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strainsfall atleastin sixmajor clonallineagesvhichdiffer by lesshan 1%atthe
DNA level[1+4]. Howevereachstrain harborsits own strategyto modulatethe hostimmune
signalingpathwaysesultingin strongphenotypicdifferencesn thelaboratorymousemodels
(for areviewsed5,6]). Infectionsby typel parasitesypified by RH strainis fatal(LD19p= 1)
in mostlaboratorymousestrainswhereasnfectionswith typell suchasPrugniaud(Pru) and
ME49(LDso~10) or typelll suchasNED (LDsg~10%) strainsgenerallyresultsin lifelong
latentinfectionscharacterizedby dormanttissuecystformation[7].

The control of hostcellprotectionagainst requiresanactivetype 1 cytokine
responseypified by the production of pro-inflammatorycytokines However asapervasive
pathogen, hasdevelopedtrategieso compromisehostmechanismsavoiding
parasitekilling. Oppositeeffectdn theimmune modulationadoptedby the parasitesre
observedetweerdifferentstrainsof [5]. Forinstanceyirulent typel strains
downregulatetheinflammatoryresponsend control the mechanism®f parasitekilling,
whileavirulenttypell andlll strainshavedevelopedtrategieso limit infectionand prema-
ture deathof the hostto favortransmissior{5]. To do so,afine balancebetweerthe parasite
replicationandthe hostimmuneresponsés requiredto preservehe hostfrom theimmuno-
pathologyeffectof pro-inflammatorycytokinesinducedby typell effectorsandto sustain
moderatetypell strainspersistencé animals.

Theunderlyinggenetidoci responsibldor the moststriking phenotypicdifferences
betweerthethreemain clonallineage®f havebeenmappedusingclassicagjenet-
icsof pairwisegeneticcrossedetweerstrains[8+12].Most of the effectorsdentified sofar
originatefrom the secretoryorganelles, e rhoptriesanddensegranulesin typel strains pro-
teinsof both organellego-optto dampenhostresponseandfavorparasitereplicationand
highvirulence.n typell strainsthoseeffectoraaremostlyinactivedueto polymorphismand/
or differentialexpressiorin awaythat control parasitedisseminatiorand persistencen the
host.Furthermore typell strainsalsoexpressiensegranuleproteinswhich participatein the
modulationof hostcellfunctions[10,13,14].

Here,wedescribearhoptry protein, DegP that playsa pivotal contribution to the viru-
lenceof . DegP isaserineproteaséelongingto the HtrA (High Temperature
Requirement) or Deg-likefamily of serineprotease§l 5]. While DegPis dispensabléor the
Iytic cycleof both RH typel andPrutypell strains,amarkeddecreasef acutevirulencein
Swisgniceis observedn knock-outtypell strain (KO- ). In contrast, KO-
parasitekill immunodeficientmiceasefficientlyasthewild-typestrain.In conclusiongenetic
ablationof DegP suggestarole for this serineproteasen immune evasion.

Materials and methods
Ethics statement

Therecommendationsf the Europeannion guidelinedor the handlingof laboratoryani-
malswasfollowedfor this study.Productionof DegPand DegP antibodiesviaratandmouse
immunizationswasconductedatthe CRBManimalfacility (Montpellier) andapprovedoy the
Committeeon the Ethicsof Animal ExperimentgLanguedoc-Roussillohontpellier) (Per-
mit Number:D34-172-4deliveredon 20/09/2009).

All miceprotocolswereapprovedby the Institutional Animal Careand Utilization Com-
mittee (IACUC) of the AmericanUniversity of Beirut IACUC PermitNumberlACUC#14-3-
295).Mice werehousedn dedicategpathogerfreefacilitiesandhumaneendpointswereused
asrequestedby the AUB IACUC accordingto AAALAC (Associatiorfor Assessmerand
Accreditationof LaboratoryAnimal Carelnternational)guidelinesand guideof animalcare
usebook (Guide,NRC2011) Mice weremonitored on adaily basisEyepricksweredone
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following deepanesthesiavith isofluraneby inhalation.Oneeyeper animalwasprickedallow-
ing to collect50uL of blood. Mice weresacrificedf anyof the following abnormalethicalfea-
turesarenoticedasdescribedreviously{16]. Animalsweredeeplyanesthetizetbefore
cervicaldislocationandno unexpectedieathwasobserved.

Mammalian cells and parasite cultures

Tachyzoitesrom RH, RHA strainor PruA (deletedfor the gengf17,18])were
usedthroughoutthis study.Parasitesveregrownin humanforeskinfibroblastHFFs)
(AmericanTypeCulture Collection-CRL1634)in Dulbecco'sModified Eagle'sMedium
(DMEM) (GIBCO, Invitrogen) supplementedvith 5%of fetalcalfserum(FCS),1%penicillin-
streptomycinand 1%glutamine BHK-21 cells(AmericanTypeCulture Collection-CCL10)
weregrownin BHK-21medium (Gibco-BRL)supplementedvith 5%FCS2 mM tryptose,
100U/ml penicillin and 100pg/ml streptomycin.

Transient transfection of mammalian cells and generation of transgenic
parasites

For BHK-21,3x1¢ BHK-21 cellsweregrownon coverslipdor 24h in 6-wellplateprior trans-
fectionusingLipofectamineaeagen{Gibco-BRL)asinstructedby the manufacturerCells
weregrownfor anadditional24h beforewesterrblot analysigseebelow).Parasitdransfec-
tion andselectionwasperformedaspreviouslydescribed19]. Parasitesvereselectedn pres-
enceof mycophenolicacid (20pug/mL)andxanthine(50pg/mL)for HXGPRTselectioror
pyrimethamine(1uM) for DHFR-TSselectionThe selectiorof revertantparasitesvasmade
in the presencef 300pg/mlof 6-thioxanthineandtheir sensitivityto mycophenolicacid
(20pg/mL)andxanthine(50pg/mL)wasassessedheisolationof clonaltransgenigopula-
tionswasperformedusinglimiting dilution in 96-wellplates.

Antibodies

Theantibodiesusedandtheir dilution for westerrblot (WB) andimmunofluorescencéFA)
wereasfollows:

- mousemonoclonalantibodiegMAb) T4 1E5anti-SAG1,1:200Q(IFA), 1:200QWB) [20]
- rabbitanti-ROP1,1:300QFA) [21]

. rabbitanti-ROP21:500(IFA) [21]

- mouseanti-Ty MADb, 1:200(WB) [22]

- ratserumanti-DegP,1:100QIFA), 1:100QWB) (this study)

- mouseserumanti-DegP 1:200(WB) (this study)

- rabbitanti-RON4,1:500(IFA) [23]

For IFA studiesthe secondanantibodiesusedwereAlexaFluor488(Sigma) AlexaFluor
594(Sigma) and AlexaFluor546(Invitrogen),asrecommendedy the manufacturer For
immunoblots,the secondaryat, mouseor rabbit antibodiesusedwerecoupledto alkaline
phosphatas@Promega).

Molecular cloning

To verifythe predictedcDNA of DegPin RHA (typel) andin PruA (typell), total
RNA wasextractedrom RHA or PruA tachyzoitesisingthe NucleoSpirRNAII
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extractionkit (MACHEREY-NAGELGmbH & Co.).FollowingRT-PCRusinganoligo-dT
andthe Superscripfirst strandsynthesikit (Invitrogen),the specificfull-length cDNA of
genewasamplifiedusingprimersML220and ML221 usingthe PhusionHF DNA poly-
merasgNew EnglandBiolabs) PCRamplificationat the predictedsize(2868bp)wvascloned
in the pCR-Bluntll-TOPO vector(Invitrogen) to generatéf OPO-DegP (typel) and TOPO-
DegP (typell). TheML220andML221primersweredesignedo addtherestrictionsites
HI and | atthe5'endand | and | atthe3'enduponPCRamplification.

The pGEX-DegP-GSplasmidwasdesignedo producearecombinantGST-taggedegP
protein. The TOPO-DegPplasmidwasdigestecby | and | andthefull-length
cDNA sequencef geneg(2868bp)wasclonedinto the | and | restriction
sitesof pGEX-4T-3vector(GEhealthcare).

ThepET24a-DegP-Hiplasmidwaslesignedo producearecombinantHis-taggedegP
protein. An internal sequencef cDNA wasamplifiedusingprimersML247andML248,
digestedby 1 and 1 andclonedintothe 1 and 1 restrictionsitesof pET24avec-
tor (Novagen).

