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RESUME

Les quatre étapes principales d'infection des bactéries par leurs virus sont (i) la
reconnaissance spécifique de la cellule hote et 1'entrée du génome dans le cytoplasme,
(11) la réplication du génome viral, (ii1) l'assemblage des particules virales, et (iv) leur
relachement, menant dans la plupart des cas a la lyse de la cellule. Bien que la
description des étapes individuelles du cycle viral a été relativement bien établie, les
détails de comment d'ADN viral chemine du virion jusqu’au cytoplasme de la bactérie
hote et de comment l'environnement cellulaire participe au processus restent mal

compris.

La premiere étape de I’infection est la reconnaissance d’un récepteur a la
surface de la bactérie hote par la machinerie d’adsorption du phage. Les barrieres que
I’agent infectieux doit franchir par la suite sont la membrane externe de la bactérie
Gram-negative, la paroi cellulaire et la membrane cytoplasmique. Ceci implique une
dégradation localisée de la paroi et le cheminement de I’ADN a travers un pore dans
la membrane. L*ADN linéaire se circularise normalement dans le cytoplasme et il est
répliqué par la suite. On a utilisé le bactériophage SPP1 qui infecte la bactérie Gram-
positive Bacillus subtilis comme modele d’étude pour disséquer ces différentes étapes

clés pour le démarrage de I’infection virale.

Dans ce travail de these les conditions d’infection et d’acquisition de données
pour suivre en temps réel la dépolarisation de la membrane cellulaire de B. subtilis
lors de I'infection par SPP1 ont été mis au point. Il est montré que le démarrage de
I’infection déclenche une dépolarisation tres rapide de la membrane cytoplasmique.
Le potentiel de membrane n’est plus rétablit pendant toute la durée du cycle
d'infection. Ce changement du potentiel de membrane au début de I’infection dépend
de la présence du récepteur YueB. L’amplitude de la dépolarisation dépend du
nombre de particules virales infectieuses présentes et de la concentration du récepteur

YueB a la surface de la bactérie hote. L’interaction du phage avec le récepteur YueB



conduit a I'interaction irréversible et a 1'éjection de I’ADN de SPPI1. Pour établir si
c’est I'interaction avec YueB ou le début de I’entrée de I’ADN qui conduit a la
dépolarisation de la membrane on a utilisé des phages SPP1 éclates par EDTA qui
adsorbent normalement a B. subtilis mais qui n’avaient plus leur ADN. Les résultats
obtenus ont montré que la dépolarisation requiert I’interaction du virus intacte avec le
récepteur YueB. Des concentrations sous-millimolaire de Ca”™ sont nécessaires et
suffisantes pour SPP1 liaison réversible a 1'enveloppe d'hote et donc de déclencher la

dépolarisation.

La cinétique d’entrée de I’ADN du bactériophage SPP1 dans la bactérie
Bacillus subtilis a été suivie en temps réel par microscopie de fluorescence. On a mis
au point une méthode de microscopie pour visualiser des particules virales marquées
avec des «quantum dots» ce qui permit de démontrer que ces particules se fixent
préférentiellement aux poles des bacilli. L’ immuno-marquage du récepteur de SPP1,
la protéine YueB, a montré que celle-ci a une organisation ponctuée a la surface de B.
subtilis et se concentre particuliecrement aux extrémités de la bactérie. Cette
localisation particuliere du phage sur la surface de la cellule hdte correle avec
I’observation que I’ADN viral rentre dans le cytoplasme (<2 min) et se réplique dans
des foci situés dans la plupart des cas a proximité des pdles de B. subtilis. L’étude
spatio-temporelle de I'interaction de SPP1 avec son hote Gram-positive montre que le
virus cible des régions spécifiques de la bactérie pour son entrée et pour sa
réplication. Transfert d'ADN dans le cytoplasme dépend des concentrations

millimolaires de Ca**.

Un modele décrivant les événements précoces de l'infection bactériophage

SPP1 est présenté.

Mots-clés: bactériophage SPP1, entrée du virus; ions Ca™; potentiel de membrane;

bactérie Gram-positif; YueB.



