with FtsZ and with itself, FtsA is also capable of interacting with ZapA, FtsQ, FtsI and
FtsN (Yim, Vandenbussche et al. 2000; Di Lallo, Fagioli et al. 2003; Corbin, Geissler et al.
2004; Goehring and Beckwith 2005; Karimova, Dautin et al. 2005; Vicente and Rico
2006). It has been shown that FtsA can recruit at least two late proteins, FtsI and FtsN,
independently of the Z-ring, suggesting that these division proteins may not depend of Z-
ring modification by FtsA. A possible explanation for the absence of recruitment of FtsK,
FtsQ, and FtsW independently of FtsZ is that FtsA is not directly involved with
downstream proteins other than FtsI and FtsN but instead enhances the recruiting ability of
another septal component. Alternatively, FtsA may not normally recruit FtsI and FtsN to
the Z-ring until it is activated by another later septation protein, such as FtsW (Corbin,

Geissler et al. 2004). Experiments so far have not shown whether FtsA interactions with
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FtsI and FtsN are direct or indirect and a model in which FtsA binds to and recruits
downstream proteins is not sufficient to explain the observed localization dependency
relationships (Goehring and Beckwith 2005; Vicente and Rico 2006). The FtsA-Ftsl
interaction is better characterized. The first clue that FtsA may interact directly with FtsI
came from an fisA mutant allele that alters the ampicillin-binding ability of FtsI (Tormo,
Ayala et al. 1986). This was inconclusive, since the mutagen used (nitrosoguanidine) has
induced secondary mutations in the bacterial strain employed (Eberhardt, Kuerschner et al.
2003). However, evidence has mounted that FtsA and Ftsl interact directly (Di Lallo,
Fagioli et al. 2003; Corbin, Geissler et al. 2004; Goehring and Beckwith 2005; Karimova,
Dautin et al. 2005). FtsA may thus be involved in the modulation of Ftsl transpeptidase
activity and/or may help linking divisome formation with redirection of cell wall
biosynthesis to form the septal cell wall (Tormo, Ayala et al. 1986; Dai and Lutkenhaus
1992; Margolin and Bernander 2004). FtsA is absent among archeobacteria lacking a cell
wall layer (Nanninga 1998). It has recently been shown that FtsQ fused with the FtsZ-
binding protein ZapA is recruited to the Z-ring independently of FtsA and FtsK. Since the
FtsQ-ZapA fusion can coordinate the recruitment of downstream proteins other than FtsN,
recruitment does not depend on FtsA-catalyzed Z-ring modification but rather on physical
interaction between proteins (Goehring, Gueiros-Filho et al. 2005). Under these conditions,
the function of FtsA can be bypassed only partially and the rings formed are not functional
for division, probably because they lack FtsN and perhaps other activities of FtsA
(Goehring, Gueiros-Filho et al. 2005; Vicente, Rico et al. 2006). The failure of FtsN
recruitment in this system indicates that proper assembly of all components at the septum,
particularly FtsA, might be essential for its localization (Margolin 2005). FtsA is required
to recruit FtsQ at the division site and is able to recruit FtsI and FtsN independently of FtsZ
(Chen, Weiss et al. 1999; Corbin, Geissler et al. 2004). Cell division proteins are thus
related by a small but complex interaction network in which the most ubiquitous partners

appear to be FtsQ and FtsA (Vicente, Rico et al. 2006).

FtsA as a motor protein
There is ample evidence that FtsA acts as a motor protein, providing the energy required

for proper septation. It has two essential features in this respect: ATPase activity and the
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ability to tether the Z-ring to the inner membrane (Feucht, Lucet et al. 2001; Paradis-Bleau,
Sanschagrin et al. 2005; Pichoff and Lutkenhaus 2005). Furthermore, it should be borne in
mind that the Z-ring can assemble but cannot constrict without FtsA (Begg, Nikolaichik et
al. 1998; Pichoff and Lutkenhaus 2002; Geissler, Elraheb et al. 2003). FtsA could thus
provide energy to drive Z-ring constriction and inner membrane invagination using its
ATPase activity. The major distortion of the inner cell membrane conformation that must
occur when septum ingrowth starts is conceivably an energetic barrier to be overcome
(Errington, Daniel et al. 2003). It has been proposed that FtsA may draw closer to divisome
subunits during septation and drive membrane invagination (Nanninga 1998; Feucht, Lucet
et al. 2001; Errington, Daniel et al. 2003). For this to be the case, an unknown signal would
have to regulate the ATPase motor force. Since phosphorylation often plays a regulatory
role in biological systems and FtsA occurs in different phosphorylation states related to its
ATP binding ability, the signal could be phosphorylation by an unknown enzyme. Finally,
FtsA itself may form a constricting ring to allow inner membrane invagination, as

discussed below.

The FtsA-FtsA interaction: formation of an A-ring?

The FtsA protein from E. coli, B. subtilis and P. aeruginosa forms native dimers and a
small proportion of multimers has also been observed (Yim, Vandenbussche et al. 2000;
Feucht, Lucet et al. 2001; Rico, Garcia-Ovalle et al. 2004; Paradis-Bleau, Sanschagrin et al.
2005). It has also been demonstrated that FtsA interacts with itself and that this interaction
is essential for its biological function and hence for bacterial cell division (Sanchez,
Valencia et al. 1994; Yan, Pearce et al. 2000; Yim, Vandenbussche et al. 2000). The C-
terminus seems to be important for this self-interaction (Yim, Vandenbussche et al. 2000).
Although FtsA does not form actin-like filaments, it localizes as a ring-like structure
(Addinall and Lutkenhaus 1996; Yim, Vandenbussche et al. 2000; Feucht, Lucet et al.
2001) and thus may form a multiproteic higher-order structure and assemble as a mid cell
ring (Addinall and Lutkenhaus 1996; van den Ent, Amos et al. 2001; Anderson, Gueiros-
Filho et al. 2004). However, the predicted FtsA:FtsZ ratio of 1:100 in E. coli would not
allow the formation of an FtsA ring (Wang and Gayda 1992; Addinall and Lutkenhaus
1996; Feucht, Lucet et al. 2001; Errington, Daniel et al. 2003). Based on more recent data
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indicating a ratio of about 1:5 in both E. coli and B. subtilis (Feucht, Lucet et al. 2001;
Rueda, Vicente et al. 2003), the number of FtsA molecules per cell could be sufficient to
form a complete circumferential ring at the cell division site (Feucht, Lucet et al. 2001). A
study by Carettoni ef al has revealed that FtsA homodimerizes with the help of the
subdomain 1C and a group of amino acids encompassing the ATP-binding site in
subdomain 2B. It has been speculated that the nucleotide-binding status of FtsA could
regulate head-to-tail interaction between FtsA monomers by settling subdomain 1C in an
orientation favourable for intermolecular docking, thus allowing the assembly of FtsA units
into polymers (Carettoni, Gomez-Puertas et al. 2003). Based on a study by Rico ef a/, FtsA
homodimerization involves the subdomain 1C and the C-terminus end and essentially
agrees with the model of Carettoni et al. In this model, there would be a free subdomain 2B
and a free subdomain 1C at each end of the FtsA polymer that might be available for
interaction with other division proteins (Rico, Garcia-Ovalle et al. 2004). S. pneumoniae
has an FtsA:FtsZ ratio of 1:1.5 and thus contains more FtsA molecules than B. subtilis or E.
coli (Feucht, Lucet et al. 2001; Rueda, Vicente et al. 2003; Lara, Rico et al. 2005). Purified
FtsA from S. pneumoniae has recently been shown to polymerize in long and stable helix-
like polymers dependent on ATP and Mg®". The higher affinity for ATP than for ADP and
the lower stability of ADP-bound polymers suggest that FtsA may hydrolyse ATP in a
cycle that regulates polymer dynamics, but this would likely require the assistance of other
proteins in vivo (Lara, Rico et al. 2005). Finally, Pichoff et al propose that FtsA interaction
with the inner membrane regulates self-interaction and that removal of the membrane-
targeting motif allows the protein to undergo unregulated polymerization in the cytoplasm.
The membrane interaction would thus direct FtsA self-interaction, with further interaction
with FtsZ resulting in cooperative linkage of FtsZ polymers to form the Z-ring (Pichoff and
Lutkenhaus 2005).

Overlapping roles of FtsA

Although FtsA and ZipA share nothing in terms of sequence or even architecture, they
share some overlapping functions, since both proteins stabilize the Z-ring and recruit
essential downstream division proteins (Hale and de Boer 1999; RayChaudhuri 1999;

Pichoff and Lutkenhaus 2002; Geissler, Elraheb et al. 2003; Lowe, van den Ent et al. 2004).
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Both depend on FtsZ to localize at the division site and bind FtsZ to a conserved sequence
near the C-terminus, although they probably do not compete for the same binding sites
(Wang, Huang et al. 1997; Hale and de Boer 1999; Ma and Margolin 1999; Yan, Pearce et
al. 2000; Haney, Glasfeld et al. 2001; Pichoff and Lutkenhaus 2002; Errington, Daniel et al.
2003). It has also been shown that the Z-ring assembles at mid cell in the absence of FtsA
or ZipA. However, the Z-ring is unable to form and preformed Z-ring destabilizes in the
absence of both proteins. ZipA and FtsA are both required for recruitment of additional
division proteins and for septal constriction but either is capable of supporting Z-ring
formation and stabilization. Although both proteins tether the Z-ring to the membrane, it is
quite possible that Z-ring-FtsA and Z-ring-ZipA have structural differences (Pichoff and
Lutkenhaus 2002; Errington, Daniel et al. 2003). ZipA is anchored to the inner membrane
through a single N-terminal transmembrane helix followed by a charged domain while
FtsA is anchored via a C-terminal amphipathic helix (Ohashi, Hale et al. 2002; Pichoff and
Lutkenhaus 2005).

Many studies highlight that FtsA has a much more important role than ZipA. FtsA is
more highly conserved than ZipA, which appears to be present only in a subset of Gram-
negative bacteria (Hale and de Boer 1997; RayChaudhuri 1999; Margolin 2000). FtsA has
many more known interactions than ZipA with other bacterial cell division proteins (see
Table I). The role of ZipA may be to enhance protein recruitment indirectly by modulating
Z-ring dynamics, stabilizing ring components or altering ring conformational structure
(Goehring and Beckwith 2005; Margolin 2005; Vicente, Rico et al. 2006). The most
important clue is that an FtsA point mutation at the tip of domain 2B that changes the
conserved Asn 286 to a Trp residue can completely bypass the requirement for ZipA,
indicating that it is dispensable for the recruitment of downstream proteins (Geissler,
Elraheb et al. 2003). Although ZipA is required to recruit a number of later septation
proteins, its dispensability indicates that it does not directly recruit the later proteins but
instead enhances the ability of another septal component to recruit them (Hale and de Boer
2002; Corbin, Geissler et al. 2004). The mutant form of FtsA is able to fulfill all tasks
attributable to ZipA while stabilizing the FtsZ assembly, tethering the Z-ring to the
membrane and recruiting all the downstream proteins required for an efficient divisome.

This may explain why many bacteria can divide without an obvious ZipA homologue. In
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addition, FtsA probably serves as the principal membrane anchor for the Z-ring (Geissler,
Elraheb et al. 2003; Pichoff and Lutkenhaus 2005). It has been suggested that the point
mutation change alters the ability of FtsA monomers to self-interact and/or to interact with
FtsZ (Yim, Vandenbussche et al. 2000; Geissler, Elraheb et al. 2003). Bacterial species
lacking ZipA may contain an FtsA with properties similar to the mutant FtsA protein
(Geissler, Elraheb et al. 2003). These species may also have significantly higher
intracellular concentrations of FtsA to compensate for the requirement for ZipA. However,
it has been shown that E. coli and B. subtilis, the latter lacking a ZipA homologue, both
contain the same relative amount of FtsA (Rueda, Vicente et al. 2003).

The FtsN cell division protein has been identified as a multi-copy suppressor of a
thermo-sensitive mutation in fis4 and over-expression of FtsN has been shown to provide
partial suppression of thermosensitive mutations in fis4, ftsK, fisQ and fisI (Dai, Xu et al.
1993; Draper, McLennan et al. 1998). However, FtsN does not suppress an fis4-null allele,
suggesting that residual FtsA activity is necessary (Dai, Xu et al. 1993; Buddelmeijer and
Beckwith 2002). FtsN may have an FtsZ stabilizing effect or modulate the ability of the cell
envelope to invaginate and these functions may partially overlap with FtsA (Draper,
McLennan et al. 1998; Margolin 2000). FtsA seems also to share some functions with the
recently identified YImF cell division protein (Ishikawa, Kawai et al. 2006). This protein is
characterized by Z-ring-dependent division site localization and interacts with itself and
with FtsZ, as does ZipA (Ohashi, Hale et al. 2002; Di Lallo, Fagioli et al. 2003; Hamoen,
Meile et al. 2006; Ishikawa, Kawai et al. 2006). In contrast to ZipA, YImF plays a non-
essential role in septum development and is present in firmicutes (Gram-positive bacteria
with a low GC content), symbiobacteria, fusobacteria, actinobacteria (Gram-positive
bacteria with a high GC content), and cyanobacteria (Hale and de Boer 1997; Hamoen,
Meile et al. 2006; Ishikawa, Kawai et al. 2006). YImF becomes essential for the cell
division process in the absence of EzrA or FtsA, whose functions are strikingly different
(Hamoen, Meile et al. 2006; Ishikawa, Kawai et al. 2006). YImF in excess has been shown
to compensate for FtsA for both cell division protein recruitment and Z-ring constriction.
Furthermore, expression of either protein is essential for B. subtilis cell division and
growth. This suggests that some structure in the Z-ring promoted by FtsA and/or YImF may

recruit downstream cell division proteins in B. subtilis (Ishikawa, Kawai et al. 2006). YImF
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is present in some bacteria having no FtsA homologue and is thought to have an
overlapping function with FtsA in stimulating Z-ring formation by cross-linking FtsZ
proto-filaments. It has also been suggested that YImF would play a critical role for cell
division in FtsA-lacking bacteria, as FtsA does in YImF-lacking bacteria, and that both
FtsA and YImF would work additively with FtsZ in bacteria that possess both proteins.
However, FtsA contributes more strongly to cell division than does YImF (Ishikawa, Kawai
et al. 20006).

Even with overlapping functions, FtsA remains an essential protein and has a key
role in the progression of the bacterial cell division process. This is confirmed by many
studies reporting the inability of bacterial cells to divide when FtsA is inactivated, such as
by temperature-sensitive mutation. Under these conditions, the apparently normal Z-ring is
formed but constriction is blocked and the cells form long multinucleated non-septated
filaments (Walker, Kovarik et al. 1975; Osley and Newton 1977; Fletcher, Irwin et al.
1978; Donachie, Begg et al. 1979; Lutkenhaus and Donachie 1979; Tormo and Vicente
1984; Begg and Donachie 1985; Descoteaux and Drapeau 1987; Robinson, Begg et al.
1988; Wang and Gayda 1990; Cook and Rothfield 1994; Addinall, Bi et al. 1996; Ohta,
Ninfa et al. 1997; Hale and de Boer 1999). The FtsA protein has also been shown to be
essential for bacterial survival, since ftsA-null is not viable in E. coli (Lutkenhaus and
Donachie 1979), C. crescentus (Sackett, Kelly et al. 1998) or S. pneumoniae (Lara, Rico et
al. 2005). In B. subtilis, deletion of fisA can be viable, but the cells are severely impaired in
division and growth, extremely filamentous, present distorted Z-rings and have reduced
viability as well as reduced sporulation efficiency (Beall and Lutkenhaus 1992; Jensen,
Thompson et al. 2005). Deletion of fts4 was in fact the first situation identified in which the
loss of a single septation protein led to such a drastic reduction in the level of apparently
normal Z-rings. The role of FtsA in Z-ring formation is thus critical and even more
important in Gram-positive bacteria lacking a ZipA homologue (Jensen, Thompson et al.
2005). Finally, the limited viability of fts4A-null B. subtilis must rely on an important
difference in the hierarchical assembly of the divisome. In B. subtilis, all division proteins
are completely interdependent for recruitment and assembly at the division site (Errington,
Daniel et al. 2003; Karimova, Dautin et al. 2005). The low level of normal Z-ring in ftsA4-

null B. subtilis is apparently sufficient to recruit the membrane-bound division proteins and
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the role of FtsA appears to be indirect, though ensuring that FtsZ forms a proper ring

(Jensen, Thompson et al. 2005).

Extended functions of FtsA

There is evidence indicating that FtsA influences the formation and maintenance of
bacterial shape. Mutation at the C-terminus of FtsA transforms wild-type rod-shaped cells
into curved C-shaped cells with aggregates of striated cylindrical structures crossing the
cytoplasm. Aggregates of up to five cylinders are arrayed diagonally to the long axis of the
curved cells and the ends of these aggregates appear to be at or near the cell membrane.
FtsA thus acts directly on cell morphology phenotype (Gayda, Henk et al. 1992). It is also
proposed that FtsA may redirect cell wall biosynthesis to form the septal cell wall required
for proper division via an interaction with Ftsl (Tormo, Ayala et al. 1986; Dai and
Lutkenhaus 1992; Margolin and Bernander 2004). Since S. pneumoniae contains much
more FtsA than does B. subtilis or E. coli, it has been postulated that large amounts of FtsA
may be required for the continual septal synthesis required to maintain the quasi-spherical
cell shape of cocci (Lara, Rico et al. 2005).

It is more obvious that FtsA has an important role in sporulation. The first clue
came from the B. subtilis fisA-null strain, which is characterized by reduced sporulation
efficiency (Beall and Lutkenhaus 1992). Consistent with a crucial role in sporulation, FtsA
has previously been called SpolIN in B. subtilis and a thermo-sensitive mutation in this
protein impairs vegetative cell division as well as sporulation. This mutant form of FtsA
has been shown to be defective in Spo0OA-controlled transcription required for switching
the localization of FtsZ from a medial to a bipolar division site at the onset of sporulation
(Karmazyn-Campelli, Fluss et al. 1992; Louie, Lee et al. 1992; Levin and Losick 1996). In
sporulating cells of B. subtilis, FtsZ is recruited to potential division sites at both poles but
asymmetric division occurs at only one pole. In contrast, FtsA is recruited to only one cell
pole, suggesting that it may play an important role in the generation of asymmetry (Feucht,
Lucet et al. 2001). An FtsA mutant that exhibits little or no detectable defect in medial
division but forms aberrant polar septa during sporulation has also been identified. The
mutation targets a residue conserved in FtsA among endospore-forming bacteria and other

closely related species. Maturation of the sporulation septum is impaired in sporulating
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cells of this mutant, resulting in a defect in the engulfment of the spore by the mother cell.
The mutant is also defective in polar septum formation dependent activation of GF.
Conserved residues of FtsA may be involved in a sporulation-specific protein interaction
that facilitates sporulation septum maturation and the activation of 6F (Kemp, Driks et al.
2002).

Finally, like FtsZ, FtsA seems to be involved in antibiotic resistance. Expression of
the fisA-fisZ promoter submitted to RcsB is greatly increased in mecillinam-resistant
mucoid mutants of S. #yphimurium. The resistance of mucoid mutants to mecillinam would
be due to over-expression of ftsZ and/or ftsA genes due to the increased activity of the RcsB
effector (Costa and Anton 2001). FtsA is also needed to obtain full expression of
Citrobacter freundii ampC B-lactamase. In the absence of FtsA, an accumulation of the
corepressor UDP-MurNAc-pentapeptide represses p-lactamase expression (Uehara and
Park 2002). The implication of FtsA in bacterial morphogenesis, sporulation and bacterial
resistance mechanisms suggests that an antibacterial therapy against FtsA may affect these

processes in addition to inhibiting cell division.

Tridimensional structure of FtsA and homology with eukaryotic actin

The crystal structure of FtsA from 7. maritima has been resolved in the apo and ATP-
bound forms (van den Ent and Lowe 2000). FtsA is a scattered and elongated protein
consisting of two domains with the nucleotide-binding site in the interdomain cleft of the
common core. This characteristic binding site is also found in the actin family of proteins.
Each domain can be divided into two subdomains. The two larger subdomains, 1A and 2A,
are similar and consist of a five-stranded B-sheet surrounded by three a-helices. The two
other subdomains are smaller, more variable among the actin family and composed of
different combinations of strands and helices. Subdomain 1C is composed of a three-
stranded antiparallel B-sheet adjacent to an a-helix and has the same topology as the
antiparallel B-sheet that comprises strands 2—5 and helix 1 of subdomain 1A, but with the
chain traced in the opposite direction. The connection of subdomain 1C to the rest of the
protein is flexible and movement of the second domain narrows the width of a cleft located

between subdomains 1A and 1C. The angle of rotation of subdomain 1C is 13.5°, with
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residue Glu 89 acting as the mechanical hinge. At the end of the insertion, strand 7 goes
into helix 3 of subdomain 1A, which aligns perfectly with helix 5 of actin. Helix 3 is
connected to strand 8 and, via helix 4, reaches subdomain 2A. This subdomain is again
divided into two parts with regard to the primary sequence, but this time the insertion of
subdomain 2B is in exactly the same position as in actin: inserted after helix 5 and three
antiparallel B-strands of subdomain 2A. Helices 6 and 7 of subdomain 2B are both involved
in co-coordinating the nucleotide. Subdomain 2B is completed with two additional short
antiparallel B-strands and the N-terminal part of helix 8. Helix 8 contributes to the structure
of both subdomains 2A and 2B. A partially disordered loop connects helix 8 to strand 14,
the latter being part of the five-stranded B-sheet of subdomain 2A. Strand 15 is connected
by a long loop to the C-terminal helix, which belongs to subdomain 1A. The last 27
residues of FtsA are disordered and have not been resolved. The position of this C-terminal
tail is most likely oriented on the same direction and in close proximity to subdomain 1C
(van den Ent and Lowe 2000).

The nucleotide-binding pocket of FtsA is located in a cleft formed at the interface
between subdomains 1A, 2A and 2B. The adenosine is positioned in a hydrophobic pocket
composed of residues that belong to a short 3;¢-helix of subdomain 2A and part of a helix
in subdomain 2B. The pocket is closed at the back by two residues of subdomain 2B, which
form hydrogen bonds. The other side of the pocket is open to the outside. The phosphate
moiety of the nucleotide is bound by two loops. Each loop connects the first and second
strands of subdomain 1A and 2A, respectively. The first loop binds the B-phosphate and
makes hydrogen bonds with both the a- and the B-phosphates. The second loop makes
hydrogen bonds with the y- and a-phosphates. A magnesium ion is located in a hydrophilic
pocket formed by the B- and y-phosphates and by Aspl4, Lys21, Ser190 and Asn212. A
water molecule 3.5 A from the y-phosphate is a putative attacking nucleophile, positioned
by hydrogen bonds with the main-chain nitrogen of Gly219 and the main-chain oxygen of
Phe217 (van den Ent and Lowe 2000). The active site of FtsA contains 25 amino acids, of
which seven are in common with actin. Despite the very limited overall sequence similarity
between actin and FtsA, the order of their secondary structure elements is very similar with
the exception of the second subdomain. In actin, this subdomain is inserted after the third 3-

strand, whereas the third B-strand in FtsA is followed by a helix and the fourth B-strand of
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subdomain 1A, before the second subdomain is inserted. The fold and the topology of
subdomain 1C in FtsA are unusual for the actin family and suggest that subdomain 1C has
an important functional role specific to FtsA. Other differences of minor impact exist
between the structures of FtsA and actin and likely reflect specific functional differences,
for example, the very long loop connecting subdomain 2A to the C-terminal helix of FtsA.
Since this loop is in close proximity to subdomain 1C, it may be involved in an FtsA-
specific function. Since striking similarity has been found in proteins with entirely different
functions, it has previously been postulated that these domains are the result of divergent
evolution from a common ancestor (Bork, Sander et al. 1992; van den Ent and Lowe 2000).

In general however, FtsA is typical of the actin superfamily, possessing two
domains with a common core and an interdomain cleft harbouring the nucleotide-binding
site. FtsA is thus part of the functionally diverse actin/hexokinase/HSP70 superfamily of
proteins (Bork, Sander et al. 1992). Although the most significant homology of FtsA is
shared with actin (van den Ent and Lowe 2000), FtsA is not considered a true functional
prokaryotic homologue of actin. MreB, a protein required for maintaining bacterial cell
shape and polymerizing into helical actin-like proto-filaments that extend from one cell
pole to the other, is much more like actin (Jones, Carballido-Lopez et al. 2001; van den Ent,
Amos et al. 2001; Romberg and Levin 2003). The structure and biochemical activity of
MreB are also much closer than FtsA to actin and provide strong support for the existence
of true actin homologues in bacteria (van den Ent and Lowe 2000; van den Ent, Amos et al.
2001; Anderson, Gueiros-Filho et al. 2004; Moller-Jensen and Lowe 2005). FtsA is thus
believed to have diverged from a putative actin ancestor following a gene duplication and
fusion process to develop a unique structural feature (van den Ent, Amos et al. 2001;

Anderson, Gueiros-Filho et al. 2004).

Functionality of the C-terminal tail and of the subdomains 1C and 2B of FtsA

Crystal structure has revealed a conserved 10—13 residue motif at the C-terminal tail in all
FtsA proteins. This motif may facilitate recruitment and directing of downstream proteins
to the divisome (Lowe and van den Ent 2001). The tail seems to have an important
biological function, since deletion of 28 residues at the C-terminus produces a curved

filament phenotype in growing cells (Gayda, Henk et al. 1992). Thin sections of these cells
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reveal that an intracellular structure connects two points of the cell envelope, forcing
curved growth. The helix probability is high for the last 13 residues of the C-terminal motif,
which is separated from the core domain by a hydrophilic linker that is variable in size and
makes the motif accessible to other proteins (Lowe and van den Ent 2001). The C-terminal
end is involved in the interaction between FtsA molecules in E. coli (Rico, Garcia-Ovalle et
al. 2004). It has been shown previously by yeast two-hybrid analysis that an FtsA protein
lacking the last five residues does not interact with itself. Furthermore, this truncated FtsA
protein localizes at the division site but has no activity in septation (Yim, Vandenbussche et
al. 2000). The C-terminal tail of FtsA has also been shown to perform the essential function
of tethering FtsA and therefore FtsZ to the inner membrane. The conserved motif at the
extreme C-terminus of FtsA is not present in the crystal structure, indicating that it is not
organized, although computer predictions indicate that this motif is an amphiphatic helix
(Pichoff and Lutkenhaus 2005).

Subdomain 1C of FtsA is located on the side of the first domain opposite from its
position in actin. This unexpected position has not been recognized in the prediction of a
tridimensional model of FtsA based on a multiple sequence alignment of the actin family of
proteins (Sanchez, Valencia et al. 1994). The insertion of this subdomain is an important
difference between FtsA and the actin family of proteins. Its movement partially encloses a
groove, which could bind the C-terminus of FtsZ. However, there is no clear homology
between subdomain 1C and any known structure (van den Ent and Lowe 2000). Subdomain
1C has thus fueled numerous studies. Its distinctive structure has led to the definition of a
novel and distinct evolutionarily mobile domain with a simple fold utilized as a common
theme in a variety of biological functions. This fold contains a core of three strands forming
a curved sheet and a single helix in a strand—helix—strand—strand (SHS2) configuration and
appears to mediate heteromeric protein—protein interactions by means of strand 1 and the
loop between strands 2 and 3 (Anantharaman and Aravind 2004). FtsA has been shown to
recruit FtsI and FtsN independently of the Z-ring via subdomain 1C (Corbin, Geissler et al.
2004). Artificially directing this subdomain to the Z-ring partially suppresses a
thermosensitive fisA mutation, suggesting that FtsA may be the major protein connecting
the Z-ring and the downstream proteins, and that subdomain 1C is a completely

independent functional domain with an important role in interacting with septation protein
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subassembly (Corbin, Geissler et al. 2004; Vicente, Rico et al. 2006). Subdomain 1C is not
required for the localization of FtsA to the Z-ring and seems not to be involved in the FtsA-
FtsZ interaction. One key role of FtsA and of subdomain 1C in particular is to interact
either directly or indirectly with an FtsI-FtsN subassembly (Corbin, Geissler et al. 2004).
Phage-display screening against FtsA has selected a degenerate consensus sequence having
striking similarity with residues 126—133 of subdomain 1C. These residues are probably
involved in homodimerization of FtsA and have been shown to be essential for the proper
function of FtsA and related to a group of amino acids encompassing the ATP-binding site
on the domain 2B facing monomer as well as a set of residues immediately downstream
from amino acids 126-133. Since the connection of subdomain 1C with the rest of the
protein is flexible, it has been tempting to speculate that the nucleotide-binding status of
FtsA could regulate its homodimerization by settling subdomain 1C in a favorable
orientation for intermolecular docking (Carettoni, Gomez-Puertas et al. 2003). A study by
Rico et al also confirms the homodimerization model involving subdomain 1C. FtsA
protein lacking subdomain 1C has been found to localize correctly but does not interact
with other FtsA and fails to recruit FtsQ and FtsN into the division ring, resulting in an
incomplete divisome that does not support division. Subdomain 1C is essential for FtsA—
FtsA self-interaction and the recruitment of downstream division proteins but would not be
directly involved in the FtsA—FtsZ interaction. The model of Carettoni et al. postulates
interaction between FtsA molecules involving domains 1C and 2B, while within domain
2B, B-strands S12 and S13 are proposed to interact with residues 126—133 of domain 1C.
However, Rico et al have found that this last interaction would not be essential for
dimerization. Even in the absence of B-strands S12 and S13, there is still a large enough
contact surface between domains 1C and 2B to maintain interaction, although the complex
formed would not be fully functional (Rico, Garcia-Ovalle et al. 2004).

The tips of strands S12-S13 of domain 2B have been shown to affect Z-ring
localization and dynamics. In the absence of these strands, the distribution of active
division rings becomes altered and misplaced, yielding short cells with no DNA and other
aberrant cells. Since a point mutation in B-strand S13 bypasses the need for ZipA and
seems to counteract the inhibition of Z-ring formation by MinC, the putative enhanced FtsZ

stabilizing activity of FtsA lacking the S12-13 strands may allow Z-ring formation at



90

abnormal locations, even near the poles (Geissler, Elraheb et al. 2003; Rico, Garcia-Ovalle
et al. 2004). Subdomain 2B must interact with FtsZ and the absence of S12-S13 strands
may increase ring stability, which is then able to overcome the actions of the Min and
nucleoid occlusion systems at least partially. These observations support a regulatory role

for FtsA (Rico, Garcia-Ovalle et al. 2004; Vicente, Rico et al. 2006).

Inhibitors of FtsA

In contrast to FtsZ, very few inhibitors have been identified against FtsA and only one
study has been published with the aim of identifying FtsA inhibitors. A well-focused phage
display screening using competitive elutions with ATP, a non-hydrolysable analogue of
ATP, and the FtsZ protein has identified many peptide sequences that presumably interact
with FtsA (Paradis-Bleau, Sanschagrin et al. 2005). Consensus peptide sequences, as well
as peptide sequences having the highest affinity for the target protein and which therefore
represent potential specific inhibitors, have been sequenced. Five of the six peptides
synthesized specifically inhibit the ATPase activity of FtsA. The most promising of these
has an ICs value of 700 uM and their discovery represents the first step towards the future
development of potent inhibitors via peptidomimetism (Paradis-Bleau, Sanschagrin et al.
2005).

This study also reports the selection of a perfect 12-mer consensus peptide by a
specific elution step with FtsZ. The corresponding peptide does not inhibit the ATPase
activity of FtsA and the sequence displays a KPSPR motif homologous with the FtsA
interaction site of FtsZ. It has been proposed that this peptide may be an inhibitor of the
essential FtsA—FtsZ interaction, which represents a more sensitive and specific target than
the ATPase activity of FtsA alone (Yan, Pearce et al. 2000; Haney, Glasfeld et al. 2001;
Paradis-Bleau, Sanschagrin et al. 2005). Furthermore, destabilization of the FtsA—FtsZ or
FtsA—FtsA protein-protein interaction severely affects the bacterial cell division process
(Ma and Margolin 1999; Yim, Vandenbussche et al. 2000; Rico, Garcia-Ovalle et al. 2004).
Since the FtsA and ZipA interaction sites overlap on the FtsZ protein, it would be
interesting to evaluate the inhibitory potential of FtsZ-ZipA inhibitors for FtsZ-FtsA

interaction.
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Concluding remarks and future perspectives

The complex bacterial cell division process involves many proteins which possess most of
the characteristics of ideal antibacterial targets. Theses proteins are thus interesting in the
prospect of developing new antibacterial therapies in order to face critical increase and
spread of antibiotic resistance mechanisms and to control emerging bacterial pathogens. We
have focused on FtsZ and FtsA as the most promising antibacterial targets but mostly all
cell division proteins represent attractive targets to design novel classes of antibacterial
agents with innovative structures and new modes of action. The multifunctional FtsK
protein is the most promising antibacterial target after FtsZ and FtsA. This protein is
required for both septum formation and cell division protein recruitment in addition to
coordinating cell division with segregation of the replicated chromosomes. Antibacterial
strategies targeting FtsK would thus be highly efficient, affecting both cell division and
integrity of bacterial DNA. The essential FtsW and Ftsl proteins also represent good
candidates for development of new antibacterial agents. FtsW facilitates the septal
peptidoglycan synthesis of FtsI, which allows proper division and formation of the new cell
poles of daughter cells. Antibacterial strategies targeting FtsW and Ftsl would therefore
strongly inhibit the cell division process. The few current B-lactam drugs which
preferentially inhibit FtsI unfortunately induce the SOS system of DNA repair (Miller,
Thomsen et al. 2004). To circumvent this problem, these B-lactams could be use in
combination with inhibitors of FtsK. The cell division proteins ZipA, FtsQ, FtsN, AmiC
and EnvC are present only in limited sets of bacterial species and could be used as targets
to develop narrow- spectrum antibacterial agents.

FtsZ represents the most appealing antibacterial target of the cell division apparatus,
as it is the most important and conserved protein. Many FtsZ inhibitors have been described
and these molecules have to be pharmacologically optimized in order to develop effective
and safe antibacterial therapies. The biggest problem is how to get the inhibitors to cross
the bacterial membranes and avoid actions of efflux pumps in order to accumulate and
remain at a concentration high enough in the cytoplasm and for long enough to inhibit the
targeted FtsZ proteins. To meet this challenge and thwart bacterial resistance, inhibitory

molecules may be conjugated to a stable bacterial transport moiety that promotes uptake via
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active transport mechanisms required for bacterial virulence. Chemical parameters can also
be explored as an avenue to obtaining passive diffusion of small inhibitory compounds
through bacterial membranes without disturbing host cell membranes (Silver 2003; Silver
20006). In the case of Gram-negative pathogens, the selective permeation barrier of the LPS-
containing outer membrane can be perturbed by specific polycationic permeabilizers such
as polymyxin B, cationic peptides and aminoglycosides (Nikaido 2003). Such
permeabilizers could be used synergistically with FtsZ inhibitors or the inhibitors could be
transformed or complexed to mimic the permeabilization effect of polycationic compounds.
Finally, filamentous phages can be used as specific and efficient targeted drug carriers and
FtsZ inhibitors could be linked to these by means of chemical conjugation through a labile
linker subject to controlled release in the bacterial cytoplasm (Yacoby, Shamis et al. 2006).
Some of the described FtsZ inhibitors efficiently cross the bacterial membranes and their
structures can be used as templates for further optimization. Finally, designing inhibitors
which interact with invariant sites of FtsZ should help to reduce the likelihoop of resistance
development (Miesel, Greene et al. 2003).

In contrast to FtsZ, few FtsA inhibitors have been discovered. The peptides active
against FtsA have to be pharmacologically optimized to enhance their inhibitory potential
and antimicrobial activity and new inhibitors will have to be identified via a rational design
to develop novel classes of antibacterial agents targeting FtsA. The design of specific
ATPase inhibitors is a promising approach. The structural diversity among the ATPase
enzymes can be exploited to develop selective, specific and potent inhibitors, based on the
structural properties of the nucleotide-binding site and complete active site, the
conformation of the bound nucleotide and the adenosine—protein interactions (Chene 2002).
As a proof of principle, FtsA presents a more complex nucleotide-binding site then most
common P-loop ATPases which contain the classical mononucleotide-binding motif.
Furthermore, FtsA binds the nucleotide in a different orientation in comparison to the vast
majority of ATPases. The ATPase inhibitors of FtsA must be able to cross the bacterial
membranes and to efficiently compete with the high ATP concentration present in the cell.
Since phosphate-containing molecules are characterized by lower bioavailability and poor
stability, the challenge will be to synthesize ATP mimics that lack phosphate groups. To

compensate for the loss in binding energy, phosphate-free molecules must bind more
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tightly to the adenosine-binding region by filling non-occupied hydrophobic pockets.
However, FtsA does not contain an empty cavity at the ATP-binding site and the design of
non-competitive inhibitors might be more advantageous. ATPase inhibitors must also be
highly selective, because of the similarity of the nucleotide-binding sites on FtsA, actin and
Hsp70 proteins. Exploration of structural and sequence diversity among these ATPase
would likely permit the design of selective and safe compounds (Chene 2002).

For a strong effect against bacterial growth and survival, a typical enzyme inhibitor
must be very strong, as the vast majority of the proteins can fulfill their biological function
at only 5% residual activity. However, FtsZ and FtsA escape this rule as 50 % inhibition of
either changes the effective FtsA:FtsZ ratio and efficiently blocks the essential bacterial cell
division process (Haney, Glasfeld et al. 2001). Indeed, it should be borne in mind that the
cell division protein-protein interaction network represents an excellent and unexploited

source of targets for antibacterial agents.
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Figure Legends

Figure 1. Schematic representation of the bacterial divisome showing all proteins known to
be recruited at the division site for cell division under normal conditions (some of the
proteins are present only in limited sets of bacterial species. See Table I). FtsZ and FtsA
first localize at mid cell and FtsZ polymerizes into a Z-ring tethered to the cytoplasmic side
of the inner membrane by FtsA, followed by FtsZ-dependent recruitment of proteins ZipA,
ZapA and YImF. The remaining cell division proteins are then directed to the divisome in a
hierarchical recruitment process dependent mostly on FtsA and FtsQ. FtsE and FtsX then
localize, followed by FtsK, followed by FtsQ, FtsB and FtsL, which localize as a trimeric
complex. Finally, FtsW localizes at the division site, followed by Ftsl, FtsN, AmiC and
EnvC.

Figure 2. Tridimensional structure of FtsZ from M. jannaschii resolved at 2.8 Angstrom; o.-
helices are red, B-sheets are yellow and loops are green. The active site of FtsZ contains the

GTP substrate and the magnesium cofactor. (Lowe and Amos 1998)

Figure 3. Tridimensional structure of FtsA from 7. maritima resolved at 1.9 Angstrom; o-
helices are red, B-sheets are yellow and loops are green. The active site of FtsA contains the

ATP substrate in grey and the magnesium cofactor in mauve. (van den Ent and Lowe 2000)
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Figure 1.
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Figure 2.
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Figure 3.
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Chapitre 2 - Parallel solid synthesis of inhibitors of the
essential cell division FtsZ enzyme as a new potential

class of antibacterials
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Résumé

Synthése d’inhibiteurs de I’enzyme FtsZ essentielle a la division cellulaire

bactérienne en tant que nouvelle classe potentielle d’agents antibactériens

La résistance aux antibiotiques représente 1’'une des problématiques les plus préoccupantes
en santé publique car la diminution de 1’efficacité¢ des traitements antibactériens met en
danger la vie des patients. Ainsi, le développement de nouvelles classes d’agents
antibactériens possédant des structures et des modes d’action inusités est une priorité afin
de protéger la santé humaine contre les pathogénes bactériens résistants aux antibiotiques
connus. L’enzyme FtsZ constitue une cible antibactérienne de premier choix afin de
développer des inhibiteurs efficaces contre la division cellulaire bactérienne. La protéine
FtsZ a tout d’abord été purifiée par chromatographie d’affinité, son activité GTPase a été
confirmée puis son affinité et sa spécificité pour le GTP ont été démontrées. Une banque
d’analogues de GTP a ensuite été créée par une ingénieuse stratégie de synthése organique
en paralléle sur support solide. Un essai spectrophotométrique a été développé afin de
cribler efficacement le potentiel inhibiteur des molécules synthétisées sur I’activité GTPase
de FtsZ. Les petites molécules organiques synthétisées inhibent I’activité GTPase de FtsZ
avec des valeurs de Clsy entre 450 uM et 2,6 mM. De plus, 5 composés inhibent la
croissance de S. aureus et possedent une activité antibactérienne prometteuse. Ainsi, cette
¢tude présente la premicre étape du développement d’une nouvelle classe d’agents

antibactériens ciblant une protéine essentielle a la division cellulaire bactérienne.
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pour en augmenter la fluidité et la valeur scientifique.
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Graphical abstract

GTP analogues were synthesized with a guanine-like moiety linked to an Ala side chain
using combinatorial chemistry as FtsZ GTPase inhibitors. Lead compound 14 showed
prominent inhibitory and antibacterial activities.
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Abstract

As a model system for designing new inhibitors of bacterial cell division, we studied the
essential and highly conserved FtsZ GTPase from Pseudomonas aeruginosa. A collection
of GTP analogues were prepared using the solid-phase parallel synthesis approach. The
synthesized GTP analogues inhibited the GTPase activity of FtsZ with ICsy values between
450 uM and 2.6 mM, and 5 compounds inhibited Staphylococcus aureus growth in a
biological assay. The FtsZ spectrophotometric assay developed for screening of synthesized
compounds is the first step in identification of antibacterials targeting the bacterial cell

division essential proteins.

1. Introduction

The widespread misuse of antibiotics has applied an immense pressure selecting for
bacteria resistant to all classes of antibiotics. The critical human health outcome of
antibiotic resistance among bacterial pathogens worldwide necessitates the development of
structurally new antibacterials against targets essential for growth, whose inhibition should
give a lethal phenotype.! The bacterial cell division process encodes essential proteins
forming the divisome representing some of the best antibacterial targets. These proteins are
extremely sensitive to inhibition since the cell division depends on recruitment of specific
proteins in an essential cascade for forming the divisome.”® Among those proteins, we
selected FtsZ as a specific target because this is the most important and conserved protein
of the cell division machinery.* FtsZ is at the top of hierarchic recruitment in the divisome
and its polymerization into the Z-ring allows the physical separation of daughter cells.” The
polymerization of FtsZ depends upon GTP hydrolysis and this essential enzymatic activity
can be exploited to screen inhibitory molecules.” The FtsZ strategy proposed here is
supported by the absence of bacterial resistance against FtsZ inhibitors MinC and SulA
which constitute active regulators of cell division.”* We focused efforts on the FtsZ protein
of Pseudomonas aeruginosa, one of the major opportunistic pathogens causing severe

. . . 9.10 . . . .
nosocomial infections.”” We used FtsZ from P. aeruginosa because this bacterium is
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extensively studied as a model system resistant to most antibiotics. FtsZ is highly
conserved amongst bacteria and we also tested compounds for growth inhibition of
Staphylococcus aureus because of the differences in permeability between both species and
because of the MRSA problem.

To develop drugs with novel structures, we decided to synthesize a manageable
number of molecules by combinatorial chemistry. This technology allows the quick
generation of large numbers of structurally related compounds.'' Combinatorial chemistry
was first developed to synthesize peptides but we adapted recent advances to small organic
compound synthesis.'> This approach can be achieved either in solution or in solid-phase.
We opted for the time-saving solid support strategy permitting to obtain higher yields
where automated reactions can be accelerated by using excess reagents, simplified washing
and purification steps.'> We thus used the solid-phase chemistry method to synthesize GTP
analogues and parallel synthesis was adopted to branch out rapidly the core structure to
obtain sufficient amounts of unique small organic compounds in the library.

This work identifies a new potential class of antibacterial agents targeting the
essential FtsZ cell division GTPase. We describe the synthesis of highly diversified GTP
analogues having chosen unique structures as potential FtsZ inhibitors. The GTP binding
and hydrolytic activities of the purified P. aeruginosa FtsZ protein were characterized. The
inhibitory activity of each synthesized GTP analogue was then evaluated individually in
vitro against the FtsZ GTPase activity and in vivo on whole bacterial cells. As part of our
continued interest in the development of novel antimicrobials using essential targets, we
present here the development of a simple, cost-effective, and rapid assay for screening FtsZ

GTPase inhibitors.

2. Results

2.1 Purification of the P. aeruginosa FtsZ protein. The FtsZ protein was efficiently
expressed in soluble form in the cytoplasmic fraction of Escherichia coli BL21 (ADE3)
cells as depicted in Figure 1, lane 1. The nickel affinity chromatography permitted the
purification of FtsZ with a yield of 20 mg/L. The purified FtsZ protein was visualized as a
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single 42 kDa band on SDS-PAGE (Fig. 1, lane 2). N-terminal sequencing of the first 15
amino acid residues confirmed the identity of the purified protein as P. aeruginosa FtsZ

(100% identity with the published sequence).

2.2 Characterization of the GTP binding and GTPase hydrolysis activity of purified
FtsZ. An UV cross-link binding assay was performed to characterize the substrate
specificity of FtsZ. The autoradiography showed that FtsZ binds preferentially GTP
amongst the four radioactive nucleotides tested as substrates (Fig. 2A). The negative
control included in the GTPase assay described in Section 4.3 gave no GTP hydrolysis
(Fig. 2B). This assay showed that the purified FtsZ was biologically active when using 12
uM FtsZ which hydrolyzed 85% of the P**-labeled GTP substrate into GDP after 1 h at 37
°C (Fig. 2B).

2.3 Strategy, design and synthesis of GTP analogues in the library. A combination of
solid-phase combinatorial chemistry and parallel synthesis was used to synthesize highly
diversified GTP analogues. The general strategy was optimized from published procedures
to allow a Sx2 nucleophilic attack of 2-amino-6-chloropurine on the B-lactone 2."*'* The p-
lactone opening was done by a nucleophilic attack on the sp> carbon at the B position of the
cycle and not on the sp® carbon. The hydroxyl function of the serine was thus substituted by
the 2-amino-6-chloropurine by a nucleophilic attack of the N° atom of the purine. The
central nucleus of molecules was a guanine moiety linked to an Ala called GAL core
structure (Figure 3 and Figure 4). To obtain the desired library, an N-tert-butoxycarbonyl
(Boc)-protected guanine modified amino acid (product 4 in Fig. 3) was required. The N-
(Boc)-(2-amino-6-chloropuryl)-L-Ala (4) was synthesized by the formation of a -lactone
and its opening by 2-amino-6-chloropurine (3). The most critical step was the formation of
the Ser B-lactone (product 2 in Fig. 3) from the (Boc)-L-Ser. This step was achieved by the
Mitsunobu reaction with variable and modest yields between 25% and 40%. Different
methods were attempted to improve yield of this critical step. The method described by
Sliedregta gave similar yields but involved a trityl protecting group.”’ The use of
dimethylazodicarboxylate or diisopropylazodicarboxylate instead of

diethylazodicarboxylate (DEAD) gave lower yields and the method based upon the mixed
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anhydrides was not successful (data not shown).'® We thus optimized the Mitsunobu
reaction and the yield was raised to 87.7% of a 99% pure product when working on a small
scale. Analysis of the purified Ser p-lactone product by NMR spectroscopy confirmed the
structure (see Section 4). We observed that the purification process must be done as rapidly
as possible to avoid a re-opening of the B-lactone cycle. The guanine group was then added
on the side chain of Ser B-lactone by a nucleophilic displacement reaction using 2-amino-6-
chloropurine giving 4 (see Section 4).

The core structure 4 was utilized for parallel synthesis and the oxime resin was
chosen as solid support. This resin displayed an oxime function linked on a polystyrene
bead permitting the cleavage with different nucleophiles to obtain more functional
diversity. The initial amino acid was linked on the resin by the formation of an ester bond
between the carboxylic acid of the amino acid and the oxime resin. This bond was
sufficiently stable under anhydrous acidic conditions to use a BOC protection strategy and
to permit the N-terminal modification of the core structure. After transformations, the C-
terminal was modified by cleavage of the bound ester with nucleophiles using relatively
mild conditions. The target compounds illustrated in Figure 4 were synthesized via
modification of both N- and C-terminals of the core structure. Six different chemical R'
groups were used to modify the functionality of the N-terminal and three different R*
nucleophiles were used to adapt the C-terminal (Fig. 4). We thus synthesized nine different
low molecular weight molecules.

LC/MS and '"H NMR analyses confirmed the expected structure of each compound
(see Section 4). In mass spectrometry, molecular ion (M+H)" peak was observed for 12 and
14, whereas the M" peak was observed for other compounds. All observed m/z data
corresponded to the exact calculated mass of the compounds. The mass spectrometry
results also confirmed that chloropurine was not hydrolyzed to a guanine function during
acid treatment required for BOC deprotection. All spectroscopic data confirmed the

chemical structures of compounds described in Figure 4.

2.4 Development of a screening assay for FtsZ inhibitors. We developed a rapid and
reliable screening assay to evaluate the GTPase FtsZ inhibitory potential of synthesized

molecules. A spectrophotometric coupled enzymatic assay was used which allowed
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quantitative analysis of the FtsZ GTPase activity with high sensibility and rapidity. We
decided to determine initial velocities for all GAL compounds and results for compounds
10, 14, and 15 are presented in Table 1. Quantitative analysis of the FtsZ GTPase
enzymatic reaction was done by monitoring the oxidation of NADH as a decrease in

absorbance at 340 nm described in Section 4.5 and in Figure 5.

