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Abstract

At the crossroad between the NF-��B and the MAPK pathways, the ternary complex com-

posed of p105, ABIN2 and TPL2 is essential for the host cell response to pathogens. The

matrix protein (M) of field isolates of rabies virus was previously shown to disturb the signal-

ing induced by RelAp43, a NF-��B protein close to RelA/p65. Here, we investigated how the

M protein disturbs the NF-��B pathway in a RelAp43-dependant manner and the potential

involvement of the ternary complex in this mechanism. Using a tandem affinity purification

coupled with mass spectrometry approach, we show that RelAp43 interacts with the p105-

ABIN2-TPL2 complex and we observe a strong perturbation of this complex in presence of

M protein. M protein interaction with RelAp43 is associated with a wide disturbance of NF-

��B signaling, involving a modulation of I��B�.-, I��B��-, and I��B�0-RelAp43interaction and a

favored interaction of RelAp43 with the non-canonical pathway (RelB and p100/p52). Moni-

toring the interactions between host and viral proteins using protein-fragment complementa-

tion assay and bioluminescent resonance energy transfer, we further show that RelAp43 is

associated to the p105-ABIN2-TPL2 complex as RelAp43-p105 interaction stabilizes the

formation of a complex with ABIN2 and TPL2. Interestingly, the M protein interacts not only

with RelAp43 but also with TPL2 and ABIN2. Upon interaction with this complex, M protein

promotes the release of ABIN2, which ultimately favors the production of RelAp43-p50 NF-

��B dimers. The use of recombinant rabies viruses further indicates that this mechanism

leads to the control of IFN��, TNF and CXCL2 expression during the infection and a high

pathogenicity profile in rabies virus infected mice. All together, our results demonstrate the

important role of RelAp43 and M protein in the regulation of NF-��B signaling.
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Author summary

Rabiesvirusisarecurringzoonosisresponsiblefor about60,000deathsperyear.A key
featureof rabiesvirus is its stealth,allowingit to spreadwithin thehostandescapethe
immuneresponse.To do so,rabiesvirusdevelopedseveralmechanisms,includingathor-
oughinterferencewith cellsignalingpathways.Here,wefocusedour attentionon the
molecularaspectsof rabiesvirusescapeto theNF-��B pathwaythroughtheinteraction
betweentheM proteinandtheNF-��BproteinRelAp43.Monitoring closerangeinterac-
tions,wefound thatRelAp43playsanimportant role in thestabilizationof thep105-
ABIN2-TPL2complex,which isessentialin theregulationof bothNF-��B andMAPK
pathways,andwebroughtanewinsighton thedynamicswithin thehostproteincomplex.
Theseresultswereconfirmedin living cellsandin mice.Overall,our datasuggestthat
rabiesvirus interferencewith thep105-ABIN2-TPL2complexisacornerstoneof its
stealthstrategyto escapetheimmuneresponse.

Introduction
Dependingon specificstimuli, thetranscriptionfactorsof theNF-��B familyaremajor regula-
torsof cellularphysiology.Theyregulateapoptosis,cellsurvival,proliferationandimmune
response,whichrequireseachstepof thecellsignalingcascadeto behighly regulated[1]. The
NF-��B family isconstitutedof 3 proteinswith atransactivationdomain(TAD): RelA(p65),
cRelandRelBand3 proteinslackingaTAD: p105/p50(NF-��B1),p100/p52(NF-��B2)and
RelAp43,asixthmemberof theNF-��B familyandsplicingvariantof RelA[2]. All thesepro-
teinsshareaRelHomologyDomain(RHD) involvedin dimerization,DNA- andI��B binding.
TheNF-��B pathwayisdividedin acanonicalpathway,whichmostlyrelieson RelA-p105/p50
dimers,andanon-canonicalpathwayinvolvingRelB-p100/p52dimers.Upon activationof the
cascade,theI��B kinase(IKK) complexisphosphorylatedandinducesthephosphorylationof
I��B proteins,suchasI��B�� or I��B��, leadingto their ubiquitination anddegradationby thepro-
teasome.Similarly,p100andp105,actingbothasprecursorsandinhibitors,arephosphory-
latedandcleavedinto maturatedp52andp50uponIKK activation.Therefore,NF-��B dimers
arereleasedfrom their inhibitors andfreeto translocateinto thenucleusto regulatethe
expressionof their targetgenes.

Interestingly,apoolof p105isalsoforming acomplexwith theA20-bindinginhibitor of
NF-��B activation2 (ABIN2) andtheTumor progressionlocus2 (TPL2).BothABIN2 and
TPL2interactwith theC-terminal(C-ter) halfof p105andnot with p50[3]. TPL2,stabilized
andinhibited byp105,isakeyMAP3K involvedin theactivationof theimmuneresponse
mediatedby theMAPK pathwaythroughdownstreamkinasesMEK1/2andERK1/2.ABIN2 is
essentialto maintainsteady-stateTPL2levels,sothat in ABIN2 depletedcells,theactivationof
downstreamERKis reducedunderstimulation[4]. TPL2inducestheNF-��B pathwaywithout
prior stimulationin ap105-dependantmanner[5], increasingtheproductionof p50andits
translocationin thenucleustogetherwith RelA,therebyactivatingNF-��B-responsivereporter
genes.Interestingly,TPL2phosphorylatesp105atdifferentsitescomparedto IKK andis
autophosphorylatedin unstimulatedcells[6]. It hasbeensuggestedthatTPL2promotesthe
full processingof p105by theproteasome,releasingindependentNF-��B dimerswhilemain-
taining theoverallrateof p50production.Indeed,TPL2couldmodulatetheNF-��B pathway
whilebeingassociatedto arestrictedpoolof p105forming thecoreof high-molecular-weight
regulatorycomplexes[3,7].Finally,uponIKK activation,p105isphosphorylatedby theregu-
latoryIKK�/NEMO subunitandABIN2 is releasedfrom thecomplextogetherwith TPL2,
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whichonceliberated,canactivatetheERK/MAPKpathway.This ternarycomplexthenestab-
lishesanintersectionstepbetweenbothNF-��BandMAPK pathways,notablyinvolvedin the
regulationof ����, �����, 	��, ���
 or ������ [8,9],constitutingatargetof choicefor
immuneescapebyvirusessuchas���������, theagentsof rabies.

Lyssavirusesarealreadyknownto interferewith severalsignalingpathways[10]. Oneof the
5proteinscodedby thelyssavirusgenome,thephosphoprotein(P) inhibits both theIRFs[11]
andtheJAK-STATpathways[12] throughamechanismconservedacrossthe��������� genus
[13]. Anotherviral protein,thematrix protein (M), isasmallpleiotropicprotein forming olig-
omersandinvolvedin variousfunctionssuchasstructuralorganizationof theviral particleor
potentiallyin theformationof viral inclusions[14,15].First involvedin thedysregulationof
cellhomeostasisandinduction of celldeath[16±18],theM proteinhasbeenalsoshownto be
associatedwith theinhibition of theNF-��B pathwaythroughaninteractionwith RelAp43
[2,19].Interestingly,only theM proteinof field rabiesvirus(RABV) isolatessuchastheThai-
landstrain(MTha) wasshownto interactwith RelAp43,comparedto attenuatedviral strains
suchasthevaccinalPV or SADvirus(MSAD). Recently,4 residuesof theM protein (position
77,100,104,110)wereshownto beinvolvedin theinteractionof MThawith theC-terpartof
RelAp43andlinked to thecontrol of theexpressionof RelAp43-dependant genes[19].

Herewefurther characterizethemodulationof theNF-��BnetworkmediatedbyRelAp43
andtheroleof MTha in theformationof RelAp43-p50dimersthroughits interactionwith a
complexformedbyRelAp43,NF-��B1(p105/p50),ABIN2 andTPL2(RNAT). Interestingly,
althoughMTha, MSADandMTh4M (adefectivemutant)areinteractingwith thecomplex,we
candistinguishseveralprofilesof interaction.All M proteinscaninteractwith TPL2,but only
MThahasastronginteractionfor bothRelAp43andABIN2.Therebyonly theMThaprotein
andThavirusareableto affectNF-��B signalingleadingto thecontrol of thehostresponseto
theinfection.Takentogether,our databring newinsightin theNF-��B pathwayandparticu-
larly on thep105-ABIN2-TPL2complex,sheddinglight on theroleof thematrix proteinon
cellsignalingandon viral immuneevasion.