ABSTRACT

The four main steps of bacterial viruses (bacteriophages) lytic infection are (i)
specific recognition and genome entry into the host bacterium, (ii) replication of the
viral genome, (iii) assembly of viral particles, and (iv) their release, leading in most
cases to cell lysis. Although the course of individual steps of the viral infection cycle
has been relatively well established, the details of how viral DNA transits from the
virion to the host cytoplasm and of how the cellular environment catalyzes and

possibly organizes the entire process remain poorly understood.

Tailed bacteriophages are by far the most abundant viruses that infect
Eubacteria. The first event in their infection is recognition of a receptor on the surface
of host bacterium by the phage adsorption machinery. The barriers that the infectious
particle overcomes subsequently are the cell wall and the cytoplasmic membrane of
bacteria. This implies a localized degradation of the wall and the flow of its double-
stranded DNA (dsDNA) through a hydrophilic pore in the membrane. The linear
dsDNA molecule is most frequently circularized in the cytoplasm followed by its
replication. In this study we used bacteriophage SPP1 that infects the Gram-positive
bacterium Bacillus subtilis as a model system to dissect the different steps leading to

transfer of the phage genome from the viral capsid to the host cell cytoplasm.

The conditions of infection for monitoring the depolarization of B. subtilis
membrane during SPP1 infection in real-time were developed. It was shown that
during entry SPP1 induces a very fast depolarization of the cytoplasmic membrane
(CM) of the infected cell. Membrane voltage (AY) is not recovered during the
infection cycle. Depolarization requires interaction of the SPP1 infective virion with
its receptor protein YueB. The amplitude of depolarization depends on the amount of
phage particles interacting with the cell and on the concentration of YueB at the cell
surface. This interaction is required for phage SPP1 irreversible binding to B. subtilis
and for triggering DNA ejection from the virion. SPP1 particles that lost their DNA

due to disruption of the capsid structure following treatment with EDTA bind
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normally to B. subtilis but do not trigger depolarization of the CM. Attachment of

intact SPP1 particles is thus required for phage-induced depolarization.

The beginning of B. subtilis infection by bacteriophage SPP1 was followed in
space and time. The position of SPP1 binding at the cell surface was imaged by
fluorescence microscopy using virus particles labeled with "quantum dots". We found
that SPP1 reversible adsorption occurs preferentially at the cell poles. This initial
binding facilitates irreversible adsorption to the SPP1 phage receptor protein YueB,
which is encoded by a putative type VII secretion system gene cluster.
Immunostaining and YueB — GFP fusion showed that the phage receptor protein
YueB is found over the entire cell surface. It concentrates at the bacterial poles too,
and displays a punctate distribution over the sidewalls. The dynamics of SPP1 DNA
entry and replication was visualised in real time by assaying specific binding of a
fluorescent protein to tandem sequences present in the SPP1 genome. During
infection, most of the infecting phages DNA entered and replicated near the bacterial
poles in a defined focus. Therefore, SPP1 assembles a replication factory at a specific
location in the host cell cytoplasm. DNA delivery to the cytoplasm depends on
millimolar concentrations of Ca** allowing uncoupling it from the precedent steps of
SPP1 adsorption to the cell envelope and CM depolarization that require only

micromolar amounts of this divalent cation.

A model describing the early events of bacteriophage SPP1 infection is

presented.

Key-words: bacteriophage SPPI1, virus entry; Ca” ions; membrane voltage; Gram-

positive bacterium; YueB.
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SANTRAUKA

Pagrindiniai bakterijas infekuojanciy virusy (bakteriofagy) litinés infekcijos
etapai yra (i) specifinis atpazinimas ir genomo pernasa ] Igstele Seimininke, (ii) viruso
genomo replikacija ir baltymy sinteze, (ii1) virusiniy daleliy susirinkimas, ir (iv) jy
iSlaisvinimas, dazniausiai sukeliantis lgstelés lize. Atskiri virusinés infekcijos etapai
yra gana gerai iStirti, taciau kaip viruso DNR patenka i lastelés citoplazma, bei kaip
Sis procesas yra katalizuojamas ir, galbiit, organizuojamas lastelés aplinkos Zinoma

mazai.