2.5 Evaluation of GTP analogues as inhibitors of the GTPase activity of FtsZ.
Synthesized compounds were analyzed for their capability to inhibit GTPase activity of
FtsZ in vitro. The FtsZ conversion of GTP into GDP was used to assess the inhibitory
properties of the synthesized compounds. All the GTP analogues inhibited the GTPase
activity of FtsZ with significant ICs, values between 450 uM and 2.6 mM as given in Table
2. Each compound showed a linear response between an increase in concentration and a
decrease of the GTPase activity. This correlation is well represented by compound 14 in
Figure 6. The inhibition curves of all nine inhibitors displayed a sigmoidal dose-response
trend having variable slopes as shown in Figure 6. GTP analogues included in control
reactions did not affect the PK and LDH enzyme reaction rate (see Section 4.6 and in Fig.
5) used to measure the release of GDP by FtsZ. The nine GTP analogues thus specifically
inhibited FtsZ.

2.6 Testing of synthesized compounds in a biological assay. The antibacterial activity of
GTP analogues was evaluated with E. coli and S. aureus cells. Kanamycin used as a control
showed an inhibition of growth with a diameter of 30 mm at 20 g/L for both species (Fig.
7). None of the GAL compounds inhibited E. coli growth. Among the nine synthesized
compounds, 5 inhibited S. aureus growth (Fig. 7 and Table 2). Compounds 14 and 15
showed the most promising antibacterial activity with inhibition of growth having a
diameter of 28 and 15 mm, respectively, at 20 g/L. Compounds 10, 13, and 17 presented a
moderate antibacterial activity at 20 g/ L (Fig. 7 and Table 2).
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3. Discussion

In the last few years, there has been growing interest in identifying new antibacterial targets
using essential proteins implicated in cell growth and division.'” Until recently, bacterial
cell division proteins such as FtsZ had not been used as targets and no pharmacologically
active inhibitors of division proteins identified. We targeted the most conserved and
essential cell division protein FtsZ which polymerizes as a ring to allow septation of
daughter cells via an essential GTPase activity.*® The GTPase activity of FtsZ was
confirmed.” It has previously been shown that FtsZ binds GTP.'® Here, we demonstrated
the strong binding affinity and specificity of FtsZ for the GTP substrate.

Since FtsZ specifically binds and hydrolyzes GTP via an essential activity, we

developed active inhibitors mimicking the natural GTP substrate.’"

To optimize the
specificity of inhibitors for FtsZ and restrict their interference in eukaryotic cells, we have
synthesized a core structure composed of a guanine-like moiety linked to an Ala side chain.
We argued that the guanyl group will form a bond in the FtsZ active site. Synthesized
compounds will thus either compete with the natural substrate as competitive inhibitors or
block the GTP binding to FtsZ by restricting access to the active site and act as irreversible
inhibitors.

The core structure was quite tedious to obtain on a large scale. We optimized the
method described by Pansare and we used the more reactive 2-amino-6-chloropurine
instead of a guanine surpassing the yield of other methods.”***'>'® Concerning the
preparation of the B-lactone, the optimized Mitsunobu reaction allowed the synthesis of 2 in
good yields only when working on a small scale; whereas it was previously reported as
72% in yield when starting from 5 g of (Boc)-L-Ser.'*'* Several attempts for preparing the
B-lactone and using 5 g of (Boc)-L-Ser as described previously gave poor yields which
could be due to variations in the quality of (Boc)-L-Ser preparations used.

The diversity of compounds in our focus library was created by substituting the core
structure at the N- and C-terminal positions. The oxime resin was used as the most
convenient solid support for our parallel synthesis strategy in comparison to other support

12,23,24

such as the Merrifield resin. This strategy is most efficient in Boc, permits gentle

cleavage with nucleophiles, and eventually permits incorporation of a C-terminal amino
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group in a single step. A vast majority of the chemical groups in R' used to modify the N-
terminal functionality were aromatics as many known antibiotics possess an aromatic
group. We also minimized the bulk of the R* group so as to presumably facilitate the
binding in the FtsZ GTP active site.

Various methods have already been used to evaluate the biological activity of FtsZ.
The FtsZ GTPase activity was quantified via hydrolysis of radioactive GTP substrate.**
The FtsZ activity was also quantified by measuring the release of inorganic phosphate or by

2628 These methods required high amounts of FtsZ except

assessing protein polymerization.
for radioactive assays. The spectrophotometric assay permitted to follow in real time the
GTPase reaction in comparison to other assays where only end-point data are obtained. Our
assay is also less time-consuming, cost-effective, highly reproducible, and could be well
adapted to a HTS screening in microtiter plates.

The GAL core structure of analogues was efficient in mimicking GTP and
impairing the FtsZ activity. First, we determined their initial velocity (Table 1) and used
these data to calculate ICsy values which were in the uM range (Table 2). The most active
compounds were 10, 14, and 15. The three best FtsZ inhibitors showed an antibacterial
activity against S. aureus. Compound 14 is the most promising structure giving the best
antibacterial activity and an ICsy value of 600 uM. As shown in Figure 4, the sole
difference between compounds 14 and 15 is the presence of a double bond at the C-
terminus of 14. We will focus efforts to pursue characterization of 14 and its chemical
structure will constitute the basic core structure for synthesis of more potent FtsZ

inhibitors.**!

FtsZ shares a highly conserved central core structure with tubulin.***?

However,
FtsZ has a N-terminal extension absent in tubulin, while tubulin subunits display two long
C-terminal a-helices absent in FtsZ.** Several tubulin inhibitors are presently used in cancer
treatment, but are not very effective against FtsZ.>>°

To date, few FtsZ inhibitors have been identified.? 374

The Zantrin compounds
perturb the FtsZ ring assembly causing lethality to a variety of bacteria in broth cultures,
indicating that FtsZ antagonists may serve as chemical leads for the development of new
broad-spectrum antibacterial agents.” The antibacterial activity of GAL compounds may

be similar to Zantrins and could be attributable to inhibition of the Z-ring polymerization
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dependent on the FtsZ GTPase activity.” The viriditoxin product from Aspergillus sp.
MF6890 blocked FtsZ polymerization with an ICsy of 8.2 pg/mL and inhibited GTPase
activity with an ICso of 7.0 pg/mL.*" The antibacterial action of viriditoxin via inhibition of
FtsZ was confirmed by the observation of its effects on cell morphology, macromolecular
synthesis, DNA-damage response, and increased minimum inhibitory concentration as a
result of an increase in FtsZ expression. Viriditoxin exhibited broad-spectrum antibacterial
activity against clinically relevant Gram-positive pathogens, including methicillin-resistant
S. aureus and vancomycin-resistant enterococci, without affecting the viability of
eukaryotic cells.*’ The sole GTP analogue identified as an FtsZ inhibitor did not have
antibacterial activity.”* The 8-bromoguanosine 5'-triphosphate acts as a competitive
inhibitor of both FtsZ polymerization and GTPase activity with a K; of 31.8 puM. The
observation that this GTP analogue did not inhibit tubulin assembly suggested a structural
difference of the GTP-binding pockets of FtsZ and tubulin.** Structures of the published
FtsZ inhibitors could be exploited to enhance the inhibitory potential of compound 14.%*
To our knowledge, this is the first report describing GTP analogues having
promising inhibitory properties of the GTPase activity of FtsZ and validated antimicrobial
properties against whole bacterial cells. The synthesis of derivatives of these compounds is
a promising avenue in investigating the structure—activity relationships for the design of
efficient and specific inhibitors of bacterial cell division and we are currently working

along these lines.

4. Experimental

4.1 Reagents, solvents and bacterial strains. Amino acids were purchased from
Advanced ChemTech (Louisville, Kentucky, USA) and all other reagents were purchased
from Sigma—Aldrich (Oakville, Ontario, Canada) unless otherwise indicated. The reagents
and solvents were treated as follows: dichloromethane (DCM) was distilled;
dimethylformamide (DMF) was degassed using nitrogen; water was deionized and filtered
using a 0.45 pm membrane; tetrahydrofuran (THF) was distilled over Na and

benzophenone; n-propylamine was distilled over KOH. Other reagents and solvents were
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used directly; methanol ACS grade (EM Science, VWR International, Mont-Royal,
Québec, Canada); acetonitrile spectroscopic quality (Laboratoire MAT, Beauport, Québec,
Canada); diethyl ether ACS grade (BDH, VWR International); chloroform spectroscopic
quality. The recombinant plasmid containing the fisZ gene was propagated in E. coli
NovaBlue, endAl hsdR17 rxiy mgi> supE44 thi-1 recAl gyrA96 relAl lac [F' proA+B+
lacl’ ZA M15::Tnl0] prior to protein synthesis in E. coli BL21, F ompT hsdSg rg mg" gal
dem (ADE3) (Novagen, Madison, WI, USA).

4.2 Purification of biologically active FtsZ enzyme. Polymerase chain reaction (PCR)
amplification was used to obtain DNA fragments encoding P. aeruginosa PAO] ftsZ gene.
The construction fused a His-tag at the C-terminus of the FtsZ protein. The fisZ PCR
product was cloned into the expression vector pET24b (Novagen) as described
previously.”” The recombinant plasmid pMON2020 containing the fisZ gene was

maintained in E. coli NovaBlue prior to protein expression in E. coli BL21.%

Expression of
the recombinant FtsZ protein was performed by adding 1 mM IPTG at an OD 600 nm of
0.8 during the exponential phase of growth. The E. coli BL21 culture was then incubated
for 4 h at 37 °C under agitation. Cells were centrifuged and the bacterial pellet was treated
with lysozyme and sonicated.” FtsZ was purified to homogeneity by affinity
chromatography using a His-bind nickel resin (Novagen) with 150 mM imidazole during
elution. Purified FtsZ was dialyzed in buffer (20 mM Tris—HCI, pH 7.6, 10 mM NacCl, and
1 mM EDTA) and conserved in 50% (v/v) glycerol at —80 °C.*® Purified FtsZ was
visualized on SDS—-PAGE and the protein concentration was determined using the Bradford
method (Bio-Rad, Mississauga, Ontario, Canada). N-terminal sequencing was done by the

Edman degradation technique at the Biotechnology Research Institute (National Research

of Council Canada, Montreal, Québec, Canada).45

4.3 Biochemical characterization of FtsZ. An UV cross-link specific nucleotide-binding
assay was performed with purified FtsZ and with the radioactive nucleotides ATP, GTP,
CTP, and TTP.* Briefly, 3 pg of purified FtsZ was mixed with each of the four P**-labeled
nucleotides (Perkin-Elmer, Woodbridge, Ontario, Canada). The samples were incubated for

30 min at 0 °C and irradiated for 10 min at 254 nm in a microtiter plate on top of a chilled
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lead brick in iced water. The samples were purified prior to analysis by SDS-PAGE and
visualized by autoradiography. The GTPase activity of purified FtsZ was confirmed using a
thin-layer chromatography (TLC) assay with P’*-labeled GTP as substrate. The FtsZ
GTPase assay was performed using 12 uM FtsZ in reaction buffer Z (50 mM Bis-Tris
propane, pH 7.4, 10 mM MgCl, and 2.5 mM DTT) and 1 pL of GTP* 10 pCi/uL (Perkin-
Elmer) in a final volume of 20 pL.* The mixture was incubated for 1 h at 37 °C and 2 uL
was deposited on a TLC along with a negative control (without enzyme). Hydrolysis of the
radioactive substrate was measured by autoradiography using a Phosphorimager (Fuji,

Stanford, California, USA).

4.4 Synthesis of the GTP analogue library using combinatorial chemistry.

4.4.1 Synthesis of the B-lactone 2 from (BOC)-L-Ser. The general strategy was from
Pansare et al.”' The method was optimized on a small scale and the reaction was repeated to
accumulate the desired amount of (Boc)-L-Ser B-lactone 2. In a typical experiment (1 g,
4.87 mmol) (Boc)-L-Ser (1 g, 4.87 mmol) was dissolved in 5 mL of anhydrous THF and the
solution was introduced in an addition funnel on a 100 mL 3-necked flask.
Triphenylphosphine (1.28 g, 4.87 mmol) was added to the reaction mix and the assembly
was kept under inert atmosphere. Twenty-five microliters of anhydrous THF was added to
dissolve triphenylphosphine and the solution was cooled down to —78 °C using a dry ice-
acetone bath. When the temperature was stable, DEAD (0.77 mL, 4.87 mmol) was added
dropwise over a period of 10 min at constant temperature. The (Boc)-L-Ser solution was
then added dropwise over a period of 15 min. After an agitation period of 20 min at —78 °C,
the temperature was slowly raised to room temperature. The mixture was stirred for 2.5 h
and the solvent was evaporated to precipitate the triphenylphosphine oxide. A column
chromatography was performed to purify the (Boc)-L-Ser-f-lactone product using silica gel

as adsorbent and a hexane/AcOEt 65:35 at elution.

4.4.2 Ser B-lactone (2). HPLC: R, = 10.9 min. 'H NMR (300 MHz, DMSO-d) 6: 1.41 (s,
OH, ¢-butyl), 4.29 and 4.41 (7 lines, 2H, Jap = 4.5 Hz, CH,), 5.14 (m, 1H, CH,), 7.81 (d,
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1H, NH, 8.0 Hz). °C NMR (75 MHz, DMSO-d¢) 8: 28.1 (CH; £-butyl), 58.8 (CHa), 65.8
(CHy), 79.3 (C t-butyl), 154.7 (C—0O t-butyl), 170.6 (C—=0). Yield: 87.7%; purity >99%.

4.4.3 Opening of the B-lactone 2 and formation of N-(BOC)-(2-amino-6-chloropuryl)-
L-Ala (4). (Boc)-L-Ser-B-lactone (1.4 g, 7.5 mmol) and 2-amino-6-chloropurine (1.9 g,
11.2 mmol, 1.5 equiv) were dissolved in 20 mL of anhydrous DMF. Cesium carbonate
(3.66 g, 11.2 mmol) was added and the solution was heated to reflux during 3 h. The
solution was cooled and water was added to stop the reaction. The pH was adjusted to 5
and 6 extractions were done using 20 mL of ethyl acetate with moderate agitation. The
organic phase was dried with anhydrous MgSQO,, filtered, evaporated, and kept under

vacuum.

4.4.4 N-(BOC)-(2-amino-6-chloropuryl)-L-Ala (4). HPLC: R; = 10.66 min. MS (MALDI-
TOF): m/z 357.1 = (M+H)". "H NMR (300 MHz, DMSO-d;) &: 1.30 (s, 9H, t-butyl), 4.24
(m, 1H, CH,), 4.44 (m, 2H, CH>), 6.97 (s, 2H, NH,), 7.31, (d, 1H, J = 8 Hz NH), 7.95, (s,
1H, CH=N), 13.01 (m, 1H, COOH) *C NMR (75 MHz, DMSO-ds) &: 28.02 (CH; ¢-
butyl), 43.49 (CH,), 52.44 (CH,), 78.59 (C t-butyl), 123.29 (C1-C=N), 143.44 (CH=N),
149.32 (NH,—~C—N), 154.16 (C—C), 155.26 (C—C), 159.83 (C—O t-butyl), 171.24
(COOH).Yield: 63.7%; purity >96%.

4.4.5 Preparation of the oxime resin. To obtain the desired oxime resin, polystyrene
beads reticulated with divinylbenzene were treated with p-nitrobenzoyl chloride following
the Friedel-Crafts conditions.”* Once the acylation of the polystyrene was completed,
hydroxylamine gave a reaction with the ketone to yield the oxime groups. After several
washes, the oxime resin was composed of 1% divinylbenzene crosslinked polystyrene with

randomly grafted p-nitrobenzoyloxime groups.

4.4.6 Coupling of the GAL core molecule 4 on oxime resin. Oxime resin (5 g) with a
loading of 0.5 mmol/g was introduced into a solid-phase synthesis vessel with a sintered
glass extremity and a Teflon cap. The resin was swollen with 100 mL DCM and washed

twice with 100 mL of this solvent. N-(Boc)-(2-amino-6-chloropuryl)-L-Ala 4 (3.66 g, 11.2
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mmol) was dissolved in 80 mL of a DCM/DMF 1:1 mixture and the solution was cooled to
0 °C. 1.26 mL of diisopropylcarbodiimide (DIC) (10.0 mmol; 4.0 equiv) was added and the
suspension was shaken for 30 min. The resulting suspension was poured into the reaction
vessel containing the oxime resin. The resulting mixture was shaken during 24 h, and its
content was filtered by suction. The resin coupled with N-(Boc)-(2-amino-6-chloropuryl)-L-
Ala was washed 3 times with 100 mL of DMF and 3 times with 100 mL of methanol.

Washing steps were repeated and the resin was dried under vacuum.

4.4.7 Acetylation of non-substituted sites on the oxime resin. The non-substituted sites
were blocked by acetylation as described in the literature.*® Briefly, the resin was washed
with DMF and an acetic anhydride/DMF 1:1 mixture was added to the vessel followed by
DIEA. After 2 h of shaking, the content was filtered and the resin was washed with DMF,
with methanol and then dried under vacuum. In this specific case, the concentration of resin
to be loaded cannot be determined by the Kaser’s quantitative colorimetric ninhydrin test
because of the guanine moiety.*” We pursued the synthesis assuming a substitution level of

0.4 mmol/g of dried resin.

4.4.8 Deprotection of the n-BOC group of GAL core molecule. Resin 5 was swollen
with 100 mL DCM and washed twice with 100 mL of this solvent. Eighty microliters of a
2,2 2-trifluoroacetic/DCM 1:1 mixture was added and the mixture was shaken
mechanically for 30 min. The vessel content was filtered by suction, washed with DMF and

with methanol as mentioned above, and dried under vacuum.

4.4.9 Modification of the N-terminal of GAL core molecule (R1). The resin (500 mg,
0.20 mmol) was swollen with 10 mL DMF and washed twice with this solvent. An excess
of 1 mmol (5 equiv) of the desired R' group was added to the resin solution with 5 mL
DCM and shaken for 2 h. The R' group was obtained from carboxylic acids, acid chlorides,
isocyanates or sulfonyl chlorides. In the case of the carboxylic acids, it was activated with
DIC and hydroxybenzotriazole (HOBt). To do so, 1 mmol (5 equiv) of the carboxylic acid
was dissolved in 8 mL of a DCM/DMF 1:1 mixture and the solution was cooled to 0 °C.

One hundred and fifty-seven microliters of DIC (1 mmol; 5 equiv) was added and the
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solution was shaken for 5 min. One hundred and thirty-five micrograms of HOBt-H,O (1
mmol and 5 equiv) was added and the whole mixture was shaken for 30 min. The
suspension was introduced into the vessel, 52 uL. DIEA (0.3 mmol; 1.5 equiv) was added,
and the content was shaken for 2 h. For each R' group, the ampoule content was filtered by
suction, washed with DMF and methanol as described previously, and dried under vacuum.
For N-terminal modifications with acid chlorides, isocyanates or sulfonyl chlorides, the
deprotected resin was swollen and washed with DMF. The acid solution of the desired
reagent (5 equiv) in DCM was added to the resin, followed by addition of 52 pL DIEA.
After 2 h of shaking, the reaction mixtures were filtered, washed with a cycle of DMF and
methanol, and then dried under vacuum to yield the appropriate N-modified compounds

linked to the resin.

4.4.10 Cleavage and modification of the C-terminal (R2). The cleavages were performed
using three nucleophiles: sodium hydroxide, n-propylamine or allylamine.”® The sodium
hydroxide cleavage was done by first swelling the resin with 20 mL. THF and washing it
twice with 20 mL of this solvent. Thirty microliters of a THF solution containing 10% of
0.1 N NaOH was introduced into the reaction vessel and the resulting mixture shaken for 4
h. The vessel content was filtered by suction and washed 3 times with 30 mL DCM and 30
mL of methanol. This step was repeated and the solvents and washings were combined and
evaporated under vacuum. The dried crude product was dissolved in glacial acetic acid and
lyophilized. The n-propylamine cleavage was done by treating the swollen resin in DCM
with 20 pL (1 equiv) of n-propylamine and 30 mL DCM. The resulting mixture was shaken
for 1 h.” The vessel content was then recovered and the resin treated as described for the
sodium hydroxide cleavage. The allylamine cleavages were performed as with n-

propylamine.

4.4.11 Synthesis of the specific compounds in library. Each molecule under investigation

was synthesized in a parallel fashion using the general method described previously.

4.4.12. N-Phenylacetyl-(2-amino-6-chloropuryl)-1-Ala (9) HPLC: R; = 9.5 min. MS (API-
ES): m/z 373.2=M". '"H NMR (300 MHz, DMSO-d): 3.65 (s, 2H, CH,), 4.37 (m, 1H,
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CH,), 4.63 (d, 1H, J=4.0 Hz, CH, ala), 4.71 (d, 1H, J=4.2 Hz, CH, ala), 7.06-7.31 (m,
S5H, Harom), 8.51 (s, 1H, N—-CH—=N). Yield: 61%; purity >95%.

4.4.13. N-Phenylcarbamoyl-(2-amino-6-chloropuryl)-1-Ala (10) HPLC: R;= 5.4 min.
MS (API-ES): m/z 374 =M". '"H NMR (300 MHz, DMSO-dj): 4.24 (m, 1H, CH,), 4.51 (m,
2H, CH, ala), 6.61 (d, 1H, J=5.25 Hz, NH,), 6.72 (s, 1H, NH-C¢Hs), 7.16-7.49 (m, 5H,
Harom), 8.08 (s, IH, N-CH—N).Yield: 84%; purity >95%.

4.4.14. N-Benzenesulfonyl-(2-amino-6-chloropuryl)-1-Ala (11) HPLC: R; = 10.3 min. MS
(API-ES): m/z 395=M". '"H NMR (300 MHz, DMSO-d;): 4.33 (m, 1H, CH,), 4.52 (m, H,
CH»), 6.86 (d, 1H, J=10.6 Hz, NH), 7.24-7.98 (m, 5H, Harom), 8.08 (s, IH, N-CH—N).
Yield 43%; purity >96%.

4.4.15. Allyl amide of N-(R)-(+)-a-methylbenzylcarbamoyl-(2-amino-6-chloropuryl)-1-
Ala (12) HPLC: R, =13.7 min. MS (API-ES): m/z 443 = (M+H)". '"H NMR (300 MHz,
DMSO-dg): 1.31 (m, 2H, CH,=CH-CH,), 1.24 (d, 3H, J = 7.3 Hz, CH-CHs), 3.64 (m, 1H,
CH-CHj3), 5.05 (m, 1H, CH,), 5.28 (m, 2H, CH, ala), 5.82 (m, 2H, CH,=CH-CH,), 5.94
(m, 1H, CH,—=CH-CH), 7.30 (m, SH, Harom), 7.95 (s, I1H, N-CH=N). Yield 23%; purity
>96%.

4.4.16. n-Propyl amide of N-(R)-(+)-a-methylbenzylcarbamoyl-(2-amino-6-
chloropuryl)-1-Ala (13) HPLC: R;=15.1 min. MS (API-ES): m/z 443=M". '"H NMR
(300 MHz, DMSO-dg): 0.92 (t, 3H, J="7.7 Hz, CH>—~CH>—CH;), 1.39 (m, 2H, CH3—CH»—
CH,), 2.05 (d, 3H, J=7.5 Hz, CH>—CH), 2.75 (m, 2H, CH3;—CH,—CH>), 2.98 (q, 1H,
J=6.1 Hz, CH5—CH), 3.65 (m, 2H, CH, ala), 3.80 (m, 1H, CH,), 7.34 (m, 5H, Harom)-
Yield: 24%; purity >96%.

4.4.17. Allyl amide of N-methanesulfonyl-(2-amino-6-chloropuryl)-1-Ala (14) HPLC:
R;=4.7 min. MS (API-ES): m/z 374 = (M+H)". '"H NMR (300 MHz, DMSO-dq): 128 (m,
2H, CH,—~CH=CH>), 2.31 (s, 3H, CH3), 3.70 (m, 2H, CH, ala), 5.02 (m, 1H, CH,,), 5.41 (d,
2H, CH,—CH), 5.89 (m, 1H, CH,—CH), 7.93 (s, 1H, N-CH=H). Yield: 34%; purity
>96%.
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4.4.18. n-Propyl amide of N-methanesulfonyl-(2-amino-6-chloropuryl)-1-Ala (15)
HPLC: R, = 13.7 min. MS (API-ES): m/z 374 =M". '"H NMR (300 MHz, DMSO-dj): 0.89
(t, 3H, J="7.5 Hz, CH;—CH,—CH;), 1.40 (m, 2H, CH3—CH,—CH>), 1.58 (m, 2H, CH3—CH>-
CH,), 2.32 (s, 3H, CH3-S0O,), 3.00 (m, 2H, CH-CH>), 3.84 (m, 1H, CH,), 6.93 (m, 1H,
NH,), 7.87 (s, 1H, N-CH—=N). Yield: 38%; purity >95%.

4.4.19. Allyl amide of N-p-toluenesulfonyl-(2-amino-6-chloropuryl)-1-Ala (16) HPLC:
R;=13.7 min. MS (API-ES): m/z 448 =M". '"H NMR (300 MHz, DMSO-dj): 1.28 (m, 2H,
CH,—CH-CH,), 2.30 (s, 3H, CH3—-C¢H,), 3.47 (d, 2H, J=5.9 Hz, CH, ala), 5.03 (m, 1H,
CH,), 5.34 (d, 2H, J=113Hz, CH,—CH), 5.87 (m, 1H, CH,—CH), 7.12 (d, 2H,
J=17.9 Hz, Harom H2, He), 7.48 (d, 2H, J = 8.0 Hz, Hyrom H3, Hs), 7.99 (s, |H, N-CH=N).
Yield: 23%; purity, 95%.

4.4.20. n-Propyl amide of N-p-toluenesulfonyl-(2-amino-6-chloropuryl)-l-Ala (17)
HPLC: R, = 14.0 min. MS (API-ES): m/z 450 =M". '"H NMR (300 MHz, DMSO-dj): 0.92
(t, 3H, J= 7.5 Hz, CHs>—CH»—CHa), 1.54 (m, 2H, CH3—CH>—CH>), 2.30 (s, 3H, CHs—C¢Hy),
2.75 (t, 2H, J=17.5 Hz, CH3—CH,-CH,), 3.00 (m, 2H, CH, ala), 7.12 (d, 2H, J=7.8 Hz,
Harom Ha, He), 7.48 (d, 2H, J = 7.9 Hz, Harom H3, Hs), 7.68 (m, 3H, N-CH —N + NH)(2-amino-
6-chloropuryl))- Y1eld: 25%; purity, >96%.

4.4.21 Analysis of synthesized molecules by mass spectrometry and NMR. Analysis of
aliquots was first performed on a LC/MS system (Agilent Technologies, model HP 1100
LC-MSD) with an atmospheric pressure electrospray ionization (API-ES) and a quadrupole
mass spectrometer detector (MSD).*® Briefly, the separation was done using a C5 reversed-
phase column 0.46 % 25 cm (Phenomenex, Torrance, CA, USA) at room temperature. The
flow rate was 0.5 mL/min and the injection volume was 10 pL. A linear gradient from a
10:90 to 100:0 ACN—water (with 0.1% of TFA) was used over 45 min. Mass spectrometry
detection was performed with the ESI set at Vcap=4500 V, nebulizing gas
pressure = 35 psi, drying gas flow rate = 13 L/min, drying gas temperature = 350 °C with
the quadrupole scanning from 50 to 500 m/z every 1.03 s with a step size of 0.15 amu. The
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'H NMR experiments were done on a Bruker AC-F-300 MHz spectrometer using standard
software. All measurements were made at 25 °C on a 5 mg sample dissolved in 0.6 mL
DMSO-ds. The residual proton resonance of DMSO was used as an internal reference at

2.5 ppm for '"H NMR spectra.

4.5 Screening assay for FtsZ inhibitors. A spectrophotometric coupled enzymatic assay
was developed to measure the FtsZ activity. The GTPase enzymatic reaction was quantified
by monitoring the oxidation of NADH as a decrease in absorbance at 340 nm. FtsZ
hydrolyzed GTP into GDP and inorganic phosphate. The GDP product is used as substrate
with phosphoenol pyruvate (PEP) by the pyruvate kinase (PK) enzyme to give GTP and
pyruvic acid as products. The pyruvic acid is then used as substrate with NADH + H™ by
the D(—)lactate dehydrogenase (LDH) enzyme giving lactate and NAD". The NADH + H"
molecule could be detected at 340 nm but the final NAD" product gave no absorbance. The
decrease in NADH + H" absorbance at 340 nm follows proportionally the FtsZ GTPase
enzymatic activity (Fig. 5). This coupled enzymatic assay was optimized for specificity and
for several parameters including reaction buffer, FtsZ, GTP, DTT, and DMSO. The assay
contained 50 mM Bis—Tris Propane (pH 7.4), 3.5 uM of purified FtsZ, 5 mM GTP, 5 mM
MgCl,, 2.5 mM DTT, 2 mM of phosphoenolpyruvate, 1.4 U of PK enzyme (Roche
Diagnostics, Québec, Canada, EC: 2.1.7.40, 200 U/mg), 380 uM NADH, 2.1 U of LDH
enzyme from Lactobacillus leichmannii (Roche Diagnostics, EC: 1.1.1.28, 300 U/mg), and
25% DMSO (Laboratoire MAT). The reaction was performed in a 100 pLL volume using a
Submicro Cell (Varian, Mississauga, Ontario, Canada). The optical density was monitored
at 340 nm for a period of 15 min at room temperature with a Cary spectrophotometer
(Varian). The FtsZ enzyme kinetics were determined from the linear portion of the curve
using the least-squares calculation as described.’’ A negative control was performed
without the FtsZ enzyme and a positive control was done using 0.5 mM GDP and without

FtsZ.

4.6 Inhibition assays of FtsZ and IC50 determination. Each synthesized compound was
dissolved in 100% DMSO at 0.1 g/L, the pH was adjusted to 7, and the buffered solution

was kept at —20 °C. Inhibition of the FtsZ GTPase activity was determined using various
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concentrations of each GAL compound. The final DMSO concentration was adjusted to
25%. Reaction mixtures without FtsZ were incubated at 37 °C for 10 min and the FtsZ
enzyme was added. The velocity of FtsZ GTPase activity was determined with each
compound at various concentrations as described in Section 4.5. The percentage of GTPase
residual activity was obtained by comparing the enzyme velocity from each compound
concentration with the velocity obtained with the wild-type FtsZ reaction. The compound
concentrations required to inhibit 50% of the FtsZ GTPase activity (ICso) were obtained by
plotting the percentage of residual GTPase activity.”> As controls, concentrations of each
compound leading to inhibition of GTPase activity were analyzed using the coupled
enzymatic assay. The inhibition of enzymes in the coupled assay was evaluated by using
0.5 mM GDP without FtsZ. The velocities of the PK and LDH enzymes were determined

for each compound and similar values were obtained as for the wild-type enzyme.

4.7 Agar diffusion assay. Cultures of E. coli ATCC 25922 and S. aureus ATCC 25923
were grown in 10 mL of Mueller Hinton broth (MHB, Becton Dickinson Microbiology
Systems, Sparks, Maryland, USA) overnight at 37 °C. The bacterial cultures were diluted in
MHB to obtain a McFarland standard turbidity of 0.5. Agar plates were prepared by
pouring 100 mL of Mueller Hinton Agar (Becton—Dickinson Microbiology Systems) into
150 mm Petri dishes. Plates were dried for 30 min at 37 °C and wells were made in the agar
with a sterile Pasteur pipette. Sterile cotton tip applicators were used to uniformly inoculate
the surface of agar plates with the bacterial cultures. As control, 100 pL. DMSO and 100 pL
of a 20 g/LL kanamycin solution were added to wells. Each GAL compound was diluted in
DMSO to reach a 20 g/L concentration and 100 uL of each solution (2 mg) was added to

wells. Plates were incubated at 37 °C overnight without being inverted.
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Table I. Initial velocities of three synthesized compounds used to calculate ICs values.

Compound, Concentration (mM) V( (ADOj340 nm/min)

10 0 0.014
0.3 0.010
0.5 0.007
0.7 0.004
0.9 0.003
1.3 0

14 0 0.014
0.3 0.013
0.5 0.012
0.6 0.007
0.7 0.004
0.9 0
1.3 0

15 0 0.014
0.3 0.013
0.5 0.011
0.7 0.007
0.8 0.006
0.9 0.005
1.1 0.004
1.2 0

a, Initial velocities were determined with FtsZ for each of the nine compounds using a

spectrophotometric coupled enzyme assay with NADH (Fig. 5). Details are given in section
4.5.
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Table II. ICs values and antibacterial activity for the nine FtsZ inhibitors synthesized.*

Compounds MW (g/mol) ICso (mM)  Antibacterial® (mm)

9 356 2 No inhibition
10 357 0.45 10
11 378 1.2 No inhibition
12 424 1.8 No inhibition
13 426 1.8 11
14 355 0.6 28
15 357 0.7 15
16 431 1.7 No inhibition
17 433 2.6 11

* Molecular weights (MW) are indicated along with the ICsq value for each GTP analogue
inhibiting the GTPase activity of FtsZ. The activity was measured by a coupled enzyme
spectrophotometric assay.

® Antibacterial activity of the GAL compounds was evaluated by a biological assay using S.

aureus cells and the measurement of the diameter of the zone of inhibition of growth.
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Figure Legends

Figure 1. SDS-PAGE showing overexpression of the FtsZ protein in E. coli BL21 (ADE3)
cells (Lane 1) and the near homogeneity of the purified FtsZ protein (Lane 2).

Figure 2. (A) UV cross-link specific nucleotide binding assay showing that FtsZ binds
preferentially GTP. (B) Autoradiogram demonstrating FtsZ GTPase activity. Lanes: 1,
control without enzyme; 2, hydrolysis of GTP to GDP by FtsZ.

Figure 3. Solid-support combinatorial chemistry strategy and chemical reactions used to

synthesize the library of GTP analogues.

Figure 4. (A) GAL core mimicking the natural GTP substrate of FtsZ; the relative positions
of side chains R' and R? used for the parallel synthesis are indicated. (B) Chemical
structure of individual GTP analogues found in the library with R' and R? groups used to

modify the N- and C-terminal of the GAL core.

Figure 5. Spectrophotometric FtsZ enzymatic coupled assay. The GDP product of FtsZ is
used as substrate with phosphoenol pyruvate (PEP) by the pyruvate kinase (PK) enzyme
that gave GTP and pyruvic acid. The pyruvic acid is used as substrate with NADH + H' by
the lactate dehydrogenase (LDH) enzyme giving lactate and NAD". The NADH + H"
molecule can be detected at 340 nm but the final NAD" product gave no absorbance at 340

nm.

Figure 6. ICsy determination for the compound 14 inhibitor of the GTPase activity of FtsZ.
The residual activity of FtsZ was measured as a function of the concentration of 14. The
positive control used with GDP showed a rapid decrease in absorbance at 340 nm
indicating that the coupled enzymatic assay was efficient. The negative control performed

without the FtsZ enzyme gave a stable absorbance at 340 nm in a time-dependent fashion.
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This demonstrated that the drop of absorbance in the FtsZ assay was attributable to the FtsZ
GTPase activity.

Figure 7. Agar diffusion assay showing inhibition of growth of S. aureus by GAL

compounds.
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Figure 5.
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Figure 6.
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Figure 7.
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Chapitre 3 - Peptide Inhibitors of the Essential Cell

Division Protein FtsA
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Résumé

Sélection de peptides inhibiteurs de la protéine FtsA essentielle a la

division cellulaire bactérienne

La problématique de résistance aux antibiotiques représente un fléau inquiétant qui touche
toutes les espeéces bactériennes d’importance médicale dont le pathogéne opportuniste P.
aeruginosa. Dans le but d’identifier de nouveaux agents antimicrobiens, nous utilisons la
machinerie de division cellulaire bactérienne en tant que cible. La protéine de division
cellulaire FtsA de P. aeruginosa a été sélectionnée comme 'une des meilleures cibles
antibactériennes car elle est essentielle et hautement conservée. Le géne fis4 a tout d’abord
été cloné et la protéine biologiquement active a été¢ obtenue par renaturation des corps
d’inclusion purifiés. Le séquencage en N-terminal a confirmé I’identité de FtsA et un essai
de chromatographie sur couche mince a confirmé ’activité enzymatique de FtsA. Un essai
de fixation a I’'UV a également démontré que FtsA lie préférentiellement I’ATP parmi les 4
nucléotides. L’enzyme purifiée a été utilisée pour cribler des banques de peptides avec la
technique de présentation phagique. La spécificit¢ du criblage a ét¢é maximisée en
effectuant 3 rondes de biocriblage et en optimisant le contact peptide-enzyme via les
parametres de temps et de lavage. Les phages possédant une affinité spécifique pour FtsA
ont été élués avec de la glycine a pH acide, de I’ATP, un analogue non-hydrolysable de
I’ATP et avec FtsZ. La spécificité de ’interaction entre les peptides sélectionnés et FtsA a
été évaluée par ELISA. Les quatre peptides les plus affins et les deux consensus
peptidiques sélectionnés contre FtsA ont été synthétisés et testés sur 1’activité ATPase de
FtsA. Cing de ces six peptides inhibent spécifiquement 1’activit¢ ATPase de FtsA avec des
valeurs de Clsg entre 0.7 mM et 35 mM. Le sixiéme peptide pourrait inhiber 1’interaction
entre FtsA et FtsZ étant donné qu’il a été sélectionné par une élution compétitive avec FtsZ.
Ainsi, la technique de présentation phagique a permis la découverte de peptides inhibiteurs
prometteurs et des études de peptidomimétisme devraient permettre le développement

d’une nouvelle classe d’agents antibactériens.
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Abstract

The revolutionary era of antibiotics has been overwhelmed by the evolutionary
capacity of microorganisms such as Pseudomonas aeruginosa to develop resistance to all
classes of antibiotics. In the perspective of identifying new antimicrobials using novel
strategies, we targeted the essential and highly conserved FtsA protein from the bacterial
cell division machinery of P. aeruginosa. In a series of experiments we cloned,
overproduced and purified the FtsA and FtsZ proteins. Expression of FtsA into Escherichia
coli cells led to its accumulation in inclusion bodies. We developed a protocol permitting
the purification and refolding of enzymatically active FtsA hydrolysing ATP. The purified
enzyme was used to screen for peptide inhibitors of ATPase activity using phage display.
Selective biopanning assays were done and phages were eluted using ATP, a non-
hydrolysable ATP analogue and the protein FtsZ known to interact with FtsA in the
divisome during the process of bacterial cell division. We identified two consensus peptide
sequences interacting with FtsA and a competitive ELISA was used to identify peptides
having high affinity for the target protein. Five of the six peptides synthesized showed
specific inhibition of ATPase activity of FtsA with /Cs, values between 0.7 and 35 mM.
Discovery of peptides inhibiting the essential cell division machinery in bacteria is the first

step for the future development of antimicrobial agents via peptidomimetism.

Introduction

The alarming increase and spread of resistance among emerging and re-emerging bacterial
pathogens to all clinically useful antibiotics is one of the most serious public health
problems of the last decade (Cohen, 2000; Fauci, 2001; Normark and Normark, 2002). This
critical situation necessitates the design of novel classes of antibacterial agents having new
modes of action against essential and novel bacterial targets.

Recent developments in genomics, proteomics and bio-informatics coupled to
bacterial genetics facilitates the identification of novel essential genes and their products as
antibacterial targets (Breithaupt, 1999; Projan, 2002). The perfect bacterial target should be

essential for bacterial survival, highly conserved in bacterial evolution but absent in the
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animal kingdom, easily accessible for genetic manipulations and sufficiently expressed
during the infection of the host. We selected the prokaryotic cell division machinery to
identify attractive new targets because they encode essential proteins leading to a lethal
phenotype when inhibited. These proteins are highly conserved in bacterial species but
absent in eukaryotic cells. They are extremely sensitive to inhibition because the division
process depends on recruitment of specific proteins in an absolutely essential cascade
forming the divisome (Dai and Lutkenhaus, 1992; Projan, 2002; Errington et al., 2003). To
our knowledge, the intrinsic cell division inhibitors MinC (Errington et al., 2003) and SulA
(Cordell et al., 2003) which constitute active regulators of this physiological process do not
select resistance. Among bacterial division proteins, we chose FtsA as a specific target.
This highly conserved protein (van den Ent et al., 2001) presumably constitutes a key
bacterial component because of its essential protein—protein interaction with FtsZ and its
ATPase enzymatic activity (Errington et al., 2003) that can be exploited to screen and
analyse inhibitory molecules.

The FtsZ protein is at the top of hierarchical recruitment in the divisome and its
polymerization into the Z-ring allows the physical separation of daughter cells (Lutkenhaus
and Addinall, 1997). The localization of FtsA follows the mid cell accumulation of FtsZ
and is essential for protein recruitment in the divisome (Pichoff and Lutkenhaus, 2002) and
for Z-ring constriction (Begg et al., 1998). The FtsZ-FtsA protein—protein interaction and
the FtsZ:FtsA ratio are crucial for the progress of bacterial cell division (Dai and
Lutkenhaus, 1992; Yan et al., 2000; Lowe et al., 2004). Accumulating evidence suggests
that FtsA plays the role of a motor protein in providing energy for constriction by way of its
ATPase activity (Nanninga, 1998; Feucht et al., 2001; Errington et al., 2003). Hence this
cytoplasmic enzyme and its protein interactions remain to be fully characterized but can be
an elegant tool with the aim of developing antibacterials with novel modes of action.

In order to identify specific inhibitors of FtsA, we used the phage-display technique,
which represents a powerful tool for the selection of short peptide ligands having high
binding affinities to proteins of interest among a large pool of random peptide permutations
(Sidhu, 2000; Christensen et al., 2001). This approach has been useful for the detection of

various enzyme inhibitors (Hyde-DeRuyscher et al., 2000), including the cell division
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protein FtsZ (Paradis-Bleau et al., 2004) and MurC implicated in the biosynthesis of the
bacterial cell wall (El Zoeiby et al., 2003).

In this paper, we describe the purification and biochemical characterization of FtsA
and FtsZ cell division proteins of Pseudomonas aeruginosa. We systematically exploit the
use of two different phage display libraries and demonstrate how the design of a strategic
biopanning approach can lead to the identification of specific peptide inhibitors. Three
rounds of phage display screening led to the identification of clear consensus peptide
sequences and high affinity binding peptides presumably active against FtsA. Of six
peptides synthesized, five showed a significant and specific inhibition of the ATPase
activity of FtsA. In order to obtain promising lead compounds with appropriate
pharmacological properties, inhibitory peptides can be chemically modified and their
sequences will constitute the core for the synthesis of libraries of peptidomimetic

molecules.

Materials and methods

Plasmid construction, bacterial strains, reagents and media

All reagents were purchased from Sigma Aldrich (Oakville, Ontario, Canada) unless
indicated otherwise. Restriction endonucleases and T4 ligase were obtained from New
England Biolabs (Mississauga, Ontario, Canada). Agarose gel electrophoresis and plasmid
DNA preparations were performed according to published procedures (Sambrook et al.,
1989). Recombinant plasmids containing P. aeruginosa PAOL1 fisZ and fisA genes were
maintained in Escherichia coli NovaBlue, endAl hsdR17(rx;y mg;2') supE44 thi-1 recAl
gvrA96 relAl lac [F' proA™B" lacl?ZA M15::Tnl0] prior to protein synthesis in E. coli
BL21, F ompT hsdSp(rg mg)) gal dem (ADE3) (Novagen, Madison, WI).



162

Cloning of P.aeruginosa fisA, ftsZ and DNA sequencing

Polymerase chain reaction (PCR) cloning was used to obtain DNA fragments encoding
FtsA and FtsZ proteins and a His-tag at their C-terminus. The fis4 insert was amplified
from genomic DNA of P. aeruginosa PAO1 (70 ng) with primers FtsA—Ndel 5'-GTA ATA
CAT ATG GCA AGC GTG CAG A-3' and FtsA-HindIll 5'-TTG AAG CTT AAT TGC
CCT GGA CCC-3'"in frame with the His-tag changing the two last amino acids N-F for K-
L. Amplification of the fisZ insert was done with forward and reverse primers FtsZ—Ndel 5'-
GGA GAG GGC ATA TGT TTG AAC TGG-3' and FtsZ—Xhol 5'-TTA CTT CAC TCG
AGC TGA CGA CGC-3' changing the two last amino acids A—D for L-E. PCRs were done
with primers at a concentration of 0.1 uM each, dNTPs (Amersham Biosciences, Baie
d'Urfe, Québec, Canada) at 0.2 mM each and 2 mM MgCl,. DNA amplification was done
using 30 cycles with 2.5 U of Hot Start TAQ polymerase (Qiagen, Mississauga, Ontario,
Canada) and annealing at 56.3°C for fts4 or with 2.5 U of the Expand High Fidelity TAQ
polymerase (Roche Diagnostics, Laval, Québec, Canada) using annealing at 60°C for fisZ.
PCR products were digested with appropriate restriction enzymes and cloned into the
corresponding sites of the expression vector pET30a for fis4 and pET24b (Novagen) for the
ftsZ insert. The recombinant plasmids pMON2023 encoding fisA and pMON2020
expressing fisZ were electroporated into competent E. coli NovaBlue cells. For both
plasmids, the insert was completely sequenced for both DNA strands using the universal T7

primers (Novagen).

Overexpression of FtsA

The pMON2023 plasmid was transformed into competent E. coli BL21 (ADE3) cells by
CaCl, transformation for expression of FtsA. A bacterial culture of 1.9 I of LB broth (Difco
Laboratories, Detroit, MI) supplied with 0.05 g/l of kanamycin was inoculated with an
overnight culture of 100 ml of E. coli BL21 (ADE3) carrying pMON2023. Cells were
incubated at 37°C with agitation at 260 r.p.m. until an optical density (O.D.) of 0.65 at 600
nm. Protein expression was carried out by adding 1 mM of IPTG and incubating for 6 h;

cells were centrifuged and the pellets were immediately stored at —80°C.
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Purification of inclusion bodies and refolding of FtsA

The bacterial pellet was resuspended in wash buffer from the Protein Refolding Kit
(Novagen) as recommended by the manufacturer and treated with lysozyme at 100 pg/ml
for 15 min at 30°C. Cells were lysed by sonication for 30 s/ml using a Virsonic Digital 475
ultrasonic cell disrupter (Virtis, Gardiner, NY) and a cocktail of protease inhibitors was
immediately added as recommended by the manufacturer (Roche Diagnostics). Disrupted
cells were centrifuged for 10 min at 5000 g; the pellets were resuspended in wash buffer
(Novagen) and centrifuged for 10 min. The pellets were resuspended again, centrifuged for
10 min at 10 000 g and stored at —80°C. Solubilization of inclusion bodies was performed
by gently resuspending the pellets in solubilization buffer (Novagen) with 0.3% N-
laurylsarcosine and 0.1% dithiothreithol (DTT) to a final concentration of 5 mg/ml. The
suspension was incubated for 30 min, centrifuged for 30 min at 25 000 g at room
temperature and the supernatant was conserved at 4°C for a maximum of 2 months.
Refolding of FtsA was carried by multistep dialysis of solubilized inclusion bodies, first in
75 volumes of dialysis buffer (20 mM Tris—HCI pH 8.5) with 0.1% (v/v) DTT for 4 h at
4°C and overnight at 4°C with fresh buffer. The suspension was then dialysed in 100
volumes of dialysis buffer with 10 mM MgCl, overnight at 4°C and 5 h at 4°C with fresh
buffer. Refolded FtsA protein was visualized by SDS—PAGE with Coomassie Brilliant Blue
staining, the concentration was measured by the Bradford method (BioRad, Mississauga,

Ontario, Canada) and it was stored at 4°C.

Overexpression and purification of FtsZ

The recombinant plasmid pMON2020 was introduced into competent E.coli BL21 (ADE3)
cells for expression of FtsZ. Protein expression was carried as described for FtsA except
that the culture was induced at an O.D. of 0.8 and incubated for 4 h. Cells were centrifuged
and the pellet was resuspended in 3.33 times their weight of sonication buffer (50 mM Tris—
HCI pH 8.6 and 2 mM EDTA), treated with lysozyme and lysed by sonication as for FtsA.
Cellular debris were removed by centrifugation at 17 000 g for 30 min. Recombinant FtsZ

protein was purified to homogeneity by affinity chromatography using a His-bind nickel
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resin (Novagen) with 150 mM imidazole during elution. Purified FtsZ was dialysed in
conservation buffer (20 mM Tris—HCI pH 7.6, 10 mM NaCl and 1 mM EDTA) (Zhulanova
and Mikulik, 1998) and conserved in 50% (v/v) glycerol at —80°C.

FtsA and FtsZ N-terminal sequencing

After separation by SDS-PAGE (Sambrook et al., 1989), 2 ng each of FtsA and FtsZ
protein preparations were transferred on PVDF membrane using a transfer buffer without
glycine [10 mM CAPS pH 11 and 10% (v/v) methanol]. The membrane was stained with
Ponceau Red and FtsA and FtsZ protein bands were cut out and rinsed with water. N-
terminal sequencing was done by the Edman degradation technique at the Biotechnology

Research Institute (National Research of Council Canada, Montreal, Québec, Canada).