Results

Mapping of RelAp43 interactors highlights an important modulation of
the NF-��B network by MTha and identification of ABIN2 as a major target
of MTha

UsingRelAp43asbait in atandemaffinity purification (TAP) assayassociatedwith alabel-
freequantitativeproteomicsapproach,weidentified329proteinsand49of themwereshown
to besignificantlyinteracting±directlyor notÐwith RelAp43(S1Fig).For38of theseproteins,
theinteractionwith RelAp43wasobservedto bemodulated(5 decreasedand33increased)in
thepresenceof MTha. Thenetworkof RelAp43interactomewasbuild basedon hits identified
afterRelAp43purification (S2Fig),revealinghighly intra- andinter-connectedclustersof pro-
tein.BesidestheNF-��B pathway,RelAp43appearsto form complexeswith proteinsinvolved
in geneexpressionregulation(mRNA splicing,nucleoplasm),proteinexpressionregulation
(translation,ubiquitin-proteasome)or theregulationof protein localization(cytoskeleton,
nucleartransport).

Asexpectedfrom previouswork on RelAp43[2], in absenceof MThaour approachledusto
identify all knownNF-��B proteinsexceptRelA,aswellasI��B�� andthetwo othermajormem-
bersof theI��B proteins:I��Bû andI��B�� (in bluein Fig1A left).Thelackof RelAidentification
canbeexplained(1) by thecommonRHD of RelAandits overexpressedvariantRelAp43
whichareundistinguishableand(2) by thepresenceof only 2Lysand1Arg in the207residues
constitutingthespecificC-tersequenceof RelA,whichstronglyimpairsits capacityto be
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Fig 1. Mapping of RelAp43 interactor s by MS and identific ation of the p105-ABIN2-TPL2 complex as a major
target of MTha. A. Volcano plot of FG-RelAp43 vs FG with V5-CAT (left panel) and FG-RelAp43 vs FG with V5-MTha

(right panel). HeLa cells were co-transfected with 2 plasmids expressing FG or FG-RelAp43 and V5-CAT or V5-MTha.
After 24h, 30 ��g of protein were purified by TAP and analyzed by MS. The Log2(FG-RelAp43/FG) in X-axis was obtained
by a two-sample test, comparing the LFQ between FG-RelAp43 and the control FG. The Log(pValue) in Y-axis was
obtained by a multi-sample test, determining if any of the means of several groups are different from each other. Each spot
represent a protein significantly identified with RelAp43 (black spot) or failing the statistical analysis (grey spot). The doted
lines represent the thresholds for a FDR determined at 5%. Colored spots highlight the proteins of interest (see B). B. LFQ
values of the proteins of interest highlighted in (A) and ratio of LFQ values between FG-RelAp43/CAT and FG-RelAp43/
MTha. C. The presence of the transfected FLAG- and V5-tagged proteins as well as the endogenous p105/p50 proteins in
the input and output were revealed by western blot. The results presented are 2 experiments representative of 4 replicates.
The ªIgHºband corresponds to the immunoglobulin heavy chain from the antibodies used in the TAP experiment.

https://doi.org/10.1371/journal.ppat.1006697.g001
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detectedbymassspectrometry(MS)converselyto thespecificC-terpartof RelAp43(S3Fig).
Nevertheless,p100/p52,andp105/p50werequantifiedassomeof themostimportant partners
of RelAp43(Fig1A left panel,1B).In addition to the49proteinssignificantlyinteractingwith
RelAp43,manyotherproteinsincluding5NF-��B / I��B proteinswereidentifiedbut failedthe
statisticaltest(Fig1A),mostlikely dueto thelow intensityof detectedpeptides,andcould
nonethelessbeconfidentlyconsideredin further investigation(S2Fig).While theinteraction
of cRelandp105/p50with RelAp43isnot modulatedbyMTha, I��Bû interactionwith RelAp43
is reducedbyafactorof 3 in thepresenceof MTha(Fig1A right panel,1B).Furthermore,I��B��,
p100/p52,RelBandI��B�� exhibitedanincreasedinteractionwith RelAp43byafactorof 3 to 7
in thepresenceof MTha, RelBandI��B�� becomingsignificantlymorepresent.Hence,wecan
observethatMTha inducedastrongreorganizationof theinteractionprofilesof RelAp43with
theNF-��B andI��B proteins.Indeed,MTha ledto anincreasedinteractionbetweenRelAp43
andRelBandp100/p52,partof thenon-canonicalpathwayandaswellasachangein its asso-
ciationwith theregulatoryproteinsI��B��, I��Bû andp100.

Moreover,weidentified2 proteinsthatareknownto form aregulatorycomplexwith p105:
ABIN2 andTPL2(S2Fig),forming anintersectionstepbetweentheNF-��B andtheMAPK
pathways[3]. Thevolcanoplot (Fig1A left panel)showsthatasidefrom p105/p50andp100/
p52,ABIN2 wasoneof themostsignificantproteinsinteractingwith RelAp43in theabsence
of MTha. However,ABIN2-RelAp43interactionis reducedtenfoldin thepresenceof MTha

(fallingunderthecutoffof 5%FDR)converselyto p105/p50whichinteractionremainedsimi-
lar (Fig1B,S2).It isworth to notethat theinteractionof TPL2with RelAp43,wasfound to be
increasedbyafactorof 4 in thepresenceof MTha(Fig1 right panel,1B).Therefore,wedecided
to focusour work on theregulatoryroleof ABIN2 in aRNAT complex,andon deciphering
howtheactivityof thiscomplexcouldbemodulatedby theM proteinof Thavirus.

MTha favors the formation of RelAp43-p50 dimers
AsTPL2isknown to regulatetheprocessingof p105andactivationof NF-��B [5], andas
ABIN2 inhibits NF-��B pathwayandstabilizesTPL2,welookedin thepresenceof MTha for an
evidenceof themodificationof RelAp43interactionswith p105andp50.

To thisaim,weusedthesamplespurified byTAPandanalyzedbyMS.In thewholecell
extractcontrolsprior to theTAP(input), thequantityof p50revealedbywesternblot isequal
or slightlyhigherthanthatof p105(Fig1C)regardlessof thepresenceof RelAp43andMTha.
In theabsenceof MTha(output), thequantityof p50is inferior to thequantityof p105when
p105/p50ispurified alongsidewith RelAp43.Interestingly,thequantityof p50co-purified
with RelAp43issignificantlyhigherin thepresenceof MTha, similar to thequantityof p105.

Altogethertheseresultsshowedaroleof MTha in themodulationof thecompositionof a
RNAT complex,resultingin theformationof RelAp43-p50dimers.

Characterization of the interactions between RelAp43, p105, ABIN2 and
TPL2
To further confirm theexistenceof aRNAT complex,weusedprotein-proteininteraction
(PPI)assayssuchasbioluminescenceresonanceenergytransfer(BRET)andprotein-fragment
complementationassay(PCA).

BRETenablesidentificationin living cellsof anyinteractionoccurringbelowa10nm
radius.STAT1,aprotein from theJAK-STATpathwaywhichisnot interactingwith p50,was
usedasanegativecontrol (Fig2A).Asit interactswith RelAp43but not with ABIN2 nor TPL2
(Fig2A),p50wasalsousedasacontrol.All negativecontrolswereusedto determineathresh-
old basedon athreestandarddeviationsof themean(3SD).Hence,althoughtheBRETsignal
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of eachinteractionappearedto vary,with strongersignalfor p105-RelAp43,p50-RelAp43and
TPL2-ABIN2(netBRET>0.05)thanp105-ABIN2,p105-TPL2,RelAp43-TPL2andRelA-
p43-ABIN2(netBRET<0.05),overallall combinationsof interactionwithin thecomplex
RNAT showedapositiveresult(Fig2A).