Thep -DegP-Ty plasmidwasdesignedo expressainderthecontrol of promotor a
seconccopyof DegP fusedwith a Ty tagatthe C-terminal. It wasbasedbn plasmidp -
DegP-Ty,n whichthetubulin promotor wasreplacedy the endogenoupromotor of
Thep -DegP-Ty plasmidwasfirst designedo overexpresaseconccopyof DegPwith aTy
tagatthe C-terminal. To do so,the TOPO-DegPplasmidwasdigestecby | and | and
thefull-lengthcDNA sequencef geneg(2868bp)wasclonedinto the! "I and |
restrictionsitesof the pTUB8mycGFPPftailY vector(agift from Dominique Soldati-Favre),
whereit replaceshemycGFPPftailp -DegP-Ty wasconstructedoy PCRamplificationof
p -DegP-Ty with primersML234andML235to createthe deletionof the tubulin promotor
aswellasof the 108first nucleotidesencodingfor the N-terminal 37 aminoacidsof DegP.The
ML234andML235primersweredesignedo addtherestrictionsites | and#$ Il atthe
5'and3' endsrespectivelyipon PCRamplification. Thetemplateplasmidswvereeliminatedby
digestionwith I, andafragmentcorrespondingo 1 kb of the 5' non-codingregionof
DegPplusthe 108first nucleotideof the codingsequencef wasPCRamplifiedusing
primersML232andML233,andthenligatedwith the PCRproductobtainedusingML234
andML235primers.Thisaddedan#$ Il sitesixresiduesafterthe signalsequencef DegP.

The pDegP-V5lasmidwasdesignedo transfectmammaliancellswith the cDNA
without the sequencsignal It wasconstructedoy PCRamplificationof the cDNA from
TOPO-DegPusingprimersML277andML278,andcloninginto and sitesof
pPpTRACER-A(Invitrogen).

The KO-DegP-HXGPRTplasmidwasusedto disruptthe endogenouocusin both
RHA andPruA strains.TheprimersML981and ML2048wereusedto PCRamplify
a627bpfragmentcorrespondingo the5' of the RHA genecontainingthe ATG, the
first exonandpart of thefirst intronic region(88nucleotides)The PCRproductwassub-
clonedinto the pCR-Bluntll-TOPO vector(Invitrogen),sequencedndthenclonedKpnl/
Nsil in the3TY-HXGPRTvector[24]. Theplasmidwaslinearizedby | prior to transfection.
Correctintegrationof the disrupting plasmidwascontrolledby PCRusingprimersML871/
ML673.ML673hybridizesto the TY tagpresentn thevectorwhile ML871is located48bp
upstreanthe sequencelonedin KO- -HXGPRT.

To generat&KO- revertantparasitesthe chiRNAtargetingthe sequenc&CTTCAG-
CATTGAAGACGTCfrom the HXGPRTcassettavasclonedusingthe primersML2248and
ML2249in the pU6-universaplasmid[25].

All the plasmidswveresequencegrior to transfection.
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Fluorescence staining of cells

For IFAsof transfectedBHK-21 cellsor intracellularparasitegrownin hostcells(HFF), cells
werefixedwith 4%formaldehyddén PBSand permeabilizedvith 0.1%Triton X-100in PBS/
3%BSA.Coverslipsvereblockedin PBS10%FCSand proceededurther for IFA aspreviously
described26]. Samplesvereobservedvith aZeissAxioimagerepifluorescenceicroscope
equippedwith anapotomeandaZeissAxiocamMRmMCCD cameradriven by the Axiovision
softwargZeiss) atthe Montpellier RIO imagingfacility. Imagesverecollectedand processed
usingZeissZensoftware.

Production of a recombinant DegP protein fused to GST and of a specific
serum

! C41RIGcompetentellsweretransformedwith pGEX-DegP-GS®r
pGEX-DegP-GST.Theexpressiomf DegP-GSTor DegP -His recombinantproteinswere
inducedby adding0.2mMIPTG at 37EJor 4h. Cellsfrom 500mLof culturewereharvestedt
4000¢for 20min at4ECandthe pelletwasresuspendeih 25mLof PBS Thebacteriawere
lysedby Frenchpresg2 timeswith 2 tonnes/ cm?) andthetotal lysatecentrifugedat 9000r.p.
m during 20minutesat4ECThe DegP-GST recombinantprotein wasabundantlyrecov-
eredin theinsolublefraction. The DegP-GSTprotein wasthusseparatety SDS-PAGENd
electro-elutedrom the geland usedto raisepolyclonalantibodiesn rat aspreviously
described?23].

Immunoblots

Freshlyreleasedachyzoitesvereharvestedwashedn PBSandresuspendedirectlyin SDS
samplebuffer.All gelswererun undernon-reducingconditionsexcepbtherwisestatedn the
figureslegends5.16 parasitesvereloadedin eachiane.Transferandimmunodetectiorwere
doneaspreviouslydescribed19]. DegP -His recombinantprotein waspurified usinga
nickel-agaroseolumnin nativeor denaturingcondition andaccordingto the QIAGEN pro-
tein purification handbook.

Plague and intracellular growth assays

Plaqueandintracellulargrowth assaysvereperformedaspreviouslydescribed19]. To assess
intracellulargrowth,only the vacuolegontaining2 parasite®r morewerescored.

Two-color invasion assays

Two-colorinvasionassaysvereperformedaspreviouslydescribed27]. Briefly,5.16 freshly
releasedachyzoitegrom the control strain(RHA or PruA ) orfrom the mutant
strains(KO- or KO- ) wereaddedto HFF grown on glasscoverslipssynchronized
oniceduring 20min and subsequentlgllowedto invadefor 5 min in invasionbuffer.Inva-
sionwasstoppedy fixation in 4%PAFin HBSSandparasitesverefurther processedor IFA.
A firstimmunodetectionwith the mousemAb T4 1E5anti-SAG1in 2%FCS/HBSSvasper-
formedto detectextracellulaparasitesifter permeabilizatiorwith 0.1%saponinfor 15min,
asecondFA wasperformedusingrabbit anti-ROPlantibodiesto labelthe parasitophorous
vacuoleof intracellularparasitesExtracellulamndintracellularparasitesverecountedon 40+
50fieldspercoverslipfrom threecoverslips.
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In vivo experiments

To assesthe KO virulence $$, 100tachyzoite$rom the KO- or RHA
wereintraperitoneallyinjected(i.p) into 20females weeks-oldSwissnice.To assesthe KO-

virulence $$, 12+16week-oldSwissnice (CharlesRiver,Francewereinfectedbyi.
p.injection of 10° or 1 million tachyzoitegreshlyharvestedrom cellculture.To testthe viru-
lenceof PruA or KO- in NOD/Shi-scid/IL-2R{"" (NOG) Sever&Combined
Immunodeficiency)12weeksmicewereinfectedwith 10° parasite$reshlyharvestedrom cell
culture.Invasivenessf the parasitesvasevaluatedy simultaneougplaqueassayf asimilar
doseof parasite®n HFFs.Mousesurvivalwasmonitored daily until their death,end-pointof
all experimentsTheimmuneresponsef survivinganimals(exceptfor NOG) wastestedfol-
lowing eyepricksperformedon day7 postinfection. Seraveretestedby Westernblotting
tachyzoitdysatesDatawererepresente@sKaplanandMeier plotsusingGraphPadPrism
version4.00for Windows (GraphPadSoftware).

Bioinformatic domain prediction

SignalPsoftware(http://www.cbs.dtu.dk/serviczSignalP/wasusedto predictsignalpeptide.
The catalyticdomainwaspredictedby usingPfamsoftware(http://pfam.xfam.org/Jandthe
PDZ domainsweremappedusingsupfamsoftware(http://supfam.org/SUPERFANLY/).
AlignmentwasperformedusingClustalW2(http://www.ebi.ac.uk/Tools/mgelustalw2/).

Statistical analysis

All resultsarepresentecasmeanvaluesvith standarddeviationsshownaserror bars.Two-
tailedunpairedStudent'd testg(for plagueassaysnvasionandreplicationassaysyereused
appropriatelyto determinestatisticakignificanceusingGraphPadsoftwareg(version7) andaP
value0.05wasconsideredsignificant.For $$ experimentslevelsof significancavere
determinedwith the LogranktestusingGraphPad.

Oligonucleotides used in this study

ML220, 5’ -GGATCCCAATTGATGTTGCTCCTTCTGTCACT-3";
ML221, 5’ -GCGGCCGCATGCATTGAGGAAGTAAGAGCGGTCTCTCA-3";
ML232, 5’ -GGGGTACCCCGAAGACCACAGCCCCAGA-3";

ML233, 5’ —-ATGCATCCTAGGTAACAGAGACGAAGCCTCCG-3";
ML234, 5’ —-GGGGTACCCAATTCGCCCTATAGTGAAGTC-3";

ML235, 5’ -ATGCATCCTAGGACTCCTGAACCTTCTGAGACC-3";
ML247, 5’ -CATATGCAGAGTGTGTGCAGGCTCAAGA-3";

ML248, 5’ -CTCGAGCAACAGGAGTTCTTCTTCCGA-3";

ML277, 5’ -GGGGTACCATGGAGCAGAAGCTCATCTCCGAGGAGGAC-3";
ML278, 5’ - GCGGTACCGAGGAAGTAAGAGCGGTCTC-3";

ML673, 5’ ~ATCGAGCGGGTCCTGGTTCGTGTGGACCTC-3";

ML871, 5’ —-TCTAGAATGGCGGCGTTCCACCGG-3";

ML981, 5’ -GGTACCATGTTGCTCCTTCTGTCACTG-3";

ML10225’ -CTCGGGTTGTTTCACCAACGACG-3";

ML20485’ —-ATGCATGTCTCTACTTTACTAACTTCAC-3";