Uodeguotieji bakteriofagai yra labiausiai paplit¢ Eubakterijas infekuojantys
virusai. Sie virusai inicijuoja infekcija prisitvirtinimo aparato pagalba atpaZindami
receptoriy lastelés Seimininkés pavirSiuje. Tada infekuojanti viruso dalelé turi jveikti
lastelés sienelés bei citoplazminés membranos (CM) barjerus. Tam tikslui lokaliai
suardoma lgstelés sienelé, ir dvigrandininé DNR (dgDNR) j citoplazmg patenka pro
hidrofiling pora membranoje. Patekusi | citoplazmg linijiné dgDNR molekulé
daZniausiai tampa Ziedine ir yra replikuojama. Siekiant iSanalizuoti fago genomo
perneSimo i$ viruso kapsidés j lastelés Seimininkés citoplazmg etapus, Siame darbe
buvo pasirinkta bakteriofago SPP1, infekuojanc¢io gramteigiamasias Bacillus subtilis

lgsteles, modeliné sistema.

Buvo parinktos sglygos realiame laike tirti fago infekcijos indukuojamus B.
subtilis membranos laidumo pokycCius. Pademonstravome, jog patekimo metu SPP1
labai greitai depoliarizuoja infekuojamos Igstelés CM ir membranos jtampa (AY)
infekcinio ciklo metu néra atkuriama. Depoliarizacijai vykti reikalinga infektyviy
SPP1 daleliy sgveika su receptoriniu baltymu YueB. Depoliarizacijos amplitude
priklauso nuo su lgstele sgveikaujanciy faginiy daleliy kiekio bei lgstelés pavirSiuje
esanio YueB baltymo koncentracijos. Si saveika reikalinga negritamam fago
prikibimui prie B. subtilis bet DNR iStekéjimui i§ viriono kapsidés indukuoti. DNR
nebeturin¢ios SPP1 dalelés, kuriy kapsidés suardytos EDTA pagalba, normaliai
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prikimba prie B. subtilis pavir§iaus, ta¢iau nedepoliarizuoja jy CM. Sie rezultatai
parodo, kad fago indukuojamai depoliarizacijai sukelti reikalingos sveikos SPP1

dalelés .

B. subtilis infekcijos bakteriofagu SPP1 pradzia buvo detaliai tiriama
nagrinéjant infekcinés sistemos pokycius erdveje ir laike. SPP1 prikibimo prie Igstelés
pavirSiaus vieta buvo nustatoma fluorescentinés mikroskopijos pagalba naudojant
virusines daleles paZymétas kvantiniais taSkais. Miisy rezultatai parodé, kad griZtamo
prikibimo metu SPP1 virionai susitelkia prie lastelés poliy. Sis pradinis prikibimas
palengvina negrjZtamg sgveikag su SPP1 receptoriniu baltymu YueB, kuris yra
koduojamas numanomos sekrecijos sistemos VI geny sankaupoje. YueB Zyméjimas
fluorescuojanciais antikiinais bei YueB ir Zaliojo fluorescuojancio baltymo geny
suliejimas parodé, jog receptorinis baltymas YueB yra randamas visame lgstelés
pavirSiuje. Jo iSsidéstymas yra taskinis lgstelés Sonuose ir labiau sutelktas lgstelés
poliuose. SPP1 DNR patekimo kinetika ir replikacija buvo vaizdinama realiu laiku
stebint atranky fluorescuojancio baltymo prisijungimg prie pasikartojanciy seky SPP1
genome. Misy tyrimy rezultatai parodé, kad SPP1 DNR replikuojama tam tikrame
taSke netoli nuo patekimo vietos bakterijos poliuose. Mes taip pat nustateme, kad
DNR patekimui ] citoplazmg bitina milimoliné Ca™ koncentracija terpéje, nors
anksciau vykstan¢iam prikibimui bei CM depoliarizacijai pakanka mikromoliniy Sio
dvivalenio jono koncentracijy. Disertacijoje pateikiamas  modelis, apraSantis

ankstyvus SPP1 infekcijos jvykius.