Wenextstudytheinteractionbetweenthe4 RNAT partnersusingPCA(Fig2B±2G).In
comparisonto BRET,hereonly RelAp43-p105andp105-TPL2interactions(stablelogNLR
abovethe0.54threshold)weresignificant(Fig2Band2C).Thisresultcanbeexplainedby the
highstringencyrequiredfor themolecularcomplementationduring PCAcomparedto the
moreflexibleresonanceenergytransferperformedatnanometricdistanceswith BRET.

In orderto studymorepreciselythehierarchicalinteractionswithin theRNAT complex,
weusedPCAin thecontextof anotherthird overexpressedprotein (Fig2B±2G).In thesecon-
ditions,wefound that theRelAp43-p105interactionwasnot modifiedbyABIN2 nor TPL2
(Fig2B).Similarly,ahigh levelof interactionwasobservedwith p105-TPL2(Fig2C),but in
thiscase,it wassignificantlyenhancedbyRelAp43(logNLRof 1.99insteadof 1.67with the
control CAT). This ismorein favorof amodificationof thep105-TPL2complexinducedby
RelAp43whichallowsthegenerationof ahigherluciferasesignal.Again,ABIN2 hadnot effect
on p105-TPL2complex.Moreover,astableinteractionbetweenABIN2 andp105or TPL2,
separately,couldnot beobserved(Fig2D and2E).However,ABIN2-p105interaction(Fig2D)
wasstabilisedbyRelAp43(logNLR= 0.65)andevenmorebyTPL2(logNLR= 1,1).In the
caseof theABIN2-TPL2interaction(Fig2E),it wasonly stabilizedbyp105(logNLR= 0.86).
RegardingRelAp43,thecollaborationof p105wasmandatoryto stabilizeits interactionwith
ABIN2 (Fig2F)or TPL2(Fig2G)with alogNLRof 1.1and1.3,respectively.Thisfurther estab-
lishesthecrucialroleof p105,TPL2andasecondNF-��BproteinsuchasRelAp43,in theinitia-
tion of theRNAT complex.Altogether,theBRETresults(Fig2A) showingthestrongestsignal
for ABIN2-TPL2interaction(netBRET= 0.093)andthePCAresults(Fig2B±2G),demon-
stratetheparticipationof ABIN2 to theRNAT complexthroughits interactionwith both
TPL2andp105,p105binding itselfto RelAp43,to form aquaternaryRNAT complex.

Tha virus excludes ABIN2 from the RNAT complex
In orderto confirm theroleof rabiesvirusproteinsin themodulationof thecompositionand
activitiesof theRNAT complexandmorespecificallyon interactionsinvolvingABIN2,we
performedaPCAusing3 partners,asdescribedin Fig2B,but in thecontextof viral infection
(Fig3).To do so,weusedtheThaandSADviruseswhichM proteinswerepreviously
describedasdifferentiallytargetingtheNF-��B pathway[2].

In theseconditions,weconfirmedthat theinteractionbetweenABIN2 andRelAp43is
facilitatedbyp105(Fig3A).However,theinfectionwith Thavirussignificantly(p<0.05)
decreasedthis interactionevenin thepresenceof p105,whencomparedto themockinfected

Fig 2. Charac terization of the interactions between RelAp43, p105, ABIN2 and TPL2. A. Interactions
between RelAp43, p105, ABIN2 and TPL2 assessed using BRET technology. HEK 293T cells were
transfected for 48h with 2 plasmids encoding for Nluc($)- and YFP(�ç)-tagged proteins before measuring
BRET. p50 and STAT1 were used as controls. A threshold (doted line) was determined at 0.025 of netBRET,
based on the mean+3SD values obtained from non-interacting control pairs: p50-STAT1, -ABIN2 and -TPL2.
Each value represents the mean of 3 independent experiments. Error bars represent the standard deviation.
B-G. Interactions between RelAp43, p105, ABIN2 or TPL2 in presence or not of a third helper protein, using
PCA technology. HEK 293T cells were transfected with 4 plasmids expressing: a Glu1-, a Glu2-, a cMyc-
tagged protein and a firefly luciferase for 48h before measuring both gaussia and firefly activity. Position of the
tag is indicated as follow: Glu1-, Glu2- for N-ter and -Glu1, -Glu2 for C-ter. Results are the mean of the
logarithm of gaussia NLR values normalized to luciferase activity in at least 4 distinct experiments. A threshold
of NLR = 3.5 previously described [54] was used to define the positive results (log 3.5 = 0.54). Error bars
represent the standard deviation. ���p��0.001 , ��p��0.01; �p��0.05.

https://doi.org/10.1371/journal.ppat.1006697.g002
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cells(logNLRdroppedfrom 1.45to 0.80),confirming theresultsfrom MS.RegardingABIN2
andTPL2interaction(Fig3B),Thavirusinfectionreducedtheinteractionof thetwo proteins
in absenceof p105comparedto thecontrol cells(logNLRdroppedfrom 1.11to thelevelof the
thresholdsetat0.54).Thiseffectisevenmorestriking in cellsoverexpressingp105,wherea
strongandsignificantdecreaseof theinteractionbetweenABIN2 andTPL2isnoticed(from
1.52and1.34in themock,p<0.01,andSAD,p<0.05,infectedcellsto 0.80logNLRwith Tha,
Fig3B).In thecaseof ABIN2 andp105,theinteractionwasdecreasedin Thacomparedto
mockinfectedcells,in absence(1.53to 0.91logNLR)aswellasin presence(1.92to 1.18
logNLR)of overexpressionof TPL2(Fig3C).Overall,this indicatesthatThaviruscanstrongly
disturbtheinteractionof ABIN2 with theothermembersof theRNAT complex.

MTha interacts with the RNAT complex
Next,weinvestigatedthecapacityof theM proteinof ThaandSADto interactwith theRNAT
complexusingtheBRETtechnology.BothSTAT1,whichdoesn'tinteractwith theM proteins,
andthePprotein,whichdoesn'tinteractwith theproteinsRelAp43,p105/p50,ABIN2 or
TPL2,wereusedasnegativecontrolsto determinea3SDthreshold.SincethePproteincan
interactwith phosphorylatedSTAT1[20], thispair wasnot consideredasanegativecontrol.
Noneof theM proteinsleadto asignificantinteraction(higherthan3SD)with STAT1,p105
andp50(Fig4A).However,MThabut not MSADseemsto interactwith RelAp43,whichis
expected[2], but alsowith ABIN2.Both,MThaandMSADgaveastrongpositivesignalwith
TPL2(netBRET> 0.05).

To further investigatetheinteractionsbetweentheM proteinsandeachof themembersof
theRNAT complex,weincludedaMThaproteinmutatedon thepositions77,100,104,110
(MTh4M) andshowingalossof interactionwith RelAp43(Fig4C)[19]. Basedon theabsence
of significantinteractionwith M proteins,p105(Fig4B),p50andSTAT1(S4AFig)wereused
asnegativecontrols.Theydid not showanysignificantBRETactivity,evenwhileusinghigher

Fig 3. ABIN2 is excluded from a RelAp43 -p105-TPL2 complex during Tha infecti on. Interactions between ABIN2 and RelAp43 (A), TPL2
(B) or p105 (C), using PCA technology, in combination with a third protein: mCAT, mp105 or mTPL2, and infected or not by Tha or SAD virus.
HEK293T cells were infected at a MOI of 1 and transfected 3h later with 4 plasmids expressing: a Glu1-, a Glu2-, a cMyc-tagged protein and a
firefly luciferase for 48h before measuring both gaussia and firefly activity. Position of the tag is indicated as follow: Glu1-, Glu2- for N-ter and
-Glu1, -Glu2 for C-ter. Results are the mean of the logarithm of gaussia NLR values normalized to luciferase activity of at least 4 distinct
experiments. A threshold of NLR = 3.5 previously described [54] was used to define the positive results (log 3.5 = 0.54). Error bars represent the
standard deviation. ��p��0.01; �p��0.05.