ML22485’ —-AAGTTGCTTCAGCATTGAAGACGTCG-3";

ML22495’ - AAAACGACGTCTTCAATGCTGAAGCA-3’
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Results
TgDegP is a rhoptry protein

A previousproteomicanalysiof ahighly purified fraction of rhoptriesfrom
revealegeptidescorrespondingo aproteasé TGME49 262920jhatis closeto chymotryp-
sin[28]. However jts presencén therhoptry compartmenthasnot beenyetvalidatedexperi-
mentally. TGME49 262928ncodes956aminoacidprotein,whichdisplaysaconserved
proteasalomainin the N-terminal part of the protein, with the critical catalytictriad (aspartic
acid,histidine,and serineresidues}ypicalfor serineproteasegrig 1A). In addition,two PDZ
domainsarepresentn the C-terminalendof the protein. Accordingto this modulararchitec-
ture combiningaproteaselomainwith oneor more C-terminal PDZ domainscharacteristic
of Deg-likeserineproteaseghis proteinwasnamed DegP [15]. DegP harborsapredicted
signalpeptidasecleavagsiteafterAla30,indicativeof trafficking alongthe secretorypathway.
Moreover,its cellcycletime coursetranscription(ToxoDB.org)showsamaximumin Sto M
phaseandthendramaticallydecreaseis earlyG1beforepickingagainin the nextSphasea
MRNA periodicity typicalof rhoptry proteins[29] (Fig 1A). To validate DegP asarhoptry
protein,weexperimentallyassessdtielocationof DegP in RHA typel strainby pro-
ducingaspecificserum(namedanti-DegP)directedagainsthefull lengthof DegP recom-
binant protein fusedto GSTandproducedin ! (Fig1B).ByIFA, theanti-DegP
serumrecognizesn antigenco-localizingwith the rhoptry bulbousprotein ROP1but distinct
from therhoptry neckmarkerRON4in intracellularparasitegFig 1C). The specificityof the
serumwasconfirmedusinga knock-outparasitdine, namedKO- (1, for KO in
typel strain) (Fig 2A). KO- wasengineeredisingadisruption strategyby singlehomolo-
gousrecombinationaspreviouslydescribed21](Fig 1D). Followingvectorintegration,atrun-
catedversionof DegPthat doesnot containthefull catalyticdomainbut containingonly the
first 178residuesnight beexpressedlhecorrectintegrationof thevectorin the locus
wasverifiedby PCR(Fig 1E)andthe subsequenbssof DegPproteinin KO- parasites
wasverifiedby IFA (Fig 1F)andWesternBlot analysigFig 2A).

TgDegP undergoes proteolytic maturation

DegP hasapredictedmoleculamassof 104kDa. Immuno-detectionwith the anti-DegP
serumona . tachyzoitdysateof the RHA strainundernon-reducedFig 2A) and
reducedconditions(Fig 2C) revealedwo major productsmigratingaround60kDaand 40
kDa;additionalweakeibandswith inconsistenintensitiesdependingon immunoblotswere
alsoobtained Western-bloton KO- parasitdysatewith anti-DegPantibodiesshowed
the concomitantextinction of the 60kDaand40kDabands(Fig 2A), confirming the specific-
ity of theseproducts.Thereforethe observegrofile suggestthat DegP undergoegost-
translationalmaturation,acharacteristicsharedoy mostof . rhoptry proteins
describedsofar [30]. We thenexpressedn ectocopyof DegPfusedin C-terminalwith a
sequencencodinga Ty epitope A major bandat 60kDa andafaint bandaround120kDa
weredetectedvith anti-Ty antibody(Fig 2B),indicatingthat the 60kDa fragmentcorresponds
to the C-terminalpart of DegPwhereashe 120kDa corresponddikely to the full lengthpro-
tein. Interestingly in cellsoverexpressin@egP-Tytheintensityof the additionalbands
increasesompareto the parentalstrain (like the oneobservediround45kDa)(Fig 2B)that
might beattributedto adecrease stabilityof DegPfollowing tagaddition. We further pro-
ducedaserumagainstarecombinantprotein encompassingesiduegt26to 726(anti-DegP)
(Fig 1A), whichdoesnot includethe catalyticdomain of DegP(correspondingo residuesl47
to 379).Theanti-DegP labeledhe 60kDabandbut failedto detectthe 40kDa (Fig 2C). This
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Fig 1. TgDegP is a rhoptry bulb protein. (A) Graph representing microarray data of transcripts encoding some known rhoptry proteins (RON2, RON4,
ROP5, ROP12, ROP18) along with DegP transcript hourly following thymidine synchronization (from [29]). (B) Primary structure of TgDegP. TgDegP is a
putative serine protease of 956 amino acids belonging to HirA family. Signal peptide is shaded in black (SP), the catalytic domain is represented in red and
H, D and S indicate the positions of the catalytic triad. The two PDZ domains are represented in green. The rat anti-DegP has been made against the
complete DegP recombinant protein and the mouse anti-DegP has been generated against a recombinant protein encompassing residues 426 to 726.
(C) Immunofluorescence performed on intracellular parasites using the anti-DegP serum, anti-RON4 and anti-ROP1. On parasites fixed with methanol
(upper panel), the rabbit polyclonal anti-RON4 antibodies revealed the neck of the rhoptry. On paraformaldehyde-fixed parasites (lower panel), the DegP
protein co-localizes with the bulbous ROP1 protein (labeled with the rabbit polyclonal anti-ROP1) in the bulb of the rhoptry. Parasite boundaries are
represented by dashed lines. Scale bar=1 m. (D) Generation of a knock-out DegP parasites in type | strain RH GKu80. Scheme depicting the strategy
used to obtain a KO-DegP' cell line. The promoter of TgDegP is represented by an arrow. Integration of the plasmid by a single homologous recombination
at the DegP locus results in a truncated version of DegP driven by the endogenous DegP promoter while the DegP coding sequence is now promoter less.
HXGPRT: hypoxanthine guanine phosphoribosyl transferase selection marker. The solid arrows represent the primers used to verify the integration of the
integrative vector and the expected size of the fragment is shown in italics. ML673 hybridized to a sequence specific of the vector, while ML871 is located
in the 5’UTR of DegP outside the cloned fragment. (E) PCR verification of the correct integration of the vector at the endogenous DegP locus. The primers
ML673 and ML871 are used in this PCR. The recombined locus was detectable only in transgenic parasites KO-DegP', as shown by a specific
amplification of a 707 bp fragment that is not amplified in the parental strain. (F) Imnmunofluorescence performed on KO-DegP' or RH (IKu80cell lines with
the rat anti-TgDegP antibodies and rabbit anti-ROP2 antibodies as control for rhoptry staining. The DegP labelling is absent in the KO-DegP' transgenic
parasites. ROP2 staining remains unchanged in the mutant. Scale bar=1 m.

https://cbi.org/10.137/4ournal.pon®189556.g001

resultis consistentvith the resultsobtainedwith the Ty-taggedrersionof DegPandconfirms
thatthe 60kDa correspondgo the C-terminal part of the protein whereashe 40kDaband
likely corresponddo its N-terminal region,encompassinthe catalyticdomain.

Interestingly whenthefull lengthcDNA of DegPis expresseth mammaliancellsasingle
bandmigratingabovel20kDais observedFig 2D). Theabsencef DegPprocessingn
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Fig 2. DegP is subjected to proteolytic maturation. (A) Western blot analysis of RH 0Ku80lysate with anti-DegP serum
reveals a complex profile. The specificity of the bands was assessed using KO-DegP' parasite lysate. Two major bands are
observed around 60 kDa and 40 kDa respectively and are indicated by black arrows. Molecular weights are indicated. Anti-
SAG1 antibody was used as loading control. (B) Western blots analysis of RH strain expressing an ecto-copy of DegP
fused to a Ty tag at the C-terminal end. Right panel: anti-DegP antibodies. Left panel: anti-Ty antibodies. An additional band
around 60 kDa with a slight shift is visible by staining the RH strain expressing DegP-Ty with anti-DegP antibodies (see
arrow on enlarged panel on the right). (C) Western blot profiles of DegP under reduced conditions using anti-DegP  (426—
726) serum. Anti-DegP reveals only the 60kDa band. (D) Exogenous expression of TgDegP in mammalian cells. Western
blot analysis of BHK-21 cells transfected with the cDNA of DegP under the control of promotor EF-1 .. Lane 1 correspond to
T. gondii lysate; lane 2 was control BHK-21 cells transfected with empty plasmid pTRACER-A, lane 3 was lysate of BHK-21
cells transfected with 1 g of plasmid pDegP-V5 and lane 4 was lysate of BHK-21 cells transfected with 2 g of plasmid
pDegP-V5. The profile of TgDegP expressed in mammalian cells is restricted to a unique form corresponding to the full-
length protein.

https://doiorg/10.137 1§urnal.pon®189556.g02
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mammaliancellsindicatesthat the post-translationamaturationdependsn its expressionn

KO-DegP parasites in type | RH strain exhibit normal growth and
virulence in mice

Isolationof stableparasiteclonethat doesnot expressunctionalDegP(Fig 1) demonstrates
thatthe proteinis not strictly essentialor theparasite $ . Thedispensabilityof DegPwas
further confirmedby plaqueassayn which KO-DegP parasiteslisplayecho significantly
smallemplaqueghanthe parentalRHA (Fig 3A). In orderto highlight potentialmoresub-
tle defectsyethenassessetie ability of the KO-DegP parasiteso invadeandreplicatein
HFF cells.Resultpresentedn Fig 3Band 3C showno significantdifferencein thereplication
rateandinvasionbetweerthe parentalandthe mutantcelllines.Consideringthe role of some
rhoptry bulb proteinsin the modulationof hostimmuneresponsesyethenassesseithe effect
of DegPdepletionon $$ virulencein amurine model.After i.p injection of 100tachyzoites
into BALB/cmice,weobservedisimilar survivalpatternbetweermiceinfectedwith the KO-
parasite®r thoseinfectedwith the parentalRHA strain.