Biochemical characterization of FtsA and FtsZ

The ATPase and GTPase enzymatic activities of FtsA and FtsZ were confirmed using a
thin-layer chromatographic (TLC) assay with **P-labelled nucleotides as substrates. The
FtsA ATPase assay was done using 4 uM renatured FtsA in reaction buffer A (50 mM Tris—
HCI pH 7.2, 50 mM potassium acetate, 10 mM MgCl, and 1 mM DTT) (Feucht et al.,
2001) and 1 pl of 10 pCi/ul [**P]JATP (PerkinElmer, Woodbridge, Ontario, Canada) in a
final volume of 20 pl. The FtsZ GTPase assay was performed using 12 uM FtsZ in reaction
buffer Z (Paradis-Bleau et al., 2004) and 1 pl of 10 pCi/ul [**P]GTP (PerkinElmer) in a
final volume of 20 pl. The mixtures were incubated for 2 and 1 h, respectively, at 37°C and
2 ul of each sample were deposited on a TLC plate along with negative controls (without
enzyme). Hydrolysis of radioactive substrates was measured by autoradiography using a
Phosphorimager (Fuji, Stanford, CA). A UV cross-link specific nucleotide-binding assay
was performed with FtsA and FtsZ against the four radioactive nucleotides. Amounts of 3
ng of FtsA or FtsZ protein were mixed with each of the four *’P-labelled nucleotides
(PerkinElmer) and the UV cross-link assay was carried out as described (Feucht et al.,
2001). Briefly, the samples were incubated for 30 min at 0°C and irradiated for 10 min at

254 nm in wells of a microtitre plate on top of a chilled lead brick in iced water. The protein
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samples were then purified prior to analysis by SDS-PAGE and visualized by
autoradiography.

Gel filtration of FtsA

To improve the purity of the inclusion body purified FtsA, an aliquot was analysed by gel
filtration chromatography. A refolded FtsA sample was first concentrated five times with a
stirred ultrafiltration cell using an ultrafiltration membrane with a cut-off of 10 kDa
(Millipore, Bedford, MA, USA). A 200 pul volume of concentrated FtsA was injected onto
an analytical Tricorn Superdex 75 column (Amersham Biosciences) equilibrated with buffer
A and elution was performed with buffer A at a flow rate of 0.8 ml/min. Collected fractions
were analysed by SDS-PAGE with SYPRO Orange staining (BioRad) and tested for
ATPase activity as described. Molecular standards (LMW Gel Filtration Calibration Kit,
Amersham Biosciences) were applied to the column under the same conditions to determine

the molecular weight of eluted peaks.

Affinity selection of phage displayed peptides against FtsA

Phage display screening was carried out with the PH.D.-12 and PH.D.-C-7-C phage
libraries (New England Biolabs) containing ~2.7 x 10° 12 mers and ~3.7 x 10° C-7-C mers
random peptide sequences. Specificity during the three rounds of biopanning was obtained
by increasing the stringency of the washes and decreasing the time of contact between the
peptides and the target protein as described (El Zoeiby et al., 2003), but using the following
modifications. The second- and third-round phage inputs were calculated as 2 x 10'' phages
for each library. Phages adsorbed on FtsA at the third round of biopanning were eluted by
non-specific disruption of binding interactions using glycine and by a competitive elution
using 100 ul of 1 mM ATP, with 100 pl of 1 mM 5'-adenylylimidodiphosphate (a non-
hydrolysable analogue of ATP) and with 100 pl of 1 mM FtsZ.
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Phage DNA preparation and sequencing

The M13 DNA purification and sequencing were done as described (El Zoeiby et al., 2003)
except that 12 phages were sequenced for each of the two phage libraries eluted using four

sets of elution conditions.

Affinity ELISA

This experiment was adapted from Carettoni et al. (2003). Briefly, 150 pl of FtsA (100
ng/ml) was adsorbed overnight at 4°C on Ni-NTA strips (Qiagen) along with BSA as a
control. The strips were washed four times with TBS (50 mM Tris—HCI pH 7.5, 150 mM
NaCl) and blocked with BSA for 1 h at room temperature. After a brief wash, 2 x 10°
plaque-forming units (pfus) per well of each amplified phage samples were incubated in
triplicate for 1 h in FtsA-coated wells. TBS was added in triplicate to BSA-coated wells to
evaluate non-specific signal. The strips were washed six times with TBS 1% Triton, twice
for 10 min and six times again. A 150 pl amount of biotin-labelled anti-fd rabbit polyclonal
antibodies diluted 1:2500 in TBS 1% Triton was incubated for 1 h at room temperature.
After four washes, 150 pul of 1 pg/ml HRP-labelled streptavidin (Roche Diagnostics) were
added to the strips for 30 min at room temperature and the excess was removed with four
washes. The strips were incubated for 20 min with 100 pl of ABTS (Roche Diagnostics)
and the results were analysed at an O.D. of 405 nm. The results were an average from
triplicates and the BSA non-specific signal was subtracted from all values. Specific affinity
ratios for phages from the third round of biopanning were determined by dividing the value

by the non-specific control phage value.

Selection and synthesis of peptides

Specific peptides were synthesized on an ABI 433A Peptide Synthesizer using FastMoc
chemistry (El Zoeiby et al., 2003) from the consensus peptide sequences and high-affinity

peptides were identified.
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FtsA inhibitory enzymatic assay

The inhibitory capacities of the synthesized peptides were determined by preincubating
FtsA in buffer A lacking DTT with various concentrations of peptide buffered solutions for
20 min at room temperature. ~*P-labelled ATP was then added and mixtures were
immediately incubated for 2 h at 37°C. Each sample was separated by TLC along with
positive and negative controls and the 50% inhibitory concentrations (/Csps) of peptides
were calculated (Paradis-Bleau ef al., 2004). As controls, non-specific peptides were tested
for inhibition of the ATPase activity of FtsA and a competitive assay was done with casein
at 10 times the enzyme concentration. The non-specific peptides were a circular C-7-C mer
that had previously been shown to inhibit L-1 B-lactamase and a 12 mer known to bind to
the herpes virus capsid (Sanschagrin and Levesque, 2005). The reducing DTT effect was
analysed by evaluating the peptide inhibition with 10 mM DTT.

Results

Purification of P. aeruginosa FtsA and FtsZ

The expressed FtsA protein was detected solely in inclusion bodies and FtsZ was found in
the soluble cytoplasmic fraction. The renaturation of purified inclusion bodies containing
the 42.6 kDa FtsA at >99% homogeneity (Figure 1) gave a yield of 2.5 mg of FtsA from 11
of E. coli cell culture. Gel filtration chromatography improved the purity of the inclusion
body purified FtsA since elution gave a single significant peak with a molecular weight
corresponding to FtsA dimer of 85.2 kDa and three trace peaks eluted after one column
volume. SDS-PAGE analysis of the collected fractions showed that the principal peak
contains a single protein of 42.6 kDa and that the three minor peaks contain no protein
detected by the sensitive SYPRO Orange staining (data not shown). The nickel affinity
chromatography permitted the purification of FtsZ with a yield of 20 mg/l. The N-terminal
sequencing of the first 15 amino acid residues confirmed the nature of both proteins (100%

identity with published sequences in both cases).
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Characterization of FtsA and FtsZ ATPase and GTPase activities

As depicted in Figure 2A, analysis by autoradiography showed that 4 uM FtsA hydrolysed
85% of ATP, giving as substrates 8% ADP, 3.4% AMP and 73.6% inorganic phosphate,
after 2 h at 37°C. The ATPase assay was also performed on fractions obtained from gel
filtration by FPLC. A single significant peak obtained corresponding to the expected FtsA
size on SDS-PAGE had ATPase activity (data not shown, but available upon request). The
FtsZ enzyme used at 12 uM hydrolysed 85% of GTP to GDP after 1 h at 37°C. These data
confirmed that both enzymes were active and that FtsA was properly refolded. To
determine the nucleotide substrate specificity for each enzyme, a UV cross-link binding
assay was performed and autoradiography confirmed that FtsA binds preferentially ATP
(Figure 2B) and that FtsZ binds preferentially GTP among the four radioactive nucleotides

tested as substrates.

Affinity selection of FtsA binding peptides

After the third round of biopanning and depending on the type of elution strategy utilized,
the DNA sequencing of randomly selected phages identified a variety of peptide sequences
(Figure 1 in the Supplementary data available at PEDS Online). The analysis of the
frequency of phage recovery revealed a consensus peptide sequence for each library that
both contained a P-S-P motif (Table I). The 12 mer consensus sequence was the only
peptide sequence recovered when using FtsZ as a biopanning competitor against FtsA
(Figure 1 in the Supplementary material). A FASTA search was carried out with each
peptide reported in Figure 1 in the Supplementary material but no homologous proteins

were identified in databases.

Affinity ELISA for binding specificity

The relative affinity of peptides expressed from phages selected randomly was evaluated by
ELISA to identify the best binding peptide sequences. The relative affinity ratios defined as
the value of specific binding phage divided by the value of non-specific binding phage
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varied from 2.7 to 43.1 (Table I). For example, a 43.1 relative affinity ratio indicated that
the specific phage had 43.1 times more affinity for the target FtsA protein compared with
the binding of random peptides. We noted that the frequency of peptide recovery did not
correlate with the values of affinity ratios (Table I). The average ratio of the 12 mer phage
expressed peptides was 25 + 14 and was significantly higher than the C-7-C mer mean ratio
of 11 £ 6. An interesting fact is that the two best binding peptides with relative affinity
ratios of 43.1 and 42.4 have the same G-P-H conserved motif at their N-termini and ended
with a P. The second and third strongest binding peptides with ratio values of 42.4 and 32
contained a G-M motif at their centre and ended with an R-P motif (Table I). We noted also
that the two C-7-C mer peptide sequences with the highest ratio values 16.0 and 23.3 have a
W-A motif (Table I). We noted that the 12 mer and C-7-C mer lowest binding peptide
sequences were identified when using the non-hydrolysable analogue 5'-
adenylylimidodiphosphate in the biopanning. Indeed, elution at the biopanning step with
glycine, ATP and FtsZ gave phage expressing peptides with similar affinity ratio values;
although the best binding peptides came from the glycine and ATP (Table I, and Figure 1 in
the Supplementary data).

Selection and synthesis of peptides

To establish the inhibitory capacity of selected peptides against the ATPase activity of
FtsA, peptide sequences were chosen on the basis of their frequency of recovery and their
relative affinity ratios. Indeed, the two consensus peptides were synthesized along with the

two peptides having the highest relative affinity values from each phage library (Table I).

Inhibition of FtsA ATPase activity

Of the six peptides synthesized, five inhibited the ATPase activity of FtsA and had ICs
values between 0.7 and 35 mM (Table I). The C-7-C mer consensus peptide FtsApl gave
an /Csy value of 22 mM but the 12 mer consensus peptide FtsAp2 did not inhibit the
enzymatic activity of FtsA. The 12 mer peptide with the highest relative affinity ratios,
FtsAp3 and FtsAp4, gave ICsy values of 0.7 (Figure 3) and 25 mM, respectively. The C-7-C
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mer peptides FtsApS and FtsAp6 had ICsy values of 2.5 and 35 mM, respectively.
Competitive rescue assays using BSA gave identical /Csy values (data not shown). The
reducing agent DTT had no effect on the inhibitory capacity of FtsAp3, FtsAp4 and
FtsApS. The C-7-C mer FtsApl1 lost 20% of its inhibitory capacity when DTT was added to
the reaction and the C-7-C mer peptide FtsAp6 was affected by DTT as its inhibitory
potential was raised by a factor of 1.5. The /Csy value of FtsAp6 was 52 mM without DTT
and 35 mM with DTT. Analysis of FtsA activity using random peptides at high
concentrations showed that the reaction rate was not reduced by the peptides (data not
shown), indicating that the ATPase activity of FtsA was not inhibited by non-specific C-7-C

mer or 12 mer peptides.

Discussion
There has been growing interest in identifying new bacterial targets from essential
mechanisms (Breithaupt, 1999) such as cell division (Wang et al., 2003; Jennings et al.,
2004; Margalit et al., 2004; Paradis-Bleau et al., 2004). In this work, we selected specific
peptide inhibitors of the highly conserved and essential cell division protein FtsA (Feucht et
al.,2001).

The purification of biologically active FtsA was a challenge because this protein
accumulates in inclusion bodies. We developed a multi-step solubilization and renaturation
protocol coupled with gel filtration that may be useful for any insoluble protein when taking
into account the presence of disulfide bonds and the cofactor or stabilizing molecule.

The ATPase activity of FtsA has been demonstrated (Feucht et al., 2001) but we are
the first to show that FtsA hydrolyses ATP to ADP, AMP and inorganic phosphate (Figure
2A). To confirm that ATPase activity is not due to traces of a contaminating ATPase, the
inclusion body containing FtsA was separated by gel filtration chromatography and ATPase
activity was determined for eluted fractions. The unique FtsA peak obtained had ATPase
activity.

Our results support the hypothetical role of FtsA as a motor protein in providing

energy for the Z-ring constriction via ATP (Feucht et al., 2001) and that FtsZ utilizes GTP
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(Diaz et al., 2001). We showed that FtsA binds preferentially ATP amongst the four
nucleotides and confirmed the native dimer nature of FtsA (Feucht et al., 2001).

We noted that the non-specific disruption of phage interactions with glycine, the
allosteric competition by FtsZ and the active site competition by ATP and non-hydrolysable
analogue gave different peptide sequences binding FtsA. This confirmed the validity of
using different elution conditions to obtain a variety of peptide sequences interacting with
diverse sites on the target protein. We hypothesize that the FtsA nucleotide binding site is
functionally related to the FtsZ interaction site(s) as the ATP binding and/or hydrolysis may
lead to a conformational change that could affect the FtsZ interaction site(s) or vice versa.
Indeed, ATP elution could yield phage encoded peptides binding to the nucleotide binding
site and to the FtsZ interaction site(s).

We did not find peptide homologues in databases but we assumed that peptide
sequences have conformational homology with cell division proteins interacting with FtsA
as FtsA itself, FtsZ, PBP3, FtsQ or FtsN (Yim et al., 2000; Di Lallo et al., 2003). FtsA
binds to the conserved consensus sequence LDXPXFOR/K (O, hydrophobic residue; X,
any residue) at the C-terminus of FtsZ (Yan et al., 2000; Haney et al., 2001). We noted that
the perfect 12 mer consensus sequence selected by the FtsZ elution contained a KPSPR
motif and the C-7-C mer consensus sequence had a APSPSK motif sharing homology with
the interaction site of FtsZ indicated in bold.

Anderluzzi's group recently reported a phage display using E.coli FtsA against the
PH.D.-7 library and a single glycine elution (Carettoni et al., 2003). There is no redundancy
between the two phage display screenings since different phage libraries were used. The
inhibitory potential of some selected 7 mer peptides needs to be determined.

ELISA showed that the 12 mer peptides bind more tightly to the scattered and
elongated structure of FtsA (van den Ent and Lowe, 2000) than the C-7-C mer peptides,
requiring less space since C residues constrain the peptide in a disulfide loop. We noted that
elution with non-hydrolysable ATP analogue gave peptides with the lowest binding
affinities. Hence this artificial molecule presumably binds less tightly to FtsA. Conserved
motifs identified in peptides having the highest affinity ratios must be important for binding
to FtsA. We noted that the relative affinity values did not correlate with the frequency of

phage recovery. Apart from the binding affinity, several factors such as phage infection and
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replication efficiency, protein translocation and folding bias, plll coat stability and retained
phages will affect phage recovery (Carettoni ef al., 2003). Furthermore, phages with very
high binding properties cannot be recovered with the mild elution conditions used to
preserved phage particle integrity (Hoess, 2001).

The inhibitory capacity of peptide against the FtsA ATPase activity was evaluated
for consensus peptides and the two peptides having the highest relative affinity ratios for
each phage library (Table I). Five synthesized peptides were able to inhibit ATPase activity
of FtsA. DTT had no effect on the inhibitory capacity of 12 mer peptides; the three C-7-C
mer inhibitory peptides reacted differently to the reducing agent. FtsApl partially lost its
inhibitory capacity, indicating that the disulfide loop was important for inhibition of FtsA.
In contrast, the loop conformation of FtsApS5 was not essential for inhibition since DTT did
not change the /Cs value. FtsAp6 gave a higher inhibition value with DDT, suggesting that
this peptide was more active in the linear monomeric form.

The perfect 12 mer consensus peptide eluted with FtsZ (Figure 1 in the
Supplementary data) could bind into a FtsA allosteric site. The corresponding peptide
FtsAp2 having the KPSPR motif homologous with the FtsA interaction site of FtsZ was the
only one that did not inhibit ATPase activity. We assume that it could be an inhibitor of the
essential FtsA—FtsZ interaction that represented a more sensitive and specific target than the
ATPase activity of FtsA alone (Yan et al., 2000; Haney et al., 2001). The C-7-C mer
FtsApl with a APSPSK motif had homology with the conserved C-terminal interaction site
of FtsZ and showed inhibition of FtsA. FtsAp1 could inhibit ATPase activity of FtsA due to
binding to an FtsZ interacting site. The FtsA allosteric site(s) binding FtsZ could regulate
the enzymatic activity even if FtsA binds and hydrolyses ATP without FtsZ. It as already
been hypothesized that FtsZ interaction may change the FtsA conformation and enhance
ATP hydrolysis (van den Ent and Lowe, 2000). This may regulate the ATPase motor force
required for the Z-ring constriction.

Peptide /Cso values did not correlate with the frequency of phage recovery, with the
relative affinity ratio values or with the phage library (Table I). The inhibitory capacity
depends primarily on localization of the peptide interaction with the target protein and

secondarily on the affinity strength.
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Characterizing the specificity and inhibition mechanism of five peptides identified
will be essential as kinetic analysis did not reveal a general trend in peptide inhibitory
mechanisms (Hyde-DeRuyscher et al., 2000). To obtain promising lead compounds,
inhibitory peptides will undergo chemical modifications; this will constitute the core for the
synthesis of peptidomimetic molecules (Nefzi et al., 1998; Bursavich and Rich, 2002).
Inhibition of FtsA in Gram-negative bacteria needs to be studied since ZipA absent in
Gram-positive bacteria share overlapping functions with FtsA (Pichoff and Lutkenhaus,

2002; Geissler et al., 2003; Lowe et al., 2004).
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Legends to figures

Figure 1. SDS-PAGE showing the homogeneity purified protein FtsA expressed in E.coli
BL21 (ADE3) cells.

Figure 2. (A) Autoradiogram of TLC demonstrating enzymatic activity of ATPase FtsA.
Lanes: 1, negative control without enzyme; 2, hydrolysis of ATP to ADP, AMP and P;. (B)
UV cross-link specific nucleotide binding assay showing that FtsA binds preferentially

ATP among the four radioactive nucleotides used as substrates.

Figure 3. /Cs( determination for the FtsAp3 peptide inhibitor of FtsA ATPase activity.

Figure 1 (Supplementary data). Peptide sequences of the Ph.D.-12 and Ph.D.-C-7-C
phage libraries obtained against FtsA after sequencing 92 eluted phages selected as
described in Materials and methods. Acidic amino acids (D, E) are in green, polar amino
acids (Q, N) are in light green, basic amino acids (K, R, H) are in blue, hydrophobic amino
acids (I, L, M, V) are in rose, hydrophobic aromatic amino acids (F, Y, W) are in red, small
amino acids (A, S, C, T) are in pink, G (tiny amino acid) is in orange and P (leading to turn
formation) is in black (classified according to the Venn diagram for defining the

relationships between amino acids).



175

odys1q anjea oner Ayuyje 9Ane[R1 3say3y oy pey yeyy apndad sow - LD,
pdys1q anjea oner uije dANR[AI 1SaySIy puodas ay) pey ey spndad ow 77,
gdys1q anfea oner Ajiuigye dAR[AI ISAYSIY puodas ay pey eyl spndad sow - LDy
¢dys1q anfea oner Ajruljye 9ANR[AI 1saYS1y dy) pey Jey) opndad xow 7

1dvs1 opndad snsuasuod 1ow H-/-) q

zdvs1 apndad snsuasuood row 77,

Ge €'ec I ;OESYMHDLD
6V l DEZTsSsdauwdand 74 vy l A UYYUIONNDTHAD
12 l DYOVYHTIHD Gol l TY¥IdLVAdHIXIT LA
6 l DLYAVYSIITD ¥'1E l AHMVYHNSHAJdTTS
A l ODONSHSNTID LG l ALNNHWRNJdAILIHNRN
G 09l 3 PO HHTAAVYMD L. 3 IHXHXHHNAAdSD
L'LL € DXD0DXAa¥YHDD L0 %7 L AdTYTHAMXIXHHEAD
'Sl Z DYWAILODOTD 8/l e I1TYIAdHILAdTS AL
62l € D289 LVYSSD 1'9¢ c SO HYSIHNSILUIAJ
22 A 14 L ASdsavId ‘aN 0'2¢ W4 dYdSdAIHNDASAS
(nw) oney Aiencoau o aousnbas Jaw O-/-0 (w) oney Aiancoai jo aouanbas Jaw z|
0S9y) : Aouanbali4 059/ : Aouanbali4

uonIqIyul ased 1y 10j saouonbas opndad pajodfes Jo sanjea 057 pue onel AJulge dANe[dI VST ‘AI10A00a1 Jo Aouonbal * d[qeL



Figure 1

«— 42.6 KDa

177



178

Figure 2

A
1 2
L
«—AMP
. «—ADP
®  «——ATP
1 2 3 4

ATP GTP CTP TTP



179

Figure 3

T T T T T T T T T
oS O O O O o o o O
AN O > O WV T N A

100

(%) £31an9¢€ [enpisal ased LV

12

10

FtsAp3 (mM)



180

Figure 1 (Supplementary data)
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Section III - Les amides ligases MurC, MurD, MurE et
MurF en tant que cibles antibactériennes: identification
d’inhibiteurs peptidiques ciblant la biosynthése de la

paroi bactérienne

Ce deuxieme chapitre du corps de ma thése regroupe quatre articles scientifiques rédigés en
anglais a des fins de publication au sein de revues scientifiques anglophones. Un premier
manuscrit fait office d’introduction en décrivant la biologie des amides ligases MurC,
MurD, MurE et MurF impliquées dans la biosynthése de la paroi bactérienne. L’article se
concentre sur le potentiel de ces protéines en tant que cibles antibactériennes prometteuses
et inusitées. Par la suite, un article scientifique paru en mars 2006 dans la revue «Peptides»
reporte la sélection de peptides inhibant I’activit¢ ATPase de I’amide ligase MurD. Un de
ces peptides fait preuve d’une activité inhibitrice impressionnante et représente un candidat
fort intéressant en vue du développement d’une nouvelle classe d’agents antibactériens.
Finalement, deux manuscrits relatent 1’utilisation de la technique de présentation phagique
afin de sélectionner des peptides inhibiteurs des amides ligases MurE et MurF. Ces
manuscrits décrivent I’enzymologie des enzymes MurE et MurF ainsi que le mode d’action

des peptides inhibiteurs de I’activité¢ enzymatique de ces amides ligases.
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Chapitre 4 - The biology of Mur ligases as a source of

targets for new antibacterial agents
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Résumé

La biologie des amides ligases MurC, MurD, MurE et MurF en tant que

source de nouvelles cibles antibactériennes

L’augmentation et la propagation continuelle des mécanismes de résistance aux
antibiotiques parmi les pathogénes bactériens en émergence et en réémergence a travers le
monde engendrent un besoin urgent de nouvelles classes d’agents antibactériens a large
spectre. La biosynthése de la paroi bactérienne est sans aucun doute la source de cibles
antibactériennes la plus reconnue et la plus validée. Parmi les enzymes impliquées dans
cette biosynthése, les amides ligases MurC, MurD, MurE et MurF possédent un potentiel
fort intéressant en tant que nouvelles cibles antibactériennes. En plus de présenter des
caractéristiques attrayantes en tant que cibles spécifiques, la biologie des quatre amides
ligases peut €tre exploitée en tant que cible unique. En fait, ces enzymes partagent le méme
mécanisme catalytique et possédent une similarité au niveau de leur séquence primaire et
de leur structure tridimensionnelle. La similitude et la conservation de ces amides ligases
permettent d’envisager le développement de nouveaux inhibiteurs spécifiques ciblant ces
quatre protéines essentielles a la biosynthése de la paroi bactérienne. Ces inhibiteurs
pourraient étre optimisés afin de constituer une nouvelle classe d’agents antibactériens
représentant une arme formidable contre les espéces bactériennes pathogenes. En ciblant
plusieurs protéines essentielles, de tels agents antibactériens seraient trés peu susceptibles

au développement de mécanismes de résistance.
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En tant que premicre auteure de cet article de revue scientifique, j’ai réalisé une revue
approfondie et détaillée de la littérature scientifique sur la biosynthése de la paroi
bactérienne et sur les différentes enzymes impliquées. J’ai porté une attention particulicre
aux amides ligases MurC, MurD, MurE et MurF puis j’ai sélectionné les articles
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augmenter la qualité et la fluidité.
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Abstract

With antibiotic resistance mechanisms increasing in diversity among emerging and re-
emerging bacterial pathogens and spreading worldwide, the development of novel classes
of broad-spectrum antibacterial agents targeting hitherto unexploited targets in bacterial
cells has become a high-priority task. The cell wall biosynthesis pathway is the most
recognized and well-validated source of targets for antibacterial agents. Within this
pathway are the Mur ligase enzymes (essential for the synthesis of the cell wall precursor
monomer unit uridyl diphosphate-N-acetylmuramyl-pentapeptide), which are described in
this article as highly suitable and currently unexploited targets for specific inhibitors. Each
individual Mur ligase possesses features that constitute attractive physiological targets and
the four share conserved amino acid regions as well as a common catalytic mechanism and
structural features that can be exploited for the design of inhibitors that simultaneously
target them all. A class of novel inhibitors of this type would provide a formidable weapon

against pathogenic bacteria, with reduced likelihood of the emergence of resistant variants.

Introduction

The astonishing adaptive capabilities of bacteria, combined with modern human behavior
and widespread antibiotic misuse, have resulted in alarming increases in resistance to all
clinically useful antibiotics among emerging and re-emerging pathogens and the spread of
resistant strains worldwide'>. This situation has become one of the most critical global
public health problems over the past decade, involving all major bacterial pathogens,
complicating the treatment of infectious diseases and increasing human morbidity,
mortality and health care costs™. The development of new, structurally novel broad-
spectrum bactericidal compounds with novel modes of action against judiciously chosen
physiological targets must be given top priority if humanity is to meet the challenge posed
by emerging resistant pathogens”.

The principal features of an ideal physiological target for bacterial inhibitors include
functional essentiality for bacterial viability (i.e. inhibition leads unconditionally to effects

that are lethal to the bacterial cell), high genetic and structural conservation among all
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clinically relevant bacterial pathogens, no eukaryotic equivalent and a level of expression
during host infection that ensures the effectiveness of the inhibition. The perfect target
would be an enzyme performing a rate-limiting biochemical step with a fully elucidated
mechanism amenable to high throughput screening and inhibitory investigations such as
structure—activity relationships®’. In order to minimize the emergence of resistance, new
antibacterial approaches must target families of related but non-identical enzymes that have
invariant active site residues and that can be inhibited by a single compound®’. The Mur
ligase enzymes, which catalyze essential steps in the bacterial cell wall biosynthesis
pathway, fulfill all of these requirements and represent one of the best targets for
antibacterial agents. In this review, the biology of these amide ligases is described in terms

of their suitability as targets for a new generation of therapeutic antimicrobial agents.

The cell wall biosynthesis pathway and the functionality of the Mur

ligases

The bacterial cell wall biosynthesis pathway can be divided into three distinct topological
steps that are valid for all eubacteria. Cytoplasmic enzymes first synthesize the cell wall
precursor uridyl diphosphate-N-acetylmuramyl-pentapeptide from uridyl diphosphate-N-
acetylglucosamine (UDP-GIcNAc). Membrane-bound enzymes then catalyze the formation
of the final lipid-containing precursor, after which the periplasmic enzymes incorporate this
monomer unit into the growing cell wall layer. Cytoplasmic substrate UDP-GIcNAc is
synthesized from D-fructose-6-phosphate by three enzymatic steps. D-fructose-6-phosphate
is first converted into glucosamine-6-phosphate by amidotransferase GImS and
phosphoglucosamine mutase GImM then catalyzes the formation of glucosamine-1-
phosphate. Finally, the bifunctional GImU enzyme performs the acetylation of
glucosamine-1-phosphate into N-acetylglucosamine-1-phosphate and the uridylation to
yield UDP-GIcNAc. This product is utilized for cell wall biosynthesis and for the synthesis
of teichoic acids or lipopolysaccharides®.

The first cell-wall-specific step of the pathway, namely UDP-N-acetylmuramyl-
pentapeptide synthesis, is catalyzed by a series of cytoplasmic enzymes called MurA

through MurF. MurA catalyzes the transfer of enolpyruvate from phosphoenolpyruvate to
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position 3 of UDP-GIcNAc to yield UDP-GlcNAc-enolpyruvate. MurB then reduces the
enolpyruvate moiety to D-lactoyl, utilizing one equivalent of NADPH and a solvent proton
to form UDP-N-acetylmuramic acid (UDP-MurNAc)"®. Next, the four ATP-dependent
amide ligases (MurC, MurD, MurE and MurF) perform the stepwise addition of five amino
acids using the newly synthesized carboxylate as the first acceptor site to form the peptide
moiety of the cell wall precursor’”. The pentapeptide is thus formed by the successive
addition of, in most cases, L-Alanine (L-Ala), D-Glutamine (D-Glu), a di-amino acid
(usually diaminopimelic acid (A2pm) or L-Lysine (L-Lys)) and a dipeptide D-Ala-X (X =
typically D-Ala and less commonly D-lactate or D-serine) to the D-lactoyl group of UDP-
MurNAc, by MurC, MurD, MurE, and MurF, respectively”'’, yielding the cell wall
cytoplasmic precursor UDP-MurNAc-pentapeptide, as depicted in Figure 1.

This precursor then becomes the substrate for the membrane step of the cell wall
biosynthesis pathway. The translocase MraY transfers the phospho-MurNAc-pentapeptide
moiety of UDP-MurNAc-pentapeptide to the membrane acceptor undecaprenyl phosphate
to form MurNAc-(pentapeptide)-pyrophosphoryl undecaprenol or lipid 1. Thereafter, the
transferase MurG catalyzes the addition of GIcNAc to lipid I, yielding GlcNAc-MurNAc-
(pentapeptide)-pyrophosphoryl undecaprenol or lipid II°.

This final disaccharide pentapeptide precursor is then translocated by an unknown
mechanism from the inner side of the cytoplasmic membrane to the outer side, where it
becomes the substrate for the periplasmic step. The transglycosylation and transpeptidation
actions of periplasmic penicillin-binding proteins (PBPs) incorporate the newly made
monomer unit into the growing cell wall polymer. This polymerization reaction involves
the formation of elongating linear disaccharide chains and peptide cross-bridges between
the new glycan chains and the preexisting cell wall network®. The essential cell wall layer is
thus composed of alternating units of UDP-GIcNAc and UDP-MurNAc cross-linked via
short peptide chains. This network confers the bacterial cell shape, enables the cell to
survive variations in osmotic pressure and provides the rigidity, flexibility and strength for

7,11,12

cell integrity, growth and division . Indeed, bacterial cells with defective cell walls

eventually burst and die'".
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The potential of the Mur ligase enzymes as antibacterial targets

The cell wall biosynthesis pathway, which produces the essential and unusual cell wall
structure exclusive to prokaryotes, represents one of the best known and most validated
sources of targets for antibacterial therapy. Many clinically useful antibiotics interfere with
this pathway'’. The pB-lactam, glycopeptide, bacitracin, D-cycloserine, fosfomycin,
ramoplanin, tunicamycin and mureidomycin compounds inhibit different steps of cell wall
biosynthesis, but no known antibacterial agent targets the amide ligase enzymes'>'*. The
ligases may thus be considered as unexploited targets, now attracting interest because of the
antibiotic resistance “crisis” upon us’*.

Within the cell wall biosynthesis pathway, the Mur ligases represent one of the best
specific targets for developing new, structurally novel antibacterial agents with novel
modes of action. In fact, these enzymes present most of the characteristics sought in ideal
antibacterial targets. They catalyze key reactions in bacterial cell wall biosynthesis and
their functions are absolutely essential for bacterial growth, division and pathogenesis.
Their inhibition leads to the lethal cell-lysis phenotype associated with impaired cell wall

. . 15-1
biosynthesis'>"’

. They are sufficiently expressed during host infection to constitute
excellent targets and antibacterial agents developed against them will consequently be
bactericidal and not merely bacteriostatic. Furthermore, each of the unique and highly
specific Mur ligases is genetically and structurally conserved as a single gene copy in a
wide variety of Gram-positive and Gram-negative pathogens, with no mammalian
counterpartg’lg. In fact, the active sites of MurC, MurD, MurE and MurF are conserved in
almost all medically relevant bacteria and even among all members of the Chlamydiaceae

9,18-22

family . Potent inhibitors of these enzymes would thus be expected to act as broad-

. . 12324
spectrum antibacterials™

. Homologues of the amide ligase enzymes have been found in a
number of chloroplast-containing organisms and there is good evidence that these
eukaryotic Mur proteins are required for chloroplast division in mosses®. In contrast,
mitochondria, which have lost the cell division and cell wall biosynthesis genes from their
endosymbiotic origins, appear to have evolved a division apparatus that lacks bacterial
components”®. There is therefore no reason to believe a priori that antibiotic therapy using

agents directed against Mur ligases would have adverse side effects on eukaryotic cells.
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As no existing antibacterial agent or known endogenous inhibitor specifically
targets Mur ligases, no resistance mechanism against such inhibitors is likely to have
evolved in bacteria. Mur ligases can be obtained in large quantities at high purity and
detailed catalytic mechanisms and structures of the four enzymes from many bacterial
species are now available for driving and optimizing drug development'’?**">°. Mur
enzyme activity is coupled with an essential ATP hydrolysis, which can be quantified and
exploited to screen and analyze inhibitory molecules. Although ATP and the Mur ligase
amino acid substrates are commercially available, the nucleotide cell wall substrates are
not. The use of such substrates can be bypassed by measuring Mur ligase activity as
incorporation of a radioactive precursor into cell walls, but this method is time, cost and
effort intensive. Enzymatic assays have therefore been devised, based on quantifying Mur
ligase ATPase activity with synthesized nucleotide intermediates. The specific nucleotide
substrate of each amide ligase can be prepared using purified cell wall biosynthesis
enzymes and the commercially available substrate of MurA*'2. A recent study has
described the generation of a mixture of UDP-MurNAc-Ala-Glu-Lys and UDP-Ala-Glu-
A2pm using the nonessential Mpl cell-wall recycling enzyme®”. Another alternative relies
on an assay that can detect inhibitors of the entire cell wall cytoplasmic pathway by a “‘one
pot’’ reaction where one enzyme provides substrate for the next. A permeabilized whole
cell assay that monitors the incorporation of radioactive UDP-GlcNAc into the cell wall has
been reported, as well as biochemical assays using the purified enzymes MurA through

MurF™®,

Advantages of specifically targeting each Mur ligase with antibacterial

agents

In addition to its key enzymatic role in the cell wall biosynthesis pathway, each amide
ligase has significant advantages as a specific target for antibacterial agents. We shall
therefore describe the characteristics and specific features of each Mur ligase enzyme.
MurC is specific for the substrate L-Ala, which it adds to the nucleotide precursor
UDP-MurNAc, thus attaching the first amino acid residue of the cell wall peptide moiety
and yielding the product UDP-MurNAc-Ala. Purified E. coli MurC is a protein of about 50
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kDa, characterized by equilibrium between its monomeric and active dimeric forms. The L-
Ala-adding activity of MurC seems to be dependent on its oligomerization state and this
feature appears to be unique among the Mur ligases. Somehow, the two cysteine residues of
the E. coli MurC protein are poorly conserved among bacteria and not critical for catalytic
activity, although one of these is involved in enzyme stability and binding of ATP**. The
MurC enzyme from the obligate intracellular pathogens among the genus Chlamydia is of
particular interest, since unlike the vast majority of eubacteria, Chlamydia do not
synthesize detectable cell wall, even though they have cell wall biosynthesis genes and are
susceptible to cell wall-targeting antibiotics. The MurC enzyme of Chlamydia 1is
synthesized as an unusual bi-functional protein called MurC-Ddl, with the MurC domain
displaying ligase activity both in vivo and in vitro>> and Ddl ligase activity of the type
required for the synthesis of the D-Ala-D-Ala substrate of MurF. The Ddl activity of MurC-
Ddl has been shown to depend on the N-terminal MurC portion but not on the MurC
enzymatic activity’'. These recent findings suggest that Chlamydiaceae can synthesize a
cell-wall-like structure. Furthermore, potent inhibitors of MurC will presumably be of
special interest for combating Chlamydiaceae infections, since they may be able to inhibit
both the MurC and Ddl enzymatic functions through alteration of the MurC-Ddl protein
conformation.

MurD catalyzes the formation of an amide bond between a D-Glu residue and UDP-
MurNAc-Ala to form UDP-MurNAc-Ala-Glu. This protein of about 47 kDa displays
extremely high specificity for its amino acid substrate and D-Glu is practically the only
residue found at position 2 of the cell wall peptide moiety®>®. Furthermore, D-Glu residues
occur exclusively in the cell wall and in capsular exo-polypeptides of a few species. D-Glu
can be synthesized by a direct racemase-catalyzed conversion of L-Glu or by a
transamination process catalyzed by a D-Ala aminotransferase using D-Ala and ao-
ketoglutarate. Bacillus subtilis, Bacillus sphaericus and staphylococci use both routes of
synthesis, although the Glu racemase is typically the essential enzyme for providing D-Glu
as a substrate for MurD®. The fact that MurD performs its function on an amino acid with
the D configuration is especially interesting from the perspective of developing selective
broad-spectrum antibacterial agents®*, as D residues constitute the most distinctive

structural feature of the cell wall layer and are metabolized only in prokaryotes, which need
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them presumably to provide resistance to degradation by external enzymes®’. Indeed, MurD
has been identified as one of the most promising new targets for the discovery of broad-
spectrum antibacterial agents to face the emergence of multi-resistant Mycobacterium
tuberculosis™. Tt has been suggested that the MurD reaction is the step at which cell wall
synthesis is regulated, for example to maintain the relatively thin Gram-negative cell wall**.
Finally, the surface-located enzyme glyceraldehyde phosphate dehydrogenase (GAPDH) is
defined as a virulence factor in various bacterial pathogens and it has been suggested that
MurD could bind cytoplasmic GAPDH to the cell wall*’. Indeed, antibiotic therapy
targeting MurD could alter the regulation of the cell wall biosynthesis pathway as well as
the GAPDH virulence factor localization, in addition to inhibiting the highly specific MurD
enzyme.

The third amino acid residue is added to the cell wall peptide moiety by a 52 kDa
protein called MurE. MurE is the only member of the Mur ligases to display amino acid
substrate specificity that varies from one bacterial species to another. Typically, Gram-
negative bacteria and bacilli contain a meso-A2pm residue at the third position of the cell
wall peptide moiety while Gram-positive bacteria contain an L-Lys residue **. The third
residue plays a key role in maintaining bacterial cell wall integrity and cell shape. It is
involved in cross-linkages between the peptide moiety of the glycan chains, joining the cell
wall into a macromolecular network of high tensile strength and rigidity’. The subsequent
transpeptidation reactions lead to the formation of essential bonds between the di-amino
acid residue at the third position of a peptide moiety and a D-Ala or a di-amino acid residue
of the next peptide side chain®. The di-amino acid is also involved in transpeptidation
reactions required for proper bacterial cell division®®. Furthermore, the high specificity of
the transpeptidation step is particularly dependent on the di-amino acid used as an acceptor
and the incorporation by MurE of a “wrong” amino acid results in cell lysis®>*. MurE must
therefore select the “correct” substrate among closely related amino acids that coexist
within the cell*’. MurE enzymes from Gram-negative and Gram-positive bacteria have been
shown to discriminate efficiently between di-amino acids via structural determinants to
catalyze only the addition of either meso-A2pm or L-Lys to the nucleotide precursor UDP-
MurNAc-Ala-Glu®*®. In most bacteria, meso-A2pm is synthesized by an L.L-A2pm

epimerase but it can also be synthesized directly from L-tetrahydrodipicolinate by an A2pm
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dehydrogenase enzyme. The L,L-A2pm decarboxylase then produces L-Lys from the meso-

A2pm precursor in a biosynthetic pathway absent in mammals®”*!

. Finally, targeting MurE
may lead to perturbation of the regulation of antibiotic resistance and competence
mechanisms. MurE has recently been shown to influence methicillin resistance in
Staphylococcus aureus by regulating the expression of two PBPs* and to influence DNA
uptake in Haemophilus influenzae by causing induction of the normal competence pathway
via a previously unsuspected signal®.

The final amide ligase enzyme, the 46 kDa protein MurF, is less selective than the
others, accepting a broader range of substrates®. Its function is to add the dipeptide D-Ala-
D-Ala to UDP-MurNAc-tripeptide, yielding the cell wall precursor UDP-MurNAc-

pentapeptide’*

. MurF is at a crucial junction in cell wall biosynthesis, mobilizing the
cytoplasmic building block for the next steps of the pathway. MurF is an especially
attractive target for selective broad-spectrum antibacterials as, like MurD, it exclusively
utilizes D-amino acids as substrates’ . The D-Ala-D-Ala dipeptide is specific to the cell
wall and is formed by a pathway absent in mammals that involves alanine racemase and the

Ddl enzyme®*

. D-Ala-D-Ala is also a central molecule in cell wall assembly and cross-
linking, providing the cell wall with mechanical strength and flexibility. There is no active
metabolism in the periplasm and the essential transpeptidation reaction between two glycan
strands is energized by the hydrolysis of the D-Ala-D-Ala bond. The PBPs thus cleave the
D-Ala-D-Ala of a donor pentapeptide precursor with concomitant release of the terminal D-
Ala and formation of a cross-link between the carboxyl group of the D-Ala in position 4
and the amino group of an acceptor di-amino acid residue in another acceptor peptide
moiety”’. The D-Ala-D-Ala residues at the end of the peptide moiety are also important for
the recognition of cell wall and the action of PBPs, B-lactams and glycopeptidesl3’14’45.
Furthermore, the terminal D-Ala-D-Ala is required by the Ftsl transpeptidase enzyme,
which is responsible for the cell wall synthesis that occurs during division septum
formation®®. Indeed, aberrant septum formation and increases in cell diameter have been
observed when MurF is defective. MurF also affects the level of B-lactam antibiotic
resistance in methicillin-resistant S. aureus and the transcription of two PBPs*. Finally,

MurF plays a key role in the mechanisms of bacterial resistance to glycopeptide

antibiotics®. The functions of MurF thus exceed its primary task in peptidoglycan
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biosynthesis, and targeting this enzyme could therefore lead to perturbation of cell division

and thus thwart the development of antibiotic resistance for a long time.

When their unity is our strength: simultaneously targeting all the Mur

ligases

The amide ligases MurC, MurD, MurE and MurF described above all share identical
characteristics that can conceivably be exploited to design potent inhibitors targeting all
four enzymes. Fifteen years ago, it was determined that 10 to 20% of the primary sequence
is identical and the ATP-binding site is highly similar among these ligases® . Further
comparison has revealed the presence of common invariants: seven amino acids and the
ATP-binding consensus sequence GXXGKT/S’. Four regions of homology critical for
proper functioning of the proteins were subsequently identified. Homologous region I
includes the highly invariant nucleotide fold, region II is an extended domain in the middle
of the proteins containing an invariant Glu and a highly conserved His lying between two
acidic residues nested within a generally hydrophobic region, region III presents a short
concentrated set of acidic residues conserved among most of the ligases in the form of a
dyad and the region IV constitutes a hydrophobic patch'®. The Mur ligases thus appear to
be a well-defined class of functionally closely related proteins originating presumably in a
common ancestor’.

The only other enzymes found to share the same common conserved amino acids as
observed for the Mur ligases are folylpoly-y-L-glutamate ligase, CapB and cyanophycin

synthetases™"®

. Bouhss et al noted that folylpoly-y-L-glutamate ligase presents the same
conserved residues except for the most N-terminal invariant residue’. This enzyme
catalyzes the addition of successive L-Glu residues either to folate monoglutamate in
eukaryotes or to dihydropteroate in prokaryotes to produce folylpolyglutamates required for
effective intracellular retention of folate'®*’. Both prokaryotic and eukaryotic forms of the
enzyme bear the signature Mur ligase regions I and I and elements of region IV identified
by Eveland ez al'®. The four homologous regions have been identified in the CapB protein

of Bacillus anthracis, implicated in the synthesis of capsular poly-y-D-glutamate'®. Finally,

the C-terminal part of cyanophycin synthetase from Synechocystis sp. PCC 6803 involved
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in the synthesis of the multi-L-Arg-poly-L-Asp polymer of cyanobacteria also shows
sequence similarities with Mur ligases™.

Over the past decade, there has been growing interest in elucidating the detailed
catalytic mechanisms and structural features of the Mur ligases. The strong homology
between the proteins associated with the catalytic functions supports the argument that
these enzymes form a superfamily of three substrate amide ligases proceeding via a similar
mechanism'®, Indeed, MurC, MurD, MurE and MurF display similar levels of ligase
activity with concomitant hydrolysis of ATP to ADP and inorganic phosphate (P;). They
thus use phosphate bond energy to drive the non-ribosomal addition of specific amino acids
to the growing cell wall peptide moiety, beginning with UDP-MurNAc. This activity is
dependent on the cofactor Mg®" and sensitive to pH, with an optimum around 8. This
formation of amide peptides of very particular types is not a frequently encountered
biochemical reaction and involves acyl phosphate and tetrahedral intermediates®. The Mur
ligases thus operate according to the mechanism depicted in Figure 2A, involving
activation of the carboxyl group of UDP-MurNAc or the C-terminal carboxyl group of
UDP-MurNAc-peptide via transfer of the y-phosphate of ATP and formation of an acyl
phosphate intermediate. The amino group of the condensing amino acid then displaces the
phosphate by nucleophilic attack with the concomitant formation of a peptide bond and a
tetrahedral intermediate, which breaks down into the lengthened peptide and Pi>***** The
four Mur ligases proceed via an ordered kinetic mechanism with a sequential substrate
binding order beginning with ATP, followed by the nucleotide substrate and ending with
the amino acid or dipeptide’>.

The tridimensional structure of the four Mur ligase proteins is now known. The
structures of MurD, MurE and MurF were determined several years ago, while the crystal
structure of MurC was solved more recently, thus completing the Mur ligase structural
picture. The tridimensional features have confirmed that the homologous sequences
conserved among the proteins are involved in the catalytic process'****"2%3%% " Although
each amide ligase displays high specificity for its respective substrate, the overall structure
of MurC, MurD, MurE and MurF is very similar.

These four proteins share the same three-domain topology and active site

28,29

architecture””". Each Mur ligase thus presents an N-terminal domain 1, a central domain 2
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and a C-terminal domain 3, with an active structure assembling at the common domain
interfaces when all three substrates are bound®. Domain 1 consists of a five-stranded
parallel B-sheet surrounded by two a-helices in MurE, three helices in MurF and four a-
helices in MurC and MurD. This fold binds the UDP moiety of the nucleotide substrate
while the MurNAc-(peptide) portion extends into the cleft formed among the three
domains. The N-terminal domain is reminiscent of the Rossmann dinucleotide-binding fold
in MurC and MurD***7**°*2 In order to accommodate the longer nucleotide substrate,
MurD binds the UDP moiety in an orientation opposite that observed in MurC?®, In contrast
to MurC and MurD, MurE and MurF present a more usual N-terminal fold**?’. The mode
of UDP recognition by MurE is similar to that observed for MurC, although MurE
undergoes a more pronounced domain rotation to widen the interdomain cleft and
accommodate the longer substrate®®. In the case of MurF, the N-terminal domain binds the
uracyl ring of UDP but does not present the typical nucleotide-binding fold, while part of
the central domain extends out towards the N-terminal domain to bind the pyrophosphate of
the nucleotide substrate®’.

The central domain represents a common fold seen in all Mur ligases, consisting of
a central six-stranded parallel B-sheet for MurD, MurE and MurF whereas a seven-
stranded, mostly parallel B-sheet is present in MurC. This B-sheet is surrounded by seven a-
helices in MurD and MurE, by five helical segments in MurC and by eight a-helices in
MurF. This domain is also flanked by a smaller antiparallel, three-stranded B-sheet. In all
Mur ligases, the central domain contains a typical mononucleotide-binding fold and is
responsible for the binding of ATP?**"*%36°0 The Mur ligases present shortened versions
of the classical P-loop, perhaps an evolutionary novelty, with a “deletion” of two residues
between the invariant first Gly and the Gly-Lys. The P-loop normally has the consensus
sequence GxxxxGKT/S with four variable residues between the two glycine residues, in
contrast with the Mur ligase ATP-binding consensus sequence GXXGKT/S**.

The third domain is conserved among the four Mur ligases and consists of a central
six-stranded B-sheet with one antiparallel and five parallel B-strands, surrounded by five a-
helices. This domain contains the Rossmann dinucleotide-binding fold and binds

principally the amino acid substrates of the amide ligase enzymes®*?****>2  This C-
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terminal domain plays a dual role in both capping the ATP binding site and inserting a loop
into the enzyme active site to position the appropriate amino acid substrate®®.