https://doi.org/10.1371/journal.ppat.1006697.g003
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Fig 4. MTha interacts with RelAp43 and ABIN2. A. Interactions between MTha, MSAD or P and RelAp43, p105, p50, ABIN2 and TPL2
were assessed using BRET technology. P and STAT1 were used as controls. BRET was measured in living HEK 293T cells 48h after
transfection. Each value is the mean of all the combinations between Nluc-tagged host proteins and YFP-tagged viral proteins in N- and
C-ter position of each protein (excepted P that was only tagged in C-ter), and performed in duplicate. A threshold (doted line) was
determined at 0.024% of BRET, based on the mean+3SD values of the M protein-STAT1 and P protein-RelAp43, -p105, -p50, -ABIN2
and -TPL2 pairs of partners. Error bars represent the standard deviation. B-E. MTha, MTh4M and MSAD interacting with p105 (B), p43 (C),
TPL2 (D), and ABIN2 (E), using BRET technology. BRET signal was measured in living HEK 293T cells 48h after transfection of
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YFP:Nlucratios(S4BFig),whichareknownto increasethepotentialefficiencyof BRET
[21,22].At theopposite,theM proteinsexhibitedastrongincreaseof theBRETsignalsignifi-
cantlyabovethecontrolswith RelAp43,TPL2andABIN2 (Fig4C±4E).Fig4Cconfirmedthe
ability of interactionof MThawith RelAp43(netBRETrangingfrom 0.022to 0.109)whileboth
MTh4M andMSADpresentedaverylow netBRETif any(rangingfrom 0.001and0.006to 0.003
and0.059,respectively).Moreover,theobservationof asignificantdifferenceat the1:2ratio,
wheretheefficiencyof BRETis low, isastrongevidenceof this interaction.Asexpected,all M
proteinsinteractedwith TPL2(Fig4D),althoughMTh4M showedfor unknownreasonanet-
BRETabouthalf thatof MThaandMSAD. More interestingly,Fig4EhighlightsthatMTha inter-
actionwith ABIN2 (increasingfrom 0.042to 0.154of netBRET)isstronglyhigherthanthatof
MTh4M or MSAD(increasingfrom 0.028and0.022to 0.052and0.063of netBRET,respectively).
Overall,thisshowsthatM protein interactionwith theNF-��B pathwayismorecomplexthan
previouslydescribed[2,19].While wehighlight thatM proteinscanalsointeractwith TPL2,a
distinct interactionof theM protein from afield isolateviruswith ABIN2Ðsimilarly to
RelAp43Ðisshownfor thefirst time.

Tha virus modulates the inflammation
NF-��B signalingis involvedin theinduction of theimmuneresponseandits control by theM
protein isalreadywellestablished.While MSADandMTh4M caninduceNF-��Bactivity,MTha is
ableto stronglyinhibit its activation[2,19].Hence,wequantifiedtheexpressionof various
immunity-relatedgenesregulatedbyNF-��B:����, �����, 	�� (Fig5A±5F�,���
 and
������ (S5A±S5DFig) in thebrain of micefrom two geneticbackgrounds[23,24],at late
stageof theinfectionbyThaor theisogenicTh4M virusmutatedon thepositions77,100,104,
110of theM protein [19]. ThaandTh4M virushavesimilar replicationratesin thebrain of
mice,bothat9daysafterinfectionandat theexperimentalendpoint (S6BFig).����, �����
and	�� havealreadybeenshownto bemodulatedby theinteractionof MThawith RelAp43
�� ������� [19].

After 9daysof infection,neitherThanor Th4M inducetheexpressionof ����, ����� or
	�� in BALB/c(S6C±S6EFig).However,at theexperimentalendpoint, bothTh4M andTha
virusinduceanincreaseof theexpressionof ����, ����� and	�� in BALB/cmice(Fig5A±
5C)whilealmostno induction isobservedin C57BL/6miceinfectedbyThaviruscompared
to Th4M (Fig5D±5F).Indeed,Th4M virus inducedastrongerincreaseof theexpressionof
���� (Fig5A and5D), ����� (Fig5Band5E)and	�� (Fig5Cand5F)comparedwith Tha
(13-,4- and3.3-foldsin BALB/c,respectively;5.8-,14-and5.3-foldsin C57BL/6mice,respec-
tively).In comparison,bothThaandTh4M virusesinduceastrongexpressionof ���
 and
������ (S5Fig)andno differencesbetweenthetwo virusescouldbeobserved.Therefore,if
CCL5isoverexpressedunderSADinfectioncomparedto Thainfectedcells[19], thispattern
seemsto bedueto ahigherstimulationof theimmuneresponsethananinhibition byMTha

andits control togetherwith thatof CXCL10mustbestrictly restrictedto theN proteinof
pathogenicNi virus[25].

Interestingly,lateinfectionsymptoms(correspondingto experimentalendpoint) appeared
in Thainfectedmicewithin 10dayspost-infection(dpi) regardlessof thegeneticbackground
(Fig5G),whileappearanceof thelateinfectionsymptomsin Th4M infectedmicewasdelayed

plasmids expressing YFP- and Nluc-tagged proteins at 5 ratios of DNA, from 1:2 to 8:1. A threshold (doted line) was determined for each
dilution of DNA (1.2, 1.4, 2.2, 2.5, 3.4% of BRET respectively), based on the mean+3SD values of the M proteins-p105 pairs of partners.
Each value is the mean between 3 experiments with error bars representing the standard deviation. �p��0.05. For D, only the non
significant (ns) values were highlighted.

https://doi.org/10.1371/journal.ppat.1006697.g004

Regulation of NF-��B signaling by RABV

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006697 October 30, 2017 10 / 24



Fig 5. Tha virus modulate s the response to the infectio n in infected mice. A-F. Relative quantification of IFNû (AD), CXCL2 (BE), and TNF
(CF) mRNA expression in the brain of mice infected by Tha or Th4M viruses. Six weeks old BALB/c (CDE) or C57BL/6 (FGH) were infected by
intramuscular injection and monitored over 21 days. The mice were sacrificed at experimental end point and mRNA was extracted from the brain.
Six mice were used per condition. Error bars represent the standard deviation. G. Survival curve of the BALB/c (left panel) and C57BL/6 (right
panel) mice used for RNA quantification in A-F.

https://doi.org/10.1371/journal.ppat.1006697.g005
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by4 to 8days(medianof survivalat14and17dpi in BALB/candC57BL/6,p<0.05,
respectively).

Overallandalthoughsomedifferencesexistbetweenthetwo geneticbackground[23,24],
thoseresultssuggestthatThaviruscouldexertarepressionof theexpressionof inflammatory
relatedgenessuchas����, ����� and	�� in thebrainof infectedmiceat thelatestageof the
infectioncomparedwith Th4M whilenot affectingCCL5andCXCL10.Moreover,themutation
on thepositions77,100,104,110of theM proteinof Thavirus,whichleadsto astrongerimmune
responseto theinfection,canalsobecorrelatedwith ahighersurvivalrateof theinfectedmice.

Discussion

New insights on the interactions within NF-��B pathway and the p105,
ABIN2 and TPL2 complex
Thecapacityof theNF-��B pathwayto control variousresponsesderivesfrom thedifferential
regulationof awiderangeof targetgenesthroughtheformationof abroadNF-��B dimer rep-
ertoire[26]. A splicingvariantof RelA,RelAp43,wasrecentlyinvolvedin thecontrol of the
immuneresponseduring rabiesvirus(RABV) infection[2,19]andformscomplexeswith all
theNF-��B andI��B proteins.Amongstthem,theregulatoryproteinsp105/p50andp100/p52
arethemostsignificantNF-��B proteinsinteractingwith RelAp43.While activeNF-��B dimers
aremainlycomposedof RelA-p50dimers,RelAisalsoinvolvedin theregulationof p100/p52.
Theregulatoryp100precursorservesasaninhibitor of p65/RelAasRelA-p100dimersarenot
activeafterTNF stimulation[27] andRelA-p52dimershavebeenshownto bepartof several
signalingpathways[28]. Therefore,RelAp43couldactasanimportant competitorof RelAin
bothcanonicalandnon-canonicalpathways,accordingto thephysiologicalcontext.