Overall,our datashowthatthelossof DegP doesnotimpedetheintracellulardevelop-

mentof thetypel RH strainin HFF cellsor its virulencein amousemodel.

Deletion of DegP in type Il Prugniaud strain dramatically affects the
parasite virulence in mice

Asrhoptry proteinsarepivotal playerdn the strategieslevelopedytypel andll strainsto
establishaninfection,wefurther investigateherole of DegPin atypell strain(Pru). DegPis
conservedn typell strain. Thegeneshowdow levelof polymorphismsbetweerstrainswith a
strongconservatiorin the sequencesncodingthe predictedfunctionaldomains(protease
andPDZ)while fewSNPsarefound bothin the 5'endof thegeneandin thefragmentbetween
the sequencesodingfor proteaseind PDZ domains We showthat DegP is well expresseth
typell PruA strain(Fig 4A) andharborsthe samdocalizationasin typel straini.ein the
bulb of the rhoptries(Fig 4B).Westernblot analysishowedhat TgDegP undergoessimilar
maturationprofile thanin thetypel RH strainwith the notabledifferencethat the intensity of
signalfor the 40kDa productwasconsistentlyjowerin PruA comparetaRHA strain

(Fig4A).
To further expandour comparativeapproachin both typesof strains wegenerate KO-
P inthePruA strain (KO- " (Fig4Cand4D; S1Aand S1BFig) usingthe same

genetiadisruption approachasin typel strain. Thedisruption of the genein thetypell
straindoesnot affectthe sizeof the lysisplaquesn HFF cells,or thereplicationrateandthe
ability of the parasiteso invadeHFF cells(Fig 5A+5C).However aclearimpactof DegP?
removalwasobservedn thevirulence $$ (Fig5D). All the Swissnicesurvivedi.p infec-
tion with 10 tachyzoite®f the KO- ' strainfor atleas40dayswhile miceinfectedwith
thewild-type PruA straindied within around15daysInoculationof micewith ahigher
doseof parasiteg10°) confirmedthe defectin virulenceof KO " parasitegFig 5D).

To ascertairthattheobserved $$ phenotypes solelydueto thedisruption of the
locus wetried to complementhe KO-DegP' strainwith anadditionalcopyof the coding
sequencéAsall attemptsto geneticallicomplementhe mutant, usingdifferentstrategies
(randomintegrationinto the genometargetingthe UPRTlocus)anddifferentselectiommark-
ersfailed,weoptedfor analternativestrategyAs previouslymentioned disruption of the

locuswasobtainedby singlerecombinationandinsertionof alinear plasmidcontaining

the HXGPRTgene(Fig 1C). Thus,anotherstrategywasadoptedconsistingn the generation
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Fig 3. TgDegP is dispensable for in vitro and in vivo survival of the type | strain. (A) Size of the plaques resulting from the lysis
of host cells infected with RH (Ku80or KO-DegP' parasites and grown for seven days. A.U.: arbitrary units. Values represent
means “SEM, n = 3, from a representative experiment out of 3 independent assays (p = 0.095; unpaired t-test). (B) Intracellular
growth rate was assessed by counting the numbers of parasites per vacuole after 20 h infection of HFF cells with RH GKu80or KO-
DegP' parasites. Data Values represent means “SEM, n = 3, from a representative experiment out of 3 independent assays

(0.001 0.005; unpaired t-test). (C) Host cell invasion efficiencies of RH (iIKug0or KO-DegP' strains determined by a two-color
staining protocol that distinguishes intracellular from extracellular parasites. Data are mean values “ SEM determined by triplicate
assays, performed in three separate experiments (p = 0.75; unpaired t-test). (D) Mouse survival after i.p injection of 100 tachyzoites
of RH tIKu80or KO-DegP' parasites was monitored daily for 10 days. N = 13 mice for RH (Kug0and N = 15 mice for KO-DegP'
strains. Representative data out of 3 experiments. KO-DegP' strain is not statistically less virulent than RH GKu80(p = 0.27, by
Logrank test).

https://doi.0g/10.1371Hurnal.pon®189556.g003

of revertantparasiteshat havelosttheintegrativeplasmid(i.e reversion)andrestoredthe

locus.Expressiorof HXGPRTIn parasitegonfersresistancéo mycophenolicacid
(MPA) but becomedethalfor the parasitdn presencef 6-thioxanthine(Fig 6A), allowingto
selectrevertantin presencef 6-thioxanthine.To increasehe efficiencyof removingthe plas-
mid andHXGPRTcassettearasitesveretransfectedvith a pU6-Universalplasmid[25] con-
tainingthe Cas9-YFRinda20bp protospacesequencgargetingthe codingsequencef

%" (Fig 6A). Revertantloneswereselectedn presencef 300ug/ml of 6-thioxanthine
andtheir sensitivityto MPA-xanthinewasconfirmed.Therestorationof the locuswas
verifiedby PCR(Fig 6B)andthe expressiomf DegPwasconfirmedby immunofluorescence
(Fig 6D) andwesterrblot (Fig 6C) usinganti-DegPantibodiesIn mousemodel,wethensuc-
cessfullyshowedhatthe $$ virulenceof revertantwasfully restored(Fig 6E).
All togethertheseresultsclearlypointed on aspecificrole of DegPin virulenceof the

Prugniaudtypell strain.
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Fig 4. Expression of TgDegP in the type Il PruAKu80 strain. (A) Western blot detection of TgDegP in the Prugnaud strain (Pru), a
representative member of the Type Il Toxoplasma gondii genotype. Blot was revealed using the polyclonal anti-DegP antibody. Molecular
weights are indicated. Note that the intensity of the 40kDa band is faint the Pru GKu80 strain. (B) Immunofluorescence performed on

Pru 0Kug0 intracellular parasites using the anti-DegP and anti-ROP2 antibodies. As observed in the type | strain, TgDegP" colocalizes with
ROP2 in the bulb of the rhoptry. Parasite boundaries are represented by dashed lines. Scale bar =1 m. Western blot (C) and
immunofluorescence (D) performed on Pru (IKugd and KO-DegP" cell lines with the rat anti-TgDegP. The DegP labelling is absent in the
KO-DegP" transgenic parasites. Parasite boundaries are represented by dashed lines. Scale bar=1 m.

https:/Hoi.org/10.137/ournal.pon®189556.g004

Infection of immuno-deficient mice suggests a role for DegP" in immune
evasion

During infection, is known to modulatenumeroushostcellprocessesncluding
lipid metabolismprotein synthesisgellsignalingaminoacidmetabolismapoptosisaswellas
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Fig 5. Deletion of DegP in type Il strain affects the in vivo virulence of the parasite. (A) Confluent monolayers of human fibroblasts were infected
with Pru 0Ku80or KO-DegP" parasites and grown for seven days. Quantification of the size of the lysis plaques is shown in the graph. The size of the lysis
plaques is similar between control (Pru (iIKug0)and KO-DegP" strains. A.U.: arbitrary units. Values represent means “SEM, n = 3, from a representative
experiment out of two independent assays (p = 0.82; unpaired t-test). (B) Intracellular growth rate was assessed by counting the numbers of parasites per
vacuole after 20 hours infection of HFF cells with Pru (Ku80 or KO-DegP" parasites. Data Values represent means “SEM, n = 3, from a representative
experiment out of two independent assays (0.05 0. 1; unpaired t-test). (C) Host cell invasion efficiencies of RH (Ku80or KO-DegP" strains determined
by a two-color staining protocol that distinguishes intracellular from extracellular parasites. Data are mean values “ SEM determined by triplicate assays,
performed in two separate experiments (p = 0.48; unpaired t-test). (D) Mouse survival was monitored daily for 40 days after i.p injection of 10° or 10°
parasites of Pru 0Ku80 or KO-DegP" parasites. N = 10 mice per group. Representative data out of 2 experiments. The immune response of surviving
animals was tested by Western blotting against Pru (iKu80tachyzoite lysates. In Swiss mice, KO-DegP" strain is statistically less virulent than RH GKu80
(p 0.001, by Logrank test for10® and 10° i.p injections). (E) Mouse survival in immunodeficient NOG mice after i.p. injection of 10° parasites Pru GKu80 or
KO-DegP" parasites. N = 10 mice per group. Representative data out of 2 experiments. In NOG mice, the virulence of KO-DegP" and RH iKug0was not
statistically different (p = 0.146, by Logrank test).