To form a potent active site for ligation to occur between the nucleotide and the
amino acid substrates, the “open” substrate-free Mur ligase structures must undergo an
important conformational change upon substrate binding in order to bring the C-terminal
domain towards the N-terminal and central domains in close proximity for forming a
functional enzyme-substrate complex. ATP binding is believed to initiate such a
conformational change, but the Mur ligases assemble into an active “closed” tertiary
structure only when the three substrates are bound. Indeed, the latter substrates must be
brought together and correctly oriented for acyl-phosphate intermediate formation after the
binding of ATP. Next, the ligase must orient the amino acid substrate for nucleophilic
attack and stabilize the tetrahedral intermediate, thereby lowering the activation barrier and
accelerating catalysis®*>72%2%!,

In summary, the critical amino acids, the catalytic mechanism and the
tridimensional structure of the Mur ligase enzymes are widely conserved. These proteins
differ from one another by the topology of their N-terminal UDP-binding domain. Such
diversity, combined with more minor alterations in domain packing and tertiary structure
allow the Mur ligases to bind a lengthening cell wall nucleotide substrate and a distinct
amino acid ligand®®. Finally, MurE has a special feature that distinguishes it from the other
ligases, namely specific binding pockets for the y- and a-carboxyl groups towards the ATP
binding site for formation of the acyl phosphate intermediate. This ligase uses the y- rather
than the a-carboxyl group of D-Glu to form a peptide bond with the amino acid being
added to the cell wall**~>.

Development of a Mur ligase-targeted antibacterial therapy

Aided by knowledge of enzyme kinetics, catalytic mechanisms and structural features as
well as the availability of screening assays, the rational design of novel classes of ingenious
antibacterial agents targeting the Mur ligases becomes feasible in a practical sense. Since
each of the Mur ligases is essential, such a multimodal inhibitor would be a formidable

weapon against bacteria, with the added benefit of dramatic decreases in the likelihood of
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resistance being acquired through a single point mutation'>'®**?*%_Such a new class of
antibacterials would also take advantage of the various substrate and feedback inhibitions
as well as specific activation mechanisms reported to occur for most of the cell wall
cytoplasmic enzymes. As the Mur ligase enzymes become inhibited, their respective
substrates will accumulate in the bacterial cytoplasm and contribute to interference with the
cell wall biosynthesis pathway. The interdependence of the Mur reactions is extensive:
MurA is tightly inhibited by the UDP-MurNAc product of MurB (and substrate of MurC)
through a feedback inhibition mechanism;>* the activity of racemase Murl, essential for
forming the D-Glu substrate of MurD, absolutely and specifically depends on the UDP-
MurNAc-Ala activator (the product of MurC);>> UDP-MurNAc-Ala at concentrations
greater than normal significantly inhibits MurD through a substrate inhibition mechanism;**
MurE is strongly inhibited by elevated concentrations of its UDP-MurNAc-dipeptide

16,56
and

substrate®’; the Ddl enzyme is very sensitive to D-Ala-D-Ala feedback inhibition,
MurF is strongly inhibited by its nucleotide substrate UDP-MurNAc-tripeptide®.
Moreover, changes in cell-wall precursor biosynthesis, such as variations of substrate pool
levels and shortening of the peptide cross-bridges, have been correlated with variations in
susceptibility/resistance behavior towards B-lactam antibiotics®. Finally, the likelihood of
resistance would be much lower if a potent Mur ligase inhibitor were used as part of an
antibacterial cocktail comprising fosfomycin inhibiting MurA and D-cycloserine interfering
with the formation of D-Ala-D-Ala by targeting alanine racemase and the enzyme DdI.
Vancomycin can also be used on Gram-positive bacteria or teicoplanin derivatives on
Gram-negative bacteria to obtain a synergistic effect’’. This may allow decreases in D-
cycloserine and glycopeptide doses and their associated toxic side effects.

It has been argued that the rapid discovery of new drugs is greatly facilitated when a
family of related proteins is targeted by a similar chemical approach. ATPases represent
very good candidates for such a family-based approach. Indeed, it is possible to target the
nucleotide-binding site of all the ATPases among a specific family of proteins with a single
chemical strategy®. The structural diversity among the ATPases can be exploited to design
selective, specific and potent inhibitors, based on the structural properties of the nucleotide-
binding site and complete active site, the conformation of the bound nucleotide and

adenosine—protein interactions™. As a proof of principle, the Mur ligases present a P-loop
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conformation that differs from the classical ATP-binding P-loop, forming a rather sharp
turn between the B-strand and the a-helix’*’.

Understanding of the common catalytic mechanism of the Mur ligases through
kinetic and structural studies has led to the design of appropriately substituted transition
state analogue inhibitors. Very few inhibitors have been described for the Mur ligases, but
the most potent and best known are phosphinates or derivatives of phosphinic acid,
consisting of a dipeptide analogue linked to uridine diphosphate by a hydrophobic spacer.
The remarkable feature of this inhibition is that the amide ligase enzymes promote the
transfer of the y-phosphate of ATP onto the phosphinate anion to produce ADP and a
phosphorylated inhibitor. The resulting phosphoryl phosphinate exhibits a transition-state
inhibition moiety very closely mimicking the tetrahedral intermediate transition state of the
nucleotide substrate that has been proven to form in the normal pathway of the reactions
catalyzed by the Mur ligases (Fig. 2B). Thus, this tetrahedral intermediate-like phosphoryl
phosphinate moiety is tightly bound by the enzymes'®. Specific phosphinate inhibitors have
been developed for each Mur ligase, but no antibacterial activity has been reported,
probably due to inefficient transport of these molecules into the cytoplasm®. Using the
conserved binding motifs and structural features of the Mur ligases, the design of new
phosphinate analogues of the nucleotide substrates could result in specific inhibitors of the
four Mur ligase enzymes.

Finally, such a novel class of ATPase or phosphinate inhibitors targeting the four
Mur ligases will have to be evaluated for possible activity against folylpoly-y-L-glutamate
ligase, which performs an essential function in eukaryotic cells. Despite a low level of
sequence identity, this enzyme presents conserved regions and structural similarity with the
Mur ligases. Nevertheless, the folylpoly-y-L-glutamate protein differs from Mur ligases by
significant variation in the relative domain orientations, discrepancy between the P-loops as
well as insertions and deletions in the structures®’. Furthermore, there is no obvious
structural analogy between the substrate of the folylpoly-y-L-glutamate ligase
(tetrahydrofolate) and the nucleotide substrates of the Mur enzymes’. In fact, domain 1 of
the Mur ligases is absent from the folylpoly-y-L-glutamate ligase. In contrast to the cell
wall biosynthesis amide ligases, folylpoly-y-L-glutamate accommodates a ‘“growing”

peptide chain*’. These primary sequence, structural and catalytic differences can be
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exploited in order to design Mur ligase inhibitors that do not interfere with folylpoly-y-L-

glutamate ligase.

Concluding remarks and future prospects

The Mur ligase cell wall biosynthesis enzymes constitute a group of closely related
bacterial proteins with characteristics that make them highly suitable as targets for a new
class of broad-spectrum antibacterial agents, which must be designed in order to face the
impending crisis of rampant antibiotic resistance. However, successful antibiotic therapy
with Mur inhibitors will not become reality until the conditions required for actual
antibacterial activity have been determined and optimized. For a strong effect against
bacterial growth and survival, it is likely that Mur ligases will have to be very strongly
inhibited in the whole cell. Synergistic inhibitors of multiple steps in the Mur ligase
pathway would require less complete inhibition of each step and would lead to lower rates
of selection of resistant variants®. The biggest problem is how to get the inhibitor to cross
the bacterial membranes and avoid the actions of efflux pumps to remain in the cell
cytoplasm for long enough and at a concentration high enough to inhibit the targeted
enzymes. To meet this challenge, inhibitory molecules may be conjugated to a stable
bacterial transport moiety that promotes uptake via active transport mechanisms. To thwart
bacterial resistance, inhibitors may exploit transport mechanisms required for bacterial
virulence. Chemical parameters can also be explored as an avenue to obtaining passive
diffusion of small inhibitory compounds through bacterial membranes without disturbing
host cell membranes'***. In the case of Gram-negative pathogens, the selective permeation
barrier of the LPS-containing outer membrane can be perturbed by specific polycationic
permeabilizers such as polymyxin B, cationic peptides and aminoglycosides in order to
increase permeability®®. Such permeabilizers could be used synergistically with Mur ligase
inhibitors or the inhibitors could be transformed or complexed to mimic the
permeabilization effect of polycationic compounds. Finally, filamentous phages can be
used as specific and efficient targeted drug carriers and Mur inhibitors could be linked to
these by means of chemical conjugation through a labile linker subject to controlled release

in the bacterial cytoplasm®'.
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For the purpose of targeting Mur ligases with ATPase inhibitors, the inhibitory
molecules must be able to compete with the high ATP concentration present in the cell and
must also be highly selective, because of the similarity of the ATP-binding site on ATPases
and other ATP-binding proteins. Since phosphate-containing molecules are characterized
by lower bioavailability and poor stability, the challenge will be to synthesize ATP mimics
that lack phosphate groups™. In the case of phosphinate inhibitors, the diphosphate and
phosphinate moieties would have to be modified, since they presumably prevent cell
penetration. Exploration of combinatorial or modular chemistry could lead to compounds

with an acceptable balance of specific inhibitory potential and good cell penetration'.
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Figure legends

Figure 1. Schematic representation of the cytoplasmic steps of cell wall biosynthesis carried
out by the ATP-dependent Mur ligases and formation of the cell wall peptide moiety. MurC
first catalyzes addition of L-Ala to the nucleotide substrate UDP-MurNAc. MurD then adds
D-Glu to UDP-MurNAc-Ala, MurE ligates the meso-A2pm residue (in Gram-negative
bacteria and bacilli) to yield the UDP-MurNAc-tripeptide and finally MurF catalyzes the
addition of the terminal dipeptide D-Ala-D-Ala, yielding the UDP-MurNAc-pentapeptide.
(In Gram-positive bacteria, MurE ligase typically adds L-Lys to the UDP-MurNAc-Ala-
Glu substrate.)

Figure 2. (A) Catalytic reaction mechanism of the ATP-dependent amide-forming Mur

ligase enzymes and (B) the general structure of a phosphorylated phosphinate inhibitor.

Figure 3. Tridimensional structures of the amide ligases MurC, MurD, MurE and MurF.
(A) structure of MurC resolved to 1.7 A **; domain 1 is yellow, domain 2 is red, domain 3
is green, UDP-MurNac-Ala product is blue and nonhydrolyzable ATP analogue AMPPNP
is dark blue; (B) structure of MurD resolved to 1.7 A **; domain 1 is yellow, domain 2 is
red, domain 3 is green, UDP-MurNac-Ala is blue, and D-Glu is dark blue; (C) structure of
MurE resolved to 2 A 20; domain 1 is yellow, domain 2 is red, domain 3 is green, UDP-
MurNac-Ala-Glu is blue, and meso-A2pm is dark blue; (D) structure of MurF resolved to
2.3 A %"; domain 1 is yellow, domain 2 is red, and domain 3 is green. The image was
created using INSIGHTII version 2000.1 (Accelrys) on a Silicon Graphics Fuel workstation.
Crystal structure co-ordinates were retrieved from the Protein Data Bank

(http://www.rcsb.org/pdb/): MurC, 1P3D; MurD, 2UAG; MurE, 1E8C; MurF, 1GG4.
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Chapitre 5 - Selection of peptide inhibitors against the
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Résumé

Sélection de peptides inhibiteurs contre I’enzyme MurD de Pseudomonas

aeruginosa essentielle a la biosynthese de la paroi bactérienne

Le pathogeéne opportuniste P. aeruginosa est hautement résistant aux antibiotiques et
représente la principale cause de déces chez les patients atteints de fibrose kystique. Afin de
développer de nouveaux agents antibactériens, I’amide ligase MurD de P. aeruginosa
essentielle a la biosynthése de la paroi bactérienne a été ciblée. La protéine MurD purifiée a
¢été utilisée afin de cribler des banques de peptides C-7-C et 12 mers par présentation
phagique. Une approche de biocriblage compétitif a été employée avec les substrats
spécifiques de MurD; soit le D-glutamate et I’ ATP. Suite au biocriblage, I’ADN phagique a
été séquencé et 60 fusions peptidiques ont été identifiées. Les séquences correspondantes
en acides aminés ont ensuite été alignées puis les deux consensus peptidiques sélectionnés
contre MurD ont été synthétisés. Le substrat nucléotidique UDP-N-acetylmuramyl-L-
alanine a été synthétisé, purifié et utilisé afin de développer un essai spectrophotométrique
dosant I’activité enzymatique de MurD. Cet essai a permis d’évaluer le potentiel inhibiteur
des peptides synthétisés. Le peptide C-7-C MurDpl inhibe spécifiquement 1’activité
ATPase de MurD avec une Clsy estimée a 4 uM et la conformation en boucle de MurDpl
s’avere importante pour 1’inhibition. Le peptide linéaire MurDp2 comprenant 12 résidus
présente quant a lui une Clsp de 15 mM. Un motif d’acide aminé conservé a été identifié
entre le peptide MurDp2 et la protéine bactérienne glycéraldehyde 3-phosphate
déshydrogénase. Cela indique que MurDp?2 se lie a un site d’intéraction protéine-protéine a
la surface de MurD. Finalement, cette étude démontre que des peptides inhibiteurs efficaces
ainsi que des domaines d’intéraction protéine-protéine peuvent étre identifiés a 1’aide d’une

approche ciblée de présentation phagique.
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Contribution des auteurs

Cet article scientifique publié¢ dans la revue «Peptides» en mars 2006 a été réalisé par sept
personnes. J’ai tout d’abord préparé 1’enzyme MurD puis j’ai effectué le criblage
peptidique par présentation phagique avec 1’aide de la stagiaire Lydia Boudreault. J’ai
ensuite analysé les résultats de séquences obtenus contre MurD. Adrian Lloyd a synthétisé,
purifi¢ et analysé le substrat nucléotidique de MurD qui n’est pas disponible
commercialement. A ce moment, Adrian Lloyd était étudiant au doctorat sous la direction
du Dr Timothy D. H. Bugg qui a supervisé cette étape du projet. Par la suite, la chimiste
M¢lanie Beaumont et le Dr Francois Sanschagrin ont mis au point un essai
spectrophotométrique quantifiant 1’activit¢ ATPase de MurD afin d’analyser le potentiel
inhibiteur des peptides synthétisés. Mélanie Beaumont a ensuite déterminé la Clsy pour
chacun des peptides en utilisant 1’essai spectrophotométrique et le substrat nucléotidique de
MurD. J’ai finalement analysé les résultats obtenus, j’ai préparé les figures et les tableaux
puis j’ai rédigé presque enticrement le manuscrit. Ainsi, la section du manuscrit concernant
la synthése du substrat nucléotidique a été écrite par Adrian Lloyd. J’ai également préparé
la figure correspondante en collaboration avec Adrian Lloyd et le Dr Timothy D. H. Bugg.
Finalement, le Dr Roger C. Levesque est a 1’origine de 1’idée de départ et de la
conceptualisation du projet de recherche. Ce projet consiste a cibler les protéines
bactériennes essentielles a la biosynthése de la paroi bactérienne afin de développer une
classe innovatrice d’agents antimicrobiens. Le Dr Levesque a également orienté le projet et

révisé le manuscrit pour en augmenter la fluidité et la valeur scientifique.
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Abstract

The purified Pseudomonas aeruginosa cell wall biosynthesis MurD amide ligase enzyme
was used to screen C-7-C and 12 mers peptides from phage display libraries using
competitive biopanning approaches with the specific substrates D-glutamate and ATP.
From the 60 phage-encoded peptides identified, DNA was sequenced, deduced amino acid
sequences aligned and two peptides were synthesized from consensus sequences identified.
The UDP-N-acetylmuramyl-L-alanine MurD substrate was synthesized, purified and used
to develop a spectrophotometric assay. One peptide synthesized was found to specifically
inhibit ATPase activity of MurD. The ICsy value was estimated at 4 pM for the C-7-C
MurDpl1 peptide. The loop conformation of MurDpl was shown to be important for the
inhibition of the UDP-N-acetylmuramyl-L-alanine:D-glutamate MurD ligase. The linear 12
mers MurD2 peptide has an ICsy value of 15 mM. A conserved amino acid motif was found
between MurDp2 and the bacterial glyceraldehyde 3-phosphate dehydrogenase indicating
that MurDp2 binds at a protein—protein interacting site. The approach proposed and results
obtained suggest that efficient peptide inhibitors as well as protein—protein interaction

domains can be identified by phage display.

1. Introduction

The worldwide spread of antibiotic resistance among emerging and re-emerging bacterial
pathogens promotes the development of structurally new antibacterials with novel modes of
action against judiciously chosen targets [19]. The bacterial cell wall biosynthesis pathway
represents an attractive antibacterial target source since it encodes essential enzymes whose
inhibition gives a lethal phenotype. The enzymes are also highly conserved in bacterial
species, absent in eukaryotic cells and sufficiently expressed during the infection of the
host to constitute excellent antibacterial targets [28]. The MurA to MurF enzymes catalyze
the synthesis of the bacterial cytoplasmic cell wall precursor UDP-N-acetylmuramyl
pentapeptide. The second step in the biosynthesis pathway involves the transfer of the
cytoplasmic precursor across the membrane by a lipophilic carrier and the addition of an N-
acetylglucosamine molecule via enzymatic actions of the membrane translocases MraY and

MurG. The final peptidoglycan precursor forms a branched structure with the growing cell
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wall polymer by the transglycosylation and transpeptidation actions of periplasmic
penicillin-binding proteins [12]. The cell wall layer, composed of alternating units of UDP-
N-acetylglucosamine and UDP-N-acetylmuramic acid cross linked via short peptide chains,
confers the bacterial cell shape and rigidity enabling the cell to survive variations in
osmotic pressures [35].

Many clinically useful antibiotics interfere with the late cell wall biosynthesis steps
but few antibacterial agents inhibit the enzymes involved in the early cytoplasmic steps of
the pathway [12]. Among the cell wall biosynthesis enzymes, we selected the MurD UDP-
N-acetylmuramyl-L-alanine:D-glutamate ligase as a specific target. This protein catalyzes
the formation of an amide bond between a D-Glu residue and the nucleotide precursor
UDP-N-acetylmuramyl-L-alanine (UDP-MurNac-Ala) with the concomitant hydrolysis of
ATP into ADP and inorganic phosphate. The MurD enzyme active site is highly conserved
among bacterial species [34] and its ATPase activity can be exploited to evaluate the
inhibitory potential of lead peptide compounds. As a model system we are using the MurD
enzyme from Pseudomonas aeruginosa, an opportunistic pathogen highly resistant to most
classes of antibiotics and one of the most important opportunistic pathogen of chronic
nosocomial infections [16,27].

To identify peptide inhibitors of MurD, we used a phage display approach coupled
to a competitive biopanning assay using the enzyme substrates. We reasoned that amide
ligases such as MurD interact and ligate small peptides and that peptide inhibitors could
potentially be identified by phage display. This powerful tool allows the selection of short
peptide ligands interacting with the targeted protein among a large pool of 10° random
peptide permutations fused to the phage M 13 plIll minor coat protein [6]. In addition, phage
display screening of amide ligases would preferentially select phage encoded peptides
which would bind to functional sites such as substrate binding sites, protein—protein
interaction sites or allosteric regulatory sites [18]. This approach has been useful for the
detection of various enzyme inhibitors [4,18] including the cell division proteins FtsZ and
FtsA [25,26] as well as the cell wall biosynthesis MurC amide ligase enzyme [10]. To our
knowledge, this is the first report of specific peptide inhibitors of MurD in the micromolar

range.
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2. Materials and methods

2.1. Purification of biologically active MurD enzyme

The MurD enzyme was overexpressed and purified as previously described [11]. All
reagents used were purchased from Sigma—Aldrich (Oakville, Ont., Canada) unless
otherwise indicated. All trace of phosphate in the MurD conservation buffer was removed
by dialysis into 2 1 of buffer B (20 mM Tris—HCI, pH 7.5, 2 mM DTT, 10 mM MgCl,, 150
mM NaCl and 500 uM ATP). Extensive dialysis was repeated four times at room
temperature. Purified MurD protein was visualized on SDS-PAGE and the protein
concentration was determined using the Bradford method (BioRad, Mississauga, Ont.,
Canada). Enzymatic activity of MurD was confirmed using a thin layer chromatography
(TLC) assay with P**-labeled ATP as substrate. The MurD ATPase assay was done using 1
uM of purified MurD in reaction buffer B (50 mM BisTris propane, pH 8, 2.5 mM MgCl,
and 2.5 mM DTT) using 1 pl of ATP** 10 uCi/ul (Perkin-Elmer, Woodbridge, Ont.,
Canada), 20 uM of UDP-MurNac-Ala and 5 mM of D-Glu as substrates in a final volume
of 20 pl. The mixture was incubated 1 h at 37 °C and 2 pl was deposited on a TLC along
with negative controls without the enzyme or without UDP-MurNac-Ala. Hydrolysis of the
ATP radioactive substrate was measured by autoradiography using a Phosphorimager (Fuji,

Stanford, CA, US).

2.2. Affinity selection of phage displayed peptides against MurD

Phage display screenings were performed using the PH.D.-12 and PH.D.-C-7-C phage
libraries containing 10° peptides fused to the phage M13 pIIl minor coat protein (New
England Biolabs, Mississauga, Ont., Canada) as described [10,26]. The screening
specificity and stringency were optimized by increasing the Tween concentration during
washes and by decreasing the time of contact between the phages and the targeted MurD
protein used during the three rounds of biopanning. Competitive biopanning was done
using D-Glu and ATP as the MurD substrates. Phage titers used as input are given in Table
1. Phage encoding peptides were eluted in the third round of biopanning using 100 pl of
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0.2 M glycine—HCI (pH 2.2) [10] as well as by 100 pl of 1 mM ATP and 100 pl of 1 mM
D-Glu during 30 min.

2.3. Peptide synthesis

Peptides encoding the C-7-C mers consensus amino acid sequence CIPSHTPRC and the 12
mers consensus sequence HLPTSSLFDTTH were synthesized as MurDpl and MurDp2,
respectively. Peptide synthesis was performed on an ABI 433A Peptide Synthesizer using
FastMoc chemistry [10]. The peptides were purified on a Vydak 22 mm x 250 mm C18
reverse-phase HPLC column using 0.1% trifluoroacetic acid/acetonitrile gradient at
10 ml/min. Peptide purity was analyzed by HPLC (>90%) and molecular mass confirmed
(1012.41 Da for C-7-C and 1355.73 Da for the 12 mers) by MALDI-TOF. Both peptides
were solubilized in buffer A (200 mM Tris—HCI, pH 8) to a final concentration of 100 mM
and the pH was adjusted to 7.

2.4. Synthesis of uridine 5'-diphosphoryl N-acetylmuramyl-L-alanine

Synthesis of UDP-MurNac-Ala was performed essentially as described [29] except that the
steps involved in the synthesis of UDP-MurNac-Ala from UDP-GlcNac were carried out in
a single reaction using the combined activities of P. aeruginosa MurA, MurB and MurC
enzymes. The UDP-MurNac-Ala product from this incubation was purified from the
reaction mixture by firstly removal of the Mur enzymes by ultrafiltration. UDP-MurNac-
Ala was then purified from the ultrafiltrate by anion exchange chromatography at room
temperature on DEAE sephacel, pre-equilibrated in 10 mM ammonium acetate, pH 7.5,
where UDP-MurNac-Ala was eluted on a 10-800 mM ammonium acetate (pH 7.5)
gradient.

UDP-MurNac-Ala was identified enzymically, using a pyruvate kinase/lactate
dehydrogenase coupled assay for MurD and D-glutamate-dependent ADP generation.
Fractions thus identified to contain UDP-MurNac-Ala were freeze dried from water three
times to remove the ammonium acetate. Purity of the UDP-MurNac-Ala was assessed by
analytical anion exchange by FPLC on MonoQ™ using a 0—0.5 M gradient of ammonium

acetate which indicated that the product was 99.5% pure. Negative ion electrospray mass
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spectrometric characterization gave an observed m/z of 749.13 Da identical to the expected
m/z value for UDP-MurNac-Ala. The synthesized product was stored frozen in water at

21.2 mM.

2.5. Spectrophotometric coupled enzymatic assay

Quantitative analysis of the inorganic phosphate released from the MurD ATPase enzyme
was done using the spectrophotometric coupled enzymatic assay with the EnzCheck®
Phosphate Assay Kit (Molecular Probes, Invitrogen, Burlington, Ont., Canada). The
standard enzymatic reaction was performed as described by the manufacturer in a 100 pl
reaction as depicted in Fig. 1. The purine nucleoside phosphorylase (PNP) enzyme was
added with the substrate 2-amino-6-mercapto-7-methylpurine riboside (MESG) along with
400 nM of purified MurD, 300 uM of ATP, 20 uM of UDP-MurNac-Ala and 100 uM of D-
Glu in a final volume of 100 pl. The optical density was continuously monitored at 360 nm
for a period of 30 min at room temperature with a Cary spectrophotometer (Varian,
Mississauga, Ont., Canada). The MurD enzymatic kinetics were determined from the linear
curve portion using the least-squares calculation as previously described [30]. A positive
control using the phosphate standard solution (EnzCheck™ Phosphate Assay Kit) was

performed along with negative controls without the enzyme or without UDP-MurNac-Ala.

2.6. Evaluation of the MurD inhibitory potential of the synthesized consensus peptides

Inhibition of the MurD ATPase activity by consensus peptides was determined using
various concentrations of peptides with the MurD coupled enzymatic assay (see Section
2.5). Enzymatic velocity for MurD was determined with each peptide concentration,
compared to the reference enzymatic rate without peptide and used to calculate the
percentage of inhibition values. The percentages of MurD inhibition values were used to
determine the peptide concentrations required to inhibit 50% of the ATPase activity of
MurD (ICsp) [25]. As controls, the effect of inhibitory concentrations of each peptide,
established at 5 mM for MurDpl and 15 mM for MurDp2, was analyzed on the coupled
enzymatic assay. Their phosphate content was determined using the EnzCheck™ Phosphate

Assay Kit. The inhibition capacities of both peptides were evaluated using the PNP enzyme
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system with the phosphate standard solution. Interaction of peptides with proteins was
evaluated using bovine serum albumin (BSA) at 10,000 times the MurD enzyme
concentration. The effect of the reducing agent dithiothreitol (DTT) was analyzed on the
inhibitory capacities of both peptides by determination of ICsy values with 10 mM of DTT.

2.7. Bioinformatics analysis

The peptide consensus sequences identified from the phage display screening were
analyzed for homologs in the UniProt database using the software programs of the
Wisconsin Package, Genetics Computer Group software (GCG, Version 10.2, Accelrys,
Madison, WI). The BLAST, FASTA and SSearch programs from the GCG software and
the fasts34 program from the FASTA software package were used to identify protein
homologs with the consensus peptide sequences in the UniProt protein sequence database.
For database searching, the flanked Cys residues of the C-7-C consensus peptide were
removed from the amino acid sequence. The most relevant protein homologs were
characterized using the Conserved Domain Architecture Retrieval Tool (CDART) from
NCBI [14] as well as the BLAST program. As a control, a randomly chosen seven amino
acid sequence from the known ¢KZ P. aeruginosa phage endolysin protein encoded by the

ORF144 [21] was submitted to the fasts34 program.

3. Results

3.1. Purification of biologically active MurD enzyme

The purified P. aeruginosa MurD protein was visualized as a single 51 kDa band on SDS-
PAGE (data not shown). The MurD ATPase assay showed that 1 uM of the MurD enzyme
completely hydrolyzed the P**-labeled ATP substrate giving a single inorganic phosphate
spot on TLC (data not shown); the negative controls gave no ATP hydrolysis and

confirmed that the purified MurD enzyme was biologically active.
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3.2. Affinity selection of MurD binding peptides

As depicted in Table 1, each round of biopanning eluted a lower phage titer for each library
used from approximately 10'°~10"" down to 3 x 10° plaque forming units (PFUs). The first
and second rounds of biopanning permitted an enrichment of the phage population
visualized by the higher percentage values of phage recovered. We noted an increase in the
percentage of elution after two rounds suggesting that specific phages had been identified.
In contrast, the third round of biopanning gave lower phage recovery for each library and
each elution strategy (Table 1). DNA sequencing of 10 randomly selected phages for each
elution condition after the third round of biopanning identified a variety of peptide
sequences containing consensus motifs (Fig. 2). Analysis of the frequency of peptide
sequences gave a different consensus sequence for each library (Fig. 2). The 12 mers
consensus peptide defined as HLPTSSLFDTTH presented a Ser—Ser—Leu—Phe
predominantly conserved motif. The C-7-C consensus sequence CIPSHTPRC was more
frequent than the 12 mers consensus and we noted that the Pro and Arg residues were
particularly conserved (Fig. 2). Both consensus sequences were mostly recovered from the
D-Glu and Gly elution steps. Even if the C-7-C mers consensus sequence was more
frequent than the 12 mers, the overall sequence diversity was similar from both libraries
(Fig. 2). For each phage display library, the different elution conditions used permitted the
selection of different peptide sequences. Among the C-7-C library, the Gly and ATP
elutions recovered the CYSAPVSAC peptide sequence (indicated by the superscript letter
‘a’ in Fig. 2). The 12 mers NPHWSSLYAPRN (marked by superscript letter ‘b’ in Fig. 2)
was recovered twice in the Gly elution step and once in the ATP elution step. This peptide
sequence contains the Ser—Ser—-Leu motif predominantly conserved in the 12 mers
consensus followed by a Tyr instead of a Phe residue that belongs to the same family of
hydrophobic aromatic amino acids. The FAKNSNSRILDQ sequence (indicated by the
superscript letter ‘c’ in Fig. 2) was also found in the Gly and ATP elution steps at round

three.
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3.3. Inhibition of MurD ATPase activity using consensus peptides

Peptides were synthesized from consensus sequences (see Section 2.3) to evaluate their
inhibitory potential against the essential MurD enzyme. The C-7-C mers MurDpl gave a
decrease of MurD ATPase activity with a significant ICsy value of 4 uM (Fig. 3a). The 12
mers MurDp2 inhibited MurD with an ICsy value of 15 mM indicating a weak inhibition
(Fig. 4). Both peptides showed a correlation between an increase in concentration versus an
increase in inhibition values. This effect was more pronounced for MurDp2 as shown in
Fig. 4. The reducing effect of DTT significantly altered the inhibitory potential of MurDpl.
The DTT-exposed MurDpl peptide showed a 100 times higher 1Csy value of 400 uM (Fig.
3b). The three inhibition curves displayed a sigmoidal dose—response trend having variable
slopes as shown in Fig. 3 and Fig. 4. DDT did not affect the ICsy values of the 12 mers
MurDp2 peptide. Both peptides gave similar ICsy values in the presence of BSA. MurDpl
and MurDp2 peptides included in control reactions did not compete in the PNP coupled
enzymatic assay (see Section 2.6 and Fig. 1) used to quantify the release of inorganic
phosphate by MurD (data not shown). MurDp1 and MurDp2 peptides specifically inhibited

MurD but MurDp2 was not considered as an inhibitor.

3.4. Bioinformatics analysis

To find additional information about the consensus peptides identified as interacting with
MurD, we searched for homologs in the protein database. As a preliminary test, we used a 7
mers peptide encoded in the ¢KZ endolysin sequence; the fasts34 program identified the
homolog of the seven amino acids in the UniProt database available (see Section 2.7). A
perfect match was obtained with the KZ phage endolysin identified as the most relevant
protein homolog. The BLAST, FASTA and SSearch programs did not find any protein
homologs with the ¢KZ 7 mers peptide. Analysis of MurDpl and MurDp2 peptide
sequences with the fasts34 program against the UniProt database identified a variety of
protein homologs. The most relevant MurDpl homolog was a hypothetical protein from
Azotobacter vinelandii (UniProt accession number Q4ITHO). Human enterovirus and
echovirus capsid proteins contained short peptide homologs with MurDpl (Fig. 5A).

Similar peptide homologs were found with two hypothetical proteins from
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Corynebacterium diphtheriae and Nocardia farcinica (UniProt accession numbers
Q6NFN2 and Q5Z0VS, respectively). Among bacterial protein homologs identified with
fasts34, CDART analysis identified an aminopeptidase domain suggesting a potential role
in amino acid metabolism. The MurDpl alignment depicted in Fig. SA was also obtained
with the Bacillus stearothermophilus dehydroramnose epimerase protein implicated in
bacterial surface glycosylation and with Ralstonia metallidurans and Saccharomyces
cerevisiae DSBA oxydoreductase proteins. The fasts34 analysis of the 12 mers consensus
sequence HLPTSSLFDTTH gave an alignment with proteins from Pseudomonas species.
Each of the P. aeruginosa, P. syringae, P. putida and P. fluorescens protein homologous
with MurDp2 was identified as cytoplasmic glyceraldehyde 3-phosphate dehydrogenase
(GADPH) enzyme. GADPH from various other bacterial species such as Legionella
pneumophila and Anaeromyxobacter dehalogenans were also recognized as MurDp2
homologs. All GADPH proteins showed the same eight amino acids overlapping sequence
(Fig. 5B) defined as the best fasts34 MurDp2 homolog. We noted that the most conserved
residues of the 12 mers consensus sequence were homologous with the GADPH protein
(see Section 3.2 and Fig. 5B). The second most relevant MurDp2 homolog was the
Mycoplasma hyopneumoniae glucokinase protein with eight similar amino acids found at
the N-terminus of MurDp2 (data not shown). A CDART analysis predicted an N-

acetylglucosamine kinase motif.

4. Discussion

To select for phage-encoded peptides that specifically interact with the MurD cell wall
biosynthesis enzyme, three rounds of phage display were performed. Increasing the
stringency of washes during the second round contributed to the selection of higher affinity
binding phages; this is shown by obtaining only a fraction of phage PFUs when compared
to the PFUs of the first round (Table 1). We noted that the second round of biopanning
gave a higher percentage of phage eluted than the first round for each library as for MurC
[10]. This indicated an enrichment of the phage population interacting with the targeted
protein. The competitive biopanning of MurC gave a higher phage recovery titer after the

third round of biopanning when compared with MurD [10]. Limiting the time of contact
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between the phage peptides and MurD could explain the lower percentages of phages
obtained in the third round (Table 1). Indeed, the time of contact between the phage
peptides and MurD represents a more important factor for phage specificity than the
stringency of washes. One can argue that only very specific phages could bind tightly to the
targeted MurD protein in a short time. When the time of contact between phage peptides
and MurD was restricted to 10 min instead of 60 min, this allowed a stringent selection of
phage specificity for MurD. We cannot exclude the possibility that phages with the highest
peptide affinity for MurD are difficult to elute. Phages encoding peptides with very high
binding properties may not be recovered when using a gentle 5 min Gly elution step critical
to preserve phage particle integrity [15]. If we assume that the two phage libraries used
contained more phages having high affinity with MurD than with MurC, this could explain
a lower percentage of phages obtained during the elution steps with MurD [10]. It should
be noted that several other factors affect phage recovery such as phage infection and
replication efficiency, protein translocation and folding bias as well as plll coat stability
[5].

As different elution conditions gave various peptides but consensus sequences (Fig.
2), we demonstrate here the importance of attempting different elution conditions. Indeed,
the phage display screenings performed on the MurD, MurC, FtsZ and FtsA proteins using
similar experimental conditions did not identify any redundant sequences [10,25,26].
Hence, we used a competitive biopanning with ATP and D-Glu at concentrations based
upon their kinetic constants. The K, for MurD is 57 uM for ATP and 64 uM for D-Glu [3].
We hypothesize that both consensus sequences predominantly interact with the D-Glu
binding site of the MurD protein since the D-Glu and Gly elution steps mostly recovered
those sequences (Fig. 2). The E. coli MurD protein crystal structure showed that the
enzyme contains three distinct domains. The binding site for each substrate was localized in
one particular domain; UDP-MurNac-Ala mainly interacts with the N-terminal domain,
ATP binds principally to the central portion of MurD and D-Glu interacts at the C-
terminus. The ATP molecule binds first to the MurD protein to enhance a conformational
change that brings the C-terminal domain toward the N-terminal and central domains [2].
We entertain the possibility that ATP elution during biopanning could lead to a MurD

conformational change displacing the peptides bound to the D-Glu interacting site.
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The most conserved amino acid residues of the MurDpl peptide sequence (see
Section 3.2) could be essential for MurD binding and inhibition. The loop conformation of
MurDp1 was shown to be important for the strong inhibition of MurD ATPase activity (see
Section 3.3). MurDpl is the best inhibitor identified by our phage display strategy with an
ICsp value in the micromolar range [10,25,26]. The precise inhibition mechanism of
MurDpl must undergo further characterization as recent enzyme kinetics analysis did not
reveal a general trend in the mechanism of peptide inhibition [18].

Peptide inhibitors containing short amino acid sequences are difficult to compare
with amino acid motifs. We show here that the fasts34 software may represent an approach
for finding short peptide homologs. The identification of aminopeptidase and surface
glycosylation enzyme motifs with MurDp1 could indicate a relationship with peptidoglycan
metabolism [20]. Identification of the DSBA amino acid sequence is of interest since this
oxydoreductase is involved in disulfide bond formation in the bacterial periplasmic space
[7]. The 12 mers MurDp2 homology to bacterial GADPH enzymes suggested that the
MurDp2 peptide could interact with MurD at a GADPH binding site and have no
significant effect on the active site. The surface-located GAPDH has been found in various
bacterial and yeast pathogens and defined as a virulence factor [9,22,24]. There were no
data supporting translocation of GADPH through the bacterial membrane and its
association with the cell wall. Thus, MurD could bind the cytoplasmic GAPDH to the
peptidoglycan [9]. Indeed, MurDp2 could potentially constitute an efficient MurD—-GAPDH
protein—protein interaction inhibitor that may block GAPDH integration into the bacterial

cell wall.

4.1. Conclusion

This is the first report describing peptide inhibitors of MurD. Previously, a computer-based
molecular design has been used to produce new macrocyclic systems targeted against
MurD [17]. The novel metathesis-based cyclization gave good inhibition when assayed
against MurD. Recently, Pulvinones have been synthesized as inhibitors of MurA—MurD
enzymes with ICsy values of 1-10 pg/ml [1]. The design, synthesis and structure—activity

relationships of new phosphinate inhibitors tested against MurD enzyme from E. coli gave
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two compounds with ICsy values near 100 uM [33]. As an alternative approach to these
small molecules, this work represents an example of using phage display for selecting
peptides not only as potent enzyme inhibitors with an ICsy value at 4 pM, but also in
identifying potential protein—protein interaction sites. A second phase in developing peptide
inhibitors would be to enhance antimicrobial activity by using peptidomimetics [23].
Inhibitory peptides are notorious for not being able to cross bacterial membranes. To evade
this problem, peptides may be conjugated to a bacterial transport molecule. To circumvent
bacterial resistance [32], peptide vectors capable of transport into cells in the form of
covalent conjugates may be more appropriate [13]. Peptide inhibitors described here are
lead compounds whose amino acids could be modified to mimic antimicrobial peptides.
Indeed, the activity of antimicrobial peptides is thought to be determined by helicity and
hydrophobicity rather than by their specific amino acid sequences [8,31]. Finally, ribosome
display could be exploited to optimize their antibacterial properties [4].
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Figure Captions

Figure 1. Spectrophotometric MurD enzymatic coupled assay used to evaluate the

inhibitory potential of synthesized peptides obtained from consensus sequences. The UDP-

N-acetylmuramyl-1-Ala-d-Glu (UDP-MurNac-Ala-Glu) MurD amide ligase catalyzed the
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addition of a d-Glu amino acid residue to the UDP-N-acetylmuramyl-1-Ala (UDP-MurNac-
Ala) and the consequent release of inorganic phosphate from ATP. In the presence of
inorganic phosphate, the substrate 2-amino-6-mercapto-7-methylpurine riboside (MESQ)
was converted by the purine nucleoside phosphorylase (PNP) to ribose 1-phosphate and 2-

amino-6-mercapto-7-methylpurine and could be detected at 360 nm.

Figure 2. Peptide sequences obtained from the two phage display libraries obtained by
sequencing of selected phages eluted after the third round of biopanning against MurD.
Acidic amino acids (D and E) are in green, polar amino acids (Q and N) are in light green,
basic amino acids (K, R and H) are in blue, hydrophobic amino acids (I, L, M and V) are in
rose, hydrophobic aromatic amino acids (F, Y and W) are in red, small amino acids (A, S,
C and T) are in pink, G (smallest amino acid) is in orange and P (leading to turn formation)
is in black (classified according to the Venn diagram for defining the relationships between
amino acids). Consensus sequences are boxed in black and the superscript letters ‘a’, ‘b’
and ‘¢’ indicate peptide sequences recovered by both the Gly and ATP elution steps during
biopanning. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of the article.)

Figure 3.1Csp determination for the MurDpl C-7-C mers peptide inhibitor of MurD
ATPase activity (a) without and (b) with the reducing agent DTT. Percentage of inhibition

was measured as a function of the concentration of the peptide inhibitor.

Figure 4. 1Csy determination for the MurDp2 12 mers peptide inhibitor of MurD ATPase

activity.

Figure 5. Alignment of homologous regions between the: (A) MurDpl C-7-C mers
consensus peptide and the human echovirus 30 capsid amino acid sequence and (B)
MurDp2 12 mers consensus peptide and the P. aeruginosa glyceraldehyde 3-phosphate
dehydrogenase (GADPH) amino acid sequence identified by the fasts34 program. The
double dots refer to an identical amino acid residue in both sequences and a single dot

refers to a residue from the same amino acid group.
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Figure 5.

(A)

MurDpl RPTHSPI

human echovirus 30 capsid protein 284 RSTHSPL 290

(B)

MurDp2 HLPTSSLFDTTH

P. aeruginosa GAPDH 288 HDPRSSIFDANH 299
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Chapitre 6 - Pseudomonas aeruginosa MurE amide
ligase: enzyme Kinetics, specific interacting peptide
sequences and inhibitory activity of a peptide targeting

cell wall biosynthesis
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Résumé

L’amide ligase MurE de Pseudomonas aeruginosa: analyse de la cinétique
enzymatique, sélection de séquences peptidiques spécifiques interagissant
avec la protéine et caractérisation de I’activité inhibitrice d’un peptide

inhibiteur prometteur ciblant la biosynthese de la paroi bactérienne

La dissémination des mécanismes de résistance aux antibiotiques parmi les pathogénes
bactériens représente une problématique extrémement préoccupante. Afin d’identifier une
nouvelle classe d’inhibiteurs contre la biosynthése de la paroi bactérienne, I’enzyme MurE
de P. aeruginosa a été sélectionnée en tant que cible innovatrice. Cette enzyme essentielle
catalyse la formation d’un lien amide entre I’acide meso-diaminopimélique (meso-A2pm)
et le précurseur nucléotidique UDP-N-acetylmuramyle-L-alanyle-D-glutamate (UDP-
MurNac-Ala-Glu) en hydrolysant de I’ATP en ADP et en phosphate inorganique. Le
substrat nucléotidique de MurE a été synthétisé puis I’activité enzymatique de la protéine
purifiée a été caractérisée. MurE a ensuite été utilisée pour cribler une banque contenant
10° peptides différents par présentation phagique. Les phages adhérés ont été élués avec de
la glycine a pH acide et de fagcon compétitive avec I’ATP et le meso-A2pm. Le consensus
peptidique prédominant a ensuite été synthétisé. Le peptide MurEp1 inhibe spécifiquement
I’activité enzymatique de MurE avec une Clsy de 500 uM, un K; de 160 uM contre le meso-
A2pm et un K; de 77 uM contre le UDP-MurNac-Ala-Glu. L’inhibition de MurE par
MurEpl est dépendante du temps de préincubation et elle est annulée par 1’ajout du meso-
A2pm ou du UDP-MurNac-Ala-Glu lors de la période de preincubation. Les résultats
indiquent que le peptide MurEpl est un inhibiteur de type mixte qui bloque la réaction
enzymatique de MurE en inhibant la formation du lien amide entre le meso-A2pm et
I’UDP-MurNac-Ala-Glu. Ainsi, cette étude a identifié le premier peptide inhibiteur de
MurE dont le mode d’action innovateur permet d’envisager le développement de nouveaux

antimicrobiens par peptidomimétisme.
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Abstract

The cell-wall-synthesizing enzyme MurE of Pseudomonas aeruginosa was studied, using
the substrates uridine 5'-diphosphoryl N-acetylmuramoyl-L-alanyl-D-glutamate (UDP-
MurNAc-Ala-Glu), meso-diaminopimelic acid (meso-A2pm) and ATP and a peptide
inhibitor identified by phage display competitive biopanning. Biopanning was done with
the specific substrates meso-A2pm and ATP using the M13 phage library encoding ~ 2.7 x
10° random peptide permutations. A consensus peptide thus identified among 30 phage-
encoded peptides that interacted with MurE was synthesized as a potential inhibitor of
MurE. Called MurEpl, this dodecamer was found to inhibit MurE ATPase activity
specifically, with an 1Csy value of 500 uM. The inhibition was shown to be time-dependent
and reversed by the addition of meso-A2pm or UDP-MurNAc-Ala-Glu. MurEpl acted as a
mixed inhibitor against both substrates, with K; values of 160 and 80 uM, respectively.
MurEpl thus interferes with the proximity of meso-A2pm and UDP-MurNAc-Ala-Glu
necessary for amide bond formation between the substrates. The phage display approach
has identified the first promising peptide inhibitor having a novel mode of action against
the essential and unexploited MurE enzyme as a first step for future development of

antibacterial agents targeting cell wall biosynthesis.

Introduction
The bacterial cell wall biosynthesis pathway constitutes one of the best targets for the
design of new antibacterial agents needed to face the growing problem of antibiotic
resistance among bacterial pathogens.'” The enzymes involved in this pathway are
essential for bacterial survival and pathogenesis leading to a lethal phenotype when
inhibited, expressed during infection of the host, easily accessible for genetic manipulation,
highly conserved among bacteria, and have no eukaryote counterpart.” Although many
known antibiotics interfere with enzymes involved in the latter steps of the pathway, few
target the enzymes that catalyze the cytoplasmic step. The unavailability of suitable
intermediates has severely hampered kinetic and inhibitory studies of these enzymes.*”

The cytoplasmic enzymes MurA through MurF achieve the first step of the pathway
by catalyzing the synthesis of the precursor UDP-N-acetylmuramyl pentapeptide. We have
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selected the highly specific MurE enzyme as the most suitable target. MurE is part of the
sequence of four ATP-dependent amide ligases (MurC, MurD, MurE and MurF) that
perform the stepwise addition of five amino acids (L-Ala, D-Glu, a di-amino acid, and D-
Ala-D-Ala) to form the peptide moiety of the cell wall cytoplasmic precursor.’ The non-
ribosomal peptide bond formation involves a carboxyl activation of the nucleotide substrate
to an acylphosphate intermediate by ATP followed by nucleophilic attack by the amino
group of the condensing amino acids and elimination of the phosphate group.*®'*!?

MurE is the only member of the Mur ligases for which amino acid substrate
specificity differs among bacterial species. Typically, Gram-negative bacteria and bacilli
contain a meso-diaminopimelic acid (meso-A2pm) residue at the third position of the cell
wall peptide moiety, whereas Gram-positive bacteria contain L-lysine at this position.'*"
MurE enzymes discriminate efficiently between substrates to catalyze the addition of either
meso-A2pm or L-Lys to the nucleotide precursor UDP-N-acetylmuramoyl-L-alanyl-D-
glutamate (UDP-MurNAc-Ala-Glu).'*'” As a model system, we studied MurE or UDP-N-
acetylmuramoyl-L-alanyl-D-glutamate:meso-diaminopimelate ligase from the Gram-
negative bacterium Pseudomonas aeruginosa. This opportunistic pathogen is highly
resistant to most classes of antibiotics and represents a major cause of chronic nosocomial
infections.'®"

The addition of the meso-A2pm residue at the third position of the cell wall peptide
moiety allows the formation of peptide side-chain cross-linkages and thus plays a key role
in establishing the integrity of the shape-maintaining cell wall."** The latter steps of the
biosynthesis involve essential transpeptidation reactions that form bonds between the meso-
A2pm residue of one peptide moiety and a D-Ala or a meso-A2pm residue of an adjacent
peptide side chain.?' The meso-A2pm-meso-A2pm cross-bridge provides flexibility that
enables bacteria to adapt the cross-linkage to different growth conditions and adverse
environments.*

Phage display is a powerful tool for the selection of short peptide ligands that
interact with proteins of interest among a large pool of random peptide permutations fused
to the phage M13 pIII minor coat protein.** This approach has been useful for the

24,25

identification of various peptide inhibitors of enzymes including the Mur ligases MurC

and MurD ***’. To study the kinetics of MurE amide ligase of P. aeruginosa, we
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synthesized the UDP-MurNAc-Ala-Glu substrate and then used a phage display
competitive biopanning approach with substrates meso-A2pm and ATP to identify a

specific consensus peptide sequence potentially active against MurE.