In addition,all thepartnersof theternarycomplexp105-ABIN2-TPL2,regulatingtheacti-
vationof downstreamNF-��BandMAPK pathways[3] areassociatedto RelAp43within a
closerange(< 10nm). Themappingof PPIsshowedTPL2to bemainly responsiblefor the
interactionof ABIN2 with thecomplexwhileco-immunoprecipitation experimentsshowed
thatABIN2 preferentiallyformsalargerternarycomplexincludingTPL2andalsop105[3].
Interestingly,theC-ter regionof TPL2involvedin theinteractionwith theprocessinginhibi-
tory domain(PID) of p105(whichalsomediatesp105dimerization)isalsoinvolvedin the
interactionwith the194±250regionof ABIN2 (Fig6A) [3]. Hence,bothABIN2 andp105
interactwith onesingulardomainof TPL2.Investigatingcloseproximity interactions,weshed
anewlight on thespecificroleof thedifferentproteinsin thecomplex(Fig6A).ABIN2 is the
memberof thecomplexexhibitingtheweakerinteractionwith theothers.Overall,thissug-
geststhatp105andTPL2might form togetheraregionincluding theC-terof TPL2andthe
PID of p105securingastableinteractionwith ABIN2.

Finally,RelAp43interactswith p105mostlikely throughtheRHD [29] andhelpsits associ-
ationwith TPL2andthereforeof ABIN2 with thecomplex.All observedandreportedinterac-
tionsaresummarizedin S1TableandFig6A. Interestingly,RelAp43andABIN2 arealsoable
to interactwith thehelpof p105but without theoverexpressionof TPL2.Thissuggeststwo
possibilities.RelAp43couldallowthis interactionwithout TPL2asit exhibitedasmallsignal
of interactionbetweenABIN2 andp105.Anotherexplanationcouldbethat theendogenous
TPL2issufficientto bring ABIN2 to theRNAT complex.Altogether,thissuggeststhat
RelAp43affectsp105andstabilizetheformationof thecomplex.It is likely thatwhilep105is
mandatoryto bring ABIN2 to NF-��B dimers,severalmembersof theNF-��B family canform a
complexwith p105-ABIN2-TPL2[5,30].Whetherthecapacityof p105to form acomplexwith
TPL2andABIN2 increasessolelywhendimerizedwith RelAp43andits specificC-terpartor
whetheranyotherNF-��B proteinscancontributeremainsto bedetermined.However,
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Fig 6. Model of the control of the RelAp43 -p105-ABIN2-TPL2 complex by Tha virus to fine-tun e the
response to the infect ion. A. Interactions between RelAp43, p105, ABIN2 and TPL2 adapted from [3]. RelAp43
and p105 interact through their respective RHD domain. p105 interact with its C-ter part with TPL2 on two different
domains: the processing inhibitory domain (PID) of p105 with the C-ter part of TPL2 and the death domain (DD) of
p105 with the kinase domain (KD) of TPL2. ABIN2 interacts with TPL2 through its ABIN-homology domain 4
(AHD4) with the same C-ter region of TPL2 involved in the interaction between p105 and TPL2. The circle
highlights a region where each protein of the complex might be in a very close proximity, possibly involved in the
binding of ABIN2. B. The RelAp43-p105-ABIN2-TPL2 complex is modulated by the matrix protein of pathogenic
rabies virus. M proteins destabilize the interaction of ABIN2 with the complex which leads to the regulation of both
the NF-��B and the MAPK dependent genes in response to viral infection.

https://doi.org/10.1371/journal.ppat.1006697.g006
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crystallizationof RelA-p50dimers[29] suggeststhat theRelAp43C-ter regionshouldbe
nearbythePID regionof p105andtherefore,closeto thesuggestedpocketof interaction
betweenp105,ABIN2 andTPL2(Fig6A).

HereweconfirmedthatABIN2 formsastableinteractionwithin closeproximity only with
bothp105andTPL2.Moreover,whileit hasbeensuggestedsofar that thep105-ABIN2-TPL2
complexisseparatedfrom themainNF-��B pathwayandusesaseparatepoolof p105[3], herewe
showthat theassemblyof this ternarycomplexcanbefavoredbyasecondNF-��Bproteinsuchas
RelAp43andthatall proteinsinteractbelow10nm of distanceof eachotherasshownbyBRET.

MTha disturb the NF-��B network of RelAp43 and the RNAT complex
Thecentralrolein cellhomeostasisof theNF-��B pathwaymakesit atargetof choicefor viruses
suchasRABVto control theimmuneresponseandhelpit to silentlyspreadwithin thehost[10].
In thecaseof pathogeniclyssaviruses,suchastheThailandstrain,theM protein interactswith
RelAp43anddisturbsthehomeostasiswithin theNF-��Bdimers.MThacouldlockRelAp43-
dependentNF-��B dimerswith I��B�� in aninactivestate,aswellasfavorits interactionwith the
non-canonicalpathway.In thecaseof RelB,it hasbeenwellestablishedthat theformationof
RelA-RelBdimersinhibit bothRelAandRelBrespectivepathwaysbyinhibition of theDNA bind-
ing [31±33].Hence,it couldbeinterestingto investigatetheDNA bindingcapacityof aRelA-
p43-RelBdimer,astheenhancementof theinteractionbetweenRelAp43andRelBbyMThacould
leadto adifferentialregulationof thecanonicalandnon-canonicalpathway.

Althoughfirstly describedashavingamostlikely direct interactionwith RelAp43,herewe
showthecapacityof MTha, but alsoin alowerextentof MSAD, to interactwith aclusterof NF-
��B signalingproteins(S1Table).Indeed,if thecapacityof theM protein to interactwith TPL2
isconservedin bothattenuatedandpathogenicviruses,only theM proteinof apathogenic
virusseemableto significantlyinteractwith bothRelAp43andABIN2.TheM protein is then
likely to first dockon TPL2,andinteractafterwardwith ABIN2 and/orRelAp43,two proper-
tiesthatarelostin attenuatedviruses.Therefore,thisquestionstheeffectof thesingleinterac-
tion of M with TPL2during theinfectionbyattenuatedviruson cellsignaling.However,as
thecapacityof MTha to disturbtheNF-��Bpathwaywasshownto dependon RelAp43expres-
sion[19], theinteractionof MThawith only ABIN2 andTPL2isnot enoughto disturb it.

MThasignificantlyenhancestheinteractionof manyproteinswith RelAp43complexes
(Figs1 andS2)andinteractswith 3out of the4 proteinsof asinglecomplex:RelAp43,ABIN2
andTPL2.Evenif theM protein isknown for havingpleiotropicproperties,thespecificinter-
actionof MThawith suchawiderangeof hostproteinsishighlyunlikely.AstheM proteinof
lyssavirusesisknown to oligomerize[34] andform superstructureswithin thecell[15], we
suggestthatMThacanactasascaffoldingagentfor theformationof highmolecularweight
complexes,targetingseveralcellularfunction at thesametime (S2Fig).Additionally,aregion
of theM protein (positions33±36)wasdescribedassharingthefeaturesof aproline-richmotif
(PRM)andinteractswith theposition107±112on asecondM proteinandforming ahydro-
phobiccleft[34]. PRMsarecommonmotifsamongsthostprotein-proteininteractionsand
their hydrophobicpropertiescouldfacilitatethebinding to manyhostproteins.

At thisstageweobservedthat (1) theMSquantificationof ABIN2 purified with RelAp43is
reducedby10fold in presenceof MTha, whichgoesagainstthegeneraltrendof MThaenhanc-
ing interactions,(2) theMTha-ABIN2 interactionisstrikingly strongerthanthatof MTh4M or
MSADand,(3) theThavirushasahigherpropensityto weakentheinteractionof ABIN2 with
RelAp43,TPL2andp105comparedto theSADvirusandmockinfectedcells.This leads
stronglyto thehypothesisthatMThadisturbtheRNAT complex,weakeningthecapacityof
interactionbetweenABIN2 andthehypothesizedregionof interactionformedbyp105,TPL2
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andmaybeRelAp43(Fig6A). Interestingly,our resultsdemonstrateaswitchof theinteraction
of theM proteinbetweenapathogenicandavaccinalstrain.