https://da.org/10.1371durnal.pon®189556.9g08

theimmuneresponsdy secretingoarasiteeffectord31]. To further discriminatewhether
DegP' might playarolein the subversiorof hostcellprotectingimmune processesye used
immunodeficientmiceNOG. Thesemicearehomozygoudor the&'  mutationandwere
generatedy targeteddisruption of theinterleukin ()*+,"y geneSincethey-chainiscommon
to thereceptordor IL-2, IL-4, IL-7, IL-9, IL-15,andIL-21,NOG micelackB- and T-celldevel-
opment,haveimpairedmacrophag@and NK-cell functionsandhaveaseveregeductionin
interferon-y productionfrom dendritic cells[32]. Followinginfection of NOG micewith 10°
parasitesweobservedhe samerate of mortality of micewhethertheywereinfectedwith the
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Fig 6. The repair of the DegP locus in KO-DegP" restores virulence in mice. (A) Scheme depicting the strategy used to select parasites that have
removed by single recombination the knock-out plasmid in KO-DegP' cell line. The purple arrow indicates the site targeted to induce a double strand
break in HXGPRT locus using plasmid pU6-sgHXGPRT. In absence of donor fragment containing HXGPRT homology regions for double strand break
repair and culture in presence of 6-thioxanthine (selection for loss of HXGPRT gene), this strategy fosters the selection of single recombination event at
the DegP homology regions (in orange), and reconstitution of wild-type DegP locus. The promoter of TgDegP is represented by an arrow. Primers
ML871 and ML673 are used to check the interrupted DegP locus. Primers ML871 and ML1022 are used to control reversion of the mutation. ML673
hybridized to a sequence specific of the vector, ML871 is located in the 5’UTR of DegP (outside the cloned fragment in the integrative plasmid) and
ML1022 hybridized in exon 2 of DegP (outside the cloned fragment in the integrative plasmid). The solid arrows and the expected sizes of the fragments
are shown in italics. (B) PCR verification of the correct DegP locus in revertant. The recombined locus (specific amplification of a 707 bp fragment with
the primers ML673 and ML871) was detectable only in transgenic parasites KO-DegP", as shown by amplification of a 707 bp fragment with primers
ML871 and ML673. A fragment of 1492bp corresponding to the wild-type genomic locus is amplified in the parental strain Pru GKu8 and in the selected
revertant clone, but is absent in KO-DegP" strain. (C) Western blot and (D) Immunofluorescence performed on Pru (IKu8, KO-DegP" and revertant cell
lines with the rat anti-TgDegP antibodies and rabbit anti-ROP1 antibodies confirm the DegP labelling in revertant clone. Parasite boundaries are
represented by dashed lines. Scale bar=5 m. (E) Mouse survival after i.p injection of 10° parasites of Pru (1Ku80, KO-DegP" and revertant parasites
was monitored daily for 40 days. N = 9 mice for Pru GKug0, N = 11 mice for KO-DegP" and N = 10 for revertant strains. Representative data out of 2
experiments. The revertant parasites kill mice similar to wild-type Pru 0Ku80 strain.

https:/Hoi.org/10.137/ournal.pon®189556.9g006

wild-typeor KO- parasitegFig 5E).In conclusiontheseresultsshowedhat,in the
absencef an efficientimmune responseetting KO- parasiteshowthe sameability to
causdethalinfectionthan WT parasitesuggestinghat DegP' isimportant for virulencein a
fully immune competenenvironment.
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Discussion

To date two distincttypeof proteasebavebeendiscoveredn therhoptry bulb: asubtilisin-
like serineproteasé SUB2) [33] andaninsulinase-likegprotein namedToxolysin-1(TLN1)
[34] thatbelonggo the M16 metalloproteaséamily. As mostof the subtilisins, SUB2 is
autocatalyticallprocesse33] and hasbeenproposedo bethe maturaseof rhoptry proteins
[33,35],whilethefunction of TLN1 is unknown.A third proteasdelongingto Deg-likeserine
proteasefiadbeenfound in therhoptry proteome[28], but its formal associatiomwith the
organelleandits precisesub-compartmentocalizationweremissing.Here,weshowthat
DegP isarhoptry bulb protein and performacomparativéunctionalanalysidy generating
mutant harboringatruncatedversionof DegP(lackingthe proteaseand PDZ domains)in
bothtypel andtypell strains.We noticeanydefectin lytic cyclein absencef the proteasén
both strains,indicatingthat DegPdoesnot playanyrole for invasion replicationandegress
$ aspredictedby agenome-wideCRISPRscreenn which DegPdeletionwasfound neutral
for $ growthin fibroblastd36]. In contrastamarkeddefectin virulencefor KO-DegP
parasitesn atypell strainwasobservedn immune-competenmicewhereKO- ' para-
sitesfailedto establistalethalinfection $ $ . Whereasvewereunableto detectthetrun-
catedversionof DegPby westerrblotin KO- parasitegFig 2A) suggestinghatit is not
stablyexpressedt remainspossiblehat asmallproportion of truncatedDegPpatrticipatego
theobserved $$ phenotypeln themethodadoptedio generatehe KO-DegP theinsertion

of theintegrativevectoris susceptibléo disturbs neighboringgenesHowever jt seems
unlikely to bethe caseas proximalgenesarereportedto stronglyimpair $  growth
of . in fibroblastg36], a phenotypethatwedo not observedn both KO- para-

sitesInterestingly the lackof virulenceof KO-DegP parasitesvasnot observedn SCID
micewhereallimmunocompromisednicewerekilled by KO-DegP' atasimilarrateasWT
parasitesRatherthanadefectin virulencedueto nutrient limitation (asobservedor uracil
phosphoribosyltransferaseutant[37]), the ability of KO- parasiteso establistalethal
infectionin apermissivémmune environment(SCIDmice)suggestarole for DegP in the
complexmechanisnof resistancgo theimmune responseHow DegPexertsts functions
remainsto bedeterminedand severascenariosnight beenvisagedSimilarto mostof the
rhoptry proteinsstudiedsofar, DegPmight besecretednto the hostcellduring invasionand
targetahostcell pathwayWe wereunableto detectDegPpost-secretiotin the hostcelleither
byimmunofluorescencer by usingareportersystemadaptedor the detectionof
secretegbroteins[38], precludingto know the fateof DegPfollowing invasion.The possible
secretiorof DegPinto the hostcellsto actasan effectorper serequiresfurther investigations.
We cannotexcludethat DegPmight alsoplayanindirect role on rhoptry effectorsit couldbe
importantfor processingfunctionsandtrafficking of otherrhoptry proteinsor effectors.
SinceDegPproteinsarereportedto function both asmoleculamproteasesndchaperonegsee
Discussiorbelow),athird hypothesisouldbethat TgDegPfunctionsasa chaperonespecifi-
callyin the stressonditionsencountered $$ or in specificcelltype.Supportingthis
hypothesis,. homologoudDegP PfDegPhasbeenrecentlyproposedo confer
protectionagainsthermal/oxidativestres§39]. PfDegPexistsasacomplexwith parasite-
encodecheatshockprotein 70,iron superoxidedismutaseand enolasandits expressioris
significantlyinducedin parasitecultureupon heatshock/oxidativestressMore broadly,in
intracellularbacteriassuchas&.typhimurium,). - , and.. , #
mutantsshowincreasesensitivityto oxidativeagentdeadingto reducedsurvivalin macro-
phagesHence attenuatedirulenceof thesepathogenwill beattributedto adecreasedbility
to persistin the hostileenvironmentof macrophagesyhich like for a isfundamen-
tal to triggersuccessfuhfection[40,41].
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Degproteaseareahighly conservedamily of proteinsfrom bacteriato humancomposed
of aN-terminal proteaselomainandoneor two C-terminalPDZ domains.Theycanfunction
asbothamolecularproteaseandachaperonewithout anyrequirementfor ATP hydrolysis
[42]. Theswitchfrom molecularchaperondo proteasectivityis regulatedoy temperature
andalsoby substrateecognition[43,44].While the proteaselomainis requiredfor both pro-
teaseandchaperonectivities therole of the PDZ domainsis far lessunderstood.To date,
theyareproposedo playarolein substrateecognition[45]. DegP followsthe sameorgani-
zationasDegproteasesvith two PDZ domains.ThePDZ andthe proteasalomainsareidenti-
calbetweertypel andtypell strains.Howeverwedo observeehangestthe proteinlevel
post-processingith the fragmentcorrespondingo the catalyticdomain (40kDa fragment)
underrepresenteth the Prugniaudtypell straincomparedo thetypel strainRHA
Unfortunately,despitemultiple attemptswewereunableto complementhe strain eitherwith
aWT or aproteasaleadversionof DegPprecludinganyconclusionregardingtheimportance
of its proteasdunction. As DegP/HtrA proteasefarborsanallostericactivationmechanism
in otherorganismsit is possibleghatthe stoichiometrybetweerthe PDZ and catalytic
domainsis animportant parameteto regulatethe activity of the protein with the possibility
thatthefunction of DegP in typell strainmight residein the ‘noncatalyticPDZ domains.