Materials and methods

Purification of biologically active MurE enzyme

The MurE protein from P. aeruginosa was overexpressed, purified and sequenced as
previously described.”® All reagents were purchased from Sigma Aldrich (Oakville,
Ontario, Canada) unless otherwise indicated. The phosphate present in the MurE
conservation buffer was removed by dialyzing 3 ml three times against 3 1 of buffer A (25
mM Bis-Tris Propane pH 8, 1 mM B-mercaptoethanol, 2.5 mM MgCl,) at 4°C. Purified
MurE protein was visualized on SDS-PAGE using SYPRO® Orange staining (Bio-Rad,
Mississauga, Ontario, Canada) and the protein concentration was determined using the
Bradford method (BioRad, Mississauga, Ontario, Canada) with bovine serum albumin as
standard. Glycerol was added to the phosphate-free MurE solution to a concentration of
10% and the solution was aliquoted and kept at -20°C. The biological activity of MurE was
assayed by in vitro reconstruction of the biosynthetic pathway of peptidoglycan
cytoplasmic precursor in the presence of purified MurA, MurB, MurC, MurD and MurF as

described previously.*

Synthesis and purification of UDP-MurNAc-Ala-Glu
Synthesis of UDP-MurNAc-Ala-Glu was performed according to a method described

! except that the steps involved in the synthesis from UDP-GIcNAc were

previously *
carried out in a single reaction using the combined activities of P. aeruginosa MurA,
MurB, MurC and MurD enzymes. The Mur enzymes were removed by ultrafiltration and
UDP-MurNAc-Ala-Glu was purified by loading the ultrafiltrate into a column packed with
DEAE Sephacel pre-equilibrated in 10 mM ammonium acetate at pH 7.5 and eluting at
room temperature with a 10-800 mM ammonium acetate (pH 7.5) gradient. A pyruvate

kinase/lactate dehydrogenase coupled assay for meso-A2pm-dependent ADP generation by

MurE was used to identify fractions containing the cell wall intermediate. Positive fractions
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were freeze-dried three times to remove ammonium acetate. UDP-MurNAc-Ala-Glu purity
was assessed by analytical anion exchange fast protein liquid chromatography on
MonoQ™ using a 0-0.5 M ammonium acetate gradient. Structure of the purified UDP-
MurNAc-Ala-Glu was confirmed using negative ion electrospray mass spectrometry and

the synthesized product was stored as frozen aqueous solution at 4.34 mM.

Kinetic characterization of MurE activity

The ATPase activity of the P. aeruginosa MurE protein was assessed by a
spectrophotometric assay that quantifies released inorganic phosphate using the Lanzetta
reagen‘[.32 The reaction was performed in 100 pl of reaction buffer B (50 mM Bis-Tris
Propane pH 8.0, 1 mM dithiothreitol, 5 mM MgCl,) containing purified MurE (40 nM,
from a fresh aliquot for each assay), ATP (1 mM), UDP-MurNAc-Ala-Glu (200 uM) and
meso-A2pm (10 mM). The MurE enzyme was allowed to react for 15 min at room
temperature before the addition of 800 pl of the Lanzetta reagent. The mixture was
incubated for 5 min to allow proper color development, 100 pl of a 34% (w/v) sodium
citrate solution was added and the optical density was immediately measured at 660 nm
with a Cary spectrophotometer (Varian, Mississauga, Ontario, Canada).””> The amount of
inorganic phosphate was determined by comparison to the linear portion of a phosphate
standard curve with a minimum R*® value of 0.99. The phosphate content of each
component in the reaction was determined and subtracted from the total phosphate.
Negative controls were performed without enzyme or substrate and assays were done in
triplicate. Saturation curves were obtained individually for each substrate using fixed and
optimal concentrations of the remaining substrates. The following parameters were
determined for MurE with respect to each substrate: the maximal specific activity, the
catalytic constant (k..), the Michaelis-Menten constant (K,) and the enzyme efficiency
(kead/ K). Kinetic parameters were determined by nonlinear regression analysis by means of
a square matrix of enzyme velocities based on the Michaelis-Menten equations using the

Enzyme Kinetics Module version 1 of SigmaPlot version 8.
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Affinity selection of phage displayed peptides against MurE

Phage display screening was performed using the PH.D.-12 M13 phage library containing ~
2.7 x 10° peptide permutations (New England Biolabs, Mississauga, Ontario, Canada) as
described previously.?®*® The screening specificity and stringency were optimized by
increasing the Tween concentration during washing and by decreasing the time of contact
between the phages and the targeted MurE protein during the three rounds of biopanning.
Phage titers used as input are given in Table III. Phages with encoded peptides were eluted
at the third round of biopanning by 100 ul of 0.2 M glycine-HCI (pH 2.2) *® as well as by
100 pl of 1 mM meso-A2pm and 100 pl of 1 mM ATP for 30 min. The DNA of ten phages
was sequenced for each elution condition with a -96 gIII primer (New England Biolabs).”®

The deduced peptide sequences were aligned and consensus amino acids identified.

Peptide synthesis

The dodecamer peptide encoded by the strongest consensus sequence selected by the phage
display screening (NHNMHRTTQWPL) was synthesized and purified as described
previously.”® Called MurEpl, its purity (>95%) was analyzed by HPLC and its molecular
mass (1534.74 Daltons) was confirmed by MALDI-TOF. The peptide was dissolved in
buffer C (200 mM Tris-HCI pH 8) at a concentration of 100 mM and the pH was adjusted
to 7.0.

Bioinformatic analysis

The peptide consensus sequence was characterized using different algorithms of the ExPasy
proteomics server such as the Compute pI/Mw and ProtParam tools ** as well as the
PSIpred and SSpro secondary structure prediction tools. ***>*® The consensus sequence
was also analyzed for homologues in the UniProt database using the fasts34 program
identified as the most efficient tool to determine protein homologues of small peptide

27,3
sequences. 737

Evaluation of MurEp1 as an inhibitor of MurE ATPase activity
Inhibition of MurE ATPase activity by MurEpl was observed at room temperature in

reaction buffer B using the spectrometry-based method described above. Substrates were
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added after pre-incubation of the enzyme with the inhibitor. A test was done with 750 uM
of MurEpl for 0, 10, 30, 60 and 120 min of pre-incubation to observe possible time-
dependence of inhibition. Tests were also done in which one substrate was added for pre-
incubation with or without 750 uM MurEpl and the remaining substrates were added after
30 min. MurE specific activity was determined in the presence of 75, 150 and 600 uM
MurEpl with pre-incubation periods of 10 and 30 min and compared to the reference
activity without inhibitor. These data were used to estimate the inhibitor concentration
required to reduce MurE activity by 50% (ICsp). The MurEp1 inhibitory constant (Kj) was
determined separately for meso-A2pm and UDP-MurNAc-Ala-Glu using reaction velocity
data obtained with the three inhibitor concentrations (with a 30 min pre-incubation) and
either five concentrations of meso-A2pm (0.075, 0.25, 0.75, 3 and 10 mM) or five
concentrations of UDP-MurNAc-Ala-Glu (12.5, 25, 50, 100 and 200 uM) each with fixed
optimal concentrations of the other substrates. All experiments were done in triplicate.
Kinetic data were fitted to the appropriate model equations using the Enzyme Kinetics
Module of SigmaPlot. Steady-state inhibition kinetic parameters were determined by
nonlinear regression analysis using the least squares method as a quality control to ensure
accurate dataset fitting and to generate error estimates. The type of inhibition was identified
with the Lineweaver-Burk plot and K; values were determined using the Dixon plot
regardless of the inhibition type, based on the following equation:

V = Vi *(1+B*1/(0*Ky))/ (141 (a*K)))/ (1+K,/S)*(1+U/K;)/(1+1/(a*K;)))

where v is MurE reaction velocity, V., is the maximum initial velocity for the uninhibited
MurE reaction, I is the inhibitor concentration, K,, is the Michaelis constant for the
uninhibited MurE reaction, K; is the competitive inhibition constant, a is the K, factor
change when MurEpl1 is bound to the enzyme-substrate complex (ES) and B is the K factor
change when MurEpl1 is bound to ES (K, being the rate constant associated specifically
with enzyme-substrate complex dissociation to enzyme and product).’*** The expected K,
values for the inhibited MurE reactions were calculated from an increases of the
uninhibited K, value by a factor of 1 + [MurEpl]/K; for meso-A2pm and 1 +
[MurEp1])/3K; for MurNAc-Ala-Glu.*®** As controls, non-specific peptides issued from

phage display were tested at different concentrations for inhibition of MurE activity.*’
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Results

Purification of biologically active MurE amide ligase

The purified MurE protein was visualized as a single 55 kDa band on SDS-PAGE (not
shown). Sequencing of the first 15 N-terminal residues confirmed its identity as MurE from
P. aeruginosa (100% identical to the published sequence minus the initial methionine). Its
biological activity was confirmed by reconstruction of the cell wall precursor UDP-N-
acetylmuramyl pentapeptide in the presence of MurA, MurB, MurC, MurD and MurF
proteins.”® The phosphate content of the extensively dialyzed MurE solution was below the

lower detection limit for the Lanzetta reagent.

Synthesis and purification of the UDP-MurNA c-Ala-Glu substrate

Analysis by anionic exchange indicated that the UDP-MurNAc-Ala-Glu synthesized using
the P. aeruginosa MurA, MurB, MurC and MurD enzymes was 99.5 % pure [Fig. 1(A)].
Characterization of the purified product by mass spectrometry identified four different
species with observed m/z identical to the expected m/z values (Table I). Results obtained

confirmed the UDP-MurNA c-Ala-Glu structure as presented in Figure 1(B).

MurE amide ligase activity

Negative controls done without MurE or in the absence of any one of the substrates gave no
phosphate release from ATP (data not shown). The best conditions for the MurE assay were
15 min of reaction at room temperature in buffer B. Addition of NaCl did not improve
MurE activity (data not shown). As depicted in Figure 2(A), the optimal concentration of
ATP was 1 mM while a concentration of 2 mM decreased MurE specific activity. The
maximal specific activity (2.7 + 0.4 pmol/min/mg) was reached at 10 mM meso-A2pm
[Fig. 2(B)]. The optimal concentration of UDP-MurNAc-Ala-Glu was 200 uM and
concentrations of 300 UM or greater decreased enzyme activity [Fig. 2(C)]. Based on K,
values, the affinity of MurE for UDP-MurNAc-Ala-Glu was about 4.5 times higher than for
meso-A2pm and about 7.5 times higher than for ATP (Table II). The k., values indicated
that each MurE active site hydrolyzed about 145 ATP molecules per min to ADP and

inorganic phosphate and thus proceeded with about 145 amide ligase reactions between
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meso-A2pm and UDP-MurNAc-Ala-Glu according to the demonstrated stoichiometric
relationship.16 The enzyme efficiency, as estimated by the k.,/K,, ratio, indicated that MurE
was more efficient with respect to UDP-MurNAc-Ala-Glu. Overall, the kinetic parameters
were measured with reasonable precision, since the standard deviations were generally less

than 30% of the values reported in Table II.

Selection of specific MurE binding peptides

As shown in Table III, each round of biopanning eluted a lower phage titer from
approximately 10'' down to 10° plaque forming units (PFUs). Each round of biopanning
also yielded a lower phage recovery in comparison to the previous round. This effect was
more pronounced for the third round, indicating the strongest selection of specific MurE-
interacting peptide sequences at this step. Each elution strategy gave similar phage recovery
yields, indicating that the competitive elutions using specific MurE substrates were as
potent as the well-known glycine-HCl elution.

Sequencing of ten phages selected for each of the three eluting buffers identified a
variety of peptide sequences containing consensus motifs (Fig. 3). Analysis of peptide
sequence frequencies gave the clear consensus sequence NHNMHRTTQWPL. This
sequence was mostly recovered by the meso-A2pm competitive elution and weakly
recovered by the glycine-HCI elution. The ATP competitive elution yielded several peptide
sequences presenting conserved residues of the consensus sequence. Indeed, the “MHR”
motif of the consensus sequence was particularly conserved among the MurE-selected
sequences. Many sequences presented this precise motif or a variation of this motif with
two basic residues next to a hydrophobic residue. The consensus sequence had a large
proportion of polar and basic amino acids (Fig. 3). In addition to the consensus sequence,
the sequences indicated by the superscripts a, b, ¢ and d in Figure 3 were recovered more
than once. The glycine-HCI elution also recovered a sequence that differed from sequence ¢
by one residue, three sequences with an “EGRP” motif, four sequences starting with a
lysine residue and three sequences with two proline residues followed by a “TRS” motif.
The ATP competitive elution recovered a greater diversity of sequences than the other
elution conditions. The different elution conditions were thus helpful in selecting different

peptide sequences.
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Bioinformatic analysis

The MurE-binding consensus peptide sequence was analyzed using different algorithms of
the ExPasy server and by searching for protein homologues with fasts34. The theoretical
isoelectric pH was established at 9.8, indicating that the peptide is positively charged at
neutral pH. The consensus sequence does not contain any negatively charged residue and
contains one positively charged residue. The ProtParam tool emphasized the high
proportion of NHT residues in the consensus sequence and estimated the half-life of the
peptide at more than 10 hours in Escherichia coli and at 1.4 hours in mammalian
reticulocytes in vitro. The secondary structure prediction tools predicted a random coil
structure with acceptable confidence. The fasts34 program did not identify any protein

homologue having an E value < 5 in the UniProt database.

Kinetics of MurE ATPase activity inhibition by MurEp1

Since the specific activity of MurE decreased after 60 min of pre-incubation in the absence
of inhibitor (data not shown), this effect was factored into the calculation of MurE ATPase
percent residual activity following pre-incubation with MurEpl. As shown in Figure 4(A),
the residual activity of MurE decreased in exponential fashion with increasing pre-
incubation time in the presence of 750 uM MurEpl, indicating that this inhibition was
time-dependent. 1Csy values for MurEpl determined with pre-incubation periods of 10 and
30 min were 800 and 500 puM respectively (Table IV). The response of MurE specific
activity to 30 min pre-incubation with MurEpl as a function of inhibitor concentration
tended towards inverse linear dose-response character with varying slope [Fig. 4(B)]. To
confirm the specificity of the MurEpl inhibition, nonspecific peptides issued from phage
display were analyzed for inhibition of the MurE ATPase activity; no inhibition was
observed (data not shown).

The presence of meso-A2pm or UDP-MurNAc-Ala-Glu during 30 min pre-
incubations completely restored MurE activity whereas adding ATP did not lessen
inhibition by MurEpl (data not shown). MurE reaction velocity was identical with or
without UDP-MurNAc-Ala-Glu in the pre-incubation step but was slightly reduced in the
presence of ATP or meso-A2pm. This effect was considered when determining the

inhibitory capacity of MurEpl (data not shown). Since meso-A2pm and UDP-MurNAc-
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Ala-Glu both spared MurE from MurEpl inhibition, K; values for MurEpl were evaluated
separately for these substrates. The slopes and x-intercepts of fitted lines from both
Lineweaver-Burk plots varied as a function of MurEp1 concentration, revealing a catalytic
component in the inhibition (Fig. 5). The plot for meso-A2pm showed varied y-intercepts
for the different MurEp1l concentrations, indicating a specific component in the inhibition
[Fig. 5(A)]. The UDP-MurNAc-Ala-Glu plot did not present such y-intercept variation, the
common intersection point between the fitted lines standing closer to the ordinate axis [Fig.
5(B)]. This point occurred to the left of the ordinate axis and above the abscissa, indicating
that MurEp1 causes a reversible mixed type of inhibition sharing properties of competitive
and non-competitive inhibitors against both meso-A2pm and UDP-MurNAc-Ala-Glu (Fig.
5). This inhibition type represented the model that statistically gave the best fit to the
experimental data according to the Runs Test (data not shown), with R* values of 0.96 and
0.94, Akaike values of -230 and -195 and standard deviation of the residuals of 0.14 and
0.18 for meso-A2pm and UDP-MurNAc-Ala-Glu respectively. Dixon plots established the
competitive K; values at 160 = 45 uM for the meso-A2pm substrate and at 80 + 25 uM for
UDP-MurNAc-Ala-Glu (Table IV). Even if MurEpl behaved as a time-dependent
inhibitor, the tight binding inhibition model was excluded since the MurE concentration
was not approximately equal to or higher than the apparent K; values. The o parameter
required to calculate the K; values indicated that MurEpl binding to MurE-meso-A2pm
decreased MurE affinity for meso-A2pm by a factor of 3 whereas MurEp!l binding to the
complex MurE-UDP-MurNAc-Ala-Glu decreased the MurE affinity for UDP-MurNAc-
Ala-Glu by a factor of 6 (Table IV). The B parameter was much higher for meso-A2pm
then for UDP-MurNAc-Ala-Glu (Table 1V). This indicated that the rate constant of ES
complex dissociation to enzyme and product decreased slightly when MurEpl bound to the
complex in the case of meso-A2pm and to a greater extent in the case of UDP-MurNAc-
Ala-Glu.

The Ve values for MurE decreased as a function of MurEpl concentration with
respect to meso-A2pm. Indeed, V., at 600 uM MurEpl was half its value for the
uninhibited reaction. This effect was not observed for UDP-MurNAc-Ala-Glu (Table IV).
The K,, values for meso-A2pm increased as the MurEpl concentration increased, by a

factor of 1 + [MurEpl]/K;, as normally observed for competitive inhibitors. Expected
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values of K,, in Table IV were calculated according to this factor. Observed K,, values for
meso-A2pm were nearly identical to the expected values, with the exception of the lower
K, at 600 uM MurEpl. K, values for UDP-MurNAc-Ala-Glu also increased as a function
of MurEpl concentration, but the effect was less pronounced. In this case, the factor 1 +
[MurEpl]/K; was less accurate than 1 + [MurEp1])/3K; in predicting K,, value. Overall, the
kinetic parameters were measured with reasonable precision, since the standard deviations
were generally smaller than 30% of the reported values. Relative to the values, the standard

deviations were generally greater for UDP-MurNAc-Ala-Glu.

Discussion

Due to the lack of commercially available pathway intermediates suitable for kinetic and
inhibitory studies of MurE amide ligase, we began by synthesizing its UDP-MurNAc-Ala-
Glu substrate (Fig. 1, Table I). Biologically active MurE from P. aeruginosa was then
purified in order to allow spectrophotometric monitoring of inorganic phosphate release
and hence quantification of MurE ATPase activity. The ATPase activity of MurE has been
shown to be absolutely dependent on the di-amino acid and UDP-MurNAc-Ala-Glu
substrates.'® The vast majority of kinetic studies of MurE have measured activity as
addition of a radioactive di-amino acid substrate to UDP-MurNAc-Ala-Glu, with
quantification of radioactive UDP-MurNAc-tripeptide following separation by reverse-
phase HPLC, HPLC cation exchange chromatography, high-voltage electrophoresis or thin

layer chromatography. 15-17,41-45

These methods are time, cost and labor intensive compared
to our simple, rapid and sensitive spectrophotometric assay, which does not require any
radioactive isotope. Only one MurE ATPase assay has been previously reported, based on
the ADP and NAD coupled reaction with pyruvate kinase and lactate dehydrogenase.*® Our
assay measures ATP hydrolysis directly rather than through an NAD-dependent additional
enzymatic reaction, thus offering better screening capacities to analyze specific MurE
inhibitors. Furthermore, our assay could be easily adapted to high throughput selection
(HTS) screening in microtiter plates.

The P. aeruginosa MurE enzyme had greater specific activity at room temperature

than its E. coli counterpart.*’ A high concentration of ATP was detrimental to MurE
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activity [Fig. 2(A)] as has been observed for the Staphylococcus aureus MurE enzyme.'®
This inhibition may be caused by ATP-induced acidification of the reaction medium. MurE
is highly sensitive to assay pH, 8.5 being optimal and enzyme activity ceasing below
7.16474% A UDP-MurNAc-dipeptide concentration above 300 UM caused strong substrate
inhibition of MurE activity [Fig. 2(C)], as has been observed for MurE from Thermotoga
maritima, S. aureus and Bacillus cereus.'®*"* Similar inhibition by the nucleotide cell wall
precursor has been noted for other Mur ligases, such as MurF and for other cell wall
biosynthesis enzymes such as MurA.'** Unlike with the MurF enzyme,'* adding NaCl did
not suppress substrate inhibition for MurE. Substrate inhibition such as this is likely
involved in regulation of the cell wall synthesis rate in order to allow cells to respond to
different growth and environmental conditions. The optimal substrate concentrations and
K,, values obtained for P. aeruginosa MurE were similar to those obtained for other MurE
proteins. The K, values obtained for UDP-MurNAc-Ala-Glu and meso-A2pm (Table II)
were respectively nearly identical and higher than reported for the E. coli enzyme: 36 uM
for meso-A2pm and 35 uM for UDP-MurNAc-Ala-Glu **; 36 uM for meso-A2pm and 76
uM for UDP-MurNAc-Ala-Glu *°; 55 pM for UDP-MurNAc-Ala-Glu °'; 40 pM and 11

uM for meso-A2pm 7 *

. K, values of P. aeruginosa MurE for ATP and meso-A2pm were
close to those obtained for the B. cereus meso-A2pm-adding enzyme: 130 uM, 320 uM and
340 uM for meso-A2pm, UDP-MurNAc-Ala-Glu and ATP, respectively.’’ The T. maritima
MurE enzyme showed higher K, values; 3.6 mM for ATP, 0.45 mM for UDP-MurNAc-
Ala-Glu, 2.8 mM for L-Lysine and 4.8 mM for meso-A2pm.** The maximal P. aeruginosa
MurE velocity of 2.7 pumol/min/mg was close to a published value of 3.31 pmol/min/mg for

this species*®, higher than for its E. coli counterpart '+

(1.8 and 32 nmol/min) and lower
than for its 7. maritima counterpart ** (55 pmol/min/mg). As for MurE of T. maritima, P.
aeruginosa MurE was more efficient with respect to UDP-MurNAc-Ala-Glu than the two
other substrates.”® Finally, the K,, values we measured allowed us to focus the phage
display method using competitive biopanning by adjusting ATP and meso-A2pm
concentrations accordingly.

Limiting the time of contact between the phage peptides and MurE during the third

round of phage display biopanning represented a much more stringent selection factor for

MurE phage specificity than increasing the wash stringency during the second round. This
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was indicated by the lower percentages of phages obtained in the third round (Table III).
This selection pattern has been observed in phage display screening of the amide ligase
MurD.*” In contrast, screening of MurC amide ligase using the same phage display
approach gave higher phage recovery titers for the second and third rounds, suggesting an
enrichment of the phage population.”® Earlier selection of specific MurC interacting phage-
encoded peptides during the phage display screening than in the cases of MurE and MurD

2627 1t should also be noted that several other factors affect

could explain this enrichment.
phage recovery, such as phage infection and replication efficiency, protein translocation
and folding bias as well as plII coat stability.”” As for the MurD amide ligase, the
consensus peptide sequence was selected mostly by amino acid substrate competitive
elution and Gly elution.”” This validated the use of different elution conditions giving
various peptides but with consensus amino acids (Fig. 3).

The synthesized MurEpl peptide encoding the strongest consensus sequence
represented a potent and specific time-dependent inhibitor of the essential ATPase activity
of MurE (Fig. 4). We suggest that the most conserved residues of the MurEpl sequence
would likely be essential for MurE binding and inhibition. The K; values determined for
MurEpl with meso-A2pm and UDP-MurNAc-Ala-Glu (Table 1V) indicate that MurEpl1 is
a reversible inhibitor sharing properties of competitive and non-competitive inhibitors.
MurEpl acted as a competitive inhibitor since the inhibition was reversed by addition of
meso-A2pm or UDP-MurNAc-Ala-Glu during pre-incubation, giving very similar y-
intercepts for all MurEpl concentrations on the Lineweaver-Burk plot in the case of UDP-
MurNAc-Ala-Glu [Fig. 5(B)]. The slopes increased with MurEpl concentration for both
substrates, indicating an increase in inhibitor binding strength, MurE reaction velocity
decreased as the MurEpl concentration increased (Fig. 4(B) and Fig. 5) and the K,
increased by a factor of 1+[MurEpl]/K; for meso-A2pm and 1+ [MurEpl])/3K; for
MurNAc-Ala-Glu (Table IV).*** Like a non-competitive inhibitor that interferes with the
enzymatic reaction without directly competing for the substrate binding site, MurEpl
inhibits MurE at high or low substrate concentrations, the V., of MurE decreasing as a
function of the MurEpl concentration and the y-intercept of Lineweaver-Burk plot varying
in the case of meso-A2pm (Fig. 5(A) and Table IV). MurEpl binding to ES particularly
thus decreased MurE affinity for UDP-MurNAc-Ala-Glu and slowed the rate of ES
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dissociation to enzyme and product.’®* Overall, the kinetic data indicate that MurEp] acts
more as a competitive inhibitor in the case of meso-A2pm, closely matching the factor
1+[MurEplJ/K;. In contrast, MurEpl acts more like a non-competitive inhibitor of UDP-
MurNAc-Ala-Glu; substrate binding to MurE occurred but with reduced affinity, slowing
the conversion of bound substrate to product.***

Crystal structure of the E. coli MurE has revealed that the enzyme has a three-
domain topology. The binding site for each substrate is localized in one particular domain.
UDP-MurNAc-Ala-Glu binds in the N-terminal domain (domain 1), ATP binds principally
to the central portion of MurE (domain 2) and meso-A2pm interacts with the C-terminus in
domain 3.>* For ligation to occur between UDP-MurNAc-Ala-Glu and meso-A2pm, MurE
must bring together and correctly orient both substrates for acyl-phosphate intermediate
formation after the binding of ATP and then orient meso-A2pm for nucleophilic attack and
stabilize the tetrahedral intermediate, thereby lowering the activation barrier and
accelerating catalysis.”* The tridimensional structure of MurE thus excludes the possibility
of MurEpl binding at the juxtaposition of both meso-A2pm and UDP-MurNAc-Ala-Glu
binding sites. Furthermore, MurEpl1 is not likely close enough to the shape and size of the
UDP-MurNAc-Ala-Glu to compete for its binding site on the enzyme surface.

Since MurEp1l was originally selected by competitive elution with the meso-A2pm
substrate, MurEpl and meso-A2pm likely target the same binding site at the C-terminal
domain of MurE.** Phage display, kinetics and structural data thus corroborate that MurEp1
exerts its inhibitory action by obstructing the meso-A2pm binding site, thus interfering with
meso-A2pm binding. This MurEpl binding was not strictly competitive since it also
inhibited participation of bound UDP-MurNAc-Ala-Glu substrate in the MurE reaction.
This MurEpl effect is perhaps achieved by inhibition of the structural change required to
bring together and correctly orient meso-A2pm and UDP-MurNAc-Ala-Glu or by
preventing interaction between the two substrates after the structural change. In either case,
MurEpl1 interferes with the substrate proximity required for proper amide bond formation
and consequently reduces the MurE reaction rate. The co-crystallization of the MurEp1-
MurE complex will help to investigate how MurEpl is involved in the overall structural

changes in MurE.
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MurEpl is likely a specific inhibitor of MurE even though the Mur ligase enzymes
belong to a well-defined class of closely functionally related proteins.” Each amide ligase
displays high specificity for its respective substrates with no cross-activity.’ Indeed, phage
display screenings performed on MurC, MurD and MurE amide ligases of P. aeruginosa
using similar experimental conditions did not identify redundant sequences.”**® We suggest
that MurEp1 could be a potent inhibitor of both Gram-negative and Gram-positive bacteria,
since the MurE enzyme active sites are conserved among bacterial species.”* As mammals
lack the A2pm pathway, it will be of interest to evaluate the inhibitory potential of MurEpl
on enzymes implicated in this pathway such as DapF, LysA and A2pm dehydrogenase as
well as transpeptidases.*’

Few MurE inhibitors have been reported to date and none show antibacterial
activity.* The most potent lead compound is phosphinate, which interferes with the
tetrahedral intermediate of MurE and inhibits the MurE reaction with an ICso value of 1.1
uM.* Two analogous species close to the natural UDP-MurNAc-Ala-Glu substrate have
also been found to have a significant inhibitory effect on MurE at 1 mM.”" Several analogs
of meso-A2pm have been tested as competitive inhibitors of MurE.* The LD
diastereoisomers of N-alpha-propionyl-dipeptides display moderate inhibitory effects *°;
(2S,3R,65)-3-Fluoro-A2pm and N-Hydroxy-A2pm respectively have shown ICsy values of
2.3 and 0.56 mM with an expected K; value of 0.4 mM for N-Hydroxy-A2pm * while a
monophosphonomonocarboxy analog had an ICsy value around 10 mM ", MurEp1 did not
present any structural homology with these reported meso-A2pm analogs and has a
superior inhibitory capacity.

In this work, we demonstrated how a strategic biopanning approach may lead to the
identification of specific interacting peptide sequences and how a clear consensus peptide
sequence can significantly and specifically inhibit MurE ATPase activity. Indeed, we
identified the first peptide inhibitor having novel mode of action against the essential and
unexploited MurE enzyme. Characterization of P. aeruginosa MurE kinetics would also
provide valuable insight for future development and rational design of a new generation of
specific bacterial cell wall antibacterials. Furthermore, targeting MurE may lead to
perturbation in the regulation of antibiotic resistance and competence mechanisms. MurE

has recently been shown to influence methicillin resistance in Staphylococcus aureus by
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56,57

regulating the expression of two penicillin binding proteins and to influence DNA

uptake in Haemophilus influenzae by causing induction of the normal competence pathway

. . . 3
via a previously unsuspected signal .
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Table 1. ES-TOF mass spectrometric analysis of purified UDP-MurNAc-Ala-Glu.

Species Expected m/z Observed m/z
m'/1 878.18 878.20
m?/2 438.58 438.59

(m+Na")?/2 449.58 449.58

m>/3 292.06 292.06




Table II. Kinetic parameters associated with MurE amide ligase activities

Parameter Value
Specific ATP hydrolysis activity (umol/min/mg) 2.6+0.3
kear ATP (molecules min'l) 140 +£ 25
K, ATP (uM) 225490
kea! Ky ATP (min”' pM™) 0.6+0.2
Specific meso-A2pm-linked activity (umol/min/mg) 2.6 £0.05
keqr meso-A2pm (molecules min'l) 140 + 20
K, meso-A2pm (uM) 140 + 15
kead/ Ky meso-A2pm (min'luM'l) 1+£0.2
Specific UDP-MurNAc-Ala-Glu-linked activity (umol/min/mg) 29+0.1
keq: UDP-MurNAc-Ala-Glu (molecules min™) 155 +£25
K,, UDP-MurNAc-Ala-Glu (uM) 305
kead/ Ky meso-A2pm (min'luM'l) 5+1
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Table II1. Phage biopanning using MurE and the dodecamer phage peptide library

Phage input  Eluted phages % elution

Round 1

Gly-HC1 4x10" 1x10° 2.5x%107

Round 2

Gly-HCl 1x 10" 1.5x 10° 1.5x 107

Round 3

Gly-HCI 2x 10" 8.7 x 10* 4.4x107
ATP 6.3 x 10* 32x107

Meso-A2pm 53x 10" 2.7x 107
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Table IV. Kinetics of P. aeruginosa MurE inhibition by MurEp1.

Kinetic parameter Value E);p\?;i[icei
ICs¢ for 10 min pre-incubation 800 £ 25 uM
ICs for 30 min pre-incubation 500 £ 15 uM
o meso-A2pm 3+1
B meso-A2pm 0.8+£0.1
K;meso-A2pm 160 £45 uM
Vimax meso-A2pm with [MurEpl1] at nmol/min
0 uM 0.56 0.1
75 uM 0.52+0.1
150 uM 0.51+0.15
600 uM 0.32+0.15
K, meso-A2pm with [MurEpl] at uM
0 uM 140 £ 15 140 + 15
75 uM 215+£25 205 + 60
150 uM 275+ 30 270 + 80
600 uM 365+ 70 665 + 185
o UDP-MurNAc-Ala-Glu 6+3
B UDP-MurNAc-Ala-Glu 6.5+ 0.3 (107)
K; UDP-MurNAc-Ala-Glu 80 £25 uM
Vimax UDP-MurNAc-Ala-Glu with [MurEp1] at nmol/min
0 uM 0.62+0.25
75 uM 0.60 +0.4
150 uM 0.52+0.3
600 uM 0.56 0.8
K,, UDP-MurNAc-Ala-Glu with [MurEp1] at uM
0 uM 30£5 30+£5
75 uM 45+ 8 40+ 10
150 uM 50+8 50+ 15
600 uM 90 + 30 105 + 35

Kinetic parameters a and B (K, and K, factor changes when MurEpl1 is bound to ES) are
shown with the corresponding competitive K; values with respect to meso-A2pm and UDP-
MurNAc-Ala-Glu. The expected K,, values were calculated from increases in the K, value
of the inhibited reaction by a factor of 1 + [MurEpl]/K; for meso-A2pm and 1 +

[MurEp1]/3K; for UDP-MurNAc-Ala-Glu.
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Figure Legends

Figure 1. (A) Chromatograph of anionic exchange performed with an ammonium acetate
gradient, confirming the purity of synthesized UDP-MurNAc-Ala-Glu. (B) Chemical
structure of purified UDP-MurNAc-Ala-Glu as confirmed by mass spectrometry.

Figure 2. Saturation profiles for (A) ATP, (B) meso-A2pm and (C) UDP-MurNAc-Ala-Glu
in the MurE reaction. Note substrate inhibition by the ATP and UDP-MurNAc-Ala-Glu.

Figure 3. Peptide sequences obtained from the 12-mer phage display library obtained by
sequencing of selected phages eluted after the third round of biopanning against MurE.
Acidic amino acids (D, E) are turquoise, polar amino acids (Q, N) are light green, basic
amino acids (K, R, H) are blue, hydrophobic amino acids (I, L, M, V) are pink,
hydrophobic aromatic amino acids (F, Y, W) are red, small amino acids (A, S, C, T) are
magenta, glycine (G) is in orange, and proline (P, introducing a bend into the chain) is in
black (classified according to the Venn diagram for defining the relationships between
amino acids). Consensus sequences and related conserved motifs are boxed in black and the

superscript letters indicate peptide sequences recovered more than once.

Figure 4. (A) Inhibition of the ATPase activity of MurE by 750 uM MurEpl at various
pre-incubation times, revealing the time-dependent inhibition of MurE by MurEpl. (B) ICs,

determination for MurEp1 for MurE ATPase activity with a 30 min pre-incubation.

Figure 5. Lineweaver—Burk plots for MurE ATPase activity inhibited by MurEpl for (A)
meso-A2pm and (B) the UDP-MurNAc-Ala-Glu. Inverted triangles: hydrolysis without
MurEpl; hop triangles: 75 uM MurEpl; squares: 150 uM MurEpl and circles: 600 uM
MurEpl. The common intersection points between fitted lines indicate the mixed type of

inhibition for both plots.
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Chapitre 7 - Phage display-derived inhibitor of the MurF
cell wall enzyme as a lead compound for the development

of novel antimicrobial agents
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Résumé

Sélection d’un inhibiteur par présentation phagique contre I’enzyme
MurF essentielle a 1a biosynthése de la paroi bactérienne en vue du

développement de nouveaux agents antibactériens

L’augmentation et la propagation des mécanismes de résistance parmi les pathogenes
bactériens engendrent un besoin impératif de nouveaux agents antibactériens. Cette étude se
concentre sur I’enzyme MurF essentielle a la biosyntheése de la paroi bactérienne en tant
que cible thérapeutique. MurF catalyse la formation d’un lien amide entre le D-Alanine-D-
Alanine (D-Ala-D-Ala) et le précurseur nucléotidique UDP-N-acetylmuramyle-L-alanyle-
D-glutamyle-meso-diaminopimélate (UDP-MurNac-Ala-Glu-meso-A2pm) en hydrolysant
de I’ATP en ADP et phosphate inorganique. La protéine MurF biologiquement active a été
utilisée pour cribler une banque de peptides par présentation phagique. Les phages adhérés
ont été ¢lués avec de la glycine a pH acide et de fagon compétitive avec I’ATP et le D-Ala-
D-Ala. Un consensus peptidique prédominant a ¢ét¢ identifié et synthétisé en tant que
MurFpl. Le substrat nucléotidique a été synthétisé puis un essai spectrophotométrique a été
mis au point afin de caractériser 1’activité enzymatique de MurF et d’analyser le potentiel
inhibiteur de MurFpl. Ce peptide inhibe spécifiquement MurF avec une Clsy de 250 uM et
un K; de 420 uM contre le D-Ala-D-Ala lorsque MurF est préincubée avec 'UDP-MurNac-
Ala-Glu-meso-A2pm. L’inhibition de MurF par MurFpl est dépendante du temps et elle
augmente de fagon importante lorsque le UDP-MurNac-Ala-Glu-meso-A2pm ou I’ATP est
ajouté lors de la période de preincubation. Par contre, 1’ajout du D-Ala-D-Ala pendant la
preincubation annule le pouvoir inhibiteur de MurFpl. Les résultats obtenus indiquent que
MurFpl exploite un changement conformationnel provoqué par la liaison de 1I’UDP-
MurNAc-Ala-Glu-meso-A2pm ou de I’ATP afin d’inhiber I’utilisation du D-Ala-D-Ala par
MurF. Ainsi, cette étude présente le premier inhibiteur peptidique de MurF en vue du

développement d’une nouvelle classe d’agents antibactériens.
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Abstract

Objective: To develop antibacterial agents having novel modes of action against bacterial
cell wall biosynthesis, we targeted the essential MurF enzyme of the antibiotic resistant

pathogen Pseudomonas aeruginosa.

Methods: Purified P. aeruginosa MurF enzyme was used to screen a phage-display 12-mer
library using competitive biopanning with the specific substrates D-Ala-D-Ala and ATP.
The MurF substrate uridine 5'-diphosphoryl N-acetylmuramoyl-L-alanyl-D-glutamyl-meso-
diaminopimelic acid (UDP-MurNAc-Ala-Glu-meso-A2pm) was synthesized, purified and
used to quantify MurF kinetics and MurF inhibition using a sensitive spectrophotometric
assay.

Results: A peptide we called MurFpl was synthesized, based on the strongest biopanning
consensus sequence. MurFpl acted as a weak, time-dependent inhibitor of MurF ATPase
activity but was a specific and potent inhibitor when MurF was pre-incubated with UDP-
MurNAc-Ala-Glu-meso-A2pm or ATP. Adding the substrate D-Ala-D-Ala during the pre-
incubation nullified inhibition. The ICsy value of MurFplwas evaluated at 250 uM and the
K was established at 420 uM with respect to the mixed type of inhibition against D-Ala-D-
Ala.

Conclusion: MurFp1 exerts its inhibitory action by interfering with the utilization of D-Ala-
D-Ala by the MurF amide ligase reaction. We propose that MurFpl exploits UDP-
MurNAc-Ala-Glu-meso-A2pm-induced or ATP-induced structural changes for better
interaction with the enzyme. To our knowledge, we present the first peptide inhibitor of
MurF, an enzyme that should be exploited as a target for future antimicrobial drug

development via peptide mimesis.

Keywords: UDP-N-acetylmuramoyl-L-alanyl-D-glutamyl-meso-diaminopimelyl:D-
alanine-D-alanine amide ligase, D-alanine-D-alanine adding enzyme; MurF enzyme

kinetics, peptide inhibitor, peptidoglycan
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Introduction

The antibiotic revolution of the twentieth century has been overwhelmed by the astonishing
ability of microorganisms to develop resistance. The worldwide spread of resistance to all
clinically useful antibiotics among emerging bacterial pathogens represents one of the most
critical current public health problems, increasing morbidity, mortality and health care
costs. In order to address this alarming situation, high priority has been given to the
development of antibacterial agents with novel structures and modes of action directed

against judiciously chosen hitherto unexploited physiological targets.

The bacterial cell wall biosynthetic machinery represents a pool of attractive
antibacterial targets. This pathway encodes essential and highly conserved enzymes, the
inhibition of which leads to lethal phenotypic expression due to impairment of cell wall
biosynthesis and cell division. The essential bacterial cell wall enzymes have no eukaryotic
counterparts and are sufficiently expressed during the infection of the host to constitute
excellent antibacterial targets.” The first portion of the pathway is catalyzed by a series of
enzymes, MurA through MurF, which synthesize the cytoplasmic cell wall precursor UDP-
N-acetylmuramyl-pentapeptide. Membrane translocases MraY and MurG then add N-
acetylglucosamine to N-acetylmuramyl-pentapeptide and transfer the precursor across the
cytoplasmic membrane. The periplasmic precursor forms a branched structure with the
growing cell wall polymer by the transglycosylation and transpeptidation actions of
periplasmic penicillin-binding proteins (PBPs).> The cell wall polymer layer, composed of
alternating units of N-acetylglucosamine and N-acetylmuramic acid cross-linked via short
peptide chains, maintains cell shape and integrity, enabling the bacterium to survive
variations in osmotic pressure. This network also provides rigidity, flexibility and strength,
all necessary for cell growth and division. Indeed, bacterial cells with defective cell wall

synthesis eventually burst and die.*

Interfering with cell wall synthesis has been one of the most effective antibacterial
strategies and many clinically useful naturally occurring antibiotics target this pathway.
The B-lactams, the glycopeptides and bacitracin all interfere with cell wall cross-linking or
assembly.” > ¢ D-cycloserine interferes with the formation of the dipeptide D-Alanine-D-

Alanine (D-Ala-D-Ala), targeting the enzymes alanine racemase and D-Ala:D-Ala ligase.>’
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However, no antibacterial agents target the Mur enzymes involved in the cytoplasmic
portion of the pathway, except for fosfomycin, a MurA inhibitor in limited clinical use.” *
This under-exploitation may be explained in part by the lack of commercially available

substrates for studying these enzymes, with the exception of the substrate of MurA.>’

We selected MurF as a specific cytoplasmic target for inhibiting cell wall
biosynthesis. MurF is one of the four ATP-dependent amide ligases (MurC, MurD, MurE
and MurF) that perform the non-ribosomal stepwise addition of the five amino acids that
form the peptide moiety of the cell wall precursor.'” MurF catalyzes the formation of the
peptide bond between D-Ala-D-Ala and the nucleotide precursor UDP-N-acetylmuramoyl-
L-alanyl-D-glutamyl-meso-diaminopimelic acid (UDP-MurNAc-Ala-Glu-meso-A2pm)
with the concomitant hydrolysis of ATP to ADP and inorganic phosphate, yielding UDP-N-
acetylmuramoyl-L-alanyl-D-glutamyl-meso-diaminopimelyl-D-alanyl-D-alanine.' MurF is
at a crucial junction in cell wall biosynthesis, mobilizing the cytoplasmic building block
UDP-N-acetylmuramyl-pentapeptide for the next steps of the pathway. While the roles of
MurC, MurD and MurE may be substituted in a single step by the muropeptide ligase Mpl
which is involved in the cell wall recycling process,'> MurF remains the sole D-Ala-D-Ala
adding enzyme. The study of various murF mutants has demonstrated the essentiality of

this enzymatic function.'> *

Indeed, the step catalyzed by MurF is both essential and non-
redundant, its active site amino acid sequence is highly conserved among bacterial species
and both Gram-positive and Gram-negative bacteria have only a single copy of the murF
gene.'® Furthermore, strict limitation to D-amino acid substrates’ makes MurF an especially
attractive target for the development of selective and broad-spectrum antibacterial agents,
since these amino acids are metabolized only in prokaryotes, presumably to make the cell
wall resistant to hydrolysis by proteases.” D-Ala-D-Ala is the central molecule in the cell
wall cross-linking assembly. The transpeptidation reaction between two glycan strands is
energized by the hydrolysis of the D-Ala-D-Ala bond and PBPs cleave the D-Ala-D-Ala of
a donor pentapeptide precursor, with concomitant release of the terminal D-Ala and
formation of the covalent cross-linkage with a meso-A2pm residue in an acceptor peptide
moiety.'® D-Ala-D-Ala residues also have an important role in bacterial cell wall

recognition and the action of PBPs, B-lactams and glycopeptides.'” '*!
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Since MurF acts on a dipeptide to form peptide bonds of a highly distinctive type,
we investigated the possibility of inhibiting this enzyme with amino acid or peptide
derivatives and chose to identify such inhibitors by phage display screening using a
competitive approach with the substrates D-Ala-D-Ala and ATP. Phage display allows the
identification, among a pool of 10° random permutations, of peptide ligands having high
binding affinities for a targeted protein."”” The peptides are expressed or “displayed” on the
surface of a phage coat and bind to functional sites such as substrate binding sites, protein-
protein interaction sites or allosteric regulatory sites.? Phage display biopanning has
proven useful for the selection of various enzyme inhibitors including the amide ligases
MurC and MurD and has become a valuable tool for antibacterial drug discovery.?" ** The
results we present herein constitute, to the best of our knowledge, the first report of a
specific peptide inhibitor of MurF which we identified using a phage-display library. We
focused this effort on the Gram-negative bacterium Pseudomonas aeruginosa, an
ubiquitous opportunistic pathogen responsible for a wide variety of chronic nosocomial
infections in patients with burns or neutropenia and one of the most difficult
microorganisms to combat, due to resistance to most antibiotics in clinical use.” This
bacterium also represents the major cause of chronic lung infection and death in cystic

fibrosis patients.”*

2. Materials and methods

MurF enzyme preparation

The MurF protein was over-expressed, purified and sequenced as previously described.”
All reagents were from Sigma Aldrich (Oakville, Ontario, Canada) unless otherwise
indicated. Phosphate in the MurF preservation buffer was removed by dialyzing 5 ml
against 3 L of buffer A (25 mM Bis-Tris Propane pH 8.0, 1 mM B-mercaptoethanol, 2.5
mM MgCl,) three times at 4°C. Purified MurF protein was visualized on SDS-PAGE using
a SYPRO® Orange staining (Bio-Rad Inc., Mississauga, Ontario, Canada) and the protein
concentration was determined by the Bradford method (BioRad Inc., Mississauga, Ontario,
Canada) using bovine serum albumin as standard. The phosphate-free MurF protein was

divided into aliquots and preserved at -20°C with glycerol a final concentration of 10%.
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Affinity selection of phage displayed peptides against MurF

Phage display screening was performed with the PH.D.-12 phage library (New England
Biolabs, Mississauga, Ontario, Canada) containing ~ 2.7 x 10’ random dodecamer peptide
sequences. Peptide permutations are fused to the minor coat protein plIl of phage M13 via
the flexible linker Gly-Gly-Gly-Ser. Three rounds of biopanning were performed with
increasing specificity and stringency obtained by increasing the Tween concentration
during washes and by decreasing the time of contact between the phage-encoded peptides
and the targeted MurF protein as previously described.’”” ?° Phages encoding selected
peptides were eluted at the end of the third round of biopanning using 100 pl of 0.2 M
glycine-HCI (pH 2.2)*' as well as by 100 ul of 1 mM ATP and 100 ul of 1 mM D-Ala-D-
Ala for 30 min. The DNA of ten phages was prepared and sequenced with a -96 gIII primer
(New England Biolabs) for each elution condition.’® The peptides thus selected were
aligned in order to identify the consensus amino acid sequence of the inhibitory peptide

candidate.

Bioinformatic analysis

The consensus peptide sequence was characterized using different bioinformatic analysis
algorithms of the ExPasy server including the Compute pI/Mw and ProtParam tools *’ as
well as the PSIpred and SSpro secondary structure prediction tools.”® The consensus
sequence was analyzed for similar patterns in the UniProt protein sequence database using
the fasts34 program from the FASTA software package, previously identified as the most

efficient tool for identifying proteins with similarities to small peptide sequences.”* %

Peptide synthesis

The consensus dodecamer peptide (TMGFTAPRFPHY) identified by phage display
biopanning was synthesized on an ABI 433A Peptide Synthesizer using FastMoc
chemistry21 and purified on a Vydak 22 X 250 mm C18 reverse-phase HPLC column using
a 0.1% trifluoroacetic acid/acetonitrile gradient at 10 ml/min. Peptide purity (> 95%) was

analyzed by HPLC and molecular mass (1424.68 daltons) was confirmed by MALDI-TOF



276

mass spectroscopy. Named MurFpl, the peptide was dissolved in buffer B (200 mM Tris-
HCI pH 8.0) at a final concentration of 100 mM and the pH was adjusted to 7.0.

Synthesis and purification of UDP-MurNAc-Ala-Glu-meso-A2pm

Synthesis of the UDP-MurNAc-Ala-Glu-meso-A2pm substrate was performed as
previously described®® except that the reactions starting from UDP-N-acetylglucosamine
were carried out in a single mixture using the combined activities of P. aeruginosa
enzymes MurA, MurB, MurC, MurD and MurE. The product was purified from the
reaction mixture by first removing the Mur enzymes by ultrafiltration and then purifying
the ultrafiltrate by anion exchange chromatography at room temperature on DEAE-
Sephacel pre-equilibrated in 10 mM ammonium acetate at pH 7.5, using a 10-800 mM
ammonium acetate (pH 7.5) gradient for elution. UDP-MurNAc-Ala-Glu-meso-A2pm was
identified by a pyruvate kinase/lactate dehydrogenase coupled assay for D-Ala-D-Ala-
dependent ADP generation by MurF. Fractions thus found to contain UDP-MurNAc-Ala-
Glu-meso-A2pm were freeze-dried from water three times to remove the ammonium
acetate. UDP-MurNAc-Ala-Glu-meso-A2pm purity was assessed by FPLC analytical anion
exchange on MonoQ™ using a 0-0.5 M ammonium acetate gradient. The structure of the
purified UDP-MurNAc-Ala-Glu-meso-A2pm was characterized using negative ion
electrospray mass spectrometry and the synthesized product was stored frozen in water at

6.23 mM.

Characterization of MurF ATPase activity by spectrophotometric assay

The ATPase activity of P. aeruginosa MurF was quantified by a colorimetric assay that
measures the release of nanomoles of inorganic phosphate using the Lanzetta reagent.”’ The
reaction mixture (100 pl), held at room temperature, contained purified MurF (40 nM) from
a fresh aliquot, ATP (1 mM), UDP-MurNAc-Ala-Glu-meso-A2pm (100 uM) and D-Ala-D-
Ala (5 mM) in buffer C (100 mM Tris-HCI pH 8.6, 40 mM KCI, 500 mM NacCl, 1 mg/ml
bovine serum albumin and 10 mM MgCl,)."' Reaction time was 15 min before adding 800
ul of the Lanzetta reagent. After an additional 5 min for colour development, 100 pl of 34%

(w/v) sodium citrate was added to stop the reaction.”’ The optical density at 660 nm was
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immediately measured with a Cary spectrophotometer (Varian, Mississauga, Ontario,
Canada). The amount of inorganic phosphate released by the MurF amide ligase was
determined by comparison to the linear portion of a phosphate standard curve with a
minimum R? value of 0.99. The phosphate content of each component in the reaction was
subtracted from the total phosphate measured and negative controls were done without
enzyme or substrate. Analyses of MurF activity were done in triplicate. Different
concentrations of each substrate and NaCl were tested in order to determine optimal

conditions for the study of the activity of the inhibitor.