Furtherinvestigationshouldalsofocuson ABIN2 andits roleasaninhibitor of RIP1,
upstreamof NEMO (whichwerenot identifiedbyMS)andtheNF-��B pathway[35]. A work-
ing hypothesisis thatABIN2 couldberecruitedto polyubiquitin chainswhenit is released
from activatedTPL2,restrictingtheactivationof innateimmunesignalingnetworks[36].
Therefore,aswehaveshownastronginteractionof MTha to ABIN2,MThacouldinterferewith
theNF-��B signalingatseverallevelsthroughits interactionwith ABIN2.Furthermore,ABIN2
hasbeenlinked to theESCRTpathway[37], andits interactionwith theM proteincouldbe
relatedto RABVbudding[38].

Tha virus controls cell signaling to fine-tune the host response to the
infection
While destabilizingtheRNAT complexleadingto theexclusionABIN2,MThacontrolsdown-
streamNF-��B andMAPK pathways.Indeed,MTha facilitatestheformationof RelAp43-p50
NF-��B dimerslackingaTAD whichcanregulatetheexpressionof NF-��B targets[19]. To do
so,MThaeitherinducedirectlytheprocessingof p105into p50in aRelAp43dependentman-
ner,or modify thehomeostasisof NF-��Bdimers[5]. Thisremainsto beclarified.It isworth to
mentionthat theproductionand/or releaseof p50from thecytoplasmandtranslocationof an
activeNF-��B dimer (not includingRelA)wasobservedunderinfectionby thelaboratory
strainCVS[39]. Togetherwith our results,it showsthatp50couldhaveanimportant role in
rabiesvirusinfectionthatshouldbefurther investigated.

In parallel,MSresultssuggestthatTPL2isbeingstabilizedwithout ABIN2, implying that
MThacouldlockTPL2on p105(Fig6,S1Table).Yet,theimplicationson TPL2remainto be
investigatedusingtime sensitiveapproachesto determineif andin whichorderMThadestabi-
lizes,liberatesor blocksTPL2aswellastheeffectson downstreamactivityon MAPK ERK1/2
andMAPK-dependenttranscriptionfactors[3].

Hence,in addition to Pproteincontrol of IRFandJAK-STATpathwaysduring RABV
infection[10], M appearsto haveacentralfunction in cellsignalinginhibition andmodulation
of innateimmuneresponsethroughthecontrol of TPL2,akeyregulatorof NF-��B andMAPK
pathways.It isworth to notethatTPL2regulatesalsoIRFproteins,leadingto astronginduc-
tion of IFN�� during vesicularstomatitisvirus(VSV) infection[40] andappearsdownstreamof
JAK-STATpathway,holdinganessentialrole in antiviralhostdefenseagainstinfluenzavirus
infection[41]. Therefore,theperturbationof TPL2signalingbyM couldbepotentiallyimpli-
catedin amuchfurther control of thehostresponse,whichcouldbeconservedacrosspatho-
genicandattenuatedviruses.

TheNF-��B pathwayis involvedin theexpressionof severalgenesof theimmuneand
inflammationresponseto theinfectionsuchas�����, ����� and	�� [8,42].Themodulation
of their expressionbyThavirusdependingon thecapacityof theM protein to interactwith
RelAp43[19], aswellasABIN2, ishereconfirmedin Thainfectedmice.Interestingly,IFN��,
CXCL2andTNF expressioncontrol by theM protein isobservedin thelatestagesof theinfec-
tion �� ����, further corroboratingthemodulationbyMThaof theimmuneresponseobserved
in cellulo[19]. Further,it wouldbeinterestingto exploretheeffectof MThahijackingof the
NF-��B signalingon otherNF-��B-dependentgenes,possiblyinvolvedin RABVpathogenesis.
Additionally, thecontrol of theexpressionof suchgenesmainlyby theNF-��B signalingpath-
way,but alsopotentiallyin synergywith otherpathways,correlateswith theincubationand
pathogenicityof RABV.Hence,throughtheregulationof theNF-��B pathwayby theM pro-
tein,Thavirusisableto fine-tunethehostresponseto theinfection.
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Conclusion
RelAp43andthematrix proteinof pathogenicrabiesvirusareknownto interactandmodulate
theinnateimmuneresponse[2,19].However,weshowherethat themechanismsinvolvedare
far morecomplexthaninitially thought.MTha, andto alowerextentMSAD, caninteractwith
RelAp43andotherproteinsinvolvedin NF-��B aswellasMAPK signaling.While introducing
anewinsightin theNF-��B networkandespeciallyin ap105-regulatingcomplex,wegathered
for thefirst time evidencessuggestingthatapathogen,rabiesvirus,canuseoneof its proteins
(theM protein) to modulatetheinteractionof ABIN2 with p105andTPL2.Thereby,theM
protein leadsto thecontrol theNF-��B pathwayin orderto modulatetheinflammationin
responseto RABVinfection.

Material and methods

Cells and viruses
Humancarcinomaepithelialcells(HeLa,ATCCCCL2�), humanepithelialkidneycells(HEK-
293T/17,ATCCCRL-11268�)arepartof thecollectionof our laboratoryandwereculturedas
previouslydescribed[17]. Virus infectionwasperformedin 6- or 96-wellplatedishesduring
indicatedtimesat37ÊCandusingdifferentvirusesatamultiplicity of infection(MOI) of 1.
Thailandvirus,referredasTha(isolate8743THA),isafield strainof RABVisolatedin Thai-
landfrom ahumanbittenbyadog(EVAgcollection,Ref-SKU:014V-02106).SAD-B19virus
(SAD)isavaccinestrainsof RABV(EVAgcollection,Ref-SKU:014V-02283).A recombinant
Thavirusmutatedon thepositions77,100,104,110of thematrix protein (Th4M) wasusedas
previouslydescribed[19].

Plasmids
Thecodingsequence(CDS)of CAT,MTha, MSAD, MTh4M, RelAandRelAp43wereobtained
from pcDNA3.1N-V5-destplasmidsin thelaboratory[2]. TheCDSof NF��B1(p105/p50)was
givenbyR.Weill (Institut Pasteur).TheCDSof TPL2andABIN2 wereamplifiedbyPCR
from cDNA obtainedfrom HeLacells.TheCDSwerecomparedto theRefSeqof their respec-
tivevariantnumber1:NM_005204.3andNM_024309.3(NCBI).Geneswereinsertedusing
In-Fusiontechnology(Clontech)in variousplasmids.pKmycvectorwasagift from Ian
Macara(Addgeneplasmid#19400)to addthec-Myctagin N-ter position.GaussiaLuciferase-
BasedProteinComplementationAssay(PCA)plasmidsto addaGlu1or Glu2tagin N- or
C-terpositionof theinsertwereagift from D. Gerlier[43]. A modifiedversionof thepEGFP-
C1plasmid(Promega)into p3xFLAG-EGFP-C1,presentinga3xFLAGtagupstreamto the
eGFP[44]wasagift from F.Thierry (Instituteof MedicalBiology,Singapore).It addsaFG
(3xFLAG-eGFP)tagin N-ter position.ThepEYFP-C1/N1plasmids(Promega)werecommer-
ciallypurchased,addingaeYFPtagin N- or C-terposition.ThepEYFP-C1/N1plasmidswere
modifiedbyswitchingtheeYFPto theNano-Luciferase(Nluc) to obtainnewpNluc-C1/N1
plasmids,addingaNluc tagin N- or C-terposition.All sequenceswerecontrolledbysequenc-
ing,usingSangertechnology.All constructionsaresummarizedin S2Table.Finally,theplas-
mid pGL4.50(Promega)expressingtheFireflyLuciferasewasusedascontrol.