Genomemining andmultiple sequencalignmentidentified homologsof DegP in most
Apicomplexajncluding! , , , and

. with the notableexceptionof rodentmalariaparasite$15]. Multiple copiesof trypsin
genesavebeenfoundin a and . Forinstance, contains
four -like gene{TGME49 26292(his study), TGME49 290840,GME49_ 277850,
TGME49_31829()nd . hastwo (Pf_MAL8P1.1Znamed DegP [39]) and
Pf_MALB8P1.98)Phylogenianalysisupportstwo differentevolutionaryoriginsfor these
trypsins.A group of apicomplexarirypsinsclusterswith plants,metazoarand cyanobacterial
trypsinsandcontains DegP (TGME49 262920 GME49_29084and DegP
(Pf_MALB8P1.12)thetwo copiesin arisingprobablyby geneduplication[15].
Sequencalignmentof Apicomplexatrypsinsrevealghe presencef alargeinsertionin the
centralregionof DegP, betweerthe proteaseindPDZ domains(S2AFig). Thisinsertionis
only presenin Coccidianparasitesandmoreoveris divergentbetweerspecie$S2BFig). For
instancetheinsertiondomainof! and areverydivergentwhereas DegP
and DegP sharethe mostconservednsertiondomain.We do not know therole of this
domainandif it mayimpacttheimmune-regulatoryfunction of DegP, butit istemptative
to speculaté¢hatthis insertionreflectsa speciedunctionaladaptationfor the hostinfected.So
far, studiesfocusingon strain-dependentirulencefactorshavehighlightedthat the difference
of virulenceobservedetweerstrainsis mainly dueto singlenucleotidepolymorphism(SNP)
or changesn thelevelof expressionBy comparingthe cDNA of TgDegPhetweertypel (RH)
andtypell (Pru) wefoundthat DegPharborsahigh degreeof conservatiorbetweerstrains
with the proteaseand PDZ domainsthat remainstrictly identicalwhile SNPcanbeonly found
in the sequencencodingfor signalpeptideandin theinsertionregionof TgDegPHowever,
it remainspossibleghat SNPresenin theinsertiondomaincontributesto the strain-depen-
dentfunction of DegP Another hypothesiss that the high degreeof virulenceof typel strain
maskeshe $$ phenotypeof KO- in micewhereashe moderatevirulenceof thetype
Il strainallowsthe visualizationof this phenotype.

DegP isthe closestrpysin-like proteasdoundin . ; despitea predictedsignal
peptide manyfeatureshowthattheyareverydivergent First,theyarenot associatewith the
samecompartmentWhile, DegPisarhoptry bulb protein,immunolocalization
of DegP in theasexuablood stage®f malariaparasitedoesnot indicatedanassociation
with rhoptry but ratherthat the proteases synthetizedduring trophozoitestage$26-30h;
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beforerhoptry biogenesisandappearso betransportedo the cytosolandmembranesurface
of infectedRBCsduring the latedevelopmentattage®f the parasite Secondye showedhat
DegPis subjecto proteolyticcleavag#hatlikely takesplacein therhoptry based
on precedenfor otherrhoptry proteins.Proteolyticmaturationof DegPproteasess uncon-
ventional,andseemdo not undergoin the . orthologue[39]. Finally,theinsertion
domainbetweerthetrypsinand PDZ domainsdoesnot existin PfDegR(S2AFig). Interest-
ingly, this extensiondoesnot existeitherin the duplicated a DegP-likegene
% 1/01,0 /, supportingtheideathat DegP might harborsamore similar architecture
with TGME49_29084thanwith DegP. In addition,the cellcycletime coursetranscription
of %1/01,0 /0 doesnot showthe typicalperiodicity of rhoptry proteins(ToxoDB.org)
[29], dismissinga potentialrhoptry localization.Theseobservationseflectthatthe two closest
DegP-likeproteinsof haveprobablydifferentlocationsandthenfunctions,
highlightingthe versatilityof rolesplayedby this proteasdamily.

Supporting information

S1 Fig. Generation of a DegP knock-out strain in PruAKu80 strain (KO-DegP"). (A) Strat-
egyand(B) PCRuverificationof the correctintegrationof the vectorby singlehomologous
recombinationatthe endogenous locusin PruA strain. TheprimersML673and
ML871areusedin this PCR.Therecombinedocuswasdetectabl@nly in transgenigarasites

KO- , asshownby a specificamplificationof a 707bp fragmentthatis not amplifiedin
theparentalstrain.
(TIF)

S2 Fig. Alignment of the DegP homologs found in other Apicomplexa or Coccidia. (A)
Localalignmentsgyeneratedetween DegP andhomologsfoundin Apicomplexa: DegP

(. TGME49_262920)DegP ( HHA 262920), DegP

( NCLIV_025000)! DegP (! ETH_00028355),DegP (. +
PF3D7_0807700%DegP(. $$ PVX_088155),- DegP (. - PCYB_

011950), DegP ( $ TPO1 0318),DegP ( $ BBOV_IV004330)B)

Localalignmentgyeneratedetween DegP andits closeshomologsfoundin Coccidia

! , and . Identicalaminoacidsare

highlightedin blackandsimilaraminoacidsareshadedn grey.Thecatalyticdomainandthe
two PDZ domainsarehighly conservedmongCoccidiawhereashe centralregionof the pro-
teinisthe mostdivergentpart.

(PDF)

Acknowledgments

WethankAli Hakimi for critical readingthe manuscript.Thanksto the Montpellier Rio Imag-
ing platform for providing acces$o their microscopesML is INSERMresearcher.

Author Contributions

Conceptualization: GaelleLentini, Hiba El Hajj, CatherineBraun-BretonMaryselLebrun.
Data curation: Maryselebrun.

Formal analysis: GaelleLentini, Hiba El Hajj, AlexanderW. Pfaff, MaryseLebrun.

Funding acquisition: Marysel.ebrun.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189556 December 15, 2017 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189556.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189556.s002
http://eupathdb.org/eupathdb/showRecord.do?name=GeneRecordClasses.GeneRecordClass&project_id=ToxoDB&source_id=ETH_00028355
http://eupathdb.org/eupathdb/showRecord.do?name=GeneRecordClasses.GeneRecordClass&project_id=PlasmoDB&source_id=PF3D7_0807700
http://eupathdb.org/eupathdb/showRecord.do?name=GeneRecordClasses.GeneRecordClass&project_id=PlasmoDB&source_id=PVX_088155
http://eupathdb.org/eupathdb/showRecord.do?name=GeneRecordClasses.GeneRecordClass&project_id=PlasmoDB&source_id=PCYB_011950
http://eupathdb.org/eupathdb/showRecord.do?name=GeneRecordClasses.GeneRecordClass&project_id=PlasmoDB&source_id=PCYB_011950
http://eupathdb.org/eupathdb/showRecord.do?name=GeneRecordClasses.GeneRecordClass&project_id=PiroplasmaDB&source_id=TP01_0318
http://eupathdb.org/eupathdb/showRecord.do?name=GeneRecordClasses.GeneRecordClass&project_id=PiroplasmaDB&source_id=BBOV_IV004330
https://doi.org/10.1371/journal.pone.0189556

Characterization of the rhoptry protease DegP in Toxoplasma gondii

Investigation: Hiba El Hajj, JulienPapoin,GamouFall, AlexandeiW. Pfaff,CatherineBraun-

Breton,Marysel.ebrun.

Methodology: GaelleLentini, Hiba El Hajj, JulienPapoin,GamouFall, AlexandeW. Pfaff,

Nadim Tawil, MaryseLebrun.

Supervision: MaryselLebrun.

Validation: Hiba El Hajj, Alexande\WV. Pfaff,MaryselLebrun.

Visualization: GaelleLentini, Hiba El Hajj, AlexanderW. Pfaff, Marysel.ebrun.

Writing - original draft: GaelleLentini, Hiba El Hajj.

Writing - review & editing: Marysel.ebrun.

References

1.

10.

11.

12

13.

14.