Raktiniai ZodZiai: bakteriofagas SPP1; virusy patekimas; Ca®" jonai; membranos

jtampa; gramteigiamosios bakterijos; baltymas YueB.
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OVERVIEW

Bacterial viruses (phages or bacteriophages) are the most abundant biological
entities in the Biosphere (Hendrix et al., 1999). Phages are of interest to scientists as
tools to understand fundamental molecular biology, as vectors of horizontal gene
transfers and drivers of bacterial evolution, as sources of diagnostic and genetic tools,
and as novel therapeutic agents. Bacteriophages are a problem in industrial
bioprocesses that rely on bacterial fermentation (Callanan and Klaenhammer, 2008;
Briissow, 2001). Studies of the biology of phages and the interactions with their hosts

is the key to understand microbial systems and their exploitation.

The life cycle of a bacteriophage encompasses the specific recognition of the
host by the viral particle, passage through the bacterial envelope, viral gene
expression, viral genome replication, assembly of viral particles and their release from
the cell. Molecular details of these processes are biochemically and structurally well
established by 50 years of intensive research on several model systems. A significant
number of phage multiplication steps were dissected to individual molecular
interactions in the assay tube but their cell biology remains largely uncharacterized.
Entry into the host bacterial cell is one of the least understood steps in the life cycle of
bacteriophages. The different envelopes of Gram-negative and Gram-positive
bacteria, with a fluid outer membrane (OM) and exposing a thick peptidoglycan wall
exposed to the environment, respectively, impose distinct challenges for
bacteriophages binding and (re-)distribution on the bacterial surface and further entry

into the host cell cytoplasm.

The goal of this study was to define requirements for entry of the tailed
bacteriophage SPP1 in the Gram-positive rod-shaped bacterium B. subtilis and to

study the initial steps of infection in space and time.
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The specific aims of the present study were:

v' to define sequential steps in SPP1 DNA entry in the cell;

v’ to define changes in cytoplasmic membrane (CM) permeability during
the initial steps of bacteriophage SPP1 infection;

v’ to define the role of Ca®* jons in the process of entry;

v’ to determine the localization of the SPP1 receptor protein YueB on the
surface of B. subtilis cells;

v' to determine the spatial-temporal program of bacteriophage SPPI

attachment, DNA penetration and replication inside the host cytoplasm.

Scientific novelty.

In order to deliver its genome to the host cytoplasm SPP1 has to cross the
Gram-positive cell envelope. Although the structure, molecular biology and
multiplication steps of some phages that infect Gram-positive bacteria is known rather
well (Alonso et al., 2006; Brgndsted and Hammer, 2006; Salas, 2006), the mechanism
of phage genome transport across the Gram-positive cell envelope is poorly
understood. The entry of tailed phages, as well as filamentous phages, infecting
Gram-negative hosts, was studied more extensively (for reviews see Letellier et al.,
2004; Vinga et al., 2006a). There are only a few examples of detailed studies on
phages infecting Gram-positive hosts. The membrane-containing bacteriophage
Bam35 (Tectiviridae family) uses the lipid membrane of the virion for genome
delivery into the Gram-positive host Bacillus thuringiensis cytoplasm (Gaidelyte et
al., 2006). The short-tailed phage ¢$29 (Podoviridae family) infects Gram-positive B.
subtilis cells and ejects its DNA in a two-step process by an energy-requiring
mechanism (Gonzélez-Huici et al., 2004). Very little is known about delivery to the
cell of DNA from bacteriophages with a long non-contractile tail (Siphoviridae
family). The well studied siphophage SPP1 and its Gram-positive host B. subtilis

provide an excellent system to study virus-host cell interactions.
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In the past 10 years optical imaging technologies suitable to investigate
bacterial cell ultrastructure were developed. Discovery of the asymmetric distribution
of numerous cell components, their dynamic spatial and temporal re-distribution
within the bacterium (Barak et al., 2008; Carlsson et al., 2009; Lemon and Grossman,
1998; Wang et al., 2004; Yamamoto et al., 2003), and the presence of cytoskeletal
elements (Cabeen and Jacobs-Wagner, 2010; Carballido-Lopez and Errington, 2003;
Carballido-Lépez, 2006) demonstrated a complex organization in bacterial cells.
These findings and presently available technology created the momentum to
investigate cell biology of bacteriophage infection. Understanding how viruses take
advantage of the bacterial cell organization to optimize their multiplication is a novel
theme of significant importance to understand infection and to investigate cellular
processes. This type of observations is novel for prokaryotic cells infections and
provides relevant information to understand the poorly known mechanism of viral

DNA entry into bacteria.