Tandem affinity purification and mass spectrometry
HeLacellswereplatedonto 75cm2 disheswith 2.106 cellsperdishin 15mL of medium(10
dishespercondition).After 24h,cellsweretransfectedwith 6 �g of FGor FG-RelAp43plas-
midsand4 �g of V5-CAT or V5-MThaplasmidsusingLipofectamine2000(Invitrogen).Cell
pelletswerelysed24hlaterin aFLAGBuffer(150mM Tris-HCl, 300mM NaCl,1%Triton-
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100X).30mgof proteinextractwereincubatedovernightat4ÊCon anti-FLAG-M2beads
(Sigma)in FLAGBuffer.Proteincomplexeswerethenelutedwith 3xFLAGpurified peptides
(Sigma)andincubatedfor 1 h with GFP-Trap_A(Chromotek)in aGFPBuffer(50mM Tris-
HCl pH 7.4,150mM NaCl,0.2mM EDTA).Proteinswerefinally eluteddirectlyusingloading
samplebuffer(Invitrogen)andheatedat95ÊCfor 10min. After centrifugation,aqualitycon-
trol of theelutedproteinswasperformedbywesternblot.Eachcondition wasdonein 3 bio-
logicalreplicates.

dx.doi.org/10.17504/protocols.io.jeqcjdw[PROTOCOLDOI].
Proteinsampleswereloadedon aSDS-PAGEgel(4±12%gradient,Biorad).After theelec-

trophoreticmigrationthegelwasstainedwith CoomassieBlueR-250(Biorad)andeachlane
wascut into 10gelbands.Gelsliceswerewashedtwicewith 100mM ammoniumbicarbonate
for 15min, followedby100mM ammoniumbicarbonate/acetonitrile(1:1)for 15min. After
reductionandalkylation,proteinsweredigestedby0.5�g of modifiedsequencinggradetryp-
sin (Promega,Madison,WI, USA)in 10mM ammoniumbicarbonateovernightat37ÊC.

Resultingpeptideswereextractedfrom thegelby incubationin 50mM ammoniumbicar-
bonatefor 15min, andthreetimesin 5%formic acid(FA) and50%acetronitrile(ACN) for 15
min. All extractionswerepooledanddrieddownin avacuumconcentrator,andfurther resus-
pendedin 2%acetonitrile,0.1%FA beforeinjection.

Trypsin-digestedpeptidesobtainedfor all gelsliceswereanalyzedseparatelyby
nanoLC-MS/MSusinganUltiMate 3000RSLC(Dionex,Amsterdam,TheNetherlands)cou-
pledto anLTQ-OrbitrapVelosmassspectrometer(ThermoFisherscientific,Bremen,Ger-
many).Five�L of eachsamplewereloadedon aC18pre-column(300�m inner diameter� 5
mm; Dionex)at30�L/min in 2%ACN, 0.1%FA.After 4 min of desalting,thepre-columnwas
switchedonlinewith the15cmcapillarycolumn(75�m diameterfilled with 3 �m Reprosil-
PurBasicC18-HD resin)(Dr. MaischGmbH,Ammerbuch-Entringen,Germany)equilibrated
in 98%solventA (2%ACN, 0.1%FA) and2%solventB (80%ACN, 0.08%FA).Peptideswere
elutedusinga2 to 55%gradientof solventBduring 30min at300nL/min. TheLTQ-Orbitrap
Veloswasoperatedin data-dependentacquisitionmodewith theXCalibursoftware.Survey
scanMSwereacquiredin theOrbitrap in the300±2000m/z rangewith theresolutionsetto a
valueof 60,000atm/z = 400.The10mostintenseionspersurveyscanwereselectedfor colli-
sion-induceddissociation(CID), andresultingfragmentswereanalyzedin thelineartrap
(LTQ). Dynamicexclusionwasemployedwithin 20sandrepeatedduring 30sto prevent
repetitiveselectionof thesamepeptide.

Data processing and analysis
Rawfileswereprocessedwith Maxquant[45] (v.1.4.1.2)andtheHumanSwiss-ProtFASTA
database(20,240proteins)concatenatedwith 4 recombinantproteins(FG,FG-RelAp43,
V5-CAT andV5-Mtha) wasused.Andromedasearches[46] wereperformedchoosingtrypsin
asspecificenzymewith amaximumnumberof 2 missedcleavages.Possiblemodifications
includedcarbamidomethylation(Cys,fixed),oxidation(Met, variable)andNter acetylation
(variable).Themasstolerancein MSwassetto 20ppmfor thefirst searchthen6ppmfor
themainsearchand0.5Dafor MS/MS.Additional peptideswereidentifiedby theªmatch
betweenrunº option with amaximalretentiontime windowof 1min. Fiveaminoacidswere
requiredasminimum peptidelengthand1uniquepeptidewasrequiredfor protein identifica-
tion. A falsediscoveryrate(FDR)cutoffof 1%wasappliedat thepeptideandprotein levels.
MaxLFQ,Maxquant'slabel-freequantification(LFQ)algorithmwasusedto calculateprotein
intensityprofilesacrosssamples[47]. A minimum peptideratio countof 2 wasrequiredfor
LFQcalculation(S2AFig).
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Forstatisticalandbioinformaticsanalysis,aswellasfor visualization,Perseus,which ispart
of Maxquant,wasused[48].

TheªproteinGroup.txtºfile wasprocessedasdescribedin Tyanovaetal.2016.Two valid
LFQvaluesout of threewererequiredfor aconfidentquantificationacrossall replicates.Pro-
tein LFQintensitieswerelogarithmisedandmissingvaluesimputedbyvaluessimulating
noisearoundthedetectionlimit. Forpairwisecomparisonandidentificationof interacting
proteins,t-teststatisticswereappliedwith apermutation-basedFDRsetto 5%andaS0of 2
[49].

Protein-proteininteractionnetworksfor genesof interestwereobtainedusingSTRING
v10[50]. Interactionsweredeterminedwith thefollowingsources:experimentallydetermined,
automatedtextmining anddatabaseannotations(minimum score:0.9).Finally,thenetwork
wasvisualizedwith Cytoscape[51] andclusterswereannotatedusingDAVID v6.8[52,53].

Western blot and antibodies
Westernblot analysiswasperformedusingNuPAGEgels(Invitrogen).Proteintransferon
nitrocellulosemembranewasperformedusingiBlot transfersystem(Invitrogen),asindicated
byprovider.Membranesweresaturatedfor 1h in PBS-Tween0.1%with 5%non-fatdried
milk. Immunoblottingprocedureconsistedin overnightincubationwith indicatedprimary
antibodydiluted in 5%driedmilk PBS-Tween,washedthreetimesfor 5 min in PBS-Tween,
thenincubated1h with indicatedHRPconjugatedsecondaryantibody.Thefollowinganti-
bodieswereused:mousea-V5antibody(Invitrogen);mousea-FLAGM2 antibody(Sigma),
mousea-p50antibody(SantaCruz),HRP-linkeda-mouseantibodyandHRP-linkeda-rabbit
antibody(GEHealthcare).Blotswererevealedbychemiluminescenceandexposureto X-ray
films or with animager(Amersham)for differenttime to avoidsaturation.

Protein-fragment complementation assays (PCA)
HEK-293Tcellswereplatedin 96-wellplateswith 25000cellsperwell in 100�L of culture
medium.After 24h,cellsweretransfectedwith Lipofectamine2000with 2plasmids,eachof
themexpressingeitherGlu1or Glu2(N- or C-ter tagged)recombinantprotein,aplasmid
expressingacMyc-taggedproteinandacontrol plasmidexpressingtheFireflyLuciferase.If
specified,cellswereinfected3hoursbeforetransfection.After celllysis,theGaussiaandFirefly
activityweremeasuredseparatelyusingrespectivelytheRenillaLuciferasekit andtheFirefly
Luciferasekit (Promega).After afirst normalizationwith theFireflyactivity,Normalized
LuminescenceRatio(NLR) wasobtainedfrom split Gaussialuciferase'sactivityusingthefol-
lowing formula(1),aspreviouslydescribed[54].

��� ˆ ��� ��� …���1� � ‡ ���2� �†=‰������ …���1� � ‡ ���2† ‡ ��� ��� …���1 ‡ ���2� �†Š…1†

ThePCAefficiencyfor eachcouple(Glu1or Glu2in N- or C-ter)wasassessedin aprior
experimentandthebestcombinationswereselectedfurther investigation.

dx.doi.org/10.17504/protocols.io.jekcjcw[PROTOCOLDOI].