Khan A, Dubey JP, Su C, Ajioka JW, Rosenthal BM, et al. (2011) Genetic analyses of atypical Toxo-
plasma gondii strains reveal a fourth clonal lineage in North America. Int J Parasitol 41: 645—-655.
https://doi.org/10.1016/j.ijpara.2011.01.005 PMID: 21320505

Howe DK, Sibley LD (1995) Toxoplasma gondii comprises three clonal lineages: correlation of parasite
genotype with human disease. J Infect Dis 172: 1561-1566. PMID: 7594717

Su C, Khan A, Zhou P, Majumdar D, Ajzenberg D, et al. (2012) Globally diverse Toxoplasma gondii iso-
lates comprise six major clades originating from a small number of distinct ancestral lineages. Proc Natl
Acad SciU S A 109: 5844-5849. https://doi.org/10.1073/pnas.1203190109 PMID: 22431627

Lorenzi H, Khan A, Behnke MS, Namasivayam S, Swapna LS, et al. (2016) Local admixture of amplified
and diversified secreted pathogenesis determinants shapes mosaic Toxoplasma gondii genomes. Nat
Commun 7: 10147. https://doi.org/10.1038/ncomms 10147 PMID: 26738725

Melo MB, Jensen KD, Saeij JP (2011) Toxoplasma gondii effectors are master regulators of the inflam-
matory response. Trends Parasitol 27: 487—495. https://doi.org/10.1016/j.pt.2011.08.001 PMID:
21893432

Hunter CA, Sibley LD (2012) Modulation of innate immunity by Toxoplasma gondii virulence effectors.
Nat Rev Microbiol 10: 766—778. https://doi.org/10.1038/nrmicro2858 PMID: 23070557

Sibley LD, Boothroyd JC (1992) Virulent strains of Toxoplasma gondii comprise a single clonal lineage.
Nature 359: 82—85. https://doi.org/10.1038/359082a0 PMID: 1355855

Saeij JP, Coller S, Boyle JP, Jerome ME, White MW, et al. (2007) Toxoplasma co-opts host gene
expression by injection of a polymorphic kinase homologue. Nature 445: 324-327. https://doi.org/10.
1038/nature05395 PMID: 17183270

Saeij JP, Boyle JP, Coller S, Taylor S, Sibley LD, et al. (2006) Polymorphic secreted kinases are key vir-
ulence factors in toxoplasmosis. Science 314: 1780—1783. https://doi.org/10.1126/science.1133690
PMID: 17170306

Rosowski EE, Lu D, Julien L, Rodda L, Gaiser RA, et al. (2011) Strain-specific activation of the NF-kap-
paB pathway by GRA15, a novel Toxoplasma gondii dense granule protein. J Exp Med 208: 195-212.
https://doi.org/10.1084/jem.20100717 PMID: 21199955

Taylor S, Barragan A, Su C, Fux B, Fentress SJ, et al. (2006) A secreted serine-threonine kinase deter-
mines virulence in the eukaryotic pathogen Toxoplasma gondii. Science 314: 1776—1780. https://doi.
org/10.1126/science.1133643 PMID: 17170305

Shastri AJ, Marino ND, Franco M, Lodoen MB, Boothroyd JC (2014) GRA25 is a novel virulence factor
of Toxoplasma gondii and influences the host immune response. Infect Immun 82: 2595-2605. https://
doi.org/10.1128/1A1.01339-13 PMID: 24711568

Bougdour A, Durandau E, Brenier-Pinchart MP, Ortet P, Barakat M, et al. (2013) Host cell subversion
by Toxoplasma GRA16, an exported dense granule protein that targets the host cell nucleus and alters
gene expression. Cell Host Microbe 13: 489-500. https://doi.org/10.1016/j.chom.2013.03.002 PMID:
23601110

Braun L, Brenier-Pinchart MP, Yogavel M, Curt-Varesano A, Curt-Bertini RL, et al. (2013) A Toxo-
plasma dense granule protein, GRA24, modulates the early immune response to infection by promoting
a direct and sustained host p38 MAPK activation. J Exp Med 210: 2071-2086. https://doi.org/10.1084/
jem.20130103 PMID: 24043761

PLOS ONE | https://doi.org/10.1371/journal.pone.0189556 December 15, 2017 18/20


https://doi.org/10.1016/j.ijpara.2011.01.005
http://www.ncbi.nlm.nih.gov/pubmed/21320505
http://www.ncbi.nlm.nih.gov/pubmed/7594717
https://doi.org/10.1073/pnas.1203190109
http://www.ncbi.nlm.nih.gov/pubmed/22431627
https://doi.org/10.1038/ncomms10147
http://www.ncbi.nlm.nih.gov/pubmed/26738725
https://doi.org/10.1016/j.pt.2011.08.001
http://www.ncbi.nlm.nih.gov/pubmed/21893432
https://doi.org/10.1038/nrmicro2858
http://www.ncbi.nlm.nih.gov/pubmed/23070557
https://doi.org/10.1038/359082a0
http://www.ncbi.nlm.nih.gov/pubmed/1355855
https://doi.org/10.1038/nature05395
https://doi.org/10.1038/nature05395
http://www.ncbi.nlm.nih.gov/pubmed/17183270
https://doi.org/10.1126/science.1133690
http://www.ncbi.nlm.nih.gov/pubmed/17170306
https://doi.org/10.1084/jem.20100717
http://www.ncbi.nlm.nih.gov/pubmed/21199955
https://doi.org/10.1126/science.1133643
https://doi.org/10.1126/science.1133643
http://www.ncbi.nlm.nih.gov/pubmed/17170305
https://doi.org/10.1128/IAI.01339-13
https://doi.org/10.1128/IAI.01339-13
http://www.ncbi.nlm.nih.gov/pubmed/24711568
https://doi.org/10.1016/j.chom.2013.03.002
http://www.ncbi.nlm.nih.gov/pubmed/23601110
https://doi.org/10.1084/jem.20130103
https://doi.org/10.1084/jem.20130103
http://www.ncbi.nlm.nih.gov/pubmed/24043761
https://doi.org/10.1371/journal.pone.0189556

Characterization of the rhoptry protease DegP in Toxoplasma gondii

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Arenas AF, Osorio-Mendez JF, Gutierrez AJ, Gomez-Marin JE (2010) Genome-wide survey and evolu-
tionary analysis of trypsin proteases in apicomplexan parasites. Genomics Proteomics Bioinformatics
8: 103—112. https://doi.org/10.1016/S1672-0229(10)60011-3 PMID: 20691395

El Hajj H, Ali J, Ghantous A, Hodroj D, Daher A, et al. (2013) Combination of arsenic and interferon-
alpha inhibits expression of KSHV latent transcripts and synergistically improves survival of mice with
primary effusion lymphomas. PLoS One 8: €79474. https://doi.org/10.1371/journal.pone.0079474
PMID: 24250827

Fox BA, Falla A, Rommereim LM, Tomita T, Gigley JP, et al. (2011) Type Il Toxoplasma gondii KU80
knockout strains enable functional analysis of genes required for cyst development and latent infection.
Eukaryot Cell 10: 1193—-1206. https://doi.org/10.1128/EC.00297-10 PMID: 21531875

Huynh MH, Carruthers VB (2009) Tagging of endogenous genes in a Toxoplasma gondii strain lacking
Ku80. Eukaryot Cell 8: 530-539. https://doi.org/10.1128/EC.00358-08 PMID: 19218426

Lentini G, Kong-Hap M, El Hajj H, Francia M, Claudet C, et al. (2015) Identification and characterization
of Toxoplasma SIP, a conserved apicomplexan cytoskeleton protein involved in maintaining the shape,
motility and virulence of the parasite. Cell Microbiol 17: 62—78. https://doi.org/10.1111/cmi.12337
PMID: 25088010

Couvreur G, Sadak A, Fortier B, Dubremetz JF (1988) Surface antigens of Toxoplasma gondii. Parasi-
tology 97 (Pt 1): 1-10.

Lamarque MH, Roques M, Kong-Hap M, Tonkin ML, Rugarabamu G, et al. (2014) Plasticity and redun-
dancy among AMA-RON pairs ensure host cell entry of Toxoplasma parasites. Nat Commun 5: 4098.
https://doi.org/10.1038/ncomms5098 PMID: 24934579

Bastin P, Bagherzadeh Z, Matthews KR, Gull K (1996) A novel epitope tag system to study protein tar-
geting and organelle biogenesis in Trypanosoma brucei. Mol Biochem Parasitol 77: 235-239. PMID:
8813669

Besteiro S, Michelin A, Poncet J, Dubremetz JF, Lebrun M (2009) Export of a Toxoplasma gondii rhop-
try neck protein complex at the host cell membrane to form the moving junction during invasion. PLoS
Pathog 5: €1000309. https://doi.org/10.1371/journal.ppat. 1000309 PMID: 19247437

Daher W, Klages N, Carlier MF, Soldati-Favre D (2012) Molecular characterization of Toxoplasma gon-
dii formin 3, an actin nucleator dispensable for tachyzoite growth and motility. Eukaryot Cell 11: 343—
352. https://doi.org/10.1128/EC.05192-11 PMID: 22210829

Sidik SM, Hackett CG, Tran F, Westwood NJ, Lourido S (2014) Efficient genome engineering of Toxo-
plasma gondii using CRISPR/Cas9. PLoS One 9: e100450. https://doi.org/10.1371/journal.pone.
0100450 PMID: 24971596

El Hajj H, Papoin J, Cerede O, Garcia-Reguet N, Soete M, et al. (2008) Molecular signals in the traffick-
ing of Toxoplasma gondii protein MIC3 to the micronemes. Eukaryot Cell 7: 1019-1028. https://doi.org/
10.1128/EC.00413-07 PMID: 18390648

Cerede O, Dubremetz JF, Soete M, Deslee D, Vial H, et al. (2005) Synergistic role of micronemal pro-
teins in Toxoplasma gondii virulence. J Exp Med 201: 453—-463. https://doi.org/10.1084/jem.20041672
PMID: 15684324

Bradley PJ, Ward C, Cheng SJ, Alexander DL, Coller S, et al. (2005) Proteomic analysis of rhoptry
organelles reveals many novel constituents for host-parasite interactions in Toxoplasma gondii. J Biol
Chem 280: 34245-34258. https://doi.org/10.1074/jbc.M504158200 PMID: 16002398

Behnke MS, Wootton JC, Lehmann MM, Radke JB, Lucas O, et al. (2010) Coordinated progression
through two subtranscriptomes underlies the tachyzoite cycle of Toxoplasma gondii. PLoS One 5:
e12354. https://doi.org/10.1371/journal.pone.0012354 PMID: 20865045

Lebrun M, Carruthers VB, Cesbron-Delauw MF (2012) Toxoplasma Secretory Proteins and Their Roles
in Cell Invasion and Intracellular Survival. in Toxoplasma gondii: The Model Apicomplexan-Perspec-
tives and Methods Ed Weiss L M and Kim K: 389-453.