Thesis output:

v’ Bacteriophage SPPI irreversible adsorption to YueB protein is
associated with fast depolarization of the B. subtilis CM;

v' B. subtilis CM depolarization and SPP1 DNA entry are two sequential
steps that can be distinguished by the requirement for different
concentrations of Ca2+;

v' The bacteriophage SPP1 receptor protein YueB concentrates at the cell
poles and displays a punctate peripheral distribution along the sidewalls
of B. subtilis cells;

v' The topology of SPP1 receptors on the surface of the host cell
determines the site of phage binding, DNA entry and subsequent

v' replication, which occurs in discrete foci.

XVII






The present thesis was the result of joint supervision and close collaboration
between the laboratories headed by Doctor Paulo Tavares (Unité de Virologie
Moléculaire et Structurale, CNRS UPR3296 and IFR 115, Batiment 14B, CNRS,
91198 Gif-sur-Yvette, France) and Professor Rimantas Daugelavicius (Department of
Biochemistry and Biophysics, Vilnius University, Ciurlionio 21, LT-03101 Vilnius,
Lithuania).

Thesis is formed by four main chapters: Introduction, Materials and Methods,
Results, and Discussion. Parts of the text used in each chapter were transcribed from

published material:

Jakutyte, L., Baptista, C., Sao-José, C., Daugelavicius, R., Carballido-Lopez, R.,
Tavares, P., 2011. Bacteriophage infection in rod-shaped gram-positive bacteria:
evidence for a preferential polar route for phage SPP1 entry in Bacillus subtilis. J.
Bacteriol. 193, 4893-4903.

Jakutyté, L., Lurz, R., Baptista, C., Carballido-Lopez, R., Sao-José, C., Tavares,

P., Daugelavicius, R., 2011. First Steps of Bacteriophage SPP1 Entry into Bacillus
subtilis. Virology, doi: 10.1016/j.virol.2011.11.010.

XIX






CONTENTS

ABBREVIATIONS.... .VII
RESUME IX
ABSTRACT.. . XI
SANTRAUKA ..uuoiriiiiiinnicsnicnsinsisssissssssssisssisssssssssssssssssssssssssssssssssssssssssssssssssss XIIT
OVERVIEW. XV
L. INTRODUCTION ..ccciciuiiiisnniccnncssnnisssicsssnessssnssssnesssssssssssssssesssssssssssssssssssssssssssssssses 1
I.1. General properties of PRAZES.......ccuvievviirsninssrrissnisssnisssanesssssossasessssssssssessasssssses 1
I.2. Bacteriophage properties and diVerSity ......ccccccecesssenccsssencessssnsecssnsscssssnsecssoassese 2
1.3. Tailed viruses, Order CAUuAOVIFALES .......ccueereerreeneeescsasecsssaseessssnsecssnssesssssssssssnssene 4
L.4. Bacterial cell envelope: the barrier to host cell infection ..........c.ccceeeceeescnrecnnes 7
LA T Cell WAL ..ttt ettt st 9
[.4.2. CytoplasmiC MEMDIANE.........cccvereeiiiireeriiieeeiieeeriee e et e e e seeee e eeeeesneaaeeenees 12
1.4.3. Outer membrane of Gram-negative bacteria.........cccccoeeeveieeriiieeniciieeeeiieeeeee, 13
[.4.4. Bacterial SUrface StIUCTUIES .......ccovuieiriieiriiieiiiee ettt ettt 14
L.5. Bacteriophage entry in the host Cell.........uicinneiicirrnicscrsnnccsssnnecsssnnscssnnssosssnsnes 15
[.5.1. Phage adSOTPUON .......vveeeeiiieeceiiie ettt e see e et e et ee e eeaaeeesnenaeeenens 16
L.5.1.1. Bacterial TECEPLOTS ...ccovuiiiiiiiiieeiiiiee ettt ettt e e ee e 16
GTam-NEZALIVE DACIETIA ..........eeeeeeeeeeeeieeeeiieeeeiieeeeieeeeeaeeesaeee s aeeeeensaeeeens 16
GTAM-POSTLIVE DACIETIA ....c..eeeeeeeeeeeiieeeeiieeeeeeeeeetaaeeeaeeeseaee s s saeeesnsaeeenns 20
YueB-related membrane Proteins ...............ccceuveeeeeeeeeciueeeeeeeneciieeeeeeseceneeeeeens 22