Maximal specific activity, the catalytic constant (kc) or number of substrate
molecules hydrolyzed per active site per min, the Michaelis-Menten constant (Kp,) or
concentration of substrate giving half the maximal velocity and the enzyme efficiency
(keat/ Ki) Were determined for MurF with respect to D-Ala-D-Ala. Kinetic parameters were
determined by nonlinear regression analysis with a square matrix of enzyme velocities
following the Michaelis-Menten equations using the Enzyme Kinetics Module version 1 of

SigmaPlot version 8.

Kinetics of MurF inhibition by MurFpl

The inhibition of MurF ATPase activity by MurFpl at different concentrations was
measured by the spectrophotometric assay and the concentration required to produce 50%
inhibition (ICsp) was noted. The substrates were added after 30 min of pre-incubation of the
enzyme and inhibitor. Tests were also done in which UDP-MurNAc-Ala-Glu-A2pm was
added for pre-incubation with the enzyme and inhibitor and the remaining substrates were
added after 30 min. Pre-incubations for 0, 5, 10, 30 and 60 min with 2 mM MurFpl were
also tested. The reaction was carried out at room temperature in buffer C. The specific
activity of MurF for each substrate at each MurFpl concentration was expressed relative to
the corresponding velocity in the absence of the inhibitor. To identify potential interactions
between MurFpl and the MurF substrates, each substrate was added separately at a fixed
concentration with or without 2 mM MurFpl and the two remaining substrates were added
after 30 min of pre-incubation. The MurFp1 inhibitory constant (K;) was determined for D-

Ala-D-Ala using reaction velocity data obtained with a 30 min pre-incubation of MurF,
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UDP-MurNAc-Ala-Glu-A2pm and inhibitor. MurFpl concentrations tested were 0, 75,
150, 300 and 600 uM with D-Ala-D-Ala concentrations of 50, 100, 250, 500 and 1000 uM

and fixed optimal concentrations of the remaining substrates.

Kinetic data were fitted to the appropriate model equations using the Sigmaplot
Enzyme Kinetics Module. Steady-state inhibition kinetic parameters were determined by
nonlinear regression analysis using the least squares method as a reference to ensure
accurate dataset fitting and to generate error estimates for each individual observation. The
Michaelis-Menten plot of MurF initial velocity as a function of substrate concentration was
used to determine the apparent kinetic parameters Vax and Ky, with respect to D-Ala-D-Ala
using equation 1:

V= Viax * [S}/(Km + [S]) (M
where v is MurF initial velocity, Vpax is the maximum initial velocity and [S] is the
concentration of D-Ala-D-Ala.*> ** The type of inhibition was identified using the
Lineweaver-Burk plots of reciprocal initial velocity to reciprocal substrate concentration for
the various inhibitor concentrations. Competitive K; value was determined using the Dixon
graphic re-plotting of reciprocal initial velocity versus MurFpl concentration for each
substrate concentration, which provides the inhibition components regardless of the
inhibition type according to equation 2:

V = Vinax ¥ (1HB*1/(0*K5) )/ (1+1/(0*Ki)) )/ (1+Kw/S) * (1+1/K3)/(1+1/(0*Kj))) (2)
where Viax 1s the maximum initial velocity for the uninhibited MurF reaction, I is MurFpl,
K., is the Michaelis constant for the uninhibited MurF reaction, K; is the competitive
inhibition constant (dissociation constant of complex MurF-MurFpl), a is the K, factor
change when MurFpl is bound to the MurF-D-Ala-D-Ala complex (ES) and B is the K,
factor (the rate constant when the enzyme-substrate complex breaks down to enzyme and
product) change when MurFpl is bound to ES.**** The non-competitive K; was calculated
using equation 3:

V = Vinax/(1+Kw/S)*(1+1/K3)/ (1+1*B/K5)) 3)

The inhibition of MurF by non-specific peptides identified by phage display and
known to inhibit a B-lactamase was tested for comparison purposes with and without the

UDP-MurNAc-Ala-Glu-A2pm in the pre-incubation step.**
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Results

Purification of biologically active MurF enzyme

The purified MurF protein was visualized as a single 52 kDa band on SDS-PAGE (data not
shown). N-terminal sequencing of the first 15 amino acid residues confirmed its identity as
P. aeruginosa MurF ligase (100% identical to the published sequence, including the initial
Met). MurF biological activity was confirmed by mass spectrometric identification of the
cytoplasmic cell wall precursor UDP-N-acetylmuramyl pentapeptide synthesized in vitro in
the presence of the purified enzymes MurA, MurB, MurC, MurD and MurE.”
Quantification of inorganic phosphate using the Lanzetta reagent did not reveal any trace of

phosphate in the extensively dialyzed MurF protein solution.

Affinity selection of MurF binding peptides

As shown in Table I, each of the three rounds of biopanning selected only a fraction of the
phage input, which decreased from approximately 10'" down to 107 plaque forming units
(PFUs). Phage recoveries were between 0.02% and 0.000065%. The third round gave a
lower phage recovery compared to the two previous rounds, indicating a strong selection of
specific MurF-interacting peptide sequences at this step. Each elution strategy employed at
the end of the third round gave similar phage recovery yields. The competitive elution
conditions using specific MurF substrates were as effective as the well-known glycine-HCI

elution strategy.

The different elution conditions allowed the selection of different peptide sequences
with specific motifs (Fig. 1). Analysis of peptide sequence frequencies and conserved
motifs identified the consensus sequence TMGFTAPRFPHY from the 12-mer library. This
consensus sequence, which we called MurFpl, was predominant in elution by glycine-HCI
but less so in competitive elutions with ATP or D-Ala-D-Ala. The consensus sequence was
rich in hydrophobic aromatic residues, P residues and basic residues but contained no
acidic or polar residues. The N-terminal T residue and the basic R residue of the consensus
peptide were particularly conserved, especially in the ATP and D-Ala-D-Ala elution

groups. Two hydrophobic aromatic residues or two P residues often occurred close to each
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other in the selected peptide sequences as they do in the consensus sequence. P residues
occurred mostly near a hydrophobic aromatic residue or a basic residue, as in the consensus
sequence (Fig. 1). Apart from the consensus sequences found in more than one elution
group, the sequence VSANRHLGGNLP was recovered once by both the ATP and D-Ala-
D-Ala elutions (Fig. 1). Elution with glycine-HCI gave two sequences with a “SRL” motif,
which was absent in the other elution groups. Among the ATP elution group, two
sequences presented a “YST” motif also absent in the other elution groups. The vast
majority of the sequences eluted with D-Ala-D-Ala presented hydrophobic residues near
small residues. Indeed, the D-Ala-D-Ala elution group contained more small amino acids
than the other groups. Overall, the competitive elutions yielded more sequence diversity

than the glycine-HCI elution.

Bioinformatic analysis

Analysis by the various algorithms of the ExPasy server established the theoretical pl of
MurFpl at 8.44, indicating that it would be positively charged at physiological pH. Indeed,
MurFpl includes a single amino acid (R) that would bear this positive charge and no amino
acid bearing a counter-balancing negative charge. The ProtParam tool estimated the half-
life of the peptide at more than 10 hours in Escherichia coli in vivo and at 7.2 hours in
mammalian reticulocytes in vitro. The secondary structure prediction tools indicated with
relative certainty a random coil structure. The fasts34 program did not identify any relevant

protein in the UniProt database having similarities to MurFpl.

Synthesis and purification of UDP-MurNAc-Ala-Glu-meso-A2pm

Analysis of UDP-MurNAc-Ala-Glu-meso-A2pm synthesized by the P. aeruginosa
enzymes MurA, MurB, MurC, MurD and MurE by FPLC anionic exchange indicated a
purity of 95% (Fig. 2A). Characterization of the purified product by mass spectrometry
identified four species of UDP-MurNAc-Ala-Glu-meso-A2pm with observed m/z identical
to the expected values (Table II). The mass spectra confirmed the UDP-MurNAc-Ala-Glu-

meso-A2pm structure presented in Figure 2B.
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Characterization of the MurF ATPase activity

The ATP and UDP-MurNAc-Ala-Glu-meso-A2pm preparations contained traces of
phosphate subtracted from the total phosphate content of the enzyme reaction mixture
(values not shown). The controls performed without the MurF enzyme or without any one
of the substrates did not yield any phosphate from ATP (data not shown), indicating that
the reaction mixture was devoid of contaminating ATPase activities that might interfere
with the assay. The optimal ATP concentration was 1 mM, and MurF reached noticeable
activity with 100 uM of the UDP-MurNAc-Ala-Glu-meso-A2pm substrate (data not
shown). Steady state kinetic analysis indicated that MurF obeyed Michaelis—Menten
kinetics, reaching a maximal specific activity of 4.4 + 0.4 umole/min/mg at 5 mM D-Ala-
D-Ala with a K, of 115 = 10 uM (Table III). Addition of NaCl to the reaction buffer
improved MurF activity by a factor of 1.75 (data not shown). The enzyme was very
sensitive to buffer pH, with maximal activity at pH 8.6. The k¢, value indicated that each
MurF active site performed about 100 ligations of D-Ala-D-Ala to UDP-MurNAc-Ala-Glu-
meso-A2pm, and hydrolyzed about 100 ATP molecules per min, releasing the same amount
of ADP and inorganic phosphate in accordance with the known stoichiometric
relationship.® The level of certainty for the measured kinetic parameters may be considered
high, as the standard deviations were always smaller than 20% of the corresponding data

(Table III).

Inhibitory kinetics of MurFpl
Uninhibited MurF ATPase activity decreased after 60 min of pre-incubation (data not
shown). This effect was incorporated into the calculation of enzyme inhibition in the
presence of MurFpl. Inhibition increased as a function of pre-incubation time in the
presence of MurFpl, following an overall linear relationship and indicating that MurFp1
behaved as a weak time-dependent inhibitor. At a concentration of 2 mM, 50% inhibition
was obtained following a pre-incubation period of 30 min (Fig. 3A).

Adding ATP or UDP-MurNAc-Ala-Glu-meso-A2pm during the pre-incubation step
unexpectedly increased the inhibitory action of MurFpl, an effect less pronounced for ATP

(data not shown). MurF reaction velocity in the absence of inhibitor was similar with or
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without ATP or UDP-MurNAc-Ala-Glu-meso-A2pm in the pre-incubation step. The 1Cs
value for MurFpl determined with pre-incubation period of 30 min with MurF and UDP-
MurNAc-Ala-Glu-A2pm was 250 puM. The inhibition curve displayed a linear dose-
response trend having variable slopes (Figure 4B). MurFpl inhibited MurF ten times more
efficiently when UDP-MurNAc-Ala-Glu-A2pm was added to the pre-incubation step (Fig.
3B and Table I'V).

The presence of D-Ala-D-Ala during the pre-incubation step completely nullified
the inhibition of MurF by MurFpl, restoring enzyme activity fully (data not shown). MurF
reaction velocity was nearly identical in the presence or absence of D-Ala-D-Ala in the pre-
incubation step. The Michaelis-Menten plot allowed the determination of the apparent
kinetic parameters Vmax and Ky, for each MurFpl concentration used to determine the K;
value (Fig. 4A and Table IV). MurF V.« decreased significantly as a function of MurFpl
concentration with respect to D-Ala-D-Ala. At 600 uM MurFpl, V,.x was three times
lower than for the uninhibited reaction (Table IV) while K, values remained almost the
same irrespective of MurFpl concentration. The slopes and the y-intercept of the fitted
lines of the Lineweaver-Burk plot varied with MurFpl concentration, indicating a catalytic
and a specific component in the inhibition (Fig. 4B). The common intersection point
between the fitted lines shifted between extremes: left to the ordinate and down to the
abscissa (Fig. 4B). This observation revealed that MurFpl caused a reversible mixed type
of inhibition sharing properties of competitive and non-competitive inhibitors against D-
Ala-D-Ala. This inhibition type represented the most appropriate model, based on statistical
convergence to the experimental data according to the Runs Test (data not shown), giving
the highest R? value (0.97), the lowest Akaike value (-275) and the lowest standard
deviation of the residuals (0.15). The non-competitive type of inhibition was the second
best model, giving statistical values close to the mixed model (data not shown). The Dixon
plot established the competitive K; values at 420 = 100 uM for the mixed type of inhibition
against D-Ala-D-Ala, while the non-competitive K; was evaluated at 370 = 55 uM. The o
parameter required to calculate the K value for the mixed type of inhibition indicated that
MurFp1 binding to ES did not significantly change MurF affinity for D-Ala-D-Ala. The 3

parameter was nearly identical for both the mixed and non-competitive types of inhibition,
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indicating that the rate constant of ES breaking down to enzyme and product dropped when

MurFpl was bound to ES (Table IV).

A non-specific peptide identified by phage display and pre-incubated for 30 min
with MurF with or without UDP-MurNAc-Ala-Glu-A2pm did not inhibit MurF ATPase
activity, confirming the specificity of MurF inhibition by MurFpl (data not shown). The
reactions were carried out in the presence of excess bovine serum albumin compared to the
MurF concentration, suggesting that MurFp1 did not interact non-specifically with proteins.
Overall, kinetic parameters had standard deviations no larger than 30% of the

corresponding data.

Discussion

Since MurF has yet to be exploited as a target for antibacterial agents, there has been no
opportunity for resistance to such agents to evolve. This makes MurF an excellent choice of
target for the development of novel agents for combating bacterial infections. Using phage
display competitive biopanning with ATP and D-Ala-D-Ala at concentrations in excess of

their affinity constants, we have identified the first peptide inhibitor of MurF.

K values of 220 pM *® and 164 uM '' for ATP have been reported for E. coli
MurF. The K, value determined in our study for D-Ala-D-Ala with P. aeruginosa MurF,
115 £ 10 uM, is in the same range as values published previously for this enzyme (220
uM,?” 208 uM,'" 100 uM,*® 60 uM*®) and for its E. coli (54 uM'"), Bacillus (300 pM>?)
and Streptococcus faecaelis (160 uM *°) equivalents. These values are roughly equal to the
concentration of the D-Ala-D-Ala intracellular pool in E. coli, established at 200 pM.'"+*!

Biopanning third-round contact time between the phage peptides and MurF was a
much more stringent selection factor than second-round washing for MurF phage
specificity (data not shown). This selection pattern was also observed for phage display
screening of the amide ligase MurD.?? In contrast, higher phage recovery titers in the
second and third rounds, indicating enrichment of the phage population, were obtained
during screening of MurC.?' This is likely due to specific MurC-interacting phage-encoded
peptide selection occurring earlier in the phage display screening in comparison to the

selection of MurF and MurD interacting peptides. Indeed, stronger consensus sequences
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were obtained against MurC than against MurD or MurF.?"" ** Intrinsic factors such as
phage infection and replication efficiency, protein translocation and folding bias as well as
pIII coat stability also affect phage recovery.* It should also be noted that phage display
screenings of P. aeruginosa proteins MurD, MurC, FtsZ and FtsA done under similar

conditions did not identify any redundant sequences.”" %% **

The ATPase activity of MurF has been shown to depend absolutely on the presence
of both D-Ala-D-Ala and UDP-MurNAc-Ala-Glu-A2pm.*”> The vast majority of the
published kinetic studies of MurF bypassed the need for UDP-MurNAc-Ala-Glu-A2pm by
measuring enzyme activity in terms of radioactive D-Ala-D-Ala incorporated into the cell
wall precursor, > 3840 4 MuNAC. 4446 A rocent study described the generation of a mixture of
UDP-MurNAc-Ala-Glu-Lys and UDP-MurNAc-Ala-D-Glu-A2pm wusing the Mpl
enzyme."” These methods are time, cost and effort intensive compared to our quantification
of MurF ATPase activity by a simple, rapid, sensitive and reliable assay using the Lanzetta
reagent. MurF has also been assayed for ATPase activity by means of an ADP-coupled

11, 17, 35, 37, 47, 48
’ and by

enzymatic method using pyruvate kinase and lactate dehydrogenase
monitoring the release of radio-labelled inorganic phosphate from ATP.* Our assay does
not involve any enzyme intermediate or radioactive isotope, makes screening potential
MurF inhibitors easier and faster and could be well adapted to high throughput selection
(HTS) screening in microtiter plates.

The optimal substrate concentrations for the P. aeruginosa MurF enzyme were
nearly identical to those obtained for its E. coli counterpart under the same experimental
conditions.”® As for E. coli MurF, addition of NaCl increased the activity of P. aeruginosa
MurF, probably by suppressing substrate inhibition by UDP-MurNAc-Ala-Glu-A2pm."!
MurF was also very sensitive to the reaction buffer pH, as previously demonstrated.” *
The maximal specific activity of P. aeruginosa MurF (4.4 pmole/min/mg) was similar to
the published value of 3.41 pmole/min/mg.*® The P. aeruginosa MurF enzyme appeared to
be less efficient than its E. coli counterpart, for which maximal activities of 15.7
pmol/min/mg,'" 11.2 pmol/min/mg*’ and 16 pmol/min/mg’’ have been reported. However,

E. coli MurF has also been reported to have maximal activities as low as 1.270

umol/min/mg,* 1.4 pmol/min/mg® and 0.13 pmol/min/mg"* whereas Streptococcus
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faecalis MurF has been found to have a specific activity of 0.83 pmoles/min/mg*’. The kcy
value of the P. aeruginosa MurF enzyme (100 £ 15 min™") was smaller than for its E. coli
counterpart, for which values of 1160 min”,"" 780 min™ *" and 1080 min™ '’ have been
measured. The k../Ky, value for D-Ala-D-Ala (0.85 £ 0.15 min'luM'l) was also lower than
for E. coli MurF (5.6 min'pM™ ' and 19.8 min"'uM™" ")

It has been shown previously that the binding order for substrates to Mur ligases
begins with ATP, followed by the nucleotide substrate and ending with the amino acid.'"'’
It has been further shown that the nucleotide substrate binds efficiently to MurD without
ATP inducing conformational changes in the C-terminal and N-terminal domains.” To
explain how MurFp1 could be a much stronger inhibitor following pre-incubation of MurF
with its substrate UDP-MurNAc-Ala-Glu-meso-A2pm, we hypothesize that binding of the
nucleotide to MurF induces a structural change that optimizes binding of MurFpl. E. coli
MurF crystal structure suggests that UDP-MurNAc-Ala-Glu-meso-A2pm interacts mainly
with the N-terminal domain, ATP binds principally to the central domain and D-Ala-D-Ala
interacts at the C-terminus.’’ The N-terminal domain binds the uracyl ring of UDP but does
not present the typical nucleotide-binding fold. Indeed, part of the central domain extends
out towards the N-terminal domain to bind the pyrophosphate portion of the nucleotide.”"
This suggests a conformational change upon UDP-MurNAc-Ala-Glu-meso-A2pm binding
and could explain why ATP binding to the central domain also increased inhibition by
MurFpl. The open conformation of MurF is expected to undergo significant
conformational change, bringing the domains into close proximity for forming a functional
enzyme-substrate complex.”’ Binding of ATP may enhance such a conformational change

in the case of MurD while the details of MurF substrate interactions remain unclear.’”>! T

0
our knowledge, we have presented the first compound having Mur ligase inhibitory action
that is enhanced by pre-incubation with the nucleotide substrate. However, appropriately
substituted phosphinate inhibitors of ATP-dependent amide-forming enzymes depend on
their phosphorylation via the ATP substrate. These ATP-dependent phosphinate analogues
exhibit a transition-state time-dependent inhibition closely mimicking the tetrahedral

intermediate involved in Mur ligase reactions.’ It will therefore be of primary interest to
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determine if the time dependent MurFp1 inhibitor is phosphorylated and subsequently acts

as tetrahedral intermediate inhibitor.

. . . 2
Based on classical interpretation®” >

of our kinetic and statistical data, MurFpl is a
reversible mixed inhibitor sharing properties of competitive and non-competitive inhibitors.
MurFpl acted as a competitive inhibitor as the inhibition was reversed by addition of D-
Ala-D-Ala during pre-incubation and the slopes of fitted lines from the Lineweaver-Burk
plot increased as a function of MurFpl concentration, revealing an increase in inhibitor
binding strength (Fig. 4B).*> ** Like a non-competitive inhibitor that interferes with the
enzymatic reaction without directly competing for the substrate binding site, MurFpl
inhibits MurF at high or low substrate concentrations, the Vy.x of MurF decreasing as a
function of MurFpl concentration and the y-intercept of the Lineweaver-Burk plot varying
as a function of MurFpl (Fig. 4 and Table IV). MurFp1 appears not to alter MurF affinity
for the dipeptide but rather inhibit breakdown of the enzyme substrate complex to enzyme
and product. Indeed, MurFpl acted more like a non-competitive inhibitor than a
competitive inhibitor of D-Ala-D-Ala. MurFp1 must thus bind elsewhere than at the D-Ala-
D-Ala binding site, which remains available for the substrate. Furthermore, phage display
and kinetic data indicated that D-Ala-D-Ala binding released MurFpl from the MurF
surface. It should be noted that Gly-HCI elution yielded more consensus sequences than D-
Ala-D-Ala competitive elution, which did not efficiently elute MurFpl (Fig. 1). We
speculate that competitive elution during biopanning could lead to conformational changes
that displace peptides bound to the MurF surface. MurFpl could exert inhibition by
inducing conformational change, sequestering D-Ala-D-Ala or interfering with MurF
structural changes necessary for substrate proximity and amide bond formation. It will be
of primary interest to investigate the exact binding site of MurFpl and whether it induces
structural changes by co-crystallization of the MurF-MurFp1 complex with each individual
substrate. This will also yield valuable information for further directed optimization by

medicinal chemistry.

Few MurF inhibitors have been reported and none have been shown to have
antibacterial activity. The non-hydrolyzable ATP analogue AMP-PCP has been found to be
a potent competitive inhibitor of MurF ATPase activity, with a Kjs value of 33.6 uM, but



287

may not be a specific inhibitor.'' The only phosphinate inhibitors of MurF, the
aminoalkylphosphinate compounds, act as time-independent inhibitors competing with D-
Ala-D-Ala and having K; values between 200 and 700 uM.’® Some dipeptide analogues
have been shown to be competitive inhibitors of MurF with low affinity,” presenting
moderate inhibition at 1 mM.*” These analogues also acted as substrates and were
incorporated into the cell wall.**!” A thiazolylaminopyrimidine series of MurF inhibitors
have been identified having ICsy values as low as 2.5 uM.lS Identification of a novel class
of inhibitors has led to several potent compounds with ICsy values between 22 and 70 nM
for MurF of Streptococcus pneumoniae.* Co-crystal structures of these inhibitors have
indicated the path to the discovery of more efficient low-nanomolar inhibitors.”> Their
binding overlaps with the uridine-ribose binding site and captures MurF in a topologically
compact state in which the C-terminal domain has undergone a large conformational
change.” These observations support our hypothesis that conformational changes induced

by UDP-MurNAc-Ala-Glu-meso-A2pm increase the inhibitory efficiency of MurFpl.

MurFpl likely represents a specific inhibitor of MurF, as each of the Mur ligases
displays a high specificity for its respective substrates with no cross-activity.'"*’ MurFp1 is
likely also a broad-spectrum inhibitor, as MurF is a key enzyme present in all medically
relevant bacteria, with an active site highly conserved among bacterial species.” As
mammals lack the D-Ala-D-Ala pathway, the inhibitory potential of compounds like
MurFp1 against alanine racemase and D-Ala:D-Ala ligase should also be examined.” MurF
has been shown to affect the level of f-lactam antibiotic resistance in methicillin-resistant
Staphylococcus aureus, to influence the control of cell division, to affect the transcription
of PBPs'* and to play a key role in the glycopeptide resistance mechanism.'” '* Indeed,
targeting MurF may lead to perturbation in cell division and in antibiotic resistance,
allowing acute inhibition of the essential PBP reactions. The likelihood of antibiotic
resistance would be much lower if a potent MurF inhibitor was used as part of an
antibacterial cocktail comprising fosfomycin to inhibit MurA and D-cycloserine to interfere
with the formation of D-Ala-D-Ala, as mutations conferring resistance would need to occur
in many genes. Vancomycin or teicoplanin derivatives can also be used respectively on

Gram-positive and Gram-negative bacteria to increase permeability and produce synergistic
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effects.”® Such effects will thus be amplified since D-Ala:D-Ala ligases are highly sensitive
to feed-back inhibition by D-Ala-D-Ala, which could accumulate under these conditions.*®
This may allow decreases in D-cycloserine and glycopeptide doses and their associated

toxic side effects.

We have identified the first peptide inhibitor having a novel mode of action against
the essential and unexploited bacterial cell wall ligase MurF. Furthermore, characterization
of P. aeruginosa MurF kinetics should provide valuable insight into the rational design of a
new generation of specific bacterial-cell-wall-directed antibacterial agents. To enhance the
pharmacological properties of MurFpl, its sequence will be the object of
peptidomimetism.” Inhibitory peptides are notorious for not being able to cross bacterial
membranes. To avoid this problem, peptides may be conjugated to a bacterial transport
molecule essential for virulence.” To thwart bacterial resistance, peptide vectors capable of
transport into cells in the form of covalent conjugates may be suitable.”” MurFpl could
likely be modified to mimic antimicrobial peptides as their activity is thought to be
determined by helicity and hydrophobicity rather than by their specific amino acid
sequences.”™ * Finally, ribosome display could be exploited to optimize the antibacterial

. o 60
properties.
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Table I - Phage titers obtained after each round of biopanning
using MurF and the phage-encoded 12-mer peptide library.

Phage input Eluted phages Elution (%)

Round 1

Gly-HCl 4x10" 8.2x 10° 2x 107

Round 2

Gly-HCl  15x 10" 41x 10’ 2.7x 107

Round 3

Gly-HCl 2x 10" 1.1x10’ 5.5x107
ATP 1.3x10’ 6.5x107

D-Ala-D-Ala 5.6x10° 2.8x107
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Table I1. Electrospray-TOF mass spectrometric analysis
of purified UDP-MurNac-Ala-Glu-meso-A2pm.

Species Expected m/z Observed m/z
m>/2 524.63 524.60
(m+Na")?/2 535.62 535.61
(m+2Na")?/2 546.61 546.58

m>/3 349.42 349 41




Table II1. Kinetic parameters of the P. aeruginosa enzyme

MurF with respect to the substrate D-Ala-D-Ala

Kinetic parameters MurF

Specific activity (umol/min/mg) 44+0.1
keat (min™) 100 + 15
K (LM) 115+ 10

keat/ K (min™' pM™) 0.85+0.15
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Table IV. Kinetics of MurF inhibition by MurFpl following 30 min pre-incubation with
the inhibitor and the substrate UDP-MurNAc-Ala-Glu-meso-A2pm. Mixed a is the Ky,
factor change when MurFpl is bound to the enzyme-substrate complex and mixed f is the
K, factor change when MurFpl is bound to the enzyme-substrate complex. Mixed

competitive and non-competitive data are with respect to D-Ala-D-Ala.

Parameter Value
ICso (uM) 250+ 10
IC ithout UDP-MurNAc-Ala-
50 withou urNAc-Ala 2000 + 180
Glu-meso-A2pm (uM)
Mixed a 0.85+0.25
8.5x10"+ 0.6 x10"
Mixed p R
Mixed competitive K; (WM) 420 £ 100
Non-competitive 3 8x10'°+0.7x10"°
Non-competitive K; (LM) 370 £ 55
Vimax (nmol/min) 0.61 +0.01
at 75 uM MurFpl 0.49 +0.01
at 150 uM MurFpl 0.4 +£0.01
at 300 uM MurFpl 0.36 £0.02
at 600 uM MurFpl 0.22+£0.01
Ky (UM) 115+ 10
at 75 uM MurFpl 100+ 10
at 150 uM MurFpl 85+5
at 300 uM MurFpl 140 + 30

at 600 uM MurFpl 115+ 25




297

Figure Legends

Figure 1. Peptides from the phage display 12-mer library obtained by sequencing phages
eluted after the third round of biopanning against MurF. Acidic amino acids (D, E) are in
turquoise blue, polar amino acids (Q, N) are in light green, basic amino acids (K, R, H) are
in blue, hydrophobic amino acids (I, L, M, V) are in pink, hydrophobic aromatic amino
acids (F, Y, W) are in red, small amino acids (A, S, C, T) are in magenta, G is in orange,
and P is in black (classified according to the Venn diagram for defining the relationships
between amino acids). Consensus sequences and related conserved motifs are boxed in

black and the superscript letters indicate peptide sequences recovered more than once.

Figure 2. (A) Chromatograph of the anionic exchange chromatography performed with an
ammonium acetate gradient confirming the purity of synthesized UDP-MurNAc-Ala-Glu-
A2pm. (B) Chemical structure of purified UDP-MurNAc-Ala-Glu-A2pm as confirmed by

mass spectrometry analysis.

Figure 3. (A) Inhibition of MurF ATPase activity by MurFpl as a function of pre-
incubation time in the presence of 2 mM inhibitor. (B) ICsy determination for the inhibition
of MurF ATPase activity following 30 min of pre-incubation in the presence of inhibitor

and the substrate UDP-MurNAc-Ala-Glu-A2pm.

Figure 4. (A) Michaelis-Menten and (B) Lineweaver—Burk plots for MurF ATPase activity
with respect to D-Ala-D-Ala showing inhibition by MurFpl at 0 pM (circles), 75 uM
(squares), 150 puM (right-side-up triangles), 300 uM (inverted triangles) and 600 uM

(diamonds).
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Figure 4.
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Section IV - Les endolysines de bactériophages en tant
que nouveaux agents antibactériens ciblant ’intégrité de

la paroi bactérienne

Cette derniére section du corps de ma theése englobe deux articles rédigés en anglais en vue
d’une publication au sein de revues scientifiques anglophones. Le premier manuscrit fait
office d’introduction en décrivant le mode d’action et la biologie des endolysines de
bactériophages en tant qu’agents antibactériens efficaces ciblant I'intégrit¢ de la paroi
bactérienne. Ces enzymes d’origine phagique dégradent rapidement et spécifiquement la
paroi bactérienne et de multiples avenues peuvent étre envisagées afin d’exploiter leur
potentiel antibactérien de fagon sécuritaire et efficace. Par la suite, un article scientifique
soumis a la revue «FEMS Microbiology Letters» reporte une étude réalisée sur
I’endolysine du bactériophage ¢KZ infectant P. aeruginosa. Cet article décrit la capacité de
I’endolysine du bactériophage ¢KZ a hydrolyser la paroi bactérienne des espéces
bactériennes a Gram-négatif et a outrepasser les membranes bactériennes. Ainsi, cette
endolysine représente un bon exemple du pouvoir antibactérien des endolysines de

bactériophages.
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Chapitre 8 - Phage endolysin enzymes as antibacterial

agents targeting cell wall integrity
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Résumé

Les endolysines de bactériophages en tant qu’agents antibactériens

efficaces ciblant ’intégrité de la paroi bactérienne

Dans la perspective d’un développement incessant et d’une propagation continuelle des
mécanismes de résistance aux antibiotiques parmi les pathogénes bactériens en émergence
a travers le monde, les endolysines de bactériophages captivent la communauté
scientifique. En effet, la nature renferme une source extraordinairement diversifiée et
évoluée d’enzymes lytiques d’origine phagique qui attendent leur approbation en tant que
thérapies antibactériennes. Ces enzymes représentent de puissants agents antibactériens qui
dégradent rapidement et spécifiquement la paroi recouvrant les cellules bactériennes. Cette
paroi maintient la forme des bactéries et leur permet de croitre, de se diviser et de survivre
aux variations de pressions osmotique. Ainsi, la destruction de la paroi bactérienne par les
endolysines entraine inévitablement la mort bactérienne. Cet article de revue décrit les
différents mécanismes catalytiques, les propriétés structurales et la spécificité des
endolysines de bactériophages. L’article expose ensuite le potentiel fort intéressant des
endolysines en tant qu’agents antibactériens contre les pathogeénes bactériens a Gram-
positif et a Gram-négatif. Les avantages de thérapies antibactériennes basées sur les
endolysines sont également rapportés en comparaison avec les thérapies classiques.
Finalement, de multiples avenues sont proposées afin d’exploiter le potentiel des
endolysines de fagon sécuritaire et efficace pour contrdler la problématique de résistance

aux antibiotiques.
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Contribution des auteurs

En tant que premicre auteure de cet article, j’ai réalisé une revue approfondie et détaillée
de la littérature scientifique sur le mode d’action et la biologie des endolysines de
bactériophages. J’ai porté une attention particuliere au pouvoir antibactérien de ces
enzymes et aux avenues possibles afin d’exploiter ce potentiel de fagon sécuritaire et
efficace pour développer de nouveaux traitements antibactériens. J’ai sélectionné les
articles scientifiques les plus pertinents afin de rédiger une revue scientifique concise et
ciblée puis j’ai préparé la premicre figure du manuscrit. La deuxiéme figure illustrant les
structures tridimensionnelles des endolysines des bactériophages T4, T7 et A a été préparée
par le Dr Frangois Sanschagrin. J’ai finalement rédigé intégralement le manuscrit en vue
d’une soumission a la revue «Molecular Microbiology» puis j’ai émis mon opinion
scientifique sur I’avenir des endolysines en tant que traitement thérapeutique en Occident.
Le Dr Roger C. Levesque m’a guidée dans la conception de Dlarticle, il m’a aidée a
conserver un esprit de synthése puis il a révisé le manuscrit afin d’en augmenter la fluidité

et la qualité de la langue anglaise.
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Abstract

Given the relentless worldwide increase in the frequency of antibiotic resistance among
long-established bacterial pathogens and now among emerging pathogens as well, phage
endolysin enzymes are captivating the scientific community as attractive alternative
antibacterial agents for targeting the integrity of the essential cell wall. Indeed, the
extraordinary evolutionary patterns and diversity of the existing pool of phage-encoded
cell-wall-degrading enzymes represent vast commercial potential, pending regulatory
approval of an endolysin-based therapy. In this review, we highlight the catalytic
mechanisms, structural features and specificity of phage endolysin enzymes as well as their
promising potential as antibacterial agents for the safe and effective control of clinically
significant Gram-positive and Gram-negative pathogens. Finally, we propose pragmatic
strategies for successful development and the optimization of endolysin-based novel

therapies to face the impending antibiotic resistance crisis.

Introduction

Antibiotic resistance has spread to every clinically useful antibacterial agent and all
bacterial pathogens and now represents one of the most serious human health hazards
worldwide (Levy and Marshall, 2004). The development of effective new approaches to
antibacterial therapy constitutes an urgent task to defend human wellbeing against
continually emerging resistant pathogens. As an alternative to conventional time-
consuming pharmaceutical drug research, the scientific community has begun to clear a
path that may lead to gainful exploitation of the naturally occurring antibacterial strategies
in continuous development among the bacteriophages.

These bacteria-specific viruses have had billions of years to develop efficient
mechanisms that enable them to continue to infect and lyse their hosts. Indeed, phages
evolve at astonishing rates that chemists tinkering with new generations of antibiotics can
never hope to replicate (Thiel, 2004). In order to promote host cell lysis and the subsequent
release of phage progeny, lytic bacteriophages must disrupt bacterial cell wall integrity.
Phages having small, single-stranded genomes encode a single lytic protein that specifically

inhibits cell wall biosynthesis. In contrast, phages having double-stranded genomes
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typically use a holin-endolysin mechanism. Cell-wall-degrading endolysin usually lacks a
secretory signal sequence and is restricted to the bacterial cytoplasm until holin renders the
internal membrane permeable at an optimal programmed time, thus enabling endolysin to
access the targeted periplasmic cell wall layer (Young et al., 2000). Endolysins constitute
an evolved pool of muralytic enzymes that efficiently target and hydrolyze the essential cell
wall layer, thereby leading to bacterial cell lysis. These enzymes represent a promising
avenue for exploiting the evolutionary power of phage antibacterial capability without the
inconveniences of whole biological particles such as the possibility of gene transfer by
transduction.

It has long been known that the essential cell wall layer of bacteria is a strong
physical barrier composed of a sugar backbone of alternating units of N-acetylglucosamine
and N-acetylmuramic acid cross-linked via short peptide chains. This structure confers the
shape of the bacterial cell and enables it to survive variations in osmotic pressures as well
as providing rigidity, flexibility and strength for cell integrity, growth and division. Indeed,
bacterial cells with defective cell wall eventually burst and die (Young, 2003). The
remarkable cell wall layer structure represents one of the best antibacterial targets, since it
is essential, accessible and highly conserved among almost all clinically relevant bacterial
pathogens and has no eukaryotic counterpart.

The aim of this review is to focus on the catalytic mechanisms, structural features
and specificity of phage-encoded cell-wall-degrading enzymes and to discuss their use as
antibacterial agents that function by targeting cell wall integrity. We report the recent
advances made towards understanding phage endolysin enzymes and the characterization of
endolysins of special interest as the basis of a novel therapy against Gram-positive and

Gram-negative pathogens.

Structure and function of the different types of phage endolysin enzymes

The vast majority of phage endolysins display a cooperative modular organization in which
the N-terminal domains perform the catalytic activity while the C-terminal domains direct

enzyme binding to specific cell-wall-associated substrates (Loessner, 2005). The catalytic
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domains recognize and cleave specific biochemical bonds of the cell wall layer, thus

providing four different enzymatic activities, as depicted in Figure 1.

Muramidases cleave the N-acetylmuramyl-$-1,4-N-acetylglucosamine bonds and
typically proceed via general acid/base hydrolysis, the glutamate catalyst acting as a proton
donor to the glycosidic oxygen of N-acetylmuramic acid to cleave the bond and produce an
oxocarbonium ion intermediate. The negatively charged aspartate residue then acts as a
nucleophile/base to stabilize the intermediate and allow the nucleophilic water molecule to
diffuse into the active site and attack the Cl-carbon of the oxocarbonium ion (Hermoso et
al., 2003; Leung et al., 2001). Phage T4 lysozyme is a globular protein consisting of two
domains connected by a long a-helix and between which the active-site cleft is formed, as
shown in Figure 2 (McHaourab ef al., 1997). In contrast to typical retaining muramidases,
T4 lysozyme is an inverting glycosidase performing a single-displacement reaction with
inversion of the oxocarbonium Cl-carbon configuration (Kuroki et al., 1999). Lytic
transglycosylases break the same glycosidic bond as muramidases, but further catalyze the
intramolecular transfer of the O-muramyl residue to the C6 hydroxyl group of muramic
acid, yielding 1,6-anhydromuramyl disaccharides. Such endolysins harbor a single
glutamate catalyst and the absence of the aspartate residue coincides with tighter binding of
the sugar substrate to the active site. This more stable interaction prevents the water
molecule from attacking the oxocarbonium ion and allows transglycosylation. The
tridimensional structure of the lytic transglycosylase from phage A has been determined for
its complex with a saccharide substrate (Fig. 2). The active site is a deep elongated cleft
located between the lower and upper domains and contains the conserved glutamate
catalyst. The enzyme interacts with four N-acetylglucosamine units from one
hexasaccharide and two units from another hexasaccharide, resulting in all active site
subsites being filled (Leung et al., 2001).

N-acetylmuramoyl-L-alanine amidases such as phage T7 endolysin hydrolyze the
bond between N-acetylmuramic acid and the primary L-alanine of the peptide cross-bridge
(Vasala et al., 1995). The few known endopeptidase endolysins hydrolyze the bond
between L-alanine and D-glutamate of the cell wall cross-bridge or peptide bond of host

specific interpeptide cross-bridges (Loessner, 2005). These enzymes share the same general
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catalytic mechanism and act principally as metallo-aminopeptidases or cysteine-dependent
amidohydrolases. In the first case, a positively charged residue interacts with the substrate
carbonyl, a water molecule then initiates a nucleophilic attack typically promoted by the
Zn*" associated cation and a negatively charged residue, the intermediate is resolved and a
hydrogen is given to the leaving amino group (Cheng et al., 1994). The cysteine, histidine-
dependent amidohydrolase/peptidase (CHAP) domain is present in a large number of
amidase and peptidase endolysins. These enzymes utilize the thiol group of the cysteine
catalyst in a nucleophilic attack on the carbon of the carbonyl group implicated in the
targeted peptide bond (Bateman and Rawlings, 2003; Rigden et al., 2003). Phage T7
amidase behaves as a metallo-aminopeptidase and folds into an o/B-sheet structure that has
a prominent cleft with the Zn®" ion bound directly to three amino acids and, through a water
molecule, to a fourth (Cheng et al, 1994). To our knowledge, no CHAP-containing
endolysin has yet been crystallized, but the CHAP domain is predicted to belong to the a +
B structural class and the position of the conserved residues is consistent with a distant

relationship to the papain-like cysteine proteinase fold (Rigden ef al., 2003).

Specificity of phage endolysins for bacterial cell walls

It is noted with interest that most endolysins are fairly specific for bacterial species
(Matsuzaki et al., 2005). Few known endolysins display a broad-spectrum activity while
most are genus-specific or even species-specific (Loessner, 2005). The unconserved C-
terminal cell-wall-binding domain seems to be necessary and sufficient to direct endolysins
selectively to their substrates and to confer the exclusive recognition specificity.
Furthermore, these domains recognize their ligands and bind to them in non-covalent
associations with affinities of the same magnitude as for antibody-antigen association
(Loessner et al., 2002). Indeed, the cell-wall-binding domains provide the enzyme—
substrate proximity necessary for the catalytic activity of the N-terminal domains and the
resulting lytic activities of endolysins. Furthermore, the catalytic domains of some
endolysins require activation through binding of key C-terminal domains to the specific cell

wall ligands in order to function effectively (Loessner, 2005; Low et al., 2005).
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Since the cell wall bonds cleaved by endolysins are ubiquitous among both Gram-
positive and Gram-negative bacteria, the C-terminal domains must recognize specific cell-
wall-associated ligands at the surface of susceptible bacteria. Indeed, endolysins exploit the
physiological surface variations occurring among bacterial species. The cell wall layer of
Gram-positive bacteria is much thicker and more branched than in Gram-negative bacteria,
which are covered by an external membrane. It is well known that Gram-positive cell walls
typically contain teichoic acids, lipoteichoic acids and glycolipids while the envelopes of
Gram-negative bacteria include lipopolysaccharides. The composition, structure and
conformation of these cell-wall-associated components vary significantly among bacterial
species and therefore could constitute the specific target of endolysins. Some C-terminal
domains have been shown in effect to recognize in a specific manner unique structural
motifs such as cell wall carbohydrates and aminoalcohol choline moieties of teichoic acid

at the surface of Gram-positive bacteria (Fischetti, 2005; Loessner et al., 2002).

Antibacterial activity of endolysins against Gram-positive pathogens
Endolysins have been employed for various in vitro and in vivo purposes, in food science,
biotechnology, industrial microbiology, microbial diagnostics and for treatment of plant
and animal experimental infections (Loessner, 2005). It has thus been confirmed that
endolysins exert their lethal effects by forming holes in the cell wall layer, resulting in
extrusion of the cytoplasmic membrane and ultimately hypotonic lysis. Adding small
quantities of endolysin to a medium containing Gram-positive bacteria produces total lysis
of susceptible cells within seconds of contact (Delisle et al., 2006; Donovan et al., 2006a;
Fischetti, 2005; Loessner, 2005; O'Flaherty et al., 2005; Schuch et al., 2002; Yoong et al.,
2004). This impressive effect has been observed for a wide variety of Gram-positive
pathogens including Clostridium perfringens, Listeria monocytogenes, Actinomyces
naeslundii, Streptococcus pyogenes, Streptococcus agalactiae, Streptococcus dysgalactiae,
penicillin-resistant Streptococcus pneumoniae, methicillin-resistant Staphylococcus aureus,
vancomycin-resistant Enterococcus faecalis and Enterococcus faecium and vegetative cells
and germinating spores of Bacillus anthracis (Delisle et al., 2006; Donovan et al., 2006a;
Fischetti, 2005; Loessner, 2005; O'Flaherty et al., 2005; Schuch et al., 2002; Yoong et al.,
2004).
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It has also been demonstrated that small amounts of endolysins provide safe and
effective control of various Gram-positive pathogens (notably S. pneumoniae, S. pyogenes,
S. agalactiae and B. anthracis) on mucosal surfaces and in blood in various animal models
(Fischetti, 2005; Yoong et al., 2006). For example, a single dose of 2.5 ng of PlyC
endolysin administered to the oral cavity of mice provides protection against group A
streptococci colonization (Nelson ef al., 2001). A single nasal and pharyngeal treatment
with the Pal endolysin cures mice colonized with S. preumoniae and prevents subsequent
re-colonization (Loeffler et al., 2001). Furthermore, administration of 2 mg of Cpl-1
endolysin 10 h after intravenous S. pneumoniae challenge reduced bloodstream titers from
logyo 4.7 colony forming units (CFU) ml™ to undetectable levels within 15 min and led to

100% survival of bacteremic mice (Loeffler ef al., 2003).

Therapeutic potential of endolysins against Gram-negative pathogens

Endolysins are effective against Gram-positive bacteria because the cell wall is accessible
from the outside even when covered by capsular material (Loeffler ef al., 2001; Schuch et
al., 2002). In contrast, access to the Gram-negative bacterial cell wall is prevented by the
presence of an LPS-containing outer membrane. When this membrane is disrupted by
permeabilizing agents, cells immediately become vulnerable to external muralytic enzymes
(Loessner, 2005). The first evidence of the therapeutic potential of endolysins against
Gram-negative pathogens came from a study by Morita and collaborators (2001a,b) in
which a Bacillus amyloliquefaciens phage endolysin was shown to induce lysis of E. coli
from inside the cells without production of the cognate holin. It is noted with interest that
this endolysin shows strong exogenous antibacterial activity against Gram-negative
bacterial pathogens such as Pseudomonas aeruginosa, one of the most difficult organisms
to treat because of high antibiotic resistance due in part to low outer membrane
permeability. Indeed, the viable cell density of an overnight culture of P. aeruginosa
decreased by two and three log cycles from log;o 9 CFU ml™ after a 10-minute treatment
with endolysin at concentrations of 40 ug ml™ and 200 pg ml'; respectively (Morita e al.,

2001a).
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The N-terminal domain of the B. amyloliquefaciens phage endolysin has a relatively
high degree of homology with the T4 lysozyme and the conserved glutamate and threonine
catalytic residues have been proven to be essential for the enzymatic and antibacterial
activities but not for the permeabilization capacity. The C-terminal cell-wall-binding
domain shows high affinity with P. aeruginosa exogenously and is responsible for the
enhancement of outer membrane permeability. Embedded in the C-terminal region are two
homologous helical structures rich in positively charged residues surrounded by
hydrophobic residues. The C-terminal domain may thus interact with polyanionic LPS to
displace in competitive fashion the divalent cations that bridge and partly neutralize the
LPS, thereby causing disruption of the outer membrane. The hydrophobic region of this
endolysin may therefore penetrate the membrane, permitting the N-terminal catalytic
domain to reach the periplasmic cell wall layer and cause bacterial lysis. Indeed, the
normally rod-shaped P. aeruginosa cells appeared minicell-like and ghost-like after
external exposure to the endolysin and ruptured spontaneously. This Bacillus phage
endolysin may pave the way to the control of gram-negative pathogens (Morita et al.,

2001b; Orito et al., 2004).

Validity of an endolysin-based therapy

The recent detailed characterization of endolysin catalytic mechanisms, cell wall binding
properties, structural features and antibacterial capacities opens the door to potent
endolysin-based therapies to treat and prevent infections by clinically relevant human and
animal pathogens via a novel mode of action. The highly evolved endolysin enzymes are
among the most powerful antimicrobial agents known and represent a huge pool of
unexploited candidates able to eradicate or reduce bacterial pathogens to a level with which

the host immune system can cope (Cheng et al., 2005; Jado et al., 2003; Loessner, 2005).

Phage-encoded muralytic enzymes offer many advantages over antibiotics. First of
all, endolysins are refractory to resistance development (Donovan et al., 2006a). To
optimize phage aptness, endolysins appear to have evolved to target essential bacterial
moieties not amenable to mutational change. Moreover, endolysins can eliminate specific

disease-causing bacteria without disturbing beneficial normal microbiota (Fischetti, 2005;
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Takac and Blasi, 2005). Entenza et al. (2005) recently demonstrated that the Cpl-1
endolysin is more effective than vancomycin for treating bacteria protected by physical
barriers. In fact, endolysins can reach and kill pathogens colonizing mucosal surfaces, in
blood or deep foci, capabilities that were previously unavailable (Entenza et al., 2005;
Fischetti, 2005; Takac and Blasi, 2005). In contrast with most antibiotics, endolysins can
destroy cell walls of nongrowing bacteria with great efficiency, which would both shorten
the therapy and decrease the risk of re-infection (Matsuzaki et al., 2005; Pritchard et al.,
2004). Furthermore, many endolysins are potent at low pH, giving them a great advantage
over antibiotics in situations where acidic conditions prevail, such as in the human vaginal
tract, in biofilms or pus (Cheng et al., 2005; Loeffler et al., 2003). Since endolysins retain
their catalytic activity under various conditions, are remarkably heat stable and are easy to
produce and purify, these enzymes would be amenable to therapeutic applications at
pennies per dose (Fischetti, 2005; Yoong et al., 2006). Finally, a great diversity of
endolysins can be found in nature against nearly all pathogenic bacteria and it has been
shown recently that phage-associated muralytic enzymes used to weaken the cell wall at the
site of phage DNA entry also represent effective antimicrobial agents (Takac and Blasi,
2005).