Blader IJ, Manger ID, Boothroyd JC (2001) Microarray analysis reveals previously unknown changes in
Toxoplasma gondii-infected human cells. J Biol Chem 276: 24223-24231. https://doi.org/10.1074/jbc.
M100951200 PMID: 11294868

Ito M, Hiramatsu H, Kobayashi K, Suzue K, Kawahata M, et al. (2002) NOD/SCID/gamma(c)(null)
mouse: an excellent recipient mouse model for engraftment of human cells. Blood 100: 3175-3182.
https://doi.org/10.1182/blood-2001-12-0207 PMID: 12384415

Miller SA, Thathy V, Ajioka JW, Blackman MJ, Kim K (2003) TgSUB2 is a Toxoplasma gondii rhoptry
organelle processing proteinase. Mol Microbiol 49: 883—-894. PMID: 12890015

Hajagos BE, Turetzky JM, Peng ED, Cheng SJ, Ryan CM, et al. (2012) Molecular dissection of novel

trafficking and processing of the Toxoplasma gondii rhoptry metalloprotease toxolysin-1. Traffic 13:
292-304. https://doi.org/10.1111/j.1600-0854.2011.01308.x PMID: 22035499

PLOS ONE | https://doi.org/10.1371/journal.pone.0189556 December 15, 2017 19/20


https://doi.org/10.1016/S1672-0229(10)60011-3
http://www.ncbi.nlm.nih.gov/pubmed/20691395
https://doi.org/10.1371/journal.pone.0079474
http://www.ncbi.nlm.nih.gov/pubmed/24250827
https://doi.org/10.1128/EC.00297-10
http://www.ncbi.nlm.nih.gov/pubmed/21531875
https://doi.org/10.1128/EC.00358-08
http://www.ncbi.nlm.nih.gov/pubmed/19218426
https://doi.org/10.1111/cmi.12337
http://www.ncbi.nlm.nih.gov/pubmed/25088010
https://doi.org/10.1038/ncomms5098
http://www.ncbi.nlm.nih.gov/pubmed/24934579
http://www.ncbi.nlm.nih.gov/pubmed/8813669
https://doi.org/10.1371/journal.ppat.1000309
http://www.ncbi.nlm.nih.gov/pubmed/19247437
https://doi.org/10.1128/EC.05192-11
http://www.ncbi.nlm.nih.gov/pubmed/22210829
https://doi.org/10.1371/journal.pone.0100450
https://doi.org/10.1371/journal.pone.0100450
http://www.ncbi.nlm.nih.gov/pubmed/24971596
https://doi.org/10.1128/EC.00413-07
https://doi.org/10.1128/EC.00413-07
http://www.ncbi.nlm.nih.gov/pubmed/18390648
https://doi.org/10.1084/jem.20041672
http://www.ncbi.nlm.nih.gov/pubmed/15684324
https://doi.org/10.1074/jbc.M504158200
http://www.ncbi.nlm.nih.gov/pubmed/16002398
https://doi.org/10.1371/journal.pone.0012354
http://www.ncbi.nlm.nih.gov/pubmed/20865045
https://doi.org/10.1074/jbc.M100951200
https://doi.org/10.1074/jbc.M100951200
http://www.ncbi.nlm.nih.gov/pubmed/11294868
https://doi.org/10.1182/blood-2001-12-0207
http://www.ncbi.nlm.nih.gov/pubmed/12384415
http://www.ncbi.nlm.nih.gov/pubmed/12890015
https://doi.org/10.1111/j.1600-0854.2011.01308.x
http://www.ncbi.nlm.nih.gov/pubmed/22035499
https://doi.org/10.1371/journal.pone.0189556

Characterization of the rhoptry protease DegP in Toxoplasma gondii

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Bradley PJ, Boothroyd JC (1999) Identification of the pro-mature processing site of Toxoplasma ROP1
by mass spectrometry. Mol Biochem Parasitol 100: 103—109. PMID: 10376998

Sidik SM, Huet D, Ganesan SM, Huynh MH, Wang T, et al. (2016) A Genome-wide CRISPR Screen in
Toxoplasma Identifies Essential Apicomplexan Genes. Cell 166: 1423—-1435.e1412. https://doi.org/10.
1016/j.cell.2016.08.019 PMID: 27594426

Fox BA, Bzik DJ (2002) De novo pyrimidine biosynthesis is required for virulence of Toxoplasma gondii.
Nature 415: 926-929. https://doi.org/10.1038/415926a PMID: 11859373

Lodoen MB, Gerke C, Boothroyd JC (2010) A highly sensitive FRET-based approach reveals secretion
of the actin-binding protein toxofilin during Toxoplasma gondii infection. Cell Microbiol 12: 55—66.
https://doi.org/10.1111/j.1462-5822.2009.01378.x PMID: 19732057

Sharma S, Jadli M, Singh A, Arora K, Malhotra P (2014) A secretory multifunctional serine protease,
DegP of Plasmodium falciparum, plays an important role in thermo-oxidative stress, parasite growth
and development. FEBS J 281: 1679-1699. https://doi.org/10.1111/febs.12732 PMID: 24494818

Wilson RL, Brown LL, Kirkwood-Watts D, Warren TK, Lund SA, et al. (2006) Listeria monocytogenes
10403S HtrA is necessary for resistance to cellular stress and virulence. Infect Immun 74: 765-768.
https://doi.org/10.1128/1A1.74.1.765-768.2006 PMID: 16369036

Yamamoto T, Hanawa T, Ogata S, Kamiya S (1997) The Yersinia enterocolitica GsrA stress protein,
involved in intracellular survival, is induced by macrophage phagocytosis. Infect Immun 65: 2190—
2196. PMID: 9169750

Clausen T, Southan C, Ehrmann M (2002) The HtrA family of proteases: implications for protein compo-
sition and cell fate. Mol Cell 10: 443—-455. PMID: 12408815

Krojer T, Sawa J, Schafer E, Saibil HR, Ehrmann M, et al. (2008) Structural basis for the regulated pro-
tease and chaperone function of DegP. Nature 453: 885—-890. https://doi.org/10.1038/nature07004
PMID: 18496527

Jiang J, Zhang X, Chen 'Y, Wu'Y, Zhou ZH, et al. (2008) Activation of DegP chaperone-protease via for-
mation of large cage-like oligomers upon binding to substrate proteins. Proc Natl Acad Sci U S A 105:
11939-11944. https://doi.org/10.1073/pnas.0805464105 PMID: 18697939

Chien J, Ota T, Aletti G, Shridhar R, Boccellino M, et al. (2009) Serine protease HtrA1 associates with
microtubules and inhibits cell migration. Mol Cell Biol 29: 4177—-4187. https://doi.org/10.1128/MCB.
00035-09 PMID: 19470753

PLOS ONE | https://doi.org/10.1371/journal.pone.0189556 December 15, 2017 20/20


http://www.ncbi.nlm.nih.gov/pubmed/10376998
https://doi.org/10.1016/j.cell.2016.08.019
https://doi.org/10.1016/j.cell.2016.08.019
http://www.ncbi.nlm.nih.gov/pubmed/27594426
https://doi.org/10.1038/415926a
http://www.ncbi.nlm.nih.gov/pubmed/11859373
https://doi.org/10.1111/j.1462-5822.2009.01378.x
http://www.ncbi.nlm.nih.gov/pubmed/19732057
https://doi.org/10.1111/febs.12732
http://www.ncbi.nlm.nih.gov/pubmed/24494818
https://doi.org/10.1128/IAI.74.1.765-768.2006
http://www.ncbi.nlm.nih.gov/pubmed/16369036
http://www.ncbi.nlm.nih.gov/pubmed/9169750
http://www.ncbi.nlm.nih.gov/pubmed/12408815
https://doi.org/10.1038/nature07004
http://www.ncbi.nlm.nih.gov/pubmed/18496527
https://doi.org/10.1073/pnas.0805464105
http://www.ncbi.nlm.nih.gov/pubmed/18697939
https://doi.org/10.1128/MCB.00035-09
https://doi.org/10.1128/MCB.00035-09
http://www.ncbi.nlm.nih.gov/pubmed/19470753
https://doi.org/10.1371/journal.pone.0189556