[.5.1.2. Phage receptor binding Proteins ..........ccceeeeeveeerriueeeesiieeeniieeeesieeeessveeeenns 23
L.5.2. Cell Wall PASSAZE ..ccnvveieieiiiee ettt ettt sttt e e 27
[.5.3. CM passage and DNA entry in the cytoplasmi.........ccceecueeerniiiiiiiiieinniieennnne. 28
[.5.3.1. Genome ejection through a specialized Vertex ...........ccceeveeeiniieiinnieeenne 28
Phages of Gram-negative DACIETIA ..............cccuueeeeeeeecuiiieeeeeieiiieeeeeeeeeiiveaeeeeeans 28
Phages of Gram-positive DACIETIQ ..............ccccuueeeeeeeeciiiiieeeeeeiiieeeeeeeeciiveaeee e 31
1.5.3.2. Capsid dissociation at the cell envelope ..........cccceeeviiiiniiiiiiiiiiiiiiiee, 31
1.5.3.3. Fusion and endocytosis-like penetration.............ccceecueeeeriiieeiniieeennieeenne 32
1.5.3.4. Forces driving tailed phages dsDNA entry in the cytoplasm.................... 33
1.5.3.5. Ton fluxes accompanying phage infection ...........cccoeceeeiviiiiiiiiieeinnieeenns 34

1.6. Bacteriophage SPP1 .........iiiinivniinsnicssnicssnnissssncssssssssssssssessssssssssesssssssssssens 35
THIESIS GOALS ..viiiiinniininicnnncssnsicsssscssssssssssosssssssssssssssesssssssssssssssssssssssssssssssss 39
II. MATERIALS AND METHODS ....ccuiiiniiinnicnsninsssncsssnissssssssssesssssssssssssssssssssssans 41



I1.1. Bacterial strains and bacteriophages.. e 41

IL1.2. Microbiology mMethods........ccceiiccnrsenicnssanicsssanecssssnsecsssanscssssssesssssssessssnsessssassses 42
I1.2.1. General MEthOds .........cooiiiiiiiiiiiiiee e 42
I1.2.2. Measurement of SPP1 adsorption to B. subtilis cellS..........cccooevvreencrveeennnnen.. 43

I1.3. Molecular biology and genetics methods.......... .. 44
I1.3.1. General recombinant DNA techniques...........cocccveeiviiiiniiiiiiniiiiiiieeeee, 44
I1.3.2. DNA separation by gel electrophoresis..........cocvueeereieieeriieeeriieeeeeieee e 45
I1.3.3. Bacterial strains CONSIUCHION ......eevvierireeriieriieeniieeeiee et s 45

I1.3.3.1. Construction of YB886 isogenic strains carrying the yueB A6 deletion
and yueB conditional MULANTS .........eeeereiieeeiiiieeeiieeesieee e e e eeieeeeeereeeesereeeenees 45
I1.3.3.2. Expression of yueB-gfp fuSIONS..........ccovcvvieeiiiiiieeiiee e 46
I1.3.3.3. Expression of lacl-cfp fuSIONS...........cooiiiiiiiiiiiiiiiiieeieceeeeee e 47
I1.3.4. Construction of bacteriophage SPP1delX110lacOgy...........ccceeuveeeeeveeaannne.. 48