An endolysin-based therapy should be safe for eukaryotic cells as the cell wall
bonds targeted and hydrolyzed by endolysins are present only in bacteria. As proteins
typically stimulate an immune response, one concern with the use of endolysins is the
potential development of neutralizing antibodies. Somehow, antibodies produced against
endolysins do not neutralize their catalytic activities and immunized mice remain as
sensitive as naive mice to endolysin treatment. No adverse effects have been observed in
mice or on cultured mammalian cells, suggesting that endolysins could be used safely and
repeatedly to control pathogens (Cheng et al., 2005; Donovan et al., 2006a; Fischetti, 2005;
Jado et al., 2003; Yoong et al., 2006). Another concern is the potential in vivo release of
cell wall fragments, LPS (endotoxin), teichoic and lipoteichoic acids by rapid endolysin-
mediated lysis of Gram-negative and Gram-positive bacterial cells. These constituents
temporarily boost the host innate immunity against infections and yield an inflammatory
response that may cause undesirable effects such as circulatory toxic shock, particularly in

patients with high bacterial loads due to sepsis, meningitis or other complications. This
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outcome is not expected to be more severe than for cell-wall active antibiotics such as [3-
lactams, since endolysins would cause lysis of specific primary pathogens only. Treatment
protocols may still have to be organized to reduce pro-inflammatory adverse effects in
particularly susceptible cases. This may include pre-treatment with a bacterial protein
synthesis inhibitor, use of the lipoteichoic acid biosynthesis inhibitor daptomycin,
endotoxin-neutralizing compounds, anti-inflammatory drugs and pro-inflammatory
agonists, protein C to cope with the formation of multiple thrombi generated during septic
shock, anti-apoptosis agents to prevent lymphatic organ necrosis and even hemofiltration to
remove circulating bacterial cell wall components, pro-inflammatory mediators and

cytotoxic agents (Ginsburg, 2002; Nau and Eiffert, 2005).

Development and optimization of endolysin-based therapies

To optimize antibacterial therapies, physicians could choose among phage-encoded
enzymes that display multiple cell wall hydrolytic capacities, such as phage ¢11 endolysin,
which contains amidase and endopeptidase activities, PlyGBS and B30 endolysins, which
display endopeptidase and muramidase activities, and Ply187 endolysin, which contains
three different catalytic domains (Cheng et al., 2005; Navarre et al., 1999; Pritchard et al.,
2004). In fact, the remarkable synergistic effect of different types of endolysins suggests
that the presence of different cell-wall-cleaving sites on one enzyme enhances its ability to

lyse bacterial cells (Pritchard et al., 2004).

To obtain the desired enzymatic activities and pathogen specificities, chimeric
endolysins can be designed by reorganization and swapping of the independently active
catalytic and cell wall binding domains (Fischetti, 2005). The CHAP domain is of special
interest since it is often found in association with other catalytic modules and can direct the
enzyme to its target substrate in the absence of the C-terminal domain (Bateman and
Rawlings, 2003; Donovan et al., 2006a; Donovan et al., 2006b). Another catalytic domain
is of interest because it can protect endolysins against potential development of resistance
due to cell wall acetylation. Although cell wall biosynthesis leads to a fully N-acetylated
glycan backbone, many bacteria can perform N-acetylglucosamine deacetylation or O-

acetylation at the C6 hydroxyl of muramyl residues. The resulting lack of N-acetyl
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substitutions or the presence of O-acetyl groups blocks the catalytic action of muramidases
and lytic transglycosylases (Ginsburg, 2002; Vollmer and Tomasz, 2000). N-acetyl groups
engage in strong interactions with the glutamate and aspartate catalysts of the majority of
muramidases except for enzymes of the GH-25 family such as the Cpl-1 endolysin, which
display different structural features and are indifferent to deacetylation. Indeed, designing
endolysins with CHAP and GH-25 muramidase domains would allow useful therapeutic
applications. Furthermore, a proper endolysin organization with suitable linker and
interactions between modules can optimize enzyme activity since the C-terminal domain
helps to orient the substrate within the catalytic cavity (Hermoso et al., 2003). A recent
report by Nelson and collaborators (2006) illustrates the importance of proper modular
organization for effective endolysin function. PlyC is the most potent endolysin studied to
date and only nanogram quantities are required to cause a multi-log drop of target bacteria
within minutes, in contrast with micrograms or milligrams for most endolysins. This high
activity seems to be linked to the unusual multimeric structure of the PlyC holo-enzyme,
composed of eight subunits of PlyCB forming a cell-wall-binding domain for each PlyCA
subunit containing a CHAP amidase function (Nelson ef al., 2006).

Invasive Gram-negative pathogens cause about one third of all bacterial infections.
Effective therapies could be developed based on the described Bacillus phage endolysin.
The cell outer membrane can also be perturbed via displacement of LPS by specific
polycationic compounds such as polymyxins, cationic peptides and aminoglycosides (Nau
and Eiffert, 2005). Permeabilizing agents such as these can be used synergistically with
endolysins or permeabilization moieties could be complexed to highly active endolysins
from Gram-positive phages in order to kill Gram-negative pathogens. Endolysins may thus
be equipped with a surface-exposed hydrophobic carrier that mediates outer membrane
interaction and insertion to enable access to the periplasmic cell wall layer (Ibrahim et al.,
2002). Membrane-penetrating moieties can be added either by fatty acylation of lysine
residues through catalyzed ester exchange or by genetic fusion of hydrophobic peptides or
amphiphilic polyprolines to endolysin C-termini without unfavorable interference (Ibrahim
et al., 2002; Tto et al, 1997). Finally, the host inflammatory environment may help

endolysins gain access to the cell wall layer since peroxides, defensins, cationic elastases
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and the complement system can induce the formation of holes in the outer membrane
(Ginsburg, 2002).

In a more practical way, therapies can be performed with highly specific endolysins
when the identity of the disease-causing bacteria is known or with endolysins having broad
lytic spectra when the pathogen cannot be identified due to a lack of rapid and precise
diagnostic tools. Furthermore, endolysins may be used effectively as diagnostic agents
(Schuch et al., 2002). Another attractive application is to exploit naturally occurring or
designed endolysin enzymes specific for the treatment of serious infections caused by
multiple unrelated pathogens (Cheng et al., 2005; Donovan et al., 2006a; Yoong et al.,
2004). Finally, endolysins may be administered topically or intravenously using multiple
doses or a constant infusion to preserve pharmacological concentrations and eliminate the
organisms completely (Fischetti, 2005). As internalized bacteria may be able to repopulate
the infection site several hours or days after treatment, endolysins could be produced by
unsusceptible recombinant bacteria that may reach the intracellular pathogens (Nelson et

al.,2001; Zimmer et al., 2002).

Concluding remarks

Over the past few years, there has been growing interest in developing lytic enzymes from
bacteriophages as a novel therapeutic approach to deal with the menace represented by the
worldwide emergence of antibiotic resistant bacterial pathogens. In the improbable event of
resistance occurring against a particular endolysin, the producer phage could be exploited
to evolve a new and improved enzyme. A second generation of endolysins could also be
developed through random mutagenesis or directed evolution, which may improve activity
and stability of enzymes (Cheng et al, 2005). The next obstacle to overcome will be
acceptance of the effectiveness and safety of the endolysin-based therapy in western
nations. The success of such promising therapies will likely depend to a large degree on
judicious negotiation of intellectual property rights and patents associated with phage-

encoded cell-wall-degrading enzymes.
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Figure legends

Figure 1. Schematic representation of the different cleavage sites of endolysins on the cell
wall structure of Gram-positive bacteria. The sole typical difference between the Gram-
positive and Gram-negative cell wall structure is the nature of the third residue of the
peptide cross-bridge. Gram-negative bacteria and bacilli usually contain a meso-
diaminopimelic acid whereas Gram-positive bacteria contain an L-lysine residue at this

position. (Mengin-Lecreulx et al., 1999)

Figure 2. Tridimensional structures of the coliphage (A) T4, (B) A and (C) T7 endolysins.
The image was created using INSIGHTII version 2000.1 (Accelrys) on a Silicon Graphics

Fuel workstation.
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Figure 1.
Muramidase and lytic transglycosylase
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Chapitre 9 - Peptidoglycan lytic activity of the
Pseudomonas aeruginosa phage oOKZ gpl44 lytic

transglycosylase
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Résumé

Caractérisation du mécanisme d’hydrolyse du peptidoglycane par la

transglycosylase lytique gp144 du phage 0KZ de Pseudomonas aeruginosa

Les endolysines de bactériophages suscitent un vif intérét de la part de la communauté
scientifique en cette ¢re ou le pouvoir évolutif des bactéries prend progressivement le
dessus sur la capacité de 1’étre humain a développer de nouveaux antibiotiques. Dans cette
¢tude, ’endolysine du bactériophage ¢KZ infectant P. aeruginosa est caractérisée en tant
que nouvel agent antibactérien ciblant les espéces bactériennes a Gram-négatif.
L’endolysine gp144 du phage ¢KZ a tout d’abord été clonée et exprimée dans des cellules
recombinantes de E. coli. L’expression de gp144 a entrainé la lyse cellulaire de E. coli et la
protéine a ¢été purifiée directement a partir du surnageant de culture et des cellules
bactériennes. L’endolysine purifiée démontre une activit¢ antibactérienne contre le
pathogene opportuniste P. aeruginosa et dégrade le peptidoglycane purifié des bactéries a
Gram-négatif. Des analyses en spectrométrie de masse ont permis d’identifier le site de
clivage du peptidoglycane et ont confirmé I’activité transglycosylase lytique de 1’enzyme
gpl44. L’expression de gpl44 en présence d’azide de sodium et dans un mutant E. coli
secAi a démontré que la translocation de I’endolysine est indépendante du systéme de
sécrétion protéique bactérien Sec. Des analyses de dichroisme circulaire indiquent que
gpl44 contient 61 % d’hélice a. En présence de dimyristoylphosphatidylglycérol (DMPG),
un lipide anionique typique des membranes bactériennes, la protéine gp144 perd 72 % de sa
conformation en hélice a. L’endolysine gp144 entraine également une relache immédiate
de calcéine fluorescente lorsqu'elle interagit avec des vésicules membranaires synthétiques
composées de DMPG contenant de la calcéine. Les résultats obtenus indiquent que la
transglycosylase lytique gpl44 interagit de fagon spécifique avec les membranes
bactériennes afin de les désorganiser et d’accéder a la paroi bactérienne. Ainsi, I’endolysine
gpl144 posséde un potentiel antibactérien fort intéressant contre les espéces bactériennes a

Gram-négatif.
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Abstract

The gpl144 endolysin gene from the Pseudomonas aeruginosa phage 0KZ was cloned and
studies of gp144 expression into Escherichia coli showed host cell lysis. The gp144 protein
was purified directly from the culture supernatant and from the bacterial cell pellet and
showed in vitro antibacterial lytic activity against P. aeruginosa bacteria and degraded
purified peptidoglycan of Gram-negative bacteria. MS analysis identified the gpl44
peptidoglycan cleavage site and confirmed a lytic transglycosylase enzyme. Studies of
gp144 expression in the presence of sodium azide (NaNj3), an inhibitor of the protein export
machinery, and into an E. coli MMS52 secA, mutant at permissive and restrictive
temperatures showed that gpl44 was secreted independently of the Sec system. The
solution conformation of purified gp144 analyzed by circular dichroism spectroscopy was
61% in o-helical content, and showed a 72% decrease when interacting with
dimyristoylphosphatidylglycerol (DMPG), one of the major components of bacterial
membranes and less than 10% with dimyristoylphosphatidylcholine (DMPC) found in
eukaryotic membranes. Membrane vesicles of DMPG anionic lipids containing calcein
indicated that gp144 caused a rapid release of fluorescent calcein when interacting with
synthetic membranes. These results indicated that gpl44 from ¢KZ is a lytic
transglycosylase capable of interacting with and disorganizing bacterial membranes and has

potential as an antipseudomonal in phage therapy.

Introduction

To promote bacterial host cell lysis and release of phage progeny, double-stranded DNA
phages typically use a holin—endolysin mechanism. Endolysin is restricted to the cytoplasm
until the holin destabilizes the internal membrane, permitting hydrolysis of peptidoglycan

and cell lysis (Young et al., 2000; Wang et al., 2000; Fischetti, 2005).

Phage OKZ infects Pseudomonas aeruginosa, a Gram-negative opportunistic
pathogen causing nosocomial infections difficult to treat because of antibiotic resistance

(Davies, 2002; Hancock & Brinkman, 2002). The Myoviridae ¢KZ contains the largest
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sequenced double-stranded DNA phage genome with 306 ORFs (Mesyanzhinov et al.,
2002).

During the course of this work, Mesyanzhinov and colleagues described some of the
properties of gpl44 (Miroshnikov et al., 2006). Recombinant gpl44 purified from
Escherichia coli effectively degraded chloroform-treated P. aeruginosa cells. The gpl144
protein was found in solution in stoichometric monomer: dimer and trimer equilibrium. In
this study, we extend these observations and have developed a method for expression,
purification and analysis of a biologically active recombinant gp144. We also demonstrate
that gp144 is a lytic transglycosylase, and that the enzyme goes through conformational
changes when interacting with dimyristoylphosphatidylglycerol (DMPG) calcein vesicles
reflecting the net anionic nature of bacterial membranes, which only have 15-30%

phosphatidylcholine.

Materials and methods
Bioinformatics

The ¢KZ 280.3 Kb sequence was analyzed for ORFs using software programs of the
University of Wisconsin Package (GCG, version 10.2, Madison, WI). The sequence was
split into 312 overlapping fragments and compared with sequences of the viral, bacterial
and phage divisions of GenBank using TBLASTX (Benson et al., 2005). Similar search was
done with BLASTX against the 1137 reported holins. $KZ ORFs were compared with the
PFAM-A database using hmmpfam HMMER (Eddy, 1998). The results were analyzed
using a developed PYTHON program (van Rossum & de Boer, 1991). Retrieval from
databases and sequence splitting were performed with EMBOSS (Rice et al., 2000). Gp144
was analyzed for Sec, signal-arrest-release sequence (SAR) and TAT signal sequences and
characterized using BLAST, CDART and EXPASY algorithms (Berks et al., 2000; Geer et al.,
2002; Xu et al., 2004).
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Cloning of ¢KZ ORF 144

Phage amplification was performed using phage PhiKZ DNA genomic DNA (Sambrook et
al., 1989). DNA was purified with the Lambda Maxi Kit (Qiagen, Mississauga, Ontario,
Canada). PCR was used to obtain ORF144 encoding gp144 fused with a C-terminal His-tag
using genomic DNA (300 ng), the primers 5'-GTAGAGGTTATCATATGAAAGTATTA-
3" and 5'-TGCTACCTCGAGTTTTCT-3', 5mM MgCl, and 2.5U of Hot start TAQ
polymerase (Qiagen) at touchdown temperatures of 40-30°C. The amplified product was
purified, digested with Ndel and Xhol and ligated into corresponding sites of pET24a
(Novagen, Madison, WI). Plasmid pMON2266 was electroporated into E. coli recA™
ElectroMAX™ DH10B™ and sequenced using the T7 primers (Novagen).

Overexpression and purification of gp144

Plasmid pMON2266 was transformed into E. coli BL21 (ADE3) using CaCl, (Sambrook et
al., 1989). Isopropyl-p-D-thiogalactopyranoside (IPTG) at 1| mM was added to a tryptic soy
broth culture (kanamycin 50 pg mL_l) at an ODgyo nm Of 0.8 and incubated for 6 h at 37°C
under agitation. The supernatant from a 1-L culture was treated with DNAse and
concentrated to 200 mL using a stirred ultrafiltration cell and a filter with a 10 kDa cut-off.
Expressing cells were resuspended in sonication buffer [50 mM Tris-HCI pH 8.6, 1 mM
ethylenediaminetetraaectic acid (EDTA)], sonicated 30 s mL ™" before addition of protease
inhibitors. Fractions were analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). Gp144 was purified from the supernatant and the cell pellet
by affinity chromatography using a HisTrap™ HP nickel column (Amersham Biosciences,
Baie d'Urfé, Québec, Canada). Final purification was performed by gel filtration (Superdex
75 10/300 column, LMW gel filtration Calibration Kit, Amersham Biosciences). Fractions
containing gpl44 were concentrated, maintained at —80°C in 50 mM Tris-HCI pH 7.4,
25 mM MgCl, and 10 mM NacCl and N-terminal sequencing was performed (Paradis-Bleau
et al., 2005).
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Peptidoglycan degrading assay

Peptidoglycan from P. aeruginosa PAOL, E. coli ATCC 25922, Staphylococcus aureus
ATCC 25923 and Bacillus cereus ATCC 27877 was prepared from 50-mL cultures of
Gram-positive bacteria and 500 mL for Gram-negatives (Moak & Molineux, 2004).
Peptidoglycan was sonicated, diluted in water to an ODgponm of 1, monitored for 250 min

with and without purified gp144 at various concentrations and performed in triplicate.

Identification of the gp144 peptidoglycan cleavage site by LCMS

The molecular mass of the gpl44 peptidoglycan degradation products was determined
using an Agilent 1100 LCMS. A 200 pg aliquot of peptidoglycan was incubated with
250 uM of purified gp144 at 37°C in 100 pL. Peptidoglycan hydrolysis was stopped by
adding 10% trifluoroacetic acid (TFA) and TFA-soluble muropeptides were collected
(Navarre et al., 1999). Dried muropeptides were resuspended in 70 pL. of mobile phase A
(H20, 0.1% formic acid, 0.025% TFA) and 10 pL was injected into a ZORBAX 300 SB-
C18 reversed-phase column protected by a Zorbax 300 SB-C18 analytical guard-column
(Agilent Technologies, Montreal, Québec, Canada). Separation of muropeptides was
performed at a flow rate of 200 pL min™—"'. A gradient of mobile phase B (acetonitrile, 0.1%
formic acid, 0.025% TFA) was used from 1% increasing 1.36% min~'. The eluted
muropeptides were identified at 214 nm at 4°C and the column was at 40°C. The molecular
mass of muropeptides was determined with an Agilent 1100 MSD ESI mass spectrometer
using the positive electrospray ionization mode, in full scan from 50 to 2950 m/z with a step

of 0.1 and a cycle time of 2.25 s.

Expression of gp144 in E. coli with sodium azide (NaN3)
Gpl44 was expressed at an ODgponm 0f 0.3, 0.6, 0.7, 0.8 and 0.9 with and without 1 mM

NaNs. Escherichia coli BL21-induced and noninduced cultures for gp144 were monitored.
CFUs were determined in triplicate at time points 0, 3, 6, 9, 12 and 25 h after induction at
an ODg nm of 0.8. Cell pellets and supernatants from 0, 1, 2, 3, 4, 6, 8, 10 and 12 h were
analyzed by SDS-PAGE. Western blots of gp144 supernatants were performed using rabbit

polyclonal anti-gp144 antibodies (Harlow & Lane, 1988). Immunodetection was performed
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with the ECL Advance Western Blotting Detection Kit using the rabbit anti-gp144 serum
1:50000 and the ECL anti-rabbit peroxidase-linked antibody 1: 15000 (Amersham).
Escherichia coli XL1-blue was lysogenized using the ADE3 Lysogenization Kit (Novagen)
and transformed with pMON2266. Expression of gp144 was determined at ODgy nm values
of 0.6, 0.7 and 0.8 and was monitored with and without NaNj.

Expression of gp144 in an E. coli secA, mutant

Escherichia coli MMS52 (pMON2266) was grown at 30°C for SecA expression and at the
nonpermissive (42°C) temperature with induction of gp144 at an ODggonm of 0.05 to 0.7
(Oliver & Beckwith, 1981). Cell extracts and supernatants were analyzed by SDS-PAGE
and gpl44 in the supernatants was confirmed by Western blot. As control, cultures
containing 0.4% maltose to induce the SecA-translocated maltose-binding protein (MBP)
were used. At the time of induction (after 4h at a permissive or nonpermissive
temperature), 30 mL of each culture was treated with lysozyme-EDTA (Oliver &
Beckwith, 1981). Spheroplasts were resuspended in 200 uL of sonication buffer and
sonicated for 30 s. ODgoonm values were used to standardize periplasmic and cytoplasmic
proteins analyzed by SDS-PAGE. The MBP content was evaluated by Western blot using
the anti-MBP monoclonal antibody conjugated to HRP 1 :500 (New England Biolabs,
Mississauga, Ontario, Canada) and the Immobilon™ Western Chemiluminescent HRP

Substrate detection assay (Millipore, Nepean, Ontario, Canada).

Circular dichroism

Fifteen scans were collected from 190 to 250 nm using a 1-nm wavelength increment on a
Jasco J-710 spectropolarimeter with a 2-mm path length cell. Spectra were obtained by
comparisons with the base line of a CD buffer (2.5 mM Tris-HCI pH 7.4, 1.25 mM MgCl,,
0.5 mM NaCl). Ellipticity was measured at 225 nm. Spectra were collected using 30 uM of
gpl44 and with concentrations of 1-25 mM of dithiothreithol (DTT). For interactions with
synthetic ~ membranes, 166 uM  of gpl44 was wused with zwitterionic
dimyristoylphosphatidylcholine (DMPC) or anionic DMPG lipid vesicles. The data were

analyzed using the CDESTIMA software to predict the percentage of a-helix content.
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Gp144 permeabilization assays of calcein-containing vesicles

For calcein release assays, vesicles were prepared by dispersing 5 mg of DMPC or DMPG
dried lipids into 250 pL of phosphate buffer (50 mM pH 7.4). After five cycles of freeze in
liquid nitrogen, thaw at 37°C and mixing, the dispersions were extruded 11 times using a
polycarbonate 0.1 um filter. The stability of calcein-containing vesicles was confirmed by
monitoring the calcein release for each preparation.

DMPC and DMPG calcein vesicles and gpl44 permeabilization assays were
performed as described (Biron ef al., 2004) with the following modifications: 20 mg of
DMPC or DMPG was directly dispersed in 1 mL of internal buffer and five cycles of freeze
at —180°C, thaw at 37°C and mixing were performed before sonication. A final
concentration of 4 uM of gp144 was added to 3 mL of external buffer at room temperature

to yield a 100 : 1 lipid gp~'144 ratio.

Results
Bioinformatic analysis for an endolysin-holin system in the 0 KZ genome sequence

Bioinformatic analysis of the 280 334 bps sequence of ¢KZ and the 306 ORFs identified
ORF144 as a putative peptidoglycan-degrading enzyme. We noted 52% amino acid identity
between the catalytic domain of gpl44 and the C-terminus of gpl181, a ¢KZ tail fiber
protein. The deduced amino acid sequence of the ¢KZ endolysin (gpl44) indicated a
putative cytoplasmic protein of 28.8 kDa with a pl value of 9.1 having no transmembrane
domains, and secondary structures containing 51-54% of a-helix, 1-3% of B-sheet and 44—
46% of loop. CDART identified a putative peptidoglycan-binding domain composed of
three o-helices at the N-terminus and a lytic transglycosylase catalytic domain at the C-

terminus. Exhaustive bioinformatic analysis did not identify a typical holin sequence.

Expression and purification of gp144 into E. coli
Analysis of the gp144 expression into E. coli was studied using bacterial growth curves.
The gpl44-expressing culture contained 1.8 x 107 CFUs mL ™" after 5 h in comparison with

4.4 x 10° CFUs mL™" for the noninduced culture (data not shown). Significant differences
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between induced and non induced cultures for expression of gp144 were c. 3 logs in CFUs
after 9 h. The E. coli colonies containing cells expressing gpl144 appeared irregular, rough

and smaller than nonexpressing colonies on Tryptic Soy Agar plates.

Analysis by SDS-PAGE indicated that the 30.1 kDa band (28.8 kDa plus a C-
terminus fusion of LDLEHHHHHH) identified as gpl144 was released directly into the
culture supernatant extracellular media (300 mg L™") and was also present in the cell pellet
as soluble (100 mg L™") and insoluble fractions (data not shown). Based upon SDS-PAGE
analysis (1 pglane™) and SYPRO® Orange staining, gpl44 was purified to >99%
homogeneity and N-terminal sequencing of the 15 first amino acids confirmed gpl44
identity. As previously reported, purification by gel filtration gave two major peaks
corresponding to the monomer (30.1 kDa) and dimer (60.2 kDa) forms of gp144 (data not
shown; Miroshnikov et al., 2006). The dimer form was predominant in the culture
supernatant, whereas the monomer was predominant in the cytoplasm of the cell pellet
fraction (data not shown). SDS-PAGE analysis showed that purified gp144 was present as
monomers, dimers and trimers that were resistant to boiling and to 1% SDS; nondenaturing
PAGE showed gp144 oligomers of high molecular mass (data not shown). The monomer
form was found to dimerize rapidly after 24 h at 4°C, whereas DTT-treated gp144 gave

only monomers.

Peptidoglycan-degrading activities

Addition of purified gp144 to purified peptidoglycan from four bacterial species caused a
rapid ODgoo nm decrease of peptidoglycan from Gram-negative bacteria in a dose-dependent
fashion. As presented in Fig. 1a, 100 uM of gp144 hydrolyzed P. aeruginosa peptidoglycan
in 2 min and in ¢. 25 min for E. coli. In contrast, an apparent lag of more than 60 min was
observed for peptidoglycan of B. cereus and S. aureus and significant hydrolysis was
detected only after 120 min. These results indicated that gp144 caused specific hydrolysis

of peptidoglycan from Gram-negative bacteria.
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Identification of gp144 cleavage site in peptidoglycan

The HPLC chromatogram of peptidoglycan from P. aeruginosa hydrolyzed by gp144 gave
major peptidoglycan degradation products, and the results are summarized in Table 1. The
first peak identified contained gp144 amino acid autodegradation products with molecular
masses of 119.11 and 370.23 Da because the same elution products were obtained for
gpl44 only (data not shown). By using the peak surface area, we selected seven major
elution products as shown in Fig. 1b. The main peptidoglycan degradation product GlcNac-
anhydroMurNac—Ala—iGln-mDAP-Ala—mDAP—-iGIn—-Ala—Ala was defined as the parent
ion as all muropeptides identified by MS converged to this compound (Table 1, Fig. 1b).
The unique cell wall-degrading enzyme that could lead to this activity is a lytic
transglycosylase. This enzyme cleaves the [(1,4)-glycosidic bond between N-
acetylmuramic acid and N-acetylglucosamine and adds a new glycosidic bond within the
C6 hydroxyl group of the same muramic acid residue. The lytic transglycosylase reaction
gave distinctive (1,6)-anhydro N-acetylmuramic muropeptides frequently recovered in the
gp144 digestion pattern, and the identified compounds are indicated in bold in Table 1. The
molecular masses obtained from gpl44 hydrolysis did not correspond to the size of
degradation products for other types of peptidoglycan degrading enzymes such as N-

acetylglucosaminidase, amidase or peptidase.

Expression of gp144 in the presence of an inhibitor of the protein export machinery

As in silico bioinformatics analysis for Sec, SAR and TAT signal sequences using BLAST,
CDART and EXPASY algorithms was negative for gp144 and as the cytoplasmic gp144 was
secreted directly into the culture supernatant, we evaluated whether typical bacterial
secretion systems could still potentially be involved. It is well known that bacterial cell
cultures treated with NaNs; show inhibition of azide-sensitive components of one of the
major bacterial protein export machineries such as Sec (Fortin et al., 1990). To evaluate the
role of the Sec system in gpl44 translocation, growth rates of E. coli were measured in
liquid media induced for the expression of gp144 with or without 1 mM NaNjs. As depicted
in Fig. 2a, the results obtained showed that NaN3 did not affect gp144 hydrolytic activity.

We noted a difference of 3 logs in CFUs from E. coli cultures expressing gp144 containing
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NaNj. SDS-PAGE analysis at selected time-points of the cell culture supernatants and cell
pellets treated or not with NaNj3 (Fig. 2b) showed that the concentration of gpl144 with
NaN; was similar to the control without NaN; after 1 h of expression (Fig. 2b, upper
panels, left and right). Specific anti-gp144 immunodetection revealed gpl44 in culture
supernatants apparent after 1 h and up to 12 h after induction. Gp144 was also found in
cultures grown with NaN3 and could be detected from 1 h up to 12 h (Fig 2b, lower panels,
left and right). These data indicate that gp144 transport does not depend on the typical

bacterial transport machinery.

Expression of gp144 in E. coli secA defective mutant

To confirm the NaNjs data, we studied expression of the gp144 lytic transglycosylase into
an E. coli secAy defective mutant. As a control, we first tested the SecA-dependent MBP
translocation at both the permissive and restrictive temperatures. Immunodetection of the
SecA-translocated MBP at the time of induction indicated that the 43.4 kDa protein
accumulated in the periplasm at 30°C, while only a trace of MBP was detected in the
periplasm at 42°C, confirming the SecA phenotype (data not shown). To confirm gp144
activity at the restrictive temperature, we analyzed expression of gpl144 in E. coli BL21 and
E. coli XL1-blue grown at 30°C and at 42°C. Growth curve analysis demonstrated that
gpl44 was functional at both temperatures because ODgoonm values declined from 0.85 to

0.4, confirming gp144 activity and thermostability at 42°C (data not shown).

As shown in Fig. 3a, induction of gp144 at 30°C caused cell lysis and reduced CFUs
at c¢. 0.5 logjp when compared with the noninduced control but not as significantly as at
37°C. This indicated less nonspecific cell lysis caused by the release of gpl44 at lower
temperature. At the nonpermissive temperature (42°C), E. coli cells showed a delay in
growth for 6.5 h until the exponential phase was reached (Fig. 3a). Induction of gpl144
caused cell lysis at 42°C and gave growth curves similar to gp144 at normal temperature
(37°C). Gp144 was found in the cell pellet (Fig. 3b, upper left panel) after 1 h of expression
at 30°C, accumulated until 4 h and decreased after 10 h. Gp144 was constantly present after
induction at 42°C from 1 h up to 12 h, but at a much lower concentration (Fig. 3b, upper

right panel). Specific anti-gp144 immunodetection confirmed that gp144 was released in
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the culture supernatant after 4 h of expression at 30°C, indicating a tight control of
expression (Fig. 3b, lower left panel). In contrast, gpl44 was found in the culture
supernatant 1 h and up to 12 h after expression at 42°C (Fig. 3b, lower right panel),

indicating that SecA was not necessary for secretion.

Analysis of gp144 by circular dichroism and interaction with lipid vesicles

Analysis of purified gp144 by circular dichroism showed a content of 61+£5% in the a-helix
structure stable up to 50°C. To evaluate whether gpl44 could interact directly with
bacterial membranes and be liberated into the extracellular media, we used a biophysical
approach with DMPG-containing vesicles. As shown in Fig. 4, gpl44 was added to
preparations of anionic DMPG vesicles and subsequent analysis of the CD spectra gave a
decrease of 72+3% in a-helical content. In contrast, a small increase of gp144 a-helical
content was observed with zwitterionic DMPC vesicles, a compound mimicking eukaryotic
membranes. These studies indicated that gpl144 was capable of interacting directly with
anionic membranes. This indicated the potential of gpl44 to interact with bacterial

membranes that would facilitate its liberation.

To extend these experiments, we decided to incubate gp144 with calcein-containing
DMPG vesicles and measure indirectly the permeabilization of these artificial membranes
by gp144 by measuring the fluorescence of calcein. As shown in Fig. 5, addition of gp144
to DMPG vesicles caused a rapid calcein release, reaching 55% after 50 s and reaching a
plateau at 90%. Control experiments showed that calcein-containing vesicles were stable,
that bovine serum albumin (BSA) did not enhance calcein release and that Triton released
100% of the fluorescent calcein. In contrast, gp144 did not release fluorescent calcein from
DMPC vesicles (Fig. 5). These data would indicate that gp144 interacted with, disorganized

and augmented the permeability of these artificial membranes.

Discussion

Phage lysis proteins are exciting prospects as antibacterial agents (Fischetti, 2005).

Overexpression of the ¢KZ gpl44 endolysin into E. coli retained peptidoglycan lytic
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activity against Gram-negative bacteria. Gp144 was released into culture supernatants after
IPTG induction and lysed neighboring cells.

Gpl44 peptidoglycan-degrading activity indicated a predominant activity against
Gram-negative bacteria, and LCMS analysis of gp144 hydrolytic products identified a lytic
transglycosylase. We noted a weak hydrolytic activity against the peptidoglycan of Gram-
positive bacteria that O-acetylate their peptidoglycan, a modification that totally precludes
the function of lytic transglycosylases because the O-acetylation occurs at the C-6 hydroxyl
of muramyl residues, the same group involved in the formation of the 1,6-anhydromuramyl
product of lytic transglycosylase activity (Ginsburg, 2002). The O-acetyl groups on the
tested peptidoglycan may have been lost during its purification (a strong possibility, given
the liability of the acetate ester linkage), which could explain residual activity against S.
aureus and B. cereus. An apparent lag exists in hydrolysis of peptidoglycans from Gram-
positive bacteria, which could reflect the prior need for spontaneous de-esterification of
acetyl groups (if still present on the substrates) and the poor recognition of the

peptidoglycan-binding domain of gp144 of Gram-positive bacteria.

The vast majority of secreted proteins use the Sec or Tat pathways requiring specific
N-terminal signal sequences (Berks et al., 2000). Gp144 does not possess typical Sec or Tat
secretion motifs. We assessed whether gp144 exploits the Sec pathway via a nontypical
signal as for phage P1 endolysin (Sao-Jose et al., 2000). Inactivation of SecA blocked
translocation and lytic activities of phages P1 and fOg44 endolysins (Sao-Jose ef al., 2000;
Xu et al., 2004). Gpl44 activity and cell lysis was evident in a SecA; mutant at a non
permissive temperature. We also studied the effect of NaN; on gpl44 expression and
transport; NaNs did not affect cell lysis by gp144, suggesting a bypass of typical secretion
pathways (Fortin et al., 1990). However, expression of gpl44 from a multicopy plasmid
and subsequent cell lysis could be caused by levels of expression toxic to the host cell

where gp144 is liberated and lytic transglycosylase activity may lyse neighboring cells.

LytA autolysin and Eji phage endolysin activation depends upon dimerization (Diaz
et al., 1989; Saiz et al., 2002). Gp144 has a secondary structure similar to the Eji endolysin
(Saiz et al., 2002). Recently, a SAR mediated export and control of phage P1 endolysin was
identified (Xu et al., 2004). Lyz of P1 caused host lysis without a holin. Instead, export was
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mediated by an N-terminal transmembrane domain and required host sec function.
Exported Lyz of identical SDS-PAGE mobility was found in both the membrane and
periplasmic compartments, indicating that periplasmic Lyz was not generated by the
proteolytic cleavage of the membrane-associated form. The N-terminal domain of Lyz is
both necessary and sufficient not only for export to the membrane but also for release into
the periplasm. The unusual N-terminal domain, rich in residues weakly hydrophobic,
functions as an SAR sequence, acting as a normal signal-arrest domain to direct the
endolysin to the periplasm in membrane-tethered form and then allows its release in the

periplasm.

Disulfide isomerization after membrane release of its SAR domain also activates the
P1 lysozyme (Xu et al, 2005). Crystal structures confirmed the alternative disulfide
linkages in the two forms of Lyz and revealed dramatic conformational differences in the
catalytic domain. Thus, the exported P1 endolysin is kept inactive by three levels of
control-topological, conformational and covalent-until its release from the membrane is
triggered by the P1 holin.

Examination of the protein sequences of related bacteriophage endolysins suggests
that the presence of an N-terminal SAR sequence is not unique to Lyz. Analysis of the
gpl44 N-terminal region revealed a weakly positive charged region, followed by a
hydrophobic a-helical region. This region may serve as a leader sequence and define a
unique translocation process. Experiments are in progress to engineer a truncated derivative

and confirm the function of this region as a secretion signal peptide for gp144.
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Figure Legends

Figure 1. Gp144 peptidoglycan-degrading activity. (a) Spectrophotometric curves showing
hydrolysis of purified peptidoglycan from Escherichia coli, Pseudomonas aeruginosa,
Staphylococcus aureus and Bacillus subtilis by gp144 visualized as a decrease of ODgoo nm
absorption. (b) Determination of the gp144 peptidoglycan cleavage site by LCMS. HPLC
chromatogram of the gpl44-digested peptidoglycan products from P. aeruginosa. (c)

Schematic representation of the LCMS parent ion characteristics of lytic transglycosylase.

Figure 2. Expression of gpl144 in Escherichia coli with NaNj. (a) Bacterial growth curves
of E. coli BL21 cultures noninduced (O) and induced for gpl44-expression (M) without
NaNj; noninduced (A) and induced for gp144-expression (A) with NaN; added at the time
of induction with IPTG. (b) Time-course expression of gpl44 with and without NaNGj;

SDS-PAGE showing gp144 in the cell pellet and from the culture supernatants by specific
detection in Western Blots using an anti-gp144 polyclonal antibody. Total cell protein



342

content was prepared by adding 50uL. of SDS-PAGE sample buffer and boiling for 5 min.
CFUs were determined to standardize the cell numbers used and for estimation of the
protein concentration. Fifteen microliters of culture supernatant was analyzed directly into

gels.

Figure 3. Expression of gpl144 in an Escherichia coli secAi mutant. (a) E. coli MMS52

growth curves showing noninduced (OJ) and induced (M) cultures at a permissive

temperature (30 °C) and noninduced (A) and induced (A) cultures at a nonpermissive
temperature (42 °C) using a SecAy phenotype. An overnight E. coli MM52 (ADE3) culture
incubated at 30 °C, supplemented with 50pgmL™ kanamycin, was used to inoculate two
500mL Tryptic Soy Broth cultures. Cultures were adjusted to ODgpp nm of 0.015 and 0.15
and incubated for 1 h at 30 °C. The 0.15 ODggo nm starting culture was switched to 42 °C for
4 h while the 0.015 ODggo nm starting culture remained at 30 °C. Expression of gp144 was
induced with 1mM of IPTG 4 h after the temperature shift at an ODggp nm of 0.5. (b) Time-
course expression of gpl44 at permissive and nonpermissive temperatures; SDS-PAGE
showing gpl144 in the cell pellets and from culture supernatants. Specific detection of
gpl44 in culture supernatants was performed by Western Blots using an antigpl44

polyclonal antibody.

Figure 4. Structural changes of gpl44 interacting with anionic lipids. Circular dichroism
spectra showing gpl44 secondary structure alone and with DMPC or DMPG small
unilamellar lipid vesicles. S50uL of each vesicle preparation was combined to 166uM of
gpl44 to obtain a 100 : 1 lipid gp 144" ratio before collection of the CD spectra at room

temperature.

Figure 5. Permeabilization and release of fluorescence from DMPG calcein-containing
vesicles. Vesicles were prepared (as described in materials and methods) and were analyzed
by spectrophotometry. Spectrophotometric curves indicate specific release of fluorescent
calcein from anionic DMPG vesicles when interacting with the gpl44 lytic

transglycosylase.



342

om} Aq paynuapt st uol juared oY) sudise ue Aq pojeosrpurl st yead yoed 10J paropisuod sjonpoid uonepei3op [[em [[00 Jofewr oy,

(O™H-) BIV—BIV-U[DI-d VAW-E[V—d VW-U[DI-E[V—IENINJA0IPAYUE-IENI[D
(HZ-) dVau —e[y—d vV —u[DI—e[y—IeNINNoIpAyue

(O™H+) U[DI-B[V-IeNINJA0IPAYUE-IENDI[D

(OH-) UIDI-dVAW-e[V-d VQW-U[DI

(BN+H-) dVAW —B[V—d VAW —U[DI-E[V—-IENIN0IPAYUE-Q-IBNI[D)
(HT-) eIV—eV—d VW —U[DI-L[Y—IENINA0IpAYuE
(BN-+HTZ+) BIV-.[V-dVQW-U[DI-.[Y

UDI-JVAW-e[V—dVW-U[DI-E[V—IeNINJA0IPAY UL,
ssew Jjey

(H+) dvqu-uii-e[y
(H-) dVQu-e[y—dVAW-U[DL,

(HO-HD-) u[DI-e[y
(H+) e[v—aeNInjyo1pAyue,

(HO+) dVqu-u[DI-e[y

(HO-*HD") uiDl-e[y

(O'H-) dVaw-ely—dvauw

(HO") dVAW-uDI—e[y—IeNInA0IpAque.,

jonpoud uonepei3ap 441d3
jonpoid uonepei3ap 1 1d3

SI'svel
8L°L88
1¥'S69
YLILY

P8 YITI
S9°98L
65°95¢

¢6°LI0T
96'80S

ey 06¢
9°09¢

L8
61°LYE

e vy
981
' Sly
$°679

‘N
‘AN

SS'PPEL
S'L88
I€169
€€TLY
L edd
LYPITT
9€°98L
€'LSS
9 Yead
Ly'STOT
LT60S
S Yead
¥T'06€
97°09S
b Mead
60°LS1
LY'LYE
€ edd
STvTh
1'981
TSIy
€€°679
71%3d
€TOLE
11611
I Yead

amonns pasodoid

pajorpard HIN paaIesqo | zw

sarmonys opndadomw Surpuodsariod
pue SINDT Aq paureiqo uedA[gopndad [[90 vsoursn.iov ‘g pAIsABIP-41d3 oy Jo ssewr J[NIJ[O]N ‘[ dqeL



342

‘pPauLyap 30U “(°N PJoq ur a1e sapndadoinw orweInwAjooe-N 0IpAYuLR-(9°]) SOIISLIdNORIBYD JSB[ASOIA[ZSURI) O1IA] oY) pue SYSLIJ)SE



345

Figure 1.
2.5 1
(a)
h
2 1 1 - B. cereus

— 1 2 - 8. aureus

£ 3 - E. coli

S 15 4 - P. aeruginosa
N=

A

=

2

N

=

e 17

w2

=

<

0.5 1
4
0 ) ) ) ) 1
0 50 100 150 200 250

Time (min)

(b)

850
650
450

250 ¢

UV Absorbance (mAU

'150 v v v v v v
25 7.5 125 175 225 275 325

Elution time (min)

NN N

CHQ?H NHAc NHAc CH3 H NHAc NHAe CHGH NHAc NHAc NHAc cm H NHAc
fo
Ala Ala
1Gln G 1Gln iGIn
TDAP lIrIDAP i
/ Al
mDAP
Ah/ Al
Ala



344

() ouurg,
0€ ST 0z ST o1 S
0€
uononpul HLJ[ —
0L 89V ECILOMW TI0OI89 b € I O
uondIRpounwml juryewrddng

B §
o 2]

TTI0I8S 9 P € C T OIN <ClO0I8S9FEcC 1 0N e

SIPD
ENEN YA PUE JNOYIA (@

(wu ((9) ddueqIosSqy

I
wn
~
<
~

7 3angiq



345

TT0I8 9 ¥ € TT 0NN
uonddRpounwwi juejewrddng

o189+ €T 10NN

4

ey

TT0I8 9V €T T O TIOI8 9 VETITI 0NN
SIRD

aarsstudduou pue JAISSIULId yI9S

(@)

(wu 09) aoueq.msq;

LJ
\n
—

LJ
(o]
~
S
~

*€ 9an31y



348

Figure 4.
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Section V - Conclusion et discussion
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La recrudescence des infections bactériennes combinée au développement et a la
propagation des mécanismes de résistance aux antibiotiques représente une des
problématiques les plus préoccupantes en santé publique (Cohen 2000; Normark and
Normark 2002). En effet, la diminution de I’efficacité des traitements antibactériens met en
danger la vie des personnes infectées. Ainsi, le besoin de nouvelles classes d’agents
antibactériens se fait de plus en plus pressant. Les méthodes traditionnelles telles que le
criblage d’antibiotiques naturels et la modification des agents antibactériens utilisés en
médecine humaine ne proposent pas d’alternative durable. En fait, ces méthodes meénent
inévitablement a I’identification de molécules appartenant aux classes de composés
chimiques déja sur le marché. Ainsi, ces molécules sélectionneront rapidement des
mécanismes de résistance bactériens adaptés et le succes sera de trop courte durée
(Desnottes 1996; Chan, Macarron et al. 2002). Le blocage des mécanismes de résistance
bactériens apparait extrémement ardu alors que la solution se trouve plutot du coté de la
chimie combinatoire et de I’identification de nouvelles cibles antibactériennes (Hamilton-
Miller 2004).

Dans le but de développer de nouvelles classes d’agents antibactériens, cette these
de doctorat rapporte 1I’exploitation de la machinerie de division cellulaire, de la biosynthése
et de I’intégrit¢ de la paroi bactérienne en tant que cibles thérapeutiques. Les cibles
spécifiques abordées au cours de ce projet de recherche sont les protéines de division
cellulaire FtsZ et FtsA, les amides ligases essentielles a la biosynthése de la paroi ainsi que
le peptidoglycane bactérien. Toutes ces cibles rencontrent la majorité des critéres
caractérisant la cible antibactérienne idéale. Ainsi, les cibles sélectionnées sont a I’origine
d’une fonction biologique essentielle pour la viabilité bactérienne et 1’inhibition ou la
dégradation de ces cibles entraine un phénotype létal. Les cibles a 1’objet de cette étude
sont génétiquement et structuralement conservées parmi les pathogénes bactériens puis
elles sont exprimées en quantité suffisante lors de I’infection. De plus, aucun antibiotique
utilis¢ en médecine humaine ne s’attaque spécifiquement a ces cibles. Ainsi, les bactéries
ne devraient pas avoir développé de mécanismes de résistance envers les classes
potentielles d’inhibiteurs ciblant ces constituants bactériens. Les Mur ligases et le
peptidoglycane ne possedent pas de contrepartie eucaryote mais les protéines de division

cellulaire FtsZ et FtsA sont respectivement homologues a la tubuline et a I’actine
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eucaryote. Cependant, I’article de revue sur la division cellulaire présenté au premier
chapitre du corps de cette these démontre que cela ne constitue pas un inconvénient majeur.
En effet, les différences structurales et fonctionnelles entre FtsZ et la tubuline et entre FtsA
et I’actine peuvent étre exploitées afin de développer des agents antibactériens sécuritaires
et spécifiques a la cible bactérienne.

Le peptidoglycane est exposé¢ a la surface des especes bactériennes a Gram-positif
mais son acces est restreint par la membrane externe des espéces bactériennes a Gram-
négatif. Cette thése relate plusieurs approches possibles afin de déstabiliser la membrane
externe et de permettre I’acces a la paroi bactérienne constituée de peptidoglycane. De plus,
I’endolysine du bactériophage $KZ démontre une activité muralytique tres efficace contre
les bactéries a Gram-négatif. Cette enzyme possede la capacité d’interagir et de déstabiliser
de facon spécifique les membranes bactériennes anioniques sans interférer avec les
membranes eucaryotes neutres. Cette endolysine représente ainsi un candidat fort
intéressant afin de cibler le peptidoglycane des pathogeénes bactériens a Gram-négatif. En
ce qui concerne les pathogénes a Gram-positif, les endolysines des bactériophages
correspondants dégradent leur paroi d’une fagon efficace et spécifique. Tel que relaté par la
revue de littérature présentée au huitieme chapitre de cette these, le pouvoir antibactérien
des endolysines de bactériophages n’est plus a démontrer. Cependant, la communauté
scientifique hésite encore a approuver [’usage de ces agents antibactériens en médecine
humaine. Cette thése propose différentes avenues possibles afin d’optimiser ces enzymes
pour mettre au point des stratégies antibactériennes sécuritaires et efficaces basées sur les
endolysines.