Bioluminescence resonance energy transfer (BRET)
HEK-293Tcellswereplatedin 384plateswith 3000cellsperwell in 50�L of mediumand
transfected3h laterusingFuGENE6(Promega)with atotalof 25ngof plasmidsexpressing
YFP-andNluc-taggedproteinsataratio of 1:1.Whenspecified,cellsweretransfectedwith dif-
ferentratiosof DNA (from 1YFP:2Nluc to 4YFP:1Nluc) percondition.Direct biolumines-
cencefrom thedonor (Nluc) andtheacceptor(YFP,notedNlucY) wasmeasured48hlater
usingtheWallac1420VICTOR3V multilabelplatereader(PerkinElmer).Next,theenergy
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transferbetweentheNluc andYFP(BRET)wascalculatedaccordingto thefollowing formulas
(2 and3) andnormalizedto aYFP-Nluclinked recombinantprotein [55].

�� � ��	
 ˆ ��	� � ��	
 …����� ��	�†=��	� �� �	
 …����� ��	�† …2†

�
��� �� ˆ ‰��	� � ��	
 � …��	� � ��	
 � �� � ��	
 †Š=��	� � ��	
 …3†

All combinationswereassessedandcombinationsproducingmorethan0.05of netBRET
(with anN-ter tagif possible)wereselectedfor further investigation.A thresholdof specific
interactionwasdeterminedusingthemean+3SD(simplified3SD)of thenegativecontrols
within eachexperiment.

dx.doi.org/10.17504/protocols.io.jepcjdn[PROTOCOLDOI].

Ethics statement
All miceexperimentswereperformedin accordancewith guidelinesof theEuropeanand
Frenchguidelines(Directive86/609/CEEandDecree87±848of 19October1987)andthe
Institut PasteurSafety,Animal CareandUseCommittee,andapprovedby theFrenchAdmin-
istration(Minist�re del'EnseignementetdelaRecherche)underthenumberO522-02.All ani-
malswerehandledin strict accordancewith goodanimalpractice.

In vivo experiments
Three-weeksold BALB/cor C57BL/6(CharlesRiver)wereinfectedby intramuscularinjection
of 1000focus-formingunits (FFU)andmonitoredover21days.Miceweresacrificedat9 days
postinfectionor upontheapparitionof lateinfectionsymptoms(humaneendpoint). The
infectionwasconfirmedbyRT-qPCR.

RNA isolation, reverse transcription and quantitative real-time PCR
TotalRNA wasisolatedusingtrizol. Reversetranscriptionwasperformedon 1,2mgof RNA
usingSuperscriptII (Invitrogen)with 2pmol of oligodTprimers(Fermentas)in afinal volume
of 20�L. Transcriptionanalysiswasperformedon 100ngof totalRNA usingTaqmanPower
SYBRGreen(AppliedBiosystems)in a7500instrument(AppliedBiosystems)andQuantitect
primers(Qiagen),followingmanufacturerinstruction.Relativequantificationwasperformed
usingGAPDH geneasendogenouscontrol gene.Resultswereanalyzedusing7500SDSsoft-
warev2(AppliedBiosystems).

Statistical analysis
Multiple comparisonsof datawereperformedbyANOVA usingtheGraphPadPrismsoftware.

Supporting information
S1Fig.Massspectrometrydataprocessingandanalysis.
A. Fromtherawdata(n = 553),reverseproteins,potentialcontaminantsandonly identified
bysiteproteinswerefilteredout,alog2transformationwasappliedto theLFQvaluesand
only theproteinsidentifiedat leastmorethanoncein acondition werekept(n = 329).Missing
valuesof thedatasetwereimputedaccordingto Tyanovaetal.2016.A totalof 49proteinsare
significantlyidentifiedasspecificof FG-RelAp43comparedto FG.� = correspondingpValue
areindicatedin Fig1A.
B.Fromthe49protein identifiedasspecificof RelAp43,LFQratio of [FG-RelAp43+
V5-Mtha] / [FG-RelAp43+ V5-CAT] wasusedto determinetheeffectof Mtha on theproteins
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purified with RelAp43.
(PDF)

S2Fig.Network of proteins identified by MSin acomplexwith RelAp43.Protein-protein
interactionnetworksweredeterminedusingSTRINGv10(minimum score:0.9)andvisual-
izedwith Cytoscapev3.4basedon MShits identifiedafterRelAp43purification (FG-RelAp43
/ FG> 0 in presenceof CAT and/orMTha). RelAwasincludedin theanalysis.Only thepro-
teinsdeterminedassignificantandtheproteinsinvolvedin theNF-��B pathwayarelabeled
with their genename.A globalfunction for eachmajorproteincluster(n>10) wasidentified
usingDAVID v6.8Functionalannotationclusteringtool.Nodesizeis relativeto thenumber
of edges.NFKB1= p105/p50,TNIP2= ABIN2,MAP3K8= TPL2,REL= cRel,NFKB2= p100/
p52,NFKBIA/B/E= IkB��/��/��.
(PDF)

S3Fig.Alignment of the C-terminal sequenceof RelAp43andp65/RelA.C-terminal
sequencesof RelAp43andp65/RelA,startingatR336to showthelastArg andLyspresenton
theC-terminalpartof their identicalRHD sequence.Blue= homologoussequence,Red= Arg
or Lys,� = localizationof specificpeptideof RelAp43or RelA/p65afteranin-silico tryptic
digestion.
(PDF)

S4Fig.Controls of net BRET.
A. InteractionbetweenSTAT1andp50or with itselfassessedbynetBRETasdescribedin Fig
3B(left panel).Nluc (centerpanel)andYFP(right panel)valuesweremeasuredfor eachDNA
ratio.Briefly,BRETandYFPsignalweremeasuredin living HEK 293Tcells48haftertransfec-
tion of plasmidsexpressingYFP-andNluc-taggedproteinsat5 ratiosof DNA, from 1:2to 8:1.
Thevariationsof DNA transfectedis representedbyagradientof bluefor theNluc andyellow
for theYFP.Eachvalueis themeanbetween3 experimentswith error barsrepresentingthe
standarddeviation.
B.Nanoluciferasevalues(above)andYFPsurface(below)measuredacrosseachratiosshown
in Fig3B±3EandS3AFig.
(PDF)

S5Fig.CCL5andCXCL10expressionis inducedduring RABV infection andnot con-
trolled by the M protein. A-D. Relativequantificationof ���
 (A andC) and������ (B and
D) mRNA expressionin thebrain of miceinfectedbyThaor Th4M viruses.Sixweeksold
BALB/c(A andB) or C57BL/6(C andD) wereinfectedby intramuscularinjectionof 1000
UFFandmonitoredover21days.Themiceweresacrificedupontheapparitionof lateinfec-
tion symptomsandmRNA wasextractedfrom thebrain.Theexpressionof geneswasstudied
byRTqPCRanalysis.Thelevelof geneexpressionwasnormalizedaccordingto thelevelof
GAPDH reportergenein non-infectedmice.Sixmicewereusedpercondition.Error barsrep-
resentthestandarddeviation.
(PDF)

S6Fig.Controls of miceinfections prior to the experimentalendpoint. A-D. Sixweeksold
BALB/cmiceweremock,Thaor Th4M infectedby intramuscularinjection.Themiceweresac-
rificedat9dayspostinfectionor at theexperimentalendpoint andmRNA wasextractedfrom
thebrain.Viral RNA (A) mRNA expressionwasquantifiedat9dayspostinfectionor at the
experimentalendpoint. ���� (B), ����� (C) and	�� (D) mRNA expressionwasquantified
at9dayspostinfection.Resultsarethemeanandstandarddeviationobtainedfrom 5mice.
(PDF)
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S1Table.Observedand reported interactions betweenthe matrix proteins,RelAp43,
p105/p50,ABIN2, TPL2.
(DOCX)

S2Table.Representationof all recombinantproteins.Proteinsareorientatedfrom theN- to
theC-terminus.
(DOCX)
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