I1.4. Biochemical methods .. 49
I1.4.1. Protein analysis by SDS-PAGE and Western blotting...........ccccceevvvveennenn. 49
I1.4.2. Fractionation of B. subtilis extracts and Western blot of YueB engineered
LS 53 10) 1 OO PP S OO PPRR PP 50
I1.4.3. SPP1 phages diSTUPLION ...ccccuvveeeeiiieeeciiieeeiiieeeiteeeeee e eiee e e e eeenneeees 51
I1.4.4. Chemical modification of bacteriophages...........cceeveuveeieiiiiiniieiinniieeeee, 51

IL.5. Fluorescence microscopy ee 52
I1.5.1. Phage binding 10CaliZation .............ccoocuiieieiiiiieeiiieeeeiee e 52
I1.5.2. Internal YueB 10CaliZation...........coocuieiiiiiniieiiieenieeeiee e 53
I1.5.3. External YueB 10calization............cccueeiiiiniiiiiieiniiiniiecieeseceee e 53
I1.5.4. Phage DINA deteCtiON ......cccecvvieieiiiieeeiiieeeeiiie e et e eeieeeeaeeeeseveeeereeeennneeees 54
I1.5.5. TMAZe ACqUISTLION. ....eeeiiiieeeiiiieeeiiieeerieeeeeiteeeeeteeeeereeeeaaeeesaaeeeessseeeennneeeas 54

I1.6. Measurements of ion fluxes and determination of the membrane voltage.. 55

IL1.7. EleCtron MiCIrOSCOPY ..ccccrrserccssssnecssssnscssssasscsssasssssssssssssssssassssssssssssssssssansesssssssssss 56
III. RESULTS. .... wee 57
IT1.1. SPP1 - induced changes in the host cell CM.........cccuvrecreicsrarcssnricsascssnsesnnns 57
III.1.1. Optimization of the conditions for SPP1-induced CM depolarization......... 57
III.1.2. Comparison to other B. subtilis phages........ccccccuveiviiiiiiiiiiiiniiieeieeeeen 60
III.1.3. CM depolarization caused by SPP1 infection requires the phage receptor
YueB and depends on its abundance at the bacterial surface ............ccccoevveeennneen. 62
IIL.2. Effects of Ca’** ions on SPP1 infection...... vee 66

XX



I11.3. Analysis of SPP1 infection in space and time .. w72

II1.3.1. Localization of SPP1 particles on the surface of B. subtilis......................... 72

II1.3.2. Cellular localization of SPP1 receptor YueB ........cccoocceiiiiiiiiniiiiiiiiee 78

II1.3.3. Localization of SPP1 DNA in infected cellS........ccceevviieeviiieeiiiiieeiieeeeee 83
I11.4. Ca* ions effect on SPP1 DNA entry ... ...86
IV. DISCUSSION.....cccceerverirsunicsnncsnsenns .89
IV.1. The interaction of SPP1 with YueB triggers a very fast depolarization of
the B. SUDLILIS CIV. cuuuceueisseicsernssnnsssisssnsssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 90
VL.2. Effect of Ca”* ions in SPP1 iNfeCtion .........cuuereeressecsecsnessessessessessessessessesssessens 92
VIL.3. Spatio-temporal program of SPP1 entry in B. SUDLIlis .......ccceeeeverescvccsserenens 93
VI1.4. The working model... .97
VLS. Perspectives ....cc.ecccccnrecccsnnsecsnsnces .100
REFERENCES .......uoiiiiiniinniinnninnsnnisssmsssssessssssssssesssssssssssssssessssssssssssssssossassssasssss 103

XX






INTRODUCTION

I. INTRODUCTION

I.1. General properties of phages

Bacterial viruses (phages or bacteriophages) are the most abundant biological
entities in the Biosphere (Hendrix at al., 1999). Phages are ubiquitous and can be
found in all reservoirs populated by bacterial hosts, such as soil, sea water or the
intestines of animals. Bacteriophages were formally discovered twice in a short time
by Frederick Twort (1915) and Félix d’Hérelle (1917). Since that time their ecological
impact (Abedon, 2006), their molecular sophistication (Calendar, 2006), their
laboratory and medical significance (Waldor et al., 2005), and their ability to kill