Contrairement au peptidoglycane, les cibles antibactériennes FtsZ, FtsA, MurC,
MurD, MurE et MurF constituent des enzymes cytoplasmiques et leur accessibilité
représente la principale barricre au développement de nouvelles classes d’agents
antibactériens. Cette thése de doctorat propose de nombreuses solutions au probléme
d’accessibilité. D’ailleurs, la stratégie ingénieuse de synthése organique en parallele
employée au cours de ce projet de recherche a mis au jour des inhibiteurs de FtsZ avec des
propriétés antibactériennes prometteuses. Cela démontre que la barriere de 1’accessibilité
des cibles antibactériennes cytoplasmiques peut étre franchit de fagon adéquate. Les

enzymes FtsZ, FtsA, MurC, MurD, MurE et MurF représentent d’excellentes cibles
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thérapeutiques et il serait désolant d’abandonner les recherches sous prétexte de leur
localisation cytoplasmique. En fait, de nombreux agents antibactériens reconnus en
médecine humaine possedent des cibles cytoplasmiques tel que les aminoglycosides, la
tétracycline, le chloramphénicol, les macrolides, la rifampicine, les quinolones, les
sulfamides et le triméthoprime (Franklin and Snow 1989; Axelsen 2002; Walsh 2003).
Cette thése de doctorat présente donc I’identification et la caractérisation
d’inhibiteurs prometteurs contre les cibles antibactériennes sélectionnées. La chimie
combinatoire, la présentation phagique et le pouvoir antibactérien naturel des endolysines
ont été exploités afin de mettre au jour des molécules inhibitrices de structure et de mode
d’action inusités. Par conséquent, I’objectif de base de ce projet de recherche a été atteint et
cette thése de doctorat contribue de fagon significative a 1’avancée de la science. En effet,
les cibles thérapeutiques a 1’étude ont été caractérisées et des inhibiteurs efficaces et
spécifiques ont été identifiés. Ainsi, cette thése relate 1’identification des premiers
inhibiteurs de FtsA et des premiers inhibiteurs peptidiques de MurD, MurE et MurF. Le
développement de nouvelles classes d’agents antibactériens représente un défi de taille et
constitue un processus laborieux de longue haleine. Les résultats de ce projet de recherche
de doctorat représentent donc une premicre étape et beaucoup reste a faire afin d’optimiser

les inhibiteurs présentés.
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Annexe A - Identification of Pseudomonas aeruginosa
FtsZ peptide inhibitors as a tool for development of novel

antimicrobials

Publication d’un article scientifique sur I’identification de peptides inhibiteurs de I’enzyme
FtsZ par présentation phagique. Cet article a été publi¢ en anglais dans la revue scientifique
«Journal of Antibacterial Chemotherapy» en mai 2004 suite a mes travaux de maitrise

portant sur le développement d’inhibiteurs de la division cellulaire bactérienne.
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Résumé

Identification d’inhibiteurs peptidiques contre la protéine de division
cellulaire FtsZ de Pseudomonas aeruginosa en tant qu’outil pour le

développement de nouveaux agents antibactériens

L’¢re révolutionnaire des antibiotiques est aujourd’hui dépassée par la capacité évolutive
des microorganismes a développer des mécanismes de résistance. Dans le but d’identifier
de nouveaux agents antimicrobiens, nous utilisons la machinerie de division cellulaire
bactérienne en tant que cible. Nous étudions plus particulierement la protéine essentielle
FtsZ de P. aeruginosa. FtsZ est la protéine de division cellulaire la plus importante et la
plus conservée. Le gene fisZ a tout d’abord été cloné et la protéine a été purifiée par
chromatographie d’affinité. Le séquencage en N-terminal a confirmé 1’identité de FtsZ et
un essai de chromatographie sur couche mince a confirmé ’activit¢ GTPase de FtsZ.
L’enzyme purifiée a été utilisée pour identifier des peptides inhibiteurs avec la technique de
présentation phagique. Les phages possédant une affinité spécifique pour FtsZ ont été ¢lués
selon quatre conditions spécifiques; la glycine a pH acide, le GTP, un analogue non-
hydrolysable du GTP et avec FtsA. Nous avons identifié trois consensus peptidiques contre
FtsZ. Ces trois consensus peptidiques ont été synthétisés et testés sur I’activité GTPase de
FtsZ. Les deux peptides C7C inhibent 1’activité enzymatique de FtsZ avec des valeurs de
Clso de 0.45 mM et 1.2 mM alors que le peptide 12 mers démontre une Clsy de 5 mM.
Ainsi, la technique de présentation phagique a permis la découverte de peptides inhibiteurs
prometteurs et le peptidomimétisme devrait permettre le développement d’une nouvelle

classe d’agents antimicrobiens.
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rédigé le manuscrit. Dr Frangois Sanschagrin m’a guidée et supportée quotidiennement au
laboratoire. Sa logique scientifique et ses vastes connaissances se reflétent tout au long du
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Sir,

The alarming increase and spread of antibiotic resistance among bacterial pathogens is one
of the most serious public health problems of the last decade.! This critical situation
necessitates the design of novel classes of antibacterial agents having new mechanisms of
action against novel targets. We selected the essential and highly conserved FtsZ protein
from the cell division machinery of Pseudomonas aeruginosa as the most attractive target.
FtsZ is at the top of hierarchic recruitment in the divisosome, its polymerization into the Z-
ring coupled with GTPase activity and interactions with FtsA allow the physical separation
of daughter cells.?

To identify specific inhibitors, we used the phage-display technique for the selection
of short peptide ligands having high binding affinities to FtsZ among a large pool of
random peptide permutations.?

The P. aeruginosa FtsZ and FtsA proteins fused with a His-tag at their C terminus
were expressed in Escherichia coli under the control of the T7 promoter and purified to
homogeneity on an affinity nickel column (Novagen) and by the renaturation of purified
inclusion bodies for FtsA (Protein Refolding Kit, Novagen, Madison, USA). N-terminal
sequencing confirmed the identity of both proteins. The GTPase activity of FtsZ and the
ATPase activity of FtsA were measured using a thin layer chromatography (TLC) assay
with *’P-labelled nucleotides (Perkin-Elmer) as substrates. A UV cross-link specific
nucleotide binding assay confirmed that FtsZ binds preferentially GTP and that FtsA binds
preferentially ATP.

Purified FtsZ was used to screen for GTPase peptide inhibitors by phage-display
using the PH.D.-12 and PH.D.-C-7-C phage libraries (New England Biolabs) containing ~
2.7 x 10° 12-mer and ~3.7 x 10’ C-7-C-mer random peptide sequences, respectively. The
specificity of the three rounds of biopanning was raised by increasing the stringency of the
washes and by decreasing the time of contact between the phage encoding peptide fusions
and FtsZ. Phages encoding peptides having specific affinity with FtsZ were eluted by non-
specific disruption using glycine and by competitive elutions using nucleotide substrate
GTP, non-hydrolysable substrate analogue 5'-guanylylimidodiphosphate and FtsA. This

unique biopanning identified two C-7-C mers and one 12-mer consensus peptide sequences
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against FtsZ, reported here as FtsZpl (CSYEKRPMC), FtsZp2 (CLTKSYTSC) and FtsZp3
(GAVTYSRISGQY).

These three peptides were synthesized and their inhibitory capacities of the GTPase
activity of FtsZ were evaluated by calculating the percentage of residual enzyme activity.
Various concentrations of peptide buffered solutions were pre-incubated with 12 uM of
FtsZ in reaction buffer (50 mM Bis-Tris propane pH 7.4, 10 mM MgCl,) for 20 min at
room temperature. [*°P]GTP was added and mixtures were immediately incubated for 1 h at
37°C. The enzyme reaction was visualized using 2 pL of each reaction sample separated by
TLC along with positive (FtsZ alone) and negative (without FtsZ) controls. The percentage
of hydrolysis of radioactive substrate was measured by autoradiography. The values of 50%
inhibitory concentration (ICsgs) for peptides were obtained by plotting the percentage of
residual enzymic activity as a function of increasing peptide concentrations (Figure 1).

When compared to BSA protein in a competitive assay and to random peptides, the
three consensus peptides were able to specifically inhibit the FtsZ GTPase activity. The C-
7-C-mers FtsZpl and FtsZp2 gave an ICsy of 0.45 mM and 1.2 mM whereas the 12-mer
gave an ICsy of 5 mM (Figure 1). The three-dimensional crystal structure of FtsZ showed a
compact and globular protein.* We hypothesized that the C-7-C-mer peptides would have
more affinity for FtsZ than the 12-mers. The reducing agent dithiothreitol (DTT) had no
effect on the inhibitory capacity of the 12-mer peptide FtsZp3. In contrast, DTT reduced
significantly the inhibitory potential of the two C-7-C peptides. These results indicated that
the disulphide bond formed by the two cysteines of the C-7-C peptides and the subsequent
loop conformation were important for their inhibitory potential.

Cell division proteins have rarely been used as target proteins and the sole small
molecule viriditoxin that inhibits FtsZ was discovered during the course of this work.>

This study allowed the identification of three peptides inhibiting the GTPase activity
of the essential cell division protein FtsZ. In perspective, it will be useful to determine their
inhibitory constant (Kj;) values and to analyse their inhibitory capacities on other GTPases
so as to define their specificity. In order to obtain promising lead compounds, inhibitory
peptides will undergo chemical modifications and their sequences will constitute the core

for the synthesis of libraries of peptidomimetic molecules.®
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Figure legend

Figure 1. 1Csy determinations for the phage-display-derived peptide inhibitors of FtsZ
GTPase. The residual enzymic activity was measured as a function of the concentration of
the C-7-C peptides (a) FtsZpl, (b) FtsZp2 and (c) the 12-mer FtsZp3. The peptide

sequences are given in the text.
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Annexe B - Bifunctional Activities of the phiKZ
Bacteriophage Endolysin

Présentation orale en tant qu’étudiante chercheure invitée lors du “105™ Annual Meeting of
the American Society for Microbiology”, Atlanta, Georgia, USA; le 7 juin 2005. Le résumé
de cette conférence a été publié dans le American Society for Microbiology 105™ General
Meeting Abstracts session 076 no. M-013. Le sujet de cette présentation orale a également

fait office d’une présentation par affiche lors de ce méme congres.

Présentation orale :
Paradis-Bleau C.

Bifunctional Activities of the phiKZ Bacteriophage Endolysin.

Résumé publié et presentation par affiche:

Paradis-Bleau C., Cloutier I., Lemieux L., Sanschagrin F., Auger F., Garnier A. and

Levesque R.C.

Bifunctional Activities of the phiKZ Bacteriophage Endolysin.

Background: Double stranded DNA phages use the holin-endolysin mechanism to
promote the host cell lysis and the consequent release of progeny phages. The
peptidoglycan degrading endolysin is restricted to the bacterial cytoplasm until the holin
destabilises the internal membrane to optimise the timing of the lysis with the phage cycle.
Since no holin gene or homologue was detected in the P. aeruginosa phage ¢KZ 280 Kb
genome, we hypothesized that the $KZ endolysin encoded by the ORF144 may represent a
bifunctional lysis protein having an holin and endolysin function. Methods: The endolysin
gene was cloned into the pET24b vector and the 29.6 Kda overexpressed protein was
purified by FPLC on a nickel affinity chromatography and gel filtration columns. The ¢KZ

endolysin peptidoglycan hydrolytic activity was determined in a spectrophotometric assay
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using purified murein from P. aeruginosa, E. coli, S. aureus and B. subtilis. The
peptidoglycan cleavage site was identified by analysis of the degradation products with
LCMS. To evaluate endolysin membrane interactions, we analyse the conformational
change of the enzyme by circular dichroism. Results: Overexpression of the 9KZ endolysin
lead to a loss of viability of E. coli expressing cells and permitted the purification of 200
mg/L of active enzyme. Studies using purified enzyme showed that the monomeric
endolysin oligomerises in multimeric forms. The spectrophotometric assay confirmed that
the ¢KZ endolysin hydrolysed the murein of both Gram-negative and Gram-positive
bacterias. LCMS analysis identified the enzyme cleavage site at the L-alanine—N-
acetylmuramyl; the ¢KZ endolysin is thus an amidase. Circular dichroism experiments
showed that the endolysin secondary conformation is significantly destabilised by anionic
lipid formed membranes in comparison with zwitterionic lipids. Conclusion: We conclude
that the $KZ endolysin has an holin activity along with an amidase hydrolytic function. Our
model suggested that the enzyme oligomerises and interacts with anionic lipids that mimic
bacterial membranes in an holin-like structure promoting the amidase peptidoglycan

hydrolysis.
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Annexe C - Caractérisation de D’endolysine du
bactériophage ¢KZ: un nouvel agent antibactérien pour

la thérapie phagique

Présentation orale en tant qu’étudiante chercheure invitée lors de la 7% Journée annuelle
de la Recherche de la Faculté de médecine de 1’Université Laval, Québec, Québec, Canada;
le 25 mai 2005. Le résumé de cette conférence a été publié dans le Programme de la 7™
Journée annuelle de la Recherche de la Faculté de médecine de 1’Université Laval a la page

53.

Présentation orale :
Paradis-Bleau, C.

Caractérisation de I’endolysine du bactériophage ¢KZ: un nouvel agent antibactérien

pour la thérapie phagique.

Résumé publié :
Paradis-Bleau C., Cloutier 1., Lemieux L., Sanschagrin F., Auger F., Garnier A. et

Levesque R.C.

Caractérisation de ’endolysine du bactériophage ¢KZ: un nouvel agent antibactérien

pour la thérapie phagique.

OBJECTIFS: Afin d’identifier de nouveaux antibactériens, nous exploitons les
bactériophages représentant une source hautement évoluée de protéines lytiques. Les
phages a ADNdb causent la lyse bactérienne a 1’aide d’une holine qui déstabilise la
membrane interne et d’une endolysine hydrolysant le peptidoglycane. Nous avons
caractérisé I’endolysine du phage ¢KZ de Pseudomonas aeruginosa entrainant la lyse sans

holine. METHODES: L’endolysine a été purifiée suite a sa surexpression dans E. coli puis
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son activité¢ hydrolytique a ¢ét¢ démontrée par spectrophotométriec et LCMS avec du
peptidoglycane bactérien purifié. L’interaction de I’endolysine avec les membranes a été
caractérisée par dichroisme circulaire et par fluorescence avec des vésicules de calcéine.
RESULTATS: L’expression de I’endolysine entraine une perte de viabilité des cellules
bactériennes qui relargent la protéine dans le surnageant. La visualisation de la protéine
purifiée démontre qu’elle oligomérise en formant des ponts disulfures. Les résultats
confirment que I’endolysine hydrolyse le peptidoglycane des bactéries a Gram-négatif et a
Gram-positif en coupant le lien entre les sucres acide N-acetylmuramique et N-
acétylglucosamine telle une transglycosidase lytique. Le dichroisme circulaire et les essais
en fluorescence indiquent la déstabilisation des membranes bactériennes. CONCLUSION:
Notre modele suggere que 1’endolysine oligomerise afin de déstabiliser les membranes
bactériennes et d’accéder au peptidoglycane en permettant 1’hydrolyse et la lyse
bactérienne. Cette enzyme bifonctionnelle holine-endolysine s’avére intéressante en tant

que potentiel agent antibactérien.
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Annexe D - Pseudomonas KZ Phage Endolysin: a Novel
Tool for Phage Therapy

Présentation orale en tant qu’étudiante chercheure invitée au 5™ Symposium Annuel du
CREFSIP (Centre de Recherche sur la Structure et la Fonction des Protéines) a I'Université
Laval, Québec, Québec, Canada; le 20 mai 2005. Le résumé de cette conférence a été

publi¢ dans le Programme du 5™ Symposium Annuel du CREFSIP 4 la page xii.

Présentation orale :

Paradis-Bleau C.

Pseudomonas KZ Phage Endolysin: a Novel Tool for Phage Therapy.

Résumé publié :
Paradis-Bleau C., Cloutier 1., Lemieux L., Sanschagrin F., Auger F., Garnier A. et

Levesque R.C.

Caractérisation du mécanisme lytique bifonctionnel de I’endolysine du bactériophage

0KZ en tant que nouvel agent antibactérien.

La thérapie par les phages regagne I’intérét de la communauté scientifique en cette eére de
dissémination des mécanismes de résistance aux antibiotiques parmi les pathogénes
bactériens en émergence. Les phages a ADN double brin (db) ou ARNdb terminent
habituellement leur cycle réplicatif en entrainant la lyse bactérienne a 1’aide de deux
protéines; une holine et une endolysine permettant le relargage des virions infectieux. La
régulation temporelle de la lyse est assurée par la holine qui s’accumule au niveau de la
membrane bactérienne interne tandis que I’endolysine muralytique demeure confinée au
cytoplasme. Au moment opportun, les molécules de holine oligomérisent afin de
perméabiliser la membrane interne et de libérer I’endolysine cytoplasmique. Cette protéine
de type lysosyme dégrade alors le peptidoglycane dont la résultante est la lyse bactérienne.

Cependant, le bactériophage ¢KZ de Pseudomonas aeruginosa possédant un génome a
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ADNdb de 280 334 pbs enticrement séquencé n’encode pas de holine. L’hypothese
proposée suggere que 1’endolysine du phage ¢KZ représente la premiere protéine de lyse
bifonctionnelle ayant une activité intrinseéque holine- endolysine. Le géne de 1’endolysine a
d’abord été amplifié par PCR et cloné en fusion avec une étiquette histidine dans un vecteur
d’expression pET. Selon des conditions d’expression optimales chez Escherichia coli,
I’endolysine a été purifiée par chromatographie d’affinit¢é au nickel et tamissage
moléculaire. L’activité muralytique a ét¢ quantifiée par un essai spectrophotométrique en
utilisant du peptidoglycane bactérien purifi¢é de P. aeruginosa, E. coli, Staphylococcus
aureus et Bacillus subtilis comme substrat. Le site de clivage de I’endolysine a ét¢ identifié
en analysant les produits de dégradation du peptidoglycane hydrolysé purifiés par
spectrométrie de masse. L implication du systéme de sécrétion bactérien Sec a été étudiée a
I’aide d’un mutant E. coli SecA thermosensible a 42°C et des essais d’inhibition de la
sécrétion d’endolysine al’azide de sodium. L’interaction de I’endolysine avec les
membranes synthétiques reconstituées a été caractérisée par le dichroisme circulaire et par
la fluorescence en construisant des vésicules de calcéine. L’expression de I’endolysine
entraine une perte de viabilité des cellules bactériennes qui relargent la protéine dans le
surnageant en permettant la purification de 200 mg/L d’endolysine active. L’identité de la
protéine a été¢ confirmée par séquengage en N-terminal et la visualisation de la protéine
purifiée démontre qu’elle oligomérise en formant spontanément des ponts disulfures en
absence d’agent réducteur. Les résultats confirment que I’endolysine hydrolyse le
peptidoglycane des bactéries a Gram-négatif et & Gram-positif en coupant le lien entre les
sucres acide N-acetylmuramique et N-acétylglucosamine telle une transglycosidase lytique.
Les essais d’inhibition a 1’azide de sodium et I’expression de 1’endolysine dans le mutant
SecA démontrent que I’endolysine n’emprunte pas le systtme de sécrétion Sec afin
d’accéder au peptidoglycane. Le dichroisme circulaire et les essais en fluorescence
indiquent la déstabilisation des membranes bactériennes. Nous concluons que 1’endolysine
du phage 0KZ agit comme une holine en oligomerisant et en déstabilisant les membranes
bactériennes afin d’accéder au peptidoglycane en permettant 1’hydrolyse et la lyse
bactérienne. Cette enzyme bifonctionnelle holine-endolysine s’avére intéressante en tant

que potentiel agent antibactérien en thérapie par les phages.
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Annexe E - Peptides inhibiteurs des enzymes MurE et

MurF essentielles a la biosynthése de la paroi bactérienne

Présentation par affiche lors du 6'me Symposium Annuel du CREFSIP a 1'Université Laval,
Québec, Québec, Canada; le 25 mai 2006. Le résumé de cette présentation a été publié¢ dans

Programme du 6™ Symposium Annuel du CREFSIP page 35, affiche no. 18

Paradis-Bleau C., Lloyd A., Sanschagrin F., Bugg. T.D.H. et Levesque R.C.

Peptides inhibiteurs des enzymes MurE et MurF essentielles a la biosynthése de la

paroi bactérienne.

La dissémination des mécanismes de résistance aux antibiotiques parmi les pathogeénes
bactériens en émergence représente une des problématiques les plus préoccupantes en santé
publique. L’objectif de notre projet vise a identifier des agents antibactériens innovateurs
contre la biosynthése de la paroi bactérienne constituée de peptidoglycane. Nous avons
sélectionné les enzymes MurE et MurF essentielles a la biosyntheése du peptidoglycane en
tant que cibles antibactériennes. L’enzyme MurE catalyse la formation d’un lien amide
entre 1’acide meso-diaminopimélique (meso-A2pm) et le précurseur de peptidoglycane
UDP-N-acetylmuramyle-L-alanyle-D-glutamate (UDP-MurNac-Ala-Glu). Par la suite,
I’enzyme MurF catalyse la formation d’un lien amide entre le D-Alanine-D-Alanine (D-
Ala-D-Ala) et le produit de la réaction de MurE: ’'UDP-N-acetylmuramyle-L-alanyle-D-
glutamyle-meso-diaminopimélate ~ (UDP-MurNac-Ala-Glu-meso-A2pm). Les amides
ligases MurE et MurF hydrolysent de I’ATP en ADP et phosphate inorganique au cours de

leur réaction enzymatique.

Nous avons cloné, surexprimé et purifi¢ les enzymes MurE et Mur F du pathogéne
Pseudomonas aeruginosa. Cette bactérie a Gram négatif est hautement résistante a la

majorit¢ des classes d’antibiotiques et elle représente 1’'une des principales causes
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d’infections nosocomiales chroniques. Les protéines MurE et MurF biologiquement actives
ont été utilisées pour cribler des banques contenant 10° peptides différents par présentation
phagique (phage display). La spécificité du criblage a ét¢ maximisée en effectuant 3 rondes
de biocriblage et en optimisant le contact peptide-enzyme via les paramétres de temps et de
lavage. Les phages adhérés ont été ¢lués avec de la glycine a pH acide et de facon
compétitive avec ’ATP et le meso-A2pm ou le D-Ala-D-Ala. Pour chaque protéine ciblée,
le consensus peptidique prédominant a été synthétisé et son potentiel inhibiteur a été évalué
sur Iactivité enzymatique de MurE et MurF. Le peptide MurEp1 inhibe I’activit¢ de MurE
avec une Clsyp de 500 uM, un K; de 160 uM contre le meso-A2pm et un K; de 77 uM contre
le UDP-MurNac-Ala-Glu. Les résultats indiquent que le peptide MurEp1 bloque la réaction
enzymatique de MurE en inhibant la formation du lien amide entre le meso-A2pm et
I’UDP-MurNac-Ala-Glu. Le peptide consensus MurFpl inhibe I’activité de MurF avec une
Clso de 250 uM et un K; de 600 uM contre le D-Ala-D-Ala lorsque la protéine MurF est
préincubée avec son substrat UDP-MurNac-Ala-Glu-meso-A2pm. Ce peptide inhibe la
liaison du substrat D-Ala-D-Ala au site actif de MurF. L’inhibition des enzymes MurE et
MurF est d’un intérét majeur car elle méne a un phénotype létal permettant d’envisager la

production de nouveaux antimicrobiens par peptidomimétisme.
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Annexe F - Functional genomics of the Pseudomonas
aeruginosa (KZ and PP7 phage lysis proteins:

development of phage therapy and cell wall inhibitors

Présentation par affiche lors du Pseudomonas 10" International Meeting, Marseilles,
France; du 28 au 31 aolt 2005. Le résumé de cette présentation a ét¢ publié dans le

Pseudomonas 10" International Meeting Congress Abstract Book page 52 no.P6.

Paradis-Bleau C., Paquet-Bouchard C., Cloutier I., Trépanier J., Sanschagrin F.,
Lemieux L., Garnier A., Auger M. and Levesque R.C.

Functional genomics of the Pseudomonas aeruginosa ¢KZ and PP7 phage lysis

proteins: development of phage therapy and cell wall inhibitors.

In the perspective to identify new antimicrobial agents targeting the integrity or
biosynthesis of the peptidoglycan (PG) layer, we are studying lysis proteins of P.
aeruginosa phages ¢KZ and PP7. To promote host cell disruption, dSDNA phages normally
use a holin to destabilise the internal membrane along with a PG degrading endolysin.
Phages with SS nucleic acid genomes inhibit cell wall biosynthesis via a single lysis
protein. The dsDNA ¢KZ phage genome encodes an endolysin that was cloned into
pET24b, overexpressed and purified by FPLC, demonstrating oligomeric forms. PG
hydrolysis from both Gram-negative and Gram-positive bacteria was measured by
spectrophotometry. LCMS analysis with purified PG identified a lytic transglycosidase.
Circular dichroism and calcein vesicles showed that the endolysin destabilised anionic lipid
formed membranes. Thus, we propose that the KZ endolysin has bifunctional holin and
PG hydrolytic activities. The ssSRNA PP7 phage lysis protein of 6.3 kDa was obtained using
RT-PCR. Cloning, expression and growth studies confirmed rapid cell lysis. We
hypothesize, as for (X174 and Qp inhibiting MurA and MraY, that PP7 lysis protein

inhibits an essential enzyme in the PG biosynthesis pathway. Using an in vitro model of PG
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precursor biosynthesis with purified MurA to MurF enzymes, the PP7 phage lysis protein
will be used to identify its target. The A2 lysis protein from ssRNA coliphage Qp inhibiting
MurA and the E protein of $X174 inhibiting MraY will be used in a complementation assay
for gene dosage of MurA and MraY. To find other potential targets, we are studying the
ssRNA AP205 Acinetobacter phage lysis protein. A synthetic gene encoding the 5 kDa
protein was constructed in vitro using overlapping oligonucleotides in a streamlined gene
assembly by PCR. Cell lysis, similar to the PP7 lysis protein, was apparent after
approximately 30 min. Analysis of phage lysis proteins will contribute to the phage therapy

and to the development of new antibiotics against P. aeruginosa infections.
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Annexe G - Identification of peptide inhibitors of

bacterial cell wall biosynthesis

Présentation par affiche lors du congrés scientifique PEGS: The Protein Engineering
Summit Event Guide Phage Display for Engineering Protein, Cambridge. Massachusetts
USA; du 16 au 17 mai 2005. (Therapeutics Conference, affiche no. 222)

Paradis-Bleau C., Sanschagrin F. and Levesque R.C.

Identification of peptide inhibitors of bacterial cell wall biosynthesis.

Short Proposal:

With the objective of developing new antimicrobial agents, we exploited the phage display
technology to identify peptide inhibitors of the MurD, E and F enzymes essential for the
synthesis of the peptidoglycan precursor. Purified proteins were used to screen C-7-C and
12 mer libraries using 3 rounds of selective biopanning. We identified a promising peptide

that inhibit the essential ATPase activity of MurD with an ICs, value of <10 uM.
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Annexe H - Identification of inhibitor peptides of the

FtsA protein essential for bacterial cell division

Présentation par affiche lors du congrés scientifique PEGS: The Protein Engineering
Summit Event Guide Phage Display for Engineering Protein, Cambridge. Massachusetts
USA; du 16 au 17 mai 2005. (Therapeutics Conference, affiche no. 223)

Paradis-Bleau C., Sanschagrin F. and Levesque R.C.

Identification of inhibitor peptides of the FtsA protein essential for bacterial cell

division.

Short Proposal:

In the perspective of identifying new antimicrobial agents using novel strategies, we target
the essential and highly conserved FtsA protein from the bacterial cell division machinery.
Selective phage display biopanning identified two consensus peptide sequences and affinity
ELISA identified peptides having high affinity for the target FtsA. Five synthesized
peptides showed specific inhibition of the essential ATPase activity of FtsA and one

peptide gave an 1Csg value of 0.7 mM.
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Annexe I - Functional genomics of the ¢KZ endolysin
and phage PP7 small lysis protein for development of
phage therapy and cell wall inhibitors

Présentation par affiche lors du 15™ Annual Meeting of the Canadian Bacterial Diseases
Networks Centre of Excellence, Banff, Alberta, Canada; du 13 au 16 février 2005. Le
résumé de cette présentation a été publi¢é dans le CBDN/CMCI AGM Poster Abstracts
Book no. 38.

Paradis-Bleau C., Cloutier I., Lemieux L., Sanschagrin F., Auger F., Garnier A. and

Levesque R.C.

Functional genomics of the ¢KZ endolysin and phage PP7 small lysis protein for

development of phage therapy and cell wall inhibitors.

Small SS nucleic acid genomes have a single gene required for lysis and inhibit cell wall
biosynthesis. The lysis E protein of phage ¢X174 is a specific inhibitor of the MraY. As a
spin-off of our CBDN funded project studying cell wall inhibitors, we focus efforts on
phage lysis proteins. We present data on lysis proteins of phages ®X174, PP7 and phage
PhiKZ. The $X174 E lysis protein of 91 aa and the PP7 of 56 aa were obtained from total
RNA using RT-PCR and cloned into pET24b. E. coli cells were grown for 6 h, cell lysis
was apparent after 30 min of induction and showed a rapid decrease in optical density.
Large amounts of pure biologically active E and PP7 will permit the development of HTS
assay for MurA to MurF, MraY and MurG. The ¢KZ endolysin gene was cloned into
pET24b and the 29.6 KDa overexpressed protein was purified. )KZ hydrolytic activity was
determined in a spectrophotometric assay using purified murein and the peptidoglycan
cleavage site was identified by LCMS. To evaluate endolysin membrane interactions, we

analysed the conformational change of the enzyme by circular dichroism. Overexpression
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of the $KZ endolysin lead to a loss of viability of E. coli expressing cells and permitted the
purification of 200 mg/L of active enzyme. Studies using purified enzyme showed that the
monomeric endolysin oligomerises in multimeric forms. The spectrophotometric assay
confirmed that the $KZ endolysin hydrolysed the murein of both Gram-negative and Gram-
positive bacterias. LCMS analysis identified the enzyme cleavage site at the L-alanine — N-
acetylmuramyl; the ¢KZ endolysin is thus an amidase. Circular dichroism experiments
showed that the endolysin secondary conformation is significantly destabilised by anionic
lipid formed membranes in comparison with zwitterionic lipids. Thus, 0KZ endolysin has
an holin activity along with an amidase hydrolytic function. Our model suggested that the
enzyme oligomerises and interacts with anionic lipids that mimic bacterial membranes in

an holin-like structure promoting the amidase peptidoglycan hydrolysis.
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Annexe J - Identification of Pseudomonas aeruginosa
FtsZ and FtsA peptide inhibitors as a potential novel

class of antimicrobials

Présentation par affiche lors du Pseudomonas 2003 International Meeting, Québec, Québec,
Canada; du 6 au 10 septembre 2003. Le résumé de cette présentation a été¢ publié¢ dans le

Pseudomonas 2003 International Meeting Abstract Book page 158 abstract no. 158.

Paradis-Bleau C., Robitaille M., Sanschagrin F. and Levesque R.C.

Identification of Pseudomonas aeruginosa FtsZ and FtsA peptide inhibitors as a

potential novel class of antimicrobials.

The revolutionary era of antibiotics has been overwhelmed by the evolutionary capacity of
microorganisms to develop resistance. The acute resistance of the opportunistic pathogen
Pseudomonas aeruginosa lowers the treatment efficiency of infected cystic fibrosis patients
and immuno-compromised individuals. In the perspective of identify new antimicrobial
agents, we are using the bacterial cell division machinery of P. aeruginosa as a new target.
We exploited the sequenced genome of P. aeruginosa to study FtsZ and FtsA, two essential
and highly conserved proteins. As a first step, fisZ and fisA were cloned and fused with a
his tag at the C-terminus. Overexpressed FtsZ was purified by a single nickel affinity
chromatography step. Overexpression of FtsA led to the accumulation of the protein in
inclusion bodies. We developed a protocol permitting the purification of inclusion bodies
and refolding of biologically active FtsA. N-terminal sequencing confirmed the identity of
both proteins and a TLC assay confirms the enzymatic activity of each enzyme. A UV
cross-linking showed that FtsZ binds preferentially GTP and that FtsA binds preferentially
ATP among the 4 nucleotides used as substrates. Purified enzymes were used to screen for
GTPase and ATPase peptide inhibitors with the phage display technique using 12-mer and
the C7C-mer phage libraries containing 10° different peptide fusions. Specifically bounded
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phages from each library were eluted with 4 different conditions; acidic glycine, substrate,
non-hydrolysable substrate analogue and with FtsA against FtsZ and vice-versa. We
identified 3 consensus peptide sequences against FtsZ and two against FtsA. The specificity
of the interaction between chosen peptide against FtsZ or FtsA was analysed by ELISA and
revealed the best binding peptides. The 3 FtsZ consensus peptides have been synthesized
and were tested on the GTPase activity of FtsZ. The C7C-mer peptides showed inhibition
of FtsZ GTPase activity with an ICsy value of 0.45 mM and 1.2 mM hence the 12-mer
peptide showed ICsy value of 5 mM. The phage display technique was helpful in the
discovery of new promising peptides for the development of new antimicrobial agents.
Analysis technique coupled to in vivo whole bacteria cell monitoring is a promising
approach for the identification of new antimicrobial agents via peptidomimetism and high

throughput screening.
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Annexe K - Molecular genomics and biochemical
characterization of the FtsA and FtsZ cell division

proteins from P. aeruginosa

Présentation par affiche lors du 53 Annual Meeting of the Canadian Society of
Microbiologists, Laval, Québec, Canada; le 26 mai 2003. Le résumé de cette présentation a

été publié dans le CSM abstract book ID: F4.

Paradis-Bleau C., Sanschagrin F. and Levesque R.C.

Molecular genomics and biochemical characterization of the FtsA and FtsZ cell

division proteins from P. aeruginosa.

The revolutionary era of antibiotics has been surpassed by the evolutionary capacity of
microorganisms to develop resistance. The acute resistance of the opportunistic pathogen
Pseudomonas aeruginosa to most classes of antibiotics is a good example. With the
objective of developing new classes of antimicrobial agents, we must have a better
understanding of essential prokaryotic mechanisms such as bacterial cell division. We
studied FtsA and FtsZ, two essential and highly conserved proteins in bacteria. FtsA and
FtsZ from P. aeruginosa were cloned in the pET30a overexpression vector and fused with a
his tag at the C terminus. Overexpression of FtsA in E. coli BL21-(ADE3) led to the
accumulation of the protein in inclusion bodies. To overcome this frequent problem, we
developed a protocol permitting the isolation, refolding and production of a biologically
active FtsA. We obtained 5 mg of 99% pure FtsA with a concentration of 0.5 mg/mL and
N-terminal sequencing confirmed the identity of the protein. Overexpression of FtsZ
permitted the accumulation of soluble proteins in the cytoplasm of E. coli BL21-(ADE3)
and FtsZ was purified on a nickel affinity chromatography. We obtained 20 mg of 99%
pure FtsZ with a concentration of 13.5 mg/mL with an identity confirmed by N-terminal

sequencing. A UV cross-linking assay was used to study the FtsA binding of ATP and
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showed that FtsZ binds preferentially GTP among the 4 nucleotides used as substrates. We
characterized the specificity of enzymatic activity of each enzyme through a TLC assay.
Hydrolysis of nucleotide substrates was measured using P**~labelled nucleotides. We noted
that FtsA hydrolyses predominantly ATP and weakly GTP, CTP and TTP. It was also noted
that FtsZ hydrolyses predominantly GTP and weakly ATP, CTP and TTP. This information
could be useful for the development of screening assays for analysis new inhibitors of

prokaryotic cell division.
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Annexe L - Molecular studies of Pseudomonas aeruginosa
FtsA and FtsZ interactions and screening for ATPase

peptide inhibitors of FtsA by phage display

Présentation par affiche lors du 53 Annual Meeting of the Canadian Society of
Microbiologists, Laval, Québec, Canada; le 26 mai 2003. Le résumé de cette présentation a

été publié dans le CSM abstract book ID: F5.

Paradis-Bleau C., Sanschagrin F. and Levesque R.C.
Molecular studies of Pseudomonas aeruginosa FtsA and FtsZ interactions and

screening for ATPase peptide inhibitors of FtsA by phage display.

The complete 6.3 Mpb genome sequence and the resistance of the opportunistic pathogen
Pseudomonas aeruginosa to most classes of antibiotics represent a genomics tool for
identification of novel targets for new antibacterials. With the prospect of finding new
inhibitors of prokaryotic cell division, we screened for ATPase peptide inhibitors of FtsA
and studied the interaction of two essential proteins: FtsA and FtsZ. As a first step, purified
FtsA from P. aeruginosa was used to carry out each of the 3 rounds of phage display with
the C-7-C and the 12-mers libraries containing 10° different peptides. The specificity of the
3 rounds of biopanning was raised by increasing the stringency of the wash and by
decreasing the time of contact between the peptide and the protein. A competitive elution
was done with 1 mM ATP and 5’-adenylylimidodiphosphate (a non-hydrolysable analogue
of ATP). Peptides were isolated as phages and DNA of 20 phages per screening were
sequenced. We identified many peptide sequences witch could be ATPase peptide
inhibitors of FtsA. A competitive elution with FtsZ gave us 2 consensus peptide sequences.
These promising peptides were synthesised as they could also be inhibitors of the FtsA-
FtsZ interaction. To characterize the effect of these peptides, we developed a new protein-

protein interaction assay. FtsA was coated in a microplate well and biotinylated FtsZ was
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added. HRP-streptavidine and its substrate ABTS were used to quantify the FtsA-FtsZ
interaction. This interaction is essential for the constriction of the Z-ring and is sensitive to
this specific alteration witch can be quantified in vitro. Analysis technique coupled to in
vivo whole bacteria cell monitoring is a promising approach for the identification of new

antimicrobial agents via high throughput screening in vivo.
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Annexe M - Identification of peptide inhibitors of the
Pseudomonas aeruginosa FtsZ. GTPase activity using

phage display

Présentation par affiche lors du 53 Annual Meeting of the Canadian Society of
Microbiologists, Laval, Québec, Canada; le 26 mai 2003. Le résumé de cette présentation a

été publié dans le CSM abstract book ID: F7.

Paradis-Bleau C., Boudreault L., Zoeiby A., Sanschagrin F. and Levesque R.C.
Identification of peptide inhibitors of the Pseudomonas aeruginosa FtsZ GTPase

activity using phage display.

The opportunistic pathogen Pseudomonas aeruginosa frequently infects cystic fibrosis
patients and immuno-compromised individuals. The acute resistance of P. aeruginosa to
most classes of antibiotics lowers the efficacy of treatment. We are using the bacterial cell
division machinery as a tool to identify new antimicrobial agents. The essential and highly
conserved protein FtsZ from P. aeruginosa was used to screen for GTPase peptide
inhibitors with the phage display technique. We used a C-7-C and a 12-mer libraries
containing 10’ different peptide fusions. The specificity of the screening was done by 3
rounds of biopanning and each round specificity was raised by increasing the stringency of
the wash and by decreasing the time of contact between the phage and FtsZ. A competitive
elution was done with 1 mM GTP and 5’-guanylylimidodiphosphate (a non-hydrolysable
analogue of GTP). Peptides were isolated as phages and DNA of 20 phages per screening
were sequenced. We identified 3 interesting consensus peptides witch could be GTPase
peptide inhibitors of FtsZ. The specificity of the interaction between each peptide and FtsZ
was analysed by ELISA. FtsZ was coated in a microplate well and the phage clone
containing the corresponding peptide fusion was added. Biotinylated anti-fd rabbit

polyclonal antibodies, HRP-streptavidine and its substrate ABTS were used to estimate
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protein-protein interaction. The 3 promising peptides have been synthesized and were
tested on the GTPase activity of FtsZ. The inhibition of FtsZ represents a crucial target
because the constriction of the Z-ring is the most important step in prokaryotic cell
division. The phage display technique was helpful in the discovery of new promising

peptides for the development of new antimicrobial agents.
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Annexe N - Identification de peptides inhibiteurs des
protéines bactériennes FtsA et FtsZ controlant la division

cellulaire

iéme

Présentation par affiche lors de la 5™ Journée de la Recherche de la Faculté de médecine,

Université Laval, Québec, Québec, Canada; le 8 mai 2003.

Paradis-Bleau C., Boudreault L., El Zoeiby A., Sanschagrin F., et Levesque, R.C.
Identification de peptides inhibiteurs des protéines bactériennes FtsA et FtsZ

controlant la division cellulaire.

Objectifs : Le pathogéne opportuniste Pseudomonas aeruginosa hautement résistant aux
antibiotiques infecte 90 % des patients atteints de fibrose kystique. Afin d’identifier de
nouveaux antimicrobiens, nous exploitons la machinerie de division cellulaire procaryote
en tant que cible. Méthodes: FtsA et FtsZ, deux enzymes essentielles hautement
conservées, ont été¢ surexprimées dans E. coli puis purifiées. L’activité ATPase de FtsA et
GTPase de FtsZ ont été démontrées par TLC puis leur identité a été confirmée par
séquencage. Nous avons criblé les banques de bactériophages C-7-C et 12-mers contenant
chacune 10° fusions peptidiques différentes avec les enzymes actives. Les phages adhérés
aux protéines ont été ¢lués avec de la glycine a pH acide puis de fagon compétitive avec le
substrat de 1’enzyme, un analogue non hydrolysable du substrat ainsi qu’avec FtsZ pour
FtsA et vice-versa. L’ADN a été extrait des phages et les peptides ont été identifiés. La
spécificité de I’interaction entre les peptides et FtsA ou FtsZ a été analysée par ELISA.
Résultats : Nous avons identifié trois consensus peptidiques contre FtsZ ainsi que plusieurs
séquences peptidiques contre FtsA. De plus, I’élution compétitive FtsA-FtsZ a mené a
I’identification d’un fort consensus peptidique. La spécificité de I’interaction entre chacun
des peptides mentionnés et FtsA ou FtsZ a été analysée. Conclusion : Les peptides
synthétisés pourraient inhiber I’activité ATPase, GTPase et I’interaction cruciale entre FtsA
et FtsZ. L’inhibition de ces enzymes est d’un intérét majeur car elle méne a un phénotype

l1étal permettant d’envisager la production de nouveaux antimicrobiens.
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Annexe O - Sélection de peptides inhibiteurs de la
fonction GTPase de D’enzyme FtsZ essentielle a la

division cellulaire procaryote

Présentation par affiche lors du 2™ Symposium Annuel du CREFSIP, Université Laval,
Québec, Québec, Canada; le 2 mai 2003. Le résumé de cette présentation a été publié¢ dans

le Programme page 14, affiche no. 2.

Paradis-Bleau C., Boudreault L., Sanschagrin F., et Levesque, R.C.

Sélection de peptides inhibiteurs de la fonction GTPase de I’enzyme FtsZ essentielle a

la division cellulaire procaryote.

Le pathogene opportuniste Pseudomonas aeruginosa hautement résistant aux antibiotiques
infecte 90 % des patients atteints de fibrose kystique ainsi que les personnes
immunodéprimées. Afin d’identifier de nouveaux antimicrobiens, nous exploitons la
machinerie de division cellulaire procaryote en tant que cible. Tout d’abord, le gene fisZ de
P. aeruginosa a été cloné dans le vecteur de surexpression pET30a et fusionné avec une
étiquette histidine en C-terminal. L’enzyme essentielle et hautement conservée FtsZ a été
surexprimée dans E. coli BL21 (ADE3) puis purifiée a plus de 99% par chromatographie
d’affinité au nickel. L’activité GTPase de FtsZ a été démontrée par TLC puis son identité a
été confirmée par séquencage en N-terminal. Nous avons criblé les banques de
bactériophages C-7-C et 12-mers avec I’enzyme active. Ces banques contiennent 10°
peptides différents fusionnés a la protéine mineur plll de la capside du phage M13. La
spécificité de la technique de présentation phagique a ét¢ maximisée et effectuant 3 rondes
de biocriblage au cours desquelles la rigueur des lavages a été augmentée puis le temps de
contact des phages avec FtsZ a été diminué. Les phages adhérés ont été ¢lués avec de la
glycine a pH acide puis de fagon compétitive avec le GTP, un analogue non hydrolysable

du substrat (5’-guanylylimidodiphosphate) et avec la protéine FtsA qui stabilise 1’anneau
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FtsZ. Ces phages ont été purifiés et 'ADN phagique a ¢été extrait et séquencé. La
bioinformatique nous a permis d’identifier trois consensus peptidiques prometteurs contre
FtsZ soit deux peptides C7C FtsZpl et FtsZp2 ainsi qu'un 12 mers FtsZp3. La spécificité
de I’interaction entre chacun de ces peptides et FtsZ a été analysée par ELISA. Les peptides
synthétisés inhibent 1’activité GTPase de FtsZ avec une Clsy de 1,5mM pour les deux
peptides C7C et de SmM pour FtsZp3. Le DTT, un agent réducteur, diminue 1’inhibition
par FtsZp2 et indique que la conformation du peptide C7C avec son pont disulfure apporte
beaucoup a son activité inhibitrice. L’inhibition de FtsZ est d’un intérét majeur car elle
meéne a un phénotype Ilétal permettant d’envisager la production de nouveaux

antimicrobiens.
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Annexe P - Strategy for screening and identification of
inhibitor peptides of the bacterial divisosome and

peptidoglycan synthesis

Présentation par affiche lors du 13™ CBDN Annual Meeting of the Canadian Bacterial
Diseases Networks Centre of Excellence, Calgary, Alberta, Canada; le 25 avril 2003. Le
résumé de cette présentation a été publi¢ dans le CBDN/CMCI AGM 2003 Poster Abstracts
Book page 20.

Paradis-Bleau C., El Zoeiby A., Beaumont M., Boudreault L., Sanschagrin F., Loyd A.
and Levesque R.C.

Strategy for screening and identification of inhibitor peptides of the bacterial

divisosome and peptidoglycan synthesis.

With the objective of developing new classes of antimicrobial agents and inhibitors, we
exploited the phage display technology against essential bacterial divisosome proteins. The
FtsZ-FtsA protein complex is responsible for septation of daughter cells; while the MurD,
E and F enzymes are essential for the synthesis of the peptidoglycan precursor.
Pseudomonas aeruginosa genes encoding FtsZ, FtsA, MurD, MurE and MurF were cloned
into pET expression vectors with His-tag fusions and proteins were expressed in E. coli
BL21 (ADE3) and purified. Enzyme purity was estimated at >99% homogeneity and their
identities were confirmed by N-terminal sequencing. The ATPase activity of FtsZ and
MurD along with the GTPase activity of FtsZ was confirmed by thin layer chromatography
and by development of an HTS microtiter plate coupled enzyme assay. We used FtsZ,
FtsA, MurD, MurE and MurF purified proteins to screen C-7-C and 12-mers libraries
containing 10° peptides fused to the phage M13 pIIl minor coat protein. Screening was
done using 3 rounds of biopanning with stringent washes; competitive elution was done

using specific substrates synthesized in vitro, analogues and with FtsA known to bind FtsZ.
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Phages were selected from each biopanning step and DNA encoding peptides sequenced.
Bioinformatics analysis identified consensus peptide sequences for the 5 enzymes studied.
A collection of peptides were synthesized, purified and used to determine specific
inhibition of ATPase and GTPase activity. Peptide/protein interactions were analysed by
ELISA. The peptides FtsZpl and FtsZp2 showed inhibition of FtsZ GTPase activity with
an 1Csp value of 450 uM and of 1 mM for FtsZp3. Studies done with MurD identified a
peptide with an ICsy of <10 uM. Peptides identified will be used for HTS screening of a

combinatorial library of peptidomimetic molecules.
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Annexe Q - Combinatorial Enzymatic Assay for the HTS
screening of a new class of small molecule inhibitor of

bacterial cell division

Présentation par affiche lors du 13™ CBDN Annual Meeting of the Canadian Bacterial
Diseases Networks Centre of Excellence, Calgary, Alberta, Canada; le 25 avril 2003. Le
résumé de cette présentation a été publi¢ dans le CBDN/CMCI AGM 2003 Poster Abstracts
Book page 21.

Paradis-Bleau C., Beaumont M., Sanschagrin F. and Levesque R.C.
Combinatorial Enzymatic Assay for the HTS screening of a new class of small

molecule inhibitor of bacterial cell division.

As a model system for designing inhibitors of prokaryotic cell division, we studied the
essential and highly conserved FtsZ divisome protein from P. aeruginosa against a
collection of substrate analogues synthesized by combinatorial chemistry. The fisZ gene
cloned into pET30a was expressed; conditions were optimized with a yield of 20 mg/L of
FtsZ and purified with more than 99% homogeneity. A series of assays was used to study
and identify FtsZ preferred substrate and specificity. Substrate specificity and hydrolysis
was used as a tool to measure FtsZ activity and develop an enzyme assay where the
decrease in absorbance was confirmed to proportionally follow FtsZ activity. The enzyme
assay was optimized for specificity and for several parameters including substrate, reaction
buffer and additives. A high throughput assay was thus developed and optimized. For a
preliminary analysis in combinatorial chemistry and HTS screening of FtsZ, we
synthesized a family of small molecule substrate analogues. HTS screening identified 10
compounds inhibiting FtsZ activity and with ICsy values between 450 uM and 2.8 mM.
Antibacterial activity was tested against E. coli and S. aureus whole cells and 2 compounds
inhibited S. aureus growth. The HTS assay developed for future screening of compound
libraries and for the screening of families of analogues synthesized from lead compounds

identified is the first step in identification of a bacterial cell division inhibitor.
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Annexe R - Une nouvelle avenue pour traiter les

infections bactériennes:la thérapie par les bactériophages

Texte de vulgarisation publié dans la revue Cahiers du Lab-oratoire, pages 77-82 en 2006.
Le sujet de cette présentation orale a également fait office d’une présentation par affiche
lors de I’éveénement de vulgarisation Lab-oratoire public édition 2005, Québec, Québec,

Canada; les 19 et 20 octobre 2005.

Texte de vulgarisation publié:
Paradis-Bleau C. et Paquet-Bouchard C.
Une nouvelle avenue pour traiter les infections bactériennes:la thérapie par les

bactériophages.

Présentation par affiche:
Paradis-Bleau C. et Paquet-Bouchard, C., Sanschagrin, F. et Levesque, R.C. La

thérapie par les bactériophages: la solution aux infections bactériennes?

L’augmentation de la résistance aux antibiotiques et des infections bactériennes
représente une problématique préoccupante en santé publique. Afin de développer une
thérapie antibactérienne alternative aux antibiotiques, notre recherche s’intéresse aux
bactériophages: de petits virus s’attaquant seulement aux bactéries. L.’objectif de ce projet
est de comprendre le mode d’action des armes antibactériennes produites par les
bactériophages nommés 0KZ, PP7 et AP205. Ces bactériophages causent la mort
bactérienne en détruisant la paroi bactérienne qui se compare & un mur entourant et
protégeant les bactéries. La paroi est essentielle a la survie bactérienne car les bactéries
meurent si leur paroi est détruite ou défectueuse. Les résultats démontrent que les
bactériophages ¢étudiés utilisent des stratégies différentes pour tuer les bactéries en
attaquant leur paroi. En conclusion, les armes antibactériennes des bactériophages ¢KZ,
PP7 et AP205 permettront de combattre les bactéries telles que Pseudomonas aeruginosa

qui cause de multiples infections intraitables et mortelles.



